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ABSTRACT: Antimony telluride (Sb,Te;) thin films were  guci 4 Tosime,),

obtained by metalorganic chemical vapor deposition (MOCVD).

The films were grown on crystalline Si(100) and AL,O;(0001) and M‘;;';;-";‘:;’:;;’;;‘:’:“' e
amorphous SiO, and a-Al,O; substrates. Their structural proper- T
ties were compared with those of the Sb,Te;/Si(111) hetero-

structure. In addition to the effect of the substrate, the influence of
pre- and post-growth thermal annealing is also presented. The
quality of the films is discussed by comparing their morphological
properties, such as roughness and granularity, and ascertaining
their crystallinity and their in-plane and out-of-plane orientation.

Post-Growth Annealing Sh T si0
z1e; on 510;

5b;Te; on Sapphire &

Sb,Te; on Si(100) ;ﬁ:ﬁ

B INTRODUCTION AL0,(0001),*" and MOCVD on Si(111) as well as on ZnTe
buffer layers.34’38’42

hal i ial ly f fi
Chalcogenide materials are currently foreseen to find An efficient growth of topological insulators on crystalline

applications in the development of emerging technologies. In

ili bstrat, h Si(111 Si(100 Id b

particular, chalcogenide structures, such as Sb,Te;, Bi,Te;, or SLICOn SubStrales, such as 1( ) i~ i(100), wou ¢

) | ! attractive for their compatibility with the complementary
Bi,Se;, have recently been emphasized as topological

sul 1-6 414 loited in phase-ch Ay metal-oxide semiconductor (CMOS) technology.””** How-
insulators, ~and are S)i% oite np as'e-cl lange Memones, ever, in view of the integration of TI-based components into
thermoelectric devices,” " and spintronics.

. ) i ] electronic devices, it is pivotal to study their growth behavior
Either as thin films or in the form of more engineered on oxides (SiO, and A1203),45’46 as they are relevant, for

structures such as nanowires'””'* and multilayer stacks,"*'® . : . . .
y ) instance, to develop thermoelectric materials, to 1nvest1§ate the

the deposition of tellurides and selenides has been achieved topological states at the interface with the substrate,’” or to
using a variety of physical and chemical methods, including, for allow back-gating.**
instance, microwave-assisted sputtering,'®"” solvothermal syn- The crystallinity and the morphological quality are relevant
thesis,'® molecular beam epitaxy,'”™>* atomic layer deposi- evaluation criteria. From an application perspective, achieving
tion,'>**™** chemical vapor deposition (CVD),””*° and highly oriented Sb,Te; films is mandatory: a controlled out-of-
metalorganic CVD (MOCVD).>*3173¢ Among these methods, plane orientation, that is, a c-oriented thin film or even the
MOCVD, a large-scale and industrially ready technique, is ability to attain an epitaxial growth is an essential prerequisite
capable of fabricating high-quality materials. to best exploit their physical properties as topological
Trialkylstibines (such as SbMe; and Sb'Pr;) and dialkyltel- insulators. In fact, as recently reported, it allowed spin-to-
lanes (TeEt, and Te'Pr,) are well-exploited MOCVD charge conversion, as probed by spin-pumping ferromagnetic
precursors, commonly requiring high deposition temperatures resonance.”* In addition, control over the surface roughness
(up to 450 °C) and a dihydrogen atmosphere.*>** and granularity (morphological quality) is essential when
Taking advantage of the reactivity of SbCl, (antimony producing, for instance, technologically relevant multilayered
chloride) and Te(SiMe;), (bis(trimethylsilyl)telluride), origi- materials to optimally interface topological insulators with
nally reported in the atomic layer deposition of tellur-
ides,">*>** their use as precursors in a room-temperature Received: May 1, 2021 £
(RT) MOCVD to grow Sb,Te; thin films has been Revised:  July 19, 2021 e
proven.4’37’38 Published: July 29, 2021 i L
So far, the epitaxial growth of Sb,Te; has been demonstrated a
by molecular beam epitaxy on Si(111) and BaF,,”"**** pulsed

laser deposition on Si(111),*" thermal evaporation on
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Table 1. Sb,Te; Root Mean Square Roughness (R, nm), Measured by AFM and XRR, and Thickness (nm), Determined by

