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~ Electronic PrOpefties of Complex Crystall‘me and Am'orphous

Phases of Ge and 5i. L Density of States and Band Structure.

J. D. Joannopoulos and Marvm L. Cohen |
Department of Physms University of Cahforma Berkeley, Ca. 94’720
and
Inorgamc Materlals Research D1v1s1on, Lawrence Berkeley Laboratory ,

Perkeley, Ca. 94720

| Abstract |
_ We preser;t oalcula,tiohs of the band Structlires
| _"and_ ‘densttiesv of states of Ge and Si in the d..iar'nond.,
wortz.i_tev, Si IiI (RC-8) and Ge III (ST-]Z) s_tructures
_ usihg the Empirical Pseudopotential Method and the
- tigh_t binding model used recently by Weaire. The
‘increasing»’ com_pie:tity‘ of the crystal stfu_ctures indi-
bc.a_,tes that short-range disorder (SRD). is able to
account weil for. the density .‘of sta.'te.sva.nd optical prop-
B erties of amorphous Ge and Si. Th1s calculation also
provides a .method of explairting various fea,tures in
the amorphous den51ty of states and shows what
’structural aspects of the amorphous state are respon-

sible for these features.
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I. INTRODUCTION
The optical properties and density of states of amorphous Si and Ge
obtained from 'experimentl ’ 2’ 3’ 4 exhibit 'some very interesting and some-
times novel features when compared w1th the correspondmg ones of | |
their crystalline phases. For example, the dlstmctwe one hump form of

the 1mag1nary part of the d1electrlc funct1on, ez(w), for amorphous Si and

Ge has no counterpart in any_known crystal except for the S'I‘- 12 struc-

ture in this calculation. For the density of svtates one 'finds" experimentally

the retention of a 'gap" in the amorphous phase. This has been. shown
theoretically for some spec1al models by Weaire and 'I‘horpe5 'md McGill
and Klima. 6 However the conduct1on band den31ty of states seems to
have none of the structure found in the c-rystallme phase (see Flg. 9a).
Furthermore, the form _of ‘the valence band density of states in the amor-
phous phase consists of_ a smoothed, blue shlfted, vpeak,at the top of the
valence band and a seemlngly large broad peak at the bottom of the val-
ence band3’4 (see Fig ‘1 1). This is in contrast to the three strong peaks
found in the valence bands of the crystalline phase |
Amorphous samples can be prepared ina varlety of ways w1th a
range in bulk denslty from 25% less to approx1mately the same as the
bulk denslty of the crystallme case. There also ex1sts a lot of specula-— '
thIl as to the structural nature of the amorphous phase On this pomt
there have been pr1mamly two mam schools of thought First that the |

amorphous slructure is made up of small domains of perfect cr y.atal :
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‘separated by disordered boundar ies, Wthh is ca'lled.: the V"m'icrocry.stallite
model", For 'example’Rudee and Howi'e"7 lound that their amorphous 'films
gave consistent diffraction'ring- vp'attern's with a microcrvystallite model if
their amorphous sample were made up of ’Wurtmte" microcrystals Another
ap;roach is that the amor phous phase can ex1st ina completely disordered
structure while each atom retams an. 1mperfect tetrahedral arrange-
ment of nearest nelghbors In this case-if all the bonds are satisfied the
model is called a 'random network model" Spicver an(i coworkers] seem
to be able to prepare their amorphous samples in an "ideal" manner'_such
that they h}avve_ a negligible presence of microvoids and dangling bonds and
~ have the same nearest neighbor dista.nceano approximately the same bulk” :
.vdens1ty as that of the crystallme case. It is thls type of sample that we
W111 have in. mmd when we discuss and compare our results with the ‘amor-
phous phase
It is clearly a formldable task to perform a realistic calculation ona
structure w1th long range disorder. However we could ask the followmg
question. How much. disorder is necessary to. achreve the distinctive fea~
‘tures evident in the amorphous data? To explore the possible answers to o
this question, we have c:alculate}d.vthe band structure a;rid d‘ensity'of states ‘
tor Ge and Si in the diamond 'WurtZite", Si I1I, 8 and Ge III8 structures ‘
using the Empirlcal Pseudopotentlal Method (EPM) and the tight-binding |
model used recently by Wea ire. 5 From the pseudopotential band struc-

ture we have also calculated the optical properties of these structures



The diamond structur'e is face-centered.cubic with 'tuio atom‘s per primi- .
', tive cell (FC—-Z)V; , ‘wurtZi_te is heXag’onalv 2H with four atoms per primitive
cell (2H-4), 'Si‘ OI is A_bod.y-centered cubic with eight atozrls per ‘primitive |
cell (BC-8), and Ge III is simple-tet‘rago_’nal with twelve atoms per primi-
tive cell (ST-12). The Si III arid Ge III structures are complicated, dense,
metastable cﬂrjrstallline phases.which are :reicovered,."frorn hiQh pressure
exper'iments' and pers-‘iSt at norrhal‘ presSures. | When Ge occurs in the '

Si OI structure 1t is called Ge v, 10
termmology we shall use: the notat1on descrlbed above in parentheses for
the specﬁication of these various structures. |

FC2, 2H-4 BC 8, and S'I‘ 12 provide us with a series of structures

that become more and more locally dlsordered. What we imply by local

disorder is that we have a crystal (long range order) and yet the atoms in

the primitive cell of our crystal are in a "disordered" tetrahedral-like
arrangement. The FC-Z', 2H-4 and 'BC-8 structures are all similar in

that they have s-ix-fold rings of bohds and one type of atomic environment.

