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Abstract 
We have developed the crystal growth technology of 
Ge1-xSnx and related group-IV semiconductor thin films 
for electronic and optoelectronic applications. We will re-
port our recent research progress of the crystal growth 
and characterization of electronic properties of these sem-
iconductor thin films. 

1. Introduction
The development and research of Ge1-xSnx and related group-
IV semiconductors have been actively progressed for elec-
tronic and optoelectronic applications in the world during re-
cent 10 years [1-4]. Ge1-xSnx has unique properties; indirect-
to-direct transition with increasing the Sn content approxi-
mately above 8%, theoretically expected higher mobilities of
both electron and holes than Ge and Si, appropriate optoelec-
tronic properties with a higher efficiency, good compatibility
for Si large-scale integrated circuit (LSI) platform, a lower
crystallization temperature with a higher Sn content, and a
low thermal conductivity suitable for thermoelectronic device.
Recently, there are various applications of Ge1-xSnx for
CMOS transistors, photodiode light emitting diode, laser di-
ode, and thermoelectornic generator.

The crystal growth technology of Ge1-xSnx and related 
thin films is essential for integrating of these materials on the 
state-of-the-art Si LSI devices. Also, we have to develop the 
engineering technology of not only crystalline properties re-
lated to defects, dislocations, and doping but also electronic 
properties of energy band, mobility, and band-to-band inter-
actions. In addition, the interface engineering technology at 
heterostructures of group-IV semiconductors, metal/Ge1-xSnx, 
and insulator/Ge1-xSnx should be developed deeply for realiz-
ing nanoelectronics applications. 

We have been developing the crystal growth of Ge1-xSnx 
and various group-IV thin films including Si1-xSnx,   
SixGe1-x-ySny, Ge1-x-ySnxCy, and Si1-x-ySnxCy. We have also in-
vestigated the electronic properties of the interface with those 
semiconductor thin films for devise applications. In our 
presentation, we will introduce our recent research progress 
and demonstrate the impact of group-IV alloy semiconduc-
tors for electronic and optoelectronic applications. 

2. Crystal growth of Ge1-xSnx and related thin films
Epitaxy of high Sn content Ge1-xSnx and related layers
We have developed the crystal growth technologies including
molecular beam epitaxy [5,6], chemical vapor deposition [7],

and solid-phase crystallization (SPC) of Ge1-xSnx [8,9] and re-
lated semiconductors [10]. One of serious issues of these al-
loys are how to realize a high substitutional Sn content with 
avoiding the precipitation and segregation of Sn in matrix el-
ements since the thermal-equilibrium solid-solubility limits 
of Sn in Ge and Si are very low below 1%.  

Our research have revealed that the low-temperature 
growth and strain engineering are key factors for enhancing 
the substitutional Sn content in Ge and Si. The formation of a 
Ge1-xSnx epitaxial layer with a Sn content as high as 27% was 
achieved with using InP substrate having a large lattice con-
stant corresponding with that of a 25%-Sn content Ge1-xSnx 
[11]. In addition, the reduction of the strain energy with thin-
ning the epitaxial layer thickness is effective to suppress the 
Sn precipitation, and we demonstrated the epitaxial growth of 
Ge1-xSnx epitaxial layer with a Sn content as high as 46% [12]. 

The concept of engineering the lattice constant of sub-
strate is effective also for the growth of Si1-xSnx epitaxial layer. 
Recently, we reported the self-organized lattice matched epi-
taxy of Si1-xSnx layer on Ge and InP substrates with annealing 
an amorphous Si1-xSnx layer at a low temperature of 150 °C 
[9]. The crystal growth of a high-Sn-content Si1-xSnx layer oc-
curs with the self-organized redistribution of Sn atoms to re-
alize the lattice matching to the substrate. 

The lattice-matching growth of SixGe1-x-ySny ternary al-
loy also enable the high crystalline quality and thermal ro-
bustness of the epitaxial layers [13, 14]. The epitaxial layers 
of SixGe1-x-ySny with lattice-matching growth on Ge substrate 
shows a small broadening of its diffraction profile compared 
to that of Ge1-xSnx even with a high Sn content over 10% 
(Fig. 1). Also, it shows a high thermal robustness even after 
annealing at 500 °C. 

