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ARTICLE INFO ABSTRACT

Keywords: The semi-conductor Ge;_,Sn, exhibits interesting properties for optoelectronic applications. In particular,
GeSn ) Ge1Sn, alloys with x > 0.1 exhibit a direct band-gap, and integrated in complementary-metal-oxide-
Magnetron sputtering semiconductor (CMOS) technology, should allow the development of Si photonics. CMOS-compatible magne-
]S;;lii::ysubstrate tron sputtering deposition was shown to produce monocrystalline Ge;_,Sn, films with good electrical properties
at low cost. However, these layers were grown at low temperature (< 430 K) and contained less than 6 % of Sn.
In this work, Ge;_,Sn, thin films were elaborated at higher temperature (> 600 K) on Si(001) by magnetron
sputtering in order to produce low-cost and CMOS-compatible relaxed pseudo-coherent layers with x > 0.1
exhibiting a better crystallinity. Ge;_,Sn, crystallization and Ge;_,Sn, crystal growth were investigated. Crys-
tallization of an amorphous Ge;_,Sn, layer deposited on Si(001) or Ge(001) grown on Si(001) leads to the growth
of polycrystalline films. Furthermore, the competition between Ge/Sn phase separation and Ge;_,Sn, growth
prevents the formation of large-grain Sn-rich Ge;_.Sn, layers without the formation of $-Sn islands on the layer
surface, due to significant atomic redistribution kinetics at the crystallization temperature (T = 733 K for
x = 0.17). However, the growth at T = 633 K of a highly-relaxed pseudo-coherent Geg¢Sng; film with low
impurity concentrations (< 2 x 10'° at cm™) and an electrical resistivity four orders of magnitude smaller than
undoped Ge is demonstrated. Consequently, magnetron sputtering appears as an interesting technique for the
integration of optoelectronic and photonic devices based on Ge;_,Sn, layers in the CMOS technology.

1. Introduction

Current microelectronic device production is based on the
complementary-metal-oxide-semiconductor (CMOS) technology [1,2].
This technology has significantly evolved over the years due to device
size reduction requirements and partly relies on thin film deposition,
growth, and patterning capabilities at the nanometer scale [3]. It is
currently based on Silicon (Si) and Germanium (Ge) semiconductors and
their alloys, as well as on the use of different metals (Cu, Ni, Pt...), oxides
(SiOy, HfO,...) and nitrides (SigNy, TiN...) [4-8]. This technology pro-
vides a high production rate of cost-effective integrated nanostructured
devices with high levels of purity and reliability.

Photonics is a well-established technology allowing for high speed
communication [9,10]. However, the integration of photonic devices
and circuits in microelectronic chips would promote the development of
new optoelectronic technologies, boosting the capacity of current
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electronic devices [11-14]. Standard CMOS technology already allows
the integration of photonic devices such as waveguides (Si nitrides),
SiGe-based optical modulators, and Ge- or SiGe-based photodetectors
[15-19]. However, Si and Ge being indirect band-gap semiconductors,
an essential photonic element is missing for full integrated CMOS
Si-photonic development: a light source (i.e. laser integration).
GejSny is a CMOS-compatible IV—IV semiconductor exhibiting
interesting properties for infrared photodetector, light emitting diode,
and laser fabrication [20-26]. Furthermore, Ge;_,Sn, alloys can be used
for the fabrication of integrated optical amplifier, Gas sensors [27], and
high-speed thin-film transistors [28,29], and direct band-gap Gej_,Sn,
alloys are of high interest for solar cells [30]. Ge;_,Sn, single crystals are
expected to be best suited for all these applications, since grain
boundaries (GB) in polycrystalline films create deep band-gap levels and
act as effective recombination centers, and impair device efficiency. For
example, the electronic behavior of polycrystalline semiconductors is
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strongly dependent on grain size. GB scattering decreases charge carrier
mobility, which can increase linearly with grain size at constant tem-
perature [28]. In the case of p-doped Ge, an inversion from p-type to
n-type can be observed if the trap energy level in GB lies in the upper half
of the band-gap [31].

The Ge;_,Sn, alloy is expected to exhibit a direct band-gap for Sn
compositions of 10 at% (x =0.1) and above, as required for laser
fabrication [32-34]. However, the maximum Sn solubility limit in Ge is
~ 1.1 at % at 673 K [35,36]. Consequently, only metastable Sn-rich
Gej_Sn, layers can be produced [37]. The microcrystalline, optical
and electrical properties of Ge;_,Sn, films may consequently be highly
dependent on fabrication techniques and conditions. Furthermore, the
large difference of lattice parameters between Si and Ge;_,Sn, alloys
increases growth complexity, the lattice parameter of diamond Sn being
19.5 % larger than the Si lattice parameter [38]. Semiconductor growth
is usually performed using chemical vapor deposition (CVD) [39] or
molecular beam epitaxy (MBE) [40], to produce defect-free and
contamination-free layers, compatible with microelectronic technology
requirements.