XRR
Sb,Te; - as-deposited Sb,Te; - substrate annealing (prior to growth) Sb,Te; - post-growth annealing
Rq (AFM) Rq (XRR) thickness (XRR) Rq (AEM) Rq (XRR) thickness (XRR) Rq (AEM) Rq (XRR) thickness (XRR)

Si(111)“ 3.88 3.1 33.7 1.81 2.0 32.5 1.32 LS 32.0
Si(100) 4.80 4.6 33.7 2.78 3.4 31.0 2.26 2.6 31.7
SiO, 241 3.1° 35.0° 4.90 6.6 30.9 S.51 4.5 324
a-ALO, 3.40 3.3¢ 322 3.61 4.1° 29.0 3.07 3.4 27.5
AL0,(0001) 1.94 2.6 28.8 325 3.9¢ 282" 218 33 252

“Si(111) is reported for comparison purpose.*® ¥Sb,0; interlayer roughness: 0.4 nm. “Sb,0j interlayer thickness: 2.0 nm. 43-AL0, roughness: 0.5
nm. “a-Al,O; roughness: 0.4 nm. fa—Ale3 roughness: 0.5 nm. ¥Sb,0; interlayer roughness: 0.1 nm. th203 interlayer thickness: 0.5 nm. ‘Sb,0;

interlayer roughness: 0.1 nm. /Sb,0j interlayer thickness: 0.3 nm.

metallic or ferromagnetic layers.” Lastly, resistivity is a
preliminary, nevertheless essential evaluation parameter for
thermoelectric materials.

Here, we report our recent investigation on the deposition of
Sb,Te; thin films by RT MOCVD. Our systematic study
revealed a uniform growth on a variety of substrates, a crucial
feature for further improvements. Building on the good quality
of the RT films, we focused on the morphological and
structural changes induced by pre- and post-growth thermal
annealing and, particularly, on the effect of the substrate.
Ultimately, we identified highly oriented crystalline Sb,Te;
films, their morphological improvements, and conducted RT
resistivity measurements to functionally characterize a
structurally broad set of thin films.

B EXPERIMENTAL SECTION

Materials. Si(111), Si(100), and SiO, (nominal S0 nm thermal
oxide on Si(100)) wafers were acquired from Silicon Materials Inc.
and AL,0;(0001) from CrysTec GmbH. Amorphous Al,O; (a-ALO;)
thin films (thickness of ca. 10 nm) were prepared by atomic layer
deposition on SiO, (nominal SO nm thermal oxide on Si(100)) in a
Savannah 200 reactor using TMA (trimethylaluminum) and H,O as
aluminum and oxygen sources, respectively; the deposition was
carried out at 150 °C, according to the following parameters: TMA
pulse time: 0.0S s, TMA purge time: 45 s, H,O pulse time: 0.2 s, H,0
purge time: 45 s, and number of cycles: 100. Substrates were cut to
approximately 1 to 2 cm? pieces.

Sb,Te; Thin Films by MOCVD. Prior to deposition, the Si(111)
and Si(100) substrates were treated with hydrofluoric acid (5% in
deionized water) for 3 min, thoroughly rinsed with deionized H,O,
and N,-dried; the a-Al,O; substrates were freshly prepared prior to
MOCVD growth. After preparation, the substrates were quickly
transferred into a glovebox-protected MOCVD chamber. Sb,Te; thin
films were grown with an Aixtron AIX 200/4 MOCVD tool, equipped
with an IR-heated 4" rotating graphite susceptor. Electronic-grade
MOCVD precursors SbCl; and Te(SiMe;), were provided by Air
Liquide Electronics. Precursors were contained into bubblers
thermalized at 20.0 & 0.1 °C and delivered to the MOCVD chamber
through the vapor-saturated ultrapure N, carrier gas. Typically, the
Sb,Te; growths were performed after conditioning the deposition
chamber with Sb,Te; deposition runs. If needed, prior to the
conditioning runs, a prolonged high-temperature bake-out (700 °C, 3
h) was performed to free the chamber from residues of other
deposition processes, thus preventing memory effects. The MOCVD
setup in use is designed to mix the precursors nearby the graphite
sample holder to inhibit “premature reactions.” In addition, we did
not have signs of parasitic depositions. Depositions were carried out
for 90 min at 25 °C and 15 mbar pressure, with a total flow of 5.575
L/min and by setting the vapor pressure of SbCly and Te(SiMe;), at
2.28 and 3.32 10™* mbar, respectively. Substrate annealing (prior to
deposition) was performed in situ for 60 min at 500 °C and 20 mbar,
with a total N, flow of 11.000 L/min. Post-growth film annealing was
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performed in situ according to the following routine: (1) heating
ramp: 5.575 L/min N, flow, 900 mbar, from RT to 300 °C in 10 min;
(2) annealing: 5.575 L/min N, flow, 900 mbar, 300 °C, 15 min; (3)
cooling ramp: 1.500 L/min N, flow, 990 mbar, from 300 to 200 °C in
20 min, from 200 to 100 °C in 35 min, from 100 to 50 °C in 20 min.

