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FOREWORD

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 operating in the 10.6 pum region and chemical lasers in
the 2 to 6 um 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 reg?me of solids; (ii) lattice
dynamics and phonon optical propo;ties of structurally disor-
dered solids; (iii) optical and electronic properties of
crystalline and amor;hous 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 in 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 laboratories to which

the principal investigator has contributed. The principal

investigator was assisted by several graduate rescarch as-
sistants in carrying out this research. Helpful discussions

with and close collaboration of Dr. B. Bendow, Mr. H. G. Lipson f’




and Dr. Y. F. Tsay of the Air Force are gratefully acknow-
ledged. The names 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. INTRODUCTION

1.1 General

In the past few years, considerable progress has been
made in the investigation of materials and components for
high power €O, lasers emitting at 10.6 pm. Materials suit-
able for transmitting infrared radiation at 10.6 um have
been identified, and the absorption processes that limit
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 transparent. However, this transpafent regime
displays residual absorption due to (i) multiphonon pro-
cesses, (ii) defects and impurities, (iii) phonon-assisted
electronic transitions in the long-wavelength tail of the
fundamental ab§orption edge, and/or (iv) multiphoton elec-
tronic transitions in the case of high photon flux. The
limiting absorption in transparent solids in the 10.6 um
region is entirely due to mechanisms (i) and (ii). A num-
"er of theoretical treatments have been presentedl to ac-
count for absorption due to higher order phonon processes
ané its temperature dependence. The agreom?nt. wherever
experimental data exist, has been reasonably good. Al-
though some experimental data exist on the cffects of im-
purities and defects on the absorption of a solid in the
transparent regime, only limited progress has been nmdo2

towards a proper delincation of causes and sources of this




additional absorption process in the 10.6 pm region. 1In
shorter wavelength regions the situation gets further com-
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, opecrating in the two
to six micron region. However, research on the materials
problem for these lasers so far has not attracted a compar-
able amount of concentrated effort as in the case of the 002
laser. In the present project, we have considered a number
of basic problems concerning the window materials for chemi-
cal lasers operating in the 2 to 6 um region, and their pos-
sible resolution. Of particular interest amoﬁg chemical
lasers are HF, DF and CO lasers operating in the range of
2.6 to 3.5 um, 3.6 to 5 um, and 4.9 to 5.7 um, respectively.

The residual absorption plays an important role in the
selection of a ﬁaterial 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 refractive index, n and its temperature, stress and pres-
sure dependence. The pressure dependence of n for example,

J

contributes to pressure-induced distortion” of a laser beam.
The stress dependence of n is associated with a variety of
unaccoptable distortion effects on the transmission of laser
beams and the associated degeneration of the transmitted

Leam through interference and multiple refraction. The tem-

perature derivative of n and its =sign, on thoe other hand,




dotermine5 the extent and naturc (concave or convex) of ther-

mal lensing, 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-
taining to 10.6 um radi#tion. Further consideration is given
to materials particularly suitable as optical compenents in

the 2 to 6 pm region.

1.2 Multiphonon Absorption

Experimentally observed exponential dependence of ab-
sorption coefficients, a on frequency

a .= A exp(- %}ﬁ : (1)
o

in the transparent regime in the high frequency side of tge
fuhdamental lattice optical mode frequencies is attributed
to multiphonon interactions. The minimum residual absorption
by a solid in this regimg is due tb multiphonon processes,

| ; : and any additional absorption is thus to be attributed to

» other effects, particularly defects, surface conditions and
impurities.

- We have already proposed7 a treatment for the frequency
dependencé of absorption coefficient due to .higher order
multiphonon processes in alkali halides. Joint phonon den-
sity of states for higher order processes were obtained using
a brecathing shell model of lattice dynamics and rclaxation

of tho wave-vector selection rule restrictions. The absorption

B e O . e B R e R



from throo and higher order multiphonon processes was shown
to be given by

(w)ne?
A0 Ww)nw
Q = Z it

J=2 2cr'£ﬁ?—- )
where AJ denotes the oacillator satrength for the J'h order
process, p‘i(w) the j=phonon Jjoint density of states given by
the Jth convolution of the one-phonon density of states, and

€' the essentially frequency independent real part of dielec-
tric constant for this region. In the case of alkali halides,
the calculated values were found to be in good agrecment with
experimental ones.

If the incident light intensity is relatively high, even
a very trausparent window may absord a significant amount
of energy resulting in an increase in temperature, It is
needless to say that, the absorption coefficient is strongly
temperature dependent., In determing a for T > O”I\', one must
account for both explicit and implicit temperature dependence,
Q is a fundtion of T through the temperature dependence of
A, and p i(u‘). It was shown that the temperature dependence

J

J

of A, comes mainly through phonon=-occupation number, and in

\‘
the limit of not too low a tewmperaturc, it is given Ly

A‘ a ,I.J"l (3)
The temperature dependence of p1 poses a difficult problem.,
It is well known that all phonon {requencies shif't with tom-

peraturce, in gencral to lower values, Thus at a highoer towm=

poerature and for a fixed photon freguoncy, higher oxrder

phonon procesges start contributing.  One may account for

i s s




this effect in several ways. One may assume that all phonons

shift equally with T, and take a representative phonon [wo
of eq. (1)]. e.c.» the long-wavelength transverse and/or
longitudinal optic phonon frequencies, W or w

TO LO*

pPerature dependence of wTO and wLO are known in some cases,

The tem-

and are obtainable for chers from the measurement of tempera-
ture dependent reststrahlen and Raman spectra, depending on
the structure and nature of bonding of the crystal under con-
sideration. 1t Las generally been assumed that high fre-
quency (optical) phonons contribute more to this absorption
process than low frequency phonons., Then one may possibly
use the "Brout sum average" phonon frequency given (for a
diatomic cubic crystal) by

w2 + 2u?
LO TO1/2

wB = ( —'——5'——') (l‘)
The temperature dependence of &B is readily obtainable from

the temperature dependence of bulk modulus and thermal ex-

pansion coefficient, since

W, = const (%E)l/2

(5)

B
where the constant depends on the crystal structure, B is
the bulk modulus, a the lattice constant and p the reduced
mass. A third possibility is {0 actually obtain the one-
phonon density of states as functions of to&poraturo for an
anharmonic lattice. Some of these possibilities have been

explored, and tho calculation has been extended to candidate

materials for the two to six micron region.
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1.3 Effects of Impurities, Defects and Disorder

It was remarked earlier that with the absorption do-
creasing rapidly by orders of magnitude away from the funda~
mental lattice region, it is evident that the limiting ab-
sorption mechanism for many cases of interest will be that!
due to impufities. In alkali halides the principal impuri-
ties contributing to infrared absorption are the molecular

variety such as OH™, €O, ClOZ, SO}, NO7, and similar ions,

3 3 3!
depending on the particular material and growth condition.
At the 002 laser frequency, 943 cm-1 the intrinsic absorption
coefficient due to multiphonon processes is for example
~5 x 10-7 cm_1 for KBr and ~8 x 10-5 cm-1 for KCl, respec-
tively. These are extrapolated values from higher absorption
region. On the other hand, purest samples of these two
alkali halides display absorption coefficient >10-h cm“1 At
943 cm-l, showing the importance of the contribution from
impurities. A typical impurity like the carbonate ion has
absorption bands in the vicinity of 670 cm_l, 710 cm-l,
880 cm_l, 1060 cm-l, and 1450 cm-l; likewise the chlorate
ion has absorption bands around 490 cm-l, 610 cm-l, 910 cm—l.
and 960 em™!. Thus it is obvious that any of these ions in-
advertently introduced in a window material or produced
during the growth process may individually or in concurrence
with other impurities may produce undesirable structures and
significant increases in the absorption level in the region

of interest. Further complicating factors may arise farom

overtones and combinations of theso molecular vibrational

6




modes and their interaction with host lattice phonons. Some
progress has beeé made in the study of seloctea impurity

ions in alkali halides and other matricesz'g. Theoretical
trecatments of sufficiently general nature also existlo to
handle the interaction of a specific impurity (or impurities)
with a specific host lattice.

In the shorter wavélength, e.g.y 2 to . 6 um region, elec-
tronic transitions of impurities may also contribute to un-
wanted absorption. This is particularly true for certain
fluorides and oxides like Can, Mg0 or A1203. in which cer-
tain rare earth and/or transition metal ions customarily
found as di- or tri-valent substitutional impurities. A
transition metal ion Mn*z, for example, has unfilled 3d shell
electrons; likewise a rare earth ion like Sm+2 has unfilled
Lf electrons. Transitions of these unfilled electrons to
higher energy levels give rise to a rich spectrum in the
visible, near and mid infrared regiogsll. Such spectra are
both characteristic of the ion and the host lattice. Modi-
fications in the free ioh spectrum are caused by the crystal
field of the host lattice and the vibronic interactions with
phonons. The problem of residual absorption in the 2 to 6 um
region window materials thus encompasses consideration 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 also be affocted by other forms of defect or disorder,

i et e -
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e.8.y structural and compositional. Structural disorder
causes formation of amorphous or glassy phase, whercas com-
positional disorder may be considered in the context of mixed
crystal systems. Although such disorders will contribute to
undesirable absorption in transparent materials chiefly
through the‘breakdown of wave-vector selection rules, and
through occasional resonant absorptions (e.g., local and gap
modes ), such disorders may also be profitably utilized in the
context of laser window applications.

In recent years, considerable amount of interest has
been evidenced in the use of amorphous or glassy substances
as optical materials. As window materials for transmission
of high energy radiant flux, glassy materials offer certain
advantages as well as disadvantages. Consideration has also
been given to the use of reflecting or anti-reflecting prb-

tective amorphous coatings on standard window materials.

However, a search of the literature reveals that apart from
some scattered experimental data, very little is available
in the way of a comprehensive understanding of basic optical
properties of amorphous materials. In particular, for the
10.6 pum region, a number of candidate window materials may
now be prepared in amorphous form as well. The tetrahedral-
ly bonded semiconductors like Si, Ge, the III-V and some

II-VI compounds fall in this category. 1In addition to these,

several other binary and ternary chalcogenide glasses have
also been considered for possible uso as high power gas lascer |

window materials. DBofore a roliable appraisal of tho suit-




ability of amorphous materials as windows or as window coat-
ings be made, it is essential to have an understanding of
relevant optical properties, expecially the modifications
they undergo in the transition from the crystalline to the
amorphous state. Some advances in this direction are re-
ported here.

If the impurity content of a solid is increased to_ such
an extent that interaction between impurity atoms begins to
play an effective role, the system should then be termed a
compositionally disordered solid rather than an impure crys-
tal. If the impurity content of a disordered lattice is not
isotopic in nature but of a different chemical element, one
then has the so-called mixed crystal. A mixea crystal is a
single crystal or polycrystalline aggregate which is formed
by two elements or compounds with a range of concentration
ratios. One may vary this concentration to obtain a mixed
crystal system, sometimes over the whole range of composi-
tions and the system is said to show complete solid solubil-
ity. Most alkali halides, 11-VI and III-V coumpounds form
mixed crystal systems. The study of vibrational propertiecs
of mixed crystals reveal two classes of mixed crystals:

(i) the one-mode type in which only one set of long wave-
length optic phonons occur which shifts continuously and,

in most cases linearly with concentration from the frequen-
cies of the lighter component downward to the mode frequen-
cics of the heavier component. Examples are NnxK

l=x'

KCl Br,_ ., Ni _Co,_ 0, (Cu.nn)xSrl_xl",,, etc;  (1i) the two-

1
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mode type in which two sets of long wavelength optic phonons
occur, one set of LO and TO characteristic of £he 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 GexSi GanAs ZnSxSe etc. The criteria that

1-x' 1-x’

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

l-x'

their long wavelength vibrational spectra have recently been
thoroughly reviewedl2 and will not be dealt upon any further.
A complete lattice dynamical model has recently been develop-

13

ed by the principal investigator and his co-workers for
mixed crystal systems. It must be obvious from the fore-
going discussion that both kinds of mixed-crygtals can be
advantaneously 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
m;xed crystal is usually harder than either of the pure
COmponents] |

Disorders like voids, dislocations, surfiace state which
are usually inadvertently introduced during the fabrication
process also affect the optical properties, usually in an

undesirable manner. A systematic investigation of the effect

10




of these growth or fabrication-induced disorders on the

optical properties, viz., reststrahlen spectrum, multiphonon
absorption, the refractive index and its temperature coef-
ficient will be interesting. It is onvisioned that properly
planned step-annealing procedures may reduce some of these

unwanted effects.

1.4 Thermal Lensing and Beam Distortion

When a laser becam of non-uniform intensity passes through
a semitransparent window the beam will suffer distortion as
the window temperature increases. It has been ostablishodls
that a considerable amount of thermal lensing will occur in
an infrared window even if it withstands other failure mech-
anismslG. We shall not go into the details of the thermal
lensing problem here, as it has been treated in great de-
tail elsewherel7'18. However, it is well understood that
the thermal lensing effect is caused by the temperature de-
pendence of the refractive index at the wavelength in ques-
tion. What is of importance ig 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 if

R

all other criteria are already met. It has been shownlh X 4
that this diffraction-limited time is strongly dependent on
the sign and the magnitude of dn/dT. 1n goporal. it can be
said that a large negative value of dn/dT is desirablo.

Other beam distortions may be expressed in terms of elasto-

optic coefficionts p

14k e definod as




A(1/n

2
)13 = Pijke "xe? , (6)

where 1 is the strain tensor. 1In a number of recent papers,

19

we have developed 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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2.1 Multiphonon infrared absorption in the transparent regime of alkaline-carth fluorides

Herbert G. Lipson and Bernard Bendow
Solid State Scicnces Laboratory, Air Force Cambridye Kesearch Laboratorics, Hunscom Air Force Rase, Massachuseus 017311

Nestor E. Massa®! and Shashanka S. Mitra®
1 Department of Llectrical Engincering, University of Rhode Island, Kingsion, Rhode Island 02881
(Reccived 28 October 1975)

We present an experimental investigation of the frequency and temperature dependence of the
multiplonan infrared atwarption coclficient in the alkaline carth fluorides CaF,, Stby, and Bal,. Over
the range investigated, a nearly structurcless, exponential like behavior is found for the frequency
dependence of the absorption, and a Bose-Einstein-like multiphonon behavior for the temperature

dependence. The data are analyzed employing a simphficd madel of multiphonon absarption: the overall
sgreement with experiment iy quite good, although various discrepancies are present. We conclude that
il alkalinecarth fluorides do indeed displiy intrinsic multiphonon alsorption oser an extended frequency

and temperature range, and we determine the paramicters governing this behavior.

; arc analyzed in terms of a simplified model of purity bands, The room-temperature spectro-

g' multiphonon absorption. A preliminary account photometric measurements did not reveal any

! of aspects of this work was presented previously, ' impurity bands in the frequency region investi-

Recent investigations of a(w, 7)*'* have demon- gated. ¥

strated that in ionic solids a decreases nearly To obtain the transmissions at clevated temper-

1 exponenlially with increasing frequency over the atures the exit beam from a Perkin-Elmer Model

i range typically accessible to measurement (one 98 spectrometer equipped with a NaCl prism was
to four phonons), Morcover, at room tempera- focused on a sample positioned at the center of a
turc and above very little structure is manifested wire-wound tube furnace and the transmitted beam
by a(w) within or beyond (he three-phonon regime, was collected and imagzed on a thermocouple de-
The observed 7 dependence in the many-phonon tector. A thermocouple was employed since it
regine'® is substantially less than that predicted was found to be less affected by fluctuations in
for intrinsic multiphonon processes, a result background thermal radiation than mare sensitive

3 which has been interpreted in terms of the 7 de- photoconductive detectors,  Sample temperatures

: pendence of the phionon spectram, =8 we will were measured with a Cu-constantan thermocou-

'i here find analogous behavior for the « and 7 de- ple placed at the edpge of the sample and were
peadence of o in the transparent regime of alka- mounitored by a Dorie digital thermocouple meter, :
Hoe-carth fluorides,  However, the T dependence Al temperatures above 670°K an extended Cu- 1
of the phonon spectrum will plav a lesser role, constantan calibration was used, =° The furnace
because the froquencies w.we considered here was allowed to stabilize at each tempervature be-

) are much smaller than those In the halhide expert- fore measurement,  The temperature variation

L. INTRODUCTION

The alkaline-carth fluorides are promising
candidate materials for infrared applications re-
quiring optical components of high transparency.’
The limiling absorption in the transparent-fre-
quency (w) regime above the reststrahl in ionic

solids stems from intrinsic multiphonon processes.

Thus, detailed knowledge of the multiphonon in-
frared absorption cocfficient a(w, T), where T is
temperature, is of paramount importance. The
latter has been investigated extensively in a wide
variety of materials,?”* including the alkaline-
earth fluorides, ®? and theoretical analysts have
been pursued as well. *='"* The present work pro-
vides the first detailed experimental investigations
of a(w, T) for CaF,, SrF,, and BaF, over cxtended
frequency and temperature ranges., The results
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ments; morcover, thermal-expansion cffects are
smaller for fluorites than for alkali halides.

Il. EXPERIMENTAL PROCEDURE AND RESULTS

Single-crystal fluorite samples, 1. 90 cm in
diameter, with the following polished thicknesses
(CaF,, 0.645 and 1. 285 cm; SrF,, 0.334 and
1.640 cm; and BaF,, 0.291 and 1.416 cm) cut
from long (5-10-cm) rods of high-purity Optovac
material were used for the investigations at ele-
vated temperatures. The room-temperature
transmissions of these samples, as well as those
of the original rods with polished ends, were
determined with a Beckman IR-7 spectrometer.
The long-sample measurements were used to
extend room-temperature data to the range of
lower absorption coefficients (higher frequencies)
and to dctect the possible presence of weak im-
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during measurement was less than 2 5°C at the NaF, samples were also determined at the 10, 8-
highest temperature (800°K).  ‘I'he tnftial tem- tm CO, Laser (requency by directing the beam
perature gradient between the edge and the center through the sample in the furnace as it was heated
of the sample was found to be approximately 15°K from room temperature to 800°K,  Inctdent and
= at the highest temperature but became almost transmitted laser power were measured by a Co-
negligible after a stabilization pertod of about 1 h, herent Radlation 201 power meter, and tempera-
The entire furnace was baffled with firebrick to turc at the edpe of the sample was recorded con-
keep divect thermal radiation from reaching the tinuously during the heating eyele, Calorimetric
detection thermocouple, measurcments made al the laser (requency (943
Optical transmission measurements were made cm”!) withy 2-3-W power tevels indieated a rapid
by an in-out technique with the /y level measured rise in temperature due to laser heating, partie-
throughout the spectral range at each temperature ularly with the lanzer absorption cocfficients found
in order to minitmize the effects of small inten- for Sr¥, and BaF, at the hicher temperatures,
sity changes arising from the shift of sample and This implies that, with the present laser beam
‘ furnace emission peaks with temperature, The to sample diameter ratio of 1: 3 and the power
i : measurcments were carried out at frequencies levels employed, the center of the sample may be
\ between 700 and 1600 cm”™ over a temperature locally heated to a higher temperature than that
range of 295-800 K. Absorption values were indicated by a thermocouple placed at the edge.
determined from the transmission measurements This cffect, which will be more pronounced if
*we7 = . utilizing a computer program which relates ab- insufficient time is allowed for the sample tem-
'sorplion‘ !}ansmission, reflectivity, and sample perature to stabilize, may introduce an uncertain-
thickness, taking multiple internal reflections in- ty in the measured temperature and lead to a pos-
to account.?® The reflectivity used for these com- sible discropancy between laser and spectrometer
putations was determined in each casc from the absorption values, Thus the laser measurements
maXximum transniission in a frequency range are believed uscful as qualitative rather than
where absorption is negligible. Refractive-index quantitative checks ‘on the spectrometer data,
variations with {requency and temperature in the The results of spectrometer measurements of
ranges of interest were estimated to be small alw, T) for CaF,, SrF,, and BaF, samples are
and were not taken into account, With the long indicated in Fig. 1. These results display the
optical path involved some error in determining typical exponential-like decrease in o vs w, which
the maximum transmission can be introduced by we analyze in some detail in Scc. III, In general,
even small variations in position of the sample these curves appear very similar to those pre-
in the furnace. A comparison_of room-temper- ented previously for alkali halides by Barker, #*
aturc data obtained for samples measured both Laser transmission data for BaF, and SrF, are
in the furnace and with the Beckman IR-7 spectro- indicated in Fig. 2 along with our spectrometer
photometer indicated differences of up to 5% in data, and the laser data of Chen ¢f al.” for com-
absorption values in some frequency regions, parison. Although some deviations are observed
To provide an additional check of absorption at the higher temveratures, possibly for the rea-
variation with temperature at a single frequency, son {ndicated previously, the varifous data are
transmissions of the 0. 334-cm SrF, and 0. 291-cm nevertheless scen to agree quite well overall,
1
40— r—r—v—v—v—v— L'——v—v'ﬁu—v*—‘v—ﬁ"‘ﬁ 5 3
e 1
& w |
5 |
w I
o 4 | 295K )
“ FIG, 1. Mcasured ab- |
‘3 1] 1 sorption cocelficicnt versuy :
o frequency for alkaline-carth ;
g i ) Nuorldes at \'n.v‘lous h‘-m‘pcrn- |
: T s W
g + : * ak,.
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n' ;;;‘(_9;;‘;:;;'""' P e e of others which properly Incorporate detalled
e MLASUREMUNTS crystalline properties ** % (o fnterpret the high-
43 ~e—e-e oo €O, LASLR YRANSMISSION . R temperature spectra, such treatments tead (o he-
- - -  p q Q Yy “y
& 4 8 4 (CHEN, NASS end USGILL) come cumbersome and unwieldy, In peneral, we
' 40} t=s——e= SPLCIROMELTICR * St by i requlre the temperature dependence of all optical
i phonons, and we must Incorporate these into the
calculated w-phonon densities of state,  We have
T+ 38H E therefore chosen to analyze the present res
. ! anal present resulls
§ s in terms of a more approximate but substantially
Y sop- B simpler approach which 18 based on the properties
g of an average oscillator for the phonons, ¥ We
e note that this approach has previously provided
4 “4
h good agreement with experiment for the alkall
;—, halides, *
E 20 1 Following Bendow, * we express the absorption
8 fn terms of a suitable effective phonon frequency
Qs | @o{T) with an appropriate average 7' dependence,
the choice of which will be discussed in more
5 3
detail below, Ono has
. 10 4
4 [nfarg(19) 4 1]=r0r? :
alw, N=ayp- - ° e oxpl= Aw wo(r
oSt . (w, O m@ad P~ Au/uolT)]
e
=
1=
S— o K 1 — 1 1 ——
200 M0 400 500 600 700 800 10.0
VEMPERATURE (*K) b
Cofy - 203K

FIG, 2, Comparison of absorption versus tempora-
ture of BaF, and S}, as determined by GO,-laser mea-
surements and by spoctrometer transimission measure-
ments at 10,6 pm,

. DISCUSSION

As mentioned in Sec. I, fonic solids are char-
actevized by a relatively structureless exponential-
Like o vs . In Fig. 3 we plot the room-tempera-
ture absorption of the three crystals on a logarith-
mic scale versus frequency, along with data of
Deutsch,? Qur data apree reasonably well with
the latter, and both are seen to fall nearly on
straight lines,  In Fig, 4 we plot the absorption on
a logarithmic scale vs o« for Nal; at various tem-
peratures, from which it can Lo seen that the ex-
ponential-like behavior of a(e) is preserved at
clevated 7',

To Interpret the room-temperature data, we
can utilize the results of ealeulations for fluorites
performed carhier by Namjoshi of ol ,* in which
the abzorption is related to a sum over i-phonon
denstties of state, welghted by coetficients deter-
mined from the fntertonte potential, The detatls "800 71000 T ap00 T w00 T Tieo0
are deseribesd o the Iatter reference; we here FREQUINCY (em™)
merely display the results as the solld Hoes in
Pheo 30 The aprecment between theory and ex-

£3SORPTION COEFFICIENT (am)

FIG, 3 Room-tempernture absorption coctiicient
vorsus fregquency for alkaline=carth oo ides o solid

peviment is observed to be quite gowd, Ky mboba present datag open sy bl bty of Deatseh
Althoush one conld, In prineipto, utitize the Otef, 05 eotid Bines, thearctienl ealeatations trom
approach of Nanosht and Mitra'® as well as those Ret, 6,
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- is independent of temperature,
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100.0 T Y ] o b e st for lonje solids the principal 7 dependence arises
v ) I
from thermal-expansion effects, so that one ob-
- ‘ ’
®or, talns™
. i ;
. » ’
. any w(T) £ w,(0) exp (‘ I _[“'r"r)o (3)

- 10.0 } ¢ 590

T o e 10%

£ . 805 where «p is the coefficlent of Hinear expansion

- 3 5 and y,; the mode Griincisen parameter, A more

; ',\\:“\: 7 exact theory would account for the effects of an-

2 \‘.\ ""\'.‘- . 7] harmonicity on the 7 dependence, but fortunate!

- X \' ~ A‘ . N ) | y

g 1.0 '\-\‘-'\~, " canceflations between the contributtons of cuble

o 4 b '.“(\‘\ ] and quartic anharmonicitics tend o suppress an-

\ N \

3 C LR ] harmonic effects in most cases, Extending Eq.

= \ TR L 'y ! q

g UL B 1 (3) to the average oscillator yiclds

2 | \\\.\ \\ ] &

< ot R Sa \.\‘.'- d wo(T) = wo(0) exp (- 370_’; aydT), (4)

E AN \‘0
_ L} \ ‘1
- :\ - 5 where 3, is now a suitably averaged (macroscopic)
- . g Griineiscn parameter. The obvious choicce of
p Y
- : corresponding to @ is the thermal average?’
SUNESUUY TSNS SES— (8 4 -
0.01——45 1000 1200 1400 y=2 C...,"./Z & (5)
FREQUENCY (cm™) [ ]

FIG. 4, Measured absorption cocfficient versus fre- where (h_e Ci's are Einstein heat capacities and
quency plotted on a scniloy scale to demonstrate the the sum is over all modes of the crystal. I one
persistence of the exponential~like character of the ab- uuhzgs wp for wy, then?®®
sorption at elevated temperatures, dl

_— dlnwp 3u£ VB (6)
“dlnv C

e'q)[ {= A+ nbi(we(T) + 1]} w/0i(T))
n(w)+1

n(w) ;(cxp(llw/l.'T) -1,

(1

where ap and A depend weakly on wg and/or T.
From the above formula, it is clear that o is en~
hanced at high T according to the usual 7/°' law
for a j(= w/wg)-phonon process, provided that wy
In general, wol(7)
decreases with increasing T, which tends to sup-
press the T dependence of o arisingf{rom thc Bose-
Einstein factors [n(wg) + 1]*/%0,

To apply Eq. (1) we must specily the effective
oscillator frequency wo(7), Because the contri-

. butions of acoustic phonons are suppressed due

to cnergy conservalion, the average frequency @
defined by the first moment of the density of states
should not be an appropriate choice, On the other
hand, an averave optical phonon [requency, such

_as the Brout frequency®® w,, should be more ap-

propriate,
wp = [{2wfo + wio s i)Y, (2)

where wg 18 the Raman frequency. It turns out
that wy is close to the Debye frequency wpyfor
most polyatomic crystats and that both are related
to the bulk modutus; vatues for the characlerlstic
frequencles for the fuorites are Hstod In Table ),

For the present case,

- Regarding the 7 dependence of wg, we note that

where B is the isothermal bulk modulus and C,
the specific heat at constant volume, 3 and y,
arc usually very close in value, as demonstrated
for CaF, by Ganesan®® and for SrF, and BaF, by
Vetelino, *® The y corresponding to wy follows

TABLE 1. Characteristic phonon frequencies (em™)
and Griincisen constants for alkaline-earth fluorides.

Ca¥, Srk, RaF,
ot 261 223 188
Wit 452 395 344
wg® 322 283 243
wy -3 288 247
wp 329 288-299¢ 215-240?
wy 315 280 255
o 259° 237¢
s 1.85 ; 1,86 1.85

*R. . Lowndes, J. Phys, C 4, 3083 (1971),

"R, S. Krishnan and P. 8. Narayanan, Indian J, Puro
Appl. Phys, 1, 196 (1973),

American lushitele of Physics Handbook (MeGraw-
Hill, New York, 1957),

4. F, Veletino, Ph, D, thests Qniversity of Rhode .
Istand, 1959 (unpublished),

*Calcutated from phonon density of states glvea by M,
M, Llcombe aod A, W, Peyor L), Phys, Cy,

fealealuted from J, P, arrel and V. J. Minklewlez,
Solid State Commun, 8, 163 (1970),

402 (1970)),
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FIG. 5. Absorption cocfficicut versus temperature :
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while the fndividual points are experimental data, Values « o0 1050
designated with error bars are obtained by extrapolating 2
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The value of 3,5, which is listed in Table 1, is e - R
close to that of the other y 's as well, %; J
We have performed numerical computations a tak
utilizing the values of Table Iin Eq. (1) to analyze «
the experimental data, Since the constants a, 10} A
and A were determined from the room-tempera-
ture spectra (see Fig. 3%, In principte no adjust- as
able parameters appear in the computations,  We
find that the use of & for wy leads to too strong a | 2T
“m g - a 1 S

T dependence for o, While use of Wy, wph, OF Wy
gives an improved but not perfect fit,  These re-
sults fmply that acoustic phonons have a relatively
minor fnfluence on the multiphonon absorption,
and that o 18 best eharacterized by an average
opt'=al phonon,  The Latter conclustons are con-
sistent with the vesults of other retatad analyses
as well, T Regarding y, 10was found that for

the range of frequencles of Interest here o(7)

20

) ey |
o AN

S N

TEMPERATURE (°K)

T

(c)

LI\ 000 900

was refatively insensttive to the particulary
chosoen,

To test the whider appticability of Fq, (1) to the
present case, caleulations of o) were poers

formaed for the three tluor ldes wstng, values of
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Wo~wy. I was nat possible to obtatn ot apgree-
ment over the full vane of frequencies in all
cases when a staple fixed @y was utilized; rather,
to obtadn the best (it 1t would have been necessary
to Increase wy with Ineveastng frequency,  This
sugprests that at lower frequencies maore acoustic
(or, tn general, lower-cnergy phonons) take part
In the absorption,  However, such a variation of
wo With frequency s not contalned tn By, (1) and
does not provide a consistant basis for Interpreta-
tlon of the data utiliztwg this equation, We there-
fore chose to scarch for the single wy which gave
the best it to the entirve set of data for cach solid,
Y a of Eq. (7) was utilized for j, with 344 taken
from Rel, 31, y 4 from Ref, 32, and with 3, o
estimated utilizing the method of Ref, 33, The
values obtained for wy are indicated in Table 1
and are scen to lie quite close (35%) to w,. The
calculated a's for these values are displayed in
Fig. 5. The agreement with experiment is ex-
cellent for BaF, and quite good for SrF,, The

fit is qualitatively, but not quantitatively, ade-
quate for CaF, over the full range of {requencies,
While the origin of the discrepancies is not clear,

13 MULTIPHONON INFRARED ADSORDPTION IN THLE,, . 20190

1 must be realtzed that the higher-fregquency

(low o) data where the Laegest disparittes oceur
are, In fact, the most suseeptible to expertmental
crrvor, Moveover, FEq. (1) which we have utilized
here does not ake detaited account of selection
rules and ‘or density of state effects™ 25 qnd may
well be lnadequate for a quantitative analysis over
a wide vange of frequencies and temperature,
Nevertheless, we believe i s fatr to conclude

on the basis of the present results that the atlkaline-
carth fluovides do, In fact, display Intrinsic multi-
phonon absorption over an extended frequency and
temperature range,  In particular, we find that

the absorption is relatively structureless and
displays a nearly exponential frequency dependence
over most of the range investigated,  The tem-
perature dependence is close to the Bose-Emnstein
form {~[n(we) « 1]%/=0} with wy ~wy.
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2.2 FREQUENCY AND TEHPERATURE DEPENDENCE S5TODIES OF
RESTIDUAL THERARED ABSORPTTON IN THE HBIGHLY 1TRANCDARENT
FREQUENCY REGIME OF TEIRAHEDRAL SEMICOUDUCTORS

BERNARD BENDOW, ILYN II. SKOLNIK AND LEERBERT G. §LIPSON
Solid State Sciences Divicion
' Depuly for Elcctronic Technology, RADC (AFSC)
: Honscom AFRB, MA 01731

<ol *
STALFORD P. YUYON g AND SHASHANKA S. MITRA
.Dept of Elcctrical Engincering g
University of Rhode Island, Kingston, RI 02881

Ve report studics of residual infrarcd absorp-
+ tion in the hig¢hly transparent rcgime of diuiiond

: * and zincblende type scemiconductors, with empha-
' ' sis on Si and “nSc.
: \ . : p
; s T < ST i v I . : S
o _ . acIE s A iy
, o

"INTRODUCTION

There has been considerable interest in recent ycars in the

: multiphonon'infrared absorptionl which limits the transparency of

:infrnrcd materials. Although extensive mcasurcments and theoreti-
i : : i 2.

