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Direct pseudopotential band structure calculations of thin Si(OO1) tilms reveal a number of 
features that are unexpected on the basis of conventional quantum confinement models: (i) The 
energies of some valence-band states exhibit oscillations when the number of monolayers in the 
film changes from even of vacuum, and imposing periodic boundary condi- 

tions. The electronic structure of the film is then addressed 
by directly diagonalizing 

the film, (ii) multiband and intervalley couplings neglected 
in the EMA are permitted, (iii) no implication is made 
that the bulk bands have a parabolic .ti2 (k - k,) “/2m* dis- 
persion. The results obtained from Eq. (1) can then be 
contrasted with the EMA predictions. Of course, such a 
comparison requires that surface states, which could ap- 
pear in the solutions of Eq. (1) but not in the EMA, be 
discarded. 

Such calculations reveal the following unexpected re- 
sults. 

[-f V2+ V&)(r)]l$yr) =pqp(r), (1) 

where 4 is expanded, e.g., in plane waves. The number IV,, 
of vacuum layers is increased until the resulting energy 
spectrum {edirect f 

3 becomes independent of N,,. We con- 
struct Vfilm(r> by a superposition of screened Si atomic 
empirical pseudopotentials Vsi ( P - Ri) over the atomic 
sites Ri. Far outside the film Vfilm( r) approaches the vac- 
uum level, thus establishing the work function. We frt 
vsi(r) to the bulk Si band structure as well as to the film 
work function2@=4.9 eV. Equation (1) is solved by ex- 
panding the This 

approach avoids the effective-mass approximation in that 
(i) the potential Vfilm(r> includes both the periodic part 
inside the fhm and the confining vacuum potential outside 

( 1) Even-odd oscillations: Figure 1 depicts the directly 
calculated [Eq. (l)] film eigenvalues at the VBM [not in- 
cluding the zero co~nfinement state (ZCS), see below] and 
the conduction band minimum (CBM) as a function of the 
number Nf of Si monolayers. The dashed line depicts the 
predictions of the EMA. Note the marked even-odd oscil- 
lations in the direct calculation. These reflect the changing 
film symmetries with Nf; for Nf=even the symmetry is 
D2h while for iVf=odd the symmetry is Ddti Since the 
EMA renormalizes away the periodic potential, replacing 
its effects by m*, it misses this symmetry-mandated effect. 

(2) Cosine-type envelope functions: Figure 2(a) depicts 
the directly calculated film wave function for valence band 
f=20 of a 12-layer Si(OO1) film at the center of the film’s 
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FIG. 1. Size dependence of the highest valence-band and lowest 
conduction-band states. 
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