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. 1. INTRODUCTION eiRs
Lot
This final report covers the period 9-1-84 to 11-30-86. During this ﬁ?ﬁ#;
DA
Lb time the program involved a research effort on ionized cluster beam AL
deposition (ICB), an effort to synthesize LiNbO3 films by sputter deposition, EHS ,
'..n‘ )
and the development of a high speed ellipsometer for in situ film deposition E; K
BOGY
monitoring. ;“F§
The work on ICB has mainly involved the installation and operation of a TR
RS RAY
single source ICB system and the design and installation of a triple source t;uf:,
SN
ICB system. The purchase of the ICB systems were the result of successive ﬁy: “
N
1983 and 1984 University Research Instrumentation Program (URIP) grants. g3
NN
\$$ Y
A
2. THIN FILM FACILITY NN,

A 1983 DoD University Research Instrumentation Program Grant to ISU was
used for construction of the first phase of a major thin film facility for NN
research on film growth. Specifically, the grant was to provide funding for
purchase of a single source ultrahigh vacuum (UHV) ionized cluster beam (ICB)
deposition system which would be coupled by a UHV transistor system to film

diagnostics chambers and other deposition systems. One of the other

deposition system, a UHV sputtering system had been constructed previously as

part of a research program on deposition of AIN thin films supported by ifzj'

AFOSR. A high resolution electron energy loss spectrometer with LEED and UPS :;E;Ei

. capability was constructed with support from DoD, DoE, and ISU. :;;:'v
’ A 1984 DoD URIP grant provided for construction of a three source ICB Eﬁfﬂ:
system and a scanning Auger spectrometer. Figure 1 shows the layout of the :E:E:

thin film facility and Figure 2 provides an overview of the facility at the :ié;;f

current time. ):;;;

This grant provided support for much of the detailed design and for EE;E&I

installation of the equipment as well as for initial film growth research in §§§§:

the facility. All systems in the facility were custom designed and custom ﬁﬁ*f*
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: built to be compatible with a central transfer system (Figure 3) and UHV '.::E?\"
environmental conditions. ::E:‘_\
. ."\.\
2.1 ICB Systems - 6;#
Two identical UHV chambers were built to house either one or three ICB :-',\

sources, with ports for RHEED, ellipsometry and sample transfer. The initial "
ICB source, purchase from Eaton Corporation, the vacuum chamber and the g
control system are shown in Figure 4. This source was found to be very ' ::::
unreliable and discussions with Eaton Corporation resulted in a second \ _.‘:
. generation source. This source was modified for UHV use and mounted on an 8 _"':3.\
inch OD UHV flange for convenient insertion and removal from the vacuum *-.,E-EE
. chamber. Figure 5 shows this second generation source with the necessary ij:.i‘;
' ceramic insulators so that it could be biased up to 10 kV relative to the R
chamber walls. The single second generation source has been used for several EE%:
deposition studies reported in other sections of this report. :‘\‘ 24

With reasonably satisfactory performance by the single source system, a

Sy

" 3 P
Sy

three source system was designed and built using the same chamber

.

configuration but modifying the base plate to allow for three sources and

?’(4!!/4’1
P

&‘}-\.

shutters. Figure 6 shows two of the sources in place on the base plate.

I,

LA 4

'S

e

2.2 Sputter Deposition System -;,:i‘;
ot wy

. Our group has been very successful in the preparation of oriented £t
piezoelectric films by DC magnetron sputtering. As part of the thin film ,.\::
\:.:..'

facility, an UHV compatible sputtering system was designed and constructed. ff.:-r
RN
Initially a commercially available magnetron sputtering head was purchased 'Zlg )
“ wl

and installed in the chamber. The UHV chamber compatibility resulted in a

significant reduction in impurities in the deposited films such as oxygen in

AIN. By transferring substrates into the system from the load lock, the
sputtering chamber remains evacuated between depositions.
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’ The commercial sputtering head, however, was totally unsatisfactory for EE
deposition of oriented piezoelectric films. Previous experience with small \:r:::.ql:
. locally built sputtering heads indicated that such designs could be used *“'-';'-'
successfully to prepare such oriented films. A large scale head compatible ::::::,:f_
with UHV conditions was therefore built for the thin film facility. The new ::E;
10 inch head has successfully produced oriented AIN films with very low 'Zilf'
oxygen concentrations. F\."-E;
A
%Y
2.3 Electron Energy Loss Spectroscopy E:‘_:'_-'
- The High Resolution Electron Energy Loss Spectrometer (HREELS) is \:;.r_‘
designed to detect vibrational modes on surfaces. A commercial unit was ‘\éi
purchased from Leybold Heraeus (EELS 22 system) and placed in a locally SE:::::
) designed vacuum system. :h;
Because of the low energies of the electrons probing the surface, very ‘_‘:.-:
low magnetic fields are required. Netic and Co-Netic alloy sheets were '-

employed to reduce the magnetic fields to acceptable levels,

Since sample cleanliness in essential to the detection of surface modes, ::ES;'.

recent work has concentrated on sample preparation. This includes the ;S*':_:
installation of a differentially pumped ion gun, a sample heater, and a R

sample holder that will eventually be used in conjunction with a load lock. .?"

Figure 7 shows the typical loss spectra for an amorphous Si film. "'-,

. Valence band and core level Electron Energy Loss Spectroscopy (EELS) RN
were used to study r.f. sputter deposited hydrogenated amorphous germanium N'-

carbide films (a-Gej_,Cy:H; 0 < x < 1). The optical gap of the films ranged ?:

from 0.8 - 1.0 eV in a-Ge:H to 1.2 - 2.3 eV in a-C:H. Valence band EELS of ‘;:‘.:

clean sputter etched a-Ge and a-Ge:H films (x=0), as compared to that of Ar* :S:_:

sputter etched Ge(111) and hydrogen covered single crystals of Ge, ;:f:&

' respectively, indicated preferential sputtering of hydrogen by Ar ions, in _\;_ X
contrast to recent observations on r.f. sputter deposited a-Si:H, where Ar* o _,.

S

5
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etching did not cause complete depletion of hydrogen from the surface. 1In
a-Ge)_yCx:H alloy films (0 < x < 1) loss peaks related to carbon and Ge-C

} bonds were identified. Auger analysis of as prepared a-C and a-C:H films
(x=1) indicated relatively clean surfaces. Typically, only 1 - 2% oxygen was
found on the surfaces. EELS experiments indicated graphite-like surface
structures. In addition, the hydrogen bulk content had no influence on the
spectra, suggesting that the surfaces of the a-C:H films were hydrogen

depleted. The Auger carbon lineshape further confirmed this assumption.

! 2.4 Auger Spectroscopy

A scanning Auger based on the Perkin Elmer 545 system has been
constructed. It incorporates a Kratos rastorable ion qun for depth
profiling. Lateral resolution for imaging and Auger mapping is about 1 /m.
A depth profile of a Ge film on Si is shown in Figure 8. Routine depth
profiles and Auger maps showing lateral distribution of elements can be made
on all the films being grown.

The Auger chamber makes use of differential pumping of the ion gqun and a
load lock to maintain a low pressure at all times in the analysis chamber. A

base pressure of < 2 x 10710 Torr is routine.

2.5 High Speed Ellipsometry

> The use of RHEED to monitor film growth during deposition is not
practical with ICB because of the high electric fields in the system. For
this reason ellipsometry is being investigated as an alternate probe.
Commercially available systems are, however, too slow to provide the desired
time resolution for film nucleation studies. We, therefore, elected to

construct a system with < 0.1 sec/data point resolution.

Two different very high speed ellipsometers have been constructed as

part of a thesis project (see the M.S. thesis by M. Fleshner included in the
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appendix). Using a Jones matrix formalism, generalized expressions for the
intensity of light were calculated for these designs. Based on these
expressions, unique alignment procedures were developed for the two
ellipsometers. An electronics feedback mechanism also had to be developed.
A software package was written such the ellipsometers could be operated by a
Hewlett Packard 9836 computer. The software included a complex math module,
procedures to calculate a discrete Fourier transform, the value of any Bessel
function with any argument, a digitizer control package, procedures to reduce
the raw data to (¥,4) and a program which interprets (Y¥,4) to provide film
thickness, index of refraction, and the reflectivity of the unknown film,
Special adapters are now being designed such that one of the
ellipsometers can be mounted on the three source ICB system for film growth

studies.

3. FILM DEPOSITION STUDIES

As the deposition equipment became operational several film growth
studies were initiated. The growth of aluminum on silicon and germanium
epitaxy on silicon were used to obtain experience with ICB deposition in
preparation for more detailed studies on cluster size and acceleration
voltage effects on film growth.

Studies were also started on the reactive r.f. magnetron sputter
deposition of LiNbO3 films on silicon and sapphire substrates for device

applications.

3.1 Aluminum on Silicon
We have applied the ICB technique to the growth of Aluminum films on
(001) silicon substrates. Details of the growth are given in the McCalmont

thesis attached to this report.
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Crystal quality and orientation of the films were determined by x-ray
diffraction. A low resolution 6-26 scan yielded only one Al reflection,
indexed as (220). The question naturally arose as to whether or not the film
was epitaxial. Figure 9 shows a pen copy of the precession photograph of
this system together with sketches to visualize the spots from the various
domains. The pen copy has been substituted for the photograph because the Al
reflections were quite weak and did not reproduce well. The 6-26 scan probes
only the central, vertical line on the picture.

The Al (220) reflection is easily visible. About ten other reflections
can be seen from the Al film; they are weak, extended, and diffuse,
indicating that the film is polycrystalline, but with very highly preferred
orientations. It is interesting to note the indices of these reflections.
Aluminum is face-centered cubic, and it is impossible in a cubic cell to have
a (111) and a (020) plane only about 10° apart as is observed. Similarly,
the (220) and (002) reflections cannot both lie on the same line. Thus,
there are two preferred orientations. Both have the (110) direction
perpendicular to the surface.

This domaining is simple to understand. The (220) Al to (400) si d-
spacing mismatch is about 5%. The two energetically equivalent orientations
available to the aluminum during the growth place the (110) direction of Al
parallel to either the (100) or (010) directions of the Si substrate surface.

A third, less likely, orientation is indicated by another very weak pair
of {200} reflections. Inokawa and Takagi (1985) show electron diffraction
patterns of Al also grown by ICB on (001) Si. The major two preferred
orientations were identified, but this third one was not observed by them.

To summarize, the investigated ICB Al films are polycrystalline, but
with most of the crystallites epitaxially grown on the Si substrate. A final
interesting observation is the presence of diffuse streaks, parallel to the
<111> axes of Si and connecting the Si reflections. These are presumably due

to a straining of the substrate or thermal diffuse scattering.
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Figure 9 a) Precession photograph pen copy of an ICB grown Al film on a (001) Si Z:J:
substrate. When ;=~0°, the x-ray beam is parallel to the (110) axis e
of Si, the (001) axis of some of the Al crystallites, and the (110) Y
axis of the others. Note the difference in crystal quality,
indicated by the sharp Si spots and the diffuse Al spots. The X
radial streaks on this picture and all of the other photographs are i
due to the white radiation that was not removed by the zr filter. cerenr]
b) Indexation of the various Bragg reflections for the Al1(110)||Si(110) R
domain. The dots represent the Si reflections and the short lines Temay
are the Al observed reflections. s
c) Indexation of the various Bragg reflections for the Al(001)||Si(110) vy
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) As more experience is obtained with ICB deposition, it may prove a '?:?:-: :
useful technique for metallization of silicon substrates for ohmic contacts. :’S,’
, Y
3.2 Ge Film Deposition :.2"- N
Although our initial efforts in the growth of Al films by ICB provided g:-:,.r:\
interesting results, there were considerable problems with the crucible 'l":f
nozzle plugging. To avoid the crucible problem, we chose to use Ge LG
deposition as a method to evaluate the ICB system. Also, epitaxial Ge films '.CE.-EE
on silicon substrates provide the first step toward the growth of GaAs on Si. ':.-E:Eg

A series of Ge films have been deposited in the single source ICB.

vy
iy}
. ’

Details of the depositions are included in the McCalmont thesis and ::5 :,C

» associated paper attached at the end of this report. A typical RHEED pattern :::{ ,
for (100) Ge on (100) Si is shown in Fiqure 10. .

Figure 7.3 in the attached thesis by McCalmont is a precession gé._i% ‘E

photograph of a 0.5 sm thick (001) Ge epitaxial layer on a (001) Si substrate E:'?;E

grown by ICB. Each spot in the photograph is doubled: the inner spot is a -

Ge reflection and the outer one is from the Si crystal. The intensities of ":;'

the Ge reflections are usually weaker than those of Si because of the ':E._.:

thinness of the layer. The lattice mismatch between Ge and Si is about 4%, -'7'*:'?4

} yet the epitaxial quality is excellent. E'_:.:;‘

As capabilities for deposition of GaAs are not yet available locally, ii-.i:‘:_

L several of the Ge coated silicon substrates have been sent to another ﬁ‘f-i\i

laboratory for CVD growth of GaAs. ‘_}..::-_. %

Epitaxial Ge films have also been obtained on (100) GaAs substrates. E;:':

These films were deposited during the ICB source checkout procedure so f._,,_"t

extensive evaluation of the films has not been done. ::_\:;\ 5
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a)

O QL 8-2+fo1)

b)

Figure 10 RHEED pattern of (100) Ge film on (100) Si: substrate with electron
beam parallel to (110).
a) Observed RHEED pattern. Streaking due to very flat film surface.
The center streak is the spectral reflection.
b) General electron diffraction pattern for the diamond structure with
the electron beam parallel to the (110). The asterisks indicate
positions of possible double diffraction reflections.
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3.3 Sputter Deposition of LiNbOj3

Lithium niobate films have been sputter deposited and analyzed to
determine their suitability for transducer or resonator material. A set of
sputtering parameters was determined as the most relevant variables in the
r.f. sputter deposition of LiNbO3 thin films. The parameters were then
optimized with respect to each other to obtain the best quality (in regard to
crystallinity) thin films. The optimized parameters were:

An applied radio-frequency power of 300 watts.

A target-substrate separation of 8 cm.

A sputtering pressure of 3m Torr.

An oxygen content of 50% in the sputtering gas.

A substrate temperature of 550°C - 600°C.

A sapphire substrate.

Details of this work are given in the thesis by J. Martin in Appendix C.

With these optimized parameters in effect, the resulting films were
deposited with a deposition rate of approximately 1300 A/hour. The DC bias
during the deposition was around 350 volts. Infrared scans of the films
revealed a definite LiNbO3 crystalline curve with distinctive peaks. X-ray
diffraction patterns and RHEED photos demonstrated that the films were highly
oriented polycrystalline LiNbO3. Auger electron spectroscopy on these films
indicated an almost identical stoichiometry as bulk single crystal LiNbOj,
with little contamination. The relative permittivity of these films was
determined to be 15-16. No piezoelectric effect was observed using the
composite resonator structure.

Several possible explanations were supplied concerning this lack of
piezoelectric response. While LiNbO3 deposited on p+ membranes appears
unsuitable for use as a composite resonator, very possibly due to the p+
membrane, sputtered LiNbO3 could be used for other piezoelectric devices
which require thinner films and do not demand a substrate with a poor lattice

match or p+ doping. SAW devices on sapphire would be an example.
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Further work will be done. A better sputtering system (more automated)

LA
& %

‘rf
-

..
4

5% 5

will be used so that slower deposition rates, and thus possibly better films

Y
LA
Ay

A

can be produced. An applied DC bias can be added to the sputtering system so
as to more likely pole the sputtered films. Another possibility would be to 2: y
try an entirely different method of sputtering lithium niobate, such as o

completely reactive sputtering. LN
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INTRODUCTION

Recently, scientists and engineers from the fields of surface
physics and integrated device fabrication have focused much attention on
the area of thin films research. As a result, a reneved interest has
developed in the nondestructive experimental technique called
ellipsometry, first introduced over a century ago. For many years, the
slov and laborious technique of null ellipsometry was used to
characterize the surfaces of filmed and non-filmed materials. However,
the introduction of many new deposition techniques has inspired new
questions as to exactly what takes place in the first moments a film is
put down. Hence, an interest has arisen to develop very high speed
ellipsometers, which can observe and even monitor the growth of thin
films in situ.
Vith the advent of high speed small computers and digital devices, i
it is nov possible to perform ellipsometric measurements at rates in the
micro-second regime. This paper deals with the construction of two such
very high speed ellipsometers. Chapter 1 discusses the general theory
of ellipsometry. Chapter 2 gives an overview of the ellipsometer
systems currently available, and detailed descriptions of howv some of
these ellipsometers function. Chapter 3 describes, in detail, the !
photoacoustic modulated ellipsometer, developed for this work. Chapter

4 discusses a nev type of ellipsometer, (vhich wvill be called the dual

analyzer ellipsometer), developed for this work. This ellipsometer can

acquire a set of ellipsometric data at speeds over 10 times faster than
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the fastest photoacoustic modulated ellipsometers currently available.
Also, Chapter 4 includes a discussion as to precisely where this new
type of ellipsometer system fits in the general categories outlined in
Chapter 2. finally, Chapter 5 deals with the interpretation of the raw
data obtained by ellipsometers. The interpretation of ellipsometric
data is a vast subject. Therefore, the two most commonly used methods

of interpretation vere implemented here.
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1. THEORY OF ELLIPSOMETRY

Ellipsometry can be generally defined as the measurement of the
state of polQrization of a polarized vector vavel. 1In particular,
optical ellipsometry deais only vith polarized vector waves of light.
Ellipsometry is generally conducted in order to acquire information
about a particular optical system, which somehow modifies the state of
polarization. Measurement of the initial and final states of
polarization describes the type of modification that the polarization
has undergone. From this information, it is possible to determine the
complex index of refraction of a planar interface or a single thin film,
the thickness of the film, or even such things as the stochiometry of
the surface. In addition, ellipsometry is a nondestructive technique,
and therefore, has a wide range of applications from measurements on
metals to measurments on cell-surface materials.

In order to understand how the initial and final states of
polarization are measured, it is necessary to understand the various
methods of representing polarized light. Three representations of
polarization will be discussed: the ellipse of polarizations, the Stokes

vector (and Poincare sphere), and finally the Jones vector.

1.1. Representations of Polarized Light
Polarization is a property that all vector waves have in common.
Polarization refers to the time development at a fixed point in space of

a field vector. The electric field vector B is usually chosen to to

define the state of polarization for light, since the electrons in
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matter interacting with electromagnetic radiation in the visible region
experience a much greater force due to the electric field than the
\‘
. magnetic field.
: '
3 1.1.1. The ellipse of polarizations
v
¥ The following discussion is based on a similar discussion in Ref.
h. 2. Consider the case of a monochromatic plane wave of electromagnetic
1, radiation, vhere the electric field vector, B, is harmonic in time and
‘3 is transverse to the direction of propagation (the z axis). E can then
Kaq
' be wvritten
i E, = ajcos(T + §;) 1.1
-ﬂ'
- T 1-2
!: Ey ascos(t + &)
” E; =0, 1.3
. vhere t is the variable part of the phase, namely t = wt - kz,
‘? a; and a) are spacial functions but time independent, and §; and &, are
s constant phase factors.
N The factor T can be eliminated from equations 1.1 and 1.2 yielding
2 2
By E
'0: —_ B—y- - 2—x- E—y cos$ = sin?§ 1.4
812 322 a1 az
3 vhere & = §,-5;. This is the equation of an ellipse. Notice that the
,v equation of an ellipse degenerates into the equation of a line when § =
mn, and into an equation of a circle vhen Ej, = BOy and 8§ = (2m+1)n/2,
M= 0,21,12'13, DX
K A graph of locust of points solving equation 1.4 is shown figure

1.1. The ellipse is inscribed into a rectangle vhose sides are parallel

RSNy U
.\'r.'.\' "4 Y

..... ."A. f

O | T
A \a\ YR EY) : \..f-f

fyr‘ \ f“(‘\' \.' LN
»,

--------

-\._F . ..’\. - AN '._;r'-‘,._ o~ * ) J.

