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Abstract—Epitaxial growth of GeSn films directly on (0001) sap-
phire substrates, has not been considered as a feasible task. Here,
an ultra-thin and a 1 pm thick Ge;_Sny (x<0.1) film were de-
posited on (0001) sapphire substrates at 475 °C and 367 °C, respec-
tively, through remote plasma-enhanced chemical vapor deposition
(RPECVD). The ultra-thin Ge;_,Sn, film (deposited at 475 °C)
exhibits a distinct epitaxial/twin mushroom-like island morphology
with a height ranging from 30-45 nm and a lateral width ranging
from 40 - 200 nm. The Ge;_,Sn, islands are covered by a ~4
nm thick surface layer of Sn-rich amorphous material and present
an atomically sharp and robust interface with the substrate. The
epitaxial Ge;_, Sn, lattices coherently join with the Al layer of the
sapphire substrate. The 1 gm thick Ge;_, Sn, film (deposited at 367
°C) consists of a thin epitaxial/twin layer below a nanocrystalline
columnar layer. The nanocrystalline grains have varying Sn content
that exceeds that in the epitaxial structure. The epitaxial/twin layer
in this film has an ~1 nm thick highly disrupted near amorphous
layer at the interface. Quasiperiodic, two-dimensional hexagonal
networks of misfit dislocations are formed at the interfaces of both
films to accommodate the misfit strain. The dislocation periodic

length was 13.3 A and 13.1 A for the films deposited at 475 °C
and 367 °C, respectively. The epitaxial structures in both films have
an identical orientation relationship of (111)gesn//(0001)sapphire,
[1 IO]GeSnﬂ[2IIO]Sapphires [211](}9511.”[11001551313]1“9 with the
substrate, exhibiting lattice mismatches of ~15% between the (220)
GeSn and the (1120) Al;O3 along the interface plane and -24%
between the (111) GeSn and the (0003) Alo O3 planes along the film
growth direction. The observed microstructures provide valuable
feedback that can be used to optimize the RPECVD process for
better quality epitaxial GeSn on (0001) sapphire substrates with
no buffer layer required.

Index Terms—Diffraction, electron microscopy, interface

phenomena, semiconductor epitaxial layers, thin films.
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I. INTRODUCTION

APPHIRE (Al;0O3) exhibits a high melting point
S of 2030°C, an excellent thermal conductivity of
42.5W/(m-K), a relatively low thermal expansion coefficient of
around 5.8 x 1076 /°C and good resistance to thermal shock.
It is transparent in the infrared region of the electromagnetic
spectrum and maintains its physical and optical properties at
high temperatures [1]. These favorable properties, in conjunc-
tion with its hardness, electrical insulating properties and other
characteristics, make it a valuable material in various electronic,
optical, aerospace, and high-temperature applications. Sapphire
can be considered as one of the best insulator substrates for
electronics and optoelectronics devices [2]. The significance of
sapphire substrates has been growing in the field of electronics
through the integration of semiconducting materials like ZnTe
[2], Ge [3], [4], SiGe [5], [6], [7]. [8], [9], [10], CdTe [11], and
GaAs [12], [13] for various applications.

High-quality epitaxial Ge;_,Sny films with Sn content ex-
ceeding 6 at.%, offer promising electrical and optical properties
pivotal for applications spanning near- and mid-infrared detec-
tors, emitters, and lasers [14], [15], [16], [17], [18], [19], [20].
The motivation for this work, involving the growth and study
of Ge;_Sny films on sapphire substrates, is grounded in their
potential applications in electronics, photonics, and optoelec-
tronics. However, several obstacles, including: (a) the low bulk
solubility of Sn in Ge, which is approximately 1 at.% [21], cou-
pled with the propensity for Sn to segregate or precipitate from
GeyxSny; (b) distinctly different crystal structures for GeSn
(diamond cubic) and sapphire (Al;O3, hexagonal); and (c) the
substantial lattice mismatch between Ge,_,Sn, films and (0001)
sapphire substrates, present considerable challenges in achiev-
ing high quality epitaxial Ge;_Sny films. Recently, various
innovative techniques using low-temperature, non-equilibrium
growth processes have been developed to produce higher Sn
content Ge;_,Sn, films. One example among these methods is
remote plasma-enhanced chemical vapor deposition (RPECVD)
that provides the capability for fast growth of epitaxial GeSn
films [22], [23].

Substantial lattice mismatches at the interface between the
film and substrate introduce considerable tensile or compressive
stress, resulting in microstructures enriched with defects and
pose a significant hurdle to realizing high-quality films. To
address this challenge, common approaches involve introducing
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Fig.1. (a)Illustration of possible epitaxial growth of GeSn on (0001) sapphire
substrate; (b) schematic packing sequences of the A and B layers in GeSn along
the [111] axis, and their atom arrangements in each layer; (c) schematic packing
sequences of the Al and O layers and the corresponding atom arrangements.

an intermediate buffer layer or a graded buffer layer onto the
substrate before film growth. These buffers aim to mitigate the
strain and enhance film quality by minimizing the formation of
defects [24], [25], [26], [27], [28]. Very recently, the first attempt
to grow epitaxial Ge;_,Sny on a (0001) sapphire substrate using
molecular beam epitaxy has been reported [29]. This epitaxial
growth was accomplished by depositing a Ge;_Sny film on
engineered buffered Ge(111)/AlAs/Al;O3 (0001) substrates at
150 °C. In the present study, we present a comprehensive ex-
amination of the film and interface structures of two GeSn films
grown directly on (0001) sapphire substrates by RPECVD. An
ultra-thin film was used to understand and optimize the initial
nucleation at the substrate interface and a thicker layer was
prepared to evaluate how the film evolves. These growths were
performed at different temperatures to optimize the crystallinity
of the layers while preventing phase segregation. The objective
of this study is to investigate the feasibility of epitaxially growing
GeSn on a substrate with a markedly different crystal structure,
a task that previously was not considered feasible. Characteriza-
tion of the film and interface structure, along with the associated
growth mechanism, can provide valuable insights for refining
growth conditions, enhancing film quality, and contributing to
the production of significantly higher-quality films.

