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ABSTRACT

Two distinct ultra-thin Ge,_,Sn, (x<0.1) epilayers were deposited on (001) Si substrates at 457 and 313°C through remote plasma-
enhanced chemical vapor deposition. These films are considered potential initiation layers for synthesizing thick epitaxial GeSn films. The ¢

GeSn film deposited at 313 °C has a thickness of 10 nm and exhibits a highly epitaxial continuous structure with its lattice being compressed
along the interface plane to coherently match Si without mismatch dislocations. The GeSn film deposited at 457 °C exhibits a discrete epi-
taxial island-like morphology with a peak height of ~30 nm and full-width half maximum (FWHM) varying from 20 to 100 nm. GeSn
islands with an FWHM smaller than 20 nm are defect free, whereas those exceeding 25 nm encompass nanotwins and/or stacking faults.
The GeSn islands form two-dimensional modulated superlattice structures at the interface with Si. The GeSn film deposited at 457 °C pos-
sesses a lower Sn content compared to the one deposited at lower temperature. The potential impact of using these two distinct ultra-thin
layers as initiation layers for the direct growth of thicker GeSn epitaxial films on (001) Si substrates is discussed.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003445

. INTRODUCTION

High-quality epitaxial GeSn films with Sn content exceeding
6 at. %, offer exceptionally promising electrical and optical proper-
ties needed for applications spanning near- and mid-infrared detec-
tors, emitters, and lasers."~” However, the inherent challenges with
these alloys, including the limited bulk solubility of Sn in Ge,” the
propensity for Sn to segregate or precipitate from GeSn at elevated
temperatures, and the substantial lattice mismatch between GeSn
films and Si substrates, present considerable obstacles in achieving
epitaxial GeSn films of superior quality. To surmount these chal-
lenges and attain higher Sn content in GeSn films, significant recent
efforts have been directed toward innovating diverse techniques

using low-temperature, non-equilibrium growth processes. One
example among these methods is remote plasma-enhanced chemical
vapor deposition (RPECVD), which provides the capability for fast
growth of epitaxial GeSn films.”'’

Another challenge in achieving high-quality epitaxial GeSn
thin films with a high Sn content on (001) Si is the substantial
lattice mismatch between the film and the substrate. Such a large
lattice mismatch at the interface produces compressive strain in the
film, leading to structural defects such as edge or threading disloca-
tions. To address this challenge, methods such as introduction of
an intermediate Ge buffer layer (sometimes called a Ge virtual sub-
strate) or a graded buffer layer prior to GeSn film growth have been
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employed. The goal of such buffer layers is to reduce the strain and
enhance film quality by minimizing the occurrence of defects.'' ™"
In this work, we report on a comprehensive examination of the
morphology, composition, and microstructure of two ultra-thin
GeSn layers on (001) Si that can potentially be used as initiation
layers for deposition of thick epitaxial GeSn films directly on Si
without any buffer layer. These nucleation layers were deposited by
RPECVD at two distinct temperatures to better understand the
growth temperature-composition-microstructure-strain relaxation
relationship near the interface.

Il. EXPERIMENT

Two distinct Ge;_,Sn, (x <0.1) ultra-thin initiation layers
were deposited via RPECVD at a high temperature of 457 °C
(denoted as HTIL) and a standard temperature of 313 °C (denoted
as STIL), respectively. The layers were grown using 42 SCCM flows
of 6% GeHy/He and 12.5SCCM of SnCly/He with an additional
3.75 SCCM He dilution. For substrate preparation, the (001) Si sub-
strates were etched for 1 min in a dilute HF solution to eliminate
the native oxide layer prior to being introduced into the growth
apparatus. The deposition time for both initiation layers was 45s.
Further details of the growth process and equipment configuration
have been reported previously.””

