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ARSTRACT |

¢

A transmission interferometric technique has been developed for the
,measurement of the optical corstants of thin solid films. A laser is
used as the light source, and the phase shift and attenuation of light
trensmitted through a set of sanples of different thickness are
measured. Values of the refractive index n and extinction coefficient k
are determined by fitting expressions for thepphase shift agpd optical
density as functions of thickness tc¢ the data. ;By using samples thick
enough that the effects of multiple internal reflections can be '
neglected and fitting as a function of thickness, surface effects can be-
eliminated, and the results are representative of ;he bulk material.

' The technique has been evaluated by measuring the optical constants
of-geld in the spectral range 459.7 to 632.8 nm, using several lines
from an”Ar ion laser and a HeNe laser. Evaporated films of thickness 41
to 241 nm were used. The measurements were in good agreement with '
previous results, and the techniqhe is shown o be sufficiently accurate
that it could be used to investigate the effects of surface layers;

Interferometer measurements were also made on thin crystale of
GaSe, a weakly absorbing layer structure material which is optically
uniaxial, with the optic axis perpendicular to the surfaces. GaSevhas an
absorption edge at 620 nm, and a tuneable dye laser was used for a
detailed study of the optical consfants in the vieinity of this edge.
Both the ordigery and extraordinar& constants were determined. The
results were iﬁ excellent agreement with previous work. The ’
dispersion curves of GaSe were also deterﬁined,by the Butler fringe
technique over a wide wavelength range. The refractive indices are
cobtained from the wavelengths of the maxije of fringes due to multiple
internal reflections seen in transmission as the wavelength of the
incident light is scanned. These measurements were made to corroborate
previous work and provide a basis for comparison for the interferometetr

measurements. -
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> CHAPTER 1 -
INTRODUCTION ‘ , )

The interaction bets;en eiectromagnetic radiation and matfer is
characterized by the d‘tical constantsbof the material, the refractive
index and extinction coefficient ‘or equivalently the real and imaginary
parts of. the dielectric constant. A detailed measurement of the values
and vaniation of the optical constants over some range of energy
provides information on sueh fundamental properties as the band
structure of a material or the effects of impurities in c¢rystals.
Detailed and accurate knowledge of the optical constants is also
required in such practical applications as the design of lens systems,
fiber optics, and seCOnd harmonic generation.

Measurement of the optical properties can be difficult,.
particularly for highly absorbing materials such as metals and
semiconductors for energies above the fundamental absorption~edge~aﬁvany
techni@ues for their measurement have evolved: see for example - .
aveles( ] or Heavens[2]. Reflection techniques are commonly used {§n
all spectral ranges. A measurement of reflectiwity as a function of
energy at near normal incidence can yield both the real and imaginary
parts through the Kramers-Kronig relations[3], but this requires’ ’
measurements to be taken over a very wide (in principle infinite)
spectral range. If the sample thickness is'known, this requirement cah

]
be avoided by making simultaneous measurement of reflectivity and

transmissivity at oblique incidencel2-5] but the analysis is ~
considerably-more involved. Ellipsometric techniques[2v3’6‘9] involve
irradiation of the sample with plane polarized light at a known angle of
incidence and polarizing angle; and measurment of the elliptical
polarization of the.reflected light which results from the different
reflectivities of the light componente“parallel andiperpendicular to the
plane of incidence : ™

The main difficulty with reflection techniques is their extreme

sensitivity to the surface conditions of the sample. Small amounts of



////A \

-
oxidatior or very thin adsorbed layers can produce spurious results, and
Zreat care must be taken in the preparation, handling, and storage of
samples. In contrast, transmgssion measurements are very mucb*less
sensitive to surface conditions. The extinction coefficient is easily
shtained from a measurement of the transmissivity of light through a
sample ¢f known thickness[7ov71]. The refractive index can also be

sttained easily from the wavelength and interference order of the

t3

ultiple internal reflection fringes (Butler fringes) which result when

X

rite light is incidert on a thin parallel-sided sample[11], Until
“nhe advent of the laser, such measurements were restricted to
“ransparent or very weakly absorbing materials, or to very thin metal
c:iipsll2-15]

most accurate techhiques developéa to date is that of

. ~ . [ . . ’ -' ‘. .
Ngstell hPlStYL“«,‘Ln which values of transmissivity at different

Tne of t

of incidence are use? in conjunction with reflectivity
-

» mdasuremerts to determine the optical constants. It does not take

n

~rfane effects intoc acccunt, but. because of the use of transmission

~oasurements this is not 2ritical. This technique has been used by
SIS '

4

3

J-rrnacn and Christ

<

*o Teasure the optical constants of the noble
reva’s. Very thin films evaporated on quartz substrates were used, and
rag ccrrectipns for the substrates were required.

Tris +hesis describes the development of a transmission

g 3 ) oA i 7... T : : . 4 N
irnterferometric tecnn-%ue»7 19~'wh1ch is suitable for measuring the

azssr-ing materials. A tuneable dye laser is used as the light source;
ar4 <rus detailed information can be obtained in the spectral~range
‘ecertined oy the availatle dye. The amplitude reduction and the change
i DCJE;JOH transmissicrn “hrough the sample are measured simultaneously,
ard z2%r tne refraztive incdex and extinction coefficient are determined.
_a%a I3 cﬁllec:ed for a set of samples'of different thickness, and by
fistirg tre data as a furction of thickness, surface effects can be

slimiraved prcovides that -nese effects are consistant from sample to

Ry
.~



Measurements with accuracy better bhaﬁ)11 fbr-the refractive index
values and a few percent for the‘extinction coefficients are achieved.
The operation of the interferometer. has b;éﬁ verifiéd by compa}ison of
measurer}lents on gold films with measu'reménts' Nreported in the
literature[16,2o'2?].‘ ) ’

Measurements were also made on films of GaSe, a weakly absorbing
layer structurg with uniéx%gl.agifotropy. The optical cgnstants for
both the ordinary ahd extraordinamny rays were obtained as a function‘of
favelength through the fundamental absorption edge, as a tes}\of the

ftecﬁnique in a spectrél range where the constants vary rapidly with
wavelength. The refractive indices of GaSe were also measured over a
widé spectral range using the Butler fringe techniquel23,24] Tpese
measurements were made to provide reference values for assessing the
interferometer performance under these conditions and to confirm and
extend the range of measurements reported in the literaturel11,25-28]
Although the Butler fringe technique is much .-simpler in theory and
practice than the interferometric technigue, gt can only be used with .
weakly absorbing materials, and it cannot provide detailed information
in spectral regions where théjpptical properties-vary napidly.

In Chapter 1I, theoretical expressions are developed for the
transmissivityt reflectivity, and phase changes on reflection.and
transmission when light is normally incident on a thin parallel-sided
isctropic film. Propagation in anisotropic media is considered, and the
expressions are extended for the special case of oblique incidence with
polarization in the plane of incidence on a uniaxial f}lm‘with the optic
axis perpendicular to the surfaces. It is shown that these expressions
lead to the much simpler equations used in analysing the Butler fringes.
Irn Chapter IIIrtﬁe techQ}ques for the preparation and measurement of the
samples are discussed. The principles and design of the interferometer
and its operating procedure are described in detail. The handling of

]

Butler fringe data is also discussed.

\

Methods of analysirng the data are discussed in Chapter IV, and the

results are compared wita values reported in the literature. It is shown

<



that surface effects are-not negligib;e for*strongly absorbing films,
and this is taken into account in the analysis on the assumption that
the effects are consistent from samplé to sample. The method is shown

to be sufficiently accurate that a detailed study of surface effects

Y

-could be undertaken on this basis. The techniques are assessed in

Chapter V.



CHAPTER 2
. PRANSMISSION OF LIGHT THROUGH A THIN FILM

2-1 Propagation of Electromagnetic Radiation in an Isotropic Medium

When electromaénetic radiation propagates in an unbounded medium,

. -
the electric and magnetic fields are related by Maxwell's equations:

-in Gaussian units,

div B = 0 (1)
div D = Lmp (2)
curl E = -_;_;U_E (3)
curl B = %“2% +_%KJ ‘ (4)

The symbols have their usual meanings[2129v3o]. In an isotropic
medium, the permeability, suscebtibility, and conductivity are scalars,
and thus fﬁ ; Hﬁi D - EE: and j': rE. In a metal or a semiconductor
with reasonably high carrier concentration we can also set the
divergence of_B equal to zero, since charge density variations induced
by the fields will be neutralized with a relaxation time shorter than
the period of oscillation at optical frequencies[30].

After substituting for D, B, and J, H can be eliminated
between equations (3) and (4) by taking the curl of (3) and then

substituting from (4):

x—.--ﬂlv‘
T x UxE = ch ~ B)
%8 - #€ D% | urou OF s
e Dt? ? Dt

By eliminating T an identical equation in § results.

In a non-conducting medium (g-= 0) this reduces to the wave
equation- The guantity 7;%= is a constant which is characteristic of
of the medium, with dimensions of velocity; C:Z' is the refractive
index n, the ratio of the velocity of the wave in vacuum to its velocity
in the medium. The wave equat&on has the well-known plane wave
golutions of the form

E - el 0T (6)



where the magnitude of the propagation.vector'a and the frequency aj

are related by

q :%zmgﬂq% - (T)
We assume that for a conducting medium equation (%) still has
plane wave solutions of the form of (6). Substituting (6) in (5) and

cancelling the common terms, we get

2 4o
—q2=—}4€%+i‘—2~&(‘i (8)

Thus it is seen that plane wave solutions for equation (5) still
result provided that a complex propagation vector § is used. We can

express this in terms of a complex dielectric constant:

2 _w? TS
9 =7#<5- 1%)

c
" =C:T§ﬂg
=%§‘/4('51‘i€2) | (9)
By analogy the complex refractive index is defined as
n=n- il - V’F (10)

where n and k are real and non-negative. It is a good

approximation to set M= 1 at optical frequencies; and thus E = ﬁ2 or
i
61 = n2 - k2
(11)
€2 = 2nk

A wave propagating in the positive z-direction can now be
described by k

ei(a)t - q,2)

E = Eg
271 : 21
- &0 k2 i t - nz)
H Eoe A e (e T (12)
- _wn _ Elf
since q % T} (n - ik)

where A is the wavelength of the radiation in vacuum.
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Thus it is seen that the propagatiqn of electromagnet adiation
in a material can be described in terms of a ‘complex refracthﬁ%égg; or
the material. Althohgh n and k are called the opiical constants of 4
the material, in general’pheir values are dependent on the wavelength
of the radiation. The.real part n of the complew refractive index
(often just called the refractive index) is the ratio of the '
wavelength of the radiation in vacuum to its wavelength in the
material, the same relationship satisfied by the real refractive index
fbr a transpargnt material. The imaginary part k is called the
extinction coefficient and describes the damping - of the wave; the amplitude
is attenuated by a factor of exp(2mk) after traversing a distaﬁbe of
one vacuum wavelength in the medium. The reduction of infensity on .
passing through a thickness d is often described by the absorption

coefficient x :

I = Ioe—CXd : (1)

By comparison with (11) it is seen that « and k are related by

x:% . (14)

So far the presence of boundaries between media has been ignored.
wWhen a wave encounters a boundary, part is reflected and part is
refracted. If bbth media are transparent,'the directions of the
reflected and refracted waves are given bw’the law of reflection
(6. = 5;) and Snell's law (nqy8inf, = n,siné,). However if one of
the media is absorbing, the situation is more complicated. The
attenuation of the wave is determined by the distance travelled in the
medium, and thus planes of constant amplitude are parallel to the
interface. Planes of constant phase are perpendicular to the direction
of propagation. In general the two sets of planes are not parallel, and
the wave is inhomogeneous. The angle of refraction is not given simply
by using Snell's law with the real part of the complex refractive
indexf2,31] A complex angle of refraction is sometimes defined by
using §pell'f law with the complex refractive index, which is equivalent
to saying that (4'F) is conserved at the interface. This approach’ is

useful for'ca}culating the field quantities, and is used below. Also in

o et RO 1 b T

B A

A et Tt e L e e




gzener the relationship between = and k is much more complicated thah
that g\ven by (14). For the special case of normal incidence the planes !

of constant amplitude are parallel to the planés of constant phase, and

the simplicity is restored.

2-2 Light Normally Incident on a Thin Isotropic Film

O O N

We are primarily interested in calculating two quantities, the

s

transmissivity (fraction of incident intensity transmitted) and the
phase change on transmission for monochromatic light of wavelength
normally incident on a thin parallel-sided film of thickness d which
is SUSpended in air. We assume phat the film is isotropic and is
characterized by a complex refractive index n, and that the interfaces

between the film and air are mathematical planes.

J

2
n1 n2 n3 = n1
297 Eo”
s ———
— —_— ! —_—
E1+ E2+ E3+
z =0 z = d

Fig. 1. The electric fields for light normally incident on a

parallel-sided filw of thickness d.

The notation and approach of Heavens(?2] is followed, with some

attention to Hadley and Dennison[32], The system is shown

schematically in Fig. 1. The surfaces divide the system into three

regions, and the properties of particular regions are identified by

the subscripts 1 to 3. The coordinate 'system is chosén such that the

surfaces are perpendicular to the z-direction, with one surface at

G e Vi



z = 0 and the other at z = d. The‘incident light‘is‘travelling in the
positive z-direction. Waves travelling to the right or left are
indicated by + or - superscripts respectively. Although the refracfive
iﬁdex of air is cldée to 1, it is left in explicitly for generality.

The refractive index in region 2 is referred to as A without a

subscript.
. Let 27;‘1']] - Q)cn1,.: 01 | (15)
V4 : ~
Zxrjz = (n - ik) = qp (16)

3 . s c — i
Using the relationship H = = @ %XE the z-dependent parts of the

fields E and H in the three regions can be written as

E1 = E1+€-lqlz + E1-e+lq1z (17)
-iq.z - +1iqq2
Hy = n, <E1+e 91 - Ej et 9 ) (18)
-iq - +iqg
B, = Epte 027 4 gyt 2% (19)
~ —iﬂ - iA Z
By, = al(E,"e7 %% | g,7e*1%27) (20)
Ex = E.te 1917 (21)
3 3
+ =iqgqz
Hy = nyEg’e 1 (22)

The conditions that the tangential components of E and H must be

continuous across the boundaries are now applied:

at z = 0
+ - + -
E1 = E2 ==> E1 + E1 a E2 + E2 (23)
Hy = H2 ==> n1(E1+ - Eq ) = 8(E2+ - Ez-) (24)
at z = d )
-19,d - +ig.d
EZ = E3 == E2+e 92 + Ep e+ 92 = E3+ (25)
~ -id,d - +iq
H2 = H3 ==> n(E2+e 132 - E2 e+lq2d) = n1E3+ (26)

The phase in region 3 is determined by the sum of waves in region 2 at
the second interface. ‘Thus no explicit phase term is included in the

field in region 3; this‘is just a choice of origin.
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The amplitude Eefléction coefficient r and amplitude transmission

coefficient t can now be obtained by solving the determinants of

cdefficients:
- - -1g-d 13-d
E, (A2 - nq2) (e 929 _ 12 ) (27)
r = = —
N 2 +ig-d n 2 -1a-,d
51* (n+nq) e+la2 - (n-nq)e 92 ’
+ A
. . E3 4nn, (28)
- = ~ 2 -Kd _'Ad
51* (fi+ny) et 192 192

Using (16) the exponential term can be written as

+ibad *i2TTnd *27rkd
e a2 = e X e N
K
. (cosN + i sinN) (29)
2w kd 21 nd- &
_where K = X and N = X

. -K
It is seen that e is the attenuation and N the phase change
for a ray traversing the sample, not including any internal reflections
or any phase change which may occur at a surface.

