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• Epitaxial 3D-bonded GeTe thin films are
grown by pulsed laser deposition on 3D-
and 2D-bonded substrates

• Deposition on 2D-bonded substrates al-
lows the epitaxial growth at low sub-
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The pseudo-binary line of Sb2Te3-GeTe contains alloys featuring different crystalline characteristics from two-
dimensionally (2D-) bonded Sb2Te3 to three-dimensionally (3D-) bonded GeTe. Here, the growth scenario of
3D-bonded GeTe is investigated by depositing epitaxial GeTe thin films on Si(111) and Sb2Te3-buffered Si
(111) substrates using pulsed laser deposition (PLD). GeTe thin films were grown in trigonal structure within
a temperature window for epitaxial growth of 210–270 °C on unbuffered Si(111) substrates. An unconventional
growth onsetwas characterized by the formation of a thin amorphousGeTe layer. Nonetheless, the as-grownfilm
is found to be crystalline. Furthermore, by employing a 2D-bonded Sb2Te3 thin film as a seeding layer on Si(111),
a 2D growth of GeTe is harnessed. The epitaxial window can substantially be extended especially towards lower
temperatures down to 145 °C. Additionally, the surface quality is significantly improved. The inspection of the
local structure of the epitaxial films reveals the presence of a superposition of twinned domains, which is as-
sumed to be an intrinsic feature of such thinfilms. Thisworkmight open away for an improvement of an epitaxy
of a 3D-bonded material on a highly-mismatched substrate (e.g. Si (111)) by employing a 2D-bonded seeding
layer (e.g. Sb2Te3).
© 2019 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

Te-based alloys lying on the pseudo-binary line of Sb2Te3-GeTe are
today considered as potential candidates for the next-generation non-
yk).

icle under the CC BY-NC-ND license (
volatile memory media [1,2]. Recently, interesting advances have been
proposed. An example is given in the concept of unique bondingmech-
anism owing to their crystalline phase [3,4], which further leads to a
possibility of non-thermal switching mechanisms [5,6]. Another in-
stance is in ‘material tailoring’ standpoint, i.e. the concept of so-called
interfacial-phase change materials (iPCM), constructed out of
superlattice-like structures of two different alloys [7,8], has been proven
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to have significant improvements also in the switching nature. In many
cases, understanding the physical background is of paramount impor-
tance to further inducemany improvements on the device performance
side. To this point, a fabrication of films with a higher crystalline order
could provide a good platform for a deeper investigation on their phys-
ical properties including their electronic band structures, conduction
mechanism as well as the switching scenario down to the atomic
scale. Hence, efforts are made to grow epitaxial chalcogenide films
with various methods [9–15].

One of themost interesting features of the binary line Sb2Te3-GeTe is
the characteristics of crystalline structures spanning from Sb2Te3 to
GeTe. Residing in the end point of the binary line, Sb2Te3 crystallizes
in trigonal structure (space group R3mH), as depicted in Fig. 1a. The
crystal is constructed out of quintuple layers (QL) stacked along the c-
axis and bonded by van der Waals (vdW) type bonding. The atomic se-
quence along the c-axis is then -vdW gap-Te-Sb-Te-Sb-Te-. Hence,
Sb2Te3 is considered as two-dimensionally (2D) bonded material. The
trigonal cell consists of three QLs with lattice constants a =
0.4264 nm and c = 3.0455 nm [16]. Due to this 2D-bonding nature,
the growth mechanism of such layered compounds is dictated by a
vdW epitaxy [17], which implies a layer-by-layer growth of thin films
even on a highly mismatched Si(111) substrate grown by e.g. by pulsed
laser deposition (PLD) [12].

Another endpoint of the binary line is the GeTe alloy. It exhibits a dif-
ferent bonding characteristic compared to that of Sb2Te3. GeTe also crys-
tallizes in trigonal structure (space group R3mH) [18–20], with
hexagonal unit cell parameters a = 0.4156 nm and c = 1.066 nm
[18], see Fig. 1b. The structure of GeTe can also be interpreted as a rhom-
bohedral unit cell with a = 0.4281 nm and α = 58.36° (space group
R3mR) [21]. The cation and anion sites are occupied by Ge and Te, re-
spectively, with anion or cation layers stacked along [0001] according
to an ABC stacking [18,21,22].