Material Characterization. Scanning electron microscopy
(SEM) images were acquired with a ZEISS Supra40 field-emission
scanning electron microscope, operating at an acceleration voltage of
15 kV; cross-section images were collected at a tilting angle of 25°.
Atomic force microscopy (AFM) measurements were acquired on a
Bruker Dimension Edge instrument in the noncontact mode using
AFM silicon probes (TESPA, Bruker). The surface roughness was
expressed as root mean square roughness (RMS Roughness, R,).
Total reflection X-ray fluorescence (TXRF) measurements were
performed using an X-ray total reflection spectrometer equipped with
a Mo Ka radiation source. Elemental compositions were obtained
from the ratio of the antimony and tellurium La lines (Sb La = 3.604
keV; Te La = 3.768 keV). X-ray reflectivity (XRR) and X-ray
diffraction (XRD) patterns were acquired with a HRXRD 152000
diffractometer equipped with a Cu K radiation source, a four-circle
goniometer, and a curved 120° position-sensitive detector. Electrical
resistivity (p) was measured with a custom-made four-point van der
Pauw setup in vacuum (base pressure = 1075 mbar), on 1 X 1 cm?
samples. Intrinsic substrates (with p > 10,000 Q-cm) were used for
the electrical measurements of the Sb,Te; films grown on crystalline
silicon.

B RESULTS AND DISCUSSION

To establish the effect of the substrate on directing the
MOCVD of the Sb,Te; thin films, we explored the use of
crystalline and amorphous substrates. Among these, sapphire
has recently been found suitable for good-quality and highly
crystalline telluride thin film preparation by thermal evapo-
ration,”" whereas SiO, has been used to successfully produce
out-of-plane oriented Sb,Te; films by sputtering.*’

Taking advantage of the optimization achieved in the growth
of Sb,Te; by MOCVD on Si(111),”® in addition to the
substrate assessment, we examined the effect of thermal
treatments on the bare substrates (substrate annealing prior to
deposition) and on the deposited thin films (post-growth
annealing).

The chemical reactivity of SbCl; and Te(SiMe;), allowed
exploiting the RT antimony telluride deposition, rather than a
high-temperature pyrolysis-driven process; it is worth mention-
ing that the same set of precursors could be used in a high-
temperature MOCVD: upon varying the temperature of the
growth, within the 100—250 °C range, changes were induced
on the granularity and overall morphology of the films (Figure
S1, Supporting Information).”” Nevertheless, the best quality
was achieved via the RT MOCVD growth, followed by the
substrate annealing and the post-growth annealing steps.

https://doi.org/10.1021/acs.cgd.1c00508
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Figure 1. (top) Tilted cross-section SEM images and (bottom) AFM views of Sb,Te; - as-deposited on (from left to right) Si(111), Si(100), SiO,,
Al,04(0001), and a-AL,O;. Si(111) is reported for comparison purpose.’® As-deposited films appeared to have a pronounced granularity. However,
those grown on SiO, and Al,04(0001) were significantly smoother and gave AFM R, values of 2.41 and 1.94 nm, respectively.

Under the adopted RT experimental conditions, that
consisted of SbCl; and Te(SiMe,), partial pressures set to
2.23 X 107" and 3.25 X 10™* mbar, respectively, a total flow of
5.575 L min~", and a chamber pressure of 15 mbar, the process
yielded, at a deposition time of 90 min, films in the thickness
range from 29 to 35 nm, depending on the substrate of choice.
As a general trend, a slight thickness reduction was observed
on the films subjected to the annealing processes (see Table
1).

Commonly, deposition parameters, such as the deposition
temperature and the precursor partial pressure, are tuned to
favor the coalescence of the film and control its growth and
crystallinity, but this can alter the stoichiometry of the
films.”*** In contrast, through our study, the stoichiometry
of the films, probed by total reflection X-ray fluorescence
spectroscopy, was constantly found to be Sb, Te;, regardless
of the substrate or thermal annealing. In fact, we maintained
the growth conditions constant and regulated the morpho-
logical quality of the film through the pre-growth and post-
growth conditions.

