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The cooperative self-assembly of inorganic precursors with
organic surfactants or polymeric structure-directing agents
has led to the synthesis of many oxide-based, nanostructured
composite materials that show periodicity. Oxide powders,
monoliths, and thin films with a diverse range of compositions
(TiO2, ZrO2, Nb2O5, SnO2, MnxOy, Al2O3, and others) have
been prepared following the work on surfactant-templated
silicas (MCM-41-type materials).[1–17] Although the powdered
forms of these materials have many proposed uses, including
catalysis and size-selective separation, the thin-film forms
have significantly expanded their potential.[18–23] The thin-film
morphology has several applications for which bulk materials
are not useful, including low-k dielectric coatings, optical
waveguides, and membranes.[24–27]

Despite the many exciting potential applications of these
periodic surfactant-templated thin films, there are still
significant limitations to oxide-based materials. The most
significant of these limitations is that most oxides are
insulators, or wide-band-gap semiconductors, which limits
their use in applications based on electrical conductivity
because of their high intrinsic resistance and low carrier
densities.

The development of self-assembled inorganic/organic
composites based on non-oxide precursors has led to the
synthesis of a variety of semiconducting composites with
nanoscale periodicity.[28–36] These composite materials use
highly reduced soluble metal clusters, or Zintl clusters, as an
inorganic building block. The Zintl clusters can self-assemble
with organic structure-directing agents in solution with the
help of transition-metal cross-linkers. The resulting material is
a highly periodic inorganic alloy with ordering similar to
liquid-crystalline systems. These materials, which were ini-
tially designed to be analogues of silica and other oxide
composites, have an advantage over most oxide systems for
optoelectronic applications in that their range of band gaps
can be tuned between 0.6 and 3.4 eV depending on their
chemical composition.[28–37] Unfortunately, although compo-

sites with a wide range of electronic properties have been
synthesized, their macroscale morphology has been limited to
bulk powders, thus restricting their usefulness in some
applications.

As with the oxide materials mentioned previously, knowl-
edge of the macroscale morphology of this class of non-oxide
materials helps to determine the optimal applications of the
composites. Many of the proposed applications for the non-
oxide composite materials, such as photovoltaics, ambipolar
field-effect transistors (FETs), and chemical sensing, rely on
the electrical conductivity of the composite. Bulk powders
present several problems for the effective assembly of an
electronic device, most notably the contact resistance
between the powder and the electrode as well as between
grains within the powder. A thin-film morphology should be
able to overcome these obstacles if the film can be grown in
intimate contact with a substrate that can double as an
electrical contact.

To address this fundamental need, we report here the
synthesis of semiconducting non-oxide thin films with a
variety of compositions and structures by coassembly of Zintl
clusters with cationic surfactants. Interestingly, in some cases,
thin films form with phases that have not been observed in
bulk composite powders. The phases formed range in nano-
scale architecture from a partly disordered wormlike phase, to
a periodic, hexagonal, honeycomb structure, and on to a
highly ordered cubic geometry. The surface-nucleated growth
mechanism used to synthesize these thin films appears to
stabilize both new compositions and phases that are otherwise
inaccessible in these systems. Furthermore, our results
indicate that the optical homogeneity of the films can be
modified by adding reagents that chelate the cross-linking
transition metal. Layered thin films can also be synthesized in
the absence of a metal cross-linking agent. UV/Vis/NIR
reflectance data indicate that materials with a broad range of
band gaps can be created. Finally, as expected for a semi-
conducting thin film, diode characteristics are observed in the
current–voltage measurements when asymmetric electrodes
are employed.

The solution-phase self-assembly of these non-oxide thin
films was carried out under inert conditions. The Zintl cluster,
a surfactant (cetyltriethylammonium bromide), and the
transition-metal salt were all dissolved in formamide. A
gold substrate was then placed in contact with the solution
such that the gold was inverted to prevent sedimentation on
the surface. This mixture was held at 60 8C for one hour during
which time the films grew on the surface. Profilometry
indicates that films could be formed with a range of
thicknesses. The data indicate that films ranging from 90 to
about 500 nm thick could be produced, depending on the
reactivity of the cross-linking metal, the growth time of film,
and the surfactant concentration. Films could also be
prepared without a transition-metal cross-linking agent by
taking advantage of the self-oligomerization of tin telluride
(SnTe4

4�). Such films were synthesized in a similar manner,
although in this case room temperature and a growth time of
8 hours were employed.

