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e area Sb2Te3 thin films on silicon
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Antimony telluride (Sb2Te3) thin films were prepared by a room temperature Metal–Organic Chemical

Vapor Deposition (MOCVD) process using antimony chloride (SbCl3) and bis(trimethylsilyl)telluride

(Te(SiMe3)2) as precursors. Pre-growth and post-growth treatments were found to be pivotal in favoring

out-of-plane and in-plane alignment of the crystallites composing the films. A comprehensive suite of

characterization techniques were used to evaluate their composition, surface roughness, as well as to

assess their morphology, crystallinity, and structural features, revealing that a quick post-growth

annealing triggers the formation of epitaxial-quality Sb2Te3 films on Si(111).
Introduction

Chalcogenide structures, such as two-dimensional layered
materials,1 thin lms,2–4 and nanowires,5–7 recently have become
technologically relevant materials in the context of memory
devices and spintronics.8

In particular, the semiconductor antimony telluride (Sb2Te3)
has been exploited in phase change memory cells, taking
advantage of its reversible amorphous-to-crystalline transi-
tion,9,10 as a thermoelectric material,11–13 and more recently as
a topological insulator (TI),14,15 since it has been demonstrated,
despite its insulating bulk, to possess surface Dirac cones and
conductive edge states.

So far, various techniques have been reported capable of
Sb2Te3 deposition, including microwave-assisted solvothermal
synthesis,16 sputtering,17,18 chemical vapor deposition,19,20

atomic layer deposition,12,21–26 molecular beam epitaxy,27–30 and
Metal–Organic Chemical Vapor Deposition (MOCVD).31–39

Amongst these methods, MOCVD, an industrially ready
technique historically adopted for large-scale semiconductor
production and suitable for large area lm growth, appears to
be the preferred scale-up option in an industrial environment.
The quality of the lms is fundamental for their use in elec-
tronic applications. Crystalline and highly oriented materials
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are required to exploit their physical properties and to achieve
a successful device implementation, as demonstrated for
instance in the variety of successful III–V semiconductors-based
devices40,41—the ultimate target being epitaxy and single crystal
growth.

Epitaxial lms of Sb2Te3 (and other topological insulators
such as Bi2Te3 and Bi2Se3) have been straightforwardly grown by
molecular beam epitaxy processes,29,30 a technique that shows
its limits in the volume production. On the other hand, chem-
ical vapor deposition techniques suffer from poor morphology
control, and we specically investigated MOCVD with this
regard.

Commonly employed substrates in TIs growth, such as
Si(100), Si(111), and Al2O3(0001), show a signicant lattice
mismatch with Sb2Te3 (and TIs in general) that therefore grows
as poorly oriented polycrystalline layers in the presence of
rotational domains,23,32–34 with only a few exceptions.42,43

Recently, to overcome this issue, way less common materials,
such as BaF2(111)30 and, for instance, a ZnTe or GaN buffer layer
on Al2O3(0001), have been identied to lattice match with
telluride-TIs and effectively adopted as substrates to enhance
the quality of the lms.30,35 Most signicantly, the large area
deposition of high-quality Sb2Te3 epitaxial layers on Si
substrates with thickness control below 100 nm would be much
attractive for integration in CMOS compatible devices.

Specic to MOCVD processes, alike other chemical methods,
the selection of precursors plays a relevant role in governing the
growth and morphology of the lms.

So far, the most promising results in Sb2Te3 growth were
achieved employing trialkylstibines (such as SbMe3, Sb

iPr3) and
diallyltellanes (TeEt2, Te

iPr2) as precursors; however, tempera-
tures greater than or equal to 400 �C were required, along with
a dihydrogen partial pressure, to sustain the precursors'
This journal is © The Royal Society of Chemistry 2020
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pyrolysis.32,35 The more engineered species Et2Te2 34,44 and
(Et2Sb)2Te33 have also been adopted for high-temperature
depositions. Nevertheless, the high deposition rate required to
achieve a uniform and well-oriented crystalline Sb2Te3 MOCVD
resulted in lms several hundreds of nanometers thick.34,35

Here, we report a room temperature (RT) MOCVD process to
obtain epitaxial Sb2Te3 thin (30 nm) lms on bare Si(111)
substrates and show the effect of pre-growth (substrates
annealing) and post-growth (lm processing) treatments on the
lm morphology, surface roughness, crystallinity, and crystal-
lographic orientation.

Experimental
Materials

The Si(111) substrates were purchased from Silicon Materials
Inc. and cut in approximately 1–2 square centimeter pieces.

