
Chin. Phys. B Vol. 19, No. 1 (2010) 014601

Valence band variation in Si (110) nanowire induced
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In this work, we investigate strain effects induced by the deposition of gate dielectrics on the valence band structures

in Si (110) nanowire via the simulation of strain distribution and the calculation of a generalized 6×6k·p strained valence

band. The nanowire is surrounded by the gate dielectric. Our simulation indicates that the strain of the amorphous

SiO2 insulator is negligible without considering temperature factors. On the other hand, the thermal residual strain

in a nanowire with amorphous SiO2 insulator which has negligible lattice misfit strain pushes the valence subbands

upwards by chemical vapour deposition and downwards by thermal oxidation treatment. In contrast with the strain of

the amorphous SiO2 insulator, the strain of the HfO2 gate insulator in Si (110) nanowire pushes the valence subbands

upwards remarkably. The thermal residual strain by HfO2 insulator contributes to the up-shifting tendency. Our

simulation results for valence band shifting and warping in Si nanowires can provide useful guidance for further nanowire

device design.
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1. Introduction

As complementary metal-oxide-semiconductor

field effect transistors (MOSFETs) go on scaling

down, semiconductor nanowires (NWs) have increas-

ingly attracted attention and shown the potential of

being next generation electronic devices.[1−4] Many

studies have been conducted to explore nanowire

(NW) applications, such as photonic, thermoelectric

and electric devices.[5−7] One of the most promising

techniques for improving device performance is strain

induced band engineering, which tunes the nanowire

band structures with strain effects. Experimentally,

strain can be introduced into NWs via various pro-

cesses such as the hetero-structure epitaxial process,[8]

and the thermal process.[9] Studies on strain induced

by lattice mismatch in hetero-structure NWs have

been reported.[1,8] As is known, there are lattice mis-

matches between Si NWs and the coating insulator

especially for the case with high K (high dielectric

constant) dielectrics. Different kinds of insulators re-

sult in different magnitudes and distribution of strain

in NWs.[10,11] Besides, taking the SiO2 dielectric as

an example, thermal residual strain originating from

the insulator growth process is unavoidable in today’s

chemical vapour deposition (CVD) and thermal oxida-

tion treatment (TOT) in NW devices. Process param-

eter variation also gives rise to the changes of thermal

expansion coefficients and corresponding total residual

strain.[12] However, these strain effects in NWs have

not been studied extensively. Thus, it is imperative to

study these strain effects on Si NW band structures.

In the present paper, we simulate the strain distri-

butions in SiO2 and HfO2-coated Si (110) NWs based

on a continuum elasticity model and then calculate

valence band structures in Si (110) NW by a gener-

alized 6 × 6k · p method.[13−15] Two typical cases of

the strain induced by the insulator are investigated.

Firstly, we discuss the lattice misfit strain modulation

by calculating valence band structures in gate dielec-

tric such as amorphous SiO2, HfO2 insulator-covered

Si (110) NW. Secondly, the effects of thermal resid-

ual strain on valence subbands in Si (110) NW with

amorphous SiO2 and HfO2 insulators are computed.
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The influence of strain on the effective masses within

the parabolic approximation is also investigated.

2. Computational method

First of all, consider the nanowire growth orienta-

tion. We make a coordinate transformation from the

ordinary coordinates where e′x = [1 0 0], e′y = [0 1 0]

and e′z = [0 0 1], to new coordinates where ex =

[1 1 −
√
2]/2, ey = [−1 1 −

√
2]/2, ez = [1 1 0]/

√
2

in Si (110) NW. The strain tensor is then transformed

into new coordinates according to the following equa-

tion:

εij = (ei · e′l)ε′lm(e′m · ej). (1)

In the above expression, εij (ε′lm) and ei (e
′
l) are the

strain tensor and basic vector in the new (original)

coordinate system. Here we assume that the insulator

material is isotropic. Therefore, the total strain en-

ergy U can be written as two parts, USi in Si NW and

UI in covered SiO2 insulator:[15]

U = USi + UI (2)

USi =
1

2

∫∫
Si

ds

{
D1(ε

2
xx + ε2yy) +D2

(
az
a0z

− 1

)2

+D3εxxεyy +D4(εxx + εyy)

(
az
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− 1

)
+D5ε

2
xy +D6(εxx + εyy)εxy

}
, (3)
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1

2
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ds

{
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+D′
2

(
az
a0z

− 1− εSzz

)
+D′

3(εxx − εSxx)(εyy − εSyy),

+D′
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×
(
az
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+D′

5(εxy − εSxy)
2

}
, (4)

where Di is the coordinate transform result of silicon

strain tensor modulus Cij :

D1 =
3C11 + 5C12

8
+

5

16
C44;

D2 =
C11 + C12

2
+

1

4
C44;

D3 =
3C11 + 5C12

4
− 3

8
C44;

D4 =
C11 + 3C12

2
− 1

4
C44;

D5 =
3

2
(C11 − C12) +

C44

4
;