In comparison to the bonding nature of stable crystalline phases of
many other alloyswithin thebinary line like Sb2Te3, GeTe can be consid-
ered as a three-dimensionally (3D) bondedmaterial. This implies a con-
ventional ‘lattice-match epitaxy’, where the incoming adatoms are
bonded to the dangling bonds of a substrate. Thus, the epitaxial quality
of such thin films is dependent on the latticemismatch to the substrate.
Hence, some restrictions are encountered for the growth of epitaxial
Fig. 1.Crystal structures of (a) Sb2Te3 and (b)GeTe in trigonal cell configurations. (c) cubic
Si. The transparent colored (yellow and green) hexagon and triangles mark the lattice
constants of each corresponding crystal.
GeTe thin films on highly-mismatched substrate materials like Si. This
includes a relatively narrow epitaxial temperature window and a pre-
dominantly three-dimensional growthmode, resulting in a high surface
roughness of the thin films [23,24]. The latter can be undesirable in re-
gard of their applications.

Therefore, the main focus of this work is on the growth of 3D-
bonded GeTe alloy. In the first part of the work, epitaxial GeTe films
are produced on (111)-oriented Si substrates. The symmetry of (111)-
oriented Si surface matches very well the symmetry of the (0001)-
plane of GeTe, thus resulting in c-oriented growth of GeTe thin films.
The in-plane lattice mismatch between the GeTe crystal and the Si
(111) substrate is ~8.3%, see Fig. 1b and c. In the secondpart, an epitaxial
Sb2Te3 thin layer was deposited on Si(111) as a seeding layer for the
subsequent epitaxial growth of GeTe thin films [12,25]. The a-lattice pa-
rameter of Sb2Te3 differs by 2.5% to that of GeTe in the trigonal lattice (or
by 1% using rhombohedral settings of the unit cell) only. Since PLD
growth of Sb2Te3 on Si(111) implies a 2D growthmode [12], Sb2Te3ma-
terial is an ideal seeding layer for the deposition of GeTe thin films. Thus,
a different growth mode of GeTe on Sb2Te3-buffered Si(111) substrates
is expected. The study of GeTe growth on such substrates is important in
view of engineering of chalcogenide GeTe/Sb2Te3-based
heterostructures for memory devices with low power consumption
[7,8,26–29]. The last part of this study deals with the discussion of the
local structure of epitaxial GeTe.
2. Experimental section

Prior to deposition, each (111)-oriented Si substrate was wet-
chemically cleaned. Details of the cleaning procedure can be found
in Refs. [10, 12]. Then, the substrates were heated up in vacuum to
the deposition temperature Ts and kept at Ts for 30 min before the
GeTe film deposition started. Ts ranged between RT and 300 °C. For
the deposition of GeTe thin films, a target material with a composi-
tion close to GeTe was irradiated with 20 ns long excimer laser
(KrF, λ = 248 nm) pulses at a laser repetition rate of 2 Hz, a laser
fluence of around 1 J/cm2 and a number of pulses of 4000. The depo-
sitions took place in an Ar environment at an Ar partial pressure˂5·10−5 mbar (the base pressure of the PLD system was˂5·10−8 mbar). The Ar background gas was used in order to thermal-
ize atoms in ablation plasma plume.

After the deposition was finished, the samples were cooled down to
RT. A capping layer of amorphous LaAlOx (~8 nm thick)was then depos-
ited onto the surface of the GeTe thin films in order to minimize any
possible chemical contamination and oxidation during storage in the
ambient atmosphere. The composition of GeTe thin films deposited on
un-reconstructed Si(111) substrates were measured by STEM-EDX to
be Ge51±0.5Te49±0.5. The measured composition of GeTe thin film is
very close to the nominal composition of the GeTe sputter target that
was Ge50.1Te49.9.

Another set of GeTe films was deposited on Si(111) substrates cov-
ered by a thin Sb2Te3-seeding layer. The deposition of Sb2Te3-seeding
layers was done at a substrate temperature of 240 °C with the number
of pulses of 500 and identical PLD process parameters as aforemen-
tioned, resulting in van der Waals epitaxy of a ~4 nm-thick layer of tri-
gonal Sb2Te3 [12]. The layers were subsequently cooled down to Ts
(230, 210, 150 and 145 °C) for GeTe film depositions. The process pa-
rameters for the GeTe deposition are identical to those of the films de-
posited directly on Si(111).

