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Calculation of band structure in (101)-biaxially
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The structure model used for calculation was defined according to Vegard’s rule and Hooke’s law.
Calculations were performed on the electronic structures of (101)-biaxially strained Si on relaxed Si;_x
Gey alloy with Ge fraction ranging from X=0 to 0.4 in steps of 0.1 by CASTEP approach. It was found
that [¥100] and [00%1] valleys (A4) splitting from the [0%10] valley (A;) constitute the conduction band
(CB) edge, that valence band (VB) edge degeneracy is partially lifted and that the electron mass is un-
altered under strain while the hole mass decreases in the [100] and [010] directions. In addition, the
fitted dependences of CB splitting energy, VB splitting energy and indirect bandgap on X are all linear.
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Strained silicon (S-Si) technology is one of the most
advanced technologies in nowadays microelectronics. It
has the advantages of high-mobility, adjustable energy-
band structure and compatible processing technology
with traditional silicon'"!. Up to now, numbers of het-
ero-junction devices and circuits of S-Si have been put
into practical use”. Band structure is the essential of
fully understanding and investigating the properties of
material™. However, few theoretical researches on band
structure under strain were found, especially (101)-bia-
xial strain. Many results were referenced directly in a
great amount of researches concerning the design of new
device structures based on strained Si*. So it is neces-
sary to study the band structure of (101)-biaxially S-Si.
The band structure of S-Si can be obtained by various
approaches: the pseudopotential method, the linear cou-
pled atomical orbital (LCAO) method, the free-clectron
approximation method, and the k.p perturbation method
(sometimes referred to as the effective-mass method). In
terms of convenience and accuracy, we will investigate
the band structure of (101)-biaxially S-Si using
CASTEP (CAmbride Serial Total Energy Package) ap-
proach, first-principles simulations calculated from den-

sity-functional theory with plane waves and pseudopo-
tentials®. The calculation results are in good accordance

with k.p theoretical calculation'®”,

1 The structure model

Since CASTEP can only be used to perform calculations
on 3D periodic structure, whether strained film has 3D
periodic structure is of interest. In the plane of the inter-
face between the film and its substrate, the film is forced
to adopt the lattice structure of its host substrate. So lat-
tice periodicity is preserved under such strain and
CASTERP calculation on S-Si film is valid.

The structure used to calculate must be specified
firstly. In order to prepare the structure of S-Si, we im-
port a Si convention cell structure from an existing
structure file, and then create a Si supercell structure
with modified lattice parameters (shown in Figure 1).

Modification of lattice parameters is achieved by the
following formulae:
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Figure 1 Schematic supercell structure of strained silicon, where O4=a,
OB=b,0C=c; LAOB=y, LZAOC=p, ZBOC= q.
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where symbol ag is Si lattice constant and the strain ten-
sor is determined according to Vegard’s rule and
Hooke’s law. The formulae of the strain tensor are as
follows™. Values of parameters used in calculation are
listed in Table 1. The results of the modified lattice pa-
rameters are listed in Table 2.
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Table 1 Values” of parameters used in calculation

Parameter Symbol (unit) Value
Si lattice constant ao (A) 5.4309
Ge lattice constant ao (A) 5.6579
Possion’s ratio ! 1.959

Table 2 Values of S-Si lattice parameters

X a(d) b(A) <A a=y(®)  BO
0.1 5.429 5.433 5.429 90 90.18
0.2 5.427 5.439 5.427 90 90.36
0.3 5.425 5.444 5.425 90 90.54
0.4 5.423 5.448 5423 90 90.72

2 Calculation setup

Once suitable 3D periodic structure has been defined, it
is necessary to set the parameters associated with the
calculation task'”\. In this work, the exchange correlation

potential in the local density approximation (LDA) for
electron-electron interaction is adopted. The typical con-
figuration for Si is 3sz3p2. Integrations in the Brillouin
Zone (BZ) are performed using special k& points gener-
ated with a 5x5x5 mesh parameter grid. One electron
valence states are expanded in a basis of plane waves
with a cutoff energy of 180 eV. Such parameters have
been tested to be sufficient for convergence. We then use
the strained structure for energy band calculation.

