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An attempt to deposit a high quality epitaxial thin film of a two-dimensionally bonded
(layered) chalcogenide material with van-der-Waals (vdW) epitaxy is of strong inter-
est for non-volatile memory application. In this paper, the epitaxial growth of an
exemplary layered chalcogenide material, i.e., stoichiometric SbyTes thin films, is
reported. The films were produced on unreconstructed highly lattice-mismatched
Si(111) substrates by pulsed laser deposition (PLD). The films were grown by vdW
epitaxy in a two-dimensional mode. X-ray diffraction measurements and transmis-
sion electron microscopy revealed that the films possess a trigonal SbyTes structure.
The single atomic Sb/Te termination layer on the Si surface was formed initializing
the thin film growth. This work demonstrates a straightforward method to deposit
vdW-epitaxial layered chalcogenides and, at the same time, opens up the feasi-
bility to fabricate chalcogenide vdW heterostructures by PLD. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4983403]

Phase change materials (PCMs) are one of the most promising materials for applications in
non-volatile data memories. Amongst them, chalcogenide alloys are considered as a prospective
material.! Recently, it was shown that it is possible to stack two different thin layers of PCMs, result-
ing in a specifically designed material. This artificial structure is constructed out of layers of different
chalcogenides, commonly using GeTe and Sb,Tes as starting materials.”> That structure, referred
to as a van-der-Waals (vdW)-chalcogenide heterostructure,® theoretically features crystalline layers
intercalated by quasi-vdW gaps. Through the commonly believed solid-to-solid switching mecha-
nism,>* this structure of (GeTe)x-(SbyTes)y has been shown possessing remarkable improvements
in device performance, in terms of power efficiency and stability.>> Additionally, improvement was
also reported in its magnetic properties.® Hence, the recent research on chalcogenide PCM:s is mainly
focused on exploring vdW heterostructures.

With the aim to fabricate the vdW-chalcogenide heterostructure, efforts are also being put to
deposit high quality epitaxial thin films of Te-based layered (2D) materials. Beside many meth-
ods,”~1° the epitaxial deposition of layered chalcogenides is to date mainly done by molecular beam
epitaxy (MBE).' !> However, intricate substrate’s surface preparations prior to epitaxial deposition is
prerequisite, i.e., surface reconstruction of Si and passivation of the Si surface by a chalcogen or pnic-
togen layer (such as Se, Sb, or Bi).!'-1> Moreover, a concern on stoichiometric preservation has also
been reported in the grown chalcogenide films.!*!%!7 This is mainly due to a high vapor pressure and
a low sticking coefficient of chalcogens (i.e., Se or Te) at elevated temperature.'*!%!8 Hence, a more
straightforward method to fabricate good quality epitaxial layered materials is sought. In this case,
pulsed laser deposition (PLD) offers some advantages in scientific and industrial points of view. PLD
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is capable of providing a stoichiometric transfer from the complex chemical composition of target
to the substrate.!%!>20 By PLD, epitaxial layered chalcogenide thin films with a complex chemical
composition, i.e., stoichiometric Ge-Sb-Te (GST) thin films, has also been successfully deposited
on Si with a high deposition rate.'*~>! Moreover, PLD has been successfully used to deposit other
2D materials.”>>> Additionally, highly oriented poly-Sb,Tes films were also deposited on various
substrates by PLD.!0-26

In this paper, van-der-Waals epitaxy of layered chalcogenide thin films grown by PLD is demon-
strated. Sb,Tes is chosen as a model for a layered chalcogenide material. The vdW-epitaxy is formed
on Si during Sb,Tes deposition, without any surface pre-treatment to deactivate Si dangling bonds.
Besides its crucial role as one component in vdW-chalcogenide heterostructures,”>%>7?% as a thin
film Sb,Tes is also prospective for many applications, such as in the field of topological insulators
(TIs)*3Y or thermoelectric devices.’'33 Sb,Tes crystallizes in a trigonal crystal system with the
space group R-3mH as many layered Ge-Sb-Te crystal structures.>* It consists of stacked quintu-
ple layer (QL) building blocks along the c-axis, intercalated by a quasi vdW gap. Meanwhile, Si
(lattice mismatch to SbyTes of 11%) is the common substrate in microelectronics. The growth of
high quality epitaxial layered materials on standard substrates like Si is scientifically and indus-
trially intriguing. This work also opens up the feasibility of further development in fabrication of
chalcogenide superlattices by PLD.