Thin film growth was monitored by using an in situ reflection-high
energy electron diffraction (RHEED) system. The electron beam irradi-
ated the substrate with a small incident angle of 2° with respect to the
surface in Sih110i direction and with an acceleration voltage of 30 kV.
The Si(111) substrates were kept stationary during the deposition of
GeTe thin films in order to monitor in situ thin film growth process by
RHEED.
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The structure of the thinfilmswas studied by x-ray diffraction (XRD)
using Cu Kα radiation (λ=0.15418 nm) in a diffractometer with paral-
lel beam geometry. For all XRD experiments, a graphite monochroma-
tor, mounted directly in front of the detector, was used to filter out
the Cu-Kβ radiation produced by the Cu target inside the X-ray tube,
as well as the intense X-ray fluorescence contribution from the sample
under test. All in-plane pole figures were measured at a Bragg angle of
29.9°.The northern pole sphere was scanned for polar angles (α) rang-
ing from 0 to 90° and azimuthal angles (β) ranging from 0° to 360°.
Themeasurementwindow in 2θ dimensionwas set to ~2°. The recorded
intensities are plotted in stereographic projection. The thickness of thin
films was determined by x-ray reflectivity (XRR) and cross-sectional
scanning transmission electron microscopy (STEM). The surface topog-
raphy of thin films was measured by means of atomic force microscopy
(AFM) in intermittent contact mode.

Cross-sectional specimens for transmission electron microscopy
(TEM) observationswere prepared by a combination of focused gallium
high- and argon low-energy ion beammilling [30]. Thefinal thickness of
the TEM specimenswas 30±6 nm asmeasured by electron energy loss
spectroscopy (EELS). The local structure of GeTe thinfilmswas observed
in a probe Cs-corrected Titan3 G2 60–300 microscope operating at
300 kV accelerating voltage. For high-angle annular dark-field scanning
TEM (HAADF-STEM), a probe forming annular aperture of 25mrad was
used and all imageswere acquiredwith aHAADFdetector using annular
ranges of 80–200 mrad, thus, fulfilling Z-contrast imaging conditions
well. High-resolution TEM (HRTEM) images were recorded using a
Gatan CCD camera. HRTEM image simulations were performed by
using JEMS simulation package [31] whereas high-resolution HAADF-
STEM micrographs were calculated using a Dr. Probe software [32].
The supercells for diffraction and Bragg reflections simulations were
built up with CrystalMakerX and CaRIne Crystallography software [33].

3. Results and discussion

3.1. Film growth

The surface properties of Si(111) substrates and the grown layer
were monitored in situ during and after the growth of GeTe thin films
using RHEED. The films grown at the substrate temperatures Ts from
RT to 190 °C show only a diffuse RHEED intensity pattern (not shown)
during the whole deposition processes, indicating that within this tem-
perature range the as-grown films are predominantly amorphous.

At Ts = 200 °C and higher, the growth process of GeTe thin films is
different. The as-grown films showdistinct RHEED patternswith no dif-
fuse intensity, indicating that the as-deposited GeTe thin films are crys-
talline. The comprehensive overview of the growth modes during the
deposition is presented in Fig. 2a–f, showing typical RHEED patterns of
epitaxial GeTe thin films deposited on Si(111) at Ts from 210 °C and
above. Fig. 2a–f show important stages during the thin deposition at Ts
= 230 °C. In Fig. 2a, the RHEED pattern of the (111)-oriented Si sub-
strate is presented. A streaky pattern with Kikuchi lines is discerned, in-
dicating a smooth surface topography and a high surface crystallinity,
which is desirable for the growth of an epitaxial thin film. This further
shows that the native surface oxide had been successfully removed by
the wet-etch cleaning process. At the early stage of GeTe growth, a dif-
fuse RHEED pattern was observed, as seen in Fig. 2b. Fig. 2b shows the
RHEED image taken after 1 min of thin film growth. On the other
hand, the RHEED pattern acquired after 1.5 min of GeTe thin film
growth showed a streaky image (Fig. 2c). TEM cross-sectional analysis
of GeTe thin film after 40 s of thin film growth is given in Fig. S1
(Supporting Information). The investigations showed the formation of
crystalline GeTe thin islands, which were formed most probably during
the cooling process. Thus, it can be concluded that the growth of epitax-
ial GeTe is initialized by the formation of an apparently amorphous
ultra-thin GeTe layer, whereas a crystalline phase is formed after a cer-
tain period of incubation time required for GeTe crystallization. A
similar RHEED pattern for an ultra-thin GeTe film has been reported
previously [34] and it was explained by an impairment in the formation
of GeTe distorted structure characterized by a bonding hierarchywithin
the crystal [34].

As long as the deposition continued, the streaky intensity distribu-
tion becomes more intense (Fig. 2d), while the diffuse intensity gradu-
ally disappears until it completely vanishes after around 5 min. The
streaky pattern indicates a smooth surface morphology of the growing
layer within this deposition time duration. The streaky pattern stays
without changing until around 15 min (Fig. 2e). After this period of
time, a point-like (transmittance-like) intensity distribution gradually
becomesmore intense, indicating the occurrence of surface roughening,
i.e. the growth mode turns into three-dimensional (Fig. 2f). This point-
like pattern is constant until the deposition was completed. Such point-
like patterns indicate large islandswhile the remaining streaky intensity
distribution shows that the large islands are flat (this will be confirmed
and discussed later on). Summarizing the RHEED investigations, the ep-
itaxial GeTe film grows typically in 2D growthmode at the beginning of
the growth, which tends to turn into 3D growth mode when the film
thickness increases further. Thus, it can be stated that the pulsed laser
deposited epitaxial GeTe thin film grows on Si(111) according to the
Stranski-Krastanov (2D/3D) growth mode [35].

