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ABSTRACT: The energetically favorable formation of atomi-
cally precise clusters, known as magic size clusters, in the
solution phase enables a precision nanoscale synthesis with
exquisite uniformity. We report the synthesis of magic size
clusters via vapor infiltration of atomic layer deposition
precursors directly in a polymer thin film. Sequential infiltration
of trimethylindium vapor and hydrogen sulfide gas into
poly(methyl methacrylate) leads to the formation of clusters
with uniform properties consistent with a magic size cluster—
IngS¢(CH,),. While an increase in cluster size might be expected
with additional sequential infiltration cycles of the reactive In
and S precursors, uniform properties consistent with magic size
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clusters form in multiple polymers under a range of processing conditions. Ultraviolet—visible absorption spectra of
IngS¢(CH;); are largely independent of the number of sequential infiltration cycles and exhibit air stability, both of which are
attributed to an energetically favorable synthetic pathway that is evaluated with density functional theory.
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olloidal semiconductors are a versatile class of
materials with optoelectronic properties tuned
through crystal structure, size, shape, composition,
and surface termination to suit numerous applications. Despite
the improvements in synthetic precision of colloidal material,
however, the synthesis typically produces a distribution of
atomic structures that result in measurable inhomogeneity in
the resulting properties.”” Magic size clusters (MSCs) are a
subclass of colloidal nanocrystals with molecularly precise
arrangements of countable atom numbers that exhibit extreme
homogeneity.”~> Energetically favorable intermediate species
that assemble into larger nanomaterial assemblies often reveal
mechanistic details into nucleation and growth.”~"" The
unique atomic arrangements can also result in exceptional
properties not achievable through bulk structures."®”'>"?
Nearly all studies of MSCs utilize solution phase synthetic
methods, which inherently struggle to achieve nucleation
control, separation of metastable species, solubility of the
product, and concentration/fabrication into thin film for-
mat 1415
Sequential infiltration synthesis (SIS) is a chemical vapor
deposition method that is derived from atomic layer deposition
(ALD), in which chemical precursors are sequentially exposed
to a solid substrate surface to grow a conformal thin film
coating. In contrast to ALD, SIS is intended to deposit
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materials within a soft substrate (e.g, a polymer film), with
multiple cycles resulting in more deposition through swelling
of the soft matrix material.'°""" Inert gas purging after the
alternate introduction of each vapor precursor enables the
facile purification of the resulting deposit through the
volatilization of unreacted precursors and reaction byproducts.
Over the past decade, the expanding SIS process library for
metal oxides has been leveraged for a range of applications
including enhanced mechanical and optical performance,
20-33 More

recently, a small subset of SIS processes has been suggested to

nanopatterning, photovoltaics, and membranes.

result in a distribution of molecular level clusters."”™** For
example, controlled nucleation and precision growth can be
achieved through strategic selection of the SIS dosing schedule
to produce inorganic cluster sizes that roughly scale with the
number of growth cycles.’*
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Metal chalcogenide materials possess rich photophysical
properties with potential applications in several fields. Due
largely to highly polarizable chalcogen centers, their properties
are distinct from the corresponding metal oxides.”™” For
example, while In,O; is transparent to visible light, In,S;
exhibits several polymorphic structures that have been
regarded as promising materials for photodetectors, solar
energy absorption, and photocatalysis including water splitting,
and reduction of CO,.**~** Many chalcogenide materials have
been deposited in thin film form via ALD."*** However, the
SIS of metal chalcogenides remains unexplored, and the
molecular-level synthesis of a metal chalcogenide cluster via
SIS has not been previously reported.

Here we report the synthesis of a metal chalcogenide in
polymer thin films via SIS and hypothesize the formation of a
molecular cluster, namely IngS;(CH;)s. In contrast to
traditional ALD and SIS growth mechanisms, we find no
evidence for increasing deposit size after S SIS cycles, but
instead observe only an increasing concentration of the MSC
in the polymer matrix. The same SIS process performed at a
lower deposition temperature alters the reaction pathway away
from the MSC and toward a less homogeneous population of
clusters with limited atmospheric stability. Compared to the
solution phase synthesis of MSCs, this SIS approach affords
ready control over the nucleation density and controlled
diffusion of metastable species to produce concentrated MSCs
that are conveniently fabricated in thin film format.

