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ABSTRACT: Theoretical studies have been carried out on the accuracy
of derivation of the optical constants n and k of semiconductor thin
films from photometric measurements in the critical point transition
wavelength range 2000 - 6000A, The two models explicitly considered
were meagurement of the normal incidence transmissivity and
reflectivity of a single film and measurements of the transmissivity of
two fllms of different thicknesses. Local inversion of the appropriate

theoretical expressions was performed and the implicit derivatives and T are employed. . AT e ¥
on/8R, 90/ . 8k/8R, ok/0T were calculated using germanium optical : . o : ik
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constants obta.tned by a Kramers-l{ronig nnalynin dbulk reﬂeoﬂ -
data. The film thicknesses coasidered were w-mk T'he raaults
indicate thiat {n the wavelength fegions where ' n ~ K, the u'rorr‘h thé
derived optical constants may become lntolorim large for the ¥
experimental errors in the measured photomotﬂc intenstties. R:is’:

oconcluded that such errors in n and k are lnovﬂ.:ble for' the olua“

of valence semiconductors whei meuurement& of mrmal*incldqxce
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I. INTRODUCTION thin absorbing film on a thick dielectric lubstrate. aThe rihdek %
This paper deals with the theory of the deduction of the interested in details should consult Refs. 1-u tnd Rnh 9-,;0.- oo
optical constants n and k from measurements of thin film photo- " The film-substrate systeu considered is shoun ln Fig 1 ;{ %
SR
metric quantities such as reflectjvity and transmissivity. High For plane waves impinging at normal xnc;denco of the form : "
speed digital computers can be used to recover the optical con- fv. f' : f
EzE ‘1(k .t;-ut) , T - } -
stants from experimental values of R and T,2* and results for w w0 g ; . g
epitaxial films of germanium on Caf, have been obtained.® It A=H oAk gret) * "-
was found that there exists a region of high sensitivity to ex- ' - - Lo ¥
uhort motion is ln the dirnction of increuling r Imd ihe wavu :
perimental error, especially when the optical constants are nearly 3 . ' ’ £
vector k in the film is dofintd by: ? 1 : ; o
equal and greater than unity., This sensitivity arises from the . p
quadratic dependence of photometric intensities on the optical ' E £ (n t ik)(wlc{%k} ? %. 'i
constants which creates at least one branch peoint upon attempting ] oo s P R
n and k being the real anc imaginar-y parts of thc conplex lndex; *
inversion. It is in the vicinity of these branch points that . <
of refraction and_&* the dir.et;on of propagatién the cqungioné i
sensitivity to small changes in the intensities appear. We have S
for the r.flectivlticl and trlnsnilsivitiel glv.n in fig.. aro¢ i
made explicit calculations of this effect using optical constants : | B ?
6 as follows: : y i' Lg =
of germanium determined from a dispersion analysis of reflectivity ) Lo, A E
) - : o 1
data.7 The results are given in Section Il1I. Although we have R., =R {[.qal2 - (R /n )“l'/2 “'/2]3 i s
FA FA FS FA "o G @
used germanium as our calculational model, its optical constant : NN 12 -2 A b
o * 4(Ry. '/R 2) -119 (0 ¢ Do, -ep 3200 - 3.
structure is typical of a wide class of valence semiconductors . % 5
and deductions based on it will have wide qualitative application.g RTS{£ “‘/2 - (RFA/RFS)IIZ "”215._;-f Y ;
i . i*{‘ 2 L
: Y o
. FA~ !'s M i
A modern discussion of the electromagnetic theory of light 2 i E;
N Tyg ® 16n (n 2 )/{[(m:) ¢ %2 Itorny)? + ﬁ]n}* :
in a framework suitable for sclids has been given by Stern. We S

present here the results of applying this theory to the case of a
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“,Lp EQSt (3). n qmd X are the optical constants of the film, a

: tts thickness. and ng the 1ndea of refractzon of the substrate.