The second set of samples consists of GeTe thin films deposited on a
Sb2Te3-seeding layer on Si(111). Fig. 2g shows the RHEED pattern of the
as-deposited Sb2Te3 thin layer. A RHEED pattern with streaky intensity
distributionwas present during and at the end of the Sb2Te3 deposition,
indicating the 2D growth mode of the Sb2Te3 thin film. At the onset of
GeTe thinfilm growth (Fig. 2h), the direct transformation froma streaky
pattern of Sb2Te3 to a streaky pattern of GeTe was observed, without a
diffuse intensity distribution in the transition stage as observed with
GeTe grown on Si(111). This streaky pattern is conserved until the
end of the deposition (Fig. 2i), indicating a smooth surface topography
of the as-grown GeTe film. Thus, in contrast to GeTe thin film grown di-
rectly on Si(111), a crystalline GeTe thin film was formed directly from
the beginning of deposition process on a Sb2Te3 seeding layer and the
film growth proceeded in the Frank-van derMerwe (2D) growthmode.

The deposition rates of GeTe thin films were determined by
performing XRR and STEM measurements. According to these, increas-
ing substrate temperatures were accompanied by a decrease of deposi-
tion rates. The thickness of as-deposited amorphous films was 135 nm,
resulting in the deposition rate of approximately 4 nm/min. On the
other hand the thicknesses of epitaxial GeTe thin films deposited at
210 °C, 260 °C and 270 °C were 48 nm (1.6 nm/min), 23 nm
(0.7 nm/min) and 15 nm (0.5 nm/min), respectively. Above Ts of 270
°C, the rate of GeTe thin film growth was significantly minimized due
to partial desorption of Ge and Te atomic species. This severe desorption
at high temperature (typically around 300 °C) was also observed for ep-
itaxial Ge-Sb-Te thin films grown on Si by PLD accompanied by a shift in
chemical composition of as grown thin films [10,36].

3.2. Film crystallinity and crystalline structure

The crystalline structure of GeTe thin filmswas investigated bymea-
suring XRD 2θ/ω-diffractograms. The diffractograms of all films depos-
ited at substrate temperatures ranging from RT to 190 °C do not show
any Bragg reflections except those of the Si substrate (not shown). Con-
sequently, the as-grown films are amorphous, confirming RHEED
observations.

At deposition temperatures of 200 °C and higher, the situation is dif-
ferent, which is in accordance to the RHEED observations. Fig. 3a shows
XRD patterns of GeTe thin films deposited on Si(111) at Ts = 200, 210,
and 260 °C in red, green and orange colors, respectively. At Ts = 200
°C and higher (Fig. 3a) the patterns showmainly two intense peaks, sit-
uated at 2θ= 25.05° and 51.52°, which are associated to the calculated
(0003) and (0006) reflections of the trigonal GeTe structure (or (111)
and (222) reflections, respectively, in the rhombohedral unit cell). As



Fig. 2. (a) RHEED pattern of unreconstructed Si(111) surface. (b)–(f) RHEED patterns recorded in situ during deposition of GeTe at 230 °C on the Si(111) substrate. In (b) the image was
taken after 1min of thin filmgrowth. Streaky RHEEDpatterns in (c) start to emanate at 1.5min, showing a smooth surface topography. (d), (e) and (f) showsRHEEDpatterns of GeTe layer
after 5min and15min deposition process aswell as after the complete deposition process, respectively. RHEEDpattern in (g) gives the surface image of as-grown Sb2Te3 thinfilms and the
image in (h) shows a surface of GeTe layer after 1min depositionwhereas (i) gives a surface pattern of as-grown GeTe film on Sb2Te3-buffered Si(111) at Ts= 210 °C. All RHHEDpatterns
in (g)–(i) show a streaky intensity distribution, indicating smooth surface topographies.
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only two (000l) peaks as marked by the vertical dashed lines are pres-
ent, it can be concluded that the GeTe grew exclusively with (000 l)
out-of-plane orientation on Si(111).