,cal calculations have been rchﬁted for ionic crystals,” only
.

‘

Y asirs ' : ’ o : 3

:limited work has appeared for sciniconducting crystals. The pur-
H 5 . . .

'posc of the present work is to extend existing mecasurecnments to

' :

! \. = i . .
,hlghcr‘frcqncnc1cs and over a grecater range of temperatures for

1 L= ¥ .
state-of-the-art scemiconducting crystals, and to provide a theo-

fretical basis for interpretation of the resulls, especially with
respect to structure in higher order spectra, and the influcace of
i

nonlincar noments on the spectra. A conbination of threc toch-

)
nigues described in detail prnvionslyd wvere cmployed in the meanore:

‘ments, namely, standard transmission spectroscqpy, cwmittance spoa-
roseopy, and enlorimelry.  In the present report, we restrict
attention principally to 8i and ZnSc, and provide as vell o bafer

‘sketeh of the Lheoretical approach utilized Lo interpret the data,

‘.:;’:!.;:A\‘;L.ll.\:lj by US Al Poree undor Conturaat FIDGTR 2.0 028G,
tALee with Parke Malthe Labn., Carlisle, Mass. and gupproctod by
WS Aje Poree uander Contract P1Oe28-71-C0142,

—— — - — ——————— —

. —— o — ——— - — . —— - - — = et st




Vo A MENTAL RESULAY
- )._,’.o . | .
gypleal resn)is of the experdments are I1Justrated in 1Mgs. !
D Fig. 1 indicates the frequency dependence for the absorption '
! ;
:C,/;(ficic-nt a4 in Si for the threce and four phonon reqgimes at se- |
)",’g,,;d temperatures, vwhile Fig. 2 displays the temperature dnp(_.-nd—-l
. . « ‘
o2t for selccted frequencies. Frequency speetra for CVD poly- :
: . |
!cﬁy,,sulllnc Znse at sclected temperatures ave displayed in' Fig. 3. !
‘ ::?/' ¢z complete speetra for these materials as well as other somi- l
7- ;(,,ﬂ.l,:uctors will be given elscewhere. '
! "
Q ! ghe present results are indicative of various gencral trends ;
\ . |
! rr,,,,,j{.‘rzstcd in the multiphonon spectra of :;umicom‘ln(:Lox::;.5 For the
" ) & s |
‘et Dighly covalent semiconductors substantial structure persists !
\ l
i F0.80 higher order spectra, and at elevatled teowperatures as well, as
. 'o g idenced by ig. ). As the bonding becomes more . ionic (going from
U AVA AL to I1XI-V's to II-VI's, c.g.) the structure is less porsis- |
‘ i
Copent. and washes oul noticcably at higher temperatures. The latter
i gof g ot is rcusonably attributced to the increcasced anharironicily
$ i s . . | . !
i yhieh characterizes the more ionic matevials. We note that in nany
! ' ) g e B - v — - ——— A,.,_.|
{ i
. "..- ! Fig. 1. l'.(%g :v_l\'::(\'.l‘p! ion !
(] ] 10 ) i
ey cocfficicnt vs froquency !
:-" = for high reasistivity 8Si in
b the thrae and four phonon
R rugimes Curves 1,2,3,41 ave 3
!:" \ for tomporatures 295, 410, !
4} 1 2 : 440 and 000K, veapoatively! )
- : - \ The «olid Yines iadicato

-

dalta ohtainced by tranumis.

—
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¥ Yo Nsie e Ltance data at <5008, \
= \:‘_‘{:__, R Pad Ltanco at other tonpetas
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'dvpcnc}cnce' of the form [n((uo) + l]J/[n(m)' + 1], where n is the Fo

-— come

ceme

\

OO e AR R L
o e e of 8 vs toaperature ol uv!uC"
— ted vavelengthsn, Dols fodicato
i -1 o, caperimental points taken by
U '1440 o ,v/ varjous methods.
G- ° -
o o
[} ",.0" 0 - . ¢
- _ - ol jonic materjials such as alkali-
~ ] o~ &‘r .
1 41 - % i da - : AT :
E e e 1370 cm] halides and alkaline--carth fluo-
o~ =
E 2L rides structure is often necarly
{9 Uy < ¥
§-6 - SREACR e = absent beyond the two phonon
4
= 4 'S
52 o g regime at room trmpornturc.’
- N . ' : X s
L. 4l 1560 cm '«. Vs - . :
[T . Pl Tomperature dependence
(] L o
[V} ,0 - '
« P L 5 : .
<, e > i plots such as given in Yig. 2
b 2 e 1700 cm =~ -]
e ; are uscful as quick indications
b L 1 L 14 :
3.0 3.5 4.0 4.5 5.0 of the multiphonon character of

‘spectra of the more ionic'mat.orjals.6

well, while that for the four-phonon rogime displays a somewhat
e s
groater T-dependence than predicted. Hevertheless, the agreoment ;
is sufficieont to suggest that intrinsic multiphonon behavior is. i !
Leing obaerved, altlough possibly in combination with other o.\'l.rin-. 1
i

TEMPERATURE (102 OK)
. the absorption. An approximate

«

S0 =

Einstein function, is anticipated for intrinsic absorption in the

jth phonon reqgime, although implicit T-dependence may influence the
Onec finds thet the cdata in

the threce phonon regime satisfics this approxinate dependence quite

sic contribultions.
THEORETICAL CONSIDERATLIONS ’
{

Our mulliphonon calculations are based on a variant of the non-

joloiacting cell approeach described in tefs 7, in which fall phouton
spectral properties are retained bubt mulbi-cell dynamice inloeractions

are soglocteod. The final oxpression:s involvae a sum over n plonon

Joennitien of states, and coctticioents fnvolving higher order deiva-

ives of boand interact ton sotentials aed olecteric nosentse Soong
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MIXED FLUORIDES FOR MID-IR LASER WINDOWS
J. J. Martin¥
Dept, of Physics, Oklahoma State Univ,
Stillwatcer, OK 74074
Herbert G. Lipson, Bernard Bendow and Audun Hordvik
Deputy for Electronic Tech,, Rome Air Development Center
Hanscom AFB, MA 01731
Shashanka S. Mitra*™*
Dept. of Electrical Engincering, Univ, of Rhode Island
Kingston, RI 02881
We report investigations of crystal growth and infrared optical evalua-

tion of mixed fluorides, including KMgF3, RngF3 and KZnF3. Single crystals
of the latter, which have the Perovskite structure, were grown by the
Bridgeman method, utilizing the system described by Butler (Ph.D. Thesis,
0.S.U., 1972, unpublished). We have also pulled crystals of KMgF, and RbMgFsj,
using a modification of a puller for KC1, which has a graphite radiation
shicld and a special thermocouple added to allow operation at higher tem-
perature. Various details of the crystal growth process will be discussed,
t The infrared absorption of the grown crystals of KMgF3, RngF3 and
{ KZnF3 was mcasured by Fourier spectroscopy and photoacoustic calorimetry, at
! room temperaturc, in the frequency range 800-1800 em~l,  In the range of
|
higher absorptions (S'h0-2 cm‘l) we obtain a characteristicly smooth, ex-
ponential-like variation of absorption with increcasing frequency, although
KZnF3 docs show enhancement suggestive of extrinsic effects, towards higher

frequencics, The exponential decrcasce and abscence of marked structure are

fecaturcs fomiliar from alkali-halide and alkaline carth fluoride spectra

measurcd previously, and arve belicved to be a result of the doninance of
anharmonic broadening and the lack of structure in the Ylattice density of

ASupported by Deputy for Electronic Tech,, RADC, under contract F19628-76-C-0176. .
*ASupported by Deputy for Electronic Tech,, RADC, under contract F19628-75<C=0103, 1
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states, The magnitude and rate of decline for KMgF4 and RngF3 arc necarly the
same, implying that the Mg-F bond is the principal influence on the multiphonon
spectrum, This i{s also supported by the similority of these spectra to that of
Mg?z, although the rate of decrease 1; the mixed fluorides is slightly slower

than for MgF,, and the overall magnitude is from 50% to 207% smaller in the

range investigated,
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3.1 »
DYNAMICS OF STRUCTURALLY DISORDERED SOLIDS

J. F. Vetelino
Department of Electrical Engineering
University of Maine, Orono, Maine OL473

and

*
S. S. Mitra

Department of Flectrical Engineering

University of Rhode Island, Kingston, R.I. 02881

‘I. INTRODUCTION

In this chapter the dynamics of disordered lattices
fa discusscd. The extent of disorder is assumed small
such that the properties of the disordered system can,
in principle, be obtainable as an appropriate extention
of the corresponding properties of the ideal ordered sys-
tem, Such an approach, albeit limiting, affords a con- ¢
v‘enfent starting point for disordered systems, since the
Information regarding the corresponding ordered systems
is assumed known,

The prescence of even a small concentration of de-
fects may significantly a“fect properties of a solid
through tho destruction of the translational symmetry of
the unperturbed perfect lattice. Such changes are often
sulticient to allow interaction with light in cases where
It would not otherwise occur. The defects may be of a
themical nature such as an impurity atom, or thcy may be
“f a mechanical nature such as vacancies at particular
lattico sites, and extended defects such as dislocations.
I the impurity content of a solid is increcased to such
&N extent that interactions between impurity atoms boecome
shenificant the system is then tormed a disordered solid
'&ther than an dmpure crystal, Disordered lattices are
of tvo sain typost the disordered alloy (isotopic mixturo

sS4
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842 J. F. VETELINO AND S.S. MITRA

or mixed crystala) and tho glass-like substance in which
tho disorder is spatial rather than configurational,

It is the purpose of these lectures to discuss the
atomic vibrations of the following three types of dis-
ordered solids: (4) Crystals with substitutional im-
purities, (ii) mixed crystals or alloy systems, and (iii)
amorphous materials. In particular, the lattice dynami-
cal theory will be presented and the theoretical results
will be compared with experimental data whenever avail-
able. ;

II. CRYSTALS WITH SdBSTITUTIONAL IMPURITIES

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
modification of the phonon spectrum is usually manifested
in the appearance of localized frequencieé. These fre-
quencies may @ppear 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 Lifshitz! in 1943,
This work was followed by the work of Montroll and Potts?
and Mazur3. However, this early work was restricted to
one and two dimensional lattices and therefore was only
of qualitative value.

The first experimental discovery of the existeﬁce
of localized vibrational modes was made by Schaefer™ in
1960. He observed a strong peak in the infrared lattice
vibrational. absorption spectra of alkali halide crystals
containing U-centers which are H™ ions substituted for
the halogen ions. It was after this experimental dis-
covery that much of the theoretical work on the lattice
dynamical behavior of point defects in three dimensional
cystals was undertaken. This initial experimontal dis-
covery was also followed by the appcarance of a large in-
flux of experimental data® in the literature.

In addition to infrared techniques to study local-
ized modes, various other experimental techniques were

31
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developed and utilized. Among the most prominent of
these techniques dre: Specific heat measurements, tun-
noling between superconductors, the MUssbauer effect,
neutron scattering and Raman spectroscopy. However, the
method which has yielded the most detailed and accurate
information about the frequency and amplitude of the im-
purity modes is the infrared technique, and to some ex-
tent Raman scattering.

The theoretical understanding of the impurity mode
absorption is based on the lattice dynamical behavior of
crystals with defects. 1In 1962, Dawber and Elliott6 pre-
sented the formalism of a Green's function method, intro-
duced by Lifshitz7, to calculate the frequency and ampli-
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 Elliott8 to calculate the impurity
mode frequency in silicon. In 1965, a molecular model
was proposed by Jaswal?. to describe the dynamical be~
havior 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
vas assumed to be at rest. The results obtained from
this technique 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 substitutional impurities in various al-
kali halidel©O-13 and zinc-blende crystalsl®-16,

A. Linear Diatomic Chain with a Substitutional
Impurity

The perfect linear diatomic chain modified by the
replacement of one of the constituent atoms by an im-
purity particle is shown in Figure 1. The index "O"
designates the impurity particle of mass my. It is as-
sumed in this analysis that only ncarest neighbor forces
are operative. The perfect lattice necar neighbor force
constant is defined as "f" while the ncarest neighbor
force constant duc to the impurity is denoted by fy.
Writing the appropriate equations of motion for this lat-
tico and assuming a standard traveling wave solution,
the following system of equations result for tho center
of the Brillouin zone (k = 0),

32
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Fig. 1 Linear diatomic lattice containing a substitu-
tional impurity particle with mass defect and force
constant defect. 28 ;

-(-f) (2f—mw2.) (-fr) 0 k -g:gq
(-1) (fI+f-Mw2) (-£7) g:;
(-fI) (2fI-me2) (-fI) °:-1 =0
. . (o]
(-fI) (fI+f-Mw2) (-£) o,:i
| © (=£) (20-m®) (-£)]| ]

(1)

The. 0'.'s are the appropriate'eigen-amplitudes of the im-
perfec% lattice.

It will be shown that the solution to the diatomic
chain with an impurity can be expressed in terms of the
solution to the perfect diatomic chain. The equations
for the perfect diatomic chain can be obtained by set-
ting my = m and f; = f in equation (1). This yields
the foliowing matrix equation

[[E) - P[1))o) =0 - | (2)

[F] is the coupling coefficient matrix of the perfect lat-
tice [o]. the associated column matrix representing the
eigen-amplitudes and [I] the identity matrix. The eigen-

values, + are determined by the solution:'to the secular
equation,

I[F)-2[1]] = o, ' ReE

3
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In matrix notation tho equations of motion for tho
tinear diatomic chain with a substitutional impurity can
be written as,

(Fllo* J-w'?[1][5'] = [s])[o'] (4)

[c'] and w'2 are the eigen-vectors and eigen-values res-
pectively of the imperfect diatomic chain, and [S] is a
perturbation matrix of low rank incorporating the change
of mass and force constants due to the impurity. The
rank of the perturbation matrix, [S]. is determined by
the spatial extension of the defect. For example, if
one considers the second neighbor interactions from the
impurity particle also, the rank of the perturbation
matrix would naturally increase. An examination of eqs.
(l) and (2) reveals that the following expression may be
written for the perturbation matrix,

"'-.... o . .'.-‘
:“('A'r.)” & (‘Af) o
(s]= |o E(-Ar) (2Ar-Amw2) (-Af)g 0 (5)
Dol ) )
._ 0 o

shere Af=f-fy and Am=m-my. Af and Am denote the force
constant defect and the mass defect parameters respec-
tively. In the isotropic case, where Af = O, or what
is commonly called the mass defect approximation, the
Perturbation matrix [SJ has only the elcement (-Amwz) at
the center.

Due to the limited spatial extension of the pertur=-
bation matrix [S], a Green's function method? can be uscd
to calculate the frequency and the amplitude of vibration
of the impurity particle. Since this technique will bLe
used to calculate the impurity modes in the three dimen-
slonal erystal, it is convenient to use matrix notation.
Furthermore, since the basic cquations of motion in the
three dimensional lattice are of the same form as the
lincar diatomic chain, the analysis will be formulated
A0 as to apply to the threo dimensional case as woll,

Tho equation of motion for tho lincar diatomic chain

3h
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with a aubstituiional impurity may be written as follows,

[L)o'] = [s)lo']s (6)
where

[L) = [F)-wr?[1).

A Green's function matrix [G) is then defined in the fol-
lowing fashion, g 5

[L)c] = [1]. ‘ (0

With the use of the defihing equation for the Green's
function matrix, eq. (6) may be written as

[o'] = [c)ls)la']s ' (8)
where ‘ . ‘

[6] = [L]7".

In terms of the matrix elements, eq. (8)3can be written
as,

e - (9)

v = '
O x = 8‘ Exx? 2" sx'x“ G xn
x x

The eigen values w'2 can be obtained by solving the se-
cular equation, i

I[L1™Ys] - [1]] = o ' (10)

or

Ile]ls] - [1]] = o.

In order to solve eqs. (9) and (10) for the ampli-
tude and frequency of vibration of the impurity particle,
one needs an explicit representation of the elements gyx':
of the Green's function matrix. Premultiplying eq. (6
by the eigen-vector[o] = [o(k,j)] of the perfect lattice
where j denotes the particular branch and X, the corres-
ponding wave vector, one obtains
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<o), [Fllo')> - w3<[0],[0')> = <[a),[s])[a"])>.
: (11)

[F)lo'] ana [s][o'] are column matrices and the product
<,> is defined such that for two column matrices [A] and

(),
<{a),[B]> = (a;a;....)

(12)

~ .

b
bz
'
: *
] -
» =EaRy
i

wvhere aj and b; are the elements of [A] and [B] respec-
tively and a} is the complex conjugate of aj. -

In the case of the linear diatomic chain, the matrix

[F] is symmetric, therefore the first term in_eq. (11)
can be transformed as,

dobiFlo > = <Crllodilord> . (13)

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

LollFllor)> = <flohilorl>, ()
Substitution of equation (14) into equafion (11) yields,
<[o])[c'])> = <r0]éfs}£0']> " (15)

W -w

Since the eigen vectors[o(E,J)] of the perfect lat-
tice can be represented as a set of orthonormal vectors+/(,
an arbitrary vector [O'J can be expressed uniquely as a
linear combination of this orthonormal set, [0(5,3)]» as

[0') = T a(x,4)[o(k. )], : (16)
li - 5

vhere @(k,J) aro the expansion coefficients.

36 .
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Premultiplying eq. (16) by tho eigen-voctors

[0(5.3)] of tho perfoct lattice and using tho orthonormal-

ity condition of [0(k,J)], the constants a(k,J) can be
exprossed as,

alks) = Lodulor ) (a7)
From eqs. (15) and (17) one obtains

a(k,3) = 5L‘1L"u—'2-5—“1)f—§_3—13 : (18)

Therefore eq. (16) can be written as

[°|'J I <Io],fsll'g' 1> [0]

kyJj w?-w

(19)

or in terms of the matrix elements,

ok ([s)[e' D),

c'= T ¢ o .(20a)
x ki x' wz_w.z x
* &
0x|0x
« & € 2 =S Hlslo" )= (20v)
xl E’J w' -U' <
* .
Ox'Ox
« £ (2 _——Zi,.sx'x“ox' . (20c)

x' pe _lS.J UZ-UJ'.

A comparison of eqs. (20c) and (9) results in the

following representation of the Green's function matrix
elements

O:L(‘.‘.‘:'J)C*(l‘.'.’)

Exxt = k,.:J wz-w'z o (21)

Having obtained the Green's function matrix [G],
eqs. (9) and (10) can now be used to calculate the fre-
quency and the amplitude of vibration of the impurity
atom., The essential point of this technique is the 1li-
mited extension of the perturbation matrix [S]. This

37
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reaults in a solution of cquations (9) and (10) in the
pprturbod region only. For a linear diatomic lattice
of Fig. 1, the matrix [S), viz., eq. (5) has the ele-
ments, 2

s 2
50.0 s 2Af-0mw

R T = A ._ : (22)

1.1 1.‘1

$.1,0" 51,0 " So1 ® Sp,1 = &

vhile the other elements are zero. Substituting the ma- {
trix elements of [S] into~eq. (9) one obtains ’

. I £ ¢ &
L Af(gx.-l gx.O) e Ar(gx.l gxoo)

(231

2
® 06[ (ZM-Mw )gx,O-Af(gx, 1+gX1-1)].

By setting x equal to -1, O,_1 three equations for ol;,
0o} and 0} evolve. Since the impurity is a center of in-
version for the linear diatomic chain shown in Fig. 1,

3 ' = 3

6 ,=%0 (2‘;)

Also since the Green's function matrix elements gxx, de-
fined by equation (21)_haxn~xhe~same symmetry property,
twvo equations in 0§ and 0y;, will result. After obtain-

ing these, all other Oi'sﬁare obtained by recursion. The
eigenfrequencies w'? of the perturbed lattice which are ; 4
the solution of the secular equation |[[G][s] - [1]]| = o, : {
are now determined by the determinant of the coefficients b
of two homogencous equat»i«ans—fop—e('; and 0}, . :
The frequency of vibration of the substitutional

atom may occur either within or outside the vibrational
spectrum of the perfect crystal. If the impurity atom

is lighter in mass than the atom it replaces in the crys-
tal, it is possible for certain exceptional vibrational
modes called localized modes to appear. These modes are
characterized by the fact that their frequencics lie above
the maximum frequency of the unperturbed crystal. The
displacement amplitudes of the atoms of a crystal with a
localized mode docay very quickly with increasing dis-
tance from the impurity sito.
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If tho froqueoncy distribution function of the per-
fect crystal has a gap between the acoustic and optic
Lranches, it is possible for an allowed localized vibra-
tional modo to occur in this gap. This localized vibra-
tional mode is usually referred to as a gap mode. Gap
modes occur when the mass of the impurity atom may be
lichter or hecavier than onc or both of the host lattice
masses. Since a gap .mode has a frequency which lies in
the forbidden frequency band of the perfect crystal, the
displaccement of the atoms vibrating in the neighborhood
of the impurity decay rapidly with increasing distance
from the impurity site.

Due to the fact that the frequency of a local 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 crystal. 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 impurities, is the reson-
ance mode. Unlike localized and gap modes, resonance
modes are not true normal modes of a perturbed crystal.
These modes are localized in frequency but not in space.
Since the frequency of a resonance mode falls in the
range of the allowed frequency band of the hest crystal,
it can decay into the continuum of unperturbed band modes.
A crude physical explanation of the nature of these modes
can be given as follows. In the low frequency acoustic
branches all the atoms are moving in phase with each
other independent of their masses. If the impurity atom
is very heavy or if it is coupled very weakly to the sur-
rounding host crystal, it will be vibrating in phase with
its neighbors at very low frequencies. However, as the
frequency of the lattice vibrations increases the impur-
ity atom begins to lag behind its neighbors because of
its heavy mass or weak binding to the crystal. This con-
tinues until a frequency is reached at which the impurity
atom vibrates 180° out of phase with its neighbors. This
frequency is defined as the frequency of a resonance mode.
As might be expected, the mean square vibrational ampli-
tude of the impurity atom as a function of frequency is
sharply peaked at the resonance mode frequéncy, in com~
pParison to the amplitudes of its neighbors. Resonant
modes may occur in the acoustic. or the optic band of the
frequency distribution function of the perfect crystal.
The impurity masses associated with resonant modes may

39
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he heavier or lighter than the host crystal atom masses.
The force constants with which the impurity particle
couples to its nearest neighbors play an important role
in determining the frequency of the resonant mode.

L d

Mazur and co-workers3 have solved the problem of
impurity modes in a linear diatomic chain with an impur-
ity atom of mass my 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 that m<M, there is
a gap present in the frequency distribution function.

The solutions of this impurity problem are shown in Fig.
2 for my replacing M and m respectively. For the case
where mI<M. 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 my>M neither local

nl<H nl>H A my<k np>m

OPTIC BAND
=T -

T TN

FREQUENCY

Y1 LT 77777777777 T d 277 7 77777 77777

ACOUSTIC BAND

Fic. 2 Impurity modes in a linear diatomic chain (m<M).

Four cases shown are:

(1) a 1ight impurity atom replaces the hcavy atom of the
host lattice (my<M),

2) a heavy impurity atom replaces the heavy atom 5m1>M;

3) a light impurity atom replaces the light atom my<m

and (4) a heavy impurity atom replaces the light atom
(ﬂ1>m).

Lo
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nor gap mode is predicted. When the impurity atom re-
places the lighter host atom such that my<m, a local
mode above the optic spectrum is predicted. Finally,
when my>m, a gap mode between the optic and acoustic
branches is predicted.

It will be shown that threce dimensional crystals
. having a gap in the frequency distribution function con-
i form with the predictions for the case 1, 3, and 4 for
Figure 2. For the second case where my>M, a gap mode is
predicted which constitutes a new condition hitherto un-
noticed.

The amplitude of an impurity ion and its neighbors
in a linear diatomic chain have been calculated by Renk
for the local and gap modes. These are shown in Figure

: 3. For local modes, the negative ions move in one direc-
i tion while the positive ions move in the opposite direc-
§ : tion. The maximum amplitude is associated with the im-
purity ion and decays exponentially with increasing dis-
tance from the igpurity ion. For the gap mode similar
ions vibrate 180 out of phase with each other. The
maximum amplitude is associated -with the impurity ion
and decays exponentially with increasing distance from
the impurity ion. In contrast with the localized and
g gap modes, the resonant mode is not spatially localized
] but extends far into the lattice. The amplitude of the
impurity ion and its neighbors for a low frequency reson-
ant mode in a linear diatomic chain have been calculated
by Weberl9 and are shown in Fig. 3.

Lo

B. Three Dimensional Lattice with a Substitutional
Impurity.

R I

Before digressing into the explicit mathematical
formalism for this system, it is worthwhile to spend some- A
time reviewing the lattice dynamics for perfect crystals
in three dimensions and the concept of normal coordinates.
The total potential energy of the atoms in a crystalline
solid will be denoted as & . Assuming that each atom un-
dergocs a small d1splaceminﬁ, E(é) 4 [“x(ﬁ)' "y(é)' uz(ﬁ)]

from its equilibrium position, the potential energy func- y
tion ¢ can be expanded in a Taylor series gbout the equi- S
1ibrium position in terms of the powers of the displace-

ments:

-

-—————a
.

L1

B
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Local Mode

[ H

S g

00603311 Ilggoéoo

'Gap Mode

oooSggfiiljegﬁo.o

Resonant Mode

P199515¢529197919

.Fig. 3 Eigenvectors for local,
: in a linear diatomic chain.,

gap and resonant modes

=0, + = a5 u(h : ?
4K« (25)

LL £ £
12 3 & e ug(plul ) s o
: B Rel- Byt B 0 ST TR i

Vhore the subscripts a and B refer to the X, y and z
€omponent of the displaccment and

42
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o (f) = ;:1f7; (26)
a'x!) lo
and
7L 22p
°a8(xxl) = (27) -

dug(2ug(ir) | o

The subscript "O" means that the derivatives are evalu-

ated at the equilibrium configuration of the lattice.

Physically, the coefficient, £ defined in eq. (26)
. q’a(x)’

can be explained as being the negative of the force act-

ing in the G-direction on the atom at E(K) in the equili-

brium configuration. However, in the equilibrium config- 4
uratien the force on any particle must vanish, therefore,

£)

@o(y) = o i - . (28] . .

Under the harmonic approximation the potential energy
expansion contains terms only up to the second power in
displacement. Mathematically the resulting equation of
motion could not be solved exactly if higher ordered terms
were retained. The harmonic approximation is quite rea-
sonable because we are dealing with very small displace-
ments of the particles. The equations of motion of the
lattice can now be written under the harmonic approxima-

l . 1 z'
mfal) = - S¥I e - E L Sl vpli)-
b B ' (29)

It is obvious from the form of eq. (29) that the coef-
ficient, o (ll'). is a force constant. Physically it
af‘KK*
describes the force exerted in the G-direction on the
atom at r(f) when the atom at r({,) is displaced in the
B-direction. It is also interes¥ing to point out that
from eq. (27) the coefficient LL'| satisfies the
@ap(xxl)
following symmetry condition,

43 ) :
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l'l).

°aB(fu€:) L °ﬁa(xox (30)

The periodicity of the lattice requires that if the lat-
tice as a whole is translated relative to itself by a
lattice vector I(K)’ it coincides with itself. Due to
this fact, the same triplet of integers (ll,lz.l ) can
be added to the cell index £ in the coefficient s (t)
a‘K

and to both of the cell indices in the coefficient

1
oaﬁ(éé') without changing their value. Thus ¢a(é) must
s ]
bLe independent of £, while ¢aﬁ(éé') can only depend on

the relative cell index £-Z' and not on £ and £' separ-
ately. These results can be expressed as,

& (£) = 0,(2)

and ] . (31)
Oap i) = g ()

Due to the translational symmetry within the lattice, the
equation of motion should be invariant for rigid trans-
lations of the lattice as a whole, namely,

2L Zey '
o e Sl & S S G

and also invariant for a rigid rotation of the lattice20

The equations of motion form an infinite set of sim- 1
ultaneous linear differential equations. The solution of 1
eq. (29) can be expressed in terms of a traveling wave E
-given by, 1

u (%) = L= o_(K) exp[-iwt + 2nk-x(£)] (33) f

a‘K J-—a == 4 |
mK ‘
oa(x) |
W is the angular frequency of the wave, +» the wave

“ .
@mpljitude which is independent of £ and k, the wave vec-
tor, sSubstitution of eq. (33) into eq. (29) yiclds,

Ly
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exp{12mer()) = (). (34)

Using the periodic symmotr§ condition of the lattice,
given in eq. (31), eq. (34

: may be shown to reduce to

! the following,

: 2 e k '

! w C‘a(’\) = k,‘:ﬁ FQG(M{')Oﬁ(K ) (35)
i

3 where

; L

H k 1 "t

* - o o]

' Faﬁ(l\‘.l\") y (mel\., ;1/“ 3 °05(KK')

.

; X exp[ -2nikr(§5,)] ' (36)
!

b and

; oz R :

: r(}u\w) = r(K') g r(K)' A (37)
i K

'; FQB(TU(')iS defined as the coupling coefficient.

{ Due to the fact that ££', is a function of 2-1f'
i . d)aB(K}'_I)

! only and does not depend on f and {' separately, the

! coefficients F (5 ) are independent of £. Therefore,
) af *KK!'

{ the problem of solving the infinite set of equations of
| motion (29) is now reduced to the problem of solving a

i

i

set of 3s linear homogeneous equations in 3s unknowns,

Ca(ﬁ)- given in eq. (35), where s is the number of par-
ticles per unit cell.

The equations of motion can be written more con-
cisely in matrix notation as,

[F)[o] - «*[0]) = 0. (38)

[0] is a 1 x 3s matrix written as,

v W .
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P

Oi(S)

o, (1)
c (s)
o (1)

L_0,(8)

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

[o]) (39)

prenyet o

) - - Fxx(}_l‘s)lﬂ‘zcy.(}lsl) R ny(%S)sz(llsl)' “Frz lf: ' |

C(k k
Fxx(SI ee B (ss)ny(51) =

"

[Fl=|F 5)..py.x(§s).....'._..........

sk : ’ o e
Fyx 51) O e e S G B e B i
k |
sz(ll) I e I T e ;
Pk i S bk ?
sz(SI) SE ] A R e I"zz(Sl) F,2(ss ) |
e — g

(40)

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

: I[F] - «?[1]] = o. | (b1)

Eq. (41) is an equation of degree 3s in «?. The 3s so-
lutions for each value of wave vector k are denoted by
Uj(k) where j = 1, 2,.4.., 3s. Examination of eq. (30)
‘reveals that the matrix [F] is hermitian, and hence the
eigenvalues, w’3(k), arc reall?, The physics of the pro-
blem also requires wj (k) to bo positive.

For each of the 3s values of W (k) corroqnondinc to
a given valuec of k there exists n voctor [ef h] . The

voctor [e(hIJ)] is not to be confused with [o(K)]. The

e

Lhé
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.

former refers to the eigenvector associated with a par-
¢ ticular oxcvn(xoquvncy.uj(k) whereas [U(R)] refers to
, the genceral set of cigenvalues, Ww. The components of
i the vector [ hl )] arce the solutions to the set of equa-
i tions (35), whicﬂ can bo written as

S e R MR NS

Eq. (42) defines [e (hl ) to within a constant factor and

this factor can be choqcn in such a way that [e (hl 3
satisfies the orthonormality cond1t1ons.

