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 ตําแหน่ง X ช่องว่างแถบพลงังานของ Si<Sn<Ge เมืÉอเราเตมิซลิกิอนลงไปในโลหะผสม 

Ge(1-x-y)SixSny จะมชี่องว่างแถบพลงังานเพิÉมขึÊนเนืÉองจากสารตั Êงต้นของเรามชี่องว่างแถบพลงังาน
น้อยทีÉสุดในทํานองเดยีวกนัเมืÉอเตมิดบีุกลงไปก็จะทําให้ช่องว่างแถบพลงังานทีÉตําแหน่งนีÊเพิÉมขึÊน
ตามดว้ย 
 ความเป็น Direct band gap ของโลหะผสม Ge(1-x-y)SixSny โดยการเปรยีบเทยีบแถบสี
ช่องว่างแถบพลงังานทีÉตําแหน่ง L ตําแหน่ง  และตําแหน่ง X ค่า x และ y ใดบา้งทีÉทําใหต้ําแหน่ง

 มคี่าน้อยกว่าตําแหน่ง L และ X ถอืว่าตําแหน่งนั Êนมคีวามเป็น direct band gap นําค่าทีÉไดม้า
เขยีนกราฟไดด้งัรปูทีÉ 4-16 

 
รปูทีÉ4-16 ช่องว่างแถบพลงังานของ Ge(1-x-y)SixSny โดยแบบจาํลอง VCA 
 

 เราจะไดค้วามเป็น Direct band gap ของ Ge(1-x-y)SixSny ในบรเิวณทีÉเป็นแถบสดีงัแสดงใน
รปูทีÉ 4-35 ซึÉงความเป็น direct band gap ซึÉงมคี่าตั Êงแต่ 0-1 eV ของโลหะผสมนีÊสามารถปรบัค่าได้
ขึÊนอยู่กับปริมาณของซิลิกอน เจอมิเนียม และดีบุก ทีÉอยู่ในโลหะผสม และสามารถทีÉนําไป
ประยกุตใ์ชใ้นอุปกรณ์อเิลก็ทรอนิกสไ์ดห้ลายดา้นขึÊนกบัค่าช่องว่างแถบพลงังานทีÉตอ้งการ 

4.2.2 การคาํนวณโดยใช้แบบจาํลอง Mixed atoms  

ปร
ิมา
ณดี

บุก
(Sn
)
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(1-x-y) x yGe Si Sn
direct  band  gab
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รปูทีÉ 4-16 ค่าคงทีÉแลททซิของโลหะผสม Ge1-x-ySixSny โดยการประมาณแบบ Vergard law 

จากการใช้แบบจาํลองแบบ super-cell ในการคํานวณสมบตัทิางอเิลก็ตรอนของโลหะผสม Ge1-x-

ySixSny ทีÉทําการสงัเคราะห์บนวสัดุรองรบั CeO2 เราพบว่าตวัแปรทีÉสําคญัสําหรบัการทีÉจะทําให้
โลหะผสมทีÉได้มลีกัษณะเป็นสารกึÉงตวันําชนิดแถบพลงังานตรงนั Êนคอืปรมิาณ ของประกอบของ
โลหะผสมและความเครยีดอนัเนืÉองความแตกต่างของค่าคงทีÉแลททซิของตวัโลหะผสมและตวัวสัดุ
รองรบั ดงัแสดงในรปูทีÉ 4.16 และ 4.17  

 

(ก) 
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(ข) 

 

 

(ค) 

รปูทีÉ 4-17 แถบสคีวามกวา้งแถบพลงังานโดยใชแ้บบจาํลอง Mixed atoms ทีÉตําแหน่ง (ก) X valley 

(ข) L valley และ (ค) ทีÉจดุ   
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บททีÉ 5 
      บทสรปุ 

5.1     สรปุ 
ในการศึกษาผลของช่องว่างของออกซิเจนทีÉมีต่อโครงสร้างของ CeO2 บริสุทธิ Í และ

โครงสรา้งของ AxCe1-xO2 ทีÉเจอืดว้ย C Fe Mn และ Co โดยใชว้ธิ ีDensity Function Theory 

