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FOJIEWOHD

This final report describes the research performed under

Contract No. F19628-75-C-0163 from 6 April 1975 to 30 Septem-

ber 1976. The primary research objective of this project was

experimental and theoretical investigations of materials suit—

able as windows and optical components for the high power CO2
laser opera ting in the 10.6 pm region and chemical lasers in

the 2 to 6 Iinl region . Particular emphasis was given to char-

acterizing such materials and to determine the factors limit-

ing their performance. Research included the following areas :

(i) Frequency and temperature dependence of absorption coef—

ficient in the transparent regime of solids ; (ii) lattice

dynamics and phonon optical properties of structurally disor-

dered solids; (iii) op tical and e l e c t r o n i c  p roper t i e s  of

crystalline and amorphous semiconductors and (iv) theory of

Brillouin effect, calculation of elasto-optic constants.

During the tenure of the contract, eleven papers were written

under the sponsorship of the contract. A majority of these

papers have been published iii relevant journals . The re-

prints and preprints of these papers constitute the final

report . Also included are reprints of papers covering work

initiated at the Solid State Sciences Division , Deputy for

Electronic Technology , RADC and other iaboratorie~ to which

the principa l investigator has contributed . The principa l

investigator was assisted b y ~e~’eral graduate research as-

sistatits in carrying out. this research . Helpful discussions

with and close col. inborn t ion of Dr • 13. Don dow , !~lr .  H • G. Lipsoim

i
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and Dr. Y. F. Tsay of the Air Force aro gratefully acknow-

ledged . The flames of various individuals appear in the ap-

propriate sections of this report to which they  have made

contributions.

S. S. Mitra
Professor of Electrical Engineering
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I . INTRODI ~CT I

1.1 Genera l

In the past few years, considerable progress has been

made in the investigation of materials and components for

high power CO2 
lasers emit t ing at 10.6 p~~. Materials suit-

able for transmitting infrared r a d i a t i o n  a t  10.6 pm have

been identified , and the a bsorp t i o n  pr ocesses  tha t l i m i t

the transparency of such solids have been , to a certain ex-

tent , explored. There are two chief sources of absorption

in a pure solid, viz., lattice vibrations and electronic

transitions . For most materials a sufficiently wide spec-

tral window exists between these two limits where the ma-

terial is t r a n s p a r e n t .  H o w e v e r ,  t h i s  t ransparent regime

displays residua l absorption due to (i) multiphonoii pro—

cesses, (ii) defects and impurities, (iii) phonon—assisted

electronic transitions in the long-wavelength tail of the

f u n d a m e n t a l  absorption edge , and/or (iv ) multiphoton elec-

tronic transit ions in the case of high photon flux . The

limiting absorption in transparent solids in the 10.6 pm

region is entirel y due to mechanisms (i) and (ii). A nun: —

er of thooretical treatments have been presented 1 to ac-

coun t for absorption due to higher order phonon processes

and its t e m p e rat u r e  dependence .  The agreement, wherever

experimental data exist, has been reasonably good . Al-

though sonic e x per i m e n t a l  data  e x i s t  on the e f f e c t s  of m i —

puritios and defects on the absorption of a solid in the

t r a n s p a r e n t  regimo , only l i m i ted  p 1-ogress has  been iiiade~

towards  a proper  d e l in e a t i o n  of causes  and sources  of t h i s

1
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additional absorption process in the 10.6 pin region . In

shorter wavelength regions the situation gets further coin-

plicated due to contributions from the other two mechanisms

mentioned above .

Recently, much interest has been evidenced in the de-

velopment and use of chemical lasers, operating in the two

to six micron region . However , research on the materials

problem for these lasers so far has not attracted a compar-

able amoun t of concentrated effort as in the case of the CO2

laser. In the presen t project4 we have considered a number

of basic problems concerning the  window materials for chemi-

cal lasers operating in the 2 to 6 pm region , and their pos-

sible resolution . Of particular interest among chemical

lasers are HF, Dr and CO lasers operating in the range of

2.6 to 3.5 pin, 3.6 to 5 pin , and 4.9 to 5.7 pm , respectively.

The residual absorption plays an importan t role in the

selection of a material for use as an optical component in

high power laser applications. A number of other optical

properties also play a significant role in such a selection .

The optical property also of interest in this connection is

the r e f r a c t i v e  index , n and i t s  tempera tu re,  s t ress  and pres-

sure dependence. The pressure dependence of n for example,

contributes to pressure-induced distortion3 of a laser beam .

T u e  s t ress dependence of n is assoc ia ted  wi th  a va r ie ty  of

unacceptable distortion effects on the trar~s:nission of laser

beanis and the associated degeneration of the transmitted

beani through in t or fo r onc e  and m u l t i p le  r e f r a c t i o n . The t e i n—

I)era t~n-o der iva t i ve  of n and i t s  sign , Ofl t lio othoi ’ h and ,

2
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determ ine5 tho extent and nature (concave or convex ) of ther-

mal lonsing, which becomes an important consideration in

high electric fields . Both internal and external stresses

are capable of distorting the beam and thus limiting the

optical performance of laser windows . These effects have

already been considered6 to some extent for materials per-

tam ing to 10.6 psi radiation . Further consideration is given

to materials particularly suitable as optical compenents in

the 2 to 6 pin region .

1.2 Multiphonon. Absorption

Exper imenta l ly obse rved exponent ia l  dependence of ab—

sorp t ion c o e ff i c i ent s , a on f requency

a A exp (— ~~
) (1)

in the transparent  regime in the high frequency side of the

fundamenta l  l a t t i c e  optical mode f requencies  is a t t r i b u t e d

to mul t iphonon i n t e r a c t i o n s. The minimum residual absorption

by a solid in this regime is due to multiphonon processes,

and any addi t ional  absorption is thus to be a t t r ibu ted  to

other  e f f e c t s ,  pa r t i cu la r ly  d e f e c t s ,  surface condi t ions  and

impurities. 
-

We have already proposed7 a treatment for the frequency

dependence of absorpt ion coe f f i c i en t  due to .higher order

multiphonon processes in alkali halides. Joint phonon den—

sit)’ of s t a t e s  for  higher order processes  wore obta inod  using

a breathing ~ho11. model of lattice dynamics and relaxation

of the wave—vector selection rule restrictions. The absorption

3
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t h i s  o f fec t  in severa l ways • Otie may a s sumn o tha t al l  p110110315

shift e q u a l l y  w i th  T, and take  a r ep re sen t a t i ve  phoiu on [w

of eq.  ( i ) J ,  e . g . ,  the long-wave leng th  t ransverse  and/or

longi tu di na l o p t i c  phonon f requencies, WTO or WL0 • The tem-

pera ture  depen dence of WT0 and WLO are known in som e cases ,

and are ob ta inab le  for  ahers from the moa surenment  of tempera-

tu re  dependent  r e st s t r a h l e n  and Uaman spectra , dependin g  on

the s t r u c t u r e  and na tu r e  of bending of the c r y s t a l  under con-

side ra t io i i . i t  Las genera l ly been ass umed tha t hi gh fre-

quency  ( o p ti c a l )  phonons c o n t r i b u t e  more to t h i s  abso rp t ion

process than low f requency phonons . Theii one may possib ly

use the “Brout sum average ” phonon f requency  given ( f o r  a

• dia toniic  cubic c r y s t a l )  by -

2 2w + 2 w
- LO TO 1/2W
B = ( :3 ) (14 )

The t empera t u r e  dependence of is readi ly ob ta inab le  f rom

the tempera t ur e dependence of’ bu lk  modulus and therma l ex-

pan sion c o e f f i c i e n t ,  s ince 8

- ,aB ’.l/ 2
= cou s t

where t h e  c o n s t a n t  depends on t h e  c r y s t a l  s t r u c t u r e, B is

the hulk modulus , a the lattice constant and ~i the  redu ced

m a s s .  A th i rd  p o s s i b i l i t y  is t o  a c t u a l l y  ob ta in  the one—

phonon d en s i t y  of s ta tes  as f u n c t i o n s  of t empera tu re  for an

tutharmonic l a t t i c e.  Some of those p o s s i b il i t i e s  have boon

ex l) lor eCl , and t h u  cal  c u lat io n  has  been e x ten d e d  to c~t i i d id n t  e

m a t e r i a l s  for  the two to six m i c r o n  regi on .

5 
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1.3 E f f e c t s  of Im p u r i t i es .  De fec t s  and Diso rde r

It was remarked e a r l i e r  tha t w i t h  t i m e  absorp t ion  de-

creasing rap id ly  by orders of magnitude awa y f rom the funda-

m e n t a l  l a t t i c e  region , it  is ev iden t  t h a t  the l i m i t i n g  ab-

sorption mechanism for  many cases of i n t e r e s t  w i l l  be tha t

• due to i m p u r i t i e s .  In a l k a l i  h a l i de s  the  princ ipa l inipui’i —

t i e s  c o n t r i b u t i n g  to infrared absorp t ion  are the m o l e c u l a r

va r i e ty  such as oW , c0 , cio , SO~~, No;~ and similar ions,

depending on the p a r t i c u l a r  m a t e r i a l  and growth c o n d i t i o n .

At the CO2 laser f requ e n c y ,  9113 cm~~ t h e  m i t  r i n s ic  absorption

c o e f fic i e nt  due to n iu lt i p l ionon  p rocesses  is for  exanip le

~5 x lO~~ cm~~ for KBr and ~~8 x lO~~ cm~~~ for  KCI , respec-

tively . These a re e x t r a p o l a t e d  va lues f’rom hi gher  absorpt ion

region . Oii the other hand , purest samples of these two

j alkali halides display absorption coefficient ‘10
k cm 1 

at

924 cm
1
, showing the importance of the contribution from

impuri t ies. A typical impurity like the  ca rbona t e  ion has

absorption bands in the vicinity of’ 670 cm~~~, 710

880 cmn 1
, 1060 cm 1

, and 11450 cm
1
; likewise the chlorate

—1 — — -ion has a b s o r p t i o n  bands around ‘-490 cm , 610 cm , 910 cm

— land 960 cm • Thus i t  is obvious  that any of thoso ions in-

a d v e r t e n t  ly in tr oduced  in  a window m a t e r i a l  or produced

dur ing  the growth process may individually or in concurrence

w i t h  other impurities may produce undes i rab le  s t r u c t u r es  and

s i g n i f i c a nt  i n c r e ase s  in the absorption level iii t h e  reg i o n

of’ i n t e res t  • Fur ther  co m p lie n t ing f a c t o r s  may ar ise  fi’onu

ovoi ’toiies nui d c o m b i n a t i o n s  of these molecular vibrationa l

6
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modes and their  i n t e r ac t i on  w i t h  host  l a t t i c e  phonons . Some

progress has been made in the s tudy  of selected impur ity

ions in alkali halides and other matrices2’9. Theor et ica l

t r e a t m e n t s  of s u f f i c i e n t l y  genera l na ture  a lso exist 1° to

handle the in te rac t ion  of a specif ic  impuri ty  (or  i nup u r it ie s )

wi th  a speci f ic  host  l a t t i c e .

In the shorter wavelength , e . g . ,  2 to 6 pin region , elec-

-~~~~ t ronic  t r a n s i t i o n s  of impur i t i e s  may a lso cont r ibute  to un-

wanted absorption . This is particularly true for certath

fluorides and oxides like CaF2
, MgO or A1203, in which cer-

tain rare earth and/or transition metal ions customarily

found as di- or tri-valent substitutional impurities. A

+2
transition metal ion Mn , for example ,  has un f i l l ed  3d shell

electrons; likewise a rare earth ion like Sm ’
~

2 has un f i l l ed

14f electrons . Transitions of these unfilled electrons to

higher energy levels give rise to a rich spectrum in the

11visible, near and mid infrared regions • Such spectra are

both characteristic of the ion and the host lattice. Modi—

f’ications in the free ion spectrum are caused by the c rys t a l

field of the host lattice and the vibronic interactions with

phonens . The problem of residua l absorption in the 2 to 6 pm

region window materials thus  encompasses  considera t ion  of

this effect also , although much information regarding it al-

ready exists in the literature .

So far, above discussions pertained to substitutional

impurities. The optical property of a transparent material

may a lso  be a f f e c t e d  by other form s of dofoct  ox’ d isorder ,

7
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e.g., structura l and compositional. Structura l. disorder

causes fo rma t ion  of anm orphous or glassy phase , whereas  coil.-

pos i t iona l disorder may be considered in the c o n t e x t  of m ixed

crys ta l  sys t ems . A l t h o u gh such d isorders  w i l l  c o n t r i b u te  to

undes i rab le  absorpt ion  in t ransparent m a t e r i a l s  ch ief l y

through the  breakdown of wave—vec to r  s e l ec t ion  r u l e s ,  and

through occas iona l  resonant  absorp t ions  ( e . g . ,  local  an d gap

m o d e s ) ,  such disorders may also be p r o f i t a b l y  u t i l i z e d  iii  the

c o n t e x t  of laser window app l i ca t ion s .

In recent  years , considerable  amount  of i n t e r e s t  has

been evidenced in the use of amorphous or glassy substances

as op t i ca l  m a t e r i a l s .  As window m a t e r i a l s  for  t r a n s m i ss i o n

of high energy radiant flux , g lassy m a t e r i a l s  o f f e r  cer ta in

ad van tages  as wel l  as d i sadvan tages .  Conside ra t i on  has also

been given to the use of reflecting or anti-reflecting pro-

t ec t ive  amorphous coat ings on standard window materials.

However,  a search of the l i t e r a t u r e  reveals  tha t apart  from

seine s ca t t e r ed  e x p e r i m e n t a l data , very  li t t le is a v a i l a b l e

in the way of a comprehensive  unders tanding  of basic  o p t i c a l

p roper t ies  of amorphous m a t e r i a l s .  In p a r t i c u l a r ,  for  the

10.6 pin region , a number of candidato  window m a t e r i a l s  may  
•

now be prepared in amorphous form as wel l  • The te t rahedra l-

ly bonded semiconduc to r s  l ike Si, Ge,  the Ill—V and seine

I l— V I  compounds f a l l  iii this ca tegory . in addi t ion to t hese ,

severa l o t h e r  b ina ry  and ternary  ch a leog en id e  g lasses ha v e

also been considered for possible use as high power gas lase r

window nmt e3 ’i a l s .  hl o f’oro a rel i ab le  a p p r a i s a l  of the s u i t -

8
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ability of amorphous materials as windows or as window coat-

ings be made ,  it is e s sen t i a l  to have an understanding of

re levant  op t ica l  p roper t ies ,  expec i al l y  the m od i f i c a t i on s

they undergo in the t r a n s i t i o n  from tho c r y s t a l l i n e  to the

amorphous s t a t e .  Some advances in this d i r e c t i o n  are re-

ported hero .

If the impur i ty  con ten t  of a sol id is increased to such

an extent that interaction between impurity atoms begin s to

play an e f f e c t i v e  i’ole, the s y s t e m  should then be termed a

-
~~ I 

c o m p o s i t i o n a l l y  d isordered  solid  ra ther  than an impure crys-

t a l .  If the i m p u r i t y  con t en t  of a d isordered  l a t t i c e  is no t

isotopic in nature  but of a different chemical element, one

then has the s o - c a l l e d  mixed c r y s t a l .  A mixed  c r y s t a l  is a

sin gle crys t a l  or p o l y c r y s t a l l i n e  aggregate  which is formed

by two e lements  or compounds w i t h  a range of c o n c e n t r a t i o n

ra t ios .  One may vary th is  concen t r a t ion  to ob ta in  a mix ed

crystal  system , sometimes over the whole range of composi-

t ions  and the system is said to show complete solid solubil—

i t y .  Most a lka l i  h a l i d e s ,  11—VI and I l l — V  coumpouiids form

mixed c ry s t a l  sys tems . The s tudy  of v i b r a t i o n al proper t ies

of mixed c ry s t a l s  reveal two c lasses  of mixed c r y s t a l s :

- S ( i )  the one-mode type in which only one set of’ long wave-

length op t ic  phonozi s occur which  s h i f t s  co~~t in u ou si y a n d ,

in most  cases l inear ly  wi th  concen t r a t i on  fro mum t h e  frequen-

cies of’ the l ighter  component  down ward to the nu ode frequen-

cies of the heavi or component .  Examples  are

KCl x Br i~~~ P N i xCO l_ x O I (Ca .fla )x Sr i x F
~~i et c ;  ( i i )  the two-

9 -
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mode typo in which two sets of long wavelength Optic pluonons

occur, one set of 1,0 and TO characteristic of the lighter

component, and one set characteristic of the heavier com-

ponent, the strength of each mode being approximately pro-

portional to the mole fraction of each component. Examples

are Ge Si , GaP As , ZnS Se , etc. The criteria thatx l—x x l-x x l—x

distinguish the so-called one- and two-mode behaviors , and

their long wavelength vibrational spectra have recently been

thoroughly reviewed12 and will not be dealt upon any further.

A complete lattice dynamical model has recently beexm develop-

ed by the principa l investigator and his co-worh ers13 for

mixed crystal systems . It must be obvious from the fore-

going discussion that both kinds of mixed -crystals can be

advantaneouslv used in the context of laser window problem .

By varying the mixing ratio , one may shift the lattice res-

onance frequencies over a relatively wide frequency range ,

and thus being able to tailor the transparency and/or re—

flectance in a narrow frequency range . Mixed crystal sys-

tems thus offer certain advantages both as a bulk transmit-

ting material or as reflecting or anti—reflecting coatings .

The other advantage of the mixed crystal systems is that a

mixed crystal is usually harder than e i ther  of the pure

Ill 
- -

components

Disorders like voids, dislocations, surface state which

are usually inadvertently introduced during the fabrics tion

process also affect the optical properties, usually in an

undesirable  manner . A systematic investigation of’ tho effect

10
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of those  growth  or fabricat ion-induced disorders on time

optical proporties, v i z . ,  r e st st r ah l e : i  spec t rum , m u l t iphono n

absorption , the refractive index and its temperature coef-

f i c i e n t  w i l l  be i n t e r e s t i ng .  It  is onvisioned tha t properly

planned step-annealing procedures may reduce some of these

unwanted effects.

1.4 Therma l Leuusing and Beam Distortion

When a laser beani of non-uniform intensity passes t h rough

a semitransparent window the beam w i l l  s u f f e r  d i st o r t i o n  as
ir

the window tempera t ure increases. It has been established

that a considerable amount of therma l lousing will occur in

an infrared window even if it w i  th st a nd~ other failure m e c h —

anisms~~~. We shall not go into the details of tue therma l

lousing problem h ere , as it has been treat-ed in great do-

tail elsewhere17’18. However , it is well understood tha t

the therma l lensing effect is caused by the t empera tu re  d o—

pendence of the refractive index at the wavelength in ques-

tion . What is of importance is the time a diffraction—

limited focus can be held in the far-field. The longer this

time for a material , the better it is as a laser window ii’

18all other criteria are already met, it has been shown

that this diffraction—limited time is strongly dependen t  on

the sign and the magnitude of dn/dT. in general, it can be

said tha t a large negative value of dui/dT is desi rab le .

Other beam distortions may be expressed in terms of elasto—

optic cnei’ficients 
~iJkt 

dufinod as

5 
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~ (1/n ~~ = 

~iJk~€ 
Tk~ . 

(6)

where t is the strain tensor . In a number of recent papers ,

we have developed’9 a two-oscillator model for the under-

standing of the temperature , pressure and stress derivatives

of refractive index . In this report we give a method for

the calculation of elasto—optic coefficients of a number of

tetrahedrally bonded semiconductors .
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I. IN Tfl OI )U C TI ON ments; moreover , t h e r m a l -  expansion ef fec t s  are
s m a l l e r  for  f luo r i t e s  t h an for  a lka l i  h al ides ,

The a l k a l i n e - e a r t h  f luor ides  are promis ing
candidate m a t e r i a l s  for in f r a r ed  app l i ca t i ons  re- ~ LXI’ERI%l[NTAL l’ROCl~DURE ANt) RESULTS

qu i r ing  optical  components  of h igh  t r anspa rency .  l Sing le -c rys ta l  f l u o r i t e  samp les , 1. 00 cm in
The l i m i l i n ~ absorption in the t r anspa ren t - I r e -  d iamete r , w i t h  the fo l lo w ing  polished th i cknesses
quency (a’) regime above the r e stst rzi h l  in ion iC (Ca F~, 0.645 and 1. 285 cm; SrF 2, 0. 334 and
solids s tems ui’orn i n t r i n s i c  m u l t ip h o n o n  processes. i. 640 clii;  and BaT 2 , 0 .291 and 1. 4 16 cm) cut

‘ Thus, detailed knowl edge  of the i n u l t i p honon in- f rom long (5— 10-cm)  rod s of h i g h - p u r i t y  Optovac
frared absorpt ion  coefficient a(~’ , T) , where  T is m a t e r i a l  were  used fo x - the  inve st ig at i on s  at  d c -
t e m p e r a t u r e , is of paramount impor tance . The yat ed t empera tu res . The r o o m - t e m p er a t u r e
la t t e r  has been inves t iga ted  extensivel y in a wid e t ransmiss ion s  of these samples , a s wel l  as those
var ie ty  of n sat ci’ i als , ’~~ i n c l u d i n g  the a l k a l i n e -  of the ori g ina l  rods w i t h  pol ished ends , were
ear th  f luor id es, ”7 and theore t i ca l  ana l ysts have dete i’mined wi th  a Bec km an  l f l-7  spectrometer .
been pursued as wel l . ~~~ The present work pro- The long-samp le m e a s u r e m e n t s  were  used to
vides the f i r s t  de tai l ed  exper imenta l  inves t i gat ions  extend room- tempera tu re  data  to t h e  range of
of O(t~’, 71 for  CaF 2, SrF ,, and liaF , over extended lower absorpt ion c o e f f i c i e n t s  (h i ghe r  f requencies )
frequency and t e mp e r a t u r e  ranges. The results  and to dct ect  the possible pr esence of weak u n -
arc ana lyzed  in te rms of a s imp lif ied model of p u r i t y  bands . The roon i- t en sp er atu re  spoctro-
niulfiphoiion absorpt ion . A p r e l i m i n a r y  account pho to nx e l i ’ ie  n iea si i rements  did not reveal any
of aspects of this work was presen ted previously. ~ imp u r i ty  band s in the f requen cy  reg ion i n v e s t i —

Recent i i i v es t i s~atioi is  of o (..’ , i1~” have dem on -  gated . ‘

s(ratcd th i ; i t  in  ion ic solids a decreases nearl y To obtain the t r ansmiss ions  at elevated temper-
ex p o n e n t i a l l y  w i l l ,  is ic ;-easii i ~ freq u ency over the  atur es  the  exi t  beam f rom a Pci-kin —E lns er Model
range ty pis ’;i l l ~ access ib le  to measurem ent (one 98 spect i - omete m - equipped w i t h  a N a CI  p r i s m  was
to four pliotuons). Moieove,’, at i-ooiii t eiu pc ’ra — - focused on a samp le  P~ sit ioncd at t h e  centc i’ of a
his-c ~nd ab~sve very l i t t l e  s( ru c tu i - c  is mani f e s ted  w i t - c — w o u n d  tube In i-nace an d the I r ;in s ini  t Ied beam
by a (..‘) wit lu ll Or t’ev oiid I lie lb l ee  — phonoti  reg ii ne. was coil cc t ed and i ma ed ois a (I .e i inocotip Ic de —
Tli~ obst’ i v  ~xl 7~ (I epenil CUC e Iii I he l i t  an~- — p!itiii oui I cci or. A the r io uc OU~i Ic was en sp l oyed s ince  it
1~eg uIuic . it- Is s u l n ; t : u n h i a I l v  less t i t an  th at  p i tx l i e t c d  was found to be less affected by f l u c t u a t i o n s  In
lot ’ t u t u  is C’ h i l t s  I I I I  01101) P h’O~

’
~ ’~~ Si’S, a restu It back g i’otiiitt I lie t n t  i l  i-ad I a t in  ii t ha is nm i t ’  S elms it  i ye

wIul cit has i,,’t’,, l i i i  r i p le t  txl in I t ’ tins of the 7’ d C — pliot oconti in’ Ii  ye del cc to i-s . 5:1 top ! e t eiii pe i- at u res
pi’ ndenc e of li i  t’ ~ Ii5 011)11 S~

),’t ’ t i t i  Iii . ~ We IV Ill -w eve Isl e ;, su i ed w li i i  a (‘u — t’OiSS t mi i i  ,in (I it’ rm or ou—
here II tid :m, i ,, l sii~otu ‘~ beli .u v ioi’  to t  t lie ~~‘ and 7’ dc— pie pt a~ i’d at I lit ’ ed e of t h~ sa sip I c  and w e r e
pen t lt ’tmt’e of cs iii tI i ~ ( m a nsi . i l eu i t  I i ’gl f l l t ’ of a l k a —  mo i st tni - c-sI liv a l) i - j t - i l i gi t a t  t tme i ’ iu i tw tmup le mCIt ’I’ .
It  in’ — ca-i- iI ~ I Inn i -l i lt ’s , h u m - i’ve r , IIu ~ 7’ (1 cpu ’uhkui t ’ e At t r io  iw i -a l I t  I C S  a! ‘ uv e 670 -

, K an eSI cii i i’d Cu —
of the p lIcUl tumI  spei’t I’ll hit s i l t  Pt a V a Ics si’i t usi t’. const :u nt an C;l i l l  ‘ I - ;, t h u  Iv .uS used. Tli e I ui- Il a ce
bt’cause I hr Ii (Sill t ilt ’ I es 

~~
‘ ‘

~~~~ 
Vciui s ~,i ri i’d hi’ I-I’ IV J S a l low cit In nI ;itil l i / t ’  a I ea Cli It ’ imu p e  i- .t t u i r  lit ’.

hI I’C inue It s,ii.,ii e r I ha ii i luus ~ in I lie hu t  n it ’ expi’ s - I— tore nit’;, su rem rot , Tli t’ I cinpe r.i In it ’  v a i l  , t t  i l lS

13 2614 
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dur t img i lm e; is u re lnei m l  Was lynn th a n  ~ 5 ~C at the Iht F’2 sanip les Wu ’r. ’ a lso h tC t ( ’ i ’ i l I i iuu ’ i t  :ut t h e  10. 6—
it l~ best ti’ uii t ie i-a b u y  (800 “ K ), Tile l i i i  I I  a t  t r im s — I I I i i  CO2 1.1 Sit’ I’ t h h ’  t~~ °~ Y h iy di i-eC I t  ui ~ (lit’ l,ea i i i
pe rat U rt ’ grads t ilt  lut ’iW ‘eii t lie ciI~t’ a iiib thu i’ Cc i i i  Ci- I Ii ronii~Ii I lie sa hi lls Ic Ill I he Cu h im : , t e as hi w a s  I ut ’.u I i’d
of the saiu m p lt’ was f o u n d  to be al ) I ) i - u m x t n l a t e l y  I S “ K front h-oun% tCuum l lu ’ l - ,t ( t mi - (’ to 800 ‘K . lu cu lent and
at the I it glmt ’st  t e l u m p e s a t t i r e  but l I i ’C: iu l sC :uliimost t i’a ,ie ,iuulltt ’d i;i sei’ power W ( ’ h ( ’  nm ,’asuirrtl hu y a C a—
negli gtiitc af ic i -  a x~t a lu t l ( , .a t ion  pt ’r itx t of atsiut t i~. b e t -cu t!  Ih , i t I I : i t l o i i  ~0! ~~~~~ 

nu ( ’I ( ’r , an t I  t e i i i p e r a —
The eii t I  re f u r i u a c e  w:is baf f l ed  W H I t  firebi’Ick to lure ;hI ( lit ’ tsIs ~’’ of (lii ’ s . i I l l 1m l C  w as  i’~ co i ih ’u i  con—
k ’ep dii- ect I lie i’i)m a! s-ad i at iou I rouuu i-rae hI tug the II  umi sly dii i - I i i , ~ I l~ Io’a t Ii cy t ’lc . C a ho i i i i s , ’  l i - Ic
dc’lec (toi l li me riiiocou 1,I C. utica sti re h im ent  S hi S ;u t i e  ~ I I Is e I ms er F t-et i~ r i ley (0-1 3

Optical  t r an s im i l ss i on  iumea sur e ine nts  were macic Ch ti ’i)  W I t h 2— 3—W p~’~’ r l t ’vcis Iuit l ica t c ’t l  a r ap id
by an tim — o u t  t c ’t ’ lm imlq ue  w i t h  (lie I~ leve l iumcasu,’ed rise li t tciuspe i- a tu i-c diii ’ to laser  Ise:st i mu ~, pa i-t ic—
throu ;

~
lmo ut t ime sped i- at  rantz c at C~~’hu t e u m ip e r a t  nr c  vIa ri) w i t h  t h e  Ia rt :c’ r ;t lus n rp l it -n m c o e f f i c i e n t  s found

In order to O l i l i t i f l i z i ’  the e f fec ts  of sma ll  lu t t eis— f o r  Sri 2 and 1l;uF . at ( Ii i ’  ii b- ~h ci’ t t ’nsp c r at  ures .
sity  ch an~cs a r is ing f r o n t  (h ue s h i f t  of ~ai i mp Ie and This lompl  les t h a t , wi t b m the  pr esent  laser  beam
furnace  emission peaks w i t h  t empera tu re . The to samp le d i a n m e t e r  r;m t io of 1: 3 ai m d t i me power
mea sur en ien ts  wet -c car r i e d  out at Fr equ en cies  levels cinp loyt ’d , the ce i it cr  of (he samp le may be
between 700 and 1600 ciii ’t over a t e m p e r a t u r e  loca l ly  h eated to a hu gl i e t ’  t e m p e r a t u r e  t h a n  t h a t
range of 20 5—8 00 ‘K , Absorp tio u i  v a l u c ~ were Indic ated by a therm ocoupl e  placed at (lie edge.
determined f r o n t  the t r a n s m i s s i o n  omeasuren sents  This  effect , wh i ch  s i l l  l,c’ im sore pr oi iounc ctl  if

S’.-’- - u t i l i z in g  a computer  pr ogl’anl whi ch  i-elates ab- insufficient time is allowed f o r  t lic ’ samp le te rn-
- 
sorption, t r a n s m i s s i o i m , ref l e c t i v i t y ,  and samp le p er a f u r e  to s t ab i l i ze , im sa y i n t r oduce  an t incer ta in -
thickness , t ak ing  m u l t i ple intern al r e f l e c t i o n s  in- ty iu i t h e  measured  t e m p e r a t u r e  and lead to a p05-
to account .2’ The r c f l e c l i v i t y  used for  these Coi l ) -  sibie discr~’p ancy between laser and spec t romete r
pu ta t ions  was d e t er us i i i i ec l  in each case f rom the absorptio i va lues . Thu s t i me laser  n ea surcn ien t s  Im a x i m u m t r an sn ;is s ion in a f requency range are believed usefti l as qu a l i t at ive  r a the r  than a
where  abso r pt io mm is negl ig ible. R e f r a c t i v e - i n d e x  q u a n t i t a t i v e  checks on tile spectronmet er data.
varia t ions  wi th  f reque n cy and t emp era tu re  in the The results  of spec t rometer  n icasur en sen t s  of
ranges of in te re st  were es t imated to be small  alt , , T) for CaF 2, Si-F, , and I3aF2 samples are
and were not t aken into  account . With  the long Indicated  i~s Fig. 1. These re su l t s  display the
optical path invo lved some error  in d e t e r m i n i n g  typical  e xp o n e n t i a l - l i k e  decrease in a vs s’, whi ch
the m a x i m u m  t ransmiss ion  can be introduced by we anal yze in some de ta i l  in Sec . Ill . In general ,
even small  va r i a t i ons  in po st t ion of t ime san sp le these curves appear very sim i la r  to those pre-
in the furnace.  A comparison . of room-temper- ented previous ly  for  a l k a l i  Ima l i de s  by Barker , ~
a tu r c  da ta  obtained for  samp les measured both Laser t r ansmiss ion  data f o r  BaF 5 amid Si-F 2 are
In the fum-nace and w i t h  tIme Beckman JR -i  Spectro- indicated in Fig ,  2 a lon g  wi t h Ou t ’ sp ectm’ om et er
photometer in dicated d i f fe rences  of up to 5~ in da ta , and the  laser  dat: s of Chico c/ a!. ‘ (or cons-
absorption values in sonic f re quency regions. parison , A l t h o u g h  some d e v i a t i o n s  a m-c observed

To prov ide ;un add i t iona l  ch eck of absorption at t ime h i gher t c inuer a tu rc s , possibly for  ( l ie rca-
va ria t ion wi th  t en spcratuu ’e at a s ingle f requency,  son indicated previous ly ,  the various data  are
t ransmiss ions  of the  0. 334-cm SrF5 and 0. 291-cm never the less  seen to agree qu i t e  we l l  over a l l .

4 0 — , ,- —,—--—-,- , ,—ur - --—y --—, —i- —-u-- ’-—, - — -,— --(-,- —y -—-
~

- - -ri ’— r ’ i

‘E [ 
BoF1 795 K JU

3 2
i ir310 4z Ii 590 I

S rF ~

~l _—~~o — 6 7 5

I ” ! }‘lC . I . ?ulcaiuii rcd at ,-705 \ ~~~~~~~~~

2 

~~~~~~~~~ OO5 

~ 
Ii aliut’ncy fyi ahkahi ,se .t ’a r(h

i, •orpu Ion c ot- fflck’iit s cili uvo
— 590

~ i~ 1
f l t i oi l it ’s am u i h o u  ( i ’ t u i i ue r n—
l u r e s :  1-i) l iaI’~ , ~b) Sr}’5,

0I And In’) C71-’1.
0vs
0

- ~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~~~~~~~~~~~~ -
4

0
Sf0 hOOt) i .ou) soo li on i)u,oj 1000 hZ QO h400

rti(ou (Ncy (cm I
(.1 f b I  ((p

17

- 
‘~~“~7~~~’”~~~ 

— “~~~~~~~~~~ ‘u.’ ’’~~~~ 
— -— 

- 
•__-~~~

.__ -., ~~ -— • ~~~~~~~~~~~~~~~~~~ ‘w ’-~~ .r’ --,.-‘.---,‘~~~~~~~~‘~~~‘‘~~ ‘~~ 
- 

~~~~‘ ~~ ~~~~~~~~~~~~~~ ~~~~~~~~‘“~~~~~~~~~~“- ~‘~~~~~~
‘_

~~~~~~~
‘

- ~~~~~~~~~~~~~~~~~ :~~~~~~~~
- 

~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- - _____________________



—,

2t~IO L I P ~~ON , I 3 E N I ) O W , M A S S A , A N t )  M I T I ( A 13

of oIIu ,’u n w l u h - h  Im ru ,l~ ’ h I v  I I u u u u - l u i s r , u l r  i i i  h~~h I ~’~I
Iu t A ~,Uhi5 N L N 1 S  Ci ’v u ; I , u l h h s e  h ) h d u h u u ’ i l l ( ’ ’ , a - A . i 2  to b u u l u ’ , p u  i t  I i i . -  IuI; ~tt ’

45  — C0~ LA’ ~L N 1RAN, U uS5l ~~l £ t eti m l ic i  , t u h - e  tup s-Ii ,t , I~i ui’Iu t u r , , t i n , ’ i u t , ,  l u - u u u t  i i i  I i i - —
‘ ( C I I I  N , HASS •nd i~.GiLt , ) c’ofllC Cu uuih i e t ’ i uou ime  aiuul  i u u u w l e h u l y ,  l i i  u ’~’un ’ m -~ I ,

4~ .
~~~~~~ SP(C~ NOMLT(R • ~ ‘ ~. requl ti ’ t t h ( ’  t c . u u p . ’ r a l i u u  I’ t I ( -j lCih ( I i ’ i u (  1 iii all ui t ihh( ’j l

I pi m o um otu , anti w e  iumte l I u u i ~i u i  p u s h ’  ( I t - u -  t u t u ( Ii i ’
/ ca ict i l .ited u i — p l u o u s m u m  d u - u s ~~i t h i ’~ ni l m i t a l u . We h u t ’

$5 / th ereIo p- i -  e lun u s e t i  to ‘ t u t y  t ’  b l u e  p m i ’sui’sit  i - u’’ ~u t u  ~L . / In ti ’r ium s of a n u o l e  a h s h u i u i s i u l u . u t c  but  ~u u I - t . u u i ( i . i h h y
- / / ~ i s m m p h’r :mIspr-oa chi wh it - l i Is h int-ni on ( Ii , ’ pm l ’ ; t i ’l t i es

& of au avi-r .ige o s c i l l a t u u , -  l i i i -  th i n ’  h u l u ou l u i t , We

- 
note I lii t (Ii In a pu m o a  (Ii iii ,, P in ’S I tutu ~

, ~~ P ~~~ I ttt ’it
gocK h ag i - ee uuuc nt  w i t h  i - \ u u ( - r i u i m r ’ u m t  m i  ( l i i  a l k a l i
halhtln -s , ~

20 
~ / Tot lo~ is m ~ lteiudos - , ‘ we t’~ p u - n- , ,  ( i i i ’  a I I ’ ; ( umpt  Ion

/ In t e i - m i i ~ of a stut t ahilt’ t’hh u t ’hlt n ’ Im hu mlu ~ ul ft is~t it ’mit ’y
0 

~‘0( T)  w i t h  ,iu u : u p p m t m p s l i i i  :t%’(’ia;:t’ 1 ( h n h i e u i u l e i u ( e,
(hi t’ CI i t u i ~~t’ of v1hiicii w ill bi~ th i ~ t t i ’ , ’, i u l  I l l  I l l u t i t ’
detail below . Ot mo h a s

50

(u( ’ (il) I ~~~~~~
0!. 

- - 

(if It’ , 7’) a~ - — csp~— ~~~~~ ~
-
~ ( ill

— - -
200 300 400 500 (.~5O ?Oo eoo 10.0

UUF’IRAI SINL (‘ut ) -

Cot , -

~‘lG . ? . Couui it~ii i s - O i l  ~t f 
~ ‘‘°~

- i’~ i r f i  t l ’ m , t l S ,  tt’ t Il ~,l t ti - -
(sur e of i S , i ) ’ , An t i ~- iI ~ as, n k ’ I e r m u i i r t , - a  by ço,— h a ~ em - iHt -2
u i  m-t ’fl iu ’ ruts  Rflu i  t~ ~ pu’t Ir e uusc t e r I i  a its i i i  s a ~‘n In ca su i t ’ — Do i-,
timehits at 10 . 6 f rim m . \

‘I
F

III . I)1SCUSSION 
~~~~ \ \

As usientioui.’d iii Sec. I, t oui ic  s i u t i t i s  are  cli i i’ — \ \, a
a e t e r i z e d  by a m’el.ih ivet y st i -u t- t u r d  t ’ss. exponent iii — \ ‘\
l ike  ~ vs. -,‘. In }‘ig. 3 W e pliul l i i i ’  I O O u m l — t t ’ i s i h s n ’ h , i  — \ \ a 

—( t i m e  ab sou t u t iou m of ( h u e  th u -ee  ci ‘- l - u l s  eu a lo~’ .u i’i t h —  “ ‘ 
—

i iule scale ~- r i - . is ’  (u - t ’q tu ’m mcv , ul ’ss- ’ wi t h d i i i nsf
i~ ’t ut ~ r hi . Our it a( a  aI’. m en ’ i l l S - I ’ll i tu lv  w e l l  it I t h m
(he l , i t b c u , Snul  h i , , t hu  a i- n’ si ’ emu In s  f i l l  t e l l  Ii till

~(r a ig ht h u e -  - Iii I’ug , 4 we puhu s t  the : i t s s o i t u t i e u m  Oim
a l t i g . u t i t h u i u u i t ’ s — i . u l e  t- ’; .‘ ( t i  h i u i : ml s’.urtous I n ’ u u u —  O h
ise s- a tu l  c’-~, f i - t i tsu w h m i t ’Iu it ç, itm t ‘‘ ‘-n ’ems t h u , tt  t hin’  e x —

~i~ u mi ’ i t t i . i l — t i h ,n ’ tmu ’ h i . u i i n ’ i  t s( ‘i( ,‘) ~‘— lm u (’sers(’(t at
elcv.uls ’.I 7’.
To tnt C rp l e t  tlut’  r otsut m — t i ’ h mu p sC i it tu  u-c dat m , we

r u m  i i t i h i~~e liii’ i estil( s of ca lu t u i t h u t i u t s  (ts r I h u u u i - I t t ’ s
i - i  i - I t e m -  Iii N , u u u m ) ’ ’ ’ - i u m  ii au ~ in wtuht ’ I i

the i i ’  m u t  p ii , Il I” ri-l atent to a ~~ti mi Os-er l :’hiboum fhl

i hu ’ im ’ , t h h i ’ s  tuf $1 il~~, W t - i e h u h i ’ t l  % ‘i i’tus ’hf i t ’ it ’uiI ~ il~’ls ’i ’
n tbne ~t (s-ohm s t h u  l i l t - u  b ui lt - p u i u t t ’ u m t u . i l . ‘h ut ’ di ’ I , h ( I’i .01 - 

e6o~ 
-- to’~scs 

“‘ i~’so  1400
n i ,  des,’ s-IlN~I h u t  Phi ’ l,sth’i’ i- i - f t - s  i’ti (’ (’ it h ’ l u s ’ t - e  I 151001 N C Y lcl’s ’t
tnt’s-eli thi ’ -~ u l ui bl u e m- t’- .tuIt ’~ is b l u e  Mdiii i i i u t si In Ilt~, a . h , ’ t , , i u — t , ’ h u u i ’ , - u  u i t u , h  • ‘ n i ’~~oi I~u u l l  ~ ‘‘, - I i u u l , ’, t t
rig. :t . l’hmt ’ .u~~ u - t ’i’ i i i t ’utt  I ii ’hii i ’u ’ ui (hider) ’ au nt CS i t’, ~ t uru  I i  i~ u u ~- i s  1,11 al l ,  u h l u u e ’ , - - i i  t h u I I - ’, i - i s ‘- ‘1 5,1
l u u ’ u  % u u i i - i m t  Is .sI ’ - . i i % - i ’nt to lii ’ qu i l t ’ u~uii~ I , uni ’ , ’l - , p ’ u n ’ai ’uil slit S ‘: *i)~u i u  si u u u i ” u l ” , ,t ut ~ of i’ - - i -u ,’iu

A Iit1 uu ’h ~ t~ t~~ ’ 1-011111, Iii p~ Iii I p , t u t I I I : t ’  liii’ ( h f , ut , ~~~~ t u t u ’ . I h - u ,i u u i , uil  ,‘al’ i t  u u i , . i s,. 1 1 , 1 1 1

f l Pl t Iui iCIu of N ‘suui(s ’~ hst a ntI M t (  i .u  ‘~ mis well  as ( lu t is t ’  lIt-I . 6,
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(00,0 “ ‘ i”y— — —-- -~ —— —-—-—~~— --.- ——-. - (or Ioni c ~ u hi nh ~ (hue priutcip.il ‘1’ ct i’ iwuiuht’uu ce ar isen
- - 

- 
frost s (lut ’rinaI— i’x~iauusitmn t’ffcctn , so Ilu.tt tint’ ub—

- 
8.1, ta tiis~°

( _,.
• 3 1 0 - w,( ’r) ‘w ,(O) ext) — 

~~~~, I cr— ar) . (3)
10— hO.0 • 5 ’ u O  -

t .1o~• - where era. is the coc ’ff k’iu ’mmt of linea r t ’x iuislSIon
5.. - and ~ t I m e i i mts ttu ’ C. rbimeist ’i i  imi i-anscte r, A smiore

- exact th icusl 7 would ac entui i t  (or the of (~ c( s of an —
hiarsuitsislcit y on bhm e 7’ ( tu ’imei sd( ’umce . but [o ih u umat e ly

i can ct ’fI ,i t iu iums be(v.’et’n f l ue  co iu fr i lj u t t ons  of cubic‘J h oo - \ i- .’ i
,

ut. -
- u  0 \ ‘  ~ -~~~.

~

\‘-a b\

~

’- ’t - and qua s-tic a u u lu: u r i t i o iu ich t ies  tend to ~;nupprcSs an—
2

\\\
5 
~~ 

h ar nmo iu ic effects iii nmo sh cases. Extending Eq.
a -, \ ,,

‘,, (3) to the average osci hiahor yields
0
an (w’,(T)  ~w0(O) CXI) — 3~ I a7dT), (4)
~~ o.u - Jo

- 

- 

- E 
where 

~ 
Is now a suitably averag ed (n m acrosco p ic)

Gm-üne i sen pa r ameter , Time obvious choice or y
— - correspoildshig to ~ is (lie (hernia l avor ag e Z?

-
0.Oh —-—~~—- -_ - ~‘-—_-  ~~~~~~~~~ ______

000 5000 i200 u400 )‘I’EC,)-,/~~ CI. (5)
rutt ournc v lc,a ”t I I ~

where the C, ‘s are E inst e in  heat capacities andFIG. 4. Measured ai u sor p t iou u coeff icient sei’siis fre -
quency plotted on a sciiuiIo 5~ scale to demonstrate th e the sum is over ill modes of t h e  c rysta l . 11 one
persistence of the ex~so i i cnt ia l —l ike  char acte r  of the ab- u t i l i zes  w~ for  w~, (hen ht

sorpt ion at elevated t ei i ip crt i turcs.
~~~~~~~~ =- ~~~~i--~~~ (6)- )‘D dinV C,

ex p[ {— A 4 In tn(u ’o( T) )  11 -~‘/-.‘~(T)~ ‘ where fl Is the isothermal  bulk modulus and C,
+ I the specif ic  heat at cot is(ant  volume. ~~ and ~

- 
~- (t h

,,(w) [exp (i,’~o/k7’) — iJ -~ 
are usually very close in value , as clemmsomsstratcd
for CaT2 by Ganesais2’ amid for Si’F5 and BaT, by

whit ‘ o~ and ,1 depend weakly ous w’0 and /or T. Vetelino. 30 The ~ corresp ondius~ to ts~ fol lows
From Limo above f o r m u l a , it is clear thsit a is en- -

- 
- hanccd at h igh T according to the usual T ’.5 law

for a j(= w/w0)-phsouson process, provided that w0 TAI3L E I. Charact et- i ,’stic phonon frequencies  (cns~~)
- ‘ is independeust of tt ’inpes’atus’e. In ~t’tit’m’t l , e’~~~’) end Gr i inc i sc n constants lou’ .i l k , , l i nc— ca r th  fltuoi ’t de s.

decreases wIth increasing T, which (ends to sup- _________________________________________________

p i’ess the T dt,’peisdcnce of s a r is in -z f rou sm the Bose- CaF, Sr}’, fla}’3
Eisistciim [actors (“(~‘~

) I ~~~~~~ - 
~~~~~~~ 261 223 188

To app l y Eq. (1) we must  spccif y the effective 45~ 395 344
322 283 2-13oscillator frcqnueumcy i~’0(T). Because the contl’I-

- buttons of acoustic plsoumons are stupp ri’ssed due - 337 285 2.17
to energy con,cerv,’iliuim. the avd3’;uu ~t ’ frequency ~~ 

w e 329’ 283—209’ 215_240d
- 
defined by the first uuioumie nt of tIme density of States ~~ , 315 280 255

should not be nil ah)h)i-Olmria (e ch oice, On (lie other “ 259 ’ - ..  237 1
1, 86 1. 85

humid , an average o im t (c :u l  ph u oi m ou u ft’cqucncy, such ________________________________________________________

as the B rout I reqsuenc’y2 w~ , should be more sip— ~ I’. l.os-ir des , J . Pi ty a . C 1 , 3053 (l O T t ) .
propriate. For tIn’ preschs( case, ~p( s. l’~r isI in aui  mind I’. S. NnrJ) - ans i n , l um u h ia n J. Puro

Aplu l . I’(uys . I • 19’ (I 973).
= fj (2t4 0 . “~.o • 

3m.s4 ) P~ , (2) ‘A gnu ’s-l u -n,, I~ .s Islu,I,’ of l ’ht.cfr.a IlnniUsoek (M c Gr aw—
11111 , h’t.- us- i’oi-k. 1057).where I,)R Is (lie Ihauu m :in I reqtut’tucy. It turns 

~ Vn ’in’t in o , I’h , I ) . t in - s lu t  It’ nlve ralt y iii I (huouio(lest w~, t i-n close to (hit’ I)t ’(iyi’ (I’ l’qnih ’n cy Wp for
lshuiml , I lli ’hl ( , u n t u iu tul  I shn ’ utt  . •- tnOS( poly at n nmmtc  c ~‘y s t ats  a u i  th at  Sue t lh sire relst ~‘i~ ~~~~ ~~~~ ~~ ni fi’ au uai ~u h i siuuuim ii, ‘nit (ty of stat es ~il u-mu Sly 81.

(0 (he bu 1k hflu xh nt tu vat to’s ft ui ’ I hu~ rhia r.uc I u’s - ls t Ic 81. I ~h i -oui il.c ’ a tuul ~t. W . I ‘1-3-o r f-I . I hu~ ii . C 3 , ‘5 i ,~ (I li-I tt ) I.
f i-eque usc (Cs It~ i’ t hu e ( l i i i ;  i’l l en a i’i’ h i ’~ I i”l iii Tal,I t’ 1, 5Cnli - u I  u t t’u h f i o i m i  J, I’, I h u r t  set  mu ml V. J. tul lid, k-wi IL ,

- Ihe 1;.i rd ing (ftc y’ tIL ’( u ’tti lhmL’C of ,um0, w~ hiot e tlt~( SuIW Sh ut , ’  C uuuu uu n u n, N, ICh (1(170).
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- 
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for (a) hsa l i, (li t Sr i- 3, and (ci (‘aF i. at van - to r us re t Ir e~ 
-T 1 ~~~~ ~~~~~~~~ r -

~cnlat Ive  fr i ’nju ic nci -s . 1’IIL’ solid hum ’— mi re c a l n - uui a t ion s Co F~obtai ,ued ti -on. I q. ( I )  tu t i Im ~’ir i g u-~ v a h u c s  g iven  in Table !, 4 .5  • ioso cm ” 
-

~ h i l t ’ I h -  i i u r h i ’ - idui ;nl  po in t s  a r - c- cs~pn’ r t msmental  t ia ta . V alues • hiOO 1050
dcsh g n a t u - u t  n i ( h  error bars  au- i ’ o b m n i n e d  by cst r apc u la t in g  : . /
(hut ’ I o g a s - l t h u r u u  cut th e  n icasnu t -ed  airsos - ir t ion t e t  sum s f r e— ~~~ 4 0 -  

• h2 50 V
quency cur i e  at (hat t em pc na t t u n c . - • t~oo I

a ‘- 

i-,, • 1400 4 ,/ /100

dIrectly as 3 0 -

(~
) //hh ;o

find lb-at thin’ lust’ of ~~‘ to, ’ 
~~~~ 

lt’.-id~ Its too sit l ong a p— ’ —
~~

—
~~~~ 

—

T chepi’iu~ti ’uwe tot u,, W l u h h u ’ lust’ of u’5, ~~~~ or u’,, - 300 4 5 
- 
(.00 ~ (1 9

aim I t a m p ,-ni’ed litu ( not p er t  ccl l i t . TI ui ’sc r c— (~) TC M PE RATURE (°K)
Kih I ls  hur 1 di  thu  i t  ac ’ inu ~~t ht ’  Ph i o t u nmt is  hi , it’ t’ a i i ’I .ilii’l ’I )’
m l t u u ~ r l i t  I i i , ’ u .s - i’ niuu (hu e sun 11111111 Oitii u ,u I ISIS i-~ut I cm u i ,

~nd Ihi.it ii I s t ’a’st t’h,ii’ ,ii- ( u’i i~~i’ct by a im avi ’I - .mge w;m c vei itivels - l u s c c n s t t I s - ~ It s the pu  i - tleiuhas -
opl’ .ul p d iu ’ u i ’ uu , I h u c- I . i t t u ’i t ’ u ’ i u u h u u ~~I u ~u i s ;m t - t ’ cn uu u— Chost’uu .