& Ut L ‘an rs) 4

g”' . t, g' + QFR?A R )1/2 sin2(¢?+ [WFA+0FS]/2) " (3d)

Foe s ; ' _

T T I(l-n) tk ]/[(l+n) k%] : (3e)

eOEL e : : :

2 “zs_' u&'-n_’;)z + kzll[(nsﬁj)? S I (af)
o om z m tan[?k/(n "’ 1)] : (3g)

£ ' iﬁs : nrc tan[?n k/tn?ekZind)] i (3n)

. u's Iuk/X ' : (3i)

3 : o-- 2-na/A . : ) (3i)

‘ Thc 1ndcx of,refractxon of air [is taken as unity and X is the

'-ﬁavqlength ruforrod to air. Those equatlons apply only to:films

a

fd! 1sotropic¢ homogeneous. and non magnetxc materials. If ‘the

X K v

>qphstrlto wcpc scni infinite 1n extent, Eqs. {3) would be cxact.

'-;hpucv‘?, wq qust in practice take account of the gxzstencl of a

“

aubstratc axr intcrface. Harris. et al.. have shovn that this
Hcan hc trcatqd tn a simple way by using ;nrensxty add;t;on in the
_'aubntrn:c. Rssunptxons nocesslry for the hpplicat1on of this

't!chnique iiﬁly ln averaging process involv;ng appropr;ate line-

T by e

luidth cnd subttrate thicknaess d;strxbutxon funct;ons such that

LY, f‘ .
-..; = st oo

3

B L |

phase interference is smocthed out. When these conditions hold,

the following equations are cbtained:

R=R_, ¢+ T2

A rS ) (4)

R/t = Rog Reg

T = TFS(l - RAS)/(I - R ) {5}

a5 ®rs

2
Rrs(l - RASJ /(1 -R ) (6)

as Frg

where:

- 2 2
Ryg = (1- ns) /(1 + ns) (7

Here R is the total reflectivity for light incident from the left
in Tig. 1, R' the total reflectivity for light incident from the
right, and T is the total transmissivity for either direction.
To find the effect of the finite substrate correction, we may
take typically for germanium films in the visible Tpg ==10-1.
Rpg % +50, and R, & .03. This gives an additive factor ax10™"
te R and a multiplicative factor .97 to T. Thus cnly the factor
for T can be expected to amount to anything greater than experi-
mental error for visible light. When the infrared transmission
of a3 semiconductor film is used to determine its thickness, the
factor .97 becomes important.

Figure 2 shows the optical constants of germanium derived by
Phlllpp from the reflectivity data of Donovan, et al. for the
wavelength range 2000-6000 K. The result of substituting these

constants into Eqs. (4) and (5) is given for T in Fig. 3 and for



R in Fig. 4. For Car2. n, was taken from the supplier's manual.ll

The curves are calculated for films ranging in thickness from

50 £ to 500 K in intervals of 50 R. This covers the usable

thickness range in which one can perform transmission experiments.
We now state two important approximations to Eqs. (4} and

{5) to aid by qualitative discussion results to be derived numer-

jcally. The substrate backing will be neglected as it has no

importance qualitatively. Thus (u) and (5) can be rewritten as:

aa/2 _ e-ualz 2

R = R”[(e ¥ e ou sin2¢]

aa/2 -na/2)2

/(e - RNe + MRN sinz(e + ¥}l (8)

T = 16(lekd)/(en)? + k292

aa/2 _ RH ~aa/f2,2

+ uR sin (¢ + v}l . (9)

(e )

One important approximation concerns the case where the absorption
is strong enough to damp out interference sffects. This occurs
when n = k and «"* >> 4, a good approximation in the wavelength
region below 3500 £ for a 300 X germanium film. Cqs. (8) and (9)

then become:

= ((1en)? + K2t em? ¢ k) (10)

]
1]

((1-R)2 + uR sinsyle ™ . (11)

-
1]

If we further stipulate k << n while keeping e 5> 4, we obtain

for (11):