Sb2Te3 thin lms by MOCVD

Prior to deposition, the Si(111) substrates were treated with HF
(5% in deionized H2O) for 3 min, thoroughly rinsed with
deionized H2O, and N2-dried. Then, samples were quickly
loaded into the glove box-protected MOCVD chamber. Sb2Te3
thin lms were grown with an Aixtron AIX 200/4 MOCVD tool
equipped with an IR-heated 400 rotating graphite susceptor.
Electronic grade precursors antimony chloride (SbCl3) and
bis(trimethylsilyl)telluride (Te(SiMe3)2) were supplied by Air
Liquide Electronics. Precursors were loaded into bubblers
thermalized at 20.0 (�0.1) �C and delivered to the MOCVD
chamber through the vapor-saturated ultra-pure N2 carrier gas.
Depositions were carried out at 25 �C for 90 min at 15 mbar
pressure, with a total ow of 5.575 l min�1, and setting the
precursors vapor pressures at 2.28 and 3.32 � 10�4 mbar for
SbCl3 and Te(SiMe3)2, respectively. Substrates annealing (prior
to deposition) was performed in situ at 500 �C for 60 min at 20
mbar, with a total N2 ow of 11.000 l min�1. Post-growth lms
annealing was performed in situ according to the following
routine: (1) heating ramp: 5.575 l min�1 N2 ow, 900mbar, from
RT to 300 �C in 10 min; (2) annealing: 5.575 l min�1 N2 ow, 900
mbar, 300 �C, 15 min; (3) cooling ramp: 1.500 l min�1 N2 ow,
990 mbar, from 300 �C to 200 �C in 20 min, from 200 �C to
100 �C in 35 min, from 100 �C to 50 �C in 20 min.

Materials characterization

Scanning Electron Microscopy (SEM) images were acquired on
a ZEISS Supra 40 eld emission scanning electron microscope
at an acceleration voltage of 15 kV. Samples were cut prior to
measurement and cross-section images collected at a tilting
angle of 25�. Atomic Force Microscopy (AFM) images were ob-
tained on a Bruker Dimension Edge instrument in non-contact
mode using a sharp silicon AFM probe (TESPA, Bruker) with
a typical radius of curvature in the 8–12 nm range. A polynomial
background correction was applied to the raw data. Surface
roughness is reported as Root Mean Square roughness (RMS
roughness, Rq) and expressed in nanometers. Transmission
Electron Microscopy (TEM) analyses were performed using
This journal is © The Royal Society of Chemistry 2020
a JEOL 2200FS microscope working at 200 kV equipped with an
Energy Dispersive X-ray Spectrometer (EDX), two high-angle
annular dark-eld (HAADF) detectors and an in-column
energy (Omega) lter. The cross-sectional view samples were
prepared using standard mechano-chemical procedures and
nished by ion beam thinning. Total reection X-ray Fluores-
cence (TXRF) measurements were performed using an X-ray
total reection spectrometer equipped with a Mo Ka radiation
source. Elemental composition of the Sb2Te3 lms was deter-
mined from the ratio of the antimony and tellurium La lines (Sb
La ¼ 3.604 keV; Te La ¼ 3.768 keV). X-Ray Photoelectron Spec-
troscopy (XPS) data were collected on a PHI 5600 instrument
(monochromatic Al Ka X-ray source, 1486.6 eV) equipped with
a concentric hemispherical analyzer. Aer the deposition,
samples were quickly transferred from the MOCVD tools into
the XPS loading chamber (approximately 5 seconds of air
exposure) and the spectra acquired at a 45� take-off angle. The
spectra were referenced to the C 1s signal set at 284.8 eV. Te and
Sb 3d and 4d spectra were recorded. X-Ray Reectivity (XRR)
and X-ray Diffraction (XRD) pattern were acquired with
a HRXRD IS2000 equipped with a Cu Ka radiation source, a four
circle goniometer, and a curved 120� position-sensitive detector
(Inel CPS-120).
Results and discussion

The metal–organic chemical vapor deposition of antimony
telluride thin lms was developed at room temperature and
under inert atmosphere (no dihydrogen required) taking
advantage of the precursors' reactivity previously demonstrated
in tellurides atomic layer deposition21–23 and in other similar
CVD processes.45,46 Under the optimal growth conditions (SbCl3
and Te(SiMe3)2 partial pressures of 2.23 and 3.25 � 10�4 mbar,
respectively, a total ow of 5.575 l min�1, a deposition pressure
of 15 mbar, and a deposition time of 90 min) the process
afforded on HF-treated Si(111) an approximately 30 nm thick
continuous lm.