Sb,Te; - As-Deposited. The Sb,Te; - as-deposited films
(annealing not applied to these materials) were obtained with a
pronounced granularity; however, when grown on SiO, and
AL, 0;(0001), they appeared appreciably smoother (Figure 1).
Their surface roughness (AFM R, values of 2.41 and 1.94 nm
for Sb,Te;/SiO, and Sb,Te;/Al,04(0001), respectively) was
significantly lower compared to that of the films deposited on
other substrates (Table 1; Figure S2, Supporting Information),
including Sb,Tes/Si(111).** Instead, their thickness, probed
by XRR, was 35.0 and 28.8 nm for Sb,Te;/SiO, and Sb,Te;/
Al,04(0001), respectively, values comparable with those of the
films grown on the other substrates (Table 1). The average
Sb,Te; growth rate has been determined on Si(111) to be
approximately 0.4 nm/min,”® a value appreciably low if
compared with the MOCVD growth rate of other highly
crystalline Sb,Te; thin films that were reported to fall within
the 8—50 nm/min range.”** Such a discrepancy can be
straightforwardly attributed to the adopted experimental
conditions, including different precursors, high deposition
temperature (up to 450 °C), and use of a dihydrogen partial
pressure.

5137

XRR analyses confirmed the AFM roughness trend and
indicated sapphire to favor the higher-quality Sb,Te; - as-
deposited thin film—as inferred from the electronic density and
surface roughness values. Noteworthy, an optimal XRR model
of Sb,Te;/SiO, required a 2 nm Sb,0; interlayer,’ a
component not needed with the other films (Table 1; Figure
S3, Supporting Information).

Irrespective of the substrate used, the Sb,Te; - as-deposited
thin films exhibited a relatively similar structural quality, as
ascertained by the shape and position of the peaks in the
grazing incidence X-ray diffractograms (Figure 2).

ALO,(0001)
a-Al,0,
Si(100)
SiO,

(003)

(006)

(009)(p15)
(1010)

Intensity (a.u.)

L L T L] L] T L]

25 30 35 40
20 (%) [+ = 154086 A]

Figure 2. Grazing incidence XRD pattern of Sb,Te; - as-deposited on
(black) SiO,, (red) Si(100), (blue) a-Al,0;, and (green)
ALO;(0001). The intensity, broadening, and position of the peaks
are informative of Sb,Te; films relatively similar in structure,
regardless of the selected substrate.

https://doi.org/10.1021/acs.cgd.1c00508
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Si(100)

Figure 3. (top) Tilted cross-section SEM images and (bottom) AFM views of Sb,Te; - substrate annealing on (from left to right) Si(111), Si(100),
Si0,, Al,05(0001), and a-ALO;. Si(111) is reported for comparison purpose.z’8 The SEM images revealed the effect of substrate annealing on the
morphology of the Sb,Te; thin films. The granularity, and consequently the roughness, significantly improved on Si(100) and Si(111), whereas it

worsened on SiO,.

However, the sharper and more intense (00l) peaks in
Sb,Te,/a-Al,0; and Sb,Te;/Al,05(0001) indicated an overall
higher crystallinity, as well as crystallites bigger in size and
likely out-of-plane oriented along the [00l] direction. On the
other hand, the more intense and broader (015) reflection in
the diffraction patterns of Sb,Te;/Si(100) and Sb,Te;/SiO,
revealed their greater random and polycrystalline nature and
possibly amorphous fractions. The XRD analysis in the Bragg—
Brentano geometry showed mostly the (00l) reflections only,
further supporting that the Sb,Te, films are mostly (001) out-
of-plane-oriented. From the rocking curve around the (006)
reflection of Sb,Te;/a-Al, 03, a mosaicity of approximately 4°
was calculated. This value is lower than that measured on
Sb,Te,/Si(111) (9°),*® revealing a higher order of the (001)
crystallites. Nevertheless, the (001) reflections are very weak,
and their broadening along the @ direction indicated a still
high mosaicity (Figure S4, Supporting Information). Further
investigations found no presence of any in-plane order.

