Prediction of unusual electronic properties of Si quantum films
S. B. Zhang and Alex Zunger

Citation: Applied Physics Letters 63, 1399 (1993); doi: 10.1063/1.109689

View online: http://dx.doi.org/10.1063/1.109689

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/63/10?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Quantum confinement effects in semiconductor clusters. I
J. Chem. Phys. 105, 3612 (1996); 10.1063/1.472232

Band structure, deformation potentials, and carrier mobility in strained Si, Ge, and SiGe alloys
J. Appl. Phys. 80, 2234 (1996); 10.1063/1.363052

Free-standing versus AlAs-embedded GaAs quantum dots, wires, and films: The emergence of a zero-
confinement state
Appl. Phys. Lett. 68, 3455 (1996); 10.1063/1.115791

Electronic structure of (GaAs) m /(Ge2) n (001) superlattices with 1(m,n)20
Appl. Phys. Lett. 68, 1942 (1996); 10.1063/1.115633

Comment on “Normal incidence second-harmonic generation in L-valley AISb/GaSb/Ga1-x Al x Sb/AISb
stepped quantum wells” [Appl. Phys. Lett. 65, 2048 (1994)]
Appl. Phys. Lett. 68, 1872 (1996); 10.1063/1.116125

Frustrated by Is your AFM dead Sick of bad It is time to upgrade your AFM
old technology? and can't be repaired? customer support? Minimum $20,000 trade-in discount
- = < for purchases before August 31st

Asylum Research is today’s
technology leader in AFM

OXFORD

dropmyoldAFM@oxinst.com INSTRUMEN

The Business of Science®



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1326236762/x01/AIP-PT/Asylum_APLArticleDL_070815/AIP-JAD-Trade-In-Option2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=S.+B.+Zhang&option1=author
http://scitation.aip.org/search?value1=Alex+Zunger&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.109689
http://scitation.aip.org/content/aip/journal/apl/63/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/105/9/10.1063/1.472232?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/80/4/10.1063/1.363052?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/24/10.1063/1.115791?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/24/10.1063/1.115791?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/14/10.1063/1.115633?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/13/10.1063/1.116125?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/13/10.1063/1.116125?ver=pdfcov

Prediction of unusual electronic properties of Si quantum films

S. B. Zhang and Alex Zunger

National Renewable Energy Laboratory, Golden, Colorado 80401
(Received 3 May 1993; accepted for publication 1 July 1993)

Direct pseudopotential band structure calculations of thin Si(001) films 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 to odd, (ii) certain film wave functions have a cosine (rather than sine)
envelope function, and (iii) the energy of the highest occupied film state remains pinned at a
constant value for all even-layered film. We demonstrate a simple alternative to the

effective-mass model which explains these results.

Free-standing quantum  films are two-dimensional
(2D)-periodic systems confined in the perpendicular di-

mension by vacuum. The qualitative features of their elec-

tronic structure can be described by the effective-mass
particle-in-a-box model." This approach predicts that (a)
The film’s energy eigenvalues €, vary monotonically with
film thickness L as € racl/ L?, (b) the film has a sine-type
envelope function which guarantees that the wave func-
tions vanish at the film’s boundaries, and (c) the energies
of all levels depend on the film’s thickness.

Naturally, these predictions could reflect, in part, the
underlying approximations of the effective-mass model
(EMA). To assess this we will first describe the electronic
structure of quantum films by direct band structure tech-
niques, thus obviating the effective-mass approximation.
This can be done by defining a “supercell” consisting of N I
layers of the film’s material straddled on each side by &,
layers of vacuum, and imposing periodic boundary condi-
tions. The electronic structure of the film is then addressed
by directly diagonalizing