*, ik fey ; :
kfa ea(hlj) ea(KlJ) = OJJ' g (hj)

B e e s e 2 e S o~

and

-

* k )3 e
ﬁ eB(K'IH) ea(KIF) = °asgxxf ’ (44)

Ll s i

where © and 0., are Kronecker deltas.
af AN

The values whlch the wave vector Kk, introduced in
eq. (33), one can’'assume are determined by the boundary
conditions imposed on the components of the displacement
vectors u(y). The equatioms of motion are derived for an
infinitely extending lattice. This lattice can then be
normalized to a finite volume by partitioning the lat-
tice into cubes of dimension L3 each. It is assumed that
the cube contains N lattice cells with L lattice cells
along each edge. These partitions form a macro-lattice
with the cube of N cells belng the macro-cell with La
123. qu as basis vectors The periodic boundary conéx-
tion postulates that the atomlc displacement be periodic
with the periodicity of the macro-cells, that is,

| a(%h) = (). (45)

. s oo

——————
e e

This cyclic boundary condition simplifies the lattice
dynamical behavior which does not depend explicitly on
the crystul's surface. When applied to the ‘components

{
1
%
{ of the displacement voctor given by eq. (33) the cyclic

‘ boundary condition requires that

\

{

|

\

2nik.la, 2mik.Lla, 2nik-la,
o = e “ = e

- 1. (h6)




DYNAMICS OF STRUCTURALLY DISORDERED SOLIDS 559

The reciprocal lattice vector can be represented as

£(h)=hlb + h,b, +h3_2 (47) .

where hjy, h,, are afbitrary integers which can be
positive, ncgatgvo or zero. The scalar product between
a direct lattice vector and a reciprocal lattice vector
is just an integer:

r(2).g(n) = Lih, + Lh, + 13)13 (48)

Therefore an expression for k which satisfies equation
(46) is given by

h h h
1 1 2 3
i k = i g(h) & b1 * T b2 + T b3 . (49)

The values of the integers h;, hp, h3 are now restricted
by eqs. (45) and (48) such that if any reciprocal lattice
vector ylh ) is added to k, the value of ua(h) remains the
same. Hence, it is possible to obtain all distinct
solutions if the value of k is restricted to lle in one
unit cell of the rec1procal 1att1ce.

n. . h : =

1 2 e =

e S eg bty

wvhere ' & e (50)

hl’ h2’ h3 = 1| 2’ es e

=g

Thus there are L3 = N allowed values of wave vector k.
For most calculations it is important that these values
are uniformly distributed. From eq. (50) the volume in
reciprocal space which contains all the allowed values

of the wave vector k can be seen to be that gencrated by
a reciprocal lattice vector b. An equivalent volume in
reciprocal space which displays a higher degree of sym-
motry than the reciprocal lattice can be obtained by
drawing vectors from the origin of the reciprocal lattico
to all lattice points and then constructing plances which
are tho perpendicular bisectors of these vectors. The

. smallest volume in the reciprocal space which is enclosed
by these plancs can be shown to be completely equivalent
to the unit cell in that evory allowed value of k in the
unit coll differs from a corresponding point in the syme-
motric polyhodron only by a translation voctor of tho

48
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reciprocal lattice, and hence the two arc cquivalont,
The symmotric polyhedron constructed in this fashion and
containing all allowed values of k is known as the first
Brillouin zone of the reciprocal lattice.

Due to the symmetry of the first Brillouin zone,
one nced only consider k values in a small region (the
irreducible element) of this zone to evaluate any vibra-
tional property of the lattice. For cubic crystals, the

volume of the irreducible element is 1/48tM of the volume -

of the Brillouin zone. Thercafter, the totality of fre-
quencies, wj(k) can be obtained by solving equation (35)
for values of k in 1/48th of the irreducible volume of
the total Brillouin zone.

Since the displacements g(ﬁ) are small and the po-
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-
pPlacements due to this set of independent -waves, just as
well as in terms of the coordinates of the individual
lattice points. 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 mode. In general there are 3Ns normal
modes of vibration. In terms of these normal coordinates,
2(3)' the general motion of the 'lattice can be defined

in the following fashion,
ue(8) = £ eg($)e(®)expliznk.-r(£)], (51)
a "(KnT)'l/ijeanJexp L9gs '
-, . 3

where the subscript k of equation (33) has beeh suppres=-
sed and the time dependence is understood in the Q(_)
term. m and oa(-) in equation (51) are the mass and the

cigenamplitude carresponding to the frequency w;(k), of
both the positive and the negative ions, respecgively.
By defining the function, k
xa(tlj) as
. k * ..
xo(£15) = (m)M/20  (X)oxp[12mx-x(£)] (52)

T ST REFWORE T
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ecquation (51) can be written in the following fashion,

ul4) = £ xa(41520) (53)

substitutioﬁ of the displacements ua(l). defined in
equation (51), into equation (29) yields,

' I 1. k
. Sap(£8 g2 ) = mufiledg (2]3) . (54)

A The terms Xa(ll%)-are eigenvector terms with respect to

the normal coordinates and are normalized as follows:
: Ky 12
Z !_. = 10 T
uﬂllxa( 1)1 (55)

Since the characteristic frequency of the (5) nor-
mal mode is wj(g), which 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 normal mode frequencies of the lat-
tice can aiso be identified as [w;(k)] where the brackets
indicate the complete set of lattice frequencies.

RIS RS ARSI

It can be seen from equations (42), (32) and (36),
that out of the 3s solutions for each k, three tend toward
zero as k goes to zero. Such modes are called acoustic

modes and are characterized by the condition. 8
.10 ., 10 .
[e(hlJL] [e(l\"J)] £,0 L ,0
i et 1 il BURE' Sl 4o (56)
K'J K'Yy
Jmg J ;

k
where the cxpression E(ﬁlj) refers to the displacement

from equilibrium of the Kth atom in the {th unit cell

when it is vibrating with frequency w-(ﬁ). Therefore,

all s particles in cach unit cell move in parallel and .
with cqual amplitudes which is a characteristic of the
displacement associated with an acoustic wave in an elas-

tic continuum,

The remaining 3s = 3 modes whose frequencies do not
vanish at k = 0 are called optic modes. For diatomic
crystals (s = 2), i.c.y cquation (43) for k = 0 can be
written in voector form as

3 s
Ty N e WL IR T A AP, T ¥ 5™ IRl Wty Pt WP wTa: . BTN TIPS S TR U O T W S T S IS Y —
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[e(a19)-(e(alS)] » [a(8[D]-[o(2]S)] = 0 (57)

whero A and B refer to the positive and negative ions,
respectively, J refers to any one of the acoustic branches
and J' referss to any oaz of the optic branches. Equa-
tions (56) and (57) can be solved to obtain,

[ D) ([eta]S)) + e[ = o (58)
A~
Excluding the trival solutions, [e(KI%)] = 0, one gets

iy [e(a]] = - Jmg [e(8]D)]. (59)

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

For increasing values of k, the ratio of the ampli-
tudes of the lighter to heavier atom in the optic branch
in general increases. The corresponding ratio in the
Lranch eq. (56) decreases from its value to unity for
k = O,

The dispersion of the lattice is expressible by the
equation,

we wJ(E), J=Y, 238 (60)

In diatomic crystals the number of atoms 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 substitutional impurity for
onc of the atoms of the host lattice modifies the dyna-
mical behavior of the lattice in the region of the sub-
stitution. It is assumed in this analysis that the force
constants remain unchanged from the perfect lattice in
the vicinity of the defect and that only the mass para-
meter is changed. Due to the presence of a.substitutional
impurity, the mass m in eq. (29) will depend on £. Writ-
ing this in terms of its deviation from the perfect lat-
tice value, the general equation of motion which gives
the normal modea and frequencies of the perturbed lattice

51
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can be written as
m(£)t,(£) + gl'oaa(u-)ua(z-) = am(2)u (L)  (61)

The new normal modes for the perturbed lattiée can he
defined by a transform similar to eq. (53),

u (2) = ? x4 (£]1)ar. : (62)

These new normal modes are labeled by a quantum number,
£y which takes 3Ns values. The new normal coordinates
of the perturbed lattice, df, are similar to the normal
coordinates, Q(%), of the perfect lattice and also in-

clude the time dependence. The x&(!lf) terms are the

elgenvector terms corresponding to the normal coordin-
ates of the perturbed lattice. Substitution of eq. (62),
into eq. (63) yields, -~ :

'2 1 . ) (] .' (]
-w'“m xa(llf) + §5c¢“5(‘£~) xﬁ(l I£)

-

" gl'saﬁ(;,y) el © )

where SaB now incorporates the change of mass and is
given as, 3

Sep(£2') ==am(£)w' 26 (64)

asézz'
The eigenvectors x4(Z£|f) of the perturbed lattice, which

correspond to the normal coordinates df, are normalized
by a relation similar to that given in eq. (55), namely,

Z (n(8) + on()) [(xg(£]0)[* = 1. (65)

In matrix notation the equations of the perfect lat-
tice [eq. (54)], can be written as,

(L)x] = [[p] - ¥[1])x] = o, B T

where [DJ incorporates the particle massos, m, and the
force constants QQB(II'). For the lattice with a
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substitutional impurity, eq. (GG) bocomos
[L)x'] = [[p) - ®[x])(x'] = [s)x*) (67)

where w'? and [X'] arc the eigenvalues and the eigen-
vectors of the imperfect lattice and [S] is the pertur-
bation matrix incorporating the change of mass.

A Green's function technique, introduced earlier
can be used to calculate the new normal mode frequencies
and the amplitude of the lattice with substitutional im-
puritics. Eq. (66) is the perfect crystal equation while
(67) is identical to equation (6) with the symbol D re-
placed by F and X by 0. Therefore, the Green's function
technique described before can be applied for the three
dimensional case. The Green's function matrix [G] de-
fined as in eq. (7) may be written as,

"‘*‘2"'va(1'1") + gl'd’aﬁ(lrl') g‘é’y(l'nl") = 6aY6££u
(68)

where ggY(l,l") are the elements of [G]. The explicit

© .
representation of the elements, ggys» ©f the Green's func-
ticn matrix, as given by eq. (21) can be written as

xg (21%) xg(£ %)

W
(‘0"’) =z
ki o wf(x) - w?

Eay

(69)

Eq. (9) describing the eigenvéctors of the perturbed lat-
tice can be written as

xgl4lr) = gz-izn Eap( £ 2")sg, (270 £ ), (21 ]£). (70)

The eigenfrequencies of the perturbed lattice are deter-
mined by the secular equation,

| El"czﬁ(lt")sﬁv(l"t') - by 8| = O (71)

If the cell containing the single substitutional im-
purity of the perturbed lattice is chosen to be at the
origin, eq. (64) can be written as,

PR, AP P ~ ﬁﬂm T R TR T
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Sep(22') = -mew'® 8.06,08,,0, (72)

wvhere € is the dimensionless mass defect parameter de-
‘fined as
m-m' -

€=e — . : (73)

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 ng(0,0) of the Green's
function matrix (69) can be written as

. eq(X)eg(X)
elp(0i0) = = =, Sl AlL (74)

Nm .}i'\j UJZ(E)'N'Z

Substitution of eq. (72) into eq. (71), reduces it to a
3 x 3 matrix )

Imew'® 6,g6qg(0:0) + 8gg| = 0. (75)

Due to the éas term, this equation contains only diagonal
elements and the solution is triply degenerate. Substi-
tuting eq. (74) into eq. (75) one obtains

ky 2

02 e(x|3)

1.51%—“—t |2||2=o (76)
¢ kg wg®(k)-w :

The above equation is used to calculate the impurity mode
frequency due to a substitutional impurity replacing
cither the cation or the anion of the host lattice, where
K refers to the ion which has been replaced by the impur-
ity and €(K) is defined as

m(K) - m'(K
C(K) = m(K =

1t is also possible in the framework of this analy-
sis to obtain an expression for the amplitude of vibra-
tion of the impurity. Substitution of eqs. (72) and (74)
into ecq. (70) yiclds the following expression for the
amplitude of vibration in the imperfect lattice,
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‘ ’ ep(§) g (%) a
! xgo(2lf) =3 £ xq(0f)ew *(r) x

-

“.h'J NJz(k)-w‘z

Cexp[-inkex(2)] | (77)

The term xb(l'f) represents the modification of the amp-
litude of vibration of the particles in the lattice due
to the defect mass. For the case £ = Q, one gets

: xe(olf) which corresponds to the amplitude of the defect
{ atom itself. = g

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

Substitution of eq. (78).along with the use of the or-
thonormality conditions given in egs. (43) and (44) into
e eq. (77) yields the following equation for the amplitude
o of vibration for the impurity atom, |[x'(0][r]|2,

g ' 2 ' 2 _

! | E‘mlxﬁ(llf)] + i cm[xa(Olf), =1 (78)
5

i

1w . le(x )12
m(x) |x* (0]£) |2 M ki [wR(e)-wf () )P
' (79)

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

e(X).

! The eigenfrequencies and eigenamplitudes of the per-
! fect lattice can be substituted into eq. (76) in order
i to determine the triply degenerate localized.and gap
i modes. The local modes correspond to the condition that
the substitutional impurity mass, m'(k) is smaller than

. ; the corresponding host lattice atomic masses. Gap modes

i occur when m'(k) may be heavier or lighter, than one or
R | : both of the host lattice masses.

Utilizing the modified rigid ion model39 for the
porfect lattice, calculations were performéd for the im- i
purity modes of zinc-blende type crystals. The variation
of the local mode frequencies as functions of the mass
dofect paramoter is presented in Figs. 4 and 5 for GaP
and ZnSe,; respectively.

AT 2 b I

Mg 1o 5
a2 L S




P e 0 5 e 5

OYNAMICS OF STRUCTURALLY DISORDERED SOLIDS 867
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Fig. 4 Localized mode frequency, W', as a function of
the mass defect parameter, €(K), for GaP.
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Yig. 5 Localizod mode frequency, w', as a function of
the mass dofoect paramoter, e¢(K), for ZnSe.
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Tho variation of ¢ap modo frequencios as a function of
mass defoct parametor are presonted in Figs. 6 and 7,
for GaP and ZnTo, rospoctively.

c(P) «
-4.0 -2.0 0.0 0.5 1.0
7.0 T T ey
e e =
Ga
6.5 GaP
6.0f
TU
¢ <
- 1
X 5.5¢
3 " i
5.0
4.5 L 1 I
-10.0 «5.0 0.0 0.5 1.0
c(Ga)

Fig. 6 Gap mode frequency, w', as a function of the
mass defect parameter, €(K), for GaP. The gap in the
frequcncy spectra is shown by the dotted lines.
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3.25

v
g 3.0
S
=
2
2.75
2‘50 ) JK . 3
=10.0 -5.0 0.0 0.5 s 1.0
e(Te)

Fic. 7 Gap mode frequency, w', as a function of the
Basa defect parameter, E(K). for ZnTe. The gap in the
froquency spectra is shown by the dotted lines.

The avajlable cxperimental data are compared to somo
€alculated values in Tables 1 and 2.
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Tablo It Comparison of calculated and expoerimental vale

ucs of local mode frequencios (in cm=1) for various

zine=blende _compounds.,

—

\ Calculatoed Lxperimental Reforenco for
! Cumpound“ local mode local modo oexperimental
; frequency frequency data
> t GaP:Si har. 4 . 453 31
. | GaP:1lp 611.6 569,571 31,15
L : GaP:10p 636.6 592,594 31,15
& GaP:iAl Wh2 .2 Lh3 31
GaP:12¢c 563.1 527,606.2 31,33
, GaP: lic 525.2 564 33
i GaP:0 Lou 4 Lol 31
v | GaPilhN 525.2 . 488 15
; ; GaP:15N 509 h72 15
| i GaAs:Si 362.9 384 27
I | GaAs:Si 365 399 27
i ! GaAs:P 351 355.4,351 25,29
GaAstAl 368.9 362 24
GaAs:/Li ' 685.9 h22.2 22
GaAs:OLi 739 4514 22
, GaSbiAl 333 T 316.7 21
: GaSb:P 327.3 324 21
| GaSbiAs 248 2ho 16
: InAs:Ga 244 240 30
i AnsSb:Al 307 295.7 23,25
3 InSb:iAs 206.6 200 : 16
i InsSb:Ga 209.8 196 36
' ZnS:Al 362.6 437.9 41
2nS:Be 543 k86 37
Znge:s 285.9 297 28
LnsSer LA 563 A 383 26
4nSe: 0Ly 606.6 412 26
2ZnSe:Al 301.9 359 42
; Znse:p Log k50 26
% nSe: Mg 317.2 352 : 26
Znse:2OMg 312 345 26
2nSe*OMg 306.6 334 26
ZnTe:Al 27,5 312.6 41
ZnTe:s 266.5 269 to 272 35
ZnTe:Be L61.5 L1y 37
CdTe:Be L26 391 32
CdTe:Se 171.6 170 35
Cdle:Mg 266.3 248 34

a Underlined atom has been replaced.
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Table 2: Comparison of calculated and experimental val-
ues of gap modo frequencies (in cm'l) for impurities
fn GaP_and SiC.

ol Calculated Experimental Reference for

compoundu gap mode gap mode experimental
frequency frequency data

GaP:1%B 289.2 293.8 15

caP:11B 287.9 284 .2 15

GaPiAa 275 270 15

siCiHe(?) 676 670 38

s Underlined atom has been replaced.

IIXI. MIXED CRYSTAL OR ALLOY SYSTEM

If the concentration of the substitutional impuri-
ty in a crystal increases- significantly, the resulting
lattice is defined as a mixed crystal system. Symbolic-
ally, a mixed crystal may be represented as ABj_,Cy
shero 05 x € 1. A successful lattice dynamical model
for a mixed crystal system should predict the appropri-
ate impurity modes for a substitutional impurity as x
approaches either zero or unity. -

The study of mixed crystals can be dated back to as
carly ﬁs 928‘3. Since then several phenomenological
nodels k-lg have been proposed to study the vibrations
of mixed erystal systems. It has been observed that the
models WO HY using the concept of a unit cell do provide
sume basic understanding of mixed crystals. Verleur and
Barker®Y considered a cluster model to account for the
tvo modo behavior of the mixed crystals, GaP)_\As, and
CdS).xSey. This model assumed that like negative ions
clustered around positive ions or vice versa depending
on whether the impurity was an anion or a cation. 1n
the random element isodisplacement (REI) model, Chen,
Shockloy and Pearson®7 assumed that in a mixed crystal,
A“l-xC\- the B and € atoms are distributed on the anion
sublattice and the anions of like species vibrate in
Phane with identical amplitudes against the cations which
also vibrate as a rigid unit. Later Chang and Mitra®8
modifiod the REI model to include the polarization ficld.
SMibacquently, Chanyg: and MitraltY proposed the pscudo unit
€ell model and predicted the zone boundary phonons of
systoma oxhibiting two modoe bohavior at the zone center.
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Rocently, Kutty5° applicd tho Groen's function technique
to derive the phonon dispersion rolations in mixed crys-
tuls as a function of wave vector. Scn and HartmanSl
explained tho switching from onc mode to two mode type
behavior observed in some III-V mixed crystals by using
the coherent potentia’ approximation technique in one
dimension. At present no adequate theory cxists to dos-
cribe the complete lattice dynamics of mixed crystal sys-
tems.,

A natural "brute force" technique to calculate the:
lattice dynamics of a mixed crystal is to start with a
finite chain and then permute the various number of ways
to coufigurationally orient the crystal depending up-
on the concentration, x. For each configuration, the
lattice dynamics would be performed and the resulting
ensemble would then be averaged to obtain the lattice
dynamics of the mixed crystal system., This technique
would however be very tedious, long and perhaps impos=-
sible due to the number of configurational orientations,
and the violation of lattice periodicity in many of the
configurations. For values of x approaching either zero
or unity, the Green's function technique described before
could be applied. However, as 'the impurity concentration
increases, the impurity-impurity interactions become sig-
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 Mitra8:49 will be used to describe
the lattice configuration. The pseudo unit cell is formed
by the ions A, (1-x) B and xC. Although this unit cell
is simple it is obviously unphysical as far as the exact
representation of the lattice. The fact that it obeys
translational symmetry is a physical drawback. In spito’
of these deficiencies, however, this model has proven b
to be a simple approach by which one can estimate general
features of the optical properties of mixed diatomic crys-
tulsn In particular this model has theoretically veri-
fied“Y the cxperimental behavior of certain zone center
and zone boundary phonons in mixed diatomic crystals.

In view of the simplicity and previous success of this
model, it was decided to extend the calculations to all
wave vectors to see if the model has merit in mixed crys-
tal lattice dynamical calculations. 1In the linear chain
lattice and the mixed zinc-blende lattice,, the modificd
rigid fon (MRI) model3Y is used to predict the lattice
dynamicsa. The MRI model consists of short range central
and noncentral repulsive interactions and long range

61
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Coulomb interactions among ions of appropriate effective
jonic charge. The model parameters of the mixed crys-

tal of the form AB;_,C, are deduced from the elastic con-’

stants, optical mode frequencies and impurity mode fre-
quencies of the host crystals. The model parameters
along with the lattice constant are assumed to vary lin-
ecarly as a function of concentration. Explicit calcula-
tions have becen performed for a hypothetical mixed lin-
car chain and for ZnS)_ySex and GaPj_yAsyx. The phonon
dispersion in various symmetry directions and the fre-
quency distribution function are obtained as a function
of concentration.

A. Pseudo Unit Cell

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, AB;_4Cy where O0< x < 1, the B and C ions
ure assumed to be distributed randomly in their corres-
ponding sublattice and to obey the law of statistics. A
corresponding pseudo unit cell is then formed by ione A,
{(1-x) B and xC. The resulting mixed crystal system can
be thought of as a repetition of such cells. Probabilis-
tically the pseudo unit cell may be thought of as a con-
figurational 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 the B and C ions located at the same lattice site is
proportional to the mixing ratio in .the crystal. This
means that the corresponding forces involving these ions
aro wecighted by these factors.

B. Mixed Linear Diatomic Chain

The generalized equations of motion in a mixed di-
atomic linear chain may be written as,

.

A _ m m B A
mpton = (1-x) ﬁ (Fap + @45) (upp .0 = Y2,)
m m C A
il f‘ (Fac + ®10) (uppim = Y2,)
¢ L A L
S 3 (Faa * @50) (v 00 = vz )y
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PSEUDO UNIT CELL
AB

(1-x) B (-8

(x)C (x)C

1 L 1 [
2(n-1)a (2n-1)a 2na (2n-1)a

Fig. 8 Pseudo unit cell for a mixed linear diatomic

chain, AB,_.C (O €x <1).

B
(1"‘)“‘ 2 41 = (1-x) 2 (FAB ¥ ‘bAB) (uy Yonelem = Y2ne1!
2 L B
+ (}’3) 3 (FBB b QBB) (u2n+1+l 2n¢1)
: ¢ B
+x(1=x) P (uzn,) = vup,y)
2 B
+ x(1-x) ):.“ FBC + d’BC) (u2n+1,z 0 u2n+1)
(80)
and
C
(x)mtS = x E (Fug + #4¢) (nerem = Yonar)

c
z (Fcc i °cc) (“2n+1¢t Yaner!

c
S (1‘x) Fnc(“‘zml = uiiea)

+ x(1-x) E(F

W
Bc * °Bc) (“2n+1+z Uine1)?
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hore £ = %2, ¢4, +6 .... and m = 21, £3, £5 .... m
- A B.C A.B,C
are the atomic masses, and u, . and u n are the atomic

displacements. The subscripts represent the ion's posi-
tion. Fp , and ¢KK' are the force constants represent-

ing the gth neighbor repulsive and the electrostatic

(Coulomb) interactions respectively between the Kth and
K'th ions.
The electrostatic force constants are defined as, %
2 e, e,
ol = - <4 £5) . (81)
dx X .= IrJ|
where

ey = = ey, = ze,

2 is the effective ionic charge and r; isAthe distance
botween the ions K and K'., The B-and"C ions are assumed
to have the same effective ionic charge, therefore,

m m m g :
P = ®ac = %12 : : (82)
and ) . ’ ;
2 2 /A L 2
. ®n = ®p = ®cc = ®pc = P11 - 3
Assuming a traveling wave solution of the form
; A i(k2na-wt "
| ud oyt (k2na-ut) (83) .
i g {
i and ' %
! JB'C i(k(2n+1)a-wt) ‘
| Yoner * Y50 :

vhore w is the angular frequency, k, the wave vector and

&, the lattice spacing, eq. (80) reduces to the follow-
ing matrix equation

}

i

| [p - *1)u) = 0. (84} |
' {
! X is tho identity matrix and u is the displnCO"‘Ont matrix, :
: tho transposo of which is, .
i

\

I

’.

ET - [uA ug uc]. (85)

6h
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Tho dynamical matrix D is a 3 x 3 symmotrical matrix deo-

fined as,

2-

mal(ex)T g o 2T e S AR €A Fi2)

. T‘ . '11]

ST (T s ¢ Ta2)  mpplTiyp ¢(1=x) (1o )

¢ x(Fg. o T fhc = ¢°)]

sV [T e ¢ 2]

- x(T=xTmg [Fye ¢ Tipe

o
=Ty - W)

v 2 2
[ 2 m3 - g 1‘3] = -3.6062 2=
m £ : . :

~

maclT'auc * F12)

- AT [

L
Tyy = @)

1)
sc * Timc

meclTaac ¢ *(Tg + 7))

+(-x)(FpeoT g - ¢°))

p—

3 ]

a

(86)

where
1&'2 2
3° o« o A
a3 .
; '4229.2 --3 v
F,, = £ m ° cos(kma),
12 a3 e .
o L e2 3
Fll = - q> -+ _:5- T £ cos(kla).
m. = (msmt)-l/z ’
r
feps "2 S EL
r
T =

6 = 2 3 r:s (1-c95(kza)).

 and

8,t = AQB’C

r= l.m
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Tho indices £ and m are restricted to have only positive
valuos. The normal modes of vibration arc obtained by
solving the secular equation

b-d®1]=0. (87)

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

x =~ 0 and x - 1). two of the above solutions become the
acoustic and optic modes of the host lattice while the
third mode becomes the impurity mode.

Explicit lattice dynamical calculations were per-
formed considering nearest neighbor repulsive interac-
tions and long range Coulomb interactions. It was as-
sumed that the force constants vary linearly with con-
contration from one end member to the other as,

F F 'F S

AB._ AC . BC_ ) oex. (88)

abo  Faco Feco :

The solution of eq. (87) in the long wavelength
fimit gives three vibrational frequencies. One of these
frequencies is zero and refers to the acoustic mode of
the system. The remaEning two modes pertain to the optic
modo ‘of the host lattice and the impurity mode. These
solutions are given as, i

at x=0 2e2

2 1

W = e——— (2F
LO,AB HAD ABO

Z
+ k.2072 - 3 )
2

and . @

2 ©

2

W 1

3
1

1
1,¢ = o (zFAco + Fgoo + 3.6062 2

= Impurity modc of C in AB, (89)
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at x = 1.
23
2 1 22 o
W io,ac = ;;; (2FAC°(1-9) + 4.2072 3 )
82
and 2 2
B e dellar . ob Miialen Enes —Eey
1,B " my ABO""BCO 4 .
; 2

= Impurity mode of B in AC. (90)

z) and a; refer to the AB system, 2z, and ap refer to the
AC sysgeg and Mpp.and Hpc are the reduced masses. The

z=as n
term 3 is a force constant type term and is assumed
a ;

to vary linearly with x, as,
z2e2
5 = Fy = Fyo(1-0x). , (91)

a

It was assumed that z} = 1.0: This enables the complete
orc

determination of the e constant parameters, FABO’
F :

aco’ Fpco® Fzo and ©.
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-
tained for the entire composition range 0 < x < 1.

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

p(u?) = M) (92)
a(w®)

where the integrated frequency spectrum, M(wz). is the
fraction of 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 .
Jy oA F 8 2 l
M(w") = § { i-d le(x]3) |7 &(y-u] (x))ay, (93)
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wvhere

le(x|a)[? = Ju,(k])[? & (1-x) Jug(x]g)|?
+ x|ug(x]4) 3.

“A(li)' uB(kIJ) and uc(klj) are the eigenvectors for the
frequency ”J(k) and N is the total number of phonon states.

The model parameters were determined using the values
of physical observables appropriate to ZnSj.xSey. This
was done so as to get physically realizable values for
the results. The corresponding lattice dynamical re-
sults in no way are related to the actual results of the
three dimensional mixed crystals but may provide insight
into the actual three dimensional behavior. The physical
observables used as input parameters and the resulting
force constant parameters are summarized in Table 3. The
phonon dispersion curves for the ZnS;_ySeyx 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 ( win em-1,
F in 105 dynes/cm. ).

. 52

“Lo,AB 35052
Physical wLO AC 252
Properties w . 220525
used 1,C 52b

b 297

F, 80 0.402950

Faco 0.&2386&
g:gzieters FBCO S

on 0.177979

e 0.210241

z2 0.945792

at Extrapolated gap mode
bL: Local mode
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Fig. 9 Phonon dispersion for the ZnSl_xSex case at con-

centrations of x = 0,0001, x = 0.5 and x = 0.9999 as a
function of reduced wave vector (Q = ka/m). :

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 optic mode of the host lattice and the impurity mode
of the system. The mixed 2nS)_ySe, 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 concentration
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
ZnS)._,Sey case are presented in Figs. 10 and 11. At
x = 0,0001, which is a case of isolated impurities of Se
in ZnS, the frequency distribution function is essential-
ly that of the perfect ZnS system. DBut as x is increased.
the impurities begin to play an increasing role in the
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Fig. 10 Frequency distribution function for the
ZnSl_xSex case at concentrations of x = 0.,0001, 0.01,

0.10, and 0.30.

spectrum and consequently one notices a gradual emergence
of the impurity frequency band in the gap of the optic
and acoustic band. With increasing concentration, the
frequency distribution in the impurity band increases
while it goes on decreasing in the optic band. As X ap=-
Proaches unity one also notices the turning of the optic
mode into the impurity mode and vice versa. And finanlly,
at x = 0,9999, tho frequency distribution function is oa-
sontially that of the pure ZnSe system.
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Fig. 11 Frequency distribution function for the
ZnSl_xSex case at concentration of x = 0.50, 0.80, 0.99
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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-
mensional lattice dynamical model used. In these lec-
tures the details of the-lattice dynamical model will
not be given, but rather the general approach will be
outlined. Those who are interested in the details of
the lattice dynamical model for the perfect crystal may
refer to the appropriate literature39.

+ The explicit calculations described herein utilized
a modified rigid ion model39 for the perfect lattice.
Corresponding calculated results are presented for vari-
ous zinc-blende crystals. The modificd rigid ion model
consists of short-range central and non-central interac-
tions and long-range Coulomb interactions among ions of
appropriate effective ionic charge.- The complete details
of the three dimensional calculation may be found else-
where33,

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

[p- *1)u) = 0 e (94)

[i] is the familiar ideﬂtity matrix and w, the eigenfre-
quencies. uj is a nine by one column eigenvector matrix

defined as
u (1) ]

21 s ux(2)
u (3)
uy(l)
[u) = | uy(2) _ (95)
uy(a)
u (1)
u, (2)

| v, (3) ]

where particles A, B and C aro designated by the numbers
l, 2 and 3 respoctively. The matrix D is the nino by

i
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nine dynamical matrix of the form given in eq. (ho) ro-~
lating to the substitutional impurity systems. In this
analysis "s" may take the values 1, 2 or 3. The mixed
crystal coupling coefficicent matrices are similar to

those of the perfect three dimensional crystal with the
appropriate concentration weighting sfactors. A similar
sort of reasoning applies for the Coulomb coupling coef-
ficients. The force constant puramcters, the ionic charge
and the lattice constant are assumed to vary in a linear
fashion from one end member to the other.

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

Examples of the three dimensional phonon dispersion

for the system ZnS)_\Seyx are presented in Figs. 12 and
14, for various values of concentration and wave vector
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direction, Appropriante distribution functions are pro-
sented for ZnS)._xSo, and GaP)_jAs, in Figs. 15 - 18, It
is obsorved that GaP)_xAsy contains local and gap modos
at x = 1 and x = O respectively, while ZnS;_xSe, has a
local mode at x = 1 but no gap mode at x = O,
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Fig. 15 Frequency distribution function for 2ZnS;_,Sey
for various values of concentration, x) = 0.0001, 0.010,
0.10, 0.30,
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IV. AMORPHOUS SYSTEMS

A. Brief Background

The lack of lattice periodicity greatly complicates
the mathematics involved in calculating the dynamical
properties of amorphous materials. The complexity in-
creases with randomness in atomic type and geometry.
Theoretically, if one knows the exact structure of an
amorphous material, one can in principle study the dynam-
ical properties in direct space. However, this techni-
que becomes mathematically cumbersome as the size of the
lattice increases.,

The majority of the work done on amorphous %aterials
has becen in tetrahedrally bonded semiconductors?“ such
as goermanium and silicon. These materials have been
studied by both experimental measurements and by theore-
tical model simulations. Shevchik and Paul?5+50 have ex-
amined the structure of amorphous Ge using small angle
X-ray scattering along with the analysis of the radial
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distribution function (RDF) which is defined as the num-
ber of atoms at different radii in three dimensional
epace. The RDF is obtained by a Fourier transform of the
¢oherently scattered radiation measured by diffraction
experiments. Moss and Graczyk>' have investigated the
structure of Si by the scanning electron diffraction
technique. The proposed theoretical models for amorphous
Ge and Si might be classified as being microcrystal-
lite mode1559, dense random packed'modclsbo. random net-
work models 1 and amorphous cluster models 2,

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 lattice>8
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 Si58 is a few per~
cent lower than the corresponding crystalline value.