The sputtering technique is CMOS-compatible and significantly low-
cost compared to the CVD and MBE techniques [41]. However, sputtered
layers are expected to be highly contaminated, in particular with O and
C, and to exhibit poor electrical properties compared to layers grown by
MBE or CVD. Si;_.Gey layers are currently grown by CVD in the CMOS
technology [42,43], while magnetron sputtering is used for ohmic
contact fabrication for example [44,45]. However, high quality
Gej_,Sn, material can be obtained by sputtering: Ge;_,Sn,-based pho-
todetectors using a Geg 94Sno e active layer grown by sputtering were
shown to exhibit a dark-current density and a responsivity comparable
with similar devices using MBE-grown Ge;_,Sn, layers [46]. The growth
of Ge;_,Sn, thin films by sputtering have been investigated less often
than using CVD or MBE. Ge;_,Sn, layers directly sputtered on an Si(001)
substrate are usually polycrystalline [47-49], but monocrystalline
sputtered Gej_,Sn, layers can be grown on Ge(001) and GaAs(001)
substrates, using low growth temperatures between 423 and 443 K [50,
51]. Zheng et al. [52] succeeded to grow Ge;_,Sn, single crystals on Si
(001) substrates using the growth of a sputtered Ge buffer on the Si
substrate before Ge;_,Sn, deposition. The Ge buffer was grown at T
=673 K, but the Ge;_,Sn, film was grown at T =423 K with x < 0.06.
Ge;_,Sn, films grown or annealed at higher temperatures generally
exhibit better crystal quality and thus better electrical properties [53].
Low temperature growth is necessary to ensure Sn incorporation. CVD or
MBE growths of Ge;_,Sn, are usually performed at temperatures
comprised between 473 and 723 K, and the obtained films are some-
times annealed at higher temperatures in order to improve the electrical
and optical properties [54,55].

The indirect-to-direct band gap transition occurring at lower Sn
composition for relaxed Ge;_,Sn, films [56-58], the present work aims
to investigate the low-cost high-temperature growth of relaxed mono-
crystalline Ge;_,Sn, films on Si(001) with x > 0.1 in a commercial
magnetron sputtering setup. Indeed, relaxed GegoSngi films were
grown at T =633 K in pseudo-epitaxy on Si(001) using magnetron
sputtering. These films contain impurity concentrations lower than
2 x 10'° at em™3 and exhibit an electrical resistivity four orders of
magnitude lower than that of undoped Ge.

2. Experiments

Ge and Sn were co-deposited on Si(001) substrates using a 99.9999
% pure Ar gas flow to simultaneously sputter in DC mode a 99.999 %
pure Ge target and a 99.99 % pure Sn target, in a commercial magnetron
sputtering system exhibiting a base pressure of 10~ Torr. In this setup,
the sample is mounted on a horizontal rotating sample holder, and three
targets can be placed symmetrically (120° angle between each target)
above the sample, with an angle of 45° between the normals of the target
surfaces and the sample surface. Deposition was performed at the
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pressure of 2.25 x 10~ Torr. The sample was rotating at a speed of
5 rpm and was set to ground level, while a voltage was applied to each
target to maintain a constant power during deposition. The Ge target
was sputtered at the power of 15 W during the deposition of the Ge
buffer, corresponding to a deposition rate of 0.09 nm s~*. Ge;_,Sn, was
deposited during 96 s with a power of 150 W for the Ge target and a
power of 15 W for the Sn target, corresponding to a deposition rate of
0.84 nm s™! for Ge and of 0.21 nm s~ for Sn. The Ge and Sn fluxes were
calibrated separately, using X-ray reflectivity to determine the thick-
nesses of sputtered films deposited at room temperature (RT) in different
conditions. In the following, the nominal composition of the films, i.e.
calculated from the Ge and Sn fluxes taking into account the atomic
volume difference between Ge and Sn (Qg,/Qge ~ 1.2), will be given
unless otherwise specified. The Si substrates were dipped in a 5 % HF
solution in order to remove the Si native oxide before being loaded in the
growth chamber.

The structure of the Ge;_,Sn, films was studied by X-ray diffraction
(XRD) in the Bragg-Brentano geometry (6—6) using a Cu K, source
(Ake = 0.154 nm) in a PANalytical X'Pert PRO setup equipped with an
X’Celerator detector designed for high speed data collection. This setup
was also used to perform in situ XRD measurements during amorphous
Gej_,Sny film crystallization. In this case, the temperature was raised
from 423 to 853 K following a heating ramp made of 5 K per minute
steps separated by 5 min long XRD measurements at constant temper-
ature, corresponding to an average heating ramp of 1 K min~!. Struc-
tural observations were also performed using transmission electron
microscopy (TEM). Scanning TEM Dark-Field (STEM-DF) and Energy
Dispersive X-Ray Spectrometry (EDS) analyses were acquired at 200 keV
using a LaBg Thermo Fisher Tecnai TEM equipped with a silicon drift
detector OXFORD X-max80. High-Resolution TEM images were per-
formed at 200 keV using a field emission gun Thermo Fisher Titan mi-
croscope equipped with a spherical aberration (Cs) correction system. A
Cs value in an order of magnitude between 0 and —0.05 mm was
considered allowing a point-to-point resolution around 1A to be
reached. The surface topography of the layers was studied using scan-
ning electron microscopy (SEM) and atomic force microscopy (AFM).
AFM images were obtained in non-contact mode using a PSIA XE-100 in
air microscope. The composition of the layers was determined using
Rutherford backscattering (RBS) and atom probe tomography (APT).
For the RBS, 2.0 MeV alpha particles were used with a backscatter de-
tector positioned at 170°. SEM images as well as the TEM and APT
sample preparations were performed in an FEI dual beam HELIOS 600
nanolab setup. APT measurements were performed at T =50 K using a
laser-pulsed CAMECA LEAP 3000X HR microscope, with a laser pulse
frequency of 100 kHz and a laser power of 0.2 nJ. The resistivity of the
films was measured at RT by the four probe method.