(DFT) โดยใช ้LSDA+U สาํหรบัโครงสรา้งทีÉศกึษาไดผ้ลสรุปคอื เมืÉอพจิารณาความหนาแน่นสถานะ
และค่าพลงังานพบว่า CeO2   บรสิุทธิ Íมคี่าช่องว่างพลงังานทีÉทําการคํานวณได ้2.71 eV ซึÉงจากการ
ทดลองของ Maensiri และคณะ(Santi Maensiri C. M., 2007) มคี่าช่องว่างแถบพลงังาน 3.57 eV -

3.61 eV จะเหน็ได้ว่าการคํานวณในรายงานนีÊมคี่าตํÉากว่าค่าทีÉได้จากการทดลอง เนืÉองจากการ
เลอืกใชว้ธิ ีDFT และผลการวเิคราะหค์วามหนาแน่นสถานะสําหรบัโครงสรา้งทีÉเจอืดว้ยธาตุ C  Fe  

Mn และ Co พบว่ามสีถานะของอเิลก็ตรอนทีÉเจอืและมชี่องว่างพลงังานลดลง ศกึษาผลของช่องว่าง
ของออกซเิจนทีÉมต่ีอโครงสรา้งของ CeO2 บรสิุทธิ Íพบว่า CeO2 บรสิุทธิ Íมสีมบตัแิบบแอนตเิฟอรโ์ร 
เนืÉองจากการเกดิอนัตรกริยิาแบบ Super exchange เมืÉอมกีารนําเอาออกซเิจนออกจากโครงสรา้ง
ของCeO2 จะเกดิอนัตรกริยิาแบบ F-centre exchange ทีÉมชี่องว่างของออกซเิจนเป็นตวักลางใน
การเกดิการควบคู่แบบเฟอรโ์รแมกเนตกิ พบว่ามสีถานะของอเิลก็ตรอนทีÉเจอืและมชี่องว่างพลงังาน
เลก็ๆ เกดิขึÊนภายในบรเิวณแถบช่องว่างพลงังานหรอืเกดิเป็น intermediate band 

จากการคาํนวณโครงสรา้งแถบพลงังานของโลหะผสม Ge(1-x-y)SixSny ทีÉแสดงคุณสมบตัเิป็น 
direct  band  gap ดว้ยโปรแกรม ABINIT และโปรแกรมทีÉพฒันาขึÊน พบว่าโปรแกรม ABINT 

คาํนวณคุณสมบตัโิครสรา้งแถบพลงังานของซลิกิอน มชี่องว่างแถบพลงังานเท่ากบั 0.55 eV ซึÉงค่า
แตกต่างจากทฤษฎมีากจงึไม่นําโปรแกรม ABINIT คํานวณคุณสมบตัขิองธาตุตวัอืÉนต่อไป และใช้
โปรแกรมทีÉพัฒนาขึÊนคํานวณคุณสมบัติต่างๆทั Êง โครงสร้างแถบพลังงาน  ความหนาแน่น
อเิลก็ตรอน  ความหนาแน่นสถานะและจํานวนสถานะ  ทีÉมคี่าใกล้เคยีงกบัทฤษฎีผลการคํานวณ
โครงสรา้งแถบพลงังานทีÉเป็น direct band gap ของ Ge(1-x-y)SixSny ใชแ้บบจาํลองแบบ Virtual  

Crystal  Approximation (VCA) และแบบ mixed atoms มคี่าตั Êงแต่ 0-0.8 eV  
ขึÊนกบัปรมิาณของ

