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Atomic layer deposition offers outstanding film uniformity and conformality on substrates with high
aspect ratio features. These qualities are essential for mixed-halide perovskite films applied in tandem
solar cells, transistors and light-emitting diodes. The optical and electronic properties of mixed-halide
perovskites can be adjusted by adjusting the ratios of different halides. So far ALD is only capable of
depositing iodine-based halide perovskites whereas other halide processes are lacking. We describe
six new low temperature (<100 °C) ALD processes for PbCl, and PbBr, that are crucial steps for the
deposition of mixed-halide perovskites with ALD. Lead bis[bis(trimethylsilyllamide]-GaCls and —TiBry
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processes yield the purest, crystalline, uniform and conformal films of PbCl, and PbBr, respectively. We
show that these two processes in combination with a Pbl, process from the literature deposit mixed lead
halide films. The four less optimal processes revealed that reaction by-products in lead halide deposition
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1. Introduction

This work describes new atomic layer deposition (ALD) pro-
cesses for lead chloride and bromide thin films. These halide
thin films act as precursors for halide perovskite thin films."
Halide perovskites are a group of compounds with a crystal
structure similar to the mineral perovskite and the general
formula ABX;, where A is typically an amine or caesium, B is
lead or tin, and X is a halide, namely chloride, bromide or
most commonly iodide. Halide perovskites possess remarkable
optoelectronic properties and have rapidly established them-
selves as the next generation photovoltaic materials.”?
However, the potential of halide perovskites is not limited to
photovoltaics.” At present, they display impressive perform-
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processes may cause film etching or incorporate themselves into the film.

ance in many devices® including light-emitting diodes (LEDs),°
X-ray scintillators” and transistors.®

We believe that in certain applications ALD can become the
method of choice for depositing halide perovskites. ALD offers
uniformity and conformality that other deposition methods
struggle to achieve. These advantages allow ALD to excel in
applications, such as microelectronics, that rely on complex
high aspect ratio structures.” In the halide perovskite case,
high aspect ratio structures either enable key functionality of
the device or enhance performance.’

Previously we have developed ALD processes for Pbl, *° and
CsI™ based on metal bis(trimethylsilyl)Jamides (btsa) and tin
tetraiodide. In these processes a ligand exchange reaction
between the metal (btsa) and Snl, yields the desired metal
iodide and volatile heteroleptic tin by-products (Sn(btsa),l,—).
The PbI, and CsI processes also allowed us to deposit thin
films of CH;NH;PbI; (MAPbI;)'® and CsPbl;."" However, most
halide perovskite applications rely on mixed halide perovskites
i.e., partial substitution of ions in the perovskite composition,
for example substitution of iodine with bromine or chlorine in
MAPDI;.>®" Currently (June 2022), to our knowledge, our
iodide ALD processes,'®™'" the work of Natarajan et al on
copper chloride® as well as the recent work of Vagott et al. on
Pbl, '* constitute the entirety of existing literature on direct
ALD of metal chlorides and iodides.'> No metal bromide ALD

This journal is © The Royal Society of Chemistry 2022
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processes have been reported. This work expands the range of
metal halides that can be deposited with ALD to lead chloride
and bromide.

We hypothesized that the chemistry that we used for
iodides is straightforward to extend to chlorides and bromides,
but we encountered a number of challenges and a chloride
process required a previously unthought halide precursor. The
use of metal halide as a halide precursor originates from the
metal fluoride ALD chemistry developed by Pilvi et al. who
used TiF, and TaF; as fluorine precursors. In the fluoride ALD
process the use of metal fluorides as fluorine sources allows to
avoid the use of anhydrous HF gas. In our case, the lack of
commercial availability of the anhydrous HCIl, HBr and HI
gases compelled us to investigate alternatives like the use of
metal halides as halide precursors. The technical challenges
we faced originated from the halide precursors. Tin(v) iodide
is a convenient iodide precursor for the metal iodide depo-
sition, but the analogous chloride and bromide had either per-
formance or delivery issues. To circumvent these issues, we
studied alternative halide precursors: titanium(w) halides and
gallium(m) chloride as well as an alternative lead precursor:
bis[lead() N,N'-di-tert-butyl-1,1-dimethylsilanediamide] ([Pb
(gem)],). Here, we describe these studies and their outcome:
ALD processes for PbCl, and PbBr,. Both processes use Pb
(btsa), as the lead precursor, whereas GaCl; and TiBr, are the
respective halide precursors.

2. Results and discussion

Table 1 shows key characteristics of the processes we studied.
Pb(btsa), combined with either GaCl; or TiBr, result in good
processes whereas the other chemistries either lack key ALD
characteristics or deposit thin films with undesired properties.

2.1 Pb(btsa),-SnCl, process

At 65 °C, Pb(btsa), and SnCl, yielded crystalline and pure
PbCl, (Fig. Sla and b,} refractive index 2.3, literature value
2.3 '), but the films suffered from severe thickness non-uni-
formity (Fig. Sict). Standard deviations in thickness across the
substrate (o4) ranged from 14 to 88%. The films were thinner
at the precursor inlet edge of the substrate and most uniform

Table 1 Overview of processes studied in this work
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films required short pulse durations with no purge in between
(Fig. S1dt). Long pulse or purge durations as well as higher
deposition temperatures caused an expansion of the thinner
region across the substrate and ultimately no deposition at all
(Fig. Sie-ht).

Our experimental results suggested that an intermediate
product with the formula Sn(btsa),(Cl),_, of the reaction
between Pb(btsa), and SnCl, was responsible for the etching
rather than the precursors themselves. Neither Pb(btsa), or
SnCl, pulsed onto an already deposited PbCl, film (2000 cycles
at 65 °C, precursor pulse and purge durations were 1 and 3 s
respectively) caused any measurable decrease in the film
thickness or change in the thickness profile. Additionally, sub-
limation of PbCl, could not explain the etching as other pro-
cesses can deposit PbCl, films that are stable inside our reac-
tors up to at least 135 °C. These observations were further sup-
ported by a quantum chemical study (vide infra) presented in
Section 2.5.

2.2 Pb(btsa),-TiCl, process

Because SnCl, did not yield a good process we turned to TiCl,
as a next possible chloride precursor. Tetrahalides (Cl, Br, I) of
tin and titanium have similar structure, size, and properties,
although titanium tetrahalides are slightly less volatile than
the tin analogues.