T = (1-3);2{“" . LA

T T

Thtu form is part:cmlarly useful for the infrare& spectroscopyia

.v

of semiconductors and admits of an explicit solutlon fdr n aﬁdl

k: -
(l-R) P ':_ o " =
i ; 2 1/2 XYoo ¥
_ 1+R. N 22 G (1-R) ey E
PEIRSY %2 1onal ] Lo () 8
(1-R) len“a’ )

.;.
We stress, hauevor, that some uort of numaricll ﬁrocedﬂre is

K

usually used and that (13) and: (1u) are very spadial ch;es. itgf

is tlear from (1u) that a branch point nxistl‘in tﬁe solution E
for n, and that an _dx.paxr of numbcrs Rand T nlcd not cgrreséznd ¥
to a real n.’ Thus ;rrora in tho exper;mtntal dngdrwination df ;
R and T may lead to non-phys:.cal results. Thq criterl&: fov,maji-
n can be uri;ten as an 1nequal;ty between R'qu.?ﬁi i: ..%
; AR o Sy

T > (1-!!)2 exp [““ 1‘% | - %

If one plotl {15) a8 an aquality in a T vs, R reprtscnﬁution5 th

e A

T-R plane is essentially d;vided into two domaznl, one ielongxng
- H

to n real and the other n complgx. Plotting thc-axpcr%:entdily o

%

determined T and R for each wa!nlength on thc lal..planp yxcids;“

another curvc Hhatever segnent of this curvu uﬁich crosscss(lsg

into the complex n reg;on detcﬁmines the uavnlangth raqge fL
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which no rcql n can,be obtaxned from the experinnhtal dlta uiing‘
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Of course ,—?i if experim&"ntal conditions were

-Zfsni:h th}t thc bomdary cond:.txons and assuupnons leadmg to

¥ -

qub (B) and‘ (12) were obeyed cuactly. anq R and T measund

!

p!rfectly. tlun such an inters-;:non could never occur. Although

_h) prineiplc tho :.ncquality (15) cannot be. violated there is no

:'r\q“on %y thq ducnmxna.nt of (lu) cannot vamsh if the optical

i;cmstanh pmit. If this occurs then there may ‘axist a situa-

Lt g

o t t..ion whcn nill *‘uncertainties in the experimntal values of R

Lmd 'I' w'lll cluu 1arge unc.rtainnes in n. Hanipulation of

u

3 cq.. (m (12), ua) and (14) ymd.
‘ : _;f;-; : : :

i P % ; : ', (16)
. % v ' ‘ : P

’thc t;ondi,tion“for a vaniahing discriminant. We observe that

-,(16) vi.Qlatu onc assumption , namely, n > k, necassary fov the

R . )

i‘--validity of’ Eq (12) Neverthclus we are encournged to oxamme

';th. connqumcu of Eq. (16) in more gcneul circmtancos when

saateiart vt gt

,an oxplicit lbluti.on for n and k is not pot!lbl.- 1f we omxne

el

} thh g-mmiu optical constant curves of Tig. 2 we see thlt {16)

._'ty utllfi.od nou' A = 3000 R, and that the. 1‘ vs. R plot of F;g. 5

5 e

.'for a @0 R ﬂll indi.catu that near this uavelength small

§ chmgu. in tho cxpomnental valuu of R and T may determine

)é v‘

_uhtthcr or notv n 1! real.
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I1I. CALCULATIONS BASED ON THE GERMANIUM OPTICAL CONSTANTS

A. The Reflectivity-Transmissivity (RT) Method

The RT method for thin films obeying Eqs. (3), (&), and
{5) will now be considered in detail. An explicit inversion as
in (10) and (12) is not possible, and a numerical procedure must
be invoked. However, regardless of the numerical operation used,
it is important to know in principle how oxperinental srrors in
R and T affect the error in the derived optical constants.

