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Abstract: A band edge model in (101)-biaxial strained Si on relaxed Si; -, Ge, alloy,or monoclinic Si (m-Si) ,is presented

using the k + p perturbation method coupled with deformation potential theory. Results show that the [001],[001],

[100],[100] valleys constitute the conduction band (CB) edge,which moves up in electron energy as the Ge fraction (x)

increases. Furthermore, the CB splitting energy is in direct proportion to x and all the valence band (VB) edges move up

in electron energy as x increases. In addition, the decrease in the indirect bandgap and the increase in the VB edge splitting

energy as x increases are found. The quantitative data from the models supply valuable references for the design of the de-

vices.
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1 Introduction

Engineering the band structure of semiconductor
materials is an additional way to improve device per-
formance. Such a material is the strained Si (s-Si)
pseudomorphically grown on relaxed Si, -, Ge, (SiGe)
substrate''*/. Si film that is subjected to varying de-
gree of strain can be achieved using differently orien-
ted substrates. Strain induced by the lattice mismatch
between the Si layer and the SiGe substrate change
the band structure and the electronic properties of Si
significantly. Many applications of devices fabricated
using s-Si constitute a considerable enhancement of
the presently well-established Si technology. Due to
the applications and the efficient design of devices
fabricated using s-Si,it is necessary to study the band
structure in s-Si, especially the band edge. S-Si grown
on (101) oriented SiGe,or monoclinic Si (m-Si) ,is of
particular interest since no reported results for it were
found.

The band edge of m-Si can be obtained using va-
rious approaches:the pseudopotential method,the lin-
ear combination of atomic orbitals ( LCAO) ap-
proach, the free-eclectron approximation method, and
the k « p perturbation method (sometimes referred to
as the effective-mass method) . The most powerful ap-
proach is the k « p perturbation method coupled with
deformation potential theory because it provides suf-
ficiently high accuracy and is fairly easy to apply.
Hence,we calculate the band edge level in m-Si using
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a strained Hamiltonian as a perturbative term. A band
edge model of m-Si is obtained,including dependence
of CB/VB edge levels, indirect bandgap,and CB/VB
splitting energy on x,which can supply valuable ref-
erences for device design.

2  Deformation potentials

The effect of strain on the electronic system of a
semiconductor may be modeled using the deformation
potential theory. Strain is incorporated into the band-
structure as a perturbed term in the calculation. The
Hamiltonian of this perturbation, H.,has matrix ele-

ments of the form"* .

3
Hs;ij = ZD,’,’W?S‘X}? (1)
af=1
where ¢, is the element of the strain tensor and D;*

is the deformation potential. The strain tensor for the
(101) substrate can be obtained by the following for-

mulae"™ .
€ng = (aSil,XGeX - as)/as (2)
e = e = 1/2[1 = 1/6"°" Je
ey =~ 1/2[1+ 1/6"" Jep (3
€ = €x = 0
€y = €n 1)

where the SiGe lattice constant as, ., is obtained by
linear interpolation.

First, the perturbed Hamiltonian of the A con-
duction band (CB) is considered. Since the levels of
CB are nondegenerate, the D¥ are diagonal in (i, j)
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and may be treated as individual deformation poten-
tial constants. The A CB minima are characterized by
constant energy surfaces, which are ellipsoids of revo-
lution whose major axes lie along their respective
(100) axes. Accounting for the three distinct A levels,
symmetry under rotation about [100], [010], and
[001] shows that respective H. can be determined by
the following equations:

For m-Si,substituting Eq. (3) into Egs. (5) ~(8),we
get,

H. o = H. oo

H. o = Bilew ey Te.) T Bley 9

The valence band (VB) deformation potential

theory proves to be qualitatively different than that

of the CB due to the three-fold degeneracy of the s

representation for each spin orientation. Analogous to

— —=A —A
= Bilew ey T &) + Bien

H. 0y = D%, + D” (g, +¢..) (&)) the k + p Hamiltonian matrix of the top of the VB,
H. 0 = D", + D" (e, te..) (6) the strained Hamiltonian in ia representation (i = x,
H_ oy = D%, + D" (e + &y) 7 yizsa= 4, v OB s,
e D* = B} + 8 Hoo =g OiifN o
D» = B} (8)
le + m(ey +e,) e yy ne 5
H' = ne ley + m(ey +e.) ne (1D

ne -
The notation x,y,z refers to the basis functions with
the corresponding rotational symmetry of the I'y; rep-
resentation of the symmetry group of the top of the
VB. The up and down arrows denote spin up and
down, respectively.