RESULTS AND DISCUSSION

Initial efforts to deposit InS, clusters via SIS were informed by
our previous discovery of SIS-derived InO,-based deposits in
PMMA."”** Trimethylindium (TMIn) was previously shown
to infiltrate PMMA and form a reversible Lewis acid—base
adduct with the carbonyl oxygen in the methacrylate backbone.
Adduct formation increases the residence time of TMIn in the
polymer matrix, enabling an adjustable concentration of TMIn
in the swollen polymer after briefly pumping out vapor phase
TMIn from the reactor (Scheme 1). The infiltration of H,S gas
is hypothesized to result in the proton-mediated exchange of at
least one methyl to bind sulthydryl and release methane,

Scheme 1. Synthetic Process of 1 SIS Cycle To Form InS,”
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“Green spheres represent InS, cluster as a result of reaction between
TMIn and H,S.

thereby nucleating a monometallic InS, species according to
the general reaction scheme:

In(CH,), + H,S — In(CH,),_,(SH), + xCH, 1)

where x = 1, 2, or 3. Subsequent reaction of the InS,
monomers may result in larger clusters. The incorporation of
an InS, deposit into a PMMA film was most simply confirmed
through UV—visible absorbance spectroscopy of substrates
subjected to SIS processing with and without PMMA, TMIn,
and H,S exposure (Figure 1). When either TMIn or H,S
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Figure 1. UV—visible absorbance change after complete or partial
SIS processing at 160 °C. 70 SIS cycles were applied for each
condition and spectra are offset for clarity. The thickness of
PMMA is fixed to 300 nm and the absorbance of the polymer thin
films and fused silica substrate are subtracted from each spectrum.
The absence of either TMIn, H,S, or PMMA results in little to no
deposition.

precursors were omitted, no distinct change in absorbance was
observed. This suggests that there is little to no irreversible
reaction of TMIn or H,S with PMMA as expected upon
sufficient N, purging under low vacuum. In contrast,
alternating doses of TMIn and H,S (i.e., complete SIS cycles)
produce strong and clear absorbance features at 200, 220, and
264 nm as well as a shoulder at 280 nm.

A relatively high SIS processing temperature (160 °C) and
long N, purging (480 s) promote efficient dissociation and
removal of TMIn adduct, however, any remaining TMIn reacts
with the subsequently dosed H,S to form InS.'*™*° No
remarkable absorbance spectrum was observed with alternate
dosing in the absence of a PMMA film, suggesting that the
TMIn-PMMA adduct favors InS, deposition. When the peak at
264 nm was fitted with a single Gaussian curve, its full width at
half-maximum height was 21 nm (0.38 eV) (see Supporting
Information Figure S1), which is consistent with a sharp
absorbance feature from a homogeneous molecular cluster
prepared in a solution phase.'” The UV—visible absorbance
spectra of the SIS-derived InS, species are also distinct from
previously reported nanoscale InS, including 2D $-In,S; flakes
(low energy absorbance peak at <700 nm), In;sSes super-
tetrahedral cluster (featureless band edge at 3 eV), and In,S,
clusters with four ligands of 1,10-phenanthroline (low energy
absorbance peak at <440 nm).*”*>*
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Figure 2. MSC formation. UV—visible absorbance spectra (a) as a function of SIS cycle number while N, purging time was fixed to 480 s, (b)
after 9 SIS cycles with varying N, purging time, and (c) after identical 70 SIS cycles in PMMA, PAA, and PVDF. The absorbance was divided
by the initial thickness of polymer in order to correct for film thickness variations.
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Figure 3. Structure analysis of InS, cluster. (a) FTIR and (b) Raman spectra after complete or partial SIS processing at 160 °C. Each dosing
condition was repeated 70 times. The vertical dashed lines indicate the peak positions which were observed only after alternating doses of
TMIn and H,S. (c) In 3d spectrum, (d) S 2p spectrum, and (e) Stoichiometry of In and S from XPS after 70 SIS cycles. Seven different
samples were measured for statistical analysis and error bars represent standard deviation. (f) STEM image of InS, cluster after 5 SIS cycles.
A statistical analysis of cluster diameter (inset) uses 0.33 A binning of 200 clusters. The scale was calibrated with the d (111) interatomic

spacing of 2.355 A of Au.