Sb,Te; - Substrate Annealing. Substrate annealing (i.e.,
pre-growth thermal annealing of substrates) was performed in
situ at S00 °C and at a reduced pressure (20 mbar), whereas
the subsequent MOCVD process was conducted at RT. The
annealing has been previously investigated in related
chalcogenide materials:"”*" in the MOCVD of Ge-Sb-Te
thin films, substrate annealing has been essential to control the
morphology and achieve layer coalescence. This pre-growth
process, however, has been conducted in a pure dihydrogen
atmosphere, known to support the Ge-Sb-Te growth,”” and,
more importantly, along with the injection of the tellurium
precursor to favor the van der Waals epitaxy.”’ Differently, the
substrate annealing adopted here is simply based on a thermal
treatment under reduced nitrogen pressure, therefore, in a
nonreactive atmosphere.

The substrate annealing had a marked effect on the
morphology of the films grown on all the tested substrates
(Figure 3). The thicknesses of Sb,Te;/Si(100) and Sb,Te;/
SiO,, respectively, 31.0 and 30.9 nm, were slightly reduced as
compared to the as-deposited analogues; the granularity
appreciably improved on the crystalline substrate Si(100), as

also previously observed on Si(111)," resulting in a more
continuous and uniform film with a lowered surface roughness
(RMS Ry of 2.8 nm).

In contrast, substrate annealing did not prove to be just as
much effective on the two aluminum oxide substrates. Even
though grain cohesion was enhanced to such an extent that the
films appeared continuous, clearly visible from the SEM
observations (detailed in Figure 3), their roughness instead
worsened to 3.6 and 3.3 nm for Sb,Te;/a-Al,O; and Sb,Te,/
Al,04(0001), respectively (Table 1). The thicknesses of the
films were 29.0 and 28.2 nm on a-Al,0; and Al,0,(0001),
respectively.

On the other hand, the substrate annealing exhibited a
drastically reverse effect, once applied to the SiO, substrate:
the deposited Sb,Te; material formed islands approximately
100 nm in size; hence, it no longer qualifies as a film. XRR
analyses outlined that, different from the Sb,Te;/SiO, - as-
deposited film, the Sb,0; interlayer was not present; in fact, the
substrate annealing is expected to readily remove strongly
adsorbed water and significantly reduce silanols—features
accountable for the formation of the detected low-density layer
(Table 1; Figure S3, Supporting Information). Upon modeling
the Sb,Te;/Al,05(0001) XRR data, instead, a very thin (0.5
nm) interlayer, whose electronic density is compatible with the
Sb,0; chemical composition, has to be accounted for.

Roughness-wise, XRR measurements outlined that, except
the Sb,Te;/Si case, the substrate annealing step unfavorably
affected the growth of the films, particularly on SiO,.

Pre-growth annealing performed at moderate temperatures
is commonly expected to free the substrate from adsorbates:
because of the highly protolyzable organometallic precursor
used, annealing is thought to be mainly relevant in removing
physisorbed and chemisorbed water. Consequently, we
speculate that the change in roughness and granularity induced
by the pre-growth annealing results from different incipient
reactions occurring at the annealed substrates, rather than at
the untreated substrates. Moreover, the various tested
substrates inherently exhibited dissimilar behaviors: in fact,
we observed interlayers formed on some substrates and under

https://doi.org/10.1021/acs.cgd.1c00508
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certain conditions (see Table 1), suggesting that a different
chemical affinity between the substrate and the precursors
directs the deposition process, therefore influencing the final
morphology of the films.

The crystallinity appeared enhanced in all the films grown
on annealed substrates, except SiO,. In the latter, the total
absence of the (001) reflections indicated randomly oriented
crystallites (Figure 4), and the Bragg—Brentano analyses

— AlLO,(0001)
(003) (006) — a-AlLO,
J —~ Si(100)
(0og) = SiO,

%t“

Intensity (a.u.)

(015)
(1010)

J s T * U Ly T z T
20 25 30 35 40
20 (°) [% = 15406 A]

| N ZE [
10 15

Figure 4. Grazing incidence XRD pattern of Sb,Te; - substrate
annealing on (black) SiO,, (red) Si(100), (blue) a-Al,O5, and (green)
ALO;(0001). Substrate annealing enhanced the crystallinity of the
Sb,Te, thin films on each substrate, except SiO,. The Sb,Te;/Si(100)
film is the most out-of-plane-oriented, even though weak reflections
that do not belong to the (00l) family still suggest a polycrystalline
nature and an amorphous fraction.

further confirmed the absence of an out-of-plane ordering
due to randomly oriented crystallites (Figure SS, Supporting
Information)—a description that matches well the clustering
observed by SEM (Figure 3).