II. GEOMETRIC CONFIGURATION OF GESN ON (0001)
SAPPHIRE SUBSTRATE

Sapphire (Al;O53) exhibits a hexagonal crystal structure with
unit cell lattice constants a = 4.765 A and c = 12.991 A, whereas
GeSn has a diamond crystal structure [30]. For GeSn epitaxially
grown on (0001) sapphire substrate, the most probable geometric
configuration is the GeSn (111) plane grown on the (0001) plane
of sapphire, as shown in Fig. 1(a). The crystal structure of GeSn
can be obtained by alternately stacking atomic layers A and B,
as shown in Fig. 1(b), along its [111] axis. The hexagons within
the layers A and B contain 4 and 12 atoms, respectively. The
dimension of the hexagons varies with the Sn content in the
structure. In the sapphire crystal structure, AI3* are surrounded
by six O% forming an octahedral arrangement which results in a
hexagonal close-packed structure by alternately stacking Al and
Olayers along the [0001] axis, Fig. 1(c). The terminating surface
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Fig.2. (a)and (b) AFM, (c) and (d) SEM images of the Ge;_ Sny, uHTIL and
LTTF films, respectively.

layer on the (0001) sapphire substrate can contain either Al or
O atoms, as shown in Fig. 1(c). When a GeSn structure grows
on a (0001) sapphire substrate, the first layer can be either A
or B layer, and the two structures can possibly follow a crystal-
lographic orientation relationship of (111)gega//(0001)sapphires
[1 IO] GeSu” [QIIO] Sapphires [21 I]lI}ta'Sn'f"![:l IOO] Sapphire-

III. FiLM FABRICATION AND CHARACTERIZATION

Two distinct films were deposited on (0001) sapphire sub-
strates, an ultra-thin Ge;_Sny, (x<0.1) initiation layer grown at
a higher temperature of 475 °C (denoted as uHTIL) and a thicker
(~1 pm) film grown at alower temperature of 367 °C (denoted as
LTTF). Ultrahigh purity, semiconductor grade (99.999%) GeH,4
and SnCly chemical precursors were used for deposition. For
substrate preparation, the (0001) sapphire substrates received a
10 minute anneal in an ozone cleaner prior to being introduced
into the growth apparatus. During growth, a constant substrate
temperature was maintained by feedback from a Eurotherm con-
troller, measured by a thermocouple embedded in the substrate
heater unit. The substrate temperature was determined based
on separate calibration measurements made using a commercial
thermocouple wafer and an optical pyrometer. The correlation
between the heater thermocouple and wafer temperature was
linear over the entire operating range. Further details of the
growth process and deposition equipment have been previously
reported [22], [23].

X-ray photoelectron spectroscopy (XPS) was conducted in a
Perkin-Elmer Phi 560 ESCA/SAM system using Al K, exci-
tation (1484.6 eV), to investigate surface composition of the
films. High resolution Ge 2p spectra, spanning the range of
1280-1200 eV, and Sn 3d spectra, ranging from 525-460 eV,
were acquired with a 0.2 eV step size and a pass energy of
100 eV. Calibration of binding energy (BE) relied on the C
Is peak, positioned at 284.8 eV. Raman spectra were cap-
tured using a ThermoFisher DXR3 Raman microscope with a
532nm laser. Atomic force microscopy (AFM) was conducted
using a Park XE 70 AFM, while scanning electron microscopy
(SEM) was carried out using a Hitachi S-4800 field-emission
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microscope equipped with an EDAX energy dispersive spec-
troscopy (EDS) system, operating at 3 keV, to evaluate surface
morphology.

X-ray diffraction (XRD) 6-26 scans were obtained using
a Bruker D8 Advance diffractometer using Cu K, radiation.
Cross-section (X-) and plan-view specimens were prepared for
transmission electron microscopy (TEM) through mechanical
grinding, polishing, and dimpling using a Gatan Model 656
dimple grinder. Subsequent Ar-ion milling was performed in
a Gatan Model 691 precision ion polishing system (PIPS). The
intricate microstructure of the films was examined in depth using
a Hitachi H-9500 high-resolution (HR) transmission electron
microscope operating at 300 keV. The microscope, with a lattice
resolution of 0.10 nm, is equipped with an EDAX EDS system.
HRTEM image simulations were performed using the EMS
software [31].

IV. RESULTS AND DISCUSSION

A. AFM, SEM, XPS, Raman and XRD Analysis

We have investigated the surface morphology and roughness
of the Ge;_Sn, uHTIL and LTTF films using AFM and SEM
with a scanning size areaof 1 x 1 um?. AFM images show rough
island structures for both films, Fig. 2(a) and (b). The uHTIL
and LTTF films exhibit average mean roughness (R,) values
of 5.19 nm and 6.88 nm, respectively. SEM images indicate
that the surfaces of both films present a grainy morphology,
Fig. 2(c) and (d). The grains in the uHTIL film are disjointed,
with distinct dark wide boundaries between them, whereas the
separations between islands in the LTTF film are more compact.
The grain size varies from 30 - 150 nm in both films.

The Ge and Sn content on the surfaces of the two films was
examined using XPS, Fig. 3(a). The average Sn content in the
Geq_Sn, uHTIL and LTTF films is ~34.1 at.% and ~8.6 at.%,
respectively. The notable difference in Sn content between the
two films was clear through the intensity variation of the Ge 2p
and Sn 3d peaks in Fig. 3(b) and (c). The spectra of the Ge 2p and
Sn 3d peaks from both films, as shown in Fig. 3(b) and (c), were
acquired under identical conditions. The Ge 2p peak in the LTTF
film exhibits significantly higher intensity compared to thatin the
UHTIL film, while the Sn 3d peak in the former is notably lower
than in the latter. The Raman spectra of the Ge;_, Sny uHTIL and
LTTF films exhibit peaks at 295.9 and 294.1 cm™!, respectively
(Fig. 3(d)). The Sn content estimated from the Ge—Ge vibration
mode peak position is ~6.9% for the uHTIL and ~9% for the
LTTF film, using the compositional dependence of the Ge-Ge
mode position in GeSn alloys reported in the literature [32]. The
peak observed at ~417 cm~! in the Ge;_Sn, uHTIL spectrum
corresponds to a phonon mode of Al;O3 [33]. The discrepancy
between the estimate of 34.1% Sn derived from the XPS of the
Geq_xSn, uHTIL film and its notable difference derived from
the Raman study will be discussed in more detail in the TEM
section.