3 Analysis of the band structure

The effects of strain on the band structure are considered
in this section. Band structures of unstrained Si and
strained Si on (101) relaxed SiyGe;_ y with Ge fraction
ranging from X=0.1 to 0.4 in steps of 0.1 by CASTEP
approach are presented graphically in Figures 2—6.
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Figure 2 The E(k) relation for unstrained Si.
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Figure 3 The E(k) relation for Si/(101)Sip9Geop;. The notation is as

follows: E_p, the [0+10] valley; E,, the [£100] and [00+1] valleys; AEysg,
the valence band splitting between upper and lower bands.
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Figure 5 As in Figure 3, but for Si/(101)Siy,Gey3.
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Figure 6 As in Figure 3, but for Si/(101)SiysGeo 4.

Analysis of Figures 2 —6 indicates

1) Growth on a substrate of (101) orientation pro-

548
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[100] ([001]))—=B(Z) .

duces a monoclinic distortion and splits the six A levels.
The [+£100] and [00+1] valleys (A4) splitting from the
[0£10] valley (A,) constitute the CB edge, and the CB
edge decreases in energy with increasing Ge fraction X
(shown in Figure 10). The CB splitting energy between
A4 and A, valleys extracted from Figures 2—6 is fitted
as a function of X. The result is plotted in Figure 7.

2) The effect of partially lifting the VB edge degen-
eracy is clearly shown in all cases. The VB edge is
characterized by the upper band. The valence band split-
ting energy between upper and lower bands at k=0 ex-
tracted from Figures 2—6 is fitted as a function of X.
The result is shown in Figure 8.

3) The decrease in indirect bandgap with increasing X
is shown in Figure 9. It is notable that no results of VB
splitting and indirect bandgap from other references
have been found, and hence, our data remain undeter-
mined.

Now turn to effective mass of strained films on (101)
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Figure 7 The conduction band splitting between A4 and A, valleys ver-
sus X in strained Si/(101)Si;_yGey.

0.03 -0.03
= Experimental data
% — Linear fit of experimental data
s AE =0.07515X
£ 0.02 -0.02
é-
=
g
©
8 0.01+ F0.01
5
ES
Strained Si/(101)Si,_, Ge,
0.00 T T T 0.00
0.0 0.1 0.2 0.3 0.4

Ge fraction X

Figure 8 The valence band splitting between upper and lower bands
versus X at k=0 in strained Si/(101)Si;_xGey.
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Figure 9 Extracted values of indirect bandgap versus X in strained
Si/(101)Si;_yGey.

substrate. As shown in Figure 10, the shape of the en-
ergy valleys described by electron mass of CB is unal-
tered under strain. Figure 11 shows that the shape near
the energy maximum described by hole mass of VB
changes regularly with the increase of X. Planar iso-
tropic tensile strain slightly decreases the hole mass in
the [100] and [010] directions. The above results are
explained by the following facts:

1) Through varying k in the vicinity of energy valleys,
the deformation potential fields are taken as constant.
Therefore, all points near energy valleys shift by the
same account. In addition, the CB states without strain
which are degenerate in energy have significantly dif-
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Figure 10 Strain effect on the conduction band of Si/(101) Si;_y Gey.
The arrows indicate the increase of Ge fraction from X=0 to 0.4 in steps
of 0.1.
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Figure 11 Strain effect on the upper band of valence band of Si/(101)
Si;_yGey. The arrows indicate the increase of Ge fraction from X=0 to X=
0.4 in steps of 0.1.

fering wavevectors. So, for any specific wavevector, no
pair of CB states under strain is degenerate or very close
in energy. This means that any coupling between them is
insignificant, and therefore may be neglected. Thus, the
shapes of the energy valleys in CB are preserved.

2) In contrast to the CB, although the deformation
potentials are independent of wavevector for points in
the vicinity of the center of the BZ, the states of the VB,
whose wavevectors lie near the center of the BZ, will be
either degenerate or very close to one another in energy,
and so, are coupled to one another. Thus, a change in the
shape near the energy maximum in VB occurs.

4 Conclusion

Calculations were performed on the electronic structures
of (101)-biaxially strained Si on relaxed Si;_xGey alloy
with Ge fraction ranging from X=0 to 0.4 in steps of 0.1
by CASTEP approach. By analysis of the band structure
charts obtained, we found a decrease in indirect bandgap
and an increase in CB, VB edge splitting energy with
increasing X. Moreover, the shape of the energy valleys
described by electron mass of CB is unaltered under
strain while the shape near the energy maximum de-
scribed by hole mass of VB changes regularly with in-
creasing X. Planar isotropic tensile strain slightly de-
creases the hole mass in the [100] and [010] directions.
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