The ST-12 structure, however, is very novel in that 1t has flve-fold rings

of bonds’ and two types of atomlc enwronment The ele_ctromc propertl»es

of these s_tructures should then provide us with some interesting tests for

the microcrystallite and random :-network models .an'd'ShOuld provide us
- with an idea of how much disorder is ‘n'eces'sary to ‘r‘eprOduce the impor-
tant features of the experlmental amorphous data.

In this- paper we shall concentrate on the band- ,tructure and density

Because of this rather unfortunate = -
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of state‘s‘for. the"FC-Z, 2H-4, BC-8, and}ST:_:-vlzi structures ._,_an'd we 'sha.llv'
leave"fa-,detailed]i discussioft of the optical proper_tie'sffor a subsequent
paper. | | | |

In Section'II we sha 11 give a descvr‘i'pt'ionof these structnres and the |
parameters that were used In Sectlon oL we shall g1ve a br1ef descrlp-
tion of the calculatlons and in Section IV we shall d1scuss our results.; v, o
Fmally, m Sectlon V we. shall make some concludmg remarks. |

II.. STRUCTURE OF POLYTYPES AND THEI_R PARAMETERS

Si has been found experlmentally to ex1st in a 2H-4 structure by

Wentorf and Kasper]?f,.w 1th.a 2% increase in d,ens1ty as ‘compared to’
.Sl FC;2 ouITtégllca&é eorclgns‘gaéngss tunY obtamed were 2 = 3.80 A and c=
6 28 A. / in addltlon .an 1dea1 u= O 375. Ge on the other hand has
not yet been found to our knowledge, to ex1st ina hexagonal structure |
80 that we,_assuxned an ideal Ge.ziH-tl with the same d_en,s;ty_. andﬂ_near:es't_ L
: neighbor. 'vdistance (2.45 ;\) as that of Ge FC-Z - _ L
Siand Ge have both been found to ex1st in the BC 8]0 12 structur.e
Whl(‘h can be spec 1f1ed completely by a lattlce constant a and an mternal
parameter X. The lattlce constant for. Sl isa-= = 6. 636 A and for Ge we
vnwe a = 6.92 A. The mternal parameter X was taken to bex = = 0. 1 A
Each linkedt pa.i_r-"of 51-(Ge) atoms has one bond *length, 2.30 A (2.40 A)A and
three _bo_hnds'_. of length 2. 40 A (2. 5,0‘}1), with an average bond llength.a,.ppro;(“i-p' -
matel_y_.eq,qa-l_ to 2.317 A (2.48 Jok)j.'. ‘There are-also two 'ty;)es of bond angles |

approximately equal to 118° and 100° for both Ge and..SiL" All the eight



' atoms in the prirmtive cell are of one type in that they exist in S
the same type of environment with the same | o

relative arrangement of neighbormg atoms. For si (Ge) there is one next

 nearest neighbor at 3.45 4 (3.60 &), stx at 3. 57&(3 73A), sixat3.878

(4.04 A), ete.

Ge has been found to exist in.the ST-12 structure whereas Si has not.
The ST- 12 structure is specified by two lattice constants a, c and four _
internal paramet_ers -_)_g], | _y,z, __3., -and __4.
(5. 69 ‘A) and c:=“'6”98 2 (6.70 A) The St lattice constants were chosen

'so that the c/a ratio is the same as that of Ge ST-12 and the fractional :

density change from Si FC-2 to Si ST 12 is the same as Ge FC—Z to
Ge ST—]Z For Ge and-Si the internal parameters w-ere-taken to be _
- 0.0, ) By = o. 173, x3-0 378 andx 2-0 25 Inthis structure the

_bond lengths are all about the same length and approximately equal to.

2 49 A (2 39 A) for Ge (Sl) T}e bond angles however are quite dissimilar. _‘- o

-'I'hey'rvan;ge from 20% -less.to 25% g_r_eater than,the~1deal=tetrahedral -angle'

(71'0'9028')'-_ In this »Struclf-‘-_‘fe' the Ge or' Si ato'm's are pos'it‘ioned in two 'dif? .

: ferent t'ypes of ‘envi'ronment In the primitive cell there are four atoms of o

type (1) and eight atoms of type (2) The atoms of type (2) form long four-}” : '.
fold splral chains along the c direction while atoms of type (1) form bonds} .

between atoms in the different spirals. For Ge atoms of type (1) have two -

next nearest neighbors at 3.45 A two at. 3. 64 A two at 3 81 A etc.