The surface composition of the films was investigated by x-ray
photoelectron spectroscopy (XPS) conducted in a Perkin-Elmer Phi
560 ESCA/SAM system using an Al K, excitation source
(1484.6eV). Survey spectra spanning the range 0-1300eV were
acquired with a step size of 0.2 eV and a pass energy of 100eV.
Calibration of binding energy (BE) relied on the C 1s peak, posi-
tioned at 284.8eV. Raman spectra were captured using a
ThermoFisher DXR3 Raman microscope with a 532 nm laser. To
assess surface morphology, scanning electron microscopy (SEM)
was conducted using a Hitachi S-4800 field-emission microscope
equipped with an EDAX energy-dispersive spectroscopy (EDS)
system, operating at 3 keV and atomic force microscopy (AFM) was
conducted using a Park XE 70 AFM. Cross-sectional 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.
The intricate microstructure of the films was explored in depth using
a Hitachi H-9500 high-resolution (HR) transmission electron micro-
scope operating at 300 keV. The microscope, with a lattice resolution
of 0.10 nm, was equipped with an EDAX EDS system.

I1l. RESULTS AND DISCUSSION

The surface morphology and roughness of ultra-thin GeSn
HTIL and STIL were investi%ated using SEM and AFM in non-
contact mode with a 1 x 1ym” scanned area. Figures 1(a) and 1(c)
display an SEM image and an AFM image, respectively, illustrating
the surface morphology of the ultra-thin GeSn HTIL. The SEM
image resembles the characteristics of a rock garden floor, while the
AFM image reveals a rough island structure. The structures in this
film have sizes ranging from 20 to 150 nm in diameter with an
average mean roughness (Ra) of 3.53nm. Figures 1(b) and 1(d)
show similar SEM and AFM images, respectively, of the GeSn
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STIL, revealing the surface morphology of the ultra-thin GeSn
STIL. Both STIL images exhibit a significantly smoother surface
compared to the HTIL, with a Ra value of 0.27 nm.

We investigated the surface composition of GeSn HTIL and
STIL using XPS, Fig. 1(f). The Sn content in the HTIL and STIL
films is ~6.0 and ~9.5 at. %, respectively.

We also examined the GeSn HTIL and STIL using Raman spec-
troscopy, Fig. 1(e). The GeSn HTIL and STIL films exhibit a peak at
296.0 and 291.5 cm ™", respectively. The Sn content estimated from
the Ge-Ge vibration mode peak position is ~6.5% for the HTIL and
~12.5% for the STIL films using the compositional dependence of
the Ge-Ge mode position in GeSn alloys reported in the literature.'®

Figure 2(a) shows a cross-sectional TEM image of the GeSn
HTIL film on Si taken with the electron beam parallel to the Si
[110] direction, clearly revealing a discrete island-like morphology
within the film. The peak height of the islands is about 28 nm, with
the base of the islands situated on the Si substrate. The islands
exhibit a lateral full-width at half maximum (FWHM) that ranges
from 30 to 100 nm, with distances between islands (the thickness
of the boundaries between them) ranging from 4 to 15nm.
Selected area electron diffraction (SAED) pattern studies show that
the distinct islands all share the same crystallographic orientation.

Figure 2(b) shows an SAED pattern taken from a region
encompassing multiple islands within the GeSn HTIL film and Si
presenting a clean superposition pattern of [110] Si and [110]
GeSn. This observation indicates formation of highly epitaxial
GeSn islands on Si. The GeSn islands have an orientation relation-
Ship of (OGI}GeSn!!(Oﬂl}Si, []m]ﬁesnf,"[]m]si, [ﬂlﬂ]ﬁesnﬂ[ﬂ]ﬂ]si, and
lattice mismatches of 5.2% along the interface direction and 4.7%
along the vertical direction, with respect to the Si substrate.

