
Optical properties of SiGe alloys
R. Ahuja, C. Persson, A. Ferreira da Silva, J. Souza de Almeida, C. Moyses Araujo, and B. Johansson 
 
Citation: Journal of Applied Physics 93, 3832 (2003); doi: 10.1063/1.1555702 
View online: http://dx.doi.org/10.1063/1.1555702 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/93/7?ver=pdfcov 
Published by the AIP Publishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

200.130.19.138 On: Mon, 13 Jan 2014 11:13:11

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1744363738/x01/AIP-PT/JAP_CoverPg_101613/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=R.+Ahuja&option1=author
http://scitation.aip.org/search?value1=C.+Persson&option1=author
http://scitation.aip.org/search?value1=A.+Ferreira+da+Silva&option1=author
http://scitation.aip.org/search?value1=J.+Souza+de+Almeida&option1=author
http://scitation.aip.org/search?value1=C.+Moyses+Araujo&option1=author
http://scitation.aip.org/search?value1=B.+Johansson&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1555702
http://scitation.aip.org/content/aip/journal/jap/93/7?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov


JOURNAL OF APPLIED PHYSICS VOLUME 93, NUMBER 7 1 APRIL 2003

 [This a
Optical properties of SiGe alloys
R. Ahujaa) and C. Persson
Condensed Matter Theory Group, Department of Physics, Uppsala University, Box 530,
SE-751 21 Uppsala, Sweden

A. Ferreira da Silva
Instituto de Fı´sica, Universidade Federal da Bahia, Campus Universita´rio de Ondina,
40210 310 Salvador, Ba, Brazil

J. Souza de Almeida
Condensed Matter Theory Group, Department of Physics, Uppsala University, Box 530,
SE-751 21 Uppsala, Sweden

C. Moyses Araujo
Condensed Matter Theory Group, Department of Physics, Uppsala University, Box 530,
SE-751 21 Uppsala, Sweden and Instituto de Fı´sica, Universidade Federal da Bahia,
Campus Universita´rio de Ondina, 40210 310 Salvador, Ba, Brazil

B. Johansson
Condensed Matter Theory Group, Department of Physics, Uppsala University, Box 530,
SE-751 21 Uppsala, Sweden and Department of Materials Science and Engineering,
Royal Institute of Technology, SE-100 44 Stockholm, Sweden

~Received 18 June 2002; accepted 2 January 2002!

The optical properties of Si12xGex have been investigated theoretically using a full-potential linear
muffin-tin-orbital method. We present the density-of-states as well as the real and imaginary parts
of the dielectric function. The calculated dielectric function was found to be in good agreement with
the spectroscopic ellipsometry measurements by J. Bahnget al., J. Phys.: Condens. Matter13, 777
~2001!, and we obtained a static dielectric constant ofe0512.1912.45x in the Si rich regime (x
<0.5). © 2003 American Institute of Physics.@DOI: 10.1063/1.1555702#
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I. INTRODUCTION

Si12xGex is a good candidate as a substitute material
Si in low-power and high-speed semiconductor dev
technologies.1,2 Optoelectronic devices, such as heterojun
tion bipolar transistors~HBT!,3,4 are already in industria
production. Si12xGex is also promising as alloying materia
for quantum well devices,5 infrared detectors,6 and
modulation-doped field-effect transistors~MODFET!.7,8 Al-
though much effort has been paid to the growth of Si12xGex

and Si12xGex /Si as well to electrical characterization, the
is still a lack of information about the optical properties
Si12xGex .