Kasper and Richards8 neglected to. mention the presence of the first two

pairs of .next nea.rest neighbors.- ,Atoms,of type (2) for GeST-lZ,h_ave one‘ :

| For Ge (Sl) we used a 5 93 A
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next néarést neicjﬁbor at 3.45 A, ’twho'a.t 3.56 A, o‘h‘e at"_3.64ﬁ,'l etc.
Finally, the ST”-]Z strqcttire is quite uhusﬁa.l be'caulseb of the preséncé_ of
five-fold rings of bonds. | | o |
It is evident that Ge ST-‘12 andei:ST-;]Z have rha.'ny of the p'rovpe:rties_" -
one would intu‘itivelyﬂ attribute t.pv an "deal” amorphous structure. That is:
(1). no dangling‘_ bonds, (i'i) va.ria.f;ibns in ‘bldnd. length 'a'nvd. :a.vn'gle, (iii) atoms
in differént énv_ii‘onments and (iv) the occin"rence»of fiVe r'iumbered'rings

of bonds. On the other hand Ge and Si.in the BC-8 structure are ‘m'_ore _

‘closely associated with the'2Hi-4 and FC-2 struCtures- since they have even '

numbered rings of bonds and only one type of atomic environment.
The bulk densities of Ge ST-12 (Si ST-12) and Ge BC-8 (Si BC-8)
differ by abdut ']%. How ever, they are‘both‘about ]O% greater than those

of Ge FC-Z (Si FC-Z) and certam types of amorphous Ge (Sl) Therefore
the

‘ "a comparlson of the dlfferences between/optlcéi propertles and dens1ty of
states of Ge FC-2 (S1 FC-2) and Ge BC- -8 (Si BC-8) can be a.ttributed

vpr‘1m‘ar11y to structural and symmetry differ’ences _Hence compar1sons

of the polytypes provide a method of flltermg out the effects of greater
density.

it would be aip'ppopr_ia_t_’e. at_, this time tQ méntiov_n'that we were able to
build a crystr,::i with thzs:}:sa.m:'e symmetry and riumber Qfatbms in the prirhi— '_ |
tlw gell as Ge 5'l'-1 )butw ith the same nearest “n‘eigh‘b-o.r distance and bulk
density as a.morphous ‘(‘:e'.’ 'I"}‘w frﬂwthod corisistéd of finding three 'indepeh—

dent bond length.x bl’ b b which wom luncuonb of a, X l’ Xor Xq) X, and



V such that ¢ = V/ g_z. Once the density was fixed through V we minimized .

the function -
M(XI’XZ’XB’ _4’%) Z: (b (xl’XZ’ 3,x4,a) = ’L) (1)

by a method of ‘steepest decent'. - Although we obtained the correct bond
lengths, bulk density and a good radialv'dis’tributien f_unetion, we obtained
some bond angles that-were 40% ugg‘ex;'than the Vide.a_.l tetrahedral angle.r These
large d’eviatiens in our modified crystal produced la..x;ge»_.d,eviations in the' Ham-
iltonian matrix elements and we found. that w.ev 6bta1ned‘a' semimetal, ‘This 1<3
in large c_:ontra.sh to the fact that we found quite a slzee_bvle gap for Ce ol- 13
o OL CALCULATIONS

The Emp1mca1 Pseudopotent:al Method (EPM) has been d1.,cuesod ‘ o l
extens1vely in an article by Cohen ahd Heine.9 The EPM essentlally o o E
entails removmg the large potential of the cofe along W1th the many oscil-
’ lations of the wavefunctlons in the core. The valence pseudowavefunctmn ¢k( r), 5

is then in essence the true valence wavefunction minus the core stateb and

satisfies the Schrbdmger equatmn:

L = o ) | |
mevelo -move @
where V(r) is the pseudopotential and the E(K) are the eigenvalues of the - .

real valence electron wavefunctions. The weak periddic pSeudopotential :

V(r) can now be expanded in a small number of plane waves:
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9.
V) =) . V(G)e - for |G| < Igol (3)
- G S ',

where IGOI represents some cutoff rec1procal lattice vector. For the ’

case of one type of atom V(G) can be writte_n as: o . ,

/

Vg -vEse @

where S(g) is the structure factor and \% (G is a form factor of the atomic.
'potentlal Wthh is fitted to experlmental optlcal data. S(G) and s (G) are

S(Q) = JZ o5 (5

glven by

Vi@ - L fv,me .~~fq3_ IR

where n is the num_her of atoms per primitive-cell, ,Ei-is the position of the
ith atom in the primitive cell, is‘the ‘volume'of the primitive cell, and

V (r) i., the atomic potential. If we assume.a spherica.l atomic potential

( A

then A% (G) depends only on the mag’nitude of G. For Si-and Ge in the

FC-2 structure Cohen and Bergstresser]3 used only three form factors to

-~ obtain a good agreement of calculated optlcal properties with experiment

Cnce one has a good set of_form _factors, the atomic pseud.opotent-iat form
factors can be obtoined from Eq. (6).  If one-now assnmes the atomic
potentials do not change ver_'y-much from one type of :crystai structure to the -

next, the formlfactors can be used for a variety of crjstélline structures.  In
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this sense the EPM is extremely useful. The procedurévessenti'ally in-
volves obtammg a continuous Vf( |9‘|) by a su1table mterpolation scheme
and reading off the o v |g |) for-the set of G ‘spanning the
reciprocal lattice of the particular polytype structure. The first calcula-.

tion of this ty'pe was done by Bergstres:ser and COhen]_"_l.