High quality epitaxial Sb,Tes thin films were deposited on a clean non-reconstructed Si(111)
surface. The wet chemical cleaning process of substrates was done prior to the film deposition and
is detailed in Refs. 19 and 20. The clean substrate was loaded into the chamber and heated to the
desired deposition temperature Ts. Before starting the deposition, the substrate was kept at T for 30
min. T was varied for each deposition from RT to 280 °C. The temperature calibration is described
in detail in Ref. 20. The thin film depositions took place in Ar ambient gas of less than 5 x 1073 Pa
(background pressure of around 2 x 107 Pa). The target bulk material with a chemical composition
close to SbyTe; was ablated by a KrF excimer laser beam (wavelength is 248 nm) and deposited
on the Si surface positioned in a distance of 6 cm from the target surface. The laser fluence, laser
repetition frequency, and number of pulses used for all the depositions of the films were ~0.8 J/cm?,
2 Hz, and 7200, respectively. The reflection high energy electron diffraction (RHEED) system was
used to monitor the in situ film growth. The electron beam was targeted in Si{110) direction, using
a small incident angle of 2° with respect to the substrate surface. The electrons were accelerated
with a voltage of 30 kV. After the Sb,Te; deposition was completed, the film was naturally cooled
down to RT. An amorphous LaAlOy layer with a thickness of ~8 nm was then deposited on top
of the film as a capping layer, in order to protect the film from oxidation during ambient storage.
The crystalline quality of the thin films was assessed by x-ray diffraction (XRD) methods. All XRD
based measurements were carried out using Cu-K,, radiation in a parallel beam geometry. In order to
suppress Cu-Kp contributions, a graphite monochromator was attached. The film thicknesses were
measured and confirmed by x-ray reflectivity (XRR) and cross section scanning electron microscopy
(SEM). The surface topographies of the films were observed by atomic force microscopy (AFM) in
an intermittent contact mode. Scanning transmission electron microscopy (STEM) was used to study
the nanostructure. Cross-sectional lamellae for STEM work were prepared by ion beam milling
using a combination of a focused high energy Ga ion beam and low energy Ar ion beam.*> The
atomic-resolution STEM imaging (HRSTEM) was done on a probe Cs-corrected Titan® G2 60-300
microscope operating at 300 kV accelerating voltage. A probe forming aperture of 25 mrad was used.
Annular bright-field STEM images (ABF-STEM) were recorded with an annular detector using
annular ranges of 10-19 mrad.

During the deposition of each film at different Ty, the crystalline quality of the surface was
in situ monitored by means of RHEED. The clean unreconstructed Si substrates exhibit a streaky
RHEED pattern with Kikuchi lines, as seen in Fig. 1(a). It reveals the high crystalline quality of
the Si surfaces. Also, the chemical cleaning and etching processes of Si provide an oxide-free and
smooth surface, which is desirable for the growth of an epitaxial thin film. For the films deposited at
T, ranging from RT to 100 °C, only diffuse RHEED patterns are observed (not shown). This demon-
strates that within this temperature range, T is too low to promote a nucleation of crystallites. At Ty
=140 °C, a streaky pattern with low intensity started to appear for the as-deposited film (not shown).
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Si(111)

FIG. 1. RHEED patterns of (a) wet-chemically cleaned Si(111), (b) Sb,Tes layers taken 60 s after deposition started, and (c)
as-grown Sby Tes thin film deposited at 220 °C. The electron beam was parallel to <1-10> direction of the Si(111) substrate.

This indicates that this substrate temperature is sufficient to initiate the nucleation of crystalline
regions.