[—3 V2 Van (D JYF ) = 9F (), (1)

where 1 is expanded, e.g., in plane waves. The number N,
of vacuum layers is increased until the resulting energy
spectrum {e}“"“} becomes independent of N,. We con-
struct Vgno(r) by a superposition of screened Si atomic
empirical pseudopotentials Vg(r—R;) over the atomic
sites R;. Far outside the film V (r) approaches the vac-
vum level, thus establishing the work function. We fit
Vsi(r) to the bulk Si band structure as well as to the film
work function’®=4.9 eV. Equation (1) is solved by ex-
panding the wave functions in a plane wave basis with a
cutoff of 4.5 Ry. The bulk energy eigenvalues [in eV, rel-
ative to the bulk valence-band maximum (VBM)] at the

symmetry points X, L;, Li, and Iy, are 1.28 (1.13);

2.18 (2.04); 4.02 (3.9), and 4.11 (4.15), respectively,
where the values in parentheses are experimental.’> Our
primary aim is to compare our results with “surfaceless”
models such as the EMA. Thus, we deliberately avoided
iterating the films potential to self-consistency as we do not
wish to propagate surface effects into the interior of the
film. Likewise, surface reconstruction is not included. This
approach avoids the effective-mass approximation in that
(i) the potential Vg, (r) includes both the periodic part
inside the film and the confining vacuum potential outside
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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 #*(k—ky)2/2m* 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.

(1) Even—odd oscillations: Figure 1 depicts the directly
calculated [Eq. (1)] film eigenvalues at the VBM [not in-
cluding the zero confinement state (ZCS), see below] and
the conduction band minimum (CBM) as a function of the
number N 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 N ,; for N r=even the symmetry is
D,;, while for N,=o0dd the symmetry is D, 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(001) 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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FIG. 2. Wave function for a cosine-type film state. Solid (dashed) lines
are positive (negative) contours.

Brillouin zone. To find its underlying envelope function we
have independently constructed the function

X7 = 2l (r)sin(kr) oy (rcos(kr)], ()

where ufik(r) and uﬁ'k(r), shown in Figs. 2(c) and 2(d),
are the real and imaginary parts of the bulk periodic func-
tion u,,(r) for the n=3 band at k=2#/2(0,0,2/Ny).
Note that jTrC(r),’ shown in Fig. 2(b), is essentially
2 uik(r)cos(kr). Since X;C(r) is nearly identical with
the directly calculated wave function shown in Fig. 2(a),
this film state has a cosine-type envelope function absent in
the EMA formalism.

(3)- Zero confinement state (ZCS): Figure 3(a) shows
the directly calculated highest occupied film eigenvalues as
a function of Nz, for even N ; values. Note that the energy
of this state does not depend on film thickness, in apparent
defiance of the concept of quantum confinement. The

(b) Planar averaged wavefunction squared (12-layer film)
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FIG. 3. The zero-confinement state. Solid dots in (b) indicate the posi-
tions of atomic planes.
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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 it be fixed?
The EMA replaces the exact bulk dispersion el,’lf}(n‘ by the
pure kinetic energy form

ﬁz(k—ko)z

MA __
nk = Cnio + 2mp

) (3)

taken with respect to the energy €, of the band edge state

',’,:ﬁ:(r,). Furthermore, Y5/4(r) =f,_(r)u,y (r) is ap-
proximated by a product of an envelope function
fk_ko(r) and the cellular function un,ko(r) of the band
edge state Z:ﬁ:‘(r). The external potential is permitted in

the EMA to modify the envelope function and its energy
ﬁz(k—ko)Z/Zm:ko, but not u, and €, . These approxi-
mations remove the coupling between the band structure
effects of the periodic potential inside the film and the con-
finement effects of the external potential. Instead, we will
use here the “exact” { el,’,ﬁlk} and { ¢ %k(r)} without ap-
proximating them by a k independent cellular part and an
envelope part. Furthermore, we permit variational cou-
pling of » and k through V™ (r). We will thus construct a
truncated crystal (TC) basis set representing a destructive
interference between two degenerate Bloch waves with op-
posing k. For zone center (I') film states where
k=(0,0,k,), this leads to

