Pbl: nanocrystal growth by atomic layer deposition of Pb(tmhd). and HI
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Abstract

Atomic layer deposition (ALD) allows for a great level of control over the thickness and
stoichiometry of materials. ALD provides a suitable route to deposit lead halides, which can further
be converted to perovskite for photovoltaics, photoemission, and photodetection, among other
applications. Deposition of lead halides by ALD has already begun to be explored; however, the
precursors used in published processes are highly hazardous, require expensive fabrication
processes, or contain impurities that can jeopardize the optoelectronic properties of metal halide
perovskites after conversion. We sought to deposit lead iodide (Pblo) by a facile ALD process
involving only two readily accessible, low-cost precursors and without involving any unwanted
impurities that could act as recombination centers once the Pbl; is later converted to perovskite.
Crystalline Pbl> nanocrystals were grown on soda-lime glass (SLG), silicon dioxide support grids,

and silicon wafer substrates and provide the groundwork for further investigation into developing
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lead halide perovskite processes by ALD. The ALD-grown Pbl, was characterized by annular dark
field scanning transmission electron microscopy (ADF-STEM), atomic force microscopy (AFM),
and x-ray photoemission spectroscopy (XPS), among other methods. This work presents the first
step to synthesize lead halide perovskites with atomic control for applications such as interfacial

layers in photovoltaics and for deposition in microcavities for lasing.
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Introduction

Several deposition methods exist for Pbl,. Namely, chemical vapor deposition (CVD) and thermal
evaporation are the most utilized vapor deposition routes, while spin-coating is the most applied
solution deposition method. Thermally evaporated Pbl, has previously been used for applications
including x-ray detection [1], photoemission [2], and photovoltaics [3], [4]. However, thermal
evaporation requires temperatures approaching 400°C in order to vaporize the Pbl, powder and

lacks the atomic-level thickness control that is enabled by atomic layer deposition (ALD)



processes. CVD of Pbl, encounters similar limitations, requiring higher substrate temperatures
than ALD and typically resulting in thicker films with poor control over thickness [5], [6].

ALD is a vapor deposition technique that allows for a great level of control over process
parameters including thickness, conformity, and stoichiometry [7]-[9]. As a vapor deposition
process, ALD can deposit uniform films over large areas, making it ideal for different
optoelectronic applications. For example, lead halide perovskites are a relatively new class of
materials that have been used with great success for optoelectronic applications including
perovskite solar cells (PSCs), LEDs, and photodetection, such as x-ray and y-ray detection [10]—
[12]. In lead halide perovskites, ALD has been used to deposit some electron transport layers, for
example, SnO; [13], [14]. Given the advantages of ALD for ultra-thin film deposition, this
technique could also be tuned, engineered, and designed to deposit the photoactive material itself,
the lead halide perovskite. As a starting point, lead iodide, a precursor of lead iodide perovskites,
was deposited through ALD as an initial step for the fine-tune engineering of ultra-thin lead halide
perovskites.

ALD processes are self-limiting in nature, can be fine-tuned to result in ultrathin films of
any required thickness, and are compatible with high throughput roll-to-roll (R2R) manufacturing
[15]-[17]. ALD holds advantages over thermal evaporation in that it has finer thickness control
and utilizes self-limiting reactions. Lead halide perovskites are of particular interest to deposit by
ALD to improve the morphology, crystallization, uniformity and for deposition of ultra-thin films.
Lead halide perovskites are typically deposited by spin-coating, a type of solution processing that
is restricted to small-area substrates and lacks reliability, conformality, and uniformity. Vapor
deposition methods such as thermal evaporation and ALD can solve many of these problems. Lead

halide perovskites can be obtained by a two-step process, where a lead halide is first deposited and



further reacted with an organic halide to form a perovskite film. This process has been used to
improve the morphology of the perovskite layer obtained by spin-coating [18] and thermal
evaporation [19], [20]. Moreover, ALD could be used to have a thinner layer with less defects and
more homogeneity. When considering MAPbI3, which is the most studied lead halide perovskite,
the lead halide precursor of interest is Pbl,. The possibility of depositing MAPDI; single crystals
by ALD is of particular interest, since the presence of grain boundaries results in a much larger
number of defects, more hysteresis behavior, and result in lower-performing devices [21]-[23].
However, since MAPDI3 has not been deposited by ALD, lead halide deposition through ALD is
a first step.

