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ABSTRACT: Atomic layer deposition (ALD) is a viable method for
depositing functional, passivating, and encapsulating layers on top of
halide perovskites. Studies in that area have only focused on metal
oxides, despite a great number of materials that can be made with
ALD. This work demonstrates that, in addition to oxides, other ALD
processes can be compatible with the perovskites. We describe two
new ALD processes for lead sul�de. These processes operate at low
deposition temperatures (45�155 °C) that have been inaccessible to
previous ALD PbS processes. Our processes rely on volatile and
reactive lead precursors Pb(dbda) (dbda = rac-N2,N3-di-tert-
butylbutane-2,3-diamide) and Pb(btsa)2 (btsa = bis(trimethylsilyl)-
amide) as well as H2S. These precursors produce high quality PbS
thin �lms that are uniform, crystalline, and pure. The �lms exhibit p-
type conductivity and good mobilities of 10�70 cm2 V�1 s�1. Low
deposition temperatures enable direct ALD of PbS onto a halide perovskite CH3NH3PbI3 (MAPI) without its decomposition. The
stability of MAPI in ambient air is greatly improved by capping with ALD PbS. More generally, these new processes o�er valuable
alternatives for PbS-based devices, and we hope that this study will inspire more studies on ALD of non-oxides on halide perovskites.

1. INTRODUCTION
Lead(II) sul�de (PbS) is one of the oldest known and most well-
studied semiconductors. Depending on whether excess lead or
sulfur is present, PbS exhibits either n-type or p-type
semiconductivity.1 The band gap of PbS is narrow (0.4 eV);
therefore, PbS absorbs visible and near-mid-infrared light. The
exciton Bohr radius in PbS is large (ca. 20 nm) compared to
most semiconductors which enables quantum con�nement
e�ects to manifest at relatively large dimensions, causing
widening of the band gap.2 These unique properties enable
application of PbS thin �lms in photovoltaics,3,4 photo-
detectors,5,6 transistors,7 and gas sensors.8,9 PbS quantum dots
demonstrate an even wider range of applications.7 Atomic layer
deposition (ALD) is capable of producing both PbS thin �lms10

and quantum dots.11 Our main interest in ALD of PbS is in using
PbS thin �lms together with halide perovskites.

Halide perovskites are a class of materials with remarkable
optoelectronic properties. Perovskites have radically changed
the landscape in the photovoltaics research12 and are studied in a
variety of other devices such as X-ray scintillators,13 photo-
detectors,14,15 light-emitting diodes (LEDs),16 and transistor17

as well as memory components.18,19 However, halide perov-
skites also face stability and scalability issues that hinder their
commercialization. Perovskites decompose in ambient air, and
scalable deposition methods must be developed for all layers in
perovskite-based devices for their production. One approach to

tackle these issues is to use ALD for thin �lm deposition while
making these devices. ALD is compatible with roll-to-roll
processing and is inherently scalable to large batches and
deposition areas. ALD o�ers uniform and pinhole-free �lms and
ability to conformally coat even the most demanding 3D
structures with high aspect ratios. When deposited on top of
perovskite, such �lms encapsulate the perovskite and improve its
stability in ambient air.20 Because of these characteristics, ALD
has recently made its way into perovskite photovoltaics.21

Zardetto et al.,22 Seo et al.,23 Brinkmann et al.,24 and Raiford et
al.25 have given comprehensive reviews on this topic.

A great number of di�erent materials can be deposited with
ALD: at least 501 unique compositions according to the
database of ALD processes.26 However, in context of ALD on
perovskites, previous studies have focused on a few selected
ALD oxides such as Al2O3 and SnOx.22�24 This disparity is
caused by the relatively high deposition temperatures (100�400
°C) that most ALD processes require. These deposition
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temperatures are incompatible with the low thermal budget (ca.
�100 °C) of the perovskites. Another incompatibility issue
arises from chemical reactions between the ALD precursors and
the perovskites.27 In this work we show that, in addition to the
handful of ALD oxide processes, also ALD sul�de processes can
be compatible with the perovskites. In particular, PbS can be
deposited directly on the CH3NH3PbI3 (MAPI) perovskite,
improves the stability of the perovskite, and has valuable
functional properties. We chose PbS because it can exhibit p-
type semiconductivity which is scarce among perovskite
compatible ALD materials and because PbS electrical as well
as optical properties can be tuned. We aimed to achieve proper
protective and carrier transport properties in one ALD layer that
is compatible with the perovskites. Combining two functions
into one ALD layer provides the advantage of simplifying the
device structure and its deposition procedure.29 Very few ALD
processes are capable of depositing �lms with such properties,
and p-type semiconductors suitable for hole transporting layers
are even more scarce.22,25 Previous studies have already
demonstrated the applicability of PbS �lms in perovskite
photovoltaics.30,31 We believe that protective, p-type PbS can
be used in other p�i�n junction based devices such as LEDs,16