The thinning effect observed with SnCl, did not occur in
the case of TiCl,. On the contrary the films were thicker at the
precursor inlet edge with a visible thickness gradient (o4 =
40%). Short pulse and long purge durations as well as a thin
ALD Al,O; underlayer (2 nm) deposited with trimethyl-
aluminum (TMA) and H,O, improved the thickness uniformity
(Fig. S2a and df).

Key ALD characteristics were missing from the Pb(btsa),
and TiCl, process. The growth per cycle (GPC) saturated with
respect to the TiCl, pulse and purge durations but not with
respect to the Pb(btsa), pulse durations (Fig. S2c and df). At
the deposition temperature of 75 °C the thickness increased
linearly with the increasing number of deposition cycles
(Fig. S2ff). The GPC decreased with increasing deposition
temperature (Fig. S2gt).

The films are not pure PbCl, and are chlorine deficient
(Fig. S2ht). Titanium and oxygen are present in significant
amounts, whereas carbon and nitrogen are not. Changes in

Lead Halide Metal Refractive
Material precursor precursor Crystallinity impurities index” Process characteristics
PbCl, Pb(btsa), SnCl, Crystalline <0.1 at% Sn 2.3 No saturation, etching
TiCl, Crystalline 11.2 at% Ti 1.9 Saturation with respect to the halide
precursor but not the metal precursor
GaCly Crystalline 1.0 at% Ga 2.2 Saturation
(Pb(gem)), SnCl, Crystalline 15.9 at% Sn 1.9 Saturation
PbBr, Pb(btsa), SnBr, Amorphous 7.8 at% Sn 1.9 Saturation with respect to the halide
precursor but not the metal precursor
TiBr, Crystalline 0.5 at% Ti 2.5 Saturation
%At 580 nm.

This journal is © The Royal Society of Chemistry 2022
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process parameters did not yield any significant changes in
film composition. No well-defined grains or grain boundaries
are visible with FESEM (Fig. S2b¥). XRD reveals PbCl, reflec-
tions (FWHM 0.5° of 26) for the 30-80 nm thick films de-
posited in the 65-110 °C temperature range (Fig. S2it). The
measured refractive index (1.9) does not match that of PbCl,
(2.319).

We speculate that the formation of a ternary chloride, for
instance PbTiCls, along with PbCl, can explain the impurity
and poor crystallinity of the films. The Pb:Ti:O ratio is
roughly 1:1:3 if we subtract the PbCl, part from the compo-
sition given in Fig. S2h.T Only PbCl, reflections are present in
the XRD patterns, therefore the oxygen containing part of the
film likely consists of one or more of the amorphous phases of
PbO, TiO, and PbTiO;. The oxygen containing part can form
when the ternary chloride is exposed to ambient air (eqn (1)
and (2)).

PbTiCls(s) + 3H,0(g) — PbO(s) + TiO,(s) + 6HCl(g) (1)
PDTiClg(s) + 3H,0(g) — PbTiO;(s) + 6HCI(g) (2)

Literature covers many ternary fluoride II-IV compounds
with double ReO; type (DROT) perovskite structure'” as well as
some II-1V chlorides with various structures.'®>° Alternatively,
one or more air sensitive and non-volatile Pb and Ti contain-
ing by-products can account for the observed oxygen contain-
ing composition.

2.3 (Pb(gem)),-SnCl, process

(Pb(gem)), is a new precursor for the ALD field. (Pb(gem)), has
excellent thermal stability up to at least 300 °C > and is more
volatile than Pb(btsa), (Fig. 1 and Fig. S3). These properties
make (Pb(gem)), usable in a wide temperature range.
Wrackmeyer et al. describe that in solution Pb(gem) and SnCl,
react to form PbCl, and Sn(gem)Cl, (eqn (3) and (4)),>> which

(a) .

N1 “

7

N2
N2*§

9

A

Fig. 1
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encouraged us to explore the same chemistry in ALD. We also
speculated that avoiding the (btsa) ligand would allow us to
circumvent the etching issue in the Pb(btsa),~-SnCl, process.

Pb(gem) + 2SnCl, — PbCl, + (gem)(SnCl;), (3)

(gem)(SnCl;), — SnCly + Sn(gem)Cl, (4)

The films deposited with the (Pb(gem)),-SnCl, process had
a visible thickness gradient. The thickness decreased in the
direction of the precursor flow (Fig. S4at). The thickness gradi-
ent was observed at all deposition temperatures but varied in
steepness. This change in steepness caused notable scatter in
the GPC vs. deposition temperature data (Fig. S4ct). Assuming
this scatter does not obscure the trend in GPC, the GPC is con-
stant up to 135 °C. No deposition occurs at temperatures
above 135 °C. At 85 °C the GPC saturates with respect to both
precursor pulse durations but increases with increasing purge
duration (Fig. S4d-ff). The film thickness depends linearly on
the number of deposition cycles (Fig. S4gT).

The films made from (Pb(gem)), and SnCl, contained sig-
nificant amounts of tin, oxygen, carbon and hydrogen
(Fig. S4ht), but the Pb to ClI ratio was nevertheless 1 to 2. The
films were amorphous at deposition temperatures below
85 °C, whereas broad (FWHM 1.0° of 26) PbCl, reflections
appeared at 85 °C and higher deposition temperatures
(Fig. S4it). FESEM images show small grains embedded in a
featureless matrix (Fig. S4bf). The measured refractive index
(1.9) differs significantly from the literature value for PbCl,
(2.3, ref. 16).

The composition of the films made with the (Pb(gem)),-
SnCl, process suggests that the source of the impurities is a
different one than in the Pb(btsa),-TiCl, process. The notable
Sn, O, and H contents as well as the Pb to ClI ratio matching
stoichiometric PbCl, may indicate that by-products, which
contain the (gem) ligand (see eqn (3) and (4)), are incorporated

(@) Asymmetric unit of (Pb(gem)), in the solid state as determined by single-crystal X-ray diffraction (scXRD), (b and c) interatomic distances

and angles of the central inorganic ladderane structure with carbons and hydrogens omitted for clarity. Ellipsoids were drawn at the 50% probability

isosurface, except hydrogens which were drawn as spheres.
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into the film during deposition. The reason for the by-product
incorporation could be their insufficient volatility in the temp-
erature range where the PbCl, deposition occurs. The oxygen
content can be attributed to the reaction of these incorporated
by-products with ambient air.