Much of the early work63‘68'in.the lattice dynamics
of structurally disordered solids was done in one and
two dimensional glasses which are essentially amorphous
compounds. In 1964, 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-
sulting phonon spectra showed a broad feature which not
only smeared out the spectral singularities but extended
the frequency range of the related ordered chain. Be116
hus calculated the vibrational spectrum in a topological-~-
ly disordered chain and examined the mode localization
associated with it. All the atomic masses and force con-
stants wcre taken to be equal, but the neighbors inter-
acting with each atom were randomly selected to produce
topological disorder. The calculated spectrum is essen-
tinlly a smoothcd-over version of the corresponding crys-
tnl. Bell et al®Y have investigated the vibrational
spectra in a two dimensional glass-forming model. The
influence of topological disorder and geometrical disor-
der was discussed sceparately.,

Lattice dynamical calculations in thrce di mensions
becomes much more difficult due to the complexity of the
structure. Bell et alf©Q have calculated the lattico dy=-
hamics of glasses from the throe dimensional random not-
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work modols built by Bell and Doan7l, Wcaire and
Alben72-7"% have calculated the phonon spectra of amor-
phous Ge and Si. In their work, the calculation was done
for a 6bl-ntom random network constructed by Henderson3,
The model was obtaincd by perturbating tho atoms in a
distorted dismond lattico. Thorpe’® has calculated the
phonon density of states for a 5-atom single tetrahedron
to show the effect of local order on the frequency spec-
tra. Bell77 also indicated the effect of topological
disorder alone on the vibrations of three dimensional
systems. It was pointed out®9 that, in amorphous S$iOp, °

“ 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
tetrahedrally bonded amorphous semiconductors have been
calculated for various physical models. These models how-
ever have a finite size of about 90 atoms only.

Experimental data79'8h 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
scattering experiments 5 have also been used to measure
the vibrational density of states. Additionally, tun-
nelin spectroscopy8 and electron-energy-loss spectro-
scopy 7 have recently been employed to obtain the phonon
spectra of amorphous Ge and Si. At the present time,
only the low-energy sgectra can be obtained due to the
intensity limitation?

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 infrarecd 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 materials.

In order to calculate the physical properties as-
sociated with an amorphous material, one must have a
physical model for the structure. In the last few yearqé
the random network model has been generally accepted
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for representing tetrahedrally bonded amorphous semicon-
guctors. This approach has more physical appcal than the
approach based on a perturbation of the perfect crystal,
In the simulation of the real amorphous structure, a model
vith numerous atoms is usually desirable8, However, a
jarge amount of work is required to generate a truly ran-
dom 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.

fven though the RDF of the resulting network agrees fair-
1y well with the experimental RDF, the resulting struc-
tural representation, itself, might not be truly indica-
tive of the real amorphous structure88,89, 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-
tical models have often been used’® in describing disor-
dered systems. A phenomenological model was utilized by
Tsay et al9l to statistically calculate the electronic
spectra for tetrahedrally bonded amorphous semiconductors.
Mitra et al92 have also developed a statistical approach
to calculate the Raman scattering intensity for amorphous
Ge end Si. The calculated results agree quite well with
cxperimental values and indicate that the dynamical dis-
order, as manifested by the change in lattice spacing is
almost entirely responsible for the Raman spectrum 2,

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 lattice dynamics of amorphous germanium and sili-
con. The density of phonon states of the corresponding
crystal with different neighbor distances was statistical-
ly averaged. The weighting function in the lattice spac-
ings is determined by the experimental RDF35-37, which
consists of two Gaussian distributions corresponding to
the nearest and next-noarest noighbor distances centered
around tho crystalline values. The calculations aro com=
Paral to exporimental data obtained by Raman and infrared
Measuremonts and other thoorotical calculations,
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B, Lincar Monnotomic Chain Modeol

In a one dimcnsional linear monatomic chain with
periodicity, the dispersion relation is given by

w

where

m
B
a

and
k =

In order
eq. (90)

2 Jrg sin X2, (96)

particle mass y
interatomic first ncighbor force constant
interparticle spacing

wave vector.

to determine a value for the force constant B,
is evaluated in the long wavelength limit, there-~

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

lowing,

w= fg ak . v (97)

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

W= /? k . (98)

where

c =
and :
p =

elastic constant

mass density. ' :

Comparison of eqs. (97) and (98) yields the following ex-

pression

B =

for the force constant,

ca . ) Ea ] (99)

For a one dimensional chain of N atoms with the end
points fixed, the phonon frequencies, w; may be written

as

where

2 i
= J — J ca sinzg , _ (100)

i® lececcaooN - 1,

The elastic constant, c, is a function of the lattice
spacing in the crystal. Intuitively one would expect the
chain to become stiffer when the atoms are closer together:
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In order to get an order of magnitude result, the physi-
cal 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

1
,g,ou,_(g.aéga)g] 3(dB/dp)o {101)

- e % .
whex ap = lattice constant at atmospheric pressure

and

1
B = bulk modulous = 3(Cll + 2012)

~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 cqnstant value.

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

(a-ao)2

-[ =

1
p(a) = 5o © 20 ¥ _ (102)

where
0 = mean square deviation.

The calculation was performed for 50 different lattice
spacings. The phonon density of states of the amorphous
material was obtained by associating the appropriate
weighting factor with the density of states at cach lat-
tice spacing.

Figure 19, depicts the phonon density of states in
a perfect and amorphous material. Qualitatively the
phonon density of states in the awmorphous chains is just
a smoothed over version of the phonon density of states
in the perfect crystal,
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Fig. 19 Density of phonon states of Ge. Solid line -
amorphous; dashed line =-'crystal.

C. Lattice Dynamics of Amorphous Germanium and
Silicon

Experimental studies 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-
tion.

The phonon frequencies, (W)...Ww,)j, corresponding
to the i-th lattice spacing are given by the solution of
the following determinantal equation,

Ip - «® 1], = o, : (103)
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vhere D is the dynamical matrix and I, the identity ma-
trix. The model parameters needed in the D matrix can
be expressed in terms of the elastic constants and the
Raman {requency as follows,

a 8 .
€1 =a*ar (104)
1 .h T
C,, = 5 (-a +2B) + ;—1,5 ) (105)
Cuy = % (a - Bz/a) *.é# ’ (106)

and
1 [ea
fR = 2nc m ° j (107)

@ and B are near neighbor force constants-and p 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 model parameters at each lat-
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
Raman frequency, are known93-95 experimentally for both
Ge and Si. They are simply linear functions of the pres-
sure for reasonable pressure ranges. Figure 20 shows the
Pressure dependence of the elastic constants and the Raman
frequency for Ge. Similar results are known9%4 for Si.
The pressure dependence of the physical observables can
be written as,

¢;4(p) = ¢, ;(p=0) + (ac /ap) P, : (108)

B(p) = B(p = 0) + @B/dp) p, (109)
and

£o(p) = fo(p = 0) + (@rp/ap) py (110)

whero the permutation of the indices i and J is under-
stood to indicate C)1, C)» and Cj). The elastic constants
and Raman frequency at cach lattice constant can Lo eval-
uated if the corresponding pressure at this lattico con-
stant is known. T7This is done by using Murnaghan's
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equation,

p = [(ag/a)3(@B/ar) _ )

B

Ty ¢ ()

(ref. 93) and

(o)

80 as to give a pressurc corresponding to each lattice

constant.

The first and second near ncighbor distances, x and

Yy arc known experimentally from the RDF data,
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Table 4: Summary of Structural Data of Germanium and
§i}icon

. % * %
Ge Si
’i (%) 2.45 2.35
r: (R) 2.46 3+ 0.02% 2.35
24T & 0.0
oi ¢9) 0.080 + 0.008 0.141
c; (R) 0.088 + 0.008 . 0.167
o, (R) 0.037 + 0.026
- - 0.037 : 0.09
r; 2) 4,00%* 3.84%*
r; (R) 4,00 + ©0.04 3.86
o; (R) 0.12 + 0.02 0.200
oy (R) 0.28 + 0.01 : 0.319
o, (R) 0.25 &+ 0.02 0.25

* Experimental data due to Temkin et al. (Ref. 96)
*%* Moss and Graczyk (Ref. 57).
+ Shevchik and Paul (Ref. 55)

++ Calculated from ncarest noighbor distance

(ri). rg *x 873 ri
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X

P(x,y) = exp [~ 0.5 [( "o)z + (Z%EQ)ZJ) (112)

o |

where

| x = /3 a/lb

and
y=al/f2.

Xor Yo and 03, Op 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 uged in this context is the static deviation,
o3 derived?® from the experimental crystalline and amor-
phous deviations, oiC and Oia respectively, according

to

o; = [(oia)2 - (cic)z]l/2 i (113)

—- i . 08 o o S+ e

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. (111). 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 3
there is an unbalance in the number of physical observ-
ables and model parameters, the model parameters are de-
duced by solving equations (104) - (107) in a least square

o - . don '+ A o 0 ¢

sense39,
To avoid the complexity of performing lattice dynam- |
ical calculations at many lattice spacings, a linear ap- i

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

4 3
P&(X'Y) = w(xo' yo) * _&%ﬁ;ll lxo,yo(f'xo)
. ang,x!

dy

Ixo'yo(y-yo) '

e
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whoro

u! I)!I o W(Xl.y") = w(xo'yo)

Yo b ™

(114)

Bugx,x!l . w(xn'yl) v w(xo'yo)
Yy x o)'o

yl-yo
and

X) = X, ¢ 0.01

S P 0.02

In the present calculation, the variation of x around xqo
is chosen to be about 15 /o. whereas the y variation a-~
round y, is about #12.5°/0. These spreads are about
twice the Gaussian spread for both amorphous Ge and Si.
The phonon frequencles are calculated at the perfect lat-
tice spacin (\o.v0 and at the slightly different spac-
ings \1.303 Xg1 V1 This was done by calculating the
force constant set a s u] from the physical observables
determined at the average value of two pressures corres=
ponding to the first and second neighbor distances. Us-
ing eq. (114), the phonon frequencies at various lattice
spacings for first and second neighbors are then obtained.

The density of phonon states. G(w), is defined as
the following,

G(w)dw = number-of phonon states whose frequencics
are located between w = dw/2 and
w + dw/2, (115)

The G(w) of a crystal is obtained by categorizing all the
allowed phonon frequencies in the first Brillouin zone.
According to the symmetry of the Brillouin zone associ-
ated with the diamond structure, the Kk points need only
be confined to a region in which

16 > k_ >k, > k_ > 0, (116)
X y 2z

This region, named the irredicuble Brillouin zone, is
only 1/48th of the first Brillouin zone. Since the phonon
states arc uniformly distributed in k space, it is rcea-
sonable to select an equally distributed mesh of points
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i{n the irreducible Brillouin zone so that the phonon don-
sity of atates will be obtained. In this work, 149 in-
dopendent k points along with their degeneracy factors98
wore used for the frequency calculations. A total of
24,576 frequencies were used to calculate phonon density
of atates for the crystalline structure.

b The phonon density of states for the amorphous ma-
terial was calculated by statistically averaging each
€i(w) for the i-th lattice spacing according to the weight-
ing function appropriate to the RDF. Mathematically,
this can be represented as

6(w) = . P (xyy) &, (w) (1}7)

Pi(x.y) is the associated RDF weighting function defined
by eq. (112) and n is the 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. y

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 amorphous
solids. Therefore, all the vibrational modes can take
part in the Raman or infrared process. Under the assump-
tion that all vibrational modes couple equally to the
light, the Raman or infrared spectrum can then be used 3
as a measure of the density of phonon states in an amor- .
phous material(9+/80 pig, 23 and Fig. 24 present the ' i
optical and phonon spectra for Ge and Si respectivclySh.
Fig. 23a is the reduced Raman and infrared spectra ob-
tained by experimental mecasurements for amorphous Ge.
Fig. 23b shows the density of phonon states. The dashed b
line is the crystalline spectrum obtained by Dolling and
Cowley using an eleven-parameter model to fit the ncu-
tron inelastic scattering data. The solid line for amor-
phous GeB" is a Gaussian-broadened version of the crystal-
lino density of states. This is done by convoluting the
crystalline density of states with a Gaussian distribu-

1 tion., The Gaussian sprcad was chosen’? by comparing the |
reduced Raman spectrum in the amorphous case with the
corresponding crystalline Ramun frequency. Fig. 24 shows
the equivalent results for Si. However, to Le more phys-
ically plausible, one should really detormine the
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Fig. 23 (a) The infrared and Raman spectra for amorphous
Ge. Solid line - infrared absorption constant (ref. 84).
Dashed line - Raman spectrum (ref. 82). (b) The density
of phonon states for Ge. Solid line - amorphous (ref.
84); Dashed line - crystal (ref. 99).

amorphous density of states from a lattice dynamical model

rather than jugﬁ use a broadening of the crystalline den-
sity of states®®,.

Figs. 25 and 26 comparcs the phonon density of states
of Ge and Si calculated using the statistical methed, to
the results of other work. The present results, as well
as the previous results, indicate that the amorphous
Phonon density of states is a smoothed over version of
the crystalline density of statos. The singularicies in
the crystalline density of states arce smeared out by the
disorder in the amorphous state. The similarity between
the crystalline and amorphous speoctra is duo to the fact
that the short-range model used for tho lattico dynamical
calculations is essentially the same in both the amor=-
phous and crystalline phases. Comparing this work to

3
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Fig. 24 (a) The infrared and Raman spectra for amorphous
Si. Solid line - infrared absorption constant (ref. 84);
Dashed line' - Raman spectrum (ref. 79). (b) The density
of phonon states for Si. Solid line - amorphous (ref.
84); Dashed line - crystal (ref. 99).

Brodsky's resultssh, the agreement is fairly 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 Dolling's model was
used in the other work. Our work also compares favorably
to Alben's theoretical calculation’3 using a 6l-atom ran-
dom network!”. 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 calculated phonon density of

states of Ge is compared to various experimentally ob-
tained Raman and infrared data83,84, It may bo pointed
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Fig. 27 Comparison of calculated density of phonon
states to infrared and Raman measurements for amorphous
Ge. Dash-dotted line - calculated density of phonon
states; Dotted line - Raman spectrum (ref. 84); Solid
line - infrared spectrum (ref. 84); Dashed line - infra-
red spectrum (ref. 83). .

out that the density of states should represent the fea-
tures observed in the Raman and infrared spectra. How=-
ever, they are not expected to be identical because of
the matrix element effects. It is particularly worth
noting that the high frequency peak in the Raman spec~-
trum is much stronger than that in the infrared spectrum,
and compares well with the present calculated result.
This becomes even more obvious from the infrared results

of Stimots et al 3. This is to be expected since in crys-

talline Ge, the first order Raman spectrum. for the long-
wavelength optical phonon is allowed whereas it is for-
bidden for the infrared spectrum. It has been pointed
out before? that the allowed Raman spectrum in the crys-
talline caseyalthough somewhat broadened, persists in

the amorphous phase.
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V. ONE-PHONON INFRARED AND RAMAN SPECTRA
OF TETRAHEDRALLY DONDED AMORPHOUS SEMICONDUCTORS

A. Introduction

Most existing works73'82'100 on thoe optical proper-
ties of amorphous solids emphasize the role of k-selec-
tion rule breakdown, and what is consequently expected
to be a strong similarity between densities of states and
optical spectra of such solids. Recently, the role of
crystalline-allowed analogue (CAA) processes in tetra-
hedrally bonded amorghous semiconductors (TBAS) was point-
ed out by Tsay et al?l for electronic spectra, and by
Mitra et al9? for lattice spectra. In this section, we
develop a statistical approach to the interpretation of
lattice spectra in amorphous solids, which accounts in
a natural way for the role of CAA processes. The for-
malism is then applied to interpret available experimental
first-order infrared and Raman spectra of TBAS.

We viewlOl the properties of an amorphous solid as
derived from an ensemble of atomic (structural) config-
urations (labeled by "n") with probabilities Pp rather
than from a single unique structural entity. Then for
a particplar property @ we require the configurational
average y

<> =TI p_ e(n) ' (118)

where G(n) is the expectation value of © in configuration.
n., Clearly, for any relistic system, it is difficult if
not impossible to evaluate <0> from first principles.
Rather, for the statistical approach to be useful one
must be able to identify a restricted class of configura-
tions which elicit the principal features of the proper-
ties concerned; moreover, of course, one must be able to
calculate the corresponding D(n)'s for these configura-
tions. We here propose to parameterize TBAS in terms of
two classes of principal configurations, namely thosc
possessing (a) both short and long range order {denoted
by (n)sp) and (b) just short range order {denoted by

n S]’ The motivation for this paramcterization for TBAS
is that the experimental evidence83,102,103 jndicates
that to a large extent they are "nearly crystalline";
i.0.y spectral features that are prominent in: tho crystal
romain prominont in the corresponding amorphous solid,
and are expected to arisce from the (")SL‘ Features which
are wenk or absent for the crystal are generally also
wonk in the amorphous counterpart, and arc expected to
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arise principally through the non-crystalline configura-
tions (")S' Each of the configurations in the scot (")SL
will lead individually to features obeying crystalline
k=-sclection rules, i.c., QSL(H) = O for forbidden procos-
ses. The final spectra will in general however, be Lroad-
ened out because of the averaging process. I1If, on tho
other hand, the p;,, possess a considerable spread, then
the crystalline features may be largely washed out. The
configurations (“)S' on the other hand, are not subject
to crystalline selection rules, and always contribute to
the spectrum. In addition to broad, featureless contri-
butions arising from the breakdown of the k-selection
rule, various peaks evident in the crystalline density

of states, but suppressed by selection rules in optical
spectra, will reappear for the amorphous solid.

In quantum mechanical terms, this is equivalent to
the introduction of a perturbation Hamiltonian in an
otherwise ordered solid such that,

H ) = H + H!

Ratsora ™ Bora * (Hdisord ~ Yord ord

(119)

When the solid is disordered, such a perturbation will
introduce changes in the reststrahlen frequencies, Wro
or wpo and also in the frequency-dependent matrix ele-
ments for dipole moment, M(w) and induced polarizability,
a(w). For ordered solids, M(w) and a(w) depend purely
on the structural symmetry. For example, for the rock-
salt and zinc-blende structures M(w) = O for all w ex-
cept w = Wwrp» where it is large. On the other hand, for
NaCi-type crystals a(w) = O for all w, and for the dia-
mond structure Q(w) # O for w = wrp. 1In the structural-
1y disordered solids M(w) is now finite for all W be-
cause of the removal of the translational symmetry, and
probably small, except for Ma(uTo). corresponding to the
allowed transition in the case of an ordered solid, which
is still large. Similar remarks hold for a(w). If the
perturbation limit is valid, we shall expect differences
Letween the perturbed and unperturbed cases to be finite
and small, which is indeed obseﬂved in many cases, for
example, mixed crystals systems 9 where translational
symmetry is substantially disturbed. We shall demonstrate
later that the viewpoint described here does indeed pro-
vide a basis for a consistent interpretation of observed
spectra of TBAS.

# With the above prescriptions, one may writo,
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SL S
SL_SL L 8 S .S
[o5562" 0%5(n) + p%p> 6°(n)] (120)
L S '
Pﬁ = 1, ps +p =1

zpn =
n

n

where we have

chosen a convenient normalization for the”’

pn's. The parameters 1| = ps/pSL, which we here deduce
from experiments, is the fraction of disordered relative
to ordered configurations, and thus provides a measure

of the amorphicity of the solid (I = O for a crystal;
1>>1 for a highly disordered system). In order to pro-
ceed, one must specify the (n)SL and (n)s to be employed
above. Among the configurational parameters n suggestive

for TBAS, are

the interatomic spacings, local densities

and bond angles, all known to deviate from those of their
crystalline analogues and to display characteristic spreads
as well. As a first step in the calculation of <@>SL ye

here restrict
sity p alone.

n to correspond to variations in local den-
While the calculation of <6>SL for a .given

value of p will be relatively straight forward, this is
not the case for <6>5., A reasonable, but not unique,
possibility is to employ just a nearest neighbor nn)

unit immersed
would account

in a continuum to calculate the (n)g. This
for the principal features representative

of short-range order, yet suppress those features charac-
teristic of the periodic lattice structure beyond the nn
cell. In this paper, we calculate only <e>SL for IR and
Raman spectra; analogous calculations for <6>S will be
reserved for future work. ’

B. Local

Density Distribution in TBAS

One of the most important quantitative data on the
structure of amorphous semiconductors is the RDF which

is defined as

F(r) = hnrzp(r) (121)

" where D(r) is

the density of atoms at a distance r from

an arbitrarily chosen central atom (r = 0). The experi-
mental data on the RDF of amorphous tetrahedrally-bonded
semiconductors indicate the following:

(i) The RDF for both the crystalline and amorphous
forms of the same material are very similar, at lcast up
to the second neighbor distance, implying that the short- .
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range ordor is presorved for the amorphous material,

(11) The positions of the first and sccond peaks of
the amorphous RDF are slightly shifted (a feow porront)
toward higher values as comparced with the cerystalline
counterparts. This is consistent with the fact that the
amorphous form of a material usually has lower density
than that of the crystalline form,

(iii) Aside from thermal broadening, there arec in-
trinsic widths, Ci. of the peaks in the amorphous RDF. g
This is duc to the introduction of static distortions in
bond lengths and/or angles resulting in the amorphous
structure. The first and second peaks of the RDF of an
amorphous material are fairly well-defined, and may nor-
mally be expressed as a Gaussian of the form

(r-ré)2
exp| - ————l——]. i=1 or 2 y (122)
a 2
201 : Jr

where r? and 0? are the position and width, respectively,
of the ith peak. The spreads 0%, however, include ther-
mal as well as disorder-induced effects. In order to

consider disorder-induced effects onl&, the static spread, .

oi, should be obtained from o? after correcting for the
thermal spread. -

If one regards 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 point is expected to
depend on the extent of the distortions 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 linear dimension is of the order of a few multiples
of the nn distances. Given the statistical distributions
in the local distortions, (i.e., the spreads in first and
sccond nn distances), the distribution in local density
can be approximately calculated.

In crystalline semiconductors where the distance be-
tween any pair of atoms is fixed, the local density should
be uniform throughout the crystal. For diamond and zinc-
blende crystals, there are two particles per unit cell.
The cell volume is a3/h. where a is the lattice constant.
Defining the nearest neighbor distance as

r, = l%— a v . (123),
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the density in terms of this distance is
1
p = 3%?: (=) (124)

In amorphous solids, both r) ang rzahnve spreads about
their respective mean values, r), ry. In order to include
the sccond neighbor atoms in defining the local density,
one may write :

3
plryimy) = A (250 e 2=y v o) (a2)

1 o
vhere k = rg/r: and C is a weighting factor determining
the relative importance of the contribution of the second

nn to the local density. The reasons for defining the
local density in the form of eq. (125) are: (a) The terms

3
—53 and ——%——15 define a correct density in the crystal-
2 Ry o

line case; and(b) If an amorphous semiconductor is such
that its figst nn distance, r?. and the next neighbor
distance, rp do not have any spread, eq. (125) reduces to
eq. (124).

In order to calculate the distribution in local den-
sity, a range of r; (or rp) about 30; (or 30,) from
r1(r2) is considered. The probability distributions of
r1 and rp in these ranges are assumed to be independent.
Therefore, ‘

a a
plryiry) o exp{-0.5[(=52)% + (EA°D (a26)

From eq. glEh) and (125), the distribution of local den-

sity, p(p) can be determined, provided thg value of C is
Kknown. A reasonable value of C may be rl
- n 2 .
‘2

In the crystalline case, this value of C is equal to
0.375. This definition for C implies that the relative
importance of atoms in contributing to the local density
is inverscly proportional to the distance from the oragin.
Fig. 28, shows the local density distribution for various
values of C. It is soen that for C < 0.5, the curve doos

100

T o i =

it
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Fig. 28 Changes in the d15tr1but1on 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,
The local density distribution for various values of Oo»
as shown in Fig. 29 are not affected appreciably, indi-
cating that the local density is most likely determined
by 0y, the spread in the nearest neighbor distance. The

most reasonable value for local density in this analysis
scems to be for C = 0.375.

C. Method of Calculation

To calculate the contribution of <9>SL to infrared
absorption we take for the imaginary part of the lattice

suecoptlbxliti ﬁf a crystal with a single reststrahlen
frequency Yro

(127)

with T~ constant in the wvicinity of the reststrahlen spoc*
Then the SL con*ribution to the amorphous solid is
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Fig. 29 Changes in the distribution of local density,
p(p), due to variations in 02'(see text).

or

1]
r
s 0K
|
c—:8

de p(p) eg(p) (128)

In the simplified calculations carried out here we assume
that cg depends on p only through wpg, and that the dis-
tribution p(p) is a Gaussian. This spread will be rela-
tively narrow, and is taken to be pecaked around the equi-
librium nn distance ro of the amorphous solid. Such as-
sumptions seem reasonable in view of the local density
distribution as discussed in the previous section. Values
of wj(p) may be inferred directly from the Griincisen ap-
Proximation, which should be adequate for small dopartures
in p, from crystalline values. ThuslO%

w(s) = w (s )o/p ) (129)

where v; is the mode Grllnecisen purnmotcrlos'gs. An obvi-
ous analogous calculation yiclds tho SL contribution to
the Raman intensity for an awmorphous solid.
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D. Rousults und Discussions

Tho sproad in p(p) has been adjusted to provide a
best fit with experiment., In Fig. 30a and 30b we dis-
play the first order Raman and infrared spectra of amor-
phous Go. 1f one chooses 7 = O a good fit is obtained
for the principal Raman peak, with the remaining features
presumably arising from (n)s. The infrared one-phonon
spectium, which is forbidden in the crystal, arises en-
tirecly from (n)s; i.e.y E2 = cg . Apart from matrix ele-
ment effects, this spectirum should be proportional to the
(")S contribution to the Raman spectrum, which may be de-
termined by first choosing 7) and then subtracting the
calculated (SL) portion of the Raman specctrum from the

Y = Y T

~——— EXPERIMENTAL
------ 100% CURVE 1
===~ 80% CURVE 2
—®® — 70% CURVE 3

B - BROADENED LORENTZIAN
0 - DIFFERENCE CURVE

REDUCED RAMAN INTENSITY (ARB. UNIT)

50 150 s 250
: FREQUENCY (CM-Y)

Fig. 30a Comparison of calculated crystalline like con-
tribution and experimental Raman spectrum of amorphous
Ge. Experimental data (ref. 82). The difference curves
represent the (n)g contributions similar to the vibra-
tional density of states. :
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100 "0 : 300 400
FREQUENCY (Crc ) ;

Fig. 30b Infrared data (solid curve) of ref. 83 is com-
pared to the (n s contribution (dashed curve) correspond-
ing to 1 = 0.7 {curve 3-D of (a) above].

i

experimental one. Comparison of the infrared data with
-—cg corresponding-to f-=--+7-%s- indicated in Fig. 30b. Si-
milar results may be shaown to follow for the case of Si
as well. It appears that the peak positions and shapes
of the Raman spectra of these solids are well represent-
ed by a simple sum of (n)gp and (n)g contributions, and
infrared spectra by (n)s contributions. For binary TBAS
the crystalline counterparts display allowed spectra both
. for infrared and first order Raman. Fig. 31 displays the
M = 0 fit to the IR spectrum for amorphous GaAs; Fig.
i 32 shows the same for $iC, but for a geometry where both
TO and LO were excited (Berreman effectlO®),  very simi-
4 lar results were also obtained for the infrarcd spectra
of amorphous GaP, GasSb and InAs. The conclusion rcached
is that the (n)s contribute very little to tho spectirum
of typical binary TBAS; tho principal features ariso from
Just (n)SL alone.
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Fig. 31 1Infrared absorption in amorphous GaAs. Solid
curve: experimental (from refl. 102); dashed curve:
broadened Lorentizian calculated in this work with

C: = 0.076 p,,» and Dao/pc = 0.96, where 02 is the Gaus-
sian spread in local density, pao/pC is the ratio of
mcan density of the amorphous phase to the crystalline
density.

: The present results thus suggest that CAA processes
i play an important role in the spectra of TBAS, and that
a statistical approach incorporating such processes can
account successfully for the principal features of mea-
surcd spectra.
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STATISTICAL INTERPRETATION OF RAMAN STECTRA OF AMORFPHOUS S$OLIDS
S. 8. Mitra *;
Electricel Engincering Department
University of Fhode Island
Kingston, RI 02881, USA
Bernard Bendow and Y.F. Tsey
Air Force Cendridge Research
Laboratories (A¥SC)
Hanscom AFB, MA 01731, USA

1. INTRODUCTION

Until rccently, most investigations of the optical.propcrtics of amu; -
phous solids emphasized the role of k-sclection rule breakdown, and what {u
conscquently expected to be a strong similarity between densities of states
and optical spectra of such solids. In various recent papers, howuvor. thin
present authors have pointed out (l-h) that the principal features of opti=-
cal spectra of totraheérally bonded amorphous semiconductors (TBAS) aro woll
oxplained in terms of a statistical approach emphasizing the role of crys-
talline analog processes. Essentially, the solid is paramctrized by a sot
of crystalline analog coniigurations, which preserve short and long range
ordor, and a sct of non-Ti—conscr\'ing configurations on which just short
vange order is maintained. Although Alben et al (5) have demonstrated that
detafled cluster calculations provide a good account of observed IR and
Raman spectra of Ge and Si, it is highly desirable to provide a simplor ap-
proach, which can more readily provide an interproetation of JAS spectra
without the longthy and detailed calculations roquir;d in the clastor ap-
proach. We have previously discussod the application of tho proscent mothod
to the analyais of Si and Go spectra, and to IM spoctra of sclected 11T-V
THAS.  Tho purposo of tho prosent paper is to oxtond the prosont concopta (o

an annlyals of Raman apoctrn of scloctod TII-V umorphous somiconductors.
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RAMAN SPLCITRA OF AMOKIHOUS SOLIDS 1
"'3 L
11. METHOD OF CALCULATION

Sl ,,,,wu.%.a,...ﬁm ‘
ey MR OE the statiatica) approach to be uscful ono must be able to fdentify

o resatricted class of configurations which elicit principal featurcs of the

propertivs concerned. Furthermore one should be able to calculate the phys-

i - jcanl propertics of interest for these conf‘jgurutions. We have paiamcterized
: 1HAS in torms of two classcs of prin‘cipz.l configurations, viz., (a) both

Li shorrt and long range order (SL) and (b) Just short range order (S) Among

4 . the configurational paramcters suggestive for TBAS, are intceratomic spacings,

local densities and bond angles, all known to deviate from those of their

crystalline analogs and to display characteristic sprecads as well. Jor sim-

plicity of calculation we had restricted this configurational paramcter to
correspond to variations in local density p alone. It was assumed that the
Jocal density fluctuation results only from the static sprecads of the first
and sccond ncarest neighbor distances. The ;esdlts of such an analysis (6)
jndigntod that the distribution of local density in TBAS is nearly Gaussian
reprosented by P(o) with two adjustable paraﬁoturs pa and cp.