We have studied the Ge;_,Sn, uHTIL and LTTF films on
(0001) sapphire, and the bare substrate for comparison, using
6-26 XRD analysis, as shown in Fig. 3(e). Only the (111) peak
of the Ge_xSny uHTIL film on (0001) sapphire substrate was
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Fig. 3. (a) XPS survey spectra, (b) and (c) XPS high resolution spectra of

Ge 2p and Sn 3d, (d) Raman spectra, (e) XRD spectra, (f) (111) GeSn rocking
curves of Ge1-xSny uHTIL and LTTF films on (0001) DSP sapphire substrates.
Subscript “s™ in (e) indicates substrate.

observed (center spectrum in Fig. 3(e)), indicating that the film
is highly [111] axis oriented. The strong peaks at 27.07° and
41.70° with a d-spacing of 3.292 A and 2.165A, respectively,
correspond to (111) GeSn and (0006) AlO3, The lattice constant
of the Ge; . Sn, epitaxial structure along the growth direction is
5.702 A with a Sn concentration of 5.6 at.%. The XRD spectrum
of the Ge;_xSn, LTTF (top spectrum in Fig. 3(e)) shows a
strong peak at 27.09°, and weak peaks at 44.96°, 53.18°, 65.31°
and 72.13° corresponding to d-spacings of 3.288 A, 2.015 A,
1.72A, 1.43 A, and 1.31 A, which can be determined to be the
(111), (220), (311), (400), and (331) with lattice constants of
5.695 A, 5.698 A,5.704 A, 5.720 A, and 5.710 A, and Sn at.%
of 4.7%, 5.1%, 5.8%, 1.8% and 6.6%, receptively. The weak
peak marked by “+” corresponds to (0006) Al;O3 excited by
residual Cu K. The presence of the strong (111) GeSn peak in
LTTF indicates formation of an epitaxial GeSn structure with
(111) orientation preferred in the film. The presence of the weak
peaks indicates formation of GeSn nanocrystalline with different
Sn content within this film. Fig. 3(f) provides rocking curves
of the (111) GeSn in both films. The rocking curve from the
GeyxSn, uHTIL exhibits a very sharp peak with a full width
at half maximum (FWHM) of 0.1° atop a broad peak with an
FWHM of 1°, indicating high epitaxial quality of the film. The
rocking curve from the Ge;Sny LTTF on (0001) sapphire
substrate shows a broad peak with an FWHM of 2°, indicating
the presence of an epitaxial structure in the film. The microstruc-
ture of both films is examined in detail in the TEM studies
below.
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Fig. 4. (a) XTEM image of Ge1xSny uHTIL on (0001) sapphire substrate.
(b) and (c) SAED patterns from sapphire substrate and GeSn/sapphire inter-
face, respectively, along the [2110]Al;04 direction. (d) SAED pattern of the
GeSn/sapphire interface along the [1100] AlzO3 direction. (e) XTEM image
from a thick TEM foil of GeSn uHTIL on (0001) sapphire viewed along a
direction tilted 10° away from the [2110] Al;Og direction. (f) and (g) EDS
spectra from the core and the near-surface regions as depicted in (a), respectively.
Subscript “s™ indicates substrate.

B. TEM Studies of Ge ;_zSn; uHTIL on (0001) Sapphire
Substrate

Fig. 4(a) shows a cross-section TEM (XTEM) image of the
Gey xSn, uHTIL on (0001) sapphire taken along the [2110]
Al;05 direction, clearly revealing a discrete island-like mor-
phology within the film. The islands exhibit a height ranging
from 30-45 nm, a lateral width ranging from 40 - 200 nm,
with distances between islands (the thickness of the boundaries
between them) ranging from 4 nm to 70 nm. Selected Area Elec-
tron Diffraction (SAED) studies show that the distinct islands
possess the same crystallographic orientation. Fig. 4(b) and (c)
exhibit SAED patterns taken from the sapphire substrate, and
multiple islands within the Ge;_,Sn, uHTIL and the sapphire
substrate along the [2110] axis of AlyOs, respectively. The
SAED pattern in Fig. 4(c) exhibits a clear superposition of the
[2110] Al;Og3 (spots on the dashed lattice points, i.e., Fig. 4(b))
and the [110] GeSn diffraction patterns (spots marked by a (@),
b (b), ¢ (¢), @’ (@) and ¢ (¢')). Assuming that the diffraction
spots labeled as a, b and ¢ with indices (111), (111) and (220),
respectively, belong to a [110] zone in GeSn, then spots a’ ('),
b (b) and ¢ (') belong to another [110] zone within a GeSn twin
structure [34], [35]. The SAED study shows that GeSn epitaxial
structure with some embedded twin structures is formed in the
uHTIL film on (0001) sapphire substrate. The epitaxial structure
of GeSn and the substrate have an orientation relationship of
(1 1 I)GeSnﬁ(OOOl)Sapphirea [l IO]GeSn”pITO]Sapphire-

Fig. 4(d) shows another SAED pattern taken from multi-
ple islands within the Ge;_Snyx uHTIL and sapphire substrate
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along the [1100] axis of AlyOs. It presents a clean superpo-
sition pattern of the [1100] zone Al;O5 (spots on the dashed
rectangular lattice points) and the [211] GeSn (spots off the
dashed lattice). This observation confirms the formation of
epitaxial GeSn islands on (0001) Al3O3. The GeSn islands
and the substrate exhibit a clearly defined orientation relation-
Sh.lp of (1 1 ])GeSnH(OOOI)Sapphire, []. IO]GESD”[QTIO]Sapphire!
[QII]GeSn” []-TOO]Sapphire-

Fig. 4(e) shows another XTEM image captured from a thick
TEM foil of Ge;_xSn, uHTIL on (0001) sapphire, viewed at a
10° angle away from the [2110] axis of Al5Os, clearly revealing
the three-dimensional morphology of the epitaxial GeSn islands
on the (0001) sapphire substrate.