Polycrystalline Ge1-xSnx, Si1-xSnx, and ternary alloy layers  
Ge1-xSnx and related materials promises lowering the poly-
crystallization temperature due to a low melting point of Sn 
and a low eutectic temperature of Ge-Sn and Si-Sn systems. 
We examined the SPC of various group-IV alloys of Ge1-xSnx, 
Si1-xSnx, SixGe1-x-ySny, and related materials [8-10, 15]. Low-
temperature SPC also enables to enhance the Sn content over 
the thermal-equilibrium limit of the substitutional Sn content 
in Ge1-xSnx and Si1-xSnx. Practically, we reported a possibility 
of a Sn content as high as 20% in polycrystalline (poly-) 
Si1-xSnx layer grown on insulator after annealing at as low as 
150 °C [9].  
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In addition, ternary alloying of group-IV elements prom-
ises increasing the substitutional contents of Sn and C in 
Ge1-x-ySn xCy and Si1-x-ySn xCy, while the solid solubility of 
them in Ge and Si is very limited (Fig. 2) [16, 17]. We deduce 
that the compensation of a local strain between Sn and C in 
Ge or Si matrix would be effective to enhance the substitu-
tional content of them. 

3. Engineering of electronic properties
Si1-xGex binary alloy has been developed long time for energy
band engineering. Recently, Ge1-xSnx and related materials
opens new possibility for not only extending the bandgap
range but also designing energy band structure of thin films
and heterostructures. Especially, ternary alloy semiconductor
such as SixGe1-x-ySny promises controlling the energy band
structure independently on the lattice constant, that is similar
to group III-V compound semiconductors.

In practice, we experimentally demonstrated that lattice-
matching SixGe1-x-ySny/Ge heterostructure realizes the for-
mation of type-I energy band alignment with enough large 
band offsets at both of conduction and valence band edges 
[18]. Recently, we successfully showed the impact of carrier 
confinement with this type-I band alignment in Ge1-xSnx/ 
SixGe1-x-ySny/Ge1-xSnx double-hetero structures (DHS) from 
the photoluminescence (PL) measurement (Fig. 3) [19]. 

4. Conclusions
We developed the crystal growth technology of epitaxial and
polycrystalline Ge1-xSnx and related group-IV semiconductor
thin films for integrating on Si LSI platform. Controlling the

strain and growth condition enables to form a high Sn content 
Ge1-xSnx and related thin films with improving the crystalline 
quality. These materials promise extending the potentiality of 
group-IV semiconductors for designing energy band struc-
tures.  
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Fig. 1 The full-width half maximum 
(FWHM) of the diffraction peak as func-
tions of the Sn content and misfit value of 
SixGe1-x-ySny and Ge1-xSnx epitaxial layers 
grown on Ge substrate [14]. The FWHM 
value was estimated with the X-ray diffrac-
tion measurement. The SixGe1-x-ySny layers 
lattice-matching to Ge shows smaller 
FWHM values than Ge1-xSnx even though 
the Sn content is as high as 15%. 

Fig. 2 The annealing temperature depend-
ence of the total (chemical) and substitu-
tional C contents of poly-Si1-x-ySnxCy layers 
with various Sn and C contents [17]. An 
amorphous Si1-x-ySnxCy layer was deposited 
on quartz substrate and annealed for SPC. 
These contents were evaluated using X-ray 
photoelectron spectroscopy. A higher sub-
stitutional C content with lower-tempera-
ture SPC can be achieved by incorporating 
Sn atoms with a higher content. 

Fig. 3 The PL spectrum of Si0.23Ge0.66Sn0.11/ 
Ge0.91Sn0.09/Si0.23Ge0.66Sn0.11/Ge DHS sam-
ple at room temperature [19]. Those of 
Ge/Ge0.91Sn0.09/Ge DHS and Ge0.91Sn0.09/ 
Ge single-layer structure samples were also 
shown for comparison. The SixGe1-x-ySny/ 
Ge1-xSnx/SixGe1-x-ySny DHS effectively im-
proves the PL intensity.  
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