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ABSTRACT

From a series of ellipsometric measurements it is now possible to
obtain uniquely all the optical parameters of the system: absorbing
substrate + non-absorbing surface film. The method utilizes the fact
that the reflectivity of such & system remains essentially constant for
a small but finite range of surface film thicknesses. Furthermore it
hinges on the fact that the ellipsometric pdrameters A and { messured
on different film thicknesses grown on the same sample, are compatible
Measure-

with only one unique choice of the parameters n , and n

2’ k2 1’

ments on chemically etched samples of silicon yield the values of the
optical parameters as n, = 4,052 and k2 = 0.029 in agreement with the
results of earlier workers. The results on the cleaved samples of

silicon, on the other hand, reveal that the true values are n, = h.lho

and k, = 0.03, for A5461%.




GENERAL INTRODUCTION

The period covered by this report has been extremely fruitful and
productive in that a new and powerful method has been developed by which
the fundamental optical parameters of any absorbing material can now be
determined by an ellipsometric technique. It is not necesssry to make
any assumptions regarding the refractive index of the contaminating film
on the materiasl since this value is also one of the final results of this
method of analysis of the experimental data. This new method is in many
ways different from that described in the last report and further can be
employed successfully even with materials which are highly absorbing.
This report describes this method in detail along with some of the results
obtained on chemically etched as well as cleaved samples of high purity
silicon. Such measurements are absolutely essential before any invest-
igations on the kinetics of oxidation or the effect of radiation damage
on the optical parametersof the silicon solar cells are undertaken.

A paper on "The ellipsometric method for the unique determination
of all the optical parameters of the system:. isotropic absorbing sub-
strate + isotropic non absorbing surface film" has been accepted for
presentation at the conference on "Recent developments in Ellipsometry"
being held at Lincoln, Nebraska during August 7-9, 1968.

The following paper was élso published during-this report period:
"Simultaneous Independent Determination of the refractive index and the
thickness of thin films by Ellipsometry." by K. Vedam, R. Rai, F. Lukes

and R. Srinivasan, Jour. Opt. Soc. Amer. 58, 526-532, 1968.




The Ellipsometric method for the unique determination of all the
optical parameters of the system: Isctropic absorbing substrate +

isotropic non absorbing surface film.

I. Introduction

It is well known that the ellipsometric method which is most often
used for the determination of the index of refraction nl:and the thickness

d, of a nonabsorbing film on an absorbing substrate (see e.g. [1]1, [2])
can be used only in the case when the true values of the complex refractive
index n, +11k2 of the substrate are known precisely. Conversely it has
also been shown by many authors, (e.g. Archer [1], Burge and Bennett [3]
etc.) that the optical constants of the substrate can be determined only
if the wvalues of nl and dl of the film are known, even though the thickness
of the film may be as small as 10 - 50 8. Burge and Bennett [3] demon-
strate this fact in detail for the special case of silicon. Since A
and Y, the ellipticity parameters determined experimentally depend on all
the values of 1, dl’ Ny and k2, which characterize the system: absorbing
substrate + nonabsorbing film, we have to know at least two of these para-
meters when we wish to use the standard ellipsometric method for the
determination of the other two pérameters.

As is well known there is a certain surface film on all surfaces ex-
posed to the normal atmosphere. The direct determination of the optical

constants of the substrate from the measured values A and P without any

assumption about the nature of the surface film, has in the past been



rather unsuccessful. Hence attempts were usually made to apply suitable

corrections and extrapolations to the measured values to yield the optical

constants of the substrate (See Archer [4] for Ge, Zaininger and Revesz [5]

for GaAs), but the problem is very complicated and in each case we have
to know at least one of the optical constants of the substrate rather
precisely from another type of measurement. Further the refractive index
of the surface film ny had to be assumed. But the value of ny is ususally
either not known precisely or the validity of using the refractive index
of the bulk material for thin films is questionable. For example, in the
case of germanium the refractive index of the surface film was assumed(l]
to have a value 1.9%0.2, thus introducing & fairly large margin of error.
Even in the case of silicon where the refractive index of the silicon
dioxide film is quite accurately known, the recent measurements of Vedam

et al[6] on very thin films of Si0,on silicon yielded values quite dif-

2
ferent from that of the vitreous siiica, 1.460.

The problem of the measurement of the optical constants of ‘the homo-
geneous solids can be solved by measurements on clean surfaces in ultra-
high cacuum of the order ZLO_lo mm Hg. 1In this case it is possible to
preserve the clean surface obtained either by cleaving or special treat-
ment for several hours without essential contamination [2]. This method
is far from being used in practice, since there are other difficulties
which complicate the measurement such as the problem of cleavage of the
sample in a vacuum or the treatment of the surface leading to the removal
of the surface film or damaged surface layer. Another major difficulty

is the presence of the glass or silica windows in the high~vacuum system

and their unavoidable strain birefringence in the optical path.