It is convenient to express r and t as complex numbers in the form

A + iB AC + BD - BC -~ AD
r = = 5 24» 1 > 5 (30)
C + iD Ce + D Ce + D
4 - ik 4 C -k y
. n](n ik) ) nl;n S D) o nl;ED + kC) (31)
C + iD C2 + D c? + D? ~

From these equations, the phase changes on reflection and transmission

. are
BC - AD
ﬁr = arctan [m] (32)
-nD - kC
By = arctan | RG] (33)

The signs are left as they are to make the part of the computer

program which tests for the quadrant of the phase angle more obvious.

.
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Solving for A, B, C, and D, we obtain

4

A = [(n12 - 12 + k%)cosN - 2nk sinN] K

- [(n12 - n + k%) cosN + 2nk sinN] e~K (34)
B =~[(n12 - n2 + k%) sinN + 2nk cosN_']eK

+ [(n12 - n + k9)sinN - 2nk cosN] e~K (35)
C = {[(n + nq1)2 - k2JcosN + 2(n + nqdk sinN} ek ‘

- {l(n - ny)2 - k®JcosN - 2(n - npk sinN] e K | (36)
D = {[(n + n1)2 - k%]sinN - 2(n + nq)k cosN }eK

+ {[(n - n)2 - k2]sinN + 2(n - n1)k'cOSN} eK (37)
L]
The reflectivity and transmissivity are

) A2 4 B2
R:r'r'=—2—~—§
Cc +D

(F52 + un2k2)(e2K 4 72K " 2cos2N) (38)
Fi2e2K 4 Fy2e=K | 8nikF3sin2N - Fycos2N

20,2 . 2
T =03 ¢p? o 16M%(nC + k9)

0y c? + p?
] 16n42(n2 + k2) (39)
F12e2K 4 F,2e~2K | 8n kF3sin2N - Fycos2N
- 16“12(n2 + k2) (398)
P, ,

where the F coefficients are defined in terms of n and k:

Fi= (n+np2 4 k2 (40) ¢
Fp = (n - ny)2 4 k2 (41)
F3 = nl . n12 + K2 (uZ)
Fy = 2(F32 - un,22) (43)
Fg = n2 - ny2 - k2 (44)

These expressions for R and T are egquivalent to those worked out
by Hadley and Dennison[32]. They show, particularly for T, the
expohential dependence on K, H, and 1/) , and the sinusoidal variation

with n, d, and 1/X . The phase shifts can also be expressed in terms
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of the F's to facilitate computer programming:

2K -2k . _ )
f,.=arctan 2nkF1e?K _ 2n kFre=?R _ 4nn F3sin2N - 8nn;°kcos2N

(45)
~F F3e2K L FoFaem2K | 2n k(Fq+F,)sin2N + 2(n24k2)2cos2N
. 2y K _ _ 2y K K_.-K
Z%:arctan (nF,+2n.k<)e"sinN-(nFp-2n¢k<)e sinN+kF3(e e ™)cosN (46)
(nF1+2n1k2)eKcosN-(nF2-2n1k2)e'KcosN+kF3(eK+e‘K)sinN
= arctan(P,/P;) , (46a)

We have now eétablished the desired formulas for ﬁ, T, ¢>r' and
¢t for light normally incident on a suspended film in terms of the
film thickness d and refractive index n = n - ik, and the incident
wavelength A . The optical constants n and k can be determined from
measurements of these quantities. The approach has differed slightly
fr?ﬁ that of Heavens(2] and Born and Wolf[3O], in that we have
determined r and t directly from the ratio of fields without introducing
the Fresnel coefficients for reflection and transmission at a single
interface. That approach permits easier extension of the calcﬁiations
to multiple layer systems; however, in both of these references the
final expressions are for fields within a transparent substrate, i.e.
they have not been extended to include the emergence of the light

into the ambient. The present expression is the full solution for a

single suspended film.

2-3 Transmission in the Thick Film Limit

The expressions developed above are considerably simplified if the
absorption in the film is sufficiently strong that the effects of
multiple internal reflections can be neglected. This will be true if
the portion of the beam which is reflected from the back surface is
very much weakér on returning to the back surface (i.e. after two
additional traversals of the film) than the transmitted portion of
the original beam. Mathematically the condition is that the product
kd is sufficiently larege that exp(-ﬂ?T;d/A ) << 1. At the front

surface the field compgnent E2- is now much smaller than E2+

BT Ry B
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so equations (23) and (24) reduce to

E1+ + E1— = Eg+ (47)

ny(E," - Ey7) = AEy" - (u8)

Solving the determinants of coefficients now gives

+ A ’ o]
E 4nn _i &mnd
t = —3— = —; e EL )\ “

E1 (ﬁ+n1)2

2 T kd . 2mnd

LS (49)
(n4n1)

' 2.2 -
and T = 10m(nSeke) -5 (50)
E‘12 :

Now if t is rewritten as

l¢ _ 2 mkd -i 2 mnd
t = Ae e ) e A

then the phase shift can be written as

27 nd
D= Q- S (51)
We also define the optical density of a film as
1 ’ 4y kd .
0.D. = 10310(—5) = logqqg(const.) -3 logzjpe (52)
From (51) and (52) it is seen that the variations with sample

thickness of phase shift and optical density are L 2md d - 4ﬂ.dlo e
P P y D WS )

respectively. Thus by measuring the phase shift and optical density
on transmission for a set of samples which are sufficiently thick that
multiple internal reflections are negligible, the optical constants n
and k are easily obtained.

2-U  Propagation in an Anisotropic Mediuﬁ

The propagation of electromagnetic radiation in anisotropic media
is considerably more complicated. Maxwell's equations (1) to (4) still
apply, but since the properties of the medium depend on the direction of
propagation the permeability and conductivity must be written in tensor
notation 60 and JD' (we assume that/4 = 1 at optical frequencies). The
tensors are symmetric even for anisotropic materials[33]; thus they

can be put in diagonal form, and the material is characterized by three
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.principal values. The principal axes of the conductivity and
permeability tensors are not generally the same, but they coincide ‘for

materials with orthorhombic or higher symmetry[3O]; We thus write

D( = 6, E/ ., and J/ = O; E/ (53)
_or by including the conductivity terms in a complex dielectric constant
as above,

A ,\ //

D = : - 4

) / E, z}' (54)

It is convenlent to use n as a modified propagation vector

(recall q = E%D). Assuming plane wave solutions of the form (6)

A«H = -D
?;X—E.z F

(55)
(56)
These equations show that ﬁ, ﬁ, andfﬁ are mutual perpendicular, and
that H and E are perpendicular, but ﬁ is nof nefessarily perpendicular
\;re all perpendicular
to H. To determine the relationship between g Shd\i_zs»first eliminate

H from (55) and (56) to get IR

B)3 (57) ) \
\ , \
. 5

\\ By writing (57) in component form using (54), and eliminating the

to E. Also 5, E, and D are coplanar since they

D - 7% - ¢

on

‘field components f; the complex Fresnel equation is obtained:

A2 [ A2 a .2 -~ 2 A~ A A
n {€xny + Eyny + €50, +Ex €y €y

- PGBl - B E (Bl - 8,20, 0E) S0 (58)

[aa%)

z €2 (€x
where Ny, ﬁy, and fi, are complex components of the wave vector f.
This equation defines the complex wave vector surface, and contains

A

the dispersion since the components § are functions of freaquency.

It is quadratic in n2, and thus there are two different complex

values of n2 for each direction of propagation (-solutions

corresponding to +n and -n represent identical waves propagating iﬁ'
opposite directions). A quadrant cross-section of a general wave surface
for a transparent material is shown in Fig. 2a. The distances from the

origin to the two parts of the surface give the two values of n. The

surface is symmetric about planes defined by any two principal axes.
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Fig. 2. Quadrant cross-sections of (a) a general wave surface,

(b) the wave surfaces for a uniaxial crystal. These

surfaces are for transparent materials

, and are shown

nere as a2 visual aid.
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It {2 also convenieﬁt to introduce the complex ray vector §, whose
direction is—thet of the Poynting vector‘(coplanar with %TMB, and ﬁ) and
wnose magnitude is given by §.§ = 1. The length of 3is proportional to
the phase of the wave, and if all vectors § are considered, théir tips
generate a surface cf ~onstant phase. The utiiity of this surface comes
from the fact that the direction cof the wave normal is the direction of

tne maximum rate of change of phase, i.e. n is parallel to the normal to.

T the ray surface at the point where the associated ray vector s

intersects the surface. The converse is also true: the ray vector 8 is
parallel to the normal to the wave surface at the point where A

ntersects it. This can be seen from the derivative of the condition

.5 = 1, which is r.48 «

—

.di = 2. Since the ray vector increment ds

3

-
~
r

W

nust lie in the tangern: plane to the ray surface at §, and

nis is perpendicular tc A, both terms must be zero. It can also be’
a

- ~

ange E with D, n with &, and € with 1/€& then

o
s
)
b
o
ba
3
ot
1]
3
(9]
¥

arv ezuacticn vali?d irn cne set of guantities is also valid in the other
21 2727 s . ‘ >
- '---, This crcperty is used to define the complex ray surface

. ) . . Y~
as <re analogue of eguation (58). It is quadratic in 3", implying
rnat <“wec complex roote ccrrespond to each direction of §. Thus in
Zereral "wWC rays with different wave vectors propagate in any direction

-

.tnrougn <he crystal. The orientation of the vectors and the relation

Cetweer a gecticn cf the wave surface and the ray surface in coordinates

ot

-

43l

carent material are shown in Fig. 3.

[
i

Fcr any direccicrn in a transparent medium these two waves are
l‘ M 1
compietely linearly polarized[3o’33A, and the directions of
~.arization are perpendicular to each other. This in not strictly true

irn an absorbing medium,‘but is a very good approximation if the

. . TarT . = . . .
azscrpticn 1s weak-Z-- . If the wave propagates with n in a principal
ciane defined by any twe of the principal axes 9, then the D vectors of R

“ne twe waves will be Iin or perpendicular to the principal plane;

sizilarly if <he ray vector 8 is in a principal plane then one wave will

—a

.
nave I in the princigal plane and the other wave wilXhave E L

verpendicular to it.
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2-4-1 Uniaxial Crystals

The optical properties of a brystal depend on the symmetry of the
dielectric temsor, which must remain unchanged by those symmetry
operationé:which leave the crystal structure unéﬁanged. Crystals
with two or more crystallographicaliy equivalént directions in one
plane (other than cubic crystals) are optically uniaxial; they have
a preferred direction, the optic axis, which is parallel to the
axis of 3-, 4=, or 6-fold symmetry(30,33)  Thyus trigonal, tetragonal,
and hexagonal crystals are optically uniaxial.

If the z-axis is Eaken along the optic axis, and tﬁe x-axis {n

thg/afincipal‘plane defined by n and the optic axis, then we can

set éx = Ey = é; and éz z @” . Now Fresnel's equation (58)
becomes

A2 ~ .2 2 a2 ~ 2 A

(n~ - ?J_),[éﬂnz + E‘,_(nx + Ny ) - 61/64.] =0 (59)

From this equation it is seen that the two complex values for n are

given by the equations

‘

Al - E (60)
A 2 ~ 2 ~ 2

n ( n, )

A SR AL (61)
€, €

Thus for a uniaxial crystal the fourth-order wave surface becomes two
separate surfaces, a complex sphere and a complex ellipsoid, as shown in
Fig. 2b. The two surfaces intersect on the z-axis at the same value of

Bz. Two types of wave propagate:

-~ The orainary wave, corresponding to equation (60), is independent

of direction. The ordinary ray vector is given by the analogous

: A2 ~A A = =
equation to (60); S, = 1/@ , and AgS, = 1 = ng.3,.

Thus ﬁ and 8 are collinear for the ordinary wave, which implies that

and D are also collinear; the wave behaves like a wave propagating

31}

in an isotropic medium. For any direction of propagation this wave

is polarized perpendicular to the principal plane defined by n and

the optic axis, since it depends only on €, .
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-- The extraordinary wave, corresponding to equation (61), depends
on both €¢ and €, , and on the angle 5; that ﬁe makes with the optic
axis. Dividing (61) by ﬁez we get

1 sinzﬁt (goseﬁt ' ' ] :
42 = = + 4 (62) ]
e €/! EJ- \ l

A
n
A

For the extraordinary wave D must be polarized in the principal plane,
. {

and therefore §é and Eé must also be in this plane since they are
coplanar with D and perpendicular to H. Also §e and fé do not

coincide with ﬁé and 5; except for the special case of propagation
along the optic axis, in which case the ordinary and extraordinary

waves are indistinguishable.

2-5 Light Obliquely Incident on a Uniaxial Film

We wish to obtain the ordinary and extra;:}dnary refractive indices
and extinction coefficients for a uniaxial crystal. We will consider
only the case of a thin parallel-sided crystal with the optic axis
perpendicular‘to the surfaces, thus the plane of incidence coincideg
with the principal plane defined by the direction of propacation and the
optic axis. It was shown above that a wave propagating with-E'
perpendicular to the principal plane is the ordinary wave. This yave

depends only on the érdinary parameters n_ and ko' Since the optic

o}
axis is perpendicular to the surface, measurements made at normal
incidence always correspond to the ordinary wave, and no further
information can be gained by making measurements at oblique incidénce
with the radiation polarized perpendicular to the plane of incidence.
We thus restrict our attention to radiation polarized in the plane of
incidence, corresponding to the extraordinary wave. To simplify the
notation, we omit the e subscript. We will also assume that the medium
in which the film is suspended has a refractive index of 1 rather than
leaving it general.

We define refractive indicesﬁ_L and ﬁ” by

n? - g; and n?2 :,gl (63)

Note that these refractive indices refer to specific directions in the
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crystal, i.e. with the'B-vector'perpendicular or parallel to the optic

axis. In contrast, n and ﬁz are complex components of the

x1 ﬁy’
. . % c

prepagation vector n = —q and they therefore depend on the direction
of propagation in the crystal. The ordinary index n_. is often used

.0
interchangeaply with HL, and the extraordinary index n_ with n,. This

e
is permissable for the ordinary index, but is misleading for the extra-
ordinary index, whose value changes with the direction of propagation.
The index n, refers to the specific case of propagation

in a direction perpendicular to the optic axis with the D-vector parallel
to the axis, and is the limiting case of the extraordinary index ﬁe'

Incorrect terminology is usually obvious from the context.

2-5~1 Refraction at an Interface

—

It was shown above that é, §, E, and D are coplanar for the
extraordinary wave. By éonsidering Huyzen's construction (Fig. 4) and
the symmetry of the ray surface as viewed Elong the plane of incidence,
it is“seen that if any two principal axes of the dielectric tensor are
in the plane of incidence then both ﬁ and § will also be in this plane.
Thus for a uniaxial crystal with the optic axis perpendicular to the
surface, if the incident radiation is polarized in the plane of
incidence the refracted wave will also be polarized in thig plane; this_ 4
is not true in general. The reflected wave is also polarized in this
plane. Since (S.F) must be continuous, the arguments of the exponential
factors in the incident, reflected, and refracted waves must be the same
at the interface. This leads to the laws of reflection and refraction:

sinby = sinb,.