Figure 1 shows typical low-angle X-ray diffraction pat-
terns for thin films of five different phases and compositions.
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The labels for each composite are based on the precursors
used to synthesize the films, and are not indicative of the exact
final stoichiometry of the films. In Figure 1a, a Pt-coupled
Sn4Se10

4�/surfactant composite shows the (200), (210), and
(211) diffraction peaks of a cubic Pm3n architecture.[38] The
bulk analogue of this system has been shown to form either a
2D hexagonal (P6mm) or a cubic (Ia3d) phase.[30] The
formation of a thin film with a periodicity different from
those of the bulk analogues demonstrates the importance of
surface stabilization to the nanoscale architecture. Figure 1b
shows the (211), (220), (420), and (332) diffraction pattern of
a cubic Ia3d phase of a Pt-coupled SnSe4

4�/surfactant
composite. While Ia3d phases have been observed previously
in related bulk composites based on Zintl clusters,[30] this
phase has not been observed previously for any nanostruc-
tured thin film, including silica-based composite thin
films.[18–22] The absence of this phase likely stems from the
fact that a flat substrate does not provide a good interfacial
nucleation site for the Ia3d phase. The observation of this
phase for Zintl cluster based systems suggests that the
nucleation process is fundamentally different in these materi-
als compared to oxide-based systems. This point will be
discussed further below.

Figure 1c shows the low-angle diffraction pattern for a
Rh-coupled SnTe4

4�/surfactant composite thin film. This

composite has a 2D hexagonal (P6mm) architecture as
evidenced by the (10) and (11) peaks of this phase with a
position ratio of 1:

ffiffiffi

3
p

. This material has a unit-cell parameter
a of 46.1 B. This repeat distance is slightly larger than the
distances that have been observed in bulk composites of
similar composition. A direct comparison of the structure
with a bulk system, however, can not be made because the Rh/
SnTe4

4�/surfactant system has not been successfully synthe-
sized as a bulk nanostructured composite. The presence of
both a fundamental (10)hex and a (11)hex reflection indicates
that although the film does have hexagonal order it is not
constrained to the plane of the substrate, which would be lead
to an absence of the (11)hex reflection in a q–q diffraction
geometry. Low-angle X-ray diffraction studies on the bulk
precipitate (not shown) indicate that the corresponding bulk
system has no such structure. The lack of structure in the bulk
precipitate again emphasizes the fact that the surface-growth
mechanism allows the synthesis of composite films whose
compositions are not accessible in powder form.

Figure 1d shows the low-angle X-ray diffraction pattern
for a Rh-coupled Ge4Se10

4�/surfactant composite thin film.
This film exhibits only one peak, which is indicative of a phase
with a characteristic repeat distance, but no long-range order.
This wormlike phase has a fundamental repeat distance of
42 B. Finally, Figure 1e shows the diffraction pattern for a
thin film prepared through Zintl-cluster auto-oligomerization
without a transition-metal cross-linking agent. The SnTe4

4�/
surfactant composite has the (001) and (002) peaks at a 1:2
position ratio which would be expected for a layered
composite.

Table 1 is a summary of the various compositions of thin
films that have been synthesized thus far. Whereas in some
cases, such as in the Rh/SnTe4

4�/surfactant and Pt/Sn4Se10
4�/

surfactant films described above, the films demonstrate
hexagonal or cubic order, in many cases the films demonstrate
a more disordered “wormlike” structure similar to that
observed in Figure 1d. Such a single peak can be observed
even for materials in which long range periodicity is not
present. The position of these single peaks ranges from 34 to
43 B for the wormlike structures. Hexagonal materials exhibit
similar fundamental peak positions in the range between 38
and 42 B. These peak positions correspond to hexagonal unit-
cell parameters a that range from 44 to 49 B. These values are
reasonable compared to those of powders of non-oxide
hexagonal composite systems prepared with similar surfac-
tants.[28] The agreement between the patterns of the hexag-
onal and wormlike materials further emphasizes the fact that
the disordered materials are likely to be composed of
randomly assembled cylindrical micelles. The cubic Pm3n
Pt/Sn4Se10