In this article we shall describe an ellipsometric method which may
be used for the unique determination of all the four parameters charac-
terizing the above mentioned system without making any assumptions about
the nature of the substrate or the film. Since the present day computers
can handle the ellipsometric equations in their exact form, recourse to
various approximate linear relations was not required, and all the cal-
culations and computations described below were carried out using the

exact ellipsometric equations.

IT. Description of the method

Let us consider the following system: an ideally perfect homo-
geneous and optically isotropic substrate with the optical constants n,

and k2 and a homogeneous, optically isotropic nonabsorbing film on the

substrate with an index of refraction n, thickness dl. Both the bound-
aries, i.e. that between the ambient (with index of refraction no) and the
film, as well as that between the film and the substrate are assumed to
be flgt, and the f£ilm thickness is assumed to be constant. Any departure
from the above specification of the system, for example absorption in the
film, anisotropic optical constants of the substrate, or an inhomogeneous
film etec., would bring additional optical parameters into consideration '
and the problem cannot be solved in the way described in this article.

It may be remarked that the ellipsometyic parameters A and { depend

dl and also on the ahgle of incidence ¢,

on the values of n , k., n_,
) 2 1

the wavelength A and on the initial state of the polarization of the inci-
dent light. We shall not repeat here all the equations characterizing

the given case since they are well known and may be found e.g. in [T].




The procedure used for the unique determination of Ny, k2, n, and

dl is as follows:

().

(ii),

(iii).

We measure A and ¥ for the real surface (generally the substrate
with a surface film) at some convenient angle of incidence ¢,
such that the accuracy of measurement is high for both A and VY.
Angle of incidence of 70° is usually found to be satisfactory
for most substances,

We use the measured values A and V¥ for the evaluation of the
pseudo-optical constants 52, Rz by means of the equations valid

for clean surfaces, i.e.,

2 2 2
o e .
R - kg =Y|:éin2¢ H\fsin2¢ tan2¢ cos 2y 2s:Ln 2y 2s~1n A (1)
(1 + sin“V¥ cosp)

2h,K, = ‘sin°g tan§ —Sin b oiod (2)
(1 + sin2¥ cosp)

ﬁe, RQ would be identical with the true optical constants of the
substrate under consideration only. in the case that A and ¥ cor-
respond to measurements made on & truly clean surface.
Then we calculate the reflectivity R from 52, T{E' for all angles
of incidence ¢, with the help of the relation,
(8, - n )%+ &
2 o) 2
= sl (3)

-z 2
(n, + no) + &

R

As Burge and Bennett [3] have shown, the value of 52 and k2 and
hence R derived from their values do not depend on the angle of
incidence ¢ . Hence one can carry out the measurement of A and ¥

for a number of angles of incidence and evaluate the value of R



therefrom, in order to obtain z more reliable value of R.
However this may not be feasible in every case. For example
as will be shown in (v) below, in the case of freshly cleaved
samples where the film thickness will be varying rapidly, this
is impractical.

(iv). The very important feature of the next step is that the reflec-
tivity calculated by means of Eq. 3 is very close to the re=
flectivity of the clean surface even though the surface is
covered with a film of appreciable thickness as shown in
Table I for silicon. Table I illustrates this very slow vari-
ation in R with increasing dl’ Thus it is seen that an ellipso-
metric measurement on a silicon substrate covered by a surface
film of Si02 anywhere up to 2008 thick yield a reflectivity which
is the same as that of a clean surface to within *0.,19,

It should be noted, however, that even though the reflectivity R remains
fairly constant the measured values of A and ¥ would show considerable
variation with increasing values of dl or Gﬂ In fact if the influence of
the film thickness is neglected, the computed values of 52 and ig from such
measured values of A and ¥ would be disproportionally in error, though the
computed values of R from such values of 52 and Re still correspond to the
true value. This is illustrated in Fig. 1.

It is possible to prove generally that with increasing index of absorption
k2, or rather with an increasing ratio ke/n2 the above limits of the film
thickness dl decreases considerably e.g. (dlsg 50; for an oxide film on
GaAs and & 15& for a GeO2 film on Ge). In other words, the above mentioned
statement may be used only for materisls with a low index of absorption.

Since it is rather well known that the typical thickness for surface films




Table

I

Calculated values of A and { for various thicknesses of film of refrac-
= 4,050 and k, =
0.028. The value n, k and R computed from these A and ¥ are also giVen
in the table.

tive index 1.460 on a substrate of refractive index n

a, (&)

0.0

1.
2.
5.
10.
15.
20.
25.
35.
50.
T5.
100,
125,
150.
200,
250.
300.
Loo.
500.

1000.

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

00

0.

0

0

0

0

O N VW

1l.

1k

~18.

22
29
36
73

§(°)

0

0Tk
147
.368
737
.105
473
.82
.5T8
.683
«525
366
.208

.T32
415
.098
L6k
831
.661

ok9 -

a(°)

179.038
178.728
178.418

177.488 .

175.941
17L.396
172.857
171.323
168.279
163.788
156.569
149.763
143.k27
137.578
127.295
118.690
111.566
100.173
91.992
85.118

¥(°)

11.

11.

11.

11.

11.