In the casc of crystalline Si and Ge the first ordex Raman'spoctrum is
ullowed, and consists of a singie resonance, whereas the IR spectrum is for-
bidden. Thoerefore Raman spectra of their amérphous ~hasces have contribu-
tions from both SL and S§ configurations, whercas for IR spectra only” the S
configuration. For the crystalline III-V compound semiconductors both 1R .

ond Raman spectra are permitted. IR spectrum consists of a single resonance

al the Jong waveloength transverso optic mode frequency, “"1‘0' Raman spcctrum

E
en the other hand, consists of two resonances corresponding to both K~ 0 i
Lranaverae and longitudinal optic mode frequencies, Wro and w, . Thus ac-
v
ceirding to the erystal analog modol the SL contribution to the amorphous 3

thase sahauld Lo simificantly different for IR and Raman spectra, which in-

decd I what one obsorves oxpordmentally (sce Figs. 1 and 3). ]

To caleunlute the 81, contribution to IR abxorption in tho 31)=\V com-

Pevnda the ftmaginary part of the dicloctric constant, L‘",: i ropresontod (7)
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by a damped Lorentzian in h),]\u, I((\ ,]‘0) For the Raman scattering inten-
c ; X . . .
sity, SRamun one likewise uscs two damped Lorentzians, viz., in w’l‘\\ and (.‘LU:
c
Spaman = [e10 £(bpg Tyg) ¢ g #0507 ) JIn(w) + 1] (1)

n(w) is the phonon occupation number aid ¢ corresponds to the relative
strength of the TO and LO resonances. Then the SL contribution to amoyphous

so0lid is

.

-«
SL c
= [ do P(p) L2(P) (2)
[J
st T
RRG SRmn:\n e .[, Sk p(p) annn(p) (")
c c ’
(2 and skmn;\n arce assumed to depend on p oonly through (u,l‘u (nnd u‘“)). Values

of wi(n) may be calculated in the Grlnedsen approximation (7) in terms of
measurcd mode Griineisen paramcters (R).

First the IR spectra of amorphous 111-V somiconductors are fatted with
cq. (?) using Py and 0“ as adjustable paramctors,  Tho values of 0w and 0“
thus obtained agree reasonably well with an approximate calculation involv-
ing the first and accond neighbor yadinl IH.‘l(l'.“’\l(lell functions ((\). Such
calculated spectra agroo (1) eaxtremely woll with oaperimental spectra on=
copt for slight doviations dn the low froquoncy regfon where S contributions
Locome significant.  In this paper woe caleulnte Raman spectra of amorphous

GaAny InAs and Gal' by moana of eqna (l) and (f\). and using vu nand (\“ an
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RAMAN SPLCTRA OF AMORPFIHOUS SOLIDS 649

derived from tho fitting of IR apoctra. Additional parameters noodod aro

c and €0 of eq. (l). which were also used as adjustabloe paramctors.,

TO
111. RESULTS AND CONCLUSIONS

The IR and Raman spectra of amorphous GaAs are shown in Fig, 1., It
should be noted that tﬁore is an additional feature in the high frequency
side of the Raman spectrum, which we Lclicvc correspond to the crystal-ana-
log LO contribution. The calculated Raman spectra using TO alone, and both
TO and LO arc also shown in this figure. The former gives poor agreccment.
The best fit for the high frequency side of the spectrum is obtuined by
choosing cLD/cTO > 1.5. The relative intensity of LO and TO modes depends,
among other things, on the excitation frequency. However, the LO resonance
for the zincblende type crystals is expected (9) to Le relatively morc in-
tensce than the TO resonance. The difference bétwccn @he experimental and
calculated curves in the low frequency region is‘attributvd to the S contri-
bution. Results for amorphous InAs and GaP ‘are shown in Figs. 2 and 3. Thc_
position of‘the principal peak of both infrarod'nnd Raman spectra of the
amorphous phase are §hifted slightly to lower frequencies as compared to the
corresponding crystalline case. The present-model accounts for this shift
Ly choosing Py slightly lower than Pe? which is reasonable because byth the
first and second nn distances in TBAS arc known to be smaller than the cor-
yesponding crystalline case.

Yo have utilized a statistical approach to interpret the bLroadening and
shifting of peaks in tho lattice spoctra of TBAS induced by disorder. Tho
Present annlysis thus suggosts that tho Raman and IR spectra of amorphous
remiconductors arc dominated by crystalline analog processos, and do not

morely peprosent a broadenced version of the erystalline donsity of atntos.
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VIBRATIONAL PROPERTIES OF A THREE-FOLD COORDINATED
TWO DIMENS1IONAL RANDOM LATTICE

J. Y, Chen and J, F. Vetolino
Dopartment of Floctrical Enginocering
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and

S, S, Mitra
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ABSTRACT

A two-dimensional amorphous lattice has been construc-
ted using the generalized random walk technique. The bond
lengths and angles were obtained from the random number
generation functions., The lattice sites were assumed to
have a coordination number of three and were connected to
form closed polygons. The lattice and the assocjiated
structural properties are calculated, A lattice dynami-
cal calculation is then performed using this network as a
two~dimensional amorphous structural representation. The
explicit vibrational spectra are obtained for the random
network and the corresponding three-~fold-coordinated hon-
eycomb lattice.

I. INTRODUCTION

The random network concept was first introduced by
Zachariasenl in the description of a two-dimensional lat-
tice _for a glass, Using this concept Ordway?, Evans and
King-Z, and Bell and Dean® have constructed random models
for vitrcous silica., In the last few years, this concept
has been oxtensivelg studied in the modelling of an am-
orphous structuredr®,

Most of the previous models, however, are either per-
turbations of crystalline structures or rough hand-built
models consisting of tetrahedral units, The tetrahedral
units wero distorted in order to achieve the connectivi-
ties., The randomness and the statistics of the bond
lengths and bond angles were not considered in the con-
necting process, Furthoer adjustmonts were therefore
necessary to make the model radial distribution function
(RDF) match well with the experimental one, The adjust-
ing procedure obviously improves the model geomotry but
does not change the topological atructure?, The non-
randomneas introduced by using crystalline structural
units as a starting point may atill oxist after adjust-
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ments, It might bo more roalistic to use random numbers
rather than any perturbated crystalline units as a basis
for the random model construction, The resulting modol
certainly should have rcal amorphous topology and geo=-
metry, hence further adjustment is no longer necded,

The purpose of this paper is to present an approach
which utilizes the random walk concept to construct a
truly random network., The use og the random walk tech-
nique was first suggested by Axe in his work on a one
dimensional random network, As an example to illustrate
the epplication of the random walk technique, a two di-
mensional random network with coordination number three
was constructed in this work, The assumption of a con-
stant coordination number complies with the shortargnge
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-dimensional diamond, zincblende or wurtzite struc-
tures, It can also be used as a basis to develop the ran-
dom models for layer-like amorphous materials such as
amorphous graphite, amorphous arsenic and chalcogenide
€lasses, :

In the present approach, random numbers for bond
lengths and bond angles are first generated from a random
number generation function, A two-dimensional 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, experimental data appropriate
to amorphous silicon was used for the bond length”. The
data used for the bond angle spread and cut off was ac=-
cordinglao the RDF analysis of amorphous germanium and
silicon” ', The random numbers for bond lengths were gen-
erated from a random number generation function having
Gaussian distribution with a mean at Q.SSX and a standard
deviation of 0.09A. Since there are only two linearly in-
dependent angles associated with one lattice site, two se=-
qQuences of Gaussian distributed random numbers were gen-
erated having a 120" mean and 100 standard deviation, In
order to obtain a cutoff anglo of 20° from the mean angle,
only those anglos botween 100° and 1&00 were rotainod,
Also, nopuir of angles whose sum was outside the interval
of [220 - 2060 ] was rejected to ensure that the third
angle had a cutoff of + 20° from the moan.

Noxt, a two-dimonsional amorphous lattice was drawn
uesing the random numbors goneratod forr the bond longths
and bond anglos. Tho assumption of three nearest noigh-
bors for oach lattico site implics that no interior
brokon bonds oxist and no bonds cross each othor, In
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other words, the lattice sites when connocted form crosseod
polygons, In the process of conneccting the last two bonds
on & polygon, two random bond longths and one random bond
angle weroe chosen simultaneously., In order to achiove
perfoct connectivity in tho polygon, tho random bond
longths and angles were allowed to vary up to a few peor-
cent about the value given by the random numdber genera-
tion procedure. The bond angle variation usually was
higher than the bond length variation, This is due to theo
fact that the bond lengths should maintain a Gaussian form
whereas the bond angle 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 attempt to close
the polygon, Finally, a lattice consisting of 233 inte-
rior 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 lattice.

No crystallinity 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 six next nearest-neighbors,

Fig. 1. A two dimensional random network of coordination
number three,
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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
s i
. 3 n = 360°/(180° - B) (1)
n is the number of polygon sides and ) is the average
A . 1nt%rna1 angles of the polygon, Since 8 lies between
E 100" and 140, the polygon could have only 5, 6, 7, 8 or
A 9 sides. By referring to the angular distribution, it can
e be seen that the probability of having a naine or eight
) nldgd polygon with average intermal angles of 140 and
135 respectively is quite low. Among the 98 polygons in
the random lattice, there are 10 pentagons, 11 septagons
and the remaining 77 are all hexagons, The average
number of polygon sides 1316.0102. 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 loca'te together. The
. i 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 exteynal angle. A relation between the
number of sides (n) in a polygon and the average number
of sides (m) of tEs neighboring polygons was originally
proposed by Aboav and then modified by Weaire as

me 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 wiﬂo based on the method described by Polk and
Boudreaux for a finite size model, The 4O atoms around
the lattice centrdid (Fig. }) were selected as central
atoms, The radius r = 1}, was used as an upper limit
to keep the calculations within the model, The distribu-
tion up to about six bond lengths was plotted. The pro-
servation of SRO in this lattice produces the distinct
first and socond peak under which the area is exactly
threoe and approximately six, respectively., As a conse-
Quence of the two dimensional model, the RDF increases
linoarly with distance instead of the parabolic variation
obsorved in three dimonsions, :
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. IV. VIBRATIONAL PROPERTIES .

In the lattice dynamical calculation, eaig atom was
assumed to be subject to a simple force field with
central and non-central nearest-neighbor interactions,
The free end boundary conditions whichlgre physically
realistic for the actual solid surface are imposed on
the lattice boundaries. The dynamicaicmatrix (D) in this
- calculation is 544 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 clements are placed according to the neighbor
relationships, Their positiona were not regular because
of the topological disorder in the lattice. The matrix
elements, which are a function of force constants, hence
the bond length and bond angle are different due to the
geometrical disorder associated with the variation of
bond lengths and angles, The force constants were deter-
mined by relating them to the pressure dopendoncga of the
olastic constants and tE9 optical mode frequency”

Doan and Bnco?és me thod based on the negative eigen-
valuo thoorem is then used to find the frequency die-
tribution,

i
|
|
_i
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A simple force field with ncarest-neighbor central
and non-central force constants is used for the perfect
honeycomb lattico., jThe details of this calculation may
be found elsewhere ., The resulting phonon density of
states of both the perfect honeycomb 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 geomeotric dis-
order induced by force constant variations extends the
spectrum to a higher frequency range, hence reducing the
height of the high frequency peak.

8
®
g o
] Fig. 3.
Vibrational Spectra.
e Solid Line: the
el random network
= lattice,
S Dashed Line: the
= 8 perfect honeycomb
& o lattice,
-
©
[ =4
«g e
3 ~
o
8
8.
%.00 2.00 4,00 6.00 .00 10.00

W aoent)

A random lattice of the type discussed here, can be
successfully utilized for the calculation of clectronic
and vibrational properties since there is no broken bond
inside tho model. Two dimensional random nctworks of
higher coordination numbors o,g., four (quadrutic) and
six (trinngulnr) can also be constructed usiw; this toch-
nique. An extension of this random walk technique to a
throe dimensional tetrahodrally bonded lattico is undor
consideration, Such a model is expected to Lo a botter
simulation of amorphous Go, Si and the IIX-V compounds
than any of tho restricted modols so far presonted.
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ABSTRACT
The electronic energy band structure of cubic BN is

calculated using a non-local empirical pseudopotential

me thod (NEPM). 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 theoretical cal-

~culations of its band structure exist in the litérature.

The results of these calculations are at variance with each
other and with available experimental data.

The first energy band structure calculation of this
crystal was performed by Kleinman and Phillipsl in which
they treated, in a self-consistent manner, the antisymmetric
Pseudopotential as a first order perturbation to the crystal
Hamiltonian of diamond. The width of the valence bands in
the calculation was 17.95 eV and there were'no energy gaps,
direct or indirect of about 7.oV. Bassani and Yoshimin02
using the OPW meothod, predicted a direct gap at I point of
about 8.5 oV. One shortcoming of this calculation is that

it pordicts an indirect gap (F - xl c) of about 3 oV
¢ .

15,v




. e

2

which is smaller than the corresponding gap in diamond. In
general this gap incroasea in going from group IV to theo
corresponding 1II-V compoundB.' In a different approach,
Stockorh 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 Keowns. This predicted a valence band width
of 17.8 eV, in fair agreement with the value of Kleinmén and
Phillipsl. Hemstreet and Fong6 performed a non-local empiri-
cal pseudopotential calculation and obtained a value of

= X

7.6 eV for the indirect energy gap I a value of

15,v l.c;
27.5 eV was obtained for the valence band width. Aleshin and
Smirnov7 calculated the transition probabilities from the
valence bands to the.core states of cubic BN, using the OFW

" method. Nemoshkalenko and Aleshin8 calculated the electronic

density of states of cubic BN and obtained a width of the

upper sub-valence-band of ~bout 12 eV and the entire valence

band width of about 24 eV.

On the experimental side, Philipp and Taftg made crude b

reflectance measurements on a small BN sample and found

structure in the region 9-10 eV and a peak near 14%.5 eV. i
Giolisselo. in his ultraviolet absorption measurements on 1
cubic BN, found that the absorption has a sharp rise in tho ;
vicinity of 7 eV. This presumably arises from the onset of

the lowest intorband transition. Fomichov and Rumsh11 mon -

sured tho K-band X-ray cemission spectra of boron and nitrogen

20




3
in c;bic BN and deduced a véluo of about 6 eV as an uppor
estimate of the indirect gap and a value of ab;ut 15.4 eV
ae a lower estimate of the valence band width. Chrenkol?

measured the ultraviolet absorption spectra of cubic BN

crystals and deduced a value of about 6.4 eV as the minimum

value of the indirect éap.

In order to clarify the valﬁes 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 cﬁbic BN. Our treatmenf of the non-local part of the
pseudopotential is similar to that of Hemstreet and Fong6,
although the local pseudopotentials used in the present work

are obtained, in our opinion, from a better physical con-

sideration. =

II. METHOD

The empirical pseudopotential method (EPM) of calcula-
ting the electronic energy band structure of crystalline
solids is well known in the literaturelB. The usual pre-
cedure is to treat the pseudopotential as a local potential.
This is Jjustified as long as there is cancellation due to
fhe core stateslh. However, when the atomic core does not
contain electrons of a particular angular momentum quantum
number £, thoe Coulomb potential felt by the valence elec-
trons of the same angular moméntum quantum number £ is not

cancollod in tho core region by the repulsiveo term. In this 3

caso, one should add to the local pseuodpotontial VL(;). a

non-local potontial VNL(?) which acts only on tho statos
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with angular momentum quantum number £. In BN, since thore "

e

are no p eloctrons in the ionic cores, a non-local pseudo-

potential term should be added for £ = 1, Following tho ana-

lysis of Lee and Falicovlu for potassium and the analysis of

é " Fong and Cohon15 for KC£, we write for VNL(;)

v (7) = ﬁ Pl U (7R, [P, (1)

In the above equation Pl is the projection-.-operator which

operates only on the states with £ = 1 and P is the Hormi-

1
tian conjugate of Pl. U(,;-ﬁjl) is the potential of the jth
ion core centered at ﬁJ‘ Following Hemstreet et 3116. we

choose U(r) to be of the form

-qu
U( |r-R = A re TrEr
(] J') J cJ
(2)
; >
=0 r rcj
where AJ and aJ are to be treated as parameters and r ., is

the radius of the jth core. This form of U(r) is chosen
because it was founle to yield the best results in the non-
local pseudopotential calculations of the band structure of
diamond.

Our troatment of the non-local compono;t of the psoudo=
potontial of cubic BN follows that of Hemstreet and FongG.
Spocifically, wo choose r. for B and N to have an avorage
valueo of 0.2 A, the samo as tho free atom valuo of carbon.

-0. p s trd
Wo sot Ay on ™ Anitrocon m «0.16 Ry so that the symmetric

28
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non-local form factors of BN and diamond are the same whilo "
-,
the antisymmetric non-~local form factors of BN vanish. Since =S

the lattice constants of cubic BN and diamond are very near-

ly the same, the parameter @ for BN is set equal to that of

diamond16, viz., 1.25 A—l « The non-local parameters are

treated in the approximate manner due to the lack of rele-

6

vant experimental data on cubic BN. Hemstreet and Fong

. chose the local symmetric form factors of cubic BN to be the

same as those of diamond, and obtained the local antisymmetric
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 appfoximation seems to be reasonable, the
latter approximation is perhaps” tao drastic. Lattiee re-
flectivity measurementsl7 indicate that BN is the most iogic

of all the III-V compounds, while BP is the least ionic so-

lid in this class. It is unlikely that the scéling proce-

dure could wholly reflect this difference. In our calcula-
tion we obtain the local antisymmetric form factors of BN

by taking the corresponding form factors-for GéAs and scaling
them by the ratio of the heteropolar energy gaps of the two
crystals. Since thé heteropolar energy gap is obtained by
an averaging of the antisymmetric form factors over all the
reciprocai lattice vectors, in the first npbroximation, the
two quantitios are directly proportional to each otherls.
Hence wo beliovo our approximation for the antisymmetric

form factors is a more reasonablo one to start with. Wo

obtain tho local symmotric form factors of cubic BN by

R
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.calinc thoso of diamond by the ratio of the volumes of the
unit cells of the two crystals. : |

In order to obtain the oléctronic density of states, we
sample a uniform bcc mesh of 240 points in the irreducible
wedge of the Brillouin zone, followed by linear interpola-
tion, which.genorates éigenvalues and eigenfunctions of more
than 100,000 E-points.in the Brillouin zone.

We next calculate the imaginary part of the dielectric
constant, cz(w), due to direct interband transitions. By

19

time-dependent perturbatioh. one can show that

e, (w) ~ i; 2 JHE(R) - B (R) - nan,  (R)dR

(3)

where

- 2
vye () = I<ug  v]ug, >l (&

uR.v and ui’c are, respectively the periodic parts of the
valence and conduction band wave functions.

The intensity of the soft X-ray emission at energy E

is given by the formu1320

" 2 7 7. R
1(E) = CcE® § [dk Ma’v(k) 6 (£ ,(%)-E) (5)
In eq. (5). the sum is over a;l occupied valence states and
- - - 2
Ma'v(k) = |< a|p|v,k>] (6)

is the squarod momentum matrix elemont botween the Bloch .

valonco band state lv.k> at wavo vector K and a coro stato

S 130
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|a>.,w1th onorgy difference Eva(n). With C = 9200/6c%12m2,
and o equal to the volume of the unit cell, eﬁ. (S) €ives
the total omitted intensity per core hole in the crystal.
To evaluate Ma'v(R) given by eq. (6), we need the core wave
functions of B and N and the true valence wave functions of
the BN crystal. The former are taken from Hubnerzl. The

latter are obtained by recalling that the true valence wave

functions are related to the pseudo wavefunctions IY >
pseudo
obtained in our EPM calculations, by22
|
T 5 e > < >
lv,k ,Ypseudo 2 ’a alypseudo (7) %
where the summation is over all the core states |a> of the §

crystal. The energies of B and N cores iﬁ'the crystal are
assumed to be the same as the core energies of the isolated
atoms as given in Ref. 23. Using eqs. (5 to 7), the K

X-ray emission.spectra of B and N in cubic BN are calculated.

III. RESULTS

The E-k diagram along several high symmetry directions
is shown in Fig. 1. In Table 2, we compare some of the
important energy gaps and the widths of the valence bands
obtained in our calculation, with the results of other calcula-
tions and with available experimental data.. In Fig. 2 the
eloctronic density of states obtained in our calculation is
comparod with the result of the calculations of Nemoshkalenko
and Aloshina. Tho ovorall agrooment is seen to bo satisfac-

tory, oven though tho peak positions differ by as much as
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"of 14.5 eV reported by Philipp and Taft

8

2.8 ;V. The structure in the EDOS between O and 14 oV is
due to the upper ;nlence bands while that betﬁoen 21 and
28 oV is due to the lower valenco band. The two valence
subbands are scparated by about 7 eV in our result and by
about 6 eV in the result of Nemoshkalenko and Aleshins.

In Fig. 3a the imaginafy part of the dielectric constant
ez(w) is plotted as a function of energy. ‘In Fig. 3b our
£2(w) is compared with that obtained in the calculation of
Hemstreet and Fong6 for the energy range 9 - 17 eV. Tﬁe
aéreement between the two results is seen to be good. Our
theoretical Ez(w) begins with a Mo type transition at Fl,
- T

corresponding to the T 1,c energy gap of 8.8 eV.
?

15,v
The peak at 11.3 eV is due to theutran51t10n rlS,v - r15,c
The main peak is at 13.7 eV and is due to the transition
X - X . This agrees réasonably well with the value

S5,v 3»c :

2 for the peak in

the reflectivity. It is worth mentioning that their measure-
ment was crude, and that the beak in the reflectivity is gen-
erally 0.1 - 0.5 eV higher than the corrésponding peak in
ez(w). The peak at 14.8 eV is due to the transition
Lo L L]
e

In Figures la and Ub, we compare the K X-ray emission

LB'V

spectra of B and N in cubic BN obtained in pur calculation

with the exporimental result of Fomichev and Rumshll. The

agreemeont is soen to be good regarding both the shape of the

spoctra and the peank positions, The sharp maxima A and A'

are duo to transitions firom the non-dogonerato valencoe band,




9

/
while the principal maxima C and C' are due to transitions

from the degenerate part of the valence band.
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! FIGURE_CAPTIONS

Fig. 1 E-K diagrams for cubic BN along throé high
symmetry direoctions. |

Fig. 2 Electronic density of states of cubic BN. Dashed
line is our result. Solid 1line is due to
Nemoshkalenko and Aleshin (Ref. 8). The zero of
the energy scale is chosen to be at the highest

valence band at the zone center (T The

15)'
. energy axis of Ref. 8 is accordingly shifted.

Fig. 3a Imaginary part of the dielectric constant €2(w)
obtained in our calculation plotted as a function
of photon energy.

Fig. 3b Our result for Cz(w).(dashed curve) compared with
that (solid curve) of Hémstreet and Fong (Ref. 6),
for the energy range 9 - 17 eV.

Fig. lba K X-ray emission spectrum of B in cubic BN.

Solid line is our result., =----line is the experi-
mental result of Fomichev and Rumsh (Ref. ¥y s
Fig. b K X-ray emission spectrum of N in cubic BN.

Solid line is our result. =----line is the experi-

mental result of Fomichev and Rumsh (Ref. 11).
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TABLE 1

Pseudopotential parameoters used in our calculation

vi(3) =  -0.755 Ry

V;,(B) = 0.182 Ry
6 vi(11) = 0.133 Ry
: Loy Y o= o 0L1958 Ry
vi(h) = 0.125 Ry
vi(11) = 0.0251 Ry
TB= T = 0.2 A
A +AN ;
B
A, = —5— = -0.16 Ry
Ap~Ax
B J
Aa = > = 0.0 Ry
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3 4.2 FLECTRONIC DENSITY OF STATES AND OPTICAL SPECTRUM
: OF TETRANEDRALLY=LBONDED AMORPHOUS 111~V SEMICONDUCTORS®

Y. F. Toay,? D. K. BT wod B s Mitra
Department of Electrical Engincering
University of Rhodo 1sland
Kingston, Rhode lsland 02881

Abstract

The disorder in an amorphous III-V sem;conductor is des-
cribed in terms of spatial variation in local density. The
electronic density of states for the amorphous semiconductors
are then simulated by a weighted sum of the crystalline elec-
"tronic density of states (EDS) with a variation in local den-
sity. It is shown that the amorphous electronic density thus
obtained is equivalent to its crystaliine counforpart with
the energy of each electronic state broadened by an individual
broadening parameter, which is rolﬁted to the degree of dis-
order of the amorphous semiconductor considered and the "sen-
sitivity" of thé energy of the particular state to variations
in local density. The result of our ﬁhonomonological modol
is similar to that of Kramer's complex band structurogcalcu-'
lation based on Green's function formalism. The optical
spectra for the corresponding materials are also calculated
using tho theoreotical EDS, along with the non-dircct transi-
tion modol with an enorgy dependent matrix element. The re-

sults aro comparod with availablo exporimontal data.

*Supportod in part by Air Forco Cambridge Rescarch Laboratories
(AFSC). Contract Noa, FIO028-72<C-02806, I"LO90G28-TH-C=-01073.
+Preosoent addronas NRC Post=Doctoral Rosldont Roacavceh Associato
at AFCRL(L.QS), Hanscom Adr Forcoe Daso, Boedtord, Masa, 01793
$rrosont addross: Dopartmont of EBlectrieal Engincering, lndlan
Inatituto of Tochnology, Kanpur (U.P.), India.
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I. INTHODUCTION‘

Rocont invoeatigations on tho ﬁhysics of uhorphous ma -
torialas, particularly somiconductors, have gencrally fo-
cused on two related quostions: Firstly, how different is
the structure of an amorphous material as compared with its
crystalline.countorpart; and socondly, how are the electron-

ic and vibrational properties of an amorphous material modi-

fied by such structural changes if the latter do exist. To

find possible answers to the first question, numerous X-ray

diffraction oxperimeqtsl have been performed in order to de-
termine the radial distribution function (RDF), which up to
date provides the major experimental observable for a semi-
quantitative description of the struéture of an amorphous

semiconductor. A comparison of the amorphous and crystalline

RDF's of the same tetrahedrally bonded semiconductor indi-

Y

cates the following:
(i) The RDF's for both the crystalline and amorphous
phases are very similar, at least, up to the second ncarest

neighbor (nn) distance, implying that, at least the short-' %

range order 1is preserved in the amorphous phase.

(ii) The position of the first peak of the amorphous RDF
appcars to shift slightly toward higher values (a fow percent)
aé-compared with those of the crystallince pecak.

(iii) Tho firat and socond poaks of tho hmorphous RDF are

fairly woll-definody, and aro usually doscribed, rospoective-

ly, s a Gausaian of tho form
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(xr-r,+)?

oxpl - "7, 4 =1, or 2 (1)
2(11“
whore rin and oia denote tho position and the width, ros-
poctivoly.

Table I 1lists the rplevant structural parameters of the
amorphous (subscript a) semiconductors of interest. Cor-

responding crystalline (subscript c) values are also given

for comparison, It appears that in general the width of a
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 result from the structural distortions of bond lengths

and/or angles, as well as wrong bond formation, is the

static width (or spread) and is given as

(o} =0 -

2 2 2 2 2
i ia e T T (2)

Here it is assumed that the thermal width, O of a peak in

iT’
the amorphous phase is equal to the width in the crystalline
phasc, as the latter doos not have a static width. {

It must bo pointed out, that tho RDF may not uniquoly

determine tho microscopic structure of an amorphous matexrial.
For 1nstm.1co.. in the case of Si and Ge, Lot) the continuous
random notwork (CRN) model and tho microcrytallito modnlz
which consiats of a mixturce of microcrytallites with varioun

crystnllinoe structurcs, nro cupablo of giving RDIM's in clowno

acreomont with the expordmontal rosults, Althouph tho CRN

), 1’07




4

modol for amorphous Si and Ge scoms to be favored, it is
not clear, howover, that the same is true for émorphous
III-V compounds. '

Because of the loss of the long range ordor, many theo-
retical works on the electronic and vibrational properties
of amorphous materials ﬂave stressed the importance of the
breakdown of the 5-selection rule; This results in the be-

lief that in the calculation of the eleqtronic3 and vibra-

tionalu properties of an amorphous material, use should be

made of the aspects of its Structure which is independent

of the 5-se1ection rules, and therefore requires an approach

that is distinctly different from that used fqr the crystal-

line phase. | |
Recently, we have questioned the sole importance of the

breakdown of the 5—solection.rule_in explaining the basic

optical properties of amorphous semiconductors. We have de-

5

monstrated” that the first order infrared and Raman spectra
of a tetrahedrally bonded amorphous semiconductor (TQAS) can

be interproted as consisting primarily of a crystalline-like

spoectrun, whenever the optical process concerned is allowed

in tho crystalline phase. The residual difference is then
interpreted as that arising from configurations in which 3
only short range order is maintained. It is our contention

that tho oloctronic structure of a TBAS can also bo calcu-

latod using its crystalline analog as a starting point, but

with cortain modifications to tako account of tho struc-

tural disordors.
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Thoro aro scyverul previous calculations of tho olec-
tronic structure of TLBAS basod on tho same philosouphy.
Herman and Van Dyk06 simulated tho electronic density of
states (EDS) of amorphous Ge by that of a dilatod (an over-
all oxpansion of the lattice constant by 100/0) go crystal.
In order to calculate the imaginary part of the corresponding
dieclectric constant, they adopted the non-direct transition
(NDT) model with constant matrix elements. Brust, on the
other hand, calculatod7 the Cz-spectrum of a crystalline Ge
with density equal to that of the amorphous phase. A sub-
stantial red shift of the spectrun was obtained, in agree-
ment with the experimental observations. However, in order
to produce the single humped structure of the'oxporimontal
Cz-spoctrum, a life-time broadening of the order of 2 eV
had to boe used, which is about ten times as large as the
crystalline value. Xramer et a19 using the Green's func-
tion formalism,.have developed a method for calculating the
electronic energy spectrum of a disordered system. By -ap-
proximating the n-body spatial correlation function as pro-
ducts of two-body correlation functions, they obtained a com-
plex band structure (CBS) for several TBAS. The electronic
encrgy states with tho reduced wave vaector b, which in tho
cn;o of crystalline solids consist of a sot of é-functions,
arc now brondoned into dampod lLorentzians, tho widths of
which doponds on 5. ns well as tho two=body correlation

function, The latter, in turn, roflects tho atructural dis-

ordoers in amorphous solids. According to tha CBS rasultsa,

) 1h9
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the valonce band density of statos (VBDS) is rolativoely less
distrubed by diao}dor. und‘rotninu most of tho fcatures of
its crystalline countorpart. Tho conduction band density of
statoes (CHDS), on the other hand,\is profoundly changoed, and
is devoid of crystalline features.

In a prievious paperlo. we obtained the EDS of amorphous
Si and Ge by calculating the weighted average of the densi-
4 . ties of states of the corresponding crystal with slightly
different nn distances. The weighting function is taken
to be a Gaussian. In the pfesent paper the EDS for several
amorphous III-V compoﬁnds will be calculated following a
similar approach. However, for recasons to become apparent
below, the averaging is taken over local density distribu-
;y . tions. The cz—spectrum will also 5e calculated using the
EDS obtained in this:paper, fogether with the NDT modelll'

7; .with energy dependent transition matrix elementslz.