3. Results and discussion
3.1. Ge(Sn) crystallization

Fig. 1a presents in situ XRD measurements recorded during annealing
a 100 nm-thick Ge(g3Sng 17 film deposited at room temperature on Si
(001). No diffraction peaks are observed after deposition, the film being
amorphous. Three diffraction peaks at 20 = 26.92°, 44.70°, and 52.87°
appear simultaneously during the annealing ramp, when the tempera-
ture reaches T =733 K. They respectively correspond to the atomic
planes (111), (220), and (311) of the Ge;_,Sn, diamond structure
(Fig. 1b). Surprisingly, one can note that their intensity decreases when
the temperature increases, and the peaks disappear concurrently, leav-
ing no diffraction signal at T =853 K.

Fig. 2a shows the intensity variation of the (111) peak recorded
during the annealing ramp. The peak is detected at T =733 K and its
intensity increases with temperature up to T =778 K. This stage corre-
sponds to the nucleation followed by the growth of the Ge;_,Sn, crystal
from the initial amorphous film. For temperatures higher than T
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Fig. 1. a) XRD measurements performed during the in situ annealing of an

amorphous Geg g3Sng 17 film deposited on Si(001), following an average ramp

of ~ 1K min™! from 423 to T =853 K; and b) diffractogram acquired at T
=778 K during the in situ annealing (red line in a).

=778 K, the intensity of the (111) diffracted peak decreases and finally
disappears at T =818 K, without the apparition of other diffraction
peaks until the end of the annealing at T =873 K. In order to understand
this behavior, the variations of the full width at half maximum (FWHM)
of the (111) peak were analyzed using the Scherrer equation, giving the
average grain size in the direction perpendicular to the film surface [59].
The “thickness” variations versus temperature of the Ge;_,Sn, grains
with (111) planes oriented parallel to the film surface are shown in
Fig. 2b (solid squares, right axis). The data should be interpreted qual-
itatively since parameters other than grain size could also modify the
FWHM of diffraction peaks. However, one can note that the grain size is
significantly smaller than the film thickness. The grain size is less than
3 nm when the diffraction peak is first detected, and increases with
temperature to reach a maximum size of about 30 nm at T =783 K, in
agreement with the nucleation and growth of the Ge;_,Sn, poly-
crystalline film up to this temperature. The size of the Ge;_,Sn, grains
stays constant after T =783 K, despite the decrease of the diffraction
peak intensity (Fig. 2a). The variations of the diffraction angle 260 of the
(111) peak were investigated considering the polycrystalline Ge;_,Sn,
layer fully relaxed, and its lattice parameter ages, following the
corrected-Vegard law:

afes" = (1 — x)ag. + xas, + bx(1 — x) (€8]

age = 0.565 nm, ag, = 0.649 nm, and b = 0.0041 nm are respectively
the Ge and Sn lattice parameters in the diamond structure, and the
bowing coefficient [48-60]. The average Sn content of the crystalized
Gej_,Sn, layer was deduced from this equation, using the Bragg equa-
tion [61] and the experimental diffraction angle 26 to determine agegn.
Fig. 2b presents the variation of the Sn concentration in the Ge;_,Sn,
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Fig. 2. XRD measurements performed during the in situ annealing of an
amorphous Geg g3Sng 17 film deposited on Si(001), following an average ramp
of ~ 1 Kmin™ from 523 to T =853 K: a) integrated and normalized intensity of
the Ge;_,Sn,(111) diffraction peak versus temperature, and b) average grain
size determined from the half-maximum width of the (111) peak using the
Scherrer equation (solid squares, right axis), and Sn concentration determined
from the diffraction angle 20 of the (111) peak (solid triangles, left axis).

grains versus temperature. The Sn concentration is about 11 % at the
beginning of crystallization, and continuously decreases as temperature
increases, reaching 4 % before the disappearance of the diffraction peak.

Ge;_,Sn, crystallization at 733 K allowed Sn incorporation above 10
% to be obtained. However, atom mobility is fast enough to support Ge
and Sn phase separation at this temperature and above. As expected, the
in situ XRD measurements reveal a strong competition between Sn
incorporation and Gej_,Sn, crystallization. As soon as the nucleation
process is completed, the crystal growth rate as well as the Ge/Sn sep-
aration rate increase with temperature. One can note that the grain size
and their Sn composition stay almost constant while the diffraction peak
intensity decreases. This phenomenon can be explained by a lateral
shrinking of the 30 nm-thick Geg 9¢Sng g4 grains. Since Ge;_,Sn, grains
lose Sn, an Sn-rich alloy should grow. However, this Sn-rich phase shows
no diffraction peak, meaning that either its grains exhibit crystallo-
graphic orientations not compatible with the 6-0 diffraction geometry,
or the phase is actually amorphous or liquid.