Y




‘pla mioaly plo gt prg plo gey 40 Aty gdo ot af, gt gt gty po. gl at. gty ata-at, ala a’g 4t G Boy 4%y dta glia ale ate ab o gle At

to the coordinate axes and vhose lengths are 2a; and 2a;. The principal
semi-axes a and b of the ellipse and the angle ¥, vhich the major axis

makes vith x, are specified by the formulae

a2 + bl = alz + azz 1.5
tan2y = tan2acosé 1.6
sin2X = -sin2asiné 1.7

vhere tanX s : b/a and tana ® aj/a;. Note that -90 < X £ 90 specifies
the shape and orientation of the ellipse and ¢ characterizes the
ellipticity and the sense in vhich the ellipse is being described.
Therefore, to completely characterize the polarization ellipse, three
independent quantities are necessary, either the amplitudes a; and a;
and the phase difference § or the major and minor axes a,b at the angle

X, vhich specifies the orientation of the ellipse.

1.1.2. The Stokes vector and Poincare sphere

It is convenient to characterize the state of polarization by
certain parameters first introduced by G. G. Stokes in 1852 called
Stokes parametersz. The Stokes parameters of a plane monochromatic wave

are the four quantities

sg = 312 + 322 1.8
Sy = 312 - 322 1.9
Sy = 2ajajcosd 1.10
sy = 2ajajsind 1.11

vhere a,;, a; and § are defined above. Since an ellipse can be

characterized by three independent variables, the four Stokes parameters

must be related by an identity, namely
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Figure 1.1. Elliptically polarized vave. The vibrational ellipse for
the electric field vector .
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302 - 812 + 322 * 532. 1.14
The parameter s, is proportional to the intensity of the vave. s,, s,

and s; are related to the angles X and v defined above in the following

vay
8] = Spcos2Xcos2y 1.13
87 = spcos2xsinly 1.14
sy = sgsin2Xx . 1.15

The relations 1.13-1.15 indicate a simple geometric representation
of the states of polarization, i.e., sy, s;, and s; may be regarded as
the Cartesian coordinates of a point on a sphere I of radius sg, such
that 2X and 2y are the spherical angular coordinates of this point. See
figure 1.2. To every possible state of polarization of a plane
monochromatic vave of a given intensity (sg = a constant), there
corresponds one point on I. The sphere I is called the Poincare sphere.
The set (30,31,32.33) is commonly called the Stokes vector of the

polarization.

1.1.3. The Jones vector

A more concise representation of polarization than those described
previously is the Jones vector representation. Assume a single
monochromatic, uniform, transverse electric travelling plane wvave of
arbitrary polarization. If such a wvave travels in the direction of the

z axis, then the electric field vector can be written as,

2nz 2nz
B(z,t) = [Bcos(wt - — + §, )] + [E,cos(wt - —m + &,)]] 1.16
. —+ b0l - 13y — . 8
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>, The Poincare sphere
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Figure 1.2. Poincare’s representation of the state of polarization of a
monochromatic vave
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vhere E, and Ey represent the amplitudes of the linear, simple harmonic
oscillations of the electric field components along the x and y axes,
and §, and &y represent the respective phases of these oscillations.

E(z,t) can be vritten in the form of a 2 x 1 column vector as follovs

[ Ejcos(wt-2nz/A+§,) ]
B(z,t) = .

Eycos(ut-an/X+&y)

Suppressing the temporal and z spatial dependence and using phasor

notation equation (1.17) can be replaced by

g[;] 118
vhere ...E, - IExIeiax and Ey - IEerisy.

Equation 1.18 is the desired concise representation of polarized
light mentioned above and is known as the Jones vector of the vavel. As
vas the case vith the previous representations of polarized light, the
Jones vector contains complete information about the polarization of the
vave {i.e., it contains complete information of the amplitudes and phases
of the field components. The Jones vector is a complex vector because

its elements are phasors. The components of the Jones vector represent

tvo sinusoidal linear oscillations along tvo mutually perpendicular

directions.

1.2. The Jones Matrix Formalism
! The intensity of light incident on the photodetector is the

fundamental quantity measured at the photodector of any ellipsometer.
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& Therefore, it is neccessary to obtain an expression for the intensity of .
< the light. The Jones matrix formalism is often used to obtain this

2,

;3: expression.

s,

J‘

- 1.2.1. The relative intensity

A The intensity of the vave represented by equation (1.18) can be

' vritten to vithin a2 multiplicative constant as

v I-EE- [B |2+ |g|2 1.20
;; vhere ET is the Hermitian adjoint of the Jones vector B.
;: In most applications of ellipsometry, one is interested in a .
.l relative intensity and not the absolute intensity. A vave is said to be
E; normalized and its Jones vector is said to be normal. Such a vave
/? satisfies the condition
. BT -1 . 1.21

g Figure 1.3 gives some examples of Jones vectors for various states of
: polatizationl.

J

; 1.2.2. The rotation matrix
N Pigure 1.4 shovs the resolution of the electric field vector B .
-, along tvo coordinate systeams (x,y) and (x’,y’). The lav of
12 transformation of the Jones vector under the effect of a coordinate

; rotation can be vritten in matrix as

E E,’ cosa sina

X R [ ] - [ ] 1.22

- Ey' -Sina cosa

3 or more concisely,

......
.........
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0.44-,0.42
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B = Ml pamion]

Figure 1.3. The Jones vectors of some states of polarization
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Exryr = R(a)kxy N

R(a) = [

cosa sina ]

sina cosa

R(a) is called the rotation matrix. Similarly, R(-a) is called the

antirotation matrix. R(a«) and R(-a) are extremely useful in determining

the relative intensity of the light measured in an ellipsometer.

1.2.3. The Jones matrix

Recall that the fundamental principal in ellipsometry is the
measurement of the modification of the initial and final states of
polarization of light interacting with some sort of optical system.
Consider a uniform monochromatic transverse electric plane wave incident
on a nondepolarizing optical system. Figure 1.5 shows a schematic
diagram of the optical system.

In the absence of non-linearity and other frequency-changing
processes, the pair of oscillations, Eqy+ and EOy' at the output of the
optical system are related to the pair of oscillationms, Ejx and Eiy' at
the input of the optical system by the following linear equations

Box' = T11Bix + T12Biy
Boys = T21Bix + T22Bjy -

Equations 1.25 and 1.26 can be written in matrix form as

[on' ] [Tn T2 ] [Eix ]
Boy' T21 T22 Eiy

or more concisely,

R O S S
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Resolution of the electric vector B along tvo non-

coincident coordinate systems (x,y) and (x’,y’)
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Pigure 1.5.

Incident on and emergent from the optical system S are
plane vaves of Jones vectors B; and E, referenced to
Cartesian coordinate systems (x,y,z) and (x’,y’,2’), at the

input and output of S, respectively. B, = (T)Bi vhere (T)
is the Jones matrix of S
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Equation 1.29 expresses the Jones vector representation of the
polarization of the output wave as a linear matrix transformation. The
2 x 2 matrix T is called the Jones matrix of the optical system. T
describes the overall effect of the optical system on the incident wave.

The effect of N optical systems is demonstrated in figure 1.6. The
Jones matrices of the N systems are Ty, Ty ««.y Ty. The combined

effect of the N systems on the output Jones vector can be written

B, = TyTn_y» -+- »T1By 1.30
or more concisely,
By, = ToombBi 4 1.31
vhere
Teomb = INTN-1» --+ »T7 - 1.32

Teomp 1S the Jones matrix of the combined system.
The folloving are examples of Jones matrices of optical systems
commonly used in ellipsometryl.

The isotropic retarder

T - e-2Mk/X [ ]

0 e~j2nnd/x

An isotropic retarder is a plane parallel section of an isotropic medium

of refractive index N = n - jk. The Jones matrix T for this device
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A
WAL Lo e M;: "{.._k g ;.



Fre RS LT RV 3T T30 LV o Ual o et el nt'adndedsdsdaslndadt
f

i
)

17

expresses the fact that the vave whose vavelength in a vacuum is X has
been retarded by 2mnd/A.

The linear retarder (compensator)

e-erm'd/)\ 0
- . 1.
T [ 0 e-j2nn"d/)\ ] 34

Here, n’ is the ordinary refractive index and n" is the extraordinary
refractive index. The Jones matrix T for this device expresses the fact
that the electric field vector along the two privileged directions
parallel and perpendicular to the optic axis are retarded by differents

amounts, 2m’‘d/\ and 2mn"d/\, respectively. T can be revritten as

1 0 1 0
T = e2Mn’/X | =K , 1.35
0 38 0 e-38

vhere § = (2nd/A\)(n" - n’) and K¢ is a complex number that accounts for
the equal amplitude and phase shift along the privileged directions.

The ideal polarizer

10 1 0
r.e-iz"d/"[ ].xp[ ] 1.36
0 0 00

The ideal polarizer does not allow any component of B, perpendicular to
the transmission axis. Again, Kp is a complex number containing
information on the equal amplitude and phase shift the light has

undergone.

The simple reflector
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A simple reflector here will be defined to be a system with a single
planar interface. The elements of R are the famous Presnel coefficients

and vill be discussed in detail in a later chapter.
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1.3. Using the Jones Matrix Formalism in Ellipsometry
As wvas mentioned earlier, Jones matrix formalism is used to obtain

an expression of the intensity of light incident on the photodector of

b ]
[

i the ellipsometer. Since the Jones matrix of the sample is not yet k
known, parameters must be introduced, which characterize the Jones

matrix of this optical system. These parameters are commonly referred

AOMMW Lt 3

to as the ellipsometric angles ¢ and §. Maintaining ¢ and 8 as two

unkowns, it is then possible to determine the desired expression for the

™
e

relative intensity of the light at the photodetector.

CRARRE

1.3.1. The relationship of ¥ and A to the Jones matrix of an

arbitrary optical systea

‘s 8 n & &

: In general, the Jones matrix T describes the overall effect of the

optical system on the incident wave, where
v T T
11 *12
Y T= [ ] . 1.38
‘ Ta1 T2

X Examining equations 1.25 and 1.26 it can be seen that if the incident
' vave is linearly polarized in the x direction (i.e., Eiy = 0), then, in .

general, the output of the system will have two orthogonal linear
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oscillations E,,, and E,,, and similarly for E;, = 0. Hence, the

oy
presence of off-diagonal elements produces electric field oscillations
in tvo perpendicular directions.

In most cases, the optical sample can be oriented so that the off-
diagonal elements are zero. Then T in equation 1.38 reduces to the

Jones matrix of a simple reflector, equation 1.37. The ellipsometric

parameters can then be defined as

rp/Eg = alrpl/lrsle(ép'és) - tanyeld , 1.39

where
tany = |R)|/[Rg| and 1.40
o= 8p - & . 1.41

v and A are the ellipsometric parameters currently used in most
ellipsometric applications.

In an ellipsometer, a beam of polarized light is propagated through
a succession of optical devices, each of which produces a specific
change in the state of polarization. Usually the Jones matrices of all
but one of the optical systems in the ellipsometer are known before a
measurement has been made. The optical system under investigation can
modify the state of polarization of the light in one or a combination of
the folloving basic processes: reflection or refraction, transmission,
and scattering. As explained above (in the absence of depolarization)
the optical system can be described in terms of its corresponding 2 x 2
Jones matrix. Therefore, the purpose of an ellipsometer is to determine
the Jones matrix of the one optical system in question.

In the absence of depolarization by the optical system, the initial

and final states will both be completely polarized. The
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eigenpolarizations of an optical system can then be defined as the two
polarization states that pass through the optical system unchanged (to
vithin a multiplicative constant). 1In this case, the off-diagonal
elements of the Jones matrix of the optical system are zero. Therefore,
vhen light is reflected at the interface between two isotropic (non-
optically-active) media, the linear polarizations of the electric field
parallel (p) and perpendicular (s) to the plane of incidence are
reflected with their polarization unchahged. The discussion that
follows deals with the case where the linear eigenpolarizations of an
optical system are known, i.e., the Jones matrix can be written as a

diagonal matrix.

1.3.2. The PCSA/PSCA ellipsometer arrangements

A common ellipsometric arrangement is shown in figure 1.7.
The following description is from Ref. 1. The optical system S under
investigation has orthogonal linear eigenpolarizations (Xg, and xey)
along orthogonal coordinate axes x and y. The optical system modifies
the state of polarization of the incident light beam when that state is
different from either one of its eigenpolarizations, Xgy oOr Xey* The
modified state of polarization of the light beam outgoing from the
optical system is analyzed by the analyzing section of the instrument
that consists of a linear analyzer (A) followed by a photodetector or
photomultiplier tube (PMT). The photodetector measures the light flux
after the beam has travelled through the polarizer-compensator-system-
analyzer (PCSA) sequence ~f elements. The orientations of the

polarizer, compensator, and analyzer around the beam axis are specified
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by the azi;uth angles P, C, and A, respectively. PFor the polarizer and
analyzer, the azimuths P and A define the orientation of their
transmission axes (i.e., the directions of the transmitted linear
eigenpolarizétions). For the compensator, the azimuth C defines the
orientation of its fast axis (i.e., the direction of the fast linear
eigenpolarization). All azimuths P, C, and A are measured from the
direction of the x linear eigenpolarization of the optical system under
measurement and are taken positive in a counterclockwise sense when
looking against the direction of propagation of the beam.

Vith the help of the Jones matrix formalism discussed previously,
it is straightforward to calculate the electric field vector and
consequently, the relative intensity at the photodetector. As was
discussed in Chapter 1, the resultant of N optical components is the 2 x
2 matrix obtained by matrix multiplication. Hence, the resultant
electric field vector at the photodector is

Bt = T'®,R(A)TXVgR(-C)TES R(P-C)RS) , 1.42
vhere TteA, T, and Tfsc are the Jones matrices of the analyzer,
sample, and compensator, respectively (the notation used will be that
used in Ref. 1). The diagonal Jones matrix representing the unknown

optical system is written

v 0
'r"Y.[ ex ] 1.43
0 Vey

vhere V,, and Vey are the complex eigenpolarizations of the system.

Expanding equation 1.42 yields

t
B'€,0 = AcKcKpL 1.44
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Pigure 1.7. The PCSA arrangement. The elements are: the laser (L),
polarizer (P), compensator (C), sample (S), analyzer (A),
and photomultiplier tube (PMT)
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vhere

L = VoxcosA[cosCcos(P-C) - p. sinCsin(P-C)] 1.45

+ VgysinA[sinCcos(P-C) + p cosCsin(P-C)] .

y

If the photodector response is a linear function of the total light
flux that impinges on it, its output will be proportional to the
intensity of the light emergent from the analyzer. From equations 1.43
and 1.44 as well as equation 1.20 for the relative intensity, the
detected signal Py is given by

Pq = Kp(B'®,0)T(Bte, ) , 1.46
vhere Kp is a real factor that depends on the intensity profile of the
light beam and the nature of the photodetector. Equation 1.46 can be
written as

Pp = GLL* = G|L|2 , 1.47
wvhere L is defined in equation 1.45 and

G = Kpl|a. 2[R, 12 |ky |2 . 1.48
Notice that Pp = f(P,C,A,pc,Vex,Vey).

The PSCA arrangement is identical to the PCSA arrangement, except
that the compensator is placed before the optical sample rather than
after it. Analysis of the state of polarization of the light beam as it
passes through the sequence of elements can be carried out in a step-by-
step fashion as vas done in the PCSA arrangement. If this is done it is
found that the expression for L is identical to equation 1.45 with A
interchanged vith P. Hence, the PCSA and the PSCA are not fundamentally
different and equation 1.47 represents both the PCSA and the PSCA
arrangements.

Equation 1.47 i{s the basis of most ellipsometers nov in existence,
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including the ellipsometers constructed for this work (vith some

modifications). The expanded form of Pp will be written out completely

in Chapter 2, after some modifications have been made. Finally,
assumption that the photodector is linear is basically incorrect.
Hovever, it can be made nearly linear as will be discussed later.
folloving chapter gives a brief discussion of several types of

ellipsometers based on equation 1.47.
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2. OVERVIEV OF ELLIPSOMETER SYSTEMS

A schematic classification of the ellipsometers currently available
is shown in figure 2.1. Due to its historical significance, the manual
null ellipsometer will be examined. In addition, automatic null
(mechanical and electro-optic) and photometric (both rotating
polarizer/analyzer and photoacoustic modulated) ellipsometers will be

discussed.

2.1. The Manual Null Ellipsometer
The manual null ellipsometer was the first ellipsometer
constructed. Null ellipsometry is based on finding a set of azimuth
angles P, C, and A such that Pp (from equation 1.45) is zero. The
following nulling scheme is from Ref. 1. Note that if Pp = O and L = 0
then

Vex/Vey = -tanA[(tanCs+p,tan(P-C))/(1-p tanCtan((P-C))]. 2.1

If we have a perfect quarter-wave-plate, (QWP) then
pe = To = ~j. If in addition, the fast axis of the QWP is oriented at
an azimuth of C = n/4 with respect to the x eigenpolarization axis, then

v,/ = - tan A’exp[-j2(P'-n/4)) , 2.2

ex vey

vhere (P’,A’) is the set of angles which causes a null condition.
Similarly, if C = -n/4 then

/ = tanA"exp[-j2(P"+n/4)] , 2.3

Vex vey

vhere (P",A") is the set of angles which causes a null condition.

As vas mentioned in Chapter 1, the ratio vex/vey can be vritten in

terms of the ellipsometric parameters ¢ and 4 as
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Pigure 2.1. Schematic classification of ellipsometers in existence
today
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i(8) AT,
P = vex/vey = tanyel( . 2.4 Iﬂj:2:~
Hence, the above null conditions, equations 2.2 and 2.3 correspond to : NN
heat

tany = |tanA’ | 2.5 :r::.-::::‘,:
8= -2P's W2 2.6 RS
W]

and \-"..-".a‘
tan ¢ = |tanA’ | 2.7 ﬁfﬂtjyf
8 = 2P" &+ ®/2 . 2.8 ‘

Combining these equations we find that
4 = P"-P/ 2.9
and ¢ = tan~!|tana| , 2.10
vhere A = A’ or A",
It should be noted that this is just one of many types of nulling

schemes that could be used with a PCSA arrangement. Also, the response

of the phototube does not need to be linear for the null ellipsometer.
This in itself makes the null ellipsometer a very accurate and precise

instrument. Manual nulling, howvever, is an extremely slow process (on

the order of minutes) and therefore not suitable for many insitu

s
4

3 A
) *
applications. In such circumstances automation of the ellipsometer -(ﬁ\':*
R
rt.f:ll' !
becomes essential. DN
"y
N
' y
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2.2. Automatic Ellipsometers ;\:gﬁ\
e
AR
Automation of ellipsometers has become an extremely effective a:}:}2
. .\f\
method for increasing the rate at which a set of ellipsometric AT
.-
<
parameters can be acquired. This automation is mostly due to the :;
NS
NN
introduction of microprocessors and small computers. The design of N
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automatic ellipsometers has progressed along three distinct lines: those N
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that adhere to the concept of null measurement, those that use
interferometric methods, and those that use photometric methods. Of the
three methods, the second method is the only one which is not based on
the PCSA/PSCA arrangement. It is, however, based on an extremely
interesting concept and will be excluded here only because it does not
implement the PCSA/PSCA arrangement. Hence, figure 1.7 (the PCSA

arrangement) represents the optical setups that follow.