In this article, the electronic structure of Si12xGex has
been calculated, using a first-principle full-potential line
muffin-tin-orbital method~FPLMTO!.9 We present the tota
and the partial density-of-states as functions of composi
x. The imaginary part of the dielectric function was calc
lated from the joint density-of-states and the optical ma
elements, whereupon the real part of the dielectric funct
was obtained by using the Kramer–Kronig dispersion re
tion. We show that the calculated dielectric functions are
very good agreement with spectroscopic ellipsometry m
surements, recently presented by J. Bahnget al.10
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II. COMPUTATIONAL METHOD

In order to study the electronic structure of Si12xGex we
have used the FPLMTO method,9 which is based on the
local-density approximation ~LDA ! with the
Hedin–Lundqvist11 parametrization for the exchange an
correlation potential. The unit cell was constructed with t
eight atoms conventional unit cell, obtained from a fcc latt
with a two-point basis. The composition was varied
changing the atom type of the eight atoms, yieldingx50,
1/8, 2/8, . . . , 1. Thelattice constant for the different compo
sitions was obtained from an optimization of the total ener
The basis functions, the electron densities, and the LDA
tentials were calculated with the geometrical optimized v
ume. These quantities were expanded in combinations
spherical harmonic functions~with a cutoff l max56) inside
nonoverlapping spheres surrounding the atomic s
~muffin-tin spheres! and in a Fourier series in the interstitia
region. The muffin-tin spheres occupied;60% of the unit
cell. The radial basis functions within the muffin-tin spher
are linear combinations of radial wave functions and th
energy derivatives, computed at energies appropriate to t
site and principal as well as orbital atomic quantum numbe
whereas outside the muffin-tin spheres the basis funct
are combinations of Neumann or Hankel functions.12,13 In
the calculations reported here, we made use of valence b
3s, 3p, and 3d basis functions for Si, pseudo-core 3d and
valence band 4s, 4p, and 4d basis functions for Ge and
valence band 2s, 2p, and 3d basis functions for C with
2 © 2003 American Institute of Physics
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 [This a
corresponding two sets of energy parameters. The resu
basis formed a single, fully hybridizing basis set. This a
proach has previously proven to give a well converg
basis.9 To sample the irreducible wedge of the Brillouin zo
we used the specialk-point method.14 We used 216k points
in the irreducible Brillouin zone. We checked the conv
gence of the total energy with respect to the number ok
points. In order to speed up the convergence we have a
ciated each calculated eigenvalue with a Gaussian broa
ing of width 136 meV.

III. CALCULATION OF THE DIELECTRIC FUNCTION

The (qÄ0) dielectric function was calculated in the mo
mentum representation, which requires matrix elements
the momentum,p, between occupied and unoccupied eige
states. To be specific the imaginary part of the dielec
function, e2(v)[Im e(qÄ0,v), was calculated from15

e2
i j ~v!5

4p2e2

Vm2v2 (
knn8s

^knsupi ukn8s&^kn8supj ukns&

3 f kn ~12 f kn8!d~ekn82ekn2\v!. ~1!

In Eq. ~1!, e is the electron charge,m its mass,V is the
crystal volume andf kn is the Fermi distribution. Moreover
ukns& is the crystal wave function corresponding to thenth
eigenvalue with crystal momentumk and spins.

With our spherical wave basis functions, the matrix e
ments of the momentum operator are conveniently calcula
in spherical coordinates and for this reason the momentu
written p5(mem* pm ,16 where m is 21, 0, or 1, andp21

5(px2 ipy)/&, p05pz , andp152(px1 ipy)/&.17

The evaluation of the matrix elements in Eq.~2! is done
over the muffin-tin region and the interstitial space se
rately. The integration over the muffin-tin spheres is done
a way similar to what Oppeneer18 and Gasche15 calculated
using the atomic sphere approximation~ASA!. A full de-
scription of the calculation of the matrix elements was p
sented elsewhere.19 In our theoretical method the wave fun
tion @Eq. ~1!# inside the muffin-tin spheres is atomic-like
the sense that it is expressed as a radial component t
spherical harmonic functions~also involving the so called
structure constants!, i.e.,

Cmt
k̄ ~ r̄ !5(

t
ctx t

k̄ , ~2!

where the sphereR8, the basis function is

x t
k̄5

F t~ r̄ 2R̄!

F~Smt
R !

d R̄,R82(
t8

F t8~ r̄ 2R̄8!

F~Smt
R8!

St,t8
k̄ , ~3!

and

F t~ r̄ !5 i lYl
m~ r̂ !@w~r !1v~D !ẇ~r !#. ~4!