for CdSe, CdS,
and ZnS in the 2H-4 structure. ‘_ | |
Since no experlmental data are avallable at. th1s t1me for the poly-
types we have_ stud_ied.', the form factors we have obtained mlght have-to be
adjusted slightly to 'give better agreement W'ith experirn.ent; In 't'able Ia n(l"
Table II we hst the unnormahzed form factors for Ge and Si and the corres-
‘ pondmg reciprocal lattlce vectors for the 2H-4, BC-—8 and ST-12 crystal
structures. - For the 2H-4 structure we used 50-60 plane waves as a basis
set along W1th another 140 plane waves through a perturbat1on scheme devel-
| oped by.Lde.m.5 We calculated E(k) in 1/24 of the Bmlloum zone at ?75
.gr id pOints. | For the BC-8 structure we used approx1mate1y-60- 65 pla ne
waves as a basis w1th about 160 add1t1onal plane waves through perturba-
tion theory We dlagonahzed our hamlltoman in 1/48 of the Brllloum 7one
at 240 grid pomts Fmally for ST 12 we used about 70 plane waves ais a
bas1s set along with approxunately 270 more plane waves through the dedm
scheme. The e1genvalues were obtamed in 1/ 16 of the Br1llou1n zone at | _'
251 grid points. For all these structures we obtain a convergence of £.1¢eV

for almost all the states in valence band and for the states in the conduction

band in the vic.lnity of the gap.
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" Inour tight binding_ga_lculation we. took the model used recently by

Weaire and 'I‘fhorpe‘. 5 The Bloch wavéfunctions for each band_ have the

form: M
N
Y o) = Z Cm¥e, m) (M
~ m=] » N ~ .
where the X, (r) form a basis set of order M of tight binding Bloch

k,m=~
stat_es'-given by

— 1 v E lh.B - -l - CraN-
Where m = i, g; N is the number of pr1m1t1ve cells and the cp are

localized orthonormal states wh1ch can be taken as sps) hybr1d1zed
directed orbltals (four to each atom). The position of the 13_1_1_ atom in the

primitive cell is givenv by gi,and_ P, designates the directior_i and center

)
of mass position of the gth directed orbital of the ith' atom. Furtherrrior'e

for i# 1", £ = g will imply -'-p'z pz, and that | Z‘ - 2' I is equal to a bond

lehgth.‘ Thu‘s‘states %y and @, 4 are orbitals f.r.om different atoms

which lie m the same bond and ?; p
)

and o, z,' represent different orbi-
b
tals defined with res-pect to the same atom.

" In this model there are only l':wo"i'mpo'rta.nt non zero ‘matri‘x elements

.given by: |

GelE|Le) =V, and (LEH[1,H =V, . ©

The parameters V_ and V.

1 1V, for the FC-2 structure were obtained by
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fitting them to the valence band dens1ty of states of Ge FC-2 using the.
EPM. The values obtamed were V1 -2.22 and V, =-6.20 and were
taken to be the same for the BC-8 and ST-12 structures. The Weairc

model of course assumes all the bond lengths are equal and a perfect

tetrahedral a‘rrangem'ent for the atoms;' . The most 'proirninent features of -

this model are a flat band at the top of the valence ba.nd' containing two '
states per ator_n, a rather 'inadequate conduction Vban‘ds due to the limited
number of basis functions and an energy gap which is the Sarne for all

structures with even membered _fings of bonds.

Once the band Struc_ture is known the density of staﬁ_es can be obtained

using the following expression:

N - NIN o= - ) f 10

where N vlsthe number of atoms in the pr1m1t1ve u,ll N is thc number
of pr1m1t1ve cells and N(E) is normahzed to the number of states per
atom. The method used to evaluate the integral in equatlon (10) is due to
Gilat and Raub.en‘ne1mer.]6 The energy derivatlves requu'ed by th1s
metnod Were obtained usmg k- E perturbation theory.
| | . RESULTS =~

The band str‘uctures of Ge and Si in the 2H-4, BC.-‘B andS'l'-]Z'
structures are shown in Iigs. 2 through 7. In E‘}g. 1 we show the Pril-
louin zo’nes foz_' these structures and the s-_;ymmetfy not_ntion ussed byv

Leuhrman. 17
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Certain s.ymme try dir.ection‘s in the 2H-—4 s'truc.tureﬂcan'be compared
with analogous ones in the FC-2 structure through an ahgnment of the |
Rrillouin zones. 18 14 One finds the I‘L d1rect1on (FC 2) maps into the .V
AT dlrectlon (2H 4) so that the mdlrect gap at L for Ge FC' 2 becomes |
a direct gap at T in Ge 2H-4 and is equal to 0.565 eV Although the rX
direction (FC 2) is not assoc1ated with any symmetry dlrectlon in 2H-4 |
- the X point is found to lle 2/3 along the U ax1s from M to L (2H-4). Sl,
how ever wh1ch has an md1rect gap at X in the FC-2 structure has an
indirect gap at» M-m the 2H-4 structure equal to O~.85 eV.