2.2.1. Automatic null ellipsometers

Automatic null ellipsometers are of two different kinds: (1) those
that employ motors to drive the polarizing elements to null, and (2)
those that are entirely electro-optic with no moving parts.

Motor driven self-nulled ellipsometers use feedback signals to
actuate servo-motors which, in turn, rotate the analyzer and polarizer,
respectively. The feedback signals are ac signals generated by small
modulation of the light beam.3 The servo- motors can be replaced by
Stepping motors. This permits on-line data acquisition and on-line data
reduction. Motor driven self-nulled ellipsometers can acquire one set
of ellipsometric data in about one second, with a high, 0.01°
resolution. -

Electro-optic self-nulled ellipsometers adhere to the concept of
null measurement but with no moving parts. One method is to use Faraday
cells to magneto-optically rotate the azimuth angles of the polarizer
and analyzer, instead of doing it manually or by motors.5 Another
method is to use two KDP Z-cut crystals employed as variable phase

plates, wvhose retardations are controlled by dc voltages.6 Small ac




voltages, used as control signals, are superimposed on the dc voltage
and used in feedback loop to achieve null condition. The total response
time and resolution for these types of ellipsometers is about equal to

those of the motordriven s:lf-nulled ellipsometer.

2.2.2. Autom:;:.c photometric ellipsometers

Photometric ellipsometers are based on analysis of the variation of
the derected light flux in a known fashion. Again, the equation of the
light flux impinging on the photodetector is equation 1.45. The raw
data from photometric ellipsometers are intensity signals obtained with
predescribed conditions.

There are tvo fundamentally distinct photometric ellipsometers,
dynamic and static. The distinction between static and dynamic
photometric ellipsometers lies in the manner in which the raw data from
the photodetector are analyzed. In a static photometric ellipsometer,
the detected signal (usually de¢) is recorded at predetermined fixed
settings of the components of the ellipsometer. In a dynamic
photometric ellipsometer, one or more of the parameters P, C, A, and 5c
is periodically varied with time and the detected signal is Fourier

analyzed.

2.2.2.1. Static photometric ellipsometers The equation of the

light flux (equation 1.46) is a function of A, P, and possibly C and &,
if a compensator is present. If no compensator is present, then C = 0
and 8§, = 0. If Pp(j) represents the detected signals at n different

sets (Pj,Aj) of polarizer-analyzer angles, substitution of this data
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into equation 2.10 yields n equations in G’ = G(Vexz + Veyz), v and A.
Hence, a minimum of three independent equations are necessary to
determine y and A.

The Gaeftner L116A automatic ellipsometer acquired for use here at
the Microelectronics Research Center is an example of a static
photometric ellipsometer.7 During automatic operation, the analyzer
rotates at a frequency of about 1 Hz. Intensity readings of the
reflected light, as sensed by the photodetector, are taken every 5°
during one rotation of the analyzer, beginning at 0° and ending at 355°.
This gives n = 72 equations with 3 unknowns. Of course, n need only be
3 to solve for ¢ and 4, but a larger n yields more consistent results.
It should be noted that ¢ and A are assumed constant during the 72
readings, hence, the minimum time required for one set of ellipsometric
parameters is one second. If only three equations had been used, then
one set of parameters could be obtained in about 0.83 seconds. Hence,

speed is sacrificed in return for accuracy.

2.2.2.2. Dynamic photometric ellipsometers As mentioned

earlier, a dynamic photometric ellipsometer is characterized by the fact
that one or more of the optical parameters, (A,P,p.) is modulated and
the detected signal is Fourier analyzed. There are many ways to obtain
this modulation. Two methods have, however, received more attention
recently. These are the rotating analyzer/polarizer ellipsometer and

the photoacoustic modulated ellipsometer.

2.2.2.2.1. Rotating analyzer/polarizer Starting with the
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PCSA arrangement, if the polarizer and analyzer are rotated at different
speeds and the transmitted flux is linearly detected, then this periodic
vaveform can be Fourier analyzed. The optical arrangement is again the
PCSA arrangehent (wvithout a compensator), thus equation 1.47 gives the
intensity of the light at the photodetector with C = 0 and TeJAC = 1.
Now, A = wyt and P = wpt, vhere wp, wy are the angular frequencies of
the polarizer and the analyzer, respectively, and the intensity becomes
a function of time, which can be Fourier analyzed. :
As an example if w = wy, = 3wp, then the intensity can be written in i;?ésﬁ
terms of nine Fourier amplitudes a, and (a,,b,), n= 1,2,3,4 vhere E£§$§£
I = a, + I(ajcosnwgt by sinwgt) 2.11 ;E\E:
and wg = 2.8 Eﬁ?ﬁ?z
A
The nine Fourier amplitudes can be obtained by performing a ﬁsﬁzﬁ;
Discrete Fourier Transform (DFT) of the signal I. If the optical system f:::;%
(sample) under measurement is nondepolarizing, it can be completely g;é;?
described by a complex 2 x 2 Jones matrix T, and this Jones matrix gives ;EEE£$;
the ellipsometric parameters ¥ and A as explained in section 1.3.1. The ?ﬁ} -$
components of the Jones matrix can then be written in terms of the nine ;2&3:
Fourier amplitudes a,, (a,,by). i;gé;;
The rate in which ¢ and A can be obtained is limited here by the Fiﬁiw
angular frequency, w, since a Fourier transform of the signal requires E
at least one complete cycle of the signal. An upper limit for the ;
frequency of rotation is about 10,000 rpm (about 130 Hz). Therefore, ?:?j.
the minimum time interval necessary to obtain one set of ellipsometric E_
data is about 5 ms. This is significantly faster than the manual and 5£~
automatic null systems, as vell as the static photometric system ;.
v
"""" e S R S i T
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;g 2.2.2.2.2. The photoacoustic modulated ellipsometer The

i photoacoustic modulated ellipsometer (PME) is based on the ellipsometer

R first constructed by Jasperson.9 The optical arrangement is basically

'é the PCSA arrangement with the compensator replaced by the modulator.

:3 The modulator designed by Jasperson is at the heart of the ellipsometer.

* Figure 2.2 is a diagram of the modulator head. A uniaxial

g& sinusoidal standing strain wave is established in a rectangular block of )

*i fused quartz by means of an ac-driven piezoelectric crystal quartz

3 transducer cemented to one end of the block. The oscillating strain is '

_ﬂ accompanied by an oscillating induced birefringence, such that the fused

}; quartz block acts as a linear retarder with an alternating (time-

,: varying) relative retardation. The direction of the strain determines

5 the direction of the fast axis of the modulated retarder; the amplitude

3 of the sinusoidal retardation is proportional to that of the strain and

. consequently, to the voltage applied to the transducer.

:; The relative phase shift has the form )

4 &(t) = Rsinat , 2.12

q vhere w is the resonant angular frequency of the modulator unit, and R .

i is the peak relative phase shift. It can be shown (see Ref. 2) that the )
i peak retardation, R, is directly proportional to the voltage applied to

': the transducer and inversely proportional to the wavelength ot the

:

; light, {.e., R a« V/A.

; The expression for the relative intensity of the light impinging on

& the photodetector can be obtained from equation 1.45 by substituting M h ;
A
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for C and &(t) for 8., vhere M is the angle that the stress axis makes
wvith the x eigenpolarization and §(t) is the relative phase shift as
given in equation 2.12. With these modifications, the expression for

the intensity becomes

I(t) = I + IssinS(t) + I cosé(t) , 2.13
vhere
I = G(Veyl+Vey?)/4[1 - cos2¥cos2A + cos2Mcos2(P-H) - 2.14
(cos2A - cos2y) + sin2AcosZ(P-HisinZHsinZWcosA]
Ig = G(Vgxl+Vay?)/4(5in2(P-M)sin2Asin2ysina] 2.15
I, = G(Vey?+Vey?)/4[5in2(P-H)(sin2M(cos2¥ - cos24) + 2.16

cos2Msin2Asin2ycosa)].
Again, Vex and vey are the diagonal élements of the Jones matrix for the
optical sample and G is identical to the G introduced in Section 1.3.2
on the PCSA arrangement, but with K. replaced by K.
The cosé(t) and sind(t) can be expanded in a Jacobi series,
cos§(t) = cos(Rsinwt) = Jy(R) + 20Jy,(R)cos2mut 2.17
sind(t) = sin(Rsinwt) = 20J9p,1(R)sin(2(m+1)wt) , 2.18
where the Jp(R)s are Bessel functions of the first kind of order m and
argument R.
Finally, if the voltage applied to the modulator is adjusted so

that JO(R) = 0, the flux the light incident on the photodetector becomes

I(t) = Iy + I sinut + Iy cos2wt + ... , 2.19 -
vhere )
I GV, 24V, 2)/4 2.20 :
o = ex *'ey : o
2,y 2 Ny
Iw = G(Vex *Vey )/4 2J1(R)Is and 2.21 N
12, = G(Vgy2eVgy?)/4 235(R)I, . 2.22
. ,
“~
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The fundamental (w) aﬁd second harmonic (2w) components of the detected

signal can be isolated and measured. Their ratios to the dc component
are defined as R, and R,
Ry = I /T4 = 2J1(R)Ig 2.23
Ry = 194/ T4c = 2J2(R)I, , 2.24
can be determined. The explicit equations relating y and & to R and
Ry, can be determined once a particular set of azimuths P, M, and A are
known.

Finally, it should be pointed out that the expressions I, I, and
I. in equations 2.15, 2.16 and 2.17 respectively, were calculated for
this work. The expression for I, does not agree with the only other
source vhich had calculated the explicit form of I(t), namely Ref. 10.
In that work, Iy was calculated to be
I'g = ((rpz+rsz)/4)[1 + c0s2Acos2Mcos2(M-P) - (cos2A + 2.25

cos2Mcos2(M-P)cos2y)]
Here Ip and ry are the diagonal elements of the Jones matrix for the
optical sample. The two expressions for Iy agree in the particular sets
of azimuths implemented by Ref. 10. However, the following argument
shows that equation 2.25 cannot possibly be correct.

If the retardation R = O, then the modulator no longer effects the
intensity of the light (except for a multiplicative constant) so I #
I(t,M). If, hovever, R = 0 is substituted into the entire expression by
Ref. 7, then I = I(t,M). Hence Ref. 10 does not have the correct
explicit gener:l form toz I(t). On the other hand, substituting R = 0
into equations 2.15 - 2.17 and using some trigonometric identities

yields
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I = (G(Vay?sVey2)/4)[1 - cos2ucosa +
cos2P(cos2A-cos2y) + sin2Psin2Asin2wcosd] ,
which is independent of M and t and is the correct expression for a

polarizer, sample, and analyzer (PSA) arrangement.

2.26




i Yhn A'e Sie 8 S Sk Aul Ad Aaruiia s iull Ais ate o\ o

' -
)

CIRE
AL
‘v.‘...

37

NAOX

\i\:_\.

3. CONSTRUCTION OF A HIGH SPEED DYNAMIC PHOTOMETRIC ELLIPSOMETER :«‘:I:'
N

(A PHOTOACOUSTIC MODULATED ELLIPSOMETER) S:. ;"‘

A schematic diagram of the ellipsometer is shown in figure 3.1.
The ellipsometer can be divided into the optical setup and the

electronic setup.

3.1. The Optical Setup

The polarizer and analyzer are crystal quartz Rochon prisms with a
2 degree beam separation. The modulator has a fused silica optical
element with a 1.65 cm aperture and a wavelength transmittance range of
0.18-2.6 um. The resonant frequency is 50 kHz. The light source is a
low pover (1 mW) HeNe laser, A = 632.8 nm. The laser head contains a
quarter wave depolarizer to achieve maximum circular polarization of the
beam. An optical interference filter between the analyzer and the
photodetector blocks out all wavelengths other than that of the laser
beam, reducing the effects of ambient illumination. The sample holder
has two translational and one rotational degree of freedom. The sample
itself is held vertical by a small vacuum. The mounts for the prisms,
modulator, laser, and sample were specially constructed out of a piece
of 0.5" thick aluminum slab. Apertures were placed between all optical
components to allow only the desired beam to be transmitted. All mounts
were painted black to reduce reflections and were secured on a stainless »
steel optical bench, vhich has predrilled holes separated by 1". The
entire optical bench is secured on a table vhich has mechanically

absorbing rubber pads placed under all four legs.
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Figure 3.1. The photoacoustic modulated ellipsometer. The elements _
are: the laser (L), polarizer (P), modulator (M), sample -~
(S), analyzer (A), photomultiplier tube (PMT), modulator .
controller (MC), digitizer and computer .
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Figure 3.2.

The optical setup for the photoacoustic modulated
ellipsometer. The elements are: the laser (L), polarizer
(P), photoacoustic modulator (M), sample (S), analyzer (A),
and photomultiplier tube. This is the PCSA arrangement
vith the compensator replaced by a photoacoustic modulator




3.1.1. The Rochon prisas

Rochon prisms are birefringent polarizers. With unpolarized
incident light they produce two transmitted beams with mutually
perpendicular polarization directions and different directions of
propagation. The prisms are made of quartz and have their optic axes as
shown in figure 3.3.

In the first part of the Rochon prism both waves have the ordinary

index of refraction n,- In the second part the o vave (ordinary wave)

vibrating in the plane of the paper continues to have index n, and is

0
not deviated. The e wave vibrating perpendicular to the plane of the
paper has index ng, and is deviated up or down according to whether ng >
n, or n, < n,. Hence, the polarization of the undeviated beam is easily
determined by observing the two spots of the transmitted beams as shown
in figure 3.3.

Prism polarizers are the highest quality polarizers having the
least absorption loss and the greatest degree of polarization. 1In
general, the quality of a polarizer is determined as follows.

The total transmittance through a polarizing element is

K\ = (k1 + k2)/2 ,
vhere kl is the transmittance of light which is polarized along the
transmission axis, k2 is the transmittance of light polarized
perpendicular to the transmission axis, and A is used to denote that the
transmittance is vavelength dependent. For a perfect polarizer, kl =

1.0 and k2 = 0.0, resulting in K\ = 0.5. For a pair of identical

polarizers with their transmission axes parallel, the transmittance of

light is
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Hy = (k12 « k22)/2 3.2
and the transmittance with the transmission axes perpendicular is -
Hgo = kl-k2 . 3.3

The extinctibn ratio, E\ is defined as the ratio of Hgg to Hy,
2 2
EA = Hgo/ﬂo = Zklkz/(kl + kz ) . 3.4
The Rochon prisms are high quality prism polarizers. For such
polarizers, H, approaches 0.45 and EX is between 10~ and

10-6.

3.1.2. The photoacoustic modulator

The modulator used is a Hinds PEM-80 photoelastic modulator system.
The system consists of a modulator head and the corresponding
controller. The modulator head contains a rectangular-shaped fused
silica photoelastic optical element set into mechanical vibration by a
bonded-on piezoelectric transducer made of crystal quartz. The
vavelength transmittance range is 0.18-2.6 micron, with a 1.65 cm

aperture and resonant frequency of 50 kHz. The separately housed

controller has a 10-turn peak-to-peak retardation control which sets the -
modulator’s oscillation amplitude. The controller also provides two .
square wave reference outputs at 50 and 100 kHz. These reference N >
outputs can be used as oscilloscope triggers or phase references for
lock-in amplifiers.
\
)
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3.1.3. The sample mount

A schematic diagram of the sample mount is shown in figure 3.4. A
mount with rotational freedom about the z axis (which determines the
angle of incidence) vas secured on a mount vwith translational freedom
about the xy plane. All three degrees of freedom could be controlled by
micrometers. The rotational micrometer provides precision to within
0.1° and the translational micrometers provides precision to within
0.lmm. The hand-made top section of the sample mount provides two
additional rotational degrees of freedom with somewhat less precision.
Here, the sample is held down by vacuum created by a small forepump.

The sample mount was carefully grooved and O-ring sealed to maintain
vacuum, which allows the vacuum pump to be turned off during
measurements reducing any mechanically induced noise it may produce.

The five small lmm diameter holes eliminate all detectable strain on the
sample.

3.1.4 Other mounts

The polarizer and analyzer mounts have high precision rotational
freedom along the direction of the laser beam. In addition, both
mounts, as well as the commercial laser mount, are themselves mounted on
platforms wvhich can be roughly adjusted, using three bolts with heads
that have been lathed smooth as indicated in figure 3.5.

The modulator mount also has an adjustable platform like that shown

in figure 3.5. Once the modulator has been secured, it cannot be moved

(4
.
*
D

vithout realigning the ellipsometer. The photomultiplier tube mount was

e
constructed similar to that of the polarizer and analyzer mounts, but .}}{
B
.
vithout the rotational adjustment about the beam. Its design is also oL
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k$ basically that of figure 3.5.
o i
‘5 3.2. The Blectrical Setup
ja A schemétic diagram of the electrical setup is shown in figure 3.6.
v
L1

The light incident on the Centronics P4283 broad spectral response

photomultiplier tube (PMT) is converted into a current at the anode.

. | -
A ALY

The current is then read as a voltage at a load resistor. A capacitor
serves as a dc block allowing the ac portion of the signal to be
measured at channel 1 of a Tektronix 390AD programable digitizer, which ‘

converts the analog signal to a digital signal using a 10 bit A/D

J'-PII;’-'_

converter. The digitizer is controlled by a Hewlett Packard 9000

+

computer. The digital signal is then sent via an HPIB interface bus to
a Hewvlett Packard 9000 computer for further data reduction. Finally,
the dc portion of the signal is fed back into a Hewlett Packard model
6516A high voltage dc power supply forcing the dc current at the anode

to remain constant for all incident light intensities.

a2 8 X AR

3.2.1. The photomultiplier tube -

LU

. The photomultiplier tube, PMT, (in fact phototubes in general) is
an inherently nonlinear device. Due to the recent increase in
photometric ellipsometers a lot of attention has been paid to this

! subject, e.g., see Ref. 11 and Ref. 12. To understand the inherent
nonlinearity of the PMT, refer to figure 3.7. Assume that we have a
phototube which provides a constant output current for when the incident
light flux is constant. The resistor R provides the voltage difference

between the anode and the cathode. The phototube acts as a gain stage

W LT e T A Y N g e e R Y e, e .
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for the light incident on it. Now, if the light flux increases, there
vill be an increase in the current through the phototube, ip. This is
equivalent to reducing the load resistance, R. Since the voltage at X
remains constant due to the regulated dc¢ powver supply, the current
through R is- reduced, which reduces the gain of the PD. Hence,
criterion necessary to obtain a linear response is to have ig » ip.

In the case of a photomultiplier tube, Ry is replaced by a voltage
divider network shown below.l3 A 150V Zener diode was placed between
the cathode and the first dynode to maintain their difference at the
recommended 150V value. The voltage of the cathode is 500 :100V, which
corresponds to an ig of about 385:80 mA. Using the 1 mV HeNe laser, ip
was found to be about lmA. In this case, ip/id is about 2.5 - 10‘3,
vhich satisfies the above criterion. It should be pointed out that
initially an 8 m¥W HeNe laser was used yielding an ip/id ratio about 10-
20 times larger. The linearity of the PMT was indeed noticeably

reduced.

3.2.2. The feedback mechanisa

The model 6516A is a series regulated power supply. A simplified
schematic diagram of the internal feedback mechanism is given in figure
3.9, and a complete schematic diagram is provided in Appendix A.