In Eqs. ~2!, ~3!, and ~4! Smt
R is the muffin-tin radius for

atom R, St,t8
k̄ is the structure constant,D is the logarithmic

derivative, w(r ) is the numerical solution to the spheric
component of the muffin-tin potential andẇ(r ) is the energy
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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derivative ofw(r ).12,13Therefore, this part of the problem i
quite analogous to the ASA calculations15,18and we calculate
the matrix elements in Eq.~2! as

^knsupmukn8s&5(
t,t8

ctct8
* ^x t8upmux t&. ~5!

Since, x t involves a radial function multiplied with a
spherical harmonic function, i.e.,f (r )Yl

m ~we will label this
productu l ,m&), we can calculate the matrix elements in E
~5! using the relations

^ l 11,0up0u l ,0&5
l 11

A~2l 11!~2l 13!

3 K f * ~r !S d

dr
2

l

r D f ~r !L , ~6!

and

^ l 21,0up0u l ,0&5
l

A~2l 21!~2l 11!

3 K f * ~r !S d

dr
1

l 11

r D f ~r !L . ~7!

A general matrix element,̂l 8,m8upi u l ,m& is then calculated
using the Wigner–Eckart theorem.16 Matrix elements of the
momentum over the interstitial are obtained from the relat

E
V int

d3r ~c i*“c j !5
1

k j
2 E

V int

d3r ~c i* ¹2
“c j !. ~8!

By use of Green’s second theorem the expression above
be expressed as

E
V int

d3r * ~c i* ¹2
“c j !52E

SMT

dSS c i*“
d

dr
c j D . ~9!

In the expression above, the surface integral is taken ove
muffin-tin spheres and since the interstitial wave function
construction is the same as the muffin-tin wave function
can use forc the numerical wave function defined insid
~and on the boundary of! the muffin-tin spheres. In this way
the evaluation of the integral above is done in a quite sim
way as done for the muffin-tin contribution@Eqs.~6!–~8!# to
the gradient matrix elements.

The summation over the Brillouin zone in Eq.~1! is
calculated using linear interpolation on a mesh of uniform
distributed points, i.e., the tetrahedron method. Matrix e
ments, eigenvalues, and eigenvectors are calculated in
irreducible part of the Brillouin zone. The correct symmet
for the dielectric constant was obtained by averaging the
culated dielectric function. Finally, the real part of the diele
tric function, e1(v), is obtained frome2(v) using the
Kramers–Kronig transformation:

e1~v![Re@e~q50,v!#511
1

p E
0

`

dv8 e2~v8!

3S 1

v82v
1

1

v81v D . ~10!
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IV. RESULTS

The geometric optimization of the crystal structure giv
a lattice constant:

a55.39310.237x Å, ~11!

which obeys Ve´gard’s law of a linear behavior of the lattic
constant of alloys.20 Furthermore, the calculated result
close to the experimental data21 a55.43410.223x Å, al-
though slightly underestimated which is normal within t
LDA.

The calculated density-of-states of Si12xGex is shown in
Fig. 1. The similarity of the density-of-states for differe
compositions is obvious. The main difference, however
the larger valence-band width for Ge rich alloying. For i
stance, the total widths of the valence band of Si, SiGe~i.e.,
x50.5), and Ge are 11.7, 12.3, and 12.8 eV, respective22

The experimental values for Si and Ge are 12.5 and 12.7
respectively. The LDA bandwidths for semiconductors a
known to be underestimated.

The partial densities-of-states of SiGe (x50.5) are
rather similar for the Si and the Ge atoms~see Fig. 2!. The
valence band consists of two subbands, where the lowe
ing subband~about212.3 to28.8 eV) is mainlys charac-
ter, and the upper subband (27.9– 0 eV) has ans character
in its lower energy regime and almost only ap character in
its upper energy regime. The main difference between
density-of-states of Si and of Ge atoms, is that Si has m
2s character in the upper subband, whereas Ge has a
strong 3s character in the lower subband. Si also has a so
what strongerp character in the low energy regime of th
sp-hybridizated conduction band.