Furthermore, for all the films deposited at T > 160 °C, the RHEED patterns are nearly identical,
typically represented by Figs. 1(b) and 1(c), showing the RHEED pattern of the selected film deposited
at 220 °C. The transition from the reflection of the substrate to that of the first layer of the film can be
observed, as depicted by Fig. 1(b). The snapshot was taken 60 s after the deposition started, associated
to ~1.3 nm of film thickness. In the figure, a sharp streaky intensity is observed, pointing out that
the films are epitaxially grown with high crystallinity and a smooth surface morphology. A typical
RHEED pattern of the as-deposited film can be seen in Fig. 1(c). The fact that a streaky pattern
can be observed indicates that the as-grown films are smooth and have excellent surface crystallinity.
Fig. 1(c) shows a diffraction pattern, which is identical to the one in Fig. 1(b), except that the intensity
maxima are more pronounced.

As confirmed by XRR and SEM, the deposition rate was approximately constant (~1.3 nm/min)
up to Ts =230 °C (the film thickness of around 80 nm). However, the rate dropped dramatically for
the film deposited at Ts > 240 °C (the thicknesses are ~18 nm and ~12 nm for the films deposited
at 240 and 260 °C, respectively). The surface topographies of as-deposited films were observed by
means of AFM. Fig. 2 shows the selected as-deposited films, deposited at 220, 230, and 240 °C,
respectively. The AFM measurements confirm that each film typically possesses a smooth surface.
The root mean square (rms) roughness of all layers is less than 1 nm. Fine spiral-like structures
with atomically smooth terraces are seen, especially in Fig. 2(b). This spiral-like structure was also
observed on MBE-grown films.?%37 For slightly higher deposition temperature (240 °C, Fig. 2(c)),
the AFM measurement reveals the presence of atomically smooth terraces and steps, with a step
height of 1 nm (1 quintuple layer). The spiral-like structures are almost not visible here. From these
results, in connection with RHEED data, it can be assumed that, by means of PLD, epitaxial Sb, Tes
thin films typically grow in a two-dimensional growth mode. This layer-by-layer growth mode is
desirable for a further outlook, i.e., the fabrication of a chalcogenide superlattice structure by means
of PLD.

The crystalline structure and out-of-plane texture of SboTes thin films were investigated by
measuring symmetrical 20-w XRD scans. Fig. 3 shows 20-w scans of the films deposited at different
T from RT to 260 °C. The film deposited at RT, as shown by the black curve, shows only the

FIG. 2. AFM images of the as-deposited thin films. (a), (b), and (c) show the topographies of the films deposited at 220, 230,
and 240 °C, respectively. All the figures are presented in 2 x 2 ym? scale.
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FIG. 3. 20-w scans of SbyTes deposited on Si(111) at different substrate temperatures Ts. The black curve belongs to the
film deposited at RT, showing mainly amorphous phase. The curves belong to the films deposited at Ts = 170 °C until 260 °C
all exhibit only Bragg reflections of trigonal Sb,Te3(0001). This shows that the films grow epitaxially in a trigonal crystal
structure, according to (0001) out-of-plane orientation. The higher the Ty, the lower deposition rate, but the better crystalline
quality.

amorphous structure, since there is no significant intensity peaks. However, the occurrence of small
peaks situated at 8° and 17° which correspond to Sb,;Te3(0003) and (0006) planes, respectively,
indicates the presence of the trigonal phase. The next data to be presented in Fig. 3 are about the films
deposited at Ty starting from 170 °C, showing only narrow and intense peaks which are associated
to (000/) planes according to the calculated XRD spectra.’®3 It points out that the films deposited
within these temperatures possess a high crystalline quality. Special attention is on the film deposited
at 240 °C. The film exhibits Laue fringes, showing that the film is homogeneous and possesses a high
crystalline quality with a smooth surface. Above a deposition temperature of 260 °C, the process was
dominated by surface desorption during the deposition, resulting in a lower deposition rate. From
XRD it was found that the SbyTes films are epitaxial with out-of-plane orientation of (0001). The
out-of-plane epitaxial relationship is then determined to be Sb,Te3(0001) Il Si(111). Using results of
the XRD studies and the Scherrer relationship, the average grain size was determined to be 55 nm,
which is in a good agreement with the lateral grain sizes between 47 nm and 107 nm obtained from
cross section TEM images (not shown).