Ordinarily, Q16 detects an error voltage that is proportional to
the voltage at the base of Q16 and ground. The error signal is
amplified by Q10 and applied to the series regulator, Qll1. The series
regulator increases or decreases the output current as required to

maintain a constant dc output voltage that is equal to the programmed
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Here, R is the resistance of the dynode chain between the

* . anode and the cathode, R; is the load resistance, i, is the

= current through R, i  is the current from the light flux

o and ip is the total gurrent supplied by the dc power supply
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photomultiplier tube
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voltage. More precisely, the error voltage changes the conduction of
the series regulator which, in turn, alters the output voltage so that
the difference between the two input voltages applied to the Ql6 is
reduced to zero. This maintains the output voltage constant.l4

The above feedback mechanism can be altered so that the voltage,
and therefore the current at the annode of the PMT, remains constant. A
schematic diagram of this altered feedback mechanism is shown in figure

3.10. Light incident on the cathode of the PMT is converted into a

current at the anode. The dc portion of the current is run into Qfy, a

PNP transistor, wvhich amplifies the current. This amplified current is
then applied to the base of Q16. The load resistor Rj controls the dc
current fed into the base of Qgy. If the flux of light incident on the
PMT changes, an error voltage appears at Ql6 and is amplified and fed
back into the series regulator. Then the conduction of the series
regulator is changed, which alters the output voltage so that the
voltage, and hence, the current at the anode, is constant. A svitch
located on the chassis of the 6516A power supply allows for the altered
feedback mechanism to be turned off and the internal feedback mechanism
to be restored.

Finally, the feedback mechanism results in a constant dc current at
the annode of the PMT for all samples, regardless of the total
reflectivity of the light at the sample. For example, the feedback
mechanism functioned corrrectly, using a gold sample (highly
reflective), a silicon sample with an §i0, film (moderately reflective),

and a glass sample (slightly reflective).
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3.2.3. The signal processing

The ac signal can be adjusted independently of the dc feedback by

Or%
ﬁ: adjusting R’|. The resulting signal is then measured at channel 1 of
;ﬁ; . the 390AD digitizer. The commands to initialize the 390AD are all

received via the HPIB bus from the 9000 computer. The commands are
-, either resident in previously written softwvare or are directly entered
through the keyboard. The initialization commands include; the input

voltage range, the type of arming and triggering, the delay time for

éé trigger, and the sampling frequency.
%E An external trigger signal is provided by the photoacoustic
- modulator controller at 50 kHz. The signal at the anode of the PMT is i
-
- not in phase with this 50 kHz reference signal, but using the correct
delay time after the trigger, it is possible to obtain a signal with the
= proper phase. Once triggered the signal is then read into the 9000
computer. The signal, consisting of either 1024 or 2048 words (2 bytes
;L each), is read via a fast-hand-shake block transformation into a buffer,
;f created in the memory of the 9000. The 390AD provides an end of file,
? EOF signal on one of the control lines of the HPIB bus to end data
5 transfer. In addition, the software has been written to allow for a
f direct memory transfer, DMA if such hardware is available. -
A
,§ 3.3. Alignment

The proper alignment of the optical components of the
ellipsometer means that the following will be true;
¢ = 70°, P-M = 45°, M = 0°, and A = 45°.

Here, ¢ is the angle of incidence and P, M, A are the angles that the
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polarizer, modulator, and analyzer make with respect to the x
eigenpolarization of the optical system. The x eigenpolarization (the
plane of incidence) is perpendicular to the normal of the plane of the
optical bench, i.e., the light beam travels parallel to the optical
bench. The alignment procedure centers on using a precisely cut prism

as the initial sample.

3.3.1. The initial setup

Figure 3.11 is a schematic diagram of the initial setup. Here, ap,
aj, a3 and a, are all specially constructed circular apertures with a
lmm diameter. Figure 3.12 provides a closer view of the prism sample.
Vhen properly aligned, the beam is normally incident on surface S1»
totally internally reflected at Sy, and normally incident on s3 ~ The
following steps were used for this initial alignment.
1. The prism was placed so that the laser beam was totally
internally reflected.
2. The orientation of the prism was adjusted so that the
reflected beam passed through a;, then a,.
3. The sample mount was finely adjusted so that the
) reflection at S occurred at the center of the prism.
(At this point, the plane of incidence is parallel to
the optical bench and the angle of incidence is 70°.)
4. Apertures a, and a, ‘ere positioned so that the
reflected beam passed through them.

5. Finally, the PMT vas positioned so that a maximum dc

reading was obtained.
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Figure 3.11. The initjal setup for alignment

Pigure 3.12. A closer viev of the prism sample
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The uncertainty to which ¢ and the x eigenpolarization are known
. can be determined as follows. Defining the uncertainty in h (the

distance from the center of the laser beam to the optical bench) as &h
and using the small angle approximation

sinde = &6 , 3.5
it can be seen that

86 = sh/1 . 3.6

A safe approximation for &h is &h = 1lmm, which along with
1l = 500mm yields an uncertainty in ¢ and the x eigenpolarization of

about 10'4°.

3.3.2. The final setup

Figure 3.13 shows the final alignment setup. Here the modulator,
polarizer and analyzer have been inserted. The following steps were
used for this final alignment.

1. Starting form the initial setup, insert the analyzer A

and adjust so that the light beam passes undeviated
through the center of the Rochon prism for all analyzer
angles.

2. Insert the modulator (M = 0) and adjust so that the

light beam reflected at the surface closest to ai
nearly, but not exactly overlaps the laser aperture.
(Overlapping causes undesirable interference.)

At this point, all optical components are in place, but their

angles with respect to the x eigenpolarization still have to be

determined. Recalling figure 3.12, normal incidence on s; and sj, as
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DVM

Modulator w Lh
Controller

[ — 2w

2w, ® LIz

The final alignment setup. Here, a high pass filter, HPF
allovs the ac portion of the signal to be measured by two
lock-in amplifiers, LI1 and LI2. A dc signal from the

lock-in amplifiers proportional to the rms of the w and 2w
signal is then measured by a digital voltmeter, DVM

...................



vell as total internal reflection at s;, implies that the net y for this

optical system is 45°. Substituting, v = 45° into the general equation

of the intensity of light, equations 2.13 - 2.16 the ac component of the

signal is
I3¢ & (I, ~ Jg(R))cosd(t) + I sind(t) 3.7
vhere,
I, = (G(Vgy2+Vey?)/4)sin2(P-H)sin2a 3.8
I, = (G(V 2,y 2)/4)sin2(P-H)[sin2HcosZA + cos2Msin2Acosd] 3.9
s ex "'ey

and‘vhere Jo(R) is the Oth order Bessel function with argument R (all
other terms are defined as in equations 2.13 - 2.16). Recall from
equations 2.23 and 2.24 that Ig corresponds to odd harmonics and I,
corresponds :o even harmonics. The following steps are based on
equations 3.7 - 3.9.

3. Set the peak-to-peak retardation of the modulator to
the value to be used in subsequent measurements. If
the desired retardation is 2.4048 radians, then the
peak-to-peak should be set at 248.

4. Using lock-in amplifiers, lock in on the 50 kHz and 100
kHz signals and adjust P until both are maximum. From
equation 3.7, this corresponds to P - M = 43°.

S. Adjust A until the 50 kHz signal is 0. From the
equation for I this corresponds to A = O.

6. With A = 0, adjust M until the 100 kHz signal is O.

From the equation for I, this corresponds to M = 0.

..............
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7. Set A = 45° and adjust P until both the 50 and 100 kHz

signals are 0. From equations 3.8 and 3.9 this
corresponds to P = 0.

At this point, M = 0, and P and A are known with respect to the x
eigenpolarization. A note should be made as to the ordering of step 3.
It wvas found that the stress axis for this particular modulator was
slightly dependent on the peak-to-peak retardation, i.e., on the voltage
applied to the piezoelectric crystal. This could be due to slight
strains within the fused silicon block. The largest variation in M for
the entire range of ret;rdations vas found to be about 0.05°. This was
found by repeating step 5. By setting the retardation in step 3, the
error in M can be eliminated. Recall that R is proportional to V/A,
where V is the voltage applied to the piezoelectric transducer and X\ is
the wavelength of the light. Hence, this error could not be eliminated
for a spectroscopic ellipsometer.

Finally, since the x eigenpolarization has been determined with
respect to A and P, it is not necessary to construct an entirely newv set
of alignment procedures after changing M. Rather, M can be rotated and
P adjusted until the ac signal at the PMT is O (or more realistically a

minimum). At this point P = M, so M is determined.

3.4. Data Reduction
The operating system of the HP 9800 computer is a Pascal operating
system, and all programs were written in Pascal. The data transfer as
vell as many other aspects of the data reduction required extensive use

of HP modules. With the aid of these modules, the Pascal programs were
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every bit as powerful as BASIC programs and in some cases even more

. poverful. A modified system library was created using selected
commercial modules as well as a complex numbers module. The programs
and modules written for this work are located in Appendices B-E. It wvas
necessary to write a small routine which is embedded in the larger
"READ_CH1" procedure. This routine converts the data received from the
390AD into ASCII characters which would then be printed on the screen or
undergo further data reduction. Othervise, the data would be
interpre .ed as control characters by the operating system. It should be
noted that any BASIC operating system (for which the 390AD wvas designed

to be used) takes care of this in the transfer routine.

r
R’

»

“u v EmY

3.4.1. The discrete Fourier transform

AR

L owh AN

A procedure which calculates the Digital Fourier Transform or DFT
of a set of data was written. The procedure calculates the amplitudes
and the phases of the first n Fourier coefficients where n is an
integer. It is not necessary to take a Fast Fourier Transform or FFT of
the data, since it does not provide any more useful information, yet it
requires the calculation of all N Fourier coefficients. The DFT
procedure, called DFT 50 is based on the following mathematical
discussion.13,16,17

Any periodic function, vhich is least square integrable can be

vritten in a Fourier series as

f(x) = L and(x) 3.10
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vhere ¢, is an infinite set of orthonormal functions and a, are the
Fourier amplitudes of f(x) given by the inner product

a, = (¢,,f) . 3.11
In particular, if the period of the function is 2L then the orthonormal
set

einnx/L

. (x) = — 3.12
" 2L

vhere, n = 0,:1,:2,... The inner product is then defined as

1 +2L

a, = -[xf(x)e'I""X/L dx . 3.13

2L
X

If the function is time dependent with period T, then it is standard to

vrite
m (]
L anexznt/T , 3.14
-
vhere
1 t+T
a, = -I £(t)e-2nnt/T g 3.15
Ty
i2nrt/T

The set of functions e is no longer normalized. This set of ags
are referred to as the finite Fourier transform of f(t) and are actually
the correct Fourier coefficients for a signal of period of T

In practice, ve can only use a finite number of measured values of

f(t). The signal, f(t) is measured at t = kit, vhere At is the time

interval between two sampled values of f and is called the sampling




interval. If NMAX samples are obtained in a time interval T, then T =

NMAXAt. Substituting these for t and T in equation 3.15 and going from

continuous to discrete variables yields

1  NMAX-1 -j2nnkaAt
a, = - I f(kat)exp|—| , 3.16
NMAXAt k=0 NMAXAt
vhich can be reduced to
1 NMAX-1 -j2nnk
a, = - L f(kat)exp ’ 3.17
NMAX k=0 NMAX

vhere the set of a;s are referred to as the N point discrete Fourier
transform16 of £(t).

If £ is a real function then

3 = 2n-NMAX

i.e., the a;s are periodic. Therefore, it is only necessary to
calculate half of the Fourier coefficients, and it is desirable to have
NMAX odd. Also, the NMAX within the argument of the exponential can be
varied, yielding different sets of DFTs. Howvever, the total number of
points in the DFT must remain the total number of points sampled. For
example, if NMAX is doubled, the range of Fourier components is divided
in half but the number of Fourier components within this range remains

the total number of data points.

If a signal contains frequency components less than or equal to a

frequency fy,y where

then f can be exactly reconstructed from the NMAX sampled values taken

. e

i _,1.

‘l.\

P

5



ﬁ:’-\:':'- N S

@ on o e T Jh

a

;\.x' -" l" '\) »

A

L g e A

A
.

Dl VS G W

A RS

64

at t = kadt, where 4t = 1/NMAX. This is known as the sampling theorem. 10

Hence, changing NMAX in evaluating a,s does yield correct results as
long as the signal has no frequency components greater than fgauprying/2-
Finally; the complex Fourier coefficients can be converted to a

magnitude and a phase. Setting an amplitude, An to be two times the
magnitude of a, (except AOQ which is set equal to |ag|) and a phase, §,

to be the phase of a,, equation 3.18 can be written as

o nnk
f(k) = T Ajcos + sn] . 3.18

n=0 MAX
The amplitudes, An, are the Fourier components.

Recall that the general form of the intensity of light incident on

the PMT is

Ip = Ig , I cosé(t) + Igsind(t) 3.19
and cos§(t) and sind(t) can be expanded in a Jacobi series as was shown
in Chapter 2. This would seem to indicate that a DFT would not yield
correct results according to the sampling theorem, since the series
includes an infinite number of harmonics. However, the higher order
Bessel functions are nearly zero for the retardations in question.
Hence, since the Fourier amplitudes are proportional to the Bessel
functions, for all frequency components greater than 500 kHz will be
zero, and the sampling frequency can be chosen such that

EsampLIng 2 500 KHz .

Finally, it should be mentioned that the DFT produces the best results

if an integral number of 20 pus intervals are used. This is obvious if

one recalls that the Fourier transform actually reproduces a signal with
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a period T (see equation 3.15).
With the above information in mind, the DFT for the photometric
ellipsometer was constructed in the following manner.
1. The sampling frequency was chosen to be 60 MHz, well
above the 500 kHz limit.
2. - NMAX was chosen to be the nearest odd integer to
EsampLinG’ foscILLaToR: Where fogcriiaTor IS the
modulator’s frequency (50 kHz).
3. The complex coefficients, a,, were then converted into
An and §, as defined in equation 3.19.

A program was written called "spectral analysis", located in

Appendix B, which thoroughly tested the DFT procedure. In this program,
it was possible to create two different types of signals;

1. £(t) = Ag + Ancos(nwt+8n)

2. f(t) = I cos(wt) + Issin(wt).

Arbitrary Aj, 8y, and w could be entered in (1), and arbitrary azimuth
and ellipsometric angles could be entered in (2). Then, a discrete
Fourier transform (DFT) is performed on the resulting data and compared
to the expected values.

The DFT procedure worked correctly in (1) and (2) for all
situations in which f5aMPLING ¥as an integral multiple of fosSCILLATOR.
If, however, the ratio of the two frequencies was not an integer, then
an error of about 0.05X% was introduced, which could be further reduced
if more than 1 period of data were Fourier analyzed. Hence, it is
important to choose a sampling frequency which is an integral multiple

of the modulator frequency to insure the best possible DFT results when
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observing 1 period of data.
The next step involved reading a signal with known Fourier

amplitudes into the 390AD digitizer and perform a DFT on it. The

2,

é: modulator provides a 50 kHz modulating frequency. This was checked by
.: sending the 50 kHz square wave reference signal into the 390AD and
;g performing DFTs on the resulting data using an foscrLrLaTor in the
E; "DFT_50" procedure between 49 and 51 kHz, increasing by 1 Hz each time.
) Since the Fourier transform of a square wave has only nonzero odd
'2; frequency components, the best foscrLLaToR frequency for the DFT could
é then be determined by observing when the even components were minimized.
; This did indeed occur at fugeypparor = 50 kHz, but the minima were not
:E zero as they would be in the ideal case. Rather, they were about 0.1%
S: of the corresponding odd magnitudes. The fact that zeros were not
'; obtained plays an important role when the data are further reduced to
;5 obtain ¢ and 4, i.e., the data reduction itself, introduces an error of
o
;; about .1% for ¥ and A.
3.4.2. Obtaining the optimal signal .
Before actually calculating ¢ and A, it was necessary to adjust the
. load resistance in order to obtain the optimal signal at the PMT. .
S: Varying the load resistance can significantly change the signal at the
§ anode, resulting in large variations in the Fourier coefficients, and
i

consequently the resulting ¢ and 4. As far as is known, these signal

analyzing procedures have not been done before.
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PP

3.4.2.1. Relationship of the Pourier Coefficients to the Bessel 1

Functions From the general equation of light flux, I(t), and the
Jacobi expansion of I(t) in terms of sines and cosines and Bessel

functions, it can be seen that (excluding the dc component) the ratio of ]

odd or even magnitudes of Fourier coefficients are equal to the
corresponding ratio of odd or even Bessel functions for all ¢ and 4.
Therefore, independent of the settings of the optical components as well
as optical properties of the particular sample, a comparison of ratios
of the magnitudes of Fourier components with the ratios of the Bessel
functions gives an indication of the quality of the signal being
processed. The program, "DFT_ellipsometer", which controls the
acquisition and reduction of data for this ellipsometer is located in
Appendix C. The program displays the first seven Fourier coefficients
and their corresponding phases, as well as, the resulting values of ¥
-and 4. 1In addition, the procedure "Gain_Calibration" compares the
ratios of these Fourier coefficients to the corresponding ratios of
Bessel functions. The two lovest order Bessel functions are calculated
from the following series relation
® (-l)k(x/Z)“*Zk

J(x) = I 3.20
k=0  kIT(n+k+1)

and the higher order Bessel funcions are obtained using the recursion

relation

2n
Jn+1(x) = —Jn(x) - Jn_l(x) 3.21
X




If I, is zero, then the even ratios must be used to determine the
quality of the signal. If I, is zero, then the odd ratios must be used.
It is also possible to solve for the retardation as a function of
the magnitudes of the Fourier coefficients. Combining recursion
relation 3.21 and the fact that the ratio of Fourier coefficients is

equivalent to the ratio of corresponding Bessel functions gives

1/2
[ 24A54, }
R = .

Equations similar to 3.22 but using higher order Fourier coefficients

can also be obtained, e.g.,

1/2
[ 48A3A, ]
R -

The procedure "RETARDATION CALIBRATION" calculates the two lowest

order retardations, i.e., from the two lowest sets of Fourier

amplitudes. Unlike the "GAIN_CALIBRATION" procedure, both I, and Ig

must be nonzero, (which will often be the case), in order to obtain good

results.

3.4.2.2. The gain of the PMT as a function of the voltage at the

cathode The actual voltage measured by the digitizer is a function
of the load resistance and the voltage of the high voltage powver supply.
Variations in either one of these causes variations in both the
magnitudes and phases of the Fourier coefficients as expected. Note,

hovever, that the capacitor used as the dc block is so large, that the
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capacitive reactance is nearly zero for the 50 kHz signal. Hence, it is
expected that the ratios of the Fourier amplitudes, (as discussed in the
previous section), remain constant for all values of the load resistance
and high voltage power supply. It was found, howvever, that the ratios
of the Fourier amplitudes is dependent on the voltage at the cathode of
the PMT. Hence, the gain of the PMT at different frequencies are
different functions of the voltage at the cathode of the PMT.

Figure 3.14 shows the relationship of the ratios of the Fourier
coefficients as a function of the voltage of at the cathode of the high
voltage power supply. The sample used for this case was a silicon
wvafer, which has a moderate reflectivity. (Recall that the odd or even
ratios of the Fourier coefficients is independent of the ellipsometric
angles, ¢ and 48, as well as, the azimuth angles P, M, and A of the
ellipsometer.) As can be seen, the ratios of the Fourier components is
extremely dependent on the voltage at the cathode. Higher order Fourier
coefficients have magnitudes on the order of 1% of A; and A;. These
coefficients are even more sensitive to the voltage at the cathode of
the PMT.

