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To date, the literature has offered no method for the
atomic layer deposition (ALD) of antimony chalcogen-
ides.1 ALD, however, offers severalmajor advantages with
respect to most other deposition techniques from the gas
phase, in particular the possibility to deposit homoge-
neously onto complex materials (such as porous and
fibrous ones), the typically low reaction temperatures
(compatible with organic substrates), and the outstand-
ing thickness control.2 Thus the possibility to deposit
antimony chalcogenides by ALD could expectedly benefit
someof the applications of thesematerials.3 To remedy the
gap, we have explored the oxidative and acid-base chem-
istry of various antimony coordination compounds with

small molecular weight. These investigations enable us to
present below two ALD reactions based on tris(dimethyl-
amido)antimony, (Me2N)3Sb, that yield high growth rates
of Sb2O5 and Sb2S3 at 120 �C.4

The reactivity of the heavier group V elements is
relatively inauspicious for ALD precursor chemistry.
The Sb-C bond is not typically strong, which favors
homolysis and thermal decomposition of the antimony
alkyls (thermal decomposition being useful for CVD, but
incompatible with ALD). Additionally, the lack of po-
larity of the Sb-C bond implies that antimony alkyls are
quite inert to acids and bases. The alkoxides are hardly
more reactive and tend to have lesser volatility. We found
that amido-substituted stibines offer a good compromise
between thermal stability, acid-base reactivity, and vo-
latility. Tris(dimethylamido)antimony, (Me2N)3Sb, can
react with bothmild acids (H2S) and strong oxidizers (O3)
to cleave the Sb-N bond cleanly.
When a reaction cycle consisting of consecutive expo-

sures to Sb(NMe2)3 and O3 is repeated 500 times at 120 �C
ona flat Si substrate, a smooth, compact film is obtained, as
observed by transmission electron microscopy (Figure 1).
It is amorphous according to selected-area electron
diffraction (inset). A root-mean-square surface roughness
of 0.3 nm is evaluated by atomic force microscopy. The
deposited thickness (quantified by spectroscopic ellipso-
metry) linearly depends on the number of ALD cycles
performed, with a rate of approximately 1.85 Å/cycle
(Figure 2). The growth rate remains constant over a wide
window of precursor pulse and exposure durations (insets),
which proves the self-limiting nature of the stepwise sur-
face reaction (the hallmark of ALD growth). It varies
moderately with substrate temperature between 120 and
270 �C (see Figure S1 in the Supporting Information),
whereas thermal decomposition was observed beyond
300 �C.5 Thus, we consider 120 and 270 �C as the approx-
imate limits of the practical ALDwindow for this reaction.
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Energy-dispersive X-ray (EDX) spectroscopy of the
films deposited by the ALD reaction between Sb-
(NMe2)3 and O3 at 120 �C (Figure 3a) clearly shows the
peaks of O and Sb, at the exclusion of other elements,
consistent with the description of the solid as a pure
antimony oxide. The quantification of oxygen by EDX
being questionable, themethod cannot reliably differenti-
ate between Sb2O3 and Sb2O5. However, elemental ana-
lysis performed by atomic absorption delivers a Sb:O
molar ratio of 28:72, consistent with the stoichiometry
Sb2O5. A sputtered depth profile of the film obtained by
mass spectrometry (TOF-SIMS, Figure 3b) further cor-
roborates those data: the fragments SbO, O2, Sb, and
Sb2O3 figure among the most prominent. Signals appear
for H, C, F, and NO with intensities an order of magni-
tude above those within the electronic-grade Si substrate.
We tentatively attribute the significant Cl impurity to
substrate preparation, because its intensity increases in
the vicinity of the film/substrate interface.
The reaction of Sb(NMe2)3 with H2S can also be

performed in ALD mode, with significant differences
with respect to the O3 combustion. After exposure of Si
wafers to consecutive pulses of the trisamidoantimony
and hydrogen sulfide at 120 �C, thin but rougher films are
obtained (Figure 4, root-mean-square surface roughness
1.6 nm). The roughness could either be an intrinsic
consequence of the ALD reaction, or be due to oxidation
of the surface upon exposure of the film to air. A growth

rate of 0.58 Å/cycle is measured by ellipsometry, without
evidence of an incubation period (Figure S2 in the
Supporting Information).6 This points to a sufficient
hydrolytic sensitivity of the amide toward hydroxyl
groups at the native oxide surface of silicon. The ALD
window is found at very low temperatures, from 65 to
120 �C (inset of Figure S2 in the Supporting Information).
The antimony sulfide films deposited by the ALD

procedure are chemically very pure. The Sb:S ratio ob-
tained by EDX (Figure 5a) is 39:61, which corresponds
ideally to the stoichiometry Sb2S3. The presence of small
C and O signals is related to the preparation of the

Figure 1. Morphology of an antimony oxide thin film deposited byALD
at 120 �C: Left, cross-sectional transmission electron micrograph (TEM)
of the film (dark) on the Si substrate (below), with selected-area electron
diffraction pattern (inset); right, atomic force micrograph (AFM) of the
surface (1 μm � 1 μm).