The (111) GeSn planes exhibit a lattice spacing of 3.29 A,
corresponding a lattice constant 5.698 A and Sn concentration
of 5.1 at.%, with a -24% mismatch along the growth direction
compared to the (0003) Al,O5 planes, which have a lattice spac-
ing 0of 4.33 A. Additionally, the (022) GeSn planes have a lattice
spacing of 2.016 A, corresponding a lattice constant 5.701A
and 5.5 at.% Sn, with a -15.3% mismatch along the interface
direction with respect to the (1120) Al;O3 planes, which possess
a lattice spacing of 2.379 A. EDS analysis, performed using a
10 nm nanobeam probe, reveals that the core area within a single
island (refer to the core in Fig. 4(a)) exhibits a noticeably lower
Sn content of 9-11 at.% (Fig. 4(f)) compared to the near-surface
region of the islands (refer to the surface region in Fig. 4(a)),
which has 30- 47 at.% Sn (Fig. 4(g)).

Fig. 5(a) shows a representative X-HRTEM image of the
Ge1 xSny uHTIL on (0001) sapphire substrate along the [2110]
of Al>Os. The image exhibits multiple types of GeSn twin
domains (T;, Ty and T3). The Ty and Ty (T3, T2 and T3)
domains share their (111) planes, which are aligned parallel to
the interface plane. Meanwhile, the (111) of Ty and (111) T3 are
misoriented by an angle of 23.8°, forming a boundary (TB; )
between them. The Tj type twin domain, sandwiched between
T3 and T2, is formed by sharing their (111) planes. The T2 and
T3 domains are connected by a stacking fault (SF). All domains
exhibit an atomically sharp, clear interface with the substrate.

Fig. 5(b) shows a X-HRTEM image of the GeSn/sapphire
interface along the [2110] axis of Al;Os, exhibiting well-aligned
lattices between GeSn and sapphire with a clear, direct atomic
correspondence at the interface. The left side of Fig. 5(c) shows
an enlarged HRTEM image of the marked area in Fig. 5(b), over-
laid with the projection of GeSn along the [110] direction and
Al;03 along the [2110] direction, along with the corresponding
simulated HRTEM images. This study, using high resolution
electron microscopy combined with HREM image simulation,
suggests that the bright dots in the HRTEM image of GeSn
correspond to the GeSn motifs. The bright dots in the AlyO3
image correspond to the vacant channels within the structure,
as indicated by the brown dots overlaid on the Al;O3 image.
This study further indicates that the Al layer is the terminating
layer or the outermost surface layer of the (0001) sapphire
substrate. A possible atomic structure of the GeSn/sapphire is
schematically illustrated on the right side of Fig. 5(c), where the
large and small dots within Al,05 represent Al and O atoms,
respectively.
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Fig. 5. (a) X-HRTEM image of Ge1_.Snx uHTIL on (0001) sapphire sub-
strate along the [2110] axis of AlsOg direction, (b) X-HRTEM image of the
GeSn/sapphire interface along the [2110] axis of Al303, (c) enlarged HRTEM
image of the marked area in (b) superposed with simulated HRTEM images
of GeSn and AlyO3 and the projection of GeSn and Al;04 along the [2110
Al 04 direction (left) and the schematic illustration of GeSn/sapphire interface
structure (right) (large and small dots within Al2O3 represent Al and O atoms,
respectively).

Fig. 6(a) exhibits a X-HRTEM image of a GeSn island in
the uHTIL film, taken along the [1100] axis of sapphire, clearly
showing a GeSn epitaxial structure with a sharp interface. A dark
amorphous layer, 2-4 nm thick (region between the two dashed
lines), on top of the island corresponds to Sn-rich material.
Fig. 6(b) shows a X-HRTEM image of the GeSn/sapphire inter-
face taken along the [1100] of the substrate, displaying lattices
of GeSn well-aligned on sapphire. The GeSn/sapphire interface
appears as a disrupted monolayer structure rather than a direct
lattice connection between the film and the substrate. Fig. 6(c)
shows a X-HRTEM image of the GeSn/sapphire interface, taken
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Fig. 6. (a) and (b) X-HRTEM image of the Gej_Sn, uHTIL and the in-
terface along the [1100] axis of AlpOs, respectively. (c) X-HRTEM image
of the GeSn/sapphire interface, taken using a diffraction condition with only
(hh 2h 0) AlpOsq and (0 2k 2k) GeSn (h, k = £1, &2, £3) diffractions being
excited.

by tilting the [1100] axis of Al;O3 away from the electron-beam.
This tilting results in only (k k 2k 0)Al;O5 and (0 2k 2k) GeSn
(h, k = 1, £2, £3) diffractions being excited. Fig. 6(c) ex-
hibits quasi-periodically distributed edge dislocations (labeled
by white arrows). The distance between adjacent misfit dislo-
cations spans from five (1120) Al;O5 or six (022) GeSn to six
(1120) Al;05 orseven (022) GeSn crystallographic planes along
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Fig. 7. (a) Plan-view TEM image of the Ge1.xSny, uHTIL/sapphire; (b)
enlarged plan-view TEM image of the Ge;_, Sn, uHTIL/sapphire; (c), (d), and
(e) EDS spectra from the gap (g), the near-surface (s) and the core (c) region as
depicted in (b), respectively. (f) and (g) SAED patterns from the substrate and the
GeSn/sapphire interface, respectively; Subscript “s™ in (f) indicates substrate.

the interface. This results in a high-density of misfit dislocations
(~7 x10 dislocations/m) along the interface. This generates a
monolayer-thick disrupted lattice image at the interface as shown
in Fig. 6(b).