The GeSn island morphology and distribution in the film §
plane were studied through plan-view TEM. Figure 2(c) shows a E
plan-view TEM image of GeSn HTIL/Si obtained by removing the &
substrate using ion milling, demonstrating a pattern composed of &
distorted, non-specific shapes. The bright boundaries in Fig. 2(c)
correspond to areas where Si from the substrate is present without
the presence of GeSn structures, whereas the dark domains
enclosed by the white boundaries are indicative of GeSn structures,
consistent with the island formations shown in Fig. 2(a). The dark
domains have a width ranging from 20 to 100 nm, while the white
boundaries measure between 10 and 20 nm. Figure 2(d) shows one-
quarter of an SAED pattern extracted from a plan-view sample of
the GeSn HTIL/Si interface. In this case, the electron beam was
aligned parallel to the [001] axis of the Si substrate. Figure 2(d) was
taken from a region encompassing many dark domains in Fig. 2(c).
The pattern displays a clean and well-defined superposition of the
[001] Si and [001] GeSn patterns serving as a further strong indica-
tor of the highly epitaxial nature of the GeSn islands on the Si sub-
strate. The lattice mismatch measured in the SAED pattern from
the plan-view sample [Fig. 2(d)] is 5.20%, the same as the value
measured from the cross-sectional TEM sample [Fig. 2(b)]. The Sn
content in the GeSn islands can be approximately determined to be
7 at. % obtained by using the formula x = (Gexp — age)/(asn — age)s
where a., is the lattice constant measured from the SAED pattern
and as, and ag. correspond to the lattice constant of a-Sn and Ge,
respectively. EDS analysis, performed using an electron beam with
a 10 nm diameter probe, reveals that the core area within a single
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FIG. 1. (a), (c) and (b), (d) SEM and AFM images for HTIL and STIL films, respecfively; (¢) Raman spectra of GeSn HTIL and STIL on Si substrates, (f) XPS survey
spectrum of GeSn STIL film.
island [refer to the core location in Fig. 2(a)] exhibits a somewhat  pyramid-like GeSn structure, measuring 20 nm in height and with
lower Sn content of 7-8at.% [as shown in the top spectrum in ~ an FWHM of 20 nm, presents itself as a defect-free structure above
Fig. 2(e)] compared to the near-surface region of the island [refer the interface, Fig. 3(a). Within this structure, three misfit disloca-
to the surface region location in Fig. 2(a)], which has 9-10at. % Sn tions (indicated by arrows) have formed at the interface with the
[as depicted in the bottom spectrum of Fig. 2(e)]. substrate. The areas outside the pyramid-like GeSn structure
In Figs. 3(a) and 3(b), cross-sectional HRTEM images of the  appear as open spaces, exposing the Si substrate. Conversely, within
GeSn HTIL/Si interface show the atomic structure of two distinct  the larger hill-like structures, characterized by an FWHM exceeding
GeSn island-like structures with different sizes. The smaller, 25 nm, a few nanotwin structures were observed [see Fig. 3(b)].
J. Vac. Sci. Technol. B 42(3) May/Jun 2024; doi: 10.1116/6.0003445 42, 034001-3
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FIG. 2. (a) XTEM image and (b) SAED pattem of GeSn HTIL film on Si sub-

strates, (c), (d) plan-view TEM image and one-quarter of a SAED pattern of the

GeSn HTIL film on Si. () EDS spectra from the core and the near-surface
regions as depicted in (a). Spot “M” in (d) is used for latfice misfit determination.

Figure 3(c) exhibits a magnified TEM image extracted from a
plan-view sample of the GeSn HTIL/Si, with the electron beam
aligned parallel to the Si [001] axis. This image shows well-defined,
two-dimensional (2D), modulated superlattice arrangements within
the GeSn domain regions, reminiscent of the patterns observed in
HRTEM images in our previous studies of epitaxial films.”~"” This
modulation arises from the overlap of materials GeSn and Si at
their interface. In contrast, the boundary bands, which have a
width of approximately 10 nm, lack this modulated structure and
are associated with GeSn-free regions.

Figure 3(d) exhibits an HRTEM image of a plan-view GeSn
HTIL/Si revealing a periodic arrangement of finely distributed
superlattices in the GeSn/Si region and Si lattices in the boundary
band. The spacing of the lattice fringes, which corresponds to the
modulation wavelength, measures approximately 38 A along both
the [110] and [110] directions. This spacing signifies the coherent
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joining of the (110) planes of materials GeSn and Si at the inter-
face every 38 A, as schematically illustrated in Fig. 3(e). To
accommodate the misfit strain between the two materials, a
misfit dislocation emerges every 38 A. The density of misfit dislo-
cations at the HTIL/Si interface is ~6.9 x 10'%/mm®. The lattice
spacing of the (220) plane in Si measures 1.92 A. As a result, 20
(220) planes of Si [bottom left in Fig. 3(e)] align with 19 (220)
planes of GeSn [top left in Fig. 3(e)] forming a superstructure
with a lattice constant a, =38 A [right in Fig. 3(e)]. In general, in
a superstructure at the GeSn/Si interface, n x (220)g., of the
film matches (n+ 1) x (220)g; of the substrate, and the lattice
constant (a;) of this superstructure can be calculated using the
formula a, = n*dG3) = (n+1)*d,,. The lattice mismatch (5)
between the film and the substrate can be calculated using
8 = (agesn — asi)/asi = ((as/n) — (as/n + 1))/as/(n + 1) = 1/n. Since
n=19 in this case, the lattice mismatch at the interface is
1/19 = 5.26%, corresponding to a GeSn structure with a lattice cons-
tant of 5.717 A. Estimations using the formula in the earlier section
indicate a Sn content of approximately 7 at. % within the GeSn islands.