ALD has only recently been considered as a means of depositing Pbl>. The first study to
do so, conducted in 2014 by Sutherland et. al., fabricated a PbS film by ALD and converted the
layer to Pbl, outside of the reactor through exposure to iodine gas [24]. Popov et. al. went a step
further in 2019 by fabricating Pbl, by sequentially reacting lead (II) bis[bis(trimethylsilyl)amide]
(Pb(btsa)>) with Snl4 [25]. While promising, this deposition process leaves tin impurities in the
resultant Pbl, film, which leads to the formation of deep traps once the layer is converted into
perovskite, preventing its use for many optoelectronic applications, including photovoltaics and
photodetection. Moreover, Pb(btsa); is not commercially available.

In this work, we deposited Pbl, free of recombination-active impurities with a simple, one-
step ALD process using readily available precursors for lead and iodine. We conducted X-ray
photoelectron spectroscopy (XPS) and grazing incidence wide angle X-ray scattering (GIWAXS)
measurements, which confirmed that we deposited crystalline Pbl. To gain a better understanding
of the morphology of Pbl,, we used scanning electron microscopy (SEM), annular dark-field

scanning transmission electron microscopy (ADF-STEM), and atomic force microscopy (AFM).



We investigated the growth with increasing number of cycles, where we observed a decreasing
growth rate but less impurities in the resultant Pbl>. Through this novel Pblx process, we were able
to deposit Pbl> nanocrystals with fine thickness control. Fine control over lead iodide deposition
through ALD is a fundamental step in the path of designing and controlling the deposition of ultra-
thin lead halide perovskite films.

Results and Discussion

Film Deposition

The choice of Pbl, precursors is essential to produce perovskite films with good optoelectronic
properties, as well as to limit fabrication costs. As such, we screened different ALD precursors for
the deposition of the Pbl, layer for low-cost, high reactivity and vapor pressure, and commercial
availability. Several lead precursors were considered as the lead source, with bis(2,2,6,6-
tetramethyl-3,5-heptanedionato) lead (II) (Pb(tmhd),), lead (II) acetylacetonate (Pb(acac),), and
bis(1-dimethylamino-2-methyl-2-propanolate) lead (II) (Pb(dmamp),) being the most notable.
Pb(tmhd), has been used before for ALD of PbOx, showing reasonable volatility when heated to
its melting point (127°C) and above [26]. Pb(acac); has also been used successfully as an ALD
and metal organic chemical vapor deposition (MOCVD) precursor, although it has lower volatility
due primarily to increased shielding of the cationic lead center [27]. Pb(dmamp). has the highest
vapor pressure among them, and is reasonably reactive, but is over ten times more expensive when
compared to Pb(tmhd),. For these reasons, Pb(tmhd), was chosen as the lead precursor.
Hydroiodic acid (HI) was chosen as co-reactant to provide the iodine, given its commercial
availability as well as high volatility and low cost. HI was chosen over alternative iodine precursors
such as Til4 and Snls as it does not include any unwanted metals that may contribute to

recombination sites once the Pbl is converted to perovskite. It was considered that using aqueous



HI may introduce PbO impurities into the deposited Pbly, although HI was found to react much
more vigorously, disallowing any PbO from being formed. However, careful handling/storage of
HI must be observed due to its high acidity, volatility, and corrosiveness.