If the feedback mechanism described above is used, then this does
not present a significant problem. The gain of the PMT changes several
orders of magnitude, if the voltage at the cathode of the PMT varies
from -475V to -675. Hence, although the total reflectivity of the
sample may vary over one order of magitude, the high voltage at the
cathode of the PMT need vary only slightly to maintain the dc current at

the anode constant.
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Figure 3.4. A plot of the ratios of the Fourier amplitudes verses the

voltage at the cathode of the photomultiplier tube. Here,
Ay ~ Ag are the amplitudes of the first five fourier
coefficients, obtained by performing a discrete Fourier
transform, DFT on the signal at the anode of the PMT. The
sample used vas a 10004 film of 5i05 on Si, and the load
resistance is 2500 kQ
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3.5. Calculation of ¢y and A
Recall that the general equation for the signal at the anode of the
PMT (provided that the PMT has a linear response to the light flux) wvas

calculated tb be

I(t) = Ip + I cosd(t) + Igsind(t), 3.24
vhere,
Io = G'{1 - cos2ycos2A + cos2Mcos2(P-M)(cos2A - cos2y) + 3.25
sin2Acos2(P-M)sin2Msin2ycosa],
Ig = G’ {sin2(P~-M)sin2Asin2ysind], 3.26
I, = G’ [sin2(P-M)[sin2M(cos2y-cos2A) + 3.27

cos2Msin2Asin2ycosd]], and
G = G(Vgy® + Voy2)/4. 3.28

Here, G is the proportionality constant defined in Section 1.3.2, M, P,
and A are the angles that the modulator, polarizer and analyzer make
vith respect to the x eigenpolarization, ¢ and 4 are the ellipsometric
parameters, and Vex and vey are the diagonal compénents of the Jones
matrix of the unknown optical system.

As vas mentioned in the alignment section, Section 3.3, the above
signal can be written as the sum of an ac and a dc component, namely

I(t) = I, + Iy, 3.29

vhere

I, = Igsind(t) + Io(1 - Jo(R))cosd(t), 3.30
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Idc - IO + JO(R)IC and 3.31

R is the retardation in radians. The feedback mechanism presented
earlier forcés a constant dc current for all samples and retardations.
Setting the parameters M, P, and A so that

P = 45°

M=0°, and

A =450,

the equations Iy, I, and Ig become

IO = G,’ 3032
I = G'sin2ysind , and 3.33
I, = G’sin2ycosa. 3.34

Solving for sin2y and tand in terms of I, I, and Ij yields

sin2y = [Ig2 + 1.211/2/1, 3.35

and tand = Is/Ic . 3.36

Expanding sin8(t) and cos8(t) according to the Jacobi expansion as

introduced in Chapter 2 it can be shown that

ZIst(R) = Ay j = 1,3,5,... 3.37
2L Jk(R) = Ay k = 2,4,6,... 3.38

and
Igp + IJg = ag 3.39

vhere the A s are the amplitudes of the Fourier coefficients as defined

in the section describing the DFT procedure.
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Substituting for Ig, I., and Iy in equations 3.35 yields

e - -

sin2v = [(A3/35(R)Ze(8/ 3 (R)Z1V 2/ (28g-8 (Jg(R)/I(RY))  3.40

-

vhich reduces to ]

sin2v = [(Ay/3)2 + (43021 2728 3.41

- o =

vhen R = 2.4048, the first root of Jy(R).
At this point, forcing the dc current at the anode of the PMT

forces Ay constant for all samples. Introducing the constant dc_cal as

PR R

dc_cal = 2Ag, equation 3.41 becomes
sin2v = [(A3/35(R)?Z + (4 /3y (Rp))21V/ 2/de_cal. 3.42

e Ed

This equation is the basis of the "FQURIER PSI" procedure located in the
DFT_ELLIPSOMETER program in the Appendix.
The equation for tand becomes
¥ tand = Jy (Rg)A3/(J;5(Ro)Ay) for j < k 3.43 {
’ and

cotd = J5(RAL/(J5(Ro)Ay)  for § > k. 3.44

Since all amplitudes and Bessel functions used above are positive,
: it vould seem that 4 is restricted to the range
E 0° <4 <90°.
' Hovever, the actual range of A is
, 0° < 48 <180° .
To determine which quadrant 4 is in, it is necessary to refer to the
phases of the FPourier ccefficients obtained from the DFT procedure.
Once again, referring to equation 3.24 for the intensity of light at the

PMT ve see that

Ig > 0 for all 3,
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2' but I. > O vhenever 0° < & ¢ 90°
)
and I. < O whenever 90 < 4 < 180° ’
4
;: Hence, with M = 0°, P = A = 45° and the phases of the odd Fourier
\
c't

coefficients are 270° (corresponding to positive sine waves), the

followving equations are true;

\

b 0° < & < 90° whenever & = 0°

hY

3 and 90° < A < 180° whenever §, = 180° ,

vhere k = 2,4,6 ..., and the & s are the phases of the Fourier
coefficients obtained from the DFT procedure. The actual phases of the
odd components are not exactly 0° or 180°, but rather are within 15° of

these, if the phases of the odd components are within 15° of 270°

b It should be noted that tand turns out to be independent of the dc

'E current, due to the symmetry of the experimental setup, namely M = O.

3 This is why this particular configuration was chosen. Hence, any errors

3 resulting from unequal amplification of the dc verses the ac portions of

d the signal by the PMT will not effect the accuracy of the 4 measurement.

) On the other hand, the unequal amplification of the various ac

: components does effect the accuracy of the ¢ measurement. ’
:{ The best results for y and A vere obtained, using the lowest order

: terms j = 1 and j = 2. This is expected, since the analysis of the .
; higher order frequencies, as discussed earlier, showved that the gain of

i the PMT is indeed frequency-dependent.
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4. CONSTRUCTION OF A VERY-HIGH-SPEED ELLIPSOMETER

(THE DUAL ANALYZER ELLIPSOMETER)

This ellipsometer is capable of acquiring a set of ellipsometric

e W "

parameters (y,4) at rates over 10 times those of the fastest
! ellipsometers currently available. The ellipsometer utilizes a

photoacoustic modulator. Only the ac portions of the signals are used.

> -

This eliminates errors due to depolarization caused by imperfect optical
) | components, as well as, errors due to extraneous sources of light. The
ellipsometer does not require a high-speed pover supply to respond to
fluctuations in the flux of the light source in a feedback loop.
Rather, these fluctuations automatically cancel themselves out.
' Finally, the ellipsometer retains the advantage of no mechanically
moving parts.

Ordinarily, photoacoustic modulators are used to construct dynamic
photometric ellipsometers, i.e., ellipsometers based on Fourier analysis
of the output signal. This forces the minimum time necessary for the
acquisition of ¥ and 4 to the period of the modulator signal (usually
about 20 microseconds). Also, Fourier analysis takes several seconds
for most minicomputers. This means that the data reduction usually must
s be performed after the ellipsometric measurements have been made. This
| eliminates the possibility of using the dynamic photometric ellipsometer

in any sort of feedback mechanism for precise observation and control of

thin film grovth under vacuum. This nev ellipsometer is a static

RN

photometric ellipsometer, so its signal, is not Fourier analyzed, and

therefore, the above restrictions would no longer exist.
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4.1. The Ellipsometer Setup
Once again, the ellipsometer setup can be divided into an optical
and an electrical setup. As in Chapter 3, a discussion of each of these

setups, as véll as the alignment procedure follows.

4.1.1. The Optical Setup

A schematic diagram of the ellipsometer is shown in figure 4.1. An
obvious major difference in the setup is the dual analyzing arms. The
ellipsometer can be called a dual analyzer ellipsometer (DAE). The
laser beam is split into two beams using a piece of fused silicon.

Figure 4.2 shows how the beam is split. The beam reflected from
the first planar interface is analyzed by one arm of the ellipsometer
and the transmitted beam is analyzed by the other arm of the
ellipsometer. The resulting signals at the PMT are then read

simultaneously.

4.1.2. Alignment

The alignment procedure discussed in the last chapter is used
here to align the transmitted section of the ellipsometer. After this
vas completed, the beam splitter is placed between the sample and

analyzer, Ap. Then the folloving steps are performed with the modulator

off.

1. The beam splitter is rotated about its z axis until the
beam of light is reflected at the principal angle and
passes through an aperture.

2. The analyzer, Ap, is placed so that the beam passes
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undeviated through it to PMTg.

Y RS

. 3. The polarizer is set at 90° and Ap is adjusted for a
null. This corresponds to Ap = 0°.

4. Finally, since the transmitted beam has been slightly

‘S

deviated by the beam splitter as indicated in figure +

4.2, Ap and PMTyp are translated so that the beam once

-
O XN

again passes through thenm.
The modulator is then turned on and adjusted (as explained in the

previous chapter) so that M = 45°. The dual analyzer is now aligned.

. 4.1.3. The electrical setup

; The figure belov shows the electrical setup. The same power
supply, computer, and digitizer used in the previous photoacoustic

- modulated ellipsometer were used here as well. Hence, only those

X aspects of the DAE which are different from the previous ellipsometer or

\ which have a fundamentally different role will be discussed here.

Two Centronics P4283 broad spectral response photomultiplier tubes
wvith identical voltage divider networks are connected to the same high
voltage powver supply, so that the voltage at the cathodes of both PMTs
remains the same. It is not necessary that the gains of the two PMTs be
; the same (indeed, they probably are not the same). Nevertheless, it
t must be assumed that their ratio remains the same at any given voltage.
This is true as long as the current resulting from the light incident on
both cathodes is much smaller than the current through either voltage
divider netwvork. This wvas already discussed in Section 3.2.1 for the

o case of a single phototube. The corresponding discussion in Section
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3.2.2 for the HP 6516A powver supply demonstrates that the criterion, i4
) » 1P' would still be satisfied when using two PMTs.

The dc portion of the current from PMTy is incorporated in a
feedback loob in the same fashion as that of the ellipsometer from the
previous chapter. The dc portion from PMTp is allowed to flow through
Rip: Rpp and Ryp can be varied independently of each other. Cp and Cyp
act as dc blocks allowing the ac signals to be A/D converted by the
Tektroniks 390AD. |

4.2. Theory of the Ellipsometer
i The Jones matrix formalism, introduced in the earlier chapters, was
used to calculate the intensity of the light at the two PMT’s. The
Jones matrix of the beam splitter will be written
X = [xex ° ] . 4.1
0 Xoy
vhere Xoy and xey are the eigencoefficients for either the transmitted
or reflected beams, i.e.,
Xex = Roy and xey = Roy for the reflected beam, and
Xex = Teyx and xey = Tey for the transmitted beam.
As 1s standard in reflection or transmission ellipsometry, one can
introduce the ellipsometric parameters ¢ and 4,
Rex/Rey = taaneiAR
or ‘rex/'rey = tanwreiAT .
Hence, using the Jones matrix formalism, the intensity of the light at
either of the PMTs is
S e N N S e
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IX(t) = IgX + Ig%sind(t) + I Xcosd(t) 4.2

vhere

Io* = (GyaB,/8)[(1l+cos2yy) - (cos2y,+cos2y) + cos2Mcos2(P-M)- 4.3
'ICOSZA(1+9082¢kCOSZW) - (cos2yy+cos2y)] +
sin2Acos2(P-M)sin2Msin2ysin2y,cos(8+4,)]

Ig% = (GyaB,/8)(sin2(P-M)sin2Asin2ysin2y,sin(A+dy)] 4.4

IX = (GyaB,/8)[sin2(P-M)[sin2M((cos2¥y+cos2¥) - cos2A- 4.5

(1+cos2¥,cos2y)) + cos2Msin2Asin2vsin2yycos(d+8y)]]

and where

2 4.6

2
o = Vex + Vey
2
By = Xexz + Xey ’ 4.7

and the X coefficients are those defined above.

4.2.1. Static vs. dynamic photometric measurements

As vas mentioned earlier, the major difference between static and
dynamic photometric ellipsometers is that the latter is Fourier analyzed
and the former is not. Nevertheless, a time interval, called the
"resolution time", can be attributed to both types of ellipsometers.
Resolution time will be defined later.

Figures 4.4a, 4.4b, and 4.4c demonstrate three different situations
that could be encountered by a dynamic photometric ellipsometer. Note
that in the general case y = y(t), & = 8(t)and « = a(t). The minimum
time interval, At, necessary to obtain 1 set of ellipsometric data by
Pourier analysis is the period of modulation, 4t. The value 4t can be

defined as the resolution time of the ellipsometer. Note, At can vary
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from us to hundreds of ms depending on the type of modulation used,
e.g., photoacoustic, rotating/analyzer, etc. ...

In figure 4.4a, it is assumed that y, 4, and « are slowly varying
functions of t. If, on the other hand, ¥, A4 and « vary on a time scale
approximately that of At as in figure 4.4b, then Fourier analysis of the
signal yields a sort of average ¢ and A. Finally, if ¢, 4, and a vary
significantly within 4t, as in figure 4.4c, then an average set of
parameters, y and A obtained from Fourier analysis tells very little
about the types of optical changes that have actually occurred.

The situations encountered in figures 4.a, 4.b, and 4.e for dynamic

photometric ellipsometers can also be considered within the realm of

static photometric ellipsometers. Namely, a resolution time can be
attributed to this type of ellipsometer. Again, y, 8, and « can vary
with time. Most often, however, ¥ and A are independent of time when
static photometric ellipsometers are used. The resolution time, At is
the time required to obtain three independent equations of I(t). The At
usually ranges from several seconds to several minutes, depending on the
method of measurement. Again, the information that the resulting
ellipsometric parameters, y and 4, provide depends on the relationship

. between ¥(t), 4(t), a(t), and At.

For both the dynamic and static photometric ellipsometers, the
sample being measured is a function of y, 8, and « (defined above).
Hence, it is necessary to obtain 3 linearly independent equations in
order to calculate one set of ellipsometric parameters.

In the case of the photoacoustic modulated ellipsometer previously

ANIAN NS

discussed (a dynamic photometric ellipsometer), the quantity K = Ga/4 is
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INDEG.  DPSI: 48,967  DEL- 79.3%60
IN RAD——RETARDATION= 2,485
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(INTEEITY)

0 w T T
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Figure 4.4a. The light intensity, I(t), as a function of time. Here, Y
and A are constant over one modulation period, T
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Figure 4.4b. The light intensity, I(t), as a function of time. ¥ and &
vary linearly with respect to time. Here, ¥ varies from
40.97° to 16.67° and A varies from 79.38° to 113.89° over
2.334 modulation periods, i.e., 2.334 Ts
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Pigure 4.4c. The light intensity, I(t), as a function of time. Here, Y
and 4 vary linearly, Y varies from 40.97° to 16.67° and 4

- varies from 79.38° to 113.89° over one modulation period,
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held constant by incorporating the dc output of the PMT in a feedback
loop. Also, note that both G and « can be functions of time, but their
product K remains constant. Hence, one independent variable vas
effectively eliminated as an unknown. Therefore, it is possible to
obtain the tvo independent parameters y and A from tvo independent
equations. (The Bessel function recursion relation introduced in Chapter
3 necessarily reduces the number of independent parameters which can be
obtained from Fourier analyzing the signal to two.)

In the case of a static photometric ellipsometer, three independent
equations are obtained from three different sets of measurements as vas
shovn in Section 2.2.2.1. The three sets of equations are usually
obtained by mechanically changing polarizer or analyzer settings, either
automatically or manually.

In the case of the DAE introduced here, each measurement yields tvo
simultaneous equations for ¢ and A. Byr Wx» and 4, in equations 4.2-4.5
are constants for both the reflected and transmitted signals at all
times. Therefore, the proportionality factor K’ for the (DAE), defined
as

K’y ® GyuB, /8 4.8
corresponds to K in the discussion for a modulated ellipsometer.
Hovever, in order to obtain information within very short time intervals
(e.g. in situ measurements under high vacuum), K’ can no longer be
maintained constant using the feedback loop described in Chapter 3,
i.e., K /= K,'(t). Note, if somehov a very high speed dc pover supply

existed and vere incorporated in such a feedback loop, the pover supply

vould respond to the modulated ac signal producing a dc output at the
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anode containing no ellipsometric information.
The DAE automatically takes care of this problem. Since two
signals are analyzed simultaneously, the ratio of Kz/Kp remains fixed

and eliminates the third independent variable as is seen below,

k-1,2,3’ L) 409

ITac(k) sTSk + ICTCkJ
Pk ® = v |

Ig3¢(k) sy + IcRck]

vhere t = t} = k/f; is vritten as k, (fg is the sampling frequency)

Sk ® sin(Rsinutk) ’ 4.10
¢ ® cos(Rsinwty) and _ 4.11
vy ® Kp/Kp 4.12

Equation 4.9 is one equation with two unknowns (y,4). Hence, it is
necessary to sample at two different times, ty and ty 4, in order to
obtain tvo independent equations. A crucial point to be made here is
that it is assumed that ¢ and A remained constant over the interval
tks1-tg- Note, in this case, the modulation of the polarization of the
signal is totally analagous to mechanically adjusting the polarizer or
analyzer in a static photometric ellipsometer as explained earlier.
Therefore, t, -ty is the resolution time, 4t, of the ellipsometer. The
value At should be chosen large enough so that significant changes in
the modulation of the polarized light have occurred, yet small enough so
that ¢ and A remain essentially constant over that time interval.

Unlike dynamic photometric ellipsometers, the resolution of the DAE is
not a definite minimum time interval and can be varied for a given set

of data to obtain optimal results.

In general, the two linearly independent equations necessary to

LELULEA LA A LN




W calculate v and 4 are obtained from equation 4.9 for the k and k+1
o .
points, py and P, i In order to solve these for v and 4, it is
',
k necessary at this point to introduce the explicit forms of I*Xg and I..
U
"

These depend on the particular arrangement of azimuths for the various

optical components in the ellipsometer.

. 4.2.2. A particular setup

The following was chosen as the setup for the ellipsometer;

2 1. M= 45°

§ 2. P =90°

W .

- 3. Ag = 90° and Ap = 45°

5 4. g = 0, and wp = 45° (the principal angle of a

E dielectric).

- Substituting these values into the general equation of the intensity of

i light at the twvo PMTs, equations 4.2-4.5, it is found that

B R =0 4.13
. IRc = ZK'RsinZH(l + cos2y) 4.14
¥ 1T, = K'Tsin2ysing 4.15
.5 1T, = k' Tcos2y 4.16

vhere K’¥ is defined in equation 4.8. Note, the reflected beam only has

e

even harmonic terms, because the beam splitter was placed at its

I

f principal angle. This configuration was chosen because it produces an
;. extremely high quality reflected signal, independent of 4, with an
?ﬁ amplitude comparable to that of the transmitted signal. It also

v provides convenient points, tj, for sampling as will be discussed
A ’

. shortly.
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Substitute the values of I*; and I*_ acquired for the particular
setup given above into equation 4.9. Using the two resulting equations

vhen t = t) and t = t, ,, expressions for v and 4 are found to be,

Y = — COS

1 _1[ PiCkSk+1"Pk+1%k+15k ]
2

[k (PKs1%k+1-Y1%%k+1) = Ske1(PKCK-Y1CK)]

4 = Sil’\-l [

pkck+cosw(pkck-v1ck)]
ylsinZWSk

vhere all term: are defined as in equations 4.10-4.12.
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5. INTERPRETATION OF ¢ AND A

In order to interpret ellipsometric data taken when polarized light
is refracted from or transmitted by bare or filmed substrates, the
electromagnetic theory of light should be used to derive an expression
for the complex valued reflection and transmission coefficients in terms
of macroscopic optical properties that characterize the particular
structure under measurement. Two ideal situations, the bare substrate
and the single filmed substrate, will be discussed here. The notation
for the complex index of refraction in a homogeneous, isotropic, linear-
absorbing medium will be denoted by N = n-jk, where m is the index of
refraction and k is the extinction coefficient of the medium. The time
dependence of all harmonic fields will be chosen to be eJ®t  This is
the notation decided on at the 1968 International Conference on

Bllipsonetty.18

5.1. The Bare Substrate System

The following discussion is similar to that of Ref 1. Figure 5.1
shovs the oblique reflection and transmission of an optical plane vave
at the planar interface between two semi-infinite homogeneous optically
isotropic media, 0 and 1, with complex indicies of refraction Ny and N;.
The change in index of refraction is assumed to be abrupt at the
interface. Since the media are isotropic, the eigenpolarizations are
the linear vibrations parallel (p) and perpendicular (s) to the plane of

incidence.