The Sb2Te3 lms, referred to as “Sb2Te3 – As Deposited” (1),
even though continuous, exhibited a marked granularity and
a non-uniform grains orientation (Fig. 1), features reminiscent
of the recently reported Sb2Te3 MOCVD on SiO2.37,38 Despite
highly granular in nature, lm 1 showed good grains cohesion
resulting in a continuous lm. AFM images substantiated
a non-directional growth and a RMS roughness around 4–
4.5 nm (range of values resulted from the evaluation of various
AFM images).

In order to improve the lm quality, we tested an in situ
Si(111) substrate thermal annealing (500 �C and 20 mbar under
N2 atmosphere for 1 h). Tilted cross-section SEM images of
Sb2Te3 lms deposited on the treated substrate (“Sb2Te3 –

Substrate Annealing”, 2) clearly showed a lm of enhanced
crystallinity and signicantly improvedmorphology; granularity
was largely diminished to the extent that Sb2Te3 appeared as
a continuous lm no longer composed of juxtaposed grains of
various sizes and, consequently, the surface roughness was
lowered (RMS roughness of 1.5–1.8 nm) (Fig. 1).
RSC Adv., 2020, 10, 19936–19942 | 19937
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Fig. 1 (Left) Tilted cross-section SEM images, (center) AFM images (Rq values are specific to the shown AFM images), (Right) grains size
distribution histograms (as determined by AFM) of Sb2Te3 – As Deposited (1) and Sb2Te3 – Substrate Annealing (2), and a selected AFM surface
profile of Sb2Te3 – Post-Growth Annealing (3). See ESI (Fig. S1–S8†) for more SEM and AFM images.
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AFM data highlighted interesting features in the ne struc-
ture of the lms (Fig. 1). Sb2Te3 – As Deposited (1) exhibited
a non-uniform granularity consisting of a bimodal grains size
distribution centered at ca. 18 and 33 nm. On the other hand,
the Sb2Te3 – Substrate Annealing (2) lm could be described by
a narrower distribution of smaller grains – mostly within the
11–14 nm range – specically accountable for the lower surface
roughness.

Aiming at further structural improvement, we performed an
in situ post-growth treatment; the Sb2Te3 lm 2 was subjected to
a thermal annealing at 300 �C under N2 atmosphere for 15 min,
at a relatively high pressure (900 mbar) to prevent or minimize
desorption phenomena (Fig. 1, “Sb2Te3 – Post-Growth Anneal-
ing”, 3). This post-growth processing step neither did alter the
lm thickness nor was detrimental to its uniformity. It triggered
instead a reorganization of the grains throughout the lm.
19938 | RSC Adv., 2020, 10, 19936–19942
Nevertheless, the most relevant feature happened to be the lm
orientation that, as qualitatively ascertained from SEM and
AFM images, became highly uniform and well-dened, along
with a further lowering of the roughness (RMS roughness of
0.9–1.3 nm). An AFM prole extracted from Sb2Te3 – Post-
Growth Annealing (3) (Fig. 1) evidences steps of 1 nm (consis-
tent with an antimony telluride quintuple layer), supporting an
improved ordering with respect to the parent Sb2Te3 materials 1
and 2.

The MOCVD average growth rate of 0.44 � 0.01 nm min�1,
extrapolated from lms prepared with different deposition
times, resulted appreciably lower than literature values that fall
within the 8–50 nm min�1 range.33–35,45 However, dissimilar
experimental conditions, including the choice of the precursors
(their chemical reactivity), the higher deposition temperature
(up to 450 �C), and the use of dihydrogen rather than an inert
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Grazing incidence X-ray diffraction pattern of (bottom,
black) Sb2Te3 – As Deposited, (red, middle) Sb2Te3 – Substrate
Annealing, and (blue, top) Sb2Te3 – Post-Growth Annealing; (b)
powder XRD pattern reference for Sb2Te3 measured at RT and
atmospheric pressure. Lattice parameters: a ¼ 4.264�A and c ¼ 30.458
�A (ICSD Inorganic Crystal Structure Database, FIZ Karlsruhe, 2019, file
no. 2084).47
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gas, can signicantly impact the growth rate and are therefore
accountable for the observed low values.

The morphology and structural properties of the lms were
studied in detail by performing TEM analyses. Typical cross-
sectional high-resolution views of the three different types of
samples are reported in Fig. 2, including the corresponding Fast
Fourier Transform (FFT) (insets). In general, crystalline planes
and van der Waals stacks were observed in all samples,
although each one showed a different degree of ordering and
orientations.