ซิลิกอน เจอมิเนียม และดีบุก ทีÉอยู่ในโลหะผสม และสามารถทีÉนําไปประยุกต์ใช้ในอุปกรณ์
อเิลก็ทรอนิกสไ์ดห้ลายดา้นขึÊนกบัค่าช่องว่างแถบพลงังานทีÉตอ้งการ 
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The band structure of Ge1−x−ySixSny ternary alloys, which are easier to grow than binary Ge1-xSnx alloys,
and clearly offer a wider tunability of their direct band-gap and other properties, was calculated and investi-
gated by using the empirical pseudo-potential plane wave method with modified Falicov pseudo-potential
formfunction. The virtual crystal approximation (VCA) and 2×2×2 super-cell (mixed atoms) method were
adopted to model the alloy. In order to calculate all of these properties, the empirical pseudo-potential
code was developed. The lattice constant of the alloy varies between 0.543 to 0.649 nm. The regions in
the parameter space that corresponds to a direct or indirect band gap semiconductor are identified. The
Ge1−x−ySixSny ternary alloy shows the direct band gap for appropriate composition of Si, Ge and Sn.
The direct energy gap is in the range 0–1.4 eV (from the VCA calculation), and 0–0.8 eV (from the
super-cell calculation), depending on the alloy composition. Therefore, this alloy is a promising material
for optoelectronic applications in both visible and infrared range, such as interband lasers or, solar cells.
Furthermore, strain-free heterostructures based on such alloys are designed and, using the effective-mass
Hamiltonian model, the electronic structure of GeSiSn quantum wells with arbitrary composition is inves-
tigated, in order to understand their properties and the potential of their use in devices.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

SiGeSn alloys have attracted research attention as promising ma-
terials for optoelectronic applications [1–3], such as interband lasers,
detectors, and solar cells, because they may be direct bandgap semi-
conductors, and fully compatible with Si-based technology. They
have the potential for independent variation of the band structure
and lattice constant and can be used in both lattice-matched and
strained layer structures. Offering the possibility of emission and ab-
sorption in the visible, near- andmid-IR range, they have the prospect
of applications for solar cell, photodetectors, electro-absorption and
electro-optic modulators, etc.

2. Computational details

For band structure calculation of Ge1−x−ySixSny alloys when x
and y were varied from 0 to 0.4, we used the empirical pseudo-
potential plane wave method, which can predict the band structure
and optical properties of semiconductors with good accuracy. The cal-
culations for alloys were made both within the virtual crystal

approximation and by the super-cell (mixed atom) method, using
the available experimental data for comparison. The modified Falicov
pseudo-potential formfunction was adopted [4], as given by Eq. (1),

V qð Þ ¼ ½b1 q2–b2
� �

=½2ð1þ exp b3 q2–b4
� �� �� � ½tanh b5–q

2
� �

=b6
� �

þ 1�
ð1Þ

where the parameters b1, b2, b3, b4, b5 and b6 for silicon, germanium and
gray tin are given in Table 1, and q is the wave vector (in atomic units).

3. Results

The lattice constant of Ge1−x−ySixSny alloy was calculated by
using the Vegard's law [5,6] with the bowing correction, by using
quadratic interpolation of lattice constants of silicon, germanium
and gray tin, as given by Eq. (2),

aGeSiSn ¼ aGe þ ΔSiGe xð Þ þ θSiGe xð Þ 1−xð Þ þ ΔSnGe yð Þ
þ θSnGe yð Þ 1−yð Þ; ð2Þ

where aGe, aSi, and aSn are the lattice constants of germanium, silicon
and gray tin, respectively, and ΔSiGe (ΔSnGe) denote aSi–aGe (aSn–aGe),
respectively. The bowing parameter for lattice constant of Ge1−xSix,
θSiGe, is−0.026 and that of Ge1−ySny, θGeSn, is 0.166. The alloy lattice
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constant dependence on the composition x and y is shown in Fig. 1.
Due to the lack of any data on quadratic terms for the empirical
pseudo-potential formfunction of the alloy for the VCA based calcula-
tions, this was calculated in the samemanner, but only with linear in-
terpolation,

