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(o) Substrate Before Opening Shutter (b) Pattern Atter 15 Seconds Growth

(c) 3 Minutes Growth (d) 5 Minutes Growth

FIG. 2-6 TIME SEQUENCE REFLECTION ELECTRON DIFFRACTQGRAMS
SHOWING EPITAXIAL GROWTH OF GERMANIUM FILM ON CaFjp



FIG. 2-7 SURFACE PHOTOMICROGRAPH OF
EPITAXIAL Ge FILM ON CLEAVED CaF2
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ABSTRACT

This report describes an investigation into the optical proﬁ—

‘erties of thin germanium films. The central topic is the deduc-

tion of the optical constants from photometric measurements on
epitaxial films on CaFy in the wavelength range 2000 - 60002.
Methods of film production are discussed,and the effect of depo-

sition parameters on the crystallinity and reflectivity of films

on fused quartz and CaF, are reported. The principal conclusion

is that epitaxial films give excellent agreement with bulk single
crystal material as regards interband transition structure in their

reflectivity and transmissivity coefficients R and T. However,

the over-all amplitudes of R and T for films are strongly governed

by residual surface roughness effects. These cause the magnitude

of R, in the region 2000 - 3500 A, to depart considerably from that

of carefully prepared bulk surfaces.

Theoretical studies are carried out on the accuracy of deri-

vation of the optical constants n and k from measurements of nor-

mal incidence R and T on a single film. Another model also con-

sidered is the recovery of n and k from measurements of the trans-

missivities of two films of different thicknesses. For each of

-

these methods,kthe first order dependence of n and k on the photo-

metric quantities was calculated using appropriate theoretical

equations and optical constants from dispersion analyses. The

xiii
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results indicate that for the R and T method, in the wavelength

regions where n = k, the error in the derived optical con

stants
|

: becomes intolerably large for the usqgl exper imental errofa in

R ané T. For the two thigkngqs, two Fsapsmisgiog methbd,‘hogever,
certain judicious choices qf thiquegges.can reduce the sengitivi;x;
to experimental error to reasonable vq}qes over the entire wave-
length range considered here.
_ A review is given of previopg iqyﬁptiggcions and measurements

of the optical properties and cqﬂa;anﬁgiof gegmgnium’thin fiymg.
This review shows that the :e391§§ are much at vatiangg amgg&_thgmz_
selves due to lack of cryatallgne perfgction in the samples studied,
Thg results for n and k repqrcgd_ip‘ghig work were cqmgu;éd ﬁgém
measufements of R and T on a %ﬁ;A g%é;qxial‘ggrmanigm film leCaEg,
Th%% are shoyn to give much bectgf a§5ggmgnt with opticql cg&&;an;g
from dispersion‘analysis than those qf,égrlier”workgrg. In addition,
with the inclusion of experﬁmen;ql erggﬁ, the present results over-
lap those of the dispersion ?“31Y5i5~i9,§h95e wavelength ;gngés inh
which it was possible to ob;gin,;qg;si

Thus, the conclusions of this research may be summarized as
follows:

(1) The optical properties of epitaxial germanium films

repliéate bulk single cfystals to a degteé sufficient to justify




Xv

their consideration as vehicles for further optical research into
the high energy, high absorption spectral regions,
(2) The use of epitaxial semiconductor films to calculate

optical constants will supplement, but not supplant, other methods

such as polarimetry and dispersion analysis.

[ — SIS
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Chapter One
INTRODUCTION

A. OBJECTIVES OF RESEARCH. PRELIMINARY REMARKS.

"It will be clear to anyone who‘has contemplated che measure-
ment of optical constants that this is no easy task. The apparent
values of optical constants shown by a film or surface depend crit-
ically on the state of the first few layers. The measurements
involved are not easy to make with high accuracy; and it would ap-
pear from much early work on the n, k values for thin films that
different methods may yield results differing by unhealthily large
factoré from those of other people. Such large differences may,
however, be generally attributed to differences in method of pg@fr
aration of the film. Both sets of figures may well be cbrrect
for the different systemg. If the film strﬁctures are ﬁigely
different, agreement in n, k Values.would not be expectgd. Unless
the state of the film is closely spgcified, the results for n, k
are likely to be of little value unlesé determined by a method

which takes account of the structure of the film."

This remark by O. S. Heavens in his book Optical Properties

of Thin Solid Films [25) well expresses the attitude toward the

study of the optical properties of films before the advent of

epitaxial single crystal layers deposited on substrates of the




alkali-alkaline earth halides. It is the purpose of this report

to demonstrate that the use of epitaxial films, although by no
means a panacea, now allows the measurement of the optical proper-
ties of materials in the film state which can be extended to'and
correlated with the optical properties of materials in the bulk
state. The problem undertaken for detailed study was the deter-
mination of the optical constants of germanium from measurements

of the reflection and transmission of thin epitaxial films. The
results are compared with those of other experimental methods to
calibrate the accuracy of the film optical constants and illustrate
the strengths and weaknesses of the film method.

This chapter will be concerned on the one hand with supplying
the theoretical foundation for the reqearch and on the other with
reviewing attempts which have been made in the past to determine
the optical constants of germanium films. The experimental and
theoretical work explored the wavelength range 2000 A to 6000 &.

Chapter Two describes the techniques of film production,
especially.those yielding epitaxial films. Analysis of the film
crystal structure by reflection electron diffraction (RED) tech-
niques, and examination of the film surface topography by optical
microscopy are also discussed.

In Chapter Three the full theoretical development of two

photometric methods for the calculation of optical constants of

1-2

o »




thin fxlms is given and the consequences discussed. Chapter Four
describes the measurement of the reflectivity and transmissivity
coefficients. The results are interpreted in light of the film

deposition parameters. In Chapter Five we analyze the reflectance

and transmittance in terms of the theory of Chapter Three in order

to deduce the optical constants. Comparisons with the results of

others are made and the conclusions discussed.

B. REVIEW OF THE MACROSCOPIC AND MICROSCOPIC THEORIES
OF THE OPTICAL PROPERTIES OF SOLIDS.

1. Theory of the Optical Response of Materials According to the

Electromagnetic Theory of Light.

A modern discussion of the electromagnetic theory of light
in a framework suitable for solids has been given by Stern tl}.
The development present%d here will parallel that of Stern but will
be much more brief in scope. In cgs units and in the presence of

a material medium, Maxwell's equations may be written as follows:

OB ,
VXE = -1/c 5 . ‘ : (1-1la)
ap
4 1 °-
VX}_{=—C-.I+E§E (1-1b)
V * D= 4P (1-1l¢)
V.B=0 (1-1d)

where E and H are the electric and magnetic field vectors respectively,

D and B their modifications by an intervening material medium, J is




the total current density, and p the total charge density. The
equation expressing the conservation of charge is

L%

vei= ot

and the power flow is given by Poynting's vector, viz.,

§ = =~ (ReE X ReH)

- 41 - =
Expressions giving the relationship between the electromagnetic
field vectors on each side of a discontinuity in the material

medium will be needed in order to derive the optical response

coefficients. The appropriate equations are [1]:

1-(8, - §1) =0
lX(I;IZ - 1:.31) =0
Ex(‘jz = ijl) = is
1-(, - 91) = Qs

where 1 is the normal unit vector from medium 1 to medium 2, is
is the surface current density, and Pg 18 the surface charge
density, both being externally introduced quantities. In this
work, we will only consider radiation incident on boundaries con-
taining no such charges.or currents.

In order to introduce in an explicit way the manner in which

the material medium generates D and B from E and H, the following

relationships are usually defined:

(1-2)

(1-3)

(1-4a)
(1-4b)
(1-4c)
(1-4d)

1-4

g




j =0k (1-34)
Q = € IE, (I-Sb)
B o=y (1-5¢)

where ¢ is the conductivity tensor agd equation (1-5a) expresses
Ohm's law, € is the dielectric consgtant tensor,‘and B is the pex-
meability tensor. The equations (1-5) are valid when Igt and tgl
are weak. In view of the fact th@é the materials’ye congider are
non-magnetic, we will hence take W to be equal to Qnity.
Equations (1-5a) and tl—Sb) together with equation (1-1b)
suggest the following simplification. Suppose we consider a ney

displacement field defined by

it}

Dl

13+47rfgdt

€ E+ 40 [ E dt . (1-6)
Equation (1-6) then leadg directly to a new material regpense

parameter, the dielectric constant linear operator; given by the

eduations:

D' =€ E (1-7)
where

€ =€+ 4yo [ de . - (1-8)
The explicit form of this linear operator will depend upon the
form of the time dependency of the field vectors and the type of

transformation calculus used to analyze this dependency. For ex-

ample, if the time dependency of E is of the form exp(-iwt), the




dielectric constant linear operator becomes the well-known complex

dielectric constant,

~ R 4 o
€ = ¢ + 1 S19 .
w

The same analysis can be carried out for the conductivity by de-

fining a new current density by the relation,

| &

- 1
=t

[e%4

t

al
[}

Q
+

and for

Jo]
4
]
Fe]
O
~~
]
g
~r
-

~ . WE
g =0 =15 .

The relationship between the dielectric and conductivity oper-

ators can then be found from equation (1-1b) to be:

~ €2
T4 ot

We will now apply a plane wave solution to Maxwell's equations

(1-1) of the form

] e
il
1t
(1]
ol
~
I=2
| a]
1
e
ctr
S

(1-9)

(1-10)

(1-11)

(1-12)

(1413)

(1-14)

(1-15a)

(1-15b)



One consequence of this choice of golution is that whereas pre-
viously the tilde symbol denoted an operator, it will now repre-
éent a complex number or variable whenever there is a chance for
ambiguity in the notation, otherwiqé'it will be omitted. The plane
waves (1-15) are traveling waves moving in the direction of increas-
ing ¥ with wave vector Elwhich will be in general complex. Thq

form of the exponential in (1-15) is important as it will fix

‘ sign conventions for many of the formulas to follow, Inttoducing
the further assumption that we will deal only with isotropic,

homogeneous media, substitution of (1-15) into (1-1) yields:

kXxE =24y (1-16a)
- <o c -o .
kxH =-2F¢ (1-16b)
-7 -0 c -0
k =0 (1-16c)
- <0
k-t =0 (1-16d)
It is seen from equations (1-16) that the Vectorsg, Eo’ aﬁd go
form a mutually orthogonal set.
We now form:
gx(kXE)-—kxgo-(g.go)g-(g k)go
= _(E . E’)go (1-17)
or:
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Equation (1-18) shows that the wave vector k must be complex. By
analogy to the case of plane waves in dielectric media we may de-

fine the complex index of refraction through the relation:
~= 1 Q =~Q
k = (n+ ik) c lk ngol

where lk is the unit vector in the direction of propagation of the
wave, n is the real part of the complex index of refraction, or
simply, the index of refraction, and k is the extinction coef-.
ficient. Unfortunately, there now arises a notational difficul-
ty between E the wave vector and k the extinction coefficient.
However, it should be noted that almost always the context of
the discussion should Be sufficient to allow one to differentiate
between the two. Substitution of (1-19)finto (1-18) yields:

;2

If we write € = €+ i €,, we obtain:

€, =n° -k ' : (1-21a)

€

Relations (1-21) are very useful as it will be seen that optical
measurements are better interpreted in terms of n and k while e1
and €, more easily describe the properties of the media in terms

of its microscopic structure. The inverse equations for (1-21)

are:

K (1-19)

=€ . ’ (1-20)

5 = 2nk . : (1-21b)




¢ } |
Q= [-2—1 + %[ef - eg]g] | (1-22a)
| € } |
k = [— 2—1 + %[ef - ei]i] . (1-22b)

The sign choice in the root-taking process was governed by the
requirement that k be real and greater than zero and that n - et
as €, - 0.

In optics, the experimentally measurable quantity is the

light intensity which is proportional to the time average and

vector magnitude of the Poynting vector as follows:

-

o | ;
lim L L. v -
I |T . T £ (7 ReE X ReH)dt (1-23)
which for the case of plane waves of the form (1-15) propagating

in the x direction becomes

-2 2 kx .
ne .2 C v
I« BT Eo (1-24)

We see that in an absorbing medium the light intensity is attenuated by
W
-2 ¢ kx .
the factor e . It is sometimes convenient to define the ab-

sorption constant O and the skin depth & by the following relations:

a = EEE
A
= = A— { -
5 = 1/a e . ; (1-25b)

where we have used the well-known formula for the wavelength

LW
» u,ZWc '

1-9
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The derivation of the optical response parameters, the re-
flectivity and transmissivity coefficients, from the boundary

conditions (l-4) will now be considered. 1In view of the fact

(1-28)

#
\ !
that all of the optical measurements in this work were taken : {
- l
near normal incidence, only the normal incidence case will be :
explicitly derived. It provides a very good approximation for
angles of incidence up to 10° and even further if the light is ‘ ?
unpolarized [2]. Referring to Figure 1-1, it is seen that the é
appropriate field vectors are as follows:
- ; iilx -iElx - . E
E, = lqui e +E_ e ] (1-26a) ) |
_ iT('lx ‘i’f(‘lx - ‘t
Hy lz[Hi e +H e ] (1-26b) , |
E, =1 E, e X (1-26¢) |
=2 sy "t _ L
By =1 H elfe | (1-26d) .
-2 -z ot |
where the subscripts 1 and 2 denote the medium, and the subscripts
i, r, and t the incident, reflected, and transmitted complex ampli-
tudes, respectively. Application of boundary condition (1-4b) 5
yields \
- -E = - f
E,-E, -E =0, (1-27) ']
and application of boundary condition (l-4c) in conjunction with. |
equation (1-16a) ‘gives: ‘ | i qi
¥E -%E +%E =0 Vw
|
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In view of equation (1-24), we need only consider the optical

response barameters for the electric vector. Defining the com-

| i
plex reflectivity and transmissivity coefficients as

|

Ep
p =5 (1-29a)
i
| E
t
T E‘E- (1-29b)
i ,
respectively, we have immediately from equations (1-27), (1-28),
3
and (1-195:
'k, -k, @, -n
p = Nl ~2 = ~1 ~2 (1-30&)
-kt kg mptomy | |
2K 2n
T ! L. (1-30b)

IRy + Ky nq + ng
The present work is concerned with fhe gsituation where medium 1

is a dielectric with index of refraction n and medium 2 is a con-
ductgr with complex index of refraction n. Also, we will now con-

centrate on p alone as T and p are related by the expression 7-p .

= 1. We then have:

ns - n - ik
P =-ns +n+ ik " (1-31)
I1f medium 2 is a dielectric with greater optical density than
medium 1, then we see that p is negative. This implies that

under this condition the reflected electric vector undergoes a

phase change of 180°. It will be convenient for the development

1-11




of the theory in Ch;ptér Three if we express p in polar form,
However, in doing this one must be extremely careful as p is then
no longer unique. That is, care must be taken to define the ar-
gument of the polar form in its principal vaiue range and to speci-
fy the positive root as being implied when any square roots are

taken. With this in mind, we have immediately from equation (1-31):

p = --RJ21 elw (1-32a)
(a_-0)? + &
' (ns+n) + k
; 2n k o
o= tan’ S (1-32¢)

i n + kz - n2
: s
It may be inférred from equations (1-23) and (1-24) that the ratio
of the reflected light intensity to the incident light intensity
\ e . _
is given by pp* or is the quhfitity R of equation (1-32b). The

eqiidtions (1-32) are the principal result of this section and

will be used extensively in Chapter Three.
|

2. Quantum Mechanical Theory of the Optical Constants.
!

A detail%d inquiry into the derivation of the optical con-

stants from quantum mechanical principles is outside the purpose
\

of this work. Therefore, only the briefest outline of the proce-

|
|
dure used wili be given, There are essentially two épproaches to
the problem, namely, the many body formulation [11], and the one-

. \ ‘
electron formulation. We will direct our attention to the létter.

1-12




The one-electron formulation makes contact with the macroscopic

theory through the definition of the quantum mechsnical current

' i
density:

3" = e+ 2 a) | (1-33)
and through the assumption that the J' of this equation is iden-
tical to that of equation (1-11). Here e is the electronic charge
and m its mass, while p is the momentum and A is thé vector poten-
tial of the local field. The procedure is then to calculate the
expectation value of the canonical momentum p + % A in a suitable
representation to terms linear in the electric field and apply
equations (1-11) and (1-14) to obtain € from which the optical
constants can be found by equation (1-22). The right-hand side
of equation (1-33) has been evaluated by Ehrenreich and Cohen
using density matrix methods [12]. Their method included many
body effects by describing them as the interaction of a single
electron with a self-consistent electromagnetic field. The dielec-
tric constant which results for a Bloch representation and an in-
cident field whose wavelength is much greater than the interatomic

spacing is as follows [12]:

2
(e mw ]~ AL 3 ! W
€(w) = 1 S—Ll—m [ @Rz, £ 0 £,
: ' 2 2 -2 -1
y (W™ =Wy, = Ty 1207,

(1-34)

[(w - (dzz|)2 + 72-51:”3(‘!"" wzz|)2 + ‘rzzz!]

1-13.
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where

ha%z, = Eﬂ(g) - EZ'(E)’ EE(E) being tﬁe energy of an electron
with wave vector k in band £, fz(B) is the Fermi distribution

for bana Z; |

f%,z = (2/mi wz,z)](ﬁ'Elpu]Z B)lz, ]E B) béing the cell-periodic
part of a PFloch function for an electron with wave vector k in
band [ andipu its momentum component in the direction of prop-

agation of the incident radiation,

and

Top is a phenomenologically introduced lifetime.

‘Equation (1-34) therefore expresses the dependence of the com-

plex dielectric constant on interband transitions. It was mentioned

above that equation (1-33) is written in terms of the local field.
One may well ask whether or ot equation (1-34) must be modified
in #ccordance with the Clausius-Mossotti relation in order to in-
clude the difference between the local field and the externally
applied field [13]. Hdwever, Nozidres and Pines [11] have found
that if the electrons in the crystal are loosely bound, as they

are for semicbnductors,'then local field corrections can be neg-

lected.
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C. THE BAND STRUCTURE OF GERMANIUM

The band theory of covalent semiconductors has become well
established during the past decade. It appears to give an ex-
cellent description of their optical properties for energies at
least up to 20 eV. Much of our knowledge about the band struc-
ture of materials has been gained through experiment; however, we
have usually been limited to exploring only those portions of the
band that lie near symmetry points of the first Brillouin zone.
The advent of the pseudopotentidl method [14] now allows a fairly
accurate theoretical description of the band structure in a region
of about 10 ev about the energy gap. These calculations have been
a great aid in the interpretation of the visible and ultraviolet
optical spectra of semiconductors [15].

The pseudopotential energy bands of germanium have been cal-
culated by Brust [15] and are shown in Fig. 1-2. The notation used
to label the bands and symmetry points is that of Bouckaert,
Smoluchowski, and Wigner [16]. Also shown in Fig. 1-2 are some
of the important interband transitions. In order to demonstrate
their connection with the reflectivity'spectra of bulk germanium
shown ip Fig. 1-3a, we will outline how one proceeds from the
theoretical band atructﬁre to the deduction of the optical con-

stants. Let us consider the following simplifications to equation

(1-34):

1-15
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, (1) We will assume conditions of absolute zero temperature

and that transitions take place only between a valence band #£'

and several conduction bands £.
. (2) We will assume that Tﬂﬂ' - %
‘i element ¢ 211 ] ot 2L
(3) We will assume that matrix element |{24 Elp | 2 E)l is in=
dependent of k. According to the results of the pseudopotential
theory, this appears to be a valid approximation[17].

We then obtain for ez:

@ =1 He/m 5, (kL W2k Bl - w)  (1235)

where we have written out fzz, in full. If the k-space integral

in equation (1-35) is transformed to an energy representation, we

obtain:
€@ = tri(e/m )? 5y 4 3,40 [(Bk] P ik (1-38)
whelre
dSy
3y @ = 2 5 . (1=37)

2 ‘wy,, = ,
2m 4 IVB ww,l

This equation defines the so-called joint density of states [15]
in which the integral is taken over a constant w = Wog surface.
Van Hove [18] has investigated the behavior of equation (1-37)
and has found that certain points in the Brillouin zone produce
analytic singularities in (1-37) due to the vanishing of the de-

nomidator of the integrand. These points are called critical points
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and their presence strongly influences the w-dependence of ng,

and thus € Now, JEE' can readily be calculated using the pseudo-

2
potential bands. This allows the deduction of a theoretical €2

to be compared with an experimental €, determined, for example,

2
by a dfspersion analysis of reflectivity data. In this way, struc-
ture in the reflectivity spectrum of a semiconductor can be traced
back to definite interband transitions at particular points of tﬁe
Brillouin zone. |
The important critical point transitions, or Van Hove sin-

gularities, are shown in Fig. 1-2.‘ Mo, Ml’ and M2 designate the
type of critical point behavior and are explained in reference 15.

The '}, - Fé transition is the well-known direct "optical gap"

25
transition between the valence and conduction bands. The Lé - L1
and A, - A, transitions aré responsgible for the reflectivity peaks

near 6000A shown in Fig. 1-3a. The L transition is thought to cause

the onset of these peaks, while the peaks themselves are due to
the A transition. The reason two peaks appear in the reflectivity
spectrum is because of the spin-orbit splitting of the A3 valence
band [19]. Spin-orbit ;plitting was not included in the pseudo-
potential calculation. The main peak near 2000A is caused by the

combined effect of the X4 - X, and 24 a-Zl transitions. The shape

1

of their respective joint density of state functions is such that
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this reflectivity peak is very sharp. The small peak near 21004

has tentatively been assigned to the L3, - L3 transition, which

is not explicitly shown in Fig. 1-2.