Figure 4(a) shows a cross-sectional TEM image of the GeSn
STIL film on Si In this image, the GeSn STIL presents a continu-
ous layer with a flat and smooth surface and a sharp interface with
Si. The GeSn STIL exhibits a thickness of 10.5 nm. Figure 4(b) pre-
sents an SAED pattern captured from the GeSn STIL/Si interface
with the electron beam being aligned parallel to the Si [110] axis,
exhibiting a cdlean and well-defined single crystal diffraction pattern
serving as a strong indicator of the highly epitaxial nature of GeSn
STIL on Si substrates. In this pattern, the separation of the diffrac-
tion spots from GeSn and Si was observed on (0 0 2I) (where
I=+1,2, 3, ...) along the direction of film growth, as indicated by
the arrow, but such separation was not observed on the (2h 2h 0)
diffraction spots (where h=+1, 2, 3, ...) along the interface. This
indicates that the GeSn lattice is compressed along the interface
plane to coherently join with that of Si without any mismatch. The
lattice mismatch along the growth direction is about 5.85%. EDS
analysis from multiple locations showed that the GeSn STIL has a
Sn content of 10-11 at. %.

Figures 4(c) and 4(d) exhibit a plan-view TEM image and
one-quarter of a SAED pattern extracted from a plan-view GeSn
STIL/Si interface with the electron beam parallel to the [001] Si.
The GeSn STIL exhibits a continuous morphology over the 2D film
plane. The SAED pattern showcases a clean single crystal diffrac-
tion pattern without any splitting of diffraction spots. Figure 4(e)
shows a cross-sectional HRTEM image presenting an atomic struc-
ture of the GeSn STIL/Si interface. Misfit dislocations were rarely
observed at the interface. However, nanotwins or stacking faults
initiating at a height of ~2 nm above the interface were frequently
observed, as denoted by arrows in Fig. 4(e). Figure 4(f) exhibits a
plan-view HRTEM image of the GeSn STIL/Si taken with the elec-
tron beam aligned parallel to the Si [001] axis. This image presents
a pattern similar to that of [001] Si in HRTEM, without the pres-
ence of 2D modulated superlattice arrangements.

It can be seen from the above results that the GeSn thin layers
on (001) Si deposited at 457 and 313 °C encompass distinct film
morphologies and composition. The GeSn STIL sample, deposited
at a lower temperature, consists of a continuous 10nm thick
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FIG. 3. (a) and (b) Cross-sectional HRTEM images of GeSn HTIL film on Si. (c) Plan-view TEM image and (d) plan-view HRTEM image of the GeSn HTIL/Si.
(e) Nlustration of the formation of 2D superatiice at the GeSn/Si interface. Amows in (a) denote the locations of misfit dislocations.
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FIG. 4. (a) Cross-sectional TEM image and (b) SAED pattern of GeSn STIL film on Si substrates, (c) plan-view TEM image, and (d) one-quarter of a SAED pattem of the
GeSn STIL film on Si. (e) Cross-sectional HRTEM image and (f) plan-view HRTEM image of GeSn STIL/Si.

epilayer with 10%-11% Sn content. In contrast, the GeSn HTIL,
deposited at a higher temperature, exhibits a discrete island mor-
phology with a lower Sn content. These variations are mainly
caused by the difference in atomic mobility on the surface at differ-
ent deposition temperatures. At a lower temperature, reduced atom
mobility limits the migration of Ge and Sn adatoms on the surface,
possibly leading to a layer-by-layer growth mechanism for GeSn.
This process retains Sn adatoms, resulting in a higher Sn content in
the film. In this case, the GeSn lattice is compressed to coherently
join that of Si in the film plane, forcing the lattice to expand along
the growth direction and resulting in a larger lattice mismatch
between GeSn and Si. The lattice misfit strain along the growth
direction accumulates during the growth of the film and is relieved
by the formation of nanotwins and stacking faults. The STIL dis-
plays a smooth surface, making it a potential template for growing
multilayer or multi-quantum well structures.

