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Abstract 

A direct band gap type-I 10 

Ge0.75Sn0.25/Ge0.682Sn0.158Si0.16 QD heterostructure is 
proposed for mid-IR light sources. The effects of 
strain and composition are theoretically investigated 
to optimize the band offset of the direct band gap 
GeSn QDs. It is found that the introduction of tensile 15 

strain and Si incorporation in the barrier layers are 
effective to increase the band offset in the conduction 
band. Besides, the band offset is expected to increase 
with the increase of Sn composition in QDs and the 
size of QDs. 20 
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1. Introduction 

Si photonics has been widely regarded as a key 
technology for future generation of data 25 

communication and computation systems with low-
power-consumption and high-performance. Great 
progress has been made in recent years through the 
investigation of group IV materials, such as Ge based 
modulators [1], photodetectors [2] and lasers [3,4]. 30 

However, Si-based light source remains as one of the 
major bottlenecks in the development of Si photonics 
due to the indirect band gap nature of Si. Ge has been 
a promising material to resolve the bottleneck due to 
its pseudo-direct band gap and compatibility with Si 35 

complementary metal oxide semiconductor (CMOS) 
processing. It has been theoretically predicted that 
GeSn alloy with a Sn content of 6-11% [5–10] or 1.4-
2.0% biaxial tensile strain [11–13] can convert Ge 
into a direct band gap semiconductor. More 40 

interestingly, light emitters can be improved by the 
introduction of heterostructures and quantum 
confinement effects (QCEs). Besides, GeSn QDs are 
easier to realize even at higher Sn content and are 
more robust to defects [14] than bulk materials and 45 

quantum well structures, thus improving the overall 
optical gain. In addition to low threshold current 
density, it has been shown that QDs-based lasers can 
also offer reduced temperature sensitivity [15,16]. A 
few groups have demonstrated the growth of GeSn 50 

QDs on different matrixes, including SiO2 matrix [17], 
bare [18] and patterned Si substrate [19,20]. However, 
there is no systematic theoretical investigation of the 
QCE of GeSn QDs/GeSnSi heterostructures with 
different composition and strain in the QDs and 55 

barriers.  
In this work, we consider a model of GeSn QD 

buried in GeSnSi barrier which constructs a direct 
band gap type-I heterostructure to confine both 
electrons and holes in the QDs. The effect of strain, 60 

composition and quantum confinement on GeSn QD 
are carefully investigated by varying the Sn 
composition of GeSn QDs with different size, the 
strain and composition of GeSnSi barrier. 

2. Proposed Method 65 

Spherical cap GeSn QDs with GeSnSi barrier 
layers on relaxed (001) GeSn buffer is theoretically 
investigated (Fig. 1a). Strain relaxed GeSn buffer 
layer, which is acted as virtual substrates (VS) for 
GeSn QD/GeSnSi heterostructure, is grown on (001) 70 

Ge/Si or (001) Si substrate. The GeSnSi barrier layers 
are grown pseudomorphically on the GeSn buffer 
layer. Since the in-plane lattice constant of 
pseudomorphic GeSnSi barrier layers equals to that 



of GeSn buffer layer, the strain in GeSn QDs is 
introduced by the lattice mismatch between GeSn 
QDs layer and GeSn buffer layer which is given by 
ε=(aVS -aGeSn)/aGeSn, where aVS  and aGeSn are relaxed 
lattice constant of GeSn VS layer and GeSn QD layer, 5 

respectively. The shape and size of the QD are based 
on the Ge QDs we have grown previously [21]. 
Except for the band gap, the most composition-
dependent parameters of GeSn and GeSnSi materials 
are calculated by linear interpolation of Si, Ge and α-10 

Sn. The parameters of Si, Ge and α-Sn for the 
calculation is from reference  [22]. The band gap of 
GeSn and GeSnSi can be expressed with bowing 
parameter as [23]: 

 

𝐸𝐸𝑔𝑔,η(𝐺𝐺𝐺𝐺1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥) 
  = 𝑥𝑥𝐸𝐸𝑔𝑔,η(𝑆𝑆𝑆𝑆) + (1 − 𝑥𝑥)𝐸𝐸𝑔𝑔,η(𝐺𝐺𝐺𝐺) 
      −𝑥𝑥(1 − 𝑥𝑥)𝑏𝑏η,𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (1) 

 