Therefore, consider the following first-order error differentials:

_ on 3n an

dn = 38 dR + 3T + 2a da (17a)
_ ok ak K

dk = 72 dR ¢ 33 dT + = da . (17b)

It is to be remembered that in the mathematical context of the
problem we treat R and T as the dependent variables, n and k as
the independent variables, and a and A as parameters. The partial
derivatives of Eqs. (17) can only be calculated implicitly and

to effect this, we use the following elementary cperations of

partial differential calculus:

an _ T

Yo J {18a}
an _ 9k

T ” J (18b)
ak _  aT

® - W (18¢)

-— E_R-/J (168d)
n



am _ 3R 3T _ 3R 3T P . A
%k W (18e) L -_.—5‘"';‘ ke (14n)? + k21 oyt
3k _ R 3T _ 3R 3T : ' ‘ Lo
—_—2 (= — a —— & - 2 :
da (aa an  an aa)N (188) d o= - ?_f’i,ﬁ. aa 2( kz 1)/[(lfn) 3]“@-. v
: - oL A
where The corres onding error derivatives are: 4, i
P . B 2 Lo w K
3R 3T 2R 3T ‘ !
R T TR T (19) gg {E -+ tam® s« ]}E(l+n)2 + 2178(n” -k -u 2
The derivatives on the left-hand side of {18) will be called ' ‘ : RO :
%{i_‘. . % C(1em)? + k232 ¢**/32nin?-k%-1) Coeow
error derivatives, those on the right explicit derivatives. . PR -
is the Jacobian of the transformation. 5ince physical reasoning [ L 2 2 . RS CIE
® MR T o= BRI R
implies that R and T are rather smooth functions of n, k, and a, . : " SR . : :
we may discount the explicit derivatives as contributing to -g-;-,* - -—%— [(l?n‘) + k2]2 0‘“ z - “:T - i :('Z}.d)
6urn_a . ) Pooa s 1_
singularities in the error derivatives, and conclude that such : oL 4 .\‘ 3
. oo et kot ST it
behavior will occur as J + 0. It is instructive to examine 72" 2nk”/a(n®-k l-.) "; : s ) .-,(2]"’
briefly Eqs. (18}and (19) applied to the approximate Egs. (10) K’ y A A :
Erali kfa . R (.Qlﬂ i
and (12). The explicit derivatives are: ‘ L. : ,;‘ _;. KO

IR 2 2 3 3.2 Wa see that (203) van:.shes for nz = kzi-l and cauiu liagularitms
= ox uln” « k= L)/0(L ¢ )" ¢ R°T° (29a? > .

an in ‘the errok dcnutives an/aa, /3T, and anlh. Tho-qulnt,l,nn
L 0
% = Bnk/((1 + n)2 + k2]2 (lo) 3k /3R, akli'l‘, and 'ﬂ:/n rcmain unlffocted. Thesc results am ;
3T s 2. 2 ) 2 2.3 d:.rectly related to the fact that. according. te Sqa. (13) md‘ (1»),
== -32¢7 % a0 - kT - D/ 2 W) 4 k) {20¢) 4~ A
n a branch point exia‘ts only in n and not k uh.’n n, =k !-1 ";r-
&
.a% z -Gue 2 n2[k + '—:{(1 + n)2 + k2]] " Before: proc“dmg further. we make some genhral eq-nom.'l ";-_-
7
s 2.3 concerning the gcmtncal mt,rprctation of ,_,_) —.Consid.r Bq!. () -
/{1 +0)° ¢ k%] (202) g . FRE N ¥
and (5) in the form: e |
1 ‘- ; SoLa g
IR ! ; A i
=0 (20e) : ‘ ; Boowi 4 i
n kR s S Gy
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(23)
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1 .ppéront tﬁlt each equation determ;nes a separato functlonal

.. 4 =
. - ; ’

ﬂggindencp of! tbe opt;cal constants on one annther.' That is,

‘i

fop (22) uc cqn urito.