The GeTe diffraction peaks, especially at higher 2θ angles (i.e. (0006)
reflection), show an intensity shoulder at slightly higher 2θ values com-
pared to the expected peak positions. This indicates the presence of re-
flections of oblique planes. In a previous report, this shoulder was
identified to be one of the oblique GeTe 〈−111〉 reflections (using
cubic settings) [37]. For deposition temperatures exceeding 250 °C,
the double peak becomes more obvious, as represented by the film de-
posited at 260 °C. Identification of these double peakswas donebyusing
the crystallographic ICSD 601273 data file. The lattice parameters of the
ICSD data weremodified from a= 0.598 nm and alpha= 88.19° to a=
0.61 nm and alpha = 89.01°, respectively. It was found that the posi-
tions of the simulated Bragg positions of (111) (24.84°) and (−111)
(25.42°) lattice planes match with the observed experimental peak po-
sitions 24.80° and 25.40° of the sample deposited at 260 °C. This con-
firms the co-existence of reflections of {111} oblique planes in GeTe
again. Consequently, the thin film grown at 260° contains the rhombo-
hedral GeTe phase.

In order to assess the out-of-plane tilt distribution of the crystallites
with respect to the substrate surface, XRD ω-scans were performed.
The measurements were carried out at the example of the GeTe(0003)
reflection (not shown). Films deposited at 210 °C and higher possess a
typicalω-scan full width half maximum (FWHM) of around 0.08°, indi-
cating well-ordered out-of-plane (0001)-oriented films with a low
mosaicity.

A set of GeTe films was also grown on a Sb2Te3-seeding layer on Si
(111) at Ts = 145, 150, 210 and 230 °C. In Fig. 3a, the 2θ/ω-scan of a
Sb2Te3-buffered GeTe film deposited at 150 °C is presented in blue
whereas the measured Bragg reflection of epitaxial Sb2Te3 thin film
with larger thickness is presented in black. Two reflections belonging
to the (0003) and (0006) reflections of the trigonal GeTe structure can
be discerned, accompanied by the set of c-plane-related Bragg reflec-
tions of the seeding layer. Since the temperature is significantly lower
than the ones commonly found for epitaxial growth of GeTe on Si
(111) (i.e. around 220–270 °C), this clearly demonstrates that the use
of a Sb2Te3-seeding layer extends the epitaxial window towards lower
temperatures. In addition, no splitting in Bragg reflections of GeTe struc-
ture in the whole deposition rage was observed, because it is hidden by
the steep flank of the Sb2Te3 peak.
3.2.1. Texture analysis
For texture analysis, in-plane pole figure measurements were per-

formed. Fig. 3b–d show measured GeTe{1012} pole figures for selected
GeTe thin films deposited at temperatures of 200, 210 and 260 °C, re-
spectively. The pole figure of a GeTe thin film grown at a substrate tem-
perature of 200 °C shows a predominant ring intensity distribution
(Fig. 3b), indicating afiber texture of theGeTe thinfilm. For thefilmsde-
posited at 210 °C and 260 °C, the pole figures in Fig. 3c and d, respec-
tively, show six pole density maxima, indicating epitaxial growth of
these GeTe thin films. Each pole density maximum is situated at a
polar angle α≈55.3°, corresponding to the GeTe{1012} reflections, in
agreement with the simulated {1012 } pole figure as presented in
Fig. 3e. The presence of six, instead of three, pole density maxima, indi-
cates the presence of rotation-twinned crystallites. To guide the eye, a
set of pole density maxima referring to a specific oriented domain is
marked by the red triangle in Fig. 3d, while the three other maxima re-
ferring to the corresponding twinned domains are marked by the
dashed triangle. This twinning is commonly found in chalcogenide al-
loys [10,12,24,36]. Taking a closer look at both pole figures (Fig. 3c and



Fig. 3. XRD measurements of GeTe thin films: (a) 2θ-diffractograms of GeTe films deposited on unbuffered Si(111) substrate. The (0001)-oriented trigonal phase is found. Pronounced
peak splitting is observed in films deposited at substrate temperature of 260 °C, indicating the formation of {111} GeTe oblique planes (see main text). The blue and black curves show
the patterns of the GeTe film grown on Sb2Te3-buffered Si(111) substrate and of a Sb2Te3 film [10], respectively. In-plane GeTe{1012} (2θ = 29.9°) pole figures of the films grown at
(b) 200 °C, (c) 210 °C, (d) 260 °C, and (e) the simulated pole figure [14,30]. α and β correspond to a polar and azimuthal angle, respectively. The inserts in (c) and (d) show zoomed

images of selected pole density maxima. In (f), β scans of GeTe{1012} (black) and Si{220} (magenta) are shown. (g) and (h) show the in-plane pole figures of GeTe films deposited on
Sb2Te3-buffered Si(111) substrates at 145 °C and 150 °C, respectively. The θ-2θ is plotted in logarithmic scale whereas the β scan is shown in liner scale.