Amongst the three samples, Sb2Te3 – As Deposited (1)
appeared to be the most granular and defective in nature (see
also Fig. S9, ESI†). Its FFT also highlights the essentially
random orientation of its grains, even though sometimes the c-
axis was found to be almost perpendicular to the substrate.
Consistently with the SEM and AFM data, the structure of
Sb2Te3 – Substrate Annealing (2) revealed a much lower gran-
ularity and a more ordered growth. However, different crystal-
lographic orientations were detected throughout the sample
(Fig. S10, ESI†).

Lastly, Sb2Te3 – Post-Growth Annealing (3), in agreement
with SEM and AFM results, appeared to be composed of larger
building units (more details in Fig. S11, ESI†). The c-axis of the
Sb2Te3 crystalline cell was almost always found to be perpen-
dicular to the silicon substrate, while grains with very low
misalignment were rarely observed. The van der Waals gaps of
the Sb2Te3 quintuple layer structure are clearly visible and
parallel to the substrate. The (003) periodicity along the c-axis,
measured over many pictures, was 1 nm, consistently with the
one calculated for the Sb2Te3 rhombohedral structure.

Regardless of the morphological and structural differences
between the three lms, their thickness, probed via XRR (see
Fig. S23 and Table S1, ESI†), remained almost unchanged. In
fact, lms (2) and (3) showed thicknesses (32.5 and 32.0 nm,
respectively) only slightly reduced respect to (1), fact that is
principally explained by their higher crystallinity and enhanced
packing.

Also, their composition, as determined from the ratio of the
Sb and Te La lines detected by TXRF, was found consistent with
the Sb2Te3 stoichiometry (Fig. S12 and S13, ESI†); similarly, XPS
data of the various lms (Fig. S14–S22, ESI†) are identical and
consistent with literature values.36

XRD studies were undertaken to probe the Sb2Te3 lms
crystallinity and evaluate the relevance of the substrate
annealing and post-growth processing on their structural
Fig. 2 Cross sectional high resolution TEM images of the Sb2Te3 films: Sb
Post-Growth Annealing (3). Insets: fast Fourier transform analyses.

This journal is © The Royal Society of Chemistry 2020
properties. The Grazing Incidence X-ray Diffraction (GIXRD)
pattern of 1 (Fig. 3a, black) exhibited intense reections at 2q ¼
8.46�, 17.3�, 26.0�, 28.26�, and ca. 38.4� corresponding to the
003, 006, 009, 015, and 1 0 10 reections, attributed to the
rhombohedral crystalline structure in the R�3m space group.

The relatively small linewidths of the (00‘) peaks indicated
high crystallinity while the (015) peak – the peak with the
highest intensity in the powder diffractogram47 – indicated the
polycrystalline nature of the lm, and its broadening, possibly,
a structural amorphous component.

Interestingly, the 015 reection was no longer observed in
the Sb2Te3 – Substrate Annealing (2) thin lm (Fig. 3a, red),
whereas the 003 reection was drastically enhanced, indicative
of grains predominantly oriented along the [00‘] direction and,
consequently, of a more crystalline structure. Moreover, the
2Te3 – As Deposited (1), Sb2Te3 – Substrate Annealing (2), and Sb2Te3 –

RSC Adv., 2020, 10, 19936–19942 | 19939
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GIXRD of the Sb2Te3 – Post-Growth Annealing (3) lm revealed
an overall reduction of the peaks intensity (Fig. 3a, blue) sug-
gesting substantial changes in the structure, compatible with
a crystallinity improvement.

To assess the Sb2Te3 crystalline nature, XRD measurements
were set up specically to probe out-of-plane and in-plane
orientations.

The XRD patterns collected in the Bragg–Brentano geometry
(Fig. 4a) revealed the scattering of the reections' intensity
across u (plot's y-axis), feature informative of the broadening in
the (00‘) out-of-plane orientation.

While the full width at half maximum (FWHM) of the u scan,
(see plots in Fig. 4a) was substantial in 1 (up to 9�), it appeared
much reduced in 2 (2.6�) and strongly contained in 3 that
showed an FWHM value of 0.46�, indicating a mosaicity typical
of epitaxial lms and suggestive of single crystal-like materials.

These data, along with the absence of the 015 reection
(both in 2 and 3, consistently with the GIXRD – Fig. 3) indicated
strongly (00‘) out-of-plane oriented grains in the Sb2Te3 – Post-
Growth Annealing (3) lm.

