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Abstract—We report on a theoretical study of the valence band
structures of germanium-silicon core-shell nanowires based on a
6x6 k'p model. We take into account the inhomogeneous strain
effects induced by the lattice mismatches between germanium
and silicon. We find that the top subband ends drift back to I"
point, and the effective masses of more subbands begin to
decrease when the shell thickness increases.
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1. INTRODUCTION

Nowadays carbon nanotubes and nanowires (NWs) have
been the focus of studies as potential building blocks for
nanodevices [1]. More complex core-shell (C-S) and
core-multishell semiconductor NWs have been prepared
experimentally by growing epitaxial shell(s) along the radial
orientation of the NWs [2-5]. Very high carrier mobility have
been demonstrated, which is attributed to the confinement of
holes in the quantum well of core NW, the reduction of surface
roughness scattering and strain effect induced by core-shell
lattice mismatches. As in Ge-Si C-S nanowires, the 0.5 eV
band offset between Ge core and Si shell induces a quantum
well in Ge core and makes low-energy hole transport
concentrate there. Besides, the lattice mismatches between Ge
core and Si shell induce pseudomorphic strain in Ge core and
provide more flexibility in valence band structure modulations.

To quantitatively investigate hole transport properties in the
Ge-Si C-S NWs, valence band structure calculation is essential.
At current stage Ab initio study [6,7] is difficult to deal with
NWs with diameters larger than 3-4 nm. Tight-binding
approach [8,9] faces similar difficulty. Here we present our
calculation based on a 6x6 ke model taking account of
inhomogeneous strain effect. First we simulate the strain
distribution in the NW by using an elasticity continuum model
and then calculate the NW valence band structure by
employing a strained Hamiltonian in the kp framework.
Finally we analyze the dependence of this strain-induced
modulation ON the NW shell thicknesses.

II.  STRAIN SIMULATION

We employ a continuum elasticity model [10] for the strain
calculation where the strain energy density u, (r) = &' C &/2. &"
= [ew &y & & & &), and C is the elastic modulus tensor.
Since Ge-Si core-shell nanowires are grown along z = [/ [ 0]
orientation, we make a coordinate transform from an ordinary
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coordinate where x = [/ 0 0],y =[01 0]landz =100 I]to a
new coordinate where x = [/ / —\/2],y =[-11-2]and z =
[ 1 0]. Then we write the total elastic strain energy U as two
parts [11, 12] U = U, + U,, where Uj is the elastic strain energy
in the shell:

U, = lds {D/(Ae,’+Ae,,’) + D) (a/a’ 1) + D/’
+ DAy Agy, + (AetAe,)[Ds'(a/a’— 1)+ Diey 1} /2, (1)
where
DI = (6C11 + 10CI2 + 5C44)/16,
D;=2C;; +2C;, + Cyy)/4,
Ds=(6C;; — 6Cj; + Cyu)/4,
Dy=(6C;; + 10C;; — 3C1)/8,
D5=(2C;; + 6C;; —Cyp)/4,
Ds= (2C11 —-2Cp;— C44)/4,
Ag; = g; — ¢ and g’ = (ai — a)/af,

and U, is the elastic strain energy in the core which has a
similar form as Uj except ;" = 0.

In the above derivation, we have assumed that the NW is
long enough. Thus the strain tensor &ij is independent on z
because of the translational invariance over NW axial
orientation. Besides, the Ge core and Si shell share the same
lattice distance az everywhere in the NW. Otherwise it would
break the translational invariance along NW axis and such a
lattice could not be stable. For similar considerations, we have
taken the shear strain tensor exz and €yz to be zero.

Then we calculate the strain energy minimal via
finite-element method, and obtain the corresponding strain
tensor distribution g;(r). Here all the material parameters used
are taken from ref. 13.

Figure 1a, 1b and 1c plot the strain energy U(r) in the NW
cross-section (x-y plain) with the same 6-nm Ge core radiuses
and with various Si shell thicknesses. Figure 1d, 1e and 1f plot
strain tensor distribution &.(r), &,(r) and &,,(r) for a NW with
6-nm core radius and 2-nm shell thickness.

Compared to that in the shell, both U(r) and &(r) are very
small and homogeneous in the core, which can be understood
from the eggshell principle in engineering: no matter how
much stress you put on it, the egg disperses the stress over the
whole shell homogeneously and keeps unbroken as long as the
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shell is round and perfect. Furthermore, U(r) in the shell has a
cubic symmetry because of the equivalence between lattice
orientations x=[/ / —\2] and y=[—11 —\2].
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Figure 1. Strain energy distribution U(r) in the 6-nm core radius nanowire

cross sections, with various outer radiuses from 7 nm (a) to 8 nm (b) to 9 nm

(c). Strain tensor &.(r) (d), &,(r) (¢) and &,,(r) (f) distributions in a 6-nm core
radius and 2-nm shell thickness NW.