The substrate annealing favored a general out-of-plane
orientation of the Sb,Te; film along the [001] direction both
on a-Al,O; and Al,05(0001), as confirmed by the almost total
absence of reflections pertaining to different crystalline planes
(Figure 4; Figure SS, Supporting Information). However, the
intensity ratio of the (003) and (006) reflections did not
correspond to the one reported in database,” suggesting a
different texturing and/or a nonoptimal crystallization of the
film.

The Sb,Te,;/Si(100) structure appeared to be the most out-
of-plane-ordered: the high and sharp 001 peaks indicated larger
crystallites (Figure 4), whereas the presence of a faint but
broadened 015 peak and further reflections not belonging to
the (001) family of planes revealed a polycrystalline nature and
amorphous fractions, features instead not observed in Sb,Te;/
Si(111). An XRD scan of the azimuthal angle (®) performed
on the (015) reflection of the (001) out-of-plane oriented
crystallites highlighted equally spaced peaks at 20 = 28°,
indicative of a certain degree of the in-plane order (Figure S;
Figure S6, Supporting Information).

5139

Si(100)

10 30

20 (®)

Figure S. XRD maps (left) in the Bragg—Brentano geometry and the
(right) ¢ angle scans of Sb,Te; - substrate annealing on Si(100). The
scan of the azimuthal angle indicates a degree of the in-plane order.

The threefold symmetry of the rhombohedral Sb,Te; cell
would ideally provide three 60°-spaced peaks, as found in
Sb,Te;/Si(111). The occurrence of six 30°-spaced peaks is
therefore rationalized as two families of crystallites, whose
(015) reflections are 30° offset in-plane.

Sb,Te; - Post-Growth Annealing. The quality of the
Sb,Te; thin films grown by RT MOCVD was effectively
improved by post-growth annealing.”® We applied the same
protocol on all the Sb,Te; - substrate annealing films and found
that the surface roughness generally diminished, as probed by
AFM and XRR analyses, to values as low as 2.2 and 2.3 nm on
the crystalline Al,05(0001) and Si(100) substrates, respec-
tively (see Table 1; Figure S3, Supporting Information). The
thickness of the films slightly increased on Si(100) and SiO,
(Table 1), whereas it showed a more marked decrease on the
two aluminum oxide substrates (27.5 and 25.2 nm for Sb,Te,/
a-Al,O; and Sb,Te;/AL,0;(0001), respectively).

Interestingly, the XRR model of the Sb,Te;/Al,0;(0001)
heterostructure still evidenced an interlayer, thinner (0.3 nm)
and denser than the one observed in the substrate annealing
analogue, and suggestive of an intermixing between the Sb,Te;
film and the sapphire surface.

The thermal processing favored the crystallization of the
films: the SEM and AFM images (Figure 6) highlighted the
high crystallinity and the extent of the film orientation.

In Sb,Te;/SiO, - post-growth annealing, it is evident that the
highly granular nature was retained, reflecting the granularity
of the parent samples, but the isolated grains underwent
marked crystallization (Figures 3 and 6).

The intensity and sharpness of the 00l peaks in the grazing
incidence XRD patterns (Figure 7) demonstrated an improved
crystallinity, as result of a higher fraction of crystallites oriented
along the [001] direction, except for the Sb,Te;/SiO, thin film
that was instead characterized by the (015) and (1010)
reflections, thus revealing a polycrystalline component.

The combined XRD measurements in the Bragg—Brentano
geometry and the ¢ angle scans indicated that the films grown
on the amorphous a-Al,O; and SiO, were poorly oriented. In
fact, the peaks highly broadened along @ (Figure 8) and the
continuous and faint line detected at 20 = 28° in the ¢ angle
scans (Figure S7, Supporting Information) indicated only
partially (001) out-of-plane-oriented crystallites, with an almost
random in-plane orientation. Therefore, the thermal treatment
just induced a partial reorientation of the Sb,Te; grains to form
highly texturized films along the out-of-plane [00] direction.
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Figure 6. (top) Tilted cross-section SEM images and (bottom) AFM views of Sb,Te; - post-growth annealing on (from left to right) Si(111),
$i(100), SiO,, a-Al, O, and Al,0,(0001). Si(111) is shown for comparison purpose.*® Thermal processing (post-growth annealing) induced the
crystallization of the Sb,Te; thin films. SEM and AFM images show the highly crystalline nature and the orientation of the films.