763
T6k
765
769
781

11.798

1.

11.

11.

12
.12

12

13.
1k,
15.
17.
18.
22.
26.

52.

821
850
923

073
2k

453
099
580
226

961

516 -
063

853

<3}

L.05000
L.0ok98kL
L. 0Lk96k
L. ou8TT
L. oL6hLT
L.0k311
4.03869
L.03322
L.01917
3.99048
3.92346
3.83&71
3.72738
3.60498

© 3.32920

3.0336k
2.73850
2.19513
1.73662
0.70231

0.02800
0.03703
0.0L4606
0.07313
0.11819
0.16315
0.20798
0.25264
0.34131
0.h721h
0.68230
0.87954
1.06106
1.22495
1.496L8
1.69L57
1.82797
1.95168
1.96530

2.10519

o

0.36479
0.36479
0.364T9
0.36L478
0.36478
0.36L478
0.36478
0.36L4T78
0.36LTT
0.364T7
0.36478
0.36480
0.36485
0.36494
0.36551
0.36607
0.367hT
0.37362
0.38806
0.61673
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on freshly cleaved or freshly etched semiconductors is about 20-5025.we
expect that this assumption can be used for many semiconductors in a
suitable spectral region.

(v). Starting from as clean a surface as possible, the determination
of R with increasing film thickness up to a maximum of about
1OQZ should be carried out. For materials with fairly low
values of the absorption coefficient k2 (1ike silicon), the
value of R so determined for a number of thicknesses will
essentially be constant. On the other hand for materials with
large values of k, R will show a slight tendency to decrease
initially and then increase with dl' However, it may be noted
that the variation of R with § (or dl) at the early stages is
rather slight (£ 1% even for dy~ 1oo./§ on a fairly highly ab-
sorbing material like Ge). Thus from a plot of these values
with dl, by extrapolating asymptotically to zero film thickness,
it is possible to arrive at a value of R representing the true
value of the reflectivity of the film-free substrate. It is
estimated that the error in the value of R thus determined will
not exveed 0.1% in materials with low absorption coefficient like
silicon and will be better than 1% in materials with larger ab-
sorption coefficient.

It may be pointed out, that for this extrapolation procedure it is
necessary to know only approximate values of dl' For example one can carry
out the measurements on A and ¥ and thus R, as sbon as a sample is either
cleaved or freshly polished and etched - and follow the variation of R with
increasing time. If necessary the measurements can be extended to samples

heated in air at moderate temperatures for varying periods of time.
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(vi). From this value of the true reflectivity R, the various possible
combinations of the values of (né, ké) are then evaluated with

the help of the relation

k= EEE) g n - 1(a)? + 0 12 ()

The results of these calculations are shown by the solid line in
Fig. 2. It is easy to see from the facts mentioned above that
the true values of the optical constants n, and k2 must lie on
the curve given in Fig. 2. On the same figure are shown two
other curves corresponding to the reflectivity values R + AR

and R - AR, where AR = 0.001 to demonstrate the influence of
error in the measurement on the optical constants.

(vii). At this stage it may be pointed out that if either of the parameters
n, or k2 can be determined from an independent experiment (as for
example k2 from absorption measurements) then the other parameter
can be evaluated from R with the help of Equation (4). If such a
procedure is not feasible, then the ellipsometric method de-
scribed below can be followed.

(viii). Now we may calculate the values of A and ¥ as functions of ©
(6 = 2Wnldl/X)(n§ - ni sin2¢)l/2)for several sets of the optical
constants né, ké chosen from the curve in Fig. 2 in the region of
the expected true values of Ny k2. The calculations arealso
performed for several different values of the index of refraction

of the film.
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(ix). It is possible to show that if the angle of incidence ¢ is fixed,
the observed values of A and ¥ on a number of samples with
different film thicknesses (or 8 ) can correspond to only one

possible combination of Ny s k2 and n In other words if the

1
values of n, evaluated (as shown below) from measurements on
different film thicknesses on the same substrate, are plotted

as a function of n2,(and hence k, as well), since it is fixed
mutually related to R by Eqn. (5) for which the calculated values
of A and ¥ correspond to the experimentally observed values, then
all the curves should cross at dhe point which defines Ny, k2 and
n) —as illustrated in Fig. 3. In this case the values of Ny,
ky, n, and ¢ were initially assumed as 4.0517, 0.028, 1.460 and
70° respectively. This choice of the values of n, and k2 auto-~
matically fixes the value of R as 36.495%. Using these parameters
the values of A and V¥ were then computed for several different
values of 6(51, 52, ...) and these sets of Qalues of A and ¥

y

.were now treated as experimentally observed values [A

’ ]6
obs? obs 1

[Abbs

,

obs ]52 By such a procedure the possible complications
introduced by the experimental errors are avoided and thus we can
consider this as an example under ideal conditions to test our
method.

Even at the cost of slight redundency it will be worthwhile to mention

in brief the essential steps adopted to arrive at Fig. 3 from these sets of

data [Aobs’ ¢obs] 5 -
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(a)

(b)
(e)

(@)

(£)

(g)

Here it may be worthwhile to mention that the steps (c) and (d) men-

We determine various possible sets of (n2, k2) to correspond
to the fixed value of R.