4�/surfactant composite has a unit-cell parameter a
of 98 B, whereas the cubic Ia3d Pt/SnSe4

4�/surfactant compo-
site has a unit-cell parameter a of 86 B. Both of these values
are in reasonable agreement with those of analogous silica-
based cubic structures.[2,39] Finally, the lamellar SnTe4

4�/
surfactant system has a layer spacing of 28 B, a value which
has been observed previously for layered phases formed with
cetyltriethylammonium bromide.[2]

Table 1 also includes the elemental data obtained from
energy-dispersive spectroscopy (EDS) for the majority of

Figure 1. Low-angle X-ray diffraction patterns of nanostructured semi-
conducting inorganic/surfactant composite thin films: a) a thin film
synthesized using Pt-coupled Sn4Se10

4� clusters demonstrates a cubic
Pm3n morphology (peak-position ratio 1:

ffiffiffi

5
p

/2:
ffiffiffi

6
p

/2); b) a thin film
synthesized using Pt-coupled SnSe4

4� clusters demonstrates a cubic
Ia3d morphology (peak-position ratio 1:

ffiffiffi
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p

/
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); c) a
thin film synthesized from Rh-coupled SnTe4

4� clusters has a 2D
hexagonal P6mm morphology (peak position ratio 1:

ffiffiffi

3
p

); d) a thin
film synthesized from Rh-coupled Ge4Se10

4� clusters has a disordered,
probably wormlike geometry; e) a thin film synthesized by the self-
oligomerization of SnTe4

4� clusters in the presence of surfactant has a
layered lamellar structure.
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composites produced. In all cases, the 1:4 or 4:10 (Group 14
element:chalcogen) stoichiometry of the initial tetrahedral or
adamantane-like clusters is preserved in the final composite.
Moreover, all the materials show an approximately 1:1
transition-metal:Zintl-cluster ratio, which supports the asser-
tion that the �4 charge on the clusters is not significantly
altered during the synthesis. The results of elemental analysis
provide strong evidence that the overall composition of the
thin film can be simply and reproducibly tuned by merely
changing the nature of the solution used in the synthesis.

Beyond controlling the nanoscale structure and elemental
composition, there is also an interest in producing films that
are continuous on a large scale. While most of the films
described here are optically quite homogeneous, there are
some synthetic combinations that lead to films that have
surface inhomogeneity. This surface inhomogeneity is
observed visually as islands of dark material, which appears
to be bulk composite material, adhered to the surface.
Although the diffraction pattern of the bulk precipitate

yields no structural information, it is desirable to make the
thin films as homogeneous as possible. In an effort to control
the homogeneity of the product, we attempted to slow down
the formation of the bulk film. This was accomplished by
ligating the transition-metal cross-linking ion. For example,
the addition of ethylenediamine (en) to a solution of RhCl3 is
accompanied by a color change as the rhodium ion is
complexed by the bidentate ligand. Although the addition
of RhCl3 to a solution of surfactant and SnTe4

4� yields a
precipitate immediately, the addition of [Rh(en)x]Cl3 yields
no precipitate until the mixture is heated. Free Rh3+ ions are
slowly released upon heating.

Figure 2 shows the low-angle X-ray diffraction patterns
and pictures of Rh/SnTe4

4�/surfactant thin films formed with

RhCl3 (Figure 2a) and [Rh(en)x]Cl3 (Figure 2b), respectively,
as the Rh source. Figure 2a shows a diffraction pattern
characteristic of a 2D hexagonal architecture whereas Fig-
ure 2b show a characteristic diffraction pattern of a less-
ordered, wormlike structure. Also, the fundamental repeat
distance of the disordered phase is 48.1 B for this structure
versus 41.5 B for the hexagonal phase. The larger repeat
distance for the en-containing phase may be indicative of a
lower density of inorganic cross-links in the en-containing
film or may be due to swelling of the nonpolar organic
domains by en. Similarly, the lower order in the en-containing
material may also be related to any reduction in the cross-
linking density. Alternatively, it may be related to hydro-
phobic swelling by the en or more generally to the nonpolar
nature of en, which is less effective than formamide at
promoting amphiphilic assembly.[40,41] The insets in Figure 2,
however, show that the film formed with the ligated transition

Table 1: Summary of the compositions, phases, and average fundamen-
tal repeat distances of the thin film composites.

