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Abstract: Atomic-level control of solution-processed hybrid halide perovskites is achieved experimentally by solution
atomic layer deposition (sALD). This method transfers the surface chemical principles of gas-phase ALD (gALD) to
precursors dissolved in the liquid phase. Circumventing limitations associated with precursor volatility, sALD broadens
the portfolio of reaction chemistries usable and material classes accessible. We establish its applicability to depositing
ultrathin films of ionic semiconductors by developing an sALD procedure for the most prominent halide perovskite,
methylammonium triiodoplumbate (CH3NH3PbI3, ‘MAPI‘). The process saturates upon precursor dosage variation to
self-limiting growth typical for ALD, as analyzed by ex-situ and in-situ techniques. sALD-deposited MAPI is highly pure,
stoichiometric, and polycrystalline. When MAPI films are prepared in congruent pairs by sALD and by a state-of-the-
art spin-coating method, sALD-grown films clearly outperform their spin-coated counterparts in terms of charge carrier
lifetimes and stability. They exhibit high carrier mobility and yield functional light absorbing layers in solar cells.

Halide perovskites have established themselves as solar
absorbers for photovoltaic (PV) devices with record solar
power conversion efficiencies (PCE) > 26%.[1] Not only has
their performance skyrocketed,[2] their solution processing
offers a comparatively energy-lean and facile access (by spin

coating, blade coating, spin casting, drop casting, dip coating,
or spray coating).[3–6] These engineering methods, however,
do not allow for atomic-scale precision of the individual layer
thickness or atomic-scale control of the interfaces between
layers. Atomic layer deposition (ALD) delivers such precision
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and control by exploiting self-terminating surface chemical
reactions of two (or more) precursors to provide sequentially
the individual elements constituting the solid. In this thin film
deposition technique, precursors with programmed reactivity
alternate in their reactions with the solid surface of a
substrate avoiding direct contact with each other. Repeating
this alternation in a cyclic manner delivers a thin film with
high conformality even in structures of high aspect ratio.[7]

However, the vacuum processing of classical ALD demands
that precursors be volatile. Since halide perovskites consist
of separate ions, they have remained inaccessible by ALD so
far. Thus, perfectly conformal, nanometer-precise coatings of
these ionic solids have not been achieved to date.

The invention of solution atomic layer deposition (sALD)
offers new opportunities.[8,9] sALD transfers the principles of
classical gas-phase ALD (gALD) into the solution processing
field and expands the possibilities of the broader atomic-layer
processing field. It offers a more facile practical implemen-
tation, a wider range of precursors, including ionic ones, and
a broad portfolio of reactivity types that can be exploited.
Processing conditions as mild as room temperature and
atmospheric pressure can deliver, in sALD mode, materials of
high purity and crystalline quality. Beyond oxides,[8] heavier
chalcogenides,[10–12] hydrides,[13] metal–organic frameworks
(MOFs),[14] and polymers are accessible by sALD.[15] This
work establishes the sALD processing of the prototypical
member of the hybrid halide perovskite family (methylammo-
nium triiodoplumbate, (CH3NH3)(PbI3), also referred to as
methylammonium lead iodide, ‘MAPI‘), and we demonstrate
that the atomic-level control afforded by sALD leads, in a
single processing step, to a material of outstanding purity, of
improved stability, and of superior functional performance.

To achieve sALD growth, the product (CH3NH3)(PbI3)
must be insoluble in the chosen solvent, in contrast to the
ionic precursors delivering each component of it. Methy-
lammonium iodide, (CH3NH3)I, provides moderate solubility
in chloroform spiked with alcohol. The pivalate complex
Pb(Piv)2 serves as an adequate source of lead(II) thanks
to organic ligands that provide solubility in chloroform and
prevent aggregation by chelation but remain sufficiently
labile, enabling ion pair separation. The sALD process
envisioned (Figure 1a) relies on excess surface charge the sign
of which alternates with individual reaction steps.