We then choose a range of reasonable values of n;.

We compute the values of A and ¥ for each of the sets (n2, k2)
for all the values of n. chosen and & in the range O to 180°.

1
We compare these calculated values of A and ¥ with [Abb ]

1k

s? obs']6 :

A reasonable match will be obtained for only one value of n,
for each set of (n,, ke).

We plot the values of n, so obtained against the corresponding

1
values of n, (or k2).

We repeat the above steps for each of the sets of data

]6 5o 1

and (n2, k2) corresponding to each of the initially assumed

[A

b’ ¢obs ., to yield a number of curves relating n

values of 6.

Since the value of the refractive index n; is an intrinsic
property of the film, it should not be a function of & or the
film thickness, provided the film is not too thin [6] ki.e.,
say less than about 300f). Hence all the curves obtained in
(£) above, should cross at one point corresponding to the true
value of the refractive index of the film. At the same time
the true values of the optical parameters of the substrate are

also obtained from this crossing point in the figure.

tioned above can be considerably simplified by a suitable programming of

a digital computer, such that the computer prints out only those computed

values of (A and ¢) which are within some narrow limits of Abbs

_and ¢obs.‘
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Such a procedure would obviate the necessity of scanning through voluminous
computer print out. Further the computer can also be used to automatically
interpolate in between the two calculated values of (A,¥) which lie on
either side of (A’¢)obs.’ to yield the final appropriate value of n; cor-
responding to each (n2, k2) set. Such programs have been written and are
included in this report as an appendix.

The methed described above can be applied equally well to materials
which are highly absorbing. For example Figs. 4, 5, and 6 represent
respectively the cases of GaAs, Ge and Tungsten under ideal circumstances.
In these cases the assumed values of n, and k, for )5&61@0\ were,

GaAs: n, = 3.923 and k, = 0.304, ny; = 1.935 Ge: n, = 5.30, ky = 1.983,
n, = 1.90 and Tungsten: n, = 3.46, k, = 5.25, n) = 2.50. It is seen
that in all cases the final values obtained are in excellent agreement with
the assumed values.

ITT, Optical Constants of Silicon

(a) Chemically etched samples

The method described above in the previous section in a general form
for the ideal case will now be used for the characterization of real systems.
Single crystal of silicon covered with an oxide layer is an obvious first

choice for such a study, since the optical parameters of this system are

known with reasonable accuracy. However a reference to the literature re-
veals that all such previous determinations of the optical parameters of
Silicon were carried out on samples which were mechanically polished and
later chemically etched. Even though it is well known that the film on
such chemically etched samples are not quite homogeneous [8] , it was felt
desirable to carry out the initial studies on such chemically etched samples

in order to test the capabilities and limitations of the above method.
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In real systems the departure from the ideal situation discussed in
the previous section arises mainly from two causes: namely (i) the
inhomogeneity of the film and the quality of perfection of the substrate
and film surfaces and (ii) the influence of the experimental errors in
the measurement of A and ¥. While effect of the former can to some extent
be minimized by carrying out measurements on a large number of samples, the
latter poses a more fundamental problem and will be discussed in some detail
in a later section. Broadly speaking the influence of these parameters -
would be to inproduce a degree of uncertainty in the point of intersection
of all the curves of Fig. 3. In other words the points of intersection of
the curves instead of occurring at one well defined specific point cor-
responding to a particular combination of the parameters Ny, Np, and k2,
will be distributed over a region in the ny, n, (kp) field. This is
exactly what is noticed in the case of etched samples of silicon, as shown
in Fig. 7.

The experimental arrangement and the method of the measurement we used
were the same as that described in our previous paper [6]. We'have measured
both the ellipsometric parameters A and ¥ for both orientations of the X/h
plate and for all possible combinations of the polarizer and the analyzer,
which means that each A and ¥ value is the average of 16 measurements. All
the measurements were carried out with Hg green radiation M = 5&61&.

The samples used were cut from a single crystal, mechanically polished
and then etched in a mixture of nitric acid, hydrofluoric acid and acetic
acid mixed in the ratio L4:5:6, washed thoroughly successively in distilled
water, acetone and ether. When necessary the samples were heated in air at

950°C for varying lengths of time as required.
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The value of the reflectivity'i evaluated by the method described above
on five different samples was found to be 56.&95%. Using this value of R,
the curves shown in Fig. 7 were obtained by the computational procedure de~
scribed above. Here it may be mentioned that while the value of R was
obtained on samples which were freshly prepared and aged in air, the data
for Fig. 7 were obtained on the same samples after various heating treatments.
In Fig. 7, it is seen that all the curves are terminated at the value
of n, at 4.0519. The reason for this will become obvious from Table IT
which gives the various possible values of ny and k2 when the reflectivity
R is fixed on 56.&95% . Any further increase of n, beyond 4.0519 would
imply an imaginary value . for k2.
It is seen that the mean value of the different intersections occur
at n, = L+.0517 and n, = 1.461. Since the value of reflectivity R is taken
as 56.&95% for these samples, the above value of n, automatically fixes the
value of k2 as 0.029. These values compare very well with the accepted
values n, = 4,050 and k2 = 0.028 as determined by Archer [1] on chemically
etched samples with the assumption that n, = 1.460.
Thus it may be concluded that the method described above can be used

successfully to determine the values of n, and n, (and thus k2 as well)

1
i.e., the refractive index of the film as well as the optical constants
of the optically absorbing substrate.