5I. Hilmi et al. / Materials and Design 168 (2019) 107657
d), it can be discerned that the pole density maxima are somewhat
narrower especially in azimuthal direction for the 260 °C film. This
shows that the increase of deposition temperature within the epitaxial
temperature window leads to an improvement in thin film texture.

An improvement in the epitaxial nature is shown in GeTe films
grown on a Sb2Te3-seed layer on Si(111) substrate. The pole figures of
the GeTe films grown on a Sb2Te3-seeding layer at 145 and 150 °C
show exclusively six pole densitymaxima (see Fig. 3g and h), separated
by an azimuthal angle of 60°. There is no ring intensity present between
themaxima showing that the GeTe thin films are grown epitaxially. For
thedeposition of GeTefilms at a temperature lower than 140 °C, the cor-
responding pole figures are characterized by high ring intensities show-
ing a fiber textured thin film. The results show that by employing a
Sb2Te3-seeding layer the activation energy for crystallization of GeTe
thin films is lowered, resulting in an extended epitaxial temperature
window especially towards lower temperatures down to 145 °C. A cer-
tain influence of interfaces on the device and material characteristics
has been shown elsewhere [38,39]. The use of crystalline Sb2Te3 as a
template for the crystallization of amorphous GeTe was also shown to
be an effective approach in lowering the activation energy for the
GeTe crystallization by 2.6 eV as well in the reduction of crystallization
temperature down to 145 °C compared to the conventional crystalliza-
tion temperature of GeTe of 240 °C [40,41].

In order to determine the in-plane epitaxial relationship of the GeTe
layer to the substrate, the Si{220} pole figure was measured. Fig. 3f
shows cuts extracted from the pole figures of the Si{220} (magenta)
and GeTe{1012} (black) reflections, i.e., intensity profiles measured as
a function of the azimuthal angle β around the substrate [111] axis for
the sample deposited at 260 °C. The β scan in Fig. 3f represents only sin-
gle sharp peaks of GeTe, which are observed every 60° azimuthal rota-
tion. This confirms a distinct in-plane orientation of the GeTe thin
films. In addition, it shows that PLD deposited epitaxial GeTe thin
films do not show any domain rotation around the model-calculated
peaks, as commonly observed inMBE grownGeTe films on Si substrates
[24]. However, the rotational domains of GeTe thin films grown byMBE
were reported on (7 × 7)-reconstructed Si(111) surfaces whereas no
such domains were observed on Sb passivated (√3 × √3)R30° Si(111)
surfaces. In the present work the GeTe thin films were grown on un-
reconstructed Si(111) surfaces having mixed surface reconstruction.
Moreover, the growth rates of thin films by PLD are much higher as by
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MBE method, thus affecting the adatoms diffusion lengths on the sub-
strate surface (with shorter length in the case of the PLD process and
longer length in the case of the MBE growth process). These factors
might influence the formation of rotation domains in PLD grown GeTe
thin films.

From the β scans, the in-plane epitaxial relationship of GeTe(0001)
to Si(111) can be determined to be GeTe[1120] || Si[110]. Furthermore,
the epitaxial relationships of the GeTe films deposited on a Sb2Te3
seeding layer on Si was determined to be GeTe[1120] || Sb2Te3[1120]
|| Si[110].
3.3. Surface morphology

The evolution of topography for each GeTe thin film deposited at dif-
ferent process conditions was observed by means of AFM. The film de-
posited at RT exhibits a smooth surface with a root mean square
(RMS) roughness of 0.22 nm (not shown). Fig. 4a and b respectively
show AFM images of a GeTe thin film deposited on Si(111) at Ts =
210 °C and its corresponding line profile drawn along the film surface,
respectively. The GeTe film deposited on Si typically contains triangu-
larly formed grains with diameters ranging between 50 and 300 nm.
The triangles point out two opposite directions indicating the presence
of twinned crystallites. However, some randomly orientated triangles
can also be found, which indicates the presence of a small degree of do-
main twists in the thin film. This is in agreement with the pole figure
measurement in Fig. 3c.

In the line profile of Fig. 4b, the triangular grains are separated from
each other by valleys with depths of up to ~30 nm. However, these
grains possess smooth surfaces. This explains the point-like RHEED pat-
terns coexistingwith the streaky intensity distribution as observedwith
the as-deposited film in Fig. 2f. In other words, the point-like RHEED
pattern (Fig. 2f) originates from a three-dimensional (rough) surface,
while the coexisting streaky intensity originates from smooth crystallite
surfaces. The determined RMS roughness is ~5 nm. The typical RMS
values of the epitaxial films deposited on Si(111) is ranging between 3
and 5 nm and is comparable with the roughness of GeTe thin films
(RMS roughness ~5 nm) produced by MBE [23].