VGeSiSn ¼ VGe 1−x−yð Þ þ VSi xð Þ þ VSn yð Þ; ð3Þ

where VGe, VSi, and VSn are the empirical pseudo-potentials of germa-
nium, silicon and gray tin, respectively. The VCA is known to give an
almost linear dependence of the direct gap of GeSn on the Sn mole
fraction, while there exists a significant bowing [7]. Moreover, the
exact arrangement of Ge, Si and Sn atoms (any ordering or clustering)
will significantly affect the band gap properties. Therefore, in order to
check the accuracy of the VCA for the random alloy, the super-cell
(mixed atom) method was also employed, with 2×2×2 crystalline
cubic cells (64 atoms) in the super-cell. The Ge1−x−ySixSny alloy is
obtained by randomly distributing X=64x Si atoms, Y=64y Sn
atoms, and 64-X-Y Ge atoms over the 64 lattice sites of the super-
cell. The band structure of the random alloy is obtained by averaging
the results over a significant numbers of possible configurations. We
should also note that random alloys may be considered by the elegant
technique of special quasirandom structures [8], with atomic configu-
ration within the limited-size super-cell constructed so to maximally
mimic the randomness of the alloy, and a single super-cell calcula-
tion, rather than averaging over a number of them, suffices. However,
only a small number of composition combinations in ternary alloys
leads to relatively small special quasirandom super-cells [9], and in
order to cover a more dense mesh of alloy compositions we have
here used multiple random configurations and averaging. According

to Fig. 2 which shows the band gap of the Ge1−x−ySixSny alloy at Γ
point obtained by the two methods, only the super-cell method
gives the bowing parameter in good agreement with experiment
[3], where as the VCA always under estimates it.

This theoretical model was used to calculate the electronic struc-
ture of Ge1−x−ySixSny alloys. We find the region in the parameter
space that corresponds to a direct band gap semiconductor, achieved
by the material composition alone (no strain is involved here), as
shown in Fig. 2. Using the data for the lattice constant (Fig. 1) and
for the direct band gap (Fig. 2(b)), the strain-free direct band gap
nanostructures, such as quantum wells, can be designed and fabricat-
ed by choosing two alloys with different values of the band gaps (i.e.
with different composition) from the direct band gap region, but with
the same lattice constants.

In particular, a strain-free Ge(1−x−y)SixSny/Ge(1−w)Snw/Ge(1−x−y)

SixSny/Ge(1−w)Snw/Ge(1−x−y)SixSny double quantum well was
designed, and its electronic structure and optical properties calculated
using the effective-mass Hamiltonian model. In order to have a strain-
free direct band gap nanostructure with appropriate barrier height, the
Ge0.75Sn0.25 alloywas chosen as thewellmaterial andGe0.437Si0.25Sn0.313

Table 1
The parameters of the modified Falicov pseudo-potential for silicon, germanium and
gray tin.

Parameter b1 b2 b3 b4 b5 b6

Si 0.3969 2.2286 0.6120 −1.9620 5.0 0.3
Ge 0.4229 2.4682 0.6060 −2.6260 5.0 0.3
α-Sn 0.4199 2.1600 0.6407 −2.9820 5.0 0.3
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Fig. 1. The lattice constant of relaxed Ge1− x−ySixSny alloy calculated by Vegard's law
with the bowing parameters taken into account.
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Fig. 2. The lowest (either direct or indirect) band gap of relaxed Ge1− x−ySixSny alloys
calculated by (a) the VCA and (b) the super-cell (mixed atom) method.
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for the barrier layers. The carrier effective masses in both layers were
extracted from the electronic band structure of the two alloys, using
the parabolic approximation,

�h2=m� ¼ ∂2ε=∂k2
� �

where m⁎ is the effective mass, ε the energy and k the wave vector. The
final ingredient required for the calculations of heterostructures is the
valence band offset at the interface. In the absence of any more detailed
experimental data, we have used an expression in accordance to Jaros
[10], i.e. for Sn grown on SixGeySn(1−x−y) ΔVvb=1.17 x+0.69y [in
eV]. The band energies on the absolute energy scale are not intrinsically
contained in the pseudo-potential form factors, and therefore cannot be
obtained within the empirical pseudo potential method.

An example of energy levels andwave functions (electrons and holes)
in a strain-free double quantum well structure Ge0.437Si0.25Sn0.313/
Ge0.75Sn0.25/Ge0.437Si0.25Sn0.313/Ge0.75Sn0.25/Ge0.437Si0.25Sn0.313 with layer
widths 10/6/2/6/10 nm (i.e. based entirely on direct band gap GeSiSn
materials) are shown in Fig. 3.