The initial steps of sALD nucleation on (110) SnO2

and growth are simulated through molecular dynamics (MD,
Figure 1b,c). First, lead ions from Pb(Piv)2 bind to protruding
surface oxides to initiate a contact layer while pivalates
build salt bridges to Sn4+. In the next step introducing three
equivalents of (CH3NH3)I, most ions remain in a dynamic
interaction with the surface, until iodides exchange pivalates
to generate persistent Pb–I–Pb motifs characteristic for the
(100) layer of MAPI. Extended relaxation yields a stable
interface model featuring Pb—I distances of ∼3.75 Å akin to
the MAPI (100) layer. Based on this MD-derived interface
model, density functional theory (DFT) calculation of a (001)-
oriented cubic MAPI supercell (2 × 2) aligned in x and
y with the SnO2 (110) lattice yields in initial monolayer
structure (Figure 1d, yellow) exhibiting an average nearest-
neighbor Pb…Pb distance of 6.38 Å. Upon sequential addition

of layers, the Pb…Pb distances decrease consistently (values
in Figure 1d), indicating progressive structural relaxation
toward the bulk structure (∼6.00 Å). Adsorption energies are
thermodynamically favorable, decrease with increasing layer
number, but imply stability beyond three layers.

To realize this growth plan on SnO2 (common charge
transport layer in perovskite photovoltaics based on its
favorable energy level alignment),[16] the initial pre-treatment
involves cleaning with UV/ozone followed by exposures to
KCl and Pb(Piv)2 as aqueous and chloroform solutions,
respectively (Figure S1).[17,18] After rinsing with chloro-
form, the sALD steps involve (at room temperature):
1) (CH3NH3)I 4 mM pulse, 2) rinse, 3) Pb(Piv)2 1 mM
pulse, 4) rinse. Repeating these four steps results in the
accretion of an increasingly dark brown film also evi-
denced by spectroscopic ellipsometry, Figure 1e,f. Thickness
quantification by ellipsometry and field-emission scanning
electron microscopy (FE–SEM) in cross-section indicates
linear growth with 1.2 nm added per sALD cycle performed
(Figure 1f), consistent with the size of the MAPI unit
cell.[19] The self-limiting nature of each surface reaction (the
hallmark of ALD) is demonstrated by varying the dosage of
both precursors (Figure 1g): beyond the standard 10-s pulse
duration, the growth per cycle (GPC) reaches a plateau.

The chemical identity of the film is provided by x-ray
diffraction in grazing incidence (GIXRD, Figure 2a). Despite
the mild operation conditions of our sALD procedure, the
MAPI films are crystalline as deposited, without any subse-
quent thermal or solvent annealing step. The diffractogram of
a MAPI film obtained after 30 sALD cycles on SnO2 features
the reflexes of tetragonal (CH3NH3)(PbI3). Importantly, no
signal of PbI2 (a typical degradation product and impurity)
is present at 12.7°, hinting at not only the purity but also
the unusual stability of the sALD-derived MAPI exposed to
moist air and x-rays (4 h). Atomic force micrographs (AFM)
and FE–SEM of MAPI deposits evidence that in the initial
stages of growth, the solid is a homogeneously distributed
but granular film, exhibiting crystallites which become densely
packed after some tens of cycles (Figure 2b–e). After
120 cycles, the nuclei have merged into a continuous layer
of dense crystals (Figure 2f), although some voids remain
between the SnO2 and MAPI layers. This behavior is in line
with previous sALD studies in which a rougher and more
granular structure has been observed than in more ideal
gALD cases,[11,12] and it represents an improvement over
previous MAPI processing methods, which cannot deliver
continuous films of such low thickness.[20–23] Maximizing the
number of nucleation sites delivers the best possible adhesion
but does not inhibit the surface mobility of adsorbates. This
mobility enables the formation of a crystalline deposit but also
tends to increase the surface roughness.[12]

Qualitative elemental analysis by energy dispersive x-
ray analysis (EDX, Figure 3a) confirms the presence of
the expected elements C, N, Pb, I, Sn, O, and Si. Element
quantification by x-ray photoelectron spectroscopy (XPS,
survey scan Figure 3b) demonstrates via the absence of Sn
signal that after 70 sALD cycles, the MAPI layer is already
closed. Moreover, the XPS-derived C:N:Pb:I composition
(1.5/0.9/1.0/3.6) is very close to the nominal composition
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Figure 1.MAPI sALD growth chemistry. a) Schematic presentation of the design with A+ = methylammonium and X– = pivalate (yellow frame). Each
step in the reaction binds alternating ions (1.5 cycles shown). b) and c)MD simulation of nucleation in the first sALD cycle upon exposure of SnO2 to
Pb(Piv)2 then (H3CNH3)I. d) DFT computation of the structures of MAPI films obtained after one, two, and three cycles (binding energies and
average Pt…Pt distances in Å indicated below and above, respectively). e) Experimental observation of growth on a SnO2-coated Si/SiO2 wafer by
spectroscopic ellipsometry (orientation �(λ)) after N sALD cycles, N = 1 to 30. f) Determination of the growth rate by spectroscopic ellipsometry
(blue datapoints) and SEM (green), optical appearance of quartz substrate coated with 20, 40, and 60 cycles. g) Demonstration of self-limiting
growth by varying the duration of precursor exposure and solvent purge at each cycle.