Composite[a] Unit-cell
parameter a [A][b]

Bulk
analogue[c]

Elemental
analysis[d]

wormlike
Rh/Ge4Se10

4� 42 no
Pt/Ge4Se10

4� 35 yes Pt0.8Ge4Se10.4
Pd/Sn4Se10

4� 41 no Pd0.9Sn4Se12.6
Ni/Sn4Se10

4� 40 no Ni1.4Sn4Se12.4
Rh/Sn4Se10

4� 42 no Rh1.3Sn4Se11
Ir/Sn4Se10

4� 42 no
Ni/SnSe4

4� 37 no Ni1.1SnSe4
Pt/SnSe4

4� 37 no Pt1.3SnSe4.6
Zn/SnSe4

4� 43 yes
Pt/SnTe4

4� 34 no Pt1.4SnTe4.2

hexagonal
Ni/Ge4Se10

4� 49 yes Ni0.8Ge4Se10.4
Pt/Sn4Se10

4� 44 yes Pt1.3Sn4Se9.7
Rh/SnTe4

4� 48 no Rh0.7SnTe3.4

cubic Pm3n
Pt/Sn4Se10

4� 98 no Pt1.2Sn4Se9.4

cubic Ia3d
Pt/SnSe4

4� 86 no Pt1.3SnSe3.6

lamellar
SnTe4

4� 28 yes

[a] The composites are listed according to phase, and all compositions
should be assumed to include surfactant. The wormlike phases have one
peak, which is indicative of a characteristic repeat distance and no long-
range order. Hexagonal refers to a 2D P6mm hexagonal, honeycomb
architecture. Lamellar is a layered phase. The diffraction patterns for all
five phases are shown in Figure 1. [b] Although a is listed for each phase,
it is however, actually just a characteristic repeat distance for the
wormlike phase, rather than a unit-cell parameter. [c] This indicates if a
nanostructured-powder analogue has been synthesized from the same
precursors. [d] Determined by energy-dispersive spectroscopy (EDS) X-
ray analysis. The ratio of cross-linking metal to precursor chalcogenide
cluster in the mesostructure is approximately one in all cases. More
importantly, the elemental data suggests that the initial tetrahedral or
adamantine cluster is incorporated into the composite as an intact unit.

Figure 2. Low-angle diffraction patterns and pictures of Rh/SnTe4
4�/

surfactant composite thin films: a) an inhomogeneous film with
hexagonal P6mm order (peak-position ratio 1:

ffiffiffi

3
p

); b) a film prepared
by ligating the transition metal used to cross-link the structure. This
film, while less ordered, is much more homogeneous.
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metal is much more homogeneous than the nonligated film
because of the slower formation kinetics.

To understand how these films differ from oxide-based
materials produced previously, some discussion of the mech-
anism of film formation is desirable. In bulk composites of this
class of materials, the self-assembly process is the result of
inorganic oligomerization coupled with electrostatic attrac-
tion to the organic surfactant. Although the surfactant
generally forms multiply charged micelles in solution, the
clusters initially do not associate with the micelles as a result
of entropic considerations. Upon addition of a transition-
metal ion, which cross-links the inorganic species, the entropic
barrier to self-assembly is lowered and the composite can
form. This mechanism must be different for film formation.
The bulk material forms quickly because of strong electro-
static interactions, but after the bulk powder precipitates, the
concentration of reactants left in solution reaches a steady
state. This state is more representative of an equilibrium
composition, and may even involve some dissolution of
already formed powders. The thin films grow at the metal
surface using the reactants that are left in solution. Con-
firmation of these ideas comes from cases in which the
inorganic oligomerization leads to extremely rapid precipita-
tion of the precursors—in this situation, thin films are not
formed. In this case, the concentrations of the precursors
remaining in solution were probably too low for appreciable
film growth to take place. A similar mechanism is involved in
the interface-nucleated growth of silica films from aqueous
solution.[18, 42]