D6 =
C11 − C12

2
− 1

4
C44; (5)

D′
i is the coordinate transform result of SiO2 Young

modulus E and Poisson ratio ν:

D′
1 = D′

2 =
E(1− ν)

(1 + ν)(1− 2ν)
;

D′
3 = D′

4 =
2Eν

(1 + ν)(1− 2ν)
;

D′
5 =

2E

(1 + v)
; εSii =

aSi
a0z

− 1;

a′silicon = a0z +∆s, ∆s = shigh − slow, (6)

where εij are the silicon strain tensors; εSij are the gate

dielectric strain tensors; a0z is the lattice parameter of

silicon crystal without thermal effects; C11, C12 and

C44 are the strain tensor modulus of silicon crystal, re-

spectively; E is the Young modulus; v is the Poisson

ratio of bulk insulator material; a′silicon is the lattice

parameter with taking into account the residual ther-

mal strain; Shigh is the silicon residual strain at high

temperature; Slow is the silicon residual strain at low

temperature; ∆s is the difference in temperature.

The coefficient of thermal expansion α(T ) of sili-

con is expressed as[16]

α(T ) = (3.725− 3.725× e−5.88×(T−124)×10−3

+ 5.548× 10−4 × T )× 10−6/K. (7)

On the other hand, α(T ) of SiO2 by CVD is

4.1×10−6/K, while α(T ) by TOT SiO2 is

α′(T ) = (0.5 + 0.002674× T )× 10−6/K, (8)

where T is the process temperature, and α(T ) of HfO2

is 6.5×10−6/K.[17] The residual strain is an integral of

the coefficient of thermal expansion using expressions

(7) and (8). Then, the strain energy distribution and

strain tensor can be calculated by the finite element

method as expressions (2)–(4).

We compute the valence band structure of Si

(110) NW by using a 6 × 6k · p method and select-

ing the Bessel function as basis functions.[14,15]

3. Results and discussion

As is known, lattice mismatch or the variation

of the thermal expansion coefficient is unavoidable

between two different materials, thereby inducing a

strain effect and further affecting the device perfor-

mance. In this paper, the lattice misfit and the ther-

mal residual strain are discussed, separately. First, we

calculate the valence subbands in pure silicon (110)

NW with 5 nm radius as shown in Fig. 1(a). The

amorphous SiO2 insulator and HfO2 insulator are

isotropic. The lattice constants of silicon crystal and
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amorphous SiO2 material are assumed to be identical.

The lattice mismatch case without thermal residual

strain is shown in Figs. 1(b) and 1(c). Figure 1(b)

shows the valence subbands of pure Si (110) NW and

NW with 2 nm thick amorphous SiO2 insulator. Obvi-

ously, the valence subbands are completely matched.

Our simulation also indicates that valence band struc-

tures of Si (110) NW and NW with 2 nm thick amor-

phous insulator deposited by CVD and TOT are also

the same. The different processes have no influence

on valence subband even though the Young modulus

of the amorphous SiO2 gate dielectric is different.

With the MOS scaling down, the high-K dielec-

tric attracts more and more attention, owing to the re-

straining of gate leakage and process compatibility. In

NW FET, the highK dielectric such as HfO2 is widely

used. Figure 1(c) shows the valence band structures

in Si (110) NW with 4 nm thick HfO2 dielectric with-

out considering temperature factors. After depositing

the HfO2 dielectric, the valence subbands in Si (110)

NW shift upwards remarkably and warp. We have re-

ported that the upshifting tendency is more visible as

the HfO2 dielectric becomes thicker.[18]

Fig. 1. Valence subbands in (a) pure Si (110) NW with 5 nm radius, (b) pure Si (110) NW and Si (110) NW

with 2 nm amorphous SiO2 insulator (complete superposition), and (c) 4 nm HfO2 insulator-covered Si (110)

NW without including thermal residual strain.

For the thermal residual strain case, the SiO2 insulator in NW is amorphous and the lattice misfit strain

does not exist. Figures 2(a) and 2(b) illustrate Si (110) NW and NW with 2 nm thick SiO2, with the residual

thermal strain taken into consideration, deposited by CVD (a) and TOT (b), respectively. Figure 2(a) shows

that the subbands slightly shift upwards by CVD. But Fig. 2(b) shows that the subbands shift downwards

by TOT. The shifting tendency to different extents results from different thermal strain effects. The thermal

expansion coefficient of SiO2 insulator by CVD is given as 4.1×10−6/K, which is larger than that of crystal

silicon (2.9×10−6/K). The difference in temperature between deposition and typical operation can lead to a

compressive thermal strain to the Si (110) NW. However, the thermal expansion coefficient of SiO2 in the TOT

process is smaller than that of crystal silicon at a higher temperature according to expressions (7) and (8). Then

the difference in the TOT process induces a tensile thermal strain in contrast with the CVD process. Figure

2(c) shows valence subbands in Si (110) NW with 4 nm thick HfO2 insulator deposited at 523 K. Compared

with the case of HfO2-covered NW without thermal residual strain as shown in Fig. 1(c), the subbands shift

toward high energy positions. The phenomenon is caused merely by the residual strain of HfO2 insulator. Figure

2 also shows that the thermal residual strain modulating the valence band structures should not be ignored.