(1/1/1/3). Beyond the usual surface contamination by
adventitious C, the 20% extra amount of iodine obtained
after the last sALD pulse of methylammonium iodide is in
line with the growth mechanism detailed in Figure 1. The
individual core level regions Pb 4f, I 3d, N 1s, and C 1s
consistently provide evidence for the extraordinary quality
of the sample, with all signals (Pb 4f7/2, 138.7 eV; Pb 4f5/2,
143.5 eV; I 3d5/2, 619.6 eV; I 3d3/2, 631.1 eV; N 1 s, 402.6 eV;
C 1 s, 286.7 eV, Figure 3b–f) all supporting the presence of
MAPI,[24–26] and the absence of any secondary phase. These

unusually clean XPS analyses confirm that the high material
quality is maintained under prolonged vacuum and x-ray
exposure (further elaborated on below), a feature which is
unusual for the rather labile MAPI,[24,27] but which fits with
the stability already noted in GI–XRD measurements above.

Can the mechanism put forth in Figure 1 be confirmed
experimentally? Infrared spectroscopy in attenuated total
reflection (ATR-IR) performed in situ during MAPI sALD
in an ATR flow cell evidences the appearance of the most
intense signals characteristic of the MAPI solid after the
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Figure 2. Structural characterization of sALD MAPI films. a) GIXRD
diffractogram of an as-grown sample featuring 30 MAPI sALD cycles on
a SnO2-coated Si/SiO2 wafer piece (blue), compared to a bare substrate
(beige) and a reference (COD no. 721893, green bars). b) and c) AFM
micrographs of MAPI films obtained after 9 and 30 sALD cycles,
respectively. d) SEM micrographs after 15 and 60 cycles. e) SEM
cross-section of a functional photovoltaic stack consisting of glass /
200 nm ITO / 15 nm SnO2 (gALD) / 120 cycles MAPI (sALD) / 400 nm
spiro-OMeTAD (“spiro”, spin coating) / 80 nm Au (evaporated).

Figure 3. Chemical composition of sALD-grown MAPI films. a) EDX
microanalysis of a film obtained after 30 cycles MAPI sALD on SnO2.
b)–f)XPS spectra of a film obtained after 70 cycles, including a survey
spectrum and the core level regions of Pb 4f, I 3d, C 1s, and N 1s.

very first cycle already (Figure 4a,b). Subsequent cycles
cause a stepwise increase in all bands associated with
MAPI at 3186 cm−1 (νas(NH3

+)), 3140 cm−1 (νs(NH3
+)),

1579 cm−1 (δ(NH3
+)), 1470 cm−1 (δ(CH3-NH3

+)), 1423 cm−1

(δ(CH3)).[28–31] Spurious negative signals at 1215 cm−1 are
attributed to the solvent.[32] Thus, nucleation is immediate
and growth occurs linearly (see also Figure S2). The δ(CH3–
NH3

+) band provides further insight into the initial stages of
deposition. Indeed, its maximum blue-shifts by approximately
1 cm−1 during the first five to ten cycles, Figure 4c. This
shift corresponds to the transition from isolated clusters
with rather molecular nature on the surface to an extended
MAPI solid at quite early stages of growth. The UV–
visible absorption spectra (Figure 4d) corroborate that the
semiconductor band structure of MAPI is fully formed as
a sharp absorption edge near 780 nm (bandgap 1.58 eV
based on the Tauc method,[33,34] in agreement with the
literature)[35,36] in the thinnest sample measured (20 cycles).
This edge does not shift in later stages of growth.

A molecular picture of the nucleation reaction is provided
on quartz wool (SiO2) by solid-state magic angle spinning
proton nuclear magnetic resonance (1H MAS NMR) mea-
surements (Figure S3). After an initial solvent exposure, the
support shows resonances for SiOH groups at 1.8 ppm and
some adsorbed water (3.5–4.0 ppm). New signals appear
after the first cycle, which can be attributed to adsorbed
solvents chloroform (7.6 ppm) and isopropanol (1.1 ppm).
The signal associated with the nitrogen-bound protons of
adsorbed methylammonium at 6.2 ppm appears after the very
first cycle already, in line with the observations by ATR-IR.
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Figure 4. Characterization of nucleation and growth mechanism. a) and
b) ATR-IR spectra recorded during the first 35 cycles of MAPI sALD
process inside a flow cell. The reference transmission spectra measured
of Pb(Piv)2, (CH3NH3)I, and MAPI are shown in the top part in yellow,
orange and green, respectively. The ordinate axis scale bar represents
�A = 0.01. c) Shift of the δ(CH3-NH3

