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Dependence of the energy and form of the optical-absorption onset
of interface diffusion in Si,Ge,, superlattices
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The optical absorption coefficieat(E) of Si,Ge,, superlattices depends strongly on the quality of the Si-Ge
interfaces. Interdiffusion across the Si-Ge interfaces is reflected on the variati@(Edfwith energy for
energies near the energy gép. Using the coherent potential approximation for simulating the interdiffusion
across the Si-Ge interfaces and the Kubo-Greenwood formula for the optical absorption, we show that for
SisGe;, a(E)~(E—Eg)” where the exponent takes values in the range 0.5-2.0 depending on the degree of
interdiffusion across the Si-Ge interfaces. The val#0.5 reflects abrupt Si-Ge interfaces while the value
k=2 corresponds to highly diffused Si-Ge interfaces. The &as@ fits very well the available experimental
data.[S0163-182697)50608-4

Recent experimental results reported on the optical propized) that are more stable than the abraponintermixed or
erties of the SiGe,, strain-symmetrized superlatticé$S-  noninterdiffusedl Si-Ge interface$® On the other hand,
SL’s) have indicated that their explanation cannot be justitheory has shown that the diffused interface weakens the
fied by model approximations which assume an abrupt Si-Geptical absorption coefficient of the SS-SL's as compared to
interface. In particular, Olajot al! have measured the op- the corresponding one of the system which exhibits abrupt
tical absorption coefficiena(%w) for the SjGe, SS-SL's  Si-Ge interface8-*>Weakening of the optical absorption co-
for n=5,6 and found that at the ongge., for energies very efficient was also found but to a lesser extent, in the case of

close to the energy gaj,) it exhibits a variation, SS-SL’s with ordered intermixing at the Si-Ge interfates.
The weakening of(% w) in the case of diffused inter-
a(fhw)x(hw—Eg)~ (1) faces may be well understood by considering the changes the

interdiffusion imposes on the band structure ofGa,, SS-

with k=2, which cannot be explained by assuming anSL’s. These SL'’s, being of type II, exhibit a band structure in
abrupt Si-Ge interface. Further evidence that supports thehich the valence band is mostly determined by the Ge lay-
presence of nonabrupt Si-Ge interfaces has been deduceés and the conduction band of the Si layers. As a result of
from other results as well. For example, the observation thahe interdiffusion, the valence band will change in the direc-
the measured band gap of the;&e, SS-SL's was found tion of approaching the Si valence bafierefore lowering
identical to that of the corresponding,g5e, 4 alloy? sug- its energy while the conduction band will change in the
gests the existence of interface mixing. Moreover, the simidirection of approaching the conduction band of @Eeere-
larity in the electroreflectance spectra ofGe, and SpGe;  fore increasing its energyWe have demonstrated in a recent
found by Asamiet al,* as well as the experimental evidence papet that, indeed, interdiffusion widens the energy gap in
of thermal instability of SL’S, indicate considerable inter- the case of the SGe; SS-SL and as a result weakens the
face diffusion. Furthermore, the measured phonon spectra @fptical absorption coefficient. Such a result has been re-
the Sj,Ge, SS-SL’s(Ref. 5 could not justify abrupt Si-Ge ported by other investigators as w&l%*?However, the suc-
interfaces. Finally, the mixed ordering of Si and Ge atoms atess of the theory to give quantitative results comparable to
the Si-Ge interfaces of their corresponding SS-SL's has beesxperiment depends on the degree of computational accuracy
confirmed in the works of Jesson, Pennycook, and BariBeauwhich in turn depends on the efficiency of the theory to
and Muler et al’ describe sufficiently the interdiffusiofor the mixing across

The interdiffusion and mixing in the Si-Ge interface asthe Si-Ge interface. In the work of Turton and Jatdhjs
well as their effect on the optoelectronic properties of therequirement is achieved by performing calculations using lo-
Si,Ge, SS-SL's has recently attracted the efforts of variouscal empirical pseudopotentials and employing a supercell
theoretical studie¥-*The theoretical investigations have in- containing 8000 atoms. Using an empirical tight-binding
dicated that, on the one hand, interdiffusion across the Si-Gmodel Hamiltonian with arsp® basis set but restricted to a
interface results in intermixed interfacesdered or random- supercell containing only 40 or 90 atoms, Theodorou and
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Tserbak® calculated the dependenceadfi w) on the photon |
energyfiw for energies near the band g&jy; they found |
that for a randomness 50% in the Si and Ge lattice planes |
nearest to the interface, and 25% randomness on the second |
planes nearest to the interface, the square root of the absorp- |
tion coefficient is approximately proportional to the energy |
for the SkGe;, SigGey, SiyGe; SS-SL's (for energies near |
Ey) and claimed agreement with the experimental findihgs. |
In a completely different approach, we have shbthat the

