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Germanium-tin alloys were grown directly on Si substrate at low temperatures using a cold-
wall ultra-high vacuum chemical-vapordeposition system. Epitaxial growth was achieved
by adopting commercial gas precursors of germane and stannic chloride without any carrier
gases. The X-ray diffraction analysis showed the incorporation of Sn and that the Ge1_Sny
films are fully epitaxial and strain relaxed. Tin incorporation in the Ge matrix was found to
vary from 1 to 7%. The scanning electron microscopy images and energy-dispersive X-ray
spectra maps show uniform Sn incorporation and continuous film growth. Investigation
of deposition parameters shows that at high flow rates of stannic chloride the films were
etched due to the production of HCI. The photoluminescence study shows the reduction
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INTRODUCTION

The discovery and development of Ge;_ ,Sny epitaxy technology
has enabled silicon photonics to be explored in a different scope of
a material platform. The ability of band-gap engineering by vary-
ing Sn mole fraction, along with its compatibility to the comple-
mentary metal-oxide—semiconductor (CMOS) process, has paved
the way for highly competitive Si-based near and mid-infrared
optoelectronic devices. Recent reports on the fabrication and
characterization of high performance Ge;_,Sn, devices such as
modulators (Kouvetakis et al., 2005), photodetectors (Conley et al.,
2014a,b), and light emitting diodes (LEDs) (Du et al., 2014a) show
great potential for Ge;_,Sn, being adopted by industry in the
near future. Cutting-edge reports on Ge;_,Sn,, achieving a direct
band-gap group IV alloy (Du et al., 2014b; Ghetmiri et al., 2014a;
Lietal., 2014; Wirths et al., 2014), is a turning point for the tech-
nology to be pursued for the demonstration of an efficient group
1V laser. In addition, due to the tunable lattice constant and forma-
tion of Lomer dislocations, Gej_ »Sn, has been shown to work as
a universal compliant buffer layer to grow high quality lattice mis-
matched materials, like III-Vs, on Si (Beeler et al., 2011a; Mosleh
etal., 2014).

A variety of challenges exist for the growth of Ge;_ ,Sn, alloys
on Si such as large lattice mismatch between Ge;_,Sn, and Si
(more than 4.2%), low solid solubility of Sn in Ge (less than 0.5%),
and instability of diamond lattice Sn (a-Sn) above 13°C. There-
fore, growth can only possibly be done under non-equilibrium
conditions. Different growth methods have been demonstrated
for Ge;—,Sn, growth in which molecular beam epitaxy (MBE)
and chemical-vapor-deposition (CVD) have obtained device qual-
ity material and high Sn incorporation. For the MBE method,

of band-gap from 0.8 to 0.55 eV as a result of Sn incorporation.
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both gas source and solid source MBE have been used by different
groups to grow Gej_ ,Sn,, films (Gurdal et al., 1998; Takeuchi et al.,
2007; Chen et al., 2011; Werner et al., 2011; Stefanov et al., 2012;
Bhargava et al., 2013; Oehme et al., 2013; Wang et al., 2013).

