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ABSTRACT: In this work we demonstrate a new diammonium
spacer molecule with hydroxyl functional groups forming a
Dion−Jacobson perovskite. Polarization modulation infrared
reflection absorption spectroscopy reveal hydrogen bonding
between the iodide to the spacer molecule and in between the
OH groups. As a result, we were able to demonstrate n = 5 low
dimensional perovskite solar cell (LDPSC) with an efficiency of
10%. Photoconductivity measurements and scanning tunneling
spectroscopy draw the band structure of this low dimensional
perovskite (LDP) revealing in-gap states adjacent to the
conduction band edge, consistent with Shockley−Reed−Hall
modeling of the temperature-dependent photoconductivity.
The LDPSC based on the diammonium spacer H3N−C4H6(OH)2−NH3 shows enhanced stability under a relative humidity
of more than 50% over 1030 h. Evaluating the mechanism of the cell shows a misalignment of the hole selective contact with
the LDP. Improving this interface can increase further the photovoltaic performance, demonstrating the potential of this new
type of diammonium spacer in LDP.

In recent years, two-dimensional (2D) perovskites attracted
lot of attention as a promising material to be used in
perovskite solar cells (PSCs). The ability to combine low

dimensional perovskite in solar cells enhances the stability of
the cell, enables tuning the band gap of the perovskite, and
widens the range of possible light harvester in the solar-cell.
The structure of the 2D perovskite is composed of a metal

halide framework and a long organic cation that acts as a
barrier molecule between the inorganic sheets. It may also
contain a small organic cation that fits in its size to the
octahedra hole (forming in between the metal−halide) and
form a complex structure of confined AMX3 sheets (where A is
a small organic cation according to Goldschmidt tolerance
factor,1 M is a 6 coordinate divalent metal, and X is a halide) in
between the long organic molecules.2,3 The perovskite can be
modified according to the stoichiometric amount of the
precursors based on the chemical formula (R−
NH3)2(A)n−1(M)n(X)3n+1 for monoammonium spacer or
(H3N−R−NH3)(A)n−1(M)n(X)3n+1 for a diammonium spacer.
Most of the reports on a low-dimensional perovskite
concentrate on monoammonium spacers that form the
Ruddlesden−Popper 2D phase.4−6 The implementation of
low-dimensional perovskite in PSCs is challenging; the long

organic molecules form a barrier for the carrier to flow in the
cell and thus decrease the cell performance.4,7−9 One way to
combine these molecules in solar cells is to use a very small
amount of them in the perovskite solution, which keeps the
good photoconductivity characters of the 3D perovskite while
increasing the stability and in some cases improving the cell
performance.4,10−13 However, this approach has a relatively
small effect on the stability due to the small amount of the
barrier molecule. Another way is to use a high amount of
barrier molecules, but in this case the barrier molecules need to
be arranged in a way that enables free pathways for the carriers
through the perovskite toward the selective contacts.14−16 The
latter is the favorable way to increase the perovskite
performance and to observe better resistivity to humidity.
There are two main methods that assist in improving the cell
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performance when using significant amount of barrier
molecules (i.e., low dimensional perovskite): (i) special
deposition techniques such as hot casting and (ii) chemical
modifications of the barrier molecules. The hot-casting
technique for 2D perovskite was reported by Tsai et al.,
which showed for the first time a significant improvement in
the photovoltaic (PV) performance of the cell while using low
n values.16 However, this technique is suitable only for planar
architectures. In our previous work, we reported on 1,4-
benzenedimethanamonium as a spacer molecule in low-
dimensional Dion−Jacobson perovskite, demonstrating high
PV performance without any special deposition techniques or
additives.15

