Lawrence Berkeley National Laboratory
LBL Publications

Title
ELECTRONIC STRUCTURE OF CRYSTALLINE POLYTYPES AND AMORPHOUS Sl

Permalink
https://escholarship.org/uc/item/0832g4d\

Author
Joannopoulos, J.D.

Publication Date
1972-06-01

eScholarship.org Powered by the California Diqital Library

University of California



https://escholarship.org/uc/item/0832g4dv
https://escholarship.org
http://www.cdlib.org/

Submitted to Physics Letters LBL-892

Preprint "

ELECTRONIC STRUCTURE OF CRYSTALLINE
POLYTYPES AND AMORPHOUS S1

J. D. Joannopoulos and Marvin L. Cohen

June 1972

AEC Contract No. W-7405-eng-48

4 )
For Reference

Not to be taken from this room

- _J

268 14T



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Electronic Structure of Crystalline Polytypes and Amorphous S5i

7. ‘D. Joannopoulos and Marvin L. Cohen
Department of Physics, University of Callifo rnia
,‘ : | and
Inorganic Méteriéls Research Dif/ision, Lawrence Berkéley Laboratory
Rerkeley, California 94720 |
ABSTRACT |
~We have calculaﬁed the density of states and the
imé‘ginafy part of the energy dependent dielectric con-
stant for four polytypes of Si using péeudopotential. and
tight, binding modeis. Comparisons are made with the
éxperimenta.l results for amorphous Si. |
We have c‘alc.ula.ted the optical properties and density of states of
cer»'t.aiﬂpi;lytype.s of Gel a.nd Si‘using the Empirical Pseudopotential I\/I‘ethod2
and the récent t‘ight binding ndodel developed by Weaire and Thorpe3. The
structures we chose were Ge and Si in the diamond, 'whurtzite”, Si III4 and
Ge III4 structu.rés. Where diambnd is face-centered cubic with 2 a.tofns per
primitive cell ‘(P‘“C-‘é), wurtzite 1s. hexagonal 2H with 4 atoms (2H-4), Si III
is body-centeredcll\l;)ilt% 8 atoms (PC-8) and Ge III is simple tetragonal with 12
() atoms ber primitive cell (ST-12). The Si ITI and Ge III structures are com-

plicated, dense, rrietastab‘le crystalline phases which are recovered from
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2.

high pressure experiments and persist at normal pressures. When Ge occurs’

in the Si III structure it is called Ge IV.‘5 Because of this rather unfortunate
terminology 'we‘}shall use the notation described above in parentheses for
these various structures. In this paper we shall deécr‘iﬁe very briefly a few
of our results on th_e Si polyfypes with a more detailedupresentation to be
published else_Where. 6 |

SiFC.-Zi,v 812H—47, SiB(C-8 and SiST-12 prov.ide .us with a series of
structures th_at>b.ecome more and more locally disordexfed. What we imply
by local or short-range disorder is that we have a crySfél (long range order)
‘and yet the at_oms in the primitive cell of our crysta.l avtre'_in a "disordered"
tetrahedral afrain'gement. The FC-2, 2H-4 and BC‘-8 structures are all
similar in th'at they have sixfold rings of bonds and one type of atomic eh—
vironment. The ST-12 structure, however, is very. novel in that it has five-
fold rings of bonds and two ts;pes of atomic environments. The phsrsical prop-
erties of this »structure*would-then provide us with a_'g:ood test for consider-
ing a randorﬁ _nétwork model as a model for the amorphous state.

The trénd in the density of states as one goés from SiFC-2 to
SizH-4 to SiBC‘—8‘ is to acquire a large amount of strtictl_lre. Although this
produces a smoothing out effect for .the conduction bandvvthe two broad low
energy humps still retain their identity. This is in mafked contrast to the
SiST-12 case where one finds a complete mixing of these two peaks (Fig. 1)
which also seems to be the case for the amorphous ph_ase._8 ‘Furthermore

SiZH-4 and SiBC-8 exhibit a gradual sloping of the valence band edge which

is in direct contrast to SiST-12 and amorphous Si whére_ one finds a very
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sharp valence band edge (Fig. 1)." A very interesting vféature of the SiST-12
structure is that the gap is approximately 1.6 eV or twice as large as the
SiFC-2 gap. This is probé.bly due to the presence of | a large number of
five-fold rings which would omit antibonding s-like states from the top of the
conduction band. This was suggested by Weaire3 but the extent to which it
might happen was shown when we calculated the density of states for an ideal
ST-]Z structure using the Weaire model. 5 We found a‘pp_r'oximate)_y a 200%
increase in the gap obtained from a calculation on FC.-Z using the Weaire
model and an ad hoc 2.0 eV broadening of the delta function peak at the top.
of the valence band. If we include the variation of bond lengths and angles
for the real S_T-12 structure, as in the EPM case, w_e'would get variations
in the hamiltonian matrix elements and the gap would -get smaller.

These results however are not inconsistent with the fact that the
amorphous phase has a gap comparable to the FC-2 phase. Since the buik
density of amorphous 818 is similar to that of SiFC-2 we must require a
fewer number of five-fold rings per atom than SiST-17 and one would expect
a smaller increase in the gap. However, it is conceivable that variations in
bond length and angle could reduce the gap back to its original size. Thus
the presence of five-fold rings does not necessarily imply an increase in the
gap. |

The optical properties of SiFC-2, Si2H-4 and SiEC—BG are all

similar in that the €., spectrum consists of two or three strong peaks in the

2

vicinity of 4.0 eV. In contrast the e, spectrum for SiST-12 consists of a

2

large hump centered around 3.5 eV (Fig. 1). This type of spectrum is very



4.
novel for a crystal. The overall qualitative agreem_e’nt Between the €q for
SiST-12 and amorphous Si is quite encouraging and sho’ws that long range
disorder and k hc_)n-conservation is not a requisite for the quantitative and
qualitative f_eatures of the amorphous €q- 9 We also find that the hump for
SiSP 12 can be associated with transitions along the Z’.énd A directions
as in SiFC-2 which is in contrast to an enhancement bf the A peak as sug-
gested by Stuke. 10
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Fig. 1.

Figure Caption

Top: the density of states for SiST-12 obtained from our pseudo-
potential calculation and the amorphous density of states obtained
by Pierce et al. (Ref. 8) with units in states vper eV-atom. . The
a.mo.r.p'hous curve was normalized with respoct Lo Herman's ('::;.-lc:ula.-
tion of the density of states for SiFC-2 (Ref. 11),

Bottom: the imaginary part of the dielectric function ¢, obtained

2

by a.vera,ging over parallel and perpendicular components for

SiST-12 from an EPM calculation (solid line) and the € obtained

by Pierce et al. (Ref. 8) for amorphous Si (dashed line).
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