~

n sinf = n, (64)

sinb; |
For an absorbing medium, Snell's law includes a complex refractive
fndex and angle of refraction.
We also need to know the angle that the ray vector makes with
the optic axis, since E is perpendicular to § rather than to ﬁ,
This angle will be denoted ég . To find it we make use of the fact

that the ray direction is parallel to the normal of the wave velocity

3
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&
x N\
i
Fig. 4.  Huygens' construction, showing the extraordinary wave

and ray directions for a uniaxial crystal with the

optic axis perpendicular to the surface.
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surface at the point where the wave normal vector ﬁ intersects it.

The wave velocity surface is given by equation (61), and its normal by

the gradient of (61): : ' \\\
_iZADX*'J—Y*'T(E—'// T§x+?§y+?§2 - (65)
€, €, €,
Thus if the plane of incidence is the x-z plane,
5 €,n e,
tane R S . tan &, (66)
Sz e//nz en .

The anglg 93 can be expressed in terms of the angle of incidence:

using (61) and (64)

-~ é[{ = ﬁxztl é > A
n, = ———E——“'EL = —%( € - sin6;) (67)
' ' €,
26, -
sin
thus tan9 & (68)
2 - 31n29l
From this we also obtain
~ 1
64_ sin29i
sinf; = =3 = = > (69)
€<+ (€ )8in<6;
¢ 2 - é 31n26; )
cosby = & e (70)
2 + ( € - € )sin 91

2-5-2 Transmission of the Extraordinary Wave

We wish to calculate the transmissivity and phase change on
transmission of a wave incident on a thin uniaxial film (whgse optic
axis is perpendicular to the surfaces) at an oblique angle, wheén the
wave is polarized in the plane of incidence. The transmitted portion
of the wave will propagate in the crystal as the extraordinary wave.
The system is shown schematically in Fig. 5. The coordinates are
chosen with the z-axis perpendicular to the surface (parallel to the

cptic axig) and the x-axis in the plane of incidence.

—_—~



23

Fig. 5. The configuraticn of electric fields for light obliquely
incident on a parallel-sided film of thickness d, polarized

in the plane of incidence.

We assume plane wave solutions of the form (6). The z-dependent parts
of the x- and z-components of the resultant fields in each of the three

regions are given by

Evy = (E1+e_iq1zz - E1-e+iq1zz) cosb; | YAy
Dip = Eqp = (= Ey%e 1122 L g et 1912%) ginp, (72)
Eoy = (E2+e—ia2zz - Eg-e+15222) cosby A (73)
Doz = (' D2+e_ia2zz - Dg-e+ia2zz) sinﬁk

= é;Ezz = é;(- E2+e_iaézz - E2-e+i5222) sineg (74)
E3x = E3+e-iquz cosb; (75)
Dyp = By = = Ex%e 79127 5106, (76)

Now applying the boundary conditions that E tangential and D normal are
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continuous across the interfaces,
at z = 0
(E1t - E1-) cosb; = (E2+ - Ez-) cosby (77)

(- Di* -~ Dy | sinb; = (- DY - Doy sinb
1 1) i 2 2 t

or (E1+ + E1_> sinb; = 6,(52+ + Ez-)*sinég (78)
at z = d
(52+e-lq22d - Eg-e+lq22d) cosby = E3+coséﬁ : (79)
50(52+e_la22d + E2-e+iq22d) sin6g = E3+sin63 (80)

As above the phase in region 3 is determined by the conditions in region

2 and no explicit phase term has been included with E3+. Again solving“

the determinant of coefficients using Cramer's rule the amplitude

reflection and transmission coefficients: for polarization in the plane

of incidence are cobtained:

(cos26ysin5; - 2,2sinlbgc0s26;) ( e 10228 | *19227)

\
ij\L e
/é~5in980056i + COSBSSin91)2e+lq2Zd

4 €, sinf cosbgsinbjcosb;
)2e+1622d

t, =
(e . .
€, sinbgcosb; + cosbsinb;

-(é;sinQScoség - COSégSin91>29'la2Zd

(81)

(82)

_-Al(zﬂsinégcoség - coségsingi)ée-iGZZd

If we substitute for sin@s and cosE@ using equations (68) and (69)

then all angles are expressed in terms of the incident angle Qi' To

simplify the notation the “subscript i will be dropped. We now obtain

for the amplitude reflection and transmission coefficients

.
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29 - -
Afcos?h - 1 + 512 ) ( iq22 - e*iQZZd)
L 2
r‘” = - Ny - - -
] [20059(%*) 72 - s1n28 ( c0s28 + 1 - sinZQ)] +102?d
] n”
- (83)
ing - ;
+ [2c059 ( ) - sin6 cos 28 4+ 1 - ELEQQJ] e~ 192z
ng
ucos9( )Jz - sin291
. t” = - — — L
n sin +
{2005 9/#) 2 _ sinp n 200520 + 1 - ~> )] et 12z
.n, né
o (84)
A\ [~ 26 -1§,.d
+ [ZCOSQ n‘) n2 - sin29 - (n cos29 + 1 - sin )] e 92z
N ¥ a2
’ ng
From the definition of 5 the exponent can be expressed
2mmnzd  27md/n
aZZ =, )\ z = N (nL)V n2 - sin29 (85)
~ “ "

At this point to simplify further calculations it

define some complex numbers:

is convenient to

o . 2
* lﬂ}- ncos {+} (1 27 6) (86)
. - i '\2
¥ - lg - n,
A 2
’Z-— ip = 5 ne - sin 6 (R7)
. 1t
The exponential term now becomes
i q . 2nrd )
JESLPY ST (- i
= *(cosN, + i sinN,) (88)
where N, = 2mn d and _2rvd
A A
Substituting A, = n - ik, and 0, = n, -ik, and solving for the,
real and imaginary parts of the complex numbers, we obtain
N - K2
) 2 2y o 2pft i (n” kS) sin 26 (89)
g i (nf k&) cos<f 1 » >3
- (ny + k//)
+, 2n,k sin28
A } = ZnLkLcoszé { } 2 . > (90)
) -bnf v kD)
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aln,n, + k k,) + b(n‘l_k,, ~n,k ) (1)
)? n}? + k/? -
5. a(-n k, + ;/,k‘l_); b(nn, + k k,) (92)

. o+ k/, |

- <
2 1 2 2 2,2 {2 _ L2 N
with }: p— /(“4 - k”2 - sin?8)° + 4nck; { }(nﬁ - k5 - sin<@ (93)

bf |2 -

The terms «, (3, Y $, TV @, and b are all real, and are defined in
terms of the (real) refractive indices and extinction coefficients
and the angle of incidence. As above we can express r, and t, as

complex numbers in the form
hos A, + iB, _ AC, + B,D, . i B,C, - A,D, (91)
no- -
C, + 1D, c2 + D2 c? + D2

beosf (n - iv)

ty = C + iD \
_ Beos®(%C, -vD.) _ . cosb(qD, +VC,) (95)
C,,2 + D,,2 C//2 + D112

The phase changes on reflection and transmission are

[B// C/v - A// DI
@r.// = arctan 2,C, + B,D,] (96)
-»D, -v¢C, .
? = arctan[‘—)L‘——/] (97)
Lu nC, -9,
Solving for 4,, B,i, C,, and D, we get
K ' -K
Ay = - [¥cosN,+5sinN}e” + [rcosN, - §sinN,]e  ” (98)
K : -
B, = [S'cosN”- YsinNﬂ]e - [)’cosN,,+ gsinN”]e Ky (99)
K
C, = [(chosﬁ +o« )cosN, + (20%0s6 +4 )sinN, Je "
V=K
+ [(27 cosh -« )cosN, - (2vcosp -4 )sinN,]e ” (100)
K
Dy = [- (2vcos§+8)cosN, + (2% cosf +a« )sinN,]e ”

- [(20 cos @ -4 )cosN, + (2% cosb -x )sinN,,] e-K”- (101)
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e
The reflectivity and transmissivity can now be written

» A,,2 + B,,‘2

R, =nrr =
n o C,2+D,,2
2K -2K,
) (L2 +52)[e "+ e ' - 2cos2N, ]

G1e2K’/ + G2e-2K” + G’3sin2N,, + Gucos2N”

16 cos2f (722 +02)

T, =
o -
G1e2K” + Goe K + G3sin2N, + GycoseN,
; _ 16 cos29(772+\)2)
' Pou-
where G, = 4cos?6 (n 2 402y & u0059(°0]+ﬁ\)) + (a2 +02)

= UJ1cos2e m30059+ Js

G, = YcoslH (772 +v?%) - hcosh (=<>-,+ﬁu) + (=2 +52)
z UJ100529 - uJ3cose+ Jo

Gy = 8cosB (B2 ~av)
= 8JuCOS§

Gy = 8cosl& (7 2402 - 2(x? + 52)
= 8J4c08%6 - 2J,

with Jy 2272 +u2 ' (108)

Jo =x 2 4% (109)

J3 = an+4V (110)

Jy = Bn -« : (111)

Also defining Jg = &y + 4§ (112)
Jg = Br-=xS§ (113)

J7 = ¥+ 8 (114)

Jg = Sy-rv | (115)

we can write the phase changes as

R .
-

(J6-2chosﬁ) e2Ky +(Jg+2Jgcosfh) e=2K, +2Jicosgsin2N,, -2Jgcos2N,

“(102)

(103)

(103a)

(104)

(108)

(106)

(107)

g, =arctan

(Je+2Jqcos8)eKe 4 (Je-2J,c080)e=2Kr 42 10c080s1n2N, ~2Jccos2N,
5 7 5 7 8 ’ 5

(116)
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(-2J1cosesinN,+JucosN,—J3sinN,)eKu

+(2J1cosﬁsinN,-JucosN,-J3§}nN,)e’Ku (117)

Jy =arctan
r (2J1oosecosN,+J3cosN,+JusinN”)e&:

+(2J, cosflcosN, -J3cosN, +Jys inN, ye—Ky

= ar'ctan(P1”/P2,) . (1173)

We have now established the desired expressions for R,, T,, ¢,w , and .

g%” for light of wavelength A incident at angle & polari;ed in the

plane of incidence on a uniaxial crystal of thickness d Wwith the optic
axis perpendicular to the surface,in terms of the complex refractive
indices HL = n - ik, and ﬁ” = n, - ik,. The expressions are complete }
solutions for parallel-sided crystals suspended in a non-absorbing
medium whose refractive index is 1. ‘
As the angle of incidence is reduéed to zero, 7 and v go to n, and k;
respectively; all thg n, and k, terms'Srop out of the «, 4, », and §
expressions, and the equations for R, and T, revert to the forms obtained
at normal incidence. : ;
A more general matrix approach to the prqblem of reflectivity and :
transmissivity is presented in Ref. [34]. The solutions presented there
are not expressed explicitly in terms of the ootical constants, so no

direct comparisons with the present solutions can be made.

2-6 Transmission Maxima as Wavelength Is Varied (Butler Fringes)

\
If white light is incident on the sample and either reflectivity

or transmissivity is measured as a function of wavelength, the observed
intensity shows a fringe pattern because of the superposition of multi@le
internally reflected rays in the sample. This oscillation is apparent
from the terms sin2N and cos?N in equations (38), (39), (102), and

(103). The fringe maxima or minima can be located by setting the
derivative of i\or-R with respect to A equal to zero.

N
\ ~7

P
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For a transparent film, k = 0y and the sine term in the denomina;or

disappears. The transmissivity at normal incidence then becomes

8n2
T - n (118)

2
nd 4 6n2 + 1 - (n2-1)“cos2N

Taking the derivative with respedt—to )\ ,

T' =0 = n'(n+1)(1-cos2N) + N(n2-1)(n'-n/\ )sin2N (119)

For the derivative to be zero, either theﬁpwo terms must cancel or both
S
must be equal to zero. If cos2N = 1 then sin2N = 0 and both terms are

zero (this corresponds to a maximum in T). This gives the condition that

4ynd/A = m21mm . .
or mA = 2nd’ (120)

where m is the order of interference. This is the same condition that

i1s derived from the simple geometric conSideration that for a maximum

in the interference pattern the path length difference between successive
reflected rays must be an integral number of wavebengths. However if
cos82N = -1-then sin2N = 0 but the first term in (119) is not zero

unless n'/: 0. Thus the siﬁple path length condition for the minima in
the fringe pattern is not rigorously vélid unless the material is )
dispersionless, although numerical calculations show that it is still

a reasonable approximation. Similar results are obtained for R' = 0:

equation (120) is obtained as the condition for reflected fringe minima,

but the simple path length condition is not strictly true for maxima in R.

Similar conclusions are reached for light obliquely incident on the

sample. The condition for maxima in T or minima in R is that cos2N = 1,

or
sin?6 .
= - 121
mA = 2n,d /1 n.2/ (121)

depending on whether the incident light

where ng is either n,orn
is polarized in or perpendicular to the plane of incidence. Again the
condition is the same as would be obtained by path length considerations,
and again the path length condition for minima in T or maxima in R is
not rigorously true unless the material is dispersionless.

Using equations (129, -r (121) the refractive indices can be

obtained by measuring the wavelengths corresponding to maxima in T or

i b ol ol

P e o R
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minima in R if the sample thickness and order of interference are known.
For oblique incidence the angle of incidence must also be known, and
the ordinary refractive index must be known to obtain the extraordinary
refractive index.

For an ébsorbing film the extinction coefficient is nonzero, and
the sin term does not drop out of the denominafor of the expressioné
for Ror T. A sin and cos term of the same argument can be combined
into a cos term with the same argument plus a phase shift which depends
on the amplitudes of the sin and cos terms. As k is increased the siée
of the phase shift increases, but at the same time the fringe contrast
i3 reduced as the amplitude of the internally reflected Save is ’J
attenuated.” Calculating the size of the phase shift using reasonablé
estimates of the values of n and k for the materials studied led to

the feeling that if the fringes could be observed the conditions (120)

and Jf121) were accurate tc a good approximation.
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CHAPTER 3
EXPERIMENTAL TECHNIQUE

3-1 Introduction

Two technioues/have beep used for the measurement of the optical
constants n and k of materials by studying the light transmitted through
thin parallel-sided films. .A Mach-Zehnder interferometer is used to
measure the phase §hift of transmitted light for a set of samples of
different thickness, using a laser as a light source. Transmissivity is
measured simultaneousdy, §n6 n and k are determined from the variation
of the measured quantities with sample thickness at the wavelength of
the laser. In the second technique, transmission is measured using a
white light source, and the dispersion curves are obtaiged from the
fringes caused by multiple interna} reflections in the sample.

The development of interferometric technique was of prime interest.
Experiments to test the technique were performed on two materials with
quite different optical properties. Gold is a highly absorbing,
isotropic material, and and is relatively stable against oxidation.
Several measurements of the optical constazfs have been .
reported[1612o‘22], and there is general agreement on the shape of the
dispersion and absorption curves but less agreement on the actua;
values. Gold films were also used in the preliminary studies on the
interferometric technique[17,18]_ The phase shift and transmissivity
were measured at normal incidence for a set of thin films in the
wavelength range from 459.7 to 632.8 nm using the lines from an aregon
ion laser and a helium-neon laser. The results were compared to
measurements in the literature, to confirm both the technique and the
measured values.