On the contrary, GeTe thin films grown on Sb2Te3-buffered Si(111)
substrates exhibit a higher surface quality than those deposited directly
Fig. 4. AFM images (2 × 2 μm2) of a GeTe film deposited at (a) 210 °C on etched Si(111) and (
deposited on a Sb2Te3-seeding layer on Si(111) and (d) its corresponding topographical line
deposited on Si(111) and GeTe thin film grown on Sb2Te3-buffered Si(111) substrates, respec
indicates the strained GeTe lattice of GeTe films. Comparison between both images of (e) and
like surface, while (g) and (h) represent a significantly smoother surface. The arrow in (h) ma
on Si(111). Fig. 4c and d show an AFM image of a GeTe thin film depos-
ited on a Sb2Te3 seeding layer at Ts= 210 °C and its corresponding line
profile marked by the red line, respectively. A smooth surface topogra-
phy with an RMS value of less than 1 nm is typically obtained for GeTe
films deposited on Sb2Te3-buffered Si(111) substrates. In Fig. 4d, a sur-
face topographywithmaximumheights of 1 nmcan be observed,which
corresponds to a single GeTe unit cell length of ~1.07 nm. When com-
paring to Fig. 4a and c, it can be concluded that an improvement of
the surface quality can be achieved by employing a thin 2D grown
Sb2Te3 buffer layer. This result also reveals that by the use of a Sb2Te3
seeding layer, the films are grown in 2D growthmode, implying a signif-
icantly smoother surface of the as-deposited film.

The microstructure of above two samples deposited at Ts = 210 °C
on un-buffered and buffered Si(111) substrates were further studied
by TEM. Fig. 4e shows a cross-sectional TEM micrograph of GeTe thin
film deposited at 210 °C on Si(111). A morphology with 3D grains sep-
arated by large valleys is visible. These grains possess smooth surfaces,
as also observed by AFM. Fig. 4g shows a cross-sectional TEM image of
a GeTe thin film deposited on a Sb2Te3-buffered Si(111) substrate. The
roughness of the GeTe thin film is significantly lower compared to the
film deposited on Si(111) (Fig. 4e). The surface of each grain of GeTe
thin films deposited on the buffered substrates reveals ultra-smooth to-
pology with near atomic flatness, which indicates the 2D growth mode
of the GeTe thin films. A closer inspection of the microstructure of the
GeTe thin films shows a wave-like contrast in bright-field TEM images
(Fig. 4e and g). This reveals the presence of lattice strain in the GeTe
film which is due to overlapping twin domains (see more details
below). This data again demonstrates that in this case Sb2Te3 as a
seeding layer can improve the surface morphology of 3D bonded GeTe
films.

3.4. Real structure

The local structure of GeTe thin films was investigated by high-
resolution TEM and STEM. Fig. 5a shows a HRTEM image of a GeTe
thin film grown on a Sb2Te3-buffered Si(111) substrate. The two parallel
white dashed lines mark the Sb2Te3 seeding layer with thickness of
4 nm. The GeTe grains show two distinct types of diffraction contrast.
Different areas within the film are marked by b, c, and d. The corre-
sponding structural information of the areas obtained by fast Fourier
b) its corresponding topographical line profile. (c) shows an AFM image of the GeTe films
profile. (e) and (g) represent cross-sectional bright-field TEM images of GeTe thin film
tively. The thin films were deposited at 210 °C. In (e), (f) and (g) the wave-like contrast
(g) reveals different surface morphologies between the two films. (e) shows a mound-

rks an atomic step.



Fig. 5. (a) HRTEM image of a GeTe thin film deposited on Sb2Te3-buffered Si(111) substrate. The two parallel dashed lines adjacent to Si mark the buffer layer. The layer above GeTe is the
capping LaAlOx amorphous layer. In (a), rectanglesmarked by b, c and d letters denote the different domains corresponding to different Fast Fourier Transform (FFT) images shown in (b),

