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Fig. 1. (color online) The band structure of germa-
nium calculated by GGA+U.
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Fig. 2. The illustration of models for biaxial tensile strain along low Miller index planes: (a) (001) plane;

(b) (101) plane; (c) (111) plane.
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Table 1. The strain (Al;) and band gap (E;) of Ge at indirect-to-direct-band-gap-transition-point under

symmetric biaxial tensile strain parallel to different planes.
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Fig. 3. The dependence of band gap on strain for
Ge under asymmetric and symmetric biaxial tensile
strain parallel to (001) plane: solid line denotes Eg
and dashed line denotes EgL..
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Table 2. The strain along [010] and [100] orien-
tations (Aljg1oj¢, Alf1oo)e); band gap (E¢) and the
changes of area in (001) plane compared to that of un-
strained Ge (ASt) at the indirect-to-direct-band-gap-
transition-point under biaxial tensile strain parallel to
(001) plane.
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Fig. 4. (color online) The dependence of EI' — EL

on strain for Ge under biaxial tensile strain parallel to
(001) plane.
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Fig. 5. (color online) The dependence of Band gap on
strain for Ge under asymmetric and symmetric biaxial

tensile strain parallel to (101) plane: solid line denotes
Eg, dashed line and dot line denote Eé‘l and E‘gLQ.
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Table 3. The strain along [010] and [101] orien-
tations (Aljg10):, Aljroye)s band gap (Et) and the
changes of area in (101) plane compared to that of un-
strained Ge (ASt) at the indirect-to-direct-band-gap-
transition-point under biaxial tensile strain parallel to
(101) plane.

82 A fn 75 2
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1 1 1 |
0 1 2 3 4

Al%
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Z AR F
Fig. 6. (color online) The dependence of EI' — EL

on strain for Ge under biaxial tensile strain parallel to
(101) plane.
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Fig. 7. (color online) The dependence of Band gap
on strain for Ge under asymmetric and symmetric bi-
axial tensile strain parallel to (111) plane: solid line
denotes Eg, dashed line and dot line denote Eng, EgL2

(or Eé’m and EgL22).
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Fig. 8. (color online) The dependence of EI' — EL
on strain for Ge under biaxial tensile strain parallel to
(111) plane.
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Fig. 9. Band structures of unstrained Ge and Ge with

4% symmetric biaxial tensile strain parallel to (001)

plane.
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Fig. 10. (color online) Valance band structures of unstrained Ge and Ge with biaxial tensile strain parallel to (001) plane,
(101) plane, and (111) plane: HH1 and HH2 denote the two heavy hole bands and LH denotes the light hole band.
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Abstract

The strain engineering is an effective method to modulate the optical properties of germanium. The biaxial tensile
strain has been extensively studied, most of the investigations focusing on biaxial tensile strain with equal in-plane strain
at different crystal orientations, namely symmetric biaxial tensile strain. However, the effect of biaxial tensile strain with
unequal in-plane strain at different crystal orientations, namely asymmetric biaxial tensile strain, has not been reported.
In this paper, we systematically investigate the effect of asymmetric biaxial tensile strain on the band structure of Ge
by using first-principle calculation.

We firstly calculate and analyze the dependence of band gap on strain for Ge with asymmetric biaxial tensile strain
along three low Miller index planes, i.e., (001), (101) and (111). Then, we present the values of band gap and strain for
some typical indirect-to-direct bandgap-transition-points under asymmetric biaxial tensile strain. Finally, we analyze
the influence of biaxial tensile strain on the valance band structure. For the asymmetric biaxial tensile strain along
the (001) plane, the indirect-to-direct band gap transition only occurs when the strain of one orientation is larger than
2.95%. For asymmetric biaxial tensile strain along the (101) plane, the indirect-to-direct band gap transition only occurs
when the strain of one orientation is larger than 3.44%. Asymmetric biaxial tensile strain along the (111) plane cannot
transform Ge into direct band gap material.

For asymmetric biaxial tensile strains along the (001) and (101) plane, the indirect-to-direct band gap transition
points can be adjusted by changing the combination of in-plane strain at different crystal orientations. The value of
bandgap of direct-band-gap Ge under biaxial tensile strain is inversely proportional to the area variation induced by
application of strain. The asymmetric biaxial tensile strain along the (001) plane is the most effective to transform Ge
into direct band gap material among the three types of biaxial strains, which are similar to the symmetric biaxial tensile
strains.

In addition, the symmetric biaxial tensile strain will remove the three-fold degenerate states of valance band maxi-
mum, leading to a removal of the degeneracy between one heavy hole band and the light hole band. For biaxial tensile
strain along the (001) and (101) plane, the asymmetric biaxial tensile strain could further remove the degeneracy between

another heavy hole band and the light hole band.

Keywords: strained Ge, biaxial tensile strain, band structure, first-principle methods
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