Deposition of Pbl> was primarily conducted on glass and silicon wafer substrates, where
the surface is terminated largely by hydroxyl groups. Reaction of the substrate surface with the
Pb(tmhd), proceeds by ligand-exchange reaction as such:

Si— OH + Pb(tmhd), = Si— O —Pb —tmhd_+ H —tmhd (1)
While this reaction is ideal, steric hinderance due to the relatively large tmhd ligands will result in
space between each chemisorbed Pb atom, disallowing a full monolayer to be formed[28]. In
addition, the surface is unlikely to be completely covered by hydroxyl groups, leading to Pb atoms
being dispersed along the substrate surface. Upon dosing of HI, a second ligand-exchange reaction
takes place:
Si— O —Pb - tmhd + 2HI = Si— O — Pbl> + 2(H — tmhd) (2)
After a number of ALD cycles, the Pbl; is able to rearrange as governed by its lattice
parameters. Surface diffusion of the Pbl; is also likely to occur to some extent, leading to the
formation of Pbl> nanocrystals. At lower temperatures, the Pbl> is more likely to form a
polycrystalline film rather than nanocrystals due to the effective pinning of the Pb atoms at low
temperatures[29], [30]. To examine this behavior, a broad temperature range (60°C -150°C) was
considered; however, growth only occurred between 75°C and 120°C. In this study, 120°C was
primarily used as the substrate temperature; however, lower temperatures were also investigated.
While it is expected that at low temperatures the tmhd ligand may be difficult to fully purge away,
further studies detailing post-annealing methods to remove impurities may be useful in further

development of low temperature (<120°C) processes.



Details of the ALD process can be found in Figure S1. Dose times of 1.5s and 0.5s were
used for Pb(tmhd), and HI, respectively. A purge time of 20s was used between each precursor
pulse in order to allow for excess precursors to be evacuated from the chamber. For HI, being that
the temperature in the chamber is relatively low for an ALD process (<200°C), four smaller doses
were used as opposed to one large dose to aid in purging and to help ensure a complete reaction
[31]. When the temperature was raised to 150°C, deposition only took place on the edges of the
underside of the substrates, which suggests that a lower temperature is needed for ALD growth.
This behavior was also reported in high-temperature trials by Popov et. al [25].

Crystal structure and orientation

To determine the crystal structure of the deposited Pbl thin layer, grazing incidence wide-angle
x-ray scattering (GIWAXS) measurements were taken on the as-deposited 81 and 162 cycles of
Pbl. Given the better coverage of Pblo on SLG, these measurements were also done to the tin
layers deposited on SLG. The diffraction circular average (Figure la) shows the comparison
between peak intensities for 81 cycles versus 162 cycles. We observed that the peaks in the
diffraction pattern match the peaks of Pbl> found in literature values [32], [33]. The 001 peak was
the most prominent, which is typical [34]. Given that the 001 peak was the highest in intensity, the
crystals were preferentially oriented to the 001 plane. Further, other Pbl, Bragg peaks were
scattered which matched the simulated peaks for Pbl; as it is seen in blue in Figure 1a. However,
an additional peak at around g ~2 was observed for the 81 cycles deposition that did not correspond
to crystalline Pblz, giving an insight that there was a crystalline impurity for this deposition

condition. The impurity peak was not present for the 162 cycles deposition condition.
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Figure 1. GIWAXS data for Pbl, deposited at 120°C on SLG including A) Circular average plots
for 81 and 162 cycles and 2D GIWAXS for B) 81 cycles and C) 162 cycles.
Further, to get additional information about preferential orientation, we looked at the 2D GIWAXS
images in Figure 1b. For the 162-cycle deposition, the smaller peaks fade and the Pbl, nanocrystals
show less diffraction signal for 001 when compared to the 81-cycle deposition, which may help
result in greater ease-of-reaction with MAI [35], [36].
Chemical composition

X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical composition at
the surface of deposited Pbl> nanocrystals. Figure S2 shows the survey spectra for 81 and 162
cycles of Pbl, deposited at 120°C on SLG, and the individual spectra for Pb4f and 13d are shown
in Figure 2a. Cls and Ols spectra are shown in Figure S2b. From the survey spectra, we can clearly
see the presence of lead and iodine as well as peaks from the silicon oxide of the substrate. This is
due to the incomplete coverage of the substrate by the Pbl, nanocrystals.