The other parallel approach of Ge;_ ,Sn, growth is CVD. The
early results of CVD growth by Kouvetakis and Chizmeshya (2007)
at Arizona State University (ASU) showed the ability to grow
Gej—xSny film directly on Si using a hot-wall ultra-high vacuum
CVD (UHV-CVD) system with deuterated Stannane (SnDy) as
the Sn precursor along with different chemistries of germanium.
Due to the high cost and instability of SnDy, other precursors
such as tetramethyl tin [Sn(CH3)4] and stannic chloride (SnCly)
have been explored to grow Ge;_,Sn, alloys. Vincent et al. (2011)
(from IMEC using atmospheric pressure CVD) and Kim et al.
(Chen et al., 2013) [from Applied Materials/Stanford University
using reduced pressure-CVD (RP-CVD)] have reported successful
growth of Ge;_,Sn, by using SnCly and a high cost Ge pre-
cursor digermane (Ge,Hg) and carrier gases on a Ge-buffered
Si substrate. Using the same SnCly and Ge;Hg precursors and
carrier gases, Mantl et al. (Wirths et al., 2013) (from PGI9-IT)
demonstrated direct growth of Gej_ ,Sn, on Si using showerhead
technology in an RP-CVD chamber. In the recent report, Tolle
et al. (Margetis et al., 2014; Mosleh et al., 2014a) (ASM company)
have achieved Ge;_,Sny growth using an industry prevail RP-
CVD reactor in collaboration with University of Arkansas (UA).
Low-cost Germane (GeHy) and SnCly with carrier gasses of No/Hj
were used to grow Ge)_,Sny. A Ge buffer was deposited between
the Si substrate and the Ge;_ ,Sn, layer in order to compensate
the lattice mismatch between the layers. Table 1 lists the different
research groups that have grown Ge;_ Sny using CVD. Different
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Table 1 | A summary of reports on Gej_xSny growth using CVD methods by different research groups.

Growth team Deposition system Deposition gas precursors Carrier gas  Buffer layer
Ge Cost Sn Cost
ASU (Kouvetakis and Chizmeshya, 2007) UHV-CVD Different chemistries High  SnDs  High Yes No
IMEC (Vincent et al., 2011) AP-CVD GeyHg High SnCly Low Yes Ge
Applied materials (Chen et al., 2013) RP-CVD GeyHg High  SnCly Low Yes Ge
PGI9-IT (Wirths et al., 2013) RP-CVD GeyHg High  SnCly  Low Yes No
ASM/UA (Margetis et al., 2014; Mosleh et al., 2014a) RP-CVD GeHy Low SnCly Low Yes Ge
UA (this work) UHV-CVD GeHg Llow SnCls Low No No

growth methods and the cost effectiveness of the gas precursors
are compared.

In this paper, we report direct growth of strain-relaxed
Ge;_Sny films on Si substrates with Sn mole fractions up to 7%
using a cold-wall UHV-CVD system. Stannic chloride and ger-
mane were chosen as the precursors which are low-cost and com-
mercially available. The growth of Ge;_,Sn, films was achieved
without using any carrier gases and buffer layers. In order to
investigate the material quality, the X-ray diffraction (XRD),
high-resolution transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDX), Raman spectroscopy, and
photoluminescence (PL) measurements have been conducted.

EXPERIMENT

GROWTH METHOD

A cold-wall UHV-CVD system was adopted to grow Gej_,Sny
films (see Figure 1 for machine schematic). The system com-
poses a load-lock chamber with a base pressure of 107 Pa and
a process chamber whose base pressure reaches 10~8 Pa using the
turbo-molecular and cryogenic pumps, respectively. Due to low-
temperature growth of the films, removal of oxygen and water
vapor is critical which was achieved by using a cryogenic pump.
The turbo-molecular pumps are backed by mechanical pumps.
The heating stage consisted of a pyrolytic graphite heater with a
thermocouple placed at the same distance away from the heater
as the wafer. The sample holder rotates up to 80 rpm for uniform
film growth. The gas flow is through a side entry port, controlled
by mass flow controllers (MFCs). Stannic chloride is a volatile liq-
uid with vapor pressure of 2.4 kPa at one atmospheric pressure.
Therefore, the evaporation could produce enough pressure to be
passed through the MFC.

Germanium-tin films were grown on 4” (001) p-type Si sub-
strates with 5-10 € cm resistivity. Prior to loading the samples,
they were cleaned in a two-step process: (1) Piranha etch solution
[H2SO4:H,0, (1:1)], (2) oxide strip HF dipping [H,O:HF (10:1)
using 48% pure HF] followed by nitrogen blow drying. The final
oxide strip step was not followed by a water rinse as it reduces the
life-time of hydrogen passivation and exposes the surface to ambi-
ent oxygen (Mosleh et al., 2013, 2014b). The experiments were
carried out at reduced pressures of 13, 40, 65, 95, 130, 200, and
260 Pa and at temperatures as low as 300°C. Germane (GeHy) and
stannic chloride (SnCly) were used as the precursors for Gej_ ,Sn,
growth. The gas flow ratio (GeH4/SnCly) was set to 5, 3.3, 2.5,
and 1.6. Depending on the growth parameters such as gas flow

ratio and deposition pressure, a growth rate of 20-3.3 nm/min
was achieved.