(24)

<2si

ﬁquatiuns (2“) and (25) will be called root-locus equations and

- c
-

ihoir poiuts of 4nt¢rscctzon {n thu n-k planc determine the
ilmulxaneoul adlutions of Egs. (22) and (23).é For example the
root-locut of (10) !l a circle of radius 2/R/€1-R) and center at
n - (1+R)I(1-R),_k ¥ 0. On the oum- hand, the root-locus of ' Y1)
5r Cl?) hal no sinplc form. However, if the absorption is hx;h

egough. n has ronghly 2 decaying exponent;al dppendonca on k. By

]
a

.4: !.

shn gy

uainggtho d.fxnitinn of the vector’ product, wt can form
VR Ld YT", ?
JIRIEY LAY }

)Jf”

thce'khcn Jso ORT s 0. or (24) chomes tangsnt to (25) thus

’a

(25)

,'-ﬁ.a."-—i- o

STl

1qaaiag to a hxghly Unstable cond:tion with regard to experimental
v |' )f
eﬁpgqqun R.aﬂﬁ{T}

;f the errors are such as to prevent any
e X :

.

e g .
RS -

T eyt Ry
“ :'-“;of-\—.':_’:.

intersection or tangency at all, then we obtain no real roots.
This is the analogy tor the general case to the special case of
Eqs. (10) and (12) when the discriminant of (14) goes negative.

figures 6, 7, B, and 9 depict the root-locus diagrams for

germanium films on CaF2 substrates for thicknesses of 50 R, 150 £

’
300 R, and 500 R, respectively. Three representative wavelengths,
namely, 2500 R, 3000 R, and 5500 R, are plotted for each thickness
with the exception of the 300 & case wnere 2900 X is given also.
These curves were calculated by using data from Refs. 6 and 11 in
conjunction with Eqs. (3), (w),

and (5). We note that there is

usually more than two simultanecus solutions to Eqs. {(24) and

(25); in fact, because of interference effects the actual number

is indeterminate. However, we obsarve that all but one solution

changes with thickness at a given wavelength. This sclution is
obviousiy the physical one and the one given by the dispersion
relations also. For the most part, the root-locus curves of
Figs. 6-9 have the qualitative behavior suggested by the root-

loci of (10) and (17) except that ng{k} has multiple "loops"

because of phase interference. Note that near i = 3000 & for

all thicknesses one finds nR{k) almest tangent to nT(k). It is
easy to see that small variations in the experimental R and T

can cause large variations in the deduced n and k, especially n.
The value X = 3000 £ was alsc obtained from the simple model of
Eqs. (10) and (12), even though n2 s k2+1 violates one of the

assumptions of its derivation. That interference and absorption



are not entirely without their effects is demonstrated by the
300 & £ilm for A = 3900 R, where a condition of near tangency ex-
ists for n2 # k2+1 {(see Fig. 8d).

Figures 10, 11, and 12 present eRT and the magnitude of the
error derivatives as functions of wavelength for the four thick-
nesses mentioned above. They confirm in detail previous discus-
sion of the root-locus diagrams. It is seen that for short wave-
lengths the behavior is fairly independent of thickness, except
for 300 R where the singularity is shifted to longer wavelengtiis,
probably because of an interference effect. Note that the model
of Eqs. (3), (%), and (5) leads to singularities in all ervor
derivatives.

In order to gain some feeling for the wavelength ranges
over which reasonable experimental errors in R, T, and a would
lead to unreascnable errors in n and k, the bar diagrams Figs. 13,
14, and 15 were constructed. The choice of a reasonable experi-
menta) error is somewhat arbitrary; however, one can generally
conclude that an absolute error in n and k of no greater than 0.3
is necessary if one is to approach the accuracy of the dispersicn
analyses. Experience suggests we assign an absolute error of
12,5% to R, a relative error of t10% to T, and an absolute error
of 110 £ to a. The last figure is probably optimistic. These
criteria result in the minimal values of the error derivatives
indicated on the bar diagrams.