Fig. 3a shows the diffractogram measured on the sample at RT after
the ramp annealing. Diffraction peaks corresponding to $-Sn are detec-
ted. Thus, the Ge;_Sn, phase was probably consumed by the growth of
liquid Sn, as the Sn bulk melting temperature is ~ 505 K and can be
lower for nanocrystals [62]. However, no diffraction peak correspond-
ing to crystalline Ge is detected at RT, suggesting that the mechanism of
Ge/Sn phase separation at high temperature in the thin film leads to the
formation of amorphous Ge. Fig. 3b and c presents SEM and AFM images
of the sample surface after annealing. Large islands are observed with a
lateral size between 94 and 470 nm, an average height ~ 110 nm, and a
surface density ~ 8.4 x 108 em™2. The root-mean-square (RMS) surface
roughness is ~ 26 nm. These islands probably correspond to the Sn-rich
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Fig. 3. Analyses performed at RT on the sample that experienced the XRD in
situ annealing presented in Figs. 1 and 2: a) X-ray diffractogram, b) SEM
measurements, and ¢) AFM measurements.

phase that crystallized during sample cooling. Fig. 4 presents STEM
Dark-Field observations performed on the sample after the in situ XRD
annealing. Fig. 4a shows a cross-section view between two islands
similar to that observed on the sample surface by SEM (Fig. 3b) and AFM
(Fig. 3c). The Pt layer was deposited on the sample surface for TEM
sample preparation. The islands are in direct contact with the Si sub-
strate, as confirmed by High-Resolution TEM observations (Fig. 4b). One
can note that the island/Si interface is flat and abrupt, which suggest
that this interface corresponds to the initial Si substrate surface.
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Fig. 4. Cross-section TEM measurements performed on the sample that expe-
rienced the XRD in situ annealing presented in Figs. 1 and 2: a) STEM Dark-Field
image, b) and ¢) High-Resolution TEM images. The inset in c) presents the local
FFT obtained on the layer A.

This is in agreement with the Si-Sn phase diagram [35], showing
phase separation between Si and Sn. The maximum solubility of Sn in Si
is 0.1 at% at 1339 K, while the solubility limit of Si in $-Sn is less than
0.5 at%. The stack of two layers (noted A and B in Fig. 4a) is observed
between the two islands. Fig. 4c presents a High-Resolution TEM image
of the interface between these two layers. The layer A is amorphous and
its average thickness is ~ 25 nm. As shown in the inset of Fig. 4c, a
short-range order exists in the layer, corresponding to a distance of
0.32 nm (radius of the ring in the FFT pattern in the inset), which is
significantly higher than the nearest neighbor distance (~ 0.245 nm) in
the Ge crystal. Below this amorphous layer, a bright contrast is observed
with an average thickness of ~ 30 nm, corresponding to the layer B.
Fig. 4c shows that this layer is crystalline and coherent with the Si
crystal. EDS analyses (not shown) confirmed that the islands contain
only Sn atoms (in the detection limit of the technique). However, the
overlapping of Ge and Pt signals prevented the Ge distribution in the
sample to be determined. The TEM observations show that the mecha-
nism of Ge/Sn phase separation is complex. Sn atoms are located in large
islands exhibiting a height similar to the thickness of the amorphous
Gep.g3Sng 17 layer initially deposited on Si (Fig. 4a). However, the Ge
atoms seem to have been incorporated in the Si Substrate, part in an
amorphous layer and part in the Si lattice, as the bright contrast of the
layer B can be due to the presence in this region of atoms heavier than Si.
Ge evaporation from the Si substrate and Ge lattice diffusion in Si cannot
occur at 853 K. However, Sn migration in Ge is effective at this tem-
perature, Sn atoms living the Ge;_,Sn, film to form liquid Sn droplets.
Thus, Ge evaporation from the surface of melted Sn cannot be ruled out.
According to Ge self-diffusion [63,64], Ge atom mobility is limited at
853 K (few nanometers after one hour), which can be the reason for the
Ge layer to stay amorphous once emptied of the Sn atoms. The Ge/Si
intermixing located in the layer B is difficult to explain considering
equilibrium kinetic parameters such as lattice diffusion. This intermix-
ing could occur only through short-circuit paths, such as interface dif-
fusion/redistribution, or due to unusual high concentrations of point
defects.

XRD in situ isothermal annealing at T=788 K was performed on the
same as-deposited Geg g3Sng 17 film. The thermal annealing was stopped
as soon as Gej_,Sn, diffraction peaks were detected.

Fig. 5a shows the diffractogram (top) measured at RT on this sample
after annealing. The diffraction peaks (111), (220), and (311) of the
Gej_,Sn, crystal are observed, as well as two diffraction peaks (not
observed at T =788 K) at 26 = 30.70°, and 32.06°, corresponding to
$-Sn(200) and $-Sn(101), respectively. These peaks are detected at the
diffraction angle of pure f$-Sn, indicating that the Ge content in the
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Fig. 5. Diffractograms measured at RT on an amorphous Gegg3Sng 17 film
deposited on the native silicon oxide formed on Si(001) and annealed at T
=788 K for 6 min, before (top) and after (bottom) chemical etching in a 5 % HF
solution (a), and SEM images obtained on the same sample before (b) and after
(c) chemical etching.

crystallized Sn islands should not be above the (relatively low) Ge sol-
ubility in Sn. The average Sn concentration in the Ge;_,Sn, grains is ~ 6
% and the average grain size is ~ 18 nm from the XRD analysis. Fig. 5b
presents an SEM image of the sample surface. A network of connected
islands is observed. The sample was dipped in a 5 % HF solution to
remove the Sn-rich alloy located on the surface of the sample, before
XRD measurements at RT (bottom diffractogram in Fig. 5a) [65]. The
diffraction peaks of the Geg 94Sng ¢ film are still detected after etching,

Materials Today Communications 26 (2021) 101915

but the diffraction peaks of 5-Sn have disappeared. SEM images of the
surface after etching (Fig. 5¢) show a flat surface with holes exhibiting
lateral sizes between 19 and 160 nm, with a surface density ~
2.7 x 10° cm™2.