To confirm the chemical composition of the surface of the deposited Pbl, nanocrystals,
XPS spectra for Pb4f and 13d were analyzed. There was no shift in peaks found between 81 and
162 cycles. Peaks for Si2s and Ols were present and corresponded to the typical peaks for silicon

substrates with an Ols peak at 532.0 eV and Si2s peak at 103.2 eV. The Pb4f peak (Figure 2a)
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agrees well with the accepted binding energy for the Pb4f7,, peak at 138.6 eV [37]. Similarly, the
13ds/» peak at 619.5 eV is identical to previously reported literature values for 13ds, in Pbl, [38].
The ratio of I:Pb at the surface was found to be 2.7 for 81 cycles and 2.4 for 162 cycles, suggesting
that there is a more ideal stoichiometry achieved after 162 cycles. We hypothesize that the excess
of iodine at the surface is due to the presence of hydrogen bonding of HI onto the surface of the
Pbl> nanocrystals.

Notably, peaks associated with PbOx are not present. PbOx could be found in the deposited
Pbl; if either the tmhd ligand is not completely purged from the chamber or if Pb(tmhd), reacts
with the water found in aqueous HI. This suggests that 120°C is hot enough to encourage
dissociation of the tmhd ligand and that the water in the HI is not a cause for concern at this
temperature.

To further analyze the chemical composition in the bulk of the deposited Pbl, thin films,
we measured synchrotron X-ray Fluorescence (XRF) to observe the elemental mapping of a 30x30
um? area of the film. XRF signals for Pb and I were quantified into mass values and then converted
into moles in order to calculate and observe the stoichiometry of the bulk of the material deposited.
In Pbly, the expected molar ratio is 2. Therefore, we calculated the molar ratio between iodide and
lead (I:Pb) and mapped it as observed in Figure 2b for both deposition conditions. First, we
observed a difference in homogeneity between 81 cycles and 162. For 81 cycles, more iodine-rich
(bright yellow) regions were observed — which are heterogeneous — whereas for the 162 cycles the
overall film was more homogeneous. Both deposition conditions showed some regions of a molar
ratio of 1 (black), which indicated that the Pbl> thin film did not form a layer of complete coverage
over the SLG surface. Moreover, we also observed the elemental mapping of the molar ratio I:Pb

on silicon wafer substrates, showing more heterogeneity. Overall, 162 cycles showed better



coverage and homogeneity of the Pbl, with a molar ratio around 2 as expected, and the ALD

deposition over SLG was more homogeneous and had a better coverage than on silicon wafer. It

can be confirmed that Pbl> is being deposited by the GIWAXS peaks (Figure 1), and this is further

corroborated by the surface composition from XPS and the XRF maps (Figure 2).
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Figure 2. A) elemental Pb4f and 13d XPS spectra for 81 and 162 cycles of Pbl, deposited on SLG

at 120°C. B) XRF mapping of the elemental molar ratio I: Pb for 81 and 162 cycles deposited on

SLG (30x30 pm?).

