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ABSTRACT

Hybrid organic-inorganic perovskites are semiconductors that have great potential for optoelectronic applications such as light-emitting
diodes, photodetectors, and solar cells. In such devices, the surface plays a crucial role in the performance and stability, as it strongly influen-
ces the recombination rate of excited charge carriers. It is reported that molecular ligands such as benzylamine are capable of reducing the
surface trap state density in thin films. In this work, we aim to clarify the mechanisms that govern the surface passivation of hybrid perov-
skites by benzylamine. We developed a versatile approach to investigate the influence of benzylamine passivation on the well-defined surface
of freshly cleaved hybrid perovskite crystals. We show that benzylamine permanently passivates surface trap states in these single crystals,
resulting in enhanced photoluminescence and charge carrier lifetimes. Additionally, we show that exposure to benzylamine leads to the
replacement of the methylammonium cations by benzylammonium, thereby creating a thermodynamically more stable two-dimensional
(2D) perovskite (BA)2PbBr4 on the surface of the three-dimensional crystal. This conversion to a 2D perovskite drives an anisotropic etching
of the crystal surface, with the {100} planes being most prone to etching. Initially, square etching pits appear spread over the surface. As time
elapses, these etching pits broaden and merge to yield large flat terraces that are oriented normally to the cleaving plane when they form. A
thorough understanding of the mechanisms governing the surface passivation is crucially important to optimize and design novel passivation
schemes, with the ultimate goal of further advancing the efficiency of optoelectronic devices based on hybrid perovskites.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5088342

INTRODUCTION

Perovskites are a class of materials that adopt the ABX3 crystal
structure. In the case of hybrid organic-inorganic perovskites (HOIP),
the A-site is occupied by a small organic cation; usually methylammo-
nium or formamidinium, or a mixture of both. The B- and X-sites are
occupied by inorganic ions, with B a divalent metal cation, and X
halide anions. Hybrid perovskites typically show strong and tunable
light absorption1,2 and have bimolecular recombination rates on the
level of high-quality inorganic semiconductors; giving rise to intrinsi-
cally long-lived charge carriers.3–5 The remarkable combination of
these features has led to the recent string of successes of hybrid perov-
skites in the field of optoelectronics. Intensive research efforts to
optimize the solution-processing of HOIP materials and device

architectures has led to the fabrication of efficient light-emitting
diodes,6,7 lasers,8–10 photodetectors,11 and thin film solar cells that
have reached record power conversion efficiencies as high as 24.2%.12

Despite these exciting advances, the photophysical properties of
hybrid perovskites are still not clearly understood and can differ dis-
tinctly between the surface and the bulk of the material, which raises
several issues concerning the use of hybrid perovskites in optoelec-
tronic devices. Studies on single crystals have shown that the trap state
density at the surface is much higher as compared to the bulk, leading
to an increase in trap-assisted recombination of excited charge carriers
and limited diffusion lengths in the surface region.5,13–16 Especially in
polycrystalline thin films, where the surface to bulk ratio is high, the
surface and grain boundaries have an adverse impact on the device
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performance. In order to approach the intrinsically long carrier life-
times of charge carriers and unlock the full potential of hybrid perov-
skite materials for optoelectronic applications, it is important to
understand and tailor the surface properties of these materials. The
exact nature of trap states as well as their impact on the optoelectronic
properties of hybrid perovskites remain elusive and are an active topic
of investigation. The presence of undercoordinated Pb ions near the
surface, for instance, has been reported to act as trapping sites for pho-
togenerated electrons, while an excess of halide ions can be a potential
source of hole trapping.17–20