The GeSn island morphology and distribution on the
film plane were studied by plan-view TEM of Ge;_Sn,
uHTIL/sapphire by removing the substrate using ion-milling,
Fig. 7(a). The dark domains enclosed by the white boundaries are
indicative of GeSn structures, aligning with the islands shown
in Fig. 4(a) and (e). Fig. 7(b) presents an enlarged TEM image
for a detailed examination of the island structure. The GeSn
islands have a width from 30 nm - 200 nm and possess indistinct
shapes immersed in a bright matrix, while the white boundaries
or gaps (regions labeled by “g” in Fig. 7(b)) between the islands
correspond to Al;O3 substrate, measure between several nm to
60 nm. This observation has been verified through EDS analysis,
as shown in Fig. 7(c), exhibiting only Al and O. The edges of
the islands were encapsulated by a ~4 nm thick surface layer
(regions labeled by “s” in Fig. 7(b)), exhibiting a higher Sn
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content ranging from 18-24 at.%, as obtained from EDS analysis
(Fig. 7(d)). In contrast, the core region of the island (regions
labeled by “c” in Fig. 7(b)) exhibits a lower Sn content, ranging
from 8-15 at.% (Fig. 7(e)). The observation of the higher Sn
content surface layer encapsulating the GeSn islands revealed
by plan-view and XTEM - EDS studies is consistent with the
elevated Sn content determined through XPS analysis. The
lower Sn content revealed by Raman and diffraction analysis
corresponds to the GeSn crystal structure.

Fig. 7(f) and (g) show SAED patterns taken from the substrate
and the uHTIL GeSn/ sapphire interface in a plan-view TEM
sample, respectively, along to the [0001] axis of Al,O3. Fig. 7(g)
was taken from a region encompassing many GeSn islands in
Fig. 7(a). In Fig. 7(g), the spots situated on the dashed lattice
points correspond to the diffractions of the [0001] Al;O3, while
those marked by arrows correspond to the diffractions of the
[111] GeSn. The spots 1, 2 and 3 correspond to GeSn (220),
(022) and (202), respectively. The remaining spots correspond
to the double diffractions produced by the overlap of the Al;O3
and GeSn at the interface. Fig. 7(g) distinctly displays a clean and
well-defined superposition of the [0001] AlO3 and [111] GeSn
patterns serving as a further strong indicator of the epitaxial
nature of GeSn islands on the sapphire substrate. The lattice
mismatch between the (1120) Al,05 the (220) GeSn measured
in Fig. 7(g) is —15.1%, nearly identical to the value measured
from the X-TEM (Fig. 4(d)).

Fig. 8(a) exhibits another magnified plan-view bright-field
TEM image of the Ge;_Sny, uHTIL/sapphire with an SAED
pattern inset. Fig. 8(b), (c) and (d) display dark-field images
taken from the paired X ((220) GeSn-(1120) Al;03), Y ((022)
GeSn-(2110) Aly03), and Z ((202) GeSn - (1210) Al,O3)
diffractions in a near two-beam condition, respectively, exhibit-
ing diffraction contrast images from the marked area in Fig. 8(a).
Each individual dark-field image exhibits a series of parallel,
periodically distributed fine black lines that are perpendicular
to the corresponding diffraction vector. The average distance
between the fine black lines is 13.3 A. Each one of these
lines represents an edge misfit dislocation at the GeSn/sapphire
interface. This evidence shows that an edge misfit dislocation is
formed every 13.3 A at the GeSn/sapphire interface along the
[1120] AlyO5 direction. The lattice spacing of the (220) GeSn
planes is 2.015 A, corresponding to a GeSn structure with a
lattice constant 5.70 A and 5.3 at.% Sn. A close examination
showed that the spacing of the lines in the dark-field images is
not uniform (up to 16% difference), as shown in the enlarged
image in Fig. 8(e). The line spacing ranges from 14.3 A (marked
byL)to 11.9 A (marked by S). The large spacing signifies the
coherent joining of seven GeSn (220) planes and six (1120)
Al;0O3 at the interface. In contrast, the small spacing indicates
the coherent joining of six GeSn (220) planes and five (1120)
Al>Ox at the interface, as schematically illustrated in Fig. 8(f).
The lattice mismatch (4) between the film and the substrate is
—153%.

The interaction of three different oriented sets of edge dislo-
cations generates a well-defined hexagonal modulated super-
lattice arrangement within the GeSn islands, as observed in
the HRTEM image in Fig. 9(a). These arrangements bear a
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Fig. 8. (a) Plan-view bright-field TEM image of the Gei xSny
uHTIL/sapphire with an SAED pattern inset. (b), (c), and (d) dark-field
images taken using diffraction spot X, Y and Z from the inset in (a),
respectively. (e) Enlarged image of the area marked “Z” in (b). (f) Illustration
of dislocations formation at the Ge;_, Sn,/ sapphire interface, with “.L™ in (f)
indicating the locations of misfit dislocations. In (e), “L” and “S™ represent the
large and small spacings between the fringes, respectively. In (f), “d” and “D”
represent the lattice spacings of the GeSn (111) and Al303 (1120) planes,

respectively.

resemblance to patterns observed in HRTEM images in our
previous studies of epitaxial films [34], [35], [36], [37], [38].
The formation of the hexagonal modulated structure and misfit
dislocation network at the interface is schematically illustrated
in Fig. 9(b), by overlapping the projections of GeSn along the
[111] direction and of Al;O3 along the [0001] direction, aligned
with [2li]GeSn”[1 IOO]Sapphire, [ITO]GeSn i [IIQO]Sapphire- The
lighter gap region in Fig. 9(a) lacking this modulated structure
corresponds to the sapphire substrate.