4. Discussion

The results indicate that only the super-cell method enables a rea-
sonably accurate calculation of SiGeSn band structure, while the VCA
should not be used (unless appropriate bowing corrections are de-
vised for the formfunctions). However, we should note that a couple
of approximations were still made in the super-cell calculation: the
atomic position relaxation, due to different radii of Si, Ge, and Sn
atoms, was not taken into account. Furthermore, the EPM neglects
the charge transfer between different atoms due to their unequal
electro-negativities, and ion core-valence electron interacting
strengths. However, the ionicity and polarity in ordered SiSn and

GeSn alloys are larger than in SiGe [11], but much smaller than in
SiC, and that we expect that the error coming from these effects will
not be large. Although these approximations will have some influence
the electronic band structure of Ge1−x−ySixSny and heterostructures
based on it, we believe that the guidelines for achieving the direct
band gap, provided by the super-cell calculations presented here,
will remain in place.

5. Conclusion

In search for group IV based direct band gap materials, the elec-
tronic structure of relaxed Ge1−x−ySixSny alloys, with x and y vary-
ing in the range 0 to 0.4, was calculated by the empirical pseudo-
potential plane wave method. It shows the possibility of achieving a
direct band gap semiconductor, by using appropriate compositions
of silicon, germanium and tin. The results indicate that the values of
the direct band gap are in the range of 0–0.8 eV, depending on the
alloy composition. Therefore, this alloy can be useful for a number
of electronic and optoelectronic applications, such as interband and
intraband (quantum cascade) lasers, solar cells, photodetectors,
electro-absorption and electro-optic modulators [12–15].
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Ferromagnetism of C-doped CeO2, SnO2 and SiO2 with 
oxygen vacancy diluted magnetic materials 

ABSTRACT  Electronic structure and magnetic  properties of carbon-
doped cerium dioxide (CeO2), silicon dioxide (SiO2)  and tin dioxide (SnO2) 
with  oxygen vacancies have been investigated by means of the first 
principle calculations based on local spin density approximation (LSDA), 
packaged in the Abinit code. The calculation was performed using self-
consistent pseudo-potential plane wave. The results indicate that CeO2, 
SnO2 and SiO2 have energy band-gap about 3.53,  2.73 and 4.21 eV 
respectively. For the magnatic properties of these oxides without doping 
and vacancy, they are antiferomagnetic materials, with zero 
magnetisation. However, doping carbon and the oxygen vacancies seem 
to play an important role for the appearance of ferromagnetism in CeO2 
but, this does not occur in the case of SnO2 and SiO2. These can be 
explained by the superexchange and double exchange theories. 

 

Keyword- Cerium dioxide, Silicon dioxide, Tin dioxide, Diluted 
magnetic semiconductor  

REFERENCES 
[1]Andersson D. A, Simak, S. I, Skorodummova N. V, Abrikosov I. A, and B. Johansson; “Theoretical 
study of CeO2 doped with trivalent ions” Phys. Rev. B. 76, 174119 (2007) 
[2]Maensiri S., Phokha S., Laokul P., and S. Seraphin; “Room Temperature Ferromagnetism in Fe-
Doped CeO2 Nanoparticles” J. Nanosci. Nanotechnol  9, 1-6 (2009) 
[3]Vodungbo B., Zheng Y., Vidal F., Etgens V. H. and D. H. Mosca; “Room temperature 
ferromagnetism of Co doped CeO2-x diluted magnetic oxide: Effect of oxygen and anisotropy” Appl. 
Phys. Lett. 90, 062510 (2007) 

Pairot  Moontragoon1*, Anusara Jareunsheep1, Jiranan Naosungnoen1, Sumalee Sripho1, Sriprajak Krongsuk1,  
Ekaphan Swatsitang1, Santi Maensiri2  

1Department of Physics, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand 
2School of Physics, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand 

  
*P. Moontragoon: Tel. +6643-203166, Fax: +6643-202374, E-mail address: mpairo@kku.ac.th 

INTRODUCTION  Since the discovery of ferromagnetism in a diluted 
magnetic semiconductor (DMS), such as Mn doped GaAs, InAs or Ge, 
they are continuously attracting research attention as promising 
spintronics semiconductors with prospective applications in semiconductor 
devices because of several reasons. Furthermore diluted magnetic oxides, 
such as CeO2, SnO2 and SiO2 doped with various transition metals, such 
as Co, Fe, Ni and Mn[1-3], are immensely investigated, in both theory and 
experiment, to predict magnetic properties of these oxides which are 
doped with various transition metals. In this research, we studied an effect 
of the carbon doping and oxygen vacancy on the ferromagnetism on CeO2 
, SiO2 and SnO2.   