o [¢3f,i§(r)—¢2ff‘k*(r) if 0<z<L

Xy (X)) = z z , (4)
vE 0 if z£0 or z> L

where k¥ is quantized &, such that X:f*(r) is zero at z=0
"z

and z= L. This gives

k* T, j=1’2’3""’jmax for n=1
L =012 jine for nsl

Note that the solution j=0 for ns~1 is allowed, while

conventional EMA solutions start at j=1. Since
bulk bulk

‘/’n,_k*(r): [¢vn,k*(r)]*, Eq. (5) can be written for 0<z
< L in the form of Eq. (2). This shows that a cosine
envelope function is possible in this generalized descrip-
tion. Using the TC basis of Eq. (4), a film eigenstate (f )
at the zone center can be expanded as

(5)

PR =2 2 a, )y ). (6)
n k* z

One can now proceed and directly diagonalize the film
Hamiltonian of Eq. (1) using the representation of Eq.
{6). This will produce the exact film eigenvalues given as a

sum of the bulk eigenvalues e:u,ii with coefficients
"z
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FIG. 4. Mapping of the directly calculated film eigenvalues onto those
given by the TC approach.

|a, (k¥)]% Our central observation (verified in Fig. 4
below) is that the matrix representation of Eq. (6) is es-
sentially diagonal in the band index » and wave vector k¥.
The truncated crystal approximation thus consists of re-
taining in Eq. (6) just a single dominant term with
f=(n,j), so :

i TC
PRE ) =y, u (1) (7
Z
and
i bulk
e%?d = Sltjlk:‘ * ( 8 )

Thus, the TC approach predicts a one-to-one mapping be-
tween the film energy eigenvalues e‘}‘ff%“ and those of the
periodic bulk crystal 62]'21; at some special k points k¥. This

is precisely the procedure followed empirically in earlier
TC approach,* where it was demonstrated that the eigen-
values of finite clusters form a subset of the eigenvalues of
the periodic crystal.

To test the TC approximation, we compare its results
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
function [Eqs. (4) and (7)] constructed from the bulk
states uﬁk(r) and uﬁii‘(r) agrees closely with that calcu-
lated directly. Note that for this state the boundary condi-
tions are satisfied by the nodal planes of uﬁ’k(r) rather than
by the envelope function.
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The ZCS of Fig. 3 is a particular case of the cosine
envelope function discussed above. Equation (5) shows
that for ns~1 the solution j=0 (i.e., k¥=0) is allowed.
Hence a film state for which uff,k(r) ~0 with k¥=0 gives
from Eq. (2) yiSs(r) zufl’k(r) having a constant envelope

- function. Indeed, the directly calculated ZCS wave func-

tion depicted in Fig. 3(b) can be described quantitatively
in this fashion.
The TC representation lead to another useful result:

" To within a good approximation one can guess the (non-

surface state) eigenvalues of a film from the bulk disper-
sion relation at the special k¥ = (27/ L) jé points where & is
the film’s orientation. For (001) films, for example,
L=N fa/4, where q is the cubic lattice constant, so the
special k points are

2 2j
k:(’:OOI):? (0,0, N—f), O<j<jmax=Nf/2. 9)
Thus, €2%[27/a(0,0,2j/N ] approximates the zone-
center eigenvalues of an N layer (001) film. Similarly,
M 2m/a(j/N 7+J/N ¢,0)] approximates those of a (110)-
oriented film. This establishes a simple relation between the
energy levels of a quantum film and its orientation. Results
for an Ny=12 (001) film is shown in Fig. 4. The dotted
vertical lines give the quantized TC wave vectors k).
Their intersections with the bulk bands give the TC pre-
dictions for the film energies. The amount by which these
intersections miss the directly calculated energies (solid
dots) gives the error in the TC approximation. The errors
are small; hence, Eqs. (8) and (9) 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-
sion [Eq. (3)], the EMA result €7"*« (#a%/L*m*)j
coincides with the TC result [Eq. (8)]. In summary, Egs.
{7) and (8) provide a simple alternative to the EMA for
quantum films.
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