CHARACTERIZATION METHOD

Analysis of Sn mole fraction, lattice constant, growth quality,
and strain in the Ge;_,Sn, films were conducted using a high-
resolution X-ray diffractometer. High-resolution TEM (TITAN)
with an accelerating voltage of 300kV was used to investigate
crystal orientation and defects in the grown epi-layers as well as
determining the thicknesses of the samples. Surface morphology
of the samples was investigated by a scanning electron micro-
scope equipped with EDX. Room temperature PL measurements
were carried out using a 690-nm excitation laser. The PL signal
was collected by a grating-based spectrometer equipped with a
thermoelectric-cooled PbS detector (cut-off at 3 um) for spectral
analysis.

RESULTS AND DISCUSSION

MATERIAL CHARACTERIZATION

The 26-w XRD scan was performed from the symmetric (004)
plane to obtain the out-of-plane lattice constant of the Ge;_ ,Sn
films. Figure 2A shows the peak at 69° corresponding to a satisfac-
tion of the Bragg condition by Si (001) substrate, and the peaks at
lower angles of 66—65° due to larger lattice size of the Ge;_ ,Sn, lay-
ers. The difference in the position of Ge;_ xSny peaks is due to the
difference in the Sn mole fractions of Ge;_,Sny layers. Different
compositions were achieved from 1 to 7% with desirable crystal
quality. The Ge;_,Sny peaks are broadened for two reasons: (1)
thin film thickness of the layers and (2) presence of mosaicity in the
Ge-Sn crystal and formation of defects as a result of strain relax-
ation. The full width at half maximum (FWHM) of the Ge;_ ,Sn,
peaks are between 0.28 for 1% Sn film and 0.36 for 7% Sn film. The
change in FWHM depends on various factors such as film thick-
ness, relaxation, and quality and there is no trend showing that the
FWHM of the peaks change as the Sn composition increases.

In order to calculate the total lattice constant and the strain
in the film, an asymmetric reciprocal space mapping (RSM)
from (—2, —2, 4) plane was performed. The RSM scans provide
measurement of the in-plane (a)) and out-of-plane (a ) lattice
constant of Ge;_,Sny alloys. The total lattice constant a(();esn was
calculated by taking into account the elastic constants of Ge;— xSn
(Beeler et al., 2011b). Knowing the total lattice constant, the Sn
mole fractions is calculated through Vegard’s law with the bow-
ing factor of b=0.0166 A (Moontragoon et al., 2012). Figure 2B
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FIGURE 1 | Cold-wall UHV-CVD system with a substrate rotation. Samples are transferred through a load-lock chamber equipped with a turbo-molecular
pump. The growth chamber is equipped with a turbo-molecular pump and a cryogenic pump. Side entry of the gases is controlled by mass flow controllers.
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shows the RSM of 6% Sn sample. The x-axis shows Q, in recip-
rocal lattice unit (rlu) which is related to the out-of-plane lattice
constant (L) and the y-axis shows Qx which is related to the in-
plane lattice constant (H or K). Direction of the spread in the
Gep.94Sng 06 peak does not show a compositional gradient in the
sample because it is related to the relaxation of the lattice on Si
substrate. Large lattice mismatch between Sn and Ge is the main
reason for a large spread in the omega direction. The relaxation
line in Figure 2B shows that the films which are grown above are
tensile strained and the films grown underneath are compressively
strained. The Ge.94Sng 06 peak is observed to be on the relaxation
line and the relaxation is measured to be 97%.