(b) Cleaved silicon samples

As Fainshtein and Fistul [8] have experimentally demonstrated, a
considerable portion of the etchant is usually trapped in the oxide film
which is invariably present on an etched surface. In other words an

etched surface is not in general uniquely characterized since its structure



TABLE IT

Silicon: Chemically Polished Sample

R = 36.&95%

Mo Ky
3.50 | 1.340
L.00 0.4l41
4,02 0.347
4.03 0.288
4.0k 0.213
4,045 0.162 -
4,050 0.085
4,051 0.059
4,0515 0.040
4.,0516 0.035
4.0517 0.029
h.0518 0.022
4.,0519 0.009
4.05192 0.0004

4.05195 i [0.0001
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and hence its properties depend on its preperative history [9] . On the
other hand a crystal cleaved and aged in air does not suffer from this
disadvantage and measurements on such surfaces would be truly representative
of the intrinsic material. Hence we have carried out ellipsometric measuré;
ments on samples of silicon cleaved and aged in air, analyzed the data along
the lines described above and determined the optical parameters of silicon
and the contaminating film on its surfaces. These results are given below.

The experimental specimens were cleaved from low dislocation density
silicon ingots grown by the Czochralski method. All the specimens were N-type
with resistivities ranging from 25 to 200 £ -cm . By suitably orienting
and shaping the specimens in the form of an L and cleaving by the method
described by Gobeli and Allen [10], we could get cleavage-tear-line free,
nearly optically flat regions of about 3-4 mm? area on which the ellipsometric
measurements could be carried out quite easily.

As soon as each of these specimens were cleaved, it was quickly
centered and aligned on the ellipsometer and then measurements of the
ellipsometric parameters A and Y were begun. The time after cleavage before
the first measurements was made, was generally not more than 3 to 5 minutes.
The veriations in A and ¥ were followed continuously at foom temperature
for a period of about 2 days. Such measurements yielded the value of the
true reflectivity R as 57.50%. Then the specimen was slowly heated to
900°C in a furnace, kept at this temperature for a few minutes such that
the film gréw to a thickness of about MOOX, and then it was cooled slowly
to room temperature. Then the new values of A and $ were determined before
returning the sample to the furnace in order to increase the film thickness

and repeat the process. In this way a set of (Ai, ¢i)i - values vere

5-10
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obtained on each specimen. Following the computational procedﬁre described
earlier, the data necessary for the curves similar to Figs. 3-7 could be
obtained.

However at this stage it will be useful to consider in some detail
the effects of the experimental errors in the measurement of A and ¥ and
how this can be minimized. Since the value of R is determined from the
measurement on A and ¥, any errors in the latter will be reflected in R
as well, and since further computations are all based on the unique value
of R, any error in R can influence the graphical solution method described
above to be impractical. In order to find out the degree of influence or
the sensitivity of an error in R on this method of solution as well as on
the final optical parameters, recourse was taken to the ideal situation
described in Fig. 3. It may be recalled in this case R was found to be
36.495%. Assuming a reasonable value of the error as *0.1%, similar com-
putations were performed with R as 36.395%, 36.495%, and 36.595% using the
same input "experimental" data [Abbs’ ¢obs] 51, [Abbs’ ¢obs ]52... as
described in section II (ix) above. The data obtained on all these three
values of ﬁ, are then plotted on the same graph as in Fig. 8. This is
possible in the case of silicon sinqe k2¢¥f0 and hence for each value of R,
n, can have values only up to a certain maximum as explsined earlier. When
the value of R is increased slightly, the maximum value of n, is also
correspondingly increased and thus we can draw the curves for R-AR, R, and
R + AR on the same figure without much overlap.

From Fig. 8, it is seen the curves meet at one unique point only for

R = 36.495% and that the curves intersect one another over a finite region

for both R-AR and R + AR. However if one were to follow the trend of the
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lines Jjoining the various intersection points between similar curves but
with different Rs (thin straight lines in Fig. 8), it is seen that they
converge to a point at the true value of R and at the proper combination
of n, (ke) and nl. Of course this convergence to a point would occur only
in the ideal case. In an actual experimental case, however, the lines
would converge to a minimum separation at the true value of R, as shown

in Fig. 9 for a typical case of cleaved silicon sample.

