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The optical properties of $i,Ge, 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. Bahagy J. Phys.: Condens. MattéB, 777

(2001, and we obtained a static dielectric constanikgf 12.19+2.45¢ in the Si rich regime X

<0.5). © 2003 American Institute of Physic§DOI: 10.1063/1.1555702

I. INTRODUCTION Il. COMPUTATIONAL METHOD

In order to study the electronic structure of SiGe, we

Si;_,Ge, is a good candidate as a substitute material forhave used the FPLMTO meth8dwhich is based on the
Si in low-power and high-speed semiconductor dev'cqocal-density approximation  (LDA) with the

i ’2 i 1 i . . . .
technologies:? Optoelectronic devices, such as heterol“”C'Hedm—Lundqws]tl parametrization for the exchange and

tion bipolar transistor{HBT),** are already in industrial correlation potential. The unit cell was constructed with the
production. Sj_,Ge, is also promising as alloying material eight atoms conventional unit cell, obtained from a fcc lattice
for quantum well deviceS, infrared detector$, and  with a two-point basis. The composition was varied by
modulation-doped field-effect transistofgODFET).”® Al- changing the atom type of the eight atoms, yieldingO,
though much effort has been paid to the growth qf S6g,  1/8, 2/8, ..., 1. Thelattice constant for the different compo-
and Sj_,Ge,/Si as well to electrical characterization, there Sitions was obtained from an optimization of the total energy.
is still a lack of information about the optical properties of The basis functions, the electron densities, and the LDA po-
Si, ,Ge,. tentials were calculated with the geometrical optimized vol-
ume. These quantities were expanded in combinations of
spherical harmonic functiongvith a cutoff /,,,,=6) inside

been calculated, using a first-principle full-potential linear : : . .
ffin-tin-orbital methodFPLMTO).® We present the total nonoyer!applng sphergs surrqundlng the atpmlc .§|tes
mu : P (muffin-tin spheresand in a Fourier series in the interstitial

and the_ partial density-of-state_s as fl_Jnctiong of compositiorpegion' The muffin-tin spheres occupieds0% of the unit

x. The imaginary part of the dielectric function was calcu-ce||. The radial basis functions within the muffin-tin spheres
lated from the joint density-of-states and the optical matrixare linear combinations of radial wave functions and their
elements, whereupon the real part of the dielectric functiorenergy derivatives, computed at energies appropriate to their
was obtained by using the Kramer—Kronig dispersion relasite and principal as well as orbital atomic quantum numbers,
tion. We show that the calculated dielectric functions are inwhereas outside the muffin-tin spheres the basis functions
very good agreement with spectroscopic ellipsometry meaare combinations of Neumann or Hankel functiohs? In
surements, recently presented by J. Baahgl X the calculations reported here, we made use of valence band
3s, 3p, and 3 basis functions for Si, pseudo-corel Znd
valence band g, 4p, and 4 basis functions for Ge and,
3Electronic mail: rajeev@fysik.uu.se valence band & 2p, and 3 basis functions for C with

In this article, the electronic structure of;SjGe, has
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corresponding two sets of energy parameters. The resultingerivative ofe(r).12*3Therefore, this part of the problem is
basis formed a single, fully hybridizing basis set. This ap-quite analogous to the ASA calculatidnd®and we calculate
proach has previously proven to give a well convergedthe matrix elements in Eq2) as

basis® To sample the irreducible wedge of the Brillouin zone

we use_d the s_peudxl—pom.t method-* We used 216 points <kna|pu|knfg>:2 ciChxe Pl xe)- (5)

in the irreducible Brillouin zone. We checked the conver- tt!

gence of the total energy with respect to the numbek of Since, x; involves a radial function multiplied with a

points. In order to speed up the convergence we have assgbherical harmonic function, i.ef(r)Y[" (we will label this

_(:lated e_ach calculated eigenvalue with a Gaussian broadeBFoductH )m)), we can calculate the matrix elements in Eq.
ing of width 136 meV.