In the BC-;8.'structure we'fin-'d direct 'gaps for Siv and‘-Ge and they both
:occur at H. For Ge we obtain a zero gap whereas for Siwe obtain 0.43
ev. It is mterestmg that in the Wealre BC-8 band structure we find the
bottom of the conductlon band also occurs at H |

In the ST 12 structure we find a direct gap for Ge O 7 of the way from '

r to 1\/1  The magmtude of the gap is 1.47 eV. For Siwe obtam an 1ndu-ect
gap w1th the top. of the valence band 0,4 of the way from

T to-l\/lZ and the bottom of the conduction band aboutO .75 of the way between -
I and Z . The Si gap is equal to 1.6 eV. It should be mentioned however

that since the valence band is rather flat along many symmetry dlrectlons |
and the conduction band has many d1ps at very nearly the same energy,

the actual experlmental gap could be dlrect or mdlrect and could 11e ina |
.va.rlety of pla,ces. It is m_terestmgvneverthele-ss that we find using the A
Weaire tight binding model that the ST-12 gap lies at M. |

* What 1s striking in this calculation is that thelGe'and SiST-12 gaps
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are abeut 50% larger than' those’ of all 'th'e.'vother structuhes. This is prob-
ably due to the influence of the large. numbers of five and seven fold rings
‘m the ST 12 structure Whlch would prevent the presence of Iow- lymg,
antibonding s-like states in the conductmn band Weaire et al. %) have _
suggested this might happen in structures w ith odd- numb‘ered rings, but
the d.egree te which it happ‘ens is shown in Fig. 8. Here we shew. the
results of our -ealeu_lation on an "ideal" ST-12 and 'BC—'B str_licture‘using '
the Weaire model. At the to_p of the valence band we have the p-like delta
function peak containing two states per atom, While thelrest of the valence
band is S- 1ikevand also} contains two States per a-tomvr wé notice in Fig.
8(b) that we now have a "valence gap" and a "conductlon gap". The "con-
ductlon gap" for ST-12 is cons1derab1y larger than that of BRC-8 and F C 2
(dotted h.ne) In fact we fmd a 200% mcrease in the gap if we mcludv an
ad hoc 2 0 eV broadenmg of the delta funct1on peak at the top of the va lence_
band In this model the '"valence" and "conductlon" gaps are mtlmately
related. Thls is because the -conduction and valence band eigenvalues
(except for the»pnre e-like states) are associated through the same amly- '
tic transformatlon (aside from a sign) to the eigenva 1ues of a one- state
Ha mlltomanzg The coefficient of a one-state wavefunctlon is then equal to |
the sum of the coefficients of the corresponding four states in the old
which is just-the s coefficient of these four states.
Hamiltonian/ Thus the om.ission of antibonding states in the one-state
Hamlltom.an will reflect itself in the omis smn of s-like states from the

top of the valence band and bottom of the conduction band.
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In the EPM case we do not expect such léi'ge effects _sirice we obtain

a much moré féé‘listic bandistructure. Neverthele“ss,' thé low energy
conductiOnl band states are rather ‘IOcaliZed and So we ...él:i_ll expect the
'mfluénce of odd-membered rings to be important. In fac_t, we can even -
observe a "va.lence gap" in Figs.;6 and 7 for Ge ST—‘iZ va‘nd Si ST-]Z. In
Ge ST-12 the s-like and p-like stateé are alnfbst ‘separated While in
Si ST-12 there is just a little mixing around 4.4 eV o

" In Figs. 9a, b, c and d we show plots of the density of states for Ge
in the F.C-Z, 2H-4, BC-8 and ST-12 structureS.V'Similar' results for Si
are shown in Ficj. 10. vSuperimposed on the Ge (Si) FC-2 density of stat'e‘s
is a sketch of th_é érribrphous density of states obtained by Donovan and |
2) | |

Spit:ér]' (Pierce and Spicve}r .. The sharb peaks are primarily due to

- Bragg ga.ps20 and would_. be smoothed out in a structure with no periodicity.

Keeping this in mind we can make some interesting cbmpa.risoné among
these structures anc-l we can _eXamiﬁe the trends in going from FC-2 _tb B
2H-4, to BC-FB, to ST-12, to»amo‘rphous. B

First we n’bti_ce that the }conductio'n band becom'ves more a.:nd. more
smoothed out as we go.. from FC-2 to ST-12. ‘This lack of la.rge'structure
élso seems to be evident - in the amofphous phase. Next we noticevth'at
the two large peaks at_the bottom of the valence bandeC-Z vse}em to ga'm
more‘ structure as we go to 2H~-4 andBC-8.. Nevertheiéss these peaks still

retain most of their' individual identity. Inthe ST-12 structure, hoWever, :

there is a thorough mixing of the two peaks. This is similar to the :
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su_'gge'stion by;.’"'if["ﬁorpe' et al. for the amorphous case. Experimentally
Wiech and z‘opr did find a seemingly large broadpeak.at the bottom of
the”'va lence band for amorphous Si using soft X-ray spec.troscopy. " Re-
_cently this has been confirmed by Ley. et al, 4 for'amorphous Si and Ge

using x-ray phtoelectromc spectroscopy Tl'ese results are shown in

Fig. 11. The fact that states aré mtroduced in the valley between the two
lower valence band peaks in Figs. 9a and 10a for the amorphous and '

ST-12 phe.ses,‘m such a way as to obtain a large humo wher}e the valley used
to be', can be primarily attributed to the presence of odd numbered rings
of bonds. This is suggested by the following sirhple argument. The FC-:Z |
stfuctur.e can be considered to be rhad.e up of six'membered rings in the |