𝐸𝐸𝑔𝑔,η�𝐺𝐺𝐺𝐺1−𝑦𝑦−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑆𝑆𝑆𝑆𝑦𝑦� 
  = 𝑥𝑥𝐸𝐸𝑔𝑔,η(𝑆𝑆𝑆𝑆) + 𝑦𝑦𝐸𝐸𝑔𝑔,η(𝑆𝑆𝑆𝑆) 
      +(1 − 𝑦𝑦 − 𝑥𝑥)𝐸𝐸𝑔𝑔,η(𝐺𝐺𝐺𝐺) − 𝑦𝑦𝑦𝑦𝑏𝑏η,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
      −𝑦𝑦(1 − 𝑦𝑦 − 𝑥𝑥)𝑏𝑏η,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
      −𝑥𝑥(1 − 𝑦𝑦 − 𝑥𝑥)𝑏𝑏η,𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (2) 

where bη,SiGe, bη,GeSn and bη,SiSn (η=Γ, L refers to 15 

different conduction valleys) are the band gap bowing 
parameters of SiGe, GeSn and SiSn alloys, 
respectively. The band gap bowing parameters used 
for this calculation are listed in Table I. For GeSn 
alloys, the bowing parameters, especially Γ-valley 20 

band gap bowing parameter, were explored both 
experimentally and theoretically. However, the GeSn 
bowing parameters reported are not consistent in 
different literature. The discrepancy is mainly due to 
temperature, strain and Burstein-Moss effects [24]. 25 

The GeSn bowing parameter from strained GeSn at 
room temperature (bΓ,GeSn: 1.94 eV [25], 1.95 eV [26], 
1.8±0.2 eV [27], 2.3 eV [28], 2.4 eV [29] and 2.42 eV 
[30] ) are lower than that from unstrained GeSn at low 
temperature (bΓ,GeSn: 2.8 eV [31], 2.84 eV [28], 2.87 30 

eV [32], 2.9 eV [33], 3.02 eV [24] and 3.1 eV [34] ). 
In addition, some groups suggested composition-
dependent bowing parameters [35]. In our case, the 
GeSn bowing parameter from strained GeSn at room 
temperature is reasonable since the GeSn 35 

QDs/GeSnSi calculated is for light sources at room 
temperature. The SiGe bowing parameters are small 

and consistent. Different from SiGe and GeSn 
bowing parameters, the uncertainty of Γ-valley band 
gap bowing parameters of SiSn alloys from literature 40 

is large. For experimental studies, the deduced SiSn 
bowing parameters are 13.2 eV [36], -21 eV [37] and 
24±2 eV [38]. The theoretical SiSn bowing 
parameters are 3.92 eV [39] and -5.95 eV [40]. In this 
work, the SiSn bowing parameter is taken from the 45 

value deduced from spectroscopic ellipsometer of 
GeSnSi which is between the minimum value of -21 
eV and the maximum value of 24 eV. It needs more 
works to find out the reason for the discrepancy of 
SiSn bowing parameters in the future. 50 

 
Table I Γ- and L-valley band gap bowing parameters 
of SiGe, GeSn and SiSn alloys. [25,36,41,42] 

Parameter 

@ 300 K 

SiGe GeSn SiSn 

bΓ (eV) 0.21 1.94  13.2 

bL (eV) 0.169 1.23 0.925 

 

The band alignment is evaluated by model-solid 55 

theory [43]. The potential profile with strain and the 
ground states of GeSn/GeSnSi QDs is calculated by 
deformation potential theory and single-band 
effective mass approach [44]: 

 𝐻𝐻𝜂𝜂Ψ𝜂𝜂(𝒓𝒓) = 𝐸𝐸𝜂𝜂Ψ𝜂𝜂(𝒓𝒓) (3) 

where Hη, Ψη and Eη (η=Γ, L, LH and HH) refer to 60 

the Hamiltonian, wavefunction and eigenenergy of 
different conduction and valence bands, respectively. 
r is the three-dimension (3D) coordinate vector. For 
Γ-conduction band, the single-band Hamiltonian of 
the envelope function with strain effect can be 65 

expressed as follows: 

 
𝐻𝐻Γ = −

ℏ2

2
∇

1
𝑚𝑚𝑐𝑐

∗ ∇ + 𝑉𝑉𝑐𝑐(𝒓𝒓) + 𝑉𝑉𝑐𝑐𝑐𝑐(𝒓𝒓) 
(4) 

