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Theoretical Investigation of Strain-Adjustable
Ge0.92Sn0.08 Light-Emitting Diodes With

Giant Magnetostrictive Stressor for
Short-Wave Infrared Light Source
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and Genquan Han

Abstract—A new idea was provided by the group-IV GeSn alloys
for short-wave infrared light source compatible with CMOS due to
the low cost integrated on the Si platform and can be transformed
into direct bandgap alloy. More than 7.1% Sn content or strain engi-
neering is used to achieve the direct bandgap GeSn semiconductors
and enhance the luminous efficiency of GeSn light-emitting devices.
We theoretically investigate a strain-adjustable GeSn light-emitting
diode with the giant magnetostrictive stressor. A 0∼0.11% ad-
justable uniaxial tensile strain is introduced into Ge0.92Sn0.08 LED
by adjusting the external magnetic field. A continuously adjustable
bandgap from 0.543 eV to 0.475 eV of the Ge0.92Sn0.08 alloy is
achieved in the magnetic field intensity range of 0∼240 kA/m, and
the spontaneous emission rate of the strained LED is enhanced
about 3.63 times compared with the relaxed device. Besides, an
adjustable range of luminous peak is achieved from 2.18 µm to
2.46µm, which can promote the application of GeSn light source for
magnetic field detection and photo-communication in short-wave
infrared.

Index Terms—Adjustable tensile strain, GeSn alloys, giant
magnetostrictive stressor, LED.

I. INTRODUCTION

UNDER the constraints of Moore’s Law, the integration
level of integrated circuits continues to increase, the size

of devices gradually decreases, and the physical limitation of
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electrical connections between devices in integrated circuits
begins to appear. Silicon-based optoelectronics can overcome
the interconnect bottlenecks facing modern integrated circuits
(ICs) [1], [2], [3]. Compared with the typical Si-based Photonic
Integrated Circuit (PIC) lattice-matched light source composed
of III-V (AlP, GaP, AlAs, GaAs) and II-VI (ZnSe) materi-
als whose emission wavelength are distributed in the visible
spectrum (400–900 nm). Group-IV GeSn is compatible with
CMOS processes and can be transformed into direct bandgap
alloy, which is the promising material for short-wave infrared
(SWIR) light source [4], [5]. The Γ valley decreases faster
than the L valley with the increase of introduced Sn, and the
indirect-to-direct transition will be realized when Sn content
reaches 7.1% [6], [7], [8], [9], which can extend the applications
such as electro-magnetic spectrum -based night vision and the
optic window for the transcranial light [10], [11], [12], [13].
However, it is difficult to increase the Sn content by more than
14% for light source material due to the Sn segregation caused
by the low solid solubility (<1%) of Sn in Ge and the large
lattice mismatch [14], [15].

To avoid the growth defects caused by merely increasing the
Sn content, strain engineering was taken to realize the indirect
to direct bandgap transition of GeSn alloys [16], [17], [18]. A
significant improvement of the luminous efficiency and wave-
length application in the mid-infrared spectra with the tensile
stressor [10], [19]. A 2.5% Sn composition for the conversion
of GeSn alloy from indirect bandgap to direct bandgap was
realized with the fixed biaxial tensile strain of about 0.76%
introduced by a 300 nm Si3N4 liner stressor in our previous stud-
ies of the light-emitting device (LED) based on GeSn material
[20].

In order to satisfy the application of the adjustable light source
for photo-communication and sensor, the adjustable stressor
is investigated. With the development of magneto-optical ma-
terials, the giant magnetostrictive materials were used as the
excellent adjustable stressor for the fast response speed and
large output force [21]. A magnetostrictive deformation over
2000 ppm (10−6) can be achieved under the magnetic field
strength of 200 kA/m with a uniaxial pre-stress of about 24 MPa
[22], [23].
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Fig. 1. 3D schematic diagram of Ge0.92Sn0.08 LED with a giant magne-
tostrictive stressor. The key geometric and material parameters are shown in
Fig. 1. The 10’ plane cuts through the GeSn LED along [100] direction.

In our research group, by changing the doping concentra-
tion and the shape of the magnetostrictive material, the non-
reciprocal current–voltage conversion efficiency has been in-
creased by about 33% and up to 91.3% at the load RL = 25.6 kΩ
[24], [25]. In this letter, a novel strained GeSn LED with a giant
magnetostrictive stressor is proposed and investigated theoret-
ically. An adjustable tensile strain is introduced in the active
layer along the direction of the magnetic field by the stressor
to reduce the EG,Γ of GeSn, which leads to the improvement
of light emission efficiency of the device and the extension
of wavelength in SWIR. Comparison studies of energy band
structures and light emission efficiency of relaxed and tensile
strained GeSn LEDs with various magnetic fields are carried
out.