There is, however, one distinctive difference between
interface-nucleated silica films and the films presented here.
For silica-based materials, the surfactant first associates with
the interface and then the silica oligomers associate with the
surfactant.[43, 44] This process results in materials with a well-
defined orientation of the nanometer-scale structure relative
to that of the substrate. For example, the hexagonal c axis of
hexagonal honeycomb-structured materials lies in the plane
of the film.[18, 42] For these Zintl ion based films, however, it
appears that formation of the film is driven by the attraction
between the Zintl cluster and the noble-metal surface, rather
than by the surfactant and the surface. Contrary to the results
obtained for silica-based films, this produces films that do not
have a well defined orientation of the nanometer-scale
structure with respect to the interface. This same effect is
likely to be responsible for the fact that the Ia3d cubic
structure, which can not produce a favorable interaction of
the surfactant with the substrate, can be produced for Zintl
ion based composites, even though it has not been produced
in silica-based materials.

Other synthetic parameters to consider include the redox
activity of the transition-metal ion used in the inorganic
oligomerization. Attempts to synthesize thin films using
Au3+ ions resulted in the gold/titanium layers delaminating
from the glass, probably because of oxidation of the
adherence layer by the transition-metal ion.[45] Similarly,
Pd2+-coupled, mesostructured films could only be produced if
very short growth times were employed to minimize degra-
dation of the metallic substrate. The Au3+ and Pd2+ ions have
the largest standard reduction potentials of the transition-

metal ions that were used for cross-linking, which indicates
that above a certain threshold, oxidation of the substrate is a
factor that needs to be considered.

Although transition-metal cross-linking is the most com-
monly employed method for inorganic polymerization in this
class of materials, there are other means of polymerization
available. One of the thin-film compositions in Table 1 and
Figure 1e is synthesized without a cross-linking transition-
metal ion. The formation of the tin telluride film is based on
the self-oligomerization of the SnTe4

4� cluster.[46] Tellurium
elimination condenses the cluster into larger oligomers
(Sn2Se7

4�, Sn2Se6
4�), which can then self-assemble with the

surfactant in an analogous manner to the model proposed
above for self-assembly based on transition-metal cross-
linking.[46,47]

We next consider the electronic properties of these
nanoscale semiconductor thin films. The bulk analogues of
these thin films are semiconductors with band gaps that range
from narrow (0.6 eV) to wide (3.4 eV).[28–30,32–37] Figure 3

shows the relative absorptivity calculated from specular
reflectivity data for thin films of four different compositions.
The four composites show a range of band gaps from 1.1 eV
(Ir/SnSe4

4�/surfactant) to 1.5 eV (Rh/SnTe4
4�/surfactant), as

determined by Tauc plot fits to this absorptivity data.[48,49] The
tunability of the band gap is believed to stem from the
variable elemental composition of the composites (Table 1).
Although many nanoscale semiconductors show strong quan-
tum-confinement effects, one might expect that these amor-
phous semiconductors would have fairly localized excitations,
which are not expected to be very sensitive to the nanometer-
scale periodicity of the composite. In agreement with this
idea, studies of both bulk chalcogenide glass based semi-
conductors and Zintl cluster based inorganic/surfactant

Figure 3. Relative absorptivity (a) calculated from Vis/NIR reflectance
data for nanostructured, semiconducting thin films of different ele-
mental composition. The optical band gaps of the materials were
determined by using Tauc plots. All four of these materials are midgap
semiconductors with band gaps of 1.1 eV (Ir/SnSe4

4�/surfactant),
1.3 eV (Rh/Ge4Se10

4�/surfactant), 1.5 eV (Rh/SnTe4
4�/surfactant), and

1.2 eV (Zn/SnSe4
4�/surfactant). The noise at ca. 1.5 eV is due to a

detector change in the spectrometer.
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composites have shown that changes in elemental composi-
tion are primarily responsible for shifts in band gaps. This
includes both changes in the transition-metal and main-group
elements that make up the composite,[28–30,32–37] and changes in
the stoichiometric ratios of those elements.[37,50,51] We note
that depending on the exciton size in these semiconductors,
there could be some quantum-confinement effects on top of
this elemental tuning, but because we can not make bulk
analogues with stoichiometries that are identical to these thin-
film composites, such size effects can not be clearly observed.

