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TABLE I 
CALCULATED TRANSITION ENERGIES AE AND DIPOLE MATRIX ELEMENTS. I(i1~" ~lf)[ 2 FOR [001] Si,Ge, 
SUPERLATTICES W I T H  n = 2 ,  4 AND 6 ON A SILICON SUBSTRATE. (THE VALUES FOR A GERMANIUM 

SUBSTRATE ARE GIVEN IN PARENTHESES FOR n = 4 . )  ( i  I 1S A VALENCE STATE AND If)  A CONDUCTION 

BAND STATE AS INDICATED; ~ IS THE DIRECTION OF POLARIZATION. THE NOTATION FOR THE STATES REFER 

TO F I G .  2. EACH TRANSITION HAS A NON-ZERO MATRIX ELEMENT FOR A GIVEN POLARIZATION,  e~ ONLY. 

THE MATRIX ELEMENTS HAVE BEEN NORMALIZED SO THAT THE STRONG, 1-~5 v -'* F~c DERIVED TRANSITION 

IS UNITY.  ENERGY DIFFERENCES ARE IN ELECTRONVOLTS 

(i[ I f )  P°°'(d = 001) F'~°°(d = 100/010) ~-]oo(d = 100/010) 
n 

I(~ ; ) l  ~ AE I(~" ;)1~ t,E 1(~" ;)1 ~ AE 

2 ~ool 0.21 0.93 1.28 0.65 0.07 0.61 
X TM 0 1.i1 0 0.83 0 0.79 
~'¢ 1 2.30 1 2.02 1 1.98 

4 ~oot 0 0.80 0 0.53 0 0.52 
(0.24) (0.43) (0.41) 

~oo~ 0.02 (0.08) 0.91 0.04 (0.05) 0.63 ~ 0 (0.02) 0.63 
(0.34) (0.53) (0.52) 

~oo~ 0.04(0.06) 1 . 3 9  0.12(0.08) 1.11 ~0 (~0 )  1.11 
(0.79) (0.97) (0.96) 

,~oo, 0 1.58 0 1.30 0 1.30 
(0.95) (1.13) (1.12) 

re 1 2.12 I 1.84 1 1.84 
(1.39) (1.57) (1.56) 

6 X °°1 0.01 0.67 0.11 0.37 ~0  0.37 
~001  2o 0 0.73 0 0.43 0 0.43 
A TM 0 1.13 0 0.83 0 0.83 
~oox 0.03 1.24 0.10 0.94 0.01 0.94 
z~ 
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sublattice and one-third on the other, giving one-third of the splitting of the n = 2 
superlattice. In general the splitting is zero for n a multiple of four. For other n the 
wavefunction has relative amplitude of 2/n and (n-2) /n  on the two sublattices, 
leading to a splitting 2In times that for n = 2. Because of their delocalized nature, the 
average of the states changes only slightly with n, although for sufficiently thick 
layers the states will localize and their energy will drop. This non-monotonic 
behavior of the superlattice L,~ 11 and X ~°° conduction band energies, coupled with 
the small variations with n we find for the corresponding valence band energies, 
suggests that the energy of direct ,X~. ~ ,X~ and Lv ~ Lc transitions should be non- 
monotonic as a function ofn. Our calculations (corrected for LDA errorsX4a28 0 Ting 
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Fig. 4. Calculated LDA energy levels (in electronvolts) of(a) r folding and (b) non-folding states of [001] 
Si4Ge 4 superlattices matched epitaxially to silicon, a Sio.sGeo. 5 alloy, and germanium substrates. Cross- 
hatched regions indicate the extent of downward dispersion of a band away from the symmetry point. The 
zero of energy is taken as the average of the top three valence states at F. 

for a direct band gap superlattice on a silicon substrate, we have performed 
calculations for Si,Ge,[110] superlattices on silicon for n 
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TABLE II 
SYMMETRY LABELS FOR i ~ FOLDING STATES IN [|  10] Si.Ge. 
SUPERLATT1CES, POINT GROUP SYMMETRY mlTlm. THE SYMMETRY 
NOTATION IS FROM TINKHAM 26 

State Symmetry 

n = 4  n = 6  n = 8  

Fc B1. Blu B1. 
~c2, I~c2 131u B2g 
Zcl, I~¢~ B2g B1. 
X °°1 B2, 131, B2, 
gOOl B3 u Alg B3 u 