II. DESIGN OF DEVICE STRUCTURE

Fig. 1 shows the schematic of p+-i-n+ Ge0.92Sn0.08
LED with a giant magnetostrictive stressor grown on an n-
type GOI (Germanium-On-Insulator) substrate through an n+

Ge0.90Sn0.10 relaxed layer, which was designed and optimized
theoretically based on the strain simulations and the experimen-
tal reports. The cross-sectional 10’ cuts through the center line
along [100] of the GeSn LED. Ge0.92Sn0.08 was chosen as the
active layer to ensure the bottom of the conduction band and
the top of the valence band at the same k point [9]. Line defects
and compressive strain in the active layer induced during the
growth process of Ge0.92Sn0.08 can be reduced by the larger
Sn content Ge0.90Sn0.10 in the relaxed layer [14], [26], [27].
All layers except the substrate are etched by dry etching into a
hollow cylinder with an outer diameter of 6 μm and an inner
diameter of 2 μm [28]. A layer of SiO2 insulating thin film
is deposited on the inside of the hollow cylinder by chemical
vapor deposition (CVD) to play the role of passivation, which
can eliminate the influence on the carriers lifetime [29], and the
giant magnetostrictive material is filled into the hollow cylinder
structure by magnetron sputtering process as a strain source [30],
[31]. Then, the active layer is etched into a cylinder with an outer
diameter of 3 μm. Finally, the metal electrodes are prepared

TABLE I
GEOMETRIC PARAMETERS AND MATERIALS PROPERTIES USED IN SIMULATION

OF STRAIN PROFILES

Fig. 2. The 10’ plane cuts through the GeSn LED along [100] direction.
Uniaxial tensile strain contour distribution in εzz along [001] direction on the
10’ plane in p+-i-n+ of GeSn LED structure under different magnetic fields
(a) H = 50 kA/m, (b) H = 240 kA/m.

by metal contact deposition with a lift-off process [32], [33].
Tb0.3Dy0.7Fe1.95 belongs to the ternary Laves phase with lower
magneto crystalline anisotropy and higher magnetostriction co-
efficient (λ) which can be used as the adjustable stressor [34],
[35], [36]. In the absence of external stress, the magnetostriction
coefficient will increase accordingly by adjusting the strength of
the external magnetic field (H) until saturation, up to 1200 ppm
[37].

III. RESULT AND DISCUSSION

A. Simulation of Strain Profiles in Active Layer of GeSn LED

A 3D Finite Element Method (FEM) simulation was per-
formed to analyze the effect of the Tb0.3Dy0.7Fe1.95 stressor
on the active layer of GeSn LED. The geometric parameters
and material properties used in simulations are listed in Table I.
Young’s modulus of GeSn was calculated by linear interpolation
method based on the values of Ge and α-Sn [38], [39]. We
assumed that Young’s modulus of the materials is isotropic, and
the directed values were utilized. The saturated magnetostric-
tion coefficient of Tb0.3Dy0.7Fe1.95 was set as 1200 ppm. The
boundary conditions of the model were set as follows, the bottom
surface of the GOI substrate was fixed with zero displacements
in any direction, and other surfaces were set to be free surfaces.
Outside the model of LED, a cylindrical magnetic field with a
radius of 100 mm and a height of 160 mm was added along the
[001] direction. The magnetic field increased from 0 kA/m to
240 kA/m with the step of 1 kA/m. Fig. 2 shows the strain profiles
in the active layer of Ge0.92Sn0.08 LED. Under the condition
of 0 MPa pre-stress, the uniaxial tensile strains in εzz along
[001] direction were introduced into the active layer by the giant
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Fig. 3. Dependence of bandgap and magnetic field of Ge0.92Sn0.08 on strain
in the active layer.

TABLE II
BAND PARAMETERS AT VARIOUS VALLEYS USED IN THE BAND

ALIGNMENT CALCULATION

magnetostrictive stressor at H = 50 kA/m and H = 240 kA/m
respectively shown in Fig. 2. An adjustable strain in the range of
0–0.11% can be obtained by adjusting the magnetic field strength
as shown the red triangle marked line in Fig. 3.