*IsIt ’umt ~ i th t t u t’  u , ’ ’ui t l ls  nI olhuu ’m’ r e% .utisl auuahc ’ sit’s ‘I ns (eat (lii’ s t - I , t eh  ; u 5 , 1uIl t ’ . i h u i h t t ~’ u t  1- ’q . ( I ) tn m I I I , ’
~~ q s el l , ‘‘~~ ‘ I h . ’ u : u p h u u u ~ ~ , II ic a ’r foiui i ~t h l u i t  I ii’ pl’ i’ss ’usI e ; u s s ’ . i ’ . u l t u u t . i t i , u u u - . s u l •u ( I I s i - t i ’  p - m - ~
( Sue r u  ugi ’ cut I i’ u ’q t u u ’u ur I i ’si of I t i t  t’ i-i’st lit’ h- i’ 0 ( ‘1 ’) to s- u i i’d I or t h i s ’ I i i  si’i’ II i ut  i i r l t ’S it ‘~ lun g v a t  tic’s of
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~~0 i~ 0.  It was itus t iiuis~siIu Ic to t u h u t a l u u  ~ u m n ~ I agrce~ (I h iu t u s t  Iii’ s i’:ih (/t’nI I h u . i t  (In - I u t i ~h t n ’i ’ ’I i  s - u h i u a ’uu ( ’y
uu u i ’um (  o~’c’ r t lu u ’  h u l l  s - . .u m~~i~ of f r i ’q iu i ’ u u e h u - s  l i i  al l  (i suw ~m ) i ( . i I , u  i i h u u ’ h ( ’  l i i i ’ lii -~u - - h  n h t . i I .u i t t l u - - ~ i’n i’iih’
car-’u’s u - hen a s lu i i ~lt ’  f ixe d  u.’~ w,. s t h t l h t / u ’ i h ;  s’allic’ t’ . au -i ’, him f.it ’I, t hin ’ l i mu ss i  ‘, i l s u n ’ 1 u1 (l’lt’ Ii t-\pi ’h i u i u , ’ i i t a l
to o tu ( , i l t s  (Iii ’ h i -st  f i t  It wtu t u lu l  h.ii-t’ h u t - u - u i imet ~esis .us-y Ch ’h ’tlh ’. ~u ltu i i ’ usi  u ’h , I’.~. (I) v hu t t ’li ui ’  h i m  u -  m i l i h I i i ’ n l
(ii I tic s-case i.’0 wit Ii Inc i i ’ .i ‘~ I i i  I , i ’i liut’, m n ’y , Th u Is he h e  t luws uiumh I ,sk t’ t h u ’( ,m i t  u~ I ice nlu u r it of u - I  eu I i  i i i

suggests Iliat at (owe i’ C s-i’qseuit’ t es out si t ’  act’itss(tc volt ’s and ~ m- nt t ’mi ~.t (v cit s(,i( n’ i’ll i -it ~-~
’ ~ - am id umm :uy

(os’, iii ~ etmt’ s’a I . im mi -n’ F — Cnt ~ u- gy I mhtuuum ~ iis) tak e p.s s t well hit’ i uu  itl eq ii , i Ic -  h i t  a u in a u t  i I . u t i u  i’ .1 l i , l  Ii sI ovt’ r
L u ( h u c -  a h us o m’ p t ioui . lt t n c- ev e i- , such a u- ,, s - i a ( lou i  of a ui lde s- .uru ~~c’ t uf I i  eq ii s ’u u m i t’s : u ui ch  t e u u u i u i - r , u h u , - , ’.
‘~ 

w il l s  f r i’ qt u cu iey Is h u ot coui t ; u lu u ed iii Eq. ( 1)  ~ uid N cv c i - ( h uu - ic’ss , we I n ’ l t s ’i- n’ I I  I s f . m l i  to c t ~u ut ’h iude
itot’s not ps -nt- ide a c tm n ss i s i t num (  h i m s i ”  (or i t u t e i - ~ui’ c’ta— on ( l i e  b a sis sit h ut’ I mu ’ u ’scu m ( i t ’ s t ml l s  h h u , m t  t h u s ’ a h k , u l t t u e —
(Lou of t h e  i t . i t . u  t u ( i h i ’ i u u g  ( h is equ t : u t lori , ~Vc’ (Iut’ u’e— c.si’ (hu h i u u ’ i i - i n h c s  do , tuu f a c ( , d is 1iL;mv l i i i  i u u m s t t ’ i m i c i l t l —
I ore chose to se.s s -c - Is ( o r  (lie si u u :: l (I 

~‘o 
u lilt ’). gsve P I u Ouuulul  :ml l:~ O s h ill ciii ou t’s’ t i m cx I i ’ntt ci ( i-eu pit’ u a’ a tat

— (hue best (it hi, the ciii ,-c set of data h o,’ cacti solit t . t c i m i p t ’ s . u l u u s c  s a u r ~~e. h im i u i u t k ’ t u h . i  r , ui- i - ti mid th at

• ~ of Eq. (7) was u t i i l ~eil for , uv i ( Iu  )TO taken (lie u h r ’~o i p t u m i i i  is i’~’I ; i I i v r ’l~ s i t t ’ u u c t u u i - t ’hn ’~, s - .uiud
s’o,tm flet. 31 , 

~ 
f m - om mu Ref . ‘32, and w i t h  ) 10 disp lays  a iue .i , ‘iy expo r m eus t  ial  I r cqu r mst - y Iht ’pt ’h muICilCC

es (mni; ut ed u ( ih i i i i i ’~ t h e  m mm c ’ t huu x t  of hhcf . 33, The over nmos ( of (hut’ m’au m u:c i tm s - es t i i : . i ( cd . Tb,’ he m —
values  oIM . i l t ~~d foi’ ‘~‘o are I i i d i ca t  ci hum Table I pcs ’a t ti s-c dcp euude um c e is close ( i i  t i m e  P ost ’ - E u u i s t c i u m

stud are seen to l ie qu t ie  close (~ 5~~) to i.’ 0.  The forum {— In ( - . ’0~ I I~~”0} w i t h  ~‘o c*’e.
calcu l ated o ’ s for  t h ese values are  disp layed in
Fig. 5. The a gr ec u sm eis t  w i t h  exp er i t i i emm t  is cx— A( kNOll II pi,lit-Nr
celle nt los- flaF 3 aunt quite good f o r  Sn-F ,. T h e
f i t  is q u :uli l a ( i v c l v , but not q u a n t i t a t i vely , ade— The attthou-s w o u l d  l.i- c- ( c i  t h a n k  Pau l  L i - : u i r  (cii’

quate fot- CaT, oves’ (lie fu l l  i~l~l-~c’ ot fi-c -q ut’ t sc t es. tc’chnic,i l ass~stzstsc e iii pem -tos -ussl mm ’, t t m t ’  a hsoi p liomi

~V Iu i l e  the o r ig in  of time disc repaimeics is not clear , nicasur e ummcn ts ,

(As  of Jan 1, 1976 ScuhId State S’in ’n ces I ) iu-isio n , Deput y ~~~ A. I l .m r i u t mg t o i m and 81. Ila ~ s , h’ici s , Itt ’s. 5.ett . 3m ,
fou I ’leetr onic Tt- -hmnolog ~’, I to nr m c A i r  h) evelcipm n ’ n~ 710 ( 1973) .
Ccust i ’r (AI- ’SCI, h f: uns n otui AF ’I i , ~ Ia~~s 01731 . ~‘II , Iletm how , App I . I’h y s . t ,,’tt , 21 , 133 (t 97:1).
I t e scasch  suppor tn ’d by A i r  i-’oicc Ca n u t uri dge R esearch t t M . S pa n k s  and L .t . Stu~ tms , I’iiys. f t c - v . l , ct t . il ,. 714
Lab or a tories ( A I S i ’I under Contract No , F 1 9 6 2$ - 7 2-  (1 973).
C—02 86 . 1 A . A. M.iracliu d uum and Fm . L . M i l l u , 1’hymi . I’st’u’. Lnl t .

leave of absct mt ’c Ironu Dc p mu rtnmcn t  of Physics , 31 , 71$ (1973),
Vand erbil t  Un iver s i t ) , N ashvil le , ‘I’ct mn . 1i-T. C. MeGuiI  and hi.  V . Winston , Solid State  (‘ot s m n mu n .

1Sce , for examm up h c . S. 5 , ?u l i t r a  and B. Iien dc ,uu , in O~’tii -aI 13, 1457 ( 19731 ,
?‘ro~evI,(a of  I l r ~ h1y Tru i ns f s?u - i ir t Scitu ’It , edited by S. 11K. V. Namni jos hmu sod S . 5, t u h l t r a ,  Solid State C orim n mun .
S. Mu t ra au th Ii, I lent h o w (P ) cnrutmm , New ~‘oi-k , 1975) , 15, 3 17 (1 9 7 4) ,
Pr eface . ~ N a t iona l  Pu rea m , tsf Sta nd.a rds Pn ~ i I o m t  No . Ill ’ — 1 O~i0

~G I4uu p p r eeh t . I’hy ~ . Rev . Leh t . 12 , 580 (I 964) . (1 9~S) tmu i np u Ituil ’~h~~), 3 F , I’, L)eu t sch , J . l’hys . Ch eim , .  Sol ids 34 , 2091 ( ( 973)  13A k.-i! u , un and I I ,  C . Lt h~son , A r C I h i .  h h t - s e . , i c - h u  1k-pot -I
~ ‘i’. F . Nc-Nc-I ly and I ) . W, P ohI , I ’hiys . 11ev , LoU . 32 , No . 63 —3 25 , 1973 (un i rirh l u shcih ) (31 a il u n i t’ t no u n t h u i ’

1311. (I 97-t i;  I~. W , (‘dm1 , In s (tc ( . t - a ut lici r s cu r U omn i ti re t h -!c n ssc -  lioc- c u nmic ’nta ti oin Cc’ nut~~r ) .
‘L. II . Sko i n ik , II . C . 1~hpSO fl, (I. hit ’t idciw , and 3. Schot t , i t A. 3. hia r kt’ r , 3. l’h y s . C ~‘ . :‘~ 7m ; Ii  ( l u) .

Ap ;r t , I ’ t rvs , Le tt. 2~u , .1-1 2 (1 974) . 11A. 3 , l i a m Ler , C , It. l V r t k l n s o n . N. 5: . M i s s u , iou ) S.
~~ V . Nanm ~oshI , S. 5 , t u l i t r a , I) , Iln ’nrhcis - , 3, A. S. tu l i f r a , In lii ’1, I ,

i l a rr in~ ton , int l Fm. L. Stte ,-walt , A ppl . Ph>’s . le f t . 2~~, 
liSec , for c i raurm i r i e ,  S. 5 , M i tu ’a , In ( m f ’ t u,  ,n t I ’ F, ’fu u ’,t ~ ,’S

- - 41 (5 975) of Sou, fa • edit c-tI b 3- S. N u nh u ’h su m atm ut im ch 5, 5. 85 it n-a (I’l t’ —

~8I , Chen , N . I t a sa , and -r . C, MeCill , In s i c -h . 1, mun s , New York , I 9t~9) .
M . Spa rk s and I. . 3. Shuam , I’hy mi , lieu ’. II ~~, 3037 1~Sn.c for  eta un i ul e , Ii . ‘I ili ’~ , Th r,s,uu tl rupr iir ,ciun ’,

(I 973) ( I ’le n iu t rs , New \ o m  k, I 972) p. 77.
I J j, lic -nnh uw , I’h uy s . 11ev , ii B , 582 1 (1973) . i-tSee , for i ’suinq ’Ie , N . l i o n - n anti  h - I luatn i : ,  li v. ,, mic-nl
lO t , 1., N ills an ti A, A. Ma r a d u n lm n , l ’h u yi . 11ev. II B , Tkc-ni - u - • V  Cu-i’cf.m t I.nhiir,’mi (t)sbord U , P ., I on ion , 1954),

1117 (5973) . Chi.ih i . II .
Ih r c. MeCIII, It, W. Ik’hluu -uu rtlm , N . tulmu n gir , m d  II, ~C. Cun t ’ imin  utn , h 51. Ss - Inuu - ui ~ ,,n , Can . 3, l ’hi yu u . 40 , 74

V . %Vlnu urton , .3. I ’ h ’ i s . Ctwiui , Ssi(, , l -n :ii , no:, (1973),
II I , . II . Itonit ’ nstoek , I ’hiy ii , lieu’. 1 1 9 , 1 . 7:1 (I 974); 1,, ~J, I’. V i i  .1 inn , l’hu , I ) , I hu & ’ mi lb  - oli n’  n-s It ) -  of Ii hr ,nk ’ I~ —

1.. Iioyu r , .7, A, 11 , 1 1 h-i ,igtop , N. I I ,-ms ’u , i n S  I t ,  II , lu ium sl , I 9 I , ’ ul  (riri ~ u il . Ih ’ .h~t’.h ) ,
h(o mic’ u mrs t o i -k , I ’iuyus . 11 , -v . 1 1 1 1 , 1 t u . ~, (I 9?~u) , ~ It . I’ . I.nuu n , h u - u i , .3. I ’h i l - ’ i . C 4 , acu u i ( 197 1) .

• . V, Ni u u m ) iu dul  ft uusl 5, 5, N i h  ii , i ‘1~ - 
~~. lt~~~. I~ 2’ ~I 5 15~ 5. 8 151 ra utn d t I , h i s mit n u n  (uuu, ~ , uul rh s in-i l  u l u l  nd .

(lol l) .  i5 j~ ~~~ l’ i ’rr a r .u , 5, S. tu h i i i  -1, in t l A. Qiu.iIl i ’ ’  huh , .7,
h A Nt ’ ,k.iliutu , i , Iii i t , - f , I . Ap p I , l’ Iu) - N , 42 , 3C79 (1 ( 1 7 1 ) ,
hm ~, G, Lipson, II. I luumikis ’ , an ul S. S. N u n , In It s - I , I , -
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We report stud ies  of rcsj l’!tlal infrarc:d ahsoi:p—
t ion in the hicjh~ y t r an s p a r e nt  r cn-jiInc of di~ t ;ol)c1
and zincblendc type sen~icor.chictors , w i t h  ers:plma—
sis on Si and ZnSe.

1M’1’i~ODUCT IO~ 
- - ‘ ‘ 

I 
-

There has been considerable interest Sn recent yl’ars in the

- 
h iniultSphoflon infrared absorption’ which 1~ rnit s  the  tx ~~ n :;parcncy 0 .

infrarcd materials. Although  extensive r t eu su rcmen t s  and t heoreti—

cal calculation s have been rcpo~ ted for ionic crystals ,2’oniy

liflli tCd work has appearc~ for s~~n icor~~u ct i n g  cry~ ta1s. The p1117 -

pose of the present work is to cxter,d existing mca (uL’c~aen is to

‘ h igh er  frequencies and over a greater range of tei~pcraturcs for

~;t:~tie-.of—thc—art scmiconliuct- i ng crystals , rind to pro~’ido ~ t h e n —

~rct’i cal basis  for in t ct ’p r c ta t ion  of the rcst)lts , cspc’ci al l y  ~, i t h

3 :1h:eL to structure in h i g he r  order spec t r a , and t:he ) n [1 t:ea~:e (‘I,

near l:t0 ’)Cf l i s  Ofl the spectra . ?~ col3bifla t ion of three t u -ch - .

II ~ t~ Ui ’.’~ de:;cri bud In d et a i l  ~ rev~ otisl y 4 Were Clapi eyed 1)1 the l:~ea ;nl ’e

• flah::ely, Staiitla rd i ran : ;In i t  s sion  ~pc’ct i:oscqpy , e~in. I t~inee :’.p~’e-.

I L’o.,~col)y , anti (~a1 oI.’i::~e1L’y . 111 tiC present- I,’ ’l)O l ’t  , ‘- ‘ l~ s ’:;( I i:t

at- t. ’Ilt ion 1u~’j sic .tp.i 11. y It) ~~ and i~n~ e , and pI -ov ide  ~I S ~,‘u ’ l 1 *1 5) ’ ii ~ t
’

• r.k i ’I  r1~ of: t i le  LbI ’OrC ’ t i cal. ~tpp I .’o~’a’h u t -  i i i  ~~~ to I i )  I s ’ t ) - u I ’ e I: t.~ ci ’ ci ~i t  . 1

£ : ; , u i ’~ -~,,~~t t .,j I s ’; U: .~\1 L’ 1’i i U u : u ~’ tll)JeI’ ( ‘ u ’~: l t  I . l i ’~I: I” l ‘~~t i ’
~ ( -I ~ -t • (~ 2~’
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MIXED FLUORIDES FOR MID-IR LASER WINDOWS

J. J. M a r t i n 4
Dept . of Phy s ics , Oklaho~ta State Univ.S ti l iw at e r , OK 74076

h erbert C. Li pson , Bernard Bendow and Audun l lor dvik
Deputy for E lec t ron ic  Tech. , Rome A i r  D evelopm ent  Center

Hanscom AFB , PtA 01731

Shashonka S. Mitra~~
Dept. of Electric al Engineering, Univ . of Rhode Island

Kingston , RI 02881

We report investi gations of crystal growth and infrared optical evalua—

Lion of mixed fluorides , including KMgF3, RbHgF3 and KZnF3. Sing le crystals

of the latter , which have the Perovskite structure , were grown by the

Bridgeman method , utilizing the system describt-d by Butler (Ph .D. Thesis ,

O.S.1J., 197 2, unpublished). We have also ~tul1ed crystals of lOigF3 and RhMg F3,

using a modification of a puller for XCI, which has a graphite radiation

shield and a special thermocoup le added to allow operation at highe r tern—

perature. Various details of the c rys ta l  growth pro cess will be di scussed .

The infrared absorption of the grown crystals of KNgF 3, RbMgF 3 and

KZnF3 was measured by Fourier spectroscopy and photoacoustic calorimetry , at

room temperature , in the frequency range 800—1800 cm’~~, In the range of

higher absorptions (~~
‘10 2 cm~~) we obtain a characteristicly smooth , cx—

ponential-like variation of absorption with increasing frequency, althoug h

XZnF3 does 5110w enh ancement suggestive of extrinsic effects , towards higher

frequencies . The exponential decrease and absence  of m:ti’ked structure are

features familiar front alkali—hali d e and alkaline earth f]uoridc spectra —

tiwasured p r e v i o u s l y, and are believed to he a result of the d~~n inan c e  of

anhior utonic br onden ing  and the lack of s t r u c t u r e  in the littice densLty of

~~Stl ~sp u1t ’ t ~‘d I~ ’ Itepu l y let’ I~lee t i ’en ic  Ti-ch .  , RM 1C , und er  c o n t r a c t  F 1”(~2$—76—C—0 1 7(u -

*-*Support cit by Pep uty  fo r  Ehi ’c t t est Ic Tech, , I~Jtt5C , und er  cent r ac  L F19t7t~— 7 S — c — 0  1 1u3,
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s t a t e s .  The magni tu de  and rate of decline for ~ IgF3 and Rb>igF3 ore n e a r l y  the

same, implying that the Hg—F bond is the princi pal influence on the multipilonon

spectrum. This is also supported by the similarity of these spectra to that of

MgF 2 , although the rate of decrease in the mixed fluorides is slightly slower

tha n for  MgF~ , and the overall magnitude is from 507. to 207. smaller in the

range inves t iga ted .
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STRUCTURALLY DISORDERE D SOLIDS :

PHONON OPTICAL PROPERTIES
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DY?~AMICS 
OF STRUCTURAL LY DI SORDERE D SOLIDS

J. F. Vote l ino  -

Department of E l e c t r ic a l  Engineering
U n i v e r s i t y  of Maine, Orono , Maine O!~~73
and

4
S. S. Mi t ra -

Department of E l e c t r i c a l  Eng inee r ing
University of Rhode I s l a n d,  K i n g s t o n , R.I. O2~~ l

1. INTRODUCTION

In this chapter the dynamics of disordered lattices
I~ discussed . The ex t eu t  of disorder is assumed small
such  that the properties of the disordered system can ,
£n princip le, be obtainable as an appropriate extention
of the cor r e s po n d i n g  p r o p e r t i e s  of the ideal oi’dered sy s—
tern . Such an approach , albeit limiting, a f f o r d s  a con—
%i.i,ient starting point for disordered systems , since the
infox~ ia tion regarding the corresponding ordered sys tents
Ii assumed known .

The presence of even a small concentration of do—
t ect .  m ay si g n i f i ca n t ly  a~~ ect properties of a solid
through tho destruction of the t r a n s l a t i o n a l  s y m m e t r y  of
t ib I ’  unpc ’z’tu i’b~~ % perfect lattice. Such changes  are  o f t e n
5II IIiCj t .j~I, to nl1o~’ interaction with light in cases where
tI WUUtd not otherwise occur . The d e f e c t s  m ay  be of a

I t l e m t c ~ 1 fl,’ ttu r , .  such as an impuri t, at o m , or they may be
“ I a mechn,,jc,t l s t a t u z - e  such as vacancies at  particular

s i t e s ,  tiiW ext en d e d  defects SUCh 8 5  d i s l o c a t i o n s.
If th~ i m p u r - 1  t > -  C u nt e n t  of a solid is increased to such
•it U* ( cj ,(  (h at  ilsteruc t ion s b e t  h e on  i .npt t r l  t v atoms boeonio
~ h u t  titan t t he  s y s  t ens is  t he n  termed a di sordered solid
tath ,~T’ t h a t i  n i t  Im p u r e ’ crystal . Disordered in t t ices az-c
~ t t~~u Su alus  t y p e s i  the d i so rdered  nile)’ (isotop ic m ixtu re

541
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542 J- F. VLTEL INOAWD S, S, MITRA

or mixed  c ry st a l s)  and tho j~la s s-l ik o  sub stunco  in which
tho disordor is spatial rather than configurational.

It  is the purpose of these l ec tures  to discuss  the
a t o m i c  v ib ra t ions  of the following three typos of dis-
ordered solids (i ) C r y s t a l s  with subs t i tu t ional im-
p u r i tie s , ( i i )  mixed  c rys ta l s  or alloy systems, and (iii)
amorp ho us ma te r i a l s .  In pa rt i cular , the lattice dynami-
cal theory will be presented and the theoretical results
will be compared with experimental data whenever avail—
ablo . -

II. CRYSTALS WITH SUBSTITUTIONAL I}IPURITIES

It is well known that the introduction of impurity
atoms modifies the potential energy function in a lat-
tice. Hence, the phonon spectrum of the crystal is mo-
dified and consequently any physical property of the
crystal in which the lattice vibrations play a central
role. In the case of a substitutional impurity whose
mass is different from that of the -atom it replaces , the
mod i f i cation of the phonon spectrum is usual ly  manifested
in the appearance of localized frequencies. These fre-
quencies may -‘appear within the allowable frequency range
of the perfect crystal in which .case they are known as
resonant modes or outside the frequency spectrum in which
case they are known as gap or local modes.

The first theoretical discovery of localized vibra-
tional modes in crystals was made by Lifshitz1- in 1943.
This work was followed by the work of Montroll and Potts2
and Mazur . However , this ear-ly work was restricted to
one and two dimensional lattices ‘and therefore  was only
of qual i ta t ive  value .

The first experimental discovery of the existe2ce
of localized vibrational modes was made by Schaefer ira
1960. 1-ho observed a strong peak in the infrared lattice
vibrational absorption spectra of alkali halide crysta3-s
containing U-centers which are H ions substituted for
the halogen ions. It was after this experimental dis—
covory that much of the theoretical work on the lattice

- dynamical behavior of point defects in three dimensiona l
cystals was undertaken . This initial experimontal dis

* covory was also fol lowed by the appearance of a large in
-j f lux  of experimental data5 in the literature .

In addit ion to infrared techniques to study local--
ifed modes, various other experimental techniques wore

31. -
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develOped and utilized. Among the most prominent of -

these techniques are: Specific heat measurements, tu it—
~eling 

between superconductors , the Mössbauer effect ,

~.utrofl scattering and Raman 
spectroscopy . However, the

method which has yielded the most detailed and accurate
jnformatiofl about the frequency and amplitude of the im-
purity modes is the infrared technique , and to some ex-
tent Ramafl scattering .

The theoretical understanding of the impurity mode
absorption is based on the lattice dynamical behavior of
crystals with defects. In 1962, Dawber and Elliott 6 pre—
icritod the formalism of a Green ’s function method , intro-
duced by Lifshitz7,- to calculate the frequency and ainpli-
tude of’ vibration of a substitutional impurity in a cubic
crystal. This method requires a complete knowledge of
the frequency and amplitude of vibration of all the phonon
states in the perfect crystal. This technique was then
applied by Dawber and E l l i o t t8 to calculate the impurity
mode frequency in silicon . In 1965, a molecular model
was proposed by Jaswal9 - to describe the dynamical be-
teavior of the impurity atom . This model was localized
in that  it considered the motion of the impurity ion and
its nearest neighbors while the remainder of the lattice
was assumed to be at rest. The results obtained from
this technic~ue were not as good as the results obtained

‘ 
from the Green ’s function technique . Since 1965, the
Green ’s function technique or modifications thereof, have
been used to calculate the frequency and amplitude of the
phonon states of substitutiona l impurities in various al-
kal i hal ide10”1 and zinc-blende crystaisl4l 6.

A. Linear Diatomic Chain with a Substitutiona l
Impurity

The perfect linear diatonic chain modified by the
replacement of one of the constituent atoms by an im-
Purity particle is shown in Figure 1. The index “ 0
designates the impurity particle of mass m1. It is as-
sLimed in this analysis that only nearest neighbor forces
are opera tive . The per fec t  l a t t i c e  near neighbor force
constant  is def ined  as “f’ while the nearest neighbor
force cons tan t  due to the  imp ur i t y  is denoted by f1.
~ritiisg the appropriate equations of motion for this lat—
%ico and assuming a standard traveling wave solution ,
t i l e  f o l l o w i ng  sys te nu  of e q uat i o n s  r e s u l t  for  t i to  center
of thi’ f l r il lou in  zone (k =

32
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-3 -2 -1 0 1 2 3 
-

- O~~
AvO~~~OA,

a N “ 1

Pi g. 1 Linear dia tomi c l a t t i c e  conta in ing  a substi tu-
- 

- 
tional impurity particle w it h  mass defect and force 

-

constant defect. - - -

(-f) (2f-mw2) (-f) ~

(-f) (f1+f-ML~
2) 

~~~~~
( —f 1) (2f1—m1~

2) (-f1) :
_1 = 0

- 
- (-f1) (f1+f-Mw

2
) 

~~~~~~~~~

o ( — f )  (2f-mw2 ) ( - f )
- - (1)

• The . 0’ ‘a are the appropriate eigen-amplitudes of the in-
perfect lattice.

It will be show~a that the solution to the diatomicchain wi th an impurity can - b e  expressed in terms of the
solution to the perfect diatomic chain . The equations
for the perfect diatonic chain can be obtained by set-
ting m1 = m and f1 = f in equation (i). This yields ,
the following matrix equation

( [ L )  - = 0 - (2)

[~) is the coupling coefficient matrix of the perfect lat
flee [o) ,  the associated column matr ix  represent ing the
ai gen-amplitudes and [iJ the identity matrix. The eigell
values , w’~, are determined by the solution ’ to the secula r
equation ,

~ o, (3)

——

~

-

~
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In matrix notation the equations of motion for the
linear diatomic chain w i t h  a subs t i t u t ional impur i ty  can
be writ t en  as,

— (s][a ’) (4)

[ci i] and ~,
,2 are the eigen-vectors and eigon-values rca-

pectively of the  imperfect diatonic chain , and Es] is a
perturbation matrix of low rank incorporating the change

- I of mass and force constants due to the  i m p u r i t y .  The
rank of the pe r tu rba t ion  mat rix , [s], is determined by
the spatial extension of the defect. For example, if
one considers  the  second nei ghbor i n t e r a c t i o n s  from the
impur i t y  p a r t i c l e  also , the  -rank of the pe rt urba t ion
m a t r i x  would n a t u r a l ly i nc rease .  An e x a m i n a ti o n  of eqs .
(i) and (2) reveals that the following expression may be
w r i t t e n  for the pe r tu rba t ion  matr ix ,

0 • 
.
.

-
— 

(s) ~ o :(-t ~r )  (2~ f-L~mw2 ) (- A f ) :  0 (s)

0 - (..
~~

) (~ r)
- 

_ .
.•

• 

9

whe r e ~f= f - f 1 and ~m=m-m 1 . ~f and ~ n denote the force
Cons t an t  defec t  and the mass defect  parameters  respec —
tively. In the  i s o t r o p i c  case , where ~ f = 0, or what
~s commonly called the mass defect approximation , the
perturbation matrix [ sJ  has  o n ly  the e l e m e n t  ( -~~ma~~~) a t
the center.

Due to the l i m i t e d  spatial extension of the  p er t u r —
L,ntion m a t r i x  [s] ,  a s function method ’ can b~ used
to ca l c u l a t e  the frequency and the  a mp l i t u d e  of V i b r a t i o n
of the i m p u r i t y  particle . Since this technique wil l be

• u sed to ca lc u lat e  the i m p u r i t y  uii odes in the three dimei :—
a Cl otsa l c r y s t a l , it is convenient to use matrix n o t a t i o n .

I’Urttlcrunore , since the basic equations of motion in t h e
th ree  d imei t ~~i onn l l a t t i c e  ar e of the ann ie form as the
I i t i0~~~ di n t oni ic  c ha i n , the ana l vs I ~ w i l l  be fok ’inula t (‘d
~~0 as to a p p l y  to the three d imen siona l  case as well.

The equat ion of mot ion  for the linear d ia t o m i c  chain

3~I

• ~~~~~~~ —~~~~~ .— — — — 
~~~~~“-‘~~ ~~~~~ — —  - - ‘~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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with a substitutiona l impurity may be written as follow5 ,

[L][o ’)  — [s) [o ’) , (~ )
where 

-

(L) = [F)-w ’2[I). 
-

A Green ’s funct ion matrix [G) is then defined in the £01-
lowing fashion ,

fL)[G) ~~j .  - (
~

) 
-

With the use of the defining equation for the Green ’s
function mat rix , eq. ( 6) may be written as

[a ’]  = [ c ] [ s ] [ o ’) ,  - (8)

where 
- - 

-

[G] = [ U
_I

. 
-

In term s of the m~ tx’ix elements, eq. (8)•can be written
as, 

~~~~~ = 

~~~, 
E 

~~~~~~~~~ 
0

X~’ 
• - 

- 

(9)

The eigen values w’2 can be obtained by solving the se-
cular equa tion, -

J [LJ~~[s3 - -[1)1 = 0  
- (io)

• - or -

J[ G3[SJ — [‘31 — °. -

In order to solve eqs. (9) and (10) for the ampli-
tude and frequency of vibration of the impurity particle,
on e needs an exp licit repres en tation of the elements g~~ ’,
of the Croon ’s func tion matrix . Premultiplying eq. (6)
by the eigen-vector [c] = [o(k ,j)) of the perfect lattice
where J d en ote s the part icular branch and ~~~, the corres-pondin g wave vector , one ob tains

~35 
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‘ 4a],[~~)[ci ’]> — w ’
2
<[a),[a ’)> =

‘ (11)

[rJ [o ’) and [SJ[cY’] are column matrices and the product
< ,> is defined such that for two column matrices [A] and
(B), 

-

<[A],[B]> = (a~a ....) b1
-t b2 

(12 )

- 

- 

- - = E a b~~ 
-

where ai and b~, are the elements of [A) and [B] respec-
tively and 4 is the complex conjugate of aj. -

In the case of the linear diatomic chain , the matrix
[rJ is symmetric, therefore the first term in eq. (11)
can be transformed as,

= <[F][o),[a’]>. - 

- 

(13)

Prom eqs. (3) and (13) one obtains

= <~
2

[cJ , [ o i ]> . (~~4)

Substitution of equation (14) into equation (ii) yields,

= 
<r~ 1~rs 1r~~1� 

. (15)
0)-ta)t

Since the elgen vectors [a(,~ ,J)] of the perfect lat-
tice can be represented as a sot of orthonornia l vectors ’7,
an arbi trary vector [a ’) can be expressed uniquely as a
l inear combinat ion of t h i s  or thonornial  set , [ o(k , j ) 3 ,  as

to ’) ~ a (,j)to( ,j)), (16)

~hero a(k ,J )  are the expansion coefficients.

- 36
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Premu ltiply ing eq. (16) by the cigen-voctors
I o (k ,j)] of the perfect lattico and using tho orthonormal-
i ty condition of (o(~~,j)). the constants U(k ,j) can be
expressed as,

a (k,j) = -4o),(a ’)>. (17)

From eqs. (i5) and (17) one obtains

= 
<f~ Lf s1f n ’J~ . (18)

~~~ _~~ I

Therefore eq. (16) can be written as

- 
(a t ] = E ~ f o L f s jJc7’]~ [a) (3~9)

~~
,j

or in terms of the matrix elements,

a , ( [ sJ [ a ’ ))
~~

,
- • O

~ 
= — 

2 2 
— a (20a )

X

*
0 0

- 
= E ( z 2~

C t 

~)( [sJ [c ’flx ’ (20b ) —

X~ k,J W W ’ - 

- 

-

= £ ( £ 
X 

E ~~~~~~~ . - (20c )
x ’ - k,j ~A) —W~ x”

A comparison of eqs. (20c ) and (9) re sul ts in th e
following representation of the Green ’s function matrix
elements

~~~~~~ 0)2~ 0),2 
(21)

Having ob tained the Green ’s function matrix [G),
eqs. 

- (9) and ( io ) can now be used to calculate  the fre
quoncy and the amplitude of vibration of the impurity
atom . The essential point of this technique is the 1i
inited extension of the perturbation matrix [s). This

37 
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resu l t S  in a solution of oquations (9) and (10) in tho
per turbed region only. For a linear diatomic lattico

~ j Fig. 1, tho matrix [s], viz., eq. (5 )  has the ole—
•inta.

S0 0  — 2~ f-z~mw2

S1 1  — S_ 1 _
~~~ - 

. (22)

S_i,0 * Si o  = Son = SOI • = -

while the ot her elements arc zero . Substituting the ma—
trix elements of [s) intO e~~~~~9) one- ob tain s

O ’x = 0’] ~if(g~ ,_1-~~~,0) + c~ ~~~~~~~~~~~~~~~~ -

. 

(23)
•

By se t t ing x equal to -1, 0, Lthree equations for a~~~,o6 and 0 evolve . Since the impuri ty  is a center of in—
version lor the linear dia tomic  chain shown in Fig. 1,

-
~~~ 

G
_ l  — ± a1. - 

— - 

• (24)

Also since the Green ’s function matrix elements gxx, de-
fined by equation ( 2 l )~~ e~ the same symmetry property,
two equations in 06 and ~~~~ .will result. After obtain-
ing these, all other o~~’s are obtained by recursion . The
oigenf requencios w ’~- of the perturbed lattice which are
the solut ion of the secular  equat ion  ltG][S] — [ i J I  = 0,
are now de termined by the dete rminan t  of the  coe f f i c i en t s
of two homogeneous equat-i-ens—f-o~

_
~~~-and Q~ 1.

The frequency of vibration of the substitutiona l
atom may occur either wi thin or outside the vibrationa l
spectrum of the perfect crystal. If the impurity atom
is li ght er in mass than the atom it repla ces in the  crys—
ta l , i t  is possible for certain exceptiona l vibrationa l
modes called loca l i zed  modos to appear.  These modes arc
chara c te rized by the fact  tha t the i r  frequencies lie above
the m aximum f requency  of the unperturbed c r ys t a l .  The
displacement amplitudes of thc atoms of a crys tal w i t h  a
locn liz od mode decay very quickly with increasing dis—
tanco from the impurity situ.

- - 38
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If tho tr ’qu oncy distribution function of tho per-
fect crystal has a gap between tho acoust i c  and opt ic
%jra ,ichos , it is possible for an allowed localized vibra-
tional mode to occur in t h i s  gap. This localized vibra-
tional modo is usually referred to as a gap mode. Gap
modes occur when the mass of the impurity atom may be
lighter or heavier than one or both of the host lattico
masses. Since a gap .mode has a frequency which lies in
the forbidden frequency band of the perfect crystal , the
displacement of the atoms vibrating in the nei ghborhood
of the impurity decay rapidly with increasing distance
from the impur i ty  site.

Due to the fact  that  the frequen cy of a loca l or a —

gap mode lies outside the allowed frequency range of the
perfect crystal , there is no mixing between the impurity
mode and the unperturbed modes of the c rys ta l .  Therefore
the localized and gap mode may occur at any wave vector
point in any direction and there is no dispersion for
these modes.  

-

- 
- 

A third kind of vibrational mode , introduced into
the crystal by the presence of &mpurities , is the reson-
ance mode . Unl.;ike localized and gap modes, resonance
modes are not  true norma l modes of a perturbed crys ta l .

- - 
These modes are localized in frequency but not in space .
Since the frequency of a resonance mode falls in the
range of the al lo~~ed frequency band of the host  crystal ,
it can decay into the continuum of unperturbed ban d modes.
A crude physical  explanation of the na ture  of these modes —

can be given as fo l lows .  In the low frequency acoustic
branches all the atoms are moving in phase with each
other independent of their  masses .  If the impur i ty  atom
is very heavy or if it is coupled very weakly to the sur-
rounding host crystal , it will  be v ibra t ing  in phase wi th

• i ts neighbors at very low f r e q u e n c i e s .  However , as the
frequency of the lattice vibrations increases the impur-
i t y  atom begins to lag behind its neighbors because of
i t s  heavy mass  or weak binding to the, crystal. This con-
tinues until a fr~quency is reached at which the impurity
atom vibrates 180 out of phase wi th  i t s  neighbors . This
frequency is def ined as the frequency of a resonance mode .
As might be expec ted ,  the mean square vibrational ampli-
tude of the impurity atom as a func t ion  of frequency is
sharply peaked at the resonance mode frequóncy, in corn-
-parison to the amplitudes of its neighbors . Resonant
modi.s may occur in the ac o u s ti c . o r  the optic ban d of the
frequency distribution function of the perfect crystal.
Tho impuri ty  masses assoc ia ted  wi th  resonant  modes may

- 
- 

-

—
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be heavier Or lighter than the host crystal  atom masses.
me force cons tan ts  wi th  which the impurity particle
couples to its nearest nei ghbors play an important role
in determining the frequency of the resonan t mode .

Mazur and co—workers3 have solved the problem of
jmpurity modes in a linear diatomic chain with an impur—
ity atom of mass m1 which replaces either the heavy mass,
M, or the light mass, m , of the chain as shown in Fig. 1.
Since in this analysis it is assumed tha t rn-cM , there is
a gap present in the frequency distribution function .
The solutions of this impurity problem are shown in Fig.
2 for m1 replacing N and in respectively . For the case
whore m1cM , a local mode above the top of the optic spec-
trum and a gap mode between the acoustic and optic bran-
ches is predicted . For the case where m1>M neither local

m1’M m1 M ,,14ç

3’ 
_ - -i- -

- 
- 

-

7/T / / / / / / / / / / / // // / / // i/ / / / / / / / / / Z  - 
-

- . 

OPTIC BAND - 
-

a—
t) - - -

‘a

‘a -
k.

ACOUSU C BAND

Pig. 2 Impur i ty  modes in a l inear d ia tomic  chain ( m< N ) .
cases shown are :

(i) a light impurity atom replaces the heavy atom of the
host lattice (m1~~’~),
it heavy impurity atom replaces the  heavy atom (m 1~1~I
a light impurity atom replaces the  l igh t  a Voni (iu 1~~n

~~~ (Ii ) ~ heavy impurity atom replaces the li gh t atom
(m~~~~).

- - -~~- . ~~~~..—q~~
__ 
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nor gap mode is predicted . When the  i mp u r i t y  a tom re-
p laces  the l igh te r  hos t  a to m  such t h a t  tn1<m , a local
modo abovo the  o p t i c  spec t rum is p red i c t e d . F il ia l ly ,
wh en m1~~n , a gap mode b~ twe~ n the optic and acoustic
branches is predicted .

-
- It wi l l  be shown that  three d imens ional  c rys ta l s

having a gap in the frequency distribution function con-
for ,~, with the predictions for the case 1, 3, and ~ for
Figure 2. For the second case where m1>M , a gap mode is
predic ted  which constitutes a new condition hitherto un-
noticed .

The ampl i tude  of an i m p u r i t y  ion and i t s  nei ghbors
- in a linear diatomic chain have been calculated by Renk~-8
- for the local and gap modes. These are shown in Figure

- 3. For local modes, the nega t ive  ions move in one direc-
tion while the positive ions move in the opposite direc-

- tion . The maximum a m p l i t u d e  is associated with the urn-
- purity ion and decays exponentially w i t h  increasing dis-

tance from the  i m p u r i t y  ion . For the gap mode similar
ions vibrate 180 out of phase with each other. The

-: maximum ampl i tude  is assoc ia t ed  -wi th the impuri ty  ion
- and decays exponentially with increasing dis tance from

the impuri ty ion . In cont ras t  w i t h  the loca l ized  and
gap m o d e s ,  the resonant mode is not spatially localized
but extends far into the l a t t i ce .  The ampli tude of the

- impur i t y  ion and i ts neighbors for  a low frequency reson-
• ant mode in a linear diatomic - chain have been calculated

by Wcbo r19 and are shown in Fig. 3.

B. Three Dimensional Lattice with a Substitutional
- Impurity. 

-

Before digressing into the explicit mathematical
$ formalism for this system , i t  is worthwhile to spend some-

time reviewing the la t t ice  dynamics for per fec t  crystals
in three dimensions and the concept of normal coordinates .
The t o t a l  po ten t ia l  energy of the atoms in a crystalline
solid wil l  be denoted as 4’ . Assuming that each atom Un-
dergoes a small d isplacement, £ I £ £

u(.) = fu ( ), u (.), u ( . )
- , , - — k  x K  y k  z)~

from its equilibrium position , the potential energy fun c —

I tion 4, can be expanded in a Taylor series about the equi-
libriu,n posit ion in tcx-m s of the powers of the displace-

- ment s *

‘It I
if 
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Loca’ Mode

O•
~~~•~~~~~~~~ ~~~~~~~~•ô .o

Gap Mode 
- . 

-

O I O 3 t ~~?~~~~ ~~~~? - ~~~~°•° 
- 

-

Resonant Mod e

~~~~~~
- T h

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fi g. 3 Ei genvecto rs for local , gap and resonant modesin a linear diatomic chain .

• •~ 4 £ 

~~~~~ 
ua (j~)t , K , cz 

(2~~)

+ 1/2 
£,K,a ~~~ ‘ p  

.a(~i:)
ua(~~

)u
~~~~:) + ..

Whore the subscripts a and 
~ refer to the x , y and zComponent of the displacement  and

42 
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= — ~~ 
I 

(26)

o

and -

= 
_____________  - ( 27) 

-

bUa (K )
~~

U
~~

(X , )  o.

The subscript “0” means that the derivatives are evalu-
ated at the equilibrium configuration of the lattice.
Physically , the coefficient , ~ ~~~ defined in eq. (26)

can be explained as be ing the negative o~ the force act-
ing in the a-direction on the atom at r(K) in the equili-
brium configuration . However, in the equilibrium config-
ura t ion the force on any particle must vanish , therefore ,

= 
- 

- - (28)

Under the harmonic approximation the potential energy
expansion contains terms only up to the second power in
d i sp l acemen t .  Mathematically the resulting equation of
motion could not be solved exac tly if higher ordered term s
were retained. The harmonic approximation is quite rea—
sonable because we are dealing wi th  very small  d isp lace—
ments of the particles . The equations of motion of the
la t t ice  can now be written under the harmonic approxima—

— tion as ,

£ 
_______  

£1’ 2’mK fla (K ) = — 

bu (2) 
= 

2’ ,K ’ ,~ 
•a~~

(
~~~’~ 

U
~
(X,

- 
(29)

It is obvious from the form of eq. (29)  that the coef-
ficient, 

~ ,.2!~~ , is a force constant . Physically it
WaP~~YJ~~t l

describes the force exerted in the a-direction on the
atom at r(~~) when the atom at r(~~~) is displaced in the
u—direction . It is also interesting to point out that
from eq. (27) the coefficient ,22’t sa t isf ies the

WaP~~YJ( I !

following symmetry condition ,

• 1
~~~ 1~~~~~ ~~~~~~~~~~~~~
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,1t’~ i tt  I t  -

4
~ a’K ’K ’-. (30)

The perlodic i ty  of the lattice requires that if the lat-
tice as a whole i~ translated relative to itself by a
lattice vector L(i~)’ 

it coincide s w i t h  i t s e l f.  Due to
this fact, the same triplet of integers (ti.12t 23) can
be added to the cell ii~dex 1 in the coef f icient 

~
- 

Wa L K
and to both of the cell indices in the coefficient

“a l ~J~~ 
without changthg their value . Thus ~~ (j ~) mus t

b e i ndepende~ t of 1, while ~~ (j ~ , )  can only depend on

the re la t ive  cell index 2— !’ and not on 2 and 2’ separ-
a te ly .  These results can be expressed as,

~‘a(i~) = • ( °) - 

-

- (31)

• (
!2~ ) = 4, ( I_It ) - 

-a~ KK’ a~3 KK ’ •

Due to th~ t r ans l a t i ona l  synmetry  wi th in  the l a t t i c e ,  the
equation of mot ion  s~iou~ d be invariant for rigid trans-
la tions of the l a t t i ce  as a whole , namely,

h •a~~~j~:)  = = 0 , (32 )

and also invariant for a rigid rotation of the lattice 20.

The equations of motion form an infinite set of sin,—
Ultaneous linear differential equations . The solution of
eq. (29) can be expressed in terms of a traveling wave
-given b y,

ua(j~
) = ~~~~~~ oa(X) oxp [—icait + 2~ik.r(!fl. (33)

‘~ is tho angular frequency of the wave , , the  wave

ampli tude which  is i~ dopc ndont  of I and k , the  wave Ve c—
tor . Substitution of eq. (33) into eq. T29) yjulds ,

— — ~~~ _ __. - ~~~~~~~~~~~~~~~~~~~~~~ e r.’— r..—.- - - ~~~~~~~~~~~
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— E •~p (~~~
) 

(~~~~ )1[2

expri2~h-r(~:) 
- r(~~)). (

~~
)

Using t lit ,  periodi sy r nme t r~ c o n d i t i o n  of the  l a t t ic e ,
g iven  in eq - ( 3i ) , eq - (3 11) m~iy be shOwn t o  reduce to
th~ foltowing ,

w
2
ca (K) = E r~~~~~ ,)o~ (ic’), (35)

whero

Fap (~j~g) ~~~~~~~~~~~ 
E

X exp[-27tik.r(~~~,)) 
- 

(36)

and 
- 

-

= r(~~,) r(~~). 
- 

- (37 )

Faç~
(
~ xi )is defined as the coupling coefficient.

Due to the fa ct that  . , tV i~ a f u n c t i o n  of 2 — ! ’

o n l y  and does not  depend on £ and V sep a r a t e l y, the
c oe f f ic ien t s  

~ 
-
~ are i n d ep e n d e n t  of I. Therefore ,

Q~3’ X X ’  ‘
the prob l em of s o l v i n g  the  infinite set. OS’ equation s of
nb t ion (2 ~ ) is now roduc ed to th e pret I em of sO 1 v ing  a
set of 3s 1 i ,i e u i ’  ho m og e i i eou s  eqila t I Oil s i i i  3,. unknowns,
Ca ( K ),  given in eq - (35), where  s is the number of pnr
t id es per un i t  ccli.

