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of states n(E) for amorphous Ge and Si obtained from experim'ent :

New Ins1ght into the Optlcal Propertles of Amorphous Ge and Sl . U
| ~J. D. Joannopoulos and Marvm L C‘ohen | :
o Department of Physics, Un1vers1ty of California o

-and e

B Lnorgamc Matemals Research D1v1s1on, Lawrence Berkeley Laboratory

Berkeley, Cahforma 94720

. Abstract

A short ranqe"disorder-modei unlike present ong e

- range disorder theorles, is able to account well for both the

', denS1ty of states and the optlcal propertles of amorphous
 Ge and Si.,” Our results 1nd1cate‘ that the 1magmary part .
of the 'dieiectric function for vamorpho‘us Ge and 81 has -
L the same form as an averaged gradlent matrlx element “ o A
vas a funetlon of energy ThlS conclu31on should be vahd‘; T
. for all tetrahedrally bonded amorphous sohds
| _The imaginary part of the -dlelectrm functlon € (E) and the den31ty

1-3 exhi-

=

- bit pr opertles Whlch are in many cases qulte novel and cannot be obtamed

- from 2 Smele averaglng of the crystalhne spectra.v |

. The theoretlcal attempts4“9 to explaln the amorphous optlcal data

- have c.ll assumed untll now, that long range dlSOI‘deI‘ (LRD) is of prn:nary

' i 1mporta_nce. .They have taken the simple crystalhne band structure as a ’. |



‘w1th the amorphous e

N bond angles and odd numbered rmgs of bonds. It is prec1sely the lack of

. theorles

: :",4“\, e

’of LRD ‘In some casesél’v8 complete k non—conservatlon Was cons1dered
“ in the sense of a non- dlrect trans1t10n model and in other cases5
-k mn—conservatlon was: proposed Wthh enabled the mtroductlon of some} 'ype 0
-short range order parameter. Although all these theorles glve good agreement

2(
| trend to n(E) for the amorphous case. ThlS problem was dlscussed Ln

E) data, none of these theorles pred1cts the correct

. detall in a prev1ous paper10 where we studled n(E) for Ge and S m the dla-,

“mond (FC-2), wurtzite (2K~ ) Shu (BC-8) and Ge 111 (ST 12) structures

usmg the Emp1r1cal Pseudopotentlal Method (EPM) The trends observed W1th‘;_ :

,_w.

the 1ncreas1ng complex1ty of the crysta structures suggested that the amorphous -'

v n(E) results could be explalned by a short range dlsorder (SRD) model deflned

asa system with a connected network of bonds but w1th dev1at10ns 1n the

v thlS SRD that brmgs about 1ncons1stenc1es in the predlctlons of present LRD
The results of the aforementloned LRD theorles lead us to suspect that
' the € (E) funct1on may not be a good ]udge of the m1croscop1c structural

' aspects of the amorphous state and that one deflmtely needs a theory that

A(®) ot the amorphous phase.

| will be able to account for both n(E) and €
' ln thls letter we shall show that a SRD model can mdeed also account

.f-c"f the amor phous e5(E). In partlcular we shall find that the amorphous KNS

(E) soectrum should have the same form as an averaqed Qradlent matrlx S R

eleme nt as a functlon of energy Th1s is qu1te 1nterestmg s1nce the amorphous g Sy :
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2(E:) is not well understood

There are two features of the amorphous € (E) spectrum Wh1ch must _
'be explamed Flrst we must ask why we have only one hump 1n the spectrum o
: _and secondly What determines the pos1t10n in energy of this hump We shall o

, attempt to account for these features in the followmg analy31s. The crystal- 2

line € /E) can be Wr1tten as -

2\

E (E) - c J(E) s (e, U E (1_<) - E |<¢ (1_<| |¢ U>| /J (1‘):.'5',

“k e,v -

Where C isa constant the sum of k 1s over the Whole Brllloum Zone (BZ),

| c and v represent conductlon and valence band states respectlvely, szc) 1s a e

is a Bloch state, and J (E) is the Jomt dens1ty of states glven by

IE) - 5 = 6(ECQ<) - E, (1_<) B. @

c,V

Equatlon (1) is Just an expressmn for an averaged dlp_ole matr1x element P(E) B

. .—:-_. e

; multlplled by the Jomt den31ty of states .T( ). If We now 1ncorporate the con- '

'. tant C‘ mto J( ) we can Wr1te | '

ey ® = 1(B) P(E) o N

This is a physically reasonable expresslonf and could be' use_d to studjr the -

amorphous phase since it is essentially the number o,f states accessible for

trars1tlons at an energy E multiplied by an average probablllty for those 5

trensitions. When one does band structure calculat1ons, however 1t is’

‘easier to calculate an assoctated average matr1x element l\/l(E) obtamed by




: :Eq (3), or equlvalently Eq (4); can now be used to make 'a model of the

phase._ In thlS phase we would. almost certamly expect J (E)ﬂ to be 8 smooth

_monotomcally ncreasmg functlon of energy, at least up to 3 ;6 eV

':"'v-'(ya.'weighted. averaglngof ]{ADCQC)I‘;MV@_{))I Then Eq

€y

amorphous € (E) by speculatmg the form of I (E) and P(E) in the 'amorp_,

: WlthOllt

- any sharp structure from spec1f1c locahzed reg1ons 1n the BZ Slmllarly'