AFM measurements (Fig. 6) give an RMS surface roughness ~
1.3 nm, and an average lateral grain size ~ 25 nm, which is in agree-
ment with the Ge;_,Sn, grain size determined from the XRD peaks,
considering the lateral inaccuracy involved with AFM in air due to tip
effects. Obviously, these holes correspond to the locations of the $-Sn
(Ge) alloy and confirm that the Ge/Sn phase separation process should
occur laterally in the layer, with the formation of a liquid $-Sn(Ge) alloy,
probably developing droplets on the Ge;_,Sn, surface.

These results show that the atomic mobility and the Ge/Sn phase
separation kinetic are too high at the Ge;_,Sn, crystallization temper-
ature to easily obtain large-grain Sn-rich polycrystalline Ge;_,Sn, layers
without the formation of f-Sn from the crystallization process. The
limiting phenomenon is probably nucleation, since crystalline Ge;_,Sn,
layers can be grown at lower temperatures.

3.2. Ge buffer growth

As reported in the literature, Ge;_,Sn, layers deposited on Si are
usually polycrystalline. However, monocrystalline Ge;_,Sn, layers can
be grown on Si substrate using the deposition of a Ge buffer on the Si
substrate before the growth of the Ge;_,Sny layer.

Fig. 7 presents the diffractogram measured at RT on a 100 nm-thick
Ge layer deposited at RT on the Si(001) substrate and annealed at 873 K
for 30 min under vacuum (P < 10°® mbar). The Ge layer is

800

( 6)60 1000
nm

L} L]
0 200 400
X
Fig. 6. AFM measurements performed on the same sample as in Fig. 5c, after
annealing at T =788 K for 6 min and chemical etching in a 5 % HF solution: a)

surface topography, and b) 1D topography profile along the blue line shown
in a).
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Fig. 7. X-ray diffractograms measured at RT on a 100 nm-thick Ge film
deposited at RT on the Si(001) substrate and annealed at 873 K for 30 min (top)
and a 100 nm-thick Ge film deposited on Si(001) at T =633 K (bottom).

Deposition at 633 K

polycrystalline as the (111), (220), and (311) diffraction peaks of the Ge
diamond structure are detected at 20 = 27.29°, 45.54°, and 53.82°,
respectively. One can note that the polycrystalline Ge film exhibits the
same peaks and the same peak intensity ratios as the polycrystalline
Ge;_,Sn, films that are characteristics of a randomly oriented poly-
crystal with a diamond structure (Si, Ge, Ge;_,Sny...). Indeed, thin film
growth is highly dependent on surface and interface energies, and the
surface and interface contributions in the overall film energy increases
as the film thickness decreases. Depending on atom mobility during
growth (growth conditions), the film tends to exhibit a texture allowing
for energy minimization, as much as possible. The {111} and {113}
surfaces are known to be low-energy surfaces of the diamond structure,
while {110} facets are more easily observed on surfaces exhibiting low-
level contamination of O and C. {111} and {113} facets are the equi-
librium facets of relaxed Si and Ge crystals [66] and are observed on
relaxed Si-Ge islands [67,68]. Consequently, if the surface contamina-
tion level stays low, the texture of polycrystalline Si, Ge and Gej_,Sn,
films generally shows a large fraction of grains exhibiting the {111} and
{113} crystallographic orientations in the direction parallel to the film
surface.

The relaxed Ge lattice parameter a, is expected to be ~ 0.565 nm at
RT [69]. In the -0 XRD geometry used in this study, the measured plane
spacing corresponds to plane spacing in the direction perpendicular to
the film surface and is thus denoted d  ®®. The Ge film lattice parameter
in the direction perpendicular to the surface a, ®? was thus determined
from the diffraction angles of the three diffraction peaks Ge(111), Ge
(220), and Ge(311) wusing the Bragg equation. In average
a,*? = 0.565 nm, corresponding to a fully relaxed Ge polycrystalline
layer. The Si lattice parameter was also determined from the Si(400)
diffraction peak observed in the same diffractogram (Fig. 7) for com-
parison. For the Si substrate a; ®? = 0.543 nm, as expected for relaxed Si
[70].