The equn t i o n s  of m o t i o n  can be wr i t t e n  more con-
c i s . l y in r n . a t r i x  n o t a t i on  as ,

[i~’)[o) — ~2[~~) • o . 
- - 

(~~8)

(0)  is a 1 x 3s matrix written as ,

4 
- 

-

-.--—- .——- -_-_- _ - - ~~.- - ~~~~~~~~~~~~~~~~~~~~ 
—.---
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a
~
(l)

o (l)
(~~) =  ‘ - (39 )

(s)
o~~( l)  -

a;(s)

and [F) is a 3s x 3s matrix defined as

t’ ~s ~ t’ 1~~ ~
p 1~ ~ - 1~£ xx~ llI - £ xx t lS~ i xy t ll~ £ xy~ lS~ xz L ll /

~ ~
“xz ” lS

- 

~~
(
~~

) . . F;x(~~s)F~ y (~~i ) . . .
= Fy~ (~~~) 

-

. .F
~~~(~fs

) .  - . . . .  •
1~~~ 

- iii
~
‘
yx~ Sl - -

1k - -

~zx~ ll 
- - 

• F
~~~(~~1) ~

‘zz~~~l~ 
F
~~~(L)

- (4o)

The condition for these 3s homogeneous simultaneous equa—
tions to have a non-trival solution is -

1(F) — w2 [I J I  = o. 
-

2Eq. (41) is an equat ion of degree 3s in ~ • The 3s so-
lut ions for each value of wave vec to r  ~ are denoted  by
wj ( is ) where j = 1, 2 , . ,. . ,  3s. E x a m i n a t i o n  of eq .  (3(i )
-reveals tha t  the m a tr i x  [F) is herrnitian , and hence the
eigenvalues,  ~&l~ ( k ) ,  are real ’’ . The physics  of the  pro-
blem also requires wj(k) to be positive . -

For eac h of the 3s values of u)j(~~) corrc9~oi~ding to
a given va lu e of ~ ther e exists a vector [o (KI- ~-)). The
V ector [ u ( K l - ~) )  is not to be confused wi th ( 0 ( x ) ) .  The

— 

~~~~~~~ 
-

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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former rofers to tho eigenvc’ctor a~~so~ inted wit.h a par-
t ic u l ar ei~,e nr r e qu isn cy ,  ~ j ( k ) i  whereas  [ o (~~ ) )  rofors to
the genera l s.t of ci g i’nv a lu o s,  L~~~. The c o mp o n e n t s  of
t he  vector [e(~~J-~ )J art. tho solutions to the set of equa-t i o ns (35), w h ic~l cnn bo written us

= ea ( K I~~
) = 

k’~~ 
Fa~
(
~ .~s) 

e~ (x’ I~ ) . (42)

Eq. (142 ) defines ( e ( K j ~~) to w i t h i n  a c o n s t a n t  f ac to r  and
this factor can be chosen in such a way tha t [e (KI~~

))
s a t i s f i e s  t h e  or th on o r m a li t y  c o n d i t i o n s ,

* k k -

e~~(X f r )  ea ( K I ~ ) = c,~~, (4 3)

and -

E e (K’ I~
) ea ( K I ~ ) = °ap~ icic’ ‘ 

( 144)

where  0 an d 0 . ,  are Kronecker deltas. -

The va lues  which the wave vector Ic , in t roduced in
eq.  (33) ,  one can assum e are determined b y the  boundary
conditions imposed on the components  of the d i sp l acemen t
vectors  ~~~~ The equatiors- of motion are derived for an

• 
infinitel y extending lattice. This lattice can then be
nornialized to a finite volume by partitioning the lat-
tice into cubes of dimension L3 ea ch It is assumed that
the cube contains N lattice cells with L lattice cells
a long  each edge . These p a r t i t i o ns  form a ma c r o - l a t t i c e
with th~ cube of N ce l l s  being the macro-cell with I4~~

,
I~~~2 I  La .1 as basis  vectors . The pe r iod ic  boundary  condi-
tx oi, po~~t u l ut e s  tha t the a t o m i c  d i s p l a c e m e n t  be per iodic
with the periodicity of the macro-cells, that ib,

2-i L £

~
( 

~ 
) = (45)

This cyclic boundary condition simplifies tho lattice
dynamica l  behavior  which does not  depend e x p l i c i t l y  on
the  c r ys t a l ’ s su r face .  ~‘hen a p p l i e d  to the-components
of’ th~ d i sp l acemen t  vec to r  given by eq.  (3 3)  tize cyc li c
bound ary cond i t ion r equ ires that

2flik.La
1 2 1tik.L~~, 2~t ik ’ t4,a a • . 1. (46)

I
“7 

-

- e7, — ‘ -‘ — .r rw r~~~~~f l -  ‘r ~~ .— -. ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The reciprocal lattice vector can be repres ented as

1(h) = h1b1 + h2b2 + h,~~ , (47)

where h1, h2, h.~ are arbitrary in tegers which can be
posit ives negat~ vo or ;ero . The scalar product between
a direct lattice vector and a reciprocal la t t ice  vec to r
is Just an integer: -

• 
r(2).~~(h) = 11

h
1 

+ 22h2 + 2
3
h
3
. 

- 

(48)

Theref ~ore an expression for ~ which satisfies equation
(46) is given by - 

-

(49)

The values of the integers h1, h2 ,  h3 are now restricted
by eqs . (45) and (148) such that if any reciprocal lattice
vector X(h) is added to k, the value of ua(j~) remains the
same . Hence, it is possible to obtain all distinct
solutions if the value of 

-~~ is restricted to lie in one
unit cell of the reciprocal l a t t i ce :  

- 

-

h .  h - 
-

- 

-

-

where - - (50 )

h1
, h

2
, h

3 
= 1, 2,

Thus there are = N allowed values of wave vector k.
For mos t  c a l c u l a t i o ns  it is important that these values
are u n i f o r m l y  d i s t r i b u te d .  From eq. (so ) the  volume in
reciprocal space w h ic h  conta ins  a l l  the allowed values
of the wave v e c t o r  I can be seen to be tha t generated by
a reciprocal  l a t t i c e  vec to r  b .  An e q u i v a l e n t  v o l u m e  i i i

rociprocal space w h i ch  d i sp l ays  a higher  degree of sym-
m e t r y  than the reciprocal lattice can be obtained by
dr awing v ec t o r s  from the origin of the r ec ip roca l  l a t t i c o
to a l l  la t t i c e  p o i n t s  and then constructing p lanes  w h i c h
are the pe rpend icu la r  b i sec to r s  of these vec tors  • The
smallest volume in the  reciprocal  space which- is enclosed
by those p lanes  can be show-n to  be c on ip l et v l y  e q u i valen t
to th o unit ce ll in tha t every a l l ow ed  v a l u e  of ~ in t h e
U ni t  c ell differs f rom a c o r r e s p o n d i n g  p o i n t  in the ~>ln —

~‘otric polyhedron only by a translation vector of thio

148 -

_ _ _ _ _  

—

~~~~~~~ 
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reciprocal lattic e , and hence the two are equivalont .
The symmet r i c  po ly hedron c o n s t r u c t e d  in th i s  f a s h i o n  and
containing all allowed values of ~ is known as the f i r s t
Brillouin zone of the reciprocal lattice.

Due to the symmet ry  of the first Brillouin zone,
One need only consider ~ va lue s  in a small region (the
i r reducible  e l emen t )  of th is  zone to evaluate any vibra-

• t ional  proper ty  of the lattice. For cubic crystals , the
• volume of the i r reduc ib le  element  is 1/48t11 of the  volume -

of th~ Brillouin zone. Thereafter, the totality of fre-
quencies, w~ (k) can be obtained by solving equation (35)
for values of I in l/4Sth of th e irreducible volume of

— the total Brillouin zone. - 
-

Since the displacements ~~~~(~~~~ ) are small and the p0—
tential energy expansion (25) contains quadratic terms
in displacement , the general motion of the lattice can
be given by the principle of superposition . Each of the
waves given by equation (33) travels through the lattice
independent of the others . The whole configuration of
the lattice may then be expressed in terms of-the dis—
placements due to this set of independent -waves , just as
well as in terms of’ the coordinates of the individual
lat t ice po in t s .  Therefore, the waves can be considered
as themselves constituting an independent set of coor—
dinates  known as normal coordinates.  Each normal coor—
dinate describes an independent mode of vibration of’ the
crystal with only one frequency and phase and is referred
to as a normal m ode . In general there are 3Ns normal
modes of’ vibration . In terms of these normal coordinates ,

the general motion of the lattice can be defined

• in the following fashion ,

u
~~
(2) = (N~ Jl/2 

Z ea(~~
)
~~
(
~~
)expti21

~
k.r(!)) , (si)

where the subscript  k of equat ion (33) has been suppres-
sed and the t3me dependence is understood in the 

~~ (~~~
)

term , in and ea(~~) in equation (51) are the mass and theeiCenamplitude c~ rresponding to the frequency w- (k), of
b o t h  the positive and the negative ions , respec~ ively.

- By defining the function, k as 
-

(Nun )
3 1
~
2
ea(~~)exp [j27tk .r (C)) 

- 
(52 )

- i  — . 
-

- 
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equation (si ) can b~ wr i t t en  in the followin& fashion,

ua(t) = t 
~a(hI~

)
~~~
) (53)

Substitution of the displacements ua(t), defined in
equation (51), into eqUat~ 0n (29) yields ,

tZ)a~
(t2 l)X

~
(2 ’ I~~

) = mw 2 ( k)X a (t I~~
) - ( 5 14)

The terms Xa(1I~
) -are eigenvector terms with respect to

the normal coordinates and are normalized as follows :

- k 2
Z mn jX~~(t~— )j = i.. — - (

~~
)

at

Since the characteristic frequency of the (
~

) nor—
mal mode is ~~j ( k ) t  w h i c h  Is the same as the eigenfre—
quency of the matrix [F], and since there is a one to
one correspondence between these eigenvalues and the nor-
mal coordinates , the norma l mode frequencies of’ the lat-
tice can also be identified as [w 3(k)] 

where the brackets
indicate the complete set of lattice frequencies.

- 
It can be seen from equations (142), (32 ) and (36),

that out of the 3s solutions for each j
~
, three tend toward

zero as I goes to zero . Such modes are called acoustic
modes and are characterized by the condition .

. 0 . , O -[e(}~j . ) ]  f e ( K I)) 
~ o 2 o

= 
— 

= 

~
(
~ I - )  = u(

~~~, 
), (56)

~‘m~ s/mi,

where the express ion  u (~~~~ ) r e f e r s  to the d i s p l a c e m e n t
from eq u i l ib r i u m  of t he  X th  a t o m  in the  !th u n i t  cell
when it  is v i b r a t i n g  w i t h  f requc’ncy  ~j ( k ) .  Th e r e f or e ,
a l l  a particles in each u n i t  ce l l  Sh oVe ill para l l e l  ii im d
w i t h  equa l a m p l i t u de s  w h i c h  is a c h a r a c t e r i s t i c  of t he
d l sp l n c v m -i i t  a s s o c iat e d  wi th an acoustic wave in an
tj ~ c o n t ii i u uui . 

-

The remaining 3s — 3 modes whose frequencies do not
Vanish at k 0 a:o called oPtic modc’s.  For diatonic
CZys t :ils (~~ = 2), 1 .ts . , e q uat i o n  (143) fur  k = 0 can be
writ ten i i i  vec toy form us

- 
50
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(o(Af~~)).(e(A J~~,)] + (e (BI~~)).(o (BJ~~s)) = o (57 )

whero A and B refer to the positive and nogativo ions,

• respectively, j refers to any One of the acoustic branches
and j ’  refers  to any oa~ of the  

- optic branche s . Equa-
t i o n s  (56) and (57) can be solved to obtain,

I,

+ ~~~[ e ( BJ ~~ ) J )  = 0 (58 )

E~ c1uding the trival solutions , [e (x I ~~) J  s 0, one gets

J~~~~ 
[e(A~~)) = - ,1 [e(Bj~~)). (59)

Therefore for th~ optic mode the two ions in each unit
cell vibrate 180 out of phase , while the center of mass
of time cell remains stationary .

For increasing values of ~~~~ , the ratio of the ampli-
tudes of’ the lighter to heavier atom in the optic branch
in general increases. The corresponding ratio in the
branch eq. (56) dqcreases from its value to unity for

The dispersion of’ the lattice is expressible by the
equation ,

w = w~ (k)~ j = l ,  2 ~s. (60)

In diatomic crystals the n umber of a toms in each unit
- cell is two , therefore in general there are three acous-
tic and three optic branches of phonon dispersion.

The introduction of’ a substitutiona l impurity for
one of ’ the atoms of’ the host lattice modifies the dyna-
m ical behavio r of tho lattice in the region of the sub—
st~~tuLi on . It is assumed in this ana l y s i s  tha t the for ce
c o n s tan t s  remain unchanged from the perfec t  l a t t i ce  in
that ,  vicinity of the defect and that only the mass para-
meter is changed . Due to the presence of a .substitution al
lnmp uai ty, the mass in in eq. (29) will depend on 2. Writ- 

-l ag  this in terms of its deviation from the perfect lat
tice value, the genera l equation of motion which gives
thp norma l modes and frequencies of’ the perturbed lattice

51 -

— - _ -~~~~~~~~~~~~~~ -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~~~~~~~~~ wr r .. —r - - ‘~~~ 
-.

— -. 
~~~ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _



0YNAMICS OF STRUCTURALLY DISORDERED SOLIDS 
-

ca~ 
be written as

m(t)~i.,~(2) + 
P2’~~~~~~~~~~~ 

= I~J S h ( 2 ) Ua ( L )  (~ l)

The new normal modes for the perturbed lattice can ~odefined by a transform similar to- eq. (53),

ua(t) = E x~~(2Jr)clr. (62)

These new normal modes are labeled by a quantum number,
f, which takes 3Ns values. The new normal coordinates
of the perturbed lattice , df’, are similar to the normal
coordinates , ~~~(J~~) ,  of’ the perfect lattice and also in-
clude the time dependence. The X& (tlf) terms are the
eigenvector terms corresponding to the normal coordin-

~~~~~~~~~~~~~~~~ ates of the ~‘erturbed lattice. Substitution of eq. (62),
into eq. (6j) yields , - - 

-

- —w ’ m ~ ‘(2I f’) + ~ 2,~~ap tt ’ x A ( t ’  ~~~~
) -

£ S
~~
(2t’) x A ( 2 ’ I f ) P  

- 

(63)

where S~~ now incorporates the change of mass and is
given as, -

Sa~ ( U ’)  _
~

rn(/) w ’
2ôap ôti, (64)

The eigenvectors X&(!~f) of the perturbed lattice , whichcorrespond to the normal coordinates d f ,  are norma l ized
by a relation similar to that given in eq. (55), namel y ,

z (m(t) + 
~m(L))I(x&(!jf)J

2 
= 1. (65)

a!

In matrix notation the equations of the perfect lat—
tico [eq . ( 5 1 4 ) 3 ,  can be written as, 

-

(L)(~~] t (~) 
-
— ~

2[I3)[ j  0, 
- 

(66)

where [B) incorporates the particle masses, m , and the
rorce constants 4’a~ ( L L ’ ) .  For the la tt ice wi t h  a

52
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substitutiona l ii’ ipuri ty , eq. ((~6) bocornos

= ([ B ) - w ’2
[ Ifl[x ’) [s)[~ ’) (67)

whore ~i ’2 and (x ’] are the cigenvalues and the  o igen—
vec to r s  of the i mp e r f e c t  l a t t i c e  and [s)  is th~ pertuz— —
batlon matrix inccirporatin g the change of mass.

I
A Green ’s function technique, introduced earlier

H’ can be usod to calculate the new normal mode frequencies
and the amplitude of the lattice with substitutional im-
purities . Eq. (66) is the  perfect crystal equation while
(b7) is identical to equation (6) with the symbol D ro-
placed by F and X by a. Therefore , the Green ’s function
t echnique described before can be applied for the three
dimensional case. The Green ’s function matrix [C] de—

- 
fined as in eq. (7) may be written as,

+ 4 a~~
( 2 a t ’)  g~~~(!’ ,!” ) = ôaY ô2tIa

L - 

- 

- 

- 

(68 )

where g~~~(t~ 2”) are the elements of [G]. The explicit

representation of’ the elements , of’ the Green ’s func-
- tion matrix , as given by eq. (21) can be written as

• * ,k~ - / ,,,k
- - x~~ 

(i
i ’  X~~’~~ r

- - gav(tst”) = E (69)
k ,j  w . ( k )  — w’ -

-
.3 

—

-

- Eq .  (9)  describing the eigenvector s of the perturbed lat-
t i ce can be written as

- 

- 

%(‘Ir) = 

~L’ y 1” ~~~~~~~~~~~~~~~~~~~~~~~~~~ (7 0 )

The eigenf ’requencjcs of’ the perturbed lattice are deter-
mimm uc i by the secular equation ,

— 6aV 622a 1 0. (71)

If the ce l l  containing tho  s i n g l e  subs t i tu t ion a l  im-
- purity of’ the per turbed l a t t i c e  is chosen to be at the

origin , eq. (61i ) can be written as,

53
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s
~~

( 2 t ’)  = —ancw’2 6a~
62o 6t ’o ’ (72 )

whore C is the dimensionless mass defect parameter do-
fined as

- (7~)
‘ 

m is the mass of the  particle to be substituted for and
m~ is the mass of the substitutional impurity.

Using eq. (52) the element g~~~(O ,O) of the Green ’s

function matrix (69) can be written as
- 

* k-  k

= 

~~~~ ~~~~~~~ 

(74 )

Su b s t i t u t i o n  of eq. (72 ) into eq. (7 1), reduces i t  to a
3 x 3 m a t r ix  -

Im~~
,2 8~~g~~ (O,O) + 6a~~ = (75)

Duo to tho 6~~ term , this equation contains only diagonal
elements and the solution is triply degenerate. Substi—
tuting eq. (74) into eq. (75) one obtains

a ,
, ., ,2

1 + ~~ 
2 = (7 6) —3N 

- 
k j  u 2 ( k ) &. ’ -

The above equation is used to ca l c u l a t e  the i m p u r i t y  mode
frequency due to a substitutiona l impurity replacing
ci t h~~ time cation or the anion of’ the host lattice, where
k refers to the  ion w h i c h  has been replaced by the  inipur -
ity and C (X) is defined as

t(x ) m ( X )
~~~~

!
~

’ (K )  
. 

-

it is also possible in the framework of t h i s  ana l y-
sis to obtain an expression for the  a m p l i t u d e  of v i br a -
t i o n  of time i m p u r i t y .  Substitution of eqs. (72) and  (7-~’)into eq. (70) yields the following expression for time
amplitude of vibration in tta~ inaperfect lattice,

514 
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k -

z ~~~~~~~ x~(oJr)cw ’2(r )

- 
exp[—iitk.r(!)) . (77)

The term xA (tlf ) represents the modification of the amp-
litude of vibration of’ the particles in the lattice duo -

-
‘ to the defect mass. For the case I = Q, one gets

x~~(o~r) which corresponds to the amplitude of the defect
atom itself. -- -

The normalization condition given in eq. (65), can
• be written as -

E m JX~~(!If)J
2 

+ E cm Jx&(O Ir) 12 
= 3. (78)

~~~t a 
-

Substitution of eq. (78) along with the use of the or-
thonormality conditions given in eqs. (143) and (4Z~) into
eq. (77) yields the followIng equation for the amplitude
of vibration for the impurity atom , Ix ’(o I f  j 2 ,

— 
1 

- = 
c2( k ) w ,l&(r )  ~ I~(xl 1

~)J
2 

c( X )
m(k)Ix ’(0jr)1

2 3N 
- 

kj

- - 
(79)

Eqs. (76) and (79) theref’bre provide the basic descrip-
tion of the single mass defect problem in cubic crystals.

The ei genfrequencies and eigenamplitudes of the per
fect lattice can be substituted into eq. (76) in order
to determine the triply degenerate localized.and gap —

modes . The local modes correspond to the condition that
the ~ubstitutiona1 impurity mass, m ’(k) is smaller than
the corresponding host lattice atomic masses. Gap modes
occur when m ’(k) may be heavier or lighter, than one or

• both of’ the host lattice masses.

Utilizing the modified rigid ion model39 for the
perfect lattice, calculations were porformôd for the in-
purity modes of zinc—blonde type crystals. The vari atiofl
of’ the local mode frequencies as functions of the mass 

-dofoct parameter is presented in Figs. 4 and 5 for GaP
and ZnSe , resp ectivel y.
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. 

-

~~~ k) -

Fig. 4 Localized mode f requency,  ~~‘ , as a func~t ion of’
the mass defect parameter , C (K), f’or GaP . -

~~ zrise 
I 

- 

-

- 

- 
-

- - 

Zn Se

$

6.5 - -

4.O i .~ ~ .7 .9 — 

- 

- -

e(K)

~ Localjzocj mode frequency, w’, us a function of%h~ ma ss dofec t pa ram eter , ~ ( K ) ,  fo r ZnS o .
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Thu variation of gap arm odo fr eq u e n c ies  as a fun c t iozt  ormass defect parameter aro prosonted In Figs. 6 and 7,for Ga P and Zn ’Fu, rospoctivoly.

c(P) -

-4.0 -20 0.0 0.5 1.07.C a

6.5 

6.0 -

U -a, 

_.i~ •4f
I
~:_ :r____I

’

-5.0 D.C 0.5 1.0

c (Ga)

Fig. 6 Gap mode frequency, ~~‘ , as a f u n c t i o n  of themass defect parame ter , t (X) , for GaP . Tho gap in thefrequency spectra is shown by the dotted lines.
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c(Zn)
-2.0 -1.0 0.0 0.5 1.0

a I a -
~~

- 

3.25 Te 
Zn~e - 

-

~~3 0  

- 

- 

- 

-

- 

- 

- 

- 

-

- 
- c(Te) -

FIg. 7 Gap mode frequency , W ’ , as a func t i on  of the
ma-~ de fect parctnieter, E(K), for ZnTc . The gap in thefra’qucsmcy spectra Is ~ho,.-n by the dotted lizmes .

Thu nvn I 1~ bje experjm~,-,tn I data are compared to some
CItJcUlntt.d V~~l~~~s iii Tables 1 and 2.
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Table It Comparison of cnI (- (datcd and ex p e r im en t a l  va l-
Ue s  of loca l moth. fi’c’queiteies ( i n  c,n 1 ) for various
7 1  ama ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ___________________________________

Cam 1 cu l i i  t ~ d 1-.,. j •a- vi aiat ’am t a I He to z’t~amc u f o r
Compound5 local mode l o ca l  modo ex p e r i m e n t a l

f r a~j~p a ’f l ev  f ro q u en e v  d o t  ma ________________

CnP:Si 1 43 7. 4  - 1453 31
611.6 569,571 31,15

i~~i~:~~
0it 636.6 592,594 31 ,15

GnP:Al 442.2 414 3 31
GnP:12C 563.1 527,606.2 31 ,33
GaP:  525.2 561i 33

4914.4 664 31
G n P Z 114N 525.2 - 488 15
GaP:~-5N 509 472 15
GaAs:Si 362.9 38~4 27
GnAs:Si 365 399 27
GaAstI’ 351 355.4,351 25,29
G aA s : A 1  368.9 362 24
GaA sm ’Li - 685.9 422 .2  22
G.-mA s:~ Li 739 451.4 22
GnSb :A1 333 - 316.7 21
GaSb :1’ 327.3 3214 21
G uS b :A s  248 260 16 

-
244  2 140 30

3a~Sb:Al 3Q7 295.7 23,25
ln~~~tAs 206.6 200 - 

16 
—

~~ Sb :Ga 209.8 196 36
~j~S : A l  362.6 437.9 4].

5143 1486 37
Zn~~~~:S 285.9 297 28

563 - 383 26

~~Se:
6i i  606.6 412 26

ZnSo:A 1 301.9 359 42
~~ Sc :lt~’ 1498 450 26
Z.~iSe : 317.2 352 - 2 6

LLISO : 312 345 26
306.6 3314 26

‘n T o :A l  2 714.5 312.6 41
~ a m T e : S  266 .5  269 to 272 35

1461.5 43.1 37
C I I i e :H ( .  1426 391 32
Cdi~~:Sv 171.6 170 35

266.3 248 
-

a Un d er l  thod a t o m  has  boon r e p l a ced .

‘jq
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fable 2 1 Compar ison  of c a l c ul a ted  and experimental vu].-
u.s of gap mode f r e qu e n c i es  ( i n  cm 1) for  impurities

~~ 
(11 P end SIC. _____ ___________________________
—‘Calculated Ex p e rim e n t a l  }~cj erence I or
ComPound gap mode gap mode e x p e r i me n t a l

frequency freq~~ency data

Gn P: 10B 289.2 293.8 15
287.9 2814.2 15

GaPIAC 275 270 15
676 670 38

s Underlined atom has been r e p l a c e d .  -

III. MIXED CRYSTAL OR ALLOY SYSTEM

If the c o n c e n t r a t i o n  of the  s u b s t i t u t i o n a l  im p u rj —
p ty in a crystal increases- significantly, the resulting

lattice is defined as a m i x e d  c r yst a l  s y s t e m . Symbolic-
a m i x e d  c r y s t a l  may be represented as AD I_x Cx

~Imcro 0~ x < 1. A successful lattice dynamical model
for a mixed cry stal s y s t e m  sh o u l d  p r e d i c t  the  appropr i -
ati’ impurity modes for a substitutional impurity as x
approaches either zero or unity. -

— 
The study of mixed crystals can be dated back to as

earl y ~~ ~ 926 ~3. Since  then severa l p h e n om e no lo g i c al
mo d e ls  ~~ 9 have been opo~~~I to s t u d y  t h e  v i b r a t i o n s
of miz1d cr yst a l  s y s t e m s .  It has been observed that tlit’
m o t t e i 5 ’”-) a ’~9 u s i n g  the  concept of a u n i t  cell do p r o v i de
seine br ie  u n d e r s t a n d i n g  of m i x e d  c r ys t a l s .  ~ e rl cur  amid
Harke r~ 1- c o n s i d e r ed  a (-luster model to accoun t fo r  t he
~~ u mode behavior of the  m i x e d  c r y s t a l s ,  GaP j ~As~ and
CdS l_ ~~Se 5. Th is  m o d e l  a s s u m e d  tha t 1ik~ n e g at i v e  ions

a 
- 

c l u s te r e d  aroun d p o s i t i v e  ions or V~~CC versa depending

• 
aim 

~hi’ thor t}i~ impu i - i t y  was  an a n i o n  or a cation . iii
t li~ r an don i  c i  m’aiien t i sod i s p in e  onion t ( PEI  ) model , C imeam
Sho ck t o y  and i’ea r son ’7 as~~ aj riied t h a t  in a liii xed crys tnl

7 A l l 1 — x C,~a t lit’ ii arid C at ot t i s  are tli st ribu ted on t lam’ an 1011

auta lat t ice and t he  on i o n s  of like species v i b r at n  in
$‘ l l a$O h i t h  i d en t i c a l  :imi.1 Itud ’s a ga i n s t  t h e  c a t io n s  ~~1t i c ) m
C I so vibi- ~~t~ us a “i g i d  u n i t  - L4~ t er  C l m a n g  an d  M t  t va th

* mo d tfl0 i th is ni:i m o d e l  t o  i n c lu d e  t h e  p o l nr l z at i u f l  V i i ’ l d
Siabsequomi t 1 y , Clinaig and Mi t m  Il ’) p i -epo sed ti me 1’ semado Wi I t
C eli  moijo I nn~i pz’as iI ict i’d that ’ ? ( l i i i )  b o u i m d m t r y  p h o i m o n  n oF
SY s t e m s  e x ) m i b i  t ilig two mode b eh av ic i ’  at th ~ 10110 center.

a -
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Rec ently, Kut ty 50 appl ied  the Groen ’s fun c t i o n  technique
to derive t im e  ph oiaon d i s p e r s i o n  r e l a t i on s  in  m i x e d  crys-
t als  us a f m u a c t i o i m  of w a ve  vector. Sen amid I iu r tn ;anSl
explniiaed the swi tchiing from un~’ mode to two mode type
behavior observed i i i  some 111—V mixed crystals by using
timo coherent potentia a p p rox i m a t i o n  t e c h n i que in ono
dimension . At present 1)0 adequate t h e o ry  c xi st s  t o  de s-
cribe the complete lattice dynamics of mixed crystal sys-
teins .

P A natural “brute force” technique to calculate the
-
‘ latt ice dynamics of a mixed crystal is to start with a

finite chain and then permute t he  various number  of ways
to coitf igiii -ationallv o r i e n t  t h e  c r y s t a l  dep e n d i n g  u p —
on the concentration , x. For each configuration , the
lattice dynamics w o u l d  be p e r f o r m e d  and the resulting
ensemble  wou ld  then be averaged to obtain the lattice
dynamics  of the m i x e d  c r y s t a l  s y s t e m . This techn ique
would however be very  t e d i o u s ,  long and perhaps impos—

~ ibl~ due to the number of confi gurational orientations ,
and the violation of l a t t i c e  p e r i o d i c i t y  in many of the
c o n f i g u r a t i o n s .  For v a l u e s  of x app roach ing  e i t h e r  zero
or u n i t y ,  the  Green ’ s f u n c t i o n  t echnique desc r ibed  b e f o r e
could be applied . However ,  as the impurity concentration
increases, the impurity—impurity interactions become si g-
nificant. This causes the Green ’s function approach to
become very complicated.

In this presentation a pseudo unit  cell model de-
veloped by Chang and Mitra48,49 will be used to describe
the lattice configuration. The pseudo un i t  cell is formed
by the ions A, (1—x) B and xC. Although this un i t  cell
is simple  i t  is o b v i o u s l y  unphy s i c a l  as far as the exact
representation of the lattice. The fact that it obeys
translational s y m m e t ry  is a p h y s i c a l  drawback.  In sp~ t o 101’ these  d e f i c i e nc i e s , however , this model has proven”~~ ~
to be a simple approach by which  one can e s t i m a t e  genera l
features of ’ the optical properties of mixed diatonic crys
tnls~. In particular this model has theoretically von-
fi0~~ 9 the experimental behavior of certain zone center
and zone boundary phonons in mixed diatomic crystals.

p In ~-iow of the simplicity and previous success ol’ t h is
model , it was decided to extend the calculations to all
wave vectors to see if the modi.1 has merit in m i x e d  crys-
tal lattice dynamical calculations, in the linear chain
lnttice and the mixed zj~~c—blei -ade lattice ,, t h e  modified
rigid ion (~tni) model39 is used to predict the lattice
dynamicr .. The MII I  model consists of short range c’eiitra l
and noncentru l repulsive interactions and long rango 

-
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coulom b interactions among ions of appropriate effective
Ionic charge . The model parameters of the mixed crys-
tal of the form AB j_X CX are deduced from the elastic con—
ptants, optical mode frequencies and impurity mode fre-
quencies of tho. host crystals. The model parameters
along with the lattice constant are assumed to vary u n —
early as a function of concentration . Explicit calcula-
tions have been performed for a hyp o t h e t i c a l  mixed lin—
ear cha in and for ZnS l..~ Se~ and GaP i_ ~A s~~. The phonon
disPersion in various symmetry d i rec t ions  and the fre-
quency distribution function are obtained as a function
of concentration .

A .  Pseudo Unit Cel l
The unit cell as defined in perfect crystals cannot

be uniquely defined for the mixed crystals. However , the
mixed crystal problem may be treated in a manner similar
to the pure crystal case, if certain assumptions are made
on the distribution of the ions in the lattice . In a
mixed crystal , ABi_xCx where 0< x < 1, the B and C ions
mare assumed to be distributed randomly in their corres—
pending sublattice and to obey the law of statistics. A
corresponding pseudo unit cell is then formed by ione A,
(l-x ) B and xC . The resulting mixed crystal system can
be thought  of as a repe t i t ion  of such cel ls .  Probabil is—
tically the pseudo un it cell may be thought of’ as a con-
figu rational average unit  cell. A schematic representa-
tion of the pseudo unit  cell for a mixed crystal in one
dimension is given in Figure 8. The fractional amount
of tho B and ~ ions located at the same lattice site isproportional to the mixing ratio in the crystal. This
means t ha t  the corresponding forces  involving those  ions
are weighted by these factors .

B. Mixed Linear Diatomic Chain

The general ized e q u a t i o n s  of motion in a mixed di-
a t o mi c  l i nea r  chain may be wr i t t e n  as ,

“

~

A

~~

2n - (l-x) E 

~~AB + 4IAB ) (u~~~~ -

m m C A
+ X 

~ ~AC ~ ~~ c U
2~~~ - U ,~

£~~~~~~~~~I A
4 E 

~
FAA + 

~~~~~~~~ h U2 f l4j  - U
2 1*
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PSEUDO UNIT CELL
- A 8 ,~~ C,

( I—a ) B ( I—a ) 9

‘,:

-: 
- (a) C (a ) C

— I I I I —

2na (2n’i)a

• Fig. 8 Pseudo unit cell for a mixed linear diat -mic
chain , AB 1 C (0  < x < i). -

(l_x)n
~B
ü
~n+l (l-x) 

~ 
+ 

~~~~ 
(t4 i - u~~ 41)

- 

# (i-x )
2 
£ (F

2 
+ •BB~ 

(u~~~~11  - u~~~ 1)

- 

+ ~~( l-x ) 
~ BC ~

‘
~~n+l 

- u~~~~1)

2 2 C B+ x(l-x ) £ FBC + $~~ ) (u 2 1 2  
- u2~~~1

• (80)

and

(x)m
~

ti
~~~~i x 

~ 
(i’~~ • 

~
‘AC~ 

(u~~~~1 
-

t 
+ E (Fc~ 

+ c~~ 
(u~~~~1~~ - u~~~~1)

+ x (l-x ) P’Bc (u~ l 
- U~~~~1)

£ £ B C ~+ x (l-x ) z(FDC • •~~) (u 2 1 2  
-

6~

- 

‘
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,,tmore 1 • *2. *14, *6 .... and m = *1 , ±3 , ± 5 .... m 
~

Sri the atomic masses , and and u~~~~1 are the atomic
dt ,p laCement s • The subscripts represent the ion ’s pos i—
ilon . F~~~, and •j~~, are the force Constants represent-

lag the jth neighbor repulsive and the electrosta tic
(coulomb ) interactions respectively between the Kth and

• K’th ions .
4

The electrostatic force constants are defined as,

j d~ 
eKeK ,

•~~~, = _ j ( ) • (81)
dx X Ir~ I

wh ere
— eJ(, ze,

z is the e f fec t ive  ionic charge and r~ is the dis tance
b .,twoen the ions K and K’ • The B -a n d C ions are assumed
to have the same effective ionic charge , therefore ,

m m m - 
-

B A C ’
~l2 ~82

and 

4t. BB = CC BC •fl

Assuming a traveling wave solution of the form

- 
~~ 

i(k2na-wt) . 82n Ae 3

and 
-

~
B ,C 

— i(k’(2n +u)a- mit ) -

2n+ l — uB ,C e

whore w is the angular frequenc~’, k, the wave vector and
5, th~ lattice spacing, eq. (60) reduces to the follow-
lug matrix equation

- = 0 (84)

.1 i~ the  identity matrix and ~ is the displaèornont matrix,
tho transposu of which is, -

T
B fU ~~ UB u

s ). (8 5)

• 6?I
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Tho dynamica l  ma t r ix  fl is a 3 x 3 symmotrical matrix do-
• fined as,

• 
~~~~AC 

- fl~ ‘AB 1
~~.IIAB • r 12 ) - ~ AC~~~aAC “12 )

• 1
~~~~

. P
~~~~~

) - -

- ,/ i-:•; “Afl 1
~
’ .uiA B • ‘12~ ~a5(Ta*5 (1 x) ( 1~~~~~) - 

~ ~~~~ Bc1~Bc 
1
~1DC

• z(F~~ • - •
O)) ~~~~~~~ - ,

O
)

./ Ac~~~ aAC !~~~
) - 1 1 _ hIacEFBc • T

~sc •cct ’.~c . • r~~)

-
- ‘ii - ~~

°) 

~~~ ac~~ zsc -

- - I where 
- 

-

,o = -
~ 4:2e2 

[ z m’3 -E  ~~‘3 j  = -3.6062 ~~~

F12 = E m 3 c o s ( km a ),  

-

F11 = - •
O .+ E £~~~~ cos(kta.),

- a 
(86)

= ( m m ~~)~~~
/2

T = 2 E F r ,

= 2 Z P~ (l -cos(k la)) ,  -

and
s ,t  a A , B ,C

- 

-

I I
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~~~~~ 
indices £ and m are restricted to have only positive

~~~ i U O 5 .  The normal modes of vibration aro obtained by
solving the secular equation

-
‘ 

( D W
2

1j  =0. - ( 87)

Tho three roots of eq. (87) give two optic modes and one
acoustic mode . In the limit of infinite dilution (as

— 0 and x — 1), two of the above solutions become the
.~~OU 3 t i C  and optic modes of the host lattice while the
third mode becomes the impurity mode .

Exp l ic i t  l at t i c e  dynamical  calculat ions  were per-
formed considering nearest neighbor repulsive intez-ac— -

tions and long range Coulomb i n t e r ac t i ons. It was as-
susmod tha t the force constants vary linearly with con-
c o nt r n t i O f l  from one end member to the other as,

F F -
AB AC BC /

= ~~~ = i— = 1 - Qx. j~88
ADO ACO BCO ‘ 

-

The solution of eq. ( Si) in the long wavelength
limit gives three vibrationa l frequencies . One of these
frequencies is zero and ref ers to the acoustic mode of’
the system. The remaining two modes pertain to the optic
modo of the host lattice and the impurity mode . These
solutions are given as, -

at x=O 2 2

= ~~~~~~~ 
(2F~~0 + 4.2072 

~ 1 e 

~

and - 2 2

= 
~~

— (2
~
’
~~0 

+ FBCO + 3.6062
C a 1

- = Impur i ty  mode of C in AB , (89)
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at x — ] . ,
2 2

= 

~~j  
(2r~~~~(l -o)  + 14.2072 

Z2

a
~ )

and 2 2

~~~~~~~~~~~~~ ~~~
U2rABo+FBCo

)(1_9)+3.6o62 
2~~ _ )

2

= Impurity mode of B in AC. (90)

a1 and a1 refer to the AB system , z2 and a2 refer to the
AC sys~ ern and 

~AB 
and 1’AC are the reduced masses. The

term Z is a force constan t type term and is assumed

to vary linearly with x, as,

= F~ = Fzo(1_Qx). - (91)

It was assumed tha t z 1 = 1.0. This enables the complete -
determination of the force constant parameters ,
FAco~ 

FBCO t Fzo and 9. -

- The phonon dispersion curves can now be obtained by
solving the secular eq. (87) at different points in the
k space. Moreover, the phonon behavior can also be ob—
tam ed for the entire composition range 0 ~ x ~ 1.

The frequency distribution function as a function
of the squared frequencies is defined as,

D(&ai 2 ) = 
dML~~ .) 

, (92)
d ( ~,2 )

where the integrated frequency spectrum , M (w2), is the
fraction 01’ phonon states the squares of whose frequen-
cies are less than or equal to w2. This can be expressed
for the mixed crystal case as,

• 
2 -

M(w 2 ) a -

~~ 
j’ E Ie(klj)12 6(y - w~ (k))dy , (93)
o k ,J

- 
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wh ore

L~~(k ~ j ) J
2 a JuA ( k I J ) J  + ( l _ x ) J u B ( k J J ) 1

2

+ X
~

U
~:~

( k J j ) ~~
2 .

UA (kIJ). uB(kIi) 
a.nd u0(kIi) are the aigenvoctors for the

frequency uj(k) and N is the total number of phonon states.

The model parameters were determined using the values

• of phys ical obs ervabl es appropr ia t e  to Zn S 1 x Se~~. This
was done so as to get physically real izabl e v a l u es  f or
the r e su l t s .  The cor responding  l a t t i c e  dynamica l  re-
sults  in no way are re la ted  to the actual results of the
three dimensiona l mixed crystals but may provide insight
into the actual three dimensional behavior. The physical
observables used as input parameters and the r e s u l t i n g
force constant parameters are summarized in Table :3. The
phonon dispersion curves for the ZnSi_~ Se~ case are pre-
sented in Figure 9. In general one expects three branches of

Table 3. Physical properties used and deduced force con-
stant parameters for the An Se case ( t~ in cm 1,1 x  XF in 10- dynes/cm .).

WLO,AB 350
52

Physical AC 252
Properties ~‘, 

‘ 
- 22052a

used I,C 52b
297

~ABO 
0.402950

FACO 0. 473864
Mode l FBCO 0.665076
Parameters  Fzo 0.177979

- 0 0.210241

0.945792

at Extrapolated gap mode -

b u  Local mode

- 
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Fig. 9 Phonon dispersion for the ZnS
1~~~

Se
~ 

case at con—

centrations of x = 0.0001, x = 0.5 and x = 0.9999 as a
function of reduped wave vector (Q = ka / I t ) .

phonon dispersion in the k-space for the mixed linear di-
atomic chain . One of these branches refers to the acous-
tic mode of the system . The two remaining branches are
the opt ic  mode of the host  l a t t i c e  and the impuri ty  mode
of the system , The mixed ZnS l_ X Se X type systems exhibits
two mode behavior and indeed one observes the gap mode
at x = 0.0001 and the local mode at x = 0.9999 . At these
values of concentration the nondispersive behavior of
the impurity modes is quite evident. As the concent ra t ion
departs from these limits of infinite dilution , the im-
purity mode starts to show dispersion while the optic -

mode becomes less and less dispersive .

The frequency distribution function for the
ZnS1_ ,~Se~ case are presented in Figs. 10 and 11. At
x 0.0001, which is a case of isolated impurities of So
in ZnS , the frequency distribution function is e ss en t i a l
ly that of thu perf ect ZnS syst em . Dut as x is incr eased .
the im puri t ie s begin to play an increasin g role in the

69
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Tig 10 Frequency  d i s t r i b u t i o n  f u n c t i o n  f o r  the
inS Se case at concentrations of x = 0.0001 , 0.01,1-x a
0.10, and 0.30.

spectrum and consequen t ly one n o t i c e s  a gradual  cniergence
Of the im p u r i t y  fr eq ui -’ncy band in the gap of the optic
and acoustic band . W i t h  i n c r eas i ng  c on c - o nt r at i en . t h~
frequency d i s t r i b u t i o n  in the  im p u r i t y  band iI,creLI~-.’s
wh i le  i t  goes on decreas ing in the optic band. As ~ UP—
Preaches u n i t y  one also notices tho t urn i ng  ci’ the  optic
mode in to the impurity mode and vice versa • And I i  fl~i 11)’ ,
at ~ = O.9~)99, tho f r equency  d i s t r i b u t i o n  f un c t i o n  i s  0.~
s on t i a l ly  tha t of the  pure inSe sy s t ’m .

- 
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Fig. 11 Frequency distribution function for the
- : ZnS 1_ ~

Se
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C. Three Dimensional Mixed Crystal System

In order to fully appreciate the mathematical com-
plexity in describing a three dimensional mixed crystal
system in the framework of the pseudo unit  cell model ,
it is necessary to present the details of the three di—
inonsional l a t t i c e  dynamica l  model  u sed .  In these  lec—
tures the details of the-lattice dynamical  model  wi l l
not be given , but rather the goner-a l approach - wil l be
outlined. Those who are interested in the de t a i ls  of
the l a t t i ce  dynamical model  for  the per fec t  crystal  may
refer to the appropriate literature 9.

The explicit calculations described herein utilized
a modifiti rigid ion model 9 fo r  the pe r f e c t  l a t t i c e.
Correspon d--ng ca l cu l a t ed  resu l t s  are presented for van —
ous zinc-blende crystals. The modified rigid ion model
consists of short—range central and non-cen t ral i n t e r- a c —
tions and long—range Coulomb interactions among ions of
appropriate effective ionic charge . - The comp lete  d e t a i l s
of the three d imensional  ca lcu la t ion  may be found else—
where 5 .

The equation of motion for a three dimensional mixed
crystal may be written as - 

- -

[D - ~
2
~ j~~ j = 0 

- 
(p4)

(i) is the familiar i den t i ty  matr ix  and u , the ei genf’i-e-
quencies . [uJ is a nine by one column eigenvector mat r ix
defined as

- u~
( l)

u~ (2)

u
~ (3) - 

-

u
~~

( l )

• 
- 

- 

(uJ  = 
u~~(2 )  

- - 
(~~)

u~~(3)
- 

- - - - u
~

( l)
- 

- u (2) 
-

u (3)

where particles A , B and C are designated by the numbers
1, 2 and 3 i’ospectively. Tho m at r i x  D is the  n i no  b y

72

— —~~-~~ — —- —---- --- -—--~ - --~~~
---- ----

— ____________ -~~~ ~~~~~~~~ - - ----— --



‘4

.10

J. F. VETELINO AND S S. MITRA

nine dynamica l  matr ix  of the form g iv en in eq.  (4 o )  ra—
lating to the stibstitution~~l in,p~iri t y  sy s t e n m a  • in t h i s
a n a l y s i s 5 “ s” i .iay take thc’ va lues  1, 2 or 3. The imm ixod
crystal coupling cooffi c i i ’ f lt  m a tn i  Ces are siiai i jar to
t h Ose of the  per fec t  three d im en s i on a l  crystal with the
appropriate concentration we igi t  t i n g  f ac  tors  • A a im ni lar
sort of reasoning applies for the  Coulomb coupling coef—
ficietits. The force constant paruullctei -s, t h e  io n ic cha rge
and the lattice constant are assum ed to vary in a linear
fashion from one end member to the other. -

The model parameters are determined from the two
optic m ode frequencies, the local , gao or resonant mode
frequency and the three elastic cons .ants evaluated at
x = 0 and a = 1. This gives a total of twelve equations. - 

-:

Examples of the three dimensional phonon dispersion
for the system ZnSl_x Se~ 

are presented in Figs. 12 and
14, for various values of concentration and wave vector

H 
- 

~~~~~~~~~~~~~~ 

-

5.0-

0 0.25 0.50 0.75 10

- o [too~ 
-

Fig . 12 Phonon dispersion for ZnSi_~ Se~ 
in the  [100] d1

roction . Solid line , a = 0,0001; dotted line, a 0.50;
dot—dash line, x 0.9999 .
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7.0 
- 

5.0
‘I,

_ _ _ _ _ _ _ _ _ _  

—

- 0 0.125 0.25 - 0.375 050 -

- 0 [iii]

Fig. 13 Phonon dispersion for ZnS1_x Se~ in the [iii] di-
rection . Solid line, a = 0.0001; dotted line, x = 0.50;
dot-da sh line , a = 0 .9999.
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- 0 Q25 0.50 Q75

Q (IlOJ

Fig. 14 Phonon d i spe r s ion  for  Zn S 1~~~So .< in the [110] di-
rection . Solid line, a = 0.0001; d ot t e d  line, a = 0.50;
dOt-dash line, a a 0.9999 .
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direction . Appropriate distribution fw~ctions aro pre-
sented for ZflS1..xSO~ and GaP 1_ x As x ~~ Figs . 15 - 18. It
is obsorved t hat  GaI’ I .X A S X c o n t a i n s  loca l  and  gap modos

- at a = I and x = 0 respectively, w h i l e  ZHSI...X SL .X ha s a
- local modo at X = 1 but no gap mode at a a 0.

$

I

- 

- 0.80 x -0.000’ X ~O.Om
U,
I-

0.80 x.o.JO - x .0.~O
U,
I-

S

-

- 

_ _ _ _  _ _ _ _

&O

w’(’O” sect )

Fig. 15 Frequency distribution function for ZnS1.~ SB~for Vftr -iou~ values of concentration , ~1 a 0.0001, 0.010,0.10, 0.30.
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o
°

J
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- 

-

- w3lIO”Nc~ I s~~(IO”..c ’I

Fig. 16 Frequency distribution function for ZnS1...~ Se~for various values of’ concentration , ~ = 0.50 , 0.80,
0.99, 0.9999. 
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Fig. 17 Frequency distribution function for CaPi~~ Asxfor various va lues of concentrat ion , ~ a 0.0001 , 0.010,
0 .10 , 0 .3 0.
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- 
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I -  -

. 

~ O~~~~~~~~~~~ 5:?5 ~~~~~~~ S 
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Fig. 18 Frequency distribution function for GaPj...xAsx
for various values of concentration , a = 0.50, 0.80,.
0.99, 0.9999.

XV. AMORPHOUS SYSTEMS

A.  Brief Backgroun d -

The lack of lattice periodicity greatly complicates
the mathematics in’~rol~’ed in calculating the dynamicalproper t i e s  of amorphous  m a t e r i a l s .  The c o m p l e x i t y  in—
creases with randomness in atomic type and geometry .
Theoretically, if one knows the exact structure of an
amorphous m a t e r i a l , one can in p r inc ip le  s t u d y  the dynam-
ical properties in direct space. However , this techni-
que becomes mathematically cumbersome as the s ize  of the
l a t t i c e  increases.

The majority of the work done on amorphous tratenials
hn s be en in tetrahedrally bonded semiconductors 5~ such
as gormanium and  silicon . These m a t e r i a l s  have been
studied by both experimental measurements and by theore-
tica l model simulations. Shcvchik and P a u l S) i SU  have ox-
ami mie d the structure of amorphous Ge u s i n g  s m a l l  an gle
X - r a y  sca t t e r i n g  along w i t h  the  an a l y s i s  of t he  radial

77
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distribution function (RDF) which is defined as tho num-
ber of atoms at different radii in three dinmensional
space. The RDF is obtained by a Fourier transform of the
cohcreflt~ Y 

scattered radiation measured by diffraction
experiments. Moss and Graczyk57 have investigated the
structure of SI by the scanning electron diffraction
technique . The proposed theoretical models for amorphous
Go and Si58 might be classified as being microcrystal-
l i te  models59 , dense random packed models~~°, random net-
work models6~ and amorphous cluster modcls

62.

Comparing the theoretical model RDF with the cor-
responding experimental data , it is found that the struc-
ture of amorphous Ge and Si is a random network lattice58
with short-range order (SRO) and long-range disorder. -
The tetrahedral bond, with a coordination number of four ,
characteristic of the perfect crystal , is retained in the
amorphous phase. The bond lengths and bond angles vary
slightly from the corresponding perfect crystalline values.
The atomic density of’ amorphous Ge and ~~ 5o is a- few per—
cent lower than the corresponding crystalline value .

Much of the early work63 68 1n. the lattice dynamics
of s t ructura l ly disordered solids was done in one and
two dimensional glasses which are essentially amorphous
compounds . In l96z~, Dean63 was the first to compute the
vibrational density of states for a glass—like disordered
linear chain. The disorder is introduced by a continuous
probability distribution function for interatomic dis-
tances , hence for interatomic force constants. The re—
s u i t i n g  phonon spectra showed a broad feature which not
only smeared out the spectral singularities but extended~the frequency range of the related ordered chain . BellUS
has calculated the vibrational spectrum in a topological—
1> disordered chain and examined the mode localization
associated with it. All the atomic masses and force con-
stants were taken to be equal , but the neighbors inter-
uctillC with each-atom were randomly selected to produce
topolot .-jcnl disorder. The calculated spectrum is essen —
t i n i l y  a smoothed—over version of the corresponding crys—

• t a t .  Bell  et a169 have investigated the vibrationa l
- 

sPec tr a  in a two d imens iona l  g la s s— f o r n m i n g  mode l .  The
i s m f l u g ~,a~’e of’ topological  disorder and geometrical  disor-
der was discussed separa te ly .

Lttice dymnimn ical calculations in three di n ien sion s
becc,~,05 stud . more difficult duo to time com plexity of the
StI’uctmire . Hell et al’~ have calculated the lattice dy—
Imamics of g lasses  f rom the  th ree  d imensiona l  random n u t —

78
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work mod els  built by Doll and Doa n 71 . We a ire and
Alben 72-7~ hav o calculated the phonon spectra of amor—
pimous Ge and Si. In their work , tim e c a l c u l a t i o n  was done
for a 61-atom random network constructed by Henderson!5.
The model  was obta ined by pe r tu rbat ing  tho a toms  in a
distorted diamond lattice . Thorpe ’~ has calculated the
phonon density of states for a 5-atom single tetrahedron
to show the ef fect  of local order on the frequ ency spec-

• 
- 

t r a . Bull 77 also indicated the effect of topological
disorder alone on the vibrations of three dimensional

-
• systenm s . It was pointed out69 that, in amorphous Si02, —

- - topological disorder mainly alters the detailed spectral
- 

- - profile whereas geometrical disorder extends the frequency
range. Very recently, Alben et al78 have extensively re-
viewed the vibrational properties of’ amorphous Ge and Si.
In their work , the vibrational densities of states of
t e t r ahed ra l l y  bonded amorphous semiconductors have been
calculated for various physical models. These models how-
ever have a finite size of about 90 atoms only.