Two-dimensional perovskite based on diammonium barrier
results with a stronger and tighter bond of the perovskite
sheets (due to the replacement of the static interactions by
hydrogen bonds),17,18 less complexity of the system, and a
shorter space between the inorganic sheets, which probably
assist to create a more organized 2D structure. Herein, we
report on a new type of diammonium spacer H3N−
C4H6(OH)2−NH3 (H-BuDA) having hydroxyl functional
groups that can form intermolecular hydrogen bonds. These
hydrogen bonds should increase the interactions between the
inorganic sheets and reduce the entropy of the system. The use
of hydroxyl functional groups can also improve the orientation
of the perovskite sheets toward the TiO2 substrate similar to
carboxylic group ligands.19,20 We studied the attachment of the
H-BuDA barrier molecules to the PbI4

2− framework, together

with the inter and intra molecular interactions by X-ray
diffraction (XRD) and infrared (IR) vibrations. Furthermore,
the optical, structural, and photoconductivity properties of (H-
BuDA)(A)n−1(M)n(X)3n+1 perovskite films were characterized.
Scanning tunneling microscopy (STM) and spectroscopy
(STS), photocurrent spectroscopy, and temperature-depend-
ent photoconductivity along with Shockley−Reed−Hall
simulations were used to analyze the perovskite bandgap and
in-gap defect states. Finally, this perovskite was introduced into
a perovskite solar cell architecture, yielding an impressive
power conversion efficiency for 2D perovskite (n = 5),
approaching 10%. Further study of the device performance
found that the losses in this device structure is mainly due to
misalignment of the hole selective contact with the low-
dimensional perovskite based on the hydroxyl barrier
molecules. Contact angle and ambient air stability measure-
ments provide information on the humidity tolerance of the
perovskite that might change dramatically due to the substrate.
The barrier molecules were synthesized by reacting meso-

1,4-diamino-2,3-butanediol dihydrochloride with an excess of
HI to form a H-BuDAI2 salt (hydroxylbutyldiammonium
iodide; more details can be found in the experimental section).
Single crystal X-ray diffraction (SC-XRD) measurement was
performed on a single crystal of H-BuDAI2 salt, where its
structure is presented in Figure S1 in the Supporting
Information (SI). The structure was reported at the Cam-
bridge crystallographic data center, CCDC Number 2088432.
The details of the structure can be found in Table S1. Films of

Figure 1. (A) Schematic illustration of the attachment of H-BuDA spacer for the perovskite inorganic framework MX4
2−. The blow-up on the

right shows the possible intermolecular hydrogen bond. (B) PM-IRRAS shows the aliphatic C−H stretch (2902 and 2946 cm−1), broader
N−H stretch (3000−3150 cm−1, with noticeable peaks at 3054, 3103, and 3144 cm−1), and intermolecular hydrogen bonded O−H stretch
(3150−3450 cm−1) of (H-BuDA)PbI4 perovskite on TiO2 substrate. The full spectrum can be seen in Figure S4B. (C) (H-
BuDA)(MA)n−1PbnI3n+1 layered perovskite films (n = 1−5). (D) and (E) X-ray diffraction and absorbance spectra of layered perovskite films
for (H-BuDA)(MA)n−1PbnI3n+1 (n = 1−4) and (H-BuDA)(Cs0.20MA0.13FA0.67)4Pb5(I0.9Br0.1)16 (n = 5), respectively. (The PL spectrum is
observed in Figure S5.)
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low-dimensional perovskites were prepared using H-BuDAI2,
methylammonium iodide (MAI), and PbI2 at a stoichiometric
ratio according to the chemical formula (H-BuDA)-
(MA)n−1PbnI3n+1, n = 1, 2, 4, and 5.
Figure 1A and Figures S2 and S3 present schematic

illustrations of the barrier molecule attached to the inorganic
perovskite sheets and the possible hydrogen bonds, which may
be found in this structure.
Infrared (IR) vibrations for (H-BuDA)PbI4 (n = 1) have