 𝑉𝑉𝑐𝑐𝑐𝑐 = 𝑎𝑎𝑐𝑐�𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜀𝜀𝑦𝑦𝑦𝑦 + 𝜀𝜀𝑧𝑧𝑧𝑧� (5) 

where 𝑚𝑚𝑐𝑐
∗  is the effective mass. Vc is the intrinsic 

band profile of the Γ-conduction band and Vcε is strain 



induced band edge shift. ac is the deformation 
potential of the Γ-conduction band. εxx=εyy=(aVS -
aGeSn(Si))/aGeSn(Si)) is the in-plane strain of GeSn QDs 
(GeSnSi barrier layers), εzz=(-2c12/c11)εxx is the strain 
in (001) direction. aGeSnSi is the strain relaxed lattice 5 

constant of GeSnSi barrier layers. c12 and c11 are the 
elastic constants. For L-conduction band, the 
Hamiltonian with strain effect under the effective-
mass approximation can be written as: 

 
𝐻𝐻𝐿𝐿 = −

ℏ2

2
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(6) 

 𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑎𝑎𝐿𝐿�𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜀𝜀𝑦𝑦𝑦𝑦 + 𝜀𝜀𝑧𝑧𝑧𝑧� (7) 
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(8) 

where 𝑾⃖𝑾��⃗  is the inverse effective mass. VL and Vcε are 10 

the intrinsic band edge and strain induced band edge 
shift of the L conduction-band, respectively. aL is the 
deformation potential of L-conduction band. 𝑚𝑚𝑡𝑡

𝐿𝐿  and 
𝑚𝑚𝑙𝑙
𝐿𝐿 are the longitudinal and transverse effective mass 

along the [111] direction. For light hole and heavy hole 15 

bands, the Hamiltonians can be given by: 

 

𝐻𝐻𝑙𝑙ℎ =
ℏ2

2
�
𝜕𝜕
𝜕𝜕𝜕𝜕

1
𝑚𝑚𝑡𝑡

𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕
𝜕𝜕𝜕𝜕

1
𝑚𝑚𝑡𝑡

𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕
𝜕𝜕𝜕𝜕

1
𝑚𝑚𝑧𝑧

𝜕𝜕
𝜕𝜕𝜕𝜕
� + 𝑉𝑉𝑙𝑙ℎ(𝒓𝒓)

+ 𝑉𝑉𝑙𝑙ℎ𝜀𝜀(𝒓𝒓) (9) 
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𝑉𝑉𝑙𝑙ℎ𝜀𝜀

= −𝑃𝑃𝜀𝜀 +
1
2

(𝑄𝑄𝜀𝜀 − ∆

+ �∆2 + 2𝑄𝑄𝜀𝜀∆ + 9𝑄𝑄𝜀𝜀2) (11) 

 𝑉𝑉ℎℎ𝜀𝜀 = −𝑃𝑃𝜀𝜀 − 𝑄𝑄𝜀𝜀 (12) 

 𝑃𝑃𝜀𝜀 = −𝑎𝑎𝑣𝑣�𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜀𝜀𝑦𝑦𝑦𝑦 + 𝜀𝜀𝑧𝑧𝑧𝑧� (13) 

 
𝑄𝑄𝜀𝜀 = −

𝑏𝑏
2

(𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜀𝜀𝑦𝑦𝑦𝑦 − 2𝜀𝜀𝑧𝑧𝑧𝑧) 
(14) 

where mt and mz refer to the transverse and 
longitudinal effective mass of light hole band, 
respectively. mthh and mzhh are the transverse and 
longitudinal effective mass of heavy hole band, 20 

respectively. Vlh and Vlhε are the intrinsic band edge 
and strain induced band edge shift of the light hole 
band, respectively. Vhh and Vhhε are the intrinsic band 
edge and strain induced band edge shift of the heavy 
hole band, respectively. ∆ is the spin-orbital splitting 25 

of the valence band. av and b are the deformation 
potentials of the Γ valence band.  

3. Results and Discussion 

The lattice mismatch between GeSn QDs layer 
and GeSn VS layer can be tuned by changing the Sn 30 

content of GeSn VS layer (Fig. 1b). Considering 
experimental realization of GeSn QDs by widely used 
Stranski-Krastanov (SK) growth mode, the minimum 
lattice mismatch required to form GeSn SK QDs with 
different Sn concentration is labeled by black dashed 35 

lines in Figure 1b. Due to the lack of study on the 
growth of GeSn QDs/GeSnSi structures, the critical 
lattice mismatch to form SK QDs is taken from SiGe 
QDs/Si structure [45] as a reference. GeSn SK QDs 
with low Sn contents tend to be tensilly strained while 40 

GeSn SK QDs with high Sn contents tend to be 
compressively strained. In addition to SK QDs, to 
grow GeSn QDs with small lattice mismatch or 
matched lattice constants, lattice-matched techniques 
[46], such as droplet epitaxy (DE) method or top-45 

down approaches based on lithography and etching of 
quantum wells, need to be utilized in the future. 