In the case of cleaved silicon samples the value of R was found to be
37.30 * 0,10% by the method described in section IT (v). It is seen that
this value is considerably different from 36.495% obtained in the case of
»chemically polished samples. By extrapolating from Fig. 9, the final value
of R was taken as 37.33%%. Having thus obtained the final value of R it is
an easy matter to recompute the data for the final plot between n, (k2) and
n, as shown in Fig. 10 to yield the true optical parameters of silicon and

the film as n, = 4,1h1, k, = 0.024 and n, = 1.&68.

1
Similar measurements and computations have been performed on two

other specimens at the present stage and the final data are assembled in

Table IIT. It is seen that the wvalue of the optical parameters of silicon

TABIE ITT
Sample No. Resistivity
L cm Dy k, oy
Ccs1 93 h.mo o.oeu 1.1;7l
cs2 171 L, 1&0 0.057 1.&66
Cs3 154 L, 1&5 0. 018 1.&72
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SILICON
(Cleaved sample)
148 —
|47 +— —
n
| 46— —
[R=37.33%]
1.45 | |
4.138 4.140 4.142
No

Fig. 10 Calculated values of n, vs. n, for various
values of film thickness § in the case of cleaved
Silicon (experimental). The calculation was performed

for that value of R which was determined by the inter-
sections of Fig. 9.
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is quite different from the often quoted values n, = 4.050 and ky = 0.028.

2
As mentioned earlier these values correspond to the chemically polished
specimens and hence cannot be treated as representing the true values of
the pure material.

The data of the etched samples were also subjected to recomputation
to take into account the possible error in R as described above, the final
result being for the chemically etched samples n, = h.065 and k2 = 0.028,
which are essentially the same as obtained by other workers.

Here it is relevant to point out that, even though the real part of
the refractive index n, of silicon can be determined with great precision,
the corresponding results on the imaginary part of the refractive index k2
is far from satisfactory. For example it is seen from Table II, that if
the value n, is altered from 4.051¢ to 4.0518 then the value of k, must
also be altered from 0.029 to 0.022 in order to satisfy the criterion of
constancy of the reflectivity R. In other words in a. weakly absorbing
material like silicon it is advisable to use the new method for determining

only the value of n_, and to determine the value of k2 it is better to

2’
employ the well known optical absorption technique [11,12] .
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APPENDIX

[MP_TCTT REAILZR (A=H,0=7)
RAN(A) =A%, 141592700/ 110 .NO
DEGIA)=(AXLHOLDN)/3,141592700 o o S S
NDIMENSTENTINTI(20) s DEL( 243 180) 4 DFLTA(24180)4PST(2,180)4XP(1KHO),
LYPLLIBD) GRAXB{20) 4RAXT(20) 4RKFE{20), PETE20) 4 DTH(20)4RER(20),
IRZND(ZN) yRZP(20) 4RXI{20)4RXP(20)
INTFGFRSRN
READTION g NA o NNy SRV
0o FORmAT (334
INTD=INTTIAL VALUE AF SMALL DELTA FUR FACH SET DELTA AND PST
PTT ARF FXPERIMENTALLY DETERMINED PST ANGLES.
NDTT ARF EFXPERIMENTALLY DETERMINED DELTA ANGLES
NN=NO, F FTLM MYS
CSRN=NI, OF SURSTRATE M
NA=NO, OF DFLTA, PST ANID INTD SETS
READLIZOL{PTT(LM) ,LM=] 4nA)
READLAO, (NDTTILN) yLN=1,40A)
READYIAGH, { INMTTILK) 4 LK=1,NA)
RFADISO, (RMXT(LT),LI=1,SRN)
REANLON, (RKTOLA),LI=1,SRN)
READLIOZ,, (RMXB(DD) 4 J=] 4 NN)
130 FORMAT(HF10,.4)
140 FORMAT(RFIN,3)
145 FORMAT(RI4)
150 FORMAT(RBELIN,.6)
160 FORMAT(RF10,6)
102  FUORMAT(HFI0.A)
NOSOND 1.T=1,SRN
RK2=RKT(ILT)
RMXZ2=RNXT (1, T)
RMXAYL=Y,
NCLC=NFILFX
PRINT200,RNX?2 ,RK? ,RNXAD
200 FORMAT(Y1'TS, 'N IF SUBSTRATE='F9,6,T35, 'K UF SUBSTRATE='FY,6,T6%'N
1 NF AMBIFNI=VFY ,6/'00T20,'PSTY, T30, "DELTAY ,THH, *SMALL Y, T78,'SmALL?Y
V1/T124 ' PHIV  T20, VEXP L'y T30, 'EXP 'y T43, "NYL TS5, "DELTA Y, T65, 'DRELTAY,
LT78, ' DFLIAY TR, 'PSTY,T112,tXAV/)
NOANOO ILK=1,NA
AT=70,0 ’
A=RAD(AT)
PSEFX=PTT (LK)
DELEX=DTT (1K)
INTH=INTT (LK)
SINA=DSTN  (A)
COSA=NCHS  (A)
AlLPHAT=(RMX 2382 )= (RK2%%2 )= (STNARKD )
ALPHA? =2 . NOXKRNX 2 %XRK2 B -
CRNO=NSORT (ALPHALR%2+AIPHA? %2 )
APHT==DAIAN (ALPHA?/ALPHAL)
RIMOIZDSORT (RMNX?2%%24+RKZ2%%2)
APHEY==DATAN (RK2/RNX2)
R2ZNO=NDSORT (RO /RY NI
APHTIZ2=APHT /2 .0D0=APHIT
AM_PHA4=R2NOEDCHS (APHIZ2)
ALPHAL=R?2M DS TN (APHI?)
DEL(1,1)=1.0D0 o
DFL {2, 1)=RAD(2,D0%0DEL(1,41))
NN2NY K=1,179
DFL(LyK+ L) =0FLI1,K)+1,000