AlLO,(0001) lower intensity of the peak positioned at ¢ = 90° can be
- a-Al,O, explained with the coexistence of two not equally populated
(006) 55(100) families of Sb,Te; crystals offset in-plane of 60°, as previously

g
|

L (009) 2 proposed.”
The ¢ angle scan, where ® = 0° corresponds to the
direction parallel to Al,0;{110] (Figure 9b), allowed to
A determine the epitaxial relationships between the Sb,Te; - post-
growth annealing film and the Al,05(0001) substrate: these

o relations can be written as Sb,Te;[001]||AL,O,[001] and
Sb,Te;[015]]|Al,05[110]. The low mosaicity value, along

with an in-plane ordering, supported the formation of an
epitaxial Sb,Te; film in Sb,Te;/Al,0;(0001). Nevertheless, the
epitaxy is corroborated by the relatively limited 10.7%
mismatch between the film and substrate in-plane lattice

Intensity (a.u.)

parameters (dgyyre; = 4.25 nm and ax03(0001) = 4.76 nm).
L In Sb,Te;/Si(100), instead, the mutual crystallographic
L orientations between the film and the substrate could not be
L 2015 “3:21'— straightforwardly identified. Consistent with its parent substrate
annealing sample, the XRD ¢ angle scan showed six 30°-spaced
5 10 15 20 25 30 35 40 peaks (Figure 9b), suggesting two families of crystalline Sb,Te;
20 () D= Ano8 A grains. One of these, linked to a ¢ angle spacing of 60°, was
o identified by the orientations Sb,Te;[001]|[Si(100)[100] and
Figure 7. Grazing incidence XRD pattern of Sb,Te; - post-growth Sb,Te,;[015]]|Si(100)[110], whereas the other one, while
annealing on (black) SiO,, (red) Si(100), (blue) a-AL,Oj, and (green) sharing the same out-of-plane orientation, was additionally

A1203(9001)~ The intense and sharp 00l peaks indicate highly rotated in-plane of 30°, with respect to the Si(100)[110]
crystalline and highly O0l-oriented crystallites; however, the Sb,Te,/ direction. As a result of commensurability considerations and
SiO, structure is still characterized by the (015) and (1010) - . y . .
. o . given the two Sb,Te; in-plane crystalline orientations, an
reflections that indicate a polycrystalline nature. . . .
epitaxy definition was not fully applicable. Moreover, the
scattered intensity connecting the six 30°-spaced Sb,Te;/

On the other hand, sapphire and Si(100) favored a more

ordered structure. In Sb,Te,/Al,05(0001), the rocking curve Si(100) reﬂec?ions indic?.ted a non-negligible contribut.ion
of the (006) reflection appeared very narrow, with a mosaicity from random in-plane orientations of the Sb,Te; crystallites
of 0.15° and most likely superimposed on a much broader, but (Figure 9b), causing in-plane structural disorders on the
extremely weak peak that could indicate an additional family of $i(001) surface.
less out-of-plane-oriented crystallites. The Bragg—Brentano For a thorough description of the substrate effects on the
XRD data of Sb,Te;/Si(100) revealed instead a mosaicity of Sb,Te; growth, we would recall that the Sb,Te; - post-growth
approximately 1.5° (Figure 9a). annealing on Si(111), characterized by a mosaicity of 0.46° and
Sb,Te;/Al,0;(0001) was characterized by three 60°-spaced an almost perfect in-plane orientation, has been described by

peaks in the ¢ angle scan, typical of the symmetry of the the epitaxial relationship Sb,Te;[001]||Si[111] and
rhombohedral Sb,Te; crystalline structure (Figure 9b); the Sb,Te;[015]]|Si[011].**
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Figure 8. XRD maps in the Bragg—Brentano geometry of Sb,Te; - post-growth annealing on Si(100), SiO,, Al,05(0001), and a-AL,O;. The intensity
and the broadening of the 001 peaks are informative of the out-of-plane orientation of the crystallites.
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Figure 9. (a) Profiles of the 006 peak along @ extracted from the
XRD measurements in the Bragg—Brentano geometry and (b) profiles
of the ¢ angle scans of Sb,Te; - post-growth annealing on (left)
AL,0,;(0001) and (right) Si(100). Among the tested substrates,
sapphire and Si(100) favored the more ordered Sb,Te; films. The
rocking curve of the (006) reflection in Sb,Te;/Al,05(0001) and in
Sb,Te;/Si(100) indicated a mosaicity of 0.15 and 1.5°, respectively.
The ¢ angle scans showed an in-plane order and allowed to determine
the epitaxial relations in Sb,Te;/Al,0;(0001).