Let (Eip'Eis) and (Erp'grs) represent the complex amplitudes of the




. 4 a

BN RR . XA,

] )'...‘

B e s

L

LT

NP | P

S ' *o
MEDIUM (0)
MEDIUM (1)
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components of the electric field vectors of the incident and reflected
vaves, respectively, at opposite points directly above and below the
interface. Matching the tangential E and H fields across the interface
yields

Etp Nicosé, - Ngcosé;

— - rp = 5.1
Bip NICOS¢° + NoCOS¢1

Brs NoCOS’o - N1C08¢1
—_—— rs = » 502
Bip Nocos¢o + Njcosé¢

vhich are the Fresnel complex-amplitude reflection coefficients. Recall
from Chapter 1 that reflection ellipsometery is based on measuring ¥ and
4, vhere

p = Vex/Vey = tanvell. 5.3

For a bare substrate, V

ex = Tp and Ve

y = Ise Substituting equations 5.1

and 5.2 into equation 5.3 leads to
4o
Ny = Ngtans, |1 - ——sinZ¢,| . 5.4
(1+p)?

Equation 5.4 shovs that the complex index of refraction can be
determined from one set of ellipsometric parameters (y,8) if the complex
index of refraction of medium O, Ny, and the angle of incidence of the
light, ¢, are known.

The reflectances, R, and Rg, are defined as

P
Ry = |rp 5.5
Rg = |rgl2. 5.6

Rp and Ry give the fraction of the total intensity in the p and the s

O R e A S A A A S S AL SRR RN RN et s T N T S R L A
g TR RRERFA I A e A A S A e T e T e
> N L n ~ w7 e R .« T e

X WS et AP T A N T SR S R B e A S A A S LT

............
. et



N )

s a2 XN B s AL A

\

9%

directions vhich is reflected at the interface of the two media.
The following figures obtained from Ref. 1 show the variation of

the phase shifts, Srp and §.., the reflectances, R, and Rg, and the

P
ellipsometric parameters, ¢ and 4, as the angle of incidence, ¢, is
changed. The samples are a dielectric, a semiconductor, and a metal.

In all three cases, the wavelength of light, A, is 5461A.

5.1.1. Implementation

The Pascal program "Data_analysis" located in Appendix has been
vritten vhich includes procedures to calculate N1, RP’ and Ry based on
equation 5.4. 1In addition, the same program is written in HPL, Hewlett
Packard Language, because a Hewlett Packard 9558 calculator was
originally used as a controller for the ellipsometer. Inspection of the
tvo programs should reveal the great advantage of record declaration,
that a computer language such as Pascal offers, as opposed to non-record
languages such as BASIC and HBPL. This is one of the overriding reasons

Pascal was chosen.

5.2. The Ambient-Film-Substrate System
The figure belovw illustrates reflection of a plane wave by an
ambient(1)-film(1l)-substrate(2) system. The film has abrupt parallel-
plane boundaries separated by the film thickness, dy. and is located
betveen semi-infinite ambient and substrate media. All three media are
homogeneous and optically isotropic, with complex indices of refraction
Ng» Np, and Nj, respectively.

The folloving procedure vas originally presented by Drude.l? A
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Figure 5.2b.

The intensity reflectances, R, and Ry, for the p and s

polarizations as functions of  the angle of incidence ¢

(degrees) for an air/glass interface N lass * 1- 50 (top),

an air/silicon interface Nai = 4.05 - f 8.828 (middle),
Au

and an air/gold intfrface

= 0.35 - j2.45 (bottom). In
all cases \ = 54614
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air/glass interface Ng = 1.50 (top), an air/silicon

1
interface Ng; = 4.05 - ?8?028 (middle), an air/gold
inteiface Npau = 0.35 - §2.45 (bottom). In all cases A =
5461
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boundaries. d; is the film thickness. ¢ is the angle of

a2 incidence in the ambient and 41, ¢y are the angles of
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Plane vave incident at an angle of #; on medium 1 will give rise to
resultant or "net" reflected and transmitted waves at angles ¢1 and 42,
respectively. The Fresnel reflection and transmission coefficients at
the 0-1 and i-2 interfaces are denoted by rgy, tgys riz, and tps,
respectively. The complex amplitudes of the successive partial plane
vaves that make up the resultant reflected wave are

-j2 2 -j4
ro1r tortiorize 2R, tortioriorlizeIh,

vhere
B = (2ndy/A)Njcos¢y 5.7

and

A is the vacuum wavelength,

d; is the film thickness,

kl is the film complex index of refraction and

¢1 is the complex angle of refraction of the film.
Addition of the partial waves leads to an infinite geometric series for

the resulting reflected wave of

R = £gp + toytyolrye™ry,"e I2"h, 5-8
vhose summation gives
-j28
Loy + Liged
R - 01 12 5.9

1. r01t12e‘j25

Equation 5.9 is valid for a linearly polarized plane wave in any
direction. In particular, if the incident vave is polarized in the p or

s direction, then
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-j28
I + T 2 e
R . -0p " 12 5.10
1+ r01pr12pe'j25
-j28
| o + T e
R = Ols 12s 5.11

1 + rg1grygse i2P

The Fresnel reflection and transmission coefficients at the 0-1 and 1-2

interfaces that appear in the above equations are
Nj+1cos¢j - Njcos¢j*1

r , 1’ - 5.12
J23+1ip Nj+1cos¢j + Njcos¢j+1

Nicosé; - N; qicos¢d
r e i B LS L 5.13
Jii+l,s N
jCOSé; + N'+1°°s¢'+i
where, j = 0 or 1. The three angles %o' $ %n ¢, are interrelated by

Snell’s Law

Ngsingg = Nysing; = Njsing,. 5.14
Finally, to relate y and 4 to the ambient film substrate system above,
recall that

p = Ry/Rg = |Ry|/[Rg| = tanveld . 5.15

P
vhere R and Rp are given in equations 5.10 and 5.11, respectively.
Vhen applying the above theory to practical film-substrate systems,

20 must be met.

the following conditions
1. The lateral dimensions of the film must be many times
its thickness so that the infinite summation of partial
wvaves is valid.
2. The light sources bandwidth, beamdiameter, and degree of
collimation as vell as film thickness must be all such

that the multiple reflected and transmitted waves

combine coherently.

3. The film material must not be amplifying.
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These conditions are satisfied in many practical applications of
ellipsometry.

Finally, before solving equation 5.15 for the film thickness, it is
constructive to examine p as a function of thickness. The figure below
shovs a familly of nonintersecting curves called constant angle of
incidence contours, CAICs.! Each closed curve is for a fixed angle of
incidence, 4 These were obtained by increasing the film thickness in
the equation for p. The ¢, = 0° and ¢, = 90° collapse at the null
points p = -1 and p = 1, respectively. The curves are for a $10,-5i
system at A = 6328 A. As can be seen, the sensitivity of p (and
therefore, ¢ and 8) to changes in film thickness is extremely dependent
on the angle of incidence. 1In general, the highest sensitivity occurs
vhen ¢, is near ¢, the angle at vhich the system acts as an s-
suppressing reflection polarizer. ¢s is about 62° for 5i0,-Si with A =

6328A.

5.2.1. Solving for the film thickness

Equation 5.15 shows that p = o(No.Nl,Nz,d1,¢0,X) = tanwejA. If Ny,
Ni: Ny, and X are known, then p = p($5:d1). This allovs one to examine
p as a function of film thickness d for various angles of incidence 4.
It can be shown! that an expression for the thickness, d;, in terms of
Ng» N7, Ny, L A, v and 8 is obtained by inverting equation 5.15. The
expression is

dy = (3m/ 2,2 - NgZsinZeg)-1/21nx) 5.16

-(B-pE) & [(B-pE)2 - 4(C-pF)(A-pD)]1/2

vhere X = 5.17
2(C-pF)
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\ Pigure 5.4. Constant-angle-of-incidence contours (CAICs) in the complex .
p-plane for the air-Si0, system at A\ = 6328A. The arrovs .
, indicate the direction in which the film thickness
) increases h
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and
A = ro1pr B =ryp + To1pfo1sf12sy € = F12pfo1stizs:

D = ro1s» B = r13s *+ To1pfi12porse F = Fo1pri2pFizs:

and the refl@ction coefficients are given in equations 5.12 and 5.13.
Note, X has tvo values corresponding to the positive or negative
solution of a quadratic. The appropriate root should be chosen such
that it leads to a positive real calculated film thickness, d;, or in
the presence of errors, to a complex value with the smaller imaginary
part and non-negative real part. In the latter, the film thickness can
be chosen to be the real part and the error is of the order of magnitude
of the imaginary part.
Defining D¢, called the film thickness parameter, by
Dy = (N2 - NyZsin?e)-1/2 5.18
it can be seen that, if d; is a solution of equation 5.14, then
di® = dy + mDy m =0,¢1,:2, ... 5.19
is also a solution. Hence, equation 5.15 does not give a unique
thickness. The figure below shows a plot of the thickness period, D¢,
as a function of the angle of incidence, ¢,. Here, X\ = 63284, Ng = 1,
and Ny = 1.46 (vhich corresponds to a §i0; film). The minimum value of
D’ occurs at ¢ = Q° (D¢ =
2167.13 A), vhile the maximum value occurs at ¢ = 90° (Dy = 2974.34 A).
Hence, the indeterminacy of film thickness indicated by equation
5.19 represents no difficulty vhen the range of film thicknesses is
knovn a priori from other considerations or from additional

nonellipsometric (e.g., reflectance) measurements.
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5.2.2. Implementation

The program located in Appendix E contains an option to solve LY
equations 5.16 and 5.17. Extensive use of the complex number module <
"complexmath" was made. The program calculates the thickness, d,, as I

vell as the thickness period, D¢, for any X, Ny, Ny, N, and ¢.
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APPENDIX A.

SCHEMATIC DIAGRAM

OF THE

6516A POWER SUPPLY
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APPENDIX B.

PASCAL PROGRAM
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program spectral_analysis(input,outout);
import complexmath;
const

pi = J.1613926354;

type
symarray = array (0..1200) of real;
var
i, nmax tinteger;
data tSymarvay}
mage, phase 1sSymarray;
option sstringlll;
< >
procedure DFT(data:symarrayinmax:integer;var magc, phase:symarray);
const pi = 3.1413592654; - .
var
Jrighk tinteger;
num_fourier_pts,rum_DFTs tinteger;
tempcos, tempsin, carg,delta_arg ireal;
fudge ireals .
c scomplex;
begin

num_DFTs := 13

num_fourier_pts := 300;
delta_arg = 0.0;
writeln(’enter fudge factor ');
raadln{fudge) ;

carg = 2#pi/{fudgesrman);

for J t= O to (num_DFTs - 1) do
begir.
for i := 8 to (nmax div 2) do
begin
tempcos 1= 0.9
tempsin 1= Q.03

for k 1= @ to (nmax - 1) do
begin
tempcos := tempcos + cosicargehkei + delta_arge))edatalkl;
tempsin := tempsin - sin(cargekei + delta_arg*j)edatalkl;

end §
C.re 1= tempcos/nmaxs; *
C.im t= tempsin/nmax}
magefil t= magle)y

phase(il 1= argl(c)e18Q/pi;

if abs(magclil) ¢ 1E-6 then
begin
magelil = Q3
phaselil = B3

;ﬁ

end}
i1f (i Y= @) then
begin A
writeln('i » ', {,* magc = ',2emagcelil),* phase = ' phaselil)y 9
end; o
{(if (4 Yo ®) and (magelil O @) then 8
becin Q
o
. >
-’
"2
‘A
<
‘4
R
. R et M R e e t"a e m R "% "% "~ t"@ = -2 -t
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:::
writein('i = °,1,' magc * ',c*magcLil,’ pnase = ', ,pnaseLis); "\.
end;) o
- ...
end; {(end i loop) ,:.\,
~A
end; {end 3 loop) -::
end; {end DFT procedure} ‘::
« b Ry
procedure COS_SERIES(nmax:integer;var data:symarray);
const 7
Pi = 3.141592654; R
var R
rum_fourier_pts, i, J, k tinteger; : S
freq_comp 1array (0..20] of integer; -
R, phase, carg tarray (0..20] of real; ‘.j-
- 8
bagin
. writeln(’enter num_fourier_pts’); o
readin({num_fourier_pts); -:.'-
for J 1= @ to (num_fourier_pts - 1) do A
begin Lol
writeln('enter number of freq component 1 to=--',nmax div 2); O
readln(freq_comp(31)} %
. writeln('enter amplitude of this component'); "
readln(ACyl); oo
writeln(’ enter phase of this component'); NN
reacdln(phasell); N
shaselj] 1= phaseljl#pi/180; N
end; {end ) loop? ::-‘.
\J‘
for k 1= @ to (nmax - 1) do A
begin : -
cdatalk]) 1= Q.93 ra
for i := @ to (num_fourier_pts - 1) do P
begin T
carglil := (2#freq_complilek#pi/nmax)<+phaselil} A
datalkl := datalkl + Alil»cos(carglil); #:w'
end} o
end; (end k) N
for k 1= @ to (nmax - 1) do X
begin .
writeln('cata *,k," ',datalkd); g
.nd‘ Dy
end; {end COS_SERIES procedure} e
£ ) -'\:
Y
procedure PMT_QUTPUT (nmax:integerivar data:symarray); -
const
pi = 3.1415926%4; o
var o
X, t, 18, Ic, retardation treal; -~
osc_freq, sampl_freq sreals Cat
k sinteger) T
deg_angle ireals
PyM, A, psi,del ireals
function rad(deg_angleireal)ireal; )
begin
rad 1= (deg_anglespi)/180; e
end}

ORGP RO

e
PSS CCIG CRA s
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segin
writeln(*enter osc_freq and sampling_freq');
readln(osc_freqg, sampl_freq);
t 1= 2episcsc_freq/sampl_freq;

writein(enter [c and Is')
readin(lc, Is);

retardation 1= 2,40S;

{writeln('enter psi and del'):
readin(psi,del) ;)

12 45,
433
:= 9.0

LDV
.
»

1= rad(P);
;= rac(A);
t 1= racd (M)
ipsi := rad(psi)y
del := rad(del)i)

Do

{lg := sin(&OD-a-M)Ostn(alﬂ)lsin(aﬁpsiiisin(d.l);
ic 1= sin(2eP=-2aM)a(sin(2eM)*(cos (24psi) —cos(2#R)) +
cos (2#M) #gin(2#Q) #gin(2epsi) #cos (del)) ;)

for k 1= @ to (rnmax - 1) do
beginr
x = kat;
x := retardation#sin(x);
datailkl] := lc#cosix) + ls#sinix);
{writeln('data *,k,* ' ,datalkl);)>
end;

end ;

< }
begin

writeln(*enter nmax ')

readln(nmax) ;

writeln("option 3 -— end program’)y

writeln('option { -— create & fourier analy:ze PMT output'®);
writeln(*option 2 -~ create & fourier analyze a sinusocidal series');

writeln('enter number of option and hit (enter)');
readin(option)

if option = chr(48) then
baegin
halts
end
else if option = chr(43) then
begin
PMT_OUTPUT (nmax,data)
JFT(data, nmax, magc, phase) §
end
else {f option = chr(S0) then
begin
COS_SERIES (nmax,data)
OF T (data, nmax, magc, phase) §
end;

oo S s p— oo a———
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APPENDIX C.

PASCAL PROGRAM

FOR THE DYNAMIC PHOTOMETRIC
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program AUTO_DFT_ELLIPSOMETER (input, output);

import complexmath,
iodeclarations,

hpid_0,

hpib_1,

hpib_2,

gereral 2,

general_4;

const

pi = 3,1415926%4;
addr_39%ad = 708;
addr_scanner = 709;
pme_freq = 59251, 3;
nemax = 2050;
lastk = 253
phase_error =

3Q; <{(this is in deg.)

{lastk is num of terms in bessel fn expansion)

{8th term is on the order of 1E-1Q0)

type

realarray = array (0..20350] of real;
wediumarray = array [0..2052]1 of real;

shortarray = array (0..20] of real;

var
tyn,k

tinteger;

sampling_freq,retardation ireal;
retardationi, retardation2 ireal;
do_offset,dc_check, x ireals;
data_chi trealarray;
magc, phase, del, psi sshortarray;
J ishortarray;
option tatring(1];
rpsi, rdel, RL, HV ireal;
delay_cnt,pp ireal;
<
function factorial(k:integer):real;
var
i sinteger;
temp_factorial .real;
bagin
temp_factorial := 1;
if & OO O then
begin
for i:= | to k do
begin
temp_factorial := istemp_factorial;
and;
nM‘
fa torial := temp_factorialj
end}
function JO(xireal):resl;
var
temp J@. term treal:
.1¢-;ﬁnaa'J'J TP, A R G Pl S S =
", A oY e e N - AR REAR AT RS NP I .
R s e >
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k sinteger;

begin
temp_JOG := Q3
for k = @ to lastk do
begin
term := (exp(2ekeln(x/2)))/sqr(factorial (k));
if odd(k) then

begin
temp_JO 1= temp_JO -~ term;
end
else
begin _
temp_)0 := temp_JO + term; hRS
end; R
end; _uix
J2 := temp_JO; .
end; "
(A%
N
function Ji(xsreal):real; N
var fa
temp_J1, term ireal; N
k :integer; S
..-I..
begin ’

temp_J1 := Q;
for k := @ to lastk do
begin
term = (exp((2¥k+1)#1ln(x/2)))/(sqr(factorial (k))#(k+l));
if odd(k) then
begin
temp_Ji := temp_J1 - term;
end
else
begin
temp_T1 := temp_J1 + term;
end
end ;
J1 := temp_Jij;
end;

procedure Jn(n:integer;x:real;var J:shortarray);
var
iy, nmax sinteger;

begin
JCO) := JO(x);
JC11 = Ji(x)g
if n ( nmax then
begin
nMax = nj
and
else
begin
nmax 1= 15;
oend ;
for i 1= 2 to rmax do
begin
JCi) 1= 2e(i-1)8JCi=-11/x = J(i~213
end}
end}

function odd_factorial (xireai):real;
var
temo, temol iresl:
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1 tinteger;
begin
1f truncix) = @ then
begin
odd_factorial 1= 13
end
else
begin
templ = 13
for i 1= 1 to truncix) do
begin

temp = 2#i-1;
templ := tempetempl;
and;
odd_factorial := templ;
end ;
end;

function time_delay(n:integer;phase:shortarray):real;
begin

time_delay := 1 - (phaselnl/2#pi#n);
end;

{ )
procedure DFT_S@(data_chl:realarray;sampling_freq:real;
var magc, phase:shortarray);

var
Jy iy ky nnmax sinteger;
num_fourie~_pts tinteger;
tampcos, tempsin, carg sreal;
nfudge ireal;
c tcomplex;
begin

num_fourier_pts := 83
nfudge := sampling_freq/pme_freq;
carg := 2#pi/nfudge} {this gives interval btwn fourier coef)
if (odd(trunc(nfudge))) then {(this insures odd num data pts used)
begin {an odd num of data pts gives best results)
nnmax 3= trunc(nfudge)
end
else
begin
nnmax 3= trunci{nfudge) + 1;
end;
writeln('nnmax =' ,nnmax);
for i 1= @ to (num_fourier_pts - 1) do
begin
tempcos := 0,03
tempsin = 9, J3
for k 1= @ to (nnmax - 1) do <{here is where cdd num of data pts used)}
begin
tempcos 1= tempcos + (cos(ke#iecarg))sdata_chiikly
tempsin :» tempsin - (sin(k®#iecarg))edata_chilkl;

end}
c.re 1= tempcos/nnmanxy {dvd by nnmax sirnce that is)
c.im 1= tempsin/nrmang {num of terms summed in k ’oop)