Cluster formation was investigated through an evaluation of
the UV—visible absorbance spectrum under variable reaction
conditions. First, the SIS cycle number dependence on
absorbance was probed to understand nucleation and growth,
Figure 2a. Despite moderate signal-to-noise at the lowest SIS
cycle numbers, absorbance at wavelengths <300 nm is
observed after even a single TMIn + H,S cycle. With a greater
SIS cycle number, the overall absorbance increases and features
at 264, 220, and 200 nm are more clearly developed. The
cycle-dependent absorbance peak intensity at 264 nm

31374

increased approximately linearly up to 13 SIS cycles and
then followed a shallow quadratic (slightly superlinear)
function upon greater cycle numbers (Supporting Information
Figure S2). Normalized UV—visible spectra reveal that after $
cycles the line shape of absorbance is constant and does not
significantly alter up to at least 70 cycles. This implies that the
majority cluster structure is constant after 5 SIS cycles, and
only the concentration of the cluster increases upon additional
SIS cycles, consistent with the hypothesis for MSCs formation.
Fixing the SIS cycle number to 9, the N, purging time was
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Figure 4. First-principles computation and simulation of IngS4(CHj;)4 at the MN1S/CEP-121G level of theory. (a) DFT optimized structure
of IngS¢(CHs,)g, and simulated (b) IR, and (c) Raman spectra of IngSg(CHs;)s. The vertical dashed red lines correspond to peak positions
from experimental data (see Figure 3). (d) The UV—vis absorbance spectrum simulated from DFT (black solid) overlaid with the
experimental absorbance spectra of the MSC (red dashed). (e) Representative molecular orbital transitions responsible for the absorbance
peaks in the calculated spectrum. Each color of transition corresponds to the color of the stick spectrum in (d).

varied from 6 to 480 s to investigate the effect of TMIn
concentration (Figure 2b). As the purging time is decreased
below 160 s, the absorbance intensity increases exponentially,
consistent with the reaction of a larger concentration of the
TMIn adduct remaining in the PMMA film. Despite the
change in the absorbance intensity, the spectral line shape
remained nearly the same, further supporting the hypothesis
for MSCs formation (see normalized data in Supplementary
Figure 2). Slight variation in the measured line shape may
result from imperfect absorbance subtraction due to changes in
the thick film interference from the PMMA matrix, which
variably swells with the addition of variable cluster density. The
robustness of MSC formation is further revealed by the
application of the same SIS process to an alternative polymer,
since polymer thin films serve an analogous role to the solvent
in solution phase synthesis. In the solution phase synthesis of
colloidal nanocrystals, the choice of solvent often affects the
resulting nanocrystals’ size, shape, and crystallinity.M_51 As
such, a change of the functional group in the polymer could
influence the resulting cluster structure. Polyacrylic acid (PAA)
and Polyvinylidene fluoride (PVDF) were both considered as
both carboxylic acid and fluorine are known to interact with In
cations.”>>® Despite the different polymer functional groups,
we observe identical MSC optical absorption spectra, which
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suggests that identical MSCs are formed (Figure 2c). Only the
intensity of UV absorbance decreased from PMMA to PAA to
PVDF, which implies that the concentration of the cluster
depends on the properties of the polymer, including functional
group interaction.

Initial structure analysis of the MSCs was performed by
vibrational spectroscopy. The infrared absorbance spectra
reveal that in the absence of either TMIn or H,S, only the
vibration features of PMMA are reproduced, Figure 3a.
Vibrational spectroscopy further confirmed that only alternat-
ing doses of TMIn and H,S in PMMA produce a clear change
that can be attributed to the InS, cluster, here at 715 and 505
cm™. These two peak positions are similar but not identical to
TMIn features for methyl rocking and In—C asymmetric
stretch.”**° Although the InS, cluster was concentrated
through 70 SIS cycles, no remarkable change of the PMMA
carbonyl group at 1731 cm™ was observed, which implies
minimal interaction with PMMA (see Supporting Information
Figure $3)."” Additional vibrational structural information was
obtained from Raman spectroscopy, where again no remark-
able changes in Raman intensity were detected after dosing
only TMIn or H,S (see Figure 3b). However, clear Raman
peaks are observed at 114, 220, 507, and 1154 cm™! upon
cluster formation. These Raman features are also more similar
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to those previously measured for TMIn than for bulk In,S;,
particularly the methyl-related peaks at 507 and 1154
em™'.7">° As such, we hypothesize that some methyl groups
are preserved in the final cluster structure. In the case of a
proton-mediated ligand exchange reaction of H,S with TMIn
without further reaction, one might expect that thiol groups
may be detected upon exchange of methyl groups. However,
thiol-related features (around 2450 cm™') were not observed
in either IR or Raman spectra (see Supporting Information
Figure $3).**°® The lack of a thiol feature is consistent with
incomplete methyl exchange and prompt subsequent reaction
of thiol-terminated molecular fragments or a combination
thereof. The incomplete reaction of ligands at metal centers is
a well-known phenomenon in solution phase synthesis.””’
Previous ALD and density functional theory (DFT) studies
also suggest that incomplete ligand removal is possible, leadin