The band structure of a 3D spherical cap 
Ge0.75Sn0.25 QD with a diameter of 100 nm and a 
height of 20 nm was studied. The barrier layers are 50 



Ge0.682Sn0.158Si0.16 with a biaxial tensile strain of 0.5% 
which can be induced by the lattice mismatch 
between the GeSnSi barrier layer and GeSn buffer. 
Fig. 1(c) shows the 1D potential profile of the GeSn 
QD along [001] direction at 300 K and the ground 5 

levels of bands are represented by the dashed lines. 
The inset shows the squared electron ground state 
wavefunction. Both the energies of conduction and 
valence bands in GeSn QD are lower than those in 
barrier layers, indicating a type-I band alignment. The 10 

band offset of Γ-conduction band is as high as 101 
meV which is almost 4 times of that of thermal energy 
at room temperature (kBT~25 meV) which will 
suppress the thermally activated carrier transfer from 
GeSn QD to barrier layers and increase the 15 

wavefunction overlaps of electrons and holes, thus 
causing an increase in light emission at room 
temperature. The Γ-electron wavefunction is 
confined in GeSn QD as shown in the inset. Besides, 
the Γ-conduction band in GeSn QD lies 50 meV 20 

lower than L-conduction band, indicating the direct 
band gap of the GeSn QD. Since the effective mass 
of Γ-conduction valley is smaller than that of the L-
conduction valley, the energy lift of Γ-conduction 
valley is faster than that of L-conduction valley by 25 

QCE, resulting in the reduction of the directness and 
band offset. However, even considering the QCE, the 
ground level of Γ-conduction band is 46 meV lower 
than the ground level of L. The QCE will reduce the 
band offset from 101 to 81 meV. The transition 30 

energy from the ground state of Γ-conduction band to 
the ground state of heavy hole band is 241 meV. The 
split of the heavy hole and the light hole band is due 
to the compressive strain in the GeSn QD. 
 

 

 
Figure 1 (a) Schematic of the GeSn/GeSnSi QD 35 

structure. (b) Lattice mismatch between the GeSn 
QDs layer with different Sn content and the GeSn VS 
layer as a function of Sn content in GeSn VS layer. 
(c) Potential profile of a 3D spherical cap Ge0.75Sn0.25 
QD which is buried in Ge0.682Sn0.158Si0.16 barrier 40 

layers with a biaxial strain of 0.5%. The inserted 
figure shows the squared 𝛤𝛤 electrons’ wavefunction. 

In order to optimize the GeSnSi barrier to 
achieve the highest band offset, the effect of Sn and 
Si compositions on the band offset of Ge0.84Sn0.16 QD 45 

buried in strain-free GeSnSi barrier without QCE is 
calculated (Fig. 2a). Warmer color indicates larger 
band offset and the contour lines of the band offset is 
represented by black lines. The value of the band 
offset is labeled by black numbers. Three bold lines 50 

denoted as boundaries of the area with direct band 
gap type-I GeSn/GeSnSi. The bold black line is 
contour line of band offset with a value of 0 and the 
arrows show the gradient vectors. The pink bold line 



and red bold line are the boundaries of direct band 
gap GeSn active layer and the region with EL,barrier-
EΓ,QD>0, respectively. According to Fig. 2(a), the area 
defined by the black bold line and pink bold line 
satisfies the condition of direct gap type-I GeSn QD. 5 

Increasing the Si content and decreasing the Sn 
content can increase the band offset significantly. The 
highest band offset of direct band gap 
Ge0.84Sn0.16/GeSnSi that can be achieved is as large as 
108 meV when the Si and Sn content in barriers are 10 

17.2% and 15%, respectively. The directness of GeSn 
active layer was also calculated as shown in Fig. 2(b). 
The boundary of the direct band gap GeSn is labeled 
as the pink bold line. Increasing Sn content and 
decreasing Si content in barrier layer increase the 15 

directness of GeSn active layer. Without Si, 
Ge0.897Sn0.103 barrier layer can convert Ge0.84Sn0.16 

active layer to direct band gap material with a 
directness of 0 eV. When the ∆Sn/∆Si ratio in the 
barrier is 0.27, the directness of GeSn active layer 20 

remains constant. 
 