D. REVIEW OF THE METHODS OF DETERMINING
THE OPTICAL CONSTANTS OF SOLIDS

1. Polarimetric Measurements.

This method was originally formulated by Drude [20] and has
been used by Archer [21] to obtain the optical constants of ger-

manium over a limited wavelength range. It involves the use of a

beam of plane polarized monochromatic light in 45° azimuth obliquely
incideﬁt on a reflecting surface., This Beam may be thought of as
" two in-phase orthogonal plane wave components of equal amplitude;
one in the plane of incidence and the other normal to it. After
reflection, these components will be out of phase by the angle A

and the ratio of their amplitudes can bé expressed by the quantity
tan ¥. The dependence of these quaﬁtities oﬁ the optical constants
is given by [211:
3

1 - e1A tan ¥ _ Iﬁz - kzsinzm - i 2nk

1+ e tan () L tan ¢ sin ¢

where ¢ is the angle of incidence. The reflected components are

(1-38)

brought back into phase by a Babinet-Soleil compensator which is
essentially a tunable quarter-wave plate. This yields A while

rotating an analyzer to an extinction position for the now plane

o




polérized beam gives ¥. This was the technique employed by many
éarly workers to determine the optical constants of metals. A
more complex, although analogous, approach has been used for thin

absorbing films [22].

The principal limitation of polarimetric measurements of this

type is probably the wavelength rénge of commercially available
compensators and polarizers. The compensators in particular seem
to be restricted to the wavelength region between 35004 and 1.5 u.
As far as is known, no theoretical investigation of this method |
has bee; performed to determine the effect of experimental errors
on the derived optical constants; however, Archer's results agree

well with those of workers using dispersion analysis. It is to be

noted that the spin-orbit Splittiﬁg [19] near 60004 is missing in

Archer's data, which empﬂﬁ%izes-ahbther limitation of this tech-
nique, namely, the ability to scan continuously with waﬁéiéngth

to uncover fine structure is missing.

2. Dispersion Theory. Kramers-Kronig Analysis.

The concept of a response function has long beep known to
workers in the field of linear systems analysis. The response
function expresses the linear rélation between the input and out-
put of a system in which causality requires that the output cannot

precede the input. An example of such a system is one in which
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the input may be a current and the output a voltage, the response
function Ehereby being an impedance. The system equations are
usually written in terms of their Fourier transforms, namely,

E(w) = Z(w) I(w), where in general all three quantities are com-
plex functions of the complex variable w. However, the real and
imaginary parts of the impedance are by no means indgpendent of
one another [23]). This is because the condition of céqsality re-
quires that Z(w) be analytic in some half-plane of the complex w
plane, thus allowing us to integrate the Cauchy-Riemann equations,
which express the real and imaginary parts of Z(w) in terms of each
other, by means of Cauchy's integral formula. In optics,we can
consider equation (1-29a) as being analogous to our Ohm's law’
above, with p being the linear response function. . If we express

p in the form of equation (1-32a), enforce the physical requirement
that its inverse Fourier transform be real, and apply the reasoning

outlined above, it can be shown that [1]:

- 1-n gzw;! dw' -
V) = 2 = (1-39a)
o of o2

® - . - X
In R(w) =2 [ @ “'(“"; “’2“’(“’) do' . (1-39b)
T % o'l - ‘ ‘
Fur thermore, equations (1-32b) and (1-32c) can be inverted to

give: : :




e o et R s %y s Sy
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n = (1-R)/(1+R-2R cos ¥) (1-200&)
k = 2vR sin ¥/(1+R-2 VR cos V). . | | (1-40b)
Equations of the type‘(1-39) are known in optics as dispersion re- |
lations or Krémers-Kronig relations. We see that (1-39a) in con-
junction with equations (1-40) can be used to determine n and k
if we know the entire spectral response of R. What is done in
practice is to measure the reflectivity of a substance over as
wide a range of frequency (energy) as poséible and then to use
some suitable extrapolation procédure to cover the rest. Equation
(1-39) is then evaluated numerically and n and k calculated there-
from. The various extrapolations that are used are fully discussed
in Stern [1]; they consist primarily of fitting a smooth analytic
curve to the high frequency end of the R spectrum which approaches
R =0 as w +». The extrapolation futiction has a parameter which
is ¢hosen to make n and k equal to known, independently measured
values in the infrared.
The optical constants of germanium have been calculated from

reflectivity data in this manner by Philipp and Taft [4] and are

shown in Fig. 1-3b. As Qith the polarimetric method, it is not

known whether or not there exists a detailed theoretical investiga-
tion into the effect of variations in R and the extrapolation pro-
cedure on the derived n and k. However, Philipp [6] has recalculated

the germanium optical constants from the data of Donovan, et al.
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(3], and these constants are also given in Fig. 1-3b along with

the previous values. Therefore, by comparing the reflectivities
shown in Fig. 1-3a with the optical constants derived therefrom
in Fig. 1-3b, we can say that for germanium at least, it appears
that variations of 2% to 5% absolute in the reflectivity will
cause variations up to one-half of an optical constant in the
Kramers-Kronig.result.

The dispersion analysis method is presently being widely used
to obtain thé optical constants of solids. It has the disadvantage
that one has to use extrapolation procedures, but it remains to
be seen how sensitive the results really are to them. In addition,
sur face conditions can vary widely. 1In Fig} 1-3a, Philipp's and
Taft's data were taken from a polished and etched sample as was
that of Tauc and Abraham; whereas, the data of Donovan et al., were
obtained from an electropolished sample whose surface Qas of both
high optical and crystalline quality. ‘The reflectivity data of
Donovan, et al., can be considered authoritative and the optical
constants calculated from them by Philipp will be taken as the

standard for this work.

3. Photometric Measurements.

By photometric measurements we will mean those methods which

measure light intensity ratios such as reflectivity and transmission.
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The optical constants can then be calculated, via the theory of

Section B-1, from two independent measurements of these quantities

at a given wavelength. For example, one could use for data the
reflectivity and transmission of a slab of given thickness, of
the transmissivities of two slabs of different thicknesses, or
the reflectivities at two different angles of incidence, and so
forth. These and other photometric methods are discussed by
Heavens [24]. Again, there apparently has been no extensive in-
vestigation into which method yields optical constants least sen-
sitive to experimen£§1 error. Ultimately, such considerations
will condition not only the choice of photometric method, but
also Ehe choice of photometric over polarimetric or dispersion
analysis, or vice versa. However, it is doubtful that any method
mentioned here will be capable of rendering the high degree of ac-

curacy expected from the classical measurements of the index of

refraction of dielectrics by refraction and interference techniques.

For this work, we have emphasized the photometric measurement Qf
reflection and transmission for the determination of the optical
constants of thin films primarily because of its historical in-
terest,‘its physical interest, and its esthetic interest through
its close subjective connection with the visual conception we have

of our environment.
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E. REVIEW OF THE ATTEMPTS TO DETERMINE THE OPTICAL

CONSTANTS OF GERMANIUM THIN FILMS

1. Skin Depth of Germanium.

In order to gain an appreciation of the sample thicknesses
that must be considered when contemplating the transmission of

light through germanium, Fig. 1-4 was constructed from the data

of reference 6. The skin depth was calculated directly from k

with equation (1-25b). We see that at the %, X transition at 28004,
the skin depth is only about 40A which for germanium is merely

eight interatomic distances. Assuming a lower limit for the

, -3 . .
measurement of transmission of 10 ~ imposes a maximum sample

thickness of about 300A or 60 atoms. Obviously such samples are

impossible to obtain through reduction of the bulk material by

conventional grinding and polishing.

2. Preparation of Thin Films.

The main discussion of this topic will be given in Chapter
Two. Here we wish briefly to indicate how the problem of prepar-
ing thin samples is overcome. The general procedure is to heat a
piece of bulk germanium in a vacuum to such a temperature that it
begins to vaporize appreciébly. A suitable transparent substrate
is placed in the vapor stream so as to cause a film of germanium
to be deposited on it. Thé thickness ié varied by varying the ex-

posure time. This procedure is that which was used in the work to
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be discussed in the next two subsections.

3. Results Prior to 1950.

This date roughly marks the beginning of the periéd when the
importance of the crystal structure of the films with regard to
their optical properties started to be stressed. The results
prior to this date are now discussed.

The first results reported for the optical constants of ger-
manium thin films were by O'Bryan [7] and are displayed in Fig.
1-5a with those of reference 6. They bear little resemblance
to each other. O'Bryan's work was quite early (1936)‘and his
films were of undetermined'crystalline quality (probably amorphous).
He calculated the optical constants from reflectivitykmeasurements
at different angies of incidence. |

The next data were taken by Brattain and Briggs .in 1949 [8];
they are shown in Fig. 1-5b. Again we have depressingly little
correspondence with the later Kramers-Kronig results. Their films
were deposited on glass; quartz, and CdFp slides which were some-
times heated to 150°C during evaporation. After depositioﬁ,the
films were post-annealed at 400°C but no attempt was made to
measure the influence on crystalline perfection (the results of
Chapter Four indicate that these films were probably amorphoué

or nearly so). The optical constants were calculated from the

film reflectance and transmittance.
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4, Results After 1950.

The first worker to study the effect of crystallinity on the
optical constants of germanium films was Gebbie in 1952 [9]. He
anneqled his films after deposition up to temperatures of 525°C
for several hours. The electron diffraction pattern‘then showed
fine rings characteristic of the polycrystalline state (see Chapter
Two, Section C-1). The optical constants fqr such a film are given
in Fig. 1-5¢c. Here the qualitative agreement among the values of
k is tolerable, but n appears to oscillate wildly. Since this
work is unpublished, we :cannot be sure.of the method used to ob-
tain n and k. However, it is reported by Heavens [26] that Gebbie
emplbyed the transmittances of two or more films to deduce the
optical constants. If this is'the case, then the ﬁheory of Chapter
Three, Section B provides an eiplanation for the oscillatory be-

havior of n which shows it to be an effect of the method of cal-
culation and not an intrinsic property of the film.
The most recent results are those of Lukes (1960).[10],which -
are shown in Fig. 1-5d.. These have fair qualitative agreement
with the dispersion results in the wavelength region indicated.
This is someﬁhat surprising in view of the fact that his £films
were neither deposited on hot substrates nor post-annealed to im-
prove their crystallinity. That the crystallinity was indeed poor

can be seen from his Fig. 5,which shows the reflectivity of one
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ot hiis tilms. Tt corresponds roughly to our result for a film on

tused quarte vhown by curve 4 of Fig. 4-7 which is definitely
known to be of poor crystalline quality. Lukes calculated n and
k from measurements of R and T.

Recently several works have appeared in which either the re~
flectance or transmittance of germanium films has been measured
but the optical constants were not compu;ed. These works will be
covered in Chapter Four where our.own results are discussed.

In conclusion, we see that the data of previous work do not
agree very well with the dispersion analysis results. This is
due mainly to a lack of appreciation on the part of early workers
of the importance of improving the crystalline quality of the films
to the highest degree possible before any meaningful optical measufe-
ments could be made on them. What makes this hard to understand is
rhat RED techniques and methods of producing epitaxial films of
mauy materials {although not germanium) were known by 1936. Today,
however , we are greatly aided by the extensive knowledge of the
primanium band structure, improved bulk reflectivity measurements,
optical constants from dispersion analyses, and high speed digital
computers, all of which were not available to the early researchers.
In spite of this, optical properties of germanium films are still

being reported in which the data were taken on amorphous films with
no consideration of crystallinity and which were interpreted in ap-

parent ignorance of modern band theory [27].
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Chapter Two
THIN FILM FABRICATION

A, REVIEW OF METHODS OF FABRICATING
THIN GERMANIUM FILMS

1. Pre-Epitaxial Methods.

The development of methods for the productioﬁ of thin films
for optical studies prior to the pre-epitaxial period is discussed
by Heavens [1] and Holland [2]. These methods, which have much in
common with post-epitaxial methods, consist of primarily three
techniques, which, listed in their historical order, are electro-
lytic deposition, cathodic sputteriﬁg, and vacuum deposition.

Let us first, however, define ﬁrecisely what we mean by the
term "epitaxial." An epitaxial film is one whose azimuthal orien-
tation and normal di;ection of that crystallographic plane which
lies parallel to the substrate surface ié congruent to the same
crystallographic plane in the substrate. For example, if one has
a slab of CaFy, whose crystal symmetry is cubic, in which the sur-
face crystallographic plane is of the (111} family with a {111)
type direction normal to the surface and {(110) and (211) type di-
rections lying in the surface, the crystallographic orientation

of a germanium film grown epitaxially on such a surface will be

defined by these exact same indices. Sometimes the term “‘single

crystal” instead of epitaxial is used; however, in view of the

»

s




2-2

_agglomerate nature of film growth (to be discussed), this term is
a misnomer.

Films formed by electrolytic deposition use the principle of
electrolysis in which a film, usually a metal, is deposited out on
the cathode by the decomposition of an electrolyte containing a
solution of a soluble salt of the metal. The method has the dis-
advantage that the film properties depend on a large number of
difficult-to-control factors. This technique is not too widespread
for the production of films for research purposes.

The process of cathodic sputtering involves the maintenance
of a gaseous discharge between two electrodes with the cathode
being the material to be sputtered. The bombardment of the cathode
by the gas ions drives off atoms which are then diffused through-
out the sputtering chamber and deposited on any exposed surfaces.
Thug ene has here a means with which to form films of hard-to-
evaporate materials s;ch as the refractory metals. Until recently,
this method had been in dec¢line for some years. However, it is
now returning as an important technique for the formation of epi-
taxial-films.

The technique of vacuum deposition by thermal evaporation
consists of the tﬁermal decomposition under vacua of at least 10-4
torr, of some source material from which the film will be formed.
The path of the evaporated atoms will be relatively unhindered

and wilkl hence form a beam whose geometry is determined by the
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geometry of the source arrangement. The substrate which will sup-
port the film is then placed in this beam so as to intercept the
evaporated -atoms and allow them to be deposited thereon. 1In this
method, the deposition parameters can be fairly easily controlled
and it has been this technique which was the overwhelming choice

for the production of germanium films in the pre-epitaxial period.

2. Post-Epitaxial Methods.

The expression '"epitaxial' has been defined above. There ig
presently no completely satisfactory theory of epitaxial growth,
although the body of experimental data is growing rapidly [3, 4].
However, the following qualitative observations seem to be sub-
stantiated by the experimental results:

(a) Epitaxial growta is élmo%t never effected without heat-
ing the substrate. Therefore, it seems plausible that growth
initially occurs because the deposited atoms are given‘enough mo-
biiity so that they may arrange themselves according to the pattern
set by the substrate crystal symmetry.

(b) The film and substrate lattice structure and lattice
constants must match each other to a degree that seems to depend
on the extent to which the bonding of the film material is ionic.
That is, it appears that the greater the ionicity of the valence

bonds of the film, the greater is the lattice mismatch with the




substrate that can be tolerated. For example, it is far easier
to obtain epitaxial growth of the alkali-halides than of
germanium.

(c) The film grows by the formation of discrete nuclei with
the bulk lattice structure which are scattered over the substrate

sur face. The growth continues by the enlargement of these nuclei

until they grow together forming a more or less homogeneous film [3].

At present, three techniques are used to produce epitaxial
films. These are vapor deposition, cathodic sputtering and vacuum
deposition. Vapor deposition involves.a chemical reaction between
an appropriate suﬁstrate and a gas atmosphere contéining a com-
pound of the material to be deposited as a film. One of the more
popular methods uses the breakdown of a halide gas of Ge or Si at
the surface of a substrate of similar material [5]. This technique
works well when the film-substrate system is among the group & or
3-5 semiconductors. As mentioned before, cathodic spﬁttering is
making a comeback as a means of producing epitaxial films [6];
however, the predominant method is still vacuum deposition. The
only major change in this method that has occurred since the pre-
epitaxial era has been to heat the substrate. It has been success-

ful for a very large number of materials besides semiconductors [7].
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3. Suitabiligy of Various Methods for Producing Films for Optical
Studies.

The selection of a suitable technique from the ones mentioned
above which will provide films for optical transmission studies
will now be discussed. Vapor deposition must be ruled out at least
for the present because of its inability to make depositions on
transparent crys;als. Although both cathodic sputtering and vacuum
deposition will satisfy this condition, it is still too early to
determine which will eventually become the superior technique.
Therefore, vacuum deposition was. chosen as the preparation vehicle
for the films to be examined in this work primarily because of the
wealth of previous experience with this technique reported by

many workers.

B. THE TECHNIQUE OF VACUUM DEPOSITION OF
EPITAXIAL GERMANIUM FILMS ON CaF, SUBSTRATES

1. Reasons for Choice of CaF,. Substrate Preparation.

We now examine the various criteria pertinent to the selection
of a suitable sﬁbstrate upon which to grow epitaxial germanium fiims.
With reference to Table 2-1, they are as follows:

(a) The substrate material must have a lattice configurationm
that is as geometrically similar as possible to that of germanium.

The space group for germanium is OZ, the well-known diamond structure.

I R S




The space group Oi, common to the alkali-alkaline earth halides,
is of two types. For the alkali halides we have the so-called
NaCl structure,while for the alkaline earth halides we have the
CaF; structure. The CaF, structure is the same as the diamond
structure, except that now the empty quarter-diagonal positions of
the latter are occupied in the former. Both structures are suita-
ble for the epitaxial growth of germanium; however, because the
CaFy structure has a (111] type cleavage which is the natural
direction of growth for germanium, it is slightly more preferable
than the NaCl structure which has a (100} type cleavage.

(b) As the germanium bond is non-ionic in character, a

reasonable match of its lattice constant to that of the substrate

is to be demanded. Just how close we have to be can only be found

by experiment; however, other considerations being equal, the:
closer we can come, the better.
(c) Because the subsgtrate must Se heated, it must be able
to withstand the temperature necessary for epitaxial growth with-
out undue deterioration. Since.this temperature runs between 500°
and 700°C; the melting point of tﬁe substrate should be considera-
bly above this range. Unfortunately many of the alkali-halides
undergo appreciable evaporation well beforevtheir melting points.
(d) Again because the substrate must be heated, its linear

thermal expansion coefficient becomes an important parameter.
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This is due to the fact that,after the film has been formed, the
film-substrate system is cooled to room temporatufe. If the film-
substrate difference thermal expansion coefficient is large, then
large stresses are induced into the film. They may be so large
that the film wrinkles and breaks away from the substrate.

(e) Finally, the useful optical transmission range is of
overriding importance to this work. It is mandatory that what-
ever substrate is chosen, it must be transparent to radiation
with wavelength between 20008 and 60004 .

In compiling Table 2-1, any candidate that flagrantly violated
any of the above conditions was eliminated. Of the remaining
choices, it is apparent that CaFs; and SrF; are in the lead. We
chose CaF, over SrF, primarily because there exists much more
experiencé with this material as a substrate for germanium films.
As far as is known, there has been no attempt to deposit epitaxial
films of germanium on SrFy; however, there is no reason to expect
that such an attempt would not be quite successful.

The ban used as substrate material for this research was
purchased in single crystalkblocks 1 cm square by 5 cm long from
Optovac, Inc., North Brookfield, Mass. The (111) crystallographic
direction was oriented parallel to the long direction of the block.
The material was high purity laser-grade stock. At first, a sub-

gtrate was prepared by cleaning a 1 min thick slab from this block




and then polishing both sides by the usual technique for prepar-
ing optical flats. Films depdsited on such substrates were found
to be of good crystalline quality but of very poof oﬁtical quality. .
Microscopic examination of these polished s#bstrates showed that
although they appeared highiy pdlishéd to the naked eye they in-
variably possessed a surface roughness comparable in size to the
final grit that was used in the polishing operation. This rough-
ness had a highly degrading effect on the ultraviolet optiﬁal
properties of a film deposited thereon (see Chapter Four for ad-
ditional information). It appears as if cryétalline materials
with highly ionic bonds cannot be polished by conventional methodsl‘
We therefore decided to use cleaved slabs as our substrate medium.
Although these substrate surfaces are rough macroscopically due to
the presence of many cleavage steps, they are smooth microscopic-
ally on the exposed atomic planes. The cleavage steps cause at
Athe most a constant error in the optical response of the film
which can be minimized by carefully aligning the éample in the
optical apparatus (see Chapter Four). The cleavage operation is
per formed by holding the block firmly in suitably jigging, align-
ihg.a razor blade parallel to the cleavage plane at the required
point albng the length of the crystal, and striking it sharply

with a small hammer. Sometimes several attempts were reduired
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to obtain a fairly smooth substrate surface. These gubstrates
were usually used immediately, but at other times several days

elapsed. This did not seem to make any difference in the gfowth

of the film.

2. The Apparatus of Via

The apparatus designed and used by G. Via of the IBM Componepts
Division for the production of the first high quality epitaxial
films of germanium on CaF, was also used for the fabr;cation of
the films used in the early stages of this research. This appa-
ratus is described in references 11 and 3. It consists essentially
of a vacuum chamber which accommodates an electron microscope gun
along with ‘the usual evaporatipn jigging. 1Its uniqueness lies in
its ability to examine thé growth of the epitaxial film by reflec-
tion electron diffraction, thereby allowing one to watch the actual
pattern transitions as the film grew. Unfortunately, all of the
films grown during this period were made on polished CaFp sub-
strates before it was realized how rough they were. Therefore, none
of the optical measurements could be used for the calculation of
optical constants. However, the electron diffraction studies made

at that time are still useful.
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3. The Harvard Apparatus. Deposition Procedu:es.