To summarize, (Pb(gem)), offers many advantages over Pb
(btsa),, such as simpler synthesis, better storage and thermal
stability.”"** But these advantages cannot be exploited when
(Pb(gem)), is paired with SnCl, to deposit PbCl,. For instance,
the remarkable thermal stability which (Pb(gem)), exhibits up
to 300 °C, has no importance since deposition only occurs at
temperatures below 135 ©°C. Furthermore, (Pb(gem)), and
SnCl, generate non-volatile by-products (eqn (3) and (4)),>>
that negatively affect film qualities such as thickness uniform-
ity, purity and crystallinity (Fig. S4a, h and if). Nevertheless,
(Pb(gem)), could still be a viable alternative for the deposition
of lead compounds if paired with co-reactants that do not
generate non-volatile by-products.

2.4 Pb(btsa),-GaCl; process

We investigated other metal chlorides as possible chlorine pre-
cursors because of the issues we observed with SnCl, and
TiCl,. GaCl; stood out in our literature study. Several studies
describe GaCl; as a volatile gallium precursor that can be used
in ALD of gallium compounds.>*>® Reports on GaCl; reacting
with metal bis(trimethylsilyl)amides to form the corres-
ponding metal chloride and volatile by-products were also
promising.””

Delivery of GaCl; required some creativity. Typically, in our
F120 ALD reactors, volatile solids are delivered from open
glass boats that are placed inside the reactor and heated to the
source temperature. The volatility of GaCl;, however, allowed
its delivery at room temperature, ie. without additional
heating. Films deposited with GaCl; delivered from an open
glass boat, that we use for solid precursors, were rough with
nonuniform thickness (Fig. S5af). Despite these detrimental
features the gallium content in the films was small (<2 at%,
EDS).

We suspected that the poor quality of the films was caused
by overdosing of GaCl; as well as incomplete purging. GaCl;
consumption was thrice as high than the typical precursor
consumption in our reactors. Longer purge durations and
higher deposition temperature slightly improved the uniform-
ity. Normally the next step would be to lower the precursor
source temperature, but GaCl; was already being delivered
without heating. Instead, we attempted to lower GaCl; dose by
limiting its flow out of the glass boat with an orifice. A 7 x
5 mm orifice decreased the thickness non-uniformity (o4) to
26% (Fig. S5b and S6at). While this improvement was signifi-
cant, the thickness non-uniformity was still exceeded what we
consider acceptable for our flow-type reactors (64 < 5%). Even
smaller orifice sizes would, however, imped the loading of
solid GaCl;. To overcome this obstacle, we used GaCl; solu-
tion instead of the solid GaCl;. Dissolving GaCl; allowed it’s
loading via a syringe and further reduction of the size of the
orifice down to 1 mm. Hexane was the solvent of choice, as it

This journal is © The Royal Society of Chemistry 2022
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is inert towards GaCl; and evaporates during the reactor
pump down, leaving solid GaCl; in the source boat
(Video S1%).

With an optimized GaCl; delivery system the films were
uniform (o4 = 4.6%, Fig. S5c and S6bf) and the Pb(btsa),-
GaCl; process had the characteristics typical for an ALD
process. Deposition of PbCl, occurred in the 65-145 °C temp-
erature range. There is no deposition temperature range where
the GPC is constant, but only slight GPC changes occur
between 65 and 105 °C (Fig. 2a). At 85 °C, the GPC saturates
with respect to both precursor pulse durations and is indepen-
dent of the purge durations, provided they are long enough
(Fig. 2b-e). The film thickness at 85 °C increases linearly with
an increasing number of cycles, apart from an initial steeper
slope, that can be attributed to enhanced nucleation on Si
(Fig. 2f).

The films are crystalline PbCl, at all deposition tempera-
tures (Fig. 3a and Fig. S7t). No impurity phases were observed
in XRD patterns and Raman spectra of the films (Fig. 3b).
Composition analysis with ToF-ERDA shows that the films
contain only 1.0 at% gallium as well as some oxygen, hydrogen
and traces of nitrogen and carbon (Fig. S81). The oxygen is
concentrated at the film surface and is likely present due to
the exposure of the samples to ambient air. This is under-
pinned by a pungent smell in the containers used for storing
PbCl, films for prolonged times and the observation of opa-
queness and minor discoloration of a PbCl, film after it was
stored in ambient conditions (Fig. S9at). EDS of the air-stored
sample showed increased oxygen content, whereas XRD only
showed a slight decrease in the intensity of the PbCl, reflec-
tions and no impurity phases (Fig. S9b and ct). Therefore,
inert storage conditions are needed to prevent degradation of
the PbCl, films.

X-ray photoelectron spectroscopy (XPS) spectra show the
same elements as ToF-ERDA (Fig. S10at) with Pb and Cl being
the main constituents. The Pb 4f spectrum consists of two
doublets (Fig. S10bt). The higher intensity doublet at 139.2
and 144 eV corresponds to PbCl, *! and the lower intensity one
at 136.9 eV and 141.7 eV to metallic Pb®.?” Literature is scarce
on degradation and XPS studies of binary lead compounds but
in the studies on lead halide perovskites, Pb® was commonly
observed and associated with Pb° defect clusters induced by
degradation of the compound in ambient air.***” Cl 2p spec-
trum consists of a single doublet corresponding to PbCl,
(Fig. S10ct).”® Ga 2p spectrum also consists of a single doublet
corresponding to Ga,Oj; (Fig. $10d+).>***° GaCl; is hygroscopic
and in ambient air reacts with H,O to form Ga,O; and HCL.*!
Gallium containing by-products formed in the ALD processes
are expected to react similarly. Therefore, Ga,0O; most likely
originates from either GaCl; or by-products incorporated into
the film during the deposition that subsequently reacted with
moisture upon exposure to ambient air. The O 1s spectrum
consists of four peaks dominated by contaminants accumu-
lated on the film surface from ambient air (Fig. S10et). These
peaks can be tentatively assigned as follows: at 531.2 eV to
Ga,0; and organic carbon contaminants, 532.2 eV to OH

Dalton Trans., 2022, 51,15142-15157 | 15145
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Fig. S121 for more details. Unless otherwise evident the depositions were made at 85 °C, with 600 cycles of 1.5 s Pb(btsa), pulse, 0.8 s GaCls pulse
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groups, 533 eV to organic carbon contaminants and 534.1 eV
to H,0.%9*?

PbCl, films consist of columnar grains (Fig. 3c and d). With
the same number of deposition cycles, the size of the grains
decreases with increasing deposition temperature (Fig. S117).
An 85 nm thick PbCl, film deposited at 85 °C had a surface
roughness (Ry) of 10 nm, which is 12% of the film thickness.
Such roughness is typical for crystalline metal halide films de-
posited with ALD.'>'" As the deposition temperature increases
the relative roughness starts to increase exponentially, because
the GPC decreases, causing films deposited with the same
number of cycles to become thinner and discontinuous
(Fig. 3e).