There are two important conclu-

sions to be drawn from Figs. 13-15. The first is that an optimum

thickness range exists in which to choose filuu £or thc—detcﬁh'

mination of optical constants. and the second 1s that ther. Is

-.

no uay in which one:may chooso two films of dtffcrent fﬁicknntae

e
723 i mat 158 ".’.1."." B A

in Jn attcnpt to circunvnnt tbc troublesome’ wgvolou;th.xnmgo;‘:

‘-.»;,,._

-

B. The.Two Thicknass, Twn\Transmlssion ﬁithod

There are photometrzc technxquns other than the Rl&nnthsa
'.‘ -.u _:'

by uhich thc dcductfon of the optical constantl dan be lffic#hdq

-

R {‘J'-“."-."

sxties can bc considered for cxamplc. ; ? L 4

’ (a) neuummnt of R {Eq. (u)) and R' {Eq (81). 5 '
g.
(b) mnasuronont of R, T, R' to obtain n, k and aﬂ
.ln -a o
(c) msalurument of the refloctivity at two angles Qf o

incidcncc and . f; }.f

- o
-3 )
x .

: i '
(d) ncanurun-nc of the transnislivity of two fllni of
difforcnt thickneltes.e ® 'ﬁ
These and othera arc discussed by Heavens. > .B.caule lt turnl

0

out that transmissivity moaaur-n-nts are u'ually .asitf to nﬂké,

we will conlidcr n-éhod {(d) as an alttrnativ‘ to fﬁi RT’-ctho&

fxl.l of unknoun crystallzno porfection. ﬁr “,

p
%
’I

&
Y

' © . b ‘1
used by Brattain and Brzgssla and Gobbxel tornhtéin thj optig
L‘ :. N s -

constants of*gcrmanium films. The appropriatl oqultiont arcﬁﬁ
; R
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.3 A . .

o - - L . ‘

L - Tzs T(ngk;hga) : . ‘ (21
TK TC,k;h;a") ; _ (20)

'gggorc ihc f@nctionll dcpcndcnce of the rxght hand side is given

;§y Bql. (3) Iad (5) The apperrxate error dszcrentxals are:

:;. ar' + -:lda * -;. da ; (29)
g‘f" ar' + -a—k-da + %. da? . (30)

-

Cllculltions uith the german;um.data show that the extlnction

cuiffxélant qrror derivatives have ne s;ngularztles and are too
) ’ 3- A! "of

N 1

‘_qpall ug causc an error of t0. 5 in the optical constants at_any

B o o

- "

e .n

is likoly that any relative errors in the measurement of the
vt n g.
ﬁzjtuo trdpsmissivitles will be systematxc. That is, it is found

thperilontally that most errors in measuring transm1ssxon are

-

t
f

;Therefore. for—the purpost of condenSLng the

'rqsultt. we ; poltt dT/T s dT°? /T' which permits us to consxdor the

Houever. it uSually

_1ngle quality |}(3n/3T) + T {an/ar e

g:turns oyt that r(an/ar) and T' (an/aT ) are nearly equal in mag-
S S
‘n}tude but oppositc in sign; therefore the results presented

‘ hcre may unr.alistzcally favor the two th1ckness, two transmis-
'3-

ion mcthod. It often happens that 1(3n/3T) and T' (3n/3T') are

by theihelves move than large enough to cause errors *0.% in n

-ugvelen!th.: He thus consider only the Lndex of reiractlon errors.

<d¢e to nisaiignmqnt and substrate refraction which will be common

put their sum causes almost complete cancellation. It is also
assumed that we can combine the thickness induced errors into
a single quantity {{(én/3a) + (dn/da')| by considering da = da'.
The experimental motivation in this case, however, is less clear
than in the former, although if the thickness is measured by
infrared transmission, the justification becomes the same as
above. Again the two thickness, two transmission method may
seem unduly favored because |3n/3a| & |3n/?a’'| with their signs
opposing. Figures 1l& and 17 show the behavior of the combined
error derivatives with wavelength. They are plotted as a famlly
of curves for representative thickness pairs. Note that, although
there are no singularities in the region near n2 z k2+l, almost
every curve has a relative maximum in this area.