B. Impacts of Tensile Strain on Energy Band Structure,
Carrier Distribution and rsp in Ge0.92Sn0.08

Calculation of energy band diagrams for the relaxed and
strained GeSn was carried out by introducing the 3 × 3 strain
matrix based on the first principles ignoring the magnetic field
[40], [41]. The energy band parameters of Ge and α-Sn and the
bowing parameters of GeSn at 300 K are listed as Table II [42],
[43], [44], [45].

Under the external magnetic field, an adjustable bandgap from
0.543 eV to 0.475 eV of Ge0.92Sn0.08 was achieved own to the
adjustable tensile strain as shown in Fig. 3. Fig. 4(a) depicts
the energy band diagram of relaxed Ge0.92Sn0.08. In order to
study the influence of stressor on the energy band diagrams,
a plane rectangular coordinate system was built as shown in
Fig. 2(b), and the points A, B and C from inside to the outside
along the line of ll’ corresponding to the strain values of 0.11%,
0.08% and 0.06% are selected as the examples, respectively. The
energy band diagrams of A, B and C were shown in Fig. 4(b)–(d).
Compared with the relaxed Ge0.92Sn0.08, the energy difference
between the point L (EL) and point Γ (EΓ) of the conduction
band in 0.11% strained Ge0.92Sn0.08 is increased about 0.023 eV,
and the splitting is induced between heavy hole (HH) and
light hole (LH) in the valence band. Under the 0.11% uniaxial
tensile strain, the direct and indirect bandgap of Ge0.92Sn0.08 are
decreased from 0.543 eV (EG,Γ) to 0.475 eV (EG,Γ(LH) A) and
0.573 eV (EG,L) to 0.528 eV (EG,L A), respectively, due to the

Fig. 4. Energy band diagrams of (a) relaxed Ge0.92Sn0.08, (b) 0.11% strained
Ge0.92Sn0.08 at point A, (c) 0.08% strained Ge0.92Sn0.08 at point B and
(d) 0.06% strained Ge0.92Sn0.08 at point C.

rise of LH and the decline ofΓ valley. EG,Γ and EG,L decrease by
0.068 eV and 0.045 eV, respectively. The larger decrease of the
EG,Γ than EG,L is caused by the Γ valley decreasing faster than
the L valley under the uniaxial tensile strain. Besides, compared
to the energy band diagrams of Fig. 4(b)–(d), the direct bandgap
of strained Ge0.92Sn0.08 increases from inside to the outside
along ll’ due to decreasing strain.

The distribution of electrons in theΓ and L conduction valleys
in GeSn directly affects the emitting efficiency of the devices.
The increasing proportion of Γ conduction valley electrons in
total electrons ne.Γ/ne,total is beneficial to the improvement of
the spontaneous radiation recombination of the device. Where
ne,total equal to ne,Γ + ne,L. The electron concentrations in the
Γ and L valleys can be obtained by using (1) [20]

ne,Γ(L) = 8
√
2π

(
m∗

e,Γ(L) · kT
)3/2

/h3

·
∫ ∞

0

E1/2/
{
1 + exp

[
E −(

Efc− EΓ(L)

)
/kT

]}· dE
(1)

where m∗
e,Γ(L) is the electron effective mass in Γ(L) valley,

k is the Boltzmann constant, T is the temperature, h is the
Plank constant, Efc is the quasi-Fermi level for the conduction
band. EΓ(L) is the energy at the bottom of Γ(L) valley, E is the
energy of density of states for electrons. During the calculation,
the Efc of relaxed and tensile strained Ge0.92Sn0.08 alloys was
scanned from 0.2 eV to 0.7 eV with the step of 0.0001 eV
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Fig. 5. ne,Γ/ne,total in unstrained and 0.11% uniaxial tensile strained
Ge0.92Sn0.08 LED.

[46]. Ratios of ne,Γ/ne,total in unstrained and tensile strained
Ge0.92Sn0.08 in LED are plotted in Fig. 5. Compared with
unstrained Ge0.92Sn0.08, the ne,Γ/ne,total achieves about 2.38
times higher in 0.11% uniaxial tensile strained Ge0.92Sn0.08
at the injected carrier density 1 × 1017 cm−3, due to a more
pronounced drop inΓ conduction valley energy caused by tensile
strain.