"chair" configu.ration. That is we can pick a set of fings which can be brouqht
together to make an FC-2 structure and we will assume for the moment that -

lace
they do not loose their 1dent1ty Let us now isolate one of these ringspand/ one

localized orbltal at each of the atomic sites. We are thmkmg in terms of
the one-state Hamiltonian mentioned earlier. The symmetry of this ring is

D3 4 and if we aSsuxrie that these localized. states transform into nne another_’

under D they then form a basis for the six ‘dimensional representa.tion

3d’

I = A + E1 + Ez + B] Thus we have six states consmtmg of two smqle |

states of symmetry A and B], and two doubly degenerate states of symmetry

1

E and E If we now assume only nearest neighbor 1nteract10ns HI we obtam

1 2°

E(Al) = -2|H|, B(E) »:r4|r{I|, E(Ey) = |H/| and E(B)) = 2[H||. Letus now

il
isolate N rings.at infinity. The density of states for this system is just an
N-fold degenerate single ring d.ensity of states. Aswe bring these rings

‘closer together, to make an FC-2 or 2H-4 structure, the rings will interact
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and the sta.tes.‘ are gbing to _spread.._ Since we are cdnsid.ering only nearest
neighbor 'mte_ractidns we do not expect any drastic or significant differences
| when the inter-ring intefaction becomes équal to the intra-ring interactibn‘.
For example, we can bring two rings fégether in such a way as to make é :
| tbtal of five rings. However, the ehergy épectfum for this.éysterﬁ consists:
of just a splitting of each e‘nergy level of the two single i'ing systerh by about

|H, ]

This is what we expected and thus the N-ring system_ should have a
density Qf states which consists of two big hurhps and some type of valléy

in between. This diensity of states is thenvanal_ogous to the two peaks at thé
bottom of the valence band in Figs. 9a'an'd.'~10av. o

-Consider now the same analysis with a five
membered ring‘which‘ We,may}tak’e to have symmetry D5. A}ssu_m'in‘g again

that the‘ locali,."aed._states transform info each other under D-5, ‘they span a

five dimensional representation I'; = A] + E, + E,. Thus we have five
" states ‘ - consisting of a single state of symmetry A 1 and

two.dbuble de_generate states of symmetry El and Ez, We then obtain

E(AJ)% - 2|HI|', E(El) = -2 cos?Tr IHII and E<E2) =-2 cos—5-lr IHII The

lie intermediate in énercjy to those of the

states of symmetry E1 and E2

six fold rings with symmetry E EZ’ and B,. Thus five fold rings will

1’ 1 _
introduce states in the valley between the two d.ehsity_ of states peaks at.

the bottom of the valence band. In fact the eigenvalues of a.riy ring of

order N are given by:

' . onm L _ - '
'En :. -dIHIl cos—l-\]—‘ R n=0, l., ooy N=1 (11)
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Therefore seven fold rlng ; will also -introduce-states in the valley. Thus
five and seven fold r1ngs w1ll help to produce a one hump type of structure
with a peak where the valley used to be. These results are consistent with
those obtained by Weaire and Th)rpe 19 for "Husumi. cact1" made up of f1ve
and six fold rings. | -

The valence band density of states edges of Ge and Si in the FC- 2,

' 92H-4 and BC-8 structures (F1gs. 9 and 10) are all s1m1lar in that they have ,

gradual slopes. On the other hand. Ge and. Si in the _ST—12 and amorphous

phases have very sharp edges.- Along with this is the fact that there is a
very noticcable shllt of the hump at the top of the valence band to higher
. We believe that

energies in the amorphous a-nd ST-12 structures ./ the, reason for this is
an increase in the coulomb repulsion energy and kineti_c energy because of
varia.tlons in the bond angle in the-amorphous and ST;]2~pha;ses. This can '
be shown by the vfollowing a'rgument. VCo_nslder a system‘v/ith a perfectv
tetrahedral arrangement of atloms like Ge FFC-2 for example.l ‘The states
in the large hump at the top of the valence band locallze the electrons pr1— ”
mamly in the bond whereas the states in the two large peaks at the bottom
of the valence band local1z.e the electrons pr1mar1ly on the atoms It is

the electrons in the bonds wh1ch are more sen31t1ve to changes in bond

angle. Now the states at the h1gh energy side in the hump have a hrgcr

kinetic energy than the states at the lower energy side in thls hum p. ‘I'his . -

reflects itself in the fact that the former states are very localized in the

bonds whereas the latter states are more spread out in the bonds. Let ugs

now consider an amorphous system and let us naively assume that we have
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just as many larger bond angles as smaller bond angles Since the inter-
between the bonds

action/is not linear we will have an increase in the energy of each elec- .

tronic state. However, the states at the lower energy side in the large

hump will have a 1a_rger_overlap and a ,larger increase .ivn' energy than the

states near the gap. This will _'prgduce an increase in'the number of stdtes

near the gap and a steepening of the band edge.- A simple calculation shows

. the
that the increase in/energy involved is of the same order as that observed

in the amorphous case (Fig. 9a) In the ‘pseudopotential calculation for
ST-12 coulomb effects are not taken exphc1tly mto account and the sh1f-
ting of the peak is mamly due to an increase in the kmetlc enerqgy. We
may argue in the same manner as above since var1at1ons in bond angles
will ,produce a large_r decrease m the. effective volume occupled by the
electrons at th‘e lower en_ergy side of the hump than thjet electrons in statesA
near the gap Which are more localized in the'honds. This will result in
an increase in the kmetic energy and we should obtain the same effect as
in the amorphous case. This is evident in F1g 9d. Although the BC-8
}str.ucture has much smaller d.ev1at1ons in bond angles than ST-.12 we can
still noticean ihtroduction of states near-the gap whenv-"s‘)ve compare RC-8
with 2H-4. | |