In a previous study on CH3NH3PbBr3 single crystals, we have
shown that moisture and oxygen play a crucial role in the spontaneous
passivation of surface trap states under ambient conditions. Both oxy-
gen and water molecules were shown to be physisorbed on the surface
and their passivating effect can be eliminated by evacuation of the
sample chamber.15 Ozone (O3) on the other hand was found to be
capable of permanently passivating the surface of CH3NH3PbBr3 by
forming coordinate covalent bonds with undercoordinated lead atoms
at the surface.21 Naturally, it is beneficial for the stability and perfor-
mance of hybrid perovskite–based devices to render trap states elec-
tronically inactive using permanent passivation schemes. To that end,
a strategy that is gaining in popularity is the mixing of small quantities
of two-dimensional perovskite into the bulk three-dimensional perov-
skite in order to increase stability and decrease trap state in these mate-
rials.22,23 Numerous reports have recently shown that certain chemical
ligands such as Lewis acids and bases can also be an effective means to
passivate these surface trap states in hybrid perovskites and thus
reduce trap-assisted recombination of excited charge carriers,
ultimately leading to an increase in device performances.24–43 In a
recent collaborative study, for example, we have shown that several
phenylalkylamines, benzylamine (BA) in particular, are capable of pas-
sivating trap states in thin films of formamidinium lead triiode. The
ligands were shown to simultaneously provide a hydrophobic barrier
that protects the perovskite layer from moisture-induced degradation
and greatly improve storage times of these films under ambient condi-
tions.44 Nevertheless, the mechanisms that govern such types of
surface passivation in hybrid perovskites still remain to be clarified.
Understanding and controlling the mechanism of trap state passiv-
ation in hybrid perovskites is of great importance for the continuing
optimization of device performance.

In this work, we use freshly cleaved single crystals of
CH3NH3PbBr3 as a reliable platform to further investigate the physical
and chemical mechanisms that dictate the passivation of the perovskite
surface by benzylamine. We show here that benzylamine is capable of
permanently passivating trap states at the surface of CH3NH3PbBr3 sin-
gle crystals using a simple one-step postsynthesis treatment.
Additionally, we show that the interaction between benzylamine and the
perovskite crystal surface is not merely that of a surface passivating Lewis
base, but that the benzylamine molecules are incorporated into the crys-
tal structure to form a thermodynamically more stable two-dimensional
perovskite, which is identified as (BA)2PbBr4. This causes the crystal to
etch anisotropically, leading to the formation of large terraces on the sin-
gle crystal surface after long treatment times. The formation of such
byproducts is an important consideration when implementing any pas-
sivation scheme during device fabrication, as their presence strongly
influences the morphology and performance of the resulting devices and
can obscure the properties of the underlying material.

RESULTS

Previously, we have reported on the passivation of hybrid perov-
skite thin films using benzylamine and demonstrated a subsequent
improvement of their performance in devices.44 In order to gain a
detailed understanding of the physical and chemical interactions that
take place at the perovskite surface during this passivation, it is of par-
amount importance that a proper surface is studied. Polycrystalline
thin films, however, inevitably possess a complex morphology com-
posed of a large number of grains of different crystallographic orienta-
tions separated by grain boundaries. Single crystals, on the other hand,
can provide more reliable and microscopically flat surfaces of a well-
defined crystallographic orientation. For our fundamental investiga-
tion into the passivation mechanism of benzylamine, we synthesized
millimeter-sized single crystals of CH3NH3PbBr3 using the inverse
temperature crystallization method45,46 and subsequently cleaved
them along the (100) crystallographic plane using a scalpel [Figs.
1(a)–(1c)]. The cleaving procedure was performed in an inert atmo-
sphere, such that cleaved surfaces have not been exposed to ambient
conditions prior to measurements, and we consider them to be “fresh”
surfaces. One such cleaved surface was subsequently chemically
treated by exposing it overnight (22 h) to a solution of 5 vol. % benzyl-
amine dissolved in chlorobenzene [Fig. 1(d)]. Chlorobenzene was
chosen for this purpose as it is widely used as an antisolvent for perov-
skites while it is also a good solvent for benzylamine. Another freshly
cleaved crystal served as a control sample. To monitor the effect of this
ligand treatment on the charge carrier recombination in the surface
region of the perovskite crystal, we performed both steady-state as well
as time-resolved photoluminescence (PL) measurements on the crystal
surface. All spectroscopic measurements are performed in a reflection
mode geometry to exclude reabsorption effects.47 In the current work,
we investigate the optical properties of the chemically treated crystal
surface both under ambient conditions as well as in a high vacuum
(<10�5 mbar) to exclude passivation effects induced by environmental
gasses.