The crystalline qualities and in-plane epitaxial relation between the film and the substrate are
investigated by measuring the in-plane pole figures. These ex-situ measurements are also to con-
firm the epitaxial window previously determined by in situ RHEED measurement. Figs. 4(a) and

(c)
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FIG. 4. In-plane pole figures of the SbyTez{1 0 10} reflections, for the films deposited at (a) 130 °C and (b) 220 °C. In (c),
stereographic projection of model SbyTe3{1 0 10} is presented. Thin film in (a) shows six (three times two) pole density
maxima accompanied by intensity ring, while in (b), the intensity ring disappeared, while six pole density intensities are much
more intense. (d) shows azimuthal scan of SbyTe3{1 0 10} and Si{220} of the sample in (b).
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4(b) present the pole figures of Sb,Te;{1 0 10} reflections for the films deposited at 130 °C and
220 °C, respectively. The in-plane pole figure of the film deposited at 130 °C shows six, i.e., two
times three, pole density maxima. The azimuthal angular distance between two neighboring max-
ima is 60°. These maxima are accompanied by a ring of low intensity connecting adjacent pole
density maxima. The presence of this ring indicates a fiber oriented growth of the polycrystalline
film.

For the film deposited at 220 °C, only those six pole density maxima remain and the ring intensity
is not present anymore, as depicted by Fig. 4(b). This indicates that the film grows strictly epitaxial
on Si. The small widths of the pole density intensity distribution for the polar and azimuth angles
point out the high quality of the epitaxial growth. The expected position of the diffraction maxima
for SbyTe3%¥3° was calculated and presented in a stereographic projection in Fig. 4(c). From this
pole figure, it can be discerned that a high symmetry calculation of the trigonal Sb,Tes crystal results
in three peaks representing SboTe3{1 0 10} reflections. It can be concluded that the presence of
six, instead of three, pole density maxima in the experimental data points out the presence of a
twin domain. Such twin was also observed in the other epitaxial Te-based PCM, i.e., GST.1920 The
intensity maxima in the calculated (Fig. 4(c)) as well as in the measured pole figures (Figs. 4(a) and
4(b)) are situated at o = 39°. The azimuthal full width half maximum (FWHM) of the Sb,Tes peak
is around 3.5°. This indicates the presence of domain rotation in a small angle, due to a domain
epitaxy of a highly mismatched epilayer. To determine the in-plane epitaxial relationship, a Si{220}
azimuthal @-scan was performed (see Fig. 4(d)). The green curve is the @-scan of Si{220}, while
the magenta curve corresponds to SbyTes{1 0 10} reflections. The in-plane epitaxial relationship is
determined to be Sb,Te;[2-1-10] Il Si[1-10].

High resolution scanning transmission electron microscopy (HRSTEM) was used to directly
observe the microstructure and the atomic order in the Sb,Tes thin films and their interfaces. Fig. 5
shows HRSTEM images of the SbyTes thin film deposited at 240 °C. Fig. 5(a) depicts the presence
of a single atomic layer of Sb/Te at the Sb,Te3-Si(111) interface, as indicated by the orange arrow on
the left-hand side of Fig. 5(a). This points out that the Sb,Tes; growth is initiated by a Sb/Te surface
passivation layer on the Si substrate. Due to almost a similar Z number and scattering cross sections
of Sb and Te, the passivation layer is assumed to be a mixture of Sb and Te atomic species. The
results of atom probe tomography performed on Sb,Te; and BirTes multilayers grown on Si also
showed an intermixing of Sb and Te at the interface.3®” The Sb/Te surface passivation layer was also
observed in layered GST grown on Si by PLD.?’ The formation of a surface termination layer is well
known to overcome a large lattice mismatch between the substrate and the thin film in vdW epitaxy '
and was observed for different materials. Through that mechanism, hence, vdW epitaxy is achieved
rather than lattice-matched (strained) epitaxy, resulting in a fully relaxed film lattice, even on a highly
mismatched substrate. A similar effect was also reported for the deposited Sb, Tes film,'!%4? in which
Sb or Bi adsorption or deposition on Si is necessary prior to the thin film deposition. Interestingly,

{nm ®Te ®Sb (a) 5nm (b)