The crystallization of a Ge layer deposited at RT on the Si(001)
substrate cannot be used for growing a monocrystalline Ge;_,Sn, film,
since it leads to the formation of a polycrystalline Ge buffer. Instead, the
Ge buffer should be grown at a sufficiently high temperature to allow the
Ge crystal to form in partial coherence with the Si substrate due to a high
enough atomic mobility, but sufficiently low to prevent extensive Si/Ge
intermixing and interdiffusion. Note that the epitaxy is only partially
coherent because of the large thickness of the Ge layer and the large
misfit between Si and Ge that lead to the nucleation of misfit disloca-
tions. Fig. 7 shows XRD measurements (bottom diffractogram) per-
formed at RT on a 100 nm-thick Ge layer deposited by magnetron
sputtering on Si(001) at T =633 K. This diffractogram corresponds to a
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Ge layer that is pseudo-coherent with the Si substrate: a single Ge
diffraction peak is now observed at 26 = 65.98°, corresponding to the
same orientation as the substrate Si(400) diffraction peak. RBS mea-
surements (not shown) confirmed that the layer contains only Ge and
that its thickness is ~ 100nm. XRD measurements give
a,®? = 0.566 nm, which indicates that the Ge layer is compressively
strained on the Si substrate [71]. Considering that a;; = 0.565 nm for
Ge, the perpendicular distortion £, ®? of this pseudo-coherent Ge layer
was found to be ¢, *? = 0.0018, using Eq. 2 [72].
£ = AL = dre )
Arel

Considering that Ge Poisson’s ratio v ~ 0.271 [72], the parallel

distortion &,,°? of the Ge lattice was determined using Eq. 3 [73].

—e.(1-v)

2v 3)

& =
e,/%? = —0.0024 corresponding to a,,*? = 0.564 nm (Eq. 2), and thus,
corresponding to a relative relaxation rate R = 95.5 % (Eq. 4).

a| — dsubp

R= x 100 ()]

Arel — Asub

The Ge film is significantly relaxed and should contain a high con-
centration of dislocations [52-62,64-74].

Fig. 8a presents an SEM image of the Ge layer surface. A structure
made of undulations in quasi-perpendicular directions is observed. Each
squared structure seems to be surrounding a depression (hole?) in the
layer, with a surface density ~ 1.2 x 10'! em™2. This structure is more
difficult to observe in AFM images acquired on the same sample
(Fig. 8b). AFM images show circular and elongated islands with typical
sizes (length x width) of (100 nm x 25 nm).

The height of these islands varies typically between 1 and 3 nm
(Fig. 8c), and the RMS of the surface is ~ 0.71 nm, which are signifi-
cantly smaller than the thickness of the film. Similar to the SEM images,
depressions (~ 3 nm) surrounded by three to five islands are also
observed (white circle in Fig. 8b). The surface structure displayed in the
SEM and AFM images has been also observed by Zhang et al. [75] on the
surface of Sn-rich Ge;_,Sn, layers grown by MBE on Ge(001) substrates
at T =473 K. They interpreted this surface structure as the formation of
Sn islands on the Ge;_,Sn, layer surface due to Ge/Sn phase separation.
However, in the present case, the same structure is found on the surface
of the pure Ge buffer, and thus cannot be attributed to Sn. This structure
should be related to stress relaxation through elastic and plastic relax-
ation mechanisms. For example, similar surface states can be observed
on Si(Ge) layers grown in epitaxy on Si(001) [73-76]. The layers studied
by Zhang et al. were shown to be partially relaxed and to contain
threading dislocations. Considering the high relaxation level of the Ge
layer, this structure should be related to both the weak residual epitaxial
stress located in the film, and threading dislocations. In the case of
Sn-rich Ge;_,Sn, layers with low residual strain grown by low-pressure
CVD on a Ge buffer grown on Si(001), Nicolas et al. [77] showed thanks
to APT measurements that quasi-vertical dislocation lines are passing
through the Ge;_,Sn, layer up to the surface. The depressions observed
on the film surface could correspond to similar dislocations reaching the
surface and locally modifying the elastic strain, promoting the formation
of several island-like ripples around the end of the dislocation line. In
this case, the density of the surface depressions (1.2 x 10 ecm™?)
should correspond to the threading dislocation density in the Ge buffer.

The presence of a surface structure on a buffer layer is not desired, as
this structure may prevent the epitaxial growth of a following film and
can promote the formation of structural defects at the buffer/film
interface. However, in the present case, the surface roughness of the Ge
buffer is very low (~ 5 Ge atomic steps in the (001) direction), and such
a Ge buffer can be used as virtual substrate to grow pseudo-coherent Sn-
rich Ge;_,Sn, layers, as reported in the case of CVD and MBE growth
[54-62,65-74].
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Fig. 8. Measurements performed on the surface of a 100 nm-thick Ge film
deposited at T =633 K on Si(001): a) SEM image, b) AFM image, and ¢) AFM
profile measured along the line presented in b).

3.3. Ge(Sn) single crystal growth

Fig. 9 presents X-ray diffractograms measured at RT on different
100 nm-thick Gegg3Sng 17 films grown on the Ge buffer in different
conditions. The diffractogram (a) corresponds to a Gepg3Sng.17 film
deposited at the same temperature as the Ge buffer without growth
interruption. The chosen growth temperature T =633 K is 100 K lower
than the Geg g3Sng 17 crystallization temperature determined in the XRD
in situ ramp annealing experiments (T =733 K), aiming to increase Sn
incorporation, but is 200 K higher than the growth temperature used in
former studies (T =423 K) for growing Geg 94Sng o6 layers by sputtering,
aiming to improve the layer crystalline properties. This temperature is
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Fig. 9. X-ray diffractograms measured at RT on different 100 nm-thick
Gegp g3Sng 17 films grown in different conditions on a 100 nm-thick Ge buffer
grown at T =633 K on Si(001): a) deposition at the same temperature as the Ge
buffer without growth interruption, b) deposition without growth interruption
but stopping sample heating before Geg g3Sno, 17 deposition, ¢) deposition after
stopping sample heating at the end of the Ge buffer deposition and with a

growth interruption of 10 min before Geg g3Sng 17 deposition, and d) crystalli-
zation of an amorphous Geg g3Sng 17 film deposited at RT on the Ge buffer.

actually in the range used to grow Sn-rich Ge;_,Sn, layers by CVD or
MBE.