The first epitaxial films of germanium on CaF, were made‘by
Via and Thun [11] and Marucchi and Nifontoff [12]. The most ex-~
tensive investigation to date into the formation conditions and
structure of this film-sgbstraté system has been done by Sloope
and Tiller [13], although several other works have also been re-
ported [14-16]. In each of these efforts, essentially the same
technique was used that is about ﬁo be discussed here in conjunc-~
tion with our work. What will be referred to as the Harvard ap-
paratus has actually undergone a continuous evolution during the
course of this work. The changes made were not in technique but
were rather improvements in the convenience of operation. Hence,
for purposes of general discussion we will refer to the schematic
of Fig} 2-1. The actual apparatus is shown in Fig. 2-2 with the
components relating to Fig. 2-1 designated therein. |

The substrate is mounted on a .020 -inch Ta plate with .005
inch Ta spring clips. This assembly is then heated by placing it
under a series of .Q15 inch diameter Ta wire heater coils. Figure
2-3 shows the actual substrate holder with a plece of CaF2 in
place. The substrate temperature was measured by holding a Pt;
Pt 10% Rh thermocouple on the substrate surface with one of the
Ta clips as indicated in Fig. 2-3. The Ta‘he;ter coils were
energized electrically from outside the vacuum chamber where the

current flow, hence temperature, was regulated.
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CERMANIUM ON Ca Fa. DEPOSITION RATE: 0.1-100 A/skc

FIG. 2-1 SCHEMATIC DIAGRAM OF THE ARRANGEMENT OF THE COMPONENTS
IN THE EVAPORATION CHAMBER







In order to obtain a partial pressure suitable for evaporation,
the temperature of the germanium source material must be raised to
the vicinity of 1300°C and higher. This can be achieved in several
different ways; however, for our purposes we found it convenient to
use either a tgngsten boat of .005 inch thickness or a boron nitride
crucible with an embedded Ta resistance heater. The W boat has the
advantage that high temperatures can be attained. On the other
hand, Ge wets N.and slowly dissolves it. Use of the BN crucible |
circumvented this problem; however, it was difficult to obtain
high te;peratures with this configuration. Figure 2-2 shows the
W boat in place.

The vacuum system was comprised of an NRC model HS 4-750,
type 0161 oil diffusion pump together with a Welch model 1402 Duo-
seal mechanical forepump. The diffusion pump, manufactured by
the NRC Corp., Newton, Mass., has a 4-inch diameter column, a
pumping speed of 750 1/s at 10-4 torr, and is equipped with a
liquid nitrogen cold trap. With the evaporation jigging -shown
in Fig. 2-2 covered by a 12-inch glass bell jar, this system was
capable of reaching pressures aé low as 7-10-7 torr using the cold
trap. This pressure, however, was read by an ionization gauge
situated at the top of the cold trap, therefore, the pressure in
the bell jar was probably somewhat higher. Afger reaching a mini-

mum pressure, the procedure was usually to bring the substrate up

'
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to temperature as fast as the thermal inertia of the heater would
allow. For epitaxy to result, the temperature would have to ex-
ceed 550°C as read by the substrate thermocouple. During this

time there would be little or no rise in pressure. The substrate
would then undergo bake-out for a short period, usually 15 minutes
to an hour. The source would next be heated to an appropriate
level to produce a desired deposiﬁion rate. This could be esti-
mated by observing the darkening of a monitor microscope slide at
the same distance from thé source as the substrate. The power
dissipation of the source and substrate heaters was recorded in
order to maintain resetability. When the desired evaporation rate
was reached, the shutter shown in Fig. 2-2 was opened by means of

a rotary mechanical feedthru in the vacuum system baseplate. The
shutter remained opened for a predetermined time interval before
being closed. Then the source heater would be shut down and the
film would be given a short S-minute post-anneal treatment at its
formation temperature before being cooled. During the evaporation,
the pressure would usually rise to 1 to 3-10-6 torr. The procedurg
described above, with minor variations, was the one used to produce -
the films from which the‘Optical data reported in this work were

taken.




4, Physical Appearance of the Deposited Film.

The appearance of a typical film is shown in Fig. 2-4, 1In
daylight or room light the film appears shiny and lustrous; how-
ever, when one examines the thicker films in a darkened room with
a wunidirectional source such as a flashlight, one finds that thé
film takes on a bluish, milky cast when the light is incident at
about 45 degrees. One has to look carefully for ;his effect and
just casual observation will not suffice. This effect is caused
by the scattering of light due to the presence of surface rough-
ness in the deposited film. This will be discussed more exten-~
sively in Section D of this chapter.

The color of the light transmitted by the film when it is
held before a source of white light can be an important clue to
its crystalline perfection. We recall that the absorption coef-
ficient at the optical gap of german;um, which occurs at roughly
1.5, is around 5-103 cm-l. For films of a few hundred angstroms,
this edge would hardly be noticed in their transmission spectra.
However, the next strong transition is the A transition at 59004
where the absorption coefficient suddenly reaches 5-105 ::m"1 caus-
ing strong attenuation at shorter wavelengths. Therefore, a film
whose band structure is that of the bulk material should have a

red color when observed before white light. Indeed, this turns

out to be a surprisingly good way to quickly judge the crjatalline
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quality of the film. Epitaxial films have this characterisgtic red

color, while polycrystalline ones are brownish,with amorphous films

being more or less neutral.

C. REFLECTION ELECTRON'DIFFRACTION (RED) ANALYSIS
The geométric theory of crystal diffraction phenomena is
fully discussed in‘Barrett [17] and Pinsker [18]. - In our discussion,:
we will apply, without proof, tﬁe results of this theory to.the
case of epitaxial énd polycrystalliﬁe films.
The Bragg cbndition may be written as:
2k~ G+ G =o' | : ‘ _ | (2-1)
where é is a reciprocal lattice vector and k is the wave vector of
the incident radiation, in this case a monochromatic electron beam.
The usual way of intérpreggng equation (2-1) is thfough the con-
igruction of the so-callea Ewald sphere in the reciprocal lattice.
figure 2-5 ghows a cross section of Ewald's construction in a simple
cubic reciprocal lattice. This is done by drawing a‘vector parallel
to k, and of equal magnitude, which terminates on & reciprocal
lattice point. The length of this vector now defines the radius
of a sphere whose surface passes through the above lattice point.
‘Wherever this sphere intersects another reciprocal lattice point,
we construct a vector to it from the sphere origin which then in-

dicates the direction of reflection. If we position a film to
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intercept the reflected beams we will obtain the well-known Laue
pattern. For the very high energy electron beams that are used
for RED, the wave vector of the beam becomes very much longer

than the distance between points of the reciprocal lattice. For
example, the magnitude of a 75 kV electron beam is about 100 times
greater than the reciprocal lattice constant of germanium. There-
fore, with respect to any given portion of the reciprocal latﬁice,
the Ewald sphere may be considered a plane. This means that for
én electron beam incident along a symmetry direction there will
appear on the film a projection of the reciprocal lattice points
lying in the plane normal to this direction. In the RED technidue,
the incident electron beam strikes the surface of the sample at a
glancing angle and penetrates only a small distance normal to the
sur face before undergoing reflection. However, the total path
traveled in the crystal is much greater than this depth; there-
fore, because of this fact and the very small angle of incidence
it is possible to discuss‘RED patterns as actually transmission
diffractograms.

Figure 2-6 shows the RED pattern for an epitaxial Ge film whose
sur face vector is of the (111) type with the electron beam incident
in a (110) type direction. 1If one had a polycrystalline film whose
sur face vector was mainly (111) but whose azimuthal vectors were

randomly distributed among the individual crystallites, one would
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obtain the spot and ring patterns typical of Figs. 4-6 and 4-8. That

this is so,can be seen by imagining the projection pattern caused
by randomly rotating the reciprocal lattice about the (111) di-
rection and noting the various intersections with the Ewald plane.
In addition, if we randomly rotate the reciprocal lattice in all
possible directions, including (111), we will generate the well-
known ring pattern common to powder X-ray diffraction analysis.
In Fig. 2-6, we have a sequence of RED patterns shoying
various stéges in the growth of the epitaxial film. These were
made with thé Via apparatus described above during the initial
Iperiod of this research. We see that th; start of epitaxy is im-
mediate and continues throughout the growth of the film. The sub=-
strate pattern is rather obscure because CaFy is a dielectric and
tends to become charged and repel the incident electron beam. The
sudden appearance of the germanium Laue pattern when the substrate
is exposed to the germanium vapor stream is probably due to the
rapid development of nucleations on the crystal substrate surface.
As the film‘grows and becomes more or less continuous, the Laue
pattern spots should become slightly elongated. Figure 2-6 indi-
cates that this is the case. The elongation may be attributed to
a refractive shift of the pattern caused by some sort of wavy sur-
face on a thin layer of finite thickness, whereas the sharp spots

are caused by transmission through discrete nucleations. This
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interpretation is discussed at length in Pashley's review paper,

The Study of Epitaxy in Thin Surface Films [4].

D. FILM SURFACE TOPOGRAPHY STUDIES

According to the nucleation theory of crystalline film growth
outlined in Section A-2,one would expect -the resulting film surface
to possess some sort of structure or texture arising from the
nucleation centers. We have mentioned that the RED patterns sug-
gest that such is the case, and in fact studiés show that the sur-
faceszof many epitaxial.films have a definite texture or roughness.
The main tool for the observation of this structure has been the
use of the electron microscope on uraﬁlum-—shadowed carbon re-
plicas of the film surface. Although this technique shows any
film granularity or discontfﬁ&ity, it does not give a clear idea
of the cross section of the surface‘irregularities.

Sloope and Tiller [19] have studied the effect of substrate
temperature, deposition rate, and film thickness on the surface
roughness of epitaxial germanium films on CaF,. These same workers
have also studied the Ag-NaCl system [20] along with other german-
ium systems [13]. In addition, the texture of Ag films deposited
on amorphous substrates as a function of the deposition parameters
was investigated by Sennett and Scott [21]. Their obgervations

can be summarized as follows:
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(a) For a given deposition rate, the films become more and
more aggregated, hence rougher, the higher the substrate temper-
ature.

(b) Conversely, for a given substrate temperature, the films
become more porous, hence rougher, the lower the deposition rate.

(c) On the other hand, the conditions for epitaxy or im-
proved orientation are made more favcrable by high substrate tem-
peratures and low deposition rates.

At this juncture, we should remark that the‘results of Chapter
Fouf will indicate that the optical responée of the films is very
strongly influenced by both crystalline perfectipn and surface
roughness. Therefore, we see that any selection of depogition
parameters for the production ¢f a film with optimum optical re-
sponse must result in a compromise between these two factors. We
shall see that films with excellent crystalline properties can
have a poor optical response because of surface roughness scatter-
ing. The range of substrate temperatures and deposition rates we
have been discussing above is of course a function of the film-
substrate system as are the conditions for epitaxy. For the Ge-
CaF, system, substrate temperatures from 400°C to 700°C and de-
posyition rates from 10A /min to 30004 /min have been investigated
[13]. In our work, we have selected those deposition parameters

which were felt to offer a good compromise between crystallinity




and roughness. However, we should point out that, to date, no
one has claimed to make a smooth epitaxial film of germanium on
CaF,.

The effect of ambient pressure on the surface topography and
crystallinity of the films has not been extensively studied and
those results that have been reported seem to be in conflict.
Catlin, et al.[14], report that ambient pressures of 10-9 torr
allow epitaxial deposition at lower substrate temperatures for a
given deposition rate than had been previously observed. Con-
versely, it has also been reported that a poor vacuum enhances
epitaxy [22].

Figure‘2-7 is a photomicrograph of the‘surface of one of our
films. The dark area is the substrate and the speckled area is
the germanium film. Dark field illumination was used to bring
out the surface detail. This film was grown at a substrate tem-
perature of about 700°C and with a deposition rate around 1004 /
min; that is, under condiﬁions favorable for the formation of a
rough growth. To the casual observer, the film looks quite shiny,
however, more intensive investigation reveals the effect discussed
in Section A-4. It is hard to estimate the size of the aggregates
from Fig. 2-7 alone, but they appear to be at least a few thousand
A in width. The height is even more difficult to resolve. Sloope

[19] indicates that for some films the thickness variation may be
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as much as 200A. Finally, we should merntion that it has been es-
tablished through microscopic and optical investigatiqns of alumi-
nized CaF, cleaved surfaces that this surface roughﬁess is de-
finitely a film growth effect and not merely a replication of any
substrate roughness. Also, we do not mean to imply that all films
will have a surface roughness detectable by observation with an
optical microscope. However, in Chapter Four we will see that

even quite small roughnesses, beyond the resolution limit of op-

tical microscopy, can still affect the ultraviolet optical response.

E. MEASUREMENT OF FILM THICKNESS

The various methods of measuring film thickness afé discussed
by Heavens [1, 23]. Of these, the interference method, either the
téchnique of Fizeau fringéé or fringes of equal chromatic order
(FECO), ranks high as a method which can provide accurate results
without requiring the use of any material constants, such as film
density and refractive index. Unfortunately, it requires very
smooth surfaces for film and substrate, a condition which is not
met by our films on cleaved CaFz. The cleavage steps obscure the
very thin films that we used for our measurements. In fact, in
view of the findings of Section D, we must realize that thére are
certain difficulties connected with the usual concept of film

thickness. These arise from the aggregate structure of the film,

2-21




particularly when the height of the aggregates approaches the

average film thickness. When the mean thickness is only a few
dozen atoms, the picture of a film as an isotropic, homogeneous,
plane parallel-sided layer is no longer valid. Hence, any refer-
ence to "film thickness'" will always imply some sort of average
thickness.

We used simply the infrared transmission of the film to ob-
tain’its thickness. 1In this region k = O, and because the films
are epitaxial, the bulk refractive index can be used with a high
degree of confidence. The index of refraction of bulk single
crystal germanium has been measured by Cardona iﬁ the wavelength
region 1.8g to 5.5u4 [24], and there is evidence that these valdes
hold also for polycrystalline germanium [25]. We measured the
transmission at 1.84 and 2.0u, used Cardona's values for n, and
inverted equation (3-6b) to find the thickness. Measurements
were made at several different positions on the film surface and
the results averaged. (The rms deviation was usually about 104
to 204). Fortunately, the transmission varied quite rapidly over
the thickness range of interest -- the films were much too thin
for interference fringe ﬁethods == 80 ﬁhat the thickness to trans-
mission variation was about 104 /% with T being measurable to with-

in one percent. We feel that this method gave satisfactory results.
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Chapter Three

THE THEORY OF THE DETERMINATION OF THE OPTICAL CONSTANTS
OF SEMICONDUCTOR THIN FILMS FROM PHOTOMETRIC MEASUREMENTS

A. THE REFLECTIVITY - TRANSMISSIVITY (RT) METHOD

1. Theoretical Development.

In Chapter One, Section D-3, some of the various photometric
techniques used for the determination of the optical constants of
solids were discussed. The RT method for thin absorbing films on
thick nonabsorbing substrates will now be considered in detail.
The particular case to be covered will be that of germanium films
on CaF, substrates. The index of refraction of CaF, between 20004
and 6000A- may be obtained from thé‘data of Martens [1], while the
optical constaﬁts of germanium ;haﬁ are used in the theoretical
calculations are those dgrived by H. R. Philipp [2] by a disper-
sion analysis of the reflectivity data of Donovan, et 3&; [3].

Referring to Fig. 3-1, we have directly from the principle
of superposition of electronmagnetic wa&es the foilowing_equacions
for the reflectivity gnd transmissivity coefficients of the nor-
mally incident electric field vector for the case of an absorbing
thin film separating two semi-infinite dielectric media, one
being air and the other the substrate:

‘ +21Kk_a
o} + p e F
FA SF

Toa = (3-1a)

+2f§fa
1+ PpaPsr ©




+2fi%a
Prs ¥ Par ©
r.. = _
FS +2ikga
1+ 0p, Psp ©
+f§ a
Tt e T
FS 'AF
t ™ S
FS +2iKa
L+ 0p, Pgp ©
+f§ a
‘T T e F ~, 2
_ FA SF (n)
Eew = — =
SF +2ikgpa n,
1+ ppg Pgp ©

where we have made use of the following results of Chapter Oné,

Section B-1:

Pra =

SF

FS

T =

AF

Trs " Psp T !

TaF " Pra = !

From equations (l1-16a) and (1-23) we obtain the following rules

for the intensity reflectivity and transmissivity coefficients

of the model in Fig 3-1.

(3~1b)

(3-1c)

(3-1d)

(3-2a)

(3-2b)

(3-2¢)

(3-24)

(3-2¢)

(3-2f)
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Rea ™ Tra TFa - (3-3a)
= * (33t
Rps = Trs Trs : ‘ (3-3b)
= * = -
Tps = g trs trs = TgF - . (3-3¢)

It is now desirable to cast equations (3-3) in a form which shows
more explicitly the dependence on the optical constants. A par-
ticularly convenient way in which to do this is to use the polar

form of p expressed by equations (1-32), obtaining:

_ N \d ; |3
[ S L L Ve - ¥y
2 FS 2 FS . 2 rs ~ Yra
e - K—N— e + 4 | sinfo+ 3
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N L FA FA/
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1 N N
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FS 'FS 03 ‘ oa 2 - ‘ ‘
2 ,N.N.} " F N N & .2/ Vpa-Vpg
G -(RFARFS) e ) +-Q(RFARFS) sin Qp+- —
. n
T = . - S -
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2 . .2
N _(1-nm" +k
Rea 3 (3-4d)
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-1 2k
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4k
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(3-4e)

(3-4£)

(3-4g)

(3-4h)

(3-41)

This is the form usually found in the literature [4, 6]. An even

more explicit form is that derived by Harris and Loeb [5]*:

P~

~ ma .2
|n(1 -n_) cos Zg?a - 1(n -3?) sin Zg?a |
R = s , s
FA ‘ ~ 2
~ 2TMa - ~2 27mna
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~ 2Tha S~ . 21a 2
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FS 27a 2 2iva 2
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.(3=5a)

(3-5b)

(3-5c¢)

1-

reference [5] contains a rather obvious sign error.

It should be pointed out that the denominator of equation (4) of
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We must now consider the fact that the substrate is not semi=-
infinite. We will derive the appropriate equations taking the sub-
strate-air interface into account and then determine the extent of
the error involved in neglecting it. The problem hggkbeen exten-
sively investigated by Harris, Beasléy, and Loeb [7]. They have
considered in detail the treatment of a dielectric slab whose thick-
ness is many times the wavelength of the incident radiation. By
assuming an appropriate linewidth #nd thickness distribution
function, they have shown that through an averaging process one ob‘
tains the same result as if one had summed the intensities of the
radiation inside the slab instead of the amplitudes and phaSeé.
They also considered this same case when one side of the slab was
covered with a thin absorbing film. Althoughlthey coﬁld not prove
formally fhat the result 6f the averaging process was identical to
ﬁhh use of intensity addition in the substrate, their numerical
calculations showed the two to be equal for all practical purpoées.
We shall proceed on the assumption that their work has justified
intensity addition for our film configuration. Hence, we obtain
directly from Fig. 3-2 the following equations:

R =Rpy * Tpg Rag Tgp ¥ Tpg Rpg Rpg Ras Tsp +

or 2
T R
R = Rep * Top o ms (3-6a)
AS FS

and
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T = Tpg(l -Ryg) +Tpg Ryg Rpg(l =Ry o) +T oo Ryo Rpo Ryg Rpg(l =Ry} + -e

or
T..(1 - R,.) ,
T = 2 AS (3-6b)
As RFs | | |
where 2
(1 - ns)
R I ——— (3'7)
as = . “5)2

For the materials studied in this work,we may put typically for

the purpose of ascertaining the degree to which the finite sub-
strate correction influences the results TFS = 10_1, Rpg = .50,

RAS = .03. We then have an additiye factor of 3- 10-4 to the re-
flectivity R and the multiplicative factor .97 to the transmissivi-
ty T. Only the factor for T can possibly be expected to amount to
anything greater than the experimental error; however, since the
inclusion of the finite substrate effect does not complicate anyt
of the analysis to follow, we will keep it for the sake of com-
pleteness.