OO0 O




201 DEL(?2«K+1)=RAN(2.D0%DEIL (1 ,4+1))
KV=0
307 NH6ONON  Jh=1 « MN
T RANX L =RNMXA(LY)
XY7=STNARRMXAL /RNX]
TEIXYZ=1.000)310,310,304
308 PRINT3N09,R¥X) - o
309 FORMAT (Y1112, ' TOTAL EXTERNAL REFLFCTILING WN1='F6.3)
G Ty 6000
310 COSR=NCHS  (DARSIN(XYZ))
RNZRNXLEALPHAZ=RNX2*C1ISA
RESRNXIHALPHAL+RK?=CIISH
REF=RMXTIXALPHAS+RNX?xCUISRK
RG=RNX1xALPHAL=-RK2XCUSH
RI=RANXTHCOISR=-RNX2EALPHA3=RK2%AI_PHAL
RI=RK2#ALPHAZ=RNX2xALPHAG 7
RK=RNX1XCOSRERNXPHALPHAZ+RK2KAI_PHAL
T ORN=RNX2HALPHAG=RK2XALPHAS
SCHI=RMNXAT%CSA
TUTUSCH2 =RNXALRCIISA
CALLPOLMOR{RDGRF yRF ¢RG4y SCHL,CUSASRL ¢ RUyRPyRNX1)
T O CALLPOLMOR(RT gR Ay RK o RN SCH? 3 CUISB Y RMy KO3 RR g RNXT)
JPST=0
JDEL=0
JPNAR=0
S PN30% a=(NTH, 18O
[FLJUNFL)Y3N23,3023,3020
3020  IF(JIPSI1)3N24,3023,3021
3021 JPDOR=IPHOB+]
TECAPDOR=9)Y3N23,3022,3022
3022  TF(DABS(OFL (1, UDEL-1)=DEL(1,JPSI-1))= 5.13023,3066,3066
3023 CS20=NC0S  (DFL(2,J)) - '
SMN2N=DS TN (DEL(2,.0)) , N o
CALLSTIHVWX (RL ¢ROGRP,CSZN SN2, Wy X )
CCALLSTUVAX{RMGROGRR G CS211y SN2, Wle X1)
NENR =W 5k 2 4+ X 1 %% ' h
CYE (RN XX ) S OENR
7=(X%kW)—wiX1)/DENKR
CDFLTA(L,3)=DATAN (2/Y) B o
PST(l,J)=DATAN (Y/DCUS  (DELTATL,J)))
CDELTA(2,J)=DEGIDELTA(L.J))
PST(2,4)=NFG(PST(1,4))
B TF(PST(2,0))5%00,401,401
500 PST(240)==PST(2,4.0)
DELTA(2,0)=0ELTA(2,J)+360,.D0 A
CTF(DFLTA{? 4 0)=360,0D0)402,402,700
700 NFLTA(2,0)=0FLTA(2,0)=360,D0
402 6N TO 298 '
401 DELTA(2,0)=DELTA{2,0)+180,00
298 IF(JPS1)4015,4015,729950
_40185  TF(J=T8T0-1)303,303,2945
2985  TF(PST(240=1)=-PST{72,0))2991,2991,29Y
- 299 TF(PST(2,4)=PSTIFX)2991%,2991%,29930
2991 IF(PSTFX=PST(2,.0))729915,29915,29930
29915 JPST=.
PSGAP=PST(2,dPST)I=PS1(2,0PST-1)
PSNMI=PSTEX=PST(2,.0°ST-1)
YA=DARS  (PSHT/PSGAP)
NCLC=DFL LA dPST=1 ) +YAR{DFLFAL24 IPST)=DELTA(?,0PSTI=1))
NICLC=DFLAY o dPST=1)4YARCDEL (1, 0@SE) =L (L, UPST=1))
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29930
2993]

299650
30313

3034
3038
304
3065
3041
3042
3051
3082
306
30 65H
303
3066

301

R9Q
900

790

7905
1906
7907
191}
792
193

795
B9

K905
" KY0A
8907
R91]

3h

GO TN 29950

IF{N=1R80)29950,299341,29931

NCILC =N,

NICLC=0,

TF(IDF_)3N343,3033, 40655

A=)