 

 
Figure 2 Ge0.84Sn0.16/GeSnSi QDs: (a) Band offset at 
Γ point, ∆EΓ and (b) the directness of Ge0.84Sn0.16 QDs, 

∆L-Γ as functions of Sn and Si compositions of 25 

relaxed barrier layers without QCE.  

Besides the Sn and Si compositions in barrier 
layers, the strain in barrier layer, which is induced by 
the lattice mismatch between the GeSnSi barrier layer 
and GeSn buffer layer, also has a profound influence 30 

on the band offset. Fig. 3(a) shows the band offset of 
Ge0.84Sn0.16/GeSnSi with 0.5% biaxial tensile strain in 
the barrier layer. Comparing Fig. 3(a) with Fig. 2(a), 
the strain in the barrier almost does not change the 
distribution of the band offset, but it makes the direct 35 

band gap boundary line lower, indicating that tensile 
strain in barrier makes the directness of GeSn active 
layer larger. Thus, when the GeSn active layer 
remains direct band gap, the band offset can increase 
up to 196 meV with Si content of 23.5% and Sn 40 

content of 13.3%, respectively, in the barrier. Fig. 
3(b) shows the maximum band offset achievable in 
the barrier when the strain in barrier varies from 
compressive strain to tensile strain. Tensile strain 
increases band offset while compressive strain 45 

decreases the band offset. A 0.75% biaxial tensile 
strain in the barrier can achieve as high as 250 meV 
band offset which is 10 times of thermal energy at 
room temperature. Therefore, it can be concluded that 
the introduction of tensile strain into barrier layers is 50 

an effective way to increase the band offset. 
 



 
Figure 3 (a) Band offset at Γ point, ∆EΓ as functions 
of Sn and Si compositions of barrier layers with 0.5% 
biaxial strain without QCE. (b) ∆EΓ vs. strain of 
barrier without QCE. 

Furthermore, the properties of GeSn QDs, such 5 

as the size and Sn content of QDs, can be critical for 
the band offset and directness. Fig. 4(a) shows the 
band offset of GeSn/GeSnSi QDs whose Sn content 
increases to 25%. Compared to GeSn QDs with Sn 
content of 16% shown in Fig. 2(a), the contour line of 10 

the directness (the pink bold line) remains almost the 
same while the band offset increases. The reason that 
the directness is almost the same is that the reduction 
effect of Sn composition on the band gaps of GeSn 
alloys is compensated by the introduced compressive 15 

strain in the QDs. The maximum band offset of direct 
gap GeSn/GeSnSi QD increases from 108 to 135 
meV when the Sn content in QD increases from 16 to 
25%. The maximum band offset of 
Ge0.75Sn0.25/GeSnSi QDs is achieved by the 20 

GeSn0.146Si0.172 barrier layer. The band offset of 
GeSn/GeSnSi with different Sn content in GeSn QD 
is shown in Fig. 4(b). The band offset increases to 
nearly 3 times when the Sn content in GeSn QD 
varies from 5 to 25%. 25 

  

 

 
Figure 4 (a) Band offset at Γ point, ∆EΓ of 
Ge0.75Sn0.25/GeSnSi QD as functions of Sn and Si 
compositions of relaxed barrier layers without QCE. 
(b) ∆EΓ vs. Sn content in GeSn QD without QCE 30 

The size effect is one of the most important 
features of QDs. According to above results, in order 
to achieve direct band gap GeSn/GeSnSi QDs with 
high band offset, tensile strain in the barrier with 
proper Si and Sn contents as well as high Sn content 35 

in QD are required. Here the GeSn QD buried in 
Ge0.682Sn0.158Si0.16 barrier layers with 0.5% tensile 
strain was employed to investigate the size effect. The 
reason to choose Ge0.682Sn0.158Si0.16 as the barrier 
layer is to achieve the highest band offset when the 40 

directness of GeSn QD is 50 meV without QCE. The 
band offset of Ge0.75Sn0.25/GeSnSi QD is shown in Fig. 
5(a) and the pink bold line represents the contour line 
of directness with a value of 50 meV. Then, the QD 
with a diameter varies from 15 to 100 nm 45 