Under ambient conditions, we observe a fivefold increase in the
average maximum PL intensity of the BA-treated sample (red) with
respect to the untreated sample (gray), as can be seen in Fig. 2(a). In
accordance with this, Fig. 2(b) demonstrates that the average lifetime
of the excited charge carriers increases from 50ns to 177ns for the
BA-treated sample. Both of these observations indicate a decrease in
the overall recombination rate, which we attribute to a reduction in
trap state density at the crystal surface after exposure to the ligand
solution. Figures 2(a) and 2(b) show that even upon evacuation of the
sample chamber (dashed lines), the surface of the BA-treated sample
remains well-passivated, as the PL intensity and the charge carrier life-
times of the BA-treated sample still surpass those of the untreated
sample in air. Under the same conditions, however, the untreated sam-
ple shows strongly quenched PL, as can also be seen from the fast
decay of the PL in Figs. 2(b) and 2(c). From this, we infer that the pas-
sivating capability of benzylamine is stable and comparable in magni-
tude, if not better, to that of atmospheric moisture and oxygen. The
considerable increase in the PL parameters upon bringing the BA-
treated sample from vacuum to air, on the other hand, suggests that
there is still a sizable amount of trap states that are not passivated by the
benzylamine ligand but are effectively passivated by the introduction of
atmospheric gases. In Fig. S1 (see the supplementary material), we show
the full reversibility of this PL modulation, demonstrating that
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benzylamine is not desorbed from the crystal surface upon evacuation,
but that instead, the reduction in PL is indeed due to the removal of
oxygen and water. Thus it appears that benzylamine does not necessar-
ily act on the same type of surface trap states as moisture and molecular
oxygen, and a combination of both yields maximal passivation of
surface trap states. Moreover, the sample remains well-passivated even
after storage in an inert atmosphere for over 500days, demonstrating
that benzylamine does not desorb from the crystal surface, and the
passivation is permanent (Fig. S2). To account for the high degree of
heterogeneity in photoluminescence throughout the sample, average PL
intensities and lifetimes with their relative weights obtained on multiple
spots of the samples are reported in Table S1.

Additionally, we verified the thermal stability of the passivating
ligand by performing an in situ annealing experiment. From the PL
traces in Fig. S3(a) we see that in nitrogen atmosphere the sample is
affected negatively both by the laser irradiation as well as by the tem-
perature treatment (100 �C for 1 h), indicating the probable desorption
of benzylamine from the surface. On the other hand, when the experi-
ment is performed in ambient conditions, the passivated crystal shows
a small laser-induced healing effect at room temperature [Fig. S3(b)],
which has been reported previously for metal halide perovskites in
cases of simultaneous UV irradiation and exposure to oxygen and
water.48 For the untreated crystal, we instead observe an initial degra-
dation of the PL under ambient conditions, followed by a complex
interplay between healing and degradation effects. Upon heating the
sample stage to 100 �C, we observe a quenching of the PL for both the
passivated and untreated crystal, which is followed, when the sample is
brought back to room temperature, by a recovery of the PL intensity
that even reaches values well beyond the initial PL intensity after a few

hours. We argue that the decrease in intensity upon annealing is deter-
mined by the desorption of water and oxygen and of benzylamine at
elevated temperature. The reason for the increase in the PL intensity
above the initial value could be determined by the condensation of
atmospheric water on the crystal surface, which has a very effective
passivating effect (vide infra).15

To better understand the passivation mechanism, we then pro-
ceeded to investigate shorter ligand treatment times. Figure 3(a) shows
that, in stark contrast to the previously described passivation effect, no
obvious enhancement of the PL intensity could be observed when the
treatment time was reduced to a short period of only 60 s. Steady-state
PL intensities of the treated crystals are found to be comparable in
magnitude under ambient conditions or even lower than those of
the untreated crystal surface when in a vacuum, indicating that the
BA-treated crystals have similar or lower quantum yields and are not
adequately passivated. The time-resolved decay profiles reported in
Fig. 3(b) obtained from the same crystals, on the other hand, do show
significant differences between the untreated and the BA-treated crys-
tals, and indeed show a trend that is consistent with the previously
discussed passivation for overnight ligand treatment. The slightly lon-
ger lifetimes for all cases can be ascribed to differences in crystal qual-
ity between different batches of crystals. This apparent discrepancy
between the steady-state and time-resolved data can be clarified by
closer inspection of the steady-state PL spectra in the inset of Fig. 3(a).
A broad but weak emission feature can be seen superimposed on the
PL emission from the perovskite crystal after ligand treatment, which
is cut off at the high-energy side of the spectrum. In Fig. 3(c) we use
UV excitation (267nm/4.64 eV) to show that after ligand treatment,
an additional emission peak centered around 412nm (3.01 eV)