optical properties of SS-SL’s with diffused Si-Ge interfaces

z1 T2 3 T4 s L6 z7 g Zo 10

can be more efficiently and very accurately studied using theg g 1.0 1.0 1.0 1.0 1.0 0.0 0.0 0.0 00 0.0
Kubo-Greenwoolf formula for the optical absorption by in-  0.16 08 1.0 10 10 08 02 0.0 00 00 02
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corporating to this the effect of randomness within the co- 048 06 08 10 08 06 04 02 00 02 04

herent potential approximatiofCPA).*®> This approach,
originally suggested by Pickett, Papaconstantopoulos, and . ) 40 view of the unit el of the Sbe, SL. Solid lines
Economou'® allows one to include transitions in the optical- . .

. . . represent the lattice planes parallel to the interface. Below each
absorption process _th_at allow a V'O_Iat'o_n of crystal momen'plane the disorder parametéand the corresponding Si concentra-
tum conservation within an uncertainty in the wave Ve®or on x. on each plane are indicated for the cases studied.
that is imposed by the degree of randomness. In the case of
the SjGe, SS-SL’s, the degree of randomness is specifiedng is to create a direct energy gap at th@oint** It will be
by the degree of interdiffusion and mixing of the Si-Ge in- shown that for energies very close to the energy Bapthe
terfaces. optical-absorption coefficient(%w) exhibits a variation

However, although the reported theoretical investigationgvith the photon energyi w dictated by Eq(1) with the ex-
agree quite well on the qualitative description of the effect ofponentx depending strongly on the degree of randomness
the interface disorder on the optical-absorption coefficientd. In particular, it will be shown thak~ 3 in the case where
they fail to give quantitative results in agreement with ex-the Si-Ge interface is abruptl&0); this is characteristic of
periment. In particular, the theoretical optical-absorption co-absorption connected with momentum-conserving transitions
efficient is found two orders of magnitude smaller than thebetween parabolic energy bands if the oscillator strength is
experimental on€ and the theoretical variation with fre- assumed constaht.As the interdiffusion is allowed to take
quency ofa(w) near its onset has been found to vary accordplace in the Si-Ge interface, it will be shown that the expo-
ing to Eq.(1) with the exponent>1, contrary to the ex- nent k=2 in the case of highly diffused Si-Ge interfaces
perimental valuec=1 for the SjGe;, SS-SL's withn~m.  (d>0.5). This case is characteristic of indirect transitions in
Partial agreement between theory and experiment seems igaterials with parabolic dispersion of energy bands and re-
be recoveret!®'? in the case of $iGe, SS-SL's with  sults, in the present case, from the randomness across the
n=>5,6. Thus, the complete verification of H4) remains an interface which relaxes the momentum conservation in the
open problem which requires more elaborate investigationspptical transition processes.

In the present paper, we present a systematic analysis Our calculational approach is based on the following ba-
based on an accurate calculational approach which allowsic steps:(1) the tight-binding(TB) calculational method
one to study the energy and the form of the optical-which is used to determine the band structure of the SL in an
absorption coefficienti(fw) near its onset, as well as its efficient and accurate way. This is achieved by employing
dependence on the quality of the interfaces. The proposeihe three-center integral approximation and the Hamiltonian
analysis will help to interpret the existing experimental dataTB matrix elements corrected in order to include strain
and make predictions for further work. effects? (i) The CPA within its TB schem&, which is used

In our model, the randomness in the Si-Ge interfaces isor simulating the interdiffusion across the Si-Ge interfaces.
introduced as follows! Each plane parallel to the interface This is achieved by describing each random alloy
is considered as a random substitutional alloy qifCSi_L,xi SiXiGel,Xi, associated with théth lattice plane parallel to