Experimental data 7 9 8~ on the vibrational density
• of states of amorphous Ge and Si have been obtained by

optical spectroscopy such as Raman scattering and infra—
red absorption measurements . The phonon spectra of’ crys-
talline and amorphous forms are found to be similar re—
lative to their qualitative feature . Inelastic neutron
sca t te r ing  exper iments85 have also been used to measure
the vibrational density of states. Additionally, tun-
neling spectroscopy~ 6 and e lect ron—energy- loss  spectro-

— scopy~~’ have recently been employed to obtain the phonon
spectra of amorphous Ge and Si. At the present time ,
only the low-energy spectra can be obtained due to the
intensity limitationTh~-BS . -

To date, it is impossible to obtain all the phonon
frequencies present in a three dimensional amorphous
solid. Theoretically, the reason is the inadequate model
representation of the amorphous structure . Experimental-
ly, the phonon spectra cannot be obtained simply by Raman
or infrared measurement because of the uncertainties in
the matrix elements. Although , the neutron scattering
method avoids the dependence of matrix elements, it can
only supply the low-frequency part of the phonon spectra

- in amorphous material s.
1 

- . In order to calculate the physical properties as-
5ociated wi th  an amo rphous material , one mus t  have a
ph y s i c a l  modol  for the s t r u c t u r e. In the las t  few year s
the random n etwork mod ol has boon generally accep tod SS~ b
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ror representing tetrahedrally bonded amorphous semicon-

ductors. This approach has more physical appeal than tho
approach based on a perturbation of the perfect crystal .

~n 
the simulation of the real amorphous structure , a model

w ith numerous atoms is usually desirable78. }iowevor , a
large amount of work is required to generate a truly ran-

• dam network of any significant size. Most of the exist- —

ing networks are not truly random -in nature , but rather
a perturbation of the perfect crystalline structure . - -•

Ir Even though the RDF of the resulting network agrees fair-
ly well with the experimental RDF , the resulting struc-
tural representation , itself, might not be truly indica-
tive of tho real amorphous structure 88i89. Also , the use
of a finite size random network along with the invocation
of the periodic boundary condition is at best an approxi-
mation to the actual amorphous system . -

In this work , the lattice dynamics  of’ amorphous ma-
terials is calculated using a statistical method in which
the ‘lattice dynamics is performed at various lattice spac-
ings and the ensemble is statistically averaged. Statis-
t i ca l  models have o f ten  been used 9° in describing disor-
dered sys t ems .  A phenomenologica l  model was utilized by
Tsay et a191 to statistically calculate the electronic
spectra for tetrahedrally bonded amorphous semiconductors.
Mitra  ot al92 have also developed a statistical approach
to calculate the Raman scattering intensity for amorphous
Ge and Si. The calculated results agree quite veil with
experimental values and indicate that the dynamica1~ dis-
order, as manifested by the change in lattice spacing is
almost entirely responsible for the Ramnan spectrum 92 .
The experimental results79,80,82,84 on the phonon spec-
trum show that the general features of the crystalline
and amorphous materials are not too different.

To illustrate the application of the statistical
averaging technique , the lattice dynamics of an amorphous
chain is calculated. This is followed by the calculation
of the l a t t i c e  dynamics of amorphous germanium and s i l i -
con . The d e n s i ty  of phonon s t a t e s  of the co r re spond ing
crystal with different neighbor distances was statistical—
1) ’ averaged. The weighting function in the  lattice spac-
ings is doternmined by t h e  experimental RDF55 5’, w h i c h
COn s i s tg  of two Gaussian d ist r i b u t i o n s  co r r e spond ing  to
the nearest and next-nearest noighbor distances centered
around the crystalline valuos • The calculations are corn—
Parnt to expei-lnmental data obtained by flnmILtn and it.fr~tredm(,usur~~mom~ts and other tho o rot i ca l  cu l cu lat io lt s .
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U. Linear Monatomic Chain Model

• in a ono dimv- ~iona l linear monatomic chain with
porlodici ty, the dispersion relation is Given by

W = 2 J ~ sine, (96)
where

m = part ic le  mass 
-

= intorato,nic first neighbor force constant
a = intorpar ticlo spacing -

and - -

k = wave vector .

In order to determine a value for the force constant ~~,
eq. (96) is evaluated in the long wavelength limit, there-

• for ka<<l. The dispersion relation reduces to the fol-
lowing, -

w=Ji ak (97)

In the long wavelength case or for a continuum the dis-
perison relation is given as -

w = J ~~~~k -(98)

where
C = elastic constant -

and - - - - -

p = mass density. -

Comparison of eqs. (97) and (98) yields the following ex-
pression for the force constant, -

~~= c a  - (99)

For a one dimensional chain of’ N atoms with the end
points fixed, the phonon frequencies , w, may be writ t en
as

- 

- c = J , [ ‘  sins , (ioo)
where

i = l  N— ] ..

The elastic constant , c, is a function of the lattice
spacing in the crystal. Intuitively one would expoc t tho

• chain to become stiffer when the atoms are closer togothmCI
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jn order to get an order of magnitude result , the physi-
cs’ constants associated with germanium are used .

The dependence of the elastic constants on lattice
spacing is deduced from the pressure dependence of the
elastic constants , which is known experimentally. The
relationship between the lattice spacing and the elastic

• constants can be expressed in terms of Murngahan ’s equa-
tion given as 

- -

a a0[1 + 
1d~JdP)of 3TdB/dp)o 

- 

(ioi)

where -a0 = lattice constant at atmospheric pressure
and - 

-

B = bulk modulous = -~(c11 + 2c12) 
-

‘The lattice dynamics may now be determined for a
particular value of lattice spacing. In particular for
each different lattice constant the Murngahan ’s equation
is used to get the pressure and hence the appropriate
elastic constan t value . 

-

The lattice constant values are weighted according
to the radial distribution function . This is given in
terms of a Gaussian distribution function as

i
~a-a j

p(a)  = -~h e 202 
, 

- - 
(102 )

where 2
0 = mean square deviation . -

The calculation was performed for 50 different lattice
spacings . The phonon d e n s it y  of s t a t e s  of the  amorphous
material was obta ined by a s s o c i a t i ng  the a p p r o p r i a t e

• weighting factor with tho density of states at each lat-
tice spacing .

Figure 19, depicts tho phonon d en s i t y  of s t a t e s  i~
a perfect and amorphous material. Qunli tati~- ely th~
phomm omm density of states in the amorphous cha ins  is J u s t
a smoothed over version of the  p i k o m m o n  den s i t y  of st a te s
in the perfect crystal. -

82 
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6 -

6.

0 50 100 ISO 200 250
w (Cm-’l

Fig. 19 Density of phonon states of Ge. Solid line —

amorphous; dashed line - - crystal.

C. Lattice Dynamics of Amorphous Germanium and
Silicon - -

Experimen ta l s tudies  on the radial distribution func-
tion have shown that some sort- of short—range order
exists in amorphous germanium and~ silicon . Owing to the
short range order in these materials plus the fact that
they do not have appreciable Coulomb interactions , a
short range model is not a bad approximation . A modified
rigid ion model39 is used as the lattice dynamical model.
The lattice dynamics of a perfect crystal is performed
for various values of radial distance and then statisti-
cally weighted according to the radial distribution func-
tions in order to obtain the frequency distribution func-
t iOn .

The phonon frequencies, ~~~~~~~~~~~ corresponding
to th ó i—t b  l a t t i ce  spacing are given by the solution of
the following doterminanta l equation ,

(103)
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whore b is the dynamical matrix and i, the identity ma-
trix. The model parameters needed in the D matrix can
be expressed in terms of’ tho elastic constants and thu
Raman f requency as follows , -

C11 =~~~~~~~~ +~~~~~~~~ 
- (104)

c12 = .1 ( — a +2~ ) + , 
- 

(105)

c~~~ = ~~~ (a - p2/a) + !.~
4 , (106)

and
f’R 2nC~~’m 

- 

(107)

a and ~ are near neighbor force constants-and ~i is a cen-
tral second neighbor force constant , a is the lattice
constant appropriate to near neighbor interaction while
a~ is appropriate to second neighbor interactions. Ob-
viously a = a’ in a perfect crystal.

In order to obtain the  mode l  pa ramete rs  a t  each la t-
tice spacing, it is necessary to know the values of the
physical observables at the spacing . The input physical
observables , which include the elastic constants and the
Ramán frequency, are known 93”95 experimentally for both
Ge and Si. They are simply linear functions of the pros-

— sure for reasonable pressure ranges . Figure 20 shows the  —

pressure dependence of the elastic constants and the Raman
frequency for Ge. Similar results are kn own94 for Si.
The pressure dependence of the  physical  observables  can
be written as , 

-

C
~~~
(P) = c.3(p=o) + (dc .~~/dP) p, 

- (108)

13(p) = B(p 0) + ~iB/dp) p, (109)

and
- 

~~~~~~ 
= f’R~~ 

= o) + (drR/dp) p, (110)

t
where the p er m u t a t i o n  of the indices  I and j  Is under-
stood to indicate CU, C 12 and Ci~i~. Th~ elastic constants
and Ranumn frequency at each  l a t t i ce cons t ant  can be eval —
Uatod if the corresponding pressure  a t  t h i s  l a t t i c e  con—
S ten t  Is  known . This is done tmy using PIurnaghnmm ’ s
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3.1 
0/

~0_ T1TT’i’ 
P(Kbot) 

-

P0~bor) 
-

a
— -

~O~~~~~~~~~~ I$ 34 32~~ $ 2 4 4 2

P(kbor) - P(kbe,)

Fig. 20 Pressure dependence of the elastic constants and
the Ranian frequency for Ge. (a) C11 (ref. 93)~ (b) C12
(ref. 93); (c) C44 (ref. 93); (d) B (ref. 93) and
(e) f’R (ref. 9 5) .

• . 
- 

equation , - 
- .

p = [(a
~
fa)

~~~~~~~~~ 
- 13 

fdB/~~~y 

- 

(111)

so as to give a pressure corresponding to each lattice
constant.

The f irst and second near neighbor distances, x and
y, are known experimentally from the RDF data,

85
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Table 4: Summary of Structural Data of Germanium and

~~LLt~~
0 f l.

- * *4Ge Si.

r~ (~~~
) 2 .45  2 .35

ra 
(~~~

) 2.46 * 0.02’ 2.351 z.47 ± 0.01

o~ (~~~
) 0.080 ± 0.008 0.141

o~ (~~~) 0.088 ± 0.008 - 0.167

C~~ (~~~~) 
0.037 + 0 . 0 2 6

- - 0 .037  - 0.09

r~ (~~~) ~~ øO~~
’

r5~ (~~~) 
!~.o0 ± O.OLb 3.86

o~ (~~~
) 0.12j 0.02 0.200

o~ (X)  0.28 ~ 0.01 0.319

0
2 ~~~ 0.25 ~ 0.02 0.25

~ Experimental data due to Temkin et al. (Ref. 96)

•~ Moss and Crac?vk (nef. 57).

+ Shevchik and Paul (~~m.f. 55)
++ Calculated from nearest neighbor distance

- (r~~), r~ = r~
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P (x , y )  — oxp ( 0 5  [ ( 0 )2 + ~~
‘
~
)‘0)2 )) (11.2)

1. 2

where
x = .J5 a/ 4

I
and

y=a/ ./2 .

1’ x0, y0 and C j ,  C2 are the mean and standard deviation
respectively of the first and second neighbor distance
and K is a proportional constant. The means are chosen
to be the corresponding crystalline values. The standard
deviation u~ ed in this context is the static deviation ,
ci derived9’~ from the experimental crystalline and amor-
phous deviations, and 0~a respectively, according

= [(c a)2 - ( 0 ~ C ) 2 ) l/ 2  
• (i ii)

It is assumed that thermal broadening is the same for
both the crystalline and amorphous forms . The values of
the means and standard deviations of Ge and Si are pre-
sented in Table 4 . Since the Lattice constant is known
from x and y, the corresponding value for the pressure
is obtained from eq. (iii). The value of the elastic
constants and Raman frequency for the appropriate lat-
tice spacing is then deduced from the pressure dependence
of these quantities which is presented  in Table 5. Since
there is an unbalance in the number of physical observ-
ables and model parameters, the model parameters are de-

• duced by solving equations (l01~) - (107) in a least square
sense39. - .

To avoid the complexity of performing lattice dynam-
• ical calculations at many lattice spacings , a linear ap-

proximation which calculates the lattice dynamics only
three times is used. The linear Taylor expansion used

• to obtain the phonon frequencies at each i-th spacing is

= w (x , y )  + a~~~ c 1~’) 
J~~~,~~~

(x_x 0 )

• _ _ _ _+ Ixo ,y o 0
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whore
—

ox x , y 0 x 1-x 0 
‘

• _ 
w(x ,y 1) 

-

a,. x04y 0 y 1-y 0

and

• X
1 

SI + 0.01

SI y0 + 0.02

In the present calculation , the variation of x aroun d x0
is chosen to be about ~5 /0 , whereas the y variation a-
round y0 is about ± 12 .50/ 0 .  Thesu spreads are about
twice the  Gaussian spread for both ~tmorphous Ge and Si.
Tht ’ phonon frequencies are calculated at the perfect lot-
tire spacinç (,~0,v0) and at the slightly different spar-
ings (~~l ’Y o ) ’  x04y1). This ~wa s. done by calculating the
force constant set [a ,~~,~i] f rom the  p h y s i c a l  obs~’rvab 1cs
determined at the average value of two pressures corre s-
ponding to the first and second n e ighbor distances. Us-
ing eq. (114), t~~e phonon frequencies at various 1a1tic~
spacings for first and second neighbors are then obtained.

The density of phonon states, 0(w), is defined as
the following, 

-

G(w)dw = number-of phonon states whose frequencies
are located between W = dw/2 and
w + dW/2. (115)

The G(w) of a crystal is ob ta ined  by categorizing all the
allowed phonon frequencies in the first l3rillouin zone.
A cc o r d i n g  to  the s y m m e t r y  of the Brillouin zone assoc- i -
at e d  w i t h  the  diamond s t r u c t u r e, the k p o i n ts  need on ly
be conf ined  to a region in which

16 > > > > 0. (116)

This region , named the irredicublo ~ril1o~~in zone , is
o n l y  1/48th of the  f i r s t  l 3r i l lou i n  zone • Since the  phnn”.~
e tat o s  ar e u n i f o r m l y  d i st r ibut ed  in h space , it is rea-
sonable to solect an equally distributed mesh of p o i n ts
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DYNAMICS OF STRUCTURALLY DISORD(RED SOLIDS

in the irreducible Brilicuin zono so tha t the plionon ~I
,-.n-

,jty of states will be obtni~ ed. in this work , 1i’ in-
dePend~~~t h points along with their degeneracy facturi498
were used for the f r equency  ca l c u l a t i o n s .  A t o t a l  of
24,576 fr e q u e n c i e s  were used to c a l c u l a t e  phonon d e n si t y
of st a t e s  ror the cry 5t a l l in e  s t r u c t u r e.

The phonon densi ty  of s t a t e s  fo r  the amorphous  ma-
ton al was calculated by statistically averaging each

I ’ g~ (w) for the i—th lattice spacing according to the weight-
ing function appropriate to the RDF . Mathematically,
this can be represented as

SI

G ( w )  SI £ P1(x ,y )  g . ( w )  (117)
j ml

Pj(x,y) is the associated 1~DF weighting function defined
by eq. (112) and n IS tile number of lattice spacings used.
In the present calculation , n was equal to 1250. The
resulting densities of phonon states for both crystalline
and amorphous Ge and Si are presented in Figs. 21 and 22
respectively.

Experimental data for the density of phonon states
of various amorphous materials can be obtained by Raman
and infrared measurements. Due to the lack of’ long-range
order, the k-selection rules break down in amorphou s
solids . Therefore, all the vibrational modes can take
part in the Raman or infrared process. Under the assump-
tion tha t all vibrationa l modes couple equally to the
light, the Raman or infrared spectrum can then be used
as a measure of the density of phonon states in an amor-
phous material49,bO . Fig. 2~ and Fig. 24 present the
optical and phonon spectra for Ge and Si respectivcly84.
Fig. 23a is the reduced Hama n end infrared spectra ob-
tained by e x p e r i m e n t a l  me a s u r e m e n ts  for  amorphous  Ge .
Fi g. 2~ b shows the d e n s i t y  of phonon s t a t e s .  The dashed
line is the c r y s t a l l i ne  sp ec t rum o b t a i n e d  by D o l l in g  and
Cowley99 using an eleven-parameter model to fit the  net’-
tron ino l ?st i c  s c a t t e r i n g  data . The solid line for amor-
phous Go~ 

l is a Gaussian-broadened version of the crystal-
lino density of s t a t e s .  This  is done by c o nv u l u t l i a g  t he
c r y s t a l l i n e  d en s i t y  of ~ tn t ~~~ w i t h  n Gau ss i an  d i s t r i h u —

t t i un  • The G a u s s i a n  spread WaS Ch O~.en ‘9 by cumpa i -ing  t h e
reduced linman spec t rum in the amorphous case wi th t i io
C O rr e s p o nd in g  c r ys t a l l in e  R~uaiitn f requ ency  . I~’i g • 24 shew~
the e q u i va l en t  r e s u l t s  for  Si • hIo ~~t’v~~r ,  to be more pi~~~

.—
ical  ly  p lau si b l e ,  one should  r e a l l y  d e ter m i ne  the
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Fi g. 21 D e n s i t y  of’ phonon s t a t e s  of Go. Top curve —

amorphous; bottom curve — c rys t a l.
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F ig.  22 Dens i t y  of phonon st a t e s  of Si. Top curv e —

amorphous;  bo t tom curv e - c rys t a l .
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Fi g .  2)  ( a )  The i n f r a r e d  and Reman spect ra  fo r  amorphous
Ge. Solid line - i n f r a r e d  a b s o r p t i o n  c o n s t a n t  ( r e f .  84 ) .
Dashed l i ne  - Raman s p e c t r u m  (ref . 82). (h) The density
of’ phonon s t a t e s  for  Go. Solid l ine  - amorphous ( r e f .
84) ;  Dashed l ine - c rys t a l  (ref . 99 ) .

amorphous d e n s i t y  of s t a t e s  from a l~~t t i c e  d y n a m i c a l  mo ici
r a t her  thaai  ju~~ use a broadening of the c r y s t a l l i ne  den-
si t y  of ~~~~~~~~~~~

Figs .  25 and 26 comparce the phonon density of states
of Go and Si c a lcu l a t e d  us ing  the st~it i sti cal method, to
the  r e s u l t s  of o t h e r  w o r k .  The p r e sen t  r e s u l t s , as wel l
as the p rev ious  r e s u l ts ,  i n d i cat e  t h a t  t he  amorphou s
phonon d e n s i t y  of s t a t e s  is a smoo the d  over ver s io n  of
tho c r yst a l l i ne  d e n s i t y  of s t a te s .  The si ngu l nr i ~~ie s  in
the crystalline density of states arc’ smeared out  by t h e
disorder in th~ amorphous  state • The s i m i l a r i ty  b e t w een
thu cr y s  a l i i  f l u  and a m o r p h o us  spec t ra  is  duo to  t lao fact
tha t the  short —range model used for the lat t ice dyia nfl ai cii i
cnlculn t i o ns  is e~ sc’tatial ly the sa me in b ot h  thu  anier—
phou s end c r yst a ll i n e  phases.  Comparing t h is  work  to

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . L
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a
— g~~ I

0 100 200 300 - 400 500 600
ENERGY (cm~~)

Fig. 24 ( a )  The infrared and Raman spectra for amorphous
Si. Solid line - infrared absorption constant (ref. 84);
Dashed line - Raman spectrum ( ref .  7 9 ) .  ( b )  The densi ty
of phonon s ta tes  for Si. Solid line - amorphous ( r e f .
84) ;  Da shed line — crystal  ( re f.  99) -.

Brodsky ’s resu i ts 84 , the agreemen t is fa i r ly  good. How-
ever, the frequency associated with our first peak is
slightly higher. This is because the rigid ion model was
used in our calculation whereas Dulling ’s model99 was
used in the other work. Our work also compares favorably
to Alben ’s ~heoretical calculation

?) using a 61-atom ran-
dom network’5. The finite size of’ the model along with
the periodic boundary conditions might be the reason that
the phonon density of’ states in Alben ’s work is not as
smooth as the others .

in Figure 27, the ca l c u l a t e d  phonc~n d e n s i t y  of’
s ta tes  of’ Ge is compared to v ar i ou s  exper imenta l ly  ob-
ta m ed Rem an and infrared data 8i, 84 . It  may be pointed

• 9)
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Fig. 25 Density of phonon states for Ge. Dash-dotted
line - amorphous form as calculated in this work ; potted
line — crystalline form as calculated in this work ;
Solid line - Brodsky ’s result  ( r e f .  84 ) .
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Fig. 26 Dens i ty  of plionon s t a t e s  for Si. Dash-dot tod
line - amorphous form as ca lcula ted  in th i s  work;  Do t t ed
line — c r y s tal l i ne  form as c a lc u l a t e d  in th i s  work ; Dashed
u n 0  — Albc’n ’s c a l c u l a t i o n  (r ot .  7)); Solid lino —

Drodsk y ’ s resu l t  ( ro t .  84) .
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Fig. 27 Comparison of ca l cu la t ed  d e n s i t y  of phonon
s t a tu s  to in f ra red  and Reman m e asu r e men t s  for  amorphous
Ge . Dash-do t t ed  line - cal c u l a t ed  d e n s i ty  of phonon
stsstes ; Dotted line - Raman spectrum ( r ef .  84 ) ;  Solid
line - i n f r a r e d  spect rum ( r e f .  84); Dashed line - infra-
red spectrum (ref. 83).

out t h a t  the  d e n s i t y  of s t a t e s  should represent  the  faa-
tu rs i.  observed in t h c ’  Raman and infrared spectra . How-
ever ,  they  are no t  expec ted  to be i d e n t i c a l  because of’
the m et r i~ e l ement  e f f e c t s ,  It  is p a r t i c u l a r l y  wo r t h
n o t i ng  th a t  the  hi gh f r e q u e n c y  peak in the Reman spec-
t rum is much s t ronge r  than tha t in the i n f r a red  spect rum ,
and comp .ares wel l  w i t h  th~ p r e s e n t  c a l c u l a t e d  r esu l t .
This becomes even more obv iou s  from the  i n f r a r ed  r e su l t s
of S t i mot s  et al b3 . This is to be ex p e c te d  sinco in crys

t t~~ll in c .  Ge,  the  f i r s t  order Reman spec trum . for  the long-
• w a v e le n gt h  op t ic u l  phonon is a l l o w e d  whereas  i t  ~~ for-

bidden for the  in f ra red  sp ectrum . i t  has  been p o i n t e d
out b efo re 92 tha t the a l l o wed  i~aman sp ec t r u m  in the  crys-
t a l ij i m e  case, al t h o u g h  somewhat  b roadened ,  p o r a f at s  in
the  amorphous phase. 
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V .  ONE-PHONON iNFRARED A ND RAMAN SPECTRA
OF TrrR AHEDRA LLY BONDED AM O IIPII OUS SEMI CONDUCTO R S

A.  I n t r o d uct i o n
‘~~~, Q~~ l a - ar,Most  e x i s t i n g  w o r k s ’ -” — ‘  on the o p t i c a l  proper-

t ies  of amorphous  so l i d s  e m p h a si z e  the r o l e  of k - s t~It .c-
t ion r u l e  bz’e kdown , and wha t i s  con sequently e x p ec te d
t o be a st rong  s i m i l a r it y  b e t w e e n  d e n s i ti es  of s ta t e ~. a nd
op t i c a l  sp e c t r a  01 such  s o l i d s .  Recentl y ,  the ro l e  of
c r y s ta l l i n e — a l l o we d  ana logue  (C,tA ) processes  in te t ra-
hedrally bonded amorphous semiconductors (TUAS) was point-
ed out by Tsay et al ’I~ for electronic spectra , and by
Mitra et a192 for lattice spectra . in this section , ~c
develop a statistical approach to the interpretation of
lattice spectra in amorphous solids, which accounts in
a na tu ra l way  fo r  time role of CAA p r o c e sse s .  The f o r -
stal ism is  the n a p p l i e d  to i n t e r p r e t  a v a i l a b l e  e x p e r i m e n t a l
f i r s t - o r d e r  inf ra red  and Raman s p e c t r a  of TBAS.

We v i e w 101 the prOperties of an amorphous solid as
derived from an e n s e m b le  of a t o m i c  ( s t r u c t u r a l )  c on f i g-  —

urations (labeled by ‘n ’) with probabiliti es P~~i 
r a t her

than from a sing le  uni que structura l enti ty. Then fo r
a p ar t i c~ila r px -oper t v  ~ we requi re  the c o n f i g u r a t i o n a l
average

<0> = Z p
~ 0(n) (118)

- 
- -- n ~~~

--

whore 0 ( n )  is  the e x p e c t a t i o n  v a l u e  of 9 in c o n f i g u r a t i o n
n .  C l e a r l y ,  for  any r e l i st i c  s y s t e m , i t  is d i f f i c u l t  if
not impossibl e to evaluate <9> from first principles.
Rather, for  the statistical approach to be useful On e
must be able to identify a restricted class of confi gura-
tions which elicit the principa l features of the px’oper-
ties concerned; moreover , of c o u r s e , one must be able to
calculate the corresponding 4~(n)’ 5 for these configui’~~—
tions. ~ e here propose to parameterize TB.~S in terms of
two classes of principa l configurations, n a me l y  tho~~c

4 posses sing  ( a )  b o t h  shor t  and long range o rder  ( d en o t e d
by ( n )sL) ammd (L , ) ,~ m a s  t s h o r t  range order ( denoted by
(n )
~
) . Tim e n,ot iva t i e t a  for tisi s peramet en ia t ion fo i ’ TI3AS

is tha t the e~~perinieiatal e v i d o m m c o 8J ’ ~~~~~~~ ~~~ indicates
the t to a large e~ t~~t m t t h ey  ai~e “nearl  v c r y s ta l  l in e ”

• t i .0 • , sp e c t r a l fee t w o s  t ime t ore p r om i n e n t  iii the errs to I
ronum in pr etum i non t ii, time c t ’rrt ’ s j ’ oimd 1mg eflIOrjaiIOLI ~ s~~ l i t t
end are exp e c te d  to arise f ron t  t i m e  ( m m ) N L .  Fe.a t un e s  w h i c h

L 

are w~ nk ox’ absent for tin’ c ry s  tat are t ;elaen~a 11 y a l s o
weuk in t he  amorphous  columterpax’t, and nrt• u~~I’ec ted to
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ariso principally thx’ough the  t i o t a - c r ys t a l  l im o  c o n f i gure —
t i o n s  (

~
)s~ 

Eac im of ’ t i m e  c o n fi gu r a t i o n s  in the  sot
wi l l  I m ad 1,jdivi dua l 1 >- to fe a t  t u r ~~s obey s  mm (; c r ys  t a l l  i m a o
k—selec t i ota rules • A • c’ • , 9SL (11) = 0 f o r  f o r b i d den  J r o c o s—
St’b .  T h e  f iz ia l  spectra will in genera l however, be broad-
ened out  because  of t im e  ave rag ing pr o c e ss .  i f ,  on tho
o t h e r  hand , the  Pn possess a considerable spread , then
the  c r y s ta l l in e  f e a tUr e s  may be l a rg e l y  washed  o u t .  The
co n f igu r e  t i ou s  (n ) 5 ,  on th~ o the r  h a nd ,  a re  not  sub jec t
to c r y s t a l l i n e  s e l e c t i o n  r u l e s , ami d  a lw a y s  c o n t r i b u t e  to
the  s p e c t r u m . In a d d i t i o n  to b r o a d ,  f e a t u r e l e s s  con t r i -
bu t i o ns  a r i s i n g  f rom t h e  b r eakdown  of’ the k - s e l e c t i o n
r u l e ,  v a r i o u s  peaks  ev i d e n t  in the  c r y s ta l l i n e  d e n s i t y
of states , bu t  supp ressed by selection rules in optical
spec tra , will reappear for the  amo rphous so l id .

In quantum mechanical terms , this is equivalent to
the introduc tion of a perturbation Hainiltonian in an
otherwise ordered solid such that ,

H - H + (H - Ii ) = H + H ’disord ord disord ord ord

- (119)

When the solid is disordered , such a perturbation will
introduc e changes in the reststrahlen frequencies, (>rO~or ~~~~~ and also in the frequency-dependen t matrix ele-
merits for dipole moment, M (~ -) and induced polarizability,
a(4. For ordered solids, M (&a~) and a(u) depend purely

- - 
on the st r u c t u r a l symmet ry . For e x a m p l e ,  for  the rock-
salt and ziric-blende structures M(u’) = 0 for  al l  &~ ex-
cept ~ = ‘~‘ro ’ where it is large . On the other hand, for
NaC .C-type crystals a (-~~) = 0 fo r  a l l  L , and for  the dia-
mond s t r u c t u r e  a( .a~) ~ 0 for  u~ = WLO . in the structura l-
l y  d i s o rdered  so l i d s  M (.~’) is now finite for al l  W b e —
cause  of t h~ r emova l  of t he  t r a n s l a t i o n a l  sym m et r y ,  and
probably small , except for Ma(~ ’~j’o)i corresponding to the
allowed transition in the case of an ordered solid, which
is still large . Similar remarks hold for a(~~ ) .  If the
perturbation limit is valid , we shall expect differences
between the perturbed arid unperturbed cases to be finite
and small , which is indeed obse~~ved in many  cases , for
example, mixed crystals sys tems 9 wh e r e  translational
s y m m e t r y  is substantially disturbed. We shall demonstrate
later that the viewpoint described here does indeed pro-
v id e a ~~~~~~ for  a c o n s i s t e n t  i n t e r p r e t a t i o n  of’ observed
spectra of TBAS.

With the above prescriptions, one may writes
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= <0>SL 
+

£ E SL SL 0SL ( )  + p
S
p~ 0S (~~)J (120)

£ p SL
= E P S _ l P SL

+ P
S = l

• where we have chosen a convenient normalization for the
The parameters i~ p S/p SL, which we here deduce

4 ’  from experiments, is the fraction of disordered relative
to ordered configurations , and thus provides a measure
of the amor-phicity of the solid (Ti = 0 for a crystal;
~>>l for a highly disordered system). In order to pro-
ceed , one must specify the (

~~)SL 
and (nj 5 to  be emp l o y e d

above . Among the configurational parameters n suggestive
for TBAS, are the interatomic spacing~~, local densities
and bond ang l e s ,  a l l  known to d e v i a t e  f rom t h o s e  of t h e ir
crystalline analogues and to display characteristic spreads
as well. As a first step in the calculation of <O>SL we
here restrict n to correspond to variations in local den-
sity p alone . While the calculation of <Q>SL for  a .given
value of p will be relatively straight forward , this is
not the case for <Q>S. A reasonable , bu t  n o t  unique,
pos s i b i l i t y  is to emp loy j u s t  a nea res t  ne ighbo r (nfl )
unit immersed ira a continuum to calculate the (n)5. This
would accoun t fo r  the principal features representative
of shor t—range  order , yet  su ppress  those  f e a t u r e s  charac-
teristic of the periodic lattic e structure beyond the nfl
cell. In this paper, we c a l c u l a t e  only <Q>~~- for IR and
Raman spectra ; analogous calculations for <0>S w i l l  be
reserved for future work .

B. Local Density Distribution in TBAS

One of the most important quan t i t a t i v e  da ta  on the
structure of amorphous semiconductors is the RDF wh i c h
is defined as -

F(r) = 4i~r
2 p ( x - )  (121)

• 
• 

where p(r) is the d e n s i t y  of a t o m s  at  a d i s t a n c e  r from
an a r b i t r a r i ly chosen centra l atom (r = o). Time exp eri-
m e nt a l  d a t a  on t h e  RDF of’ a m n o r p imous  t et r a h edr a l ly - b on d e d
aomicOnductors indicate time following :

(i) Time RDF for both the crystalline a?l d anmorplious
forms of’ time sante material are very sinai lur, at I eats t L I I ’
to t ime second n e i ghbor  d i s t a n ce , inmp l y i z m g  t h a t  th o s h o r t —
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runco ardor is preserved for t im o amorphous ma t e ria l .

( i i )  The posi t i ons  of the  f i r s t  and second peaks of
tim e amorphous HDF are sli ghtly shifted (a Vow percent)
toward h A  gimer ~ uluos as compared wi tim t h e crystalline
coun t e rp;t rt s .  This is consistent with the fact tha t the
amorphous form of’ a nmaterial usually has lower density
than  t h a t  of the crystalline form .

(iii) Aside from therma l broadening , there are in—
trinsic widths , C~~, of the peaks in time amorphous PDF .4 This is due to th~ introduction of static distortions in
bond lengths and/or  ang les r e s u l t i n g  in the amorphous
structure . The first and second peaks of the RDF of an
amorphous material are fairly well-defined , and may nor—
mall)’ be expressed as a Gaussian of the form

a~~2 - - •( r - r .j
exp[ - 3, i = 1, or 2 - (122)

2c~ - -

where r~ arid o~ are the position and width , respectively,
• of the ith peak. The spreads C~~, howev er , include ther-

mal as well as disorder—induced effects. In order to
• consider disorder-induced effects only, the static spread ,

c~~, should be obtained from after correcting for the
therma l spread .

If one regard s the spreads in the first and second -

peaks in the amorphous RDF’ as distributions of the first
and second nn distances which exist -in an amorphous ma-
terial , the “local” density at a poin t is expected to
depend on th~ extent of the distortion s of’ the local en-

• vironment from the crystalline case. We define local den-
sity as the number of atoms per unit volume , for a volume
whose l i n e a r  d imens ion  is of the order of a few multiples
of the nra distances . Given the statistical distributions
in the local distortions , (i.e., the spreads in first and
second r i t a  distances), the distribution in local density
can be approximately calculated. 

-

In crystalline semiconductors where the distance be-
tween any pa i r  of atoms is fixed , the local density should
be unifornm throughout the crystal. For diamond and zinc
blende crystals, there are two particles per u n i t  cell.
The cell volume is a3/4, where a is the lattice constant.
Defining time nearest neighbor distance as

rl =
~~~~~~

a (12:3)
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i hm . denS ity in terms of this distance is

(124)

In amorp hous solids, bo th r1 and r2 have spreads about
their respectivo mean values, r 1 , r2. 1.n order to imacl udi ,

• tIm.~ second neighbor atoms in defining time local density,
one may wr it e

p ( r 1 1r 2 ) = 8 + C ~ ~3)/(
l + c) (125)

r2 r1

where k = r~ /r~ and C is a weigh t i n g  f a c t or  d e t e r m i n i n g
the relative importance of the contribution of the second
an to the local density. The reasons for defining the
local density in the fo rm of eq. (125) are: (a) The terms

1 
_ _ _ _ _and define a correct density in the crystal-

r1 r1 —r 1
line case; and (b) II’ an amorphous semiconductor ~is such
that its first nn distance , r~~, and the n e x t  nei ghbor - :distance, r~ do not have any spread, eq. (125)reduces to
e q .  (12 4 ) .

In order to calculate the distribution in local, deam-
sit~~ a range of r1 (or r2) about 301 (or 302) frommi
z-1(r2) is considered. The probability distributions of
r1 arid r2 in these ranges are assumed to be independent.
Therefore , - -

a a
p(r1

,r
2) exp( -O.5[( 

1 1
)
2 

+ 
~
2
c
2
~
2J
~ 

(12 6)

From eq. (1214) and (125), the distribution of local den-
c i t y ,  p ( p  ) can be determined , provided the value of C is
known. A r easonab le  v a l u e  of C may be r~ 

2

a 2r2
In the crystalline case, this value of C is equa l to
0.375. This  definition for C implies tha t the re1nti~~i’
importance of atoms in  contributing to the local density
is inversely proportiona l t o  the d i s t a nc e  froit i t im e oi’i gin
Fig. 28, sImow~ the local density distribution for vnz’:ous
values of C • I t  is soon tha t foi’ C < 0.5, tho curve dot’s
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Fig. 28 Changes ira the distribution of local density,
p (p), due to variations in C, (see text).

not depend strongly on C, and has a Gaussian shape ex-
cept for a slight asymmetry on the high density side.
Time local density distribution for various values of 02p
as shown in Fig. 29 are not affected appreciably, indi-
cating that the local density is most likel y determined
by Cl, the spread in the nearest’ nei ghbor distance. The

• most reasonable value for local density in this analysis
seems to be for C = 0.375.

C. Method of Calculation

To calculate the contribution of Z~~ ’~~~ to infrared
absorption we take for the imaginary part of the lattice
susceptibi 1it~ ?~

‘ a crystal with a single reststrahlen
frequency 

~~~~~~

(127)2 
(
2 

- ~2 ) 2 
+ r2

~
2

• 
- w i t h  r - cons tan t  in the vicinity of time roststralalcn spec-

trum . Thon the SL con~ ribut ion to the amorphous solid iS

10 1
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Fig. 29 Changes in the distribution of local density,
p(p), due to variations in 

~2 
(see text).

= ~ SL  dp ia(~~) c~~(p) (128)

In the simplified calculations carried out here we assume
that E~ depends on p only through 

~ro’ 
and tha t the ths-

tributjon p (p ) is a Gaussian . This spread will be rela-
tively narrow , and is taken to be peaked aroun d t u e  equl-
librjum rim distance r0 of the amorphous solid. Such as-
suniptions seenm reasonable in view of the  local density
d i s t r i b u t i o n  as discussed in the previous section . Values
of w1(p ) may be inferred directly from t h e  Grtlneisi ’ta aj tm -
proxiniation , which shou ld  be adequate ror smal l  departures
in p 0 from crystalline values. Thus 10~

~~~ w (p ) ( / )
’
~
i 

(129)

whore y~ is the  mode CrUno isen I’aranieter 105I9S . An obv i-
Ous analogous calculation yields time Sb contribution to
the H;mman in ten  sit)’ for an nimmoi’phous solid

102
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U. Results mmmd Discussions

The spread in p (p ) has been ad jus t ed  to provide a
bost f i t  w i t h  expm .r lmen t .  In Fig .  30a and 30b we dis-
p lay  tho fi rs t .  order  fl~mr mia n and in f ra red  spec t ra  of am or—
p imous Go.  if oni~ chooses 1) = 0 a good fit is obtained
for tim e pr incipal Hainan peak , wit): th~ rem a in ing  fea tures
pr esLi l imably  a r i s ing  from (

~
)s~ 

Time infrared one-phonon
spectiusmm , which is forbidden in time crystal , arises en-
tirely from (

~)s; 
i.e., c2 = t~ . Apart from matrix ele-

• mont effects, this spectrunm should be proportional to the
(
~)s 

contribution to time flamnan spectrunm , which may be do—
terimmined by first choosing 11 and then subtracting the
calcula ted (Sb) portion of tu e 1~aman spectrum from the

EXP ER IMENTA L - I \ 
100% CURVE 1 j  \ X 12,
8O% CURVE 2 2-B

— • S—  70% CURVE 3 1 -,.
• • 

B - BR OADEN ED LORENI ZIAJI / /3~ m CRYST.
0 —  6EERU*CE tUP~’4% • / .•\\ 4

- III .
- 

- VI ,

- 

• 
- Iii:• 

I • A~~RPI40US

- — 3-0

~~~ .•
‘\ \‘

- • )‘~( / 2-0—.‘,‘~~ / \ \  ‘I~~
\
‘- 

- ii. ‘1-P •
• 

/ \~._ “
50 150 • 250 350

• FREQUENCY lc*r1

Fig. 30a Comparison of calculated crysta1~ ine like con-
tribution and experimental Raman spectrunm of amorphous
Ge. Experimental data (ref’. 82). The d i f fer ence  curves
represen t the (n)5 contributions similar to the vibra-
tional density of states.
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1)
Fig. 30b Infrared data (solid curve) of ref. 83 is corn-

• pared to the (n)S contribution (dashed curve) correspond-
ing to T~ 0.7 Icurve 3-D of (a) above].

• experimental  one . Comparison of the infrared data with
—C~ corresponding-to ‘fl--=--~-7--4-s- indicated in Fig. 30b . Si-
milai- results may be shown to follow for the case of Si
as well . It appears tha t the peak positions and shapes

• of the Raman spectra of these solids are well represent-
ed by a simple sum of (

~~)sL 
and (

~ )s 
contributions , arid

infrared spectra by (n)5 contributions. For binary TD,\S
the crystal line counterparts display allowed spec tra botla
for inf rared  and first order Ranma im . Fig. 31 displays time

• 1) = 0 fit to the IR spectrum for amorphous GaAs; Fig.
32 shows time same for SIC, but for a geometry where both
TO and LO were excited (flerremiman effect’~

0
~’). Very sinmi-

b r  rosults were also obtaimmed for time infrared spectra
of’ u n mo rplm ot ms  GaP , GaSb amid ImmAs • The conclus .ion r eac lmt ’d
is tha t th e ~ )s contribute very little to tho s p e c t r u m
of typical b inary  TI3AS; tho  p r i m m c i p~m l  f ea t u r e s  a r i se  fron*
j u st  
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Fig. 31 Infrared absorption in amorphous GaAs . Solid
curve : experimental (from ref. 102); dashed curve :
broadened Lorentizian calculated in this work with

= 0.076 gao ’ and ~ao’~ c 
= 0.96, where o~ is the Gaus-

sian spread iii local density, 
~ao’~ c 

is the ratio of- mean density of the amorphous phase to the crystalline
density.

The present results thus suggest that CAA processes
play an important role in the spectra of TBAS, and that

• • a statistical approach incorporating such processes can
acc oun t successfully for the principa l features of mea-
sured spectra .
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~~~. S. ~i a t r n  .
E l e c t r i c R i  En~~ i r e er i  n~ De ç i a r t m r e n t
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1 . i~~1P0l)Uc f10N

U i m t i  1 i - c cen t ly ,  m o s t  i i a v e s t i~;a t i o n s  of the o p t i ca l  pi~~~~-i - t i o s  of 1,111”:

ph ous  sot  ids  emp h a s iz e d  the r o le  of’ ~ — s c I c c  t i o n  ru l e  b r e a k d o wr a , an d ~i lm a t I

c o m m s , . q t a e x a t l y e x p e c t e d  to  be a st i - on C  s i m i l a r i t y  b e t w e e n  d e ns i t i e s  of s t~ t i - .

mini  o p t i ca l  s p e c t ra  of SU C h  s o l i d s  . In var i ou s  r e c e n t  papers , h ow e v er ,  ~) :. ,

p r e se n t  au t h o r s  have p o i n t ed  o u t  ( 1 — 2 4 )  t h a t  t h e  p i - ia a c i p al  f e a t u r e s  of o pt  I -

c a l  spec tra  of to t rahedi-a .l l y b o n d e d  a m o r p h o u s  so mn i c o n d u c  toi-s (Tn~~S) a r e  h .  11

a x pl a in e d  in t e r m u s  of a st at  i s t i c al  appro~t cli emp h a s i z i ng  t he  i-ole ci cr y s -

t~~l l i n e  a na l og  Processes .  E s s e n t i a l l y ,  the  solid is paraniotri~~od by a set

of cry~ ta1li,ie analog con~~ gurations, w h i c h  p rese rve  s h o r t  amid lOii~ rang’.

(~r ,I o r ,  :and a sot of non—~~—coIa sei-’-ing c o m a f ig u r .- it i  oa t s  on whicla j u s t  s t u~ft -

I ~t I i ( • -  ord,-~- is ma j~~, ta im iod  . A l  t i a n u g li A l  b -mi  e t a 1 ( 5) have c I . - I ( • n  st  a a  t ed ( l i l t

d’-ta t i e d  c l u s t e r  ca l c u l a t i o n s  r Ir ov ide  a good accoun t of o b se rv e d  114 m i n d

R,,nia,, slle— t ra of Cc. amid Si , I t I s ii i~ -) i  I y de s i r a b l e  to pr . ’v i d e  a s I ui ~j • I e X ~

I’rflnc I t , h-li I cli can rue t-e read i I y provi do ama I ma t orpri’ t a t  i oat  of lAS $I’•~ 
t I - i

wi tliout t he longth y an~J detailed ca jcuttttio ,,s required in tIme c laster nI’—

l’runchs . We h a v e  previousl y dl sctts sint tIi~ applic ation of time prose im moo th• ’-t

t o  t h e  I t r i j I  y s i  s of Si and Go spec t ra , and to l’~ SImOC t i n  of so I ec ted ]11 V

lilA S • Tian pt a m-po ~~o of tho  pi-osora I paper is to C X I  v i o l  t i m e  proto n I C O u i r o l ’  t ~ 1”

~~~ flflii 1 8 Of 110m .ila ~poc tnt if flO 1 oCt ott 1 11 —V unii.t- h’ Iiumi~ eon, I c o i i ’ l t i  t ore
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1]  • M L l l I O I i  (fl - CALCUI,A1U)N
— — - - — -~ l 4lt~%I~~P’ -___ -. l~’or t)ui, stat in t icn) itppruuach to bcs usc-tn) o:io nuu s t hi- tib Ic t o  t hou  ti fy

ii j-estz’letc.ci class of configurati our, whicla elicit pr imici jui l features of timo

~us opertIus ceu,coriied . 
Furtherm ore Orb s)ioul(I b~ abic, to calculate thi (’ 

~
‘1

~~~
’
~~~

—

i cii i properties of interest for these configurations. Vo have psi-antu ten zed

1II,\S in t c ,rnus  of two c1as~ es of principal cozafigu z-ntlons, viz., (a) both

~I,ou’t nnd  l ong  range order (SL) and (b) just sh ort range order (s) . A m ong

• (lie configtarnti onal parameters suggestive for TIJAS, are i f i t  c ra t Or n ic  spacings ,

m cmi i demis i ties and bond ang les, all kn own to deviate from those of their

ci-ystallim ie analogs and to display characteristic spreads us well. For sim—

phi c ity of c a l c u l a t i o n  we had restricted this configurational parameter to

cot-respond to variations in local dens i ty  P a l o n e,  i t  was  assumed tha t the

It,rai deosi ty  i lu c t u a ti  on results only from the stat-ic spreads of th~ first

nuit i second mae;trest nei ghbor distances. The rcsti1t~- ci’ such an analysis (6)

luidici at ed tha t t im e d i s t r i b u t i o n  of local d e n s i ty  in TI3AS is nearly Gaussian

r e h u u ’t, s c . n t e d  b y P(p ) wi th two ad ju s t ab l e  parameters  p and C

lii t h e  ease of c r y s t a l l i n e  Si and Ge the fi rst order l1anuasa spectrum is

i i i  I ’ .wt ’d , and coua si  st s  of a s ing le resonance • whereas the IR spectrum I_ s for—

lii dilemi . Tiit’i efoi’c Ranuan spectra of their anaoi-plmous - -bases have contribu—

I i , .r i , ,  trout , lu o t l i  Sb and S configurations , whereas for IR spectra on]y time S

~ ‘ u m a f i g u r a t i  nsa . For th o c r y s t a l l i n e  111—V compoun d s euuu ic o i i d tmc to r s  b o t i a  iR

i ., , ,I  H . mm. i im a l i v e  Ira arc’ p ci-mi t  ted. iR spec t r u u u m  c O ns i  s te  of a s i n g le rc ’sonanct ’

at  (he I i m i a g  h u i V c l o i i g t ) a  t rauasverso optic nuode frequency, ~~~~~~ Rauaiza n spec ti’tim

eli (liii it tIu ’’r han d , coma is  t s of two i-esonaiaces correspoaadi n a g to ho Ui 0

( I  an sv .•m -  ne maid I e a mg i l  ud I n n  I optic m ode freqtiont’i es , t4~~ ami d  • Tinis ac—

‘ ‘i i i  i t I t I  t o  Lii.’ crystal analog niodol tlio Sb couat -i’ibutiona 1-0 tlmo amuierphm om is

116 C t ~ ~ ho t t  I (me 
~~~~ ~~~~~ f j  ~~~ t 1>’ ~~~ ffe~’~~ t for 311 umu ad ihi ummnma spec ti-a , viii rim isa —

.h i ~t- .1 I e s-ha t ‘) l I t ,  oh M(~ I ’%’( ’5 expt ’rI  ,um t ’ ia  tally (500 Figs • 1 cliii 3)

To t-fl h i t  In t o  j  $ic’ 5~, ~ ea~ t i- I t t i t  t u~m~ to  111 lI%’sor~ t I on . I n i  t ho 3 1] —v ~
l°.msi,’I. l i s t ’  I rum 

~; I nary pa 
m .t of ti me die lee tn e t ’ t ’ n m  ~. ( n u t. , is n o p r o s i . m I  t ott ( 7 )

I
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U 0 i i a __j  j  j

50 100 150 200 250 300 350 400
Cm-1

by a daiuiped Loren t z i nut i r a i (w r~ , r3,~ ) . For t h e  Ha u ui j i a  s c a t t e r - j o g  i n s t  er a —

sity , S~ one I i kt ’t ’ i ac U s e  a two  d a u u u h . e d  I. iun& ’j a t .‘ i ~m ui  ~ , v iz  • , I i i  ar id  
~~~ ~~

S~ E r 3,0 z (
~

,
~0

,r
~ 0
) + c’

’0  
s ( t 1 iA) ,r i~~ ) J [ u a ( - )  • I J (i)

,~ (t i’) i a t h u .’ p ) a o m u o u m  (iCC upa I I ( ‘Tm u a u u u u be r  sa l ad ç c cam e spomad a t o  the mc lot Iv

~ t m - c u m g t  h of t he  TO a aad  LI) me s o m m a n c  r- a . Thi vam t h u . ’ ~‘I . con ( i i  but  i ott I v  ; u . n a v m p h c u u

SOl id I S

~ 

i ’(P ) ~~~( p )  ( 2 )

- 
- and 

~pauuuan 5 dp P(p 
~‘p nuuu a ua  ~~

‘

and 
~~~‘i,a-u m 

n m - v as  ~ u . a u i i e d  t o  dep end  ou a ‘ era  I v t Im 1- tut ag ha ~~~~~ ( nuaci 
~~ 

) . ‘ ,t l i i , ’

of w . ( p  ) rio be calcu lat i’d iii the Gm’ fluau - isom a n j ap i -e~~ i uui t t t j o l t  ( 7 )  j i m  t om - u s ,- of

tame st s uim ~ ci m ode ( r ( % , at ’  i seam pa mauuu e tirs ( ~
i-’irst time Ih t spectra of tau ,aoa i .huotus ill—s’ s , ’ muu j c u . u s u , l m u u . -l  .‘m ,_ n i - i -  f i t t e d  ~ a ( h a

eq . (~ ) us i sig p~ n nail as niij m i s t  m i i i  I m ’ ‘mm a 4i,ii,’ t ems • Tti v .u Ju t ’  of p a n i l  e

ti ati~ ohit nira ,’.I agree rensiirm.m tu i y ~~ t -  I I  ~~i ( h a  a r m  nI’h’u’u~~i uu uia t e c., i c t i l a t  i mam a

I lag t h e first saimd sec c’aacl use I g la luol ’  i -n i t  i , t  1 i i i  at  m 1  h i t s  t I taui fm uu au.- t i .~ir. ( (u ) . Smut -li

cal cmi in ted spec’ t a-it agree ( i ) u.’ .~ t s-one-I y ~~~~ 1 1 wi ( I i  es I’’ ’’- ,ui c ’ u u  t ii  1 at ‘.‘c t a - i  •‘ ‘ —

ce~’t lot  s I I gli  t dot’ l u l l  ens In  (Is’’ low fi t . q m u . t t u c  y a v g  I usi a ~- ia, ’a- ~. S t’aa ni t i-I l o u  I i o u , - .

t a o e o u uut ~ ~~j  g u m I I’It’i i am t . In  lis t s h m u i l ’ i ’r ~~~‘‘ i n  I.. tu l~i I’’ h m t i o u , u u  a
~~

t ’ m - I a- ta of ~t,,i. i a - ~~P u , u m , a .

GitAp , I amA a cu d Gu i I’ lu)’ s , u , ’ m t u a u a  ~‘ r •‘q (i ) 1,15.1 ( : 1 )  • I I I m . I  tu ~ ~~~ n n t %  u. 1, Ii :.

li/i
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ds ’ i’Iv ~ d f rom ti me f i t t i n g  Of lit sp ectra . A d d i t i o n a l  parameters ltocnl ,,d aro

C10 
u nit of eq. (i), via l cia vnro a] so used as acljimetablo p;mrsmui,otors .

Ill . )ll~SUi.TS AN1) CONCLUSIONS

Time IR and Raa,,uan spectra of aniorpimous GaAs are shown in Fi g. 1. It

should bc noted that there is sum additional feature in the high frequency

side of the Ilanuan spoctruna , wh ich  we believe corrcspormd to (lao crystal-asia —

log 10 contrIbution . The calculated Ranaamm spectra using TO alone , and both

TO and 10 arc also shown in this figure . The former gives poor agreement.

Time best fit f’or the hi gh frequency side of the spectrum is obtained by

choosing c10/c10 
- 1.5. ‘Fho relativo intensity of’ IA) and TO modes depends ,

among other things , on the excitation frequency. h owever , the LO resonance

for the zincblcimde type crystals is expocted (9) to be relatively more in- - 
-

tOnse than time TO resonance.  Time difference between time experimental and

calculated curves in the low frequency region is attributed to the S contri-

bution . kosults for amorphous Ir~~s and GaP -are sh own in Figs. 2 and 3. TIme ‘

position of the principal peak of both infrared and human spectra of the

amo,’phaous phase are shifted slightly to lower frequencies as compared to time

corresponding cr y s t a l l i n e  case .  The present - imuod el accounts for tim is shift

by choosing 
~~ slightly lower than p ,  which is reasonable because both m the

fln~ t and second ma distimnees in TLIAS are kn own to be smal ler  t ) aa mm time cor-

) ‘osh)o na d iaag  c r y s t a l l i n e  case .

h’o hnv~ u t i l i z e d  a s t a t i s t i c al  approach t o  interpret t)mo b,’osickamaiamg arid

sh if t i n g  of 1’~stk& in the l a t t i ce  ~poc t ra of T1IA S induced by disord er’. Tho

15 r0se amt aunt ly sig t iat a s suggost s this t the flansoaa aaad IN aimec (ma of unutoz’ I a h a tnss

• pCiaa tc .i a t id U ct oi~s arc donu ,i n at cd  b y cry s t a l  lino  a n m a l o g  processes ,, numd do imo t

mere l y re(’ros ~a:m t m bi ’ost dtj tat ’d vemSi oil of  the cr)’s (a 1 hi ~uti dens ity of slim t t , s  . 
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ADSTRACT

A t w o — d i m e n s i o n a l  amorphou s l a t ti c e  has been cons true-
• ted using the genera l  i ~a’d raiado,n walk technique . The bormd

leng ths and angles  w e re  obtained from t l iu -  random number
generation functions. Tiae lattir .’ sites were assumed to

• have a coordination number of tiart-.e and were connected to
form closed polygons. The lattice smmd the axasociatod
structura l properties are ca~~c u i nt e d .  A lattice dynami—

‘ cal c a l c u l a t i o n  is then perforuni’d t a s ing  thi s network as a
two— dimens i onal amorphous s tr u c t u r a l  r ep r e sen t a tio n .  The
ex p l i cit  v i b r a t i o n a l  s~’ectra are obtained for time random
network and the corresponding three— fold—coordinated hen-

~~~~~~~~~ 

oycomb lattice .