Morphology of Pbl: films
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The films deposited had a light-yellow appearance as it is seen in the pictures shown in Figure
3a,b. Visually, the layer deposited with 162 cycles looked slightly darker, suggesting the possible
formation of a thicker film. In order to investigate the morphology of the ALD films deposited, we
used SEM (Figure 3c,d). The SEM images of films deposited on silicon wafers can be found in
Figure S3. As seen in Figure 3c,d, the resultant Pbl; is made up of clearly-defined Pbl> nanocrystal
clusters as opposed to a uniform thin film. As observed in the XRF mapping in Figure 2b, the Pbl>
was not uniformly deposited. While typically considered unideal for ALD processes, this behavior
has been seen before in ALD of nanoparticles and nanocrystals [29], [30]. Surface-limited
nucleation sites are the likely cause of the nanocrystals growing independently, where both steric
hinderance from Pb(tmhd), association as well as the lack of complete hydroxyl group coverage
on the substrate result in island formation [29], [39]. Figure 3¢ shows hexagonal nanocrystals of
Pbl; after 81 cycles of the Pbl> process. The hexagonal shape is consistent with the expected crystal
structure for Pbl; and in agreement with previous literature reports [25], [40]. After 162 cycles, the
crystals have grown in diameter while maintaining a hexagonal shape (Figure 3d). The same trend
can be observed for the crystals deposited on a silicon wafer (Figure S3). SEM revealed crystal
sizes in the range of 200—500 nm (diameter) for 81 cycles, with an average value of approximately
375 nm. For 162 cycles, the diameter increased to a range of 600—1050 nm and an average of 850
nm. This increase may be attributed to coalescence of smaller nanocrystals over the course of the
ALD deposition process. However, the hexagonal crystal shape is present in all depositions in the

present study as well as in [40]—[43].
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Figure 3. Optical and SEM images for ALD Pbl, deposited at 120°C on approximately 1x1 inch
SLG substrates. A)-B) optical images of 81 and 162 cycles, respectively. C)-D) SEM images of
81 and 162 cycles

To better distinguish the Pbl; crystals and surface morphology, ADF-STEM images were
taken of the as-deposited Pbl, on silicon dioxide support grids at 120°C. In Figure 4a,b, the planar
hexagonal crystals can be clearly distinguished. Figure S4 shows additional images taken by the
TEM. Pbl; crystals of diameter primarily between 200-400 nm are observed, which agrees well
with the diameters from SEM images of 81 cycles of Pbl,. For the 162 cycles of Pbl,, STEM
images show more interconnected crystals of similar size, which contrasts with the larger, less
connected crystals seen in SEM after the same deposition conditions. This is presumably due to
the difference in the concentration of hydroxyl groups on the surface of the substrate between the
SLG and silicon dioxide support grid. Atomic resolution images were achieved (Figure 4c,f),
which allowed for the calculation of d-spacing values. The primary method to determine the d-

spacing was to perform a Fast Fourier Transform (FFT) on a crystalline region of the deposited
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material (Figure 4g) and measure the peak spacings in the diffractogram. The FFT shows a double
hexagon pattern, which matches well the FFT reported by Alberti et. al. for 2H-Pbl,, and the
corresponding d-spacings of 3.81 A for the outer hexagon and 2.15 A for the inner hexagon match
well with previously report values [43]. Along with the fact that the 2H phase is the most stable
Pbl, configuration at room temperature, this leads us to conclude that the Pbl, crystals deposited
by our ALD process are predominantly of the 2H phase. The 3.81 A spots would not be present in

the electron diffraction pattern for 6H-Pbl, [43].

-

Figure 4. ADF-STEM images of Pbl> grown on silicon oxide support grids after A)-C) 81 ALD
cycles and D)-F) 162 ALD cycles of Pbl,, and G) Fast-Fourier Transform (FFT) for a Pblx
nanocrystal (162 cycles).

To investigate the topology and thickness of the Pbl thin films, AFM measurements were
performed on the Pbl, deposited on silicon wafer. Height plots (Figure 5c,d) and phase plots
(Figure 5a,b) were produced for comparison of the Pbl, deposited at 120°C. From the AFM images

gathered for 81 cycles of Pbl, the average crystal thickness was found to be 51 nm, although the
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largest crystal was ~90 nm. This scales relatively linearly with the average crystal thickness being
87 nm for 162 cycles of Pbl, deposited at 120°C. The amplitude error plots and z-sensor plots also