(5) using the relations

I+1

1. CALCULATION OF THE DIELECTRIC FUNCTION (1+1.00pol1,0)= (21+1)(21+3)

The (q=0) dielectric function was calculated in the mo- 5 |
mentum representation, which requires matrix elements of x<f*(r)(§—r>f(r)>, (6)
the momentump, between occupied and unoccupied eigen-
states. To be specific the imaginary part of the dielectric and
function, e,(w)=1Im &(q=0,w), was calculated froft I

2.2 I—1,0/pg|l,0)=
fg(w)=% > (kna|pi|kn’ o)(kn’ o|p;|kno) < 2oll.0 V(2I=1)(21+1)
knn' o
s I+1
Xtk (1= fynr) O(Eknr — €k~ i ). (N ><<f*(r) §+T)f(r)>- )

In Eq. (1), e is the electron chargen its mass/) is the
crystal volume and,,, is the Fermi distribution. Moreover,
|[kno) is the crystal wave function corresponding to tita
eigenvalue with crystal momentuknand sping.

With our spherical wave basis functions, the matrix ele- 1
ments of the momentum operator are conveniently calculated &Py V) =— J d3r (g VAV ). (8)
in spherical coordinates and for this reason the momentum is nt K5 i
written p=EMe;pM 6 where u is —1, 0, or 1, andp_; By use of Green’s second theorem the expression above can
=(Px—ipy)/V2, Po=Pp,, andp;=—(p,+ip,)/v2." be expressed as

The evaluation of the matrix elements in Eg) is done q
over the m.uffln—tln_ region and the_mtgrsunal space sepa- f dsr*(%lfi*VZVl//j):—f dS(l!/i*V—t//j
rately. The integration over the muffin-tin spheres is done in Qint Sut dr

a way similar to what Oppenetrand Gasche calculated In the expression above, the surface integral is taken over the
using the atomic sphere approximatiGhSA). A full de- muffin-tinps heres and s,ince the interstitigl wave function b
scription of the calculation of the matrix elements was pre- P y

sented elsewherd.In our theoretical method the wave func- construction is the same as the muffin-tin wave function we

tion [Eq. (1)] inside the muffin-tin spheres is atomic-like in can use fory the numerical wave function defined inside

the sense that it is expressed as a radial component tim %nd on the boundary pthe muffin-tin spheres. In this way

spherical harmonic functiong&lso involving the so called 2e;slsgzgrl]‘oorftﬂ]:Qt?fgr:iitl':zg\rﬁr'ﬁ ?%';e g‘ (%)q%gf] ?cl)mllar
structure constanjsi.e., way uffin-ti ibutidigs. (6)—

the gradient matrix elements.
The summation over the Brillouin zone in E(l) is

A general matrix element]’,m’|p;|I,m) is then calculated
using the Wigner—Eckart theorefhMatrix elements of the
momentum over the interstitial are obtained from the relation

)]

q}kmtmzzt: CXt @ calculated using linear interpolation on a mesh of uniformly
) o distributed points, i.e., the tetrahedron method. Matrix ele-
where the spher®’, the basis function is ments, eigenvalues, and eigenvectors are calculated in the
_ q’t(f_—ﬁ) (I)t’(r__E,) . irreducible part of the Brillouin zone. The correct symmetry
{‘z—R RRIT 2~ Sty (3)  for the dielectric constant was obtained by averaging the cal-
P(Smy v P(Spy) ' culated dielectric function. Finally, the real part of the dielec-
and tric function, €;(w), is obtained frome,(w) using the
Kramers—Kronig transformation:
D) =i"YP(P)[o(r)+w(D)e(r)]. @ L
In Egs.(2), (3), and(4) S}, is the muffin-tin radius for €1(w)=Rd e(q=0,w)]=1+ ;fo do' e(w')

atomR, Stt, is the structure constar) is the logarithmic
derivative, ¢(r) is the numerical solution to the spherical
component of the muffin-tin potential arg(r) is the energy

1
+

>< ! i
o -0 o to

(10
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IV. RESULTS 06k ]

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

a=5.393+0.23% A, (11)

which obeys Vgard's law of a linear behavior of the lattice
constant of alloy$® Furthermore, the calculated result is
close to the experimental dataa=5.434+0.22% A, al-

=3
n
T

PDOS (states/eV- unitcell)
(=] =
%) IS

R

though slightly underestimated which is normal within the 0.2 .: \
LDA. o1 !