- I. INTRODUCTION

The random network concept Was first introduced by
Zachar issen 1 in the descri ption of a two—dimensional 1st-

— - tiep for a glass. U sing t h i s  concept Ordwav ’, Evans and
King 3, and Bell and Deaaa 1

~ have comas I rue I i’d raimdom models
for v i t r eous si li ca . In the lest  few years , this concep t
has been e x t e n s i v e ly  st u d i e d  in tim e m o del l in g  of an am-
orphous s tr u c tur e S, b.

Most of the previ ous models , however, are eltimo r per-
turbations of crystalline structures or rough hand—built
models consisting of tetrahedra l units . Thai ’ tetrahedral
units were distorted imm order to achieve t u e  comumectivi-
ties. Tho randomness and the statistics of the bond
lengths and bond angles were not considered in the con-
necting process. Fui’timor adjmmstn*onts were therefore
necessary to naa)d e thu model radial di str ibm ation function
(RDF) match well with the experimental out’. ‘tho adjust-
ing proeedamre obvi ously improves the model geonmotry but
does not change the tophlogical structure 1 . The non—
randomness introduced by using cr y st a l l i n a t a  st ruc tu ral
unit. as a st ar t in g  poin t  may still exist after adjust—
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mint s. It might  bo more r e a l i s t i c  to use rand om numbers
rather than any perturbated crystallino units as a basis
for tho rand om modal construction . The resulting modol
c .rtainlY should have real amorp hous topology and geo_ .

• a.try , hence further adjustment is no longer needed.
The pu rpose of this paper is to present an approach

which utilizes the random walk concept to c o n s t r u c t  a
truly random network. The use o~ the random walk tech-
nique was first suggested by Axe in his Work Ofl a one
dimensional  random network. As an example to illustrate
the application of the rand om walk technique , a two di—
puensional random network with Coordination number three
was constructed in this work. The assumption of a con-
stant coordination number complies with the short~ r~nge
order (SRO) characteristic of amorphous materials
The corresponding crystalline lattice exhibits the honey-
comb structure. This kind of’ amorphous network might
serve as a two—dimensional analogy for certain planes in
three— dimensiona l diamond , zincblermde or wurtzite struc-
tures. It can also be used as a basis to develop the ran-
don models for layer— like amorphous materials such as
amorphou s g raphi te , am orphous arsenic and chalcogenide
glasses. -

In the present approach , random numbers for bond
lengths and bond angles are first generated from a random -

number generation function. A two—dinmonsional amorphous
lattice is then drawn by using these random numbers under
the constraint of a coordination number of three.

II. MODEL CONSTRUCTION

In the present  work , expe r imen ta l  -da ta  appro~ r ia te
to amorphous silicon was used for the bond lengtla . The
data used for the bond angle spread and cut of f  wa~ ac—
co rding1~~o the RD F’ analysis of amorphous germanium and
silicon • The random numbers for bond lengths were guam-
eratcd from a random number generation function having
Gaussian distri bution with a mean at 2 .35~ and a s t a n d a r d
deviation of O.O9~ . Since there are only two linearly in—

a dependent angles associated witim one lattice site , two se-
quences of Gaussian

0di stri tmu ted random numbers were gema—
erated having a 120 mean rand 100 standard deviation. In
order to ob ta in  a c u t o f f  angle of 20° fronn t i m e nm a ean angle ,
only those angles  between 100° and 11400 were retained .

p Also , n 0pu ir of a ngles whose suna was o u t s i d e  t~ie i n t er v a l
of (220 —2 60 3 was r ej e c t e d  to ensure  t h a t  the thia-d
angle had a cutoff of’ + 20 fronn the moan .

N e x t , a t w o — d i r n o n s i o n a t a l amerp imo tas  l n t t i c o  wmvm drawn
using time random numbers gener at ed  fo r  the  bond 1 nn g t~hs
and bond ai~~ lea  • Thu as sunup U oam of t h r o m a n acua res  t neigh -
bors for each l a t t i c o  s i t e  imp l ie s  t i a n t  no i nt e r i o r
broken bonds e x i s t  and no bond, cross  each othe r . In
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other words, the lattice sites when connected form crossed
polygons. In the process of connocting time last two bonds
on a polygon , two random bond lengths and ono random bond
angle wore chosen s imul taneously .  In order to acimiove
perfect connectivity in tho polygon , the random bond

* lengths and angles were allowed to vary up to a few per—
cent about the value givon by t)ao random number genera—
tioam procedure. Tho bond angle variation usually was
higher than the bond length variation. This is due to the
fact that the bond lengths should maintain a Gaussian (orna

• whereas the bond anglo distribution is not necessarily an
exact Gaussian.

The individual polygon construction was time consum-
ing in that if a polygon could not be closed , the bonds
had to be erased and new bonds drawn to attemp t to close
the polygon. Finally, a lattice consisting of 233 into—
n or atoms and 39 boundary atoms was obtained. A total
of 369 random numbers have been used for the bond lengths
and 699 for the bond angles. From the coordinates of all
the sites, the corresponding lattice was drawn. Figure 1
presents the resulting two dimensional  random la t t ice.
No crys-t a l l in i t y  appears in the lattice , however short —

range order (SRO) does exist in the immediate neighbor-
hood of each lattice site. Every bulk atom has three

• nearest-neighbors and cix next nearest—neighbors.

1 31 1

Pig. 1. A two dimensional random network of coordinati°~number thr...
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III. STRUCTURAL PROPERTIES

Several interesting properties associated with this
random lattice are discussed below.

The number of sides in the polygon can be expressed

= 36001(1800 
— (1)

,~ is the number of polygon sides and 0 is the average
jnt~ rnal ang~es of the polygon. Since e lies between
100 end 140 , the polygon could have only 5, 6 , 7, 8 or
9 sides. By referring to the angular distribution , it can
be seen that the probability of having a m.ne or sight
.ld~ d polygon w i t h  average internal angles of 140 and
135 respectively is quite low. Among the 98 polygons in
the random lattice , there are 10 pentagons , 11 septagons

~nd the remaining 77 are al]. hexagons. The average
number of polygon sides i!16.

0l02. This result agrees
well with Euler ’s theorem which states that in an in-
finite two dimensional lattice with a coordination number
of three , the average number of polygon sides is exactly
six. Another interesting fact is that the pentagons and
septagons in the lattice always locate together. The
reason for this is that for any random two dimensionally
connected array , the distortion of the internal angle in—

- 
- side a polygon has to be compensated by the variation of -

a corresponding external angle. A relation between the
number of sides (n) in a polygon and the average number
of sides (nra) of t~~ neighboring polygons was o95inally
proposed by Aboav and then modified by Weaire as

m~~~ 5+6/n (2)

The above equation has served as an independent check for
the present lattice and the agreement is very good.

Figure 2 presents the RDF of this model. The calcu—
lations w1~ o based on the method described by Polk and
Soudreaux for a finite size model. The 40 atoms around
the lattice centrOid (Fig. ;) were selected as central
atoms. The radius r = 14.3k was used as an upper limit
to keep the calculations within the model. The distribu-
tion up to abou t six bond lengths was plotted. The pro—
Bervation of SRO in this lattice produces the distinct
first and second peak under which time area is exactly
three and approximately six , respectively. As a conse-
quence of time two dimonsiormal inodol , the RDF increasos
linearly with distance instoad of the parabolic variation

P Observed in t h re e  dimen sions .
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Fig. 2. The RDF of the model . The histogram is
calculated with radius intervals, ~r 0.1K.

. IV VIBRATIONAL PROPERTIES

In the lattice dynamical calculation, ea1~ atom was
assumed to be subject to a simple force field with
central and non-central nearest—neighbor interactions.
The fre e end boundary conditions which 1y~re physically
rea l i s t ic  for the actual solid surface ‘ are imposed on
the lattice boundaries. The dynamicaj6matrix (D) in this
calculation is 54Z~ by 544 and of band form which means

• all the non-zero elements are within an interval around
the main diagonal. The half-bandwidth is 80 and the
number of non— zero elements in each row is no more than
8. Those elements are placed according to tho neighbor
relationships. Their positions were not. regular because
of the topological disorder in the l a t t i c e .  The matr ix
elements , whjcim are a function of force cons tan ts , hence
the bond length and bond angle are di f f e ren t  due to the
geometrical disorder associated with the variation of
bond lengths and anmg.lea. The force constants were deter-
mined by relati n g them to the pr eesur o depon donc~~~ of the
e last i c  constant s and t~~q optical mode frequency
Dean and Un co~~~s method ‘ based on tim e negative .ig.n-
valu e thoorem is then used to find the frequency di.—
tr ibut ion.
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A simple force field with nearest-neighbor central

and non-central for~ o constants is used for the perfect
honeycomb lattico. 10The details of this calculation may
be found ol~ owhere 

‘. The resulting phonon density of
states of both the perfect honoyc omb and the random
lattice is presented in Fig. 3. In the amorphous mate—

• rial the phonon spectrum becomes broader due to the
amorphous disorder in the lattice. The geometric dis-
order induced by force constant variations extends the
spectrum to a higher frequency range, hence reducing the
height of the high frequency peak.

I

o I .

‘I 
f l[ 1  

- Fig. 3.
I Vibrational Spectra.

~ I . 
. Solid Line: ther9 .J random ne twork

~~ I - 
lattice.

I I ’ - X~ashed Line a the
~~~. perfect honeyc omb
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A random lattice of the typ o discussed here , can be
successfully utilized for time calculation of electronic
and vibrational properties since timoro is 310 broken bond
insido time model . Two dimensional random networks ci’
highor coordination numbo rs e.g. , four (qua&Iratic) and
six ( t r i a n gular )  cant a l s o  be c o n s t r u c ted  u s in g  t i m i s  t ech-
nique . An ex t e n s i on of t h is  random wa lk technic 1uc to a
three di ni ons ion mal t o t r a imodra l ly  bonded l a t t i c e  is und er
C onsid era t io n .  Such a model is expected  to be a b e t t e r
s imula t ion of amorphous Go , Si and the Ill—V compounds
than any of t imo r e st r i c t o d  tim odol s so far pres ent ed.
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4 .1 ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES OF CUBIC BN *

Y. P .  Tsay~ A .  V a 1d yann t ha~t ’~nnd S. S. M i t r a~
’

Departments of Electrical Engineoring+ and Phys ics ++
University of’ Rhode Is land

Kingston , Rhode Island 02881

ABSTRA CT

- The electronic energy band structure of cubic BN is

calculated using a non-local empirical pseudopotential
I’

method (NEPH). The electronic density of states, imaginary

part of’ the dielectric constant and soft X—ray emission

spectra are also calculated and compared with available ex-

perimental and theoretical results.

I. INTRODUCTION

The energy band structure of’’ cubic BN has not been well

studied experimentally, even though a few t h e o r e t i c a l  cal-

- culations of i t s  band structure exist in the literature .

The r e s u l t s  of these c a l c u l a t i o n s  are at va r i ance  wi th  each

other and with available experimental data.

The first energy band structure calculation of’ this

crystal was performed by Kleinman and Phillips1’ in which

they t r e a t e d ,  in a self—consistent manner, th~ antisymmc’tric

p s e udo p o t e n t i al as a f i r s t  order per turbat ion t o  the c r y s t a l  -

H am ilt on i a n  of d iamond . The wid th  of the va lence  bands in

the c a l c u l a t i o n  was 17.95 oV and the re  wore no energy gaps ,

direct or indirect of’ abou t  7 oV . Bassani  and Yosh imthc’2

us ing  the  (WV m e t h o d , p r edi c te d  a d i r e c t  gap at  I’ po in t  of

about 8.5 oV. On o s h o r t c o m i n g  of’ this calculation is t hat

it perdiets uim i n d ir ect  gap (r ,~ X 1 ) of abou t  ~ cv..) ~~V ~~,C -

-
~~ *- - -
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which is smal le r  than tho corresponding gap in diamond . In

goneral this gap increases in going from group IV to the

corresponding Ill-V compound3. In a different approach ,

4
Stockor calculated the band structure using linear combina-

tions of’ band orbitals as basic functions. A valence band

width of 12.6 eV was obtained in this calculation . An APW

calculation of the band structure of cubic BN was carried

out by Wiff and Keown5. This predicted a valence band w i d t h

L 

of 17.8 eV, in fair agreement with th e value of Kleinmari and

Phi ll ips~~. H e m s t r eet  and Fong 6 performed a non-local empiri-

cal pseudopotential calculation and obtained a value of’

7.6 eV for the indirect energy gap P 15,~ — X1,~~
; a va lue of

27.5  eV was obtained for the valence band width. Aleshin and

Smirnov 7 c a l c u l a t e d  the t ran s i t ion probab i l i t ies f rom th e

valence bands  to the- core s t a t e s  of’ cubic  BN,  u s ing  the OFW

method . Nemoshkalenko and Aleshin
8 

calculated the electronic

d e n s i t y  of’ states of cubic BN and obtained a width of the

upper sub-valence-band of - bout  12 eV and the en t i r e  va lenc e

band w i d t h  of about  2~4 eV. 
-

On the e x p e r im e n t a l  side , Ph il i pp  and T a ft 9 made crude

reflectance measurements on a small BN sample and found

s t r u c t u r e  in the reg ion 9— 10 eV and a peak neax’  1 1 4. 5  eV.

Gi o l i s s c3° , in his ultraviolet absorption measurements on

cubic BN ,  foun d tha t the  a b s o r p t i o n  has a sharp r ise  in the

v i c i n i t y  of 7 eV. This p resumably  an ses from the o n s e t  of

the l o w e s t  i n t orb a ia d  t ra nsi t ion .  Fomichov and I r~~h
11 mea-

sur ed the  K-band  X- ray  e m i s s i o n  spec t ra  of boron and n i t r o gen

12 (,
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in cubic BN and deducod a valuo of about 6 oV as an uppor

est imate of the indiroct gap and a valuo of about i~~.4 eV

as a lower estimate of the valence band width. Chrenko~
2

measured the ultraviolet absorption spectra of cubic BN

crystals and deduced a value of about 6.14 eV as the minimum

• value of the indirect gap.

In order to clarify the values of’ bandgaps and valence

band widths we carry out a non—local pseudopotential calcu-

lation of the band structure and soft X—ray emission spectra

of cubic BN. Our treatment of the non-local part of the

pseudopotential is similar to that of Hemstreet and Fong
6,

- although the local pseudopotentials used in the present work 
-

are obtained, in our opinion , from a bette~r physical con—

siderat ion . - 
-

- 
II. METHOD - -

The empirical pseudopotential method (EPH ) of calcula-

ting the electronic energy band structure of’ crystalline

solids is well Imown in the literature1’3. The usual pro-

cedure is to treat the pseudopotential as a local potential.

This is justified as long as there is cancellation due to
- 

-
the core states • However, when the atomic core does not

contain electrons of a particular angular momentum quantum

number 2 , tho Coulomb potential folt by the valence elec-

trons of the same angula r  m o m e n t u m  q u a n t um  number  I is not

cancelled in the coro region by the n ep ul s ivo  torm . in t h i s

case , one should add to tho local  p so u o dp o t ont i a l  vJ~) , a

n o n — l o c al p o t e n t ia l .  vNL ( 1 )  wh i ch a c t s only  on th o s tat u s

127
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with angular  mom entu m q u a n t u m  number  2 . In DN , since there

are no p eloctrons in tho ionic coros,  a non- loca l  pseudo-

p o t e n t i a l  te rm should be udded for £ 1. Fol lowing  the ana-

lysis of Leo and Fal tc o v~~
4 for  p o t as s i u m  and the a n a l ys i s  of

Fon g an d Cohen 1’5 for X C ! , we w r i te  for  VN L ( r )
a

vNL (r )  = E U (~~_fl~ I )~‘ (I)

In the above equ a t i o n  P
1 is the projection - operator which

O p e r a t e s  on ly  on the s t a t o ~ w i th  £ = 1 and is the  He r m i—

t ian c o n j u g a t e  of P1. u( 
J~~~~—i~~~ 1) is the p o t ent i a l  of the 1

th

ion core cen te red  a t  R~~. F o l l ow in g  H e r n s t r e c t  et al  , we

choose U ( r )  to be of the  form 
-
‘ 

-

U( Ir_ R
j J )  = A~~re i - 

r 
~ 
r
~~j

(2)

= 0  , r > r

where A - and a are to be t r e a t e d  as p a r a met er s  and r - is
J ci
- . ththe r adius  of the  j  core . Thi~- form of U ( r ;  is  chosen

16
• because it was foun d to y ie ld  th~ bes t  r e s u l t s  in the n o n -

local  p s eu d o pot en t i al  ca l c u l a t i o n s  of the band s t ruc t ure of’

• d i a m o n d.

Our t r e a t m e n t  of the  n o n— l o c a l  c o m p o nen t  of th u  psoudo-

p o t e n t i a l .  of cubic  flN f o l l o ws  tha t of )k-’m st r o ot  and Fong~~.

S p e c i f i c a l l y ,  we choose r for 13 and N t o  have  an aver age

yalu ~ of 0.2 A ,  the su ino as the  free a tom va lue  of cnl ’t )un.

We set  A A • — 0. 16 Ity so tha t the ~ymmetrtcboron n i t rogen

- - 

.

~~~~~~~ 
-~~~~~~~~‘ ~~~~~ —‘~~~~~~~~~~~~~~ -~~~~
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non—local, form faotors of BN and diamond aro the same whilo

the antisymmetric non-local form factors Of DN vanish . Since

the l a t t i ce cons tan t s  of cubic BN and diamond aro vory near-

ly the same , the parameter a for BN is set equal to tha t of’

16 -1.diamond , v i z . ,  1.25 A • The non—local parameters are

treated in the approximate manner due to the lack of role-

vant experimental data on cubic BN. Hemstreet and Fong6

• - chose the local symmetric form factors of cubic BN to be the

same as those of diamond , and obtained the local antisymmetnic

form factors from those of BP by scaling the latter by the -

• - ratio of the volumes of the unit cells of the two crystals.

While the former approximation seems to be reasonable, the

latter approximat ion is perhaps’ too drastic . Lattice x-e-

- - 
flectivity measurements17 indicate that BN is the most ionic

of all the Ill-V compounds , while BP is the least ionic so-

lid in this class. It is unlikely that the scaling proce-

dure could wholly reflect this difference . In our calcula-

tion we obtain the local anti,symmetnic form factors of BN

by taking the corresponding form factors  for GaAs and scaling

them by the ratio of the heteropolar energy gaps of the two
S

• crys ta l s .  Since the heteropolar energy gap is obtained by

an averaging of’ the antisyinmotric form factors over all the

reciprocal lattice vectors , in tho first approximation , th e

two quantities are directly proportional to each other1’8.

Hence wo believe ow’ approximation for the antisyxtirnetric

form factors is a more roasonablo one to start with . ~o

obtain the local  symmetric  form fac to r s  of’ cubic HN by

- 

-
~~ 

- ,.•. - - .~~~~ ~~~~

--  
-

—a& ---- ~~~~~~~~~~~~~~~~~~~~~~~~~ • .ag?.~~••.t~ .i, 4
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scaling thoso of diamond by the ratio of tho volunios of the

unit cells of the two crystals. 
-

Itt order to obtain the electronic don~ ity of’ states, we

aemplo a uniform bcc mesh of’ 240 points in the irreducible

wedge of tho Brillouin zone, followed by linear interpola-

tion , which generates oigenvalues and eigenf’unctions of’ more

4 ’  than 100 ,000 fl-points in the Brillouin zone .

We next calculate the imaginary part of the dielectric

cons tan t,  c
2(~~

), due to d i rect  interband transitions . By

time—dependent perturbation , one can show tha t~
’9 -

‘ £2 (W )  _ 

~~~~~~ ~~~~ 
- E,~ (i~ ) - M

~~,~~
(i

~
) diZ

(3)

- where -

2
Mv , c (i

~
) = I ’ L j(,~ lV I~lJ~,~~I (4 )

u- and u~ are , respectively the per iodic  parts  of thek ,v
valence and conduction band wave functions .

The intensity of the soft X—ray emission at energy E

is given by the formula2°

21(E) = CE ~ Idk ?1a ,v (k )  ô (Eva(k)_E ) 
(~ )

In eq. ( 5 ) ,  the sum is ovei- all occupied valence states and

2
= < a I IvJ~>I (6)

is the  squared momentum ma t rix e lement  botweon the Illoch

valouc’o band state fv ,k~ at  wove vec tor  and ~ core ~ t at o

-
~~~~~~~~~ —j  -• ~~— — ~~~~~~~~~~~~~~~~~~ ~~~~~~~ -•__. 

~~~~~~~____. _~_ _~S__ ~
_ 

~~~~~~~ - ----- --- — ~~a _ _,~_
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Ia> , with energy difforonco Eva (i
~
)• With C = o2r~o/6c~n 2n 2 ,

and Qo equal to the volume of’ the unit cell , eq. (5) gives

the total omitted intensity per core hole in the crystal.

To evaluate 
~~~~~~~ 

given by eq. (6), we need the core wave

functions of B and N and the truo valence wave functions of

• the BN crystal. The former are taken froni HUbner21’. The

la t ter  are obta ined by recalling tha t the true val ence wave

functions are related to the pseudo wavefurict ions J~ >
• pseudo

obtained in our EPM calculat ions, by22

Iv ,k> = > - E J a >  <a J ~ > (7)pseudo 
a pseudo

where the summation is over all the core states f a >  of the
crystal. The energies of B and N cores in the crystal are

assumed to be the same as the core energies of the isolated -

atoms as given in Ref. 23. Using eqs. (~ to 7 ) ,  the K

X-ray emission , spectra of’ B and N in cubic BN are ca l cu l a t ed.

XII. RESULTS

The E-i~ diagram along several high symmetry directions

is shown in Fig. 1. In Table 2, we compare some of the -

• import an t energy gaps and the wid ths of’ the val ence bands

obtained in our calculation , with the results of’ other calcula-

t ions and w i t h  ava i l ab l e  exper imenta l  da ta . In Fig.  2 the

electronic density of states obtained in our calculation is

compared with tho result of tho c a l c u l a tio ns  of N cm o s h ka l en ko

and Alosh in8. The overall agroomont is soon to be satisfac-

tory , oven though tho peak posi t ions  d i f f e r  by as much as

- ‘
~~ ~~~~k(?~~~’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- —
~~~~

--- .
~~

-
~~
-

~~- -
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2.8 eV. The structure in the EDOS betwoon 0 and 114 oV is

due to the upper valence bands whilo that between 21 and

28 oV is due to the lower valenco band . The two valence

eubbands are separated by about 7 eV in our result and by

about 6 eV in the result of Nemoshkalenko and Alesh in8.

In Fig. 3a the imaginary part of the dielectric constant

is p lo t ted as a func t ion  of’ energy . -In Fig. 3b our

- 
e
2
(w) is compared wi th  that obtained in the calculation of’

Hemstreet and Fong
6 for the energy range 9 — 17 eV. The

agreement between the two results is seen to be good. Our

theore tical c2 ( w )  begins wi th  a M type transition at r’1,
corresponding to the energy gap of 8.8 eV.•J, v ,c 

-

The peak at 11.3 eV is due to the transition r -. r
15,v 15,c

The main peak is at 13.7 eV and is due to the transition

X~ X . This a.,grees reasonably well  wi th  the value 
-

j~~~V 3,c -

- of 14.5 eV reported by Philipp and Taft9 for the peak in

the reflectivity. It is worth mentioning that their measure-

- 
ment was crude , and that the peak in the reflectivity is gen- - , 

-

erally 0.1 - 0.5 eV higher than the corresponding peak in

c2(tü). The peak at 14.8 eV is due to the transition

~~~~~~ 
L3,~~.

In Figures 4a and Zib , we compare the K X-ray emission

spec t ra of B and N in cub ic EN ob tained in pur calculat ion
11with the exporimenta l resu l t  of’ Fomichov and Ruiitsh • The

agreonion t is soen to be good roga i’ding both tho shape of the

spectra and tho  peak pos i t ions. The sharp maxima A and A’

are duo to t ransi t ions  from tho non-dogonorato valence band,

• 

- 

. 132 
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whilo the principal maxima C and C’ are due to tran sitions - 
-

f rom the degenerate part of the valence band.

L ~~ 

-
- 

- 

- 

-

-i

- S - -

- 
. 
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Fig. 1 E-i~ diagrams for cubic EN along throo hi gh 
- 

-

symmotry d i r ec t i ons.

Fig. 2 E lec t ron ic  d o n sit y  of states of cubic EN. Dashed

line is our re~~u1t . Solid line is due to

Nemoshkalonko and Aloshin ( R e f .  B ) .  The zero of

the energy scale  is chosen to be at  the h ighes t

valence band a t  the zone cen te r  (r 15 ) . The

• energy axis of R e f .  8 is accordingly s h i f t e d .

Fig. 3a Imaginary part  of the di ol e c t r i c  cons tan t  c
2(L)

obta ined  in our calculation p l o t t e d  as a f u nc t i o n

of photon energy .

Fig. 3b Our result for c2 ( w )  (dashed curve) compared with

that ( so l id  curve)  of Hemst ree t  and Fong (Ref. 6) ,

for the energy range 9 - 17 eV .

Fig. 4a K X-ray emission spectrum of B in cubic BN .

Solid line is our result. ——--line is the oxperi - 
-

menta l  resul t  of Fo,nichev and Run~sh (Ref. 11).

Fig. 4b K X-ray omiss ion  spectrum of N in cubic BN.

Soli d l ine is our r e s u l t .  ————li ne is the experi—
I

mental  r e su l t  of Fomichev and flumsti ( R e f .  i i ) .

a

I.
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TABLE 1 -

PRPUdOp otentJrI l p~ir~ moters uq~~d in our c a l r u] .-i t i o n

v~(3) = —0. 755 fly —

v~,(8) = 0.182 fly

v~,( i i )  = 0.133 fly

v~~(3) = -0.1755 Ry

vt(4) = 0.125 fly

v~~(l l)  = 0.0251 Ry

r B = F N = O.2 A 
-

A + A N 
S

A = 
B 

= -0.16 fly

Aa = 
B~~~N O.O Ry
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~i .2  ELECTHON ]C DENS ITY OF STATES AND OPTICAL SPECTIUJM
OF T1~T 1AI IEDItAL LY— 1JONDED AMOJ U’ ) IO (J S 111—V SEMi CON DUcTOflS~

Y. F. Tsny, + D. K. Paul and S. S. Mitra
D e p ar t m ent  of E lec t r i c a l  Engineering

University of flhodo island
Kthgnton , Rhode i s land  02881

Abstract -

• The disorder in an amorphous 111-V semiconductor is des-

cribed in t e rms  of spa t i a l  v a r i a t i o n  in local d e n s i t y. The

e lec t ronic  d e n s i t y  of states for the amorphous semi conductors

are then s imu la t ed  by a weighted sum of the crystalline eloc-

- tronic d e n s i t y  of s t a t e s  (ED s)  with a variation in local den-

sity . It is shown that the amorphous electronic density thus

o b t a i n e d  is equiva len t  to its crystalline counterpart with

the energy of each e l e c t r o n i c  s t a t e  broadened by an individual

broaden ing  p a r a m e t e r ,  which is r e l a t ed  to the  degree of di-s-

order of the amorphous semiconductor considered and the “ sen-

s i t i v i t y” of the energy of the particular state to variations

in local density . The result of our phonomonological model

is similar to that of Kramer ’ s c o m p l e x  band s t r u c t u r e  c a l c u —  -

lation based on Croon ’s func t ion  form a l is m .  The o p t i c a l

spec t ra  foi ’ the co r respond ing  m at er i a l s  are also c a l c u l a t e d

using the thoorotical EnS, along with  the n on— d i r e c t  t r an s i —

t ion  model  w i t h  an energy dependent  m a t r i x  element - Tho r e—

suit s are cOInpfU’Od with available experimental data.

lLpj ’o r t  0(1 iii part by Air Force Cambri d~ o I~o scnrcI~ lAlborutor 4 e~~
(AF’sc ) , (~‘n t, -~~c- t: No~-~ • F~ 9 12 — ‘i~— C— O.!S~ , 1-’ 19(-.:~8— 7 ‘, —C ~ O U’3

+) ‘l - e n e I I t  I ’ .d1i’0~~R 2 N14(. P05t—DOCtt’.3’fl] I~~~4 1 ( 1 I _ m n ( S  R0~’.i •’.l’C1l AS~”ICiftt0
at  AFCffl_ ( i.Q~~) )IflIf5t’0I~I Air FOrc e D i t S O  p 1fed to~’d , ~IaMn • 0) 7U

* I’rt’ Mont f(44d ct ’ sn  : Depart ~io nt  (‘.1’ )-~1.c~~ t n  c al  J -n g l f 1 e I ’  )~.I i ig  , m d  Inn
1iu’ t it (ft 0 ot- Tec lu te I egy , hnttp~i r (U • . ) , i lId In .
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I. INTRODUCTiON 
S

Recant i nves t iga tions  on tho  physics  of amorphou s  nia —

to riala , par t icular ly  semiconductors, havo gonoral]y  fo-

cused on two related questions: Firstly , how different is

tho st i ’ucturu  of an amorphous ma ter i a l  as comparod with it s

- crystalline counterpart ; and secondly, how are the electron —

S ic and vibrational properties of an amorphous material modi—

tied by such structural changes if the latter do exist. To

• f ind possible answers to the first question , numerous X—ray

diff ract ion experiments 1 have been performed in order to de—

terunine the radial distribution function (JWF), which up to

date provides the major experimental observable for a semi—

quantitative description of the structure of an amorphous

semiconductor .  A comparison of the amorphous and c r y s t a l l i n e

RDF ’ s of’ the same tetrahedrally bonded semiconductor m di-

cates the following:

(i) The RDF’s for both the crystalline and amorphous

- phases are very similar, a t  l eas t ,  up to the  second neares t

neighbor (i-in ) distance, implying t h a t ,  at  least the shor t— 
- -  --

range order is preserved in the amorphous phaso .

(ii) The position of the f i r s t  peak of tho amorphous RDF

appears to sh i f t  s l i g h t l y  toward higher va lues  (a few p e r c e n t )

as compared w i t h  those of the c r y s ta ll i n e  peak . -

( i i i )  The f i rst  and second peaks of the amorphous  IIDF are

fai r ly w e l l — d e fi ne d , and aro u s u a l l y  descr ibed, r o sp o c t iv o —

l y ,  n~ a Gnu9s inn  of tho form -

- 

- 1~s6 

- -  . - - S - - -- - - - - .- - -. ‘ - - -~~~- -. --~~,--•—-,.-.-I~ —-- 
~~~~~~~~~~~~~~~ ~~~ — - - ~~~-~ -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _~~~~ -

_ __ _  - - . - .~~~-::~~~~~~~~~~~~~“ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
___~~~~~f-~~~-~~-~ ~~~~~~~~~~~~~~~~ * ~~~~~_ I.4-- 4_~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~ -~~ -5---- - -~~



:3

(r_z .)2 -

- 
1ft

555 ~•_j 1, or 2 (i)
22O~

whore r~ and 0ia 
denote tho pos i t i on  and the width , rca-

poctivoly . 
-

Tablo I lists the relevant structural parameters of the

aniorpious (subscript a) semiconductors of i n t e r e s t  • Cor-

responding c ry s t a l l i ne  ( subsc r ip t  c)  va lues  aro also given

for comparison . It appears  tha t  in genera l the w i d t h  of a

V 
peak in the amorphous RDF is consistently larger than that

in the crystalline phase. This is particularly true for the

second peak of the RDF . The difference , which presumably

may r esu l t from the structura l distortions of bond l eng ths  -

S

and/or a n g l e s ,  as well  as wrong bond formation , is the 
-

~~t n t i c  width (or spread) and is given as

0ia - 01T ~~~ 
Oia

2 
- ~~~~~ j  = 1,2. (2)

h ero it is assumed that the therma l width, of’ a peak in 
-

the amorphous phase is equa l to the wid th  in the  c r y s ta l l i n e

phase, as the latter does not have a static width .

It must  be pointed out , t ha t  the RDF may no t -  uni jue I y

de te rmine  the microscopic  s t r uct u re  of an nur to rphou s  un.t t ez’in 1

}~oi’ ins tuite e , in the en so of Si and Go , be t )~ th e c oi it - iu u i o u,

random ii o twoi-k (CnN ) model  and th~ ml C 1’OC ry tall it C mode I

w h i ch  eons! sts of a mixture of IHierOci’yta il l  tos w ith ~ai’iow;

crys  ta l i i  no i; t r ue  tunes  , are cuj’nb)e of giving nm’ s i ut c i  &~ no

agreem eit t. wi th  the e ~ peninue U tn J no stu I t n • A I t.Iu otu~ h t hi’ CEN

, h !i7

— — — - ~~~ a~~~~~* — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~ ‘~U ~~~~~~ a.~ Wl~I~ I~~ - , - - _________ -
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mact o ], for aniorphous Si and Ge scorns to bo favorod, it is

not  c lear,  however ,  tha t the same is truo for amorphous

Ill-V compounds .

biocauso of the loss of the long range ordor, many thoo—

ratica] . works on tho electronic and v ib ra t iona l  p roper t i e s

of amorphous mater ia ls  have s tressed the importance of the
.

broakdowi i of the k—se lec t i on  rule .  This resul ts  in the be-

liof tha t in the calculation of the electronic and vibra-

t ional~ properties of an amorphous material , use should be

m ade of the aspec ts  of its structure which is independent

of’ the k-selection rules, and therefore requires an approach

that is d i s t i nc t l y  d i f f e ren t  from that used for  the c rys ta l -

line phase.  - 
- 

-

Recently , we have ques t ioned  the sole importance of the

breakdown of the k-selection rule in explaining the basic

optical proper t ies  of amorphous semiconductors. We have de-

monstrated 5 that the first order infrared and Raman spectra

of a tet r ahed rally  bonded amorphous semiconductor (TBAs) can

be i n t e r p r e t e d  as consis t ing p r imar i ly  of a crys ta l l ine - l ike

spoc t runt , whenever  the op t i ca l  p rocess  concerned is a l lowed

in the c r y s t a l l i n e  phase.  Tho residual difference is then

in terpreted as tha t -  arising from configurations in which

-
S only shor t  range order is m a i n t a i n e d .  It is our c o n t e n t i o n

tha t  t-ho o loct ro~iic st ru c t tm r o  of a TIJA S can also be c a i c u —

lateci t u n i n g  i t s  cr)-s ta]  h u e  a n a l og  as a st a r t i n g  point , but

wi th  c er ta i n  m o i l i f i ce it ioj u s  to take  accoun t of the s t r u c —

tur n 1 d in  o*’dera

- — - - -- ‘~ — ~~~~~~~~~~~~~~~~~~~~~~~ , ? .~~~~,-~ •-• 
~~~~~~~~~~ ~~

-
~~w ~~~~~~~~~~~~~~~~~~~~~ — ‘ -.~~~~ ‘~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - - - - - -
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There aro aoyora l previous  c a l c u l a t i on s  of the elec-

tronic st r u c tur e  of ThA S based on the same philosophy.

h ex-man and Van Dyko6 simulated t ]to e l e c t r o n i c  d e nsi t y  of

st a t e s  (cns) of amorphous Ge by that  of a d ih at o d  (an over-

all  oxpan s ion  of the lattico constant by 100
/0)  go crystal..

in order to c a l c u l a t e  the imag inary par t  of the cor r o spond imig

d ie l o c t ri c  c o nst a n t ,  t h e y  adopted  the non—direct- transition

(Nw!’) model  w i t h  c o n s t a n t  m a t r i x  e l e m e n t s .  B r u s t,  on the

other  hand , cal cu la ted 7 the C
2
—spoctrum of a c~~ystallino Ge

wi th  d e n s i t y  equa l to that  of the  amorphous  phase .  A sub-

stantial red s h i f t  of the spectrum was obtained, in agree-

ment  with the experimental observat~ ~~~~ However , in order

to produce the s ing le  humped s t ruc tu re  of the e x p e r i m e n t a l

C
2
—spectruni , a life—time broadening of the order of 2 e\’

had to be used ,  which is about ten times as large as the

— crystalline value • Kranier et al 9 using th~ Green ~s fm-me—

tion formalism , have developed a method for calculating the

e lec t ron ic  energy spect rum of a d isordered  system . By -ap—

prox irn a t ing  the n-body spatial correlation function as pro-

d u c t s  of’ tw o - b o d y  c o r r e l a t i o n  f u n c t i o n s ,  t h e y  o b t a i n e d  a corn—

• 
p lex band s tru c t u r e  (cus)  for several THAS. Tho electronic

energy s t a t e s  w i t h  tho  reduced wavo \-octoi ’ k ,  w hi c h  in the

case of c r y s ta l l in e  ~eh ids  c o n s i s t  of a set of ô—i’m-uections,

are now broadened into daiuipod Loren t z i a u i s  $ the w i d t hs  of

which dep end ~ on k , itS we~ 11 as I lie t w o — b u d ) -  C oi-ro 1 at I clii

fun c- I. I out • The lat ten , in turn , r~~f 1uc t-s t h e  structura l di s—

orders in amorphous so l id s  • A c c or d i n g  to the  CI4S no st i l ts

l~~ ) 
S

- 

-
: ~~~~~ 

-
~~~~ rn ~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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the valence band density of statos (virns ) is r e l a t i ve ly  b u s

diatruboc) by d isordor ,  and re ta ins  mos t  of tho features of

its c r y s t a l li ne  counterpar t .  The conduct ion band densi ty  of

states (cnD s), on the other hancl,’ia profoundly ch anged,  and

is devoid of crystal l ine f ea tu res .

In a previous paper 10 , we obtained the EDS of’ amorphous

Si and Ge by calculating the weighted average of the densi-

- t ics of s ta tes  of’ the corresponding crystal with sligh t l y

different nn distances. The weighting function is taken

to be a Gaussian . In the present paper the EDS for severa l

amorphous Ill-V compounds will be calculated fol lowing a

similar approach . However ,  for  reasons to become apparent

- S 

- below , the averagin g is taken over local dens i ty  distr ibu-

t ions . The c2 -spectruni will  also be calculated using the

S EDS obtained in this—paper, together with the NDT model11 -

with energy dependent t ransi t ion matr ix  elements 12 .

II. LOCAL DENSITY AND ITS DISTRIBUTION IN AN AM ORPHOUS TBAS

Material  inliornogencity,  vo ids ,  local stra ins , bond

length and bond angle variations~~~ are kn own to exist  in

most amorphous semiconductor films . As a con sequence , tho

• local densi ty  in the material is not expected  to be un i fo rm .

Dy local d e n s i t y  we moan the number of atoms per unit volume

S averaged over a volume whose l inear  dimen sio.ns are of the

oi-clor of’ several m u l t i p l e s  of tho bond length . As m e nt i o n e d

above , thit ~ s t a t i c  spread In tho f ir s t  and second peak of the

IWF of a THA S, may by t -houu i so lvos  r e su l t  in a ap n t i u l  f luc-

tuat ion  of’ tho lot-al density. A q u a nt l  tnt ivn naulysis of

- 

- i:~o

* ~~~~~~~L _ _  ~~~~~~~~~~~~~ ‘~~~~~~ — — _~~~~- ~~~ ~ -JL--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the spatial variation of local, density , including i n h o m o —

gono i ty,  void s t r u c t u re , local st rains , as well as bond

length and ang lo d i s to r t ions, is a fo rm idabb o  task . h ow-

over, if one assumes that  the local . density variation re-

suits principally from the spreads of’ the first and second

rin d i s tances  then a d is t r ibut ion in local densi ty  can be 
S

es t ima t ed ,  in the fo l lowing  way:  First a reasonable de- S

f in it ion~~ for local densi ty  in terms of the first and the
S second ~in distances, r1 and r2 is made: 

S

p ( r 1,r2 )  = ~f 3 7~ ( i/r~~ + C 
- 

~)/ ( i+ c) (~~~~~)

r2 -r1

where K = r
2 /r1 and C is a weight ing factor determining

the relative importance of the second nn ’ s in contributing 
- 

-
-

to the local density . Th~ rat ionale for such a de f in i t ion  S

-is  discussed in detail elsewhere1 
. In order to ca lcula te

the distribution of the local density , a deviation of r
1(r2)

by about 0
1(02) from i ts  mean valu e ria (x’2 ~ is considered. 

- 
- 

- 
-

H If it is assumed that for these ranges of r1 and r2 , their

- 
S respect ive  probabi l i ty  d i s t r i bu t ions  are independen t ,  then

their j oin t  probabi l i ty  d i s t r ibu t ion  is given by

P(r 11r 2 ) ~ oxp ( _ o . 5 E ( 1~~~Ut )4 + ( 2 2 f l ) 2 ]) () ~~~)

In eq. (?i), 0
~ 

and 0,~, ar e r a s poet iv o l y  the  a t n  t i  c’ spread of

the f ir s t  and the  second oaks in the aunorphous HIW , as given

in Toblo I. Front eqs .  (3)  and ( 4 ) ,  the  loca l  dnun ~i ty  d i st r i—

£1 
- 

_ _ _ _ _ _  

-
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b ia tion  of nmorj ’hl ous Go, and i ts  dop oi idon ce  ~~ and C,

respectively . R e s ult s  for I l l — V  compounds are similar, it

is sooti that, except  for  a s l igh t  us)-lnmotry , t h e local don—

si ty  d i s t r i b u t i o n  is ap p r o x i m n t o] y G a u ss i a n.  Wo po int  out ,

how ovo r, that the approach outlined above should be regarded

as only a preliminary attempt to calculate the local dt-nsity

• distribution . It is believed, however, that although tho

peak pos i t ion  and w id th  m a y  not be a c c u r a t e l y  p r ed i c t e d ,  as

there is no physical guidance to f ix  the value of C , the
t

genera l shape of the local density distribution may be cor-

S rect. Therefore , before a better method for calculating the

local density distribution , including bond and dihedral

angles, becomes available, one may for practical purposes,

take it as a Gaussian of the following form :

- 2
- ( p — p  )

P(p) expf- 
a_S~.J 

(~~~~~)

2
2a~ -

• with the mean , p ,  and the variance, 0~~, as adjustable para— 
- - 

-

meters .

In this work p and o have been obtained in two d i f —a p

foren t  w a y s .  Firsti)- , P (p ) is d o term i ned  f r o m  eqs. (3) and

(4 )  with C ~ 0.375. Secondl y ,  t -heao two quantities are used
- 15as adjustable param eters in eq.  (5) in f i t t in g  the nmnin

• -
f oatur e s  of fnfr,u ’ed amid/or flaman spectra ci’ TDAS • The

values  of ami d  ob t a in ed  by those  two me t u i~~ds a long w i t h

• 16 .the e 
~ 

pe ri mental values - el p a i’e c elmipa red in 1 ~b lo I •

S genera 1 the ngi t ’ement is  i — e m it rk ,th I -

j r ~~

. — -  - - - — 
I•~~~

.—,-_ ,_-T-~
__ 

~~~~~~ -- - - ••- ~~_~_•• —~~
-_- ~‘•~~~•‘~~~ ~~~~~~~ —‘S — - ~~ 
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III . CALCULA ’I’ION OF ELECTRONiC DENSITY OF STATJ-; S

Li analogy with the point  of viow adopted for inter-

proting the lattico spectra of a Th&S, as discusgod in the

last section , we make the following assumption that

- 
( p — p  )

$ 
N (E,p) exp [— 

20
:
2 3 dP (6 )

where N
a(E) 

stands for the electronic density of states at

energy E of a ThAS. N (E ,p) is the corresponding crystal-

line density of s ta tes  for  the local density p. The above

assumption amounts to neglecting the contribution arising

from highly disordered structural configurations. Next , if

N (E,p) is written as - 

S

S 

N (E ,p) = E z &(E_E
f l k(P)) - (7)

n k  
- 

S

then
2

N (E) ~ 5 
ô(E-E (p)) exp [- 3 dp ( 8 )a n k  2o - -

- p

in tho last two e q u a t i o n s ,  the subscr ipt , k , should not be

regarded as carrying the usual immoaning of wave ~-octor , which

is a good quantum niunber for an electronic state in a per—

f eet  c r y s t a l,  i n s t e a d  it  is j u st  an i n dex  by wh ich o l u c —

tronic states are enumerated. -

In genera l, we oxp c ,c t  the local di-~ns~ ty dint ributi on to

be ~harpi y pem~kocl around it ~ mn umin ~‘n I no , p • TIm ore for e  me - i t

COJI trihut ion to time h i t  (‘grr% 1 i i i  eq . (8)  conies  f ro n t  p , f e  r

l’5 3

- - 
- - a- ,_-_____- __ *__-__ ______ - •~~~~•fl ‘.

.
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which ~p -  p a < < p  in this  rango of p ,  E 
~~~~~ 

cana p ii n,

b( expandod an

E
fl ,k(P) ~~~~~~~~ 

+ 
~~~~~~~~~~~~ 

+ • . .  (9 )

wh or o

k ~~~ k ”~~ 
- (io)

• n, ii ,

Eq. (8)  can then be rewritten as -

- 
: (E-E (~~~ 

) ) 2 -

N (E) ~ exp [— 
n ,k a 3  

- 

(ii)
a n ,k ‘

~
‘n,k 20n , k

where S

a ~~ ? 0 (12)n,k n ,k p S

It is seen therefore~ that the 8-functions in eq. (7 )  for

the crystalline phase are now replaced by a series of Gaus— S

sians. The wid th  of the Gaussian is given by 0
n,k’ which

is the product of the densi ty  spread parameter , 0~~, and : 
-

V • , the derivative of the electronic energy E with ‘

n , ( 5

respect to the local density.

To calcu la t e 
~
‘ 

~ 
use can he made of the fo l lowing

n l~~
e q u a t i o n . -

~ ~~zm ,k’~~ J T~ ~~~~~~~~ 

- 
(13)

p=p ~a ‘ P=P
a - a

provided the i~ros sure ( i ’)  c cof f i  ci omi t 01’ is kno~,-n • in

eq.  (13), K is the  i s ot h t o r m o  I c~’m n p r u s n i b i 1  I ty .  TIme p roblem

1 !~

S -~~ - --- ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~ 
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3.1. -

thou rodmic - e S to f i  mul l ug ~ F,, k’~ 
~‘ • 1)i its latter q t m n n  t I tY C l i i i

in principle , ho Os timmia ted l’i’om h i g h pressure d am t u • Uzifor—

t una tel)’, most  e~~po r 1 m nn  tn I. cia 1-u are rim 1 a ted to tIme pros su re

coofficiouite of a few o p tic a l  t r an s i t  101)5, w h i c h  a c t ua l l y

c o n s ist s  of t h m t 5, r e l a t i ve  pressure induced shifts of t)io

enorgy l e v e ls  of tin’ In i t ia l  and f i m m u l  s t a t e s .  We therefore

17r e so r t  to a Pros sure —dep ommd ciit band a t r tmc .tur o  en)  cul .at I on

Spcm c i f i c a  11 )’ , the cal cula tion uses only t ime  C O r n l ) r e g s ib i  l i t -

and the empiri ca]. psoudopotontiul format f a c t o rs  appropi-i at v

for describing the crystal] m e  band s true ttmre at norma l pro s —

sure as input data • Time predict -ed p]’eSaUl’e coefficieuit s am I

S everd 1 cr 1 t i cal  pci n t band g~tps are in good ngreemnt’ul t w i tb

the  a v a i l a m b i c s  t’xperimnen ta 1 data iii the cases  of i’1.ememm tal and

Ill—V c ompound semi c o n d u c t  o,’s in the ah o v e — m e m i  I. i o n e d  c a l —  -

ciulat i o n , i t  is assumed, as in most previous calculati 0115
j 8

that the energy of the top valence states (I’l l.. in the z inc

b londe  I yp e , and r ,, 1mm tii c’ diamond typo c r s  t a i l s )  does  n ot

clmnuig e wi 1.11 pros 5Ll1 ’ C , 5 in(-e I t is only the rc 1 at i ’.-c’ s h i f t s

of the m i  ti~ 1 ami d fitma 1 st e  t-( ’s dofi umimag time band gap (op t  i—

cal  t r a i m  s.i I ion ) i-hu t tire of iii crest. • ~ o b e l i e ve  t h a t  sue hi a

niut-hod is al so n d i -i q t m i t  t o  f o r  es t .tma t iu i g  t he  Pr~~~~
s$U 1’

~~~ shi  f t

of i-~ - 
a , prey I dod t ha t  the  pros  sur e  c ooffi ci omi t of time

- 
n ,I~

i-~ (1’~~~ r ) of’ thin tOP ~-n 1 t’mt ce states is known • The

pros sui-o coefficient dE (I’ 
~ 

)/ i r , In  fat ci , cnn be obi aimiot t

i’m-omit thit ’ appi- opi- I a is’ v o lunso ito i’m - taut  t ion pot emit . lii i $ -whmi cii 
S

O t ~’ c -Ui -S lii t h o  I h I t m( $ i ’ )  of’ m m ]  em-i roim — p ) m o , m o i m  Iii t ormic t I O t t  • ti mi — 

S

-
S 

f’oz’l tu tu I ely, smxp.’rI itionta] ~a I n c a of dh-:(l’1, )/~t~ n i - t m scar ce

1y~

- 
~~~~~

- - 
~~~~~~~

-

. • - ~~~~
____  -~~~ ~~~~~~~~~~~~ mLL~ ~~ ~L —5--
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and eomowhit t controversial. For example , h erring ami d Vogt 19 - 

—

-6 -
gavo a Valuo of -3.6 x 10 oV/bar for Ge , based on t r a nsp o rt

proporties of’ the crystal. Vhmoroas Baggu).oy ot nl2° from

cyc lo t ron  resonance  moasu romon t ,  e s t i m a t e d  the value to be

414 x l0~~ oV/bar , which ugrimos , in sign , with the theore-

tical prediction of Kloinimuan
21 

for Si. To our knowledge , no

appropriate values exist for  111—V semiconductors . In the

present  work , we shall asawne that the s h i f t  of the topmost

valence s t a t e , with pressure is negligible , i.e.,

~ 0. The final results of the calculation , how-

ever , do not depend sensitively on the exact value of

as long as its absolute value remains small ,

a 
which seems to be the case. 