taken by AFM can be found in Figure S5.
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Figure 5. AFM images for Pbl> deposited on silicon wafers at 120°C. A)-B) phase images for 81
and 162 cycles, respectively and C)-D) height images for 81 and 162 cycles, respectively.
Perhaps the most important aspect of an atomic layer deposition processes is its self-
limiting nature. To investigate whether or not the Pbl, was growing linearly, the average thickness
of the nanocrystals was determined by AFM after various numbers of cycles (Figure 6a,b). While
the growth per cycle (GPC) decreases with increasing number of cycles, there is a strong linear
trend. The decrease in GPC that is observed is likely due to the decreasing number of nucleation
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sites on the substrate, which are more favorable than nucleation on existing nanocrystals. Similar
to the increasing thickness, there is also an observed linear trend in the increasing diameter of the
nanocrystals with increasing number of cycles. After 500 cycles, nanocrystals above 1 micron in
diameter were able to be achieved (Figure 6a). This allows for control over both the nanosheet
thickness and diameter by manipulating the number of cycles in the ALD process.

In order to determine if the Pbl> precursors are saturating the surface, the thicknesses of
the nanocrystals were determined after various precursor dosing times (Figure 6¢,d). From Figure
6¢, since there is little change in sheet thickness, it can be said that HI is saturating somewhere
between 0.1 and 0.5 seconds, while Pb(tmhd), is saturating the surface with a dose time of 0.5
seconds (Figure 6d).

Given that there is linear trend in growth with increasing number of cycles, as well as the
apparent saturation of both precursors, the Pbl> growth appears to be self-limiting. The large GPC
observed (mean value of 4.34A/cycle after 500 cycles) is likely due to the coalescence of Pbl,

nanocrystals.
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Figure 6. Saturation behavior analysis of Pbl> grown by ALD on a silicon wafer at 120°C showing
A) change in average nanosheet diameter of Pbl> nanocrystals with number of cycles, B) change
in average nanosheet thickness with number of cycles and change in average nanosheet thickness
with dose time of C) Pb(tmhd), and D) HI.

To investigate the effect of deposition temperature on the resulting Pbl,, a brief analysis of
100 cycles of Pbl> deposited at 75, 90, and 120°C was performed. SEM and AFM images were
obtained for each temperature in order to investigate the morphologies, and XPS was done to see
how the I:Pb ratio and amount of impurities changes with temperature. We hypothesized that at
lower temperatures (e.g. 75°C), we were more likely to have high coverage while also increasing
the likelihood of impurities due to the ligand being more difficult to purge away at lower
temperatures. As seen in Figure 7a,b, the coverage of the silicon substrate increases with

decreasing temperature. At 90°C, the substrate is nearly covered, but there are some holes present
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which can be seen in the AFM/SEM images as well as the Si2s spectra (Figure S8b). As expected,
the Pb atoms appear to be pinned to the substrate at the lower temperatures, which allows for less
diffusion and greater cohesion of the film [39].

The I:Pb ratio changes slightly across the temperature range, being 2.4, 2.6, and 2.7 for 75,
90, and 120°C, respectively. As expected, the Si-O peak at 532.0 eV is diminished for the films
with greater coverage (75 and 90°C). The largest difference found through XPS analysis over this
temperature range was in the O1s spectra. For both 75 and 90°C, there is a small peak at 529.5 eV,
which is indictive of C=0 bonds. These bonds likely come from the tmhd ligand, suggesting that
the ligand is not completely purged from the surface at lower temperatures. The survey spectra as
well as the Cls spectra for each temperature can be found in Figure S6a and Figure Séc,
respectively. Since the I:Pb ratio is closer to stoichiometric, and the coverage is improved, further
annealing studies must be conducted in the future to determine if the impurities from the ligand

can be removed.
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Figure 7. Temperature study of 100 cycles of Pbl> deposited at 75, 90, and 120°C on silicon wafers
including A) SEM images, B) AFM images, and C) XPS analysis.