+) band position versus number N
of sALD cycles. The ordinate axis is referenced to 1470 cm−1. d) UV–vis
absorption spectra of MAPI films obtained after N = 20, 40, and 70
sALD cycles on a quartz substrate. e) Exemplary transient absorption
spectroscopy (TAS) dataset collected of the sALD MAPI film in situ
during growth, specifically after 20 cycles, upon excitation at 400 nm.
f) Exemplary evolution-associated spectra (EAS) extracted for the first
identified transient state from the in-situ datasets collected after various
numbers N of sALD cycles.

After 12 cycles, both resonances associated with methylam-
monium (3.2 and 6.2 ppm) are clearly visible. Comparison
of the spectrum with a MAPI single crystal allows for the
unambiguous assignment of the solid formed, whereas the
narrow line width indicates a high degree of order.

How thin can a functional semiconductor film generated
by sALD be? An in-situ study by ultrafast pump-probe
transient absorption spectroscopy (TAS, Figure 4e,f and

Figure S4) yields interpretable datasets after 3 sALD cycles,
and between 3 and 20 cycles all datasets can be fitted with
one common model of four sequential, exponential decays
from the originally formed excited state associated with
EAS1 to EAS2, EAS3, and the last state observable on
the TAS timescales, EAS4 (Figure S4a–d). The lifetimes are
on the order of 2, 5, 75 ps, and 2 ns, respectively, without
obvious trends as they depend on the number N of sALD
cycles performed. The fast processes are likely associated
with hot carrier thermalization, whereas carrier trapping
happens on the longer timescales. In the absence of charge
collection to external electrodes, carriers then recombine
slowly. Interestingly, the evolution-associated spectra (EAS)
extracted from this analysis exhibit systematic changes with
N. Not only do the signal intensities scale with the layer
thickness as expected, the extrema also shift significantly. This
is particularly true of the blue-region bleach exhibited by the
originally formed excited state (EAS1, Figures 4f and S4a),
which red-shifts by more than 10 nm from N = 3 to N =
20, a manifestation of quantum confinement of the carriers
photogenerated in the nanometer-sized clusters generated
in the first few sALD cycles, before the properties of the
bulk solid are reached. These observations draw a picture
consistent with the in-situ ATR-IR and MAS NMR data.

Let us now determine how the well-defined and immediate
heterogeneous nucleation demonstrated above affects the
functional properties of our sALD-deposited MAPI films.
Hall effect measurements performed on as-grown MAPI
(120 cycles on quartz) under ambient conditions without
irradiation (Figure S5) indicate the semiconductor to be p-
type.[37] The charge carrier concentration of 1.9 • 1010 cm−3

evidences an extraordinarily intrinsic semiconductor.[38] The
extremely high mobility 1200 cm2 V−1 s−1 is very close
to the theoretical values 1500–5500 cm2 V−1 s−1 recently
computed.[39] This superior semiconductor quality also
appears in time-resolved photoluminescence spectroscopy
(TR-PL). The luminescence decay datasets recorded under
ambient conditions of a comparative set of different MAPI
film thicknesses (40, 80, and 170 nm) prepared by sALD and
by traditional spin coating (Figure 5) evidence significantly
longer charge carrier recombination lifetimes for sALD films
than their traditionally prepared counterparts (spin-coating
with state-of-the-art procedure) for each thickness tested, on
a rare microsecond timescale.[40]

The material quality is complemented by a stability
unheard of for MAPI films so far. Often, perovskites exhibit
organic cation loss and formation of metallic lead when
stressed by high intensity x-rays in the vacuum conditions
of an XPS instrument.[41–43] A comparative quantification of
degradation under x-ray irradiation and/or vacuum conditions
of spin-coated MAPI samples with sALD films (Figure S6)
shows methylamine loss under high X-ray power (300 W) for
both spin-coated and sALD samples, but at a rate significantly
larger for the former (21% and 41% after 6 and 12 h, versus
8.4% and 13% for sALD MAPI). A Pb(0) peak increases
to 8.0% with exposure of the spin-coated film, but remains
conspicuously absent from the sALD film spectrum. The
vacuum stability of the films contrasts only a 14% loss in MA+

intensity after 5 days with 37% for the spin-coated sample.
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Figure 5. Opto-electronic properties of sALD MAPI films. (Main) TR-PL
traces (excitation wavelength 402 nm) of MAPI films deposited by sALD
(purple to blue shades: raspberry 40 nm, grape 80 nm, and marine blue
170 nm) and by spin coating (yellow to ocher shades, strongly
overlapping: green–yellow 40 nm, mustard 80 nm, and tangerine
170 nm) on glass. The datasets are rendered comparable in pairs of
similar thicknesses. (Inset) Solar cell performance: j–V reverse scan
(one sun, scan speed 50 mV s−1, step size 2 mV) of the champion cell
with a contact area of 0.1475 cm2.