- - 

-

In actual calculation , whenever available , use has been

made of the modified pseudopotential form fac tors  due to
- 22 - -Chel ikowsk y et al , which agree well  with  the energy of the

low—lying valence bands recently determined from X—ray photo—

3a, -emission data • ‘Iho effect of’ mean density dc’ficiericy
- - -~ - -

—
in the amorphous state as com pared with its crystalline

counterpar t  is accoun t ed  for in an approx imate  way by scaling

the psoudopotcmntia l form f a c t o r s  according to den s i ty , as

was p r e v i o u s l y  do~m o by flrust7.

• 

- To obtain t im o EDS , we calculate E 1 (p ) and V ~, a t
• n,~~ 0

1~~0O d i f f e ren t  k va lues  in the l i r i l l o u im m  zone .  Ii l i n e a r

int e r pol a t i o n  in then used to sample a finer k—mesh of

about a quarter still ion point s in order to suppres  a the

01 a tisti en ]. “noise” iii thin his ogram • ~‘ho sampling pr oecdum ’o

156
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i s  capable of gonnrating the crystalline L1)S iii o x c ol lu nt

agroomont  in dotn i l~ of fine spectra l fonturns with those

obtained recently by Cho].ikowsky ot al22.

Tho imaginary  part  of the dio l o c t r i c  c o nst a n t ,

in the ono-oloctron approximation may be written as

~ I~(w) I~ N~~0~~,.(w) 
- 

(15)

whore JM (w) j
2 is the amorphous m a t r i x  e l e m e n t  and N ( cii )a cony

is the convolu ted  densities of states of the valence and

conduction bands for which energy is conse rved .  I N ( W )  ~~

is obtained from that of’ the crystalline phase by smoothing

2~4t Im e unklapp peak , which often originates from long range

order .

IV. RESULTS AND DISCUSSION S

Fig. 2(a) shows the crystalline E—k diagram (full line )

along the [ ioo ] and flllJ directions. The bars indicate

the r e l a t ive  magni tude  of’ 
~n ,k• CaP is taken as an illu s-

trativo example. Results for other materials considered in

this paper are s imi l a r .  It- is observed tha t- the conduction

states , in gCnel’O 1, havo lurgor Y~ , k th an t h e  va lon CO s t a t es .

This, of coui’so , is expected because  the conduction band

wave f u n c t i o n s  arc oxtonciod in space  and th~ roforo  aro more

sensitive to thm o change of the local  a t o m i c  volume duo to

t h m o  local dons i t y  fl ue  tumi t ion • The en iculci ted em’ystn ill  t i c s

d en s i t y  of states for Ct-ti’ i-s shown iii F ig .  2 ( h )
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Figure 3 shows thmo calculated Ei)S for CuP wi th var ious

values of the “di sordor paraimmoter ” , C~ 
~~~~~ 

Curve A of Fi g.

3 is the least d isordered .  Time VI ID S is es sen t i a l l y tile santo

as i tri  c ryst a l l i ne  counterpar t  except  fo r  sonic sm ooth ing-out

of tho fine structures in tho upper mnomt t valence band. The

CBDS , on the other  h a n d ,  has already shown substantial do-

par turo from the crystalline donsity of states although t I l r

broad profiles remain . For Curves B and C,  the values of

Op // P a are 0.13 and 0.20 , respectively . The changes in the

VI3DS and CI3DS with the degree of disorder are clearly shown

by the trend manifested by those curves. Several points are

S particularly worth mentioning: (i) the widths of peaks of

the VI3DS are very little affect:ed :by disorder except for

the ta i l ing of density of’ s ta tes  in to  the crystalline gaps ,

(ii) higher degrees of disorder produce larger tailings .

- This is particularly significant regarding th e crystalline

optical gap , as is vividly shown in F i g .  3. (ii i)  for

higher degrees of’ disorder, e.g., Curves B and C in Fig. 3,

tho s t r u c t u r e s  in the c rys t a l l i ne  d e nsi t y  of s t a t e s  have a l l  
-

but  d i sappeared ,  and in its p lace , is a sing lo hump followed

by a f l a t  plateau . Similar s in g ) o — hu nt p  CI3DS has r ecen t l yp
2’boon repor ted  by Eastman ot a]. ~ for  amorphous Go ,  which i~

• si gnifi .cmiimt)y d i f f e ren t  from t im o t o t a l l y  f i a t  CI3D S pro—

- 26
vious ly deduced by Donov an ot - a]. fm’oiia i i i  1.ravi 0 l e t  p1w t o —

omn is si ~ im (I~I ta  , Alt  h m o u g im i to ex p e rt  mu on tt~ 1 tlmi Ut on t im , ’  CUb S

of 111—V smimom - pho t i s  s~~iii 1 eo i i t i tmc  t ot’s art’ f l v l t f  I itbi o itt th~ prt’ —

sent  , a cite —inmmup s I m c t  tire for t im am-phio us  11 1 —V c’umpotiim ds

-. ~ ..— . ~~~~~-• ~~~~~~~~~~~~ ~~ -

~, 
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is highly posr-miblo , because of the s i m i lar i t y  of their  e l o c —  S

tronic st rtme t ur o s  to tha t  of Go. Fig. li shows thu EDS for

time othor amorphous solids considerod in time present paper.

In nil cages,  the changes due to d isorder  in the VJ3DS arc

much loss sign i f i can t  as compared with the corresponding

~hangoa  in t ime CJ3DS . The VI3DS for several  crys tai i i ne 23a~~
b

and amorphous23a I l l—V and Il—VI semiconduc to r s  have been

determined by Shevchik et a]. from X-ray phiotoemission ex—

• periment. They concluded that the VBDS of’ an amorphous corn-

po nd is essentially a broadened version of i ts  c ry s t a l l i ne

counterpart. The results of the present calculation m di—

cate the same , although the extent of broadening is not

significant except in the tailing parts of:VBDS. However ,

we would like to po in t  out that  in the exper imenta l  r e su l t s

of Shevchik et al , the crystallin e VBDS themselves are also

great ly broadened when compared with theoretically calcu— S

lated VBDS. We feel  that  since the amorphous VBDS are de—

te i-miimed by the sante experimental setup , a significant - part

of their broadening mi ght  have the same origin as their - -

cry stal c o u n ter p a r t  and there fore  does not  r esu l t  front  the

e f f e c t s  of disordoi’.

Tho i n m a g i m m a r y  part  of tho d iel e c tr i c  co n st a nt  c2 (w)

for the amorphous  111—V compoun ds  as obta ined from the pro—

sen t calct m ]-n t ed density of s Ut to are compared in Fi gs

5(et ) t-o 5 ( d)  with these  of Kramer ot a].9 and oxptm r l  m e n t a l

dii t.u l 6  
, Time energy  dependence of t h e  m at r i x  c~1 cub it ts (shown

159
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its inserts in Fi~~ . 5( a ) to 5 ( d ) )  givos b et t o r  agreement. 
S

The agr eom omit  b~~twoon tim e calculat od  and oxper ime ,mt ct l c2 (w)

is q u i t e  good for CaAe, Cal’ and m A o .  For GaSb , the calcu-

latod rot su lt  is loss s a t i s f a c t o r y, in tha t the predicted

peak position of’ c
2(~

J) is shif ted from tha t  of experim enta l

da ta  by more than 1 oV. The shape of’ C
2

(tm ) curve, however ,

is f a i r l y  well predicted . Presumably the calculated peak

-: posi t ion  can be sh i f ted  to coincido wi th  the experimental

one by using a d i f f e r e n t  energy dependen t matrix clement

or by u s in g  a s ign i f icant ly d i f f e r en t  value of 
~ a ’ which

would reduce the “pseudo ” opt ica l  band gap 1 so as to cause

stronger absorption at lower energies, i.e., a red sh i f t  of

the absorpt ion peak to lower energies .

Si 

-
- 

- 
-

p

16o
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TAIJLE 3.

Bolovnn t Str t ic  t u rn 1 Par~ mn t or~ for  Aniorphou ,~
________________ 

:r IT—V Ss~’;mm 1_cnm ,cluc terM

- Ca/t,~ GaP GaSb

ri~
(A) 2.1i5 2.36 2.65 2.63

rj (A)* 2 .4 8± 0 .03  2 . 146± 0 .1  2 . 67± 0 .03  2.69

a 
01c A )* 0.085 0.015 0.079 - 0.075

0,085±0.01 0.18±0.01 0.114±0.01 0.09kO .01 
S

S 

- 01
(A)  0•0 ...O.16 ~-O .l2 ..~0.o5

r2 (A) 4.0 3.86 4.33 14.3

14.1±0.05 3.9±0.05 4.3±0.05 - 
I;.OjO.05

o2c(A)
* 0.109 0.1 - 0.105 0.1114

O.~~~0.05 0.35±0.05 0.1;jO.05 0.3±0.05 -

a
2(A)~ 

—.0.28 
- 

.-.0.31; ~
..0.39 ~~0.28

-~~~~~~~~~ 

~~~~~~~~~~~~~ 
i_

.Ca].cd. 
- 

-

- 
oqs.(3) 0.92 0.90 0.81 0.77

- 

!iitd [1; ) ________________________________ __________

.oq.(5~~
’ 0.96 0.89 0.87 0.91 .

* — ———-5 5—  —5-- —-
oxp t a l .  0 .96 0.90 0.98 0.93

S
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PISCURL CAPTiONS -

Fig. 1 (a) Tho distribution of local density fo r v a r i ou s

va lues  of 02 ( c o o  t e x t ) .

(i) The distribution of local density for  v a r i o us

valu ca of C ( 5 00  text).

Fig .  2 ( a )  E-~~ d i a g r a m  of crystal] inc GaP a l o ng  the

[ 1.00] and [ i i i]  d i r o c ti  ons. Thu v e r t i ca l  bars

in d i c a t e  the r e l a t i v e  mnag -ni tude  of ‘-
~~i , k~

(b )  The e l e c t r o n i c  d e nsi t y  of states of crystal—

l i imo GaP.

Fig. 3 The calculated electronic density of states of

amorphous  GaP w i t h  various va lues  of d i so rde r

p a r a m e t e r ,  0/P . Curve A: 
~
T
p /Pa = 0.05;

- - Curve B: Op /p  = 0.13; Curve C :  Op /P a 0 . 2 0 .

Fig. 4 The calcu1~ttcd elec-ti-onic de n s i t y  of’ s t a t e s  fo r

amorphous GaAs, CaSb and InAs. ~~~~ a 
val u es u sed

for these curves are those obtained from the fit—

t i ng of f i r s t  orde r inf ra red an d Human  spectra 
- - 

-

(see Table i).

FIg. 5 The imag in a ry part of the d i e l t - c tr f c- constaut

ve rsus  pho t enom’gv for  nmnorphou s 111—V C’ onip ot;iid

(n) CaP: Curve 1 — o.\porinlerm t a I (i~v1’ . i 6 )  ;
a Curve 2 — cit icu itt I ed by Kra m er e t- - a] .  (1~L.r . 9)

Curve  3 — cal em ; I a ted in thi s paper  m ;~ i i m 1 L~ PBS ts 4 t i m

S 

~p ~~ e. 
~~ 0 • 1 ~ 

; Ctu’vt~ 14 — cal en in t ed in thi s paper

t tma i ; m; ~ EI)S ~ i til 0 0.20 Curve 5 — en let; mm ted

u s i n g  FDS m,•I t ~~ 0p “i a 
0 • 3 3 ami d mJ tia u on t ami t

mu t ri x am 1 a ’ t l%a ’I t  t

- — ~~~~~~~~~~~~~~~~~~ ~~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~ -
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FIGURE CAPT] ONS cent.

Fig. 5 (b) GaAs: Curvo 1 — e x p e r i men t a l  (Hot. 16);

- Curve  2 — c a l c u l a t e d  in this  paper using the EDS

of’ Fig. 14; Curv o 3 — c a l c u l a t e d  by Kramer ot al

(34of. 9 ) ;  Curvo I; — t ime  seine as Curve 2 o,copt

for the use of constant matrix clement.
-S

(c) GaSb : for legends, B O O  Fig. 5 (b ) .

(ci ) InAs:  for legends , see Fig. 5 ( b ) .  -
a

Inserts to figs . a—d : Curve 1 — c r ys ta l l i ne

Curve 2 — amorphous I !~~~(~~~~~H

2 
use.1 in

time present calculation .

-S
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14 .3 OPTICAL PROPERTIES OF DENSITY-DiSORDERED SOLIDS

Yct-Ful Tsay* and Bernard Bendow
AF Cambridge Rsch Labs(APSC) , ~Ianscom AFB , ~1A 01731 -

Shashanka S. Mitra +
Dept of Elec . E n g r . ,  U/Rh od c Island , }~ingston , R I .  02881

A- s t a t i s t i c a l  theory of the op t ical  respon se in s o l i d s v i t h
a small degree of microscopic density disorder is formulated ,
in which the pm-oper~t ies  of the disordered s o l i d  are  re]ated

S to those of its crystalline counterpart. Both the d cc-
S 

tronic and -la ttice response arc treated , by d ctcrmin in~ the
changes in band structure and phonon spectrum as funci ions
of local density. As an applica tion of the theory, t.e de-
duce the optical properties of amorphous ~cemi con c1uc tors
such as Si , Ge , GaAs and inA s  and compare them 10 those of
tl ir crystalline counterparts. Good agree~ment w i t h  cx — -

pcrimc’nt is 01)1 a nied for the predicted opt i cal and infm-a -
red absorption spectra , and for the Rama n  scattering spec—
trai n . The a n a ly s i s  provides  a qu a n t i t a t i v e  ~au ~ c of th-
dep ar tu re  fro m c rys t a l  I m i  ty  in the  op t i c a l  spec t ~- m i : ~ , i - c -

• I he rela tive c( ’n t r ibut  ion of pro ses ~h~ ch do not c on —
serve cryst n 1 mcmn’ni tin .

~ey herds An om -ph on s S o l i d s  , Opt i cal  l -op~ rt  I es
Sen i condt ic  toTS

Nat i on~i I Resc a i-ch C o u n c i l  )‘ostdoc t  ora l ~c~; i d c-nt Re sear ch
Asso c i at L at- ~\FCRL. 

S 
S
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I. Introd uction
S 

Most existing works (1-3) on the optical proper ties
of amoi-phous or structural ly disordered solids cuphasize
the role of k - s e l e c t i o n  r u l e  br eakdown , and wha t  i s  con-
scquen t ly  exj c-ctcd to be a strong- similarity between den—
Sitics of states and optical spectra of such solids. Re-

- cen t ly , the role of crystal line-allowed analogue (CM)
- - processes in  tetrahcdral]y bonded amorphous sçmiconductors

• (TBAS) was pointed out by Tsay et al (4) for electronic -
spectra , and by ~-titra et al (5) for lattice spectra . In
this pap er we develop a s t a t  i st i c a l  approach to the in-
terpretation of optical spectra of disordered solids , -and 

S

comparison is made with available experimental data for

- 
TBAS .

- S t a t i s t i ca l  dcscri p t i o n s  have long served as a basis
for in\ ’est i g a t i o n s  of d isordered  systems (6) . For our pur- 

-

S

poses , we v iew the proper ties of an amorphous solid as de-
rived from an ensemble of atomic (structural) configura-

S - 
tions (labeled by “n”) w i t h  pi-obahilities PI~

, rather than
from a single unique structura l entity’. Then for a par-

- t i cula r  property 0 we require  the  conf igura t iona l  aver-
- agc (7) S

- <0 > E p~O ( n) 
- - 

- 

(1) 
- 

-

where 0(n)  is the expectation value of .0 in configuration
i-a . Clearly, for any realistic system it is  d i f f i c ul t , if -

not impossible , to evaluate &> from Li rst pr i nci ))] Cs - - - 5
-

R a t h e r , for the statiStical approach to be u sefu l one must
- be able  to i d e n t i f y a restricted class  of c o n f i g u r a t i o n s  -

wh i c h  e l i c i t  the  1r i  nci pa) feat ures of the propert  ics con—
S cern ed; moreover , of course • one must be ab le  to calculate 

S
- the cor r e spond ing  0 ( u ) ‘s for these confi gurations - We

-be -c p a -opti se to  paraa :ae t c-a- i :e disoi-d~ i- t-d sol ids in tcra:is of
— two classes of p r i n c i p a l c o n f i g u r a t i o n s , nam ely iho sc

S 
pos~;es’; i ng (a) ho~ h short and ) ona~ range  ord c - (d eno t e d  by
[n j- ”

~
-) and (b ) j u s t  short  range or deu - (denot ~-d b> ( nJS) -

• •IIi  c’ not i vat i on co u- i Ii s pa l-:u~e t v i  :a I ion for v a r i o u s a mo r  —

phou~ so) i d s  :~- Ia as Th-~S is  t h a t  the cxpea - i ancn ~ a )  evi  —

deuaca ’ (S . 9 , J O )  indi cates th at , t o  a large extent • t hey  ar e
-

~~ ‘‘tue~ia- ) y cr~-st a l i i  t i e ’’ ; I - - , speet r.u ] fc:i t tires I hat .)1C
pl oi;i i nent  iii he cry-st a I -e a in pt-oat I tarn I i i i  I )it’ C OV rt’S —
p ond  i aug • i i iorp h ~n u S So) d , a n~) a r e  exp e ct  ed t o  a r i  Se ft -nan

I -~~ 
-
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- the- f ia]~~~. Feature :; which  arc weal; or absent for the cry ’s—
tal arc gener a l ly  a l so  weak in the amorp hou s counterpart ,
and are  expected to ar ise p r i n c i p a l l y  through the non-crys-

- tal]ine confi gurations [nJS . Each of the c o n f i g u r a t i o n s  in
the set [n]SL w i l l  I t-ad i n d i v i d u a l l y  to fe a tu r e s  obeying
c r y s ta l l i n e - l i k e  k -sc lcc t ion  ru les , i . e . ,  O~~~(n) = 0 for
forbidden processes. The f i n a l  spectra  w i l l  in  genera l
however , be broadened out because of the averaging l ro-
cess. If the p r i n c i pal Pn peaks strongly about a single

j~~~ 
) - c on f i g u ra t i o n  ~, then the analogue crysta lline featu -cs

• cha r ac t e r i s t i c  of i~ w i l l  be prominent . lf , on the other
• hand , the ~~ possess a cons ide rab le  spread , then the crys-

t a l l in c -  features  may be l a rge ly  washed out.. The con f igura -
t ions [n]S , on the other hand , are not subj ect to crys-
t a l l in e  selec tion ru les 1 and a lways  cont r ibu te to the
spectrum. In addition to broad , featureless con t r i b ut io n s
ar is ing from the breakdown o f }~-selection , various peaks S

evident in the crystalline density of states , but suppressed
by selection rules in optical spectra , will reappc-ar for the
amorphous solid. Ice shall demonstrate below that the view-

S point described here does i n de e d  provide a basis foi a con-
S sistcnt interpretation of observed - spectra of TBAS .

- 
. - With the above prescript ions , one ma)’ wr i t e  . 

- -

- <o> = <0,
SL + <0>S 

- 
- 

- -

- 
- 

~~~ 
1’

~SL ~SL 0SL (fl) +
~

nS~ 
P

S 0S
~~~ ] 

- 

(2) 
5 -

- 
- 

~ ~,SL 
~ l 

~‘si 
+ 
~s 

(3)
- n (• I) 

-

where we hav e ch osen a convenient norma l i z a t  ion for the’ 
- S

~~~~ S • The parninc’t ct-s TISI and Ii~ wh i cli we here deduct- from
e x p er i m e n t s  arc , r e sp e c t i v e l y ,  t h e  f r a c t i o n s  of ot -d ’~red and
cii sordc-red conf i gu i -at  ions , and t hus  p r ov i d e s  a an c astui - c of

S the amorp housnes s  of t h e  sol .i ds (als 0 for  a c r y st a l  ,
- 1 for a hi gla I y di sord ered sys t em) - In oi-d cv to  proc ec-d

• one must- speci fy The I n]~ !• and m i S  to be cop) oyed above -

Among 1. he c o n f i  guu r a  t ioiaa I pa raaiac ’ t er s ii sugges t  i ye for TItA S
for c~ a m p J c  , arc the hat erat ernie spa ci  n~ , I nca ] dem si  ties
and bouid ;uiug] es , a ll knoto t t o  c i t y  i~ t t t ’  l roa :a I hOSt’ of their
ery~ t :u I i  i u a e  a n a l  og au cs and t o  d i s p l a y  ch : aa - ac  I cr 1 St ic spreads S

• 
as w el l  - A:; a f i t - s t  s tep in  the calculat ion of <(I:sSl- we

3

- 

- 
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here restrict at to correspond to v a r i a t i o n s  in local dens ity  
9p alone. W h i l e  the calcu lation of <O>~~ for a g iven  va lue

of p w ill be r e l a t i v e l y  st ra i gh t fo rward , t h i s  is not the
case for <O>~ . A reasonable , but not unique , possibility is
to employ ju s t. a n car ~ st - i ac ig ) abor  (nu) u n i t  immersed in a
con t inuum to c a l c u l a te the fn J S . This  would account  for the
pr inc i pal f ea tu res  r e p r e s e n t a t i v e  of shor t - range  order , yet
Suppress those f ea tu re s  c har ac t e r i s t i c  of the p e r i o d i c  lat-

S 
tice structure bcy-ond the nn ce l l .  -

The plan of the paper is as follows : In Section II we
calculate the first order IU and Ran:an spectra of disordered
solids , and in Section I l l - t h e  e lec t ronic  dens ity  of st a tes
and optical absorption spectrum are detci-mirted . In c-very
instance , comparison with available experimental results for

- TBAS is car r ied  out . In Section IV we utilize the present - -~
theory to predict the rnulti.plionon response in the hi g h l y

S transparent reg ime of amorphous sol ids , with specific appli-
cation to TIJAS. Conclusions arc given in Section V. - 

-

II. First Order Infrared and Rxnan Spectra 
S

In this section we desci-i be a new interpretation of
- 

• the f i r st ord er infrared an d R ama n spec t ra of amorphous -

solids.  For d e f i n i t e n e s s , we. concern ow-selves mainly with
TBAS , such as Si , Ge , and the I l l -V  compounds.  -

The photon-)Thonon interaction in crystalline solids may
be charactci-ized , to a first appi-oximation , in terms of - - . 

-

damped Lorcntz oscillators. The 1R absorp t i on is related
to the imaginary par t of the lattice dielectric function (11),

wh i ch ,takcs the form

- - 

c2 (tO) - k(w~) (
2 L(~1~r1) (4)

with 
-

-
- L(~1,r1) = 

~~~~~~~~~ 
S (5) 

- 

-

-) 

(w1
2 _w )‘-+r~

2w2 

.

where fl (ta j ) is  t h e  squ:a re of the d i pa ] c’ a;ua t vi x c I ement
for nocit’ ca~ and 1- (~

- ,1’~ ) j ~u I~ ir~~ t i a at o sc i l l  a to a w it ii

2 2
J o a~ i i i ; t a nec , M (~ io) 

- :- (t  .

~~
,

_
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f requency ~~j  and d a m p i n g  r~. In d i a m o n d - t y p e  c r y s t a l s ,
t4(t~1-0) 0, and in the l owest order there arc no contribu-

• t i ons  to t i c  i m a g i n a r y  p a r t  of the dielectric constant
(hi gher ordc-r photon-pi nruon interact ions contribute the en-
tire abs c’r~ tion ). For the Raman scattering intensity (c- g.,
the  Stokes  -omponc nt )  , the corresponding expression (12) may
be written as

= (to) f 
2
L(b, ,r.)[n(w.) + (6)

where fct (w)J
2 represents the matrix clement of the inducc-d

pol arizabili t>- , and ia(u) is the Bose—Einstein factor. In
Eqs. (4) and (6), the su~aaation is to be performed over the
lattice modes which are excited in a particular experimcntal

- configuration. In what follows , we shall assume , as is- gem- S

crally the case , that only a single tranve]-sc optical (TO)
mode is active. The generalization to situations in which
more than one mode is excited is straightfo]-wa l-d .

Adoptin g the statistical aj~pi-c~ich d i s c u s s e d  above , one
splits the lattice response in an amorp hous solid into 

S

- 

- 

- C
2

(W) 
~SL <c 2 (m) >SL + 

~~ 
<
~~ (~

)>
~ (7) -

The second tern in  the ri ght-hand s ide  of ~q . (7) is the
contribution of those st - uc tui-al cot-figuratioti s {s) which

- 
possess short— -ange ot-der only, and  do not obey cryst alline

~j—selec tion rules. This  tern should , in p r i n c i ple; -involv e 
S

- contributions from all the vib rational modes o r i g i n a t i n g  -

-
- - 

- from the- {S) c o n f i g a u r a t  i on s  (a I t hough  they m;i) -  hav e  sub— - - 
- - - 

-

~~an t ia l  ]y di  f f e rcn t  St ren~ t h s )  ; it will thus be in t i ~ ;a t c - l y  —

r ela ted  to the densi; y of p hon on s t a t e s  of Tr.-\S - The first
S S term in the vi ~hi — h a n d  si de of kq - (7) , on t h e  o the r  hand ,

resui ) t s from con f i aura t i Oat s wit i L-h pOSsc:;soS ho t 1 short —

range and I oau~ — i-ange orders , and tints , i ud iv i  dna ) l y  obey
- crystalline i~-se]ection rules. -

As di scae ;sc ’d in  the ]a~ t - oduct  iota , caicuI ;ai ion of the
at icc J-e~-ponse requ ic c emuimea - a t ion and /ni- pa a- ; n c t  i-i :a—

S I i on  of t i c  St atact ui-a I -aa Ii ~ura t I Oat s ol t h e  sc) id , an d
spr~-ifi ca t ion of t h e i r  ;as~ ota atetl pi -obabi  l i t  i~ -s . A:nons ~ t h e

s cen figiara t loah a l pat-and ers U sug~cst ive lot - l 1 \S at-c band
l e n g t h s , bond ~u aa ~~lc~ mai d  l ot -a) dt -u -~i y , all of is-h i Cii at-c
)~nown to th-v Ia e ft -on t ho:.c of the c ru- e~-p aaud I ~~ c a-yst a I •

S
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and to display characteristic spreads about some mean
value  (33) . In the present  v a ] c u l ; i t i o n  of <~>SL , u-,e shall
Testrict n to local density variation alone and moreover ,
approxi m~ t c this dens.i ty as bei tag uni form throug hout the
solid . iVh ilc such a procedure is admitted )>’ crude , we w i l l
here demonstrate that it nevertheless successfully accounts
for the principal features of a variety of experimenta l data . 

S

It is assumed that the dependence of the l a t t i c e  rcs-
r - ponse , i.e , c2(to) on the local density is mainly through

w j,  the oscillator frequency, whi ch , for small variation of
the local density, can be obtained from the crystallinc
value by the Gruneisen approximation (14) 5 

-

- -

where p
~ is the cr) ’sta l] ira e d e n s i t y .  y~ is the Grun eisen - S

parameter  for node wj .  The {SL) contribution then is given
by. -

S 

- 

- 

- - 

- 

<c (to)>SL - I dpP(p) c
2

(w,p) (8) 

- 

-

- 
- 

where P(p)  is the dis tr ibut ion of the local densi ty , which
for convenience is taken to be Gaussian , -

. (pp )2 
-

= exp[ - — — 
a 

- 
(9)

S - - 2a2 - - -

where p~ is the mean density in a T}3AS , and o is the cor-
- - responding sp -cad - Such a lot-n , i c • , kq - (9) , for the local

d e n s i ty  di si r i  but iota , can he p ar t i a  f ly  -j u s t  i f led  by c o n s i d e r —
1mg the effects of the spi-c’:ids of the nearest and the second
neat -e st  m t  c a - a t o m i c  spac ing s  on the local density. The de—
t a i l s  of t h i s pi-oc- edui - e will be g iv en e] ~et~-l acrc (I ~)

ta]caa)at ion of the shot-i ~r; ngc CS) t runs is c o n s i d e r a b l y
inca-c di ffj ct~ i t . As st ’~~est ccl ab o v e , one ut i ght s im ply ch oo se
I itest ’ (0  i L ’ ~ I~O~ Ot ~t i ( ‘I tO I to I lie ca-ys I m l i i  tie deats it > of plionon
si at e~ (poss i hiy h-it I an i a ; or  rod i I i c a t  i on  

~ 
) - I iawcvt’ a- — since

the cr>st a ll itie cleai ~- j t > of s t a t e s  i t ic h ides  ho t I : .Ii ~~i t  ~ttc I
I ong - :ing c fe; In ra’’- , i t  s ii se for t he C S ) t e cans i s t It ’ a-c fore
ltd ,

- si a - le t ly sp eak l u g ,  cons ist cut w ith he present break— tap.
As ni luded to pi-eviou s ly in t l ie h u t  rod tac t  io t a , it pos s i  hi  e

I (,

- 

— 
- — 

. 

- - — - - — -
- 

- 
- - 

- 
- 

- 
- 

- - 
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I

a l t e r n a t i v e  is the c a l c u l a t i o n  of the mod es and a s s o c i a t e d
respon se of a sinai ) cluster of atoms , viewed as immersed in
a cen t i UI JUIn  (acoustic bath) - C a l c u l a t i o n s  a long t h i s  I i  ate
have recen t ly been put-sued by various auti-tors (16) . In the
present work , we w i l l  c m l c u i : i t e  j u s t  the  ~SL} t e r m s , and
COflt c-nt out - se lves  wi t h p u r s u i n g  a coats ist ent m t  eipu ctat ion
of the C S) and {SL} c o n t r i b ut i o n s  m a n i f c - s t c -d in cx p c - r i m e n t a l
da ta. -

As an ap p l i c a t i o n  of the  above prescr i p t i o n s , we ana-  
S

lyze in the fo]]ot-.- i n g  t h e  f i r s t  order I[~ and Rain an spectra
of severa l IBIS , inc l u d i n g  Ge , Si and I l l - V ’ s. F i g s .  1-3

a displa>- results of calculations , emp l oying the above recipe ,
as compared w i t h  the  cxpcri nc -ntal spectra . The mean density, -

S 

~a ’  and the  spr cad ,o , in P(p) have been adjusted to provide
a best fit to experimental spectra . Fig. In and lb shpw the
Eirst order Ra in an and IR spectra of amorphous Ge. If one
sets 0 in Eq. (7), one ob ta ins  a good f i t  for the  prim-

S cipal Ratnan peak , w i t h  the r e m a in i n g lower frcqucnc> - f e a t u r e s ,
presu;;ahl)- arising from th e {S) configurat ions. -The IR one-
phonon spec ni-ur~, wh i c h  is f o r b i d d e n  for  Ge in the  crystall ine
phase should  a r i s e  e n t i r e l y  f rom the C s) ,  i.e., E 7 = c2 S .
Apart from m a t r i x  c l e m e n t  e f f e c t s , t h i s  spec t rum should  be

- 
rough ly  p ropor t i ona l  to the CS) contributions to the R-oman - 

-

• spectrum , w h i c h m ay~ he d e t e r m i n e d  by first choosing an 
~SL

and th e - i t  s u b t r a c t i n g  the  c a l c u l a t e d  (SL} c o n t r i b u t io n  to the
Rani an spec t rum from the ex p e r i m e n t a l  o r - . Comparison of the
IR d a t a  w i t h < E 2 >S with aisi. 0 7  is sLown in F i g .  lb. Simi-
lar  r e s u l t s  n ay be- ob t a i n e d  for amorphous Si as w q l l .  I t
appears t h a t  the peak p o s i t i o n s  and shapes of the  R ama n  spec-
ti-a of these amorp ho us sol id s are  w e l l  r e p r e s e n t e d  by a s im p l e

- 
- - 

- sum of the  (SL} and C S)  coti t  r i  but ion s , and the  I R spec t ra  by - - 
• -

j u s t  t h e  CS ) - - c o n t r i b u t i o n . F i g .  2 d i s p l ay s  a s ina i m r  f i t  to
the JR spec t u-u::~ for  amorphous GaAs with 

~si 
= I - F i g .  3

shows t h e  same foi- amorphous SiC , hut foi- a geometr) -  in  a~’hi ci t
both  ~f tj  m u d  hO aat ’ excited ( Bea - a - c maa i  e f f e c t )  (17) - Very s im i  -

) a r  ]~t-Sui t s  :arc also obtained lot- the infrared spccta-a of
arorphou s Gal’ , GaSh anti I ails and a u-c shiohit in j :~ s - -1 — ( ~ - Tue
c o n c ]u ~ iofl reach ( -d  is that CS) c o n t r i b u t e  very li t tle to the
first ot-der spet-t a-a of a i yp i en I hi nit ->- TillS ; the p a - inc  i p~ If e-at U a C s  arise fa - o;~ just t i l t’ {sL) alone -

— a  -

In  Tab l e  I , we Ii s t lie re I cvan I s t r i c t  ta t - ; I il~i I a of ti e
TI~A S . 1iit ’ o and 

~~ 
ci aai - a - t ca- i :~ lu g  t h~ lo~ a I den — it >~ 

d i  si ri —

• lita t ion aa ~ - al so ~ i v e n .  i l t e  le t -i I d c - n s i  i> pa l - amt -t c -a s ma - c

‘1
- i teinl ow182
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compat ib l e  ~
‘i t h  t h e  r e su lt s  of va r ious  e x p e r i m e n t a l  m e a s u r e -

mc’nt s , i f  one r eal  i -cs t h at  the  st r a i c t u r a l  pro ; e r t  es of a
TI SAS f i  In arc  \ ‘cry dependent  on the  p -ep ar a t  ion con d i t  i ons
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th e  k — s e )  ca - I  ion m l  es :)~~s~)c i a t  cal a~’i t h a loss of long— range
orakr  • a eosthe qua’nct’ • i t  h a s  o f t  en been 5aa 1~~c~-t ed (I ~)
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d i e t  • a t  1n~ approaches whi  cli arc wi dt- l y di ( ferent from t hose
ti’.a-d for th t -  c ry s  t a I i i  sic ph:I SC .  I Iow(-ver • as we ) i . i  ye  demon —

st T ,o I (‘(I a h~’~’e in C O I I I I C C  t ion W t Is h at - I a t  I i t ’ C i v  :.p Oll  - - c • I he
disord er in TISAS doe:. imt rc ’sul I i i a  c a t  a ~t )- a ’i~h i C cu t -c t  S -

In  f a c t , as was  sho-.- n above , the  p r n i c i p a l f e a t u r e s  in  t h e
l a t t e r  s p e ct r a  c:,ii s t i l l  be d e s c r i b e d  la c r y ; t ; a ) l i n e - )  ~ld’

• COT ) t T i  ha l i o n  c - In  OUT ~ a I cu] at ion of t he c I t - c t  ross a c St risc —

tu r ( - , p a r t i c u L a r l y  t h e  e l e c t r o n i c  d e n s i t y  of states of TFA~ ,
I’ We s h a l l  follow a ph i  1osopis > - s i m i l a r  t o  t h a t  t a k e n  by II  L - s r : . I I I

and V an Py L e ( 1 9 ) ,  I : ru ct  (20) , and Lra me r  et a] ( 2 ] ) .  N a m e l y ,
the e l e c t r o n i c  d en s i t ) -  of s t a te s  of a TISA S arc c a l c u l a t e d  l ’v
ic.in ~ its c r > - ’~t a  1 line c oun t  e rpa rt  as the  St a r t  in ~ p oint  w i t h
howev er , c e r t a i n  m o d i f i c a t i o n s  w h i c h  tal.c a c c o u n t  of t h e
St r uc t ta i - a  I di  — c ~r der .

• We St a r t  w i t h  t h e  fo]  3o~’ il ig  p r - S C r ]  ~ t I 07) foi- ui
~ 

( 1 )  t hC
el ec t r o n i c th -n --- i t y  of s t a t e s  a t  en er cy ii , of Tl~AS :

-) 
-

- fl8 (1i ) — f n
~ (F , P) exp [ — 

~~~ (_ _ ~~~ *t
) 

] d~i (30)

where n (L 5p) is the cryst all ~~ ~~~~~ ~~~~ CO 1e5p ~~~ t1 i)~~
to  local  dens i  t ) -  p . Fq .  ( 10 )  a m o u n t s  to  iic~~l c c t i n ~ t h e  (S ) 

- 
S

cent ii but i on to U
’) 
(E) is-h i eb shou Id be U S C  fta  I as a f i r s t

appro x ia : .at ion . Since S 5

n
~~

(E ,p) = E Z ~(l~ — i:~ ~~~~ 
(11)

n k

whe y . - n is t h e  hand in d ex , and k is th e  wave vec to r  of t he
e l e c t r o n i c  s t a t ( - s

p— p .-,

n ( I ~) ) 
~~ / ~~~~~~~~~~~~~~ 

~~~~ 
expf — .

~, 
(. --_~. l J  d 0 (L’)

U k  ‘~~~~~~- 0 
-

.

I l l  f l e n c I a l  • %~.C expec t  t h e  ] 0 ¼ a 1  d e n s i t y  d i s t r i l n i t  i on  to
he fa i n  y sh. t  s- p 1 v pea Fed • and t h a - i t’ fo i - t’ I h at  t he 1 .‘ ~~~~~ con —

t r i h u t  ion to the i n t t - g i ~~1 in Lq_ (1!) t~i ll ce~k - fi-oa p ’ s
for  WIS i c h  e”’ P 1 .—_ e’- ---r 1 - l i i  l i i i : .  r , L I ~~~t’ of 

~~~, 
1~~ (p ) c an  be

exp and ed ~~~~ 
- —

i~,l t~(p ) l~1 )
( p )  4 

~~~~~~~(~
s_ p ) i - - . - ( 13)
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- 

— (14)

Eq. (12) can then be w ri t ten as

I 
E _ E n k (P a ) -

~ Z ~~
,—__ - -1 

~ 
— ) 2] (IS)

n , k ii , k -2 z-i , k -

( where 
- 

- - . -

• 0n ,k E Y~~~ 0 (16)

S Thus , w i t h i n  the present approach , the 6 - func t ions  in
Eq . ( 11) represen t a t ive of the c r y s t a l l i n e  phase are now 5

replac ed by a series of G au ssia ns . The w~idths of the
Caussians al-c given by the 0n ,k’ which are the  products of
the dens i ty  spread parameter  crand Y~ k ’  the der iva t ive  -of
the electronic energy En k  with-respc~~ to tI~e local density.

To calculate Tn k  use ca n be made of the fo l lowing
equation . If P is pr~ssur e , then

- - 

-

S rs ,k -

- 
~~~~~~~~~~ 

= 

~~~~~~~~~~~~~~~~~~~~~~~ ~~~a - 
-

- 

• 

(17)

li-i Eq. (17) , K is the i so therma l c o m p r e s s i b i l i t y.  The pro-
bl em then reduces to finding ~E71 1-/np Th i s  l a t t e r  quant .j 15’
can , in p r i n c i p l e , be e s t i m a t e d  ~~ oa h i g h  pressure data , or ‘ -- - 
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obtained from a pressure dependent band structure calcu lation .
Such cal culatio ns arc avai lable; the detai ls h ave  l)een dis— 

S

S cussed elsewhere (22) and need not be repeated hc -e .

Fi g. 7 shows a c r y s t a l l i n e  E —k d iagr aia  ( f u l l  l i nes )
along t h e  [J o o ]  and [ I I ]  ] d i r e c t i o n s  • Th e b ars i n d i c a te  the
r c l a t  ive  magn i i  t ide of Y~ • k - Gal? i s t a k e n  as an i ] l u s t  rat i ye S

cx:aanp) v - 1~e~ ts I t s  f o r  01 her  so] i u s  cons i del-ed i i )  I hi  S P~ P~~’
C ~1TC S) tf l i I an .  I t  i s  Ol ) SCEVC ( l t h a t  t h e  condu ct  ion s t a t e s , in

5 genera ~ , have la rger  y 11 k t h a n  the  va I esice s t a t e s .  T h i s  i s
not un-e xpec ed , bc ’catsse Iho condtac ion  st a t o s  wave fun c t ions
~i FC 740EV C.\ I C u d  vii I tS  spa CC’ a i sol I he i~ e fø~~t’ a ic’  )ao)’e ‘a -  SCUS I i  i V I” I
to t he ch:sn~ e of the  lo ca l  dens it > re st s l i i  ng f rom s t i -t I c . tu ra  I
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di sorder.  Figure 8 shows the calculat ed d e n s i t y  of v a lcn c e
s t a t e s  (IA’S) and d e n s i t y  of conduction s t a t e s  (DCS) for CaP
w i t h  v a r i o u s  v a lu e s  of a “d i sorde r  p:a r - a m e t c r ” de f ined  as

• - 0/p a .  Curve A of F ig .  8 is  the l ea s t  diso s-d c- -ed . The I)VS
is e ss e n t i a l] ) ’  the- same as its crystalline count erpart cx-
ccj fl for some- sm oothin g -out of t h e  f i n e  s tr uctu re s  in  the

• t ipper-most  v a l e n c e  band . Th e- DCS , on the  o ther  hand , a l r e ad y
shows s u b s t a n t i a l  dc-par-t ore from t h e  c r y s t a l l i n e  d en s i t y  of
s ta tes , a l t h o u g h  the broad p r o f i l e s  r ema in .  For Curve II and
C , t h e  v a l u e - s  of ci/p ar c  0 .13 and 0 . 2 , r e s p e c t i v e ly .  The
changes in DVS and D~S w i t h  the degree of d i sorder  arc v iv i d -  S

ly  i n d i c a t e d  by the  t r ends  m a n i f e s t e d  in  these  c u r v e s .
Several points are pa rt i c u l a r ly  won ) 1 n o t i n g :  (~ ) the i~i d t h s
of peaks of the  Dx’S are very  little affected by d isorder  c-x-
cep t for the t a i l i n g s  of dens ity  of s t a t e s  i n to  the c r y s t al -
l ine “gap ”, i . e . , reg io ns of ener gies with no states; (b)
hi gher degrees of disorder produce larger tailings. This is
particularly significant regarding the crystall ine optical
gap, as show n in F ig. 8 (c) for a higher degree of disordel- ,
(e .g .  Curve E~ and C in Fig. 8) the fine structures in the
c r y s t a l l i n e  DCS all but disappear , an d is re~)accd by a single

- big hump follow ed by a flat plateau. Results of similar cal-
cu)ations for amarp hous Ge and Si also show some hump-like

S structures in their DCS (4). A single-hump structured DCS
has recently bc-en r~portcd by Eastman et al (23) for amorphousGe , which is in contrast to the totally f l at DCS prev ious ly
deduced by Donovan et al (24) from UP photo-electron eniis-
sion data. Although no experimenta l data on the DCS for Ill-V
amorphous scmic.onductors arc available at the p)’esent, such a
one-hump structure ap p e a r i n g  at the  lower energy part of the
conduction band of these materials is hi gh ly  po ssib l e , bec~nisc - 

5

of the general simi]arit ) of thei]- electronic structure to that - 
- - —

of Ge. Fig. 9 shows the elc-ctronic densities of states for
severa l 11 1—I , TII\S . In a) I cases , the changes induced in t he
DVS by disos-der arc mu ch less Signi ficant i n  compar i  son w i t h
the col-l-espOnd ng changes i i i  the 1)CS. Sim i I an rests) t.s were
cia - i a i s ie d  for ( e  and Si (.1 ) . A controversy regal-cling the  5 1 )-  us c—
1 tireS of t he I ot-:cr energy p ar t  of the amorphous DVS is won by
~a -f some d i s c o — s  i on : h -or c l t - i ac ’n t : s l Tlt .-’uS , i~~e ., Cc an d Si , t h e
cal co la  ted resu its (4) for I he presc-aut approach , show tw o ) is —

Ii net peaks (:iI E a — 8 -\ and — 10 eV) in the 1 ower—enc -g~-p :.rt of t h e  l)VS. ihi is in coot i-ast to tis ~ exp er~ mental so —
st i l t s ~f LO)- et al (2!a-) a- ia - h ere i t  i a - a s  f o u i i s a - I  t h a t  t i s t ’  t w o
d i  St  in c  t l os-er- energy i’e~~.s in  1. he c -)-st a I h u e  ph;i se coa I esced
i nt  o a si ‘i i: h o  b i g  hu mp i n  t bc asaorphow; 1)11:1 Se. .l t \ i 5 ) f lC ipO l I  los

flViittow
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FIg - 9. F l  c - c t  T o n i c  d e n s i  I ic S  of s t a r  Cs for  -~~rp ho~ s 1 ~\S.
(a )  ( a - \ s  , i ; i  t h  c/~ .a- 0. ( 1  ‘7 , (b )  i.~~Th a- w i t  Ii a/ , ’ 1 0 .1  ~‘ a- (c

- l u ’cs , f u l l  c s m i ~v o :  
~~

d’i a 0. 1 , d a - ~h c~ c u r v L - :  c /

~nd C o h i n  (~~ ) ar ~~ueJ  th.i t t h e  r°~ sib Ic O\ i St i- s i c  c of 1 la - c’
f i ve - f o l d  i i  n~~s i n a; 1co ~;s (~c and Si i:a-~~ : Id  i~~~~ t ~ O~t t a - L  C
Ci )‘cIl S t a t  i s  w i t h  esierg 1 c’ i n  b et a-~c em s t lies  C t ca - c  p ea  h s - t h a - u i  s
r e s u l t  i r~ n t h e i r  a n i -n~ n i x i n . Thi - as- une -it l a - a s ed  on
fiv e- f e d ri ,i~~s h a - a s  la - La- e n d~ st-a- u t  ed , for  o\a;:~a- 1 c- , by
1 t- j e d.i u t  ~.l (~~7) ~iad  Trc -u c ch  and ks-a;~cr (‘S) - I n f , a - c t  a-
Treusch ~~ ~r anc- r dC ’ a a — ~ ra~ ed t h a t  t h e  f l u c  o a t  i on s  in —

the seccu a -~ - - n e s g 1da -ez -  d i’~~ :siw- c’ l e a d — a- t o  ass a d _ I ; s c a -n ; i I e u i - c —  — a-

t ir e  p o t e s i t  i al V ( , 0 a- 0) i i i  ;i r p h a -’css  T I \ ~~. l,lu i I -  this
effect i a -  c- a l l in cc’-- au~~d s i cc ; h u c t o i - s , i~~~ ;s l a r g e
& ‘I) Oti(’ b 11) ar  a-~ s a mid ( o  t o  c a t s  so c e:i I es e cc ci t Ii c’
t a - a - c low c - a c m  ~~v p e m k _ i i i  t ha-’ a i ; c r j a - i~c’a —a- i’h:i se - 1 ha - c

• fo r  S O V L  s a l  c - i ~ ‘~t al I i s i e  (h) , 30) a i c a - h  a w c i - p h c a - u m~ ( ‘ 9~ 1 1 1 — V
and I l — V t  se~a - a - c c ; c d c a - c t  os-S h i~ c s- econ t  I v  l a -ce o d e l  c-vol
A-  

~~Y rhot o- c l i i  ~- ; - i C i i  I ‘ a -~ t l a - C C a - c t l j  - It ia-- a- s~~ feam sd (~~~) t h  i t
t h e  hI\ 

~
- t a - f  an  a i i s a r p h s a - a - ; m ’— _ C c’ r ; ’ ou ;sa - l  is e sc e nt  i a I I v .1 l a - ma -’ideiie ~i

vei - si~~;s a - a f  t a-. c ry s t  a l l  i n o  c O t u i t  i - F p ; r t  s .  1 Lo . -os u m )  t ~ of t l i e
• pse c e s s i  e. a - l c i i l a t  m oss s s :d i  C~ s t e  t h e  s a - i - ie  a- a )  t h a - i a - h  t h e  ex t  cot of

h a - i c  a - ic s a-- s;-cal I c \ .’ u p t  in  t h e  1 _ a - s I l u g  p s i - i  ‘a- . l la - a - a -~c-vcr ,
~~~ C I h a i  ~15 t i a - C ’ O\p~- i - i r a - a --nt  a I s-e’~um I t  s ol  Sh e~~ h 1. ct a I ( _ ~))

• t i c  s i r - a - s a l I l i s a - - P \ -  i 1 - - a - a -  F i a - ’ s 1  l v  i a - r e i c h - i a - e d  a;-
~a - i  i i i  h i t  o ca - - u a- a- - a I 1-0:-u i t  a-. ( 31) - %V~ los’ I t h a t  ~- i m a - c t ’ i s a -a-

~1 (a -a-
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I’
a’

- 

mnorphou s DV S are d e t e r m i n e d  w i t h  the same exper imenta l  Set-
up (e.g. sane re-solution), much of tim e - observed broadening

- mi ght  be s i m i l a r  i ra -  o r i g i n  to  t h a t  observed in the crys ta l-
h u e  c o un t e r p a r t s  and not a resul t  of d i s o i - d c r .  -

The i m a g i n a r y  par t  of the e l e c t r o n i c  d i el e c t r i c  cons tan t ,
- 

a- 
S L

2 (~I ) ,  is g iven by -

S 

t 2 (OJ ) - ~
-
~j  

IM(w) 1
2 I & ( E f -E~~I~w) - 

(18)
j,f -

where the summation is performed over a l l  i n i t i a  states , i ,
and f i n a l st a t es , f .  (h-1 (w)12 is the arithmetic average of
the t r a n s i t i o n  m a t r i x  c lement  at photon energy w. In the
crys ta l l i n e  case , both mo m en t um and energy  arc conserved ,
the s um m a t i o n  in Eq.  (18) can be represen ted  by the j o i n t

- - density states. For the amorphous phase , we adopt the non-
direc t t r ans i t ion  m o d e l ( 3 l a ) ,  f o -  sa - h i ch  - 

- 

S 
-

- 

- C 2 a  ~~ I h - l w I~ ~lcors~~~ - 
- 

(18’)

S • where 1 (w)~~ is the amorphous matl-ix clement , which is ob-
tam ed f r o m  t h a t  of the  c s -y s t a ] l i n e  phase by smooth ing  out
the umklapp peak (32) (a featui- e resulting specifically from
crystalline long  r ange  order) ; 

~~~~~~~~~~~~~~~~ 
is the convoluted

dens ity of states of the DVS and [)CS corresponding to energy
C*L The imaginary part of the dielectric f u n c t i o n  c2 (w)  foi~

- several Ill-V co:npotinds obt~ inc- d in t he  above manner  are .  --corn—
pa ied w i t h  e x p e r im e n t a l  d a t a  (33) in F ig s. 10 to 13; the - - a-

energy dependent  m a t r i x  e l em e n t s  ar e shown as i n se t s .  For
S Si and Ge , ( f o r  uchi cli s-ests I t s  a~-c g i i-en el secchc’ s- e (4 ) )  the

agreement a - a - i t  ha - CX pt ’r ) i :Ieflt a- r c g a r d i m ;~ la - c a -t b pcaI~ ~ 05 it ion  and
shape of thsc’ cal cu I at ed ~ 2 ( a - a - a - ) a- is goo d - For I l l  — V cca-:np ounds

- S the zigrc ca- cnt I good lo s- Ga I’ , GaA s a la - c )  I isAs ; fos- GaSh , 1 he
calcula tt-d r e s u lt  is less sat isfact oi-v , i i i  t h a t  t h e  p i -e J ) C t C d

— p0;; it ion i s sIti ft ed by na-ot ’s’ t h an I c-V ia - e l ow ho cxpez-i men :a-
dat a. In Fi~ - 10 , we also show c I s - a 1 ]  V Ia -ow t he di soi-der 11:11-a —

• Ia-set t’r a fi ec  t S t hs ~ C a- spec t s - a - mm of ar :osphca -t s s  (ai~ - t~e siot C’ a- iii

par t  i c a - s I a n , t h a t  ti I sa - a - rdes -  w i l l  p50 ( i:5 ( - (- l a t -gI -’ d e n s i t y  of
s t a t e - s  t a i l i n g  j i s t o  t h e  c s - y s l a l h i n s - opt i c a l  ~~~~ w h i c h  in
I t i ru i  coo t  ri la - mi t  ~~ S t ea - ha - i s c - u -  : s l a - sorpt  i on at  I cmos - eisc ’u-g i- es  ( I  -

C. a- a Fi mi 5dm i - ft of t ha - a -’ j i s -ak )  - ) h a - a - ’ di : - c r c p a m i c -y i - s i  t h e  case  S
of ( a s h  m a y  i-ms i a - .srt s- c s a - m l t f r e t i  ima - aa -- a--ti1 - a~-ivs in the tai l of

L 195 - 
. Its-na -how

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
_•

~~~~ 
- - , --~~~~~~~~ ~~~~~~~ 

- -~~~-~~~~~~~~~~~~~~ - ~~~ - — ~~~~~~~~ —- — --s - — - .- - - - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~



— -
— 

- - .--~~~~~~~~~~~~~~~~~ :~~~~~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~ 

- 
~~~~~ T LS. - - 

SSS. ~~

F~~ - 
a-

- là
-a.