We see from Figs. 16 and 17 that it is possible to choose
an optimum thickneas pair for which the effect of experimental
errors will be minimized. In fact, for a = 100 R, a' = 300 R
or 400 R. the combined error derivatives have valuss below the
limits imposed by discussions above. Therefore, it appears that

a judicious choice of film pairs could yield reascnably accurate

values of the optical constants.

IV, CONCLUSIONS
Historically optical constants obtained from thin film
measurements have been held to represent only the optical prop-

erties of a particular film formed under certain conditions and



not necessarily correlated with bulk properties. The avail-
ability of epitaxial films makes it more likely that the deduced
optical constants are alsoc those of bulk material. A firm
knowledge of the constants obtained from bulk reflectivity
measurements now enables us to test for film conditions that
minimize experimental and interpretive errors.

For the RT method, it has been shown that there exists a
range of thicknesses for which intolerable sizes of the error
derivatives are limited to a minimum wavelength range. However,
for the thicknesses under ceansideration here there will always
be some wavelength range in which the error derivatives are
very large. Such will very likely be the case for most cemi-
conductor materials. Table I gives the energy and wavelength

2 2

at which n° = k“¢1 for several well-known samiconductors. Al-

though this table is incomplete, similarities in band structure

lead one to conclude n2 = k2+l at some wavelength for all the

usual valence semiconductors. The condition n? = k2+1 can be

written as ¢, = 1 or X, * 0 in terms of the dielectric constant

1
or susceptibility, respectively. If we assume that all critical

point transitions between the valence bands and excited states
(conduction bands) can be expressed in terms of a single fre-
quency w, suitably brocadened by an appropriate lifetime-like

parameter T, then Xy takes the form:

2
Y

(u’-uz)2 + u2/12

Xy * A + xd(u) + xc(u) (31)

whon w is the fnquency of thc incident photonl. .Th. puncepti-
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bilities x d(u} and ,x (w) ex.puu the dependonén on d-bdnd and_[
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core state trannitians mspecti.vely. For w ii!i tlu critical

< s \

I

point tran:ition r-mge, x4(w) and x (w) are luli conpmd tél

1 -

the first term in (31) everywhare except for in nm g 3 ‘l'hoi! ,
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&
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T
e

terns have the effect of shifti.ng the zero cmaing of / xl to 1

i

value of w >. W However. bcclus. of the 1::-;- mtrgy d;ffmncc

between the cntzcal point transitlons on thnond hand md tfn

i

d-band and cere atnte transitiohs on the othar, thia stgift shoula
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only be a small amount. Therefore. it appeart tlnre ui..ll i.n

+

variably be a bnneh point in t‘he RT method occurring sm '

in the vicinity of the cnticu point transitlonl"' . ‘

'l

However', it s«ns possxblq with the two fmuin!m fwo E
H

thicknnss mathod to circumvent thh difficulty ‘On throthcr.
hand. it was. pointed out that our mathod of p‘rnqntati&: would L
= Y ) {-

probably favor thll tachnique. Similar analyses shoulcf* be under!
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each for calculating optical consnnts from fi].n dgta. ;The gi,
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Figure 12a The extinction coefficient error derivatives vs. A for the RT
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Figure 17a |(8n/80)+_(&1/aa')|: o paired with a=50A. Figure 17b [{an/3a) + (3n/3a')| : & paired with a= 1004.




31,

=1
O T T T T T T T 7T L S S S S I I LS S N m |
e+ 3l i 188 ;‘g.I: _
(& F . kY L 300-5004
- - -1
W -
B 4oo-sooﬂ T
= + - -
-2|
10 -
o -J e —
200-300R o .
" 300-4004
200-4004
o1 1 1 14 ) 1 1 X200:5008 oll— 111 sl

Figure 17c |{8n/8a) + (9n/8c’}| : o poired with o= 2004, Figure 17d |{an/8a) + (bn/0c}| : o paired with a= 3004 and 4004.