Interestingly, examination of the data in Figure 3 shows
two distinct curve shapes: concave for the Rh/SnTe4

4�/
surfactant composite and convex for the other three compo-
sitions. Concave absorption curves are expected for a direct-
band-gap material, while a convex curve would be expected
for an indirect-band-gap semiconductor. In agreement with
this assignment, the best linear fits to the data were achieved
by using the direct-band-gap form of the Tauc plot for the Rh/
SnTe4

4�/surfactant composite (E vs E2 Ia) and the indirect-
band-gap form of the Tauc plot for the other three compo-
sitions (E vs

ffiffiffiffi

E
p

Ia).[48, 49] In chalcogenide glasses, tellurides
tend to have different electronic properties than selenides and
sulfides,[52] and, in direct agreement with our reflectance data,
work on tin chalcogenides shows that the telluride composite
has a direct band gap whereas the selenide, sulfide, and oxide
composites all have indirect band gaps.[52]

Finally, to exemplify the potential for electronic applica-
tions for these nanostructured thin films, we produced a
simple rectifier. Rectifiers are semiconductor-based devices
that exhibit nonlinear current–voltage characteristics. These
devices can be constructed by connecting a semiconductor
with two electrodes that have different work functions.
Figure 4a shows the current–voltage (I–V) characteristics, as
determined by scanning tunneling spectroscopy, for a nano-
structured Pt/Sn4Se10

4�/surfactant thin film grown on gold.
The gold makes up one electrode, and the Pt/Ir STM tip
provides the second electrode in the system. The device shows
a small leakage current in this sample from�2.0 to + 0.4 Von
the order of nanoamps. There is an order-of-magnitude
increase in the current traveling through the system at 0.4 V,
the turn-on voltage. Figure 4b shows similar I–V data for a Ni/
Ge4Se10

4�/surfactant nanostructured thin-film composite. This
sample shows a turn-on voltage of�0.5 V. Both samples show
large asymmetry, which is expected for rectification. Notably,
these two films of different composition also show signifi-
cantly different turn-on voltages. The difference of almost 1 V
between the turn-on voltages in the two samples indicates that
the data arises from a real material-based phenomenon and
that the electronic properties of these films can be tuned over
a large range through changes in the elemental composition.

In summary, in this work we have reported the synthesis of
periodic, surfactant-templated thin films of Zintl clusters with
nanoscale periodicity and cubic, hexagonal honeycomb,
lamellar, and wormlike structures. The thin-film morphology
holds several advantages for the design and synthesis of
devices that utilize the semiconducting nature of these non-
oxide composites. The variety of compositions synthesized
not only demonstrates the breadth of the synthetic method,
but also provides a means of tailoring the properties of the

inorganic semiconducting framework. Moreover, work is
currently underway to remove the surfactant from these
materials and produce periodic nanoporous semiconductors.
Preliminary results suggest that the substrate stabilizes the
nanometer-scale architecture of these composites and makes
removal of the surfactant without collapse of the inorganic
framework possible.[53] We are also working on the incorpo-
ration of semiconducting, structure-directing agents into the
organic phase, which could make these materials good
candidates for device applications such as photovoltaics and
ambipolar FETs.[54] The synthesis of thin-film rectifiers based
on these materials is the first step toward developing func-
tional devices that can take advantage of the nanoscale
periodicity present in these films.

Experimental Section
The raw materials for our film growth were prepared by established
methods.[55–59] The Zintl clusters (K4Ge4Se10, K4Sn4Se10, K4SnSe4,
K4SnTe4) were prepared by direct combination of the constituent
elements at high temperature (750 8C) under inert conditions.[55–58]

Figure 4. Current–voltage curves for two inorganic/surfactant compo-
site thin film samples as measured by scanning tunneling spectrosco-
py. a) A Pt/Sn4Se10

4�/surfactant nanostructured thin film shows a turn-
on voltage of approximately 0.4 V. b) A Ni/Ge4Se10

4�/surfactant nano-
structured thin film shows a turn-on voltage near �0.5 V. Both curves
are asymmetric, which is expected for semiconductor rectifiers. Fur-
thermore, the turn-on voltages vary significantly depending on the
composition of the thin film.
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The surfactant cetyltriethylammonium bromide was prepared by
treating triethylamine with 1-bromohexadecane in refluxing ethanol
for 3 days.[59] The product was evaporated and then purified by
dissolution in chloroform and precipitation with diethyl ether. The
white powder was recovered by filtration and then recrystallized from
warm acetone.