Figure 3~a! shows the spectroscopic ellipsometry me
surement of the imaginary parte2(v) of the dielectric func-
tion performed by Bahnget al.10 The peak at 4.2 eV was
interpreted as interband transitions at the X point and al
the S line. The corresponding calculated dielectric functi

FIG. 1. Total density-of-states of Si12xGex for x50.0 ~solid line!, x50.5
~dashed line!, andx51.0 ~dotted line!.
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is shown in Fig. 3~b!, with a Lorentz broadening of 70 meV
Even if it is not straightforward to compare the density-o
states with the absorption spectrum, mainly due to the opt
matrix elements, the strong peak at 3.5–3.75 eV can m
likely be associated with transitions from thep-like states at
about 22.0 eV in the valence band to thesp-hybridizated
conduction band at about 1.5 eV. These energies origin
from the uppermost valence band and the lowest conduc
band in regions around the X and K points, and these tr
sition energies are rather insensitive to the compositionx. By
including a band-gap correction of about 0.5 eV we ident
the 3.5–3.75 eV peak with the measured peak of about
eV, which is in correspondence with Lautenschlageret al.23

The strong experimental low-energy peak at 2.2–3.5
denotedE1 andE11D1 in Ref. 10, depends strongly on th
alloy composition. This peak was interpreted as interba
transitions along theL line ~G–L!. For Si (x50) that is
consistent with the transition energy across the band ga

FIG. 2. Partial density-of-states of SiGe (x50.5) for a Si atom~a! and a Ge
atom ~b!.
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about 3.5 eV at theG point.22 Our calculations also show tha
the energy band gap along theL line is fairly constant, which
should result in strong absorption for this energy. Nevert
less, we do not obtain any sharp absorption peak, even if
can see a small tendency to a broad peak for Ge rich al
associated with transitions along theL line. However, in Ref.
10 an excitonic line shape was assumed for fitting this sh
low-energy absorption peak. Therefore, it is not surpris
that we cannot reproduce this sharp peak since the pre
LDA method is a ground state calculation and cannot
scribe excitonic states.

Figure 4 shows the real part of the dielectric functi
e1(v), where the calculated dispersions were obtained fr
the Kramer–Kronig dispersion relation. Overall, we find
very good qualitative agreement between the calculated
the measured results. The relatively stable negative pea
about 4.5 eV as well as the composition dependent pos

FIG. 3. Measured~a! and calculated~b! imaginary parte2(v) of the dielec-
tric function.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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peak at about 2–3 eV can be seen in both Figs. 4~a! and 4~b!.
The polarity of the Si–Ge bond can with reasonable

curacy be neglected,24 which means that the zero-frequenc
transverse optical and longitudinal optical modes are deg
erate. This impliese1(0)'e1(v.0) for v!Eg /\. In order
to calculate the static dielectric constant@i.e., e0[e1(0)]
accurately, we have included the band-gap correction~0.5
eV!, yielding a constant shift in the absorption energ
whereas the real part of the dielectric function at low fr
quencies was calculated. This procedure has been show
be the most proper way to include the band-gap correctio
LDA calculations.25

From the FPLMTO calculation we obtained the sta
dielectric constant in the Si rich regime ase0512.19
12.45x, x<0.5. For Si (x50) this is close to the experi
mental value ofe0511.7– 12.1.22 We cannot calculate the
static dielectric constant for Ge rich alloys, since the co

FIG. 4. Measured~a! and calculated~b! real parte1(v) of the dielectric
function.
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pling between the conductionsp-like band and the valence
band maximum withp-like states is overestimated withi
LDA, resulting in a too low band-gap energy forx.0.85.
The effect on the dielectric function due to the strong co
pling can be seen in Fig. 4~b! for x57/8 and 1 for energies
below 1 eV.