Interferometric measurements were also made on thin single crystals
of GaSe. GaSe is a layer structure material; it is uniaxial,awith the
optic axis perpendicular to the layer surface. This maﬁerial is

relatively weakly absorﬂing, and has its fundamental absorption edge at
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620 nm. There was agreement in the literature(10,11,26-28] o, tpe
general shape of the ordinary dispersion curve, but only peor agreement
on the extraordinary dispersion curve and on the structure on either
curve near the band edge. Measurements were\made using a tuneable dye
laser to study in detail the region near the absorption edge. The dyes
Rhodamine 6G (range 555 to 620 nm) and Rhodamine B (range 600 to 650 nm)
were used. Measurements were made both at normal incidence and at
oblique incidence, and both the ordinary and extraordinary refractive
indices and extinction coefficients were determined.

GaSe was also studied using the Butler fringe technique, to confirm
and extend the range of measurements available, and to provide a
reference for the interferometer measurements. In this technique,
transmissivity is measured as a function of wavelength over a wide range
(limited by the system response: photomultiplier tube, light source,
and spectrometer). In principle, the full expressions (39) or (103) can
be used to extract n and k at any wavelength. The dispersion curves can
be obtained very simply by measuring the wavelengths correspondihz to
the transmission peaks and using equation (120) or (121). This gives
values of n at discrete wavelengths, determined by the thickness of the
samples, and from these the dispersion curve can be drawn. This
technique breaks down in a region where the optical constants change
rapidly, such as at an absorption edge. If the material becomes
absorbing, thin films are required, but this results in widely spaced
fringes. Thus the method gives the least detail where it is most

needed.
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3-2 Samgles

3-2-1 Gold films

The gold films used in this study were prepared by Dr. Onkar Singh
using a standard vacuum evaporator equipped with a liquid nitrogen tr;S?'“
A very thin layer of NaCl was first evaporated ontb a microcsope slide,
then the slide was weighed on a Cahn G2 Electrobalance (maximum ‘
sensitivity 5x10-8 gm). A layer of gold was then evaporated on top of
the NaCl at a rate of about 4 nm/sec, keeping the pressure below

10=5 torr, then the sample was weighed again. The starting material

several segments, then the slide was slowly Yowered into water. The

was better than 99.99% pures Te film was:firibed, dividing it into
NaCl dissolved, leaving the gold film segments floating on the surface,
supported by surface tension. A clean glass slide in which a hole 1 to
1.5 mm diameter had been drilled ultrasonically was slowly brought up
under each segment, and the gold adhered to the glass slide by surface
tension, leaving the film suspended over the hole. As much as possible
of the water was drained off as the slide was rempved. Most of the
remaining water was blotted éway, and the rest evaporated. Removal of
the water from the hole was particularly important, a% its weight would
cause the film to sag. The films were examined under a microscope, and
any with defects such as pinholes or wrinkles were rejected. All
measurements were made on the suspgnded pérts of the films.

Films with thicknesses of 41 to 240 nm were prepared. Two methods
were used to determine the film thickness. During evaporation, the
quartz crystal head of a Sloan DTM-4 thickness monitor s placed in the
evaporator beside the substrate, at the same distance ij; the filament.
The mass of gold deposited on the crystal causes its rebenaﬁE/}Pequency
to change. The variation with mass is linear, and thus thickness can be
determined by monitoring the resonant frequency during the evaporation.
Thickness was also determined from the difference in weight of the
substrate before and after evaporation, using the value of the bulk
density of gold[35] 19.3 g/cm3. The assumption of bulk values has
been shown to be valid for films of thickness greater than -20 nm[5].
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. The two values of thickness were in good agreement, and the uncertainty
on the thickness values of the gold films was estimated to be 2%.

Similar films were prepared by the same technique for the
preliminary tests of the interferometer(17,18]  Transmission
electron diffraction measurements at oblique incidence were made at that
time, and showed that the films were polfcrystalline, with
crystallite sizes from 10\to 100 nm. No anisotropy was detected. These
measurements were not repeated, but were assumed to be valid for the

present films.

3-2-2 GaSe Samples

GaSe crystallizes in a ldyer structure, with bonding between layers
much weaker than the bonding between atoms of the same layer. The unit
crystal layér is comprised of four atomic layers (Se, Ga, Ga, Se), as
shown in Fig. 6. Within the unit layer, each Ga atom is bonded
tetragonally to one Ga atom in the neighbouring layer, and to three Se
atoms in the neighbouring outer layer. Each Se atom is bonded to three
Ga atoms from the adjacent atomic layer. There is no direct bonding
between the unit layers. Within the unit layer, the Ga atoms and the Se
atoms from the different atomic layers'are arranged in columns parallel
to the surface normal. If the layer is viewed along the normal, the
atoms are seen in a hexagonal array. The space group symmetry of the
unit layer is D;h (PBmZ)[36].

Several different crystal polytypes differing only in the stacking
sequence of identical layers have been identified[37]_ All of the
samples studied are of the € polytype[38], in which alternate layers
are aligned with each other, forming a two layer unit cell. If the two
sets of layers are labelled A and B, the B layers are translated with
respect to the A layers, so that the B~-Ga atoms are in line with the
A-Se atoms. The B-Se atoms are then over the centers of the A hexagonal
openings, and the A-Ga atoms are similarly in line with the B hexagonal
openings. A top view of a single layer and a side viéu with two layers

in the € stacking sequence are shown in Fig. 7. The crystal symmetry is

e B e e
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Fig. 6. The arrangement of atoms in a unit layer of GaSe.

The open circles represent the Se atoms, the filled

circles the Ga atoms. .
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Fig.
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A top view of one unit layer of GaSe, and a side view

showing two layers in the € stacking sequence.
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the same as that of the unit layer, although the unit cell extends over
two unit layers. As discussed above, with this crystal structure the
material is optically uniaxial, with the optic axis perpendicular to the

layers.

The crystals cleave easily between the layers, and thus
parallel-sided samples are easily obtained. The thickest samples were
cleaved from Bridgeman-grown single crystals, and the thinnest ones were
grown by vapour transport in the form of very thin parallel-sided flags.

Some of the crystals were provided by Dr. J.L. Brebner of the Universitée

de Montréal and others were grown by Mr. G. Jackle in our laboratories
at Simon Fraser University.

GaSe crystals are transparent in the red. Potential samples were
examined under a microscope, using oblique lighting. When an area of
about 1mm? with no visible defects such as a crack, stratch, or
surface step was found, the samble was taped onto a brass foil over one
of two small holes, so that all but the chdice area was masked out.

This permited easy handling of the samples. Samples with thickness from

0.5 to 320 sm were prepared.

Mo .

Three techniques were used to determine sample thickness. Thé ;
first (thick) samples were weighed on the Cahn Electrobalance, and the ¢
lengths of the sides and all diagonals were measured on a travelling
microscope. The area was then determined using the formula for the area

of a triangle

A =/§s-a)<s-b)(s-§ (122)

where a, b, and ¢ are the lengths of the sides and s is the
semiperimeter. A value of 5.03 g/cm3 for the mass density[35] was

used in calculating the thickness. Several factors reduced the accuracy
of this method: the edges were not always straight, the corners tended
to be rounded, and there were often steps on the samples so that the

rthickness was not uniform. Accuracy was estimated to be a few percent. .
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Two variations of the Butler fringe iechnique provided a more
satisfactory determination of thickness, and also provided a means of
. finding the order of interference of a given fringe. Equation (121)

describes the condition for transmission fringe maxima:

(121)

For a given sample, an interference fringe pattern can be obtained
by varying either the wavelength of the incident light or the angle of
incidence. The loci of fringe maxima on a A,9 plane is plotted in Fig.
The transmission pattern for light at a fixed wavelength was
recorded as a function of the angle of incidence, using polarization
perpendicular to the plane of incidence so that only the ordinary
‘refractive index was involved, and the angles corresponding to fringe

maxima were determined. Equation (121) can be written as

(M-x;)A = 2d fnoz - sin?6 (123)

where M is the interference order of the nearest fringe at normal
incidence and the relative order xy 1is known simply by counting the
fringes from normal incidence. The refractive index is constant, and can
be eliminated from Egquation (123) using any two data points: rearrangineg,

this gives

(x2 - x2) = oxy - xp@™ o X (9in20; - sin26)) (124)
i xi<) 2 (xi = Xj 2 \ és n<@; - sin“f;

Using all pairs of data at the fixed wavelength, this equation can
be least sgquares fitted to provide values of M and the sample thickness
d. A satisfactory result cannot be obtained from a single run at fixed
wavelength, since a small change in M can almost exactly be compensated

for by a change in d. BRuns at two fixed wavelengths must be used. The
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relative shift in interference order between the data sets is obtained
from a scan of transmission as a function of wavelength at normal
incidence, and of course n can only be eliminated between data poiﬁts
taken at the same wavelength. The standard deviations of the means of
the resulting values of interference order are 0.5 to 2 fringes for M =

toN000 fringes, and of thickness are 0.02 to .2,4m for d = 20 to
320 fxm. ~~_

This technique does not work well for GaSe samples with thickness
iess than about 1O/Am, as very few fringes are obtained when the sample
is rotated. The thicknesses of the thinnest films were determined by
comparison with thick film measurements. The ordinary dispersion curve
was determined from normal incidence scans of transmission as a function
of wavelength, using the thicker samples. Similar runs were done on the
thin films, and the data were fitted to the established dispersion curve
to obtain d. Films of thickness 0.5 to 2.6 rm were measured in this

way, with an accuracy of about 1%.

3-3 The.Interferometer

3-3-1 Principle of Operation
The transmissivity and phase change of light on transmission
through a sample can be measured by observing the change in intensity
and phase of the recombined beam as the sample is moved alternately in
and out of one arm of a Mach-Zehnder interferometer. The
interferometer is shown schematically in Fig. 9. Light from a laser
source is divided at beam splitter BS1. The two components travel
separate paths through the interferometer, and are recombined at BSZ2,
and the recombined beam is observed with the photomultiplier tube PM. A
fringe pattern is generally seen on the output beam because of beam
divergence. This pattern is enlarged by the beam-expanding telescope,
and a pinhole with diameter much less than the fringe width is placed in
front of the photomultiplier so that it sees a small part of the fringe

pattern.
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/\ 1\ BS1 M1
) pol
lens 1  sample
M3
M2 BS2 /
PZT
/
/
telescope
pol - Glan-Thomson polarizer
BS - beaﬁ splitter
M - front surface mirror
PZT - piezo-electric translator
PM - photomultiplier tube PM

Figi 9. A schematic diagram of the interferometer.
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Mirror M1Ais fixed. Mirror M2 is mounted on a Rurleigh PZ-81
plezo-electric translation unit, which is driven by a ramp generator.
As M2 changes poéition the patp length'of the reference beam is varied:
thus the phase of the reference beam is changed with respect.to the
sample beam, with the result that the fringe pattern on the recombined
beam is scanned past the pinhole. If the position of M2 changes
lineahly with time, the signal from the photomultiplier will vary
sinusbidally. This signal is viewed on an oscilloscope, triggered from
the start of the ramp generator signa;.

As the sample is inserted or withdrawn, the phase of the sample
beam is changed by a fixed amount relativeito the reference beam. This
results in a shift in phase of the sine wave signal from the PM tube
relative to the ramp generator trigge:Ligﬁge: it is this phase shift
which is measured. ’

To describe the operation mathematically, we assume plane waves of
the form exp i(wt - qz). If M2 moves at velocity v, then the change in
path length is proporﬂ&onal to vt, and the reference beam can be

described at the point of recombination by the expression

r =R ei£wt - q(z-pvt)]

i t - -w.t
o (w qQz 1t)

R (125)

where @, 1is the frequency at which the fringe pattern scans past the
pinhole and R is the amplitude of the reference beam. Similarly the

sample beam is described by

L@t - gz + §)

S (126)

ei(azt - qz + ga)

or a=z A (127)

where S, A, Ss, and &, are the amplitudes and (constant) phase shifts
relative to the reference beam with the sample inserted or withdrawn

respectively. The intensities of the recombined beam with the sample
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ingserted or withdrawn are
Ig o |s+r|2 = S2 4+ RZ 4+ 2SRcos(wqt + §g) - (128)
I, «:|a+r|2 - 42 + R & 2ARcos(w 4t + §,) (129)

Now if we measure only the AC component of the signal, the ratio of
intensities observed with the sample inserted or withdrawn gives the ratio
of amplitudes of the light before and after passing through the sample.
The difference in phase

-5y = -2 sos6 - @, (130)

(Sa S A

is the differencé,in changes of phase of light on passing through

the sample or through an equivalent thickness of air, where B& is

given by Equation (46) or (117). Since only the z-dependant part of the
wave was considered in developing the expressions for the transmissivity
and phase change, é’t is for a wave emerging from a point directly
opposite the point of entry in the sample, rather than along the path of
the ray or along q. Thus the equivalent air path is the projection of
the sample thickness onto the direction of the igcident wave.

The phase difference can only be measured modulo 2m . The

expression 2§-d gives the full phase shift through an equivalent
thickness of air. The expression for ﬂ% involves an arctangent, which
repeats every N radians. The gquadrant for the phase shift ¢t must be
determined from the signs of the numerator and denominator, and right
hand side of equation (130) must be put modulo 27 4so that it can be
compared with the experimental value.

Two paths are shown for the recombined beam in Fig} 9. The best
signal to noise ratio is obtained if the sample and reference beams have
approximately equal amplitudes. The beam splitters are uncoated quartz,
so about 7% of the beam is reflected at the first surface and 87%
transmitged. If the samples to be tested are weakly absorbing, the

dashed path and mirror M3 are used, so that both beams undergo one

-
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reflection and one transmission in the beam splitters. If the material
is nigniv cpaque, the best balance is achieved by using the solid
.ine path, so the sample beam undergoes two transmissions and the

4
reference beam two reflections.

-

1-3-2 Physjical Description of the Interferometer

The measurements of phase and optical density are carried out
simultaneously on the interferometeb, but the requirements for the phase
Teasurements are much more severe. The path difference within the
interferometer must Se kept constant to within a small fraction of a
wavelength for a time interval long enough for the measurement to be
made. The interferometer must be well isolated from vibration
-ransmitted from the floor through the stand or from internal sources,
from airborn acoustic vibration, air Eurrents, thermal drifts and stray
NDE-4 A

Tre interferometer -.:s ~ed on a massive granite sladb which sat

W

sr virration isolaticr spring mountsi29! on a2 steel frame table. The
scring mounts were 2ncsern <2 provide critical damping with the loading

, and damp cut frequencies greater than -3.5 Hz very quickly.

Tre -a-le legs rest cn a stack of alternating layers of thin plywood and
e %/ruitrer shock mount pads, and these in turn sit in sand boxes. As a
zmeasure -f the success 2f this approach, a person could walk near the
aczcara%us wi%h nc apparen*t effect on its operation. Transients generated

tv a 3rarc oiow would 2ie sut in a small fraction of a second.
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smerma. s%atility ant tlocked air currents. It was spray painted black
cn trne insite tc reduce stray light. Two panels cut in the box could be
rem-yed f-r easy zmourting 2f the samples and to facilitate alignment.
Liznw ertered througn a small nole cut in one side of the box. The
axterna. viktratisn precauticne and sponge box are shown in Fig. 10.