been detected by polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS) as shown in Figure 1B
(the IR spectra of the precursors are available in Figure S4A).
IR vibrations have been analyzed and measured before for
MAPbI3 perovskite.21−24 Based on previous reports, the
perovskite has several characteristic peaks in the range of
2900−3700 cm−1. The aliphatic C−H stretch was detected at
2950−3080 cm−1, while a much broader N−H stretch was
detected at 3000−3200 cm−1 and correlated to the hydrogen
bonded primary amine. Theoretical calculations22,24 show that
the ammonium group should have three vibrational modes.
However, at room temperature, only the stronger vibrations,
assigned for symmetric and asymmetric stretches, can be
observed. In the case of the 2D perovskite, a broad
intermolecular hydrogen bonded O−H stretch was detected
at 3150−3400 cm−1; this stretch of the alcohol group is
indicative of hydrogen bonded OH species that is attached to
the barrier chain. The O−H vibrational peak in the IR spectra

of H-BuDAI2 salt and 2,3-butandiol (Figure S4) was blue-
shifted to higher wavenumbers. This shift can be associated
with stronger interactions of the alcohol group of the barrier
molecule with the perovskite structure.
The ammonium group is attached to a long organic chain,

which increases the dipole moment on the N atom, thus
inducing stronger IR signature. We further performed
simulations that demonstrate the hydrogen bonds in the 2D
perovskite structure (Figures S2 and S3). The simulations
indicate that the intermolecular distance fits the formation of
O−H···I and O−H···O−H hydrogen bonds. This structure
suggests that N−H···I interactions in (H-BuDA)PbI4 perov-
skite are expected to be partially replaced with the stronger
interactions of O−H···I.25 This hypothesis is also supported by
the IR spectrum of 2D perovskite with butyldiammonium
(BuDA) barrier (Figure S4C), which showed a red shift in the
N−H vibration, correlated to formation of hydrogen bonds
with the N−H group. These findings are correlated with the
simulated structure that predicted the weaker N−H···I
interactions will be the result of O−H···I interactions in the
(H-BuDA)PbI4 structure. The broad peak at ∼3400−3900
cm−1 was associated with water absorption on the perovskite
surface. This peak appears typically during any measurement of
perovskite in ambient air.21 It can be summarized that the PM-
IRRAS measurements provide indications for intermolecular
hydrogen bonded O−H in the 2D perovskite while using H-
BuDA as the barrier molecule.

Figure 2. Electrical and optical properties of n = 5 layered perovskite films. (A) PL (red) absorption (black) and photocurrent (blue) spectra
all depicting an energy gap of ∼1.6 eV and another energy level at about 2 eV. The absorption and photocurrent spectra are normalized each
to its maximal value. Inset: Normalized photocurrent spectrum presented on logarithmic scale to better show the in-gap states. (B)
Tunneling spectra measured at different locations along the sample, all showing a fundamental gap of ∼1.6 eV and in-gap states adjacent to
the CB edge (the same dI/dV data are presented on a logarithmic scale in Figure S8). Inset: Blow-up focusing on the CB-edge region,
showing the in-gap states. (C) Photoconductivity (σphoto) as a function of temperature. The increase of σphoto with temperature implies a
recombination kinetics dominated by a shallow recombination level. Black dots: experimental results. Blue line: fit to the SRH model using
the parameters extracted from the data presented in (A) and (B). (D) Band diagram as concluded from (A) and (B) and the SRH fit, where
Er is the recombination level energy.
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The change in the perovskite color with varying n value
(Figure 1C) is in accord with the expected increase in the band
gap with reducing the n value. This is further confirmed by the
absorbance spectra (Figure 1E) that show similar characteristic
curves to those reported previously for 2D perov-
skites.11,12,15,26 The curves of n > 1 structures reveal also
excitonic peaks of lower dimensionalities. This is further
supported in the photoluminescence (PL) measurements
(Figure S5A), which depict a blue shift with reducing n values.
The XRD pattern (Figure 1D) of (H-BuDA)PbI4 shows peaks
at small (<∼14°) angles, which can be related to the
dimensionality of the perovskite. The XRD pattern of
(BuDA)PbI4 perovskite (2D perovskite with butyl diammo-
nium barrier27) is very similar to the XRD pattern of the (H-
BuDA)PbI4; therefore, it is possible to assign a similar
configuration attachment of the barrier molecules except for
the additional hydrogen bonds (see discussion in the SI and
Figure S2). Both in the absorbance and XRD spectra
additional features of other n values are observed for n = 2−
5, which suggest that a mixture of low dimensional perovskites
is present in these films.
Perovskite solar cells were fabricated, using mixed cations

mixed halides perovskite, which demonstrate better PV
performance than the traditional MAPbI3 in 3D PSCs.28,29

