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Naturally, these predictions could reflect, in part, the
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niques, thus obviating the effective-mass approximation. i conduction band minimum (CBM) as a function of the
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__ where 1) is expanded, e.g.,in plane waves_The number N, . (2) Cosine-type envelope functions: Figure 2(2) depicts
of vacuum layers is increased until the resulting energy  the directly calculated film wave function for valence band
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vum level, thus establishing the work function. We fit
Vsl(r) to the bulk Si band structure as well as to the film
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cutoff of 4.5 Ry. The bulk energy eigenvalues [in eV, rel- f;
ative to the bulk valence-band maximum (VBM)] at the < e i .
symmetry points X, L;, Li, and Iy, are 1.28 (1.13); l%
2.18 (2.04); 4.02 (3.9), and 4.11 (4.15), respectively,
where the values in parentheses are experimental.’ Our -1
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.U) the potential Vg, (r) 1nc.1udes both the perlodic part FIG. 1. Size dependence of the highest valence-band and lowest
inside the film and the confining vacuum potential outside  conduction-band states.
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uler dashed line in Fig. 3(a) shows the thickness dependence
expected from EMA. Part (b) of this figure shows the
planar-averaged ZCS wave function squared. Note the con-
stant peak heights which imply a constant envelope func-
tion.

Figures 1-3 establish significant qualitative discrepan-
cies between the “exact” diagonalization approach and the
EMA for Si(001) quantum films. h
What is wrong with the EMA and how can %‘t :Ee fixed?

pure kinetic energy form

ﬁz(k—ko)z

S |
TC boundaries

prb)v(imated by a produét of an énvelopver function
fk_ko(r) and the cellular function un,ko(r) of the band

FIG. 2. Wave function for a cosine-type film state. Solid (dashed) lines  edge state Z:ﬁ:‘(r). The external potential is permitted in
are positive (negative) contours.

the EMA to modify the envelope function and its energy
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bulk
T e e R v ey v Ty T kS

use here the “exact” { €, } and { ¥ %&(r)} without ap-
tion u,;,k(r) for the _”,=3 band at lff‘%'/ a(0,0,2/N ). pling of n and k through V"™ (r). We will thus construct a

u, (r)cos(kr). Since y,(r) is nearly identical wit
the directly calculated wave function shown in Fig. 2(a),
this film state has a cosine-type envelope function absent in k= (0,0,k,), this leads to
the EMA formalism.
(3)- Zero confinement state (ZCS): Figure 3(a) shows re [¢n’k*(r) —gbn,_ ox(F) if 0<zgL
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interference between two degenerate Bloch waves with op-
posing k. For zone center (I') film states where

bulk bulk
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of this state does not depend on film thickness, in apparent
defiance of the concept of quantum confinement. The

where k¥ is quantized &, such that X:f*(r) is zero at z=0
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and z= L. This gives

(b) Planar averaged wavefunction squared (12-layer film) T I] = 112,3,---7.7 max for n=1
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tion. Using the TC basis of Eq. (4), a film eigenstate (f )

§ Jas at the zone center can be expanded as
g -1 Pl —e— Direct
S ---- EMA i rc
S PR m =2 2 a,  (K)y, (r). (6)
/, n k’-k z
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tions of atomic planes. sum of the bulk eigenvalues e”uk* with coefficients
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The ZCS of Fig. 3 is a particular case of the cosine

enveEIo OVe. Equation (o) snows
that for ns~1 the solution j=0 (i.e., k¥=0) is allowed.
Hence a film state for which unk(r) ~0 with k¥=0 gives
from Eq. TC(r) =ul (r ) having a constant envelope

tion depicted in Fig. 3(b) can be described quantitatively
in this faghion.
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FIG. 4. Mapping of the directly calculated film eigenvalues onto those
dagy vl T 122

The TC representation lead to another useful result:

" To within a good approx1matlon one can guess the (non-
————surface state) eigenvaiues of a film from the bulk disper-
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Thus, the TC approach predicts a one-to-one mapping be-
tween the film energy eigenvalues e‘}"f%“ and those of the

are small; hence, &gs. (¥) and (Y) provide a natural clas-

sification of (001) film eigenvalues in terms of bulk disper-

sion relations. When the real e',’,‘ﬂk has a parabolic disper-

: M~ 9\T alen FPAEA an 1. EMA _ry2_2/r% i
20, ;

18 premsely the procegure tollowed empirically in earlier

with those obtained in direct diagonalization. Figure 1
shows such a comparison for valence- and conduction-
band eigenvalues, whereas Fig. 2 shows that the TC wave
functlon [Eqs (4) and (7)] constructed from the bulk

{7) and (8). i imnle alternat;
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