@®Sh/Te Osi

FIG. 5. ABF-STEM cross section images of thin Sb, Tes film deposited at 240 °C. (a) shows a formation of Sb/Te-passivation
layer, as marked by the orange arrow, at the SbyTes-Si(111) interface. The model SbyTes and Si crystal (view in Si[-110]
direction) are also presented. The dashed lines mark the quasi vdW gaps. (b) presents the HRSTEM image of the same sample
in wider scale. The presence of defects (twins) is observed, as marked by the green arrow. The film thickness is around 17-18
units of SbyTe3 building blocks (18 nm).
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however, in the case of the epitaxy of the layered material Sb,Tes by PLD, the termination of the
dangling bonds at the Si surface is naturally accomplished within Sb,Tes deposition without any
pre-treatment (Si surface reconstruction followed Sb/Te-dangling bond termination) of the substrate.
The explanation is that the pulsed laser ablated plasma contains the mixtures of atomic and ionic
species as well as clusters. The formation of Sb/Te termination layer formed by the ambient Sb/Te
vapor is energetically favorable in order to avoid a high stress/strain in the lattice of the growing thin
film.

In Fig. 5, the quintuple layers (2Sb and 3Te), which are the characteristic for the Sb,Tes crystal,
can be clearly seen. This confirms the stoichiometric preservation in the Sb,Tes thin film epitaxially
grown by PLD. Analyzing intensities, the stacking sequence of a single QL is determined to be
Te-Sb-Te-Sb-Te-vdW along the c-axis. Each two neighboring quintuple layer building blocks (Te-Te
stacking layers) is intercalated by a quasi van-der-Waals gap. The dashed lines mark out the vdW gaps,
which are present on the interface and in the Sb, Te; bulk. The presence of such a 2D crystal structure
of Sb,Tes is due to an electron excess possessed by Sb atoms, so that the outermost Te-stacking layers
of a building block are passivated.*! This 2D crystal structure with vdW gaps was also found in other
class of materials.?>> The corresponding crystal models*®3 of Sb,Te; and Si at the interface are
also presented. The viewing direction is in Si[-110]. The Te, Sb, and Si are presented in blue, red, and
yellow, respectively. The gradual color represents the mixture of Sb/Te. Fig. 5(b) presents a HRSTEM
image in wider scale of the same sample. The 17-18 quintuple layers are observed, corresponding to a
film thickness of around 18 nm, in agreement to the x-ray reflectivity measurement (not shown here).
The presence of defects (twin boundaries) is also revealed, which is in agreement to the in-plane pole
figures, as presented in Fig. 4. One example of this twin boundary is pointed out by the green arrow at
the left-hand side of Fig. 5(b). Additionally, some mounds are characterized on the thin film surface,
as pointed out by the purple arrow in Fig. 5(b). These mounds have maximum heights of around a
single unit of a SbyTe; building block (1 nm), which is consistent with the AFM images. From this it
can be concluded that the Sb,Tes film is typically grown on Si(111) by PLD two-dimensionally by
a stacking of Sb-Te quintuple layers.

To summarize, stoichiometric epitaxial Sb,Tes thin films have been successfully grown on wet-
chemically cleaned Si(111) substrates by PLD. Epitaxial growth is achieved for the films deposited
at the temperature range between 140 and 280 °C. The best Sb,Tes thin film was produced at Ty
= 240 °C. Smooth film topographies with a maximum roughness of 1 QL (1 nm) are typically
observed for as-deposited Sb,Tes thin films. The Sb,Tes thin films were grown on Si determined to
follow a layer-by-layer growth mode, by a stacking of Sb-Te quintuple layers. The film possesses
a trigonal crystal structure with (0001) out of plane orientation. The growth of SbyTes thin films
is initiated by the self-organized formation of a Sb/Te single-atomic passivation layer on the Si
surface. The crystalline SbyTes structure is built of quintuple layer building blocks, in which quasi
vdW-bonding intercalates every two building blocks.

Isom Hilmi is grateful to Deutscher Akademischer Austauschdienst (DAAD) for the fellowship
program. The authors also acknowledge A. Mill for TEM specimen preparation.
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