The (004) diffraction peak is the only one corresponding to the
diamond structure detected for the Si substrate, as well as for the Ge and
Ge1_,Sn, layers, displaying the pseudo-coherent relation between the
substrate and the two stacked layers. However, one can note that the
Ge1,Sn,(400) diffraction peak is less intense than that of the Ge(400). A
small diffraction peak corresponding to f-Sn(101) is also detected,
meaning that Sn droplets are probably present on the sample surface
(Fig. 3). The formation of the phase $-Sn can be suppressed using a
modified growth process consisting of switching off the sample heater
before growing the Ge;_.Sny layer, without growth interruption be-
tween the Ge buffer and the Ge;_,Sn, layer. In this case, XRD mea-
surements (diffractogram (b) in Fig. 9) show no sign of the $-Sn phase,
and the Ge;_,Sn,(400) and Ge(400) diffraction peak intensities are
similar. The diffractogram (c) shown in Fig. 9 was acquired on a sample
for which the sample heater was switched off after the growth of the Ge
buffer and a growth interruption of 10 min was performed before
Gej_,Sn, growth. The -Sn phase is not detected in this case, but the
Ge1-,Sn,(400) peak intensity is smaller than the Ge(400) peak intensity,
and additional Ge;_,Sn, diffraction peaks are observed, corresponding
to the three diamond lattice orientations (111), (220), and (311), usually
detected for Ge and Ge;_,Sn, layers crystallized from an amorphous
layer deposited on Si(001) (Figs. 1b, 5 a, and 7). Obviously, the Ge;_,Sn,
layer grew in pseudo-epitaxy on the Ge buffer at the beginning, but due
to the temperature decrease, the end of the Ge;_,Sn, growth promoted
the formation of a polycrystalline layer. However, according to the
significant difference of diffraction peak intensity, the top poly-
crystalline layer should be significantly thinner than the mono-
crystalline layer in contact with the Ge buffer. The last diffractogram (d)
in Fig. 9 was acquired after the crystallization of an amorphous
Geg g3Sng.17 film deposited at RT on the Ge buffer. In this case, the Ge
buffer is pseudo-coherent with the Si(001) substrate, but the Ge;_,Sn,
film is entirely polycrystalline and the Ge;_,Sn,(400) peak characteristic
of epitaxial growth is not detected. As expected, the growth of a pseudo-
coherent Ge;_,Sn, layer on Si(001) without the formation of the f-Sn
phase is highly dependent on kinetics, and growth conditions generally
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need to be determined empirically.

Fig. 10 shows SEM and AFM measurements performed on the surface
of the Ge;_,Sny layer coherently grown on the Ge buffer (diffractogram
(b) in Fig. 9).

A surface structure is observed similar to that displayed on the Ge
buffer before Ge;_,Sn, deposition, in agreement with the observations of
Zhang et al. [75]. The pattern is less organized than that on the Ge buffer
surface. The ripples/islands exhibit a similar average height ~ 3 nm
(Fig. 10c), but they are larger with an average width ~ 75 nm (Fig. 10a
and b). The RMS of the surface is ~ 1.24 nm. One can note that
3 nm-high islands on the Ge surface should have been easily covered

C)
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0 200 400 600 800 1000

X (nm)

Fig. 10. Analyses performed on the surface of a 100 nm-thick Geg g3Sng 17 film
deposited on a 100 nm-thick Ge buffer grown at T =633 K on Si(001) in the
conditions corresponding to Fig. 9b (no growth interruption, sample heater off):
a) SEM image, b) AFM image, and c¢) AFM profile measured along the line
presented in b).
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with the 100 nm-thick Ge;_,Sn, layer. The fact that this topography is
also observed on the Ge;_,Sn, surface is thus in agreement with the
effect of extended defects, such as dislocations, which can propagate in
the Ge;_,Sn, layer from its pseudo-coherent interface with the Ge buffer
up to the surface. The surface density of the depressions surrounded with
islands is reduced to ~ 3.3 x 10'°cm™ on the Ge1_,Sn, surface.
Consequently, the Ge;_,Sn, layer may contain a threading dislocation
density almost one order of magnitude smaller than that of the Ge buffer.
This might be related to the lower misfit between Ge;_,Sn, and Ge
(about 1.5 %) than between Ge and Si (about 4 %).

However, the precise determination of the misfit requires knowledge
of the composition of Sn in Ge;_,Sn,. Fig. 11a presents the Sn and Ge
atomic distributions determined by APT in the Ge;_,Sn, layer. The Sn
and Ge distributions (solid symbols) follow random distributions (solid
lines), and are centered on 10 at% and 90 at% for Sn and Ge, respec-
tively. Thus, the film corresponds to a Geg 9Sng 1 solid solution free of Sn
clusters. Interestingly, no contaminants are detected in the Geg ¢Sng 1
layer. Indeed, Fig. 11b shows part of the mass spectrum corresponding to
the Geg ¢Sng 1 layer.