Moreover, the in-plane orientation, probed through a 4 angle
scan here optimized on the 015 reection (2q ¼ 28.26�),
appeared positively affected by Substrate Annealing and Post-
Growth Annealing, too (Fig. 4b). In fact, while 1 showed
almost no in-plane ordering, 60�-spaced peaks distinctive of the
Fig. 4 (a) XRD pattern collected in Bragg–Brentano geometry, including
scan of Sb2Te3– As Deposited (1), Sb2Te3 – Substrate Annealing (2), and S
Bragg–Brentano condition. The most intense signal in (a) is the 111 reflec
peak. (c) Graphical representation of the Sb2Te3 crystalline ordering and

19940 | RSC Adv., 2020, 10, 19936–19942
3-fold symmetry of the Sb2Te3 rhombohedral cell (and related to
the 015 reection) emerged in the 2q–4 plot of 2, as result of
a preferential in-plane orientation (Fig. 4b). However, the faint
line connecting the (015) peaks revealed residual disorder,
indicative of a minor fraction of randomly oriented grains.
Differently, the intense, precisely positioned, and narrow peaks
of the 015 reections observed in Sb2Te3 – Post-Growth
Annealing (3) indicates an almost complete in-plane ordering
(Fig. 4b). Combining the data from the Bragg–Brentano and the
4 scan, the epitaxial relationship between the Sb2Te3 and the
substrate is found as Sb2Te3[00‘]kSi[111] and Sb2Te3[015]kSi
[011]. The latter epitaxial relationship was deduced by a careful
positioning of the sample, in the way that the 4 ¼ 0 position
corresponds to the Si[011] direction parallel to the X-ray beam
(Fig. S24, ESI†).

The set of structural information attained from the micros-
copies and diffraction measurements can be rationalized as
sketched in Fig. 4c. This visual representation highlights the
structural and morphological transition from a highly granular
and poorly oriented lm (1) to a smoother and crystallograph-
ically out-of-plane ordered one (2), and, nally to an epitaxial
layer, consisting of crystallites both in-plane and out-of-plane
oriented (3).

The quality improvement observed comparing Sb2Te3 – As
Deposited (1) and Sb2Te3 – Substrate Annealing (2) is the result
the profile of the (006) peak and the mosaicity values, and (b) 4 angle
b2Te3– Post-Growth Annealing (3). The dashed line in (a) evidences the
tion pertaining to the silicon substrates and it is very close to the (015)
orientation relative to the Si(111) substrate.

This journal is © The Royal Society of Chemistry 2020
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of the Si(111) substrate annealing. A high temperature substrate
treatment likely favors the removal of adventitious physisorbed
or chemisorbed water, preventing from a disorderly initial-stage
deposition, whereas we tend to exclude surface reconstruction
phenomena that are known to take place at higher
temperatures.48,49

In fact, as the MOCVD process was performed at room
temperature, therefore not requiring the precursors' pyrolysis,
residual surface water and hydroxyl groups would readily react
with the protolyzable organometallic precursors, compromising
the integrity of the silicon/Sb2Te3 interfacial van der Waals
layers and possibly resulting in an uncontrolled deposition and
an unordered and highly granular growth.

While some structural enhancement (out-of-plane orienta-
tion) was obtained upon substrate annealing, the most
remarkable improvement was indeed achieved with the post-
growth processing. This step is specically responsible for the
in-plane ordering. We speculate that the thermal treatment
triggers a rearrangement of the grains into a thermodynami-
cally preferred conguration allowed by the symmetry match
between the substrate and the lm. The crystallites preferential
orientation is possibly induced by the surface-exposed crystal-
line lattice of Si(111). The working hypothesis for the selection
of Si(111) as preferred substrate in the present study relies
indeed on its surface lattice symmetry, analogous to the Sb2Te3
crystalline cell.
Conclusion

We grew antimony telluride continuous thin lms by an
MOCVD process unusually conducted at room temperature and
described a successful approach to gain control over the struc-
tural quality of the lms.

Substrate annealing and post-growth annealing are found to
effectively control the granularity, lower the roughness, and
allow the growth of Sb2Te3 lms on a highly lattice-mismatched
substrate; nevertheless, the resulting thin lms are highly
oriented along the [00‘] direction, concomitantly with a specic
in-plane crystalline order, a feature typical of an epitaxial
growth.

This process appears therefore suitable for large scale
preparation of epitaxial Sb2Te3 on Si(111), a substrate
commonly adopted in microelectronics and for devices
implementation.
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