type characterized by its silicon concentratiogr;, the interface, with a coherent potential functidn(x; ;E),
i=1,... N, whereN is the number of the lattice planes of j=s,p,,p,,p,, as obtained by applying the CPA(iii) The
the SL within its unit cell. In Fig1 a schematic representa- Kubo-Greenwood theord# which is used to obtain the opti-
tion of the SiGe; SL is shown with silicon concentrations cal absorption coefficient(% w) of the SL. More details of
(along the N=10 lattice planes suitable to describe an our method are given in Refs. 11 and 18.
abrupt and a diffused Si-Ge interface. Following Turton and In our calculations the geometry of the SL remairdid-
Jaros we define the degree of randomnebén the Si-Ge  mondlike with the lattice constants parallel and perpendicu-
interface as twice the number of misplaced atoms divided byar to the interface being different because of the strains in-
the total number of atoms. duced by the substrate and the interfaces. Valence-band
In the present work, we investigate the effect of the inter-offsets are taken from Ref. 19 corrected for strain effects by
diffusion across the Si-Ge interfaces on the energy depernnterpolation® In the case of the diffused interfaces, the di-
dence of the optical-absorption coefficient of theG&  agonal matrix elements of our TB Hamiltonian are replaced
SS-SL grown along thé001) direction on a SisGeyas by the coherent potentials;(x;;E). The so obtained TB
amorphous substrate. For this SS-SL, the effect of zone foldHamiltonianHy () is used to obtain the Green function from
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the relationG(E)=[E—Hy ]~ *, which in turn is used to 0.90
study the optical properties of the SL by calculating the op-

tical conductivity o (% @) according to the formula of Kubo

and Greenwood?
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wherep,=dH(k)/dk, is the momentum matrixH{ denotes
the virtual crystal TB Hamiltonignand & a real positive ‘ ‘ ‘ ‘ ‘ ‘
constant. Havingo(fw) we obtain the optical absorption o0 0.1 0.2 03 04 05 0.6
coefficienta(f w) from the relationa(f w)=4wo(fiw)/nc d

wherec is the speed of light and the index of refractiorin FIG. 2. Results of the present work for the variation of the

our Calculatlon.s we have taken=1). . energy gafE, atI' (see insgtwith the disorder parametef (tri-

The determination of the exponertin Eq. (1) from cal-  angles. The results of Theodorou and Tsert&ef. 10 are shown
culations that employ Eq2) is numerically a very difficult  with circles. The horizontal line corresponds to the experimental
step. The major difficulties are associated with ith@tegra-  value interpolated appropriately in order to fit the theoretical period
tion and the process of taking the lindit-=0 in Eq.(2). The  length of the SL. The main contribution to the optical-absorption
latter step is necessary because even very small valués ofcoefficienta(w) near its onset arises from transitions at Fhpoint
introduce artificial electron density of states within the band(arrow VC in the inset, where the band structure fd=0 is
gap which in turn introduce significant errors in the evalua-shown.
tion of the integral over the energy. The smaller the value of
8 the greater the number df points that is needed. For ~ Our calculations were restricted to the valugs 0.00,
example, ford=0.00 and ford=0.0025 eV, as set of 17 000 0.16, 0.32, and 0.48. These valuesdotorrespond to con-

k points in the irreducible part of the Brillouin zone is nec- figurations of Si concentration along the lattice planes paral-
essary for theék integration in Eq.(2). lel to the interfacegand within the unit ce)lshown in Fig. 1.

In order to investigate the effect of the interdiffusion Our results ford=0.00 (abrupt interface and for d~0.50
across the Si-Ge interfaces on the optical absorption and itstrong interdiffusion exhibit the expected behavior for tran-
variation with energy for energies very close to the energysitions between parabolic energy bands that conserve or not
gap, we have calculated the optical conductivity and théhe momentum, respectively. However, our results for the
optical-absorption coefficient using ER) for various de- ideal SL, d=0), do not agree with those reported recently
grees of randomness Subsequently, we expressed our re-in Refs. 10 and 12 which repok=1. Concerning this dis-
sults fora(%w) according to the variation indicated by Eq. crepancy, we observe that the results of Refs. 10 and 12 are
(1) and we found the variatior= x(d). In Fig. 2 we present not consistent with the energy bands ofGg& SS-SL's,
our results for the variation of the energy galirect gap at which are found parabolic around the point and the fact
I'— see inset of Fig. Rwith the degree of randomnesis
The variation ofk=k(d) has been found to be as follows: 600
x=0.50, 0.66, 1.54, 2.10 fod=0.00, 0.16, 0.32, 0.48, re-
spectively, the values ofl corresponding to the Si depth
profiles shown in Fig. 1. Finally, in Fig. 3 we present the
onset optical-absorption coefficient versus frequency for 400
d=0.0 and 0.32. As it is apparent from the band structure of
SisGe;, shown in the inset of Fig. 2, the main contributions E
to a(w) near its onset arise from direct transitions at the =
point (shown by the arrow C). 200 [