“Fresh”
“Old”

NH2

(a)

(b)

(c)

(d)

Benzylamine (BA)
(5% in chlorobenzene)

[001]

[100]

[010]

= CH3NH3

= Pb

= Br

FIG. 1. (a) Crystal structure of CH3NH3PbBr3. (b) Single crystals grown using the inverse temperature crystallization method, on millimeter-paper. (c) Schematic of the cleaving
process of a crystal, showing a cleaved “fresh” surface and an “old” surface that has been exposed to ambient conditions. (d) Ligand treatment of a freshly cleaved crystal.
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appears. This emission feature coincides well with the emission spec-
trum obtained from a single crystal of the two-dimensional perovskite
(BA)2PbBr4, which is found to emit at a wavelength of 417nm
(2.97 eV) and has a long asymmetric tail extending toward lower ener-
gies, which has been attributed to either self-trapped excitons or disor-
der.27,49 These findings suggest that during ligand treatment non-
negligible amounts of this two-dimensional perovskite are formed and
remain on the surface of the 3D crystal.

Figure 3(d) shows that in the first hundreds of picoseconds after
excitation the PL signal of (BA)2PbBr4 dominates that of the 3D
perovskite, but decays on a much shorter time scale than the PL origi-
nating from CH3NH3PbBr3 [see the supplementary material Fig. S4
for more details on how the presence of (BA)2PbBr4 influences the PL
decay of the 3D perovskite].

When the ligand solution is allowed to fully react with the 3D
perovskite crystal (over the course of 72 h), a white suspension is
formed. The photoluminescence spectrum in Fig. 3(e) obtained
from a drop-casted layer of this reaction product again clearly
shows the presence of the high-energy peak associated with the 2D
perovskite around 421 nm, while the photoluminescence emission
from the 3D crystal is virtually absent, demonstrating that
CH3NH3PbBr3 is almost completely converted into (BA)2PbBr4
and other non-emissive byproducts. XRD measurements per-
formed on these same reaction products indeed confirms the
presence of (BA)2PbBr4, unconverted CH3NH3PbBr3, and BABr
[Fig. 3(f)]. Simulated powder diffraction patterns of (BA)2PbBr4
and BABr that were used to index the peaks in Fig. 3(f) can be
found in Fig. S5. The crystal structures of both compounds were
determined from single crystal XRD (structure files in the supple-
mentary material). To our knowledge, the crystal structure of
BABr has not been reported previously. Interestingly, for the
structure of (BA)2PbBr4, we observe a slightly different symmetry
(Cmc21) then what has previously been reported (Cmca).50

The conjecture that a 2D perovskite is formed after ligand treat-
ment is further corroborated by a clear change in the appearance of
the crystal surface after it is exposed to the ligand solution over 20 h.
Whereas a freshly cleaved surface is highly reflective and appears shiny
to the eye, the treated surface has a slightly darker and dull appearance.
Using scanning electron microscopy (SEM), we observed the occur-
rence of large rectangular terraces on the surface of the treated perov-
skite single crystals, as shown in Figs. 4(a) and 4(b). These flat terraces
extend over tens of micrometers and are highly directional with their
largest faces being oriented along the cleaving direction (surface nor-
mal to [100]-direction). The edges of the terraces are oriented along
the crystallographically equivalent [010] and [001] directions, as they
can be seen to run parallel to the macroscopic edges of the crystal.
Backscattering electron analysis shows that the terraces are uniform in
their elemental composition. Figure 4(c) shows that the spatial distri-
bution of the photoluminescence signal is also relatively uniform
throughout these terraces. There are, however, small needle-shaped
crystallites with a distinctly different composition spread over the
entire surface of the crystal, as can be seen from their increased con-
trast in the electron backscattering image. These same crystallites
appear as dark spots in the confocal microscopy image (encircled),
indicating that they show no or weak luminescence upon excitation by
a 488nm pump laser. Based on these observations we conclude that
these crystallites are most likely to be agglomerates of the two-
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FIG. 2. (a) Steady-state photoluminescence spectra (averaged over 5 spots)
obtained from the crystal surface of a sample that has been treated with benzyl-
amine (BA) ligands in chlorobenzene (red line) and an untreated crystal (gray line),
both in air (solid lines) and in vacuum (dashed lines). (b) Time-resolved decay pro-
files of the same samples as in (a) fitted by a biexponential function (black lines),
labels indicate the extracted average lifetimes. (c) Short time scale behavior of the
time-resolved PL of the untreated sample in vacuum.
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dimensional (BA)2PbBr4 perovskite. Sharp peaks located at diffraction
angles of 15� and 30�, as well as some minor peaks from reaction prod-
ucts, are apparent in the x-ray diffraction pattern of the treated crystal
[Fig. 4(d)]. The peaks corresponding to these reaction products disap-
pear after an additional washing step in ethanol, showing that these
materials are only loosely attached to the crystal surface [Fig. 4(d)
inset]. The major peaks at 15� and 30� indicate that after exposure to
the ligand solution the original crystal structure of CH3NH3PbBr3
remains unaltered and that the large face of the terraces belongs to the
(100) cubic plane (or equivalent crystallographic planes). Moreover, it
should also be noted that such newly exposed crystal surfaces are only
observed in the presence of benzylamine and do not occur when the
crystal is exposed to chlorobenzene alone (Fig. S6).

