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ALD route towards
(CH3NH3)(PbI3) perovskite via lead sulfide films†

Vanessa M. Koch,a Mäıssa K. S. Barr, a Pascal Büttner,a Ignacio Mı́nguez-Bacho, a

Dirk Döhler,a Bettina Winzer,b Elisabeth Reinhardt,bc Doris Segets d

and Julien Bachmann *ae

We present a procedure to grow thin films of lead sulfide (PbS) with ‘solution Atomic Layer Deposition’

(sALD), a technique which transfers the principles of ALD from the gas phase (gALD) to liquid processing.

PbS thin films are successfully deposited on planar and porous substrates with a procedure that exhibits

the unique ALD characteristics of self-limiting surface chemistry and linear growth at room temperature.

The polycrystalline p-type PbS films are stoichiometric and pure. They are converted to the hybrid

perovskite methylammonium iodoplumbate (methylammonium lead iodide, MAPI, CH3NH3PbI3) by

annealing to 150 �C in the presence of vapors from methylammonium iodide (MAI).
Introduction

Hybrid perovskites have established themselves as a family of
solution-processable absorber materials for photovoltaic
devices able to reach efficiencies comparable to those of tradi-
tional cells (record efficiency to date 23.7% for a single junc-
tion,1 28% in a tandem conguration with an additional silicon-
based junction).2 The most prominent members of this family
are the plumbates, exemplied by methylammonium iodo-
plumbate (CH3NH3PbI3), also called MAPI. Established
methods to deposit perovskites such as blade coating, spin-
coating and dip-coating,3,4 are facile to implement and fast to
execute but limited in terms of scalability and thickness control
on non-planar substrates. Imperfect reproducibility and
homogeneity result in a spread of performance in the resulting
photovoltaic devices.

Atomic layer deposition (ALD) is a thin lm coating tech-
nique that provides precisely these advantages of homogeneity
over large areas, absolute reproducibility and outstanding
y, Chemistry of Thin Film Materials,

ürnberg, IZNF Cauerstr. 3, 91058

n@fau.de

riedrich-Alexander-Universität Erlangen-

ermany

ticle Systems (FPS), Friedrich-Alexander-

9a, 91058 Erlangen, Germany

l Functional Materials, Institute for

eactive Fluids (IVG-RF), Center for

), University of Duisburg-Essen (UDE),

many

te University, Universitetskii pr. 26, Saint

SI) available: Experimental section and
. See DOI: 10.1039/c9ta09715e

12–25119
thickness control in non-planar cases. Moreover, the technique
is scalable and can achieve throughputs on the order of 100 m2

per hour as demonstrated already.5,6 The method bases on the
repetition of two (or more) well-dened surface reactions
between molecular precursors and the solid surface that are
self-terminating and complementary. It therefore yields
conformal coatings, even in highly porous substrates, with
atomic-scale control. Traditionally, ALD is performed from the
gas phase (gALD), which limits the choice of precursors to
volatile ones, that is, small, neutral molecules. A solution-based
variant of the technique, ‘solution ALD’ or sALD, has recently
been demonstrated to transfer the advantages of traditional gas-
phase ALD to solution processing,7,8 but has not been applied to
the formation of ternary compounds such as perovskites so far.

Here, we establish a route for generating lms of MAPI based
on sALD, that is, a fully scalable solution processing method
with outstanding control even in porous systems. The crucial
step is an sALD reaction developed for lead sulde (PbS) from
the constituting salts (which could not be exploited as precur-
sors in gALD), followed by a complete vapor annealing conver-
sion of PbS to MAPI. Lead iodide (PbI2) is the standard starting
material for the conversion to MAPI, for which various
approaches have been investigated.9–11 A two-step conversion
has recently been demonstrated from PbS, namely via PbI2.12 A
direct conversion from PbS to MAPI has not been reported yet.