- We Would expect the average d1mle matrlx element P(E) to be a smooth

'the averaged gradlen matrlx element M(E) should be a decreasmg functlon
of energy It is much safer to expect that P(E) is a decreasmg functlon of
'energy since it is proport1onal to the probablhty of a trans1tlon at an energy E
and must satlsfy a more strlngent sum rule than l\/l(E)

The product of P(E) and J (E) Would then glve a one hump structure
Z(E) cor'nems out ‘.of'

th1s s1mple mo del qulte naturally To examlne th1s 1n more detall We have

' as a functlon of energy so that the shape of the amorphous e

: calculated 62( ) J(E)/E and M(E),- and J(E) and M(E)/E as functlons of

energy tor Ge and Si'in the FC- 2, ZH 4 BC—8 and ST 12 structures usmg }:

" the EPl\/I and the Gilat- Raubenhelmer mtegratlon scheme. ]] The results for

Siare shown 1n Fig. 1 and are s1m1lar to those for Ge Wthh Wlll be presented ; e

o in a more detalled paper 12 For each row the product of the tvvo curves 1n e

iy 1 R

the :econd and th1rd columns gives the ez(E) spectrum in the f1rst column ‘



of the parallel and perpendlcular components of €

-matrix element M(E)/E for ST- 12 1s for the most part a smooth decreasmg j' . S

' spectra We notlce that it is premsely the ST 12" structure that has the quah— -

3 -5

O d U U J ?}’ Joooa 5}_ 0

In the cases of the ZH 4 and ST 12 structures we show the welghted average "

2(E). We are interested in - |

. observmg trends as we go from FC-2 downthe columns to more and more

!

locally disordered ahd complicat'ed crystal structures. For the"moment _let )
us conc'e'ntr.ate" on'the’third'column inthe figure We notice that'with the
| "anreasmg complex1ty of the crystal structures, J (E) gradually loses the

i shan o] structure promment in the FC—Z case Wh1ch was caused by the sim~

phcrty and symmetry of_thls band structure. When we reach S_T~'12, J (E)
is alm'ostva smooth and ‘fe_ature'less Spectrum which would compare well with

yvhat we expected for the amor phous case. In addition the averag'e' '@' |

. ‘functlon of energy apart from some small nggles at low energy Whlch are

_not in the ‘energy reglon of the peak in ez(E). If wWe now examlne the € (E)

t1es_ of the supemmposed amorphous €,(E) spectrum obtamed by Plerce and o

'S'pice‘rz. The agreement between the ST-12 spectra and the amorphous spec— e

tra 1s qulte encouraglng and shows that the kmd of SRD Whlch accounted for

| the amorphous n(E) also accounts for the meortant features of the amor- .

phous ¢ (E) spectrum. The d1screpancy Ln magnltude of the € (E) curves is S .v '

__1rrelevant in thls d1scuss1on and is caused in part by the dlfferences in bulk

'_denslty of the ST- 12 and amorphous structures.

An Lnterestlng feature that comes out of this analys1s is that .T(’E)/E‘2

 .shoul d look somethlng like a step functlon in the amorphous case smce I(E)

~issuch a smooth polynomial-like 1ncreas1ng functlon of energy ThlS then L



e the 1nformatlon about e (E) Th1s lS shown in F1g 1 as We go down the second

- Enersy Commlssmn o

o 'fsuggests that the averaqe qradlent matr1x element M(E) must contam most of

- column Where we have plotted J( )/E and M(E) Ln the FC-2 case the eZ(E)
_Y . Spectrum looks mostly l1ke J(E)/E Wh1le M(E) modulates the J(E)/E s

trum T_n the 2H-—4 structure We fmd that the form of the e (E) spectrum is now - B

| shared between J (E) /E and M(E), Where l\/l(E) contrlbutes most of the f1rst
peak an.d T (E)/E2 contr1butes the second peak When We examme thekBC-8——
case we flnd that the eZ(E) spectrum now looks mostly hke M(E) Whlle
(E)/E ]llSt modulates the M(E) spectrum Fmally in the ST 12 structure
“ we flnd that J(E)/E ‘is a relatlvely featureless step— hke f.unctlon of energ-"‘h
and agaln € (E) looks hke M(E) | T
o Therefore We can. safely c:onclude from th1s that vthe average gradlent

».'matrlx element l\/l(E) determmes the. posmon m energy of the hump 1n the

' amorphous € (E), and most 1mportant When one measures the amorphous -

€o(E) Spectrum one is essent1ally ]llSt measurmg the average matrlx element'-"-f

M(E).

ThlS result should be appllcable to all tetrahedrally bonded amorphous

vsohds since the forms of T (E)/Ez and M(E) are S1m11ar in all these cases
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Figqure Captlon

. F1g 1 Imaglnary part of the dlelectrlc functlon €2’ vaverage qradlent

- matmx element M, assoclated joint den51ty of states J /EZ, average .

| dlpole matr1x element M/EZ, and Jomt dens1ty of states 7T for 81

in the FC-2, 2H-4, BC-8 and ST-12 structures For each row .

' the product of the two curves in the second and th1rd columns

| gives the € spectrum in the flrst_ column. ‘The €2 for the 2H—4

"2
and ST-12 structures was obtained by averaging over parallel and

perpendicular polarizations. The matrix elé‘ment M is in units of f o

(——-) where a is the smallest lattlce constant of each crystal and

- J in the flgure is in unlts of (_2—) eV . The amorphous 62 curve.

was obtained from Pierce and Splcer (Ref 2)
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