Finally, we Wo'ulfdlike tvo make ‘so’mev comparisons betuteen our
resulls for the LU= and 5T-12 structures using the EPM and th}e Weaire
model. lf'We ‘co“mpare ST-12 (Weaire})‘ with.Ge ST-12 "(EPM) we notice a
very good matching of gross structure. The delta function at - 2eV |

represents the large hump at the top of the valence 'band.. The two strong
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peaks near - 4eV and - 6eV are obtained in both cases and reveal a charac- -

teristic property of the structure. In SiST-12 the peak'at - 4¢eV has
merged w1th the forward hump In the BC-8 structure the comparisons are
not as good. However, we st111 get a characteristic -d1p near - 8eV for |

both cases. The peak near - 6eV seems also to be Well reproduced.

V. CON.C‘LUSIONS

Wehave shown that long range disorder is not necessary to repro- : 7.
duce the essentiat features of the amorphous data. | By studying a} series
of structuresthat became .moreand more locally diSordered we were
: ab‘le'to dratav some interesting conclu.siOns as to what properttes of the |
amorphous structure are important We have found th'at dev'iationsvin '
bond angles w1ll produce an enhancement of the states near the gap and
what seems. 1ike a shift of the hump in the density of states at the top of
the valence band to higher energies. '-I‘he presence of local disorder also
seems to smear out the.str'onq structure in the region_near the bottom of
the conduction band'.. "I'he pre'sence' of five:and seven-me'mb'ered rings E

will enhance the number  of states in the valley between the two .

low enerqy. dens1ty of states peaks at the bottom of the valence band. The .

_ odd-numbered rings also have an effect in prod.uc_mg a ’\/a.lenc_e gap"and
perhaps it is thts feature that helps to retain the dip in the amor'phous
density of states shown in Fig. 11. Finally, the odd-membered rings
.seem to have an effect on the size of the intrinsic energy gap. We found
this to be a very Iarge influence on the gap in the'\.)veaire_. model. Now v.

one may argue that this is of no realistic consequence since the conduc-
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tion band in the Weaire model is inadequate and insuffic ient. Neverthe-
less .in' the EPM ‘calCulation we find that the states ne_ar the gap at the
bottom of the conduction band are s-like and are rather localized. In this
sense the pr'ed.ictions of the Weaire model may still be ualid for these
states. However, we are not 1mp1y1ng that the presence of five fold rings -
will produce an increase in the energy gap As we found in our mod1f1ed |
crystal the gap depends very cr1t1ca11y on the Hamlltoman matrlx elements.
Furthermore, the amorphous phase is 1ess dense and: hence has probably few-}
er five-membered rings than the ST-12 case. Therefore this fact along -
with Varlatlons in the Hamlltoman matrix elements could produce a gap m
the amorphous phase Wthh is Very nearly the same as that of FC-2. |
We also believe that a microcrystallite model with 2H—4 micro-
crystallites is not substant'iated by our ca’lculations. This is clea'rlly' the
case in the optical pro'pertie322 even if we average the’ez(w) function since
‘the peak lies higher in energy than 'the"a.morphous hump. This is a.lso the
case in the density of states for 2H—4 since an avera.g'ing does not reprod.ucejf
in any way the amorphous features ‘One might suggest an amorphous |
structure made up of ST-12 mlcrocrystallltes and argue that small reglons |
of m1crov01d structure could make up for bulk den51ty dlfferences How-~ -
ever, tne radial 'h stribution function for these structures would be quite
different., The next nmrnst nelghbors in the Ge ST-12 structure at 3.45 A'
and 3. 64 A would be ha.rd to lose.
The random network model seems like a reasonable model for the

amorphous state It's major problem is, of course, that.of non-umqueness. :
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It is clearly obvious that one could make a random network model and ob-

tain a zero gap. ' Thus effects of stability must be very important in deter-

" mining the particular types of random network structure that can exist in .'

a metastable state. The fact that amorphous samples are always prepared-
with very nearly the same gap clearly reflects this. - |

Finally we hope this work will invite experimentalists to study the

- BC-8 and ST-12 structures which may have a variety of mterestmg applications.

o

In particular the ST-12 structure may have about 34 valleys, in the conduction
band.v "Thisf_e'ature in ,its'elt is interesting for severat'reasons. For examole",
it raises the question tha.tAST-lz. may be a superconducting semiconductor or
that it may be a good host for the exc1ton droplet |
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FIGURE CAPTIONS
»iBrillouin zones and associe.ted s‘ynime_try.pointsl ahd lines for the v
9H-4, BC-8 and ST-12 structures. |
Band structure of Ge in the 2H-4 or wurtzite structure
Band structure of Si in the 2H-4 or wurtzﬂ:e structure
Band structure of Ge in the BC-8 or Sl III structure. |
Band structure of Si in the BC-8 or Si III structure |

Rand struc_ture of Ge in the ST-]2 or Ge III structu.re.