Tre layout -f %ne irterferometer components is shown in Fig. 9.
Tme W Seamsplitters and =irpcr M1 are mounted on a common heavy brass

~_a%e. Tre mirrsr {a rigzidly attached %o it, and the beamsplitters are
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Interferometer in
Sponge Box

Granite Slab

ngn ﬂgﬂ_ Critically damped

Springs

% Plywood/felt Layers

Sandboxes .

10.

The precautions taken to isolate the interferometer
from external vibration, thermal gradients, and

stray light.
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on three-screw mounts for aligning. The brass base sits on rubber pads
on a concrete block, which rests on more rubber pads on the granite
slab. Mirror M2 is rigidly attached to the piezoelectric translation
unit, which is clamped to a heavy metal stand which rests on three
points on the granite slab. This isolation of the PZT mirror fromlthe
rest of the interferometer was found to be neces8ary to reduce the
effects of vibration caused by.the movement of the mirror.

A long focal length lens placed ahead of the first beam splitter
focusses the laser beam to roughly a 10/xm diameter spot at the sample
location. 1If used, mirror M3 is mounted on a three-screw alignment -
stand on the granite slab. The beam expanding‘telescope and the
photomultiplier tube are mounted on an optical rail which is fastened to
the granite slab with double-sided tape. The telescope stand has
vertical and lateral horizontal movements for alignment. Neutral
density filters were often placed just ahead of the photomultiplier

As described above, the samples were permanently mounted on brass
foils or glass slides for easy handling. The brass foils are clamped
onto a sample holder with two holes matching those on the foils, as
shown in Fig. 11. The gold films on glass slides are clamped in slots on
a similar holder. The holder slides in a groove in a tray which is
mounted on a pedestal on-the granite slab, and extends into one arm of
the interferometer. The tray position can be adjusted vertically, and
limiting screws on each end of the tray are adjusted so that the
focussed‘ggéﬁ passes cleanly through one or other of the holes when the
holder is slid to either end of the tray. The tray can also be tilted
about horizontal and vertical axes to ensure that the mount is
verpendicular to the beam. The holder is moved by a handle which
extends through a small hole in the sponge box.

Several sample holders were made, for measurements at normal
incidence or at 20 or 45 degrees. ’The oblique incidence holders are
“ilted at fixed angles from vertical. For oblique incidence
Teasurements, a Glan-Thomson polarizer is placed ahead of the first beam
spliter and aligned to keep éhe incident polarization vertical, i.e. in thé

c.arme of incidence. \
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 °
Sample on
brass foil

2‘ Limiting screws Incident
Light

Fig. 11. The sample holder, showing the directions of motion and

alignment.
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Light from the laser source was directed into the interferometer
through two internal reflection prisms in a periscope arrangement
clamped to the granite slah outside the sponge box. Roth prisms were on
three screw mounts so the input beam could be easily aligned with the

interferometer.

3-3-3 Flectronics

During operation the data was recorded and partially analysed on a
PDP 11/10 computer using an interface built by Nr. R.A.N. Hewko. The
electronics are shown schematically in Fig. 12.

A 0-10 V ramp is generated by passing pulses from a 6.55 MHz clock
through a 12-bit digital to analog converter. The ramp signal is
amplified and fed to the Burleigh PZ-Rl translator, thus providing a
linear shift in the path length of the referencé arm of the
interferometer. The resulting sinusoidal signal from the P28
photomultiplier passes through a filter amplifier (using the AC input)
and 1is displayed on an oscilloscope. Ry varying the hias and gain on
the PZT amplifier the initial phase and length of the phase sweep can be
controlled. The ramp generator also provides a slow rather than rapid
return to reduce the vibration caused by the movement of mirror M2.

The amplitude of the filtered sine wave is monitored on a digital
voltmeter, and is periodically recorded and stored in the computer
through Interface B. In Interface A the filtered sine wave 1s amplified
and clipped by a high gain amplifier, producing a square wave whose
edges correspond to the zero crossings of the sine wave. This square
wave 1s also displayed on the oscilloscope. A second square wave 1is
produced by monitoring the most significant bit on the digital to analog
converter in the ramp generator; its edges correspond to the points half
way down the ramp and half way up on the return. This wave.is used to
trigger the oscilloscope sweep and to gate Interface A. Two counters in

Interface A continuously count pulses from a IMHz cloék, and these

counters are reset to zero by the gate pulse. The first two

positive-going edges from the squared sine wave cause latches to he set
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Signals seen at various points in the electronic circuit.

—

(A) is the ramp, (B) the trigger pulse, (C) the signal as
seen on the oscilloscope, and (D) the squared signal in
Interface A. The two time intervals measured are also

shown.
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on the two counters. The counter readings are recorded by the computer,
and correspond to the time intervals between the trigger pulse and the
next two zero crossings of the sine wave. The difference between the
readings thus corresponds to the time interval for a 27 phase shift in
the interferometer signal, and the individual readines give phase
measurements with respect to a fixed point on the ramp. If the sample
is alternately inserted and withdrawn from the sample beam, the 2T phase
interval does not change, but the phase with respect to the trigger
pulse does. The difference between the individual readings with the
sample in and out of the beam gives the phase difference (modulo 2w )
for light passing through the sample and through an equivalent thickness
of air.

The ramp, sine wave signal, and the square waves are shown in Fig. 13

along with the phase intervals measured.

3-3-4 Operating Procedure

To align the interferometer, the incident beam is directed onto the
periscope, and the prisms adjusted until the beam enters the system
cleanly. The first beam splitter is adjusted to bring the sample and
reference beams into cocincidence at the surface of the second beam
splitter, which is then adjusted to bring the two beams into alignment
at the entrance to the beam expanding telescope., The alignment is fine
tuned by adjusting the beam splitters and the telescope position to
maximize the signal seen on the oscilloscope.

The sample is then inserted into the interferometer and the holder
“ray angles are adjusted to align\tne reflected beam with the incident
ceam, thus ensuring normal incidence. For oblique incidence
Teasurements this is checked periodically usineg a normal incidence
nclder. The tray vertizal position and the limiting screws are then
adiusted to ensure that “he beam passes cleanly through eldich of the

ncles in the sample holder.
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Data collection and analysis are controlled by the BASIC program
FILMS5. The wavelength, angle of incidence, and sample identification
are stored in the program, and the vertical gain scales for the
oscilloscope filter amplifier with the sample in and out of the beam are
then selected and stored. These scales are used in the determination of
the optical density. The program is then begun with the sample holder
on the "air" side, i.e. with the beam passing through the open hole.
The period of the phase shift scan is determined from the difference
between the two zero crossing phases, averaged over 1000 ramp sweeps.
The phase and optical density measurements begin immediately. The time
intervals from the trigger pulse to the next two positive-going zero
crossings (corresponding to § and $§+ 27 ) are averaged for 60 ramp sSweeps
and converted to phase, then the program stops. At the beginning of
this cycle and after every 10 ramp sweeps the AC intensity is read and
recorded. The sample holder is then manually moved to the "sample"
position, and the osc?lloscope gain reset if necessary, and the program
is restarted. This cycle is repeated twenty times, with the sample
alternately inserted and withdrawn, finishing up on the "air" side
again. Immediately after the last cycle the period of the phase shift
scan is remeasured, and the measured phase shifts corrected on the
assumption that any change in the period occurred linearly with time.

After each cycle, the averaged phase, difference from the last
averaged phase, averaged intensity, and optical density (ratio to the
last averaged intensity) are printed. The final phase shift and optical
density values are obtained by averaging the values obtained between
successive cycles. These values are printed out along with the standard
deviations of their means. The next sample is mounted and the process
repeated.

The sequence 1s begun on the m"air" side so that the determination
5f the period of the phase sweep is always made on the cleanest signal
possible, since the signals for transmission through strongly
a“tenuating samples were much noisier. This is also the reason for

measuring the period hefore and after the phase measurements and using

4



53

the second zero crossing to double the number of phase measurements made
in a given time, rather than measuring the phase and period
simultaneously.

The measured phase with the sample either in or out was found to
drift slowly with time, with a period of hours or days before the
direction of drift reversed. By repeating the sample in/out sequence
any linear drift with time is automatically corrected for when the
measurements are averaged. Usually the drift was small‘and presented no
problem. The program contained a test which rejected any phase value
more than 90 degrees different from the running average value. Because
of this, signals were not allowed to drift within 20 degrees of 0 or 360
degrees. If this did occur, the run was terminated and repeated.

It was found that the results were most consistant if all of the
samples were measured at one wavelength in as short a time period as
possible. This was particularly true for the dye laser as retuning it
to exactly the same wavelength is not easy. When the dye laser source
was used, wavelength was measured on a Spex 1401 double grating
spectrometer at the beginning of the run and after every two samples to
check for any drift in wavelength. Allowing for time feo mount samples,
measure wavelength, touch up the alignment etc. a set of 8 samples could
be measured in 2 to 2.5 hours. This gives the information necessary to

calculate n and k at one wavelength.

3-3-5 Associated Procedures, Calibrations, and Accuracy

Results were found to be more consistant if the phase sweep length
was adjusted to an integral number of cycles. This is adjusted by
varying the gain of the PZT amplifier. We adopted the practice of
always setting the gain so that the phase swept through 4 complete
cycles. The same ramp generator settings were always used, and the
resulting sine wave signal displayed had a frequency of about 100 Hz as
seen on the oscilloscope. The 3-db settings on the filter amplifier
were also kept constant at 10 and 1000 Hz. One'possible reason for any

sensitivity to the phase sweep length is that the ramp return was much
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faster (~800 Hz) than the sweep, and a longer sweep would produce
higher frequencies in the return part of the cycle, which would be
differently effected by the filter amplifier. In particular, the
digital voltmeter averages over all input frequencies, and so the
intensity measurements would be affected by increased attenuation of the
higher frequencies. Varying the initial phase setting has no effect on
the phase measuements, but can alter the DVM readings by about 1%.
However as the optical density is the logarithm of the ratio of these
readings this variation is not significant.

The errors célculated by FILMSS were the standard deviations of the
means of the values determined. The accuracy was largely determined by
the laser source. With the HeNe line or the stronger Ar laser lines
phase shifts could be measured accurately and reproduceably to within 1
degree. With the dye laser source the phase error was a few degrees,
and the optical density error about .02. Superimposed signal traces
with the sample in and out are shown in Fig. 14, with a HeNe source and
the RhB dye laser source. These traces are typical of the best and
worst signals handled.

The line width of the RhB dye laser was about 2 cm'1,
corresponding to a coherence length of about 0.5 cm. Line width was
improved to better than 1 em='! yith the R6G dye by using a Fabry-Perot
etalon in the laser cavity. Thé etalon reduced intensity too much to be
used with the less efficient RhB dyé. With all of the laser sources
exact retroreflection from the sample had to be avoided as it produced
interference in the laser cavity, resulting in a very noisy signal.

Optical density measurements were calibrated using a high quality
set of neutral density filters. The intensity of the sine wave signal
was measured with the filters placed in turn at the sample location: the
test was repeated with the filters placed after the beam expanding
telescope. Both tests gave the same result. A plot of observed vs.
expected 0.D. was approximately linear for the less opaque filters, but
the observed 0.D. was slightly lower than expected with the hizhly‘
opaque filters (0.D.>-4). This was attrisyted to the characteristics

of the photomultiplier tube. - ’

LY
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Source HeNe laser (632.8 nm)
Sample GaSe 23 Phase Shift 58.7 +.5 degrees
Optical Density 0.264 +.005

gource RhB dye laser (645 nm)
Sample GaSe 22 - Phase Shift ~49.5 +4.6 degrees
Optical Density 0.219 +.012

3
Typical photomultiplier signafé, showing superimposed traces

with the sample in pnd out of the laser beam.
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3-4 Butler Fringe Measurements

The intensity of light transmitted through the samples was measured
with the apparatus shown in Fig. 15. White light from a projector lamp
was focussed with a long focal length lens on the sample, and the
transmitted light was refocussed on the entrance glit of a Spex 1400
double grating spectrometer. The signal from a FW-130 photomultiplier
placed at the output slit of the spectrometer was amplified, then
recorded on a strip chart recorder. As described above, fringes are
obtained if either the wavelength or angle of incidence is varied.
Spectral lines from a Ne or Hg lamp superimposed on the input weré uggd
to calibrate the wavelength scans. Coloured glass filters were used to
prevent light from different grating orders from interfering with the
desired signal in certain wavelength ranges.

The samples were mounted on the normal incidence sample holder from
the interferometer. For oblique incidence measurements the sample
holder table was rotated about a vertical axis. Since converging light
results in different path lengths through the sample, thus changing the
fringe condition, the maximum range of incident angles was restricted to
+20 mrad. for normal incidence Eeasurements. For obligue angle
measurements collimating slits were placed at the lens to further
restrict the range of angles to +1 mrad. A Nicol prism polarizer was
used for oblique incidence measurements. . h

To measure transmission as a function of the angle of-incidence,
the wavelength was chosen and fixed on the spectrometer. The sample
holder table was slowly rotated by means of a clock mg;or, and the
sigzrnal recorded as above. Slits were cut every 10 degrees around the
edge of the table, and a lamp/photodiode pair on opposite sides of the
tat.le edge produced marker pulses for angle measurements.

The following measurements were made with each sample. First
wavelength scans were made over as wide a range as possible at normal
incidence; this confirmed the sample qdality as well as providing data

-y
for the ordinary dispersion curves. Next rotational scans at two
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d1ifferent wavelengths were made, with polarization perpendicular to the
tiane of incidence to maintain the ordinary :efractive index. These
runs were used with the normal incidence wavelength scan to determine
~ne sample thickness and order of interference, and tc determine the
srdinary 4ispersion curve. A rotational scan with polarization i the
rlane of incidence was made tc ccrrelate the interference order for
stlique incidence wavelength scans with the normal incidence scan, an
finally wavelength scans at one or more angles of incidence wered made.
Trhe ordinary Zispersion curves from the different samples were
averaged to give a firnal ordinary dispersion curve. This curve was then
used with the sample -rnicxness, interference order, and oblique
innidence scan data *c zroduce extraordinary dispersion curves, which

were then averaged %o give the final extraordinary dispersion curve.
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CHAPTER 4
RESULTS AND DISCUSSION

L-1 5old Analysis - Thick Film Limit

Phase and optical density measuremeﬁts were made on the thin gold
films, using the interferometer as outlined in Section 3-3-4. All the
measurements were made at normal. incidence and at room temperature,
and covered the spectral range frém 459.7 to 632.8 nm. The values of the

_refractive index and extinction coefficient can be easily obtained from
*nese measurements {f rhe films are in the thick film regime, i.e. they
are thick enough that absorption makes the effects of multiple internal
reflection negligible. Under these circumstances, the observed phase

snift ! from Equation '571)) and optical density can be expressed

V2 =‘Qfair = ﬁzéample

A
. _ZTFU _ . 27T nd (131)
’ A
ymk
0.0. = lomy~'constants) - 5 d logpe (52)

A
If +ne phase shift and op%tical densitv data are plotted as functions of
sarple thickness a%t cconstant wavelength, the values of n and k are derived
from the slopes cf the curves. Taking the derivatives of Ecguations (131)
and '£2) and rearrangine,

v AP 132)
t T4 (13

A 73.1.
< = _ 1
“ % U logqce 02 (133)

<

Since only the slcpes of the curves are used, any effects due to N
~ne surfaces cancel out of the expressions. .The thickness at which the
~rizk £ilm limit is reacred can be specified by the criterion(30]
exz’-~ - wd/.) < .01 ‘this 'gives a limit thickness of 70 nm at 632.8 nm
~r *27 nm at U4BR nm,, or caﬁvbe determinéd gualitatively from the
_irearity of the data with d. A family of curves of observed phase

arif+* versus thickness at URR nm is shown in Fig. 16: in these curves, k

.3 constant and n varied. A similar family of curves of optical

s re

{ersi®y versus 4 ir whizrn n is held constant and k varied is shown in
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Fig. 17. BqE? sets of curves become linear for thickness greater than
about 50 nm, corresponding to an attenuation factor exp(-47kd/\) of .0S.
These and similar sets of curves at other wavelengths sd&gest that .0%
is a more reasonable criterion than .01 for the thick film limit.