The impurities C and O usually incorporated in sputtered layers are
not detected, meaning that their concentrations are lower than 2 x 10'°
at em™ (~ 0.04 at%) in the film [78]. The Sn composition determined
by APT is in agreement with RBS measurements performed on the same
sample (Fig. 11c). Furthermore, the RBS measurements are consistent
with the stack of a 100 nm-thick Gey ¢Sng ; layer and a 100 nm-thick Ge
layer on the Si substrate. However, one can note that the Sn concen-
tration of this film is significantly lower than that of the expected
Geg g3Sng.17 film, corresponding to Ge and Sn fluxes used during growth.
Since no Sn cluster was detected by APT in the Geg ¢Sng 1 layer, this lack
of Sn should be mainly due to Sn desorption from the sample surface
during growth. Indeed, the growth was performed at a temperature
about 100 K higher than the Sn bulk melting temperature, at a pressure P
~ 3 x 1072 mbar of Ar.

The lattice parameter of the GepoSng; layer in the direction
perpendicular to the sample surface was found to be a; *? = 0.576 nm
from the angle of the Ge;_,Sn,(400) diffraction peak in the diffracto-
gram (b) in Fig. 9. Considering that ao,lces" = 0.574 nm (Eq. 1), the
perpendicular distortion of the Geg ¢Sng ; lattice parameter was found to
be £, P = 0.0035 (Eq. 2).

V95" = (1 — x)vge + xvs, (5)
According to Eq. 5 [72], Poisson’s ratio of Geg oSng 1 is v91%%" = 0.280
(vge = 0.271 and vs, = 0.360 [72]), leading to £,,P = —0.0045 (Eq. 3)
and a,/”® = 0.571 nm (Eq. 2). Consequently, the relative relaxation rate
of the Geg gSng 1 film compared to that of the Si substrate is R = 90.3 %
(Eq. 4). The Geg ¢Sng 1 film is significantly relaxed, but not as relaxed as
the Ge buffer, which is in agreement with a lower dislocation density in
the Geg ¢Sng 1 layer.

The resistivity of the undoped Geg ¢Sng 1 film was measured at RT. It
was found to be pg1%¢" =8 x 10 Q cm. For comparison, the re-
sistivity of undoped monocrystalline Ge at RT is pg, ~ 50 Q cm [79].
Despite the unusual deposition technique employed for semiconductor
growth, and the significant threading dislocation density probably
contained in the layers, the resistivity of the Geg ¢Sng ; film is found to be
four orders of magnitude lower than that of Ge. Magnetron sputtering
can be used to grow a pseudo-coherent Geg¢Sng 1 film on Si(001) at a
relatively high temperature (T =633 K), displaying a high level of
relaxation (R = 90.3 %) and relatively low impurity concentrations (<
2x 10" at em™), exhibiting interesting electrical properties
(001" =8 x 107 Q@ cm).

4. Conclusion

Magnetron sputtering growth of Ge;_,Sn, layers (x > 0.6) on Si(001)
was performed at similar temperatures as usually used for MBE and CVD
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Fig. 11. Chemical characterization of the 100 nm-thick Gegg3Sngi7 film
deposited on a 100 nm-thick Ge buffer grown at T =633 K on Si(001) in the
conditions corresponding to Fig. 9b (no growth interruption, sample heater off):
a) Ge and Sn atomic distributions determined by APT in the Ge;_Sn, layer
(solid symbols) compared to random distribution (solid lines) centered on 90
and 10 at%, respectively, b) part of the mass spectrum acquired by APT in the
Ge;_,Sn, layer, and d) RBS measurements performed on the same sample
(black) and simulations (red solid line) corresponding to the structure 100 nm-
thick Geg ¢Sng; /100 nm-thick Ge /Si(001).

growth. XRD in situ measurements clearly evidenced the competition
between Sn incorporation and crystal growth. The high crystallization
temperature of Ge;_,Sn,, compared to the atomic diffusion kinetic and
to the Sn melting temperature, drastically limits the fabrication of
crystalline Sn-rich Ge;_,Sn, films. Furthermore, the crystallization of an
amorphous Ge;_,Sn, layer deposited directly on a clean Si(001) sub-
strate, or on a Ge buffer grown on the Si(001) substrate, does not allow
the growth of a pseudo-coherent Ge;_,Sn, layer, probably due to crystal
nucleation starting at the surface of the amorphous Ge;_,Sn, layer
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instead of at the Ge;_,Sn, /Si(001) or Ge;_,Sn, /Ge(001) interface.

The Ge buffer and the Ge;_,Sn, layer must be grown at a temperature
allowing for crystal growth and dislocation nucleation without signifi-
cant atomic transport, in order to grow a monocrystalline layer without
Ge/Sn phase separation. This temperature can be significantly lower
than the Ge;_,Sn, crystallization temperature, as the nucleation process
is unnecessary when the layers are grown on a single crystal.

The low-cost and CMOS-compatible magnetron sputtering technique
can be used to grow, at similar temperature as for CVD or MBE growth,
relaxed Sn-rich Ge;_,Sn, layers with x > 0.1, displaying low impurity
concentrations and reasonable electrical properties. While Sn incorpo-
ration is mainly limited by Ge/Sn phase separation kinetics during
Gej_,Sn, crystallization, Sn surface desorption appears as the main
limiting phenomenon during growth at temperatures lower than the
crystallization temperature.
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