Figure 2. Linearity of the Sb2O5 film growth by ALD on a Si substrate
at 120 �C, experimental data points (ellipsometry) with least-squares fit
(R2 > 0.999). Insets: growth rate dependence on the Sb(NMe2)3 pulse
(a) and exposure durations (b), showing self-limiting behavior.

Figure 3. Chemical analyses of Sb2O5 films on silicon substrates.
(a) Energy-dispersive X-ray spectrum (EDX; the Si signal originates from
the substrate). (b)Mass spectrometric (TOF-SIMS) depth profile: the left
panel shows the traces of the fragments originating from Sb2O5, the right
panel contains signals due to impurities; in both, the Si signal shows the
position of the interface between substrate and ALD film.

Figure 4. Morphology of an antimony sulfide thin film deposited by
ALD: Left, cross-sectional transmission electron micrograph (TEM) of
the film (dark) on the Si substrate (below), with selected-area electron
diffraction pattern (inset); right, atomic force micrograph (AFM) of the
surface (1 μm � 1 μm).

(6) A bias of about 10 nm is introduced, most likely as a measurement
artifact by the surface roughness.
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ultrathin TEM sample. In the TOF-SIMS depth profile
(Figure 5b), the only signals of significant intensities
(more intense than in the Si substrate) belong to the
fragments S2, SbS, Sb, and Sb2. In particular, contamina-
tion by C and H is extremely low. The higher purity
obtained from the reaction of the amido stibine with H2S
than with O3 can be interpreted as a consequence of the
well-defined substitutional nature of the former reaction.
The acid can only protonate at the N site, resulting in the
specific heterolysis of the Sb-N bond and release of
dimethylamine. In contrast to this, a combustion such
as the one carried out with ozone is less selective andmore
likely to leave some poorly volatile products behind. The
redox reaction with ozone also converts the Sb(+III)
center in the molecular starting material to the oxidation
state +V in Sb2O5. Conversely, the oxidation state of
antimony is conserved in its reaction with the acid.
The optical properties of the films are accessible from

the ellipsometric data. The refractive index (n) and
extinction coefficient (k) spectra for the antimony oxide
and antimony sulfide films grown at 120 �C are shown
in Figure S3 in the Supporting Information. Sb2O5

is optically transparent in the visible, with a refractive
index ranging from 1.85 at 1000 nm to 2.15 at 300 nm.
In contrast to this, the reddish Sb2S3 films absorb

significantly for λ< 600 nm, with a high refractive index
between 2.9 and 3.6 over our spectral range, in agreement
with reported values.3i,7

The ultimate proof of the self-limiting (that is, ALD)
nature of the reactions is delivered by the ability of the
processes to coat highly porous substrates with conformal
films. Depositions of Sb2O5 and Sb2S3 into nanoporous
anodic alumina membranes yield arrays of parallel nano-
tubes.Upondissolution of the aluminamatrix, the tubes can
be observed in bundles under the scanning electron micro-
scope (Figure 6). Temperature influences the formation of
such nanostructures similarly to the films. For Sb2O5, a
deposition temperature of 120 �C allows one to create tubes
with aspect ratios in excess of 50, whereas depositions at
60 �C are limited to an aspect ratio of 8. In the case of Sb2S3,
aspect ratios >100 are possible at both 65 and 120 �C.
Thus, the trisamido antimony precursor opens a breach

into the quite hermetic realm of antimony chalcogenide
ALD. It reacts both in oxidative conditions (with ozone)
and in acid-base fashion (with hydrogen sulfide) to yield
Sb2O5 and Sb2S3, with very favorable characteristics;
low reaction temperature, high deposition rate, excellent
material purity, high conformality. In the next steps, we
plan on exploring the possiblities to access antimony
selenide and telluride ALD using recently reported pre-
cursors for Se and Te.8 Success in this endeavor would
open the door to the application of ALD toward the
preparation of various nanostructured V-VI materials,
with exciting perspectives in particular for thermoelectric
energy conversion.9
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Figure 5. Chemical analyses of Sb2S3 films on silicon substrates.
(a) Energy-dispersive X-ray spectrum (EDX). (b) Mass spectrometric
(TOF-SIMS)depthprofile: the left panel shows the tracesof the fragments
originating from Sb2S3, the right panel contains signals due to impurities;
in both, the Si signal shows the position of the interface between substrate
and ALD film.

Figure 6. Scanning electron micrographs (SEM) of (a) Sb2O5 and
(b) Sb2S3 nanotubes deposited by ALD in a porous alumina template at
120 �C, after dissolution of the matrix.
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