V. CONCLUSIONS

The optical properties of Si12xGex have been calculate
by using the FPLMTO method. The calculated dielect
functions are in good agreement with measurements
formed by J. Bahnget al.10 We identify the 4.2 eV absorp
tion peak as direct interband transitions in the Brillouin zo
around the X and K points. We cannot observe the sh
measured low-energy absorption peak, which most likely
due to exciton effects. The static dielectric constant w
found to bee0512.1912.45x for x<0.5, which for Si is in
very good agreement with the experimental value.22

ACKNOWLEDGMENTS

This work was financially supported by the Swedish R
search Council~VR!, ATOMICS funded by the Swedish
Foundation for Strategic Research~SSF!, and the Brazilian
National Research Council~CNPq!.

1H. G. Grimmeiss, Semiconductors33, 939 ~1999!.
2U. König and A. Gruhle,Proceedings of the 1997 IEEE/Cornell Confe
ence on Advanced Concepts in High Speed Semiconductor Device
Circuits ~IEEE, Ithaca, NY, 1997!, p. 14.

3H. Temkin, J. C. Bean, A. Antreasyan, and R. Leibenguth, Appl. Ph
Lett. 52, 1089~1988!.

4S. C. Jain, S. Decoutere, M. Willander, and H. E. Maes, Semicond.
Technol.16, R51 ~2001!; 16, R67 ~2001!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

200.130.19.138 On: Mon,
-

r-

e
rp
is
s

-

nd

.

i.

5D. K. Nayak, J. C. Woo, J. S. Park, K. L. Wang, and K. P. MacWilliam
IEEE Electron Device Lett.EDL-12, 154 ~1991!.

6S. Luryi, A. Kastalsky, and J. C. Bean, IEEE Trans. Electron Devic
ED-31, 1135~1984!.

7T. P. Pearsall and J. C. Bean, IEEE Electron Device Lett.EDL-7, 308
~1986!.

8V. Venkataraman, C. W. Liu, and J. C. Sturm, J. Vac. Sci. Technol. B11,
1176 ~1993!.

9J. M. Wills and B. R. Cooper, Phys. Rev. B36, 3809~1987!; D. L. Price
and B. R. Cooper,39, 4945~1989!.

10J. H. Bahng, K. J. Kim, S. H. Ihm, J. Y. Kim, and H. L. Park, J. Phy
Condens. Matter13, 777 ~2001!.

11L. Hedin and B. I. Lundqvist, J. Phys. C4, 2064~1971!.
12O. K. Andersen, Phys. Rev. B12, 3060~1975!.
13H. L. Skriver,The LMTO Method~Springer, Berlin, 1984!.
14D. J. Chadi and M. L. Cohen, Phys. Rev. B8, 5747 ~1973!; S. Froyen,

ibid. 39, 3168~1989!.
15A good description of the calculation of dielectric constants and rela

properties is found in the thesis by T. Gashe, Uppsala University, 199
16A. R. Edmonds,Angular Momentum in Quantum Mechanics, ~Princeton

University Press, Princeton, NJ, 1974!.
17In practice we calculate matrix elements of the symmetrized momen

operator̂ i upImu j &[(^ i upm j &1(21)m^p2mi u j &)/2.
18P. M. Oppeneer, T. Maurer, J. Sticht, and J. Ku¨bler, Phys. Rev. B45,

10924~1992!.
19R. Ahuja, S. Auluck, J. M. Wills, M. Alouani, B. Johansson, and O. Erik

son, Phys. Rev. B55, 4999~1997!.
20L. Végard, Z. Phys.5, 17 ~1921!.
21E. R. Johnson and S. M. Christian, Phys. Rev.95, 560 ~1954!.
22Numerical Data and Functional Relationships in Science and Technolo,

New Series, Vol. III/17a, edited by O. Madelunget al. ~Springer, Berlin,
1982!.

23P. Lautenschlager, M. Garriga, L. Vina, and M. Cardona, Phys. Rev. B36,
4821 ~1987!.

24U. Schmid, M. Cardona, and N. E. Christensen, Phys. Rev. B41, 5919
~1990!.

25R. Del Sole and R. Girlanda, Phys. Rev. B48, 11789~1993!.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

 13 Jan 2014 11:13:11