COMPUTATIONAL DETAILS Electronic and magnetic properties for C-
doped cerium oxide (CeO2-x),  silicon dioxide (SiO2-x)  and tin oxide (SnO2-

x) with oxygen vacancies have been investigated by first principle methods 
using the Abinit code.  The calculation was performed using self-consistent 
pseudo-potential plane wave with LSDA formalism to explore the 
possibility of ferromagnetism as observed in recent experiments[2-3]. The 
carbon-doped, cerium oxide, silicon dioxide and tin dioxide with  oxygen 
vacancies were modeled using a 1 1 1 supercell in ideal fluorite structure 
(12 atoms ), a 1 1 2 alpha quartz structure  (18 atoms) and a 1 1 2 rutile 
structure (12 atoms) respectively, without structural optimization, as shown 
in Fig 1. A 8 8 8, 8 8 4 and 8 8 4 Monkhorst-Pack k–point mesh was 
used for the cerium, silcon dioxide and tin dioxide super cell calculation, 
respectively. A plane wave with cutoff energy of 14 Hartree was used to 
assure convergent results.  

CONCLUSION Electronic structure and magnetic properties for carbon-
doped cerium oxide, silicon dioxide and tin oxide with oxygen vacancy  have 
been investigated by means of the first principle calculations based on local 
spin density approximation (LSDA) scheme, packaged in the Abinit code. 
The results indicate that cerium dioxide, tin dioxide and silicon dioxide are a 
wide-gap semiconductor and the carbon-doped and oxygen vacancies play 
important role in magnetic behavior of CeO2, but do not in silicon dioxide and 
tin oxide. There are also intermediate band in CeO2 and SiO2when doped 
with carbon or oxygen was removed.  
 

FIG. 2 The electron configurations and interaction of (a) pure CeO2 (b) CeO2-x with 
oxygen vacancy and (c) C-doepd CeO2. 

FIG. 1 The crystal structures of (a) pure cerium oxide when red represent O atoms 
and gray represent Ce atoms (b) pure quartz silicon dioxide when red 
represent O atoms and yellow represent Si atoms, and (c) pure tin dioxide 
when red represent O atoms and dark green represent Sn atoms. 

Magnetic property 
The magnetic properties of the C-doped CeO2-x, SnO2-x and SiO2-x and the 
effect of oxygen vacancies are described as follows. According to the 
LSDA calculation, the magnetisation of CeO2, CeO2 with oxygen vacancy 
and C-doped CeO2 has magnetic moments of zero, 2.16 and 1.94 μB, 
respectively. In the case of pure cerium and C-doped, this can be 
explained by using superexchange theory, i.e. the two unpair electrons in 
the 4d orbital have interaction between two next-to-nearest neighbor 
cations, Ce atoms, through a non-magnetic anion, O atom with valence 
electrons in 2p orbital (spin up and spin down), as shown in Fig 2(a). 
Therefore, the total net spin of pure cerium is 0, but not in C-doped CeO2. 

FIG. 4  Total density of states (DOS) of (a) pure cerium dioxide, (b)  C-doped
cerium dioxide, (c) pure  silicon dioxide, and (d) C-doped silicon dioxide 

RESULTS AND DISCUSSION 
Electronic property 
According to the total density of states (DOS), shown in Fig. 4, calculated 
by LSDA, it indicates that CeO2 has energy band-gap about 3.53 eV, 
which is in good agreement with the other calculation [5]. However, the 
energy band gap is still under-estimated when compared with the 
experiment value, due to local density approximation. There are also 
states occurring between the conduction band and the valence band 
(intermediate band) when doped with carbon and oxygen vaccancy. Like 
the density of states of cerium oxide, DOS of silicon dioxide also has 
intermediate bands  when doped with carbon atom, as shown in Fig. 4. 
The energy band gap of pure quartz silicon dioxide is about 4.21 eV and 
about 2.73 eV for pure tin dioxide. 
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Electronic properties calculation of Ge1−x−ySixSny ternary 
alloy nanostructure 