Figure 1-3b shows the opfical constants of germanium derived
by Philipp [2]; The result of subsgitutiné.these constants into
equations (3-6) is given for T in Fig. 3-3 and for R in Fig. 3-4.
The curves are calculated for films ranging in thickness from 504
to 5008 in intervals of 50& . This covers the usable thickness
range in which one can perform transmission experiments. These
curves prove to be invaluable for planning experiments.and for

quickly interpreting the measurements.
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We shall now state two important approximations to equations
(3-4) in order to discuss qualitatively some of the results to be
derived numerically and empirically from these equations. In doing
this, the presence of the substrate backing will be neglected com-
pletely as it has no importance in ahy'qualitative discussions,

Equations (3-4a) and (3-4¢c) become,respectively:

(CE -za_)z |
N e2 - e 2 + 4 Sin2 ) (3-8a)
Qa - 0a\2 a
(ez RN e 2) + )Y sin2(¢ + V) '

16 (nZ + k%) -

T = -
[(1+n)? + k272

1

2
2 _RjV. 2) + 4RY sihz(cp-l-\y)

X ( aa — , (3-8b)_
e

where RN, ¥, ¢, and O are given by equations (3-4d), (3-4f),
(3-4i),‘and,(3-4h),respgctive1y. One important approximation
deals with the case of very strong absorption where the absorp-
tion damps out interference effects. This is the case where k

is of the order of n and eaa >> 4, 1In the wavelength region be-
low 3500 for a 3004 germanium film,ﬁhis is a very good approxi-
mation. Applying these considerations yields:

N -v(l - n)2 + kz

R = R (3-9a)
(1 + )2 + K2
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2 2, -oa
7 = 16(n +2k)e2 7 = (- R)Z + 4R sin” y)e ™
[(1+n)" + k]

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

. | (3-9b)

for (3-9b):

T=(-R?Z2eP . , (3-10)

This form is particularly useful for the infrared spectroscopy

of semiconductors and admits of an explicit solution for n and

k as follows:

) |
k=g 1n LR (3-11a)
4 2 22|t |
e R e i [m (-R) } : (3-11b)
(1-R) lem” a

In general, however, some sort of numerical procedure must be in-
voked to obtain n and k for led® extreme situations. This will be
covered in Chapter Five. From equation (3-11b) it is clear that
any pair of numbers R and T need not correspond to a real n.

Thus errors in the experimental determination of R and T may make
(3-11b) insoluble for a real n. 1In fact, the criterion for real

n can be written as an inequality betweén R and T:

T>(1- R)2 exp E ﬁ%i %€l§] . : (3-12)

I1f one plots (3-12) as an equality in a T vs. R representation,
the T - R plane is essentially divided into two parts, one having

n real #nd the other n complex. Plotting the experimentally







determined T and R for each wavelength on the same plane yields
another curve. Wherever this curve crosses the curve of relation
(3-12) into the complex n region will determine the wavelength
range for which no real n caﬁ be obtained for the’given experi-
mental data. Of course, if the experimental conditions were such
that tﬂe boundary conditions (1-16) and the assumptions leading
to equations (3-9a) and (3-10) were oBeyed exactly, and R and T
were measured perfectly, then such an intersection could never
occur. Although in principle the inequality (3-12) cannot be
violated, there is no reason why the discriminant of equation
(3-11b) cannot vanish if the optical constants of the material
permit. If there is such a wavelength where this condition is
satisfied, then there may exist a situation where small uncertain-
ties in the experimental values of R and T will cause large uncer-
tainties in n. Algebraic manipulation of equations (3-11) yields
the following condition on the optical constants for the vanishing
of the discriminant in (3-11b):

n2 = k2 +1. (3-13)
We observe that (3-13) violates our‘assumption that n >> k, neces-
sary for the validity of equation (3-10). Nevertheless, we are
encouraged to examine the consequences of equation (3-13) in mor e

general circumstances when an explicit solution for n and k is not




~possible. If we examine the germanium optical constant curves of
Figs. 1-3b we see that equation (3-13) is satisfied near A\ = 3000A,
and that the T vs. R representation plot shown in Fig. 3-5 for a
300A film indicates that near this wavelength small changes in

the experimental values of R and T may determine whether or not n

is real. We might add that the equivalent to (3-13) for the dielec-

tric constant € is €, = 1 and €, = 2k sz +-1

1

2. The First Order Error Derivatives for Germanium Thin Films.

In general, we are not able_to obtain n and k in terms of R
and T explicitly as we did in equations (3-11),and some sort of
numerical operations must be performed in order fo find the optical
constants. However, regardless of the numerical procedure actu-
ally used, we shall want to know in principle how experimental
errors in R and T affect the error in the derived optical constants.
Therefore, we write the following equations in terms of the first-

order error differentials:

dn = on dR + 93 dT + 5“ | (3-14a)
3R aa -
Bk Bk |

dk > @R+ 3 a L 3, da | (3-14b)

It is to be remembered that in the mathematical context of the
problem we treat R and T as the dependent variables, n and k as

the independent variables, and a and A as parameters. Now, because
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of the complexity of equations (3-4) and (3-6), the partial deriv-
atives of equatibn (3-14) must be calculated implicitly. To effect
this, we must make use of the machinery of the partial differential

calculus, which in turn yields the following set of equations:

on OT ,. o :

® % | (3-15a)

on oR -

- % | (3-15b)

ok or |

T Al (3-15¢)

dk _ oR 1 | ,

ST m | (3-15d)

on OR OT OR OT ; ‘

3a " (‘a‘i Sa " da a:) 2 | (3-15¢)

Ok _ foR OT R 5_T)

da (Ba dm On OQa /3 ‘ ‘ (3-15¢f)
where 3 3 N ;

R OT OR T \
J=5% "X & | , (3-16)

The derivatives onthe left-hand side of equations (3-15) will
henceforth be referred to as the error derivatives, those on the
right-hand side as the explicit derivatives, and J as the Jacobian
of the transformation. In searching for the cause of any large in-
creases in the magnitude of the. error derivates that may appear, |
we can reason physically that since R and T are rather smooth
functions of n, k, and a, we may discount the explicit derivatives.

This means that large error derivatives will probably be caused by




the vanishing of the Jacobian, and that it is this quantity we
should scrutinize. Although the above formalism has been developed
primarily for the more intractable film formulas, it will be in~
structive to examine briefly the explicit derivatives and the

Jacobian for equations (3-9a) and (3-10) which are:

g_ﬁ = 4 -1 - /1A + 0?4 ad? S (a7
%E = Enk/[(1 + 2 + 1271 (3-17b)
T omz ™ n2w? - - /1A + P+l (3-17¢)
T w64 ™ o [k +2ra+m? + kz]]/[(1+ 2+ 1273 (5-17d)
%% =0 (3-17e)
I.. 9“;’—“2-“— e /11 + n)? + K% (3-17£)
5= B 02 202 02yl (3-17g)

The corresponding error derivatives are:

&L My d) (e VG - - (3-18a)
g—'T‘ =210+ 0?2 B - - (3-18b)
LA arw? i) . s (3-18¢)
& D rarwied? . A (3-184)
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'%ﬂ = 2nk2/a(n2 - kz -1 ! (3-18e)
a ,
ok _ _ k
da a’
We see that the Jacobian (3-17g) vaniéhes for n2 = kz + 1 and
causes singularities in the error dg;ivatives %% R %% R and'%g .

The error derivatives %% s %% s andJ%E remain uﬁaffected due to

the cancellation of the term causing the singularity. The fact
that this is so is directly related to the observation in equa-

2, 1 trouble develops only-in n and

tion (3-11) that near n2 = k
not k; however, when one considers a mor e complex model suéh as
represented by equationi (3-4) and (5-6) this‘may no longer re-
main true.

Before proceeding further;'wé Q&ii make some general cohments

1 I ) ., N
concerning the goemetrical interpretation of the Jacobian. Let us

begin by writing equations (3-6) in the form:

R(n, k) ~=R=0 (3-19a)

T(n, k) - T =0 (3-19b)

where R and T are the ekperihé5taiiy.&étermined quantit;es.‘ it ié
obvious that not all pairs of n an& k are going to sétisfy equa-
tions (3-19); however, considering éééh equatibn by itself, it

is apparent that there is a series of pairs for each one Sepafately
which can be found by‘solving each for n as a functibn of k. That

is, we have in principle for (3-19a) the one equation:

(3-18¢)
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n = nR(k) (3-20a)
and for (3-19b) another:

n = nT(k) . (3-20b)
E uations (3-20) are curves in the n - k plane, and the points at
which they intersect are the simultaneous solutions to equations
(3-19). The equations (3-20) will be called the root-locus equa-
tions. The root-ldcus of equation (3-9a) is a circle of fadius
2 Jk/(l- R) and center at n = (1 + R)/(1L - R), k = 0. On the other
hand, the root-locus of equation (3-9b) or (3-10) has no simple form.
However, if tﬁe absorption is high enough, n has roughly a decaying
exponential dépendence on k. Let us now recall that the magnitude
of the vector product of two unit vectors is equal to the sine of

the angle between them. Applying this fact to equations (3-19),

we obtain:

VR X VT

=i T @ @1

Thus we see that when J = 0, 6

sin @

g = 05 of that curve (3-20a) ceases
to intersect curve (3-20b). Instead, the two curves become tangent
to each other thus leading to a highly unstgble condition with‘fe-
gard to the dependence of the derived n and k on the experimental

errors in R and T. If the errors are such as to prevent any inter-

section or tangency at all, then we have no real roots. This is

3-14
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the analogy for the general case to the spécial case of equations
(3-9a) and (3-10) when the discrimin#nt of (3-11b) becomes negative.
In Figs. 3-6, 3-7, 3-8, and 3-9 are depicted the root-locus
diagrams for germanium films on CaFo substrates for thicknesses of
50A, 1504 , 3004, and SOOA, respectively. Three représentative
wavelengths, namely, 25004 , 3000A‘, and 55004, are plotted for
each thickness with the exception of the 300A case where 39004
is given also. These curves were calculated using the data from
references 1 and 2 and Figs. 3-3 and 3-4 in addition to equdtions
(3-4) and (3-6). We note immediately that there is in general more
than one simultaneous solution to eduations (3-20), in fact; because
of interference effects the actual number 1s indeterminate. HoweQer,
we observe that all but one solution changes with thickness at a
given wavelength. This solution is obviously the physiqal one and
is the one given by the diﬁpersion relations also. We see that
fof the most part the curves of equations (3-20) have tﬁe same
qualitative behavior prediéted by our analysis above for tHe simpler
cases except for the fact that nR(k) has multiple "loops" due}to
the effect of phase interference. Quite outstanding, however, and
also mildly surprising is the observation that near A = 3000 for
all thicknesses one finds nR(k) almost tangent to nT(k),and it 1is
easy to see that small variations in the measurement of R and T

can lead to large variations in n and k, especially n. This is
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just what is predicted by the simpler model, even though n2 = k2+ 1
violates one of the assumptions of its derivation. On the other
hand, that interference is not éntirely without its effects {is
demonstrated by the 300A film for A = 3900/.. Here we héve a con-
dition of near tangency for n2 # k2+ 1.

Figures 3-10, 3-11, and 3-12 present eRT and the magnitude of
the error derivatives as funccions of wavelength for the four thick-
nesses mentioned above. These figures confirmsin detail our preF
vious discussion on the root-locus diagrams. In addition, we see
that for short wavelengths the behavior is fairly independent of
thickness, except for the 300A case where the error derivative
singularity is shifted to longer wavelengths. At these longer wave-
lengths, the effects of interference become more apparent. Note
that for the complex model of equations (3-4) and (3-6), singular-
ities can appear in all the.error derivatives.

In order to gain some feeling for the wavelength ranges over
which reasonable experimental errors in R, T, and a would lead to,
unreasonable errors in.n and k the bar diagrams Figs. 3-13, 3-14,
and 3-15 were constructed. The choice of a‘"reasonable experiméntal
error' is somewhat arbitrary. Hdwever, one éan generally conclude

that an absolute error in n and k of no greater than .5 is necessary

if one is to approach the accuracy of the dispersion analysis. For
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the experimental conditions of this work, we can assign an absolqte
error of *2,5% to R, a relative error of *10% to T, and an absolute
error of 104 to a. This last figu:e may be somewhat optimistic.
These criteria result in the minimal values of the‘error deriva-

tives indicated on the bar diagrams. For @ the value of 10

RT’
degrees was chosen arbitrarily. The two most significant facts to
arise from these diagrams are that there is apparently an optimum
thickness range in which to choose films for the determination of
the optical constants, and that there is no way in which one may
choose two films of different thicknesses in an attempt to circum-
vent the troublesome wavelength range. As before, we note that.qur
most ‘sensitive error derivatives are those involving the index of
refraction n.

At the conclusion of this chapter,we shall discuss the impli-
cations of these results for the best choice of experimental method

and for the experimental determination of the optical constants for

semiconductors other than germanium.

B. THE TWO THICKNESS, TWO TRANSMISSION METHOD

1. Theoretical Development.
Let us now consider another method for the determination of

the optical constants from photometric measuremenfts on thin films,

“namely, the method in which one obtains the necessary two independent

measurements by measuring the transmission of two films of different

;
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thicknesses. This was the approach used by Brattain and Briggs [8]
and Gebbie [9] to obtain the optical constants of germanium films.
In reality the method requires four measurements altbgethér as one
must also determine the thicknesses of the two films involved.
The appropriate equations are:
T = T(n, k; A; a) ‘ (3-22a)
T'= T(n, k; A; a') ‘ ' : (3-22b)
where the functional dependence of the r;ght-hand side i§ given
by equations (3-4) and (3-6b). The left-hand side represents the

experimental or measured quantities.

2. Error Derivatives

Following the method of Section A-2 we may write the appro-

priate differentials as:

dn d ., ., O, o, , .

dn = BT_dT + BT’dT + s; da + sz'da (3-23a)
ok ok ., , Ok dk \ )

dic = $dT + S2AT' + S da + $Eda’ (3-23b)

Almost tﬁe entire discussion of Section A;2 as it applies to the
method of findiﬁg the error derivatives is valid here. Also, the
root~locus approach as given in Section A-2 may be brought over

to this method if so desired. Furthermore, we could consider the

two thickness, two transmission technique with the aid of the simpler

film models; however, such an attack does not seem to yield any
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simple interpretation of the behavior of the efror derivatives
that can be extended into the more complex case. Therefore, we
shall proceed immediately to a discussion of this case using error
derivatives calculated from the data of reference 2. We observe
that there are eight such error derivatives to be calculated and
'many possible thickness pairs to be considered. Hence, some way
must be found to condense the results. Fortunately, if one ap-
plies as a criterion the tolerable experimentél errors as set

forth in Section A-2, we may immediately eliminate discussion oﬁ‘

the error derivatives T %% , T! %%,, g% , and %%, because they

turn out to bevfar too small to cause an error of %.5 in the op-
tical constants at any wévelength. We may reduce our présentat%gn
further by observing that any relative errors in ;he measurement

of the Ewo transmissivities are likely to be systematic. That is,
gxperimentally the error in a transmission measurement will probably
be due to misalignment or substrate refraction (see Chapter Fogr,

Section A-2) which will be common to all samples. Therefore, we

may posit dT/T = dT'/T'. This allows us to consider as the error
S . .. On on ,
derivative the quantity ITVSf:+ T' 55,'. However, it must be pointed

out that T g% and T' gﬂ,'are usually of approximately equal magnitude
but of opposite sign; therefore, the results presented here may un-
realistically favor the tﬁo thickness, two transmission method. It

often happens that T g% and T' g%, are by ;hemselves more than large
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enough to cause errors greaﬁer than +.5 in the deduced optical
constants, but that their sum almost completely cancels any ef-
fect. We have also assumed that we can combine the thickness
error derivatives into a single quantity | on + on by consider-
% 3l
ing da = da'. The experimental motivation in this case, however,
is less clear than in the former, although if we measure the thick-
ness by infrared transmission, the justification becomes the same
as above. Again we have the possibility that our means of pre-
sentation unduly favors the two thickness, two transmission method
because on = on with their signs opposin Figures‘3-16
S| 52 . gns opposing.
and 3-17 show the behavior of the combined error derivatives with
wavelength. They are plotted as a family of curves for represent-
ative thickness pairs. Note that, although there are no singu-
larities in the region noct'nz = k2 + 1, almost every curve has at
least a relative maximum in this area.

We see ﬁhat there exists the possibility of choosing an
optimum thickness pair with which the effect of experimental errors
on the deduced optical constants will be minimized. In fadt, for
a =100A, a' = 3004 or 400& , the combined error derivatives have
values below the limits imposed by the considerations of Section
A-2. Therefore, it appears that measurements on pairs of films -
with.the above thicknesses would yield reasonably éccurate-vglues

of the optical constants.
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C. CONCLUSIONS

Historically there have been two interpretations placed on
optical constants obtained from thin film measurements. One has
been to regard the results as representing only the optical pro-
perties of a particular film formed under certain conditions and
not necessarily representing the bulk material. The availability
of epitaxial films makes it more likely that the deduced optical
constants express the properties of the bulk material. A firm

knowledge of the constants obtained from bulk reflectivity

measurements now enables us to test for film conditions that mini-

mize experimental and interpretive errors [14].

For the RT method, it has been shown that there exists a
range of thicknesses for which intolerable sizes of the error de-
rivatives are limited to: & minimum wavelength range.  However,
for the thicknesses uﬁder consideration here there will alwéys
be some wavelength range in which the error derivatives are very
’large. Such will very likely be the case for most semiconductor:
materials. Table 3-1 gives the energy and wavelength at which

2 2
n

= k" 4+ 1 or €, = 1 for several well-known semiconductors.

1
Although this table is incomplete, one would expect that,from

similarities in band structure,n2 = k2 + 1 at some wavelength for

all of the usual semiconductors. Indeed, this point may well obey
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the A2 law of the isoelectronic sequence [15].f Also theré is
evidence that SnTe, GeTe, and the semimetals As, Sb, and Bi may
have such an energy [11] in addition to some metals [12, 13].

On the other hand, it appears possible with the two trans-
mission, two thickness method to choose a pair of films that will
reduce the error derivatives t6 a tolerable size for all wavelengths
" to be considered in this work. Thus it seems that this method is
superior to the RT method. However, it was pointed out that our
method of presentation would probably favor this technique; there-
fore, it still remains a matter to be decided by experiment in order

to see which of the two techniques is the better.

t . . -
It is interesting to note that the relation € = 1 has the follow-
ing connection with the fundamental processes of 'a material, From

the definition € = 1 + 4Ty ,we see that if € =1, X, = 0. Now if

1
we consider an electromagnetic wave with frequency w incident on a

collection of N classical harmonic oscillators with chargefmass
ratio e/m, characteristic ftequency w5 and damping time f, we have:

2 2
w -
o .

X, = Nez/h

1 2

®_

2
T

2
(a% - wz) +

A ‘
5 -

L2 2.2 o
(a% -w)° + TZ

2
X2 = Ne /h

We see that this implies that when € = 1, our incident light fre-
quency is passing through the resonance frequency of the oscillators.

We note also that in the region of plasma oscillations, n = k.
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TABLE 3-1

Wavelength and Energy at which hz = kz + 1 or el =1

for several common semiconductor materials.

Material Energy (#V) Wavelength (A)
Ge 4,13 3000

31+ 4.0 3100

Insbt 3.8 3250

InAst 4.5 2750

GaAs' 4.7 2650

GaP | 5.1 2450

Pbs ¥ 3.1 4000

PbTe® 1.8 6900

Pbse¥ 2.2 5650

fSee reference 10.

*See reference 11.
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Chapter Four

MEASUREMENT OF THE REFLECTIVITY AND TRANSMISSIVITY
COEFFICIENTS OF THIN GERMANIUM FILMS

A. SPECTROPHOTOMETRIC APPARATUS

1. Principles of Design and Operation.

This section contains a general description of the design of
the spectrophotomet;ic system uséd-t§ make measurements of the
film optical response coefficients,along with its soﬁrces of crror,
and methods of calibration. Figure 4-1 is a schematic diagram of
both the optical and electronic signal paths, while Figs. 4-2, 5;3,
and 4-4 relate the schematic to the.actual apparatﬁs. Figure 4-la
shows the optical arrangement. fdr pufposes of clarity this dia-
gram is not to scale. Some of the light emitted by.the lamp L
passes through the limiting aperture and filter-holder F to the

plane mirror M. where it is reflected to spherical mirror M2 and

1
thence focused on the entrance slit of a model 82-000 1/2 meter
Ebert grating monochromator manufactured by the Jarrell-Ash Co.
The magnification of the entrance optics is unity so that an ex-
act image of the source appears at the entrance slit. Also, the
effective aperture of the entrance optics is matched to that of
the monéchromator in order to obtain high efficiency and reduce

scattered radiation. The grating used for all of the optical

measurements taken with this instrument was a 30,000 grooves/inch




Bauscﬁ and Lomb grating blazed at SOOOA ptbducing a linear dis-
persion of 164 /mm at the exit slit. The lamps used as sources
were a General Electric instrument lamp, type 9A/T81/1, and a high
preéssure deuterium discharge lamp, model D-100-S, manufactured by
Quarzlampen G.m.B.H., Hanau, West Germany; The GE lamp, with a
1 mm X 1 in. tungsten filament, was used for the spectral range
6000 to 35004 , while the deuterium lamp, with a 1 mm circﬁlar
aperture, waslused for the spectral range 4000A to 2000A . For
most of the optical experiments, an entrance and exit slit width
of 100 4 and a slit height of 5 mm, giving a resolution of 1.6A s
were found to provide sufficient light intensity withoutloverload-
ing the detector and electronics or unduly increasing the scattered
light. Also, a scanning rate of 1258 /m in for the entire spectral
range covered was found to be’a good compromise‘in tha; it pro-
vided data for the over-all picture fairly rapidly, and was suf-~-
ficiently slow that any fine structure present would be observed.
Upon emerging from the monochromator exit slit, the light is
chopped at a frequency of 1080 cps by a rotating slotted wheel.
Attached to the chopper C is a panel light-photodiode combination
whose purpose‘is to provide .an electronic signal with a constant
phase relationship to the chopped optical beam. The chopper light
is now reflected by mirror M3 to the "mirrop lens" system com-

prised of mirrors M&’ MS’ and M6. The magnification of the mirror

4=2
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lens is 1/2.Mirror M6’ slightly off-axis in order to accomodate

the samﬁle optics design, focuses the light on the sample S.