To better understand the passivation mechanism and kinet-
ics, the effect of the ligand treatment on the morphology of the
crystal surface was studied in more detail by in situ imaging.
Figure 5 shows optical microscopy images of the crystal surface
(a) before exposure to the ligand solution, (b) after approximately
30 s exposure, and (c) after 5min exposure (a full video of etching
is available in the supplementary material). Initially, the surface of

the crystal is relatively flat over hundreds of micrometers. Small
crystallites resulting from the cleaving process are scattered over
the surface, as well as a region (encircled, solid line) where small
irregularities can be observed and the integrity of the surface
appears to be compromised. Such a degree of structural inhomo-
geneity is common after cleavage and can also act as a potential
source of heterogeneity in the PL signal. After 30 s of exposure to
the benzylamine solution, small square etching pits emerge seem-
ingly randomly throughout the entire crystal surface. A particu-
larly high density of these etching pits can be observed in the
previously mentioned encircled area, while at the same time, other
parts of the crystal surface seem to be largely unaffected by the
ligand treatment. The heterogeneity of the etching process is also
apparent from scanning electron microscopy and confocal laser
scanning microscopy (CLSM) images of a treated surface, where
some parts of the crystal surface are very flat, others show terrace
formation, and still other areas exhibit varying amounts of square
etching pits of different dimensions (Figs. S7 and S8). This highly
irregular distribution of etching pits indicates that the starting
points of the etching process are strongly dependent on the local
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corresponding indices that can be attributed to (BA)2PbBr4 (red), BABr (green), and CH3NH3PbBr3 (gray).
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properties of the surface. For instance, crystallographic defects
such as step edges, dislocations, or bromide vacancies, which are
reported to be inherent to cleaved surfaces of CH3NH3PbBr3,

51

appear to act as initiation sites for the etching process. Step edges,
for example, show a tendency to rapidly etch away upon exposure
to benzylamine (Fig. S9).

Continued etching of the surface shows that after 5min the etch-
ing pits have significantly broadened, and in some places, individual
etching pits have merged to form a single larger pit or are about to
fuse (encircled, dashed lines). A schematic of the above process is
depicted in Fig. 5(d), in which we postulate that the formation of deep
etching pits, subsequent broadening, and the eventual merging of mul-
tiple etching pits ultimately gives rise to the formation of large rectan-
gular terraces that we observe after prolonged treatment times [Figs.
4(a) and 4(c)]. The formation of smooth perovskite surfaces such as
these are a highly important consideration to further increase the
moisture stability and performance of optoelectronic devices as was
recently also shown for the 2D perovskites.52