We note that PbS is also an interesting semiconductor itself
with a variety of applications. Thin lms of it have been used in
infrared detectors for decades.13 Moreover, photovoltaic cells
with PbS quantum dots (QDs) on wide bandgap semiconductors
such as titanium dioxide (TiO2) have been developed.14 Estab-
lished methods of depositing PbS cover liquid-phase tech-
niques such as electrodeposition (ED), chemical bath
deposition (CBD) or successive ionic layer adsorption and
This journal is © The Royal Society of Chemistry 2019
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Table 1 Overview of the standard sALD parameters used for PbS
deposition and their variations

Pulse
duration/s

Purge
duration/s

c[Pb(NO3)2,
Na2S$9H2O]/mM

Standard 15 40 1
Pulse variation 1, 5, 10,

15, 20, 25
90 1

Purge variation 15 5, 10, 15, 20,
30, 40, 50, 90

1

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 9

/2
2/

20
24

 9
:4

0:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
reaction (SILAR).15–18 PbS is also accessible via traditional gas-
phase ALD based on highly toxic, not inexpensive, volatile
molecular lead precursors.19–21

The current paper establishes a simple, low-cost sALD
method to PbS lms with reduced health hazard. The data
evidence the high purity and crystallinity of the deposit ob-
tained at room temperature via solution processing. A conver-
sion of PbS to MAPI via vapor annealing in one step yields
a pure, functional semiconductor material. This approach
could signicantly broaden the eld of low-cost printed devices.
Results and discussion
Solution ALD of PbS

The poorly soluble solid PbS can be formed via direct mixing of
soluble lead(II) and sulde salts (CBD).16,22 A more controlled
variant has been demonstrated in the SILAR procedure.17,18

SILAR can be considered as a form of ALD in which oppositely
charged ions serve as precursors and chemisorb to the surface
in a manner limited by electrostatics (in addition to the solid
formation energy). At each reaction step, the chemisorption of
ions generating the solid (lead(II) and sulde in our particular
case) can only proceed until a monolayer has bonded and
generated an electrostatically charged surface (Scheme 1). We
have generalized the SILAR principles in a dedicated ‘solution
ALD’ (sALD) setup that ows methanolic solutions of lead(II)
nitrate and sodium sulde in alternating manner over the
substrate, in distinct steps separated by pure solvent purges.
Our sALD system is capable of performing large numbers of
cycles, upon which brown PbS lms grow (Fig. S1†) in the self-
limiting manner that characterizes ALD.

Let us start with TiO2 as our standard substrate (gALD-coated
on Si/SiO2 wafer pieces) due to its common use in photovoltaic
devices.23 The demonstration of the ‘self-limiting’ ALD char-
acter is provided by the experimentally observed saturation of
growth rate of PbS in dependence of varying precursor dosage
and purge durations (Table 1 and Fig. 1). Each growth rate
shown in Fig. 1 is derived from three distinct thickness
Scheme 1 PbS formation in sALD.

This journal is © The Royal Society of Chemistry 2019
measurements of the deposited PbS lms performed by spec-
troscopic ellipsometry aer three distinct numbers of cycles.

When the precursor dosage is varied by changing the
precursor pulse durations of Pb(NO3)2 and Na2S$9H2O
(both 1 mM) from 1 s to 25 s in steps of 5 s, while the purge
durations are maintained constant at 90 s, a constant growth
rate is reached from a minimum pulse duration of 10 s (red
datapoints). Below this value, no full coverage of the surface can
be ensured. A complementary saturation experiment is
provided by varying the purge duration for both precursors from
5 s to 90 s in steps of 5 s, whereas the pulse duration for both
precursors is kept constant (at 15 s). It indicates that uncon-
trolled, direct contact between precursors is avoided for purges
of at least 15 s (green datapoints). These curves conrm that the
reaction of the precursors with the surface is self-limiting, as it
should in ALD growth. They also suggest 15 s and 40 s as the
standard values for pulse and purge durations, respectively.

A more complete picture of the lm growth upon repeated
cycling is provided (using the standard parameters) in Fig. 2 for
two substrates with contrasting surface chemistries, namely
wafers gALD-coated with TiO2 and with ZnS (green and red
Fig. 1 Experimental saturation behavior of the growth as a function of
the precursor pulse and purge durations (red and green, respectively)
of the sALD reaction between Pb(NO3)2 and Na2S$9H2O on TiO2-
coated Si/SiO2 wafer. Each growth rate results from three thickness
measurements by spectroscopic ellipsometry.