There are essentially two distinct methods of operation fo? the
sample 0ptics,‘one for transmission and one for refléction. Let
us first consider transmission., If S is removed from the path of
the beam, the light is reflected from MT into the photomultiplier
PM,thus giving a measure of the radiation incident on‘the sample.
When § is placed in the beam, the‘ratio of thé signal now received
by PM to the previous signal is obviously the sample transmission.
In order to measure the refléctivity of S, mirror MR is put into
position and the light from MT is blocked out. The ratio of the
signal now recorded by PM to the incident signal is the sample
reflectivity provided that: (a) the reflectivities of mirrors MR
and M, are identical, and (b), the optical paths S - M, - PM and
S - MR -+ PM are equal, Neither of these conditions can ever be
achieved in practice. However, one can approach condition (a)

by cutting the mirror substrates from the same slab, and cleaning
and aluminizing them in the same operation.. Condition (b) may be
approximated through careful experimental procedure. One will
note that normal incidence is not used with this technique; how-
ever, the angle of incidence is actually only 7 degrees and this
can be considered as very close to normal incidence. Further con-
sideration of measurement technique will be deferredﬂto Section

A-2 of this chapter. We will only mention that the photomultiplier
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used for all optical measurements in the spectfal range 6OOCA'ZOOCA
was a model 6256B manufactured by EMI, Ltd. of the United Kingdom.
This tube has atl cm diameter quartz window with an §-13 response
cathode. It has a particularly léw dark current and very high

gain.

Let us now consider Fig. 4-1b which shows the flow paths of
the electronic signals from the photomultiplier And the chopper
photodiode.. Because a photomultiplier is princiﬁall& a constant
current SOurce, the usual practice is to convert the current sig-
nal into a volﬁage signal with the éqode resistor RA. This also
provides a means of gontrolling thé system gain. In our system,
we used two values of RA, 1K and IOK; providing a gain or a;tenuafl
tion capability of 10 in the input voltage signal; This signal is
fed through the coupling capacitor CA into a negative feedback am-
plifier tuned with a twin T filter to a narrow passband around
1080 cps. The open loop gain of this amplifier is high enough so .
that the closed loop gain is dependent only on the paésive elements
of the twin T filter. The second stage of émpiificatiod is another
negative feedback amplifier with RC cutbffs on both the high and
low frequéncy sides of 1086 cps in order to complement the twin
T filter oflthe first stage. The purpose of ﬁhis extensive fil=-

tering is to reduce the amount of noise in the signal eventually

to be detected. The "intelligence" in the incoming signal consists




of a 1080 cps tarrier with very low frequeﬁcy sidebands. By the
use of a 1080 cps carrier, we can circumvent moat of the 1/f
noise, thus leaving Joﬁnson noise and photomultiplier shot effects
‘and dark current noise as the main.noise components in tﬁe input
signal.l As our "intelligence" is carried in a very narrow band
of frequencies and the noise has an esseﬁtially white spectrum,
the logical thing to do is to use narrow band amplification. The
second stage of amplification contains‘the gain control. This
control is a 20 position, 4 dB/step potentiometer identical to
the gain control of the Perkin-Elmer model 107 amplifier. The
third and last stage of amplification is a simple class A ampli-
fier followed by a cathode follower whose functioa is to drive
the signal side of the_diodg bridge of the phase sensitive detectot.
We use the technique of phase sensitive detection in order to
take advantage of the well-known noise rejection features of this
method. In this system, noise components which are out of phase
with an independently generated reference signal tend to be sup-
pressed. That is, the transfer function of a phase sensitive de-
tector depends on the cosine squared of the phase differenoe be~
tween the input signal and the reference signal. The usual prac-
tioe in spectrophotometric instruments is to make this phase dif-
ference zero with regard to the "intelligence" portion of the in-

put signal. Hence, this portion undergoes optimum transfer while




the randomly distributed phase of the inpdt noise causes it to be
attenuated to a greater or lesser deg;ee. In our system; the ap-
propriate reference signai is generated by a photodiode-panel
light assembly mounted '‘on the chopper wheel housing. The light
from the panel 1ight is chopped and then detected by the photo-
diode. The phase difference between this signal and the chopped
light signal from the monochromator exit élits is controlled by
mechanically moying the photodiode-pahel light assembly along the
circumference of the chopper wheel housing. The output of the
photodiode is now symmetrized by a transistor switching circuit.
It is then féd to a waveform shaping filter whose function is to
isolate the fundamental sinusoidal harmonic of the refereﬁce sig-
nal so that it can be operated on by the phase shifting network
which follows the filter. This circuit provides an additional
means for adjusting the phése difference between the inpué signal

and the reference signal. The reference signal next triggers a

single-shot multivibrator whose purpose is to provide a large ampli-

tude square wave with fast rise and fall times to be used in switch-

ing the diodes of the phase sensitive detector. This detector has
been 8o designed that in effect it full-wave rectifies the "intel-

ligence" por;ion of,the input signal and yiglds an output which

is independent of the amplitude of the refefence signal. . The aver-

age value of the phase sensitive detector output is found by paésihg'




this signal through a double L-section RC filtef with variable
time constants. The values and variety of the availéble time‘con-
stants are identical to those of the Perkin-Elmer 107. The re-
sulting DC signal is finally displayed on a Leeds and Northrup
0-10 millivolt null-seeking chart recorder. |

Extensive use of this photometric system has shown that its
dynamic range i§ 1imited by the scattered light in the monochromator
and not by any résidual noise levels. We define s;aLtered 1ight
as the ratio of the radiation measured at the exit slits of the
moﬁochromator with the waveleng;h set belOw'thgbedge‘of a shérp
cut-off filter placed before the entrance slits to the radiation
at the exit slits when the waveléngth is set aﬁove the filter c¢cut-
off edge. The resulting nuniber 15 dependent dn’fhe type of source
used and the wavelength of the»cﬁtioff edge of the filter and also
on the slit width.: The sensitivify range of the detector is an
impor tant additionai factor. For our instrument;‘the scattered
light was measured Qnder the folloﬁing conditioﬂs:

-(a) The sourcé was a tungsten filament lamp.

(b) The cut-off edge of the filter was about 5400A.

(c) The two wavélengths used were 5800A andlSlOOA .

(d) The detector was a photomultipiier and'ﬁhé‘slit width

was 25 u,




These conditions closely approximate those under which transmission
measurements on germanium films were made. The scattered light de-
termined in this way was found to be .08%. This effectively lim-

ited the dynamic range of the spectrophotometer to about three

orders of magnitude.

2. Description of Experimental Procedure. Test and Calibration

by Measurement of Bulk Reflectivity.

As was mentioned above, the measurement of absolute reflec-
tivity by our apparatus depends on whether or not the optical
paths § - M, - PM and S - M, ~ PM are equivalent. Also, from Fig.
2-4 we see that we are seeking the reflectivity of a highly irreg-
ular . surface caused by the presence of cleavage steps in the sub-
strate., Therefore, the following experimental procedure was used;

(a) With the sample removed, light with wavelength 53004 was
allowed to fall upon mirror MT' Since the light is focused at S,
a short distance from MT’ MT collects all of the incident light.
M, is now rotated until it floods the photomultiplier cathode
with the maximum amount of light as found by thimizing the photo-
multiplier output.

(b) The sample, mounted in a sample holder as shown in Fig.
4-4, is now pléced into position. ‘It is then situated éo that
the film surface stands halfway between mirrors MT and MR. MR

is then rotated in order to optimize the signal output as in (a).




!

(¢) The sample surface is then searchadfforkthe highest
available reflectivity by moving it back and~forth in the élane
halfway between MT and:MR. 4

(d) steps (a), (b), and (c) are then ;épeated until one is
satisfied that the alignment is optimized. 4

However, in order to assuré that this prbceduré.led to con-
sistent results, it was necessary to devise;; refiectivity stand-
ard. In view of the accurate measuremegt of the rgflectivity of
germanium reported by Donovan, Ashley, and Behhett [1], and because
we would be measuring the refleccivity of fiims of this‘material,
it was decided to adopt theif measurements a% our standard. In
reference 1 the sample surfaces were preparéé by electropolishing;
however, our sample was prepared by pélishinéiand etching tecﬁniques
as electropolishing equipment was not avai1;§1e. According to the
results of reference 1 and those of Philippiggd Ehrenreich [2],
the difference‘in sur face topography arrivedvé; by these two me-
thods may lead to a difference in absolute rgflectivity that is
as much ;s 7% absolute in the ultraviolet reéion. 'This is because
an etched surface invariably has ripples andtﬁits thch scatter
the reflecged light, while electropolishing iéaves the surface
much mére flat and still retains the crystalline perfection of an .

etched surface. On the other hand, it appears possible to improve

on the etching procedure so that the magnitude of the reflectivity

i
rd




approaches that of reference 1. Our method was to obtain a 1 cm X

1 cm X 1 mm slab

ium with its surface parallel to the {11l1) planes of the crystal.
This slab was then attached to a lapping dop and the foliowing:
procedure used: _

(a) The sample was first lapped with 12 4 Buehler #1200
lapping compound.

(b) Lapping was completed with 3 u Alz0s.

(c) Polishing commenced with .3 p Linde "A" using a bees-x
wax polishing platfbrm.

(d) Polishing was completed with .1 u Linde "B", 'also on
beeswax; Great care was taken during this step not to bear undue
pressﬁre'on the sample‘aﬁd hence to minimize the‘éepth of the
amorphéus surface layer left by polishing.‘ Each step was con-
tinued for such time as was felt necessary to remove the damaged

layer incurred by the previous step.

After polishing, the sample was:removed from :the dop for etch-

ing. A fresh batch of CP-4 was prepared, the sample placed in a
Teflon dish, and about 15 cc of the solution poured over it. The
acid was geﬁtly sloshed over the sample for one minute,whereupon
the etchiné wés stopped with distilled HgO0. The sampié‘was then
cleaned in three changes of fresh acetone and finally swabbed with
a benzene soaked Q-tip. The sample was immediately placed in a

sample holder, alignment made through use of the above procedure,

N

of 40 Q.cm high purity single crystal of german-
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and the reflectivity measured. The result is shown in Fig. 4-5.
The over-all reflectivity is about 3% greater than that reported
in reference 1. Repetition of the alignment and measurement pro-
cedure indicates a scatter in the over-all reflectivity amplitude
of +0%, -2% absolute in the wavelength region 35008 to 60004 and
+05, ~4% absolute in the wavelength region 2000 A to 35004 . 1In
addition, repetition of the measurement over a period of one or
two weeks indicated a steady decrease in the amplitude of the 2800A
peak to a level of about 64%. However, the amplitude could be re-
stored to a high value by bathing the sample in HF,'acetone, and
they drying carefully. This indicates that the degradation of

the reflectivity was probably due to the formation of an oxide
layer.

This sample then becime the calibration standard for all re-

flectivity measurements., Before making measurements on the reflec--

tivity of a film sample, we invariably checked out our procedure
by making reflectivity measurements on our standard at three or
four different wavelengths.

With regard to the measurement of the film‘transmissivity,
there appears to be only a small chance of the introduction of
error due to alignment procedures. The major cause of error is
thought to be due to refraction by the substrate (care was taken

to make measurements in a pinhole-free region). This is possible

4-11




because the light is converging to a focus on the sample and also

because of the irregular substrate surface.

effects is estimated to be approximately +10% relative.

B. RESULTS FOR THE REFLECTIVITY AND
TRANSMISSIVITY COEFFICIENTS

1. Results for Fused Quartz Substrates.

‘It was decided to study the reflectivity of germanium films
deposited on fused quartz substrates for the folloQing reasons:

(a) To ascertain whether or not such films might possibly
make more suitable vehicles for the calculation of:the optical
constants than those on‘CaFa.

(b) To check our'egperimental methods by coﬁpéring our re-
sults with a similar, but less complete study by T. M. Donovan
and E. J..Ashley [3].

Two sets of experiments were performed, one being the main-
tenance of a reasonably constant deposition rate, denoted by A,

while the substrate temperature, denoted by TS

siderably, and the other being of the same type except that T

, was varied con-

S
was held constant and A varied. Figure 4-6 gives the RED patterns

and Fig. 4-7 the reflectivity as TS was varied, while Figs. 4-8
and 4-9 hold for the case in which A was varied. The method of
deposition was the same as outlined in Chapter Two, Section B-3.

However, the substrate preparation differed in that all substrates

The error due to these
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used were cut from the same fused quartz slide, washed in HNO-
and two baths of acetone and then dried in an No stream. During

the experiment where T, was varied, reasonable efforts were made

B S
to keep A constant; however, when the subStfatevtemperature was
raised to 780°C, re-sublimation from the substrate was rapid
enough to require the increase of A to a higher value in order ‘to
form a film. In addition, the variation of the deposition parém-
eters produced films of different thickness. This means that the
difference in reflectivities amdﬁg the films in the 19ngéf wave-
length regions will in large partiBe due to differences in inter-
ference effects. However, at the 2, X peak all films ére‘thick
enough so that comparisons of their reflectivities in this region
are meaningful. The interpretation of Figs. 4-6 through 4-9 will

be given in Section C.

2. Results for Cleaved CaF, Substrates.

Altogether 47 epitaxial films depbsited on CaF, were examined.
Forty-four were produced in this laboratory and three were obtained
from workers elsewheré. The fiimé were examined visually for evi-
dence of surface roughness according to the retipevof Chapter Two,
Section A-4., When such roughness was apparent, no further measure-
ments were made. For those not displaying this effect, reflectiﬁity

measurements were taken at wavelengths of 5300A‘, 3500A‘, and 28004
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and the data recorded. Films having relatively high reflectivity
at 2800A were scanned to obtain their entire reflectivity spec-
trum from 20004 to 60004&, and, if thin enough, their transmis-
éivities were also measured. Figure 4-10 shows the RED patterns
and Figs. 4-11, 4-12, and 4-13 the optical response of three
typical films differing widely in thickness., These films are by
no means to be regarded as unique occurrences; in fact, in each
case other films were made under identical conditions and they
displayed nearly the same optical response as those shown. De-
position rates and substrate temperatures were kept reasonably
constant at values thought to produce films with minimum roughness
yet good crystalline quality (see Chapéer Two) .

Optical measurements were also made on three films received
from the University of Virginia Materials Science Department [4].
These films were grown under conditions of substrate temperaturé
300°C and ambient pressure 5 - 10-8 torr. When these films were
examined by RED, they were epitaxial but contained a superposed
twin patterns whose spots were almost as intense as the basic
(111} Laue pattern. The usual interband transition structure in
the reflectivity spectrum was quite weak and none of the films
displayed distinctly the spin-orbit split A peaks. None of the

films was thin enough for transmission measurements.




The effect of ambient pressure on film perfection was mentioned
briefly in Chapter Two, Section D where it was stated that the re-
’sults are at present inconélusivg. We have made independent ex-k
periments using a Varian Vac-Ion vacuum system capable of attain-
ing pressures of f»-lO.9 torr before deposition and ~ 10-7 torr
during deposition. The source material was heated by electron beam
bombardment and the substrate temperature was kept at ~ 500°C. This
system was made available to us through the courtesy of Dr. M. G.
Holland of the Research Division of the Raytheon Corporation,
Waltham, Mass. The optical response of the films produced in this
system under the above gondit;ons’did not differ appreciably from
those presented here, even when the substrate was cleaved in high

vacuum prior to deposition.

C. INTERPRETATION OF RESULTS

1. Effect of Film Crystalline Perfection.

In this subsection we will discuss structure in the film R
and T spectrum as opposed to over-all optical response amplitudes
which ﬁill be discussed in the next subsection. Using the reflec-
tivity.spectrum of bulk single crystal germanium as our standard,
we would expect that the greater the crystalline order of the film;
the closer the structure will duplicate that of bulk material, An
examination of Figs. 4-5 through 4-13 shows that this is definitely

true. Each of our epitaxial films has all of the principal




structure indicated by the bulk reflectivity, including the A spin-

orbit splitting. This is most strikingly brought out by Fig. 4-11

for the 18504 film (the shift of the A peaks will be discussed

later in Subsection 3). Even the 1354 film, which is only about

25 atoms thick, reveals the structure predicted by bulk measurements,
and, in fact, the proper structure was also observed in still thinner
epitaxial films.

The RED patterns indicate the presence of stack-
ing faults and twins in each of our epitaxial films; however,
their effect on the film opticai response is not known at the pre-
sent time. |

The RED results for ;he multisubstrate temperature ;ériea on
fused quartz show a progression from sharp, textured Deﬁye-Scherrer-
Hull rings at 780°C to broad, diffuse DSH rings at 25°C, as indi-
cated in Fig. 4-6. At the highef temperatures, one can see re-
gular intensification of the rings which signify the presence of
{110) preferred oriéntation in the film normal to the substrate.
Thus,we see that the highef the substrate tempetature, the greater
the crystalline ordering, in agreement with the discussions of
Chapter Two. “The reflectivity structure of this series shows a
strong temperature dependenée. Referring go Fig. 4-7, the 780°C
film, curve‘i, possesses ali of the bulk structure, except that
the A spin-orbit split peaks are severgly distorted. As‘TS de-

creases, clear evidence of these peaks disappears; however, the
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Z, X peak‘retéins its identity until TS = 300°C,where propounced
distortion sets in. From Fig. 4-6,‘we see that at this tempera-
‘ture all indications of preferred orientdtion are gone and the
DSH rings begin to broaden considerably, pointing out the break-
down of 1ong-r$nge crystalline otder. At 25°C, the RED pattern
shows that long-range order is gone,which re$ults in tﬁe complete
deterioration of the ¥, X peak.

The interpretation of the beﬁavior of the reflectivity on
crystalline order will center on the A péaks and the over-all re-
flectivity structure. It might be exbected that polycrystalline
germanium would have the same optical response as single crystal
germanium and this is true up to a point. However, it is clear
that ultimately the crystailite size can become so small that

t al. [5], inter-

long-range order is drdgtically reduced. Tauc,
pret the resulting reflectivity spectrum as that which would

occur for interband transitions with only energy conserved. That
is, strong singularities in the joint density of states no longer
appear due to the breakdown of symmetry and all interband transi-
tions can be considered as indirect. This interpretation would
account for the loss of sharp reflectivity structure as one pro-
ceeds to the amorphous state. However, it is wéll known that reél-
atively small distortions in the crystalline order can affect

the amplitudes of A spin-orbit split peaks [3, 6]. Donovan and
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Ashley [3] have studied this problem using polycrystalline films
and polished bulk surfaces,and on the basis of their results have
suggested that in the bulk material '"the observed structure in the
reflectance in the region of 2 eV results from a combination of
the L and A transitions or that the 2.3 eV peak‘corre;ponds to
transitions at the A point and the peak at 2.1 eV corresponds to
transitions at the L point." That neither of these deductions is
wholly correct can be reasoned as follows:

(a) Neither explanation‘accounts in a clear manner for the
theoretically predicted spin orbit splitting [7].

(b) The calculations of Brust [8] indicate that the L! - L

3 1
transition has a joint density 6f states of Type Mo which has the
wrong shape to cause a peak in the reflectivity spectrum.

(c) Pressure measurements of Zallen [9] show that both peaks
have the same pressure coefficient, as would be expected if they
arose at the same point in the band.

(d) The L transitions have actually been observed apart from
the A transitions by Greenaway [10] for GaAs and by Cardona and
Greenaway [11] for 2ZnTe and CdTe.

In the case where the peaks are distortéd due to polycrystal-
line film structure or polished bulk surfaces, a simpler explan-

ation of either increasing the relative difference between the

amplitudes of the two peaks or reversing their magnitudes is
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that induced stresses, or reduction of long-range order, cause
small changes in the respective density of states of the A tran-

sitions which bring about the abébve observations.

2. Effect of Surface. Topography and Film Thickness.

From the discussion of Chapter Two, Section D, we should ex-
ﬁect to find the reflectivity amplitudes affected by 5urface rough-
ness scattering which in turn can be correlated with deposition
parameters. The Z, X peak amplitudes of the films shown in Fifg.
4-7 clearly indicate this correlation. The 780 A filﬁ had a sur-
face roughness visible under an optical microscopé'in addition to
sharp DSH rings denoting large grain size, and we see that its T,

X amplitude is considerably depréssed from the approximately 70%

of Fig. 4-5, whereas‘tH% smoother 600°C film has & value of 64%.

The amplitude of the 600°C film 2 of Fig. 4-7 agrees well with
Donovan and Asﬁley's [3] best result for fused quartz substrates

of 66% with the remaining difference between these values and the
bulk value being most likely a residual roughness effect. The
difference between the 780°C film and the 600°C film is consistent
with the conclusions of Chapter Two, Section D, namely, the higher

the substrate temperature for a given deposition rate, the greater

the agglomeration and roughness and hence the pdorer the reflectivity.

For substrate temperatures below 600°C, loss of long-range order as




well as roughness degrade the reflectivity. However, according
to Chapter Two, Section D, amorphous films should be smoothest
of all, 1If this is true, then the reflectivity of amorphous films
should be the same as that of smooth bulk crystalline surfaces in
the far ultraviolet, as the optical response in this region is due
to valence band plasma oscillations which are relatively indepen-
dent of long-range order. ' This has.been‘obsérved to be the case
by Tauc, EE‘EL' [5],who also explain the deviation of the I, X
peak amplitude (whose reflectivity was 55%) of their polycrystal-
line film from the bulk value as due to surface roughness scattering.

