


14 406 CHIN-YU YEH, S. B.ZHANG, AND ALEX ZUNGER

Previous calculations suggested that the blueshift
of the emission relative to bulk Si is likely to repre-
sent a quantum size effect. However, it is not clear
if the intensity and lifetimes can be explained just in
these terms: Most calculations show that the conduction-
band minimum of the wire is made largely from bulk

states"' ' so the band gap of the wire is pseudodi-
rect, not direct. This leads to rather small transition
probabilities and long lifetimes. Coupling to other bands
and to surface states (most prominent in small wires) in-
duces some finite oscillator strength, shortening thereby
the radiative lifetime &om infinity. A number of calcu-
lations attempted to establish if the pseudodirect tran-
sition is strong enough to explain the observed radiative
lifetime, in terms of quantum confinement. The calcula-
tions of Hybertsen and Needels considered wires whose
width is much narrower than experiment, so their calcu-
lated lifetimes cannot be directly compared with exper-
iment. Read et OL. calculated ~R ——3.8
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of —L ( x (0 and —I ( y ( 0. We further require
that the new wavefunctions, g'(r), defined now in the
—L ( x ( L, —L ( y ( L region, to be antisymmetric
with respect to the x = 0 and y = 0 planes, i.e.,

for —L&x(0,
for —L(y(0,
for —I &x,y(0. (8)

3——u„A:.A: oe i(A: x—A. "y)

—'(x.~+A. "y) i
g4 —&nA: k' Oe " I (9)

where k' are given by Eq. (5), the same EMA quan-
tization conditions. This set of states forms a com-
plete and orthogonal basis for any function periodic over
—L ( x, y ( L. In this way, we are able to use the
projection

Ia, f(k )I = ) I (4f (r)l~'(r, k'))I'
i=1,4

(10)

to determine the identity of the directly calculated wire
states in terms of their bulk parentage states. It is worth
to mention here that the bulk projection. scheme needs
not be unique. For example, Hybertsen for a difFerent

purpose had projected his quantum box states onto a
bulk continuum. The EMA results in his scheme thus
are represented by a broad peak in the reciprocal space
whereas in the present scheme where the standing wave
solution is already factored in, in the limit that L; ao,
they are, instead, simple single b-functions.

IV. B.ESULTS

A. Free-surface wires

Table I summarizes the projections [Eq. (10)] of the
directly calculated wire states for an 8 x 8 Si wire with

This antisymmetric continuation of the wave functions
is a reasonable choice here since, other than the surface
states for which no projection is attempted, all bulk-
like wire states approach zero quickly, thus establishing
nodes at the boundaries upon continuation. An example
here is the EMA solutions to the quantum wires [Eq. (4)]
where since the periodic function, u„g„is assumed to be
none vanishing at the boundaries, the envelope functions

P = Csin(g m/Lx) sin(j„7r/Ly) [see Eq. (7)] must, and in
fact, satisfy Eq. (8). However, by allowing the total wave
function of Eq. (1), not just the envelope function P, to
fulfill Eq. (8), we are not bounded by the EMA approx-
imation in the current projection scheme. For example,
it will pick up states with novel cosinelike envelope func-
tions and vanishing u„g,at the boundaries. As we have
demonstrated in our earlier work, such states do exist
and are important in Si quantum films. (ii) In the second
step, we make Q'(r) periodic over the entire r space and
project them onto a discrete set (in the z-y plane) of bulk
states,

(Xi= un, s,s,oe.(a.'~+a y)

i(—Ic' a+k' y)X2= &n,I:,a„',Oe

a free surface and H-covered wire onto the bulk Si wave
functions. We label the mire states as follows: First,
wire states are designated by runrung index f starting at
the valence-band minimum. Hence, f=ll2 is the VBM
for the free-surface wire and f=144 is the VBM for H-
covered mire. Second, it is sometimes convenient to use
the label V —1, V —2, etc. , to designate states below the
VBM. Table I provides a "dictionary" between the tmo
sets of nomenclatures.

Table I shows that &ee-surface mire states have more
than 93% projections on bulk Si wave functions for the
two lowest valence bands (n = 1 and n = 2) in the energy
range from E„(—:EvBM) —11.7 to E„—3.3 eV.

The situation changes somewhat when higher-energy
wire states derived &om the upper n = 3, 4 bulk bands
are considered. Table I shows that the directly calculated
states within 1 eV below the VBM (between f=107 and

f=112) sometimes exhibit smaller projections of 80%1
thus more than one bulk state (n, k) are involved in these
states probably due to the presence of surface states.

B. Hydrogen-covered wires

Hydrogen chemisorption displaces the gap states into
the continuum (Fig. 4) thus also perturbing the Si states.
The lower part of Table I gives the projections of Eq. (10)
for the H-covered wire states near the VBM, while Fig.
5 shows their wave-function amplitudes for the 8x8 case
of both &ee-surface and hydrogen-covered wires. We see
that H chemisorption leads to important changes as fol-
lows: In the presence of H coverage, the VBM has wave-
function amplitude concentrated more in the interior of
the wire while without hydrogen, the VBM has its wave-
function amplitude concentrated in the exterior of the
wire. In either cases, the VBM is nearly a pure +=3,4
bulk state ()90% projection) showing that it is not a
surface state. The next state below the VBM for the
H-covered wire (V—1) is a singlet, with the amplitude
localized at the center of the wire. In contrast, in the
wire without hydrogen, the V —1 state is a doublet with
the wave-function amplitude localized at the exterior of
the wire [Fig. 5(a)]. To identify the symmetry features
of the near-gap states, we introduce here another set of
labels, i.e., vs and cs for valence- and conduction-band
singlets, and vd and cd for valence- and conduction-band
doublets, respectively. These are used in Fig. 5(b) for the
H-covered wire.

I:,

42.4he

startiET
BT
/Xi3 8.77 Tf
385.22 267.04 T
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p Tdd49chemisorcompaT
BT
/Xi3 9.86 Tf
309.13 344.54 T738near-gapT
BT
/Xi3 9.19 Tf
140.36 232(E„—)738n13veniendst09.3he
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wires of larger sizes. The experimental band gaps range
&om 1.6 to 2.5 eV but the wire size is not accurately
determined.

C. Effective mass vs direct calculations

To assess the validity of the commonly used EMA, we

plot in Fig. 7 (last column) the EMA wave functions of
Eq. (7) for the j =j„=lband-edge states The corre-
sponding states of the direct calculations for the &ee-
surface wire and H-covered wire are shown in Fig. 7 as
the Brst and second column, respectively. From Fig. 7, it
is clear that the EMA approach bears no similarities to
the direct calculations (free-surface and
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(a) Wire with free surface (b) H covered wire
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the band edge states in a wire are pseudodirect, not di-
rect. This is reflected, among others, by the logarithmic
change in lifetime with size (Fig. 13) .

(ii) Since the wire states are formed &om off-I'
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represent a larger contribution from boxes. This means
that the "effective" vR vs ~ curve should consists of the
wire contribution at small e, moving into a box contri-
bution at larger e. This is a Batter curve than for pure
wires or boxes.

(iii) A P-band transition of the 8x 8 wire in the energy
range of 2.8 eV (without excitonic reduction) appears to
have a lifetime of 8.5 nsec, in line with the measured F-
band transition from about 10 to 100 nsec in porous Si.
A more