II. LOCAL DENSITY AND ITS DISTRIBUTION IN AN AMORPHOUS TBAS

Material inhomogeneity, voids, local strains, bond

13 . s o 1

length and bond angle variations are known to exist in

most amorphous semiconductor films. As a consequence, the \

’ local density in tho material is not expected to be uniform.
By local density we mean the nuwnber of atoms per unit voluno
\ " averagod over a volume whoso lincar dimensions are of tho
ordor of scveral multiples of-tho Lond langth., As mentionod
above, tho static spreand in tho first and socond peak of tho
RDF of a TBAS, may by thomsolvos rosult in a spatinl fluc-

tuation of tho local donsity. A quantitativo nnalysis of
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the spatiul variation of local donsity, including inhomo-
gonoity, vold structure, local strains, as woll as bond
longth and angle distortions, is a formidable task; How-
over, if one assumes that the local density variation re-
sults principally from the spreads of the first and second
nn distances then a distribution in local density can be
estimated, in the folloQing ways 'First a reasonable de-
14

) finition for local density in terms of the first and the

and r, is made:

second nn distances, r1 2

3 :
X’ -
plryiry) = 3F 378 (1,7 + € S5—=0)/(1ec) (3)

b I o

2 1
where K = r2a/rla and C is a weighting factor determining
the relative importance of the second nn's in contributing
to the local density. The rationale for such a definition
‘ds discussed in detail elsewherelh. In order to calculate
the distribution of the local density, a deviation of rl(rz)

d by about 01(02) from its mean value rla(rZa) is considered. =

PR
S

If it is assumed that for these ranges of r, and r,, their
respective probability distributions are independent, then E
X i
. their Joint probability distribution is given by 3

. r,-r r, -1
I " las2 2 2842

PAryers) = oxpf <0.5[ (—=—250)" & (=2 ] (%)

. 1" 2 oy Oy |

on o i

In oq. (h), a9 and ¢, are respoctivoly tho static spread of
~
the first and the socond ponks in the amorphous RDIY, as givon

in Table I. From oqs. (3) and (h). the locnl donsity distari-




bution of amorphous Go, and its dopondonce on ¢, and C,

2
respoctivoly, Raesults for III-V compounds are similar. 1t

i8 scon that, oxcept for a slight asymmotry, the local don-

sity distribution is approximatoly Gaussian. We point out,
howover, that the approach outlined sbove should be rogarded
as only a preliminary attompt to calculate thoe local density

« distribution. It is beiiovod, however, that although the

peak position and width may not be accurately predicted, as
i thore is no physical guidance to fix the valuce of C, the
general shape of the local density distribution may be cor-
rect. Therefore, before a better method for calculating the
local dcnsityldistribution, including bond and dihedral
angles, becomes available, one may for practical purposcs,

| take it as a Gaussian of the folléwing form:

i ol
P(p) = exp[-u

] (5)

e

209

with the mean, pa, and the variance, op’ as adjustable para- 2
N % 1

meters. ) 1

In this work pa and Gp have beon obtained in two dif-

forent ways. Firstly, P(p) is dotermined from eqs. (3) and

: (h) with € = 0.375. Socondly, those two quantitics aro used |
! 45 v

the main

foaturca of infirared und/or Raman spoctra of THASS. The

as ndjustdblo paramoters in eq. (5) in Citting

-"

valuos of P and Op obtainod by theso two mothods along with

-

' tho oxperdimontal vnlupal9 of p“ are compared in Table I. In

goneral thoe agroemont 18 rowmavkabhly good,

.- - W iy - fe s we e - - . - @
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IIYX. CALCULATION OF ELECTRONIC DENSITY OF STATES
In analogy with tho point of view adopted for inter-
proting the lattice spectra of a TBAS, as discussed in tho

last soction, we mako the following assumption that

(p-p )%
-22235- ] ar (6)
p

6 N (E) ~ [ N (Esp) exp[-

:,' : where Na(E) stands for the electronic density of states at
encrgy E of a TBAS. NC(E,p.) is the corresponding crystal-
line density of states for .the local density p. Tlie above
assumption amounts to neglecting the contribution arising

from highly disordered structural configurations. Next, if

‘ Nc(E,p) is written as

N (Bp) = £ 2 8(E-E, ,(p)) . (7)
then
N (E)szcz [ 8(B-E_,(p)) V[-(-p—:f-“—)ild (8)
a Nnk'r e "L e ,20p2 P 0

In the last two equations, the subscript, k, should not bo
regarded as carrying tho usual mecaning of wave vector, which
is a good quantum number for an electronic state in an per-
fect crystal., 1Insticad it is Just an indox by which olec-
tronic statos are cnumeratod.

In goneral,; wa oxpeoct th.o local density distribution to
Lo sharply ponkod around ita moan valuo, p‘\. Thoroforo moat

contribution to the integral in cq. (8) comoen from p, for
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which lp pa‘ Op pu; in this rango of p, En'k(p) can s
be expandod as e
En,k(p) = En.k(pn) + Yn’k(p—pa) * ade (9)
whero
Yo = (B, (p))/20 : (10)
P=pa
" Eq. (8) can then be rewritten as
y\R
: (- ,(n.)) ;
N(E) = = exp| - ke ] (11)
n,k n,k Zon,k
where
%,k = Yn,x% : (12)
It is seen therefore, that the &-functions in eq. (7) for
"the crystalline phase are now replaced by a series of Gaus-
sians. The width of the Gaussian is given by G, 55 which
)
is the product of the density spread parameter, Op’ and
Y _y the derivative of the electronic ehergy E with e
n')\ n,l( N

respect to the local density.
To calculate Yn K usc can be made of the following
1

equation.

/ap I e

Y k 3 al: o
pep pn]\
a

n, ll')(

fav | - (13)

P=P
o

n,k

providod the proessiate (P) coofticiont of Hn " is known. In
’

0q. (13). K 18 tho drothormal comprossibility. The problom
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thon roduces to finding BEn'k/bl‘. Thisn lattor quantity can,
in principlo, bo estimatod from high pressure duata. Unfor-
tunatoly, most oxporimontal data are rolated to thc; Pressuro
coofficients of a fow optical transitions, which actually
consistas of tho relative pressure induced shifts of the
enorgy levels of the initial and final states. Wo thoerefore
resort to a pressure-dependent band structure cu)culatjonl?.
Spocifically, the calculation uses only the compressibility
and the empirical psecudopotontial form factors appropriate
for describing the crystalline band structure at normal pres-
surce as input data. The predicted pressure coefficients at
sceveral critical point band gaps are in good agreement with
the available experimental data in the cases of elemental and
I11-V compound semiconductors, In the above-mentioned cal-
culation, it is assumed, as in most previous calculutjonsls,
that the encrgy of the top valence states (rl5 in the zinc
blende type, an'd rl’.') in the diamond typo cx'ystnl:a) does not
change with pressure, since it is only tho relative s}xif&s
of the initial and final statces defining the band gap (opti-;.
cal trmmition) that are of interest. Wo believe that such a
methed is also adequate for estimating tho pressure shift

of B 's, provided that the proessure coofficient of tho

n, kK
ONOTEY 1'3(1‘15)’ of tho top valenco states is known. Tho
prossure coofficiont dli(rl,))/dl‘. in fact, can bo obtainod
from the appropriate volume deformation potentinl, which

occura in tho thoory of olectron=phonon intoraction. Un=

fortunately, oxpordmontal valuos of dlrt(l‘],))/x\l’ Qe fearco




1.2

C
and somcwhat controvorsial. TIor example, Horring and Vogtl)

cavo a valuo of -3.6 x 10'-6 oV/bar for Go, basod on transport

propertics of tho crystal. VWhorevas Bagpuley ot nlzo frou

cyclotron resonance measurcmont, estimated the value to be
~ +h x 10-6 oV/bar, which agrees, in sign, with the thooro-
tical prediétion of Kleinman21 for Si. To our knowledge, no
appropriate values exist for III-V semiconductors. In tho
present work, we sghall assume that the shift of the topmost 1

valence state, with pressure is negligible, i.e.,

dE(rlS)/dP ~ O. The final results of the calculation, how-
ever, do not depend sensitively on the exact value of
dE(rls)/dP, as long as its absolute value remains small,

which seems to be the case.

In actval calculation, whenever available, use has been

made of the modified pseudopotential form factors due to

Chélikowsky et a122, which agree well with the energy of the

low=-1lying valence bands recently determined from X-ray photo-

emission datazja’b. The effoct of mean density deficiency

in the amorphous state as compared with its crystalline
counterpart is accounted for in an approximate way by scaling
the psoudopotential form factors according to density, as
was previously do:ie by Brust7.

To obtain tho EDS, wo calculate En,k(po) and Yn,)c at
1500 differont 5 values in the Brillouin zono. A linear
intorpolation is then used to samplo a finor b-mosh of

about a quarter million points in ordor to suppreas tho

statiatical "noiaso" in tho histogram. Tho sawmpling procoduro
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i8 capablo of gonorating tho crystallino EDS in oxcollont

agroomont in details of finoe spectiral foaturos with thosc

obtained rocontly by Cholikowsky ot 3122.

Tho imaginary part of the diolectric constant, cz(m),

in the ono-electron approximation may be written as

1 2 .
e2,& S uF ‘M(w)la Nconv.(w) ‘ (15)

(w)

i8 the convoluted densities of states of the valence and

where ]M(w)lz is the amorphous matrix element and N
a conv

conduction bands for which energy is conserved. lM(w)]i

is obtained from that of the crystalline phase by smoothing

the unklapp peakZh, which often originates from long range

order.

IV. RESULTS AND DISCUSSIONS

Fig. 2(a) shows the crystalline E-k diagram (full linc)
along the [100] and [111] directions. The bars indicate
the relative magnitude of Yo,k GaP is taken as an illus-
trative example. Results for other materials considered in
this paper are similar. It is observed that the conduction
statos, in gencral, have larger Yn,k than the valence states.
This, of course, is oxpected boecause the conduction band
wave funcfions are oxtonded in spance and thoreforo aro moro

sonsitivo to tho chango of tho local atomic volumo due to

tho local density fluctuation. Tho calculated ecrystalline

donsity of atatos for Gal is shown in Fig. 2(h).

o~
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Figure 3 shows tho calculantod EDS for Gul with various
valucs of the "disorder paramoter'", Op/pn' Cufvo A of Fig.
3 i8 the least disordorod. The VBDS 18 essentially tho samo
as ite crystalline counterpart except for some smoothing-out
of the fine structures in the uppcer most valence band. The
CBDS, on the other hnnd} has already shown substantial de-
parturce from the crystailino donsity of states although the
broad profiles remain. For Curves B and C, the values of
Op/pa are 0.13 and 0.20, respectively. The changes in the
VBDS and CBDS with the dogfee of disorder are clecarly shown
by the trend manifested by these curves. Several points are
particularly worth mentioning: (i) the widths of peaks of
the VBDS are very little nffecﬂed:by disorder except for
the tailing of density of states into the crystalline gaps,

(ii) higher degreces of disorder produce larger tailings.

"This is particularly significant regarding the crystalline

optical gap, as is vividly shown in Fig. 3. (iii) for

higher decgrees of disorder, e.g., Curves B and C in Fig. 3,

1.

the structures in the crystalline density of states have all
but disappeared, and in its place, is a single hump followed
by a flat platecau, Similar singlo-~hump CBDS has recently
been reoported by Fastman et n125 for amorphous Go, which is
sipgnificantly different from tho totally flat CBDS preo-
viously deduced by Donovan ot ln126 from ultravioelet photo-

omission data. Although no experimontal data on the CBDS

of 111=V amorphous semiconductors are available at thoe pre=

ecnnt, such a onv=hump structure for amorphous 11I-V compounds

JREYSORRSE N -
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is highly possiblo, bocauso of tho similarity of thoir eloc- ]

tronic structures to that of Ge. Fig. 4 shows tho LDS for

tho othor amorphous solids considerod in the proseﬁt paper. ﬁ
In nll casces, the changes due to disorder in the VBDS arec

much less significant as compared with tho corresponding

changes in the CBDS. The VBDS for several crystallinezBa’b

and nmorphouszBa III-V and II-VI semiconductors have been |
determined by Shevchik et al from X-ray photoemission ex-
periment. They concluded that the VBDS of an amorphous com-
pound 1is cs;entially a broadened version of its crystalline
counterpart. The results of the present calculation indi-
cate the same, although the extent of broaden%ng is not

significant except in the tailing parts of:VBbS. However,

we would like to point out that in the experimental results

of Shevchik et al, the crystallinpAVBDS themselves are also
greatly broadened when compared with theoretically calcu-
lated VBDS. wé feel that since the amorphous VBDS are de-
termined by the same experimental setup, a significaqt-part
of their bLroadening might have the same origin as their
crystal counterpart and thereforoe does not result from the
effects of disorder.

Tho imaginary part of tho dielectric constant €2(w)
for tho amorphous III-V compounds as obtained from the prb-

sont calculatod density of statos are compared in Figs.,

S(n) to S(d) with those of Kramexr ot 019 and oxporimental

16
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as inports in Fipu. 5(n) to 5(d)) ¢ivos bettor agrooment,
The agrcomont bot;uon tho calculanted and oxporimontal C2(w)
is quite good for GaAs, GalP and InAs. For GaSb, the calcu-
lated rosult 48 less satisfactory, in that the predictod
peak positign of cz(w) is shifted from that of experimental

data by more than 1 eV. Tho shape of ez(w) curve, however,

9 is fairly well predicted. Presumably the calculated peak
f position can be shifted to coincide with the experimental
‘

. one by using a different cnergy dependent matrix clement

or by using a significantly different value of Pa? which

would reduce the "“pseudo" optical band gap, so as to cause

stronger absorption at lower energies, i.e., a red shift of

the absorption pcak to lower encrgies.
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TABLE 1

Rolevant Striuctural Paramoters for Amorphous

I1JT-V Scemiconductors

GaAs GalP GaSb InAs
rlc(A) 2.45 2.36 2.65 2.63
rlu(A)* 2.48:0.03 2.40:0.1 2.67£0.03 2.69
0,.(a)" 0.085 0.015 0.079 0.075
A
§ ola(A)* 0.085:0.01 0.18:0.01  0.14:0.01 0.09:0.01
-
o, (4)* ~0.0 ~0.16 ~0,12 ~0.05
\ rzc(A) k.0 3.86 4,33 4,3
*
r2a(A) 4.,140.05 3.9£0.05 4,3:0.05 4.0+0.05
. 5 A
% 02C(A) 0.109 0.1 0.105 0.114
*
g Uza(A) 0.3:0.05 0.35+0.05 0.4:£0.05 0.3:+0.05 -
ﬁ oz(A)+ ~0.28 ~0.3k ~0.39 w0 28
P/t g
.Calced. iy
oqsi£3§ 0.92 0.90 0.81 0.77
and (A4
++
ceq.(5) 0.96 0.89 0.87 0.91
) 'Y
oxptal, 0.96 0.90 0.98 0.93
.'
L
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I'JGURE CAPTIONS

Fig. 1 (a) The distribution of local donsity for various
values of o, (so0 text).
(b) The distribution of local density for various
valuos of C (soo text).
. Fig. 2 (a) E-k diagram of crystalline GaP along tho
L [100] and [111] directions. The vertical bars
L indicate the relative magnitude of Yn,k'
(b) The electronic density of states of crystal-
line GaP.
Fig. 3 The calculated electronic density of states of
amorphous GaP with various values of disorder
parameter, op/pa. quvé A: 0‘p/pa = 0.05;
Curve B: Gp/pa = 0.13; Curve C: op/pa = 0,20,
Fig. U The calculAfed electronic density of states for
amorphous GaAs, GaSb and InAs. op/pa values used
for these curves are those obtained from the fit-
ting of first order infrared and Raman spectra
(seo Table 1).
| | Fig. 5 The imaginary part of tho dieclectric constant
vorsus photon enecrgy for amorphous 1III-V compounds.
(a) Gali cCurve 1 - oxperdmental (Ref. 16);
- Curve 2 - calculated by Kramox ot al (Ref. 9);

Curvoe 3 = calculated in this papor using DS with

' : Op/pu e 0,13; Curve h = calculated in this papor
using EDS with Op/o“ g 0,20; Curve 5 - cnlculatod
uning Fbs with (\p/nn a 0,13 and with constant

natrix oloment,




~
o)

} FIGURE CAPTIONS cont.

FPig. 5 (b) GaAs: Curvo 1 - oxporimontal (Rof. 16);
Curve 2 -~ calculated in this paper using the EDS
of Fig. Wj Curve 3 - calculated by Kramer ot al
(Rof. 9); Curve & - the same as Curve 2 except

for the use of constant matrix clement.

b
K
(c) GaSb: for legends, see Fig. 5 (b).
(d) InAs: for legends, sec Fig. 5 (b).
: Inserts to figs. a-d: Curve 1 - crystalline

|M(w)|2; Curve 2 - amorphous |M(w)l2 used in

the present calculation.
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I ,3 OPTICAL PROPERTIES OF DENSITY-DISORDERED $OLIDS |
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" A statistical theory of the optical response in solids with
a small degrec of microscopic density disorder is formulated,
in which the properties of the disordered solid are related
to those of its crystalline counterpart. Both the clec-
tronic and ‘lattice response are treatcd, by detemaining the
changes in band structure and phonon spectrum as functions
of local density. As an application of the theory, we de-
duce the optical properties of amorphous scmiconductors
such as Si, Ge, GaAs and InAs and comparc theim to those of
their crystalline counterparts. Good agreement with ex- .
periment is obtained for the predicted optical and infra- ST
red absorption spectra, and for the Raman scattering spec- J
trum. The analysis provides a quantitative gauge of the
departure fron crystallinity in the optical spectrun, i.e.,,
the relative contribution of processes which do not con-
serve crystal momentun,

-
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I. Introduction

Most existing works (1-3) on the optical properties
of amorphous or structurally disordered solids cmphasize
the role of k-sclection rulc breakdown, and what is con-
scquently expected to be a strong similarity between den-
sities of states and optical spectra of such solids. Re-
cently, the role of crystallinc-allowed analogue (CAA)
processes in tetrahedrally bonded amorphous scmiconductors
(TBAS) was pointed out by Tsay et al (4) for eclcctronic
spectra, and by Mitra et al (5) for lattice spectra. In
this paper we develop a statistical approach to the in-
terpretation of optical spectra of disordered solids, .and
comparison is made with available experimental data for
TBAS.

Statistical descriptions have long scrved as a basis
for investigations of disordered systems.(6). For our pur-
poses, we view the properties of an amorphous solid as de-
rived from an ensemble of atomic (structural) configura-
tions (labeled by "n'") with probabilities p,, rather than
from a singlc unique structural entity. Then for a par-
ticular property 9 we require the configurational aver-

.age (7)

> . ﬁ PRO (M) . (1)

where 6(n) is the expectation valuc of .0 in configuration
n. Clearly, for any realistic system it is difficult, if-
not impossible, to cvaluate <€> from first principles.
Rather, for the statistical approach to be uscful onc must
be able to identify a restricted class of configurations
which elicit the principal features of the propertics con-
cerned; morcover, of course, once must be able to calculate
the corresponding 0(n)'s for these configurations. We

Jiere propose to paraneterize disordered solids in terms of

two classes of principal configurations, namely those
possessing (a) both short and Jong range orde: (denoted by
[(nISE) and (b) just short range order (denotéd by[nlS).
The motivation for this puramctrization for various amor-
phous solids such as TBAS is that the eaperimental ovi-
dence (§,9,10) indicates that, to a larpe oxtent, they are
"nearly crystalline'; ie., spectral features that are
prominent in the crystal renain prominent in the corves-
ponding inorphous solid, and are expected to arise from
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the [n)5k,  Featurcs which are weak or absent for the crys-
tal arc generally also weak in the amorphous counterpart,
and arc cxpected to arise grincipa]ly through the non-crys-
talline configurations [n)S. Each of the configurations in
the sct [n)SL will Jead individually to featurcs obeying
crystallince-like k-sclection rules, i.e., 0S(n) = 0 for
forbidden processes. The final spectra will in general
P however, be broadened out because of the averaging pro-
cess. If the principal pp, peaks strongly about a single
e configuration n, then the analogue crystalline features
characteristic of n will be prominent. 1f, on the other

. hand, the p, possess a considerable sprecad, then the crys-
- talline fcatures may be largely washed out. The configura-
tions [n]S, on the other hand, arc not subject to crys- : 3

tallinc selection rules, and always contribute to the
spectrum. In addition to broad, featurcless contributions
arising from the brecakdown of k-selection, various peaks
evident in the crystalline density of states, but suppressed
by selcction rules in optical spectra, will rcappcar for the
amorphous solid. We shall dcemonstrate below that the view-
point described here does indced provide a basis for a con-
sistent interprctation of observed. spectra of TBAS.

S . : With the above prescriptions, one may write .
<> = <g>>0 + <0>5
; SL ,SL S S
“Ilng vy 00 engp Y (@)
. S 2 7
ﬁ Py * E Py ® 4o Oy * Rg = (3) P ri

where we have chosen a convenient normalization for the
, Pp's.  The parameters ngy and ng which we here deduce from

a experiments are, respectively, the fractions of ordered and

disordered configurations, and thus provides a mecasurc of

the amorphousness of the solids (ng = 0 for a crystal,

Ng = 1 for a highly disordercd system). In ovder to procced,
. onc must specify the [n)SL and TnlS to be enployed above,
Anong “the confipurational paramcters n suggestive for TBAS,
for cxample, are the interatomic spacing, local densitics
and bond angles, all known to deviate from those of their
crystalline analogues and to display characteristic spreads
as well,  As o first step in the calculation of <5k o
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here restrict n to correspond to variations in local density

p alone. While the calculation of <0>5k for a given value i
of p will be relatively straightforward, this is not the

casc for <0>S., A reasonable, but not unique, possibility is

to cemploy just a nearcst-ncighbor (nn) unit immersed in a v
continuum to calculate the [n]S. This would account for the

principal features representative ‘of short-range order, yet

suppress those fcatures characteristic of the periodic lat-

tice structure beyond the nn cell.

0 The plan of the paper is as follows: 1In Section II we ‘3
P z calculate the first order IR and Raman spectra of disordered
' solids, and in Section III-the electronic density of states
and optical absorption spectrum are determined. In eveéry
instance, comparison with available experimental results for
TBAS is carried out. In Scction IV we utilize the present
theory to predict the multiphonon response in the highly
transparent regime of amorphous solids, with specific appli-
cation to TBAS. Conclusions arc given in Section V.

I1. First Order Infrarcd and Raman Spectra

In this section we desciribe a new interprctation of
e the first order infrared and Raman spectra of amorphous
< : solids. For definiteness, we concern ourselves mainly with
TBAS, such as Si, Ge, and the III-V compounds.

The photon-phonon interaction in crystalline solids may
be characterized, to a first approximation, in terms of ..
damped Lorentz oscillators. The IR absorption is rclated
to the imaginary part of the lattice dielectric function (11),
cz(w), whichotakcs the form

2 ! |
€,(w) ~ >i‘ [Mw;) | L(vg,T5) 4 4
, with Pim .
BlidssBe) & it 3
Sl (wiz_wz)z*rizwz
L -

3 L}
where IM(mi)|2 is the square of the dipole matrix clement
for mode wj and L(“i’ri) is o Loventsian escillator with

—— e o ® .

- ; 2
’ ﬂorlnﬂnmw,IMQHUH2=‘(H3QJMR).
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frequency wj and damping T;.  In diamond-type crystals,
M(wpg) = 0, and in the lowest order there arc no contribu-
. tions to thc imaginary part of the diclectric constant
(higher order photon-phonon intceractions contribute the en-
tire absorption). For the Raman scattering intensity (c.g.,
5 the Stokes couponent), .the corresponding cxpression (12) nay
be written as .

} | : Tp(w) = ?Iai(w){zL(wi,Tij[n(mi) +1) (6)

A vhere ]u(w)|2 represents the matrix clement of the induced

: polarizability, and n(w) is the Bosc-Linstcin factor. In
Eqs. (4) and (6), thc summation is to be performed over the
lattice modes which are cxcited in a particular experimental
configuration. In what follows, we shall assume, as is gen-
crally the case, that only ‘a singlc tranverse optical (TO)
mode is active. The generalization to situations in which
more than onc mode is excited is straightforward.

Adopting the statistical approach discusscd above, one
splits the lattice response in an amorphous solid into

sL
€20 (@) = g <c,(@)>% + n <e, ()>° (7)

S
f The second term in the right-hand side of Eq. (7) is the
' contribution of those structural configurations {S} which
possess short-range order only, and do not obey crystalline
k-selection rules. This term should, in principle; -involve
contributions from all the vibrational modes originating
" from the {S} configurations (although they may have sub- - e
stantially different strengths); it will thus be intimately s
related to the density of phonon states of TBAS. The {irst :
term in the right-hand side of LEq. (7), on the other hand,
results from configurations which possesses bhoth short- :
range and Jong-range orders, and thus, individually obey 4
- . crystallince k-selection rules. ' '

As discussed in the Introduction, calculation of the
lJattice response requires caumeration and/or parametriza-

pt 4 tion of the structural configurations of the solid, and
specification of their associated probabilitices.  Anong the
\; configurational pavameters n osugeestive for ThAS are bond ¢
lengths, bond angles, and Joca) density, all of which are 3
# known to deviate from those of the corresponding crystal,
, ’

. S
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and to display characteristic spreads about some mean

value ()3). In the present calculation of <6>SL e shall -
restrict n to local density variation alonc and morcover, 3
approximate this density as being uniform throughout the

solid. Whilc such a procedurc is admittedly crude, we will .
here demonstrate that ‘it nevertheless successfully accounts

for the principal features of a variety of expcrimental data,

; It is assumed that the dependence of the lattice res-
i 2 ponse, i.e., €7(w) on the Jocal density is mainly through
wj, the oscillator f{recquency, which, for small variation of
| the local density, can be obtained from the crystalline

: value by the Gruneisen approximation (14)

Y.
i w;(0) = w; (o) (o/oc) i B
where Pe is the cryqtalllnc density. ¥ is the Gruneisen

parameter for mode wj. The {SL} contrlbutlon then is given
by
St . .
<€, (W)>"" ~ J doP(p) €,(w,p) (8)
0

.

—
.

where P(p) is the distribution of the local don51ty which
for convenience is taken to be Gaussian,

: (o-p,)?
, ; P(p) = exp[ - —-2—-—] - ©))
i 20 : ¥

R oy e

where p,, is the mcan density in a TBAS, and o is the cor-
responding spread.  Such a form, i.e., Eq. (?), for the local
density distribution, can be partially justificd by consider-
ing the cffcects of the spreads of the nearest and the sccond
necarest interatomic spacings on the local density. The de-
tails of this procedure will be given elscevhere (18).

‘ Caleulation of the short-range {S} terms s considerably
more difficult. As sugpested above, one might sinply choosce
these to be proportional to the crystalline density of phounon
states (possibly with minor modifications). However, since
the cerystalline density of states includes both short and
long range features, its use for the {§) terms is therefore ;

» not,; strictly speaking, consistent with the present break-up,

' As alluded to previously in the Introduction, a possible <
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alternative is the calculation of the modes and associated
response of a small cluster of atoms, vicewed as immersed in

b a continuum (acoustic bath). Calculations along this line
have recently been pursued by various authors (16). In the
present work, we will calculate just the {SL} terms, and
content oursclves with pursuing a consistent interpretation

: of the {S} and {SL} contributions manifested in experimental

data. ‘

L As an application of the above prescriptions, we ana-
by ) : lyze in the following the first order IR and Raman spectra
of scveral TBAS, including Ge, Si and I11-V's, TFigs. 1-3
. display results of calculations, employing the above recipe,
as compared with the experincental spectra. The mean density,
Pa, and the spread,o, in P(p) have been adjusted to provide
a best fit to experimental spectra. Fig. la and 1b show the
first order Raman and IR spectra of amorphous Ge. If one
F sets ng = 0 in Eq. (7), onc obtains a good fit for the prin-
cipal Raman peak, with the remaining lower frequency features,
preswsably arising from the {S} configurations. -The IR one-
phonon spectrum, which is forbidden for Ge in the ecrystalline
phase should arise cntirely from the {S}, i.e., €3 = €55.
Apart {rom matrix element effects, this spectrum should be
: roughly proportional to the {S} contributions to thc Raman
P spectrum, which may be determined by first choosing an ngy,
§ and then subtracting the calculated {SL} contribution to the
Raman spectrum from the experimental on:. Comparison of the
IR data with'<£2>5 with ngp, = 0.7 is skown in Fig. 1b. Simi-
lar results may be obtained for amorphous Si as wgll. It
appears that the peak positions and shapes of the Raman spec-
tra of thesc amorphous solids are well represented by a simple
sum of the {SL} and {S} contributions, and the IR spectra by
just the {S}.contribution. Fig. 2 displays a similar fit to
the JR spectrum for amorphous GaAs with ng) = 1. Fig. 3
shows, the same for amorphous S$jC, but for a gcometry in which
both TO and LO are excited (Berreman effect) (17). Very simi-
lar results are also obtained for the infrared spectra of
amorphous Gal', GaSb and InAs and are shown in Figs. 4-6. The
conclusion reached is that {S} contribute very little to the
first order spectra of a typical binary TBAS; the principal
. features arisce from just the {sL) alone.

In Table 1, we list the relevant strnctural data of the
TEAS.  The o and p, characterizing the local density distri-
. bution are also given.  The local density parameters are

i
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Fig. 1. (a) Comparison of calculated crystalline-like contri-
bution and cxperimental Raman spectrum of amorphous Ge. Lince:

experimental data (Ref. 2), open circles: calculated with

Ngp. = 1.0, open triangles: calculated with Ny, = 0.8, open

squares: calculated with Mgy, = 0.7. The dificrence between

the experimental and caleulated curves arc represented by i
full circles, full squares, and full trianples, vespectively.

The difference curves represent the {n}S contribution,

(M) Infrared data (solid curve) of Ref. 9 is compared with .
the (n)S contribution (dashed curve) for ng;, © 0.7,
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Fig. 2. IR abs. in a-GaAs. Solid curve: experimental data ]
from Ref. 8, dashed curve: result calculated in this paper
with pa/pe = 0.96, 0/pa = 0.77 (see text and Table I).
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Fig. 3. IR abs. in a-SiC. Solid curve: cale. with para- '
meters taken from Feldman et al), P.R. 170, 698(1908); 173, i
787 (1968) and Mitra et al, PR, 86, 1T (1969). ‘
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TABLE I. Reclevant Structure Paramcters of ‘Some TBAS

g p./e." c/p. x 10C%
- O + L d - + 0 +* + 0 a c 2
Material wpnﬁ)u anﬁwv owwﬁmv nwnﬁav NNpﬁmv Qﬁmﬁuv A B C A B C
si 2.35 2.37-2.41 0.09 3.84 ° 3.84° 0.25 0.65 0.91 0.28 11.5 £.2. 7.6
Ge 2.45 2.46  0.037 4.0 4.0 0.28 0.99 0.94 0.96 4.5 7.5 7.0
CaP 2.36 2.44 0.16 3.8 3.9 0.34 0.90 0.89 0.50 2.0 13. 12.4

CaAs 2.45 2.48 0.02 4.0 4.0 0.28° 0.96 0.96 0.92. 2.2 7.7 ©B:-8

GaSh 2.65 2.67 0.12 4.33 4.3 .38 0D.98 0.87 ©0.81 13. 15. .1).

InAs 2.612 2.69 . 0.05 4.3 4.0 0.28 0.93 0.91 0.77 5.6 9.9 9.2
" . A - A a4

In? 2.34. - 0.05° 4.15 - e 0.95" -~ - 12 - -

InSH 2.81 2.86 0.10 4.59 4.5 D.33 0.94 -- 0.75 9.9 -- 1D.7

+All experimental data taken from Ref, N.J.Shevchik and W.Pzul, J.Noa-Cryst. S
(1974), except those of Si, which were taken from R. Grigorovici, J. of Non-C
303 (1269).

*Colum1 A represcnts values estimated from data for nearest neighbor distance only.
Coluirn B gives values obtained from absorption (or Raman for Si and Cc) spectruz, as dis-
cus=2d in the text.

Colizn C gives values obtained from a local density calculation (Ref. 13).

AEstinated values. : :
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Fig. 6. Same for InAs, with p,/p. =
0.91, o/pa = 0.099,

Tae
o
compatible with the results of various experimental measurc-
ments, if one realizes that the structural properties of a
TBAS film arc very dependent on the preparation conditions,

v 17 T._ Blectronic Structure :\_n‘\\._gpr icn) Spectra

Most theorctical works on the electronic propertics
’ of TRAS have stressed the importance of the breakdown of
the K-scelection rules associated with a loss of long-range
order. As o conscquence, 3t has often been suppested (18)
that calculation of the clectronic properties of TRAS
should take eaplicit account of structural disorder, thereby
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dictating approaches which arce widely different from those
uscd for the crystalline phase. However, as we have demon-
strated above in connection with the Jattice response, the
disorder in TBAS docs not result in catastrophic effects.

In fact, as was shown above, the principal fcatures in the
Jatter spectra can still be described by erystalline-like
contributions, In our calculation of the electronic struc-
turce, particularly the clectronic density of states of TBAS,
we shall follow a philosophy similar to that taken by lcerman
and Van Dyke (19), Erust (20), and Kramer ct al (21). Namely,
the clectronic density of states of a TBAS are calculated by
using its crystalline counterpart as the starting point with,
however, certain modifacations which take account of the
structural disorder.