In this work we synthesized n = 5 perovskite, corresponding to
(H-BuDA)(Cs0.20MA0.13FA0.67)4Pb5(I0.9Br0.1)16, serving as the
absorber in our PSC (see below Figure 3A). Absorbance, PL,
and XRD spectra of this perovskite can be observed in Figure
S5. The absorbance spectrum shows a band edge at 780 nm
and additional excitonic peaks at higher energies. The PL
spectrum shows the main peak of the perovskite at 780 nm as

well, and an additional small peak at 610 nm, which correlates
with the absorbance excitonic peak of the low-dimensional
perovskite. These features indicate the formation of lower n
regions in the perovskite, as will be further discussed below.
The measured PL lifetime is 88 ns (Figure S6A), similar to
results of other lifetime measurements of perovskites.13,15 This
value is consistent also with the lifetime deduced from the
mobility−lifetime product, μτ, extracted from our photo-
conductivity measurements presented in Figure S6B, taking a
reasonable mobility value of about 10 cm2/V·s.30

In order to further decipher the optoelectronic properties of
these n = 5 perovskite films, we performed photocurrent
spectroscopy and STS measurements and correlated the results
with the optical absorbance and PL data. Figure 2A portrays
PL and normalized optical absorbance spectra (here in eV
units) together with a photoconductance spectrum measured
on the same sample. The PL results are shown here on a
logarithmic scale in order to emphasize the two peaks
discussed above, at ∼1.6 and ∼2 eV. These PL data are
further corroborated by the absorption spectrum that shows an
onset at 1.6 eV, corresponding to the energy gap of the film,
and a change in slope at ∼2 eV. Note that both these pure
optical techniques did not reveal any evidence for the presence
of electronic states within the energy gap of the film. The
photoconductance spectrum confirms the optical results
regarding the two band gaps, showing two photocurrent
onsets close to 1.6 and 2 eV (but somewhat lower due to band-
tailing). Note that in the latter technique the gaps are not
determined by the peaks, which correspond instead to the
onset of surface recombination. However, in contrast to the
optical data, it clearly indicates also the presence of in-gap

Figure 3. (A) SEM cross-section of the studied perovskite solar cell: FTO/m-TiO2/n = 5 layered perovskite/Spiro/Au. Top view SEM and
STM images can be observed in Figure S10. (B) J−V curve of the best performing device exceeding 9.9% PCE. (C) Efficiency statistics
collected for devices containing one or two pixels each (total of 30 measured cells). The full statistic parameters (Voc, Jsc, and FF) can be
found in Figure S11. (D) and (E) Short circuit current and Voc vs light intensities, respectably, showing α and ideality factors of the cell. J−V
curves and PV parameters for different light intensities are shown in Figure S12. (F) Electron recombination lifetime in the solar cell at
several light intensities (0.1−0.7 sun), extracted from intensity-modulated photovoltage spectroscopy (IMVS).
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states adjacent to the conduction-band (CB) onset, as seen at
the inset of Figure 2A; the states are probably thermally
coupled to the CB at room temperature.
To gain more information about these in-gap states as well

as on the band structure of the film, we carried out local STS
measurements, that are known to yield information on the
local electronic density of states,31 including on the energy gap
and the position of the Fermi energy (relative to the band
edges) and in-gap states in semiconductors.32−34 Figure 2B
presents typical dI/dV−V tunneling spectra that were
measured at different locations on the film. The spectra also
indicate an energy gap of about 1.6 eV, in agreement with the
above results. Moreover, they also show the presence of in-gap
states close to the CB, as manifested by the small shoulders
and peaks positioned at energies varying between 100 and 200
meV below the CB edge (see inset), in agreement with the
photoconductance spectra. The tunneling spectra further show
that the Fermi energy lies about 0.64 eV above the valence
band (VB) edge, i.e., below the midgap, indicating that the film
is a slightly p-type semiconductor.
Another important aspect that is related to the performance