C. TEM Studies of Ge_ySn; LTTF on (0001) Sapphire
Substrate

The X-TEM study reveals that the Ge;_, Sny LTTF on (0001)
sapphire substrate exhibits a columnar-like structure (~900 nm
thick) atop a solid layer (~tens of nm), as shown Fig. 10(a).
Fig. 10(b) shows an enlarged cross-section TEM image of the
GeSn/sapphire interface, where the GeSn regions near the sub-
strate exhibit the formation of numerous twin structures, similar
to the structure observed in our previous studies on epitaxial
films [34], [35], [39], [40]. The top columnar section of the
Gey_Sn, LTTF consists of nanocrystalline GeSn, as identified
by SAED analysis, shown in Fig. 10(c). The rings «, /3, and
7 in Fig. 10(c) correspond to the diffractions (111), (220) and
(311) of GeSn. Not all (111) diffraction spots lie exactly on
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Fig.9. (a)Plan-view HRTEM image from a region covering island and open
space of the GeSn uHTIL/sapphire, (b) illustration of the formation of 2-D
superlattice at the GeSn/sapphire interface.
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Fig. 10. (a) XTEM image of the entire Ge1_.Snx LTTF on (0001) sapphire
substrate, (b) magnified XTEM image near the GeSn/sapphire interface; (c)
SAED pattern from the top region of the film, (d) SAED pattern of the
GeSn/sapphire interface along the [1100] Alz03 direction.

circles with the same radius, indicating a variety of lattice
spacing, varying from of 3.31 Ato 3334, corresponding to
crystalline GeSn with lattice constants measured from 5.74 A
t0 5.77 A, representing Sn incorporation of 11 at.% to 14 at.%,
respectively. This indicates that GeSn crystallites with different
Sn concentrations were formed in the top columnar layer of the
film, similar to the structure observed in GeSn films grown on
Si substrate [35]. The solid, dark GeSn layer near the interface,
in Fig. 10(a), has an epitaxial structure implanted with some
twin structures, as revealed by SAED. Fig. 10(d) shows a SAED
pattern taken from the GeSn/sapphire interface along the [1100]
axis of Al;O3 The GeSn (111) planes, Fig. 10(d), exhibit a
lattice spacing of 3.29 A, corresponding to a GeSn structure with
a Sn concentration of 5.3 at.% and a lattice constant 5.70 A, with
a mismatch of —24% along the growth direction compared to
the (0003) Al;05 planes. The (022) GeSn planes perpendicular
to the interface have a lattice spacing of 2.012 A, corresponding
a lattice constant: a = 5.69 A, and 4.1 at.% Sn, representing a
—15.5% mismatch with respect to the (1120) AlyO; planes.
The mismatch level is identical to the one obtained for the
uHTIL GeSn on sapphire substrate. SAED studies show that
the concentration in the epitaxial layer is slightly lower than
that in the columnar layer. This observation is also confirmed
by the EDS analysis. The orientation relationship between the
GeSn epitaxial structure and the (0001) sapphire substrate in
Geq1_xSny LTTF is identical to that in Ge;_xSn, uHTIL.

Fig. 11(a) displays a X-HRTEM image of the top region of
the Ge;Sny LTTF exhibiting a columnar structure with poly-
crystalline GeSn. Fig. 11(b) and (c) show X-HRTEM images of
the GeSn/sapphire interface along the [2110] and [1100] AlxO4
direction, respectively. Both images clearly illustrate the (111)
GeSn planes within the epitaxial structure aligned nearly parallel
to the (0001) Al;0Os3, along with an amorphous layer measuring
~ 1 nm at the interface between the GeSn film and sapphire
substrate. GeSn nanotwins (marked by arrows) sharing their
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Fig. 11. (a) X-HRTEM image of the top region of the Ge;_Sn, LTTF on
sapphire substrate, (b) and (c) X-HRTEM images of the GeSn/sapphire interface
along the [2110] and [1100] Al203 direction, respectively.

(111) planes with the epitaxial counterpart are also present in
Fig. 11(b).

The microstructure evolution of the Ge; 4Sn, LTTF in a
layer-by-layer manner along the growth direction is further
studied by plan-view TEM. Fig. 12(a) and (b) show a plan-view,
bright-field TEM image and the corresponding SAED pattern
of the top columnar layer of the film, respectively. This layer
was isolated by eliminating the substrate and bottom layer using
ion-milling. The cross-sections of the columnar structure exhibit
nearly equal axis grains with sizes ranging from 70 — 130 nm.
The crystallographic orientations of those grains are randomly
arranged, as revealed by the SAED pattern shown in Fig. 12(b).
GeSn nano-twins were frequently observed within the columnar
structures, as shown in Fig. 12(c), which is an HRTEM image
of the black grain marked with an asterisk (*) in Fig. 12(a).

Fig. 13(a) and (b) show a plan-view, bright-field TEM image
and the corresponding SAED pattern of a transition layer in the
Ge1«Sny, LTTF film on (0001) sapphire substrate, respectively.
This transition layer, which shifts from the bottom epitaxial to
the upper nanocrystalline structure, corresponds to the layer
depicted in Fig. 10(a). This layer predominantly consists of a
single crystal epitaxial configuration in conjunction with twins,
as demonstrated by the SAED pattern shown in Fig. 13(b). These
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Fig. 12. (a) Plan-view TEM image, (b) SAED pattern, and (c) plan-view
HRTEM image from the top layer of GeixSnyx LTTF on (0001) sapphire
substrate.

Fig. 13. (a) Bright-field TEM image, (b) SAED pattern, (c) dark-field image,
(d) and (e) HRTEM images from epitaxial (E) and twin (T) regions in (a) or (c),
in a plan-view transition layer from the bottom epitaxial to up nanocrystalline
structure in the Ge;_ Sn, LTTF on sapphire substrate.
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Fig. 14. TEM image and SAED pattern of (a) and (b) the bottom layer near
the interface and (c) and (d) the interface from a plan-view sample of Ge;_,Sny
LTTF on sapphire substrate.

strong diffraction spots positioned at the dashed lattice points
correspond to diffractions observed in the [111] GeSn zone
diffraction pattern of the epitaxial crystal. The remaining spots
align with the diffractions observed in the diffraction patterns
of the GeSn twins. For example, spots positioned at the first
ring (labeled as ”F in Fig. 13(b)) correspond to the (111) of
GeSn twins. Fig. 13(c) displays a dark-field image taken from
the (022) GeSn diffraction under a near two-beam condition. The
predominant white contrast regions (such as E, E1, E2 and E3)
demonstrate the presence of the epitaxial structure, whereas the
black contrast regions, such as T and T1, signify twin structures.