Calculation of total strain in other samples shows that all the
films are more than 95% relaxed. Table 2 shows the lattice con-
stants of the Gej_,Sn, alloys, their Sn mole fraction, and strain
relaxation percentage. Gej_,Sn, films were almost fully relaxed
mainly due to large lattice mismatch between Si (5.431A) and
Ge;_,Sn, (above 5.658 A) and small critical thickness (Mosleh
et al., 2014a). The other reason for relaxation of Ge (and sim-
ilarly Ge;_,Sny) films on Si is the thermal mismatch between
these two materials. High temperature growth (above 500°C) and
rapid cool down has been the main method for achieving tensile
strained Ge on Si (Conley et al., 2014a). The Ge;_,Sny samples
were grown at 300°C for 30 min and we have not achieved ten-
sile strained films; however, the thermal mismatch between Si
and Gej_,Sn, has helped relaxing the compressive strain. The
strain has been mainly relieved through formation of misfit dis-
locations including Lomer misfit dislocation. The cross-sectional
TEM image in Figure 2C shows formation of such dislocations

at the Ge;_,Sn,/Si interface. In addition, Figure 2B shows that
strain relaxation occurred by formation of misfit dislocations at
the interface. The TEM image shows that the grown film was fully
epitaxial. Film thickness of the samples is listed in Table 2.

The SEM scan/EDX spectra of the samples show surface mor-
phology of the sample as well as Sn incorporation in the Ge matrix.
The EDX spectra in Figure 2D show the presence of Ge, Si, and Sn
in the Geg 94Sng g6 film. Due to the high count collection of sec-
ondary electrons from the substrate, the ratio of Sn and Ge cannot
exactly reveal the percentage of Sn in Ge. The presence of carbon
and oxygen in the EDX spectra is mainly due to the contamina-
tion and oxidation of the film after exposure to ambient air. The
EDX maps for Ge (Figure 2E) and Sn (Figure 2F) display uniform
incorporation of Sn. The SEM image shows continuous growth
of Gej_,Sn, without observation of locally crystalline patches.
No segregation and precipitation of Sn was observed on the films
which indicates robust and stable growth of the films.

GROWTH MECHANISM

Growth of Gej_,Sny on a Si substrate requires considering the
reaction of byproducts and reduction of activation energy by
introducing carrier gases. Stannic chloride has a tendency to etch
Ge due to the presence of chlorine in the chemistry of the mole-
cule. The byproduct of GeHy + SnCly reaction is HCl which is an
etchant gas for germanium and silicon (Bogumilowicz et al., 2005).
Following reactions show different mechanisms of film deposition
as well as HCI production in the chamber:

GeH; — Ge + 2H, (1)
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FIGURE 2 | (A) Symmetric (004) 26-» scan of Ge;_,Sn, films which are
grown on a Si substrate. The peak at 69° shows the Si substrate peak and
the peaks between 66° and 65° belong to Ge,_,Sn, films. (B) Reciprocal
space map from asymmetrical plane (=2, —2, 4) for Gegg,Sngs grown on a
Si substrate. The x-coordinate shows out-of-plane lattice constant and the
y-coordinate shows in-plane lattice constant in units of reciprocal lattice
unit. The relaxation line shows that the films grown above are tensile
strained and below are compressively strained. Presence of the
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GepesSnges ON the relaxation line shows that the film is strain relaxed.

(C) Transmission electron microscopy images of Gegg,Sno s film shows
epitaxial growth of Ge-Sn on a Si substrate. Arrows show misfit
dislocations formed at the Ge,_,Sn,/Si interface. (D) The EDX spectrum of
Si/GepasSnoos film shows the presence of Si (substrate), Ge and Sn (film),
O (native oxide), and C (carbon contamination from the ambient). (E) The
EDX surface maps of Ge and (F) Sn taken from scanning electron
micrographs for Gegg,Snges film shows uniform growth of Ge,_,Sn, alloy.

Table 2 | Tin mole fraction calculation, lattice constant, and relaxation
percentage of the grown samples.