The optical properties of the PbCl, films are in good agree-
ment with the literature. The films are transparent in the
visible range and absorb in the UV range (Fig. 3f and
Fig. S1271). The optical band-gap, extracted from the Tauc plot
(Fig. 3f, inset), is 4.9 eV (lit. 4.7-4.9 eV)**™*® and the refractive
index of the films was 2.2 (lit. 2.3).*°

PbCl, film grew conformally on a patterned Si substrate
without any additional optimization of the process parameters
(Fig. 4). The film was smooth and consisted of columnar
grains similar to the ones observed on the planar Si substrate
(Fig. 3c and d).

Fig. 4 FESEM image of a PbCl; film deposited on a patterned Si sub-
strate. The trench aspect ratio is 1:2:5 (bottom width to top width to
depth). PbCl, film was deposited at 85 °C with 600 cycles of 1.5 s Pb
(btsa), pulse, 0.8 s GaCls pulse and 3.0 s purge durations.
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2.5 Pb(btsa),-SnBr, process

Just like for GaCl;, there were initial challenges in the SnBr,
delivery. When delivered from an open glass boat held at room
temperature, SnBr, sublimed completely during the reactor
heating stage prior to the deposition experiment. On the other
hand, SnBr, was insufficiently volatile to be delivered from an
external precursor container under its own vapour pressure.
For these reasons we resorted to the orifice boats developed
for GaCl;. No differences in film properties were observed
between films deposited with solid SnBr, delivered from a
boat with a 7 x 5 mm orifice and films deposited with an
80 wt% SnBr, solution in hexane delivered from a boat with a
1 mm orifice. Based on the lack of differences we chose 7 x
5 mm orifice boats for SnBr, delivery as their loading was
more convenient.

With 0.07 A per cycle, the Pb(btsa),-SnBr, process had the
lowest GPC among the processes presented in this work.
This GPC decreased further with increasing deposition temp-
erature (Fig. S13ct). At 65 °C the GPC saturated with respect
to the SnBr, pulse duration and was independent of the
purge duration but did not saturate with respect to the Pb
(btsa), pulse duration (Fig. S13d-f{). The film thickness
increased linearly with the number of deposition cycles
(Fig. S13gt) and the films had a visible thickness gradient
(Fig. S13at).

The films were amorphous at all deposition temperatures
with two very wide features (FWHM 8.4° of 26) visible in the
XRD patterns (Fig. S13it). FESEM revealed that the films are
smooth and lack any features, as expected from amorphous
films (Fig. S13b1). The measured refractive index of 1.9 was
lower than the literature values (2.4-2.6)" reported for PbBr,.
Furthermore, the films contained impurities that were mainly
Sn, O and H (Fig. S13ht). The Pb to Br ratio, on the other
hand, was close to stoichiometric and the observed element
concentrations were similar to those in the (Pb(gem)),-SnCl,
process. Following the same reasoning, we speculate that the
addressed impurity contents are caused by an incorporation of
an air sensitive by-product during the deposition.

To explain the differences between the Pb(btsa),-SnX,
deposition behaviour (Table 1) we performed a quantum
chemical investigation using ORCA 5 and the general-purpose
composite density functional theory (DFT) method
r’SCAN-3¢ ¥ (Table 2). In general, reactions that produce crys-
talline PbX,(s) were highly favourable (AG < —110 kJ mol™),

Table 2 Free energy changes in kJ mol™ for selected reactions relevant to PbX, ALD and etching using Pb(btsa), and SnX,; under standard

conditions

Reaction Type X=Cl Br I
Pb(btsa), + SnX, — PbX,(s) + Sn(btsa),X, Deposition —228 —213 -192
Pb(btsa), + Sn(btsa)X; — PbX,(s) + Sn(btsa);X Deposition -137 -124 -110
Pb(btsa), + SnX, — Pb(btsa)X + Sn(btsa)Xs Intermediate —68 —63 —-50
Pb(btsa), + PbX,(s) = 2Pb(btsa)X Intermediate 107 95 91
3Pb(btsa), + SnX, — 3Pb(btsa)X + Sn(btsa);X Intermediate -97 -92 —69
Pb(btsa)X + Sn(btsa);X — Pb(btsa), + Sn(btsa),X, Etch —24 —26 -33

This journal is © The Royal Society of Chemistry 2022
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including disproportionation of the heteroleptic Pb(btsa)X(g)
to Pb(btsa),(g) and PbX,(s), which supports our observations
here and previously'® that SnX, can deposit crystalline PbX,.

We then investigated by quantum chemical calculations the
reaction that causes etching with SnCl,, but deposition with
SnBr, and Snl,. We speculated that Pb(btsa), itself was the
only etch product capable of removing Pb(u) ions from the
film at such low temperatures, and found that the only favour-
able reaction resulting in Pb(btsa), formation is between Pb
(btsa)X(g) and Sn(btsa);X(g). The free energy change of this
reaction is, contrary to the experimental evidence, larger for
the iodide than the bromide or chloride, but the difference
was too small (AG ~ 4 kJ mol ™) to be considered definitive evi-
dence at the chosen level of theory. Besides, the free energy
change of the reactions for each halide was small (-33 < AG <
—24 kJ mol™"). However, the formation of the reactive inter-
mediates Sn(btsa);X(g) and Pb(btsa)X(g) from 3 eq. of
Pb(btsa),(g) and 1 eq. of SnX,(g) was most favourable for the
chloride (AG = =97 k] mol™"), followed closely by the bromide
(AG = —=92 kJ mol™"), while it was far less favourable for the
iodide (AG = —69 kJ mol™"). As the reason for the etching
observed when using SnCl, and the impurities observed when
using SnBr,, we propose a higher volatility of the intermediate
heteroleptic Sn(iv) amide chlorides than the analogous bro-
mides. This common trend between analogous group 17 com-
pounds would cause the chlorides to evaporate (i.e., cause
etching) while the bromides would not (i.e., incorporate air-
sensitive impurities). On the other hand, it seems far less
favourable for the heteroleptic intermediates to form for the
iodide, which results in ALD of pure PbI, films from Pb(btsa),
and SnI,.*°

View Article Online
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2.6 Pb(btsa),-TiBr, process

The Pb(btsa),-TiBr, process deposits uniform PbBr, films
(Fig. 5a and b inset). The GPC is independent of the depo-
sition temperature in the 65-85 °C range and decreases
abruptly when the deposition temperature increases above
85 °C (Fig. 5b). At 75 °C the GPC is independent of the purge
durations when they are 0.5 s and longer (Fig. 5¢) and saturates
with respect to both precursor pulse durations (Fig. 5d and e).
The film thickness at 75 °C increases linearly with an increas-
ing number of cycles, apart from an initial steeper slope, that
we attribute to enhanced nucleation on Si (Fig. 5f).