{corresponds to division by T {period)}

if i O 0 then
begin
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agoiil 1a Semagich (for cresirne series tHNis 1s the amp)
5 phasel:] :m arg(c)el80/p1;
ond
eise
vegin
phase(d] ;= argl(c)el8d/p1;
wmage (@] :m maglc);
end;
if abs(magelil) ( {1E-% then
begin
magelil = Q;
phase(i] := Q;
ond;
if 4bs(phasel1)) ( 1E-S then
Segin
shase(:) := 0.9;
enc;
if abs(phase(il-180) ¢ 1E~3 then
begin .
phase(il := 180; SR
end; -\.:.‘
writeln(' i = ' ; * mage = ',magclil,' phase = *,phase(il); oy
end; {(end i locp) (-‘\-
. end; {end DFT procedure} TN
< b o
LA
procedure INITIALIZE_CHI1(var sampling_freg:real); Ry
var AN
samp_freqstr,chl_mode :string(3]; gl
input_range_l,delay_count,dc_offset_str tstring(33; s
begin e
clear(7); 2}!
samp_#reqstr := 'HOE6’; ~f
sampling_freq := 600000003; Q:~
chi_moce s 'AC' s Q
{now write this information to 39Qad> oy
{ > e

writestring(addr_33Qad,'CLR CH1;CAL;OVER OFF;WRI OFF;REM OFF');
writestring (addr_330ad, "MLl OFF;');

writestring(addr_333ad,*VMO CHi;');

writestring (addr_399ad,*CPL ) ol
writestring (adcr_370aaq, cnl_mode); DR
wraitestringtaddr_39ad, ' ;') ‘;xfx
RSN
writestring(adar_390ad, OF1 @;ARM EXT;TMO NOR;TSR EXT;*); ON
writestring(addr _39Qad,°'TB R3*)g :’:

writestring (addr_290ad, 'SFA ')
wr1testring (addr_390ad, samp_freqstr);
writestring(addr_390ad,*;');
writestring(ador_39%as0,'SFB ')}
writestring (addr_39%ad, samp_freqstr);
wiitestringtaddr_390ac,' ;')

1
-
4

writeln(gnter_1nput _range');
reacin’irput _rarge_.);
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writestringiadar_svaa, ' it '
writestring (addr_3908ad, irput_ranje_1);
writestring (addr_390ad, "' ;' .

do_offset_str := '0';
de_offset 3= Q5

writestring (addr_330ad,'0F1 ');
writestring(addr_3790ad,dc_cffset_str);
writestring(adder_390ad,';');

delay_count := '"1110';
writestring (addr_390ad,'DLY ')
writestring (addr_390ad, delay_count)}
writestring (addr_390ad,’';');

end;

procedure TRIG_390RD_CH1 (var dc_offset:real);
var

anything tstringCll;

begin

dc_offset 1= Q3

writeln('hit (ent) to TRIGGER 39%ad');

writeln("type q to HALT program');

readln(anything) ; -
if anything = 'q" then halt;

writestring (addr_39@ad, ' RES;');

writestring (addr_39@ad,'CLR CH1;");

writestring (addr_398ad, 'DT ON;');
clear(?);

end;
< >

procedure READ_CHI (addr_39%ad:integer;dc_offset:real;var data_chl:realarray);
var

chl_buffer sbuf_info_type;
i,bl,b2 sinteger;
cQ,ci,c2 schar;

{read data into the buffer}

begin

iobuffer(chl_buffer, 4096);

buffer_reset(chl_buffer); b

writestring (addr_390ad, *READ CH1;')}
transfer_end(addr_390ad, OVERLAP_FASTEST, to_MEMORY,chl_buffer);
while buffer_busy(chl_buffer) do
writeln('transfering chl cata')j
clear(7)s
{data is in the buffer)
dc_offset 1= cdc_offsetsl. 1135

i 1= 13
readbuffer (chi_buffer,cQ); J{sets pointer to correct byte)
while buffer_data (chl_buffer) ) 2 do
begin
readbuffer (chi_buffer, cl)3 ’
readbuffer (chli_buffer, cl);
1 3% i o+ 13
bl = ord (c!)y
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BES 1= ord (c2)j :I:f;f'
data _chi(il := bl @ 236 + b2 -~ 512 + abs(dc_offset); f
end} . i
(clear (M)} NG N
writestring(addr_39Qad, ' ARM NOR; TMO NOR; TSR EXT;') g ufu*{f
writestring (addr_399ad, ' RES;') ;) SRR
end; RO
"‘ .- -
¢ ? oI “7
procedure RETARDATION_MEASUREMENT (magc:shortarray; ) )
var retardationl,retardation2:real); POPCA
var RS
denom!, denowd irealy A
i tinteger; D
NN
begin AN
for i 1= 1 to S do Sdala
begin
if magelil) = 0.9 then
begin
halts
ond}
end;
{ denomi 1= (magclil + mage(3l)#(magcl2) + magelald);
retardationl := sqrt (24%(mage{3]emagc(21) /denomi);
denom2 := (magcl2] + magel4))+#(mage(3] + magel(S1); oL
retardation2 1= sqrt(48#*(magel3lemagelsl) /denomd); N
writeln('retardationl = ' ,retardationi); AN
writeln(’retardation2 = ', retardatiord); RIS
'M; :‘ A _-“'l
Ay
B AL
4 > ,

procedure GRIN_CALIBRATION(retardationireal jmagc:shortarray)

var
even_ratio_magec, odd_ratio_mage tshortarray;
even_ratio_J,odd_ratio_J,J sshortarray;
iyimax, k tinteger
de_check trealy

begin

imax s 13
Jn{10, retardation,J)

-

writeln('ampl ratio ! bessel fn ratio'); TN
for i (= @ to imax do '\({¢\
begin PURON!
even_ratio_magelil 1= magel2e(i+1))/magcl2e(ie2)]} ASASOHY
even_ratio_JCi) 1= JL2e(i+1)1/3C2%(i+2)3; g
odd_ratio_magclil 1= magol2ei+13/mage(2eie3); Q%S%h'
odd_ratio_JCi) 1w J(2ei+11/3C201+3); ) .
writeln(even_ratio_magc(il,’ ‘,even_ratio _JCi),* *,2e(is1)," /", 20(i+2)) 3;f\f§-
writeln(odd_ratio_magelil,’ 'yodd_ratio_JC1],' ',2ei+l,'/",20(+3) f\ﬁs:u
end H ':h-‘:-\".
and; NN
¢ » S
procedure FOURIER_PSI (retardationireal jmagc:shortarrayivar psiireal); _iqﬁdﬁ
var
temp, tan _2psi, fudge_dc trealy
cos _2psi,sin_2psi tresl;
[ tintecer:
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cemp_psi, x sreal;
J tshortarray;

begin
In(1S, retardation, J) 3
{writeln('enter temp_psi’);
readln(temp _psi);
temp_psi = pistemp_psi/180;)
x = sqrtisqrimagelll/(2eJC(1))) + sqri(magc(2]/(2eJL21)));
{fudge_dc 1= x/sin(2¢temp_psi);)

{writeln(' fudge _dc = ', fudge_dc);?
fudge_dc 1= 44,085;

sin_2psi 1= (sqrt(sqrimagcl1)/(2#J(1))) + sqrimagc(21/(2#JC23))))/fudge_dc;
cos_2psi 1= sqrt(abs(l-sqrisin_2psil)));

tan_2psi := sin_2psi/cos_2psij;
psi = (arctan(tan_2psi)#*180/pi)/2;

writeln('psi = * psi);
end;

procedure FOURIER_DEL (retardation:real;magc:shortarray;var del:real);

var
psi,tan_del sreal;
sin_del,cos_del, tan_2psi ireal;
J tshortarray;
begin

Jn (1S3, retardation, J) s
tan_del := magc(11#J(2)/(magel21#J(11);
del 1= arctan(tan_del);
if abs(phase(21-180) ( 90 then

begin

del :1= 180 -~ delj

end 3
del := 180edel/pij
writeln ("del = ' del);

end;

< >

begin
INITIALIZE CHl{sampling_freq);
for i a1 to 1009 do
begin

TRIG_3IFOAD_CH1 (dc_offset) ;
REARD_CH1 (addr_390ad,dc_of fset,data_chi);
DFT_S0@(data_chil, sampling_freq,magc, phase);
RETARDATION_MEASUREMENT (magc, retardation!, retardation?);
retardation s 2, 4048}
GAIN_CALIBRATION(retardation,magc);
FOURIER_PSI (retardation, magc, rpsi);
FOURIER_DEL lretardation, magc, rdei);
writeln(*pme_freq = °,pme_*req);

ond} {en¢ for loce)
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APPENDIX D.
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o ‘I
S
" :
v
. program DRE(1nput, sutput); !
;- 1mgort complexmath,
'~ icdec.arations, ]
- heib 6, |
-~ Rpib_1i :
ol hpib_¢, '
general._2, :
e gereral _4; '
Al :
o sar st '
N pi = 3.141592654; :
.. addr_390ad = 708; :
;\ addr_scanner = 709;
pme_fIreg = 52376.9; .
nmax = 20CQ; '
" lasthk = 2%5; !
X phase_error = 30; {this is in deg.} ¢
ui {lastk is num of terms in bessel! fin expansion)
A {8th term is on the order of 1E-1087}
o
. type .
-0 realarray 2 array (@..11301 of real;
g mediumarray = array [3..11033 of reai; :
.f shortarray = array [2..201 of real; i
oy buf = buf_info_type; !
s
< var
- LeyNy k tinteger;
- sampling_freq, retardation :real;
. retardationl, retardation2 ireal;
A0 dc_offsat,dc_check, x treal:
> data_chi,data_chZ irealarray
- magc, phase, del, osi sshortarray:
S J sshortarray;
o option 1gtringlll;
i < ¥
.~ function pp_retardation(oeak_to_peak:real) ireal; .
~i begin
e pp_retardation := $, 1356 ~ (S04-peak_tc_peak)/97.3478
v end;
-t function facteorial(k:integer):real;
- var
- i tinteger:
P temp_factorial ireal;
'l
,? beqgin
' temp_factorial :» {;
1f bk () @ then
‘€ peg1r
" far 1:m 1 to k g0
.: begin
' temp_factorial := jetemp_factorial;
Lo end:
2 erd N
factorial := terp_factc-iai:
+ 8w
4
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function JAin:real):real;

temp _JO := 3;
for k 1= @ to lastk do
begin
term = l@xp(2#kelnin/S
if odd(k) ther
begin

end
else
begin

ond;
end;
JO := temp_J2;
end;

function Jli{x:real):real;
var

temp_J1, term

k

begin
temp_J1 := Q3
for k := @ to lastk do
begin

if odd{k} then
begin

end
else
begin

end ;
end
Ji = temp_Ji;
end};

var
i, nmax

begin
JEO1 1= JA(x)
JC11 = Ji(x)g
if n ( nmax then
begin
neax 3% ng
end
else
begin
reen 1= 15
end}
for i 18 2 %= rmuax do
begin

end:
[ 1a ot

var
temp_JO, term ireai;

k tinteger;
begin

Y))/sgqrifactarial (W));

temp_JQ2 := temp_JO ~ term;

temp_J0 := tenp_J0 + term;

term = (@xp((2ek+1)#ln(x/2)) )}/ (sqr(factorial (K))#s(k+l));

temp_J1 := temp_Ji - term;

temp_J! := temp_J1 + term;

procedure Jnintinteger;x:real;var J:shortarray);

JC1) = Seli-1)ejCi=3)/x - JUi=2);
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function odd_factorial (x:ireaii:real;

var
temp, tempi ireal;
i tinteger;
begin
if truncin) = Q@ then
begin
odd_factorial = 1;
end
else
begin

templ 1= 13
for i 1= 1 to truncix) do
begin
temp = 2ei~-1;
tamnl := tempetempl;

end;
odd_factorial := tempi;
end;
end;
function arcsin(xireal):real;
var
temp, templ sreal;
i tinteger;
begin
if x )= 1 then
begin
arcsin := 90;
end
eise if x (= -1 then
begin
arcsin := 270;
end
alse
begin
temp! := Q3
for i 1= 2 to 120 do
begin
temp := exp((2#i-1)eln(abs(x)));
temp :x= odd_factorial(i-1)s#temp/ (2#i~-1);
temp 3= temp/(S#factorialli-1));
temp! := temp + templ;
if i = 43 then writein('temp = ', temp);
end;
templ := templ + 3
arcsin := 180+«templ/pijy
end;
end;
{

procedure DFT_US@(data_chl:realarray;i;samzling_ freqireals
var magc, phaseishortarray);

var
Jy iy kynman sinteger;
num_fourier_pts tintege~;
tempcos, tempsin, carg crealy
nfudge ireals
[ tcomplex;
beoyr.
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num_fourier_pts s
nfudge :* sampling_freq/pwe_freq; )
carg 1= 2egi1/nfudge; th.-< gives interval btwn fourier coef}
1f (odd(truncinfudge))) then {tN1s insures odd num Jata pts .sed)
begin {an odd num of data pts gives best resuits)
nrman 3@ truncinfudge);
ond
else
vegin
nnmax = truncinfudge) + 1;
end;

for i :» 3 to (num_fourier_gts - 1) do
begin

tempcos 1= 3.0;

tempsin = .23

for k 1= @ to (nnmax = 1) do <{here is where odd num of data pts used?
begin
tempcos = tempcos + (cos(keitcarg))edata_chilkl;
tempsin :» tempsin - (sin(k2iscarg))edata_chilikd;

end §
C.re 1= tempcos/nrmax; {dvd by nrmax since that is}
C.im = tempsin/nnmax} {num of terms gsummed in k loop}

{corresponds to division by 7T (period)}
if i ¢ O then

begin
magelil 1= 2#mag(c); {for cos seriec this is the amp)
phaselil s arg(c)#180/pi;

end

else

begin
phase(0] 1= arg(c)*180/pi;
sage(al 1= magf{c);

end
if abs(magelil) ( 1E-S then
begin
magecil 1= Q3
phaselil 3= 93

end;
if abs(phaselil) ( 1E-3 then
begin
phaselil 1= Q.93
end;
if abs(phaselil-180) ( 1E-J then
begin
phase(il := 180;
end}

writeln(® i = *,i,* wagc = ’,magclil,’ phase = ', phasefil);
end; {end i loop?
end} (end DFT procedure)

< >
procedure INITIALIZE(var sampling_freq,retardationireal)}
var
samp_freqstr,chi_msode, ch2_mode 1at~ingl?3y
input_range_1, input_range_2 1atrangl?l,
[1-] irealy
begin

clear(7)y

writeln(®22ss1>le choices for samoling frea are 1Y)
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writeln(*$S, 19, 20, 50, 109, 209, S0V, 122 ) ;
writeln (' 2£3, SEZ, 10€3, 20E3, SOE3, 1QVE3" ) ;
writeln (' 200E3, SOVEI, (E6, 2E6, SEG, 10EE" ) ;
writeln(' 20E6, 3VEET) 3 -
writeln('ENTER samp_freqstr’);
readlin(samp_freqstr);

writeln('enter sampling_freq');
readin(sampling_freq);

writeln('ENTER irnput_rarge_1 IN VOLTS');
readln(input_range_1)3

writeln('ENTER irnput_range_2');
readlin(input_range_2);

Fo

}J ]

{now write this information to 39%ad)
< >

L

writestring (addr_330ad, 'CLR CH1;CLR CH2;CAL;OVER OFF;WRI OFF;REM QFF');
writestring (addr_390ad, 'ML1 OFF ;ML2 OFF;');
writestring(addr_39%ad,'CPi AC;CR2 AC');

e,

writestring (addr_390ad, 'VMO DUR;'); .

Cj writestring (addr_3390ad,'IR! ');
N writestring(addr_390ad, input_range_%);
writestring(addr_390ad,’;');

* writestring(addr_390ad,'IR2 ')3
o writestring (addr_39@ad, input_range_2);
(e writestring (addr_290ad,';');

writestring(addr_390ad,'CF1 Q;ARM EXT;TMO NOR;TSR EXT;');
writestring (addr_330ad,'TB R;');

»
N e

writestring(addr_239Qad,'SFA ')
writestring(addr_390ad, samp_freqstr);
writestring (addr_330ad,';');
writestring(addr_390ad, 'SFB ');
writestring (addr_390ad, sanp_fregstr);
writestring (addr_390ad,"';');

)

LSS

Lo

writeln('enter peak to peak retardation');
readindpp);

retardation := pp_retardation(pp);
writeln('the retardation is ',retardation);

R W

end}

procedure TRIG_330RAD;
var
anything istringl1]; * |
delay_count tstringl77;
{at this pt the 330ad is ready to be triggered)
begin
) writeln('enter delay count');
readln{delay_count) i
writestring (addr_390ad, 'DLY ')
writestring (addr_3230ad,delay_count);
writestring(acdr_29%ad,"';');

: writelr(*hit (ent) to TRIGGER 33®ad*);
P writeln('type q to HALT program':i;

v readin(anyth:ng)

1f anything a ‘g’ then halt;

writestring (addr_3%20ad, ' SES;*);
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' -
writestring (addr_33dad, *CLR Tl o
writestring (addr_330ad,'dT ON;"); .".
[ clear(7); -
| end Yy
‘ < )] >
..\
‘ procedure READ_1(addr_39%ad:integerivar data_chl:realarray)i :
var A
buffer_chi tbuf; o
i,bt, b2 tinteger;
cd,cl,c2 ichars ]
23
{read data into the buffer) :
begin "o
iobuffer(buffer_chi1,2100); o
buffer_reset (buffer_chl);
writestring (addr_39Qad,'READ CH1;'); o
-
)
transfer_end (addr_390ad, OVERLAP_FASTEST, TO_MEMORY, buffer_chi); "
while buffer_busy(buffer_chl) do -
begin ..
. writeln('transfering datal'); <
ends -
T
”
{data is in the buffer} o
s
i = 1 w
readbuffer (buffer_chl,c@); <{sets pointer to correct byte} Ny
while buffer_data (buffer_chi) ) 2 do -
begin
readbuffer (buffer_chil, ci); LR
readbuffer (buffer_chil, ¢c2); “-
iw i+ 1 -~
bl 1= ord (cl)} o~
b2 1= ord (c2): )
data_chi(il := b1#256 + b2 - 51233 8
end ; v\
endj -
procedure RERD_2(addr_390ac:integer;var data_ch2:realarray);
var
buffer_ch2 stbuf; =
i,bl, b2 1integers e
cd,ct,c2 tchar; Ky
{read data into huffer) Lﬁ
begin e
iobuffer(buffer_ch2,2100); '::
buffer_reset (buffer_chd)j '\::
writestring (addr_390ad, ' READ CH2;') h
transfer_end (addr_390ad, OVERLAP_FASTEST, TO_MEMORY, buffer_ch2); 2
while buffer_busy(buffer_ch2) do .
b.’ln ':- '
writeln('transferring datal'); e
end; o
' clear(7); T
{data is in buffer) _.
oy
.:,;
Py
.":-
4
' g
o~
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i 1= 1
P.adbu;f.r(buff.r_cha.CO);
while buffer_data(buffer_ch2) ) 2 do
begin
readbuffer (buffer_ch2,cl);
readbuffer (buffer_chi,cd);
i =i+ 13
bl := ordicl);
b2 1= ord(cd);
data_ch2lil] 1= bi1e256 + b - S12;
oend;
end;