to ligand incorporation in the deposited materials.”’~>

Elemental analysis of In and S by X-ray photoelectron
spectroscopy (XPS) reveals two In 3d peaks at 445.2 and
452.7 eV (Figure 3¢).°%%" The S 2p peak was fitted with two
peaks (2p,,, and 2p;/,) without the need for other derivative
formation (e.g, S—O bonding) (Figure 3d). Despite the
similar binding energy of both In and S to bulk In,S;, the XPS
signal intensities indicate a nearly stoichiometric ratio (1:1)
between In and S, Figure 3d, that significantly deviates from
stoichiometric bulk compounds and from clusters previously
synthesized in the solution phase (e.g., 38:6S for InygSes). ¢!
Finally, attempts to directly image the small clusters with high
resolution Scanning Transmission Electron Microscopy
(STEM) were not clearly resolved but suggest deposits with
a small size (~6 A, Figure 3d). While the accuracy of the
subnanometer scale measurement is low, the subnanometer,
uniform cluster size is consistent with the formation of
molecular MSCs. Hyperspectral elemental intensity distribu-
tion imaging supports a cluster comprising In and S atoms but
is unable to probe methyl termination, given the relatively low
atomic weight of C and H (Supporting Information Figure
S4).

DFT was leveraged to evaluate structures and simulate
spectra for comparison to experiments. First, the IR, Raman,
and UV—visible absorbance spectra of cluster structures with
variable numbers of In and S atoms and methyl group
terminations were calculated. The search emphasized struc-
tures with a 1:1 stoichiometry between In and S, which
narrows the number of possible nanocluster configurations.
From the theoretically optimized structures, details of
In,S,(CHy)y, InyS3(CHy);, IngS4(CHy)y and IngSo(CHj)o
were further investigated (Supporting Information Figure SS)
before an IngS;(CH;)s cluster with stacked and rotated
hexagon, in the D; point group (Figure 4a), was selected as
the most likely MSC. All of the structures considered include
methyl terminated In, resulting in common simulated IR peaks
near 741 and 516 cm™' due to methyl rocking and In—C
stretch, respectively (e.g., Figure 4b). Simulated Raman peaks
corresponding to In—C symmetric stretching and methyl
group scissoring near 507 cm™' and 1154 cm™ were also
observed for most configurations (e.g., Figure 4c). However,
In,S,(CHj,), and In,S,(CH;), show a large discrepancy of the
220 cm™! In—S core feature relative to hexagonal In;S;(CH,),
based ones. Among these structures, the simulated UV—visible
absorbance spectrum of IngSq(CH;)s shows a spectral line
shape with striking similarity to the experiment and is only
slightly blue-shifted from the experiment by 10 nm (Figure

4d). The distance from opposite points on the face of a
hexagon, between In atoms on the face of a hexagon, and
between hexagons is calculated to be 5.093, 3.788, and 2.615 A
respectively. The close match between theoretical results and
experimental data allows assignment of Raman peaks at 114
ecm™ and 220 cm™ to InS, scissoring in the cage and InS,
wagging in the cage, respectively. This DFT-based UV—visible
absorbance simulation allows assignment of the shoulder at
280 nm to excitations with the most contribution from
HOMO to LUMO transition and the peak at 264 nm to
excitations with primary contribution from HOMO-1 to
LUMO (Figure 4e). More detailed discussion and the
electronic density of each molecular orbital can be seen in
Supporting Information Figure S6.