XRD and Raman show that the films deposited with the Pb
(btsa),~TiBr, process were crystalline PbBr, (Fig. 6a and b).
Grain boundaries in the PbBr, films are not as evident as in
the PbCl, films made with GaCl; (Fig. 6¢, d and Fig. S157).
Upon growth, PbBr, grains partially coalesce together into
clusters that give the films their botryoidal texture. A higher
deposition temperature promotes the fusion of grains, causing
the films to become smoother (Fig. 6e). At 90 °C the GPC
decreases abruptly (Fig. 5b), the films deposited with the same
number of cycles become thinner and discontinuous which
causes an increase in relative roughness. No deposition occurs
at temperatures higher than 105 °C (Fig. 5b and Fig. S15f-ht).
An 81 nm thick film deposited at 75 °C, had an 11 nm surface
roughness (Ry) which is 13% of the film thickness and is in
the range of what we typically observe for crystalline halide
films made via ALD.">"!

ToF-ERDA shows that small amounts of titanium (0.5 at%)
are present in the films as well as some lighter elements with
oxygen having the highest concentration (Fig. S16}). The same
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(a) Ellipsometry thickness maps of a PbBr; film deposited on 5 X 5 cm Si substrate (0.5 cm edge exclusion). PbBr, GPC as a function of (b)

deposition temperature as well as (c) purge, (d) Pb(btsa), pulse and (e) TiBr,4 pulse duration. (f) Shows PbBr; film thickness as a function of deposition
cycles. The inset in (b) is a digital photograph of a PbBr; film. In (c) both purge durations were adjusted in a single deposition experiment. Unless
otherwise evident the films were deposited at 75 °C with 1000 cycles. The pulse durations were 1.0 s and 1.5 s long for Pb(btsa), and TiBr, respect-
ively and were separated by 1.0 s long purges. Thicknesses were measured by ellipsometry.
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(a) XRD patterns of PbBr; films deposited at different temperatures. Enlarged and indexed XRD patterns are shown in Fig. S14.7 (b) Raman

spectra of PbBr; film on thermal SiO,/Si substrate and of a tablet pressed from commercial PbBr, powder (99.998%, Alfa Aesar). The PbBr, film was
deposited with 1600 cycles. Literature patterns for PbBr, 2° and Si’® are shown for reference. FESEM image of a PbBr; film taken (c) top-down and
(d) from cross-section. (e) PbBr; film roughness relative to thickness as a function of deposition temperature. (f) Transmittance of a PbBr; film de-
posited on sapphire and of a bare sapphire wafer. Reflectance spectrum is shown in Fig. S19.7 Inset shows the Tauc plot constructed from the trans-
mittance spectrum of the PbBr; film in (f). Unless otherwise evident the depositions were made at 75 °C, with 1000 cycles of 1.0 s Pb(btsa), pulse,

1.5 s TiBr4 pulse and 1.0 s purge durations.

elements are also visible in the XPS spectra (Fig. S17at). Like
the Pb 4f spectra of the PbCl, film, the Pb 4f spectrum of the
PbBr, film consists of two doublets (Fig. S17b¥). The higher
intensity doublet (139.1 and 144 eV) corresponds to PbBr, *®
and the lower intensity one (136.9 and 141.8 eV) to Pb°.>> The Br
3d spectrum features a single doublet corresponding to PbBr,.*?
Titanium Ti 2p spectrum is also a single doublet that fits TiO,
(Fig. S17d7).** A component corresponding to the oxygen in the
TiO, is also present in the O 1s spectrum (530.6 eV,
Fig. S17e1).* Otherwise, the O 1s spectrum of the PbBr, film
(Fig. S17et) is comprised of similar oxygen containing surface
contaminants as in the case of PbCl, (Fig. S10et).** Since the
deposition process is oxygen free, the oxygen content most likely
originates from the exposure of the PbBr, film to air. In case of
PbBr, films, XRD shows that lead oxybromide hydrate starts to
form upon prolonged exposure to air (Fig. S187).

The optical properties of the PbBr, films correspond to
those reported for PbBr, in literature. The refractive index is
2.5 (lit. 2.4-2.6)"° and the band gap extracted from the Tauc
plot, that was constructed from the transmittance data
(Fig. 6g), is 3.7 eV (lit. 3.8-4.2 eV**™**"°), A comparison of film
compositions and refractive indices across the studied pro-
cesses (Table 1) suggests that a significant impurity content
causes a significant deviation of the observed refractive index
from that of the bulk compound. Mind, that a small decrease
in the refractive index relative to the bulk value is common for
thin film samples.”'"*?

This journal is © The Royal Society of Chemistry 2022

Just like PbCl, deposited with GaCls;, PbBr, deposited
with TiBr, grew conformally on a patterned Si substrate
with no need for any additional optimization of process para-
meters (Fig. 8). Due to the crystallite texture that the PbBr,
process yields, the PbBr, film is rougher than the PbCl, film
(Fig. 4).

We constructed simple UV photodetectors (photoresistors,
Fig. 7a—c) to test whether Pb(btsa),-GaCl; and Pb(btsa),-TiBr,
processes deposit films of sufficient quality for optoelectronic
devices. As expected for the wide band-gap materials, the dark
current was small (10~"" A) and under UV illumination the
current increased several orders of magnitude (Fig. 7d). The
PbCl, based photodetector exhibited a larger increase in
current under the UV illumination compared to the PDbBr,
based device. These simple devices show that the halide films
can be used in optoelectronic devices.

2.7 Mixed lead halides

PbCl, and PbBr, are isostructural with the cotunnite structure
(Fig. S20a and bt)’* whereas Pbl, has a 2D structure with a
large number of polytypes that differ from each other in how
the 2D layers stack on top of each other (Fig. S20c and df).>*
Each pair of the binary lead halide compounds can form a
ternary compound: PbBrCl, PbICl and PbBrl. Also, the ternary
compounds adopt the cotunnite structure (Fig. S20e-gt).