We start with the following prescription for ny(E), the
clectronic density of states at cnergy E, of TBAS:

B .
: . : 1 a2
na(E) = /n (E,P) expl - 3(—5)"] dp (10)
where n_(E,p) is the crystalline counterpart corvesponding
to local density p. Eq. (10) amounts to neglecting the (S}
contribution to n,(E), which should be useful as a first
approximation. Since

ne(E,p) = L2 8(E - By 4 (0) (1)

-~ .

where nois the band index, and k is the wave vector of the
clectronic states ¥

n 1r) L o AR T N = [ 1 e .
MR ﬁ ; (."".E(f)) e’ i 2‘(‘d"~)‘J dp (12)

In general, we expect the loca) density distribution to
be fairly sharply peaked, and therefore that the largest con-
tribution to the intepgral in Eq. (12) will come from p's
for which ID-pdl = 0%spge In this range of a, Fy p(p) can be

expanded in p-p, .
l;"ib(p) o l‘.""\((\‘_‘) @ \vn'k(‘\-p") | SRR (13)
> E
. 12
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. where

~cussed elsewhere (22) and nced not be repeated here.
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Eq. (12) can then be written as

s

: ) n,k(pa) 5 ;
n()« I ———ecxpl -5 (———)°] (15)
h n,k Yn,k 2 on,k :

%,k ©

Y,k (16)
Thus, within the present approach, the 6-functions in
Eq. (11) rcpresentative of the crystalline phase are now
replaced by a series of Gaussians. The widths of the
Gaussians are given by the o, Kk’ vhich are the products of
the density spread paramcter 0" and Yn K> the derivative of
the electronic energy E k with- rcspect to the local density.

To calculate Y, y use can be made of the following
equation. If P is pressure, then

+ oE
D Tl

G e e A R R L

In Eq. (17), K is the isothermal compressibility. The pro-

blem then reduces to finding BEn ‘/Bp This latter quantjty

can, in principle, be estimated {iom high pressure data, or Tar
obtained from a pressure dependent band structure calcu]ation.

Such calculations arc available; the details have been dis-

-~

Fig. 7 shows a c1)<talllno E-k dlﬂ?]dﬂ (full lines)
along the [100] and [111] dircctions. The bars indicate the
relative magnitude of Yn, k. Gal is taken as an illustrative
example.  Results for othor solids considered in this paper
arce similar., It is Oh\C!VCd that the conduction states, in
general, have larger Y )\ than the valence states. This is
not unexpecied, because the conduction states wave functions
arc more extended in space and therefore are more "sensitive"
to the change of the local density resulting from structural

13
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disorder. Figure 8 shows the calculated density of valence
states (DVS) and density of conduction states (LCS) for GaP
with various valucs of a "disorder parsmeter' defined as
06/p,. Curvc A of Fig. 8 is the lcast disordered. The DVS
is cssentially the same as its crystalline counterpart ex-
cept for some smoothinp-out of the fine structures in the
upper-most valence band. The DCS, on the other hand, alrcady
shows substantial departure from 1hc crystalline dcns:ty of
. states, although the broad prof)les remain.,  For Curve B and
C, the valucs of o/p_ arc 0.13 and 0.2, respectively. The
changes in DVS and pls with the degrce of disorder are vivid-
ly indicated by the trends manifested in these curves.
. Scveral points arc particularly worth noting: (2) the widths
of pecaks of the DVS are very little affected by disorder ex-
cept for the tailings of dcnsity of states into the crystal-
. line "gap", i.e., regions of encrgics with no states; (b)
higher degrees of disorder produce larger tailings. This is
particularly significant regarding the crystallinc optical
gap, as shown in Fig. 8; (c) for a higher degree of disorder,
(c.g. Curve B and C in Fig. 8) the finc structurés in the
crystalline DCS all but disappear, and is replaced by a single
big hump followed by a flat plateau. Results of similar cal-
culations for amorphous Ge and Si also show some hump-like
structures in their DCS (4). A singlc-hump Structured DCS
. has recently bcen reported by LCastman et al (23) for amorphous
Ge, which is in contrast to the totally flat DCS previously
deduced by Donovan et al (24) from UV photo-clectron emis-
sion data. A]though no experimental data on the DCS for I11-V
amorphous scmiconductors arc available at the present, such a
onc-hunp structure appcaring at the ‘lower cnergy part of the
conduction band of these matcrials is highly possible, becmusc
of the gencral similarity of their clectronic structure to that ‘- v
of Ge. Fig. 9 shows the clectronic densities of states for
several ITI-V TBAS. In all cases, the changes induced in the
DVS by disorder arc much less significant in comparison with
the corresponding changes in the DCS. Similar results were
obtained for Ge and Si (4). A controversy regarding the struc-
tures of the Jower encrpy part of the amorphous DVS is worthy
of some discussion:  Fov clemental TRAS, i.c., Ge and Si, the E
calculated results (4) f01 the present approach, show two dis-
: tinct peaks (at L= - 8§ ¢V and - 10 cV) in the lower-cnerpy
- y part of the PVS. This is in contrast to the experimental re-
sults of Ley et al (25), wheve it was found that the two
distinct Jower-energy peaks in the erystalline phase coalesced
. into a single big hump in the amorphous phase.  Joannopoulos
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(ARBITRARY UNITS)

ENERGY (eV)

i Fig. 9. Elcctronic densitics of states for amorphous TBAS.
- (a) GaAs, with o/py = 0.077, (b) GaSb, with o/p, = 0.15, (c)
-InAs, full curve: o/p; = 0.1, dashed curve: o/p; = 0.06.

. and Cohen (26) argued that the possible existence of the
five-fold rings in amorphous Ge and Si would introduce
cigenstates with energies in between these two peaks, thus
resulting in their apparent mixing. The argument basced on
five-fold rings has been disputed, for oxample, by
Tejeda et al (27) and Treusch and Kramer (28). In fact,
Treusch and Kramer .demonstrated that the fluctuations in
the sccond-neighbor distance leads to an additional effec- s e
tive potential V (£,0,0) in amorphous TBAS. bKhile this
cffect is small in compound scmiconductors, it is large
enough in amorphous §i and Ge to cause coalescence of the
tvo low encrgy peaks in the amorphous phase.  The DVS
. for several crystalline (29,30) and amorphous (29) 111-V
and 11-V1 semiconductors have recently been determined from
x-ray photo-cmission neasurements, It was found (29) that
the DVS of an amorphous conpound is essentially a broadenced
& version of jts crystalline counterparts.  The results of the _
present caleulation indicate the same, althouph the extent of 3
broadoning is small except in the tailing parts.  Howvever,
note that in the eaperinental results of Shevehik et al (29),
the erystaldine VS dn also greatly bhroadencd as comparaed
with theoretical results (31). We feel that since the
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amorphous DVS arc dctermined with the same experimental sct-
up (e.g. same resolution), much of the observed broadening
might be similar in origin to that obscrved in the crystal-
linc counterparts and not a result of disorder.

The imaginary part of the electronic diclectric constnnt
z(w), is given by

e, ) - -‘w—z ) |* = 5(5{;:1-@) T pe)

1,

where the summation is pcrformcd over all initial statc< i,
and final states, f. 'M(m)l is the arithmetic average of
the transition matrix element at photon energy w. In the
crystalline case, both momentum and energy arc conserved,
the summation in Eq. (18) can be represented by the joint
density states. For the amorphous phase, we adopt the non-
dircct transition model(3la), for which

c2.8 il ;— IM( )l con (w) : (18|)

where ]M(w)lg is the amorphous matrix clement, which is ob-
taincd from that of the crystalline phase by smoothing out
the umklapp peak (52) (a feature resulting specifically from
crystalline long range order); ncon(s) is the convoluted
density of states orf the DVS and DCS corresponding to energy
w. The imaginary part of the diclectric function €3(w) for
scveral ITI-V compounds obtained in the above manner are-com-
parced with experinental data (33) in Figs. 10 to 13; the
energy dependent mawrix clements are shown as insets. For

Si and Ge, (for which results arce given clsevhere (4)) the
agreement with experiment, regardin? both peak position and
shape of the calculated €2(w), is good. For I11-V compounds,
the agreciient is good for Gal’, GaAs aud InAs; for GaSh, the
calculated result is less satisfactory, in that the predicted
position is shifted by more than 1 oV below the experimental
data.  In Fig. 10, we also show clearly how the disorder para-
meter affects the €2 spectrum of amorphous Gall.  We note, in
particular, that disorder will produce Jarpe density of
states tailing into the crystalline optical gap, which in
turn contributes to higher absorption at lower cnerpies (i.
e., & red shift of the peak).  The discerepancy in the casc
of Gasb may in part result from inoccuracies in the tail of

1§
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the density of states function predicted by the p:cscnt
calculation,

V. Multiphonon Absorption

Mu) tiphonon absorption is the principal loss mcchanijsm
limiting the transparency of infrared optical materials (34).
Recently, a wide varicty of thceorcetical and cxperimental
studies of multiphonon absorption have been carried out (35).
For certain applications, cspecially those requiring coatings
or a thin-film gcometry, the use of amorphous materials has
been contemplated (36). The purpose of this scction is to
investigate the properties of the multiphonon absorption coef-
ficient a(w) in amorphous solids, and to contrast them with
predictions for the crystalline case.

To calculate o, we will utilize the single-particle (sp)
model (37) which, although rather artificial, allows an exact
trcatment accounting for both anharmonicity and nonlinear
moments. Although the absolute values predicted - for a may
not be reliable, trends in the frequency and “temperature de-
pendence, and trends in the ratio of the amorphous to the
crystalline value for a are expected to be at lcast qua];la-
tively correct.

Our calculations for a for the III-V's will be restric-
ted to the {SL} portion alone. This is motivated by two con-

siderations:  (a) the S terms are small overall in these solids,

and (b) the greatest modifications in the density of states
appcar at the lower frequencies which have a relatively minor
effect on muiciphonon processes in the transparent regime (35).

The absorption in the sp model is given by (37)

.

Imy = 2]<0[m(r)[n>l26(m-mno) (19)
n

wheve pois the refractive index; In\‘s are cigenstates and
Wa's cigencrgies neasured fron the ground state of the
i) tonian

2%
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P2
H = PO v(r) (20)

where v is the sp (anbarmonic) potential; m is the (nonlincar)
moment. .Various schemes (38) have been introduced to extract .
a continuous spcectrum mimicking a.crystal from the linc spcc-
. trum of Eq. (19). For ‘the present qualitative purposcs it

wil]l be sufficient to merely interpolate bLetween peaks to
provide a continuous a. The justification for such proce-

L . : durcs stems from more detailed calculations, which indicate

' substantial smoothing of the multiphonon absorption spectrum

at higher frequencies (35) and from the considerations de-

scribed at the end of this scction. The Morse potential,

Er

: 5 v, (e -2e" ¥ - ©(21)

has been utilized previously in various sp caiculations, and
will be employed here as well; the moment will be chosen as
(39)

-2511‘

.

m=me (22)

B If wy(p) is the harmonic frequency asscciated with a
given valuc of density p, then a for the amorphous solid is
given by

@ = JdoP(p)a(w, (0)) | @)

where we again cmploy a Gaussian distribution for the local
density as discussed previously. We assume that the range
paramcters § and &) arc the same in the amorphous solid as
in the crystal, and account for changes in wy vs p through 3
variations in vg. Since we do'not account for changes in my
" (i.c., cffective charge), the absolute magnitude of « will
2 be unrcliable, although the frequency and temperaturce de-
pendence of a wil) not be substantially affected. ; 4

ERRAPRVITRP——

Refore proceeding to the computed results. for 111-V's,
it is instructive to indicate ‘the general trends anticipated
for a{w,T). For purposes of illustration it suffices to
utilize an approximate result for a, valid for a crystal with
a linear moment (34), )

Sadvi e
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a(w) = u cxp[f.n{(nod)-n)w/uo - tn(n(w) + 1)) (25)

" where ap and B depend relatively weakly on w,, and ng is the
Bosc-Linstein function for w=wg; typically, B « 4 for zinc-
blende semiconducting erystals (39). In the vicinity of the
crystalline density pé, the Gruncisen approximation, i.c.,
Eq. (5) is valid. Thus if pa/pe = n<), wg decreases and

" a(w) falls more rapidly, while the reverse is truc if
Pa/pPc>1.  The averaging procedure, on the other hand, always

¥ tends to broaden a(w). While the two c¢ffects act in the

' ; samc direction for n>1, they oppose cach other for n<l,

i ] which is the case for J11-V TBAS. The determining factor

is the cxtent of the spread in local density, as measured

by the paramcter ¢ in P(p). A similar situation prevails

regarding temperature dependence.  For n<l, for example, the

absorption at fixed w involves more plionons and thus would
be morc highly temperaturce dependent; however, this tendency
is countcracted by the averaging procedure which tends to
reduce the overall dependence.

Examples of calculated results for a(w) obtained utili-
zing values of ngyf and &) arc taken from Ref. 39, and are
illustrated in Fig. 14. Computations for GaSb, GaP, InAs
and GaAs all predict that anorphous spectra display a lower
rate of decrease as’a {unction of w than do the corresponding
crystalline onces. Morcover, departures from exponential be-
havior arec morc evident than in the crystalline case. While
the changes are relatively small in GaAs, they are very sub-
stantial in GaSb and GaP. ..

The effects of amorphousness on temperature dependence’
of multiphonon absorption are indicated in Fig. 15. The i
temperaturce dependence at fixed w is suppressed substantially
in the highly amorphous limit.  Note that while amorphousnoss
has a’'significant effect at quantun temperatures (T/w.<1),
the cffecct on a at high T (Tue>>1) becomes relatively minor.

~

We have here found that it is possible for the decrease
in @ vs @ to be greater or less an an amorphons solid than
in the erystalline counterpart, depending on the mcan density

¢ and the spread in the density distribution,  Fer the amor-

e phous 111-V's dnvestigated, a(e) was alvays hroadencd rela-
tive to the crystal, and displayved preater departuves fron
exponential behavior,  ‘The terporature dependence of a was

.

.
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Fig. 14. Logjp of absorption cocfficient vs. freyuency :
w/wg, where wy is the crystalline harmonic frequency, for e

_GaSb and GaP. The upper curves in cach pair is the amor- G
phous result, while the lower is the cerystalline.

found to be suppressed in the amorphous solid, especially in
the quantum regine.  The T11-V's investigated display a wide
ranpe of behavior; e.p., the effects of amorphousness are
predicted to be relatively minor for Gn\d, but substantial
for GaSb. Since ng is larper for anorphous Si and Ge than
for 111-V's, it is rcasonable to surmisc that a will be cven . ;
more cnhanced and broadencd in these solids,  Thus various
potential infvared materials may, in their amoiphous forms,
incur jnacceptable losses in applications vequiring high
transparency in the amorphous states,  However, some quili-
fication of the present results iy in order,  The calcula-
tions rely on rather Jimited avounts of input data, deduced
from partiuctar sanples. Given the weldl-known fact that the

. o
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Fig. 15. Log, absorption cocfficient vs logc(T/wé)', wvhere
: . Wc is the crystalline harmonic frequency at w/we = 3. Para-
g " - meters characteristic of GaShb arc used, except that o/p, is 7 e
g varied. Curve 1: 6/py = 0.22, Curve 2: 6/p; = 0.15

(amorphous GaSb). Curve 3: o/p; = 0 (crystalline GaSb).

structural characteristics of an amorphous film are very de-
- Pendent on its preparation conditions, the quantitative de-
tails of the present caleulation may be unreliable, although
* we believe that the qualitative trends predicted are indeed
i correct. : .

J ’ V. Conclusions :

. We have here shown how microscopic density disorder af-
feets the optical properties of solids, leading to shifting
and broadening of spectral features, and 1o modifications of
temperature dependence, as compared 1o erystalline solids.,

"
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Such phenomena may be accounted for by considering the ef-
fects of density variation on crystallince spectra. A para-
meterization in terms of two classes of configurations,
namely those conscrving k and those which do not, appcars
uscful. For solids which arc only "slightly disordered",
a prescription in terms of just the former is sufficient to
. describe the principal features of their spectra. Applica-
tion of the mcthod to tetrahedrally bonded amorphous scmi-
conductors provides an intcerpretation of lattice and elec-
2 g tronic spectra wvhich is in overall good agreement with ex-
A a periments. Morcover, it provides predictions of the in-
N trinsic optical properties of disordered solids in rogimcq
where they are not yet available experimentally,* such as in
the rcgime of high transparency in the mid-1R.
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L.l PSEUDOPOTENTIAL CALCULATION OF ELECTRONIC
BAND STRUCTURE OF CRYSTALLINE AND AMORPHOUS ARSENIC

A. Vaidyanathan
Department of Physics
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Kingston, Rhode Island 02881

and

Yo E. Tsay+ and S. S. Mitra
Department of Electrical Engineering
University of Rhode Island
Kingston, Rhode Island 02881

\ ABSTRACT
The electronic density of states of crystalline arsenic
is calculated using the empirical pseudopotential method.

The structure of amorphous arsenic is believed tc preserve

the double-layer nature of its.cryStalline counterpart, but
with randomly distributed interlayer separations, or equi-

valently, the internal displacement parameter, u. Thus to

simulate the amorphous situation, the electronic density of
states corresponding to values of u slightly different from
the crystalline value are calculated. Finally, these elec-
tronic densities of states are added, weighted with a Gaus-
sian probability distribution in u to yield the amorphous

8 electronic density of states. The nondirect transition modol

along with thoe energy dependent matrix elements is used to

evaluato tho imaginary part of the diolectric constant. A

Kramers-Kronig transformntion'is performed to obtain the roal h
part of tho diclectric constant. The electronic density of

states of crystalline and amorphous As are comparod with each

othor and with available thoeoorotical and eoxperimontal rosults,
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The real and imaginary parts of tho diclectric constants and

tho absorption coefficient of amorphous As aro also reported.

I. JINTRODUCTION

In the last few yoars, thore has been considerable in-
toroatl in aﬁudying the structural and opticﬁl properties of
crystalline and amorphous forms of the same material in order
to understand the effects of disorder; especially tﬁe changes
brought about in the above properties due to the relaxation
of the momentum conservation rule.

After the successful empirical pseudopotential method
(EPM)2 and self-consistent orthogonalised plane wave (SCOI‘\\')3
calculations of the energy bands of crystalline As of rhombo-
hedral structure, various workers have turned their attention
to the study of the structural and optical properties of As.
Van Dykeh has used the EPM to calculate the densities of
states of two different forms of crystalline As. Ley et a15
have experimentally obtained the X-ray photoelectron spectra
(XPS) of the valence bands of crystalline and amorphous As.
Bishop and Shovchik6 have measured the valence band density
of states of crystalline and amorphous As using high resolu-
tion photocmission experiments., Kolly.and Bullott7 have cal-
culated the EDOS of crystalline and amorphous As using the
rocursion.mothod. Raisin ot n18 have measured thoe roflec-
tivity and absorption spoctra of amorphous As. Kreobas and
Stoffnn9 havo obtained the radial distribution functions
(RDF) for two differont forma of glassy As from X-ray dif-

fraction moasuromonts,
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Greaves and Dnvinlo have conatructed a continuous ran-
dom network model for amorphous As, based on tﬁo threofold
coordination and bond angles fouhd in the double-layer atruc-
ture of crystallino As, Breitlinc11 showed, from X-ray dif-
fraction measurements of three different forms of amorphous

As, that tho double-layer structure of crystallinoe As 18 reo-

tained in the amorphous state. Further, he deduced that the
shortest layer distance is 4.05 £ in precipitated amorphous
As, 3.66 R in evaporated amorphous As and 3.15 h (same as
the crystalline valuu) in precipitated amorphous As that has
been annealed at 250°C and in high vacuum for five hours.

In this paper we calculate the electronic band structure

and density of states of As using the EPM. The calculations

are performed for 5 different values of the internal dis-
Placement parameter, u, in order to understand the role
pPlayed by the above parameter in determining the electronic
structure of As. Using a pﬁonomenological model, that in-
corporates a Gaussian distribution of the inter-layer dis-
tance, the donsity of states and optical constants of amor-
phous As are calculated. The densities of states of crys-
talline and amorphous As are compared And the effoct of dis-

order arising from the variation in u, is discussed.

IXl. BAND_STRUCTURE AND DENSITY OF STATES OF CRYSTALLINE As

.

Arsenic belongs to group Y of the poriodic tadble and
1
exists in two different crystallino formn.. In thoe black
phosphorous structuro, As has an orthorhombic unit coll and

is 0 narrow gap scemiconductor. In tho AT atructurce, As has
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a rhomboheodral unit cell and is a semimotal. The lattor,
which 18 considered in this work, is the normal As. The
rhombohedral unit cell of normnl'cryatnllino As has two

i atoms associated with each lattice point (Figure la). The

two atoms are located along the trigonal axis and are se-

parated by a distance 2ud, where d is the trigonal body

diagonal and u is the internal displacement parameter. For

crystalline As, u has a value of 0.226. The point midway
. between the two adjacent atoms along the trigonal axis is a

center of inversion for the unit cell, and is usually chosen

e

as the origin of the coordinate system, so that the structure

factor becomes realz.

The EPM12 is employed to calculate the eiectronic band
structuze. The pseudopotential form factors Pl of reference
2 were used, since they were found by Falicov and Golin2 to
successfully reproduce the data on band structure obtained %
from experimenéal measurements of deHaas-Van Alphen effectlj. |
Following'tho procedure described by Brustlh, 20 to 30 plance
waves are treatod exactly and a further 70 to 80 plane waves
are included by first order L¥wdin perturbntionls. The ro-
sulting band structuro for election wn#o vector K along
seveoral important directions, is shown in Figure 2e.

In order to calculate tho cry;tnllino density of states,
the energy cigenvaluos were calculated at 151 ovonly distri-
buted sampling points in tho irreduciblo part of the first

Drillouin zone, shown in Figure 3. Quadratic intoerpolation

was usod to oxtend the results to 349 finer mosh pointa
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cloan;t to cach of the sampling points. The rosulting den-
sity of states is compared in Figure 4 with thoe oxporimental
density of atates obtained from XPS by Ley et n15 and that
obtained from high resolution photoemission oxperiments by
Bishop and Shoveh1k6. The overall agrocement betweon our re-
sult and the exporimontal results 13 seon to be good. We
would like to point out that even though the structure in
the p-like valence subbands between 4 and 5 eV obtained in
our calculation is missing in the results of Ley et nls,
the results of Bishop and Shevchik6 confirm the structure.
Our result is also in good agreement with the results of
the calculations of Van Dykou and Kelly and Bullott7.

Our calculated splitting of phe low energy peaks in
the valence band density of states is more pronounced than
that observed in the, experiments. The bottom of the val-
ence band according to the present calculation, is at 15.2 eV
below the Fermi level. This is in better agreement with the

results of tight-binding and SCOPW calculations as reported

in reference 5, than with the experimental results.

III. DENSITY OF STATES AND_OPTTCAL_CONSTANTS OF_AMORPIOUS As
As montioned above, arsenic cfysfullizos in a double
layer structure. In the following, we discuss those aspocts
of the structuro which are relovent to our modol of amors
phous As. As montioned above, two interponctrating face-
contored rhombohodral lattices form the crystal latticoe of
As. Thus tho primitive coll contains two atoms, oeach bo=-

longing to a difforent rhombohodrnl sublattice. Any par-
<3 B
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ticular atom is sited on one of tho [111] Planes and has
three ncarest neighbors on the adjacent pnrallél Plano;
three noxt nearest neighbors lie.on another [111] plano on
the other side of the given atom, but substantially further
away. Planes normal to the trigonal [lll] direction occur
in pairs in which the atoms are comparatively close to one
another, while these double layers are more widely spacod.
ﬁ) Three different arrangements of tlie atoms on the planar net-
. works exist. A projection onto the xy-plane (Figure lb)
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 interplanar spacings in
turn. The crystal structure is described by £he sequency
123 123 123 of three types of double layer network (Figure
lc). It can be shown that the separation of a plane, along
the [lll] direqtion, from its adjacent planes depends on the
value of the internal displacement parameter u. In fact, 4

16

these distances are given by

w 6ru - r

(o]

Vo = 2r -.Gru

£ rp e 107 e -

where r is one third of the body diagonal of the rhombohedral
u.rl-it coll.

. In our model calculation for amorphous As, it is as-

sunied that the rhombohedral unit cell of the crystallino As
. is unchanged, but the internal displacement paramotor u has

a distribution of ~10°/o about its crystalline valua., Thisa

”
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changos tho vnluﬁa of ¥ and Yo by the sumo amount, but in
opposite directions, so that the aseparation vo‘+ v, is con
stant. Our model allows vnriatibns in the first and second
nearest noighbor distances, while still preserving the rhom-
bohedral unit cell and double layer nature of crystalline As.

Breitling has ahown11 from X-ray diffraction mcasure-

ments that the structure of amorphous As is crystalline-like,

and tliat amorphous As is found to 'exist in three differ-

ent forms with different inter-layer distances. Williams
and Woaircl7 have calculated the change in the total energy
of As when the rhombohedral angle and the internal displace-
ment parameter are varied independently. From these results
wo sce that for the changes in u that we consider here the
change in the total energy is indeed very small, (~0.1 eV).
These findings suggest that our model is a reasonable one.to
start with in the study of the electronic structure and op-
tical properties of amorphous As.

Band structure and density of states are calculated for
five different values of u within the limits ilOo/o of the
crystalline value. The band structure for three different
values of u are shown in Figures 2a, éb, and 2c. The amor-
phous density of states is approximated by summing the five
donsities of states weighted with kho function:
oxp[—(uo-u)z/(Qoz)]. Greaves and Davis'? have estimated the
Gaussian spread in the noaresat neighbor distance 0 to be
0.1 S. From this we ostimated the Gaussian spread in u to

bo 0,00075, Thoe roesulting donaity of atatesa of amorphoua

[
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As i8s shown in Figure 5 along with the experimontal results
. of Loy et nls. and Bishop and Shovehik6.
On comparing our crystalline and amorphous densities

of states, we note the following: most of the featuros are

common to both of them; the structure in the p-like valence
sub-bands noticed in tﬁe crystalline case is retained in the
amorphous form. This is in agreémont with the experimental
results of Biship and Shevehik6. The splitting in the val-
2 ence band between 10 eV and 14 eV below the Fermi level be-

comes less pronounced in going from the crystalline to the

amorphous form. Ley et al5 however, found from X-ray photo-
emission experiment, that the two low energy peaks virtually
cqalesce into a single big hump.  More recent experiments by
Bishop and Shevchik6 indicate that the pronounced two peak
structure is greatly.reduced.in the amorphous form. This is
‘believed to result from the presence of five-fold rings in
the amorphous form. TeJjeda et a118 and Treusch and Kramerlg,
however, ﬁave shown that similar effects observed in group IV
semiconductors may also be a consequence'of the fluctuations
in second nearest neighbor positions, and therefore does not

. necessarily arise exclusively from the five-fold rings. Our

model does not assume any odd mombered rings. The slight

” mixing of the two peaks in our model is caused by the varia-
tion in the imternal displacement parametor, which causes
yarintions in the first and second neighbor distances. Our
calculated density of states of amorphous As is in fair

agroomont with the result of tho calculation by Kelloy and
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Bullett7.
: 1]
The imaginary part of the dielectric constant is given -
20 ; T

by the formula

e, (w) ~ -‘;2- M(w) |2 0rp Pe() - (1)

where w is the angular frequency of the photon, IM(w)l2 is
the arithmetical average probability of dipole tran;itions21
at frequency w, and nc(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 Jjoint density of states because,
in the amorphous solid the k-selection rule breaks down and
only energy is conservedzo.

Amorphous matrix elements as used in this paper have
been obtained from the energy dependent crystalline matrix
elements, which we calculated by smoothing out umklapp-
enhanced transitions and retaining as much energy dependence
of the crystalline case as possible. The Ez(w) calculated
using equation (1) is shown in Figure 6a.

The real part, cl(w), of the comglox dielectric con-
stant is related to the imaginary part,'cz(w), by the Kramers-

Kronig rolntion22

1 I L
2 e £,(w Jw'dw
g(w) =1+ 3P [ So—s (2)
[ o] w - W

in which P is the principal value of the integral. To usec

this formula one neceds cq(w) ovor all frequencies. Since
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we have cz(w) only for a limited range of frequency, wo at-
tach a etructurel;sa tail of the form A/u? to the calculated
82 spectrum. The constant A is determined by the continuity
relation. The cl(w) apectr%m thus obtained is shown in
Figure G6b. }

The absorption coefficient a(w) is given by

—

(3)

where ¢ is the velocity of light in vacuum and n(w) is the

real part of the complex index of refraction, defined by

n (w) = n(w) + ik(w) ()
E n(w) is calculated using the two simultaneous equations

n?. - kz = El (5)

2nk = €, . (6)

E | a(w) calculated using equation (3), (5) and (6) is compared

with the experimental absorption spectrum8 in Figure 7. The
Peak value of our absorption coefficient was scaled to equal
L : the peak value of the exporimental'a. The overall agreement

between the theoretical and experimental absorption spectra

is soen to be quite good.

IV. SUMMARY AND CONCLUSIONS

We have prosented a calculation of EDS of amorphous As,
We rogard the structure of amorphous arsonic as prescerving -

tho double layor structurc of crystalline As, but with

3 218
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interlayor separations distributed randomly., The latter can

be described conveniently in terms of a random distribution Ly
of the internal displacement par;moter u., Such a structural
model for amorphous As is consistent with experimental data

of RDF, This nmodel is also plausible in view of the fact

that the total energy of the structure is slightly different
from that of crystalline As. The slight deviation of u from

the crystalline value can be regarded as a random perturba-

. tion, which broadens, to various extents the energy of each
and every state. The exteﬁt of the broadenings due to u is
determined approximately by calculating the crystalline band
structure with various values of u. The amorphous EDS is
obtained in the present paper, by summing up crystalline EDS
with various u weighted by a Gaussian probability distribu-
tion. Such a procedure is, in fact, equivalent to broaden-
ing each individual energy level with different broadening
parameters which is determined by how sensitively the in-
dividual energy levels shift with respect to the change in u.

Our model predicts electronic density of states and absorp-

tion coefficient that are in reasonable agreement with exist-

ing data.
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FIGURE CAPTIONS

Figure 1 (a).The rhombohedral unit cell of As in the A7
structure. The dots represent the two atoms in
the unit cell. [a| = 4.1318 A and a = 54°13',
(b).The arrangement of the three types of atomic
networks A, B and C in crystalline arsenic pro-
Jected on the xy plane. :

k) (c).The sequential nature of the planes normal

to the z-axis in'As. Single planes are separated
alternately by v°(=2.2531 A) and wo(=1.2529 )\)
and are arranged in the sequence ABCABC. The
double layer planes follow the order 123123123.
Figure 2 (a).E-i diagrams for‘cristalline As along a few
high symmetry directions. The intermal displace-
ment param;ter u is assumed to be the normal crys-
talline value of 0.226.

-

,(b). E-k diagrams for As with u 0.95 x 0.226.

(c¢). E-k diagrams for As with u = 1.05 x 0.226.
Figure 3 The first Brillouin zone of As (A7 structurec).
The zone bounded by the interior planes I'LL!',
h . FLUT, TL'XT and the surf;ce_plunes constitutes
| the irreducible part of the Brillouin zone and
its volume is one=-twolfth of the volumo of the
Brillouin zone. Fof a more dotailed description

of the Brillouin zono, plecase soo reference 2.
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Figure captions cont,

Figure A

Figure 5

Figure 6

Figure 7

i8 due to Raisin et al .

Electronic density of statoes of crystalline Ase.
Solid 1line 4is our result., oo0o0o0o is due to

Loy et als, xxxxx is due to Bishop and Shovchik6.

Electronic density of states of amorphous As.
Solid line is our result. o00000 is due to

Ley et a15, xxxxx 18 due to Bishop and Shevchik6.
(a). Imaginary part of the dielectric constant,
Ez(w),of amorphous As plotted as a function of
energy.

(b). Real part of the dielectric constant,cl(w),
of amorphous As obtained by performing a Kramers-
Kronig transformation of Ez(w).

Absorption coefficient of amorphous As, as a

function of energy. The experimental result

6
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4.5 ELECTRICAL PROPERTILES AND HOPPING TRANSPORY IN
AMORRIOUS STILICON CARBIDE FILMS

K. Nair and S. S. Mitra
Department of Xlcectrical Engincering

University of Rhode Island

Kingston, Rhode Island 02881
Abstract

Thin films of amorpﬁous SiC‘arc prepared by rf-sput-

tering and the conductivity studicd in the temperature
range 300 K 2 T 2 80 K both as a function of temperature
and as a function of applied field. Although a few other
mechanisms of currcntvtransport were c¢bserved, much of the
dc-conductivity was found to be due to hopping between
localized states. Mott's exR(T-¥/h) law is obeyed ét lower
temperatures and the values of the significant Mott's para-
meters obtained from the rcgults are quite realistic. The
dc-conduction at room temperaturé, at applied fields of the

5

order of 10 V/cm, is explained by field-assisted hopping.