The phase and optical density data obtained at 488 nm are super-
imposed on the curves of Figs. 16 and 17. The phase data were accurate
and reproduceable to abo;t 1 degree, and shows the predicted linearity
with thickness. The optical density data was reproduceable to within a
few percent. At that stage of the research the optical density data was
obtained by reading the DVM by eye with the sample in and out of the
beam. The DVM we had at thag time was considerable less stable than the
one we later acquired, and the instability was compounded by the
deterioration Also the Argon laser was in serious need of repair at that
time, with the result that the weakest lines (459.7, 476.5, and 501.7
nm) were very noisy. Thus the derived values of k do not show the
accuracy which the procedure is capable of achieving.

The values of n and k were obtained by linear regression fits of
the phase and optical density data. The results are listed in Table I
and shown along with the results of a more detailed analysis and results
from the literature in Figs. 18 and 19. The results will be discussed

after the next section.
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Table I -- The optical constants of gold, as determined from

analysis in the thick film limit and by computer programs

KNSEOQ and XKNCSEC (pp 66-68).

statistical fitting errors.

The errors shown are the

Values marked with an asterisk

are considered less reliable because of weak and noisy laser

lines.

Values of the real and imaginary parts of the dielectric

constant calculated from the KNCSFO results are also shown.

wavelength

(am) -
459.7
476.5
488.0
496.5
501.7
514.5
632.8

495.7 *
476.5
488,
496.
501.
S14.
632.8

(V) BNV B

488.0
496.5
514.5
632.8

®
Refractive Index
thick film KNSEQ KNCSEQ
.44 +.09 1.49 +.02 1.54 +.004
1.38 +.04 1.29 +.n2 1.37 +.006
1.18 +.015 1.13 +.02 1.18 +.005
1/.’04 +.01 0.95 +.04 1.06 +.005
0.88 +.02 0.86 +.025 0.90 +.02
N.65 +.02 0.65 +.02 0.70 +.01
0.20 +.04 N.31 +.01 0.26 +.005
Extinction Coefficient
1.57 +.2 2.01 +.2 1.59 +.2
1.63 +.2 1.81 +.2 1.57 +.2
1.87 +.03 2.01 +.04 1.88 +.03
1.79 +.04 2.02 +.06 1.82 +.05
1.63 +.2 1.80 +.2 1.59 +.2
2.02 +.03 2.18 +.04 1.98 +.02
3.40 +.04 3.72 +.08 3.27 +.03
Dielectric Constant
€ €
-2.14 +.13 bobl +.08
-2.19 +.20 . 3.86 #.12
-3.43 +.10 2.77 +.07
-10.63 +.18 1.70 +.05
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4.2 Gold Analysis - Full Expressions

The gold data were also fitted using the full expressions for the
phase shift and optical density, i.e. Equations (46) and (52) using (39).
Since there was no program available that could do a least squares fit to
an equation of this complexity, the fitting was done by working out the
least squares condition explicitly and solving the resulting expression
numerically.

If X4 represents a set of data for samples of different thickness
and Xd(z) is a theoretical expression to be fitted as a function of z
to the data, then the least squares condition for the best fit is that
the sum of squares of the deviations be a minimum, or equivalently that

the derivative of the sum be zero:

TY42Z)
}E:[xd - Xal2z)] bt =0 (134)
d

Equations (L€} and 752) were fitted to the phase and obtical
density data in this way. Both of Equations (46) and (39) depend on

ctrh n and k and thus in principle both parameters could be cbtained by

(@)

Yy

itting either expression. However, the optical density expression is
zuch more sensitive tc k than to n, and the phase expression to n than
“2 k. This can be seen on Figs. 16 and 17, where auxilliary curves
"dashed) show the effects of varying the less sensitive parameter.
Jarying k shifts the phase curves up or down slightly, but fo; most of
~rne range the curves are parallel to the original. Varying n has a
similar slight effect on the optical/density curves. This is not
rerising, since most 2f the range shown is in the thick film recime.
Tre extinction ccefficient is associated with absorption, and thus
_argzely Zetermines tre 2r%tical density, whereas the refractive index 1is

3ssociated with the wavelergth of the lizht in the material, and thus

igtermines “ne rprase.
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Because of these considerations, the phase shift expression was
fitted by varying n only, and the optical density expression by varying k
only. The expressions were fitted alternately and iteratively, using the
updated values of n and k. The fitting was done by the FORTRAN program
KNSEQ. The thick film limit values of n and k were used as initial
values, and since the n values were considered to be more reliable the
optical density expression was fitted first to obtain k. For each fit
the value of phase shift or optical density and the appropriate
derivative is calculated for each sample thickness and subtracted from
the data, and the products of the deviation and derivative are summed, as
in Equation (134). The sum is then solved numerically for the value of n
or k by the IMSLI40] subroutine ZSYSTM. This subroutine solves a set
of simultaneous non-linear equations‘by iterating until the roots
converge to within a specified number of significant .figures or until a
preset number of iterations is reached.

For an isotropic medium and normal incidence, the observed phase

shift ¥ and optical density are given by (from (46) and (52) with (39a))

@’: _%%ES ~ arctan P‘/p2 . (135)
0 1 fo
R Ry o (e

The final expressions for the derivétives with respect to n and k are

T 1 nd
n (P4€4P5%)
1 2

+ (0y+8Kk2)sin2N + 2k un2-F3(F3+2)cos2NJ (137)

3.0 1 md
fk = logype —<uF,(k+TF,)e2K + UF5 (k= L;\ng)e_‘?K + 8(n2-143k2)sin2N
P
2
- 8k(n2-3+k2)cos2N> _ (n%e2) (138)
(n2+k2)
4
\ <5
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where 0y = (nFy + 2k2)° 4+ K2F32 (139)
Q> = (nFp - 2k2)° + k2Fy2 ) ~ (1u0) )
Q3 = (nFy + 2k2) (nFy - 2k2) 4 k°F3° (141)
Oy = UF3(Fge1) A S (w2)

A Y

The phése and optical density expreséions were each fitted three
times for each data set. The results were usually very close to the
final values after the second fit. Each fik required typically 4 or 5
iterationS'to converge to U4 significant figures. The fitting process
was very insensitive to the input valdes of n and k, which could be
changed by +.2 and still give the same answer at the first fit. It was
necessary to use double precision to obtain reliable results. The KNSEQ
results are listed in Table I and shown in Figs. 18 and 19.

Un»ike the thick film approach, the KNSEQ fit do;s not eliﬁinate
surface effects, nor does it account for them since the theor} assumes
abrupt interfaces. Oxide layers or adsorbed layers of contaminants such
as water could cause coptical behaviour which is not characteristic of
the bulk material. The differences between thé thick film limit and
.KNSEQ results suggests that such effects may be present. As a means of
compensating for possible surface effects, it was assumed that any such
effect would be consistent from sample to sample, and the fits were
repeated with” a fixed phase or optical density term which was
independent of sample thickness but could vary with wavelength added to
each datum. For both phase‘shift and optical density the program fitted
‘two equations of the form

Dixg v o= xg(2)] 22V g (1342)
3 Dz,c

where the derivative of the deviation with respect to the constant c¢ is 1.

An input value of ¢ = 0 was used. The fits were just as insensitive to the
input values of n and k as were the KNSEQ fits, but the statistical errors

were about half as larze. The results, labelled KNCSEQ, are listed in

Table I and shown in Fizs. 18 and 19.
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&
As an alternative approach,zthe fits were repeated assuming an.

effective thickness dpp = d + do with the term d, being

meas
independent of sample thickness. The program then fitted two equations

S lxg - Kglzidg)] ot Zrde) (134b)
X4 - , =
- d d{z,dp Dz,dq 3

~

The derivatives of phase and optical density with respect to do were
of similar complexity to equations (137) and (138). The results for
n and k were similar to those from KNSEQ and KNCSEQ but the fits were
less satisfactory; more iterations were required, and sometimes the *
fit did not converge to the required number of significant figures
within the specified number of iterations. AFurthermore the fitted
values of do, which ranged from 0 to 100 nm, ;ere not at all systematic.
This approach was not pursued.

4.3 Gold Results

As seen in Figs. 18 and 19, the three analyses of the data give at
least good qualitative agreement with each other and with measurements
reported in the literature, with the possible exception of the k values
obtained with the three weakest laser lines. The thick film limit
values are in particularly good agreement with Johnson and
christy[ 6] The values obtained with KNSEQ tend to be slightly lower
for n and higher for k. Tbé KNCSEQ values are in much better agreement
with the thick film limit values. This approaches is considered to be
the most reliable. The reduction of the statistical errors‘indicateé
that some addition to the theory to account for surface effecﬁs is
realistic. The KNCSEOQ results at the shorter wavelengths are closer to
those of Pells and.Shiga[ZZJ. The results are also in éood agreement
with the measurements c¢f Joensen et al 17,18

The fitted values of the constants are shown in Fig. 20 as a
function of wavelength. There is a,suggestion of a system&tic
sariation, with the constant phase term being largest and the constant

optical density term smallest in the range where the dispersion curve is
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steepest. The treatment here is purely phenomenological. Better data,
particularly for the optical density, would be required for a ingful
analysis of these effects. The final system with the DVM ingg:Z::ed to
the computer would probably be good enough for this purpose. A much
more quantitative assessment of>sample quality would be required, and a
detailed study of the effects of contaminant layers woﬁld probably also
be necessary. This is beyond the scope of this work. o

The errors quoted for n and k in Table I are the standard
deviations of the means of the final fitted valﬁes. When possible
systematic errors in the determination of sample thickness are taken
into account, the values of n are felt to be accurate to 1.013& apd the
values of k to within a few percent. The values for the three weékest

lines are somewhat less reliable.

4.4 GaSe - Butler Fringe Results

Transmission was recorded as a function of wavelength for a set of T
GaSe samples, and dispersion curves for each sample were obtained from
the fringe data by the method outlined in section 3-4. The results for
the ordinary index for the five thickest samples (18 to 320 rm) were
averaged by combining.all the data points, weighting each point ’
according to the total number of points for that sample, and fitting a
third order polynomial in 1/X2- To check for any small systematic
features on the curve, the values of thiékness and interference order
for each sample were then adjusted for best fit to the average curve and
the individual curves recalculated and superimposed. No features were
seen other than a slight deviation from the general shape of the curve
on either side of the small gap in the data which appeared at the band
edge. This gap in the data was the result of the rapid change in
absorption at the exciton line, which made it very difficult to resolve
the fringes over a narrow wavelength interval.

For samples thicker than about 50 um, no fringes could be seen for

energies greater than the band gap energy (-2 eV, or A = 620 nm). ¢
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Three thinner samples (1.5 to 6,Am) were used to extend the curve well
into the absorbing region. The normal incidence fringe patterns for
these samples were obtained, and their thickness and interference orders
were determined by comparing the data in the transparent region with the
initial/average curve. Using these values, the dispersion curves were
calculated, and combined with the previous data tg give the final
averaged ordinary dispersion curve. ’ '

The fitted polynmials provide a convenient and accurate means of
reproducing the dgEi, Separate polynomials were fitted to the data in
*the regions above and below the band gap. Since the polynomials could
not reproduce the small hooks near the ‘band edge, only data for
ua;elengths more than 10 nm from the edge were fitted. The coefficients
~>tained are listed in Table II.

£ similar approach was used to obtain the,extraordinary dispersion
curve. Measurements were made at 30 and 45 degrees incidence with the
ligrnv polarized in the plane of incidence. The extraordinary index for
each point was calculated using Eq:ation (121), taking the value of the
crdinary index at that wavelength from the averaged ordinary polynomial.

Tre results were fitted tc polynomials as for the ordinary index: the

values of the coefficients are listed in Table II.

Tacle II -- Coefficients cof the fitted polynomial dispersion
curves for GaSe. With wavelength A in pm,

nos A e BAZ 4 05 L 0/8

A range A B (um)2 ol WO D (pm)b
n, .4DB - 1609 2.6u7 0.134 -0.0155  2.58 x10-3
K20 - 102 2.678 0.121 -0.0215  5.41 x10-3
re 425 - LBOC 2.u06 0.166 -0.044 5. 48 x10-3
547 - 952 z.20k 0.645 -0.335 0.072

7
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The resulting ordinary and extraordinary dispersion curves are

shown in Fig. 21, in which the data from several samples is shown
‘superimposed. The relative accuracy is indicated by the scatter in the
points. The absolute accuracy is about +.01 to .015 for the ordinary
index, +.025 for the extraordinary index in the transparent region, and
about +.07 for the extraordinary index in the absorbing region. The
results for n, in the absorbing region showed more sample variation than
in the other regions. Some samples gave smooth data, others noisy data,
but all data sets showed the same wavelength dependence. The fitted
polynomial in this region is also shown.

These results are in excellent agreement with those of Wasscher and
Dieleman[11]  Tne present results extend the range of measurement
considerably, and establish the proper shape of the n, curve in the
absorbing region. Much less structure is seen on the curves near the
band edge than was reported by Brebner and Deverin[25] or Akhundov et
31[26], and the extraordinary dispersion curve is substantially higher

than that reported by Akhundov et 31[26].

4-5 GaSe - Interferometer Results

The interferometer was used to measure a set of GaSe films of
thickness 0.5 to 2.5 um over a wavelength range 514.5 to 650 nm. This
was done to test the performance of the interferometer with weakly
absorbing films by comparing the results with the Butler fringe results,
and also to examine the region near the band edge in detail. The
measurements were made at oblique as well as normal incidence to obtain
“he extraordinary parameters. For the measurements near the band edge
~he DVM was interfaced to the Eomputer. For the other measurements it
was read by eye as before.

The analysis also followed the same pattern as before, with the
cctical density and phase data being fitted alternately, adjustine k‘
oniy for the opti®al density fit and n only for the phase fit. The

tustification far this procedure is somewhat different here. Curves

TN
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showing the expected variation of the observed phase shift and optical
density with sample thickness calculated using parameters representaiive
of GaSe are shown in Figs. 22 and 23. As before, the curves of phase
shift with thickness are determined primarily by the refractive index; k
determines the amplitude of the oscillation, which is reduced as k
increases. The mean slope and amplitude of the oscillation in the
optical density curve is determined by the value of k and the
periodicity of the oscillation by n. However in the thickness range of
the present measurements the oscillations are much more important than
is the mean slope, and thus if the optical density data is fitted by
varying both n and k the variation of n would dominate. Thus it was felt
that more reliable values of k would be obtained if the n values were
obtained from a fit of the phase data and used as a fixed input
parameter for the optical density fits.