Besides, we can see along x-oriented interface between Ge
core and Si shell, ¢.(r) is negative in the core side while
positive in the shell side. This means at these places the Ge
core feels a compressive strain, while the Si shell feels a tensile
strain. It is just as expected since Ge has a larger lattice
constant than Si does. Similar things happen to &,,(r) and &,,(r).
Last but not least, the strain gradually relaxes along the radial
orientation in the shell as the shell gets thicker.

III.  STRAINED VALENCE BAND CALCULATION

We employ a 6x6 k+p Hamiltonian for light hole (LH),
heavy hole (HH) and split-off (SO) hole band calculation. Here
we take into account SO bands because it is believed that strain
induced extra couplings between LH, HH and SO will have
untrivial effects on the top LH and HH band structures [14].
We assume that the nanowires can be well approximated with
concentric cylinders, and employ the basis functions as
follows:

D i(1,0,2) = Ay T 1/R) " explikz) | L,  (2)

where d',, is the m-th zero of l-order Bessel function Ji(r), Apm
is the normalization parameter, L, is nanowire length and R is
the full radius of the nanowire.

Then we describe the first-order strain effect in such radial
heterostructures with a perturbation Hamiltonian H', [15]:
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wherep = —a’ (en + &, + &2),
q=b(—e/4—e,/4+e./2— 3e,/2),
s =d’ (I+0)( &x — £,)/(22),
r=id (e./4 + &,/4 — &./2 — &, /2).

Here a’, b’ and d’ are modified valence deformation potentials:
a’ =a,—2M9,b’=b—2A/9andd’ =d, — 2A/9.

We further adapt a phenomenological treatment with the
inhomogeneous strain effect by changing strain tensor ¢; to g;(r)
[16].
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Figure 2. Top valence subband structures of Ge-Si NWs with 6-nm core
radius, and with 0-nm (Left), I-nm (Middle) and 2-nm (Right) shell thickness.

Fig. 2a plots the top valence subbands of a 6-nm radius
pure Ge NW. As a comparison Fig.2b and Fig. 2c¢ plot that with
the same Ge core radius and with /-nm and 2-nm Si shell
thickness. With strain effect taken into account in the latter
case, we observe some substantial changes: those subband ends
drifting away from I'-point in the pure Ge NW have now
returned. Besides, the effective masses of the above subbands
in the pure Ge NW should have significant ratio as HH while in
the strained NW they all turn to be that of LH. All of these
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would have profound effects on the hole transport properties
and optical properties.
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Figure 3. Top valence subbands of Ge-Si C-S NWs with r. = 6 nm and Ty, =
2 nm by considering hydrostatic strain only (left), and by considering axial
strain &, only (right).

0.20
r.=6nm
_O_m
0.15 | 1
g > —o—

N m3
* 010} —E—m,
E N

A 5 u
0.05 | ——g
0 1 2 3

T (nm)

Figure 4. Effective masses m* of top five subbands versus shell thickness
Tsh for Ge-Si C-S NWs with radius 7. = 6 nm.

To further investigate different strain component
contributions, we show the valence band structures considering
hydrostatic strain component (&, + &, + &) and considering
only axial strain component ¢, in Fig. 3a and 3b. Fig. 3a shows
that the hydrostatic strain does not have apparent band warping
effect. Instead, it induces a total downwards shifting of the
subbands. This is in accordance with previous theoretical
analysis [17]. Here it is worth mentioning that the top subbands
undergo upward shifting when the full strain has been taken
into account. Thus we find that it is the off-diagonal shear
strain component that causes the subband upward shifting.
Fig.3b shows that the axial strain component &, contributes the
most to the band warping. This is just as expected because &, is

much larger than the in-plain strain tensor components &, &,
and ¢&,, since the NW is assumed to be infinite long in the
simulation.
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Figure 5. Top parts of densities of states (DOS) of Ge-Si C-S NW with r. =

6 nm and with various Ty, from 0 nm (a) to 1nm (b), 2nm (c) and 3 nm (d).

Fig. 4 and 5 plot the variance of effective masses and
densities of states (DOS) of the top Ge subbands with
increasing Si shell thicknesses from. We employ parabola
approximation for subband en(kz) in the low energy range and
write DOS as

n(e) © Y ; 9(8,-0 — g)~[mi*/ (gio_g)]l/z. )