In Fig. 5(e) we describe the microscopic mechanism at the basis
of the passivation and etching. Introduction of benzylamine at the
crystal surface initially creates a passivating layer of ligands on the
CH3NH3PbBr3 surface. Over time methylammonium cations that
are exposed at the perovskite surface are replaced by benzylammo-
nium cations to form the 2D perovskite (BA)2PbBr4. When several
monolayers are accumulated, the 2D perovskite layer detaches from
the crystal surface and forms agglomerates of needlelike crystallites
[as shown in Fig. 4(b)]. While chlorobenzene is an antisolvent to the
pure CH3NH3PbBr3 perovskite and is not able to significantly dis-
solve the crystal, the microscopic (BA)2PbBr4 crystallites are readily
detached from the surface, possibly aided by van der Waals (vdW)
interactions between the solvent molecules and the BA groups. This
explains why the crystal surface is rapidly etched by the ligand solu-
tion, and it is also in good agreement with the formation of 2D
perovskite and etching that was recently observed in thin films of
Cs0.15FA0.85Pb(I0.73Br0.27)3.

53 It then stands to reason that the anisot-
ropy of the etching process is also dictated by the high degree of
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FIG. 4. Scanning electron microscope images obtained using (a) secondary electron detection channel, showing the surface of a single crystal of CH3NH3PbBr3 after 20 h
exposure to benzylamine; some minor charging artifacts can be observed in the image. (b) Backscattering electron detection. The inset shows a higher magnification of a
needlelike crystallite that is most probably composed of 2D perovskite. (c) Confocal microscopy image obtained from the same surface; small crystallites are encircled. A
gamma correction with c ¼ 2 was applied to the entire image. (d) XRD pattern of the crystal after BA treatment and magnified detail of the pattern before and after an addi-
tional washing step in ethanol was employed to wash away the needles that are the reaction products (inset).
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directionality of the formed 2D perovskite. The structure of
(BA)2PbBr4 can be considered to consist of slabs of h100i-oriented
PbBr4 octahedra separated by BA cations. Hence, the most likely
starting point for the etching of the 3D perovskite would be the {100}
surfaces that are terminated with planes of such octahedra to which
the benzylammonium can attach, leading to more rapid etching of
these facets, as also depicted in Fig. 5(e).

To verify and better understand the thermodynamics of this
experimentally observed reaction, we performed first-principles calcula-
tions for the total internal energy involved in the conversion of

MAPbBr3 into the layered (BA)2PbBr4. We tested the thermodynamic
energy transfer associated with two different reactions compatible with
the experimental data, specifically (i) 2 MAþPbBr3þ 2 BA! (BAþ)2
PbBr4þ 2 MAþPbBr2 and (ii) 3 MAþPbBr3þ 3 BA! (BAþ)2PbBr4
þ 3MAþ BAþBrþ 2 PbBr2. In whichMAþ and BAþ denote the pro-
tonated—that is, the ammonium—forms of methylamine and benzyl-
amine respectively.

To our surprise, standard density-functional theory calculations
of the formation enthalpy DH using the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional interaction yielded in both
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FIG. 5. Optical microscopy images showing the progression of etching of the crystal surface at different times (a) before etching, (b) after 30 s, and (c) after 5min; circles denote par-
ticular regions of interest as explained in the main text. (d) Schematic of the etching mechanism, yielding deep etching pits and terraces on the crystal surface for different treatment
times. (e) Microscopic mechanism of the reaction taking place at the surface of the 3D perovskite crystal, leading to the formation of (BA)2PbBr4. Orange octahedra depict the inor-
ganic components of the perovskite, while the gray and green spheres denote carbon and nitrogen atoms respectively; the vectors a and b are along the h100i directions.

Applied Physics Reviews ARTICLE scitation.org/journal/are

Appl. Phys. Rev. 6, 031401 (2019); doi: 10.1063/1.5088342 6, 031401-7

Published under license by AIP Publishing

https://scitation.org/journal/are


cases an endothermic reaction, with energy differences DH of the
order of þ0.1 eV per MAPbBr3 unit. This result remained essentially
unchanged after including spin–orbit coupling, even though the ener-
gies of the individual reactants and reaction products changed consid-
erably, as expected due to the presence of Pb. Finally, we repeated the
calculations accounting for van der Waals interactions. Although the
effect of vdW interactions is usually negligible in inorganic 3D perov-
skites, characterized by purely covalent/ionic bonding, its importance
has already been recognized for 3D organic/inorganic perovskites.54

In 2D Ruddlesden-Popper structures, vdW interaction is further
enhanced thanks to the presence of layers of aligned BA groups.55

Indeed, our calculations indicate a sizable stabilization of the layered
perovskites with DH per MAPbBr3 unit becoming �0.21 eV for reac-
tion (i) and �0.17 eV for reaction (ii). We, therefore, confirm that the
mechanism for the whole process is driven by the enhanced stabiliza-
tion of the 2D perovskite containing BA due to the vdW interactions.