Figures 4-8 and 4-9 give the results of the multideposition
rate series‘of films on fused quartz. We see that this parameter
does not influence either crystalline quality or reflectivity as
strongly as does TS. All of the RED patterns appear identical
except for intensity differences caused by variations in exposure
times. The differences in amplitude among the X, X peaks may or
may not be significant. Their magnitudes and shapes are nearly
identical. The most cautious conclusion would seem to be that
over the range of A shown, the film crystalline and optical pro-
perties are reasonably constant.

In Chapter Two, Section'D, evidence for the presence of sur-
face roughuess for epitaxial films on CaFy; was given. 1In Fig. 4-11,

we see that the reflectivity of the 18504 film, thick enough to
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suppress interference for A < 6000A;, falls below that of bulk
material by an amount which increéases with decreasing A. It has
‘been shown by Porteus and Bennett [12] that the following relation

for the reflectance of a rough surface

R = R exp[- (410/N7] | (4-1)
where Ro is the reflectivity of & perfectly'smoothbsurface of the
same material and O, the RMS value of the deviations from mean thick-
ness, is valid under the following éssumptions:

(a) The surface irregularity distribution must be gaussidn.

(b) The refleéted light must be coherently scattered from
the surface, a condition which holds for o/A << 1.

The reader interested in further experimental and theoretical
détails shbuld consult. reference 12. The ratio of the reflectivity
of the 1850 A film to that of thée bulk reflectiﬁity given in Fig.
4-5 as a function of 1/7\2 is shown in Fig. 4-14. It is seen to
yield approximately a straight line in agreement with equation
(4-1) and its attendant conditions and gives a:value_for o of 76 A.
By way of comparison, we might point out that the RMS roughness of
the usual variety of microscope slide is about: 10 A to 15R&. Equa-
tion (4-1) predicts that as A - o, R - R howéVer, Fig. 4-14 shows
thatVR - .91 Ro. This 9% difference can be expiained as a constant

systematic error in the film reflectivity due to misalignment and




poor optical imaging because of the cleaved sufface. Fér the 2504
film of Figs. 4-12 we ma; perférm a similar analysis by using only
the reflectivity in the region below 3500A where interference is
small and extrapolating to infinite wavelength. This procedure
leads to 0 = 50A and R = .95 RO. In addition, we see from Fig.
4-12b that the roughnéss is not without its effect on the UV
transmittance where T of the film falls below its theoretically
predicted value by about 50% at A = 20004. Y

Figure 4-13 shows the optical response of a film whose thick-

ness was measured by infrared transmission to be 135A. We see that

the experimental values of R and T depart considerably from the
corresponding theoretical values for this thickness, T measured
being higher than T calculated (except in the far UV region) with
the reverse true for R. This behavior was observed in each of our
very thin films, thus the film of Fig. 4-13 is not a mere variant.
The RED pattern for this film shows sharp Laue spots indicating
epitaxy, and Fig. 4-13 confirms the presence of the appropriate
interband structure. The disparity in amplitudes is probably due
to the breakdown of coherent interference effects when the RMS
roughness of the film approaches an appreciable fraction of the
mean film thickness. This results in phase averaging or inten-
sity addition (discussed in Chapter Three) for the theoretical R

and T expressions. The scattering will not be as strong for IR
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wavelengths; therefore, a measureﬁént of transmission in this re-
gion will contain interference effects. However, for the small
film thicknesses under consideratidn (~ 100;&), a small change
of -2% in T can cause a change OE 4301&kin the derived thickness.
When phase averéged thedfétical values of R and T were calculated,
their effect was to shift the IR transmission to lower values
(higher thicknesses) and the viéible to higher. Essentially our
difficulty is this: the IR and viéible measurements of transmis-
sivity are incompatible with each other for any assumed thicknéés
and we must fix on one or the other as being more in accord with
theory. In addition to reasons élready méntioned, it seems
plausible to accept the IR measufement and derive the thicknesé
therefrom because its measured T was .880 at 2.0 " compafed with
a calculated phase avergﬁéd T of .519, implying interference ef-
fects are still strongly present. On the other hand, ﬁﬁgée aver-
aged calculations at 6000A give T = .287'showing that the effect
of interference in this rangé is~to méke T lower than the phase
averaged value, whereas in the IR the opposite was true. Hence,
we see that the observed behavior can be in‘part explained as due
to the progressive loss of interference as one moves to éhorter
wavelengths.

The effect of thickness on film optical constants hés, As far

as' is known, never been theoretically treated. We were unable to

C ] .
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investigate the effect experimentally because of the roughness-
coherence difficulties discussed above; however, we would like
to make a few\conjectures about what might be expected should
suitable samples become availaBle. The problem seems to be di-
vided into two aspects: (1) the perturbative effect of the finite
boundary on the bulk energy levels, and (2) the '"quantitization"
of k space in the direction normal to the film surface into in-
tervals of 27/Na where N is the number of atoms and a the lattice
constant. Of these, the second has the intereéting possibility
of giving the joint density of states a two-dimensional charac-
ter and of splitting interband transitions which occur between

bands of non-zero slope.

3. Effect of Induced Strains in the Films,

Because of the difference in thermal expansion between the
film and the substrate, there will appear an induced strain in the
film as it is cooled from its formation temperature. The effect
of this sérain is clear from Fig. 4-5 where it is apparent that
both the A beaks and the 3, X peak are‘shifted to higher energies
in the film. In treating this phenomenon, we will make the fol-
lowing idealiiations:

(a) The film and substrate will be assumed to be isotropic,

homogeneous, and temperature independent in their thermal expan-

sion properties.

4-24




(b) The substrate will be taken as much more massive than the
film so that the film will be assumed not to constrain the e#pansion
~of the substrate in any way.

(c) We will consider the resulting induced stress in the
film as if it arose from forces appxied at faces of the film
edges orksides.

The basis for finding the induced effective stress is that
elongations of both film and substrate are necessarily equal.
This leads to a stress of the form:

@ge = Foap) T

X = 5 (4-2)

where the Q's are the appropriate linear thermal expansion coef-
ficients. AT the temperature change, and S and X are the appropri-
ate Young's modulus and dinduced stress, respectively, for the di-
rection of elongation under consideration. For a film whose axis
of epitaxy is [111], the [1 -10] and [-1 -12] directions along with
[111] form a mutually orthogonal set of which [1 -10] and [-1 -12]
may be considered the direction of the applied stfess given by

equation (4-2). For each of these directions, S becomes:

544,
S = ’i‘(su s, t "2—') (4-3)

where $117 Sq9v and S, are the compliance constants. For room

temperature values of @, = 5.75 -10-6/”0 [13], @

o = 19.5 . 110"6/°c

CaF2
[14]; sy = -97 v10-6/atm, $;, = -2.63 -10-7Xhtm, and s, = 1.50’10-6/atm




[12], with AT = -575°C, equations (4-2) and (4-3) give X = 10,800 atm
compression.

Brooks's equation for the shift of an energy band under strain

may be written as [15]:

5E = E1 Tr u + E E -(g - % ; Tr g) -B . (4=4)

Here E, and E, are deformation potentials (E1 is directly related
to the hydrosteatic pressure coefficient), g is the unit vector in
k space to the band edge in question and u is the strain tensor.

In the following discussion, we will take BE, Ey, and E2 to refer

to differences in energy transitions instead of band edges. For

purposes of discussion, we note that the stress tensor for hydro-

static pressure is

[1 0 o0
Lusp = -x;l 01 0 (4-5)
\O 0 l/
for which the generalized Hooke's Law in conjunction with (4-4)

gives:

SE = -3 El(s11 + 2 512) X | (4-6)
where X is of course the pressure. This relates E, to OE/OP.
For applied biaxial stress X in the [l -10] and [-1 -12] di-

rections, the stress tensor is:

[ 2 -1 -1)

g = % 12 -1, o (4-7)
.1 -1 2 :
RN
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Hooke's Law and (4-4) yield for the A3 - A, transition in the [111]

1
direction:
A A 1 A
BE[ 1) "2 Ep(sy) + 280X - 3By s, X (4-8)

On the other hand, for A transitions in [l -11] type directions,
we have:

A _ A 1 A

BE[I 1] ; 2 E)(sy) +2 slz)x + E2

A similar analysis for the 2., X transition gives:

X | ,

BE[ 1001 2 E (s +2 slz)x (4-10)
S, < oy o L2

BET110] = 2 By (syp + 2 slz)x "% E, 5,, X (4-11)
) 3 1.3

BE[) .10] " 2 E (s, + 2 slz)x +ZEy 8, X. (4-12)

We see that theré is always a part relatéd to hydrostatic pressure
in addition to the shear compohent which lifts the degeneracy of
otherwise equivalent transitions. The detection of this splitting
was beyond the resolution of our.amperiments and its principal
effect was probably to broaden slightly the reflectance peaks of
the films. |

Philipp, Dash, and Ehrenreic¢h [16] have per formed uﬁiaxial
stress measurements on the A transition of Ge. Using their value

A

of EZ = -2.0 eVl and E? = -5.6 eV calculated from Zallen's [9]

value of the hydrostatic pressure coefficient, we obtain

r

This number was calculated from data.contained in referenées 16
and 9. The value of EZ actually given in reference 16 is believed
to be in error.




A A

As there are three times as many (1 -11) transitions as <111), we
will take the over-all shift to be the weighted average of 6E?111]
and SE?I 117 or BEA = (-5.0 X 10_6 eV/atm)X. From Fig. 4-15,we
have SEA = 44 * 10 millieV as the observed meaﬁ shift of the A
doublet which implies a value of 8800 * 2000 atm for the induced
biaxial compressive stress, as compared with the previously cal-
culated value of 10300 atm from thermal expansion.

E1 and E2 for the 3, X transition are not known at present.
However, an estimate can be made of El‘from the pressure coef-
ficient for the %, X transition in silicon measured by Zallen to
be 3-10-6 eV/atm [9]. There is an empirical rule which states
that among semiconductors with similar band structures, the pressure
coefficients for transitions at ideqtical symmetry points of their
Brillouin zones are approximately equal [17]. We therefore take
Zallen's result to hold for-germanium also, For purposes of cal-
culation, we will assume Eﬁ = E? and Ei = 0. From Fig. 4-15,

SEX’Z = 33 + 12 millieV which results in X = 16500 + 6000 atm com-
pressive biaxial stress. The factor of two difference in the A and
Z, X results cannot, at present, be attributed to anything except
experimental error. Although the shift of the reflectivity was

observed in all of our films, it was carefully measured only in

the 1850A film of Figs. 4-11 and 4-15.

-6 N -6 y
55[111] = (-4.0 X 10 ~ eV/atm) X and aE[l 1] (-5.3 X 10~ ev/atm)X.
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It is interesting to note that because the force which ef-
fects the stress in the film is actually applied at the film-
substrate interface, a bénding moment arises which tends to lift
the film‘away. This bending moment increases with film thickness
until rupture takes pldce, thus setting an upper limit on the film
thickness for a given substrate temperature. For TS = 600°C, the
critical thickness appears to be around 3000A to 4000A as de-

duced from observations of thick filins that rapidly broke up im-

mediately after deposition.

4. Comparison with Other Work.

The most recent works on the optical response of thin germ-
manium films have been by Donovan and Ashley {3], Tauc, et al. [5],
and Cardona and Harbeke [18]. The relationship of our work té that
of references 3 and 5 has been discussed above. However, in these
two the film transmission was not measured. Cardona and Harbeké
have measured the transmission (but not reflectivity) of several
rather thick epitaxial films on CaFs. Although their total re-
sults account for the proper structure, only one film was thin
enough (5008 ) for measurements down to the I, X transition (which
appeared quite weak) and this film did not display the A doublet.
Also, the magnitude of their transmissivities is in great dis-.

agreement with those calculated from bulk optical constants for




the stated thicknesses; however, it must be conceded that the
accurate measurement of such magnitudes was not the object of
their work and to belabor their inaccuracies would be unfair.
In conclusion, then,we may state that the results for R and T
presented for epitaxial films in this chapter are the first in
which close attention has been paid to obtaining film optical
response which matches that predicted by bulk results in both

structural and amplitude aspects.
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Chapter Five

ANALYSIS OF EXPERIMENTAL RESULTS
A. NUMERICAL ANALYSIS AND PROGRAMMING TECHNIQUES

1. The Newton-Raphson Method.

The Newton-Raphson method is an interative procedure for
finding the real roots of an algebraic or transcendental equa-
tion [1}. We will make use of the form which applies to multi-
variate simultaneous equations. In Chapter Three we constructed
the theory necessary for the détermination of the optical con-
stants. We now describe a way in which these optical constants
can be obtained rapidly from the experimental data. In the dis-
cussion to follow, we will frame our remarks in terms of the RT
model; the extension to the two thickness, two transmission method
will be obvious.

We recall from equations (3-19) that:

R(n, k) =R =0 ' (5-1a)

T(n, k) - T =0 o (5-1b)
where R(n, k) and T(n, k) represent the functional dependence on

n and k given by the right-hand sides of equations (3-6) while R

and T are‘the observed quanti;ies. As far as is known there is

no explicit solution to equations (5-1). Therefore, we must find

the roots n and k by some numerical procedure. Let us assume

that we know the approximate values of the roots, namely n, and ko’




and that the roots are given by:

n n + An
0

k

#

k + Ak
o

where A n

and A k are the necessary corrections to n, and ko.

Applying Taylor's theorem to equations (5-1) yields:

R(n, k) - R = R(no, ko) -R+ (n - no)<g%)
o]
+ (k - k&(%i—) +0an?, 2K =0
o
; oT
T(n, k) - T = T(no, ko)- T+ (n - no)(5;)
[o]
oT 2 2
+ (k ~ ko) 5 + 0(&an", AKkK™) =0 .
: o

If we further assume A n and A k to

their higher-order terms, then we h

=
1
=]
]

oT
=@ - v k) ()

=
)

=
]

. OR
=l - 1. k0>)G;ao

where

[
[}

(g_g)(g'g) - (%Rlz)(gl)

be small enough to neglect
ave immediately:

\
' 3R\
- (T - T(a, ko))_t\—a—k-)og/\]

. oT
- (R - R(no, k°))<$)o /3

The roots may now be found to any desired degree of accuracy by

repeated applications of these formulas with the improved values

of n and k substituted at each step.

We see that equation (5-5)

(5-2a)

(5-2b)

(5-3a)

(5-3b)

(5-4a)

(5-4b)

(5-5)




‘corresponds identically to equation (3-16) We also see that when

y " n and k are such that singularities occur in the error derivatives,
-

the above iteration procedure diverges.

2, Programming Operations.

In order to carry out the Newton-Raphson iteration efficiently, ‘
the services of a digital compuger aré needed. TFigure 5-1 shows
the flow chart of a program whicﬁ waslwritten in the FORTRAN language
for the IBM 7094 data processing system in order to perform thjs
calculation. However, there is nothing unique about this pargiéular
data processing system whicﬁ disqualifies any other for application {
to this problem. 1In fact, a similar program was written in 1955 by | E
Loeb and Denman [2] for the M.I.T. Whirlwind I digital computer.
Referring to Fig. ?-1, the pfogram oegins by reading in a card
which supplies the filmjthicknéss:for all data to follow. This
.data consists of a group of cards containing trial valu;s of the
optical constants and the experiment#l R and T fﬁr'a given wave-
. length. The trial n and k are used as the initial gueéses in the
iteration procedure. They are usﬁally the Kramers-Kronig results.
If, however, these trial values afe left blank, the program éwitches
to an automatic root-finding mode as shown in the figure. The
purpose of this feature is to allow the procurement of all possi-

ble pairs of real roots within a given range of n and k. Examination.




of equations (3-19) and (3-6) reveals that the number of possible
roots is generally indeterminate.
locus diagrams Figs.3-6 through 3-9. The area of n and k to be
searched by the program is 0 to 10 for both constants. The pro-

gram was almost always run in the automatic mode.

Enough iterations were performed so that by using the results

of the most recent iteration, the calculated values R', T' would
equal the experimental values R, T to within three significant
figures. If this did not occur by the 20th iteration, the pro-
gram would assume that divergenée was taking place and print out
a statement to this effect along with the results of the last
iteration. When the work for the wavelength under consideration
was finished, the data for the succeeding one would be read in.

‘After the data had been exhausted, the FORTRAN monitor system

automatically terminated the program. The running time to com-

pute the optical constants for 41 wavelengths (6000A to 20004
in 1004 intervals) in the automatic mode was approximately two
minutes. The calculations for Chapter Three were effected by

separately using the arithmetic subroutine which calculates R',

T', and the various derivatives.

This is also shown by the root-
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B. THE OPTICAL CONSTANTS Qf THIN GERMANIUM FILMS

The results of Chapters Two, Three, and Four dictate the fol-
lowing criteria for the selection of a film sample from which to
calculate the optical constants:

(a) The film crystallinity should replicate that of a bulk
single crystal as closely as possible; hence, use should be made
of epitaxial films.

(b) The film thicknesses should be chosen so that they fall
in the region where experimental error has its minimum effect as
indicated by the bar diagrams of Chapter Three.

(c) Deposition conditions should be selected to insure a
film with minimal roughness.

Conditions (a) and (b) alone would result in the choice of a 1254

film for use with the R-T method or of two films, one with thick-

ness ~ 100A and the other ~ 3004 , for use with the two thickness?

two transmission method. However, the results of Chapter Four

show that the optical response of very thin films suffers greatly
from'scattering effects; therefore, specification (¢) forces a
compromise choice for the R-T method and practically rules out

the use of the two thickness, two transmission method for germanium
(aithough it certainly should be strongly considered for those ma-
terials, such as the lead salts, where roughness does not seem to

be a serious problem [5]). This compromise is represented by the




250A film of Fig. 4-12. The optical constants calculated for the

film are shown in Fig. 5-2, where, in performing the calculation,
the reflectivity was corrected for roughness according to the ex-
The bars indicate

perimental quantities R_ = .95 Ro and 0 = S04,

the error spread in n and k for an absolute error in R of + 2,5%
and in a of + 10A and a relative error in T of + 10%. We see
that the discrepancy between the film values of the optical con-
stants and those of bulk Ge (takenlfrom Fig. 1-3b) can be included,
for the most part, within the span of these conservative experi-

mental error estimates. We see also that the region in which no

roots appeared, namely, 30004 to 4100A;, corresponds almost
exactly to the region predicted by Fig; 3-14a for a 250A film a§ 
having very high sensitivity to experimental errors in R and T.
Reference to Figs. 1-5 will show that the present results are far

superior to previous film optical constant work, primarily because

of the use of epitaxial films.
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C. CONCLUSIONS
In Chapter One it was stated that the purpose of this thesis
is to demonstrate that the use of epitaxial films now allows the
measurement of the optical properties of materials in the film

state which can be extended to and correlated with the optical

properties of materials in the bulk state. The problem undertaken

for detailed study was the determination of the optical constants
of germanium from measurements of the reflection and transmission
of thin epitaxial films. Before undertaking a discussion of the
results, we will state what we believe to be the two main con-
clusions of this research.

(a) We feel our measurements of R and T and calculation of
n and k indicate that, after experimental difficulties have been
taken into account, the epitaxial films have essentially the saﬁe
optical properties as bulk material. Hence we may begin to con-
sider the use of epitaxial films as reliable vehicles for inves—‘|
tigation into the optical properties of semiconduCtorg in the high

absorption regions. |
(b) However, because the theoretical developments of Chapfer

Three indicate that there will invariably be a region of high

sensitivity in the derived n and k to errors in R and T, we may\i

conclude that film determinations of n and k will not supplant,'

but rather will supplement, other methods such as polarimetry

(W)

o




and dispersion analyses. We have shown that in the region where
roots are obtained, the film optical constants compare favorably
with the Kramers Kronig result,

With regard to thevstatement in (a) concerning experimental
difficulties, we feel these to be of four types:

(1) Roughness scattering. In Chapters Two and Four we have
seen how the presence of granular structure in the film produces
scattering effects which reduce reflectivity and destroy coherence.
For germanium it appears to be difficult to obtain epitaxial films
that do not possess residual roughness. This is because, as pointed
out in Chapter Two, Section D, the deposition conditions for epi-
taxial f£ilms are in opposition to the requirements for smooth films.
However, there is evidence that the situation is not so severe in
the case of epitaxial lead salt films [5). Roughness is the most
serious problem confronting the calculation of the optical constants.
However, if the mean film thickness is muéh larger than the rms sur-
face roughness, its effect may be ignored 1in transmission and ex-
perimentally compensated in reflection., When thickness and rough=
ness are of the same order, coherence 1s destroyed and it is for
this reason that we were unable to apply the two thickness, two
transmission method for germanium. Extensions of this réséarch
should concentrate on devising methods 'of producing smooth films,

possibly through techniques other than vacuum deposition.




(2) Cleaved surfaces. Our inability to produce high quality

polished surfaces on CaF, led us to use cleaved surfaces. These
cleaved surfaces were smooth microscopically but rough macros-
copically. Their result was to produce systematic errors in the
reflectivity and transmissivity amplitudes (less so in the latter
than in the former). Careful selection of the portion of the
sample area to be studied helped minimize this difficulty.

(3) Reflectometer misaiignment. The alignment of the sample
opticslfor measur ing reflectivity was described in Chapter Four,
Seption A-1. Because the reflected iight ray does not follow the
same optical path as the incident ray, there is always some dif«~
ficulty in aligning to measure absolute refleétivity. In our work,
we used as an alignment standard a very carefully etched sample of
bulk germanium. In this way we were able to reduce errors associated
with this problem by periodically checking our film alignment pro-
cedures with our standard.