ABSTRACT The band structure of Ge1−x−ySixSny ternary alloys, which are 
easier to grow than Ge1-xSnx alloys only, and clearly offer a wider tunability of 
their direct band-gap and properties, was calculated and investigated by 
using the empirical pseudo-potential plane wave method with classical 
Falicov pseudo-potential form. The virtual crystal approximation was 
adopted to model the alloy. In order to calculate all of these properties, the 
empirical pseudo-potential code was developed. According to the results, 
lattice constant of alloy varies from 5.4 to 6.4 Angstrom. The region in the 
parameter space that corresponds to a direct and indirect band gap 
semiconductor was displayed. The Ge1−x−ySixSny ternary alloy shows the 
direct band gap semiconductor for appropriated concentration of Si, Ge and 
Sn. The  direct energy  gap  of  the alloy is  in  the  rage  of  0-1.3 eV, 
depending  on  the  amount  of  Si , Ge  and  Sn  doped. Thus, the alloy is a 
promising material for optoelectronic applications in both visible and infrared 
range, such as interband lasers, solar cell. 

 

Keyword Silicon photonic devices, SiGeSn alloys, Direct band gap 
semiconductor  
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INTRODUCTION SiGeSn alloys have attracted research attention as 
promising materials for optoelectronic applications, such as interband lasers 
and detectors, solar cells, because they possibly are direct bandgap 
semiconductor, and highly compatible with Si-based technology. They have 
the potential for independent variation of the band structure and lattice 
constant and can be used in both lattice-matched and strained layer 
structures. Offering the possibility of emission and absorption in the visible,  
near- and mid-IR range, they have the prospect of applications for interband 
and intraband (quantum cascade) lasers, solar cell, photodetectors, electro-
absorption and electro-optic modulators, etc. 

COMPUTATIONAL DETAILS For band structure calculation of Ge1-x-ySixSny 
alloys, we use the empirical pseudo-potential plane wave method and the 
alloys were modeled by the virtual crystal approximation method (VCA), 
using the available experimental data for comparison. The classical Falicov 
pseudo-potential form was adopted. 
 
 
 
 
 
 
 with the parameters which shown in Table 1 and q is wave vector. 
  
 
 
 
 
 
 
Table 1. The parameters for the classical Falicov pseudo-potential of silicon, 
germanium and gray tin 
 

CONCLUSION  In search for direct gap materials, the electronic structure of
relaxed Ge1-xSnx alloys was calculated by the empirical pseudo-potential
plane wave method. It shows an achieving a direct band gap semiconductor,
by using appropriate composition of silicon, germanium and gray tin . The
results  show  that  the  direct energy  gap  of  are  in  the  rage  of  0-1.3 eV,
depending  on  the  amount  of  Si , Ge  and  Sn  doped.  Therefore, the
alloy  can  be  used  as  material  for  many  electronic  applications, such as
lasers, solar cell, photodetectors, electro-absorption and electro-optic
modulators. 

RESULTS AND DISCUSSION  
From the Fig. 1 (a) The lattice constant of Ge1-x-ySixSny alloy was calculated 
by using the Vergard law. The lattice constant of alloy was approximated by 
using linearly Interpolation of lattice constant of silicon, germanium and 
alpha tin. 

Fig. 1    (a) The lattice  constant of relaxed Ge1-xSnx calculated by Vergard law and The 
energy band gap of Ge1-x-ySixSny alloy at (b) X valley (c) L valley and (d)  
point  

Band structure calculations of SiGeSn alloys: achieving direct band 
gap materials 
We describe the theoretical model used to calculate the electronic structure 
of Ge1-x-ySixSny alloy. We find the region in the parameter space that 
corresponds to a direct band gap semiconductor, achieved by the combined 
influence of material composition and strain, as showed in Fig. 2(c). 
According to the information about lattice constant (Fig. 1 (a)) and the direct 
band gap region (Fig. 1 (d)), the unstrained direct band gap nanostructure, 
such as quantum wells, can be fabricated by choosing two alloys with 
different band gap (different silicon, germanium and tin composition) in the 
direct band gap region but it still have the same lattice constant. 
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