Sample Sn (%) ajyn(nm) a; (hm) a(nm) Relaxation Thickness

no. (%) (nm)
1 1.2 5.666 5.671 5.668 98 615
2 2.1 5.673 5.679 5.676 98 423
3 29 5.678 5.687 5.682 97 295
4 4.2 5.689 5.695 5.692 98 207
5 5.8 5.699 5.712 5.706 97 108
6 70 5.715 5.719 5.717 99 532

2H, + SnCly — Sn + 4HCI (2)

GeHy + SnCly — Ge + Sn + 4HCl (3)

Higher temperature of the substrate results in higher density
of depositing ad-atoms (Ge and Sn); however, it will result in pro-
duction of HCI at a higher rate. In addition, higher flow rate of
SnCly increases the production rate of HCl as well. Controlling the
temperature and flow rate of the gases could control the process

so that growth is the dominant process in the chamber. The Ge/Sn
film will be etched by HCl through the following reactions:

4HCIl + Ge — GeHy + 2Cl,
4HCI 4 Sn — SnCly+2H,

(4)
)

Domination of etching over growth is the main mechanism
that prevents direct growth of Ge;_xSny on Si.

By controlling the flow through MFCs, we have grown
Ge;_Sny films on Si at different pressures with a fixed flow ratio
of GeH4/SnCly = 1.6. Growth was observed at 13 Pa of deposition
pressure and continued until the deposition pressure increased to
130 Pa. Figure 3A shows the thickness of Ge;_Sn, films versus
deposition pressure of the chamber as well as Sn incorporation
percentage. Incorporation of Sn in the Ge lattice is increased by
raising the pressure due to the higher residence time of the precur-
sors in the chamber. The residence time of the gases has increased
from 2s at 13 Pa to 19s at 130 Pa. Meanwhile, HCI etched more
of the Ge;_,Sn, films after deposition at higher pressures. This
trend has continued to 130 Pa and no growth has been observed
at 200 and 265 Pa. The increase in Sn composition from 1 to 6%
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films. The expected shift (0.8311 cm~") for Ge-Sn peak is very close to
that of Ge-Ge.

has been accompanied with reduction in the thickness from 615 to
108 nm. Films that were expected to have higher than 6% Sn con-
tent were totally etched off. Therefore, in order to grow higher Sn
content films, growth mechanism under fixed pressure and chang-
ing the SnCly flow was studied. Higher film thickness and higher
Sn incorporation was achieved as a result of domination of growth
over etching. Figure 3B shows Sn incorporation in Ge;_ ,Sny films
versus SnCly flow rate at 95 Pa deposition pressure. The secondary
axis of Figure 3B shows film thicknesses of the samples. Due to the
dominance of etching for higher SnCly flow rate, the films were
mostly etched and the film thickness was less than 100 nm.
Introduction of carrier gases has different effects on the growth
of Gej—»Sn, films. Hydrogen changes the balance in the reaction to
produce more HClL. Consequently, the GeH4/SnCly ratio at which
the Ge;_ ,Sn, films were depositing will not result in growth when
hydrogen is introduced in the chamber. In addition, introduction
of nitrogen and argon as carrier gases will reduce the activation

energy of the growth (Wirths et al., 2013). Although reduction
of activation energy enables easier breakdown of the molecules
on the surface and enhances the growth quality and growth rate,
it would prepare the conditions for easier etch due to the pres-
ence of an etchant agent. Therefore, the presence of carrier gases
pushes the competition between growth and etching toward etch-
ing, resulting in film etching at even lower flow rates of carrier
gases when the flow rate of SnCly is of the same order of GeHy.