J. Mater. Chem. A, 2019, 7, 25112–25119 | 25113
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Fig. 2 Linear thickness increase of PbS sALD with increasing number
of sALD cycles determined by spectroscopic ellipsometry, AFM and
XRR.

Fig. 3 FE-SEM micrographs (top view) of PbS deposited on TiO2 after
(a) 45 cycles and (b) 497 cycles and of PbS deposited on ZnS after (c)
40 cycles and (d) 400 cycles.
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datapoints, respectively). Here, spectroscopic ellipsometry
(dots) is complemented with X-ray reectometry (XRR, circles)
and atomic force microscopy at step edges (AFM, triangles). Two
growth regimes (distinguished by arrows in Fig. 2) can be
observed on both substrates: an early nucleation period with
lower growth rate, followed by the steady growth regime. In each
regime, the thickness increases linearly with the number of ALD
cycles performed, which is typical for regular ALD growth.24 The
presence of a nucleation period is oen observed in ALD for
combinations of lm and substrate materials with inadequate
interface chemistry (unstable chemical bonding, mismatched
crystal lattices, high interfacial energy).24 This nucleation has
been observed prominently during SILAR and gALD of PbS17,19

and seems to be somewhat substrate-dependent. The growth
rates in steady state obtained from the slope of the linear ts are
approximately 1.2 Å per cycle on TiO2 and approximately 1.7 Å
per cycle on ZnS (Fig. 2). The distinct values obtained on both
substrates may be related to distinct roughnesses, investigated
in the next paragraph.
PbS material characterization

Morphology of PbS. Field-emission scanning electron
micrographs (FE-SEM) of 45 cycles and 497 cycles PbS deposited
on TiO2 and of 40 cycles and 400 cycles PbS deposited on ZnS
are presented in Fig. 3. Aer 45 cycles on TiO2 (Fig. 3a), irreg-
ularly shaped bright PbS grains with sizes between 25 nm and
40 nm are separated by larger, darker islands. Aer 497 cycles
on TiO2 (Fig. 3b), a particulate PbS lm with grain sizes of 40–
70 nm can be seen. Some grains exhibit a roughly cubic shape
associated with the cubic phase of PbS.25 On ZnS, the grains are
smaller in the initial stages (10–20 nm aer 40 cycles, Fig. 3c)
and more uniform than on TiO2. Aer 400 cycles (Fig. 3d), the
grain size has increased to 35–60 nm and a particulate PbS lm
more akin to the one observed on TiO2 is obtained. This particle
25114 | J. Mater. Chem. A, 2019, 7, 25112–25119
growth instead of smooth layers has been observed for PbS
repeatedly with a variety of deposition methods15,17,18,21 and is in
line with the nucleation behavior described previously (Fig. 2).

A quantication of the PbS lm roughness is provided by
AFM measurements (Fig. S2 and S3 in ESI†). The bare TiO2

surface is smooth (root-mean-square [RMS] roughness 0.4 nm)
and displays cracks which result from the annealing procedure
of TiO2. Aer 60 cycles of PbS on TiO2, small particles are spread
homogeneously over the TiO2 surface yielding an RMS rough-
ness of 6.0 nm. Aer 497 cycles, the roughness has increased to
40.9 nm. On the ZnS substrate, the roughness is slightly larger
originally (1.3 nm) but increases somewhat more slowly
(14.3 nm, 23.5 nm and 28.8 nm aer 150, 250 and 400 cycles).
The observation of signicant roughness is similar to reports of
PbS gALD.19,20 The smoother lm on ZnS may be related to an
improved adhesion compared to oxide substrates.