In order to discuss the nature of the VB,it is con-
venient to transform the original basis of |i a) to our
familiar basis of [j.m;), which will make the de-
scription of the VB eigenstates clearer. The transfor-
mation matrix is;

L 0 o L L7
vz NEE]
e S A
vz NCEE]
0 j—g f% 0 0 0
U= | ) . (12)
0 ——= —— —— 0 0

V6 V3 V2
o -+ -L L 0 0
NCEEVE NG
0 0 0 o Zz -1
NEEEEN

The strain Hamiltonian written in the JM; representa-
tion can now be expressed as

H.pw = U'H., U (13)

Table 1 Values used in the calculation
Parameter Sym'bol Value
(unit) Reference
Si lattice constant ao(nm) 0. 54317
Ge lattice constant ao(nm) 0. 56587
Poisson’s ratio o (10D 1.95908)
Deformation potential 2 (eV) 1.7509
Deformation potential Ef(eV) 9.16M0]
Deformation potential l - 0.15010]
Deformation potential m 6. 840101
Deformation potential n - 5. 89L10]

ne ,, le.. + m(e,, +ey)
) )

3 Results and discussion

As mentioned above, the strain-induced energy
shift (6E) in CB may be determined by Eq. (9). The
CB edge level in m-Si can be obtained by

Ec: = E! +3E 14>
where the value of E{,i.¢,the CB edge of unstrained
Si,is 1. 119e¢V. The dependence of the CB edge on the
Ge fraction (x) is shown in Fig. 1. The CB edge is
characterized by the same four valleys splitting from
the [010],[010]valleys,or [001],[001],[100],[100]
valleys, which are shifted upward in energy. The de-
pendence of CB splitting energy between A, and A,
valleys on x is plotted in Fig. 2. The results above can
be interpreted from the force diagram of the six A
valleys,as shown in Fig. 3. The growth on a substrate
of the orientation (101) considered in this work pro-
duces a monoclinic distortion and splits the six A val-
leys.

The effect of spin-orbit coupling ( H,) and the
effects of strain (H., |j.; ) are added to the zero point

Strained Si/(101)SiGe

Agvalleys
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Fig.1 CB edge versus Ge fraction (x) in m-Si
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Fig.3 Schematic equi-energy surfaces of the six split valleys in
the first CB in m-Si

to get the position of VB near the center of the Bril-
louin zone:

Ei = E3+<J,mJ|HSO+H€,,-mJ_|J,mJ> (15)
where the value of E,’,i.e,the VB edge of unstrained
Si is zero. In the JM, representation, H, has the
form:

[A/3 0 0 0 0 0
0 A/3 0 0 0 0
Ho- 0 0 —-2A/3 0 0 0 16)
0 0 0 A/3 0 0
0 0 0 0 A/3 0
0 0 0 0 0 —2A/3]

The calculated results have been plotted in Fig. 4. The
0.3
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Fig.4 VB edge versus Ge fraction (x) in m-Si where A is the
splitting energy and its value is 0. 044eV

Fig.6 VB splitting energy versus Ge fraction (x) in m-Si

splitting of the first and second VB occurs and all VB
edges move up in electron energy as the Ge fraction
(x) increases. This is attributed to the following fact:
Under the biaxial tensile stress imposed by the (101)
substrate, a form transformation of the Si epitaxial
layer from cubic to monoclinic occurs (seen in
Fig. 5) ,which causes lower symmetry,and hence lifts
the VB edge degeneracy.

In view of the applications and the efficient de-
sign of devices, the VB splitting energy between the
top and second bands at k = 0 and the indirect
bandgap are plotted as a function of x. The result is
shown in Fig. 6 and Fig. 7.
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Fig.7 Indirect bandgap versus Ge fraction (x) in m-Si
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