ITF(JP=TMIN=-1)303,303,3034 )
TF(DARS(DFLTA(?2 4 0P )=DELTA(2,0P=1))-3Nn0)3035,403,4034
TF(DRELTA(?24 0P )=DELTA(2,.0P=1))304,303,305
TF(DFLTA(?2,0P=1)=DELFEX)3042,304,404]
ITF(NFLTA(2.4P=1)=DELEX)3052,403,3051

TE(DELTA(2, 0P)Y=DELFX) 306,306,403
TFDELTA(?2,0P)=DFELEX)303,306,306
FRF{NFLTA(2.0P)=DELEX)3064,306,303
TRINELTA(2,JP)=NELEX) 303,306,306

JNFL =

TF(JPST)303,303,301

CONT INIE

NICAL=0D,

PSCAILL=0

GO TH R9Y o

DGAP=NFLTA(?, UDEL=1)=DFLTA(2,y JDEL)
DINT=DELEX=-DELTA (2, JDEL-1)

XA=DARS  (DINT/DGAP)

PSCAL=PS (24 UNEL_=1)+XARPST(2,0DEL)=-PST(2,.00FL~1))
DICAL=NEL{ Lo JDEL=1)+XAX(DEL(1,JDFL)=DFL{ 14 IDFL=1))
PRINTYNN, AT s PSTEXGDELEX,RNX1,DLCLC DCLE 4DICAL yPSCAI 4 XA
FORMAT(AXEFL10,4,3X42F10,3,3Xs2F10.3,14X,F10.3)
KV=KV+1]

RZR{KV)=RNMNX1

RZN(KV)=D1CAL

RZP(KV)=PSCAL

RXD(KV)=010C1.C

RXP(KV)=n(CLC

IF(KV=NN)AONO, 790,790

RXPPO=(),

NO 7985 ISNX=1,KV

TE(RXP(JISMX))ITYS,T795,7905

TFIRXPPO)TIY0A,TYNG, 790

RXPPO=RXP({.ISNX)

ITF(RXPPO=-NDELEX)T924792, 191
TF(RXPLISNX)=DELEX)TI93,793,795
TF(RXP(JSMX)=DFEIEX)T954 793,793
BANDZRXP ( JSNX =T ) =RXP (. JSNX)

RANDA=RXP{JSNX=1 ) =DELEX

ZAP=RANDII/BAN)
RAFFOSRZR(ISMX=1 )+ (RZREISNX)=RIR(ISNX=1]) )7 AP

DAL TO=RXD(ASNX=T )+ (RXDISNX)—RXD(ISNX=]) )%7AP
PRINT 796,081 TO,RAFFU

FORMAT ('NY10X YERDM PST INTERPULATTUN, SMmALL OFLTA=Y F7,3,' AND N
11=1F7,5)

GO TO K90

CONY ITNF

RZPPO=0O,

D) RYK JSh=) 4KV

TF{RZP(ISN))IRYSL,RY4,BYNY

[EF(RZPPLO)RYDALHYDG,, BYO T

RZPPOD=RZP(ISN)

TF(RZPPLO =PSTEX)IRYZ 4897 ,H491
TF(R7P(ISN)=PSIEX)RY93, Y3, K94




892
893

BY6

RY4

8941
89472
H95

6000

5000

TF(RZP{JSM)=PSTIRX)R94,493,R94

RAND=RZP ( ISN=1)=R7ZP{JSN)

RANNDO=RZP(JSN=1)=PSTEX

ZAP=RANDN/BAN)

RAFFO=RZR(JISN=1)+(RZRUISN)=RIR (JSN=1) )%= 7 AP
NDALTO=RZD(ISN=L )+ (RZD{ISN)=RZID(JSN=1) ) #ZAP

PRINT RBYA,DALTO,RAFFU) _ : B .. S
FORMATC IXTLY,'FROM DELTA INTERPOLATTON SMALL DELTA=Y F7.,3,% AND N
11='F7.5//) '

GO TO 6000
TFEISNLFOKVIGH TH 8941
GO TO RYs T
PRINT HY4)

FORMAT( /)

CONTTMIF

TCONTINDE T

CONTINUE
STOP

FND
SHRRMUTIMFPOLMOR(RDGRE yRFgRGy X1y X2 3 RL o KU, RP 9 RNX1)
IMPLICIT REAL®E (A=H,t)—-2)
RFG=(REX%2+RGk%2) cT
RL=(X1=RNXT%X2)/{XL+RNXL%X2)
RO=(RNERF+RFRRG)/RFG /77
RP=(RF¥RF=RDKRG) /RFG
RFETHRN R o
FND
SHRROUTIRES TUVWX (RL R RP 4 CSPD,SNZD W, X
IMPLICIT REAL%R (A-H,0-7)
RS=RL+ROXCS2D+RPESNZ2D
RT=RPxCS2N=RO=SN2D

TRUST DO+REEROXCS2D4+RLARPESN2D
RV=RI_EZRPR(S21)=RI_ERIXSN? 1)
RUV=RIpkR2+R2KD 0 7 0 77
W= (RS*RUHRTHRV ) /RUV

K= (RTHRU=RSHRV ) /RUV
RFETHRN
TFND o