Fvi B3g B3g B3g 
F~2 AI~ AI, Al, 
i~v3 B2g 132g B2g 

The symmetry of this state (see Table II) changes with n, causing a small shift 
upwards for n = 6 as it interacts with the valence band state Fv2. This is also seen in 
the complementary nature of the wavefunctions (see Figs. 6(b) and 6(d)). 
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TABLE II1 
CALCULATED TRANSITION ENERGIES AE AND DIPOLE MATRIX ELEMENTS 1<i1~" rlf)l  2 IN [110] Si~Ge~ 
SUPERLATTICES FOR r/ = 4 ,  6 AND 8 ON A SILICON SUBSTRATE. EACH TRANSITION HAS A NON-ZERO DIPOLE 

MATRIX ELEMENT FOR THE GIVEN POLARIZATION, e, ONLY. THE NOTATION FOR THE STATES REFER TO F I G .  

5. THE TRANSITION ENERGIES ARE IN ELECTRONVOLTS AND CAN BE APPROXIMATELY CORRECTED FOR LDA 

ERRORS BY ADDING 0 . 6 4 e V  

(i[ I.l'> Fv, l"v2 F~3 
n 

~E I<~'r>l 2 ~ AE I<~'r>l = ~ AE I<~'r>l 2 

4 -ool Xc~ 0.24 0.0 0.32 7.2x 10 -5 1-110] 0.50 4.8x 10 -5 [001] 
- -001 X~2 0.61 0.0 0.69 0.0 0.87 0.0 
F~ 1.60 3.0x10 -2 [110] 1.68 7.0x10 2 [001] 1.86 0.12 [110] 

6 -OOl Xcl 0.22 0.0 0.37 0.0 0.53 0.0 
--001 X~2 0.48 1.5x10 3 [110] 0.63 1.0xl0 -3 [001] 0.79 8.5x10 -3 [110] 
Zcl 1.39 0.0 1.54 0.0 1.70 0.0 
Fc,Ec: 1.55 1.9×10 -2 [i10] 1.70 2.9x10 2 [001] 1.86 5.9x10 -2 [110] 
F~,£,2 1.63 2.8x10 2 [110] 1.77 3.9x10 -z [001] 1.94 7.0×10 -2 [110] 

8 --001 X~l 0.15 0.0 0.33 4.1 × 10 6 [110] 0.51 1.1 × 10 -5 [001] 
,~oo~ 0.38 0.0 0.56 0.0 0.74 0.0 
Kct 0.94 4 . 3 x 1 0  - 3  [110 ]  1.12 8.5x10 3 [001] 1.31 1 . 5 X 1 0  - 2  [110] 
K¢2 1.23 0.0 1.41 0.0 1.60 0.0 
Fc 1.51 6.1 x 10 -2 [il0] 1,69 7.0x 10 -2 [001] 1.88 0.12 [110] 

= 4 and 8, and why they are orders of magni tude  larger for n = 6. Unfor tunate ly ,  the 
lowest energy dipole t ransi t ions in the n = 6 superlattice are symmetry forbidden. 

For  the new optically allowed transi t ions the LDA corrected energies are 0.96 
and 1.14eV (for n = 4), 1.12, 1.27 and  1.43 eV (for n = 6), and 0.97 and 1.15eV (for 
n = 8). The m i n i m u m  indirect gaps (to A °°a --mi,, are 0.74, 0.97 and 0.89 eV respectively. 

4.4.2. Non-folding states for [l lO] Si, Ge, on silicon 
Low energy non-folding states are shown in Fig. 5(b). These are derived from 

the various alloy A, X and L points  and  are labeled accordingly, z~l= °° is the 
conduct ion  band  m i n i m u m  along [100] and  [010] directions and ,~clx°°l and A °°1 are 

states folded from [O01]n/a. Compar ing  Figs. 5(a) and 5(b) we see that  the r" folding 
[001] ,~ool state is indeed below all non-folding X, ~ and L states. The downward  
dispersion immediately away from r still leaves the superlattice indirect, but  its 
small magni tude  (35 meV for n = 4) makes this superlattice quasi-direct at room 
temperature.  

4.5. Spin-orbit coupling 
Our  calculat ion does not  include s p i n - o r b i t  coupling, a l though quali tative 

features can be estimated from per turba t ion  theory. 25 Its ma in  effect is to couple the 
top three states, Fvl_3, at the valence band  maximum.  This can make dipole 
forbidden transi t ions 
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