of a solar cell comprising such a film as the absorber is its
photoconductivity properties. To study this, we measured the
photoconductivity (σphoto) as a function of temperature and
illumination intensity and analyzed the results using the
Shockley−Read−Hall (SRH) model.30,35−37 More details
regarding this model can be found in the Supporting
Information.
Figure 2C shows the temperature dependence of the

photoconductivity at an estimated photocarrier generation
rate, G, of about 1020 cm−3 s−1 (see the SI). The increase of the
photoconductivity with temperature indicates that the
recombination kinetics in the film is governed by a shallow
recombination level,34,36 in agreement with the above STS and
photoconductance spectra results, as corroborated by the fit to
the SRH model presented in Figure 2C. Evidently, we could fit
well the temperature dependence of the photoconductivity
using parameters close to those extracted experimentally,
namely, the energy gap, and the positions of the Fermi energy
and the effective defect states energy relative to the VB edge, as
follows: Eg = 1.6 eV, EF = 0.64 eV, Er = 1.48 eV (120 meV
below the CB edge, in the range of the in-gap states found by
STS). The hole (majority carrier) mobility is modeled as

( )exp
k Tp

0.085

B
μ ∝ − where kBT is in eV, as detailed in the

Supporting Information (including Figure S7). We note that
the good fits we obtained along with the good correspondence
between our experimental results and the fitting parameters do
not exclude the presence of other defects at other energies.
However, they do suggest that the recombination kinetics is
dominated by a shallow recombination level, as found by our
STS and photocurrent spectroscopy results, and that we can
describe the photoconductivity in this material by using such
an effective level solely.
Mesoporous PSCs were fabricated following the architecture

FTO/dense TiO2/mesoporous TiO2/n = 5 perovskite/Spiro-
OMeTAD/gold, as illustrated in the cross-section scanning
electron microscopy (SEM) image in Figure 3A. The power
conversion efficiency (PCE) achieved by these devices is ca.
10%. Similar efficiencies for the n = 3−5 perovskite have been
reported using a butylammonium spacer by the hot casting
deposition method (planar substrates).16,38,39 Higher PV
results were achieved by using 2D/3D (n > 5) composi-

tion13,15,40 or by using additives/solvents, which may increase
the material dimensionality.41−43 The current density vs
voltage (J−V) curve of the best-performed device is presented
in Figure 3B, demonstrating the open-circuit voltage (Voc) of
0.96 V, the short circuit current density (Jsc) of 18.4 mA/cm2,
and 56% FF yielding 9.9% efficiency (the hysteresis loop of this
device can be observed in Figure S9). While the Jsc value is
satisfied for 1.6 eV energy gap, it can be seen that the cells
suffer from a series resistance, which can be related to
recombination in the selective contacts, mainly at the
perovskite/hole transport layer (HTL) interface,44,45 as will
be discussed below. The top-view SEM image (Figure S10A)
shows a uniform and pinhole-free surface that contains ∼80−
100 nm perovskite grains. Figure S10B shows the STS image
performed on the n = 5 perovskite, which displays a root-
mean-square (RMS) roughness of about 10 nm. Statistical
information about the PV performance of these devices is
reported in Figure 3C and Figure S11.
To evaluate the device mechanism, the performance of the

cells was recorded under increasing light intensities from 10
mW/cm2 (0.1sun) to 100 mW/cm2 (1 sun). In Figure S12B,C
the plotted J−V curves can be seen together with the specific
PV parameters. I−V curves of a perovskite film deposited onto
a glass substrate under different light intensities can be found
in the Supporting Information (Figure S11A). Increasing the
light intensity results in the increase of the solar cells’
efficiency, where the maximum performance is observed at
∼0.6 sun and stays stable for higher light intensity. The current
density as a function of the light intensity on a logarithmic
scale is presented in Figure 3D. The power-law dependency Jsc
∝ Iα yields a slope of 1.05, which shows the proportional ratio
between photon flux to current density. An α value close to 1
suggests that there is negligible space-charge recombination in
the solar cell.46,47 The Voc as a function of the light intensity
plotted on a semilogarithmic scale is shown in Figure 3E. This
measurement provides a reliable method to determine the
ideality factor, ηid,