We used the supercycle approach to test whether the binary
halide processes are compatible with each other and whether
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Fig. 7 (a) Schematic structure and (b) photograph of the sapphire/lead

halide/Pt photodetector structure. Millimetre ruler is shown for refer-
ence. (c) Photograph of the PbCl, based (left) and PbBr, based (right)
device structures. (d) I-V curves of a PbCl, and PbBr, devices from (c) in
dark and under UV illumination. Inset photograph shows a PbBr, based
device with needle probe contacts under UV illumination. The PbCl; film
was deposited at 85 °C with 600 cycles consisting of 1.5 s Pb(btsa),
pulse, 0.8 s GaClz pulse and 3.0 s purge durations. The PbBr, film was
deposited at 75 °C with 2900 cycles consisting of 1.0 s Pb(btsa), pulse,
1.5 s TiBr4 pulse and 1.0 s purge durations.

Fig. 8 FESEM image of a PbBr, film deposited on a patterned Si sub-
strate. The trench aspect ratio is 1:2:5 (bottom width to top width to
depth). PbBr;, film was deposited at 75 °C with 1000 cycles of 1.0 s Pb
(btsa), pulse, 1.5 s TiBr,4 pulse and 1.0 s purge durations.

mixed lead halides can be deposited. The processes that we
chose were Pb(btsa),-GaCl; for PbCl,, Pb(btsa),-TiBr, for
PbBr, and Pb(btsa),-Snl, for PbL,."° The deposition experi-
ments consisted of 50 supercycles which in turn consisted of
20 binary process cycles of two lead halides yielding a total of
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Fig. 9 Scheme of a pulse sequence used to deposit mixed lead halides.
PbCl, and PbBr, binary processes are used as an example. The total
number of deposition cycles was always 1000, as n < 20.

1000 deposition cycles (Fig. 9). We varied the ratio between the
binary lead halide process cycles and studied how that affected
the element concentrations, phase composition and optical
properties of the films.

Composition of the mixed lead halide films does not have a
linear dependence on the ratio of the binary lead halide pro-
cesses. This lack of the linear dependence is common for the
supercycle approach.’>® In the PbCl,~PbBr, and PbBr,-Pbl,
systems, the composition is shifted heavily in favour of the
heavier halide (Fig. 10a and g). Only a couple of cycles of the
heavier halide in the supercycle cause a significant compo-
sition deviation. The effect is stronger in the PbCl,-PbBr,
system. On the other hand, in the PbCl,-PbI, system the devi-
ation in the halide content from the ratio of the binary process
cycles is more gradual with a plateau at around 1:1 halide
ratio for the intermediate cycle ratios (Fig. 10d). In the super-
cycle approach a difference in GPCs of the binary processes
can cause nonlinear dependence of the composition on the
ratio of binary process cycles. In our case, however, the GPC
trend is reverse with PbCl, having the highest GPC and Pbl,
the lowest. Another possible explanation is that in mixed
halide processes a halide exchange reaction occurs, followed
by distribution of the heavier halide in the film via diffusion.

The PbCl,-PbBr, system is a solid solution. At all the exam-
ined cycle ratios, the films are phase pure PbBr,Cl,_, (Fig. 10b
and Fig. S21at). Mixed halide cotunnites also form in the
PbCl,-Pbl, and PbBr,-Pbl, systems but minor reflections of
one or both binary phases are always present in the XRD pat-
terns of the films (Fig. 10e, h and Fig. S21b, ct). The films
look homogenous when examined with SEM (Fig. S22+). This,
however, does not contradict the presence of the binary phases
as they can segregate at the grain boundaries instead of
forming separate macro-scaled domains.

In all the systems changes in the optical properties of the
films follow changes in the composition of the films (Fig. 10c,
f and i). The bandgap of the films can be tuned in a range
from 2.4 to 4.9 eV.

The Pb(btsa),-GaCl;, -TiBr, and -Snl, processes are com-
patible with each other. We saw no signs of undesirable
side reactions or phases. However, there is room for further
optimization of the supercycle’s parameters. Given the non-

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 (a) Halide concentration, (b) XRD patterns and (c) bandgaps of

20 (°) Pbl, cycles in subcycle

PbBr,Cl,_, films. (d—f) and (g—i) Show same sets of data for Pbl,Cl,_, and

PbBr,l,_, respectively. Insets show digital photographs of mixed halide films deposited on sapphire that were used for transmittance measurements.
Bandgaps were extracted from Tauc plots constructed from this transmittance data. Halide concentrations are obtained from EDS measurements
and normalized to the total halide content. Relevant XRD reference patterns, including PbBr, (ICDD 31-679), PbCl, (ICDD 26-1150), PbBrCl (ICDD
24-1088), 6R Pbl, (COD 9009142), PbICl (ICDD 43-949) and PbBrl (ICSD 22138) are shown. All films were deposited at 75 °C. XRD patterns in a

wider 20 range are shown in Fig. S21.1

linear dependence of the composition on the cycle ratios in all
the three systems, an increase in the total number of binary
process cycles that comprise the supercycle will enable finer
composition tunability on the lighter halide end.

3. Conclusions

We showed that PbCl, and PbBr, can be deposited with ALD at
low temperatures (<100 °C). The Pb(btsa),-GaCl; and the Pb
(btsa),-TiBr, processes produce the films with the best pro-
perties. These processes deposit pure, crystalline, uniform and
conformal films. All other processes that we studied namely
Pb(btsa),-SnCl,, Pb(btsa),-SnBr,, Pb(btsa),-TiCl, and (Pb
(gem)),-SnCl, were found to be unideal as ALD processes. The
observed issues showcase how subtle differences in the halide
precursors have major impact on the behaviour of by-products

This journal is © The Royal Society of Chemistry 2022

and ultimately on the film properties. This, in turn, highlights
the importance of empirical and computational mechanism
studies for further development of metal halide ALD processes.

Furthermore, we showed that mixed lead halide films can
be deposited with ALD. Pb(btsa),-GaCl; and -TiBr, processes
are compatible with each other as well as with the earlier
reported Pb(btsa),-Snl, process for Pbl,. One plausible direc-
tion for future research efforts is further optimization of the
mixed lead halide process parameters and their conversion to
halide perovskites.