Therefore, when considering how the insulator modulates the energy bands in NW, we should simultaneously

take into account the lattice mismatch strain and residual strain.

For comparison with amorphous SiO2 insulator, the difference in the valence subband modulated by HfO2

insulator is caused by lattice mismatch, thermal residual strain and different Young moduli. In the present

work, the covered insulator effect comes from all radial directions. The uniaxial effect from source and drain
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can be approximately regarded as a strain effect in the z axis direction. The upward tendency due to the

gate-all-around insulator is in accordance with calculations by using the Boykin formalism.[7]

Fig. 2. Valence band structures in Si (110) NW with different kinds of gate insulators, i.e. (a) amorphous

SiO2 insulator (2 nm) deposited by CVD, (b) amorphous SiO2 insulator (2 nm) deposited by TOT, (c) HfO2

insulator deposited at 523 K (4 nm). Grey and black lines are for the valence band structures without and with

considering thermal residual strains respectively.

As is shown above, the insulator inevitably brings

a strain into Si NW. Valence band structure variation

corresponds to the change of effective mass, which

might guide device optimization. Figure 3 shows ef-

fective masses of the top five subbands in amorphous

SiO2-covered Si (110) NW in two processes. Pure Si

NW and amorphous SiO2-covered NW have the same

band structures and effective masses. However, con-

sidering the residual strain, effective masses of the 1st,

Fig. 3. Effective masses of the top five valence subbands

in amorphous SiO2-coated Si (110) NW versus residual

strain effects within two processes.

4th and 5th subbands reduce, but those of the 2nd

and 3rd subbands increase by the CVD process. By

the TOT process, the effective mass of only the 1st

subband reduces, but the all other subbands increase.

The hole effective mass changes, owing to the thermal

residual strain induced by the process temperature.

From the point of view of another process, the

precursor gas ratio can bring about variations of

the coefficient of thermal expansion α(T ) and the

thermal residual strain. Figure 4 shows effective

masses of the top five subbands versus the coeffi-

cient of thermal expansion α(T ) of amorphous SiO2

deposited by CVD. According to expression (8), α(T )

of SiO2 deposited by TOT is between 3.174×10−6/K

at 1000 K and 4.511×10−6/K at 1500 K. Our dis-

cussion below naturally involves the TOT process.

With the increase of α(T ), the effective masses of

the 1st and 2nd subbands increase in the range of

α(T ) < 2 × 10−6/K, then reduce and increase again

Fig. 4. Effective masses of the top five valence sub-

bands each as a function of the thermal expansion co-

efficient of amorphous SiO2 insulator prepared by CVD

(the coefficient of the TOT insulator is naturally between

3.174× 10−6/K and 4.511× 10−6/K.

up to 10× 10−6/K. The effective mass of the 3rd sub-
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band increases and then reduces. The effective masses

of the 4th and 5th subbands reduce in a similar way.

Thus selecting a proper ratio is a feasible method to

modulate the energy band.[17]

Figure 5 shows the effective masses of the top

five subbands in HfO2-covered Si (110) NW. Com-

pared with the effective mass of pure Si (110) NW,

all effective masses of HfO2 insulator reduce, owing to

the HfO2 insulator modulation. As the HfO2 thickness

Fig. 5. Hole effective masses of the top five subbands

versus covered HfO2 insulator thickness.

increases, the effective mass of the 1st subband in-

creases while that of the 4th subband reduces. The

2nd and 3rd subbands change only slightly. The cov-

ered high-K insulator inevitably modulates hole effec-

tive masses. Then, heavy holes under strain modula-

tion can turn into light holes, which are very useful

for enhancing the hole mobility in transport.

4. Conclusion

The thermal residual strain can modulate the va-

lence subbands in amorphous SiO2-covered Si (110)

NW, and the lattice mismatch strain effect on the

band structure is negligible. In NW with amorphous

SiO2 insulator, this is a good way to optimize the pro-

cess parameters, such as temperature and precursor

gas ratio, and further modulate the band structure.

But in Si (110) NW with HfO2 gate dielectric, the

up-shifting tendency of subbands is caused by lattice

mismatch strain along with thermal residual strain.

Therefore, valence band structures modulated by the

covered gate insulator provide guidance in the design

of higher performance nanowire devices.
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