Non-oxide composite films were synthesized through surface-
nucleated growth from a gold substrate. The gold substrates consisted
of a glass microscope slide with a thin adherence layer of titanium and
a thin layer of gold deposited on the adherence layer. For most
composites, the slides were inverted and supported in a synthesis
solution consisting of Zintl cluster (0.1 mmol), cetyltriethylammo-
nium bromide (0.3 or 0.6 mmol), and transition metal (0.1 mmol) in
formamide (1 mL). For the Ia3d cubic phase, these ratios were
adjusted slightly to contain Zintl cluster (0.2 mmol), cetyltriethylam-
monium bromide (0.95 mmol), and transition metal (0.065 mmol) in
formamide (1 mL). All of the film mixtures were prepared under an
inert atmosphere. The growing films were maintained at 60 8C under
inert conditions for 1 h in all cases except for palladium, which was
grown for only 25 min to minimize the Pd2+ degradation of the gold
substrate. After synthesis, the films were washed with copious
amounts of formamide under ambient conditions to remove any
adhered bulk precipitate. After washing the films in formamide, they
were rinsed with acetone and air-dried.

Some Rh-coupled SnTe4
4� thin films were also prepared by using

a slightly altered procedure in which [Rh(en)x]Cl3 was employed as
the cross-linking agent. These films were prepared in a similar manner
to the method describe above. A solution (0.5 mL) was prepared
containing formamide, SnTe4

4�, and surfactant. In a second solution,
RhCl3 (0.1 mmol) was dissolved in formamide (1 mL) at 60 8C.
Ethylenediamine (en; ca. 0.1 mL) was added to the RhCl3 solution.
Additional ethylenediamine was subsequently added to the solution
dropwise until the color changed from red to colorless. The
[Rh(en)x]Cl3 solution was then added to the Zintl/surfactant solution
and placed in an oven at 60 8C for 1 h with a gold-coated substrate.
The film was then recovered as described above.

Pure SnTe4 thin films were prepared by using the standard
procedure without the addition of a cross-linking transition metal.
This Zintl/surfactant solution was mixed and left overnight at room
temperature in an inert atmosphere in the presence of a gold-coated
substrate. The product was collected the next day and washed with
formamide.

The NIR/UV/Vis reflectance data were collected with a Shi-
madzu UV-3100 spectrophotometer. The reflectance data were
measured by utilizing an ISR-3100 integrating sphere attachment
because of the optical density of the samples. The collection was made
over the wavelength range 2400–200 nm. Low-angle X-ray diffraction
(XRD) patterns were collected with a home-built theta-theta powder
diffractometer operating with CuKa radiation.

Scanning tunneling spectroscopy measurements were performed
by using a Digital Instruments Nanoscope III in STM mode. After
stabilizing a Pt/Ir tip above the sample, the bias of the tip was ramped
from �5 to 5 V while holding the tip position constant. In imaging
mode, which is used to stabilize the tip position, a bias and current
determine the separation. For all scans, the tip position was taken at a
bias of 1.135 mV and 100 pA.

Energy-dispersive spectroscopy (EDS) X-ray analysis was carried
out on a JEOL TSM-6700F field-emission scanning electron micro-
scope equipped with a liquid-nitrogen-cooled EDAX Super UTW
Detector. All elemental spectra were obtained with the scanning
electron microscope operating at 25 keV and 20 mA, except that of
the platinum composite, which was measured operating at 5–6 keV
and 20 mA. All spectra were analyzed with EDAX inc. Genesis
Spectrum SEM Quant ZAF Software (version 3.60).

The film thickness was measured by using a Veeco Dektak 6M
Profiler. The height of the sample film was assigned as the difference

between the height of the film and the height of the bare-gold
substrate on which the film was grown.
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