Therefore, the threefold symmetry of the Si(111) and
Al,05(0001) surfaces favors the formation of highly ordered
Sb,Te; crystallites, fixing their orientation in both the in-plane
and out-of-plane directions.

Electrical Resistivity Measurements. The resistivity
values of the Sb,Te; films grown on all the different substrates,
as obtained using the van der Pauw method, are reported in
Figure 10 and Table 2.

The general trend over all the thin films indicated a decrease
in resistivity from the as-deposited to the post-growth annealing
Sb,Te, films (Figure 10). Among the as-deposited films, lower
resistivity was measured on the Sb,Te; prepared on silicon
oxide and aluminum oxides (4.9, 5.0, and 4.8 mQ cm),
consistently with their lower roughness (respect to Sb,Te;/Si
films), a property that could be causally related to the
homogeneity of the film and the orientation of its crystallites.

Compared with their as-deposited analogues, the two
Sb,Te3/AL Oy - substrate annealing films were characterized

5141

100 4

—— Si{100)
—— Si(111)
—e— Si0,

—— ALO,(0001)
—— a-Al,0,

10 4

(M cm)

p

As
Deposited

Post-Growth
Annealing

Substrate
Annealing

Figure 10. RT electrical resistivity of Sb,Te; - as-deposited, substrate
annealing, and post-growth annealing grown on (green) Si(100), (blue)
Si(111), (red) SiO,, (yellow) AL,05(0001), and (cyan) a-ALO;. As a
general trend, the resistivity decreased when the substrate annealing
and post-growth annealing were applied.

Table 2. Electrical Resistivity (mQ cm) of the Sb,Te; Thin
Films

as-deposited  substrate annealing post-growth annealing

Si(111) 8.1 4.1 1.4
Si(100) 10.8 6.0 1.2
SiO, 49 58 1.6
a-AL O, 5.0 5.5 0.7
AL0,(0001) 4.8 6.6 0.8

by a slight increase in resistivity because of their partially
reduced structural order, whereas the Sb,Te;/Si - substrate
annealing films, in agreement with their better crystallinity,
showed lower resistivity. On the other hand, the resistivity of
the Sb,Te;/SiO, film increased considerably from 4.9 to 58
m€ cm. In fact, not only it was found to be the less crystalline
among all the samples but also it was found to be highly
discontinuous. A common trend, however, is observed within
the post-growth annealing series of the films: all of them
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demonstrated a significant drop in resistivity, a result of their
enhanced crystallinity and orientation.

B CONCLUSIONS

We developed by MOCVD a set of Sb,Te; thin films
exploiting the influence of substrates and thermal treatments.
The tested substrates, amorphous and crystalline silicon- and
aluminum-based materials, as well as the substrate annealing
and post-growth processing protocols were found to be crucial
in directing the nature and the properties of the films. Our
results showcase a significant improvement in the preparation
of highly crystalline and highly oriented chalcogenide films
using a chemical method, and we can envisage that an
analogous approach could be extended to other classes of
chalcogenide materials.

As a trend, from the as-deposited to the post-growth annealing
series of films, the surface roughness and the granularity
improved significantly with each substrate, apart from SiO,.

Generally, the post-growth thermal annealing induced the
crystallization of Sb,Te; on each of the tested substrates and
was also highly effective in influencing the in-plane and out-of-
plane orientations of the film. In particular, the most intriguing
results were obtained on the crystalline substrate Al,0,(0001),
which promoted both an in-plane and out-of-plane orientation,
as observed in a similar fashion on Si(111). The extent of
crystallization and ordering was first originated from the
structural and morphological changes induced by Sb,Te;
substrate annealing. Therefore, the choice of the substrate
and the substrate annealing step appeared as an essential
prerequisite. Evaluating the effect of annealing and identifying
the films of higher quality on each substrate allows selecting
the preferred growth conditions for a specific application.

Ultimately, the electrical resistivity was found to be
qualitatively consistent with the overall structural features of
the set of Sb,Te; films, linking their structural and functional
properties.
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