A further characteristic of ALD is its ability to conformally
coat nanostructured surfaces. To demonstrate this capability in
the current sALD PbS process, we use deep pores of ‘anodic’
alumina substrates (Fig. 4). The cross-sectional SEM micro-
graph of an anodic aluminum oxide (AAO)membrane with 5 mm
long pores coated with 80 cycles of PbS (in ow-by geometry)
exhibits irregularly shaped PbS particles homogeneously
deposited throughout the pores (Fig. 4a). Cross-sectional X-ray
microanalyses (energy-dispersive X-ray spectroscopy, EDX)
along the AAO (20 points spread evenly from bottom to top of
the AAO in a distance of approximately 0.4 mm) show the ex-
pected Al and O signals of the AAO substrates (and C from the
sample holder), plus Pb and S. Their (weak) contributions are
approximately constant across the AAO membrane (points 5–15
in Fig. 4b), indicating a homogeneous coating. The PbSmaterial
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Cross-sectional SEM micrograph of a porous AAO
membrane coated with 80 cycles of PbS sALD (with magnified inset).
(b) EDX profile of C, O and Al of the AAO membrane as reference and
of Pb and S from PbS inside the AAO. The elements Pb and S are
present along the whole pore length (the grey sections lie outside the
membrane).

Fig. 5 (a) XPS survey spectrum of 60 cycles and 150 cycles PbS sALD
on TiO2. Pb 4f (b) and S 2p (c) regions after 60 cycles, Pb 4f (d) and S 2p
(e) spectrum after 150 cycles.
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deposited on the top face of the membranes causes locally
increased Pb and S signals.

Elemental composition of PbS. The EDX spectrum of a thick
PbS lm on TiO2 substrate (Fig. S4 in ESI†) is compatible with
an approximately 1 : 1 stoichiometry of the elements, although
the signals are weak. A more precise determination of the
elemental composition is provided by X-ray photoelectron
spectroscopy (XPS). Fig. 5 shows XPS survey spectra and Pb 4f
and S 2p regions of PbS lms (60 and 150 cycles on TiO2). The
presence of Ti and O signals for the thinner sample demon-
strates that at low coverage the lm is discontinuous, in line
with the other observations so far. The Pb 4f region displays
well-separated spin–orbit components for Pb 4f7/2 and Pb 4f5/2.26

A small contribution of metallic Pb can be found at 136.5 eV and
141.4 eV aer 60 cycles,26 but has disappeared aer 150 cycles.
On the high binding energy side, contributions of oxidized lead
This journal is © The Royal Society of Chemistry 2019
at 138.7 eV (Pb 4f7/2) and 143.7 eV (Pb 4f5/2) are found for both
samples, albeit less prominently for the thicker one.26,27 The
main contribution in all Pb 4f regions, however, results from
PbS (137.5 eV and 142.39 eV).27,28 The peak separation energy of
4.9 eV within the spin–orbit pair is in good agreement with the
reported value and indicates a strong binding between the
Pb(+II) and S(�II) ions.28 The S 2p core level XPS spectra
corroborate these observations. The main signals are spin–orbit
split at 160.6 eV (S 2p3/2) and 161.9 eV (S 2p1/2).29 The main
contribution can be attributed to PbS,27–29 whereas the 60-cycle
sample exhibits some oxidation at 168.3 eV.27,30 This oxidation is
also visible in the O 1s XPS spectrum (Figure S5†),31–34 and is
precedented in the literature for thin PbS lms.35 In summary,
the XPS data provide evidence for a pure, stoichiometric PbS
lm which becomes more stable, and therefore less prone to
aerobic degradation, as it grows. The oxidized material could be
PbO and/or PbSO4. If they are generated by oxidation in air and
are not inherent to the sALD lm, their presence should become
J. Mater. Chem. A, 2019, 7, 25112–25119 | 25115
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more prominent with aerobic storage time of the samples. This
effect can be observed by X-ray diffraction (XRD).