- Rand structure of Siin the ST 12 or Ge III structure.

Density of states for the (a ) BC‘ 8 and (b) ST-12 structures cal—

culated from the tight binding model used by Weaire. The BC-8

structure is shi,fted'slightly to lower energies with respect to the

ST-12 stbucture’ so as'to agree better with Ge RC-8 (EPM) ‘The
dotted line in (b) represents the botto'm of the cohductioh band for
the FC-2 structure using the Weaire model, -

Density of states of Ge in the (a) FC-2, (b) 2H-4, (c) BC-8§, artd.
(d) ST-12 structures usirig the ‘Empirical PSeudoApotential Method.
The dotted Iine in (a) re‘presents a }sketch of the amorphous ‘density
of statves obtained by Donovan et al.(ref. 1). The dotted line in
(d) represents the averaging of Bragg galpsb for Ge ST-12 in this -
calculation. | | B

Density of states of Si in the (a) FC-2, (b) ZH-{l, (¢) RC-8, and

(d) ST-12 structures using the Empirical Pseudopotential Method.
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The dotted line in (a)v represents a sketch of the amorphous density .

of states obtained by Pierce and Spicer (ref. 2). The dotted line in

(d) represents the averaging of Bragg gaps for Si ST-12 in this

calculation.

Experiinentél XPS results Which are relatéd to the density of
States for Ge and Si in the FC-2 and amOrphbus phases. Top,
expérimehtal’ "curve '('dots)_' for Si and Ge_ in thevFC‘-‘Z structure
alonngit-_h a sharp theoretical and a 'broadén‘e_d- theoretical (EPM)‘ ‘
calcul_ation. 'Bot‘tom,v_XPS results for Siv and Ge in the amorphous

phase compared with the calculated density of states for Si and

Ge in the ST-12 structure (EPM) from this Woi'k The rélative o

.sizes of the humps in the Si experimental curves differ from those :

in Ge because of the dlfferences in scattermg cross-sectlons of the

3s, 3p and 4s, 4p electrons.
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TABLE CAPTIONS
Table I Reciprocal' lattice vectors, their magnitudes. and form factors
for Ge in the 2H-4, BC-8 and ST-12 structures. The recipro—
cal lattice vectors are expressed with respect to the primitive .
translatlon vectors for each structure and the magmtudes of
these vectors are in units of (21r/a0) where ao is the lattice
constant for Ge in the FC-2 structure. The form fac-
,tors are in Ry and should be multiplied by a factor equal to the
ratio of bulk densities of the particular Ge structure to the
| Ge FC-2 struct-ure. .Some of the form factors of Ge 2H-4 are
omitted since the structure factors are zero for these'g's.
Table II Rec‘iprocal'lattice vectors, thetr magnitudes and form factors

for Si in the 2H-4 BC 8 and ST-12 structures The convention

is the same as Table I
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Tatls I
Ge 2H-4 .Ge BC-8 GeST-12
g ¢ v, 3 G2 v, G ¢t v, 3 ¢t .V,
©0D  0.750 - T00 1,338 -0,380 | (001D  0.65¢ -0.470 (310C) @.110 0.040
(100)  2.667 -0.255 | (11-1 2.676 -0.285 | (100) 0.911 -0.435 (203 .22 ~ 0.048
0.02) .~ 3.000 . -0.230 (1100  4.014 =-0.185 | (101) 1.569 -0.350 (311) 9.728 0.050
(101)  3.417 < <0.200 | (200) 535 -0.093 | (110 1.822 -0.325 (222 9.818 0.08%
(102  5.667 -0.075 | (21-1) 6.690  -0.038 | (111) 2.480 -0.270 (213 1C.473 0.060.
©03 670 - (117  8.028 -0.01 | (002 2.630 -0.258 (004 10.521 ©.080
(110) 8.000 0.010 | (210) 9.36  0.045 | (102) 3.541 -0.193 (302) 10.829  0.060
(111) 870 - ©2-2) 10.704 0.06C | (200) 3.644 -0.188 (104) 11.432 0.060
(103  9.417 0.045 | (300) 12.042 0.053 | (201) 4.302 -0.148 (312 11.740 0.055
(200) 10.667  0.060 | (31-1) 13.380 0.03 | (112 4.52 -0.140 (320) 11.843 0.055
(112) 11.000 ©0.060 | (211 14718  0.01€6 | (210 4.555 -0.135 (114) 12.343 0.0%0
(201) 11.417  0.060 | | 211) 5.213 -0.098 (321) 12.501  0.048
004  12.000 (003 5918 -0.065 (223 13.208 0.040
(202)  13.667  0.035 (202)  6.274 -0.050 (303 14117 0.025
(104)  14.667 (103 6.82¢ -0.030 (204) 14.185 0.025
(113 14.750 (212 7.185 -0.018 (35%) 14.473 0,023
| (220) 7.288 -0.013 (40C) 14.576 0.020
(113 .7.740 0,003 (313 15.028 0.013
(221 7.946 0.010. (214) 15.078 0.013
(300) 8.199 0.018 (40:) 15.23¢ 0.010
(301) 8.857 0.035 (410 15.487 0.008
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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