A possible mechanism for IngS¢(CH;)s MSC formation was
informed by first-principles calculation. Both the free energies
of possible intermediate species and the kinetic energy barrier,
which was deduced from transition states in each reaction,
were considered. Consistent with our chemical intuition for
proton-mediated ligand exchange, the calculations predict that
exposure of TMIn in PMMA to H,S will form In(SH)(CHj),
and methane, with AG,33,5x = —1.51 eV and a kinetic barrier
of 0.34 eV (Scheme 2a). After forming In(SH)(CHj;),, two
subsequent competing reactions were considered; growth to an
In,S(CH;), dimer through condensation of two In(SH)-
(CH;), or further reaction with H,S to form In(SH),CH; and
another CH,, (Scheme 2b and Supporting Information Figure
S7). In the latter, the formation of In,S(CH,), requires
multiple steps and also requires overcoming a kinetic barrier
(1.38 €V) that is higher than that of In(SH),CH; formation
(0.66 €V). Therefore, we continued the mechanistic pathway
through InCH;(SH),. Further subsequent reactions may
include loss of the final methyl group through reaction with
a third H,S or condensation of two In(SH),CHj; to form an
In,S,(CHj;), dimer (Scheme 2¢). While we calculate In(SH),
to be more stable than In,S,(CH;), by 0.9 eV, the kinetic
energy barrier to form In(SH); is 0.78 eV, in contrast to the
barrierless formation of In,S,(CH,),, in the absence of a
transition state. Dimer formation at this stage is also consistent
with vibrational spectroscopy evidence of methyl groups in the
resulting clusters. Two possible pathways were considered after
formation of the In,S,(CH;), dimer, all which are a
continuation of a reaction sequence initiated by TMIn
exposure to H,S (ie, in a single SIS cycle). First, we
considered the formation of a hexagonal trimer, In;S;(CH;)s,
but that would require two In—S bonds to be broken (with a
considerable kinetic barrier) in order to form a hexagonal
trimer directly from the In,S,(CH;), framework. In contrast, a
ribbon-shaped In;S;(CH;); trimer may easily form without
breaking the In—S bonds (Scheme 2d). The ribbon
configuration of In;S;(CH;); is also 0.05 eV lower in energy
than that of the hexagonal structure. The simulated UV
absorbance of the ribbon-shaped InyS;(CHj;), trimer is also
similar to that after a single SIS cycle (see Supporting
Information Figure S8). As such, we hypothesize that the
ribbon-shaped In;S;(CH;); is favored to be formed at low
fragment concentrations. As the concentration of ribbon-
shaped In;S;(CH,); increases, we calculated favorable
condensation to form IngS¢(CH;)s (Scheme 2e). Further
condensation to an even larger cluster (i.e., In;,S;;(CH;),)
from two IngS4(CH,)s is theoretically possible but would
require 5 coordinate In to connect a 4-stack of hexagonal
trimers. To our best knowledge, S coordinate In is far less
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Scheme 2. Calculated Reaction Thermodynamics for
IngS4(CH,)4 Formation at the MN15/CEP-121G Level of
Theory”
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“The reaction temperature was set to 160 °C. AG and AG?* represent
free energy and kinetic barrier of each reaction respectively.

common than 4 coordinate In. Therefore, we hypothesize the
majority structure to be an IngSg(CHj;)s MSC.>*

Evidence for IngS4(CH,;)s MSCs was observed over a range
of SIS process conditions; however, it was possible to move
outside the apparent MSC process window through significant
reduction of the SIS reaction temperature. SIS growth
temperatures from 80 to 160 °C were explored (see Figure
S) with the bound on the SIS process temperature that
corresponds to the stiction temperature of the Kalrez O-ring
that seals the ALD/SIS reactor and the PMMA melting
temperature, respectively. At lower temperatures, the overall
optical absorbance intensity increased, consistent with previous
reports of slower adduct dissociation at lower temperatures
that lead to more nucleation events for the same purge time
after the metal precursor dose.'® The overall spectral line shape
at lower reaction temperatures is significantly broadened due
to the relative intensity increase between 270 and 285 nm as
well as 220—250 nm (Supporting Information Figure S9). The
relative intensity of wavelengths less than 225 nm was
increased markedly below 140 °C. The primary peak around
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Figure S. Absorbance spectra with variation of reaction temper-
atures. The number of SIS cycles and N, purging time were fixed
to 9 and 480 s, respectively.