Here & is i-th subband edge, m;" is the effective mass at i-th
subband edge. Therefore the positions of the peaks in the DOS
diagram point out 8, , while the heights and curvatures depict
the magnitude of m; . We find that the top subbands keep upper
shifting as the shell goes thicker, because of the larger
strain-induced repellant from thicker Si shell. Besides, the
heights of the peaks undergo some obvious changes. A very
interesting phenomenon we find is that more top subbands will
have effective masses as LH as the Si shell thickness increases.
Experimentally it means that we would be able to tune the hole
transport properties by controlling the growth of Si shell
thickness. We also obtain the subband spacing 4E;, = 11 meV,
while experimental values [3] are about 25 meV. We attribute
these mismatches to the additional charging energy AEc in the
experiments: the finite-length Ge-Si C-S NW measured has a
capa01tance C = 10 aF so that AEc = 9 meV. Therefore, our
result is more close to experimental estimation than that
simulated without strain effect (4E;, = 2 meV).
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IV. CONCLUSION

We have modeled and calculated the valence band
structures of Ge-Si core-shell nanowires with a 6x6 k-p model,
including the inhomogeneous strain effects. We have found
that strain-induced band structure modulations put the subband
edges of the core back to I'-point, and make the top subband
have effective masses as light holes. Our calculations meet
with experimental observations better taking single-clectron
charging effect into account, and should be useful for the future
device design.

ACKNOWLEDGMENT

This work is supported by NKBRP2006CB302705 and
107003.

REFERENCES

[1] International Technology Roadmap for Semiconductors, 2006

[2] L. J. Lauhon, M. S. Gudiksen, D. Wang and C. M. Lieber, “Epitaxial
core/shell and core/multishell nanowire heterostructures,” Nature, vol.
420, pp. 57-61, Nov. 2002.

[31 W. Lu, J. Xiang, B. P. Timko, Y. Wu and C. M. Lieber,
“One-dimensional hole gas in germanium-silicon nanowire
heterostructures,” PNAS, vol. 102, pp. 10046-10051, Jul. 2005

[4] K. Tateno, H. Gotoh, and Y. Watanabe, Appl. Phys. Lett,
“GaAs/AlGaAs nanowires capped with AlGaAs layers on GaAs(311)B
substrates,” vol 85, no. 10, pp. 1808-1810, Sept.2004.

[5] N. Skold, L. S. Karlsson, M. W. Larsson, M.-E. Pistol, W. Seifert, J.
Tragardh and L. Samuelson, “Growth and Optical Properties of Strained
GaAs-GaxInl-xP Core-Shell Nanowires,” Nano Lett., vol. 5, no. 10, pp.
1943-1947, Nov. 2005.

[6] J.T. Arantes and A. Fazzio, “Theoretical investigations of Ge nanowires
grown along the [110] and [111] directions,” Nanotehcnology, vol 18,
pp. 295706, 2007

[7] M. Nollan, S. O. Callaghan, G. Fagas, J. C. Greer and T. Frauenheim,
“Silicon Nanowire Band Gap Modification,” Nano Lett., vol 7, pp.
34-38, Jan. 2007

[8] J. Wang, A. Rahman, A. Ghosh, G. Klimeck and M. Lundstrom,
“Performance evaluation of ballistic silicon nanowire transistors with
atomic-basis dispersion relations,” Appl. Phys. Lett. 86, pp.
093113-093115, Feb. 2005

[9] Y. M. Niquet, “Effects of a Shell on the Electronic Properties of
Nanowire Superlattices,” Nano Lett. 7, pp. 1105-1109, Mar. 2007

[10] L. Landau and E. Lifshitz, Theory of Elasticity, Butterworth-Heinmann,
Oxford , 1986

[11] C.Pryor, J. Kim, L. W. Wang, A. J. Williamson, and A. Zunger, J. Appl.
Phys., “Comparison of two methods for describing the strain profiles in
quantum dots,” vol. 83, pp. 2548-2554, Mar. 1998

[12] B. Jogai, “Three-dimensional strain field calculations in coupled
InAs-GaAs quantum dots,” J. Appl. Phys., vol. 88, pp. 5050-5055, Nov.
2000

[13] M. V. Fischetti and S. E. Laux, “Band structure, deformation potentials,
and carrier mobility in strained Si, Ge, and SiGe alloys,” J. Appl. Phys.,
vol. 80, pp. 2234-2252, Aug. 1997

[14] C. Y. -P. Chao and S. L. Chuang, “Spin-orbit-coupling effects on the
valence-band structure of strained semiconductor quantum wells,” Phys.
Rev. B, vol.46, pp. 4110-4122, Aug. 1992

[15] T. Bahder, “Eight-band kp model of strained zinc-blende crystals,” Phys.
Rev. B, vol. 41, pp. 11992-12001, Jun. 1992

[16] Y. Zhang, “Motion of electrons in semiconductors under

inhomogeneous strain with application to laterally confined quantum
wells,” Phys. Rev. B, vol. 49, 14352-14366, May 1994

[17] Y. Sun, S. E. Thompson and T. Nishida, “Physics of strain effects in
semiconductors and metal-oxide-semiconductor field-effect transistors”,
J. Appl. Phys., vol. 101, pp. 104503, May 2007

6-7-4




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