Such composite structure of the transition layer has been
further investigated and confirmed using HRTEM. Fig. 13(d)
and (e) show HRTEM images from the epitaxial (E) and twin (T)
regions in Fig. 13(a), respectively. These images clearly reveal an
epitaxial [111] GeSn single crystal in the formerand [111] GeSn
twins in the latter. Fig. 13(d) also displays the direct connection
of the GeSn (111) twin to the GeSn epitaxial grain.

Fig. 14(a) shows a bright-field TEM image of the GeSn
epitaxial layer in a plan-view sample of Ge; Sny, LTTF on
(0001) sapphire substrate. The sample was prepared by selec-
tively removing the GeSn columnar crystalline material from
the film side and a substantial portion of the sapphire from the
substrate side, leaving behind a very thin sapphire layer through
ion-milling. In this image, the GeSn layer is significantly thicker
than the sapphire layer, and the electron beam is aligned parallel
to the [0001] axis of Al2Os3, or the [111] axis of the GeSn.
This TEM image unequivocally demonstrates the well-defined
hexagonal lattice in conjunction with parallel lattice fringes, the
former corresponds to presence of [111] epitaxial crystal and
the latter indicates GeSn twins. Fig. 14(b) displays an SAED
pattern corresponding to the region shown in in Fig. 14(a).
The weak sharp spots in this pattern, located at the dashed
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lattice points, correspond to the diffraction spots observed in
the [0001] zone of Al;03. The strong spots marked by arrows
correspond to the diffractions observed in the [111] zone of GeSn
epitaxial structure. The remaining weak spots correspond to the
diffractions from twins and double diffractions resulting from
the overlapping interference of GeSn and Al;Os. The lattice
spacing of (220) GeSn in the epilayer is 2.016 A, corresponding
to a GeSn with a lattice constant of 5.70 A, indicating formation
of Geg.o5Sng g5 The lattice spacing of (111) planes of GeSn
twins is 3.32 A, corresponding to a lattice constant of 5.74 A,
indicating formation of Geg oSng ;. This shows that the GeSn
twins contain higher Sn content compared to the GeSn epilayer.

Fig. 14(c) and (d) show a TEM image and an SAED pattern,
respectively, taken from a plan-view interface where the GeSn
layer and the sapphire layer have nearly the same thickness.
These images were captured under identical imaging conditions
to Fig. 14(a) and (b). In Fig. 14(d), the spots corresponding to
the diffraction observed in the [0001] zone of Al;0O4, located
at the dashed lattice points, and the double diffraction exhibit
a significantly enhanced intensity, nearly matching that of the
diffraction observed in the [111] zone of GeSn, as labeled by the
arrows. The lattice spacing of the GeSn (220) in Fig. 14(d) is
2.010A, corresponding to alattice constant of 5.68 A, indicating
formation of Geg g7Sng 3. The results in Fig. 14(a)—(d) indicate
that the epitaxial GeSn closer to the sapphire substrate contains
less Sn than the structure far from the substrate. The lattice
mismatch between (220) GeSn and (1120) Al,Og3 at the interface
is —15.4%. The TEM image, as shown in Fig. 14(c), displays
well-defined multifaceted domains (such as triangular, quadri-
lateral or polygon shapes) with hexagonal lattice, corresponding
to epitaxial GeSn. Occasionally, certain regions exhibit a series
of parallel lattice fringes, indicating the existence of GeSn
twins. These hexagonal lattice domains have an average size
of ~20 nm, notably smaller than those shown in Fig. 14(a). This
indicates that the GeSn epitaxial domains undergo rapid lateral
growth and coarsening during the initial stages of film formation.

Fig. 15(a) shows a HRTEM image captured from a plan-view
sample at the LTTF Ge;_Sny/sapphire interface, exhibiting
three distinct characteristics. In this image, the clean region
(indicated by AlyOs) with fine lattices corresponds to the
pure sapphire substrate. Its fast Fourier transformation (FFT)
is displayed in Fig. 15(b), revealing a pattern identical to the
one observed for the [0001] zone of Al;O5. The regions with
well-defined hexagonal modulated superlattice arrangements,
such as the one indicated by ET, correspond to the (111) GeSn
epitaxial structure. Its FFT is shown in Fig. 15(c), revealing a
pattern identical to the observed SAED pattern of the plan-view
GeSn/sapphire interface, as shown in Figs. 7(g) and 14(d). The
modulation wavelength, measures approximately 13.1 A along
three equivalent close-packed directions, i.e., [1120], [2110] and
[1210] of Al;0s. This spacing signifies the coherent joining of
the (220) GeSn and (1120) AlyO5 planes at the interface every
13.1 A. As aresult, approximately 13 (220) planes of GeSn align
with 11 (1120) planes of Al;Os3, revealing a calculated lattice
mismatch of —15.4% at the interface. Estimation indicates a
Sn content of approximately 3 at.% within the GeSn layer at
the interface. The regions displaying a series of parallel fringes,
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Fig. 15. (a) HRTEM of the interface from a plan-view sample of Ge;_Sny
LTTF on sapphire substrate. (b)—(d) FFT from the AlpOs, TS and ET regions
in (a). Subscripts “S™ and “F” indicate substrate and film, respectively.

such as the one indicated by TS, correspond to the GeSn twins
with their (111) plane vertically aligned and grown on (0001)
Al;O4 substrate. Its FFT is shown in Fig. 15(d), revealing (111)
GeSn with a lattice spacing of 3.33 A, corresponding to GeSn
with a Sn content of ~14 at.% and a lattice constant of 5.77
A. The twins exhibit a higher Sn content than the epitaxial
structure, consistent with the results extracted from the SAED
pattern. In twins, approximately 5 (111) planes of GeSn align
with 7 (1120) planes of Al;O3 and two misfit dislocations are
formed every 16.6 A to accommodate the lattice mismatch strain
between these two structures.