No attempt was made to incorporate constant vaules of phase or
optical density to account for surface effects as with the =zold data.
These effects should be very small, since the phase shift invloves many
full cycles (though it is measured modulo 2m) and because of the weak
dependence of the optical density on k. »

The normal incidence me rements were fitted using XKNSEQ in
exactly the same manner as the gold films. The initial values qf n
were taken from the Butler f e results, interpolating across the
small gap in the data at the baﬁd edge, and the initial k values were
taken from Wasscher and Dieleman[11], The oblique incidence data was
fitted by the program EKNSEQ, which functions in exactly the same manner
ag KNSEQ. This program fits the more complicated oblique incidence
expressions, as given by EQuations (103) and (117). 1Initial values of n
were taken from the Butler fringe results, and k again frd;\Wésscher and
sielemanl '], values of n, and k, provided as fixed input data
were taken from the ENSEQ results.

The derivatives of the phase shift and optical density expressions
with respect to n, and k, are again obtained by straightforward, tedious

za.culus: the final expressions are
—
[ 4
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where the derivatives

DPO 2K ~ -2K ‘
Tk (G1x+2G 1K, e e (Gpyp=2GoK, )e™ M e (G3y-2GyN, ) sin2N,
v
+ (Guk+2G7N//k)C052N” (11‘5)
v

1

o :(e'K.-eK4[?J1ncosﬁsinN,-JuncosN,+2J1N”ncosﬁcosN,+JuN,nsinN,+J3K”nsin&J

- (eK'+e‘K¢[J;nsinN,+2J1K,ncosﬁsinm,+J3N”ncos&,-JuK,ncosMJ (146)
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P
I

:feK,+e'Kﬁ[%JWncosﬁccsN,+JunsinN,-2J1N”n0059sinN,+JuN,ncosN”+J3K”ncos&J
‘n h

+ (exa-e‘Kﬁ[JanocsN,+2J1K,ncosﬁcos&,-J3N”nsin&7+JuK,nsinN”} (147)

-

In *hese expressions, the subscripts n and k denote derivatives with

respect to n, and k, respectively. The G, J, and P expressions are

iefined in Equations 7173 to (117) in section 2-5-2. Also defining

2 = n,2+k,2 (1u8)
£z, 0f v anlx? (149)
we have
_ ON 2rd ycin,, > 2 ng, > 2
Ny TD_’i * o :?L—:x,w J(n n, +k Kk, ) + g-(k,-b )(n k,~n k)

?

- ‘nZ-kZi(an -5k ) - 2n,k,(akL+bn*)‘ (150)

-

_ Z Ny 2rd yelk,, o 2 k 2 .2
-N/yk = o = -—273?[—-1'!'~a )(ni_n,+k_i_k,,) +j(n'*b )(ngkv-n:k;)

+ (nl-xZ)(ak +bn ) - 2n,k,(anx-bkl)‘ (151)
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- i
K 2rd Y e |n
K, =40 :-‘ 2 (k2-b2)(n,n, +k k,) - ~2(k2+a2)(n_k,-n,k, )
" 7n, czklf‘[b a Lo
- /n -k )(ak +bn, ) + 2nkk”(an&-bkL)} ' (152)
UK 2rd Yeik k
K . A j '(n b2)(n n,+k k, ) - 2 (n-.a2)(n k -n, k, )
‘nf-kZ)(an, -bk,) - 2n,k,(akL+an); , (153)

‘Jsing these expressions,

J1n :7-r—d<7 N,n+w‘K,,n) (15-“)
_ A . .
J1k-rr—d()lN”K*,«K,,k> (155)
 4sinds’
Jon = =3 [i n, (nf-3K2) ;Sk,,(3n2-k2)} (156)
Usindh
Sop = ‘-—?—[a{kul'f ;2 ) +A N, (n, -3k, )J (157)
i -
M 2%5 (aN, v BY, )+ n3 [7n (n2-3k2) - vk, (3nf-k2)]  (138)
\ 23in<g
©3k = ﬁ N 8+ =5 [k, (3n7-kF) +vn, (nf-3kg)]  (159)
. 23in?g
Jup = ZLM (BN, ;= ¥,,.) - T[Wk,(?,n,z-k?) sy, (nf-3k2)]  (160)
. 23in?g .
Juk = g,i‘—d (BN, =« Ky )+ = [0, (n2-3k2) - vk, (3nf-kD)]  (161)
and  Ga, o= “J1k00326 + uJ3k0036 + Jop (162)
Sog = “J1k00329 - UJ3kcos5 + Jop (163)
I3k = 8Jygcosd (164)
Suyg = 8J1k00325 - 2Jok (165)

The values of the refractive indices obtained from the
irterferometer measurements are shown in Fig. 21, and in greater detail
near tnhe band edge in Figs. 24 and 25. The values of the extinction
zcefficients are shown i{n Fig. 26, compared to the values obtained by

Wwassgher and Dieleman-''!. These values are listed in Table III.
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Table III ~-- The optical constants of GaSe as determined from
the interferometer measurements. Values marked with an
asterisk did not converge to within four significant figures
in 30 iterations. The errors shown are the statistical
fitting errors.

Wavelength Energy Ordinary
(nm) (eV) n k
514.5 2.4y 3.063 +.002 .00716
562.3 2.209 2.993 +.003 .00632
574 .3 2.163 2.979 +.004 .00429
584.0 2.127 2.970 +.003 .00480
594 .2 2.090 2.958 +.002 .00562
599.2 2.073 2.957 +.002 .00380
6£16.1 2.017 2.932 +.010 .00524
6£18.1 2.010 2.934 +.010 _.00504
6£18.7 2.008 2.928 +.005 .00468
619.2 2.006 2.927 +.001 .00702
$19.9 2.004 2.935 +.003 .0047Y
£20.3 2.003 2.934 +.004 .00528
6£20.9 2.001 2.932 +.002 .00470
6214 1.999 2.934 +.002 .00374 <
622.1 1.997 2.936 +.003 .00245
A2U 1 1.990 2.933 +.004 .00012
$32.8 1.963 2.918 +.002 -.00108 (?)

extraordinary

514.5 2.414 2.640 0.181
562.3 2.20%8 2.586 0.170
574 .4 2.163 2.619 0.161
S84.0 2.127 2.594 0.153
594 .3 2.090 2.597 0.153
§02.¢% 2.062 2.506 0.156
£07.0 2.0uf 2.609 0.149
£10.7 2.034 2.617 0.146
£13.5% 2.024 2.625 0.134
£16.0 2.017 2.6u6 0.147
£18.3 2.009 2.741 0.199
£13.5 2.005 2.819 0.191
A21.7 1.398 2.728 0.146
K22.5 1.99¢ 2.800 0.125
£2L. 4 1.999 2.767 0.0594
R2K.2 1.984 2.722 0.0782
228K 1.97¢ 2.726 0.0139
230 .5 1.970 2.693 * 0.00059
522 R 1.963 2.817 * 0.00071
fUt. D 1.338 2.672 * 0.00109
545,13 1.323 2.59°% 0.0221
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The ordinary refractive index values are in very good agreement
with the Butler fringe values, and confirm that the structure on the
ordinary‘dispersion curve near the band edge is small. The ordinary
extinction coefficient values are in good agreement with Hassche{'and
Dieleman's results[11], but the results are rather noisy, and do not
show much detail of the band edge or exciton line. This is due to the
very low level of absorption in the thin samples uséd, and to the amount
of noise on the dye'laser lines. The data near the band edge, obtained
with the DVM interfaced to the computer, are noticeably smoother than
the data for which the DVM was read by eye.

The extraordinary refractive index values obtained from the
interferometer measurements clearly show the peak in the dispersion
curve at the band edge. The results are in good agreement with the
Butler fringe values on the long wavelength side of the peak, but are
systematically lower by about .05 on the short wavelength side. The
interferometer results also show a slightly narrower peak, with the
short wavelength side being shifted to longer wavelengths while the long
wavelength side is uneffected. The data points marked with a slash did
not converge to four significant figures within thirty iterations, so
their accuracy is less certain. The n, and k, values are listed in
Table III.

The extinction coefficient values are i? good agreement with

band edge appears to be resolved from the exciton line/ /. According to

Wasscher and Dieleman[11], and show more detail at thi‘;fnd edge. The
Schluter's model(#1) for the electronic band structure of GaSe the

same transition ( Iy~ to I'3*) is responsible for band(edge

absorption in both polarizationa’ This transition is allowed for E#c

and forbidden for Eic, but becomes weakly allowed for Ejc if spin orbit
coupling is taken into account. Furthermore, the bands are three
iimensicnal at the I pcint, so no spurious effects such as two dimensional
excitons are expected. Thus the present results obtained with the
extraordinary polarization can be compared to measurements made at

normal incidence, i.e. with ordinary polarization. An indirect



b

85

transition ﬁt slightly lower energy than the direct transition has also
been observed[uz’u3], but the absorption is very much weaker and was
not observed here.

Graﬁdolfo et all%4] obtained good agreement between experimental

absorption data obtainedrat normal incidence and a theoretical model

‘using values for Eg z 2.025 eV, an exciton binding energy of 14.3 meV,

and the Lorentzian parameter I' (the half width at half maximum height of
the exciton peak) of 9.1 meV at 280.5 K. These numbers wére obtained by
fitting a curve of a series of shérp exciton lines and an abrupt band
edge convoluted with a Lorentzian lifetime broadening function to
experimental absorption data obtained at normal incidence. The
theoretical curve calculated on the basis of this model is shown in Fig. 27
compared to the present k, data. The curve has been corrected for
a 13 degree tempefature difference using their value of .414 meV/degree,
then scaled upward by a factor of 31 to match the data at the absorption
peak. (The unscaled curve is slightly higher than our k, data. A
ratio of 35 for absorption in the two polarizations is expected(11,45] )
The agreement between the data and curve give strong support to '
the model and values used in the calculations in Ref. [41].

Several authors[46,47] pnaye reported a variation of the
absorption of the exciton peak with sample thickness when studying thin
GaSe crystals at‘low temperature. The effect was attributed to surface
polaritons[“7], Since in the‘present method the variation of ‘data
with sample thickness is fitted, any such effect could have serious .
consequences; hewever, curves given by Bosacchi et a1l47] 1hdicaxe A .
that no effect is expected at room temperature. ‘ .' v. A i—-:‘

The error bars in Fig. 24 shoW the standard deviations of tﬁg“né;h‘s
{fitted) values of n,. When the uncertainty in sample thickness ‘is

taken into account, the n, values are accurate to about +.005. “The

i observed phase shift is almost entirely depéndent on n, at normal ‘

incidence. 1In contrast, the optical density expression’is very strongly
dependent on n, although only Rk was adjusted in the fit. Under these
circumstances it is difficult to extract a meaningful value for the

3
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uncertainty of K, . if only the non-oscillating part of the optical
density equation is considered, fits to the data of +.003 to .007 are
obtained. However the scatter on the data points indicates that these
values are very pessimistic. Some idea of the accuracy of the fit can
be obtained from the standard deviation of the optical density data from
‘the' fitted curve. For these meaSurements, the standard deviation was
typically .04 on an average value. of about .25. The accuracy of the
fitted k, values is estimated to be about 10%. (The corresponding rms
deviation for the phase shift data is about 6 degrees in 2 to 8 cycles.)

The fits are quite sensitive to the initial value of n which must be

L
within about 5% of the final value to ensure convergence. Within these
limits the same values of n, and k¢ were always obtained. The fits were
very-insensitive to the initial values of k, . All of the fitted values
of n, and k; converged properly.

~ The dncertainty of the extraordinary parameters is more difficult.

to estimate. The rms deviations of the phase shift data Were about the

samé as for the normal incidence data, and the deviations of the opt;cal
density were slightly better (.02%5 in an average value of about .3).

The standérd deviation of the me€an n, values was also about the same as
for the n, values, indicating t?at the curveswwere equally well fit§ed'
to the data. However, the fitted values of n, were very sensitive to
the input values of n; a shift in n, would produce an opposite shift in
n, about ten times as large. When the uncertainty in sample thickness
is included, \the absolute error on the fitted n, values is estimated to
be +.11 although the relative error is les; than +.01. The initial
value of n;, also had a small effect on the fitted value &f‘k,.‘ The
fitted values were sensitive to the initial values of n, whieh for this
range of parameters must be within about 10% of the final value to *
ensure cc}vergence. The fitted values were not sensitive to the initial
value of k,, but an increase in the initial k; produces a slight
decrease in the fitted value of k,. The accuracy of the final values of
k” is estimated to be a few percent. Any values of k below about .001

are considered to be unreliable.
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. CHAPTER 5
CONCLUSIONS

5-1 Assessment of the techniques

A trensmission interferometric technique using a laser as a-‘light
source has been developed for studying the optical properties of thin
solid films. The optical densities and phase changes on transmission
through a set of films are measured, and the measured values are fitted
as a function of semple tpickness. If the semples are thick enough that -
multiple internal reflections can be neglected, this procedure }

*eliminates the;efTects due to the sample surfaces, and the resultiné
values of the optical constants are characteristic of the bulk material.
The method has been evaluated by making measurements on gold films,
which have high absorption but a low refractive index, and on thin GaSe
single crystals, which are weakly absorbing but have a high refractive
index, and comparing the results with values reported in the
literaturel 11,161

The refractive index values obtained were fitted to the data with a

statistical accuracy of txpically +.01 for the gold films and +.003

for the GaSe'films: Gpeater accuracy was possible with the weakl&,’“/
absorbing GaSe because much thicker samples were used and the measured
phases covered a range of several cycles, whereas with the strongly
absorbing gold films the phase shifts were less than one cycle. Taking
into account possible systematic errors in the values of for example the
sample thicknesses, the absolute accuracy of the refractive index‘
measurements is better than +.015 for gold and +.005 for the ordinary
refractive index of GaSe. The extraordinary refractive index of GaSe was
also determined, but because the values obtained are very sansitive to.

the values of the ordinary refractive index the absoluteb

accuraey of the
n, results is about +.11, with a relative error of less than +.01.
For comparison, Johnson and Christy[16] estimate the accuracy of their -

determinations of both n and k for the noble metals to be +.02. Butler
‘ ~3
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fringe measurements of the refractive indices of GaSe are accurate to
+.01 to +.015 for the ordinary index (this work and Ref. [11]), and

+.07 for the extraordinary index. p .

The accuracy of the detérmination of the extinction coefficient is
more difficult to establish. With the strongly absorbing gold'filﬁ%?\ﬂ\,,
the extinction coefficient values were estiii#ted to be acéurate to
within a few percent for the strong iaser’lines, and to +.2 with the
weak noisy lines. These values weré all obtained before the digital
voltmeter was‘interfaced to thé computer, and it is felt that with the’
stétistical averaging of a large number of readings the system should be
capable of measuring the extinction coefficient to better than 1%. The ‘
DVM was interfaced to the computer for some of the measurements on the
thin GaSe crystals. The results shown in Figs. 25 and 26 indicate that
the relative accuracy is very good, but since the expression which is
fitted to the data is much more sensitive to the refractive index than
to the extinction coefficiént.the absolute accuracy canﬁot be obtained
easily. Absolute accuracy is felt to be in the 5-10% range.. The values
of 'k which were less than .001 are not considered to be reliable.