memory components,19 and photodetectors.14,15 Devices based
on other structures can still exploit the protective property of
PbS provided that the conductivity of the protective layer is not
detrimental. PbS �lms also have another useful property: a series
of chemical treatments convert them into MAPI �lms while
retaining the typical advantages of ALD, as demonstrated by
Sutherland et al.32,33 in one of the �rst studies involving both
perovskites and ALD.

Several ALD processes already exist for PbS (Figure 1b).10,28

These processes operate in a temperature range of 130�400 °C.
Such temperatures are incompatible with the halide perovskites.
For example, MAPI, the most well-known halide perovskite,
decomposes completely at 130 °C in our ALD reactors.
Lowering the deposition temperature below 130 °C with the

earlier ALD PbS processes is impossible because the lead
precursors are either not su�ciently volatile or reactive at lower
temperatures. Hence, we decided to look into developing new
ALD processes for PbS that would work at lower temperatures.
In our previous work on ALD of PbI2

34 we had identi�ed one
lead precursor that is volatile and reactive at low temperatures:
lead(II) bis[bis(trimethylsilyl)amide], Pb(btsa)2 (Figure 1a).
Another potentially suitable precursor, also a diamide, lead(II)
rac-N2,N3-di-tert-butylbutane-2,3-diamide, Pb(dbda) (Figure
1a), was recently reported by Bac�ic�et al.35 In this work we
describe two new ALD processes for PbS using Pb(btsa)2 and
Pb(dbda) as lead precursors and H2S as a sulfur precursor. We
also demonstrate that these PbS processes are compatible with
MAPI �lms and discuss challenges that we encountered during
the scale-up of the Pb(dbda) synthesis.

2. RESULTS AND DISCUSSION
2.1. Precursor Characteristics, Synthesis, and Scale-

Up. Pb(btsa)2 and Pb(dbda) (Figure 1a) are diamido-
plumbylenes with low melting points (32 and 53 °C,
respectively) and high volatility (60 and 40 °C precursor source
temperatures in the F120 ALD reactor, respectively). While
Pb(btsa)2 was readily scalable through a facile salt-metathesis
reaction, Pb(dbda) had only been synthesized on a preparative
scale by transamination of Pb(btsa)2.

35 ALD process develop-
ment required larger quantities of Pb(dbda), and scale-up
uncovered de�ciencies in the original procedure. We found that
residual Pb(btsa)2 as low as 5% in the crude product mixture
after the transamination lowered the melting point mixture to far
below room temperature. All attempts to separate Pb(dbda) and
Pb(btsa)2 by recrystallization failed, and fractional sublimation
was complicated by their similar volatility. While Pb(dbda)
sublimed �rst, the partial pressure of Pb(btsa)2 rose when
Pb(dbda) was depleted in the sublimation pot; thus, Pb(btsa)2
began to sublime and mix with crystalline Pb(dbda) on the
cold�nger. This caused the crystalline Pb(dbda) to become a

Figure 1. (a) Lead precursors used in this study. (b) Overview of ALD processes for PbS with H2S. For more details on Pb4O(OBut)6, Pb(thd)2, and
Pb(dedtc)2 refer to Nyka�nen et al.10 and on PbEt4 to Yun et al.28 Growth per cycle (GPC) of the PbS �lm on silicon as (c) a function of deposition
temperature, (d) Pb precursor pulse duration, and (e) H2S pulse duration. (f) PbS �lm thickness on silicon as a function of applied deposition cycles.
Unless otherwise evident, data are from �lms deposited with 1000 cycles, 1.0 s precursor pulses, and purge durations.
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