The calculated density-of-states of SiGe, is shown in ’ |
Fig. 1. The similarity of the density-of-states for different 0 /
compositions is obvious. The main difference, however, is -12-10 -8 -6 4 -2 0 2 4 6 8 10
the larger valence-band width for Ge rich alloying. For in- (b) Energy (V)

stance, the total widths of the valence band of Si, ﬁﬁ‘e’ FIG. 2. Partial density-of-states of SiGe=0.5) for a Si aton(a) and a Ge
x=0.5), and Ge are 11.7, 12.3, and 12.8 eV, respecth?ely. atom b).
The experimental values for Si and Ge are 12.5 and 12.7 eV,
respectively. The LDA bandwidths for semiconductors are
known to be underestimated. is shown in Fig. &), with a Lorentz broadening of 70 meV.
The partial densities-of-states of SiG&=0.5) are Even if it is not straightforward to compare the density-of-
rather similar for the Si and the Ge atortsee Fig. 2 The states with the absorption spectrum, mainly due to the optical
valence band consists of two subbands, where the lower lymatrix elements, the strong peak at 3.5-3.75 eV can most
ing subbandabout—12.3 to—8.8 eV) is mainlys charac- likely be associated with transitions from tpelike states at
ter, and the upper subbane- 7.9—0 eV) has ais character about—2.0 eV in the valence band to ttsp-hybridizated
in its lower energy regime and almost onlypacharacter in  conduction band at about 1.5 eV. These energies originate
its upper energy regime. The main difference between th&om the uppermost valence band and the lowest conduction
density-of-states of Si and of Ge atoms, is that Si has morband in regions around the X and K points, and these tran-
2s character in the upper subband, whereas Ge has a vesjtion energies are rather insensitive to the composkidBy
strong 3 character in the lower subband. Si also has a someancluding a band-gap correction of about 0.5 eV we identify
what strongem character in the low energy regime of the the 3.5-3.75 eV peak with the measured peak of about 4.2
sp-hybridizated conduction band. eV, which is in correspondence with Lautenschlageal
Figure 3a) shows the spectroscopic ellipsometry mea-  The strong experimental low-energy peak at 2.2-3.5 eV,
surement of the imaginary pagb(w) of the dielectric func- denotedE; andE;+ A in Ref. 10, depends strongly on the
tion performed by Bahngt al® The peak at 4.2 eV was alloy composition. This peak was interpreted as interband
interpreted as interband transitions at the X point and alongransitions along the\ line (I'-L). For Si (x=0) that is
the 2 line. The corresponding calculated dielectric functionconsistent with the transition energy across the band gap of
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FIG. 3. Measureda) and calculatedb) imaginary parte,(w) of the dielec-  FIG. 4. Measureda) and calculatedb) real parte;(w) of the dielectric
tric function. function.

about 3.5 eV at th& point?? Our calculations also show that peak at about 2—3 eV can be seen in both Fi¢gs. @nd 4b).
the energy band gap along thdine is fairly constant, which The polarity of the Si—Ge bond can with reasonable ac-
should result in strong absorption for this energy. Nevertheeuracy be neglected,which means that the zero-frequency
less, we do not obtain any sharp absorption peak, even if onteansverse optical and longitudinal optical modes are degen-
can see a small tendency to a broad peak for Ge rich alloysrate. This implies;(0)~ €;(w>0) for o<Eg/#. In order
associated with transitions along thdine. However, in Ref.  to calculate the static dielectric constdie., eg=¢€4(0)]
10 an excitonic line shape was assumed for fitting this sharpccurately, we have included the band-gap correctibf
low-energy absorption peak. Therefore, it is not surprisingeV), yielding a constant shift in the absorption energy,
that we cannot reproduce this sharp peak since the presewhereas the real part of the dielectric function at low fre-
LDA method is a ground state calculation and cannot degquencies was calculated. This procedure has been shown to
scribe excitonic states. be the most proper way to include the band-gap correction in
Figure 4 shows the real part of the dielectric functionLDA calculations?®
€,(w), where the calculated dispersions were obtained from From the FPLMTO calculation we obtained the static
the Kramer—Kronig dispersion relation. Overall, we find adielectric constant in the Si rich regime ag=12.19
very good qualitative agreement between the calculated antt 2.45, x<0.5. For Si k=0) this is close to the experi-
the measured results. The relatively stable negative peak atental value ofe,=11.7—12.122 We cannot calculate the
about 4.5 eV as well as the composition dependent positivetatic dielectric constant for Ge rich alloys, since the cou-
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