(4) Stress effects. 1In Chapter Four, Section C-3, we discussed
the energy shift in the characteristic film reflectivity peaks due
to the difference in the thermal expansion coefficients of the film
and substrate. As a result, we must be cautioué in ascribing struc-
ture appearing in film optical spectra as being precisely at the same

energy as it would appear in the bulk material. However, in relation

to the entire film optical response spectrum considered here (2-6 eV)

the effect is small (~ 40 millieV) and may be neglected.

D N



In Chapter Four, Section B, we gave the results for the effect
of deposition parameters on the reflectivity and crystallinity of
films on fused quartz. These results show that both reflectivity
and crystallinity have a strong dependence on substrate temperature
and a weak dependence on deposition rate. The crystallinity and
reflectivity structure improves with increasing substrate temper-
ature; however, the magnitude of the reflectivity becomes degraded

beyond a certain substrate temperature due to increasing roughness

effects. In this same section, we also presented the optical response

of three epitaxial germanium films on CaFp. These results indicate
interband transition structure corresponding closely to that ob-
served in bulk materiél, even in the case of films ~ 25 atoms thick.
The résults of Chapter Three relating to conclusion (b) above
lead us to believe that similar analyses should be undertaken for
the dispersion method, polarimetric methods, and other photometric
methods in order to determine the efficacy of each for calculating
optical constants. The results for the RT method and the two thick-
ness, two transmission method argue eloquently for the necessity of
investigating in detail whatever other methods may be chosen in or-
der that experimental conditions may be arranged for optimum results.

It has become apparent since the inception of this research

that interest has begun to grow in the optical properties of epitaxial

semiconductor thin films. This has been particularly true recently

5-10



of the lead salt semiconductors (3-5). It is possible to conceive
of several experiments in the range 2 eV to 6 eV for which epi-
taxial films would be particularly suitable; for example, magneto-
optic measurements such as magnecogbsorption and Faraday and Voigt
‘effects, hydroétatic pressure shifcs, and photoconductivity in-
vestigations are a few of the possible extensions of the research

begun in this thesis.

In addition, it may prove mor e feasible to produce certain
transition metal oxides and semiconductor alloys in epitaxial film
form than in the bulk state. 1In fact, it:may be possible to con-

trol the crystallographic phase of the film by the choice of sub-

strate.

5-11




(1)

[2]

[3]

[4]
(5]
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The change in boundary values due to moderate gain
should produce small inaccuracies, of the order of a few
percent, if the low-gain model is used to describe giant-
pulse laser energy release.

Of the assumptions used in proving minor differences
between the two cases, the assumption of uniform

H. WENZEL

photon density and distribution of the effect of standing
waves is the greatest source of potential inaccuracy.
This is because higher gain values reduce the influence
of the standing wave and the spatially varying part of
inversion and thereby change the value of N rather than
altering Eq. (B26) because of moderate values of N.
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Measurements have been made of the normal incidence reflectivity and transmissivity coefficients R and
T of thin germanium films. Films were deposited ¢# vacuo on fused quartz substrates where the crystalline
perfection of the film was controlled by varying the substrate temperature so that the effect of crystalline
order on reflectivity could be observed. Epitaxial films were grown on cleaved CaF; substrates to thicknesses
in the range 100-3000 A&. Structure in the reflectivity and transmission spectra showed these films to possess
bulk band properties. However, the amplitudes of R and T were affected by the presence of film surface
roughness believed to originate from nucleation and growth phenomena. Also, compressive strain induced
by the difference in thermal explansion coefficients between Ge and CaF; shifted interband transition
structure to slightly higher energies. Values of the optical constants were deduced from R and T. When
experimental and calculational difficulties peculiar to the film method are accounted for, the results cor-
respond closely to those of the Kramers—Kronig analyses of bulk reflectivity data.

I. INTRODUCTION

IN this paper we examine the degree to which optical
properties derived from measurements of semicon-
ductors in the form of films can be correlated with opti-
cal properties of the materials in the bulk state. The
problem chosen for detailed study was the determin-
ation of the optical properties of germanium films from
reflection and transmission measurements. Much is
known concerning the band structure of bulk crystalline
germanium, which, in addition to the fact that films of
this material are easily prepared in a variety of stages
of crystalline perfection, makes it ideally suited for this
investigation. This section summarizes the results of
reflectivity measurements on bulk crystals and also pre-
vious film work. Section IT contains a discussion of the
film preparation techniques and optical apparatus used
in this work. Section III presents results for the reflec-
tivity and transmissivity coefficients of polycrystalline
and epitaxial films. Section IV includes the calculation
of the optical constants from the data of Sec. III, and
Sec. V contains a discussion of the over-all results and
conclusions.

* This research was supported by the U. S. Office of Naval Re-
search and formed part of a thesis submitted by P. M. Grant to
the Division of Engineering and Applied Physics, Harvard Uni-
versity, in partial fulfillment of the requirements for the Ph.D.

egree.
IBM Pre-doctoral Fellow. Present address: IBM Research
Laboratory, San Jose, California.

Energy band calculations'™® in conjunction with re-
flectivity experiments*8 have led to an understanding
of the nature of interband transitions at energies up to
20 eV greater than the forbidden gap. The pseudopo-
tential energy bands of germanium have been calculated
by Brust? and are shown in Fig. 1 along with the im-
portant critical point transitions. Mo, M, and M, desig-
nate the type of critical point behavior and are explained
in Ref. 2. Figure 2 depicts the reflectivity of bulk single-
crystal germanium in the region of 2000 to 6000 A as
found by several workers.4"8 The (Ly— L;) and
(A3 — A;) transitions are responsible for the reflectivity
peaks near 6000 A ; the L transition is thought to cause
the onset of these peaks, while the peaks themselves
are due to the A transition. Two peaks occur in the
spectrum because of the spin—orbit splitting (not shown
in Fig. 1) of the A; valence band. The main peak near
2800 A is due to the combined effect of the (X4 — X3)

17. C. Phillips and L. Kleinman, Phys. Rev. 116, 287 (1959).

2 D. Brust, Phys. Rev. 134, A1337 (1964). ,

3D. Brust, J. C. Phillips, and F. Bassani, Phys. Rev. Letters
9,94 (1962).

4H. R. Philipp and E. A. Taft, Phys. Rev. 113, 1002 (1959).

5 J. Tauc and E. Antoncik, Phys. Rev. Letters 5, 253 (1960).

¢ H. Philipp and H. Ehrenreich, Phys. Rev. 129, 1550 (1963).

7 J. Tauc and A. Abraham, Proceedings of the International Con-
ference on Semiconductor Physics, Prague, 1960 (Czechoslovakian
Academy of Sciences, Prague, 1961), p. 375; J. Phys. Chem.
Solids 20, 190 (1961).

8 T, M. Donovan, E. J. Ashley, and H. E. Bennett, J. Opt. Soc.
Am. 53, 1403 (1963).
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and (24— Z;) transitions,? and the small peak near
2100 A has been assigned to the (L;' — Ls) transition
which is not explicitly designated in Fig. 1. As Fig. 2
shows, agreement exists among the various workers as
regards structure in the reflectivity spectrum; however,
there are differences in the absolute amplitudes due to
differences in sample surface preparation. Donovan
et al.® have obtained the best reflectivity values yet by
using electropolished surfaces, and their results are used
as the standard in this paper. By using dispersion theory
(Kramers-Kronig analysis), the optical constants have
been deduced from the reflectivity data of Philipp and
Taft* and more recently by Philipp® from that of Ref. 8.
The results are given in Fig. 3 and will be compared to
those obtained from film data. Figure 4 gives the skin
depth § (9=1/a==)/4rk) for germanium from which one
can see that very thin samples are necessary to perform
transmission measurements in the range of 2-6 V.

+ . —
10,0,00 #00 335 o) (o001

S4P

F1c. 1. The pseudopotential energy bands of germanium as
calculated by Brust with some of the principal transitions
indicated.

Previous measurements’®3 of the optical properties
of thin germanium films showed little resemblance to
those of bulk material. Gebbie'? appears to have been first
to appreciate the importance of crystalline perfection
and its effect on optical properties. He found that an-
nealing his films after deposition for several hours at
temperatures up to 525°C produced an electron diffrac-
tion pattern of fine Debye-Scherrer—Hull rings charac-
teristic of the polycrystalline state. The optical con-
stants for such a film are shown in Fig. 5 along with
those of Ref. 9. Here the qualitative agreement among
the values of % is tolerable, but » appears to oscillate
wildly. Since this work is unpublished, we cannot be
sure of the method used to obtain » and k. However, it

® H. R. Philipp (private communication).
1H. M. O’Bryan, J. Opt. Soc. Am. 26, 122 (1936).
1'W. H. Brattain and H. B. Briggs, Phys. Rev. 75, 1705 (1949).

2H. A. Gebbie, Ph.D. thesis, Reading, 1952 (unpublished),
according to Ref. 13.
18 F. Lukes, Czech. J. Phys. B10, 59 (1960).
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Fic. 2. Reflectivity of bulk germanium. 1. Donovan e al.
(Ref. ;3); 2. Philipp and Taft (Ref. 4); 3. Tauc and Abraham
(Ref. 7). )

is reported by Heavens that Gebbie employed the
transmittances of two or more films to deduce the optical
constants. If this is the case, then the theory of Ref. 15
provides an explanation for the oscillatory behavior of
» which shows it to be an effect of the method of cal-
culation and not an intrinsic property of the material.
The most recent optical constant results are those of
Lukes, shown in Fig. 6. These display fair qualitative
agreement with the dispersion results over a common

7 T T T T T T T T
——REF 9
--—-REF. 4

ol—1 11 v v 11

40 A 50 .60

F16. 3. The optical constants of germanium as obtained by
Kramers—Kronig analyses.

1 0. S. Heavens, Optical Properties of Thin Soild Films (Butter-
worths Scientific Publications Ltd, London, 1953).

16 P, M. Grant, J. Opt. Soc. Am. (to be published) ; P. M. Grant,
Bull. Am. Phys. Soc. 10, 546 (1965) ; P. M.. Grant, Gordon McKay
Laboratory of Applied Science, Harvard University, Technical
Report No. HP-14, 1965 (unpublished), CFSTI AD-619071.
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F1G. 4. Skin depth of germanium as a function of wavelength.

wavelength region. This is somewhat surprising because
his films were neither deposited on hot substrates nor
post-annealed to improve their crystallinity. That the
crystallinity was indeed poor can be seen from his Fig. 5
which shows the reflectivity of one of his films. It cor-

7 T T T T T T T
- REF. 9
F ~-——REF. 12

ol—t 1 ¢ a1 1 5

A0 a\(p).50 .80

F16. 5. Optical constants obtained by Gebbie from germanium
thin films, shown by the broken line. The solid line indicates
Philipp’s calculations from the data of Donovan ef al.

GRANT AND W.

0 ! { 1 H H 1 H 1 1
40 350 50

F1G. 6, Optical constants obtained by Lukes from germanium
thin films, shown by the broken line. The solid line indicates
Philipp’s calculations from the data of Donovan ef al.

responds roughly to our result for a film on fused quartz
shown by curve 4 of Fig. 9 which was definitely known
to be of poor crystalline quality.

Measurements of either the transmissivity or reflec-
tivity (but not both) of thin germanium films have been
reported by Donovan and Ashley,!® Tauc ef al.,”" and
Cardona and Harbeke.’ In the case of Refs. 16 and 17,
only the reflectivity was measured and the relationship
of their work to ours is studied in Sec. ITI. Cardona and
Harbeke have measured the transmissivity (but not re-
flectivity) of several rather thick epitaxial films on CaFs.
Their total results account for the proper interband tran-
sitional structure; however, the magnitude of their
transmissivities is in great disagreement with those cal-
culated from bulk optical constants for the stated
thicknesses.

II. EXPERIMENTAL PROCEDURES
A, Film Preparation

Vacuum deposition techniques were used to prepare
film samples on both fused quartz and CaF; substrates.
The vacuum system was comprised of a 4-in. oil diffu-
sion pump together with a mechanical forepump and
liquid-nitrogen cold trap. Using the cold trap, this sys-
tem was capable of maintaining pressures of 1-3X10~*

(119664?‘). M. Donovan and E. J. Ashley, J. Opt. Soc. Am. 54, 1141
77§, Tauc, A. Abraham, L. Pajasova, R. Grigorovici, and A.
Vancuy, in Proceedings of the International Conference on Physics
of Non-Crystalline Solids, Delft, 1964, J. A. Prins, Ed. (Inter-
science Publishers, New York, 1965).
18 M, Cardona and G. Harbeke, J. Appl. Phys. 34, 813 (1963).
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Torr during evaporation. The germanium source ma-
terial was heated to evaporation temperatures in a tung-
sten boat of 0.005-in. thickness. The substrates were
held about 6 in. above the source and were clipped to a
0.020-in. Ta plate with 0.005-in. Ta spring clips. This
assembly was then heated from above by a series of
0.015-in.-diam Ta wire heater coils. The substrate tem-
perature was measured by a Pt-Pt 109, Rh thermo-
couple held on the substrate surface with one of the
Ta clips. The general procedure was to outgas the source
and bake out the substrate for about 5 min before re-
leasing a shutter and exposing the substrate to the evap-
orant beam.

A survey was made of possible substrate materials
suitable for heteroepitaxial deposition of germanium.
The following factors were taken into consideration:

(a) The substrate must be transparent to radiation
with wavelength between 2000 and 6000 A so that
optical transmission measurements could be made on
the deposited film.

(b) The present data on heteroepitaxy appear to
suggest that the film and substrate lattice structure and
lattice constants must match each other to a degree
depending on the extent to which the bonding of the
film material is fonic. That is, it seems that the greater
the ionicity of the valence bonds of the film, the greater
is the lattice mismatch with the substrate that can be
tolerated. Therefore, as the germanium bond is non-
ionic in character, a reasonable match of its lattice con-
stant to that of the substrate is to be demanded.

(¢) Because the substrate must be heated, it has to
be able to withstand the temperature necessary for
epitaxial growth without undue deterioration. Since this
temperature runs between 500° and 700°C, the melting
point of the substrate should be considerably above this
range.

(d) Again, because the substrate must be heated, its
linear thermal expansion coefficient becomes an impor-
tant parameter. If the difference between the film and
substrate thermal expansion coefficients is large, then
large stresses are induced into the film on cooling to
room temperature. This effect is discussed in Sec. III.

Of the presently available optical crystals, CaF» and
SrF; come closest to satisfying all of the above criteria.
We chose CaFs for our work primarily because of the
abundance of experience with this material as a sub-
strate for germanium films.!*# The substrates were
prepared by cleavage in air from a large single crystal.
The resulting slab was 1 cm square by 1-2 mm thick,
Sometimes several attempts were required to obtain a
fairly smooth substrate surface. That is, the'substrates,
although being smooth on an atomic scale, would usually
display a proliferation of cleavage steps on a macro-

1% 7. Marucchi and N. Nifontoff, Compt. Rend. 249, 435 (1959).

¥ G. G. Via and R. E. Thun, Natl. Symp. Vac. Technol. Trans.
8, 950 (1962).

2 B. W. Sloope and C, O. Tiller, J. Appl. Phys. 33, 3458 (1962).

% A. Catlin, A, J. Bellemore, Jr., and R, R, Humphris, J. Appl.
Phys. 35, 251 (1964). o ’
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F1c. 7. Schematic
diagram of the opti-
cal signal path. The
scale has been¥dis-
torted for clarity.
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scopic level. The substrates were usually used immedi-
ately, but at other times several days would elapse:
This did not seem to make any difference in the growth
of the film, The fused quartz substrates were the same
size as those of CaF; and were prepared for deposition
by washing in HNO; and acetone.

The crystal structure of the deposited film was in-
vestigated using reflection electron diffraction and its
surface topography studied by optical microscopy. The
latter revealed the presence of surface roughness in those
films deposited at high substrate temperatures and low
deposition rates. Such behavior has been observed by
several workers!”-%#% and leads to degradation of the
film optical response. This is further discussed in Sec. ITI.

Of the various' methods available for film thickness
measurement we chose infrared transmissivity. In the
wavelength region above 1.8 pu, germanium may be
treated as a dielectric. In this spectral range, the index
of refraction appears to be rather independent of crystal-
line order so the method was applied to all films,
whether epitaxial or polycrystalline. The rms deviation
for measurements made on any one film was about 20 A.

B. Optical Measurements

Figure 7 is a schematic diagram of the optical path
of the spectrophotometric system used to make meas-
urements of the optical response coefficients. Light from
the lamp L passes through filter F and is focused by
the mirror system Mi, M, onto the entrance slit of a
3-m Ebert grating monochromator manufactured by
Jarrell-Ash Company. Monochromatic light emerges
and passes through chopper C and is then focused by
the “mirror lens” system M, M;, M; onto the sample
S. It is easily seen that if the mirrors Mg and My are
identical and the optical paths S— M¢— PM and
S — Mg — PM are equal, then both transmissivity and
reflectivity can be measured by a simple sample-in—
sample-out technique. The mirrors were aluminized to-
gether and care was taken in alignment to keep the

23 3
(196?)‘.W. Sloope and C. O. Tiller, Japan. J. Appl. Phys. 2, 308

% R. S. Sennett and G. D. Scott, J. Opt. Soc. Am. 40, 203
(1950).
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Fic. 8. Reflection electron diffraction patterns of Ge films de-
posited on fused quartz at various substrate temperatures. The
deposition rate was from 120 to 220 A/min for all films except
film 1, where the high substrate temperature made it necessary
to raise the deposition rate to 3000 A/min in order to form a film.

optical path lengths as equal as possible. The average
angle of incidence was 7°, essentially normal incidence.
A tungsten lamp was used as the light source for the
range 6000-3500 A, while a high-pressure deuterium
discharge device provided source energy down to 2000
A. The photomulitplier detector was an EMI 6256B
and the technique of phase sensitive detection was used
in the electronic portion of the system.

The most difficult part of the experimental procedure
was aligning the optics for the measurement of absolute
reflectivity. Use of cleaved substrates made necessary
a search for large film areas sufficiently level to allow
optical alignment over the whole wavelength region.
By carefully scanning the sample surface, we were us-

M. GRANT AND W.

PAUL

ually able to find an area flat enough to accommodate
the slit image (about 2 mmX0.5 mm). In order to assure
that absolute reflectivity was being measured, a bulk
germanium sample was prepared by careful polishing
and etching and its reflectivity taken in order to com-
pare with values found by other workers. With a freshly
etched surface, repetition of the alignment and measure-
ment procedure indicated a scatter in the over-all re-
flectivity amplitude of +09,, —29, absolute in the
wavelength region 3500-6000 A and 19, —49, ab-
solute in the wavelength region 2000-3500 A about the
values of Ref. 8. For our purposes, this degree of ac-
curacy was considered sufficient.

Alignment errors in the measurement of film trans-
missivity are thought to be small. Care was taken to
keep observations in a pinhole-free region; however,
some error was probably caused by substrate refraction.
Errors of this type are estimated to be about 109 rela-
tive. On the other hand, scattered light considerations
limited the transmission measurements to values above
1073,

III. RESULTS FOR THE FILM REFLECTIVITY
AND TRANSMISSIVITY COEFFICIENTS

A. Polycrystalline Films

Figure 8 displays the reflection electron diffraction
(RED) patterns for five germanium films deposited on
fused quartz substrates held at different substrate tem-
peratures. We see from the broadening of the Debye~
Scherrer-Hull rings that there is a progressive decrease
in grain size with decreasing substrate temperature. The
effect on the film reflectivity can be seen in Fig. 9. In-
terference effects due to low absorption and film thin-
ness appear at wavelengths above 3300 A; hence care

7 1 T T T 1 T i T
o 3 =
4
= -
R 4
L4 4
1
%o 3 2
1
L L
Ak —
5 -
o1
3 LcUuRvE  AfA/min ofk)  TsEC) T
- 1 ~ 3000 1020 780 i
2 218 432 800
2k 3 122 245 450  —
4 i52 300 300
L 5 ~ 150 910 25 -
1 1 1 [ 1 | ) | t {
1726 30 40 56 60
Mipd

F16. 9. Reflectivity of Ge films on fused quartz for various sub-
strate temperatures. A=deposition rate, a=film thickness,
Ts=substrate temperature.
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must be exercised in interpreting effects in this region
as Intrinsic. However, below 3500 A the absorption is
sufficiently high so that the reflectivity is independent
of thickness. In this range, we see that the shape of
the 2, X peak deteriorates with decreasing grain size
{or with DSH ring broadening) until it completely dis-
appears in the film deposited at room temperature. It
might be expected that polycrystalline germanium
would have the same optical response as single-crystal
germanium and this is true up to a point. However, it
is clear that ultimately the crystallite size can become
so small or internal strain so great that even short-range
order is deeply perturbed. Tauc el al.'" interpret the
resulting reflectivity spectrum as that which would
occur for interband transitions with only energy con-
served. That is, strong singularities in the joint density

of states no longer appear due to the breakdown of-

symmetry and all interband transitions can be consid-
ered as indirect. This interpretation accounts for the
loss of sharp reflectivity structure as one proceeds to
the amorphous state. One notices that the amplitude of
the Z, X peak of film 1 is considerably below those of
the other polycrystalline films. This is due to scattering
of the incident uv light by a rough film surface arising
from deposition at elevated substrate temperatures. The
onset of roughness with increasing substrate tempera-
tures is a well-known effect.”* Trying to optimize the
amplitude of the Z, X peak involves finding a tempera-
ture at which long-range order will still be present, yet
surface roughness will not. Our best sample in this re-
spect was the 600°C film 2 of Fig. 9 which gave a value
of 649, agreeing well with that of Ref. 16. The remain-
ing difference with the bulk is probably due to a residual
roughness effect.