OPTICAL CHARACTERIZATION

Raman spectroscopy

The Ge;_,Sny films were further investigated by Raman spec-
troscopy in order to analyze the crystal structure. Room tempera-
ture Raman spectra of the grown samples as well as a Ge reference
sample are plotted in Figure 4A. The Ge—Ge longitudinal optical
(LO) peak was observed at 300 cm™~! for the Ge reference sample
while the Ge—Ge peak in the Ge;_ ,Sn, films was shifted to lower
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wavenumbers due to the change in bonding energy of Ge-Ge by
incorporation of Sn atoms. The intensity of the Ge—Ge LO peak
at 300 cm ™! is normalized for all the samples for comparison of
the peak positions. In addition to the main Ge-Ge peak, Raman
spectra of Gej_,Sn, films show other peaks that are induced as
a result of Sn incorporation. The Ge-Sn LO peaks for different
Sn mole fractions were observed at 250260 cm ™! in the films. A
second peak of Ge—Sn is observed at 285 cm ™!, which can be seen
as a shoulder of Ge-Ge main peak.

The peak positions are obtained by Lorentzian fitting to find
the exact position for further analysis. The shift in the Ge-Ge
LO peak depends on both strain and Sn composition of the
films. Theoretical calculations for Aw are different for strain-
relaxed films and strained films for different Sn (x) content
[AwGe—ge(x) =bxcm™!]. The Ge-Ge peak is expected to shift
by a factor of b=—30.30 for a strained alloy while this factor
varies to b = —83.10 for a strain-relaxed film (Cheng et al., 2013).
Figure 4B shows the experimental data obtained for Ge-Ge and
Ge—Sn Raman shift from the sample compared with the theoret-
ical calculations. The peak shifts match well with the theoretical
calculations for strain-relaxed films.

Photoluminescence
Germanium has an indirect band-gap in the L valley with the
energy of 0.644 eV and a direct band-gap at the y point with 0.8 eV
energy at room temperature. Incorporation of Sn in Ge lattice low-
ers the conduction band edge at the y-point at a faster rate than
that at the L-point. PL measurements on Gej_ ,Sn, samples allow
determination of the band-gap edge for various Sn compositions.
Figure 5 depicts room temperature PL intensity spectra for
as-grown Gej_,Sny films with 2, 4, 6, and 7% Sn mole frac-
tions. As indicated in Figure 5A, increase of the Sn mole fraction
results in a band-gap reduction. Both direct and indirect PL peaks
exhibit red-shift with Sn compositions increase from 2 to 7%. A
Gaussian fitting function was employed to extract the PL peak
positions of both direct and indirect transitions as described in

Ghetmiri et al. (2014b). In Geg.94Sng g6 and Geg 93Sng g7 samples,
the energies difference between direct and indirect transitions are
very small, therefore the PL emissions from these indirect and
direct transitions cannot be identified. A temperature-dependent
study is needed to differentiate the direct and indirect peak posi-
tions which will be reported in the future. The PL peaks from
the samples with 2, 4, 6, and 7% Sn compositions are shown in
Figure 5B as solid symbols. The solid and the dashed lines show
the direct and indirect band-gap energies based on bowed Veg-
ard’s law for the relaxed Ge;_Sny alloy (Ghetmiri et al., 2014b),
respectively. Since the Gej—,Sn, films are almost strain-free, as
confirmed by XRD measurements, the experimental results closely
follow the predicted values from Vegard’s law.

CONCLUSION

Direct growth of Ge;_Sn, layers on Si substrates was achieved
using a cold-wall UHV-CVD system. The films were grown by
employing low-cost commercial available GeH4 and SnCly precur-
sors without using any carrier gases and buffer layers. Characteri-
zations of the samples with XRD showed successful incorporation
of Sn up to 7%. The TEM images show fully epitaxial growth of the
samples without any precipitation of Sn from the Ge lattice. The
Raman results verified the Sn incorporation and PL measurements
showed reduction of the band-gap to 0.55eV for 7% Sn sample.
The low-cost and CMOS compatible growth method and the per-
formance of the samples indicate a promising future for Ge;_ xSn,
applications in Si photonics. Moreover, the samples were grown
strain-relaxed enabling this material to be a universal compliant
buffer layer which can be used in hybrid integration.
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