Prior to commenting on our results, it is worth noticing
that the present results, as those reported in Refs. 8—12, suf-
fer from the limitations of the independent electron ap-

proach. As a result of these limitations, tke peak of the 0% o e v

calculated imaginary part of the dielectric functien(w), is ' ' hy '(eV) ’
underestimatedespecially for Si while its E, peak is usu-

ally overestimated. For a better description e{») [and FIG. 3. The absorption coefficient versus photon energy for

.therefore fo.ra(g)) sincea(w)_z €(w) o/n(w) C]: one has to ~ 56=0.0025 and disorder parametey d=0.00 andb) d=0.32. The
include excitonic effects which are not taken into account indots correspond to the calculated values, while the solid lines rep-

the present worksee, for example, Ref. 20 and referencesresent the fitted curvea(fiw)=cons (ho—Eg)* with (a)
therein. k=0.5 and(b) k=1.6.
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that the only contributions to the optical-absorption coeffi-the convoluted density of states calculated at the same fre-
cient at the onset region arise from transitions aroundthe quencyw. From these calculatiofswe find that the transi-
point. This can be directly verified by calculating the spectraltion matrix elementgaveraged over both polarizatigriadi-
representation of the electron density of states. Therefore, fafate a strong dependence on the disorder parameter droping
d=0, it seems more reasonable to conclude that the expahout two orders of magnitude asincreases from zero to
nentx is equal to 0.5 as it is found in our calculations and.48 in good agreement with the results of Turton and Jaros.
that the experimental findings of Pearsatllal*? correspond In conclusion, we have shown that randomness due to
to SL's with diffused Si-Ge interfaces. In addition to the jhierdiffusion across the Si-Ge interfaces of theGBi, SS-
mentioned discrepancy, our results ifw), near its onset g s can be reflected in the variation of the optical-
for d=0, are largetby a factor of 3 as compared with those o6 htion coefficient at the frequency onset region. In the

i?:gR:;?J.e ﬁ%:g?allgé;nfgt(ligagg’;it‘lznmiﬁ]c:r'gtro;;hﬁn?éspcase of SL’s which exhibit a direct energy gap and parabolic
Thus, a direct comparison with experiments is not possible\?vr;]irrgeythbeaggs'ortg; \éae“aetrl]%r; ginthze dgersecélt;??agélo(?nhr{ess
However, Pearsa#t al? report that the experimental values di . ? —Og hend=0) t 9 ~2.0 for |

of a(w) (for SL’s with |[m—n|=1) may be much larger than lzi:rheasw;]g rormk= | (;N _en_— d) 0 k=20 for farge

their theoretical results. If this is true for the present case ag' though a universal re atlc.)n—.K( ). may not exist, nev-

well (for which m=n), our results would be closer to the erthelgss, the present investigation gives a reaso_nable repre-
experiment than those of Refs. 10 and 12. On the other hanaentayon fo_r this variation. I'F is _understood that, in the case
the results of Theodorou and Tserbhkorresponding to Of SLs, Wh'Ch. d'o not exhibit direct energy gap, the onset
d=0.60, are in very good agreement with ours. Althoug'hfrequency_varlatlo_n ofa_(ﬁw)_ does not follow necessarily
there is no unique correspondence between the degree the behavior obtained in this work. Thus the results of the

0 21 : . .
randomnessl and the model configurations for Si concen- _recent W(.)rk by_ Engvalkt aI.., .|nd|cat|ng arx>1, dc_> not .
) e . ; -~ imply a diffuse interface. Within the present analysis and in
tration within the unit cell, we do not expect major qualita-

. ; . i the absence of experimental information about theo8Ge
tive differences in our results that depend on the configura-, S . e
. . T depth profile in the examined SL's, it can be concluded that
tionsx;, i=1,... N. This is because the randomness acros

2lthough the reported experimental dddo not allow yet a

e S i e s odect comparizon wih he thecry. hey, haweter, g
P ' q trong evidence of interface mixing.

densities of states exhibited approximately by our system;
leads toxk~2 in Eq.(1) as the randomness is increased. The present research benefited from collaborations within,

Our method allows us also to calculate matrix elementsind has been partially funded by, the Human Capital and
for the optical transitions by dividing the result of E§) by =~ Mobility Network (Contract No. ERBGHRXCT930369
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