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several hundreds we consider fluctuations, 

so the layer thicknesses are in the set { n  - 1, n, n + l}, 
while for n > 20 we consider a fured fraction An/n of layer thickness fluctuations direct band gap, while the ideal (001) 

SLs are indirect for n < 4. 
Consider fiist, by way of reference, the band structure of ideal AIAslGaAs SLs with 

layers oriented along (111) or (001) (fig. 1). In agreement with previous theoretical 
studies [2], we find that i) the ideal (111) SL has a direct band gap for all n values, since the 
conduction band minimum (CBM) is the r-folded Flc (Tic) state. This SL has a 4ype-L) band 
arrangement with both the the es,efor 

miniuction 
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one-dimensional effective-mass model (dashed lines [ 151 in fig. 1) completely misses the 
strong the L-folded point i?[1,21; 

ii) for n < 4, the lateral Xz,  2/ valleys (folded to li?) and the X ,  valley (folded to r )  are nearly 
degenerate [16]; iii) for 1 < n S 8 the pseudodirect, AMs-like Fl, (X, ) state is below the direct, 
GaAs-like Fle(Flc) state, thus the SL is type 11; for n > 8, however, Flc is lower, so the 
system is type I (experimentally, the type-II/type-I crossover is found at  n = 11 [16]); 

We now allow the layer thicknesses in the n x n SLs to fluctuate around the ideal value n 
by ? 1 ML. The growth sequence is now defined in terms of a distribution Jicnction p(n ‘ ), 
which we assume to be uncorrelated and symmetric around the nominal thickness n. We 
define the relative frequency R of monolayer fluctuations by 

p(n k 1) = Rp(n). (1) 

Because the distribution p(n’) is normalized, we can write p(n) = 1/(1 + 2R) and 
p(n & 1) = R/(  1 + 2R). For the ideal n X n superlattice R = 0, and p(n ‘ ) = 8(n ’ - n), 
whereas for R = 1 the layer thicknesses {n  - 1, n, n + 1) occur with equal probability 
p = 1/3. A single chain mutation in a finite superlattice of length N monolayers corresponds 
to R = ( 2 n / N ) ,  which will be denoted here as the R + 0 limit (to be distinguished from R = 0 
with no mutations). To simulate the lack of periodicity along the growth direction, we have 
used supercells of a total length N between 100 and 1000 ML, and repeated these supercells 
periodically. A particular growth 
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Position along [111] (ML) 

Fig. 3. - Planar averages of wave functions squared of the CBM and VBM in the (ALAs)~/(G&)~ SL 
along (111) with ? 1 
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SL had a Ifr 1 ML period uncertainty, it is possible that the red-shifted photoluminescence 
originates from thickness fluctuation bound states. Our calculated band gap of the n = 6 
superlattice with -t 1 ML thickness fluctuations is 1.78 eV for R = 1, and 1.80 eV for R + 0, 
close to their observed photoluminescence peak position (1.80 ev) [17] (l). 

Figure 2 shows that the bound states of isolated mutations (R + 0) merge with those of 
concentrated layer thickness fluctuations (R + 1) at some <<pinning period,, np. In what 
follows we discuss the i) n < np and ii) n 2- np regimes. In the short-period regime (n < np), 
the band gap reduction depends on R. This regime coincides with the region in fig. 1 where 
the band gaps of the ideal SLs have a complex n-dependence, showing strong 
non-effective-mass behavior. The (001) (AlAs),/(GaAs), S L  with monolayer fluctuations is in 
fact identical to the intentionally disordered SL grown by Sasaki et al. [18]. In that 
structure, A2 and G2 layers are randomly replaced by Al , A3, G1, and G3 layers. We find the 
following changes in the band structure when the layer thicknesses fluctuate by +_1 ML: 
i) For the n = 2 (001) SL we obtain AE,(R = 1) = 22, 81, and 171 meV at M,F, and X in the 
planar Brillouin zone. Since the level shift Ace at r exceeds the one at by - 60 meV, layer 
thickness fluctuations transform the indirect 2 X 2, ideal superlattice into a direct-gap 
material [19]. The large binding energy at originates from the increased level repulsion of 
the folded L1, states when the translational and rotational symmetry of the ideal n = 2 
superlattice is broken. This level repulsion is larger for odd n than for even n, and it leads to 
an L-like, indirect CBM for n = 1 (fig. lb)). ii) The n = 2 (001) SL is direct 
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where c 0  (n) is the ground-state energy of a carrier with mass m* in a n-ML wide quantum 
well, which scales like l / m * n 2  for large n. Using a fixed An/n = 10%) we obtain from the 
frst equality of eq. (3) Ace = 10.0,2.4 and 0.7 meV for n = 20, 50 and 100 in the (111) SL (the 
last equality of eq. (3) gives 14.3, 3.0 and 0.8 meV, respectively). The band gap reduction for 
a given An/n is obtained by inserting Ach and Ace from eq. (3) in eq. (2). The degeneracy of 
the gap level 4cc is equal to the number M ,  + A, of (n + An)-ML well mutations, which, in the 
case of An = 1 (see eq. (1))) is given by 

(4) 

Using eqs. (3) and (4) one can predict the band gap reduction and number of localized states 
in the multiple quantum well regime. 

In summary, we have shown that discrete layer thickness fluctuations in (&),/(GaAs), 
superlattices lead to i) localization of the wave functions near the band edges, ii) a reduced 
band gap, which is pinned at the value corresponding to  an isolated layer thickness fluc- 
tuation for n > np , and iii) a crossover to a direct band gap in the case of short-period (001) 
SLS. 

R N  
1 + 2R 2n 

M,+1- --. 
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