For the GeSn film grown at a higher temperature, the mobility
of the Ge and Sn adatoms is enhanced. The growth of the GeSn
film could proceed according to the following scenario. The initial
few monolayers of GeSn growth follow a 2D nucleation process,
resulting in the formation of 2D plates on the surface of the (001)
Si substrate. The lattice misfit strain between GeSn and Si can be
relaxed through the formation of misfit dislocations at the interface

resulting in a nonuniform stress distribution across the 2D GeSn
plates. The edge regions of the 2D plates experience high levels of
stress, while the top surfaces of the 2D plates exhibit lower stress.
With further growth, the adatoms on the film surface will be trans-
ported from the stressed regions to the less stressed regions
through a surface diffusion process. As a result, island-like struc-
tures are formed, as shown in Fig. 2(a) with a hemispherical shape
to minimize surface energy. Enhanced atom mobility could lead to
the simultaneous outward diffusion of Sn atoms from the stressed
inner region to the less stressed surface. The surface region of the
GeSn islands would then contain higher Sn content than the inte-
rior of the crystal. This seems to be in general agreement with the
results obtained through XPS and EDS analysis (Table I).
Furthermore, in the case of smaller GeSn islands with an
FWHM less than 20 nm, the stress generated within the structure
during growth can easily travel toward the surface, resulting in a
defect-free structure. Conversely, in larger islands with an FWHM
exceeding 25 nm, the stress propagation path is insufficient to reach
the surface, leading to the formation of nanotwins and/or stacking
faults within the structure. It appears that the formation of a high-
temperature initial layer with island-like morphology offers an
effective means to accommodate the lattice misfit strain at the
GeSn/Si interface, thereby significantly reducing residual strain
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TABLE |. Comparison of film morphology and defects, interface structure, latiice
mismatch, Raman peak position, and Sn content obtained by different methods in
GeSn HTIL and STIL films.

HTIL at 457°C STIL at 313°C
Film morphology Isolated epitaxial islands Continuous
epilayer
Defects in film No defect in smaller =~ Nanotwins/stacking
islands, nanotwins/ faults above the
stacking faults in larger interface
islands
Interface Misfit dislocations No misfit
dislocations
Lattice mismatch 5.2% (interface plane) 0 (interface plane)
4.7% (growth direction) 5.8% (growth
direction)
Raman peak 296 cm ™! 291.5cm™
position
Sn XPS 6.0at. % 9.5at. %
content Raman 6.5at. % 12.5at. %
EDS 7-8 at. % (core) 10-11 at. %

9-10at. % (near-surface)

within the GeSn epilayer. This is expected to confer favorable
advantages for the production of thicker, high-quality epitaxial
GeSn thin films.

IV. SUMMARY AND CONCLUSIONS

Ultra-thin GeSn HTIL and STIL deposited on (001) Si sub-
strates using RPECVD produce epitaxial structures. The GeSn STIL
has a thickness of ~10nm, consisting of a continuous epitaxial
layer with its lattices being compressed along the interface plane to
coherently match Si. Mismatch dislocations were rarely formed at
the interface but nanotwins or stacking faults initiated within the
structure, above the interface. The GeSn HTIL film exhibits discrete
epitaxial island morphology with a peak height of ~30 nm and an
FWHM ranging from 20 to 100 nm. Misfit dislocations between
the islands and the (001) Si substrate formed two-dimensional
modulated superlattice structures at the interface plane. GeSn
islands with an FWHM smaller than 20 nm are defect free whereas
those beyond 25 nm contain nanotwins and/or stacking faults. The
formation of a high-temperature initial layer with island-like mor-
phology offers an effective means to accommodate the lattice misfit
strain at the interface, thereby significantly reducing residual strain
within the GeSn epilayer and is expected to confer favorable advan-
tages for the production of thicker, high-quality epitaxial GeSn thin
films directly on (001) Si substrates.
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