The 780°C film 1 was thick enough to suppress most
of the interference effects in the long-wavelength region.
It is seen that this film possesses all of the bulk reflec-
tivity structure except that the A spin-orbit split peaks
are severely distorted. From a similar study of these
peaks under different states of disorder, Donovan and
Ashley'® imply that, for bulk crystals, a reassignment
from the spin—orbit splitting scheme to one in which
the low-energy peak belongs to L-point transitions and
the high-energy peak to A-point transitions should be
considered. In fact, such could be the case for polished
bulk surfaces or highly polycrystalline films; however,
the former interpretation still seems to be the correct
one for the bulk single crystals because:

{(a) Tt accounts in a clear manner for the theoretically
predicted spin—orbit splitting.

(b) A transitions occur at Mi-type saddle points
while L transitions occur at Mop-type saddle points.?
The former have the proper shape to produce reflec-
tivity peaks whereas the latter would tend to produce
at best weak ones.

THIN GERMANIUM FILMS 3115

{¢) Pressure measurements of Zallen ef al.?® show that
both peaks have the same pressure coefficient, as would
be expected if they arose at the same point in % space.

(d) The L transitions have actually been observed
apart from the A transitions by Greenaway?® for GaAs
and by Cardona and Greenaway¥ for ZnTe and CdTe.

Reflectivity measurements on polycrystalline Ge films
evaporated on fused quartz substrates held at 600°C
with deposition rates ranging from 134-3850 A/min
have been taken. The results indicated that variations
of this parameter within the above range produced
changes in the reflectivity spectrum and RED patterns
that were much smaller than those caused by changes
in substrate temperature and whose interpretation
would be very difficult.

B. Epitaxial Films on CaF;

The optical properties of over 40 epitaxial films on
CaF, were examined. Figures 10-15 show the results
for three typical films deposited under conditions felt
to give good crystalline quality yet minimize surface
roughness. Figure 10 gives the RED patterns for these
films and clearly shows their epitaxial behavior. The

Ts = 600°C Ts = 620°C
A = 9258 /min A =810R /min
a = 18508 o 1354

F1c. 10. Reflection
electron  diffraction
patterns of epitaxial
Ge films on cleaved
Cal’y. The notation
is the same as in
Fig. 9.

Ts = 600°C
A =750R/min
a =250R

% R. Zallen, W. Paul, and J. Tauc, Bull. Am. Phys. Soc. 7, 185
(1962); R. Zallen, Technical Report No. HP-12, Gordon Mc-
Kay Laboratory of Applied Science, Harvard Universtiy, 1964
(unplublished).

% D. Greenway, Phys. Rev. Letters 9, 97 (1962).

# M. Cardona and D. Greenaway, Phys. Rev. 131, 98 (1963).
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Fi16. 11, Reflectivity of a 1850-A epitaxial germanium film on (k)

CaF; compared to that of bulk germanium. Fic. 14. Reflectivity of a 135-4 epitaxial film on CaF; compared

to theoretical values calculated from the data of Ref. 9.
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o e amination of Figs. 11-15 shows this to be true. Each

R e . epitaxial film has all the principal structure indicated

‘/_,o e, o by bulk reflectivity, including A spin—orbit splitting.
I . R A * This is most strikingly brought out in Fig. 11 for the

“eeseres 1850-A film (the shift of the A peaks are discussed
- below). Even the 135-A film, which is only about 25

4 . atoms thick, reveals the structure predicted by bulk
: measurements, and, in fact, the proper structure was

observed in still thinner films. Because of the agglom-

3 _210 ! _3'0 : .Jo : ,_-,lo : .slo' erate character of the films, this indicates that short-
Mw) range order is far more important than long-range order

Fic. 12. Reflectivity of a 250- epitaxial film on CaF, compared in the formation of critical points in the band structure.
to theoretical values calculated from the data of Ref. 9.
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Fic. 13. Transmissivity of the same 250-A film as in Fig. 12 F16. 15. Transmissivity of the same 135-A film as in Fig. 14
compared to theoretical values calculated from the data of compared to theoretical values calculated from the data of
Ref. 9. - Ref. 9.
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The RED patterns indicate the presence of stacking-
fault and twin types of defects in each of our epitaxial
films ; however, what their effect should be in producing
fine structure in the film optical response is not presently
known.

The reflectivity amplitude of the 1850-A film of Fig.
11 should in principle be equal to that of bulk germa-
nium as its thickness is sufficient to suppress interference
below 6000 A. The reason it does not is due primarily
to scattering from a rough surface arising from the ag-
glomerate growth of the film. It has been shown by
Porteus and Bennett?® that the following relation for
the reflectance of a rough surface,

R= Ry exp[ — (4ma/N)], 1)
where Ry is the reflectivity of a perfectly smooth surface
of the same material and o is the rms value of the devi-
ations from mean thickness, is valid under the following
assumptions:

(a) The surface irregularity distribution must be
Gaussian.

{(b) The reflected light must be coherently scattered
from the surface, a condition which holds for o/AK1.
The ratio R (film)/R(bulk)for the 1850-A film vs 1/A2
is given in Fig. 16. It is seen to yield approximately a
straight line, in agreement with (1), whose slope deter-
mines a ¢ of 76 A. By way of comparison, we might
point out that the rms roughness of the usual variety of
microscope slide is about 10-15 A, Equation (1) pre-
dicts that as A—w, R— Ry; however, Fig. 16 shows
that R — 0.091 Ry. This 99, difference can be explained
as a constant systematic error in the film reflectivity
due to misalignment and poor optical imaging because
of the cleaved surface. For the 250-A film of Figs. 12
and 13 we may perform a similar analysis by using only
the reflectivity in the region below 3500 A and extrapo-
lating to infinite wavelength. In this region the skin
depth is small (see Fig. 4} and interference does not
occur. This procedure leads to =50 A and R,=0.95 R,.
In addition, we see from Fig. 13 that roughness is not
without its effect on the uv transmittance where T of
the film falls below its theoretically predicted value by
about 509 at A=2000 A.
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F1c. 16. Plot of R(film)/R(bulk) vs 1/A? for the 1850-4.
epitaxial Ge film on CaF..

8 H. Bennett, J. Opt. Soc. Am. 53, 1389 (1963); J. Porteus,

zgiéié.lg.i& 1394 (1963); H. Bennett and J. Porteus, ibid. 51, 123
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Fic. 17. Effect of film stress on the reflectivity peaks of
the 1850-A epitaxial Ge film on CaF,.

Figures 14 and 15 show the optical response of a film
whose thickness was measured by infrared transmission
to be 135 A. We see that the experimental values of R
and T depart considerably from corresponding theo-
retical values, 7" measured being higher than T calcu-
lated (except in the far uv region) with the reverse true
for R. The theoretical T and R are computed for a given
film thickness using the data of Ref. 9 and the equations
of Ref. 15. This behavior was observed in each of our
very thin films; thus the film of Figs. 14 and 15 is not
a mere variant. The disparity in amplitudes is probably
due to the breakdown of coherent interference effects
when the rms roughness of the film approaches an ap-
preciable fraction of the mean film thickness. This re-
sults in phase averaging or intensity addition for the
theoretical R and T expressions of Refs. 15 and 29.
The effects of such averaging have been calculated and
the results confirm the observed behavior. The scatter-
ing will not be nearly as strong for ir radiation ; hence,
measurements of transmission here can still be used to
calculate thicknesses.

Surface roughness in epitaxial germanium films on
CaF; has been studied by Sloope and Tiller. Their
investigations indicate that conditions for good epitaxy
are also conditions for appreciable roughness, and that
the size of the agglomerates is of the order of some
thousands of angstroms with thickness variations as
much as 200 A. Surface roughness is the most serious

¥ I, Harris, J. K. Beasley, and A. L. Loeb, J. Opt. Soc. Am. 41,

604 (1951). This paper contains a discussion of the appropriate
phase-averaging procedures for thin-film formulas. ‘
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problem preventing the fabrication of films with bulk
optical properties.

C. Effect of Induced Strains in the
Films on Optical Properties

Because of the difference in thermal expansion be-
tween film and substrate, there will appear an induced
strain in the film as it is cooled from its formation tem-
perature. The effect of this strain is clear from Fig. 17,
where it is seen that both the A peaks and the 2, X peak
are shifted to higher energies. In the discussion to follow,
we make the following idealizations: '

(a) The film and substrate are assumed to be iso-
tropic, homogeneous, and temperature-independent in
their thermal expansion properties.
~ {b) The film is assumed not to constrain the expan-
sion of the substrate.

(c) Theinduced stress is considered as if it arose from
forces applied at the faces of the film edges.

The constraining condition that gives us a relation
for induced stress is that elongations of both film and"
substrate are necessarily equal. This leads to

X= (aGe-aCan)AT/S) (2)

where the o’s are the appropriate linear thermal expan-
sion coefficients, AT the temperature change, and S and
X are the appropriate inverse Young’s modulus and
induced stress, respectively, for the direction of elonga-
tion under consideration. For a film whose axis of epitaxy
is [1117], the [110] and [112] directions along with
[1117 form a mutually orthogonal set of which [110]
and [112] may be considered the directions of applied
stress. For each of these directions, .5 becomes

S=1L(su+s12+544/2,) 3)

where 511, $12, and sy are the the compliance con-
stants. For room-temperature values of ag.=5.75X10-%/
°C® and acer,=19.5X10~%/°C,* s13;=0.97X 10~%/atm,
s19=—2.63X10"7/atm, and s44=1.50X 10~8/atm,* with
AT=-575°C, (2) and (3) give X=10800 atm
compressive. /

_Brooks’ equation for the shift of an energy band under
strain may be written as®

SE=E,Tru+Ek (u—31Tru) k. @)

Here E, and E; are deformation potentials, £ is the unit
vector in k space to the band edge in question, and u is
the strain tensor. We will take 8F, F;, and £, to refer
to transitional energy differences instead of band edges.
We note that in the case of hydrostatic pressure, Eq. (4)
in conjunction with the generalized Hooke’s law gives

5E= —"3E1(511+2812)X, (5)

® Selected Constants Relative to Semiconductors, P. Aigrain and
M. Balkanski, Eds. (Pergamon Press, Inc., New York, 1961).

3 Handbook of Chemisiry and Physics (Chemical Rubber Pub-
lishing Company, Cleveland, Ohio, 1955).

2 H, Brooks, in Advances in Electronics and Electron Physics, L.
Larton, Ed. (Academic Press Inc., New York, 1956), Vol. 7;
R. W. Keyes, in Solid State Physics, F. Seitz and D. Turnbull,
Eds. (Academic Press Inc., New York, 1960), Vol. 11.
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where X is the pressure. This relates E; to the hydro-
static pressure coefficient dE/9P.

For applied biaxial stress X in the [110] and [112]
directions, the stress tensor is

2 -1 -1
X 1 1 (6)
o=—|— 2 —1}. 6
3
-1 -1 2

Hooke’s law and (4) yield for the (A3 — A;) transition
in the [111] direction

8Bt =2E:* (su+2512) X — 3 E2s44X. (7)

On the other hand, for A transitions in [ 111]-type direc-
tions, we have

0Bt = 2E4 (5114 2510) X+ § Eots44X. )
A similar analysis for the Z, X transition gives
‘ 0E 100X =2E\ % (suu+2512) X, )
8E110)% = 2F1% (s11+2510) X — § Eo%s34 X, (10)
and
SE 10 =2E1(s11+2510) X +§ EosuuX. 1)

We see that there is always a part related to hydrostatic
pressure in addition to the shear component which lifts
the degeneracy of otherwise equivalent transitions. The
detection of this splitting was beyond the resolution
of our experiments and its principal effect was probably
to broaden slightly the reflectance peaks of the films.

Philipp, Dash, and Ehrenreich® have performed uni-
axial stress measurements on the A transition of Ge.
Using their value of Ey2=—2.0 eV¥*and E2=—5.6 eV
calculated from Zallen’s* value of the hydrostatic pres-
sure coefficient, we obtain 6Emnt=(—4.0X10"%
eV/atm)X and SEmy*= (—5.3X10~% eV/atm)X. As
there are three times as many (111) transitions as (111),
we take the over-all shift to be the weighted average of
5E[111]A and 5E[111]A or 6EA= (—50)(10_6 eV/atm)X.
From Fig. 17, we have 6 EA=44410 meV as the observed
mean shift of the A doublet which implies a value of
88002000 atm for the induced biaxial compressive
stress to be compared with 10 800 atm calculated from
thermal expansion.

E, and E; for the Z, X transition are not known at
present. However, an estimate can be made of E; from
the pressure coefficient for the Z, X transition in silicon
found by Zallen? to be about 3X10~% eV/atm. There
is an empirical law which states that among semicon-
ductors with similar band structures, the pressure co-
efficients for transitions between similar irreducible rep-
resentations at identical points of their Brillouin zones
are approximately equal?% We therefore take Zal-
len’s result to hold for germanium also. For purposes of
calculation, we will assume E;¥ = E;% and E;*=0. From

133612{. Philipp, W. Dash, and E. Ehrenreich, Phys. Rev. 127, 762
( g‘T)h.is number was calculated from data contained in Refs. 33
and 25. The value of E; actually given in Ref. 33 is believed to

be in error.
3 W, Paul, J. Appl. Phys. 32, 2082 (1961).
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Fig. 15, 8EX*=331+12 meV which results in X=
16 5006000 atm compressive biaxial stress. The factor
of two difference in the A and 2, X results cannot, at
present, be attributed to anything except experimental
error. Although a shift of reflectivity peaks was ob-
served in all epitaxial films, it was carefully measured
only in the 1850 A film. Rather dramatic evidence of
the film stress occurs as the film is made thicker. Since
the stress force is applied at the film-substrate interface,
a bending moment is created in the film which increases
with film thickness until some critical value is reached
whereupon the film begins to break away from the sub-
strate. For a substrate temperature of 600°C, the critical
thickness appears to be around 3000-4000 A as de-
duced from observations of thick films that rapidly
broke up immediately after deposition.

IV. CALCULATION OF THE FILM
OPTICAL CONSTANTS

The theory necessary for the deduction of the optical
constants from measurements of thin-film reflectivity
and transmissivity is discussed elsewhere'® and only the
ptincipal conclusions and results are presented here.
Using appropriate theoretical expressions for R and T,
the optical constants may be recovered through a New-
ton-Raphson iteration using a high-speed digital com-
puter. In doing this, it is found that there are certain
regions in which the derived »# and % are very sensitive
to small changes in R and 7. This fact, however, is
shown in Ref. 15 to be intrinsic in the theoretical de-
velopment and is not connected with any particular
method of numerical analysis. The sensitivity to ex-
perimental error arises from the existence of at least
one branch point in the dependence of # and % on R
and T. The branch point originates from the fact that
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Fic. 18. Wavelength region where |8r/dR| > 20 as a function of
film thickness. The optical constants of Ge from Ref. 9 were used
in Ref. 15 to calculate this bar diagram. The criterionon |an/aR|
was determined by stipulating that an error of 0.5 absolute in the
derived n would be considered intolerable for an error of 2.5%,
absolute in the measured R.

700

THIN GERMANIUM FILMS 3119

| — T T T 1
BULK Ge
6 eee 2508 EPITAXIAL FILM -
nk [
5—
4—
3
2_
I.—-
° | I N T TN (N N DU R

40 3y 50 60

Fic. 19. Optical constants derived from R and T measurements
on a 250-A epitaxial germanium film deposited on CaFs.

R and T are intensities and involve squares of the optical
constants. It turns out that the most critical behavior
is that of the real part of the index of refraction on re-
flectivity. Figure 18 indicates that there is always some
wavelength region for which # is highly sensitive to
small experimental errors in R. In fact, there is always
at least one singular point in |dn/dR|. However, there
appears to be an optimum film thickness range, al-
though experimental considerations may obviate its use.
In our work, we found 250 A to be a workable thickness
in both experimental and theoretical aspects and we
present the results for this film in Fig. 19. In performing
the calculation, the reflectivity in Fig. 12 was corrected
for roughness scattering according to the experimental
quantities R,=0.95R, and ¢=>50 A. These quantities
were calculated by extrapolating from the high absorp-
tion region and applying Eq. (1). The bars indicate the
error spread in # and & for an absolute error in R of
4+2.5% and in g of =10 A, and a relatve error in 7' of
+109,. We see that the discrepancy between the film
values of the optical constants and those of bulk Ge
(taken from Fig. 3) can be included, for the most part,
within the span of these conservative experimental esti-
mates. We see also that in the region in which no roots
appeared, namely, 3000 to 4100 A, corresponds almost
exactly to the region predicted by Fig. 18 for a 250-A
film as having very high sensitivity to experimental
errors in R and 7. Reference to Figs. 5 and 6 shows
that the present results are far superior to previous film
optical constant work, primarily because of the use of
epitaxial films.

V. CONCLUSIONS

In Sec. I it was stated that the object of this research
was to study the correlation between the optical prop-
erties of semiconductors in the film and bulk states
using germanium as the investigative medium. We be-
lieve the following to be the three main conclusions:
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(a) A correspondence can be established between the
crystalline perfection of a film as determined by diffrac-
tion techniques and the degree to which its optical
spectrum approaches that of a bulk single crystal. It is
interesting to note that although the grain size of our
very thin epitaxial films approximated that of the poly-
crystalline films, only the former possessed bulk optical
structure. This would suggest that it is some other fac-
tor, such as large intrinsic strain, rather than small
grain size that distorts the optical response of our poly-
crystalline films. However, the exact nature of the rela-
tion between grain size, texturization, intrinsic strain,
etc., and the band structure of a disordered material
is a subject which remains for future theoretical and
experimental development.

(b) We feel our measurements of R and 7 and calcula-
tions of # and k indicate that after experimental diffi-
culties have been taken into account the epitaxial films
have essentially the same optical properties as bulk
matrial. Hence we may consider the use of epitaxial
filins as reliable vehicles for investigation into the
optical properties of semiconductors in the high-absorp-
tion regions.

(c) However, because the theoretical discussions of
Sec. IV indicate that there will invariably be a region
of high sensitivity in the derived # and % to errors in
R and T, we may conclude that film determinations of
» and % will not supplant, but rather will supplement,
other methods such as polarimetry and dispersion anal-
yses. We have shown that in the regions where roots
are obtained, the film optical constants compare favor-
ably with the Kramers-Kronig result.

With regard to the statement in (b) concerning ex-
perimental difficulties, we believe these to be of four
types:

(1) Roughness scattering. As pointed out in Sec. III,
the deposition conditions for epitaxial films are in oppo-
sition to the requirements for smooth films and this
prevents attainment of bulk single-crystal optical prop-
erties. However, there is evidence that the situation is
not so severe in the case of epitaxial lead salt films.?
Extensions of this work should concentrate on devising
methods of producing smooth films, possibly through
techniques other than vacuum deposition.

(2) Cleaved surfaces. The result was to produce sys-
tematic errors in the reflectivity and transmissivity am-
plitudes (less so in thelatter than in the former). Careful
selection of the sample area to be studied helped mini-
mize this difficulty.

(3) Reflectometer misalignmeni. Because the reflected
ray does not follow the same optical path as the incident
ray, there is always some difficulty in aligning to meas-
ure absolute reflectivity. In our work, we used as an
alignment standard a very carefully etched sample of
bulk germanium. In this way we were able to reduce
errors by periodically checking our film alignment pro-
cedures with our standard.

% P. R. Wessel (to be published); C. E. Rossi, Gordon McKay

Laboratory of Applied Science, Harvard University {unpublished
data.)
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(4) Stress effects. In Sec. IT1, the energy shift in the
characteristic ilm reflectivity peaks due to the difference
in the thermal expansion coefficients of the film and
substrate was discussed. As a result, we must be cautious
in ascribing structure appearing in film optical spectra
as being precisely at the same energy as it would appear
in the bulk material. Particular care is to be exercised
in assigning physical significance to energy differences
between absorption edges in films and reflectivity peaks
in bulk crystals. On the other hand, in relation to the
entire film optical response spectrum considered here
(2-6 eV) the effect is small (~40 meV) and may usually
be ignored. :

Because of the roughness—coherence difficulties, we
were not able to investigate the effect of thickness on
the film optical properties. The influence of this param-
eter seems to be divided into two aspects: (1) the per-
turbative effect of the finite boundary on the bulk
energy levels, and (2) the “quantitization” of k space
in the direction normal to the film surface into intervals
of 2r/Na, where N is the number of atoms and « the
lattice constant. Of these, the second has the interesting
possibility of giving the density of states a two-dimen-
sional character and of splitting interband transitions
which occur between bands of nonzero slope. Such split-
tings may be hard to observe, however, due to compe-
tition from other directions in the Brillouin zone equi-
valent to the thickness direction.

It is possible to conceive of several experiments in the
range 2-6 eV for which epitaxial films would be par-
ticularly suitable; for example, magneto-optic measure-
ments such as magnetoabsorption and Faraday and
Voigt effects, hydrostatic pressure shifts, and photo-
conductivity investigations are some that can be con-
sidered. In addition, it may prove more feasible to pro-
duce certain semiconductor alloys in film form than in
the bulk state in order to study their optical properties.
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