The spontaneous emission rate (rsp) of the active layer in
the GeSn LEDs integrated with the Tb0.3Dy0.7Fe1.95 stressor
was studied under different conditions. Due to the value of rsp
between the direct bandgap is much higher than that between the
indirect bandgap, there only the photons induced by the electron
transition from the Γ conduction valley to the valence band are
considered. Ignoring the influence of the magnetic field, the
value of rsp per unit volume in the energy can be calculated
by (2) [20]

rsp(hv)=
[
8
√
2π2ne2vEG,Γ(EG,Γ+Δso)m

3/2
r

]/[
3ε0h

4c3m∗
e

×(EG,Γ+ 2Δso/3)

]
·(hv−EG,Γ)

1/2fc (hv) fv (hv)

(2)

where fc and fv are the Fermi factors for electrons and holes,
respectively. The occupation probability fc (fv) of an electron
(a hole) with energy EΓ (Ev), fc and fv can be expressed as

fc(hv)=1/exp [[(hv−EG,Γ)mr/m
∗
e−(Efc−EΓ)]/k0T ] + 1

(3)
and

fv(hv)=1/exp [[(hv−EG,Γ)mr/m
∗
h−(Ev−Efv)]/k0T ] + 1,

(4)
respectively, where n is the refractive index, e is the elementary
charge, v is the frequency of the photon, Δso is the spin-orbit

Fig. 6. Spontaneous emission rate and wavelength for the direct transition of
LED under different states of strain.

splitting, ε0 is the vacuum permittivity, mr is the reduced mass.
For the electron-heavy-hole transition, the EG,Γ(hh), and the mr

are given by

EG,Γ(hh) = EΓ − Ehh (5)

and

mr = m∗
e ·m∗

hh/(m
∗
e +m∗

hh), (6)

respectively.
Besides, for the electron-light-hole transition, the EG,Γ(lh) and

the mr are given by

EG,Γ(lh) = EΓ − Elh (7)

and

mr = m∗
e ·m∗

lh/(m
∗
e +m∗

lh), (8)

respectively, where m∗
e is the effective mass of electrons, m∗

lh
and m∗

hh are the effective mass of light-hole and heavy-hole,
respectively.

In addition, the relationship between bandgap and light-
emitting wavelength is obtained according to (9)

λ0 = h · c/Ep, (9)

where Ep is the photon energy.
The spontaneous emission rate (rsp) and the wavelength of re-

laxed Ge0.92Sn0.08, 0.11% uniaxial tensile strained Ge0.92Sn0.08
and the average of tensile strained Ge0.92Sn0.08 LED with a
magnetostrictive strain source are shown in Fig. 6. There are
two peaks in the calculated spontaneous emission rate of the
0.11% tensile strained Ge0.92Sn0.08, corresponding to the de-
generated LH and HH, the peak of LH is located at 0.505 eV,
corresponding to the wavelength of 2.46 μm and the value of
peak is 0.666 × 1026 eV−1cm−3s−1, the peak of HH is located
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at 0.541 eV, corresponding to the wavelength of 2.29 μm and
the value of peak is 1.492 × 1026 eV−1cm−3s−1. The average
spontaneous emission efficiency was obtained by integrating the
spontaneous emission rate from inside to the outside along ll’.
The average rsp of Ge0.92Sn0.08 on ll’ is lower than that of
0.11% strained Ge0.92Sn0.08 due to the nonuniform bandgap.
In average rsp, the peak is located at 0.541 eV, corresponding
to the wavelength of 2.29 μm and the value of peak is 1.114 ×
1026 eV−1cm−3s−1, which is 3.63 times higher than the peak of
unstrained Ge0.92Sn0.08 caused by the smaller bandgap and the
higher energy difference between EL and EΓ. The spontaneous
emission peak of the average rsp shows a redshift of 0.03 eV
in comparison with the unstrained case due to the drop of Γ
valley and the rise of LH. The adjustable peak luminous wave-
length in SWIR can be extended from 2.18 μm with unstrained
Ge0.92Sn0.08 to 2.46 μm with strained Ge0.92Sn0.08, and the
boundary of luminous wavelength was extended to 2.61 μm.

IV. CONCLUSION

The strain-adjustable GeSn LEDs are investigated with giant
magnetostrictive material Tb0.3Dy0.7Fe1.95 filled in the active
layer as the stressor. The range of 0–0.11% adjustable strain
can be obtained by adjusting the magnetic field strength of
0–240 kA/m. With the adjusting of the magnetic field strength,
the band structure of GeSn alloy can be changed purposefully
to reduce the bandgap from 0.543 eV to 0.475 eV, adjustable
range of luminous peak is achieved from 2.18 μm to 2.46 μm in
SWIR. Analytical calculations show that a 3.63-fold enhance-
ment of the spontaneous emission intensity of GeSn LEDs is
achieved, which caused by the reduction of the bandgap and
the increase in the proportion of Γ valley electrons ne.Γ/ne,total
tensile strain-induced of the GeSn active layer.
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