Crystal structure of PbS. The mild deposition conditions (in
particular the room temperature) used in this sALD procedure
do not warrant a crystalline nature of the solid. However, dif-
fractograms recorded in grazing incidence (GI-XRD) on as-
grown PbS lms (497 cycles on TiO2, blue curve in Fig. 6) indi-
cate a very well-dened polycrystalline PbS cubic structure
(Crystallography Open Database entry 9000001).28,36,37 PbSO4

appears upon storage in air (three weeks, red curve), in agree-
ment with the XPS results.38 Annealing to 300 �C does not
improve the crystallinity signicantly (orange curve). The
observations are qualitatively similar on ZnS (green curve).
Consistent with the high quality observed for as-deposited PbS
in XRD and XPS, Hall measurements yield reproducible
concentrations of positive charge carriers (p-type semi-
conductor)39,40 on the order of 1018 cm�3 and mobilities beyond
1 cm2 V�1 s�1, comparable to literature values.40–42

To summarize, the PbS sALD process allows for the direct
deposition of polycrystalline PbS on TiO2 and ZnS. The depos-
ited PbS lms are stoichiometric and thermally stable at
temperatures up to 300 �C, albeit sensitive to aerobic oxidation.
In the next step, they can be converted to methylammonium
iodoplumbate (MAPI).
Characterization of the MAPI product

Conversion and crystal structure of the converted material.
In classical hybrid perovskite preparations, methylammonium
iodide is used to convert lead iodide to the perovskite phase9,10,43

PbI2 þMeNHþ
3 I

�#MeNHþ
3 PbI

�
3

We hypothesize that a related reaction may lead to it from
lead sulde directly, upon generation of gaseous by-products,
Fig. 6 GI-XRD diffractograms of 497 PbS sALD cycles on TiO2 as
grown (blue curve), after three weeks of storage in air (red curve) and
after annealing at 300 �C for 4 h (orange curve); GI-XRD diffractogram
of 400 PbS sALD cycles as grown on ZnS (green curve).

25116 | J. Mater. Chem. A, 2019, 7, 25112–25119
PbSþ 3MeNHþ
3 I

�#MeNHþ
3 PbI

�
3 þ 2MeNH2bþH2Sb

Indeed, exposure of a PbS lm (497 sALD cycles) coated on
TiO2 to the vapors evolved by solid methylammonium iodide at
150 �C (‘vapor annealing’) generates a new crystalline lm with
GI-XRD peaks at 14.1�, 24.5�, 28.4�, 31.9�, 40.6� and 43.2�,
whereas the original signals of PbS have disappeared
completely (Fig. 7). The positions of the new peaks are charac-
teristic of the [110], [202], [220], [310], [224] and [314] reexes of
the CH3NH3PbI3 perovskite structure (MAPI, Crystallography
Open Database, entry 4335638).9,10,43–45 The small peak at 25.3�

can be attributed to the [101] reex of the underlying anatase
TiO2 layer (Crystallography Open Database, entry 9015929) and
not to remnants of PbS ([100] reex at 26.0�) (see also TiO2

reference diffractogram, Fig. S7†). No PbI2 (a likely intermediate
product of the reaction as well as the typical decomposition
product) is observed.9,43–45

Morphology of the MAPI lm. Fig. 8 compares the
morphology of a PbS lm and its conversion product. The
particulate PbS solid with grain sizes between 40–70 nm is
converted to a more densely packedMAPI layer with larger grain
size. Cross-sectional SEM micrographs of 250 and 497 cycles
PbS before and aer conversion (ESI, Fig. S8†) complement this
result and show an increase in the thickness upon conversion.
AFM thickness measurements of 100, 250 and 497 cycles PbS
before and aer conversion to MAPI on TiO2 substrates can be
found in Fig. S9 and S10.† The thickness increases by a factor 2
to 3, which is lower than the bulk molar volume values would
suggest, in line with the densication observed. The grain
growth upon vapor annealing also occurs when PbS deposited
on porous 3D substrates is converted. An example based on
a PbS layer (80 sALD cycles) on the pore walls of an ‘anodic’
alumina membrane (pore length approximately 5 mm) can be
found in the ESI, Fig. S11,† to be compared with Fig. 4a.
Fig. 7 GI-XRD diffractogram of MAPI on TiO2 (converted from 100
cycles of PbS). The peak at 25.3� can be attributed to the anatase TiO2