Measurement with the interferometric technique is most difficult
when either n or k is large and the other small. Strong absorption
prohibits the use of thick films, and thus the variation of phase and
optical density must be determined over a narrower range of sample
thickness. Although.the uncertainties of our measurements on gold do
not seem to vary with the actual valtues obtained, this means that the’
fractional error becomes very large for smallvn. Silver,.with n = .05
énd k = 4.2 at 632.8 nm, has‘been suggested[18] as the "worst case" -
teét. The closest the present measurements came to these values was
with gold at 632.8 nm, where values of n = .26 +.015 and k = 3.3 +.1
were optained. For silver, the technique should Be capabie of similar
accuracy‘fof n and much better accuracy for k because of the
improvements made in the measurement of optical density. At the other
extreme, with very weakly absorbing materials such as GaSe in the

transparent region, the lack of sensitivity of the optical density data

\

N
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to k results in poor fitted values of k, although the values of n are
accurately determined. Thicker samples could be used to increase the
absorption but since the phase data is measured ﬁodul . it°hust be
fitted by a.piecewise contin®us curve, and data would have io‘pe.taken
at enough thickness values over the full range of thicknesse$ to ensure
an unambiguous fit.

The optical properties of highly opaque materials have generally
- been dgtermined using reflectivity techniques. Compared to these,
techniques, the.transmission technique has the advantage of being very
much ;ess sensitive to surface effects; thus the preparation and
handling of samples is much less critical, and the results are more
lLkely to be representative .of the bulk properties of thé material. The
primé disadvantage of the transmission interferométric technique is the
need for an intense coherent source. Lasers must be used, and thus the
measurements are restricted to the laser lines or the range of the dyes
available. A much greater range of wavelengths is availabie,for the
reflectivity measurements. The present method is also very time
consuming. Measurements must be made at each wavelength on a set of six
or more samples of different thickness, which probably have to be ?
prepared §epqrately. Typically four data points'cén be obtained in one
day.

For measurements on weakly sorbing materials, other techniques'

are probably more suitable most purposes. The Butler fringe method

is more direct, and'produ s reliable dispersion curves over a wide

wavelength range. Values of the refractive indices are obtained at

discrete wavelehéths corresponding to the maxima of the fringe pattern

obtained with each sample. Thinner samples, and hence more widely

spread data points; are required to study the absorption reéion, and K
there may be a small gap at aa abrupt absofption edge where data . cannot

be obtained reliablyﬂ A reasonable interpolation can probably be made
throughrthis region. If the response of the system on which the

transmission vs. wavelength curves were obtained is well known the same

curves can be used to obtain the optical densities at any wavelength. ‘

\

- ‘L?
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The programs used @ analyde the interferometer data could easiiy be
mddified to provide the y valueq) with refractive index valpes from the
Butler fringe dispersion curves as input data. The region of greatest
interest for the absorption measurements 1s the region near the band
edge where the gap in the refractive index data océurg, so there is some
reliance oﬁ the interpolated‘part of the dispersion curve. This
approach would probébly be more acéprate than present techniques in -
which reflectivity corrections are made to a simplified transmission
ekpression._ The only advantage that the Interferometer has to offer is
the ability to step through the band edge region in very small steps,
and thus 1ts utility would come 1f the details of the curves in this’
region are desired.

The use of an interferometer for the measurement of optical densitv
has the great potential advantage that the output gignal is proportional
to the amplitude rather t%an the‘intensity of the'transmittgg beam, and
tﬁus measurements can be made onmuch thicker films than wouid be
possible with noncoherent techniques. This advantage is not fully
realized with a noisy light soufce, but the technique still provides

accurate results. Moreover, the simultaneous measurement of phase shift

"and optical density ensures that these,values are obtained under
-

identical conditions from the same spot on the sample.

The greatest potential of the interferometric technique 1is 1its
ability to provide accurate values of the optical préperties of thin
films of highly absorbing materials. These measurements are not highly
sensitive té the condition’of the surfaces of the %ilms, and could thus
be used as reference points for, or independent confirmatibn of,
reflectivity measurements over part of their measurement range. This'
would be particularly useful {f 1t could be assumed that surface
conditions efﬁect the absolute values of the optical constants to a much
greater degree than the features of their variation with wavelength.
The technique 1s suffieiently accurate that 1t could also be used for a

detailed study of surface effects.
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5-2 Improvements, Eitensions, and Suggestions for Further Work

T

Theré are several Simple improvements which could ‘be made to the
apparatus or tecHnique to improve its perforﬁénce. The interferometer
was designed to include an electro-optic, light modulator in the sample
arm, but this was found to be unnecessary. The path—iengths of the
interferometer arms could be substantially reduéed,'and the beam
splitters and fixed @irror could be mounfed much éloaer to their common
base. Both.of these steps would probably reduce the slow phase drift - ‘

with time which, although not a serious problem, was annoying.

With a redesign of the sample holder, either a cryostat or a hot
finger in an evacuated chamber could be incorporated into the system for
meésurements-in'different tamperature ranges. If only the sample holder
were moved as in the present system, the presence of windowg would be

_compensated for by the sample in/out technique. A cryosgat could iead
to instabilities due td thermal gradientsj and the interferometer loop
might have to be placed in an evacuated chamber tov;void this. 1If
Pemiconductors were to be studiedsat low temperatures, the possibility

. 'of a dependence of the exciton absorption on the sample thickness would
Hgve to be taken into account. The technique codld also be‘modified to .
observe the variation of the optical constants as electrostatic or .
magnetic field were applied across the sample. Eor studying films of an
easily oxidized material it would be beneficial to fill the .
interferometer chamber with an inert gas. Even the present sponge box
might be suitable for this purpose. '

The interferometric technique is sufficiently accurate to make
‘possible an extensive study of surface effects. The measurements
reported in the text showed that better agreement between the
experimenta® data and the theory was obtained if surface effects were
taken into account, by assuming that surface.conditions were the same on
all samples and attaching a constant term to each data point. It was

shown that by fitting the variation of the phase shift and optical

density data as a function of sample thickness, surface effects could be %‘

-
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eliminated in the thick film limit, i.e. with Samples thick enough that
'the effects of multiple internal reflections are negligible. Surface
effects can similarly be eliminated in the thin film limit: with very
weakly. absorbing films, the relative strengths of the successive
internally reflected components of the light are almost independent of
sample thickness, and any surface effects on these components will also
remain constant The phase and intensity of the emerging beam thus
depends only on the relative phases of the components, which are
determined by the‘sample thickness. Weak absorption ds a perturbation .

on this idealized system, but as such it can also be measured. If

measurements are made on samples in tne intermediate range, in which the,

relative strengths of the internally reflected components depend on the
sample thickness, then the effects due to surface layers would vary, and
greater care would be required in the interpretation of the results.
Although the transmission measurements can provide information on
surface effects, more accurate information could be gained by modifving
the system to measure‘%eflectivity as well as transmissivity. 1If mirr%t
M1 were replaced by a beam splitter (probably a fairly highly reflecting
one) tne°intensity of the back reflected beam from the sample could be
measured directly, or it could be used with the part of the reference
beam transmitted by beam splitter BS2 to set up a second interferometer
loop. A good quality and well characterized mirror mounted on the
sample holder between the sample and Mair" positions would be used fer
comparison in the reflectivity measurements. The same PZT would create
the phase sweep in both loops, but the rest_of the equipment and part of
computer interfacing would have to be doubled, and the programs and
procedures changed. A third alternative, wnich would permit the use of
the present equipment and procedures at the cost of simultaneousv ’
measurements, would be to rotate the new beam splitter (at M1) by 90
degrees and mount the samples behind it, outside the present
interferometer loop, and do separate reflectlvity runs. The path
lengths of the sanple and reference beams in the reflectivity loop would

have to-be equalized,'particularly'if the dye laser were to be used.

et il - oA <o, M0 2o

R

A e @ B L kbt

5o

ket B L s -

-



9y

Samples in the thick film regime would .be measured. lThe true
values of the optical constants would E; obtairied from the transmission
measurements, and the differences between measured reflectivity values
and those calculated using the "true™ optical constants would be
-attributable to the surface effects. 1Ip the thick film limit all
samplés should have the same reflectivity. The vaiues obtained with a
twdjigbp system would provide a check Qn reproduceability,_qnd again
this procedure would ensure that all measurements were obfained under
identical conditions. Phase measurements for the reflectd béam would
probably not be pofgible, since it would be extremely difficult to
reproduce the sample posit}on to within é small fraction of a
wavelength. However, phase measurements might be useful for studying
the changes with time of the surface conditions of a single sample of a
highly reactive material. '

Initially surface effects in refleciivity could probably be treated
phenomenologically, by attachiné constant terms to the data as was done
with the transmission meagurements. Ultimately the proper equathps
-would have to be developed atreating the surfaces as layers of unknown
but sample 1ndependent thicknessvand coptical constants.
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Appgndix A .
Butler Fringe Determination of Refractive Index

-m and m-1. respectively, are measured . ‘;f the wavelength difference
between the fringes is small, and if it can be assumed that the ‘.
variapion of n over this small interval :is negligible, then applying
Equation (120)'to the two fringes and eliminafing m between them leads

to the expressiohn for the refractive index:

(X+AK)_~ "}\2
2dak 7 2dak

~ (166)

Here only the two wavelengths and the sample thickness must be known;'
However, phe‘assumption that the variation of n ovér the wavelength
interval’is negligible must be treated very carefully[“8], a fact that
is not always recognized[27]. If the same approachvis followed but
different values n and n + an‘for the refractive index at ppe two

wavelengths are used, the expression for n becomes

P
-

(A+ah) on G
—_—

on
2dax 2aon " (167

)

>
2
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This shows that Equation (166) is only strictly valid for a dispersionless
material. , '

A reasonable‘épproximation to the dispersion curve for which =
kn0wledge of the interferengg order is still unnecessary might\be
obtained as follows. Equation (166) would first be used in a region of
low dispersion to generate an initial value of n. This value would be |
used with (120) to find the interference order, then a dispebsion curve

Qould be generated in the region around the initial readings. The slope
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of this curve would be used with (167) to obtain a corrected value of n,

then the correct value of m and the final dispersion curve would be

generated using (120). e correction would not be exact since the

initial dispersion curve would not be correct, but if the procedure were
carried out in a regiofi of low dispersion the final dispersion curve

should be a reasonabXe approximation to the true curve.

-
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Appendix B ‘
Programs for the Analysis of Butler Friinge Data

) The following set of programs has been developfgd for the
determina;ion of the dispersion curves of weakly a*sorbing materials -«
from thg/&qterfergnce fringes caused by multiplg‘fﬁternal reflectidn in
thin p%?allel-sided samp;qs, as seen in transpission. They were:

develoﬁed for the specific case of qniakia} cryata;s with the opfic axis
perpen

maxima are determined, either as wavelength is scanned at constant angle”

‘

icular to the synfaces. Theblocations of‘transmiséion fringe

_of iqcidengg (normal incidenée or oblique incidence with polarization in
or perpendicular to the plane of incidence), or as the angle of
incidence is varied with the wavelength coﬂstanf, and with the
appropriate polarization. -

The programs gutlined here are,written in BAé}C for use with a PDP
11/10 computer equipped with a TU6Q Cassette unit and a Decwriter for
input. The programs contain éptions tb input and edit new data, fead
old data, analyse, and store data or results on cassétte. Thef‘prompt
the user for the approppriate input information, including some
infermation which is no ionger relevant -but which has been retained so.
that old data can still be ‘used without changing its format. Entering a

set of zeroes terminates data input. All wavelengths are in Angstroms.:

The programs are stored on cassette.

NENOLI is now used only for entering’, editing, and Storing new data for
wavelenéth scans at constant angle of incidence. All data sets
éont;in one line for sample identification comments, the number of
data points (counted and entered automatically), and a set of eight
parameters: 1) ordinary(0) or‘extraordipary(1) index data, 2) sample
thigkness (ﬂm),’3) angle of iﬁcidenqe (deg;ées), and the
uncertainties in 4) thickness, 5) angle of incidence, 6)- interference

order, and 7) wavelength. The final parameter was originally used to

identify the material being Studied, but is now used tq store the
’Earrection to the relativelinterference order which is initially

recorded. The data is then\entered in pairs, relative interference
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— .
order and wavelength, for the successive fringes. .

MDROT caicuiates‘the dample thickness and interference order from the
angles corresponding to'fringe'maxima obtained when the/;ample is
rotated as wavelength is held constant, with polarization
perpendicular to the plane of incidence so that only the ordinary
index of refraction is involved. Runs are required at at least two

vwavelengths,(and the difference in m for the two wavelen?ths must
also be known (this is obtained from the wavelength scan at normal
incidence). The input'info‘mation is the identification comment, and
for each run, the wavelength, difference in m from the firet run, and
pairs of the 1nterference order relative to normal incidence and the
“angle of the fringe. The program fits Equation (12“) to all_possible
pairs of data at each Havelength: as outlined in Sectiop 3-2—2, and
prints out thickness with its fitting error, interéerence“order with
its error, and the ordinary index with error at the waveiengths of
'each ru9/; The interference order printed out is for the first normal

incidence fringe at wavelength shorter than that of the first run

L J
NORT calculates the ordlnary index from normal incidence wavelength scan .

data sets stored by NENOLI, using Equation “(120). The data s read
from caspette, but parameters such”as the relative interference order
can be corrected if desired It prints out the sample identification
and parameters, then calcd)stas~and prints out a table of - . - f
interference 6rder, wavelength and energy in eV and ordinary index
with uncegtainty for each of the stored data pointq.. The results can

4

be stored on cassette.

NAV2L averages the results from several NORT or NERT runs, and fits a
third order polynomial in 1/}\2 to the data. The wavelength range
of the fit can be specified, and the input result sets can be
‘weighted. Separate fits above and below a specified wavelength can
be obtained. A data proximity limit can be specified, which prevents
any region from hecoming too heavily weighted (for example if many
fringes were recorded near a band edge to check for details of the

dispersion curve.. With our thickest samples, every 50th or 100th
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fringe was normally recorded.) Up to Light resﬁlt sets can be
ayeraged; if there are less than eighi\enter Q0 to proceed. The
program printsﬁbut the resu;p sets used, jhe polynomial parameters,
and a table of n at intervals of 100 XK ?x}r thedrénge of th? data.

The result sets gnd polynmial ﬁarameters are stored on cassette.

NERT calculates the extraordinary dispersion curve from oblique

incidence wavelength scan data, using a modification of Equatioh (12T):

n e —2in% ' o (168)

! V/T mA\
B ZnLd>

- - ~

It'reads a NENOLI data set stored on oaséette, then,permits‘a change of
the input parameters. It also reads a'NAVéL averaged result set for
normal incidence results, which it uses to daloulate the ordinary

index at each wavelength required. It prints out the idehtificat;on,
carameters, and a table ofAinterferenoewonder, uave%sngth'and energy,
ordinary index, and extraordinary index with uncertainty, Sﬁa'étores

the results on cassette.

BETHK2M and BTHNZM calculate sample-thickngss ang the oorréctf&n to the
relative interference order by adjuSCZ:: them for best fit of a '
NENCLI data set to a specified NAV2L averaééﬁ‘set, oveé a spéoified
wavelength range. BTHK2M fits data for wavelengths longer that the
absorption/édge if the NAV2L averaged results were split at a band
edge. BTHN2M fits data at wavelengths shorter than the edge, and’Is

I3

used for the thinnest samples.

L ]
NZPLZT plots NORT or NERT results as points, or NAV2L averaged results
as continuous curves, on an XY plotter interfaced to the cogputer.

The wavelength and refractive index ranges can be specified.

-
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