4. Experimental

4.1 Precursors

Pb(btsa), was synthesized from PbCl, (99.999%, Alfa Aesar)
and Li(btsa) (97%, Sigma Aldrich) using Schlenk line tech-
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niques. The synthesis procedure is based on the work of
Gynane et al.>® Li(btsa) dissolved in n-hexane was added drop-
wise to PbCl, in THF over a cold water bath. The bottle was
wrapped in an aluminium foil to protect the mixture from
light and left to stir overnight. THF was removed in vacuo and
replaced with n-hexane. The mixture was filtered through a
glass filter frit with Celite yielding a clear canary yellow solu-
tion. Removal of hexane in vacuo affords a red orange Pb(btsa),
oily liquid. The liquid can be used as is, but it slowly decom-
poses during storage inside glove box despite protection from
light. Decomposition is visible by the darkening colour of the
liquid with time. Pb(btsa), is reported to be solid at room
temperature.”>*® Distillation of the liquid Pb(btsa), still
yielded a liquid. Cooling the distillate with liquid N, caused it
to solidify into a bright yellow solid. The solid does not melt
upon warming back to room temperature and is stable upon
storage. Solid "H NMR (400.144 MHz, 298 K, C¢Dj): & 0.25 (s,
36 H). *C NMR (100.616 MHz, 298 K, C¢Dg): 6 5.93. In film
depositions there were no differences regardless of whether
liquid or solid Pb(btsa), was used. Literature provides more
data on the sensitivity and stability of Pb(btsa),.>**>°
Bis[lead(u) N,N'-di-tert-butyl-1,1-dimethylsilanediamide] (Pb
(gem)), was prepared following a literature procedure.®
Dilithio diamide Me,Si[N(Li)’Bu], (1 eq., 7.928 g, 37.00 mmol),
recrystallized from hexane, and a slight excess of PbCl, (1.1
eq., 11.31 g, 40.70 mmol) were placed in a 250 mL round-
bottom flask with a magnetic stir-bar in a Ny-filled dry-box.
Then, 100 mL of Et,O was added all at once and the flask was
closed with a greased glass stopper held shut with a plastic
Keck clip. A slight exotherm occurs as the dilithio salt dis-
solves and begins to react with PbCl,. The reaction mixture
was then stirred overnight (ca. 16 h). After the reaction had
proceeded, an off-white precipitate developed under a bright
orange supernatant liquid which was separated by filtration
through a pad of Celite and a medium porosity sintered glass
filter to yield a bright orange filtrate. (Note: If crude or in situ
generated Me,Si[N(Li)'Bu], is used, a dark precipitate, presum-
ably contaminated with Pb(0), may be obtained with a slightly
diminished yield.) Solvent and other volatiles were removed
under vacuum, and a crude orange solid was obtained. The
crude product was then purified directly by vacuum sublima-
tion (100 °C/40 mTorr) into an air-cooled 90° glass elbow to
yield (Pb(gem)), as yellow thermochromic crystals that turn
orange upon heating and red upon melting (14.04 g, 92% yield
based on ligand). M.p. 85 °C, sublimed; lit. 85 °C, recrys. Et,O.
Crystals suitable for X-ray diffraction were grown by slowly
cooling a solution of (Pb(gem)), in toluene overnight at
—49 °C. "H NMR (300 MHz, C¢Ds, d¢p_u = 7.16 ppm): 0.42 (6H,
s, Si(CH3),), 1.24 (18H, s, PbN-C(CH3;);). More data on the sen-
sitivity and stability of (Pb(gem)), can be found in literature.>*
Crystals were attached to the tip of an appropriately sized
MiTeGen mount with Paratone-N oil. Measurements were
made on a Bruker APEXII CCD equipped diffractometer using
monochromated Mo Ka radiation (4 = 0.71073 A; 30 maA,
50 mV) at 125 K. APEX3 software®" was used for the initial
orientation and unit cell were indexed using a least-squares
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analysis of a random set of reflections collected from three
series of 0.5° wide scans, 10 seconds per frame and 12 frames
per series that were well distributed in reciprocal space. For
data collection, four w-scan frame series were collected with
0.5° wide scans, 5 seconds frames and 366 frames per series at
varying ¢ angles (¢ = 0°, 90°, 180°, 270°). The crystal to detec-
tor distance was set to 6 cm and a complete sphere of data was
collected. Cell refinement and data reduction were performed
with the Bruker APEX3 software, which corrects for beam
inhomogeneity, possible crystal decay, Lorentz and polariz-
ation effects. Data processing and a multi-scan absorption cor-
rection was applied using APEX3 software package. The struc-
ture was solved using the SHELXT® using Intrinsic phasing
and all non-hydrogen atoms were refined anisotropically with
the SHELXL®® using a combination of the ShelXle graphical
user interface® and OLEX2.%®

Commercial halides: SnCl, (98%, STREM), SnBr, (99%,
Sigma Aldrich), Snl, (99+%, 10 mesh, Thermo Scientific Acros)
and TiCly (99.9%, Sigma Aldrich) were used as received. TiBr,
(98%, Sigma Aldrich) was ground from as received cm sized
chunks to mm sized grains. GaCl; (ABCR, 99.999%) was dis-
solved in n-hexane (25 wt%). Snl,, SnBr,, TiBr, and GaCl; were
stored and handled in glove box. Note that TiBr, and GaCl;
readily evaporate out of their containers once opened and
TiBr, vapour stains solid objects in contact with it. We rec-
ommend storing an opened container inside a second larger
container, as neither wax film nor electrical tape can entirely
prevent this issue.

4.2 Film deposition

Deposition experiments were performed using a commercial,
hot-wall, flow type F120 ALD reactor (ASM Microchemistry
Ltd). The pressure in the deposition chamber was ca. 10 mbar.
Nitrogen (AGA, 99.999%) at a flow rate of 400 sccm was intro-
duced into the reactor through a gas purifier (SAES Pure Gas,
MC1-902F, H,0, O,, CO, CO,, H,, NMHC removal <1 ppb) and
acted as carrier and purge gas. SnCl, and TiCl, were delivered
from external containers where they were held at room temp-
erature. Their delivery lines were equipped with bellows-sealed
metering valves (C, 0.019, Swagelok) that were used to control
the dose of the precursor pulsed with solenoid valves. The
metering valve was opened for % turn for SnCl, and TiCl,. Pb
(btsa),, Snl, and TiBr, were sublimed from open glass boats
held at 60, 65 and 25 °C respectively and pulsed with inert gas
valving. SnBr, was sublimed from closed glass boats with 7 x
5 mm orifice at 25 °C. GaCl; solution in hexane was sublimed
from closed glass boats with a 1 mm orifice at 25 °C. When
the reactor is evacuated, hexane evaporates leaving the solid
GaCl; inside closed glass boats (Video S17).