CONCLUSIONS

We used freshly cleaved surfaces of single crystals of
CH3NH3PbBr3 as a convenient and reproducible platform to study the
mechanism of ligand passivation on the perovskite surface. We have
shown that treatment of the crystal surface with benzylamine leads to
permanent passivation of surface trap states and consequently to lon-
ger lifetimes of excited charge carriers. Unlike passivation by molecular
oxygen and moisture, the passivation effect of benzylamine is chemical
in nature and remains even upon evacuation of the sample chamber.
Moreover, exposure to benzylamine is accompanied by anisotropic
etching of the crystal, which produces a mixture of benzylammonium
bromide and the two-dimensional (BA)2PbBr4 perovskite via the
exchange of the methylammonium cation by benzylammonium,
which is shown to be stabilized by van der Waals interactions. Etching
starts predominantly from {100} planes with the emergence of small
square etching pits that are distributed heterogeneously throughout
the crystal surface, originating from weak points of the crystal sur-
face such as crystallographic defect sites. Upon prolonged exposure
to the ligand solution, these etching pits broaden and merge, eventu-
ally giving rise to flat, uniform, and highly oriented terracelike fea-
tures. Residues of the byproducts were found to be loosely attached
to the crystal surface, even though the surface was rinsed in chloro-
benzene directly after ligand treatment. The presence of such materi-
als can obscure the true properties of the perovskite surface. In
conclusion, we shed light on the physical and chemical mechanisms
involved in a popular postsynthesis passivation scheme for hybrid
perovskites. Understanding such mechanisms is of fundamental
importance for the further improvement of hybrid perovskite device
performance and development of novel and more effective surface
passivation methods.

EXPERIMENTAL METHODS
Synthesis of single crystals

CH3NH3Br and PbBr2 (both TCI chemicals) were dissolved in
anhydrous N,N-dimethylformamide (Sigma-Aldrich) to yield an equi-
molar solution of 1 molar concentration. The solution was stirred over
1 h to completely dissolve all material until a colorless solution was
obtained. Subsequently, the vial containing the solution was placed in
a heat bath at 80 �C for a period of several hours to promote crystalli-
zation. The resulting crystals were removed from the solution as soon

as crystal growth had visibly halted. Single crystals of (BA)2PbBr4 were
synthesized using the slow-diffusion method. Sixteen millimoles of
PbBr2 (58.7mg, TCI) was dissolved in 3.0ml of HBr (Sigma Aldrich,
48wt. %) and was carefully placed at the bottom of a glass test tube.
Three milliliters of absolute methanol (anhydrous) was carefully
placed on top of the solution to create a well-defined interface between
the methanol and the HBr solution. Benzylamine was added in excess
by administering 15 drops on top of the methanol. After a day, trans-
parent crystals started to appear at the bottom of the tube. These
crystals were collected after five days and washed in diethyl ether
(Avantor) three times.

Ligand treatment

Solutions of 5 vol. % benzylamine in anhydrous chlorobenzene
(both Sigma-Aldrich) were prepared inside a glovebox. Cleaving of the
crystals using a scalpel and subsequent treatment with the ligand solu-
tion were also performed inside the glovebox to eliminate any
moisture-induced effects. Freshly cleaved crystals were submerged in
the ligand solution for a certain amount of time, after which they were
rinsed in chlorobenzene and placed in an air-tight sample chamber for
optical measurements.