48,49 which lends information on the
recombination mechanism in the solar cell and its
origin.46,48−51 The slope of this graph gives ηidKBTq

−1, from
which ηid can be extracted. Typically, ηid varies between 1 and
2, but higher values more than 5 were reported as well.52 The
curve presented in Figure 3E and Figure S12D displays two
slopes, corresponding to two different ideality factors. In the
case of low light intensity, ∼0.2−0.5 sun, a large value of nid =
2.33 is calculated. This value indicates that the dominant losses
mechanism is Shockley−Read−Hall (SRH) trap-assistant
recombination in the depletion region, and intragap defect
states. At higher illumination intensities, the slope deceased to
1.17. When ηid is close to 1, it may be interpreted incorrectly to
conclude that the dominant losses are due to radiative
recombination process; however, in the case of a perovskite
film it is hard to believe that this is the main mechanism.
Previous studies showed that in hole transport layer (HTL)-
free perovskite solar cells the ideality factor is close to 1 or
even lower than that, which is associated with surface
recombination.48,49 Considering these studies, a more general
picture can be drawn, the perovskite exhibits bulk defect states
that are dominant at low light intensities and responsible for
the main recombination losses. At 50 mW/cm2 or higher light
intensities, these traps are already filled (or partially filled), and
a free flow of carriers may occur. However, in this case, a new
limitation appears, and the dominant recombination process is
controlled by surface recombination. Intensity-modulated
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photovoltage spectroscopy (IMVS) measurements show the
same trend around intensity of 0.5 sun. IMVS measurements
provide information on the electron recombination lifetime of
the cell under different light intensities.15,53,54 Figure 3F and
Figure S13B present the electron recombination lifetime in the
perovskite measured by IMVS of the complete solar cell, where
lifetimes of 10−60 μs for 10−70 mW/cm2 illumination
intensities were observed. As expected, increasing the light
intensity results in a shorter lifetime. However, at intensities
higher than ∼0.5 sun, the electron recombination lifetime is
constant. In this range of illumination intensities, the surface
recombination is dominant, suggesting that the limitation of
the charge transfer at high illumination intensities is due to the
selective contacts.
Charge extraction measurement11,12 of the complete solar

cells are depicted in Figure S13A, which shows that even after
20 s of the device being in the dark there are still charges that
can be extracted. These results agree well with our previous
finding regarding the high series resistance, which suggested
that the resistivity is due to the selective contacts, mainly the

perovksite/HTL interface. Figure S13C shows the electron
recombination lifetime in the TiO2 layer measured by IMVS.
Here also, the lifetime is constant above a light intensity of
≥50 mW/cm2. Therefore, we can conclude that the alignment
of the energy levels of spiro-OMeTAD to the (H-BuDA)-
(Cs0.20MA0.13FA0.67)4Pb5(I0.9Br0.1)16 perovskite is not optimal.
These results suggest that the H-BuDA n = 5 perovskite has
the potential to demonstrate an efficient solar cell, competitive
with the traditional 3D PSCs, by better alignment of the
perovskite’s energy levels to the selective contacts.
Perovskite solar cells are known by their low stability in

ambient air.55−57 We tested the solar cell stability under
ambient conditions, with an average relative humidity (RH) of
about 50%. Figure 4A shows the stability of a nonencapsulated
H-BuDA n = 5 perovskite solar cell over 1030 h and the
measured humidity at the same time that the PV measure-
ments were taken. The average PV parameters measured under
50% RH conditions are portrayed in Figure 4B. It can be seen
that the cells preserved more than 80% of their initial efficiency
over 1100 h. Moreover, after approximately three months