Most of the depositions were done on 5 x 5 cm native oxide
covered silicon substrates (Okmetic). 6" Si wafers were cut into
5 x 5 cm square pieces which were sonicated thrice: first at
50 °C for 20 min in deionized water (DI) with 20 ml detergent
(Branson Industrial Strength Cleaner Concentrate), next at RT
for 10 min in DI and finally at RT for 10 min in isopropanol.
Clean Si was dried in a heating cabinet at 100 °C for 20 min

This journal is © The Royal Society of Chemistry 2022
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and prior to loading into the ALD reactor, blown with N, to
remove dust. Si substrates with thermal SiO, were prepared
similarly. Some depositions were made on sapphire wafers (2",
University Wafer). Prior to usage the sapphire wafers were
heated at 1000 °C in an air oven for 2 h to induce atomic step
formation.®®%”

Most of the deposited films were stored in a desiccator.
Films used for composition analysis were stored in a glove box.
However, sample preparation and transfer between storage
locations took place in ambient air.

4.3 Film characterization

Film thicknesses were measured either with ellipsometry or
with energy dispersive X-ray spectroscopy (EDS). Ellipsometry
measurements were made with a Film Sense FS-1 multi-wave-
length ellipsometer. Ellipsometry data was fitted with the
Cauchy model, which also modelled refractive index values.
The reported refractive indices are those for a wavelength of
580 nm. The errors in ellipsometry thickness values were esti-
mated from the fit difference values. EDS was used instead of
ellipsometry for processes where the ellipsometry data fit was
poor due to roughness, ambiguous composition, or a thick-
ness gradient.

EDS measurements were performed with an Oxford INCA
350 energy spectrometer connected to a Hitachi S-4800 field
emission scanning electron microscope (FESEM). Thicknesses
were calculated from the EDS data (k ratios) using the
GMRFilm software®® and bulk densities (5.85 and 6.66 g cm™>
for PbCl, and PbBr, respectively). The errors in EDS thickness
values were estimated from weight% uncertainty values of EDS
data.

A Hitachi S-4800 field emission scanning electron micro-
scope (FESEM) and a Veeco Multimode V instrument (atomic
force microscopy, AFM) were used to study film morphology.
AFM tapping mode images were captured in air using two
types of silicon probes: NFESP (discontinued) and RFESP-75,
both from Bruker. Both probes had a spring constant of 3 N
m™" and nominal tip radius of 10 nm. AFM images were flat-
tened to remove artefacts caused by sample tilt and scanner
bow. Roughness was calculated as a root-mean-square value
(Rg) from flattened images.

X-ray diffraction (XRD) patterns were measured in grazing
incidence (GI) geometry with an incident angle of 1°. Most
measurements were made on a Rigaku Smartlab diffract-
ometer with Cu Ko-radiation. The measurements regarding
the Pb(btsa),-SnBr, process and stability tests as well as those
of the mixed lead halide films were made with a PANalytical
X’pert Pro MPD diffractometer also with Cu Ko-radiation.

The samples used for Raman measurements were deposited
on Si wafers with a 320 nm layer of thermal SiO,. The thick-
ness of the measured film was optimized to achieve amplifica-
tion in the Raman signal through the interference effect.®®”°
To measure the micro-Raman spectra in a backscattering geo-
metry, a confocal Raman microscope (NT-MDT Ntegra),
equipped with a 633 nm laser and a 100x objective, was used.
The incident power was 4.5 mW and the spectra were
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measured with 10 exposures that were 9 s long for PbCl, and
20 s long for PbBr,.

The elemental compositions of the films were assessed
with time-of-flight elastic recoil detection analysis (TOF-ERDA)
using a 5 MV tandem accelerator at the accelerator laboratory
of the University of Helsinki. The measurements were made
with a 40 MeV *’I** beam. The incident beam angle and the
detector angle relative to the sample surface was 20°.

Transmittance and reflectance in a wavelength range of
190-1100 nm was measured with a Hitachi U2000 spectro-
photometer. An evaporated aluminium mirror served as a
reference for the reflectance measurements. Optical band gap
values were extracted from Tauc plots constructed from the
transmittance data. The band gaps of PbCl, and PbBr, were
assumed to be direct and allowed.

The XPS measurements were made with a Prevac system
featuring an EA-15 hemispherical electrostatic energy analyser
and RMC50 monochromatic X-ray source with an Al Ka anode
(1486.7 eV). The measurements were conducted under ultra-
high vacuum (107'° mbar) and without sputtering. The survey
spectra were taken with 200 eV pass energy and slit S 2.5 x 25.
The individual spectra were measured with 100 eV pass energy
and slit C 0.8 x 25. Metallic lead (99.999%, BDH) was
measured and as the reference point the position of the Pb
4f,/, in metal state (136.9 eV) was used for these data. Casa
XPS software was used to analyse the XPS data. The Tougaard
background and LA line shape were used to fit the spectra.

4.4 Photodetector structures

Photodetector structures were made by evaporating platinum
electrodes (40 nm) through an Ossila E421 source-drain
shadow masks (channel length 30 pm and width 1 mm) onto
the lead halide films deposited on sapphire wafers. Needle
probes were used to contact the Pt contact pads. The electrical
measurements were performed using a Keithley 2450 Source
Meter. An in-house mercury vapor discharge lamp was used
for UV illumination. The lamp emits primarily at 184 nm (6.7
eV) and 254 nm (4.9 eV).

4.5 Quantum chemical calculations

All calculations were carried out with ORCA 5.0.27" using
default settings (i.e., grid sizes, convergence criteria, etc.).
Initial guess geometries were drawn by hand in Avogadro
1.2.0.”% Geometry optimizations and analytic frequency calcu-
lations were then performed with the composite density func-
tional theory (DFT) method r’SCAN-3¢,*” which combines the
r’SCAN meta-generalized gradient approximation (mGGA)
exchange-correlation functional,” refitted charge-dependent
D4 London dispersion correction,”*”® geometric counter-poise
(gCP) basis set superposition error (BSSE) correction,””® and
the def2-mTZVPP atomic orbital basis set. Stationary points
were confirmed to have all real frequencies, and all thermo-
dynamic quantities were calculated using default settings
under standard conditions in the gas phase. For reactions pro-
ducing crystalline PbX,(s), the known sublimation free ener-
gies under standard conditions (HSC Chemistry 5.11,
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Outokumpu Research Oy) were included to better model the
solid-gas surface chemistry. Illustrations of the calculated geo-
metries were rendered procedurally with Jmol’” and may be
found in the ESI{ along with electronic energies and thermo-
dynamic corrections of relevant molecular species (Tables S1-

$31).
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