Photoluminescence (PL) spectroscopy

The samples were excited using the second harmonic or third
harmonic (approximately 400 and 267nm) of a mode-locked
Ti:sapphire laser (Mira 900, coherent) with a repetition rate of
76MHz. The repetition rate could be adjusted as desired by a pulse
picker. Using an adjustable iris and neutral density filter, the beam
intensity and spatial profile could be adjusted, before focusing the
beam onto the sample using a 150-mm focal length lens. An energy
density of 1.7 lJ/cm2 was used for the measurements using an excita-
tion wavelength of 400nm. The photoluminescence spectra were
recorded in reflection mode with an ImagEM CCD camera and were
corrected for the spectral response of the setup, and an instrumental,
as well as manual baseline background subtraction, was performed. To
obtain the time-resolved traces of the PL signal, a streak camera from
Hamamatsu operating in single-sweep mode was used. Lifetimes were
extracted from the decay profiles after baseline correction using a
biexponential fit of the form

IPL tð Þ ¼ A1 � exp �t=s1ð Þ þ A2 � exp �t=s2ð Þ:

Here IPL(t) is the normalized PL intensity at time t, A1 and A2 are fit-
ting parameters that reflect the relative weight of the exponent, and s1
and s2 are the lifetimes of the exponents.

Confocal laser scanning microscopy (CLSM)

CLSM measurements on the surface of single crystals were
performed using a Nikon Eclipse Ti microscope. Samples were
excited using an Arþ laser with an excitation wavelength of
488 nm. The excitation beam was focused on the sample using
20�, 40� (Fluor), or 60� (oil immersion Plan Apo) lenses.
Spatial mapping of the photoluminescence was obtained by raster
scanning the sample and recording the PL signal using detection
channels in the spectral range from 480 to 640 nm. Eventual
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contrast and brightness adjustments performed on images are
listed in the corresponding figure legend.

X-ray diffraction (XRD)

X-ray diffraction data were collected using a Bruker D8 Advance
diffractometer operating in Bragg-Brentano geometry with Cu Ka
radiation. Single crystals were mounted such that the surface of inter-
est was fixed perpendicular to the scattering plane.

Scanning electron microscopy (SEM)

SEM measurements on the surface of single crystals were per-
formed using a FEI NovaNanoSEM 650 with no prior conductive
coating (true native state). The secondary electron (SE) mode images
were recorded at 10 kV. The backscatter electron (BSE) mode images
in Figs. 4(b) and S6(b) were recorded at 30 kV while that in Fig. S6(a)
was recorded at 10 kV.

Theoretical methods

First-principles calculations were performed with density func-
tional theory using the Vienna ab initio simulation package (VASP).56

We used the PAW datasets of version 5.2 with a cutoff of 1000 eV and
c-centered Monkhorst-Pack k-point grids, as dense as required to
ensure an accuracy of 2meV in the total energy. All crystal structures
were first fully optimized using the Perdew-Burke-Ernzerhof (PBE)
approximation57 to the exchange-correlation functional, until forces
were smaller than 0.005 eV/Å. We used the following crystal struc-
tures: Perovskite MAPbBr3 with space group Pnma, BA2PbBr4 with
Cmc21 symmetry, monoclinic BABr with P121/n1 symmetry, and
tetragonal PbBr2 with a P42/mnm crystal structure. The crystallo-
graphic information files are given as supplementary material. The
molecules were placed in a face-centered cubic supercell with a lat-
tice constant of 21.2 Å to make negligible the interaction between
artificially periodic images. We considered thermodynamic prop-
erties of the system at equilibrium and calculated total internal
energies at zero temperature and zero pressure. For all enthalpy
calculations, we used the PBE functional for the spin-polarized sys-
tem, including spin–orbit coupling or van der Waals interactions
within the vdW-opt-B88 approximation.58,59 A quantitatively
accurate determination of the formation enthalpy at room temper-
ature would require the calculation of the contributions to the free
energy of phonons and configurational entropy. We consider here,
as the observed reaction is not driven by temperature, that temper-
ature effects can be assumed in first approximation comparable on
the two sides of the considered reactions, and we rather focus on
other contributions to the enthalpy.

SUPPLEMENTARY MATERIAL

See the supplementary material for a PL trace showing the full
reversibility of PL quenching upon evacuation, (TR)PL spectra of the
(un)passivated crystal after 504 days, a table of average PL intensities
and lifetimes, evolution of the PL during annealing in N2 and air,
streak images of both samples along with a discussion on the influence
of emission from 2D perovskite, simulated powder XRD pattern of
(BA)2PbBr4 and BABr, optical micrographs showing the influence of
chlorobenzene and the ligand solution on the crystal surface, SEM
images of a treated crystal surface, and CLSM images after different

treatment times. CIF files of the crystal structure of (BA)2PbBr4 and
BABr are provided as well as a video showing the in situ etching of the
crystal surface.
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