The ac-conductivity obeys the wo law at lower frequencies
and saturates at frequencies above 100 Kllz. It also shows
a ’I‘1 dependence. The effect of isothermal anncaling is

systematically studied.
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I. JINTRODUCTTON

]
Tho various current transport mcechanisms in diclectric .
1-" -t

thin films have been extensively studiced by many guthors .
In most cases the amorphous films differ fyrom the crystalline
ones by the absence of well-defined conduction band and val-
ence band edges and the large density of localized states

in the forbidden gap whiéh act as traps. These featurcs of
the amorphous dielectrics make it possible to explain their
elcctrical properties by mcans of models formulated for
amorphous semiconductorss_sw The transport mechanisms in
the case of amorphous semiconductors have been a subject of
great interest for the last several ycars9. Although no
single model explains all the opser?od propcftics, the elec-
trical conduction is usually expl;ined by electronic hopping
between localized states below thé conduction band. At low
temperatures the conductivity, as has been formulated by
Mott, is due t6 hopping between states near the Fermi level

and is given by the Mott's lawlo,

4
o = a, exp[-(z2)"] (1)

At higher temperatures, however, the above law gets modified

depending on the applied ficld, trap distribution, otc.ll-lj.

Although crystalline SiC behaves as an insulator, varied

e 1h4 15 e

valuces for the resistivity have been reported v . Rdn
films of awmorphous SiC are genorally moroe conductivo than

crystalline ones sinco the transport mechanisms involved aro

quito different in the two casos.  Wo have studied the de-

b f e ity Seat MR a4
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;conductivity. as a function of applicd field,

of thin f£ilms of amorphous SiC. Thickness of the 50111[)103
uscd was of the order of 0.5 pm and fieclds used were around
II.O5 V/em. In this rogime the conduction is believed to be

due to field-enhanced hoppinglz. The dc-conductivity as a

4 function of itemperature is studied in detail for temperatures

v as low as 80 K where the conductivity obeys the Mott's law.

{
;
|
!

-\ However, other mechanisms which might contribute to the con-

16’17 1

duction are also considered . 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 filmslG. For samples of
thickness of the order of 2 pum prepafed 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 wo law at lower frequencies. As in

other systems with hopping transport, a region in which 0((0)
varies approximately as w2 is also obsorvcd7. At frequencices
above 100 Kz, the conductivity is frequency independent as
found in other amorphous nlatorialslg’]gf As predicted by
Pollak, such a region is also seen at the lower limit of the
:(‘réquoncy'?o. Our results of the firequency dependence and
the temperature dependence at low frequencics of the ac-
conductivity agrees with tho model of Pollak which is also

)y

equivalent to the formulation of Mott and Austin"l.

Tho offoeoet of anncaling for long prerdiods at different |
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toemporatures in cach of tho above moasurcmonts 1is carcfully

studicd. It lowers the dc-conductivity Ly orders of magni- "

tude which is usually attributed to the decrecase in the num- G
ber of voids or dangling bonds causced by anncaling in the
as-dcposited fi]mzz. Thoe ac-conductivity also shows similar
decrcasec.

IXI. EXPERIMENTAL

a. Preparation:

All films were prepared in our laboratory by rf sput-
tering on glass or quartz substrates with pre-sputtercd
bottom electrodes. Since most of our samples were of the
sandwich configuration, the effect due to the substrate
normally observed in the case of hiéh-resisti&ity materials
could be prevented. The bottom eléctrode was chosen to be
of molybdenum in order to prevent-contact-induced crystal-

23

lization and instability while tenmperature-cycling. The
top electrode is either sputtered or evaporated and was
chosen from Mo, Ag, Au, Af, In, Au-Sb'(99.h - 0.6), Au-Ge
(78-22), Au-Si, etc. The sputtering of SiC was done from
a U" diamcter polycrystalline target of intrinsic quality
at a typical pressure of 6.0 millitorr of Axrgon and the
sputtering powers were 300 W and 100 W for two sets of
samples. ‘Tho substrate was kept at 9.0 cm awvay f{rom the
target and was water-cooled. The tomporatufo of the sub-

strate was continuously monitored while sputtering and did

4 e \
not run beyond 3 C above the initial temperatures  The

samples wore tosted for amorphicity by X-ray diffraction




5
at sufficiently long oexposurce timos, All sputtering opera-
tions gave amorphous samplos. The samples anncaled at the
highest anncaling temperature (100°C) were also found to Lo
amorphous.

The problem of obtaining an obmic contact to a thin
film diolcc.tric is somcwhat less severe in the case of amor-
phous materials bocauso.'of the large density of localized
states in the band gap of the material and the large density
of surface states usually present at the interfaces. At low

applied fields, the conduction is usually ohmic inside the

material and the nature of the contact may play an important

2h,14,15

5-27

role. Previous work on crystalline and amorphous
SiC have been either at low fjv_]qs or with films of very small
thickness. Since our nu\usuromon(’s. were at relatively high
fields (~105 \’/cm) the carrier transport may be unlike that
at low ficelds. The effect due to different contact materials
was little in the current-voltage characteristic of any of
our samples. Further, possibility of the presence of a po-
tential barrier at the interfaces is fairly ruled out as
shown in the discussion

The 300 W films studied were of thicknesses 0.5 pm and
0.15 pm and the 100 W filwms were of thicknesses 0.5 pm and
2.0 . The 100 W filws showved significantly lower conduc-

b Q

" ; 28
tivity and thicker films showed bLulk effocts”™ . The avea of

bl
a typical sample was 0,25 em™,

L. DC Measurcments:

Tho de=~conductivity was ostimatod by wmeasuving thoe cur-

) 2ho

.
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rent through the samplo for a known applied voltago. The

-5 -2
currents were in the range 10 A = 107°A and were measured

using a Kiethley 610C Elcctromoter and the voltage across the
sample was measured using a similar instrument. The voltage
source was madc up of 5.4 V Mercury cells and a potential-
divider arrangement. The sample was kept in high vacuum and
held at constant temperature while mecasurements were made.

By this arrangement, it was possible to make noise-free
measurements cven at very small currents. For the o0 vse T
measurements, a constant voltage (5.& V) was applied and the
corresponding current mcasured at ecach tomperaturc; The

cooling arrangement was such that the actual temperature of

e o e il

the film could be down to 80 K irrespective of the substrate
material. A copper-constantan thermocouple monitored the

temperature of the film.

c. Anncaling
The anncaling of most films was done in an Argon atmos-
o o o o,
phere at temperatures of 100 C, 200 C, 300 C and 400 C. The
top electrode to the anncaled films were deposited usually
after anncaling., It was found that the films undergo struc-
, : o, S e
tural change at an anncaling temperature of 500°C. This is
most likely causced by the Mo bottom clectrode while the
actual crystallization temperaturce of amorphous SiC has been
25 o '
found™™ to Le around 850-900 C. The anncaling times in most
casos was 20 hrs., although in some cases it was 12 hrs.
i 29 i i .
Although carlier work shows that annealing times affect

tho conductivity significantly, annoaling times of J2 hrs.
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and 2l hrs. rogpoctivoly, did not show as noticeablo a dif-

fereonce as would those of say 1 hr. and 12 hrs., rospoctively.

d. AC Measurcments
The ac-conductivity was mecasured using a PAR Model

30

No. HR-8 Lock~in amplificr and detector system in which
the internally-generated reference signal was used as the
applied voltage to the sample. This voltage could be chosen
from 0 to 0.5 V RMS in which region the current varied line-
arly. A standard resistor of small value (typiéally 100
or 10 Q) compared to the résistance R of the sample is con-
nected in series and the voltage across it is fed into the
input of the lock-in amplifier. By sctting the phase control
at zero and at the loss-angle, we obtain two Qoltages pro-
portional to R and R/JI:;E:?;?Z respectively, where Cp is
the effective parallel capacitance. From these two voltages
R and (‘.p arc calculated which lecad to the real parts of O(LL‘-)
and C(w) rospocfivoly. The lock-in amplifier could be uscd
in the frequency range 1.0 Hz to 150 KHz which is the fre-

quency range of our intcerest.

I1I. RESUL'PS AND DISCUSSTON

a. Field-dependence of the de-Conductivity

A detailed study of the conduction wmechanism in the
amorphous SiC thin films should include looking at the vari-
ous conduction processes f0uﬂd in crystalline as well as
amorphous diclectric films. Crystalline SiC being n diclec-
tricy, the conduction processes in amorphous SiC apparcntly

yosombles thoso in crystalline SiC particularly at higher

SN gy S G —— ~ - - p L ———— . — N - e—
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tomporatures and high fields. Provious work on amorphous

L .
SiCZJ'Z7 has been at low fioeclds and no fiold-dependence was "

investigated extensively., The carrier type was found to be

25 . 2
work but our studices differ

p-type in Mogab and Kingery's
from theirs in that: (i) our samples are prepared by rf-
sputtering and at différcnt sputtering conditions; (ii) we
consider conduction transverse tg the film; and (iii) as
mentioned earlier, the applied fields are of the ordc: of

r‘ pe : 105 V/cm.

Figure 1 shows the cufrent-voltage characteristic of a

typical 300 W Mo/SiC/Au-Sb structure with the /n I plotted
as ,/F, where I is the current for an applied field F, known
as the Schottky plot. The fact that the fn I vs ./F' is fairly
linear at high fields may tempt oné to assume that the cur-
rent transport in the material is by either the Schottky

' process or the Poole—Ffenkel pProcess as observéd in other

3,16,31,32

dielectric thin films In the case of Schottky

process, the current transport is due to the thermionic

emissions across the potential barrier at the metal-insulator

33

interface and the current density is given by

- ' o A* 'r2 o‘}[_ G(f(lx—,\/(\la‘ J (")
L=at - l kr]\ -~
*.
vhere A = offective Richardson constant, r(” = barrier

height, ci = the insulator dyﬁumic permittivity, k = Boltz- |

man's constant and T = absolute temperature.  Tho Poole-

Fronkel process also gives a linecar plot of fm 1 vs /1 und

. s b T 14
the current density has tho form

2h3
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o /TFTRED) |
J a F exp[- TF ] (3)

whero yfu in this case is the average depths of traps f{rom
the bottom of the conduction band. 1In the Poole-Frenkel
process, it.is assumed that the current transport is car-
ried out by elcctrons that are thermally excited into the
conduction band from traps that exist in the band cap.
Since this kind of excitation is field-enhanced, it is more
significant at higher temperatures and high fields.

The above two mechan;i.s.ms are not satisfactory 'in ex-
plaining our results primarily because they give rise to a
value for the dielectric constant which is too small to be
acceptable for amorphous SiC (E'i/ao ~ 1.7 assuming Poole-
Frenkel process and Ei/co ~ 0.4 assuming the Schottky pro.-
cess). Further, the‘'linearity of the Schottky plot at high
fields is not to be taken as a conclusive evidence for
either Poole-Frenkel or Schottky mechanism, since tunneling
or.Fowler=Nordheim emission would give a similar ploth. The
Schottky process assumes the existence of a well-defined
potential barricr at the metal-insulator interface and a
conduction band edge in the material above which the electron
has high mobility, both of which are highly improbable in
our case. We have also found tho current density for a
given field to bo independent of the contact material and
Lo Lo dependent on the thickness of the film, both of which
indicate a bulk-controlled procoss rather than an clectrodo=

controllted one. On the othoer hand, assuming; o reallstic

)
3 2"“
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magnitude for theo density of traps, tho contribution to the
conduction duc to oloctrons thermally oxcited from the traps
in the band gap into the conduction band as in thce Poole-
Frenkel process, can be considerced to be rather small at the
fields and temperatures encountered here (< 106 V/em and
~300 K respcctively). However, the mechanism we are using
in order to explain our results resembles the Poole-Frenkel
process in the fact that the conduction is largely bulk-
controlled and the existence of large number of localized
states in the band gap acting as traps.

We have been able to explain the field-dependence of
the conductivity in amorphous SiC satisfactorily by assuming
the model formulated by Mott11 and others:%:'."l.3 for hopping
conduction in disordered solids. Generally, conduction by
hopping dominates only in an amorphous system which is
otherwise insulating or somiconductinglz. In this model,
the conduction.is interpreted as due to hopping of elcctrons
between localized states with energies near the Fermi level.
At low fields, this conduction is ohmic but larger fields
give risce to a field-dcependent conductivity., Assuming a
finite density of localized states at the Fermi level, N(FF)
cither duce to overlap of conduction and valence band tails
as in the CFO mmlcl(' or duc to the presencoe of dangling

11 :

bonds, Mott obtains the current density for an applied

fiocld F to Lo of the form

J @ oxp(=2ar) sinh(oFrR/KT)exp(- %T) (W)

wvhore R o= average hopping distance, Q@ = tho inverse rate of

2hs




¥ YTy

TN N T ————— T O A SRR TN Tp v vy - B e i S .

11

fauall-off of a typical localized stato wavofunction, W =
activation cnergy'and T = absolute temporaturce, Thig is

oequivalent to the form obtaincd by Hilll2 for ficld-assisted

hopping:
] -5/ = £
J « sinh[1.03 eF(aﬂNi)l/‘ (x1) 5/'] exp(-CT 1/‘) (5)

where Hill has considered traps of a uniform density Ni over

a band of energies above a depth Ei from the bottom of the
pscudo-conduction band (or the mobility edge as in the
CFO modcl).

Shown in Figure 2, is the plot of I vs sinh(bV) for a
typical 300 W sample where the value of b was estimated in
each case as follows. For large (bV), sinh(bv): exp(bV).
Hence the slope of the tangent of the /n i vs V plot at
large V gives the value of b which has dimensions of (volt)-l.
It is seen that the I vs Sinh(bV) cufvo is a straight liné
at relatively high fields where the eF<2a kT condition holds.
At very low fields, the conduction.tends to be ohmic as can
be secen from the plot, ErOm the value of b, the average
density of localized states per unit energy ncar the Fermi
level (or the density of localized traps in the band, as
considered by Mill) Ni is calculated assuming a valuce for «

obtainced from our other dc measurcments (sce the following

o e B et

T e e T P

soction) ('(1 ~ 3 x 107 cm-l). (a!\‘i) thus obtained has the
n & - )
value 1.33 x 10“6 o¥™t o™ which gives No o hohy x lO18

em™? ov™! which is qQuite reasonablo.

b. DC Conductivity as a Function of Temporature

Most amorphous somiconductors investigated so far oboy i

2400
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the Mott's law (cqu. 1) for conductivity at low temperaturces

when conduction is by hopping between distant sitnslo.

Strictly spcaking, this law is e¢xpected to hold around
liquid helium temperature where the energy transfer between
the lattice and the electron during a hop is treated as a

one-phonon process. lHowever, similar bchavior is observed

29,34

at higher temperatures as well in many materials In

view of this, some modifications to the original formulation

[ 4
35 and Mott” have recently been

36

suggested which includes multiphonon effects” . There also

due to Miller and Abrahams

have been reports of deviation from Mott's law at very low

temperature537
22,29,38

and unrealistic values for Mott's para-

meters which have led some authors to suggest alter-

native models for hopping transpo£t39. In our experiments,
we have found that the obtained values for Mott's paramecters
are quite réasonable unlike most previous workerszz’BS.

Figure 3 ;hows the plot of £n(0T1/2) vs T-l{h for
typical 300 W unanncaled and annealed films. The different
samples subjected to annealing at various temperatures were
prepared in the same sputtering operation. Even samples
preparcd in different operations, but with the sam sput-
tering parameters, varied only within the range of our ex-
perimental uncertainty. Figure N shows similar plots for
100 W - sputtered samples.  From the plots, 'tho following
features can be observed:

- . -l
1. For most part, the In(nT‘/“) vs T 1/4 line is n

straight lino with nogative slopo.

B & o e e I S e “y e aes ™
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2. At tho lower endy it doviatos from tho straight
line in such a way as to indicatc temperaturc-indcepen-
dent conductivity.
3. At the higher end, in some cascs, the conductivity gx
curve indicates a (%) bechavior.
4, Tror 100 W-sputtered films, the temperature indepen-
o dent part of the cdnductivity dominates more than that

for the 300 W-films. This feature is more noticeable

in the case of anncaled samples.

Since the measuremcnts are made at a constant applied
field, field dependence of conductivity as predicted by
Mottll or Hill12 is not relevant in this case. The applied [
field is such that the condugtiyity‘has the femperature de-
pendence as given by the Mott's lgw, although it is beyond
the ohmic region. Tyc (%) dcpondénce of conductivity at
higher temperature: can be attributed to the violation of
large-R conditiOn when (%;) term dominates over the(ZQR)
term in the cxpotentj:llo. The temperature-independent
conductivity at the lower extrceme is most likely due to
tumneling conduction in which electrons in traps tunnel
into the conduction band through the potential barrier which
gets appreciably lowered at high applied fioldslz. This is
similar to the Fowler-Nordheim process except that it is not
B a surface phenomenon,

The significant Mott's parameters arce calculated from
these curves as deseribeoed o].c.mclwrozf). Thoe constants 00

. nlnl'Pu have the forms

2408

e @ x wx vy % SN & s . e ‘e v

T WS e wen s s —— ca— -




14

2 2 B
O, =T N()’,l“) . (6)
and

T, = X @ /kN(E,) ' (7)

" where e is the clectronic charge, a is the hopping distance,
vph is a phohon frequency obtained from the Debye tempera-
ture (~2.7 x T e

}or SiC), k is the Boltzmann's con-
stant, @ 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. A is a dimensionless constant and has the
value ~18.1, according to Ambegaokar, Halperin and Langerho.

@ can be obtained from the values of odfT and To from the

experimental data as

@ = (21.22 x 1013/vph)[(od¢T) JT,) em™t (8)
and

N(EF) = A a3/kT° om 2 ev™t (9)

The average hopping distance R and the average hopping energy

W are given as

[9/8nakt N(r,) ) em (10)

=
1]

and

W

{37803 (1)) ov (11)

Table I shows the values of the above quantities obtained
for our samples of different preparation and anncaling con-
ditions.

Tho wothod of obtaining 00\/71-‘— LY extrapolating tho

29,39
curve to 1 = » has boen commented upon by many authoras 23
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and almost always leads to unrousonably high values for N(EF)

and @, In our opfnion. these large values are caused by:

(1) uncertainties in the method itseclf and (ii) difficulty
in identifyinc true hopping regions. In many matcrialszg,
usually those of band gap smaller than that of SiC, it is
found that intrinsic and extrinsic processcs of conduction
’ occurring at higher temperatures increase the slope of the
, fn o/T vs T-l/h curve. This makes the identification of
true hopping region difficult and often leads to a higher
value of the slope. Since To is obtained as (slope)h, the
amount of error in To'is great. Still greater is the error
in the extrapolated value of f{n odjf, which leads to orders-
of-magnitude error in GOJ? and N(EF)' Howevér, as seen
from our results, the effect due t6 intrinsic conduction is
rather small in amorphous SiC (moét likely because of the
large band gap) and the (%) dependence in some cases is
clearly distinéuishable from the Tfl/h behavior. Because of
the above reasons, the values of GOJ?.and To are obtained to
a good accuracy although some difficulty is encountered with,
in the case of samples anncaled at high temperatures duc to
the tunneling component. Hence the procedure a(lo)v\ted in our
calculations is as follows:
1. 7The value of a and N(EF) arce obtained independently
for unanncaled films and for those anncaled ‘ut lover tom-
peratures.

2. The above value of Q@ is uscd to ecaleulate N(RF) for

tho other films (@ ~ 3.0 x 107 cm-l). The values of @ aroe




10
ulno enlculatod dn cach caso scparately but aro not usced to
ostimate N(L‘F). )

A reasonabloe value for @ 1s such that (l-l is of the or-
dor of interatomic distancos. Our valuces for @ arc very roea-
sonable in contrast to somo carlior roports for other matori-
als. Tho \':'\]uva obtained for N(l‘?ll\) also are of the right or-

dor and shows good consistency.

c. Annealing Behavior

As can be seen from Figures 3 and U, anncaling cenerally
lowers conductivity by a few orders of magnitude. The value
of N(l-IF) is seen to be consistontly decreasing as a function
of anncaling temperature. The difference in the value of Q
for the anncaled samples should be considered more to be due
to uncertainty in the caleulation than as a docreasoe in the

. : . . : 22,29, 4)

parametoer itself, As pointed out in carlier works ’
thoe annealing most likely causes a docreasce in the number of
dangling bonds wvhich contribute largely to the density of
localized states at the Fermi level.  The decrcase of a due
to annealing could not, howvever be confirmed Ly our results.,

The low=power sputtered samploeos show a significant dif-
feronce in conductivity like the anncaled samples,  Anncaling
still lowers the conductivity by orders of magnitude. 1t is
reasonable to assume that tho numboer of d\\np:lin‘: bonds dis
much lesa in tho low=powver sputtored films. 1 could also b
that the number of jocalized states tailing from the condue-

tion and valonce bands are amal lor due to roducod disorder,

However, the question whother thesoe aroe cousod primarily by

251
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the low sputtoring power or the smaller ate of deposition
remains unresolved at the present time., Another factor in-
flucncing the degree of disorder may be the temperature of

!
deposition e .

d. AC Conductivity
The behavior of the ac-conductivity and the capacitance
of typical 300 W samples are shown in Figures 5 and 6. From
the log 0 vs log f curves, the following main features can be
obscrved:
: el 0.8 ) :
l. 0 varies approximately as ffor lower frequencies.
2. At very high frequencies (2100 }\’Jlr). O(u‘) tends to
be frequency-independent. The same kind of region exists at
the lower end of the I‘1‘(’qlxexxc)"r;1-r\go also.
0.8 : :
3. Between the w region and the high-frequency re-
gion, there exists d& narrow region in which o(w) varies as
a higher power (~l.5) of W which is more prominant in un-
annealed samples.
L., The log € curve has a slope given by (s-1) where

s is the slope of the log 0 curve at any frequency. Ac-

2
LR

cordingly it varies as W at lower frequencies and as
-1 " ,
W at high frequencies.
The ac-conductivity at low f{irequencices (~7 Hey so that
0.8 : ~
it is within the © 1*o¢:ion) as a function of temperature
in anmecaled samples is illustrated Ly means of Figure 7.
1t is scon that ¢ @ T law holds at low temporatures and grad-

ually deviates at higher tomporatures. This doviation was

ffound more apparent in unannoalod samplos,
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Wo have analyzod our rosults by mcans of tho hopping
model and found the results to be in good agrecoment .with
tho rosults from the dc measurments. Considering hops be-

twoen pairs of localized states, Pollak20 has derived the

ac-conductivity in the w0.8 region to be of the form
3
T L2 Ekoo n
Oac(w) = 96 N (EF)kﬂ e awr,

where rw is the mean hopping distance. This is simila; to

the form obtained by Mott and Austinzl, assuming impurity

LY : -1
band conduction and can be written using a o~ «

w

\Y
2 - hy -4
0, (w) = 5z ¥ (B,) XT @ > of (221,

The factor e2 is omitted in the above since N(EF) is often

=3

expressed in ev-l cm ~. It has been found that in most ma-

4345 .8

terials w is to-be replaced by w as poihted out by

-Pollackzo. From the results obtained for different samples,

the values of N(EF) obtained assuming Pt 3.3 8 (obtained
from the dc measurements) are tabulated in Table I. It is
found that they agrée well with the valués obtained from dc
measurcments. The N(EF) obtained from the temperature de-
pPendence of 0 are also of the right order. The frequency
dependent regions at low frequencies and high frequencies
aro as predicted by Pollnkzo. The saturation frequency has

boen interpreted as the approximate hopping frequency in the

s 19 5 : p ’
case of GeTe 7 (~107 Hz) which is of the same order in our

NI SR M NOSUR < TN Y TP WRARET S SL WL SN (g SR e Y S A et o TR Ty A AW teh (AS e 4 e e e g

casce, Tho offect of multiple hopping can bo assumed to be

small in our case bocause tho slopo of tho log 0 vs log

vw e e . B e T . ¢ %@ on R R
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curve does not undergo approciable chango at lower tompora-

C
turosl).

IV. CONCLUSION:
All our results are found to be in accordance with the
- ~ hopping model for conductivity. The density of states as
calculated from different experiments is very consistent and
of the right order. Much of the uncertainty in obtaining :
the Mott's parameters from the dc data has been avoided. The
gffect of annealing has been systematically studied and is
in accordance with earlier results. The ac-conductivity

displays the w0.8 behavior as observed in most oxide and r

chalcogenide glasses and tends to show u? behavior in a
narrow frequency range. It was also notod.thét all sput-
tered films of different preparation and annealing conditions

showed good reproducibility.
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TABLLE I .
Density of states at the Formi lovol N(EF) ovaluated from
the ac conductivity data

(a) from the 0 vs w curve

Film Anncaling Extrapolated N(EF) j
doscription temp. and o(1 Hz) Bt |
i duration (ohm-lcm-l) (cm eV )
= _ =11 21
300W, .6 pm Unanncaled 7.05 x ‘10 1.98x10
300W, .6 pm 100°c,24 hrs. 2.33 x T 1.3lx10" >
-11 20
100W,2.0 pm  Unanncaled 1.06 x 10 7.69x10
(b) from 0 vs T curve (low temperature)
Film Annealing N(EF)
description temp. and -3 -1
duration (cm ev ")
r (o] 1 20"
300W, .6 um 200°C, 24 hrs. 6.45 x 10
300%, .6 um 300°C, 24 hrs. 5.81 x 102°

L)
- )
-
-




FIGURE CADPTIONS
Fig. 1 Schottky plot of a JOOW sample of thicknoss 0.6 jun
and arca 0.25 cm2 at room temperaturc.
Fig. 2 Plot of I vs sinh (bV) for the same sample as in
Fig. 1, where V is the applied voltage and
b = 0.364 v71,
3 Fig. 3 Plot of 1n (ch/z) vs Tfl/h for 300W samples,
(i) unannecaled (line 1); (ii) anncaled 24 hrs. at
100°C, (line 2) (iii) anncaled 24 hrs. at 200°C
(1ine 3); (iv) annealed 24 hrs. at 300°C, (line 4)
and (v) anncaled 24 hrs. at 400°C, (linc 5). The
quantity (GTl/z) is in (n’l cm"l Kl/z).
Fig. &  Plot of 1n (oT/2) vs 1% for 100w samples,

(i) unannealed, (line.l); (ii) annealed 12 hrs. at

100°C, (line 2) and (iii) annealed 12 hrs. at

200%c, (1ine 3).

Fig. 5 Log'oa - and log C vs log f for unannealed film.
OA & is in Q cm, C is in PF and f is in Hz.
Fig. 6 Log o, and log C vs log f for film anncaled 1

24 hrs. at 100°C.
Fig. 7 0y ... @s a function of T for 300W sample, (i)

annealed 24 hrs. at 200°%C (dots) and (ii) anncaled

|
24 hrs. at 300°c (circles). %
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THEORY OF BRILLOUIN CFFECT: CALCULATION OF
ELASTOOPTIC CORSTANTS OF OIAMOND AND ZIKCBLENDE SCi41CORDUCTORS

Yet-Ful Tsay' and Bernard Bendow
Air Force Cambridge Research Labs (AFSC), Hansccm AFB, Massachusetts, USA

Shashanka S. Mitra®
Dept. of LClectrical Engineering, Univ. of Rhode Island, Kingston, RI, USA

1, INTRODUCTION
The Brillouin scattering efficiency of solids is determined principa]ly(]) by the

elastooptic tensor p relating the change in inverse dielectric constant to strain,

O N A M
In gencral‘ﬁ'is complex, and the séattering is proportional to the absolute square pf 2n
appropriate contraction of?i The scaitering efficiency as a function of incident photon
frequency must vary slowly on the scale of the Brillouin frequency shift for such a formu-
lation to be valid; these are, in fact, the conditions of interest here. "~ The change in
the dielectric properties under strain has been treated previously within a variety of
modelﬁ.(2'3) The purpose of the présent work is to calculate these properties within a
full band-structure approach. Our calculation accounts in detail for changes in band eners
9ies and matrix elements as a function of strain throughout the zone; morcover, we are rnt
limited to small values of the strain in our calculation. In this paper we will restrict
attention to various highlights of the method, and present results for the dispersion of T
fn the resonance regime for selected diamond-type crystals. Details of the calculatfons,

and more extensive results including those for zincblende crystals, will be presented
clsowhcrc.(d)

L. METNOD

For dfawond and zinchlende crystals P is characterized by just three fndeperdes!

. "
WiC Resident Research Assocfate. 'Supportcd by ATCRL Contract No. F19628-7% {
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- . "
(%) he cl in df i .
constants, Py1e Py2 and Pag- Defining bey and A“Il as the changes in d glcctrrc con- -~

stant for light polarized L and || to the direction of applied stress; then P1y7Pyp @nd gy

are both given by

2
A(t.l'C”)/3CT (2)
where the stress direction is [100] for py,-p,, and [111] for Pgqs T s an appropriate
i strain element in each case. Another relation is

Pyy * 20y, = 3K de/dP/c?, (3)

. where K is the compressibility and P is hydrostatic pressure. Thus calculation of the

optical spectrum under [100), [111] and hydrostatic compressions suffice to determine 'p in

[ the present instance.

Ke here employ the empirical pseudopotential method, which has been highly successful
in accounting for zero-stress optical spectra in semiconductors.(6) Most previous work of
this type in the strain problem was limited to high symmetry band gaps, and to small strains
which could be regarded as porturbations.(7) We avoid these limitations by calculating the
full band structure of the deformed crystal, in which the Bravais lattice is altered; ex--
cept in the hydrostatic case, the strained crystal has lowered symmetry. In certain strain
configurations the relative positions of atoms in a unit cell are not uniquely dctcrminod“”

ke utilize experimental values for this "internal parameter" when required. In our calcu-

lations we assume the transferability of ionic pscudopotentials vi(r). which amounts to
assuning that vi(r) is independent of the embedding environment. To obtain the Fourier
coefficients vi(g). where G is a reciprocal lattice vector, for the present configurations,
we perform a polynominal fit of the unstrained crystal form factors of Ref. (9). One alsa
requires the dielectric function r(s) to account for screening of the v 's, which in the
case of hydrostatic pressure may be calculated self-consistently. The analogous procedure
for the strain casc is more difficult, and since the cell volume is not changed in the
configurations we will coapute here, we expect the changes in ¢ to be small. We therefore,
for simplicity, use the model ¢ of Ref. (10), appropriate for an unstrained crystal, in the
Tatter {nstance. Yo calculate the matrix elements, wo caploy the psuedowavefunction in the

standard fashinn.(s) )
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111. RESULTS
We have calculated the band structure and optical constants of Ge and Si under high

stress, utilizing the above methods. For [100] and [111] stresses the lattice symmetry be-

comes tetragonal and trigonal, respectively, and many more points in the zone are required
than in the cubic case. We utilize about 400 points, along with a lincar interpolation to

reduce statistical noise, which may eventually prove insufficient for an accurate account

of dispersion in Ac. Although the present results must therefore be viewed as prel‘rinary
N in nature, we believe that the principal trends will remain when the accuracy has been i
; . improved.
A principal influence on the optical .constants under stress is the shift of the cnergy
bands, which may be characterized in terms of deformation potential (dp) constants. Our
results for selected gaps in Si and Ge are displayed in Tb. 1, and are scen to compare fa-
.vorably with experiment overall, although they tend to consistently fall on the high side of
the available data. Our investigations have shown most of. the dp's to be ncarly linear with
strain up to 1~0.02.
’ 3
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FIGURE Y. Change in complex diclectric constant Eory * fe, under (100) and [111] stress

for Go, and {111] stress for $i; Ac & cl:rl‘. Strain elerent v = 0.01 in
both cases.
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In Fig. 1 we display results for Ac = €€y for various stress configurations in Ge
and Si. Onc notes a considerable degree of structure in Ac vs. w, which would also mani-
fest ftself in the Brillouin spectrum, although the details will depend on the scattering
3 geometry. The present predictions display considerably more structure than the measured

results of Ref. 11, although certain features are similar. This could well be the result

of the larger strain values utilizcd.here. as

well as the computational inaccuracies men- L é E
tioned above. However, our calculations for i Ge (111) stress ﬂ
& i the hydrostatic case, which allow for a much &r EL/’LII 5
higher degree of computational accuracy, in- Y E =
;z dicate a substantial degree of structure as = n.
:5 well. This suggests that such features '

‘ are truly characteristic of the stress- bl | 5 ;5 t
induced spectrum, rather than being arti- & L é; =
fices of the computation. a2} v —

-6+ b
et ,T
o 2 4 6

Energy (eV)

FIGURE 1. (continued)
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