Figure 4. Stability test for non-encapsulate n = 5 perovskite solar cells performed at ambient air with relative humidity (RH) approaching
65%. (A) The efficiency of (H-BuDA)(Cs0.20MA0.13FA0.67)4Pb5(I0.9Br0.1)16 PSC over time, and the measured relative humidity at the same
time of the PV measurement. After 1000 h the efficiency of the cells degraded to 82% of their initial efficiency. (B) The specific photovoltaics
parameters (Voc, Jsc, FF, and efficiency) of the cells over 1000 h (T80 = 1100 h). (C) The contact angle of FTO/m-TiO2/n = 5 (H-
BuDA)(Cs0.20MA0.13FA0.67)4Pb5(I0.9Br0.1)16 perovskite and the equivalent 3D film (FTO/m-TiO2/(Cs0.20MA0.13FA0.67)Pb(I0.9Br0.1)3 showing
more hydrophobic nature for the layered perovskite.
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outside where the average humidity was about 57%, the cells
still preserve 50% of their initial efficiency. Similar stability
measurements (64% RH) for nonencapsulated 2D PSCs (n =
4) with a butylammonium barrier were reported.16 These
measurements showed almost complete degradation of the
devices after ∼25 h, which further support the improved
stability of this new 2D perovskite structure.
Contact angle measurements performed on n = 5 H-BuDA

perovskite further support the excellent stability under a humid
environment. In this experiment, the angle between a water
drop and the perovskite surface was measured for different
samples.
The n = 5 H-BuDA perovskite and the equivalent 3D

perovskite ((Cs0.20MA0.13FA0.67)Pb(I0.9Br0.1)3) were deposited
on two different substrates, microscope glass substrate and
FTO/m-TiO2 substrate (Figure 4C and Figure S14). The
contact angle between the water drop to n = 5 H-BuDA on the
FTO/m-TiO2 substrate was 76°, only slightly reducing during
the entire time of measurement (1.5 min). Performing the
same measurement on a 3D perovskite results in a 50° contact
angle, manifesting the enhanced hydrophobic nature of the
low-dimensional perovskite. Interestingly, the contact angle of
n = 5 H-BuDA on a microscope glass substrate was 66° and the
drop immediately started spreading over the surface,
approaching a contact angle of 28° within only 2 s. This
indicates that the n = 5 H-BuDA perovskite is arranged more
effectively on the mesoporous TiO2 substrate than on flat
surfaces such as glass. The perovskite sheets are organized due
to the affinity of the hydroxyl groups to the surface, similar to
the carboxylic functional group.19,20 The arrangement of the
perovskite sheets on the surface is due to hydrogen bonds
within the perovskite as discussed previously. It can be
assumed that on a microscope glass substrate the perovskite is
less organized; therefore, the hydroxyl groups are free to
interact with water. The stability test and the contact angle
measurements show that the tolerance of the n = 5 HBuDA
perovskite to humidity is very high comparing to other 2D and
3D organic−inorganic perovskite structures.
This work demonstrates the use of a new spacer molecule

comprising hydroxyl functional groups in low-dimensional
perovskite that form hydrogen bonding to the iodide and in
between the OH groups. Optical measurements and polar-
ization modulation infrared reflection absorption spectroscopy
show the structural properties of this new 2D perovskite. The
low-dimensional HBuDA perovskite provides a stable structure
and efficient organization of the perovskite sheets on top of
mesoporous TiO2 substrate. As a result, a power conversion
efficiency of 10% was observed for n = 5 solar cells.
Photocurrent spectroscopy and scanning tunneling spectros-
copy measurements reveal the band structure of this low-
dimensional perovskite with in-gap states close to the CB edge.
The operation mechanism of this solar cell was further
evaluated by the light intensity dependence on the PV
parameters, suggesting that the limitation of the charge transfer
at high illumination intensities is due to the interface of the
perovskite with the hole selective contact. Stability measure-
ments show that the cells retain their efficiency over 1030 h
under relative humidity of more than 50%. This work presents
a unique spacer molecule that opens the way for high efficiency
and stable 2D perovskite solar cells.
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