0
. 0 >  i-~• . r- . 5 - .~~~--. -. -4~~ -)

I~ ) m-~ si r~i a--. C
S - -

- 0 1..) ‘-a - c~~~t,a-___________________ - --— - --- 4- • ira- tj
Q 1 4 a- - Ci

- r~~o ira- .c o~~~.

- 

/ k~ ~

~—~L ~~~~~~~~ a

-

IS1W(i ,. a -4 jI~~~~Y) (Al — 0 C c-i CS .—4 C) C) O - -  O~~~-
J

> >~~~~~-~~~ L r) n~~~~ —
- i ~~~~~~~ Q~~~~a- cj~~~0 a i—a- 0 ’Cii u e-, c. -- v - .’i
‘+4 4—a- h aw 0 O -.-a- a >< o

- -~~ 
-
~ Li - - --a-

a-.!) ~~ a-—. a,0 — 
~ C 4—a- - 4 )  i-.C\J - — ~~ ‘—‘ ci Li C Ci Ci 0I— 
~~,0 -t >-.a a - a  — C i~~~-a-

O. ia -  0 Ca- Ca -a - C --- cu _a- i—a- ii C c-a-a-
C r-, m-3 O a - a -

+4- .,-i h — a -~~~ ci a-c, ~~~
- — — C\i ~~o m a-~c i [  O ) — C 5 -  I -  -- - a-

a--a- c~
I—I I) (/ . Li 0 0o ci 0 - --a -

- a-+4 - . ~~4 Ci • 4- a-I 
_____ I ______ °a- i -_ -________ ’ — 0 —a- s

() 0 Ca-) Q sa-c - o c3 a - -. .—. C> ‘— 1 - ,-4 > va- _i - I ~~ u -(SiG~rl )a-UVdIE]eIV) ( ‘a - ) -) 
~~~ - . Ci

- (-a--. oa - 3 va- ca--j ii C) U

S -

.

- l~~t

1 9(; - 
I~ ’i sa - loa - a --

— 
— —~~ - _ — - - - ~ — - - a- - -.a .., - — - _ ,

- - - - 
- 

- _4 _ _  
..-

— —~~~ --~~~~~- -~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ —~~~~~



- 

I 

- 

-

. 
•. 

-

.

1 ~ ~~~ 1~
— ’  

~~~~~~~~~~ 
(a- 

a--i .~?1 2  j

S f J  2
_1~~~~~~~ I I ~~~~~ ~~i-~ 

- S

‘
-‘

a-.-
. 

-L~ ~ / -

C c -i -

I I 
- 1r 0 4-’ ( 1 4 - ’

- 
_i — - . _  J-~-- - -  I II a-~-~ I) C a-i Co 0 c~— Lid Ca - •- -._ (a-

a- ~ ‘ ~~ 
- 

- Z(SINS) V~tLSt~~V) 
~

I Pa-h i lid ~~ •C a-(1) 
~-•a- ~a- a-~a- ~

- - Z U~~~~~-’- a-
o a--; ;co •—a- - a--a-
C) I-a- i-.

- I— ..—a- () 4~
,o -

~~ --
- ~~~~~~~~~~ 

S

0 C) .

0 5 4—a- C
- S c - a -  4-’ a-- C ri

c i L i a -S
_
a - a - n

1’) - 
~~. C ’ I

- - I--. C)
(“a-’ >a- - P-- U

I-a- Ui
- r 3<  ( . C

C~ ca-~~~ a-
----4 Li a--’ --4

a- c-i ira- C
C a - a- - a- 4.)

S - a-—4 (a - ~a-
a- -

I i - - h o
_______ I _____ t I I —~ c-a- ci~~’-a-

• a-f? Q C() o
0 

~~~~~~~

- 

(SJJNfl AèiVLLLIS ’JV) ‘~~~~~‘ 
S ~~~~~~ 

‘
,a-~ ~~

S -

197

—C-. t. - .ara-a. %. - . -  -5 -e 1 a -  ~~~~~~~~~~ 
_ _ ~If l  ~~~~W a-a-~~t . .  wa-~~~~~ . - ,. — ~~~ f l . -  ~~~~ . — S , -*, ~~~-

— - --
~~~~~~~~~~ ~~~ ~~-i~: ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~.



- --—-S.----- - -  -

-y -S SS.~ S~ - 

-

— 1 ~ 1 ‘~~1 ~~~~ 
- - I

- 

H. 23- 

- 

•

~~~~
- t .

- 

-

-

I’ :~~~~
‘ ::~ ~~~~~~~ !~_ 

- a- ~~~~~~~L )  f /  / -

- - (Sii:i AUV~j I?~St-) , IIa-~I - ri. r S
I - 

_ (Ø~~&J

1-4- 

0

- 
a- 4.)

a
.0

-- - 

0 -l-- c_~fl) -

- - ta-ta---4ii , - .
a-fl - 

a -— .
~~~~~~~~~ 

- -  a-
C)

- Va-

• _  I _ _  
I__ 1 _

~

I

~

__

~~~~~ 

ca-a-
Q U )  0

- - 
c” (SIIN~’1 A~JVUilC~J\~ 

‘m)  
a-
) 

- -

S

- 2.1
198

- 
‘

HE - - . - — -- a- - - -  - - a- S .• - 
— S - — - — - - -  -- - ~~~~~~~~~ a-.~~~~~~~~~~~~~ __ — — - —- — - -— ~~~~~~~~ —‘- - - - -— —  - ~~~~~~ r- - - a- - — - • - _______________a- a- I -5 - ~ - - -a- ~~~~~ S 

- ~iS - ~~~~~~~~ 
-S.S ---~

_______ - — — b~~~ ~~~~~~~~~~ sA~~~~ ~~~~~~~~~~~ 
—



I

- - - a- 

~4 I  C)

L - 2
2

- 

- I ~~~~ I
~it 

. __ .~~~_
_ u

h
’ I / / ~~~~ S

~~ ,4-’ - / ii ~~~,-a- °- 
5_v 0 i III — ViIi .ZS I 

> 1-4 0 4—a-a- a C) • > - - - - a -- a- co ,~ ~- . a -a--a-~~~.~~~- (.4
- I

I - )- c~~~-
a- c ) c i- 4-a- ri - a--I I I a- 

-
- -

0 o 0 - Lii ~~~~~~~~~~~q- (a--a 
- 

~~~~ - 0 o  -Li(SLINn AB~’~iI m 8~~ ) 
~

u vuI - W a-~ Ca-
- U i~~~I s ri

- 
-

I— u g — a  -

- - O~~~~-~~b U i c
- O 0 .C --
- EI~~~~<~~~ -4 ~~~

—4 (4~4 > .~-
S - - ~~~~~~~~~~~~~~

~
ia-

I-a- ci
~~~~~~~~~ -,~

ca-. >
5.1 4~i Ci -

>—. a  m . -~ 0
i--a- La- C) - C ‘ a- ’- --
ci

— C C) Cc-.- 
‘—4 - s-a- ft

- --c-3 — a -  c~~ -a- S

~~

4-’ b ’.Vs C
a- _L.~~ —i ______ ____________ a-~ 0 -a- - a- a-—.

tD C’-’ cP ‘ -
~~~ 

— 
-

(SIINfl JVHa-UEJèiV) (r I >) ?~~ 4-’-

- 1L. Cii -4 .~E -II

• 
a- 

I -

199 -

~~~~~~~~~~~



_ _ _ _ _ _ _  

-

~~~ - 1  

-

the ~c n s i t y  of states function predicted by Usc- present.
c a l c u l a t i o n .

IV. Muli i ph onon Absorp t ion

S 
• 1-Sultipbonon ab so rp l io s s  is the  p r i n c i p al  loss m e c h a n i s m

limiting the transparency of infrared optical materials (34).
• 

- Recen t l y ,  a w i d e va s-icty of theoretical and e x p e r i m e n t a l
studies  of in u lta -phonon absorption have been carried out (35).
For C C r t a i f l  applicat ions , c-speci ally thsose requiring coatings
or a thin-fil m geometry , the use of amorphous materials has

H 
• 

been contemp lated (36). The purpose of this section is to
i n v e s t i g a t e  the  proper t ies  of the rn u l t iphonon absorption c-oef-
ficient ci (w) in amorphous s o l i d s , and to contrast them with
p redict ions for the c r y s t a l l i n e  case .  

-

To c a l c u l a t e  a , we w i l l  utilize the single-particle (sp)
model (37) which , a l t h o u g h  rather artificial , a l lo w s  an ex act
treatment accoun t in g  for both anharmonicity and nonlinear
moments. Although the absolute values predicted - for a may
not be r e l i a b l e , trends in the frequency and t ca-rnpe )-atus-c- de-
pendence , and trends in t h e  ratio of the  amorphous  to the
c r y s t a l l i n e  value for a al- c expected to be at. least q u a l i t a -
-ti~’ely correct.

Our c a l c u l a t i o n s  for a for t he  I l l - V ’ s w i l l  be r e s t r i c -
ted to the {SL) po r t ios u  a lo~ c.  This  is m o t i v a t e d  by two cosi-
s id era t  i o n s : - (a) t h se  S terms are small pvcral] in These solids ,
and (b) i~he g -eates t  s - m o d i f i c a t i o n s  iii t he  density of st a t e s
appear at  t he  iot a --e s- f r equenc ies  a-a--hi  ch la -ave a r e l a t i v e l y  m i  nor
e f f e c t  ca-n mua -  a- iphonon processes in t h e  t r an sp aa - - en t  1-egimc ~ (35) - - - 

- - -s

The absorp t ion  in the sp model is given by (37)

4iita-a-
= j~~ - 

-

— ls sm>~ ~ 1<0 1 ‘a ( i -)  I a-a- 
2~ 

~~~~~~ (19)

• .

whea--e ~i i s  t ha - c s-elm-act ye i-isa -tox ; U’ a- S a s e  c a - i  g o m a - s t a t e s  and
ha-no a- S (‘5 i~~’5)(’ )~~~j t

a -S flt ’1515rt ’a- I fr ~si  t Ia - c grotsia - d st at e of th e
5 Ibs s s s i i t  on i ; a - s s

23
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P2
~~ ~~~~~ • v(r) (20)

where v is the sp (anbarmonic) potential; in is the (nonlinear)
inoument . -Vario us schemes (38) have been introduced to extract
a con t i nuous spec trum mi ns i ck i m -~ a crys tal from the line spec-

• ti-urn of Eq. (19) . For thc ps-cscnt qualitative purposes it
wi ll be sufficien t to mer ely interpo late between peaks to
provide a continuous a. The justifi cation for such proce-
durcs stems from more detai led calculations , which indica te
subs tantial smoothing of the n-m u lt iphon on absorp t ion spect rum
at higher f r equenc ies  (35) and from the considerations dc-
scribed at the end of this scction . The Morse potential ,

- 

- 

- V = V (c 2
~~ -2e~~~ ) - 

- (21)
- has been utilized previously in various sp ca iculations ; am-i S

S will be- emp l oyed here as we ll; the momen t will be chosen as
(39) -

- . in = r n e 2
~ lr . - (22) 

-

• - 
S 

If w0(p) is the harmonic  frequency assoc ia ted  wi th  a
given va lise of dens i ty  p a -  then a for the amorphous. sol id  is
given by

a = fdp P(p ) a(w 0 (p ))  
- 

a- - 
(23)

- 

- 

where we a g a i n  employ a Gauss ian  d i s t r i b u t i o n  for the I c — a l
density as di sc-usscd p r e v i o u s ly .  We a sst smn c t h a t  the  range
pararnc ’t es-s 1 and E,1 zn-c the s:ipsc in the an:os-phous sol i d as
in the  c r yst a l , a n d accoun t for changes  i n  w~ vs p t i s i -ough
v a r i a t i o n s  in V0 . S ince  we do not account for changes i n  m0
(i c. , e f f ec t  ivc t-h :a -r ge )  a- the z sbs o lu t .e m a g n i t u d e  of a w i l l
be t snre ii ;sbl e a- alt hoa-sgIs the fs-c ’quesscy and t empe -a t n rc  d e —
pendent - ta- of a w i l l  not be ~tsbs t an t i a 13 y a f f ec t  ed -

Before proceeding t o  the cona -pu t cd resu 1 t s. for I l l  —V a- s a-
ft is  in s t  i - a - se t  ivt ’ to i ski I cat e -t hc genera I t r - isds a n t  i c i pat  ed
for a (~a- ,T) - )os~ inirroses of II ) u’~t rat ion i t  ssm f f i cc-s to
a-i t i i i ?  C an appi-ox iLma t a-’ re sult los- a a- v a l i d  ~or a c i-yst a 1 w i t h
a I i s a - ca r  5; io;s,a- ’iit (~ -1) -

- 
- 2 () 1 -
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cz (ca-i) a 1 cxp[F.n( (n0.J)-El)w/w0 - Ln (n(a-s) • 1)] (25) 
- 

-
S

wher e a 1 and U depend r e l a t i v e l y  w e a k l y  on 
~~~~ a- a nd n0 is the

Bosc--l:i n~ tcin fun cti on for a~ ca-J 0; typ i c a l l y ,  It — 4 fur zinc-
bl e isde scai conduct i ng crystals (3!) ) - In t h e  vi  c - l i i i t y of the
crys t  ~ I l i s a - c  d e n s i t y  p~~, t h e  Grun c - i sen zija -h a-ro x isi s at  i o n , i - C - ,

Eq - (5) i s valid. T)n~ s i ~ (~ /~c r~< ] a- w0 dc- c rca ses and
a (w) f a l l s  more r a p i d l y ,  t a - l a - i l e  t h e  reverse is t r u e  if

• Pa /Pc > l  - The z a - v e r a g i  ng ps-oc- - da - i r c , on time o t h e r  ia - and , a I w ay s  S

t ends  to bro ack- n cz (c~a-) - W hi l e the two e f f e c t s  act  in t he  S

samc- d i r e c t i o n  for fl> 1 , t hey  OPP OSC cach  o t her  for  r~< l ,
w h i c h  i s  the  c-ase for Il l — V TRAS. The d e t e r m i ma - i i sg f a c t o r
is the  ex t e n t  of t I ~ - spread in loca l  d e n s i t y ,  as s a -a -ensts r e d S

by the pararsc-ter Cs in P(p) . A s imi  las- s i t u a t i o n  prc~ ai  is
reg as -d i ng tcz j~ - i - at  a- i re dcpc -ndcnce  - For n<l a- for  -xanp ] c a- the
absos-p I o~a- at f i  xecI w i a - sv o 1 VCS ta-ore P~0nols~. and t i a -us  w ótm Id
be na -ore i i i  gh 1> - t c -a I a - cra tur e  - dt-p~-ndcnt ; however , this 1 CisdenCy
is count  e r a c t e d  by the ava - - r a~ ing procedure w h i c h  t e n d s  to 

S

reduce t i m e  ovc - r a l l  dependence .

Exan~ples of calculated rcsult~ for cx (u) obtained uti l i —
zing values of na-~F, and ~ 

arc taken froi Ref. 39, and as-c
i l l u s t r a t e d  in }:~ g .  1 4 .  Coa - :~p u t a t  ions fox- GaSb , Gal’ , ln-\s
and GaAs a ll predi ct that ai orphous spcct ra displ ay a lo~a-es -
ra te ca-f de creas e as a func~ ion of ~ th~in (10 the correspondil”:

- - c ry s t a l  I inc ones - ~-i ca- x-covc-s- a- d . pa rt us -es fr ~~’a- expon ent  i a l  be—
ha v io s-  a ic  na - ca- s- c cv i  dc - i- i t t i - m a n  in  t he  cr ~-~a -t a 1 I i  ne case - t~hi  Ic ’
the  c h a nge s  a r t -  rd at  i v e ly  sr~a 1] in  Ga-\ --- • I la - c - ) - as-c \ C r y  sub—
SI ant  i a I in GaSh and GaP - 

- -

The effect s of ana - os -p h~a-u - ; a - a - c a--s on I L~~~a-C i a t  a - m a - - c  dc pa -~- a -~~ - a - a - c c
of sa-u lt ip hosa - o:a -  : a -h s e r p t  ion  aa - - t- ind i cat ed in l i g. 15. ihe
t en a -p c - s-nt  u s-c dt - pcm d L a c e  a t  f i  xed ~ i s sa - m~a - ; a - a - - e  ‘a- sed suhs  a- an t  i all v 

S

isa - I_ ia - i -  l a - i  a-~h l v  :: i~~. a t a - 5  I n : a -  I. - >a-~~ t C’ I h a - a- t~i a - i  I c ala - a - L m - ~n:’~-- s
has a sign s fa- cant ~-ff cct at  (~a-~~ i a - t~~a-~ a- c-~ p c ’ a - ’a t t ms - t-c (l/a - ,:~

l) a-
the  effc~ t on Ca-. ax ha - i gh T ()~ -~-s~ I ) bec-o::~es i- cl at i ~-e] ~

- m a - i  a - m~ a-- -

We i ra -y e  ha - ci - e b a - i s a - a - h  la - a I i t  I ~ posc i l a - I c  fos- I lie dc-c s-c a se
is a- c-i \ S  (L a- 10 I a - a -’ ): 1 a-~a t e F 0)- i t ’~~ in  an ~f t C a - s - p i soa - IS  sol i a - b  x
in ha -c a-- ryc 1_ a  I i i  l a - t a- t~ Olsf l  a- a-- rp a- s t  a- tk pcs d i ma - v. on a- he s~ ’;a- is a- h ’m a - c i t  v
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Fig 14. Log 10 of absorpt i on c o e f f i c i e n t  vs.  fret in ency 
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ILa-/(a0, whcs-c w~a- i s  the c r y s t a l l i n e  ha rmonic  f r e q u e n c y ,  fos - 
- -- 

- - 
GaSh and GaP - The upper cu rves  its ca -a - cl s ia-a is- is t lie amnos- —
phsous rests I t , a-a--i a - il e the  I owes- is the ca-’ysl.a 11 is a - c -

found t o be supp res sed in t he anorp hotss solid , c-spec i all y i n
S 

- Usc- q a - s r n t a - i m  r e g i m e - il-ic 1) 1— V a - s isa-vest i gat ed di spi a~- a wide
r an ge of bc -ha --a -v ios- ; e - - a- the t-ff cc - t s of ama o a --p l sotm sma -es s asc’a ln~ d Ic ted to be s-el ax I \~eI y ia - a - i nay for  GaAs a- h a - a - i t  sub s ta sa - t i a I
los- GaSh - Si ia -ce s~~ i s I _ a - a - - gcr  fca -s- an oa --pl sa -a -a -ss Si a sa-d Ca-c  t ham s
for Ii i  V a - c it is r i— a s o s a - a b l e  to surma i se a- ha - at ct w il l  Ia-c ’  e va-- n -

more c - i a - la - ama - c a -- a -h aia - a - l h a -  r o aj e n a-a-J in a - la - c ’ Sc’ soi l a-I - Thus s v a r  ions
- 15 01_ cia -ti a I ~1 a- ra - _ a - ra -- a-t I ns t ‘-

a- s ~ a- ~a-~a-> - a- in ~ Ia - a -’ ir z a - a -~~i - I a - b s o t i  ~ i~ a- -~a-~ a-
a- I flea - ia - - I i s a e t - ’ p t al a - Ic - I a- -a - sscs in a~a-p~ I cat  I a-- i sa - S a-- a- ’qa-i i n ug l a - i g ia-

* raa-sspa n - h ey it s he :i i :u ’r pha - ni~; s I a t  a- ’s — ) k a - a - a - c v c - r  a- s o a - a - a - ta- a - u s a I I —

( ia -- a t  i on of a - La -’ I a - i a -a - s t -nt -e~- t i l  I a-. i s  i i i  o - da - ’ a - - _ TI~ ’ a - - a l c s s l a —

* i ota-s a-~a-’I y on ra t i sa - a - i -  I i i:a -i a- a-’a-I zia - ;- a-a - a - s m s t  of i sa - p a - i t  dat :s a- a-1t- a - ia - ma -’c-d
ft - a - a - i sa - p ar t ia - ic  I as  sasip 1 a--s - G i veis a- ia -a-’ wa - -Il h a - i a - a - a - a - a - i s  ía c a- a - Ia - at a- la-a-a-

a- 
-

- 

lit -ta -d ot,’

p~~~~~~ _ .  a- ~~~~5 5 ~~~-. - ‘ S - - ~~~ - - ’ — - —  — - - - - - a - — -I 
~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 

—a--— — 5— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~..- —-- ‘--:-a- a-
~
’- 

~~~~~~ 
a - a -  

~~~ 
a-

~~ 
— a- 

~~~~~~~~ 
a--a --- a-- ---- — ‘—5— — -a--a —

La- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _ _ _  --- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —u-:. ~~~~~~~~~~~~~~~ 

-



~io}

- 
- 

10g 0 (l
- - - ‘o- Jc 5 -

- Fig. 15. Loge absorpt ion coeff i ci ent vs 1og~ (T/w~), a- cia - ca -a - c
- 

- - w~ is the crystal line harmonic frequency at a/wc = 3. Par a~ 
-

- - meters  c h a r a c ter i s t i c  of GaSh arc used , except t h a t  0/P a is
- 

S v a r i e d .  Curve 1: 0/p a 0 22 . Curve 2 : 0/P a = 0. 15
- (amorpia-ous CaSb). Cw-ve 3: 0/Pa = 0 ( c r y s t a l l i n e  GaSb) .

Stra-ictu s-al charactc- s-istics of an an os-p hous l i l a - a - a -  arc vea - ’)a- d c— -

pc -ia -den t cm it s p r e p a r a t i o n  cos a -a - l i t I on S a- the qa-sant it at i ye de— - 
- S

tai l s of a-la-c’ pa--esc -sa-t ca l e a - i l  at ion nay be usa-ic -I i a b l e , a I xl s o a - m gla - 
- 

-

we be] ic~-e th a -at the quza- l i ta t ive ta--ends ps’ea-hicted as-c i ia-deed
correc t. - - F

a- , - 

V . Conc. )a-ssioma-s
—-——--a--

a- We ha - sye ia-crc shcm -ia- la -ow i a - a - i c  s-ca-sc -op I c  d e n s i t y  di  sorties- a
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Such phicn oi a -icia-a may be accounte d  for by considering t ia - c ef-
fec t s of d ensi t y v ar i at ion on crys t a l l i n e  spec t ra.  A para-
meU -ri~~t t i omi in term:; of two classes of configura tions ,
n am e ly  t hose co n se rv in g }~ and those which do a-sot a- app ea rs
useful - 1 ca-r sol iri s a-a-- ia - i ch as-c ama - I y ‘a - sI igl a -t I> di sordc-ecl’’ ,
a presc r ip t ion in tc - rm s of j u st t he fo rmer is s u f f i c i e n t  to
de scribe ti -me pr it a - c ipa l features of th e ir spectra . Appl ica-
t ion of t i m e  ra -et }sod to t c t r z a - h a - c a - i r a  I ly bonded amorphous ser.mi-
conduc to r s  provides an i n te r p r e t a t i o n  of l a t t i c e  and c - I c c -
t r o n i c  spec t ra  which  is in o v e r a l l  good ag reemen t  a--; i 1 _ l a -  cx-

a- per imes i ts . Moreover , i t  provides  p r e d i c t i o n s  of the in-
t r i n s i c  Op t i c a l  p rope r t i e s  of disorder ed solids in  reg i m e s
where they arc not yet available experimentally - ,’ such as in
the r eg ime  of h i g h  t r ansparency  in the  m i d - I l L  -
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Is a- Is PSEUDOPOTENTIA L CALCULATION 01-’ EL}-:CTPONJC
h A N D  STPUCTUflE OF CRYSTALLINE AND AM OIU > II OUS AI~SENIC

A. Vaidyara-ati-man
Department of Physics

TJnivoraity of Rhode Island
Kingston , Rhode I~ 1and 02881

- and

Y. F .  Tsay~ and S. -S. M itra
Department of Electrical Engineering

University of Rhode Island
Kingston , Rhode Islar~d 02881

• ABSTRACT S

The electronic density of states of crystallin e arsenic

is calculated using the empirical pseudopotential method .

The structure of amorphous arsenic is bel ieved to preserve

the double-layer nature of its crystalline courterpart , but

with randomly distributed interlayer separations , or equi-

[ 
- 

valent ly, the intern&l displacement parameter, u . Thus to

simulate the amorphous situation , the electronic density of

states corresponding to values of u sli ghtly different from

the crystalline value are calculated. Finally, these elec-

tronic densitio8 of states are added, wei ghted with a Gaus-

sian probability distribution in u to yiold the amorphous

electronic density of states. The nondirect transition modol

along with tho energy dependent matrix elements is used to

eva luate tho lima -ag inary part of the diolectric constant • A

Xrn ima - ex - a-a- — Kr oxa - i g  transformation is pci-formed to obtain th e  real

par t  of the d~ oloctr 1c constant The electronic density of

s t i t t a-’ s of cryMtnhl iza-ta- asa-d sa-ssmorpla-ous As are costa -par ed w i t h  each

o t ] a - e i- and wi tla - r a -va i  lab lo tha-a-ore t ical and ex p e r im e nt  a - ti results
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TIio r eal and imaginary p a r ts  of thu d i e lec t r i c  c o m a - s t u n t s  a:a -d F
the a bso r p tio n  c oe f f i c ien t  of amorphous  As are aise reported.

I • INa - f l1ODI J C a - F T O N

In the last few year s , t he re  has been consid erab le  in-

terost ’ in s t u d y i n g  the st r u ct u r a l  and op t i c a l  p roper t ies  of

cry sta l l ine  and amorphous  forna-s of the same material in order

to understand th o e f f e c t s  of’ d i s o r d e r ;  e spec ia l ly  the changes

a- brought about in the above properties duo to the relaxation
.

of the mo ma - -mi tum conserva t ion  ru le .

Af te r  the successful  em a -a -pi rica l pseudopotential method

(EPM )2 and self—con sis tent orthogona lised plane wave (scoPi~) 3

calculat ions of the energy bands of crystalline As of rhona-bo-

hedral structure , various workers have turned their attention

to the study of the structura l and optical properties of As.

Van Dyke
4 
has used the EPM to calculate the densiti es of

s ta tes  of two different forms of crystalline As. Ley et al 5

have experimentally obtained the X—ray photoelectron spectra

(XP S ) of the valence bands of crystalline and amorphous As.

6Eishop and Shevchik have measured the valence band density

of s t a t es  of c r y s t a l l i n e  and amorphous As using higua - rosolis—

- 

- t ion p h oto om si t ss ion  exp sa -- r ime nt s  K e l l y And Bulle tt 7 have cal-

cula tod th o EDOS of c r y st a l l i n e  ar id amorphous  As using time

8re cursion mot ho d Ra i s in  ot al have measured  the  r o f l o c —

t i v it y  and a bsorpt ion spec t r a  of amorphous  A s .  K rebs and

St offem n 9 ta - avo ob ta i ne d  t im e r ad ial d i s t r i b u t i o n  functions

(uni- ’) for two d i f f e r en t  form s of glassy  As from N—ra y dii ’ -

fraction mi a-ma -surernont s
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10
Groavos and Davis hav e constructed a con tinuous ran-

dom n e t w o rk  model  fo r  amorphous  A s ,  basod on the th re efo ld

coordinat ion and bond angles found in th u double-lay er struc-

ture of c rys ta l l ine  A s .  B r e i t I i n g~~ showe d,  from X-ra y dif-

fract ion rm ioa ou r ense n ts of three different  forms of amorphous

A s ,  tha t the double—layer  structure of c ry sta l l ine  As is rt i —
p

tam ed in the amorphous state. Further, he deduced that the

shortest layer distance is 4.05 ~~ in precipitated amorphous

As,  3.66 ~ in evaporated amorphous As and 3.15 ~ (same as

the crystalline value ) in precipitated amorphous A s tha t ia-a s

been annealed at 250°C and in hi gh vacuum for five h o u r s .

In this paper we c a l cu l a t e  the electia-onic band structure

and densi ty of’ s t a t e s of As using. th e FPN . Time calculation s

are performed for 5 d ifferent  values of the inter na l dis-

placemen t pa rameter, - u , in order to under stand time role

played by the above parameter in determining the electronic

structure of As. Using a phenona-enological model , that in-

corporates a Gaussian distribution of the inter-layer dis—

tance , the domu~ity of states and optical constants of am sa - or—

phous As are calculated . The densitie s of states of cry s—

• 
- tallino and amorphous As are compared and tho effect of dia-a--

order arising from the variation iii u, is discussc(1

Ii • BAND STfl1~CT1TI~E A N D  ~~~ a - N S 1  TY OF ST.-\TFS O’’~ (‘flYSTII.L1 NF A s

Ars enic  belong s to group V of th e p er iod ic  t a ble  na - id

e~ 1s t s isa -  two di ffo rem a - t c ry  s ta 1. 1 inn  f a -
~~ a - a - i a -

4 in t he b la ck

pho spho r ia -us  st i-uc t u rn  , As hit s an or thor -h omb Ic  usa -i t coi l and

is a ma - a i-ro’~.- gsa -p sons t c o m a - d u c t  or • Isa - t he  Al st va -sc t a - sa - -e , As  ia - ia -

S 
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a rhombohodra l unit c el l  and is a se m i m o t a l .  Time l a t t e r ,

which is considered In tizia -work , is the normal As. The

x-h oa-nboh edr a l unit cel l  of’ norma l c rys ta l l ine  As has two

atoms a s soc ia t ed  wi th  each l a t t i ce  point (Figure I a ) .  The

two atoms are located  along the trigon al axis and are so-

paratod by a distance 2ud , whore d is the t r igonal body

diagonal and u is the internal d i sp lacement  parameter .  For

crystalline A s ,  u has a value of 0 .2 2 6 .  The point midway

• between the two adjacent atoms along ti me tr i gonal axis is a

center of inversion for the un i t cell , and is usually chosen

as the or ig in of the coordinate sys tem , so that the structu r e

factor becomes real 2 , a-

The EPM is employed to ca lcula te  the electronic band

structu r e . The pseudopotential form factors P1 of reference

2 wore used,  since they were foun d by F a licov and Coh n2 to

success fu l ly  reproduce the data on band structure obtained

from experimental measurements of deHa a s-Van Aiphon e f f ect 13 .

Following the procedure describod by Bru st l4 , 20 to 30 plane

waves are treated exac t l y  and a fur ther 70 to 80 plane waves

are includ ed by f irst  order Lt~wdin pertu r bation 15 . The re-

suiting ba a-id structure for electro n wav e vector  ~ along

several importan t d i r ec t i ons ,  is shown in Figur e 2 a .

In ord er to cal cul a t e the c r y s t a l l in e  d e n s i t y  of S t a t O s ,

the energy cigenvaluos were calculated at 191 eveni>- di sta-i-

butod sampling point s  in th e irreducible par t  of t ime f i r s t

u n  1 m u m  ~ one , shown ira - Fi gure 3, Qurtdi-atic j ut or po i t-a- t l ea - a -

wa s used to extend tho  r esul ts  to 31i9 f iner  mesh po in t s

212
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c losoet  to each of’ the satimp l ing  p o i n t s .  The r e su l t in g  don-

.i ty of a t a to ~ is compared in Figure 4 wi th  the oxporimental -—

densi ty of et a to s  obtained fr om XI’S by Ley et a 1 5 and that

obtained from high reso lu t ion  pho to emiss ion  exper iments  b y

Bishop and Shoveh lk 6 . Thu overal l  a greement between our re-

sult and the expor imontal  resul t s  is soon to be good . We

would like to point out tha t oven thoug h the structure in

• 
the p — l i k e  valence subbands be tween 4 and 5 eV obta ined  in

our ca lcu la t ion  is na-iasing in the resul ts  of Ley ot al

the resul t s  of Bishop and Shevchik 6 conf i rm the structure .

Our result  is a l so  in good agreem ent w i t h  the  re sults  of

the calculations of Van Dy ko 4 and K e l l y  and l3uh let t 7 .

• Our ca lcu la te d  sp l i t t in g  of the low energy peaks in

the valenc e band density of s t a t e s  is more pronounced than

tha t observed in the e x per i m e n t s .  The bottom of  the va l-

ence band according to th e present c a l c u l a t i o n ,  is at 15.2  eV

below the Fermi l e v e l .  This is in be t t e r  a green a -en t w i th  the

resul ts  of t i ght-binding and SCOPW calculations ta-s repor ted

in referen ce 5,  than wi th  the expe r i m en ta l  resu l t s  -

111. D F N S I T Y  OF ST-\T1-’S AND OPTICAl . CON ST- \NT S OF A~1OPPl lOUS A s

As mentioned above, ni-sonic c r y s t a l l i ze s  in a dou ble

layer structure . In th e f o l l o w i n g ,  we d i scuss  those  a s p ec t s

of the s tructure which are r e lov ent  to our model of anior—

phous As • As m en t i o n e d  i t bovo ,  two in t e r p e n e t r a tin g  f a c e—

cent ered i’honibohn dra l hu t t i ce s  fori sm the cr\’stn 1 la t t  ic- c of’

A s • Titus t h e  primitive co la - i c o m a - t a l u s  t~~o a t o ms , each b e —

1 ca-mg i mig to a di f fe r e a - i  t i ’ imoa - ssbo ) a - a - , d  ra I tush in t t i c - c a -  • Ala - ) -  pa a - - —

;~ I S

- a - a -a- a- - a- - a - - .  - ~~~~~~~~~~~~~~~~~~ — -— - .a-. a - - .  
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ticular atom is sited on one of th o ( i i i]  plane s and has

three noaro st nei ghbor s on the adjacent parallel plane ;

three next nearest noi ghbora lie on another [il l]  plane on

the othor aide of the given atom , but substantially further

away. Pianos normal to the trigon a]. [ill] direction occur

in pairs in which the atoms are comparativel y close to ono

another , while these double layers are more widely epacod.
f -

Three different arrangements of the atoms on the planar net—

• works ex is t .  A projection onto the xy-plane (Fi gure ib)

shows the relationship between these networks , labeled A ,

B , and C , which follow sequentially along the z-axis and are

separated by the short and long iñterplanar spacings in

turn . The crystal  structure is described -by the sequency

123 123 123 of three types of double layer network (Figur e

i c) .  It can be shown that the separation of a plane, along

the [111] direction , from its adjacent planes depends on the

value of the internal displacement para meter u. In fac t ,

these distances are given by 16

= 6ru — r

v0 = 2r - 6ru 
-

- 
- 

where r is one third of the body diagonal of the rhon iboh edra l

unit co i l .  - -

In our model  ca lcula t ion for amor phous A s ,  it is as-

sumed tha t the rho na -bohedr u l unit ce l l  of the c rys ta l l ine  As

is unchanged, but tho i n t e r n a l  d i sp l a c e m e n t  par a moto r  u has

a d ist r ibu t ion  of .—l0°/o about i ts  cr y st a l l i n e  value . This

21 Ii

p
I

~
a- ~~~~~q~~~’ ~~~~~~~~~~ ~~~~~~~~~~~~

- -- - ‘~~~ , • a -
~~~~~~~~~~~~~~
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~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - - — ___________

a-’ 
-— 

4 ~S}’ ~~~~~~~~~~~~~ 
‘.

~~~~~~ 

A



7

chang es la-ho ~‘n luo s of V
0 

and w0 b y the  same a m o u n t ,  bu t  in

oppo s i t e directions, so that t ho  soparat ion V + w is con -—

s t a n t .  Our model a l l o w s  var ia t ions  in the f i r st  an d second

nearest nei ghbor d i s t a n c e s ,  w h i l e  s t i l l  pre serving th o rhom—

boh odra l u n i t  ce l l  and double layer n at u r e  of c r y st a l l i n e  A s .

B r o i t l i a - a - g  has shown 11 from X-ray d i f f r a c t i o n  mea sur e-

ments that the structure of aniorpi-mous A s is c r y s t a l l i n e — l i k e ,

and t hit t  amorphous As is found to ex ist  in three d i f f e r —

cut forms with  d i f ferent  inter- lay er  d i s t ance s.  W i l l i a m s

and Weair e17 have ca lcu la ted  t h e  change in the total  energy

of As when the rhomnbohedral  angle and the int ernal displace-

ment parameter are va r ied  independ ently . From these results

we see that for the changes in u that we consider  h ero the

change in tho to ta l  energ y is indeed very small , (~..0.i  e V) .

These findings suggest tha t our model is a r ea sonab le one to

start  with in the study of the elec t ron ic  structur e and op-

t ica l  pi- ’oper t ies of ana -orp h ous A s .

Ih and structur e and density of s t a t a --a - s are ca l cu l a t ed  for

f ive d i f fe ren t  values  of u wi th in  the l imi t s  ±10 0/0 of the

c r y s t a l l i n e  value - The band s t ruc tur e  for three  d i f fe ren t

value s of’ u are shown in F igure s 2 a ,  2b , and 2 c .  The a m a - a - or—

phous d e n s i t y  of s t a to s  is ap pro xina -at ed by sum ming the f ive

• d o n s it i o s  of s t a tes  wei ghted wi th  the f’u m t c t i o n *

oxp [ — ( u — u ) 2/ ( 2 o 2 ) 3. Grenvos and Davis  ha -av e estim ated th~

Gauss inn  sp a --end in the  n eare st  nei ghbor distance C to be

0 • I • From t i m  is we us t u sa -a t ed t i a - m a -  (~a tms s i  ta -u spre a d ia - s  U to

be 0.  0007 ‘~ • The re a- its i t  a - mg d e s i s t  t y  of s t a t e s  of’ a i i iorpimotss

- Sa-

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~ 
‘ •

~~~~~~
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As is shown in Figuro 5 along wi th  tho expor imontal  r esu l ts

of Loy et a15 , and Bishop and Shovchi k 6 .

On comparing our c rys ta l lino  and amorphous dens i t i e s

of s ta tes ,  we note the f ol l o w in g : - m o et  of’ the featuros are

common to both of them ; the structure in the p-liko valence

sub -bands noticed in the crystalline case is retained in the
411 • 

- 
-

amorph ous form . This is in agreemont with the experimental

results of Biship and Shevchik 6 . The splitting in the val-

ence band between 10 eV and 14 eV below the Fermi level be-

comes less pronounced in going from the crystalline to the

amor phou s form . Ley et a15 however , foun d from X-ray photo—

emission experiment, that the two low energy peaks virtually

coalesce into a single big hump . More recent experiments by

Bishop and Shovchik6 indicate that the pronounced two peak

structure is greatl y- reduced in the amorphous form . This is

believed to result from th e presence of f ive—fold rings in

the amorphous form . Tejeda et al ’8 and Treusch and Kramer19,

however , have shown tha t similar e ffec t s  observed in group IV

semiconductors may also be a consequence of the fluctuations

- in second nearest neighbor posit ions , and therefore does not

• necessari ly arise exclusively from the f ive—fold rings . Our

model does not assume any odd mon a -bored rings . The Bligh t

• mixing of the two peaks in our nod ol  is cau sed by tho va r ia-

tion in the i~.tern a1 displ a ce na -o mi t  parameter,  which causes

variation s in the first and second neighbor distances • Our
•

calcul a ted density of states of amorphous As is in fair

agreement w i t h  the result  of the c a l c u lat i o n  by Kelloy and

2 l~C~

W r ;  r,a- - - -  ‘ - - t .  w’Wiw—a-.-r ~- f l $ P P tP a- ‘P’ ~~~ —r ’ .-~~~ a- ~a-p- 4a- j~~~a- -— - — - --a-n- - -- — ,-en — —

-
- r ; — . 0 a-

- j~~~~~~~ -$a- ~ a - . - ’

— - ~~a - a -~~~~~~~4 ~~ ~~~~~~~~~ 1Ah1~~~~~~ ~~~~~~~ Jfa -~~~~~~f 
a-
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Bu lle t t 7 . -

‘aThe imaginary part  of’ th e d ie lect r ic  constan t is given aø

by the form ula 2° - 
-

- - 

e2 (C
~
I)) — 

~~~ IM(~~ j~morp n
~~

(w ) - ( 1)

where w is the an gular frequency of’ the photon , I~1(w) I2 is
the arithmetical average probability of dipole tran sitions 21

at frequency w , and n
~~(w )  is the convoluted density of states

of the valence and conduction bands for which energy is con -

served , in the above formula the convoluted density of

states is used instead of the J oint density of s tates  because ,

in the amorphous solid the fl—selection rule breaks down and

only energy is conserve d 20 .

Amorphous matrix elements as used in this paper have

been obtained from the ener gy dependent crystalline matrix

elements, which we calculated by smoothing out ui-nklapp —

enhanced transitions and retaining as much energy dependence

of’ the crystalline case as possible . The c
2(w) 

calculated

using equation (i) is shown in Figure 6a.

The real part ,  c,( w ) ,  of the complex dielectric con—

stant is related to the ima ginary part , E
2

( L & ) ,  by the Kramers-

22Xr oni g relation -

~~ C~~(W t ) U~t dL ~t

~ ‘ + ~‘ I ~~~2 
— 

2 
( 2 )

in wh a -ich P is the principa l value of the in tegra l .  To use

thi s formula one needs c . , (w)  ov er a ll  f r equenc i es .  Since

-, —

_ _ _ _ _  _ _ _ _- ~‘~~‘~~ -e- c.- —w-’e- —— -— -t’ - ~~ S #%S - a--’ --  — ~—~~.-e - t  r-~ -.~--.----... a - a - .  —a- n . —~-a- —-- ,... p —a- - - - a - . .  - a - -  a-- ~~ - -a- . a- ~~~~~. - - - a - — - .

‘.

~~ -
-

-
~~~~~~~~~~~a-~
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we have c
2(w) 

only for a limited range of frequency, we at-

tach a structureless tail of’ the form A/~
2 to the ca lculat od

£2 spectrum . Tho constant A is determined by the continuity

relation . The c1(w) spect rum thus obtained is shown in

Figure 6b.

- 
The abBorp tion coefficient cz (w) is given by

C2 (tO ) w - 

- - -

( :3)
c n(w )

where c is the velocity of’ light in vacuum and n( Ls5 ) is the

real par t of the complex index of refraction , defined by

= n(w) + ik(w) (4)

• n(w) is calculated using the two simultaneous equations

2 2
n - k = ~

-5 j

2nk=c2 
- 

(6 )

a(w) calculated using equation ( 3) ,  ( 5)  and (6) is compared

- with the experimental absorption spectr um8 in Figure 7. The

peak value of’ our absorption coefficient was scaled to equa l

the peak value of’ the experimental a .  The overall agreement

between the theoretical an d experimental absorption spectra

is soen to be quite good . 
-

IV.  SUNM A1~Y AND CONCLUSIONS

We have presented a calculation of EDS of’ nnsorphou~ A s .

We regard the structur e of’ amorphous  a r sen ic  as p rese rv ing

tho double layer structure of c r y s t a l l i ne  As , but wi th

~ 

..~~~~ S - a- —.
- - 

a 

-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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int er luyor  separat ions d i s t r i bu t ed  rando m l y.  The l a t t e r  Cf l f l

‘a
be described conveni ently in terms of a random di8tl’ibution

of the interna l di~~p la cemu nt  pa rameter u.  Such a s t ruc tura l

model for amorphous As is consistent with experiment al data

of RDF . This model is also plausible In view of’ the fact

tha t the total energy of the structure is s l ight ly  dif ferent

-
~~~~ from that of crystal l ine A s .  The slight devia t ion of u from

the c rys ta l l ine  valu e can be r ega~~ded as a r an dom perturba—

tion , which broadens, to various ex ten t s  the energy of each

and every state. The extent of’ the broadon ings  due to u is

determined approximatel y by ca lcu la t in g  the crystalline band

structur e with various values of u. The amorp hous E1)S is

obtained in the present  paper, by- summing up crys ta l l ine  EDS

with various u wei ghted by a Ga u ssia n prob a bi l i ty  distribu-

tion • Such a procedur e is,  in f a c t ,  equivalent to broaden-

ing each individua l energy level with  d i f f e r e n t  broadening

parameters wh ich is determined by how s e n s i t i v e l y  the in-

dividua l energy leve ls  sh i f t  wi t - h respec t  t o the change in u -

Our model pr edic t s  e l e c t r o n i c  dens i ty  of s t a t e s  and a hso r p—

tion c oe f fi cien t  tha t ar e ia - a - reasonabl e agreement with ex ist-

ing da t a .