260 nm is gradually blue-shifted and broadened until 100 °C.
At the lowest SIS temperature that we attempted (80 °C) the
primary low energy feature (264 nm peak) was shifted to 238
nm and the absorbance edge shifted to from >300 to 280 nm.
This suggests that the resulting inorganic deposit at 80 °C is
distinct from the MSC formed at 160 °C. This hypothesis is
further supported by a significantly reduced stability upon air
exposure (Supporting Information Figure S10). When the
deposit that was synthesized at 80 °C was exposed to air, the
intensity of the 240 nm peak was reduced over hours to
produce a new shoulder near 255 nm. In contrast, the
IngS¢(CH;)s MSC synthesized at 160 °C showed good air
stability for more than 24 h.

CONCLUSIONS

The sequential infiltration of a volatile organometallic In
precursor and H,S results in an indium chalcogenide deposit in
multiple polymer thin films. Experimental and computational
structure studies are consistent with a methyl-terminated
IngS¢(CH;)s MSC. In contrast to conventional island growth
via ALD, multiple precursor exposure cycles produce a deposit
that is consistent with an increasing concentration of identical
MSCs in the polymer thin film. In contrast to the challenging
and time-consuming purification processes required for the
solution phase syntheses of some MSCs, SIS allows volatile
excess precursors and byproducts to be rapidly removed
through N, purging under a low vacuum. Formation of the
same IngS4(CH;)¢ cluster is favored in PAA and PVDF,
however, a significantly lower reaction temperature is sufficient
to alter the reaction pathways to produce a less well-defined
deposit that is unstable to air exposure. This route to the direct
deposition of molecularly precise MSCs in thin film format
may inspire use in device applications, as well as the use of
other volatile organometallic ALD precursors with moderate
reactivity in the synthesis of molecularly precise arrangements
of countable atom number clusters.

EXPERIMENT

Materials. Trimethylindium (TMIn, 98+ %) was purchased
from Strem, hydrogen sulfide (H,S), polymethylmetacrylate
(PMMA), (15000 average MW), poly(acrylic acid) (PAA),
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poly(vinylidene fluoride) (PVDF), N,N-dimethylformamide
(DMF), and toluene 99.8% were purchased from Sigma-
Aldrich (99.99%).

Polymer Thin Film Preparation. Silicon and fused quartz
substrates were cleaned by submersion into acetone followed
by sonication for 30 min. Next the substrate was rinsed with
isopropyl alcohol and dried with an air gun. The dried
substrates were treated in a UV ozone cleaner for 10 min to
remove any residual organics. PMMA was dissolved in toluene
with vigorous stirring to produce an 8 wt % solution and
filtered with 0.45 pm pore size syringe filter. The filtered
PMMA solution was spin-coated at 3000 rpm to form a 320
nm thickness. PAA was dissolved in water (5 wt %) and filtered
with a 045 um pore size syringe filter. The filtered PAA
solution was spin-coated on freshly prepared substrates at 3000
rpm to form a 262 nm thickness. 7 wt % PVDF solutions were
prepared by dissolving in DMF solvent. The PVDEF solution
was also filtered with a 0.45 pum pore size syringe filter and
spin-coated at 5000 rpm to form a 153 nm thickness. The
prepared polymer layers were dried in the Veeco/Cambridge
Savannah ALD growth chamber at 160 °C under 20 sccm N,
flow for 30 min to remove any remaining trace solvent and
moisture.

SIS. Sequential infiltration synthesis experiments were
conducted in a Veeco/Cambridge Savannah 200 ALD
instrument at 160 °C. The TMIn precursor was heated at 50
°C to increase the vapor pressure. Safety note: TMIn is a
volatile pyrophoric solid that requires air-free handling and
must not be excessively heated. All processes utilized a
constant N, flow of 20 sccm. PMMA films were held in the
chamber under a N, flow and rough vacuum for S min before
beginning SIS. One complete SIS cycle consisted of a dose,
exposure, and purge, for both TMIn and H,S. Just prior to the
dose step, the growth chamber is isolated from the vacuum,
and the desired precursor is allowed to fill the chamber under
its own vapor pressure for a specific dose time. Only additional
N, is allowed to flow into the sealed growth chamber during
the exposure step. Finally, the growth chamber is opened back
to a rough vacuum while maintaining a N, gas flow. In this
work, unless otherwise noted, each complete SIS cycle consists
of a 3 s dose of TMIn (2 Torr), 63 s of total exposure to
TMIn, and 480 s of N, purge followed by a 0.2 s dose of H,S
(30 Torr), 62 s total exposure to H,S, and 480 s of N, purge.
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