Similar conclusions are reached when the stability of
MAPI films (sALD / spin-coated) is quantified by photo-
luminescence (PL) during 144 h under the usual ambient
stress factors: room (humid) air, elevated temperature, and
simulated solar light irradiation (Figure S7).[44] In air, for
example, the sALD film retains more than 75% of its
initial photoluminescence (PL) intensity after the 144-h test,
whereas the spin-coated film has lost most of its PL activity,
having decayed to below 6%.

The opto-electronic properties of the material translate
into functional device performance. Solar cells made with
MAPI films by sALD and characterized under ambient
conditions without any further protection or precautions yield
open-circuit voltage values (Voc) of up to 1.00 V along the
reverse j–V curve (Figure 5 inset, measured from −0.5 V to
+1.2 V) for the champion cell (planar stack: glass / 200 nm
ITO / 30 nm SnO2 / 137 cycles MAPI / 400 nm spiro-
OMeTAD / 80 nm Au, Figure S8). This value is comparable
to performance reported in the literature with much thicker
spin-coated MAPI films.[45,46] A decent current density j of
9.11 mA cm−2 and a rather low fill factor (FF) of 45%
yield an overall solar power conversion efficiency (PCE)
of 4.2%. External and internal quantum efficiency spectra
(EQE, IQE) indicate that charge carriers are generated in the
planar device throughout the visible range (Figure S9) and
imperfectly extracted, reflected in the somewhat triangular
shape of the spectrum.[47,48] This indicates a suboptimal
interface engineering of the PV stack. Therefore, our unusu-
ally thin sALD-grown MAPI itself exhibits semiconductor
performance on par with the much thicker films derived from
more classical solution processing methods.

In conclusion, the invention of ALD from precursors
dissolved in liquid phases (‘solution ALD’, sALD) opens
the field of atomic-scale processing to novel families of
precursors and chemistries, enabling access to materials
which had remained out of reach of ALD processing,[8,14,15]

and offering an avenue toward applications to non-planar
substrates (Figure S10). Ionic solids belong to those material
types where a general strategy toward delivering building
blocks from the gas phase is difficult to envision. The results
presented here prove the validity of the sALD method and
its usefulness in the field of hybrid halide perovskites, as it
has enabled the first direct atomic-scale deposition process of
methylammonium triiodoplumbate (“methylammonium lead
iodide”, MAPI).

The methodology developed here demonstrates important
advances for the perovskite semiconductor field. First, ALD
delivers a level of control that traditional processing based
on the evaporation of inks cannot achieve. The thickness of
the coating can be adjusted accurately and uniformly even
on non-planar substrates. Second, ALD relies on a purely
heterogeneous nucleation, that is, the new solid phase is
started exclusively on the surface of the substrate and not
by aggregation of building blocks dissolved or suspended
within the liquid phase. This means that chemical bonding
between the substrate and the film is optimal, and adhesion
maximized. Interface defects are avoided, which otherwise
cause recombination of carriers and serve as nucleation points
for decomposition. In other words, controlling nucleation of
the new phase on the substrate at the level of individual ions
results in significantly improved stability, structural quality,
and functional performance.

In concrete terms, our approach validated on the most
prototypical hybrid halide perovskite “MAPI” can be chem-
ically followed in situ with a precision down to individual
ionic layers by ATR-IR, MAS NMR, and TAS spectroscopies.
Together, these complementary methods demonstrate con-
vincingly that nucleation is immediate and that after only
individual cycles it yields a material of correct chemical
identity but as clusters electronically isolated from each other.
After further deposition, the resulting layers yield outstanding
carrier mobilities and lifetimes and allow for building devices
with a high Voc of 1.0 V in a simple semiconductor stack, on
par with the very best examples to date.

Supporting Information

The authors have cited additional references within the
Supporting Information.[48–74] All raw data have been made
available on the Zenodo platform: https://zenodo.org/records/
17116673.
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