substrate.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Scanning electron micrographs of (a) 497 cycles PbS before
conversion and (b) the same sample after conversion to MAPI. The
substrate is TiO2 on a Si/SiO2 wafer.
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Elemental composition of MAPI. Elemental analysis of
a thick MAPI lm (converted from PbS, 497 cycles on TiO2) by
EDX yields the expected elements C, N, Pb and I, in addition to
O, Si and Ti from the substrate (ESI, Fig. S12†).46 Importantly,
no sulfur is detected. The Pb : I ratio is determined at 1 : 2.5,
compatible within experimental uncertainty with the stoichio-
metric ratio of 1 : 3 expected for MAPI. Amore precise elemental
analysis of MAPI was performed by XPS. Fig. 9a shows the XPS
survey spectrum of a similar sample, which exhibits the ex-
pected signals for Pb, I, N and C from MAPI and the complete
absence of S. Moreover, signals for O and Ti from the TiO2

substrate are detected as well. The Pb 4f and I 3d XPS core level
Fig. 9 (a) XPS survey spectrum and XPS core level spectra of (b) Pb 4f,
(c) C 1s, (d) N 1s and (e) I 3d showing the successful conversion of 100
cycles PbS to MAPI on TiO2.

This journal is © The Royal Society of Chemistry 2019
spectra are depicted in Fig. 9b and c (C 1s, N 1s, S 2p and Ti 2p
regions as Fig. S13a–d in the ESI†). The Pb 4f region exhibits
well separated spin–orbit components for Pb 4f7/2 Pb 4f5/2 at
138.3 eV and 143.2 eV, respectively, close to the values reported
for Pb(II) in MAPI.47–49 A small contribution of metallic Pb at
136.9 eV is oen observed in MAPI.47 The presence of oxide-
bound Pb(II) at 139.0 eV and 143.3 eV may result from the
MAPI/TiO2 interface.50,51 The I 3d scan shows two perfect signals
for I 3d5/2 and I 3d3/2 at 619.3 eV and 630.8 eV for the
iodides.47–49 The high degree of purity that this I 3d region
suggests is corroborated by the complete absence of a sulfur
signal and the appearance of one species in the N 1s scan
associated with the methylammonium ion, which was absent in
the PbS starting material (Fig. S5 and S6†).47,49
Conclusions

We provide a novel technique, namely ‘Solution Atomic Layer
Deposition’ (sALD), to deposit polycrystalline PbS thin lms in
a controllable, scalable and conformal manner under mild
conditions — room temperature, atmospheric pressure. The
ALD (self-limiting) nature of the surface reactions is estab-
lished. The procedure is applicable not only to planar substrates
but also to the uniform coating of deep pores. Cross sectional
FE-SEM and EDX measurements prove the coating of the pores
with PbS. The exhaustive characterization demonstrates the
high purity, stoichiometry, and crystalline quality of the p-type
semiconductor. A simple vapor annealing procedure allows one
to convert the sALD PbS layer to the hybrid perovskite in one
single step. The perovskite is pure (free of PbS and PbI2) and
highly crystalline. So far, the procedure has worked equally well
for PbS lms on planar substrates generated with up to 500 ALD
cycles (65 nm PbS or 130 nm MAPI approximately). No porosity
is observed which could be generated by degassing, in line with
the high mobility of the MAPI solid documented in the litera-
ture. Whether an upper thickness limit exists for successful
conversion remains to be seen, but is of limited practical rele-
vance since ALD is best suited to thin layers. We have, however,
observed that pores of >500 nm depth lled with PbS completely
are not converted homogeneously.

Our study provides a rst foray into an atomic-layer
approach to hybrid perovskite semiconductors. This class of
ionic solids has long been excluded from the ALD community
due to the incompatibility between vacuum processing (typical
ALD conditions) and solution processing (suitable for hybrid
perovskites). The new solution ALD method provides the
unique linchpin between these previously distinct elds of
research. Current efforts in our laboratory are dedicated to
improving the continuity of the solids, rendering their surfaces
less rough, and eradicating pinholes. For this purpose, we are
exploring adhesion layers that affect the growth mode and
morphology of the deposited PbS, on the one hand, and ne-
tuning of the conditions of vapor annealing conversion to
MAPI, on the other hand. We expect that smooth MAPI coatings
obtained with this sALD strategy on planar and structured
substrates can then be incorporated into photovoltaic devices.
J. Mater. Chem. A, 2019, 7, 25112–25119 | 25117
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