Conclusions

We present a facile method of depositing Pbl; using only commercially available precursors and a
simple one-step ALD process. Pblz nanocrystals were deposited at 120°C and were determined to
be of the 2H phase. Our process holds advantages over the lone past ALD process for Pbl, by ALD
in that the precursor used for iodine does not contain any unwanted metals such as tin, potentially
making the Pbl, more useful in areas such as photovoltaics, where the tin may decrease efficiency

and lead to the formation of deep traps. This Pblx process may provide a route to depositing single-
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crystalline MAPbI3, which would remove the negative effects of grain boundaries on performance
in various applications. In addition, we explored the effect of temperature on the surface
characteristics and morphology of Pbl> by ALD. While coverage and stoichiometric ratio are
improved for low temperatures, further studies must be conducted to reduce impurities caused by
leftover ligands in the film. Pbl> by ALD is the first step towards depositing MAPbI3 and other
perovskites by a single ALD process and can be applied to fields including photovoltaics and
photodetection, among others.

Experimental Section

Film Preparation

Primarily, SLG was used as the substrate, with <100>—oriented silicon wafers (University Wafer)
and silicon dioxide support grids also being explored. The substrates were cleaned using a 2%
Hellmanex I1II solution (Sigma Aldrich), DI water, acetone, and IPA. The films were first cleaned
of surface impurities using the Hellmanex solution and sonicated for 10 minutes. The substrates
were then rinsed with DI water before also being sonicated in DI water for 10 minutes. Afterwards,
sequential sonication in acetone and IPA was conducted before the substrates were dried
immediately and stored. Substrates were UV-Ozone cleaned for 15 minutes immediately prior to
deposition in the ALD system. For TEM imaging, 8 nm silicon dioxide support films, 70x70 pm
(Ted Pella, Inc.) were used as-is aside from 15 minutes of UV-Ozone cleaning directly prior to
deposition.

Pb(tmhd), (Strem Chemicals, Inc., 99%) was reacted with hydroiodic acid (57% in water,
stabilized with hypophosphorous acid, 99.95%) to form Pbl; films inside of a Kurt J. Lesker

Company (KJLC) ALDLEI150 reactor. Nitrogen was used as a carrier gas at a chamber pressure
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of approximately 1 torr during deposition. The alternative lead precursor considered was
Pb(dmamp), (Strem Materials, Inc., 98%).
Pb(tmhd), was stored in a stainless-steel bubbler from KJLC and heated to 145°C to provide ample
vapor pressure. Hydroiodic acid was stored in a stainless-steel 50 mL cylinder from Strem
Materials, Inc. and was held at room temperature with no direct temperature monitor. The ALD
valves and lines for all precursors were held constant at 135°C with constant nitrogen flow as to
avoid buildup of precursors in the system. The substrate and chamber temperature for all processes
unless otherwise noted was 120°C, monitored at the substrate, upper chamber, and lower chamber
levels. The dose time for the lead precursor was 1.5 seconds, with a purge time of 20 seconds. The
hydroiodic acid was then dosed for 0.5 seconds and purged for 20 seconds. To increase reliability,
one ALD cycle consisted of 1 dose Pb(tmhd), and 4 doses of hydroiodic acid (Figure S1).
Morphology of Pbl: thin films
Morphology of the Pbl: films was investigated initially using an Hitachi SU8230 in the IEN/IMAT
Materials Characterization Facility at Georgia Tech. TEM and HAADF images were taken using
the Hitachi HT7700 TEM of the IEN/IMAT Materials Characterization Facility at Georgia Tech.
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Figure S1. One cycle of Pbl> by ALD. First, lead is dosed from a stainless-steel bubbler,

followed by four sequential iodine doses. Purge times were 20 seconds between each precursor
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Figure S4. TEM Z-contrast images for Pbl, deposited at 120°C after (a) 81 cycles and (b) 162

cycles.
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a.

Figure S5. AFM images of Pbl> by ALD on silicon wafers at 120°C where (a) and (b) are zsensor
and amplitude error plots for 81 cycles, respectively, and (c) and (d) are zsensor and amplitude

error plots for 162 cycles, respectively.
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