(c) and (d), respectively. (b) and (d) confirm the presence of f1010g twin domains, while the boundary region in (c) shows a more complicated pattern interpreted as an overlap of both
crystallites of (b) and (d). (e) and (f) are HRTEM and HAADF-HRSTEM images, respectively, show c-plane stacking in epitaxial GeTe.
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transform (FFT) analyses is shown in Fig. 5b, c and d, respectively. The
grains with uniform contrast (b and d in Fig. 5a) are neighboring the
grains with lamellar fringes contrast (area c in Fig. 5a). The FFT pattern
in Fig. 5b and d can be assigned to single grains of GeTewhereas the FFT
in Fig. 5c shows extra reflections, e.g. in one-third and two-thirds of the
(0003) GeTe reflection. The single grains are rotated by 180° around the
c-axis with respect to each other, thus forming two twinned f1010g
crystallites, while the extra reflections in Fig. 5c are due to a superposi-
tion of the twinned domains (see below for a more detailed explana-
tion). Fig. 5e represents a HRTEM image of a GeTe grain with lamellar
fringe contrast. The fringes in Fig. 5e are spaced by 1.07 nm, which cor-
responds to the distance between four Te layers in [0001] direction. Ad-
ditional investigations by HAADF-HRSTEM revealed the local stacking of
Te within those areas (Fig. 5f). Since the image intensity in HAADF mi-
crographs is proportional to the atomic number (Z) as Zn (n
≈ 1.7–2.0), the bright dots in the Fig. 5f is, thus, represent Te atomic col-
umns. The intensity of Te columns in the right part of the image is uni-
formwhile the intensity of Te columns in the left part of themicrograph
is non-uniform, which is due to non-align atomic columns between
disoriented crystals. In addition, in the left part of Fig. 5f, Te columns
spaced by 1.07 nm appeared with higher intensity similar to Fig. 5e.

Based on the TEM and STEM data, a model of GeTe with lamellar
fringes contrast can be proposed. Fig. 6a and b show a schematic repre-
sentation of two parts of f1010gGeTe twins. The superposition of these
domains in [2110] viewing direction resulted in a structure with fringes
showing a periodicity of 1.07 nm(Fig. 6c). Fig. 6d represents a side-view
of Fig. 6c, where two twinned grains with different thickness (1:2) are
neighbors to each other. This results in a lower occupation of Te atoms
at double-positioning sites in the proposed model (Fig. 6c). Conse-
quently, GeTe grains with lamellar fringes contrast are overlapped f101
0g GeTe twinned crystallites in [2110] projection. A similar kind of
overlapping twinned grains was also reported for ZnO nanostructures
[42]. Fig. 6e and f show simulated HRTEM and HRSTEM images, respec-
tively, which were calculated based on the proposed model in Fig. 6c. A
good agreement is found between the simulated and experimental im-
ages, confirming reliability of the considered structure model.

4. Conclusions

Epitaxial GeTe thin films were successfully grown on highly lattice
mismatched Si(111) and on Sb2Te3-buffered Si(111) substrates by
means of PLD. The epitaxial temperature window is determined to be
210–270 °C for the thin film grown on the unbuffered Si(111) sub-
strates. The in situ investigation using RHEED reveals that the growth
of the film was initialized by the formation of an ultra-thin amorphous
layer. The films grew according to Stranski-Krastanov growth mode.
By employing a 2D bonded Sb2Te3 as a seeding layer on Si(111), the ep-
itaxial temperaturewindowofGeTe can be extended especially towards
lower temperatures down to 145 °C. Additionally, the surface topogra-
phy can be significantly improved with a typical roughness of less
than 1 nm, indicating the 2D growth mode of the buffered GeTe film.
In both cases, the epitaxial GeTe films were grown with trigonal struc-
ture. Moreover, twinned domains were observed in the epitaxial GeTe
thin films. The investigation on the local atomic arrangement revealed
the presence of overlapped twin domains with characteristic lamellar
structure in HRTEM, which is believed to be the characteristic of the
alloy. This work demonstrates the possibility of improving the quality
of epitaxial thinfilmsof 3Dbondedmaterials by employing a 2Dbonded
material as a seeding layer. Since improved surface quality of advanced
materials is essential for reliability and performance ofworking devices,
this study may pave the way for improving epitaxial growth of any
other class of 3D-bonded materials on lattice mismatched substrates



Fig. 6. (a) and (b) schematic representation of two parts of 180°-rotated twin domains seen in ½2110� and ½2110� directions, respectively. (c) Superimposed structure of (a) and (b),
resulting in superposition of twin domains in h2110i. (d) gives the overlapping twin domain in [0110] viewing direction. (e) and (f) simulated HRTEM (defocus −7 nm, specimen
thickness 32.6 nm) and HAADF-HRSTEM images calculated assuming the model structure shown in (c). The thickness of domain (b) was set to be two times larger as of domain (a).
The inset in (e) shows an FFT image. The simulated HRTEM, FFT and HRSTEM images reproduces experimental images in Fig. (c), (e), and (f) well.
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by employing 2D-bonded material as seeding layer. Moreover, high-
quality surfaces are mandatory for basic research studies e.g. in surface
science and for studies on ultrafast phase-transitions in chalcogenide
materials [43].

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2019.107657.
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