(diameter/height=5) is utilized to investigate the size 
effect on the band offset, the directness and the 
transition energy from ground states. The range of the 
size is from the Ge QDs we grew previously [47]. As 
shown in Fig. 5(b), the band offset is reduced as the 50 



size is decreased due to QCE. For the QD with a Sn 
content of 30%, when the diameter of the QD 
increases from 15 to 100 nm, the band offset increases 
from 3 to 80 meV. For the QD with the smallest 
diameter of 15 nm, there is almost no confinement for 5 

electrons. Considering QCE, for the largest QD with 
the size of 100 nm diameter by 20 nm height, when 
the Sn content in QD varies from 5 to 30%, the band 
offset increases from 25 to 80 meV. Besides, the size 
effect on the directness of QDs is shown in Fig. 5(c). 10 

QCE reduces the directness of GeSn QD. For GeSn 
QD with Sn content of 30%, when the diameter of the 
QD decreases from 100 to 15 nm, the directness of 
the QD decrease from 47 (50 meV without QCE) to 
18 meV. Since the effective mass of Γ-conduction 15 

valley is less than that of L-conduction valley, the lift 
of Γ-conduction valley by QCE is faster than L-
conduction valley, thus reducing the directness. 
Compared to relaxed GeSn bulk, the effect of Sn 
content in the QD on the directness is not obvious due 20 

to the compressive strain in the QD. Fig. 5(d) shows 
the interband transition energy between ground states 
of GeSn QDs. For GeSn QD with Sn content of 30%, 
when the diameter of the QD increases from 15 to 100 
nm, the transition energy decreases from 0.375 to 25 

0.175 eV, which is in the range of mid-infrared 
radiation. For GeSn QD with the size of 100 nm 
diameter by 20 nm height, the Sn content in the QD 
is varied from 5 to 30%. It is observed that the 
transition energy decreases from 0.402 to 0.175 eV 30 

due to the reduction effect of Sn on the band gap of 
GeSn alloys. The highest transition energy is 0.494 
eV which is from the smallest Ge0.8Sn0.2 QD with a 
diameter of 15 nm and a height of 3 nm. When the Sn 
content is higher than 15%, the interband transition is 35 

from ground states of the Γ-conduction valley to the 
heavy hole band. When the Sn content is less than 
10%, the interband transition is from the ground state 
of the Γ-conduction valley to that of the light hole 
band. The phenomenon is due to the strain conversion 40 

from tensile strain to compressive strain in the GeSn 
QD with the increasing of Sn content in the QD. 
Besides, the built-in strain of GeSn QDs will change 
the polarization of light from GeSn QDs which has 
been theoretically investigated by GeSn /GeSnSi 45 

quantum well recently [24]. In many applications, 
non-polarization is preferred. In the future work, 
tuning the strain and composition of GeSn 
QDs/GeSnSi to achieve both high band offset and 

insensitive light polarization will be investigated. 50 

Compared with GeSn/GeSnSi quantum wells [48], 
GeSn/GeSnSi QDs have the advantages of robust to 
defects, temperature insensitivity and tunable band 
gap by QCE or Sn compositions, but they also suffer 
from the same issue of reduced directness of band 55 

gaps with decreased sizes.  
 

 

 



 
Figure 5 (a) Band offset at Γ point, ∆EΓ of Ge0.75Sn0.25 
QD as functions of Sn and Si compositions of barrier 
layers with 0.5% biaxial strain without QCE. (b) 
Band offset at Γ point ∆EΓ, (c) directness ∆L-Γ and 
(d) interband transition energy from ground states 5 

EgGS of GeSn/Ge0.682Sn0.158Si0.16 QD with different 
sizes as functions of Sn composition in QDs.  

4. Conclusion 

    A direct band gap type-I 
Ge0.75Sn0.25/Ge0.682Sn0.158Si0.16 QD heterostructure 10 

with band offset of 81 meV and directness of 46 meV 
is proposed. Several key factors, including 
composition in barrier layers and QDs, strain in 
barrier layers and size of QDs, are investigated to 
optimize the band offset of direct band gap GeSn QD. 15 

Besides increasing the Si content and decreasing the 
Sn content in the barriers, tensile strain can increase 
the band offset significantly. For QDs, the band offset 
is expected to increase with the increase of the Sn 
composition in QDs and the sizes of QDs. The 20 

transition energy from the ground states can vary 
from 0.175 to 0.494 eV by different size and Sn 
content in GeSn QDs. This work indicates that GeSn 
QD/GeSnSi is a promising route toward CMOS 
compatible mid-IR light source for integrated 25 

photonics. 
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