~ I ~

- ~~t’-~~~ P b %  - - n.j ‘ -r - ~~
, - - — ~~ a - s  - - — - a- - Ia- * - — — - a- - - -

- 

—
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FIGURE CAPTIONS

Figuro 1 (a).The rho niboh odra l unit cell of’ As ira- the A7

structure . Tho dots roprosent tho two atoms in

the unit  cell. 
~~~ = 4.13 18 A and a = 54 ° l3’ .

( b ) . T h e  arrangement of the throe types of atomic

- networks A ,  B - a n d C in crystalline arsenic pro-
S a

-

jected on the xy plane .

(c).Tho sequential nature of’ the planes normal

• to the z—axis in As .  Single planes are separated

alternately by v0(=2 .2531 A ) and v0 (~~l . 2529 A)

and are arranged in the sequence ABCABC . The

double layer p lanes follow the order 123123123 . ~- 

-

Figure 2 ( a ) .E- i~ diagrams for crystallin e As along a few

high symmetry directions . The internal displace-

ment parameter u is assumed to be the norma l crys—

- talline value of 0.226.

(b). E-i~ diagrams for As with u = 0 .95  x 0 . 2 2 6.

( C ) .  E-i~ diagra m s for As with u = 1.05 x 0 . 2 2 6 .

Figure 3 The f irst  Bril louin zone of As (A 7 structure).

Tho zone bounded by the interior planes I’LL ’ ,

• rLTyr, I ’L ’XT and the surface planes cons t i tu tes

th o irreduci b le part  of tho Bril louin zone and

its volume is one—twelfth of’ the volum o of the
S

Brillonin zone • For a more d eta i led  descr ipt ion

of the  B ril lou in  zone , please see r e fer ence  2 .

22 ~3
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Figuro captions cont. 
-

Figure 4 Electronic density of e ta tos of crystalline As .

Solid line is our r esu lt .  ooooo is due to

Loy et al 5, xxxxx is du o to Bishop and Shovchik6.

Figure 5 Electronic densi ty of s t a tos  of amorphous A s .
- 

Solid line is our resu lt .  ooooo is due to

Ley et a15, xxxxx is due to Bishop and Shevchik 6 .

• Figure 6 (a). Imaginary part of the diele ctric constant,

- c
2(w), of amorphous As plotte d as a function of

energy

(b). Real part of the dielectric constant,

• - of amorphous As obtaine d by performin g a Kraniers-

Kronig transformation of c
2(w).

Figure 7 Absorption coefficient of amorphous As, as a

function of energy . The experimental result

is due to Raisin e t al

S

S
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5 ELEC’I’R] CAL PliOI’1-~)r1’lLS AN I IIOI’P]NG THANSI’wrr IN
AMOJWU (JUs SILICON CAfl)i1DE FiLMS -

K. Nair and S. S. Mitra
Departmen t of J~loctrical Engineering

University of Rhode Island
Kingston , Rhode Island 02881

Abstract 
-

a- ‘fu n films of amorphous SIC are prepared by rf—spu t-

toring and the conductivity studied in the temperature

• 
range 300 K � T � 80 K both as a function of temperature

and as a function of applied field. Although a few other

mechanisms of current transport were observed, much of the

dc—conductivity was found to be duo to hopping between

localized states. J’lott’ s exp(T~~/~~) law is obeyed at lower

temperatures and the values of the siguificant Mott’s para-

meters obtained from the results are quite realistic. Thd

dc-conduction at room temperature , at applied fields of the

ordor of 10~ V/cm , is explained by field-assisted hopping.

The ac-conductivity obeys the law at 1o11,e
V
t frequencies

and saturates at frequencies above 100 KJ!z . It also shows

a T~ depend ence a- The e f f ec t  of isothermal annealing is

systematically studied.
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I • :I N’ruoI ~ in - i ()!~~~ 
-

T}1() van ()U5 Ct i r r e i l  I t r a f l f -.pOrta- ,iic.ehani sni s in di el t -c tn c

thin fi h its h ave boeii cx tens lye ly studied by ma n y  ~uthiors 
1~~1t

In incn -t cases the a m o r p h o us  films differ f rom the c r y s t a l li n e

ones by the alu ence of wcl~ -def~ neU conducti on band and val-

ence band edges and the large density of localized states

- -, 
• in the f orb id d en gap which a c t  as t raps  a- These f e a t u r e s  of

the a m o r p h o u s  d i e l e c t r i c s  make it  po~~s ib lo  to explain t hei r

elec t r i ca l  p r o p e r t i e s  by means  of m o d e l s  f oi - in u ] a tc d  fo r

amorphous semiconductors 5—8 The transport itic-chani sms in

the case of’ amo rphous s e m i c o n d u c t o r s  have been a s u b j e c t  of

grea t i n t e r e s t  for the l a s t  several  years9 . A l t h o u gh no

single model  exp la ins  a l l  the observed p rop e r t i e s ,  the d cc—

tricztl conduction is u s u a l l y  explained by electronic hoppin1~

be tween  localiya-ed s t a t e s  be low the c o n d u c t i o n  band .  At  low

tempo~--atures the co n duc t i v i t y, as has been formulated by

Mott , is due to hopp ing  between states near the Fei’iiii l~ ve1

- - 10and ‘ s given  by th e Mott ’ s law ,

T
~

° ~ 
expf- (~~~) ] ( 1 )

At h ig her  temperatures , however, the abov e l a w  gets mod~ fled

depending On the  applied la-i c a - id , trap dist -i- ibti t i o n , e t c  11—13

Although cry~ to) l~~ii~~ SIC behaves as iun I i t s u h a  toy’, \-ani ccl
a

Vs ltie ~ for the no si s t I \i t- ~~

a- have been 3’epO]’ t- (‘CI ‘ ~ ~~ . TIt In

ia-i juts of tnnorI ‘hioti Sic are gen era 11 tiioi’u c t’xi~I ti c t I V 0 1 h a)

C 1~~ ?- I l L  1 1_ i ) U’ Ot t  (‘S s I  ~~~ ( t’ 1- I t O  t r a i i s  p er t  itt,’ t ’ 1 U ,  fl i ~I I I t ,  m e l  V e t l  a i- o

qu it e ci la -r e r e i t  t in  t l i t ’  t%. t) ~~t t  ~I L 1 M — ‘t~~I’ h L ( t V I ’  $ I WI I 0 ( 1  1 i t t ’  tIc

a- -- T :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~J 
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conductivity, ~t s a f unc t i o n  of appli ed liv i d ,

of thin fi.]ms of amorphous SiC . Thickness of the samples

used was of the order of 0 .5  u rn and fields used ~nro around

~~~ V/cm . In this rogimo the conduction is believed to be

- 
- duo to f ie ld -en hanced hoppin g 2 . The dc -con duc t iv i ty  as a

function of temperature is studied in detail for temperatures

as low as 80 K where the conductivity obeys the Mott’s law.

However, other mechanisms which might contribute to the con-

duction are also considered l6hl7 . Most samples showed a

significant amount of conduction by tunneling at very low

temperatures which was temperature-independent similar to

what is found in other dielectric filnls
l6
. For samples of

a- thickness of the order of 2 pni prepared at low sputtering

power , ionic conduction was found to be dominant.

The frequency dependence of the ac-conductivity of

amorphous SIC is similar to that of other amorphous dielec-

trics in that it obeys law at. lower frequencies. As iii

other systems with hopping transport, a region in which o(w)

- - 2 a- 7 -va ries  app rox ima te ly as w ia-s also observed a- At frequencies

abo ve 100 l O l z ,  the coxiductivi ty is frequency independent, as

18 )9 -found in o t h e r  amorphous materials a- 
. As predicted b y

Polish , such a region is a l so  seen at the lower limit of t h e
- 20

frequency a- Our results of the f r e q u e n c y  dependence and

the tempera 1-nrc dependence at low f3 ’equenei  es of the ac —

conductivity agrees wi th the model of Pollak ~.-iui(- )t is a] so

eqtu \-a lent 1 o the iou-mu Intl on of Met t atid Att~ t it i

The effect- ol’ an n e a l i n g  iou ’ 1~ ng ~- -~‘ri od~ at- di ffeni’n I

‘J

— .% -e r---— -r---------_ 
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --Sda- a-.a- ..Sa-- - a-a-a a-~a- — 



‘I ‘1tviiiperaturos in each of the above tIloasurcmelI (a-s is carefully

stu d ie d . It lowe~~s tho d c — c o n d u c t i v i t y  by ord ers of i u a g n l —

tudo which is usually a t t r ibu ted  to tho decreas e in the nun i-

box’ of voids or dangling bonds caused by ann eal ing in the

as—deposited film 2’. The a c — c o n d u c t i v i t y  a lso  shows sim ilar

decrease a- -

0 II. EXPEPIMENTA L -

- t a. Preparation :

All  films were prepared in our laboratory by ia-f spu t-

tering on glass or quartz substrates with pro-sputtered
— -

bottom electrodes. Since most of our samples were of the

sandwich configuration , the effect due to the substrate

normally observed in the case of high—resistivity materials

could be prevented . The bottom electrode was chosen to be

of’ molybdenum in order to prevent contact—induced crystal—

lization23 and instability while temperature—cycling. The

top electrode is either sputtered or evaporated and was

chosen from Mo , Ag, Au, A !, In , Au-Sb (99.li - 0.6), Au-Ge

(78-22), Au-Si , etc. The sputtering of SiC was done from

a 1~” diameter polycrystalline target of intrinsic quality

at a t yp i ca l  pressure of 6 .0  n i il l it : or r  of Argon and the

- - - sputtering powers were 300 1~ and 100 W for two sets of

samj )l es • Ti na-- subs trrtte was kept at 9 .0 cni away froni i-lie

target- and was w a t e r — c o o l e d .  The temperature of the sub—

st ra t e  was continuously monit or ed whil e sptit a- t (‘ring f l n ( I  (lid

not 3’Ufl beyond :~ C
° above I he in it ia] t e I n h l c u - a I-tir e •

es Wel’C test (a-ct iou itiii ~ i’iihi.l ci tv I))’ X—ra y dl u i-a c I ion  a
-

p

a-— -, — — -I
__

_ ‘a- a- t’t~
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at sufficlemi t. I y long ts,tltusure t h u e  • All iiputteri i1~~; oJ,uJ-~I 
—

t ions gave amorphous samimp Jo s • Tin-  $L1lf l ~ I~’ s atunCa 1 c’d at time

hi  glie st itnnea ii  img t enupe rat ure ( /4 00°C ) we ,.O a iso found ( t ie

anmorphous .

The prob l em of obtaining an ohmic  cent act to a thin

film die lectric is s o m e w h a t  less  severe in the cast’ of a m o r—

phous matca-ria 1~ because of the large density of ]oc a  11 ~‘ed

s t a t e s  in t h e  band car of the materia l and the large density

I ’ 

• 
of su rfa c e s ta t es usua l ~v pre sent at the in t e rfa ce s .  At  low

applied f ie l d s ,  the  c o n d u et i  On is  u s u a l l y  o h m i c  in si d e  the

mater ia l  and the nature of the c o n t a c t  may piay au i m por t a n t

2~4 i l i i r  2r -a- -’
role a- Previous work on c ry s ta  ii in’ ‘ and amoi’pluous

SiC have boeii ci they at low ii elds or wi t h  la-i lms of ~-ei- v sm,ia l 1

thickness. Si nec our m e a s u r e men t  s were at relative v hi gh

f ie ld s  ( a - a - ] o~~ V/ -ni ) thi~ ca rrici’ t r a n s p o r t  may be tml  ik e  t ha t

at  l~ w f ie  ld~a- . The cifec t due to different con I act mat  eu - i  a-~ 1

was l i t  t- it- ~n the  c u r ren t  —vol (-age chara c I t-r i st i c of any of

our s a m ple s  a- Further , possi hj lii  ~~
- of i-he rrt-sene~ of a p0—

t c -n t i a l  barrier a - u t  tin’ intuu ’fac.a--s is faiu ’lv r ul~’d out  a - u s

shown in the di scus Si 011

The 300 W f~i iuiu s  I nd i ed we u-c of I hi i c i~ i i  S S O s  0 a- ~‘ i t imi and

0.15 ~Uui and t h e  100 ~ films were of thicknesses 0. r~ 
~imn ami d

2 .0 r un . -The 100 1~’ fi  I t~n. ~~~h i~~~~t.
- t a -d  Si gn iii cant lv I Owe: - -o l1 dud~ —

C t iv  i i  y and I hi t’k~ i’ ii IIIIS shio~.- u a-tI bti 1k c ffee I ~~~‘ ~~~. Tin’ aren el’

‘1
a tv~ it-al sample wns 0 .Z~ (‘Ill

b • PC M t ’ : i  stIi’ enlt ’uu I s :

Thci (Ic — t-  t ’iud tic I .i ~ i t y was os t I usia I oil Ii ~ nut ’.i Sum ’ i mug ti me t -  i t :  —

- - — a- — a- — ~~~~ a- a-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~ - -~ - - — - -

1~ — ~~~~~L~~~~~~~~~
-a-

~
— a-i~~~~~a-~ 
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~~~~~~~



6 H
z~ez’ t tin-oug li th e saIIu i)lo l’uz’ U i - ( 11OwII  ujujil I od voJ. tugi.u a- T he

-5 -p
currents were in t hu range 10 A — 10 ‘A and were miueas ured

using  a X i e t h i l e y  6ioc Electrumnotcur and thu vo l t ag e  a cro ss  t ime

sample was ,uieasurod using a similar instrument - ‘la-lie voltage

sourco was made up of 5.1i V Mercury cells ant i a potentia l-

divider arrangement. Time sample was k ept  in hi gh: vacuum and

hold at constant temperature while measurements were made .
H
1 ,
’ By this arrangemen t , it was possible to make noise—free

measurements even at very small cur rents .  For t I m e  0 v~ T

a- 
measurements ,  a cons t a n t vo l tage  ( 5 .  t~ v) was app l ied  and t hic ’

cor responding  curren t measured  at  each temperature . The

cooling arrangemen t was such that the actual temperature of

the film could be down to 80 K irrespective of the s u b s t r a te

m a t e r i a l .  A coppex ’ — c o n s t a n t an  the rn u o c -oup le mon i t o r e d  the

temperature of the film a-

c- a - Annealing

The annealing of most films was done in an Argon a tines —

pherc at  t e m p e r a t u r e s  of 100°C , 200°C, ~00
°C and /400°C. The

top e l e c t r o d e  to t h e  a n ne a l e d  fi l ms were d e p o s i t e d  t i s t i a l l  \

a f ter  annealing, it was fowud tha t t h e  f il m s  tumniei ’go strtmc—

t ura l chiangt’ at an ann en 1 iuig tempera  tture of 500°C • TI: i s  i s

most likely c-au~-etI by the Mo bet t em e lee I rode ~‘Imi Ic the

nctua l c:’vs 1-al liza I hem: t emp ’u ’n t nrc of amorpho u s Si (‘ has L)t’cfl

~~r 
a-

to be arotuui 850—900 C • TIn ’ cain-i t  ling t ~ m im es in tiles I

cii se s lam /4 iii’s • , a ] I hietig hi l U  S (‘liii ’ ca sos it l a - i t  S I ~ hr s -

- 2’) - - - -A li i i  c u t i g hi  t a -a r  1 101’ ~a - i ’ r k  sh~ ow Iii ,: I- n u n :  t’a 1 i l  ig t i u s es  i t  i ht ’ c I

l iii , C ta - ) J I t I t l e  t ~i ‘a- it)’ u~I gum I ii tIIII 
( 1  )a- , l u m e n  11 uig t i i i u u ’  5 t ) j ’  I ~ hui

2/4 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - ~~~~~~~~~~~ a-na- -



—

~~~~~~~~~~~~~~~~~~~
‘a-

7

and 2/4 hrs . rospoctivoly , dl  ti not Rhow us not- i.ceabl o a di 1—

foronco its would those of’ say 1 lii’. and 12 ):rs • , rospoc LI ~‘e]y .

d• AC Measui’cmcnts

The ac—conductivity was measured using a P/tH Model

No. 1111-8 Lock—in amp lifier and detector systt’m 3° in which :

the internally-generated reference signal was used as the
p

applied voltage to th e sample. This voltage could b~ chosen

from 0 to 0 .5  V lU-IS iii which region the current var ied  h u e -

an y. A standard resistor of small value (typically 100 Q

or 10 c~) compared to the resistance 11 of t h e  sample is con-

nected iii series and the voltage across it is fed into the

input of the lock-in anuplifier. By setting the phase control

at zero and at  t h e  l o ss - ang le,~ we o b t a i n  two vo l t ages  pro—

portional to H amid 2 r e s p e c t i v e ly ,  whe re C~ is
P

the effective parallel capacitance. From these two voltages

B and C arc calculated whi ch lead to the real parts of o(~~)

and c(w) respectivel y a- The lock-—in amplifier could be used

in the frequency range 1.0 lIz to 150 Khlz w h ich  is the fi’e—

q U e f l e V  range of our i n t e r e s t .

I I I  a- PT~~Si~ 1 1’S ANI ) 1)1 S(’l~SSi ON

a • I-a - ic ’  I d— dc ’ pc ’m: denc e of t h e  dc —C omidu c I j’% ~t v

A d e t a i l  ed s t u d y  of t i m e  cond t ic  thom: imiechani sin ii: the

i t iuioi’phiotis  Si C t hm i  m u fi  lumus si~~’ti  Id i j:cltmd,’ looking at tin’ \‘a r i  —

oils C (’I1(ItIO I ion p r o e t a- S SOS found  im: cry  s ta l  ii in - as ia--e l i  as

u u m i o i - p h u o t m s  ti ia - I ia-c i - ia - i  c 1’i I muus • Cr\ stal l I u t ’  Si C mn’3 i i~~ a di e l e e —

l i l t -  , the t ’ i i l i t i i t ~~ I m u  p i - O e t ’ Ss e S  in l t i I i O l j ’ l i i ) ( l S  Si C i l 1 h ~~t 3 ’ I’ l l t~1 V

rest ’miil ,los 1)it ’~a- i~ J~ c’r )a - s l i u I I  lumi - ’ S I C  p a rt  l e u I u i ’ 1 ) a -  itt h i g h e r

2/4~

- , - - a- ~~~a- ~~~~~~~~~~~~ a-~
_
~~~ 

,
~~~~~~~ ~~~~~~~ 

.- • a-~~~~~~
_ a - ,  

~~~~~~~~~~~~~~~~~~~~ 
a - .  — - ,,a- .. ,, ,
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tomjmrtratures and }ui gh f i e ld s • Pr eviou s work on u m m i o r p i w i u s

2~~~~7 
-

sic ~~ has been at low fa-iolds ami d no fio]d-d~ peuuUen ce was

investigated extensivel y. The car:’ier typo was found to be

p-typo in Mogab and Kingery ’s
2
~ work but our s tud i es  d i f fer

from theirs in that:  (i) our samples are prepared by nf—

sputtering and at different sputtering conditions ; (ii) we

consider conduction tran~ verse to the film ; amid (iii) as -

- 
mentioned earlier , the app]-ied fields are of the order of

]a-0~ V/ en: .

a- Figure 1 shows the current-voltage characteristic of a

typical 300 m~ Mo/SiC/Au-Sb structure with the !n I plotted

as aJi~ where I is the current for- an applied field F, known
as the Schottky plot. The fact that the £n I vs ~/F is fairly

linear at high fields may tempt one to assume that the cur—

rent transport in the materia l is by either the Schottky -

- - 

process or the Poole—Frenkel process as observed in other

dielectric thin filuums 3tlG ,3h 132 I~ the case of Schottky

process, the current transport is due to the thermionic

emissions across th e potential barrier at the metal—insulator

interface and t he curren t density is given by 33

* 
e (~< —.a-/~~~~~ ’/ 

.‘i ~ - )
J = A T2 e x p[-  

11 
k’I’ ( 2 )

wher e =- o f fec  t i  \a- t’ Hichmardson cou:s ta u t  , = barrier

h e i ght , = t ime insu la  ton dynamic r c a - n u t  t t iv! ty  h = h o  ltz—

man t q e o m i s t ; t u u ( -  n u l i l  ‘F = nla -’ s o l m m t e  t e n t p e r a- u t t i i ’e a- The Pool t ’—

J”nc’nkol process 8151’ gives ~ I I I C I I ) ’  r iot ci’ Li: ~ a-a-a - q  .ji’ a m i d

th e ctm r r t ’ n I- dc ’,u~- i I y hut s t hue foi’i,m ‘ -

— 
~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - ~~ - - a-a-1~ ’ ~~~ ~~ r q . ’ - ~~ 5 - — —-  - - - -- •  ,_ - -. - - -  - - ~~~

-,_______________ ~~ ~a-ilLa-Th[a-• ~ ~~~~~~~~ 
-
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whore in this case is the aVOra co depth s  of traps from

tho bottom of’ the conduction band a- in t h e  I’oole- Fro u: kcl

process ,  it is assumed that the current transport is car-

ried out by e lec t rons  that are thermally excited into time

conduct ion band from traps that ex is t  in the band Car .

Since this kind of exc i t a t ion  is f i e l d — e n h a n c e d ,  it is more

signi f i c a n t  at hi gher temperatures and hi gh fields.

The above two mec h an i  sins are not satisfactory -in ex-

plaining our results primarily because they give ri se to a

value for the dielectric constant which is too smal l  to be

a c c e p t a b l e  for  amorphous SIC (c~/& 0 1.7 assuming Poole-

Frenkel process and ca- /c O.~4 assuming the Schottky pro-

cess). Further, the linearity of’ the Schottkv plot at high

fields is not to be taken as a conclusive evid ence for

either Poole—Frenke 1 or Schottky mechanism , since t unne l i ng

or- Fowler—Nordhoim emn issiomm would give a sinmilar plot~~. Time

Schottky process assumes the existence of a well—def ined

potential barrier at the metal— insulator interface and a

cond u ct i  on band edge in the material above which t h e el ec t ron

has h igh n u ob ih i t y ,  both of which are high ly  imtiprobabl.e in

our case a- We hnvc also found time current dm~nsi t- )a- for a

given fi old to be A ui de pemulon t of the contact material amid

to b~ depeuden t  cm: the Ut.i ekuess cia- 111 . f i l m , hot h of wh i ch

i m ath  cal e n him 1k— cnn tm I] i’d p]’cict-
~ ss r at her  I l u a u :  ( t i :  t ’ i~~~c t i -ode —

a- con t rol 1 ~in~
-
~ • Ouu t h e  ci t - m a -i ’ h i a m u d  , as simmi lug it rea Ii st - i c

a-~~~~~~~~ - — - — - — - - - -- - - - - - 
- - -L. ~
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umiag n i tudo  for the dons I ty  of t r a p s ,  t i m e con t r ibu t ion  to ti me

conduction due to oloctrons thermally e x c i t ed  fr on u t h e  t ra p~m

in the  band gap in t o th e conduct ion band us in tiaa- Poole—

Frenkol process, can be considered to be r at h e r  smal l  at  t i m e

fields and temperatures encounter ed here (<  i~~6 
V/c mii and

~~300 K respectively ). However, the muiec):anisnm we are using

in order to explain our r e s u l t s  r esemm uble s  t i me Poole—Frcnkel

process  in the f ac t  t h a t  the  conduction is largel y bulk-

• cont r ol led and th e ex i s t ence  of large number of localized

states u i  the band gap acting as traps .

We have been able to explain the f i e l d — d e p e n d e n c e  of

the conductivity in amorphous SiC satisfcmctonily by assuming

11 12, 13 -
- 

- 
the model formulated by Mott and others - 

- 
for hopping

conduction in disordered solids. Generally, conduction by

hopping dominates onl y in an amorphous system wh i c h  is

other~a--ise insulating or semiconducting 12 a- In this model ,

the conduction is interpreted as due i-c hopping of electrons

between localized states with ene rgie s  near time Fernui level.

At low f i e l d s ,  t h i s  conduct ion  is ohmic hu t  larger  fields

give rise to a f i e l d — d ep e n d e n t  c o n d u c t i v i t y .  Assuming a

f i n i t e  d e n s i t y  of ’ lo ca l i ze d  s t a t e s  at the Ferm i 1v~~el , N ( I - ’
1 )

e i ther  du e to  ov er l a p  of con d uc t h o u :  a mi d Va i d ice baud tail

as Iii  time CFO ImIo t ic 16 or dime t 0 t~)me pl-e seuico of d.mutg l i mu g
• 11bonds , Ho tt cli tam s t hue etmmre m it dem is it y for aim app] i ed

fin id P to l’o of the forum

j  a e x j i ( — : ! u I ~ ) sim :hm (.’1-’it/kT)ca-~ p (— T~ 
( h m )

wh ere H = average )moppi u:g lit st :mum .a--e , Ct the t n v e m ’s n  ra t i ~ of

- 
- 

- 

- 
- -~~~ — -~~a - . -~~ - -~~~~~~~~~

-r-  — - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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full— off of a typical localized state wavola-wm c Lion , W

~ ctfvation energy a- and T absoluto te:nporatua’e . This is

oquiv u ien t t o the  form ob ta in ed by l!i1112 for field-as sisted

hopp ing :

J a s in h [l a - 03  oF (a ,tN ~~) l~~ l 
(kT~~~~”~~) o xp (_ c~r

_ 1
~
”!4 ) (

~
)

where H i l l  has considered traps of a un ifor ium density N . over

a band of energies above a depth E. from the bottom of’ the

pseudo-conduction band (or the mobi l i ty  edge as in the

CFO model).

Shown in Figure ?‘ is the plot of I vs sinh (bV ) for a

F typical 300 W samp le where the value of b was estimated in

each ca se a s fo l lows . For large ( by ) ,  s inh(bV)~~ exp (bV).

Hence the slope of the tangent of the In I vs V plot at

lat—ge V gives the value of b which has dimensions of (volt 
)_] 

a-

It is soon that the I vs sirth(bV) curve is a straight line

at re~ ative1y hi gh fields where the eF<2a kT condition holds.

At very low fields , the conduction tends to be ohmic as can

be seen from the plot . From the value of b , the average

density of localized states per uni t  energy  near time Fermi

level (or the density of localized traps i-n t h e  band , as

considered by 11111 ) i~ . is calculated assiu mm u imig a value fo r Ct

obtained from our othm~ i- dc measurements (see th~ following

soctiom: ) (ct a-3 10’?’ 
cm m u ~~~ ) a- (aN . ) thu s  øbt~~in ed hum s t h~

~ a - ø l t m e  1 .33 x 1O~~ oV ’
~ ~~~

_il 
w hi c h : g ives  N~ _ ~~~~~~~~~ x ]0~~

cm tiV tdm I elm is qimi t c i-ens oumub ] ti

b • I)C Comutlue I ivi 1 y as a Fuumc t iou: of Teuuipoi’n t tu: a -i’

I ’Ios I iuIum nrphmou ~ sommmice u iih ti c t ui’s j un -os 11gm: ted so In:’ obey

.i

•a-~~~ ,- -~~~~ - — —— 
~~~

- -
~~~~~~~--- -~~——i ---

~ —-- a--a- - — f ~ -a- - ~~~~~~~~~~~~~~~~ — — _
~
__ 

S,~ 4 a - •  a- -~ 
- - - -a-, a- . - - - •

~
-

~~~~~~ & U J  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- - - - a  - 

-
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th e ~~~~~~~ s law (equ  a- I ) for CojitItm c tivi . ty at low t e u im p e r a  t o r u s

Vhefl c o n d u c t i o n  is by i iOI ) I ) ing  b o t w e a - e m i  d i s t an t  s i t e s1° .

Stri c t ly  speaking, t h i s  law is expe c t ed  to h o l d  around

liquid helium temnperature where time enercy t r a ns fer  between

tho l a t t i c e  and the e l ec t ron  dur ing  a hop is t re a ted  as a

one-p hm onon p roc ess .  hIot~ever , similar  be hm av i  or is observed

at higher temperatures as wel l  in nmany ~~~~~~~~~~~~~ 3~~~~
a- In

view of this, some modi fications to the o r ig ina l  f o r m u l a t i o n

‘35due to Miller and Abrahianms and Mott~ have recently been

su gges ted  which includes niultiphonon ~~~~~~~~~~~ There also

have been reports of deviation froni Mott ’s law at very low

temperatures37 and unrealistic values for Mott ’s para-

met ers
22 ’29’38 which have led some authors to suggest alter-

n a t i v e  m o d e l s  for  hopping t r anspor t39 . In our experiments,

we have foun d that  the obtained values for N ot  t ‘s paramet ers
- 2q 38are quite reasonable unlike most  previous workers ‘ ‘  

a-

Fi gure 3 shmows the plot of £n ( oTl
~
’2 )  

~~ T~~
”1
~ for

typical 300 W unannea led an d annea led  films . The dif f e ren t

samples s u b j e c t e d  to annealing at various tc’mpei-atui-es were

prepared in the same spu t I er ing  e m -  rat ion . 1-.~v en samp I es

prepared in d i f fe ren t  operations, but with time salmi’ spot - —

tei’ing paramneters, var i ed  only wit .h:iim t h e  r ange of our e x —

porimu uta-mm t .a 1 ummce :-tainty . Figure ~I shmoma --s s i m i l a r plots for

• 100 W — spit t t e red sanup 1 es • From I lie p lot s , time fo 1 1 OW 1 1 m g

f1’a-;1 tmui - c ’ i s cam: be observer!

I ,’
I • l’nv mm :’’ t pm : rt , I hm e (mm ( ~ l’ ‘

a- ) I i no  I s a

stra i gh t h u e  with: u:ogmit ivc-’ slopti .

:~!~ -

- - -‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~ a--~~~~~~~- - -- - ~ - . 
- - - - - -

~ — -~~~~ - -  - - - - 
a
-

- -_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .
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2 • At the lower end, it doviato s f]-om the stra i ght

lino in such a way as to indicate temporature-indepouu- f
dent conductivity a- 

-

3. / tt  the higher end, in some cases, the conductivity

- 1
curve indicates a (j~

) behavior .

4. For 100 W—sputtered films , the temperature indepen-

a dent part of the conductivity dominates more than that

for the 300 W-filnis . This feature is more noticeable

in the case of annealed samples. 
-

Since the measuremnonts are made at a constant applied

field, field dependence of conductivity as predicted by

11 - 1 2 a -  - - -Mott or lu ll is not relevant in this case. The applied

field is such that the conductivity has the temperature de—

pondence as given by the Mott’s law, although it is beyond

the ohmic region . The (k) dependence of conductivity at

higher temperature~ can be a t t r i b u t e d  to the v i o l a t i o n  of

large—fl conditiOn m~-hme n (~~
) term domninates over the (2Ctk)

term in the oxpotenti i 10. The tempera t u r e — i rm d ep e n d en t

conductivity at the lower extreme is most likely due to

tunnelnig conduction in which electrons in traps tunn el

in t o  the con d u c t i o n  band th rough the  p o t e n t i a l  barrier which

1?gets appreciabl y lowei-e d at im ig h applied f ie ld s  a- Th i s  is

s i m mu i l a r  to time Fowle r— No rdhme iiuu Process excep t  that it is not

a surface p h e n o n u e n o u m

TIue ~ I gui fJcnnt Hot t.’ s p ar au i m e t - ers mm re ea]  co In t ed  fromuu

29t im. ’ ~
— e c t u r’e s  as de sen tn- t i  e I sca-~dmere  • 

a - l a - l i ’ C ens tam : t 5 0

flht (t a-Ja-a- i un ~’e I lie foi -u iu s
I)

2~s i-~

-
- a- - - “~

a- . .. -~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2 2  
~~~~ N ( E 1 a - )  ( 6 )

and

= X a3/kN(EF) (7)

where o is time e lec t ronic  charge , a is the hopping d i s t ance ,

is a phonon frequency obtained fr on m the Dcbye tempera-

ture (~~2 .7  x iol3 see ’ for S i C ) ,  k is the Bol tzmna n n ’ s con-

stan t , a is the inverse rate of fall, off of the wavefunction

of a localized state and N(EF) is the density of states at

the Fermi level. X is a dimensionless constant and has the

value ~.l8.1, according to Ambegaokar, Ilal perin and i~anger
!u0
.

a can be obtained from the values of o .JT and T from the

experimental data as 
- - 

-

a (21.22 l013/v 1 ) [ ( c Y .JT ) ~/ T ]  cun~~’ (8)

and -

N (E~~) = X a3/kr 0 ~~~~~~~~~~~~ eV 1 

- 

(
~

)

Time average hopping distance fi ami d the average h opping  energy

W are g i v e n  as

n = [9/si~akT N ( F ) J
l
~’h

1 ( lo )

amid
- 

w [3/)n~i~
3 N (l~1,a- )J cV 

- 

( 1.1 )

Tablo I shows thm~ \ a - a h m m t ~s of tIme above qua:: I i ties obta imu ed

for our sam um p 1 ~s of’ di ffei’emm t prepa rat 3 on niud nun i a - a l  I mig c on—

di tions . -

T)uo i m u e t l u o d  of’ ol.tninim :g 0 %/I by oxti’ripolnt I mug tim~
7~) a-J o

curv e to ‘3’ — • lum s tn , eum coi u m um uu ’ m m t on!  upon b y m ula mm y ant lIt ’3~4 
- -

2~i9

- - —  - a - —-  - a-. ..- _ _ _~~~~ a - . _  - - -

a-°

-~~~ 
a - f~~~ - 

- 
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~
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and alnuost always leads to unreasonably high: vmm ]uo s for N (E
1

)

and U . In our opJnion , these large values are caused by:

(i) uncertainties in the method itself and (ii) difficulty
- 

29in identi fying true hopping regions. In n:any materials

usually those of band gap smaller than that of SiC, i t  is

found tim at intrinsic and extrinsic processes of conduction

occurring at higher temperatures increase the slope of the

a-tn c.~/T vs T
a-
~~’~ curve . This nuakes the identification of

true hopping region difficult and often leads to a higher

value of the slope . Since T0 is obtained as (slope)
1
~, the

- 
amount of error in T is great. Still greater is the error

in the extrapolated value of In O .JT , which leads to orders-

of—mna gnitude error in c0~/T and N(EF). h owever, as seen

from our results, the effect due to intrinsic conduction is

rather sm all in amorphous SiC (most likely because of the -

large band gap) and the (+)  depende nc e in som e cases is

- - - 

-clearly distinguishable from the T- behavior. Because of

the above reasons, the values of G JT and T are obtained to
0 0

a good accuracy although some d i f f i c u l t y  is encounte red  wi th : ,

in the case of samp les annealed at hig h tempera tur es due t o

the  t u n n e l i ng  component. hiemic e time procedure  a d o p t e d  in our

ca l c u l a t ions  is as f o l l ow s :

1. ‘la -lie value of’ U amid N (E1.) are obtained 3 ndepoumdent ly

for i m n a n m i e n  led fi  I IllS al i t !  for those nimnea led at lower teu tu—

po r at mu r e s a-

a-’ • Ti above va -u lime of Cl -, s mm so ’d to ca let:] a te  N ( E1 a - )  for

time other films (a ~ .0 x ~~ c,mi 1 ) . Time va limos of U are 
a-

— a-
~~~~~~~ 

a- 
~~~~~~~~~~~~~a - a - a -~~ ~~~~~~

. 
~~~~.
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t h e  l ow ~Inm t luring p ower  or t i na -  simi ~u l icr ia -a t o ’  of’  d uJ ) o 5 i  t lO l l

r e t m u a l m i s  u i t r ’so lv o d  a t  the  Pr es en t  tutu - , • Another fa c t o r  in—

fi u m e m u c i n g  the degre e of d i sor d er  may be t i u ( ’  tcimmpera ture of
142dep o- ’; itio n a-

d .  AC Conduc t iv i ty

The behav io r  of the a c — c o n d u c t i \ - i t ) -  and th~ capa c i t a n c e

of typical 300 ~~
‘ samples are showm : in Figure s  5 and 6 a- Frommi

4’
- the log a vs log f cu rves,  the f o l l o w i ng  m a i n  features can be

observed:

1. 0 Va r i e s  ap p r ox i n i a te ly  as ~O .8 for l o w e r  1’J’Q qtIc’n (-ira- S a-

2 • At very  high frequencies (�ioo K] 1-a-’ ) ,  o (u) tends to

be frequency—independent a- The same kind of region e~~ist at

the lower end of th e frequency range also.

3- B e tween  the (~)0 a- 8 region and t h e lii gu m — f : ’ e q u c n c v  F e —

gion , there eiists m~ narrow regi on i n  whd clm o ( w )  v a t- i es as

a imighor power (~,1 a- 5 )  of U) which : is more  p r om in a n t  31i tin —

annealed samples a-

14~~ T ime log C cu rve  has  a s lope gi ~- eI1 b y ( s _ i )  i shmi ’r t ’

s is the slope of time iog a cU rv e  at any freqimeu:cv a- Ac —

-ocording ly it varies as Ci) at  lower fm’e qiio’um cie s and as a-

• ta-i)
’ 

(‘i t  hi gh frequencies.

The ac — com iduc t l vi  t at low freqtmt’mic it ’s  (—‘-- 7 hI ~~. 5 i a - ) tha t

it is wi tImi mm the (i)° 8 
~~~~~~~~ em: ) as a ftuumc t i om: 

- 
of’ I eflipe rim ( u n ’

jim 01m11c8  i,’d sam)’] es i ma- i l l  us I r a  ted by mnt ’mu u:m— of P3 gml: -e 7 a-

it. is seen t u t u  t 0 tt T Jiuw i m o i d m a -  i t t  low t a - ’ I u u ~ a- t a - i - m i  t t ui ’ t ’s umiit l ~::-mtiI—

on I I)- tht a - vi a t  i ’s a I iii g i n a - m a -  t O t I l I ’ O )a - ul  I iuli ’ s a- ‘Eli Is i ip v i  m i t  iou ‘ia-a m m

l’OUI i i I  lil t ) Fia- i i ) i ~ ‘ a - u rem : I ii: mmmiii mmii ,: mu I t a - il s i i Imm ~: f c  mo

~~~~ T:: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
a- 

~~~~~~~~~~~~~~~
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Wo have analyzed our rosults by swans of tho hopping

model and found th e resul ts  to be in good agreement  a -wi th

tho rosults from the dc Inoasurments. Considoring hops be-

twoen pairs of loc alized states, Poilak2° has derived ti me

a- 
ac-con ductivity in the U)0’8 region to be of the form

= ~~~ 
N~~~(Ep )kT ~

2 
awr~~

- where r~ is the mean hopping dist ~~~c o.  This is similar to

the form obtained by Mott and Austin21, assuming inmpurity

b~~id conduction and can be written using a ~~~~ 

- 
-

aac (c
~

) = N ( E
F

) kT a

The factor ~
2 
is omitted in the a

a-
bove since N(EF) is often

- - expressed in eV~~
’ cm 3. It has been found that  in most  ma—

a- 43-45 - 
a- 0.8 - -

terials U) is to a-be replaced by U) as pointed out by

20 - -Pollack a- From the results obtained for different samples ,

the values of N(E~~) obtained assuming Ct
a-’

~~~~~ = ) a- 3  ~~ (obtained

from the dc measurements) are tabulated in Table I. It is

found that they agree well with the values obtained from dc

n i o a s u r e m n e m m t s .  The N ( E
1) obtained from the  tenmpcratui’o do—

penclence of a are a l so  of the r i g h t  o rde r .  The f r equ ency

d e p o n d e mm t -  reg ions  a t  low fr o qmu e nc i e s  and h i gh fr e q i z e mic i e s

are as prc.a -d i  c ted by Pol i nk  a- ‘ l ime sa t m m r a  t on f requ en c y  has

I ’  - -

boon i nterpi’e t 0(1 as the appro,~ ima to hoppi  u:g fi’eqtiomicy in the

ease of (‘a -eTc ~ ~ (a-a-a - t i  0 5 ) I i ’~ ) wim icim jmu of t i i t ’  smu m iu t ’  (‘la- il t”)’ ~~~fl C l i i ’

cn si a - • ‘Ia-lie eflec  t of imi ~m 1 t I  p 1 e hm oppi m ig emi m u be as motum m eil to Li,’

smmma .1 J 1mm ou r en mu-’ bticaiasoi t 1w i-u l opt i  01’ t~hzo log cm vs log  a-ta-

2 53

— —- -— - ~~~~ 

.;  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
5 5  - -

~~~ ~~ -• ~~~~~~~ ‘ - - a- - a- • -  - - ,  -_ a- 
- 

- 
- - -- - - -

— - - 5  a-a- - - - -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ — a -~~~~-~a-a--’— ~~~~~~~~~~~~~
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curve duos nut und er go a1ii)roc~ ablo chango ut 1uwc~ tonml)orLi —

19 -turos a-

IV .  CONCLUSION :

Al l  our resul ts  aro foun d to be in accordance with  t h e

hopping model for conductivity. The density of statos as

calculated from different oxpor immuents is very consistent and

of the right order a - Much of the uncertainty in obtaining

the Mott’s parameters from th e dc data has boon avoided. Time

eff ect  of annealing has been systematically studied and is

in accordance with earlier results. The ac—conductivity

displays the behavior as observed in m ost  ox ide and

chalcogenide glasses and tends to show U)
2 

behavior in a

narrow frequency range . It was a a- 1-so n o t - od . t h a t  a l l  sput-

tered f i l m s  of d i f f e r e n t  p r e p a r a t i o n  and  a n nea l i n g  c o n d i t i o ns

showed good reproducibi l i ty .

a - ) r4

P’ ”’ — — ~
- a -

~~~~ W-~~~ . S _f34,a-a- a - %  a-.. - - F a-,a-. a-~ a -- ta-a-~ 
wa-5 - -a a-a- — -  a- — S . - a- — —-

____ ____ 
~~~~~~~~~~~ ~~~~~~~~~ ~

~

-

~~~~~

--- a-— — 5- —~
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TABLU II
Don8ity of stutos at tho Formi lovol N (1- 1,) ovaluated from
tho (IC conductivity da ta

(a) from the a vs w curv o

Film Annealing Extrapo latea N (F
~~
)

doscription temp . and 0(1 lIz ) a-
~a- duration ~ — 1 — 1 ’ . (cm ~~~ )- 

~ohnm cm /
- -11 21300W , .6 pin Un annealod - 7.05 x -10 l.98x10

300W , .6 ~im 100°C,2~ hrs . 2.33 X 10
_ il 

ia - 14xl0
21

j  a- 100W ,2 . 0  pin Unanx-mealed 1.06 x i0~~~ 7.69x102°

(b) from 0 vs T curve (low tempera ture )

Film Annealing N(Er )description temp . and
duration (cm eV

300W , .6 pin 2009C, 24 hrs . 6 . m 5  x 1o2°

300W , .6 pin 300°C, 2/i hrs . 5.81 x io
20

a- 

- 
-

- 

a-
- i

I _
a-—

- 

a
-

— — —  a- ______
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F iGUR E CAI’J ’IO NS -

Fi g.  1 Schottky plot of a 300W sam ple of tliic-hiiuss 0.6 jL/mm

anti area 0,25 cm
2 at room t cmp exa -a t u r c  a- -

F ig.  2 I’lot of I vs sinh (by ) for tho SOnIC sammiple as in

a- Fi g.  1, whore V is the applied voltage and

b = 0.36 ’m V 1 .

Fig. 3 Plot of’ in (oT
h/2
) vs T

Th 1~4 
for 300W samples ,

( i )  un a n n o a l e d  ( l i n e  i)~ ( i i )  a n n e a l e d  2t i hrs . at

100°C, ( lI ne  2 ) ;  ( i i i)  annealed 24 hrs . at 200°C

(line 3) ;  (iv) annealed 24 hrs . at 300°C , (line 4)

and (v) annealed 2~4 hrs a- at 400°C, (line 5) .  The

- 1/2 a- - —1 —1 .1/2quant ity (oar ) is in (c~ cm 1’. ).

Fig. 4 Plot of in (~~a-1/2) vs T
_1a-a-’4 for 100W samples,

(i) unannealed, (line 1); (ii) annealed 12 hrs a- at

100°C, (line 2) and (iii) annealed 12 lirs . at

200°C, (li;ie 3).

Fig. 5 Log 0a ~ 
and iog C vs log f for unannealed film .

a- is in ç~ cm, C is in ~xF and f is in H z .

Fig.  6 Log a-a and log C vs log 1’ for l a - j i m  annealed

214 hr s . at 100°C .

- 

- Fi g. ~ a-a . c .  as a fun c t ion  of T for  300W s a m m i p l e ,  (i  )
— 

annealed 24 hrs . at 200°C (dots) anti (~~) a n n e~- m b e d

24 urs a- at 300°C ( c i r c l es) .

____  _____  
- 
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- Th EORY OF DRI!.LO’JIN EFFECT: CALCULATION OF

ELASTOO PTIC CO~SIANTS OF O1AMO~D AND ZINC&LENDE SEM I CONDUCTORS

*
-~~ Yet- Ful Tsay and I3cm -nard Bendow 

-

-
~ Air force Cambridge Research Labs (AU SC), Ilanscom AFB , Massachusett s , USA

Shashanka Sa- Mitra’

• Dcpta- of Electrical Engineering , Univ. of Rhode island , Kingston , RI , USA

a-
- - 1, INTRODUCT I ON - 

-

The ~ril1ouin scattering efficiency of solids is determined principally ( 1 )  by the

elastoo ptic tensor~~ relating the change in inverse dielectric constant to strain , - a- 
-

= 

~i j k l T kl 
- - 

( 1 )

In genera l 4i~,
’ is complex , and the scattering is proportional to the absolu te  square pf ~~~

appropriate contraction of .‘j~’ The scattering efficiency as a function of incident phQ~~n

frequency must vary slowly on the scale of the Bri llou in frequency shift for such a fc~r a - ’~~
a-

lation to be valid; these are, in fac t, the conditions of interest herea - - The change In

the dielectr ic properties under strain has been treated previously within a variety of

- modelsa-(2,3) The purpose of the present work is to calculate these properties with in a

full band-structure approach. Our calculation accounts in detail for changes In band ca-ner-

gies and matrix elements as a function of strain throughout the zone; moreover . we a r e a -  rr ~~

limited to smmmall values of the strain in our calcula tion. In this paper we wi ll restri ~ t

- attention to various highlights of the method , and present results for the dis P~rS ion of i~
in the resonance regim e for selected dia m ond-type crystals. Deta ils of the c a lcuia t I~.r s,

• and more e*tc-nsive results Includ i ng those for zincblende crystals , will be prescmate -l

e)sewh e rea-~~~
II. P1(ThIO()

• ror d t a - Th~ond and z lncb lende cry st a ls ~
‘1s charac terized by Just three 1nda~~’1~~r f  

a
-

IiRC Res ident Resear ch Assoc iate. Supportcd by AFCIU. Contract lloa- f l ’ ~ % ’ ’~

)
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~
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i.i A\ u)ol~ l i t - C ()
~-~Si AN1 c om I) mA,a - 4 tm~4I) AN Ia - 1IN( IIm I £1111 SI MI( ONI ) mH iOm (% 44 1

a- - .4

constantc ,~
4 p 11 . p 12 and p44. Defining &~~~

a- 
and Ac 11 as the cIa-Ancjes In dielectr ic con-

sLant for light po lar ized a-i. and II to the directi on of applIed stress; then p11 -p~2 and

are both given by

6(l:.j a - - c 11 )f3c 2
~ (2)

where the stress direction Is [100) for p11 -p 12 and fill ) for p44; -r is an appropriate

strain element in each cas ea - Another relation Is -

a- 
+ 2p-~2 3K dc /dP/c 2 , (3)

• whei-e K is t ime compressibility and P is hydrostatic pressure. Thus calculat ion of th e

optical spectru m under [100), [111] ar.d hydrostatic compressions suffice to dctcrmine~~ in

the present instance -

We here employ the empirica l pseudopotential method , which has been hi ghly successful

in accounting for zero-stress optical spectra in semiconductors a- (6)  Most pm-cvious work of

th is type in the st y-a m problem was l imited to high  symmetry band gaps , and to smal l  s t ra ins

which could be regarded as perturb3tions (~
) We avoid these limita tions by calculat ing the

full band structure of the deformed crystal a- in which the Brava is latt ice is altered ; ox- a-
C(- -pt in the hydm-os tatic case, the strained crystal has lowered synmietry a- In certain strain

cora -f iqu i -at ions the relative posi tions of atoms in a unit cell arc not uniquely determined (8)

We utilize e*perir-entai values for this “inte m a-na l parameter ” when required . In our calcu-

la t lons we assu me the tma-a nsf eia-abi l i ty of ionic pscudopote ntials v
~

(ma-) . which amounts to

as sum ing  t ha t  v
~
(r) is independent of the eaibedding environment. To obtain the Fourier - - -

-

coeff icients V m (G). where G is a m-eciprocal lattice vector , for the present con flgum-a tion s ,

~a - e pet-fo rm a polynoriinal fit of the unsti-ain ed crystal f cmm - m n factors of Ref. (9). One also

i-eq ulrcs the d ie lect m a -i c function c (q) to account for sc reen ing  of the v 1 ‘s , w h ich in the
cos ta- of hydrostatic pressum -c- may ta-c calculated sel f-consistent ly - ihe ana logous proced um-c
(or the s t ra in  case is more diffic u l t a- and since the ce ll volume is nQt chanqed in t he

tonf iqu ra (j onc we w i l l  Co~1ipute hem-c , ~e ex pect the changes in c to be sirall - We therefore ,

for s impl Ic I t~ a- use the model ~ of Ref a- (10), appropt- i ate (or aim uns t i O  i nod cm - s (a I • in t ime

1 at 4 er ins tarn t a- 10 C~ 1 cmii a-i (~ 4 hm~- mat r i .’. i-I t-mcn( S a- we employ ho psuedcmwas- ~-func t ion In the
StamWa ,-d f a - I~~ t i j t a - i t a- 

(6) a-

- 

- 
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113. RESUL1S

We have calculated the band Structure and optical constants of Ce and Si under high

stress, utilizing the above methods. For (100) and (ill) Strc~ses the lat t ice syninetry be-

comes tctragona l and trigonal , respectively, and mdny more points in the zone are required

than In the cubic case. We utI lize about 400 point s , along with a linear interpolation to
reduce stat is t ica l  noise , which m ay eventually prove insufficient for an accura te account

of dispem-sion in ~~C a -  A lthough the present results must therefore be viewed as pr~~~T’~nury

In nature , we believe that the principal trends will remain when the accuracy has been

• improved a-

A principal influence on the optical -constants under str ess is the shift of the energy

bands , which may be characterized in terms of deformation potential (dp) constants. Our

resul ts for selected gaps in Si and Ge are displayed in Tb. 3 , and are seen to compare (a -
.vorably with experiment overal l , although they tend to consistent ly fall on the h i g h  side of
the available data. Our investigations have shOi~-n most of . the dp ’s to be nearly l i n e a r  w i t h

strain up to i 0a-02.
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In r Igm 1 we display rc~ults for ta-c ca-1a-— c 11 for various stress confi gurations In Ce

and S I a -  Onc- notes a considerable degree of Structure in Ac V s a -  W , whi ch would also mani-

fe st Itself In the I3rIllouIn spectrum , although thc details wi ll depend on the scattering

geo~mictry . The present predictions display considerably more Structure thou the measured

resu l ts of Re f a -  11 , although certain features are simi lar. This could wel l be the result

of the larger strain values utilized here , as

well as the computational Inaccurac ies men- -

tioned above. However , our ca lcu la tions for 
a-’ Ge (111) stress ‘ 

—

I a- 
-the hydrostatic case , which allow for a much S a-

higher degree of computational accuracy , in- 4 - ,J ~
a- a-~a-,~

: : -

dicate a substantia l degree ~f structure as ~~~~~~~~~~~~~~~~~~~~~~

wel l. This suggests that such features 
- 

:-4 ~c, 
—

are truly characteristic of the stress-

induced spectrum , rather than being a rt i— 
a
-

f ices of the computation a- 
- 

-,: 

. -

- 
- I a- I I I

o 2 4 6
Energy (cv)
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