D. Discussion

The microstructures of the Ge1_xSny uHTIL and LTTF films
as revealed by the TEM studies are schematically summarized
in Fig. 16. The Ge;_Sn, uHTIL deposited on (0001) sapphire
substrate at 475 °C exhibits a discrete island morphology. The
formation of such an island morphology follows a similar mech-
anism scenario to the case of GeSn islands directly deposited on
(001) Si [34]. However, in this work, the morphology of each
GeSn island appears as a mushroom-like morphology with the
bottom of the island connected to the substrate, exhibiting a
narrowed neck. In this film, the (220) GeSn planes at the interface
exhibit a lattice mismatch of —15.3% with the (1120) of Al;Os3,
corresponding to a Sn content of approximately ~5.3%. The
GeSn lattice experiences strong tensile strain on the film plane,
forcing the GeSn lattice to expand along the interface direction.
The strain relaxation caused by this lattice expansion attracts
large Sn atoms and results in incorporation of more Sn in the core
region. However, the lattice is not well connected to the substrate.
Additional Sn causes the amorphization at the interface. On
the other hand, the lattice spacing of the GeSn crystal planes
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Fig. 16. Schematic illustration of the microstructures of the Ge,_ Sn, uHTIL
(a) and LTTF (b). epi: Epilayer; H: Horizontal; V: Vertical.

is notably smaller than those of the coherently aligned lattice
planes to the sapphire substrate. On (0001) sapphire, epitaxial
GeSn films with higher Sn content exhibit smaller lattice mis-
match and, consequently, smaller misfit strain with the substrate.
Therefore, it may be less challenging to deposit epitaxial GeSn
films with high Sn content on (0001) sapphire substrates. The
Ge_xSn, uHTIL deposited on the (0001) sapphire substrate
exhibits a clear, atomically sharp interface, where the GeSn
lattice coherently joins the Al atoms on the substrate surface.
This indicates that the lattice misfit strain at the GeSn/sapphire
interface was effectively accommodated, thereby significantly
reducing residual strain within the GeSn epilayer. This structure
can act as a precursor for subsequent epitaxial deposition of thick
GeSn film.

The Gey Sny, LTTF on (0001) sapphire deposited at 367 °C
is composed of an epilayer (or (111) orientation preferred struc-
ture) on the substrate which transitions to an upper columnar
nanocrystalline layer. This film has an amorphous or disrupted
structure layer measuring approximately 1 nm at the interface,
in contrast to the clear, atomically sharp, coherently joined
interface in the Ge;_Sny uHTIL. This observation indicates
that increasing the deposition temperature can improve the
interface between the GeSn film and the sapphire substrate. In
the Ge;xSny LTTF, the epilayer near the substrate exhibits a
higher density of twins compared to the Ge;_, Sn, uHTIL. This
is due to the lower growth temperature for the Ge;_Sn, LTTF
compared to the Ge;,Sn, uHTIL. The quality of the epilayer
degrades along the growth direction. The Sn content in the GeSn
epilayer near the substrate is lower than that in regions farther
from the interface and increases as the film continues to grow.
Such a composition and structural gradient is suspected to result
from the lower deposition temperature. Increasing the deposition
temperature is anticipated to improve the quality of the GeSn epi-
taxial layer. It is also observed that the epitaxial Ge;_ Sn, uHTIL
deposited on (0001) sapphire substrate at 475 °C contains nearly
identical or even slightly higher Sn content than the epilayer in
the Ge;_x Sny/sapphire deposited 367 °C. Increasing deposition
temperature (from 367 °C to 475 °C) is expected to improve
the epitaxial quality of the films while maintaining the same Sn
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content, and provides significant benefits for producing thicker,
high-quality epitaxial GeSn thin films on sapphire substrates.

V. CONCLUSION

Detailed examinations and analysis are presented of epitaxial
structures in an ultra-thin Ge;_,Sn, uHTIL and a ~1 pm thick
Gey«Sn, LTTF films grown directly on (0001) sapphire sub-
strates by RPECVD. The Ge;_,Sn, uHTIL contains discrete
mushroom-like epitaxial islands with a height ranging from
30-45 nm and a lateral width ranging from 40 - 200 nm. The
GeSn islands are covered by a ~4 nm thick layer of Sn-rich
amorphous material. The Ge; xSn, LTTF contains an initial
epilayer, tens of nm thick, below a ~900 nm upper columnar
nanocrystalline structure. The epitaxial structures in both films
have an orientation relationship of (111)gesn//(0001)sapphire,
[1IO]GeSn”[QIiO]Sapphirea [21i]GeSn”[liOO]Sapphire with the
substrate. The epitaxial structures in both films feature nano
twins and exhibit lattice mismatches of ~15% between the (220)
GeSn and the (1120) Al O3 along the interface plane and —24%
between the (111) GeSn and the (0003) Al,O5 planes along the
film growth direction. The high density of misfit dislocations
at the interface plane is compensated by the formation of a
quasiperiodic hexagonal network of misfit dislocations, with
periodic lengths of 13.3 A for Ge_Sn, uHTIL/sapphire and
13.1A for Ge;_Sn, LTTF/sapphire. The GeSn/sapphire inter-
faces are characterized by a clear, atomically sharp structure
in the Ge;_Sn, uHTIL sample, and a highly disrupted, nearly
amorphous, ~1 nm thick layerin Ge;_,Sn, LTTF. The nanocrys-
talline grains in the upper columnar regions of Ge;_,Sn, LTTF
have varying Sn content, with all concentrations higher than that
observed in the epitaxial region. No Sn precipitates were ob-
served in the film. Growing GeSn on (0001) sapphire substrates
at a higher temperature results in an atomically sharp and robust
interface and enhances epitaxial quality, while maintaining the
Sn content level. This method is expected to provide significant
advantages for producing thicker, high-quality epitaxial GeSn
thin films directly on (0001) sapphire substrates.
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