<

procedure RETARDATION_MEASUREMENT magc:shortarray;
var retardationl,retardation2:real);

var

denoml, denom2 ireal;

i tintager;

begin
for i 1= { to 5 do
begin
if magclil] = 3.0 then
begin
halts
end ;
end;
denomi := (magcl(1l]l + magel(3l)e(magel2] + magelsl);
retardationl := sqrt(24+(magc(3l#magcl2l) /denoml);
denom := (magcl2] + mage(4l)#(magec(3] + magel(S1);
retardation2 := sqrt (48%#(magcl3lemagclsl) /dencud);
writeln('retardation! = ',retarcationt);
writeln('retardation2 = ', retardationd);
end}

{procedure COMPARE (data_chl,data_ch2:intarray);
var
bigsum, i, sum tinteger;

begin
bigsum = @;
for i 1= 1 to 2048 do
begin
sum = data_chi1lil - data_cha(il;
bigsum 1= gum + bigsum;
writeln('CFl = CH2 = ', gum);
end}
writeln(*bigsum = ' bigsum);
end; )

{IF num_of_runs mod 2 = | then
begin
rewritel(chl_ref);
for i = 1 to 2048 do
WHITE(chl_ref,data_chi(il);
eray

IF num_of_runs mod 2 = @ then
begin
reset (chil_ref);
tot _diff 1= Q;
for i 1= 1 to 2048 do
becin
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e
read (chl_ref, refi); INDE
diff := adbs(data chll(1) - refl); Ca
writeln(! THE DIFFERENCE IS ', 81fF); AR
b tot_diff := diff + tot _diff; N
and ;
writeln(' THE TOT DIFF IS ‘ytot_ai1ff);
end; )
< }
procedure RVE_DATA_12(data_chl:realarray;var data_ave_chi:realarray);
var
fyJek tinteger;
samples_per_pt, total_num_of_pts tintager:
Yol ireal;
begin

{average the pts here)

writeln('enter number of pts to be averaged into 1');
readln(samples_per_pt);

y = 2048/samples_per_pt;

total_num_of_pts :=truncly);

writeln(’'total number of pts is',total_num_of_pts);

3 for J = 1 to total_num_of_pts do
begin
x1 :=Q;

for i 1= | to samples_per_pt do .
begin
k := gamples_per_pt#(3-1) +i;
x1 := x1 + data_chl(k]l;
end;
data_ave_chl1()] := xi/samples_per_pt;
writeln(j,* CH1 ‘',data_ave_chi(31);

"Wt
f‘

'-

)

‘\ -~
‘¢\}5
end; {end ) loop) St
end; (end procedure AVE_PTS} RN
R\
procedure GAIN_CALIBRATION (retardation:real;magc:shortarray); A A

var
even_ratio_magc, odd_ratio_magc tshortarray: Ry
even_ratio_J,odd_ratio_J,J :shortarray; A
iy imax, k tinteger; NEAENE
de_check ireal; AN
\-\.Q’..-'

b begin

imax = 23
Jn(10, retardation, J);
writeln(’dc components ',' fourier components');
for k :1= @ to imax do
begin
do_check i=(sqr(magc(2ek+1]/J{24k+1]) +sqr(magc(2e(k+1)1/J(20(k+1)]1))/4;
writeln(sqr(mage(dl),' °',dc_check);

ond
writeln(’ampl ratio ! besse. fn ratio’);
for i 1= @ to imax do
begin
even_ratio_magc(il) 1= magcl(@eil/magc(2e(iel)];
even_ratio_J(i} = J(2ei1/3028(i+1))3

odd_ratio_magcl(i) := magcl(2ei+i)/magelceis3);
odd_ratio_JCil t= J(2ei+i2/J(20i+3];
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b‘ writeln(even_rati1o_magelal,® ‘yaven_ratio_JC1l," Y,3¢, 0/ 26l g
N writelntodad_ratio_magclil,’ ‘edad_rati13_J01],' ',30101,% /0, 301435);
. " .ll‘a
. end}

procedure DAE_PSI(data_chi:realarray;data_chlirealarrayiretardation:real;
sampling_freq:real);

var
gamma, arg,deltal,deitad treal;
b_ratiol,b_ratiod, ratiol,ratiol treai;
num_cos_2psi,den_cos_2psi, psi ireal;
delta_gamma,delta_arg,ddelta_arg, ggamma,temp :real;
sin_cpsi,cos_2psi,sin_del,cos_del,del] ireals;
ky iy )y start,sstart, max_int tinteger;
ocption schar;
begin
start = Q;
for k := gtart to %03 do
degin
if (data_ch2(2ek] () @) and (data_ch2(2ek+1] () O) then
begin
ratiol := data_chil(2ekl/data_ch2(2#k]); {this is pk}

ratio2 :=» data_chi(2ek+il/data_ch2(2#k+1l]l; d{this is pk+l)
arg :» 2epiepme_freq/sampling_freq;

deltal := retardation#sin(arg#2el);
delta2 := retardation#sin(arg#*(2ek+l));

b_ratiol := cos(deltal)/sin(deltall;

b_ratio2 := cos(deltal)/sin(deltad);

num_cos_2psi := -(ratiol#*b_ratiol - ratiolsb_ratiocd);

den_cos_2psi := b_ratio2#(ratio2-gamma) -~ b_ratioli®(ratici-gamma);
cos_2psi 1= num_cos_2psi/den_cos_2psi;

sin_2psi := sqrt(i-sqr(cos_2psi));
psi 1= (arctan(sin_2psi/cos_2psi)) /2;
sin_del :» data_chi(2eklecos(2%psi)/(sin(2epsi)ecata_ch2l2#kl);
cos_del := sqrt(l-sqrisin_del));
dell :» arctan(sin_del/cos_del);
dell := 180#dell/pi;
psi 3= 180%psi/pi;
writeln(® psi = ' psi,’ del = *,dell);
if W) J then
begin
J 1= 20 + ;5
readln;
ond 3
end; {end if condition)
end;{end for k loop}
end}
<

begin
for { 1= | to 500 do
begin
INITIALIZ2E (sampling_freq, retardation);
TRIG_390AD;
READ_t (agdr_390ad, data_chl);
READ _2(addr_39V%ad,data_chd);

DRE_PSI(data_chl,data_ch2,retardation, saupling _freq’
[ 1. H
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APPENDIX E.
PASCAL PROGRAM

FOR THE INTERPRETATION OF Y AND 4
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program film (input,output);
import complexmath;

var
i tinteger;
option istring(ll;
»' function cxcos (a:complex): complex;
~ var tempcnum :complex;
ﬂ\ begin

tempcnum := mul(a,a);

tempcnua = gcmul (=1, temponum) §
tempcnum := add (one, tempcnum) ;
cxcos :® sq_rt(tempcnum) ;

end;
L]
o function rp (a,b,c,d:icomplex): complex;
, var cnumtemp sarray (1..3] of complex;
. begin
W cnumtemp(ll := mul(c,b); .
- cnumtemp(2) := mul{a,d);

cnumtemp(3]) := scmul(-1,cnumtemp(2]);

N cnumtemp (4] := add(cnumtemp(ll,cnumtemp(3]);
n cnumtemp(S] := add(cnumtemp(ll,cnumtemp(2]);
. rp :s gvd{cnumtemplél, cnumtemp(S]);
: end ;

function rs (a,b,c,d:complex): complex;
var cnumtemp tarray [1..5] of complex;
begin
cnumtemp(1] = mul(a,b);
cnumtemp (2] := mul (c,d);
cnustenpl(3] := scaul (-1, cnumtemp(2]);
cnumtemp{4) :=» add(cnumtemp(ll,cnumtemp(3]);
cnumtemp(S] := add(cnumtemp(ll, cnumtemp(2]);
rs 1= dvd (cnumtemp (4], cnumtemp(S]) ;
end;

P At s p

< >

procedure ABCDEF (nd,nl,n2:complex;phid:real;var R,8,C,D,E,F:complex);

var
cnsind,cxsinl,oxsing scomplex;
cxcosd, cxcosl, cxcos tcomplex; .
rolp,ric2p,rols,ri2s scomplex; q

9 tempB, tempC, tempE, tempF scomplex; '

i tinteger

Y begin

cusin® 1= gcmul (siniphid),nd);
cxsinl 1= dvd(cxsind,nl)

cexsin2 1= dvd(cxsin®,n2) R
cxcos® 1= cxcosi{cusin®) j
cxcosl 1= cxcos{cusini)
3 cxcos2 1= cxcoslcxsird);

rdlp 1= rp(nd,cxcosd,ni,cxcosl)y

ri2p 1= rp(nl,cxzosl,n2,cxcos)
roils 1= re(nd,cxcors@,. ri,cwcosldy

>
D

—
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ri2s 3= re(nl,c4cosl,nd,cxcon);

A 1= add(zero,rdip);
tempD = wmul (rdlp,rdis);
tempD := mul (ri2s,tempB);
B 1= add(ri2p, temph);
tempC 1= mul (ri12p,rdls);
c 1= mul(ri12e, tempC);
D 1= add(zero,rdls);
tompE := wmul (r@ip,ri3p);
tompE 1= mul (rQls, tempE) ;
€ 1= add(rils, temps);
tempF 1= mul (rOlp,ri2p);
F 1= mul (ri2s, tempF);
end}

<

function Dphi(a,bireal;c,d:complex): complex;
var tempcnum sarray (1..8] of complex;
begin
4 tempcnum{l] 1= scmul(sin(a),c)}
tempcnum{2] 1= mul (tempcnum(ll, tempcnum(ll);
tempcnum(3] := scmul (=1, tempcnum(2]) 3
tempcnum(4]l := mul (d,d);
tempcnum(S] := add (tempcenum(3], temponumisl);
o tempcnumi{f) := dvd(one, tempcnum(S]) ;
tempcnuml(7l := sq_rt (tempcnum(&]) ;
Dphi 1= scmul (b/2, tempenum{7])
end}
{

const pi = 3.141532654;
var
temponum, cxarg
begin
tempcnum. re = Q.03
tempcnum, im 1= -2#pisb;
cxuarg 1= dvd (tempcnum, a)
XX, re := (exp(cxarg.re))s*cos(cxarg.im);

XX, im 1= (exp(cxarg.re))ssin(cxarg.im);
end}
{

tcomplex;

>

function XX(a:complex;b:real): complex; (a-dphi_lambda,bathickngss)

function altarg(a:complex) :real;
const pi = 3.14159263;
begin
if arg(a) ) pi then
begin
altarg := —-abs(2#pi - arg(al)y
and
else if arg(a) (= pi then
begin
altarg := argla);
andj
end
<

procedure FILM_PSI_DEL}
const
pi = 3.141592654;

var

psi,del, phi®, lambda, thickness irealy

%, nd, ni,n2,dphi_lambda tcomplexy
4 A,8,C,D,E,F icomplex;

row scomplex;
tempcnum
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begin
(writeln(*enter nd,ni,n2");
readin(nd.re,nd. 1m, nl.re,nl.im, n2. re, n2. im) ;>

writeln('enter phid® in degrees and thickness in angstroms');

readini(phid, thickness) ;
phid = phid#pi/180;

nd.re 1= 13

nd. im = Q3
ni.re := 1,46;
nl.im = Q3
n2.re = 3, 85;
n2.im 1= 9,033
lambda 1= 63283

ABCDEF (n@, n1, n2, phid, A, B,C,D,E,F);

dphi_lambda := Dphi(phi®, lambda,nd,n1);

writeln(*Dphi@® = *,dphi_lambda.re,’ + ) *',dphi_lambda. im);

x 1= XX(dphi_lambda, thickness);

tempenumCl]l = mul (x, %) 3

tempcnum(2] := mul (C, tempcnum{i]);
tempenum(3) = mul (Byx);

tempcnum(4] := add (tempcrnum(2], tempenum(3]);
tempcnum(S] = add (R, tempcnum(4]);
tempenun(6] := mul (F, tempcnum({1]);
tempcnuml(7] := mul (E,x);

tempcnumiB8] := add(tempcnumibl, tempcnumi7l);
tempcnum(9] :1= add (D, temponumi8l) ;

row 1= dvd (tempenumiS], tempcnum(9));

writeln(*row =

‘yrow.re,' + 3 ',row.im)}

psi 1= arctan(mag(row));
psi 1= 180#psgi/pig
del t= arg(row)+180Q/pi;

writeln('psi = ' pgi,’' del = ' del);

end}

<

procedure FILM_THICKNESS;
const
pi = 3.1415926%54;

var
psi,del, phi®, lambda ireal;
nd, ni, n2,dphi_lambda, row tcomplex;
thickness!, thickness2 scomplex;
A,B,C,D,E,F tcomplexy
tempcnum tarray (1..24] of complexy
begin

nd.re = 1,03
nd.im 1= Q. 0:
v'.rp @ 1,46:

. U B R IRy N W Wy ey
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ni.im 38 9.0
n2.re = 3,8%5;
n2.im 3= 9,02
lambda := £3228;

writeln(*enter phi®');
readln(phi®d)j
phi@ := phiQepi/180;

ABCDEF (nd, nl, n2, phid,R,B,C,D,E,F)

writeln("enter psi and del');
readin(psi,del) ;

psi := piep3i/180;
de! := pisdel/18Q;

row.re = (sin(psi)ecosi{del))/cos(psil;
rom.in 1= ‘sini(psi)esin(del)) /cos(psi);
- writeln(® from FILM_THICKNESS] row = ',row.re,' + ) ',row.im);

temacnum{i) = mul (row,E);
temper.uml2) = scmul (-1, tempcnum(1]);
tempenumi3l := add (B, tempcnum(2]);
. tempcnumlél = mul (Sempenum(3], tempenum(3]) § {sqr(B-pE) ¥

terpenum(S] = mul (row,F);
tempcnumi€] := scrul (-1, temponum(S]);
temponumi?7] :3 adé (C, tempenum(Bl) {(C-pF) >

‘e
.

)

*e

tempcnum(8? := mul (row,D)g
temacrnuml(3] := scmul (=i, tempenumi8l);
tempenum i@l 1= add (R, tempernum(31); {(R-pD) >

l“.‘

’

.
\h
.
™
N
-
>

tavrpcnumlill := mul (tempcnumi7], tempenumi01);
temponum{12] := scmul (-4, tempoenumiill) ;
teracrumii13] = add(tempznumi4l, temponum(121);
temponumlisl = sq_rt(tempcrium{iz]);
taaponum(1S] = ascmul (-1, tempcnum{l4l);
tempenum(1€) := scmul (-1, tempenum(32) 3

temporum(l7) 3= add (tempcrium{16], tempenum(14]) ;
Ltemperium(i8] 1= add (tempenum{ibl, tempenum(i1S]1);

tanpenum{i?) = cvd{temponum(l7], tempenuml?]) ;
temponumi22] = Zvd(tempcenuml18], temponumi?7l);

terporunl2

33 = gcmul (1/2, tempenum(l
tewxporan L2373

bR
:= gonul (172, tempenum(S01)

I

writelr(*l1x1l = Y mag(tempenunil)))g;
writeia(*ix2l = ' ,mag(tempcrumial));

P
e

tarndonumi22),. re = (24p] - argltempcnum(21]))/(2#pi)g
tenpernumi23l. i 1= (In‘mag(tempcnum(213)))/ (2epi);
temernum(S4l. e 1= (J4pi - arg(tempenuml2)))/ (2#pi);
temoaorumiZal, im 1= (In(mag(tempcrium{221)))/ (2epi);

L LN
., b,

i/

dphi_lawbda :» Dphi(phiQ, lambda, nd, n1)

thicvness! 1= mul (dphi_lambda, tempcnum(231) g
th.cunessd 1= myl {(Cphi_lambda, tempcnumi2e]) g

writeln(*Dohi = ° dohi_lambcla.re,' + ) ',dphi_lambda.im);
+ ) *,thicknessl.im);

A ein(*t-1cbrena’ # ' *icuregel.re, !
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procedure PL_INTERF_PSI_DEL;
corst pi = 3.1415926%4;

var

3, nl, row
cxs1nd, cxsinl, excosd, cxcos!
freanel_rp, fresnel_rs

tcomplex;
tcomplex;
scomplex;

refl_p,refl_s,del_rp,del_rs ireal;
psi,del, phid ireal;
begin

nd := one;
writein(*enter ni.re,nl.im ard phiQ');
readin(ni.re,nl.im, phid)

2hid := pisphi@/180;

cxsin@
cuxcinl

excosd
excosl

= scmul (8in(phid) ,nd) g
:= dvd(cxsin@, nl);

1= cxcos(cxsin®)
1= cxcos (oxsinl) g

fresnel _rp := rp(nd,cxcosd,nl,cxcost);
fresnel_rs := rs(nd,cxcosd,nl,cxcosl);

dei_rp
‘el_rs

refl_p

el _s
row :=

Sel 3=
del :=
psi 1=
psi =

= 360 - arg(fresnel_rp)#*#180/pi;
t= 260 - arg{(fresnel_rs)#180/pi;

:= gqr(mag (fresnel_rp)

)
1= eqr (mag{frasnel_rs))

i
3
dvé (fresnel_rp, fresnel_rs);

arg(row) ;

1EQucel /pis
arctan{mag(row));
i8Qvpsi/pig

writein('re®l_p = ' refl_p,' ','refl_s = ' refl_s);
writeln("del_rp = ',del_rp,’' ','del_rs = ' del_rs);
writeln(’pei = ' pgi,' del = ',del);

erg;

‘-

procedure PL_INTERF_N1;

const

tot _crum = 233
pi = 3,.141392654;

var

psi,del, phid ireal;

nd, ni, row tcomplex;

cnum : array [1..tot_cnum: of complex;
begin

n@ 1= one;

writeln('enter psi,del,phi®*)}
readin(psi,del,phid);

p3i t= piepsi/180;

de. := piede./189;

ph.@ :w pisph:0/180;
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) 'f;f}f:
rum. rd 3% (gin(ps1)/cosipsel))ecos(cel); :fxl;fﬁ
row. im = (gin(psi)/cos(psi))esin(del); RS

) AT
crumIll := add(cre,row); . 4q
cnuml2] 1= mul(cnumlll, cnumlid); - I{
N

enuml3] :=x gcmul (4, row) ;

cnuml4l s dvd(cnum(3l,cnum(2))

crumlS) :s scmul (~sqrisin(phi®)),cnumiél);
cenuml€]l :s add(one,cnum(S1)

STl = gq_rt(cnum(6l);

crum{82 :» gcmul (sin(phid) /cos(phid),cnuml71);

nl := mul (n@,cnum(81);
nl.ve := abs(nl.re);

if ahs(nl.im) ( 1E-7 then nl.im := Q3
writelr('nl = ' ni.re,' - 5 'ynl.im);

end;
< >
begin
for i = 1 to 100 do
begin
. writeln;
writeln('option @ -- end program');
writeln(’option | -~ determine psi & del of a film'); Ce
writeln('option 2 -- determine film thickness'); AR
writeln('option I -~ determine psi & del for a planar interface'); G
writeln(*option 4 -~ determine nl for a planar interface’); AR
writeln; : 'ﬁh}%
writaln('enter option number and hit (enter)'); T
readln(option) ot
if option = 2hr{48) then
begin : IRV
end e
else if option = chr(49) then AN
begin "):;,.
~ IM_PSI_DEL; N
erd Y
else if option = chr(30) then
begin
FILM_THICKNESS;
end
elee if option = chr(S51) then
begin
d SL_INTERF_BSI_DEL;
enc
else if cption = chr(32) then
begin ’
PL_INTER®T _NIi;
and ;
end;
wne,
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CHAPTER I. INTRODUCTION

By providing a lattice-matching interface layer,
epitaxial germanium on silicon combines the ease of silicon
processing with the unique properties of gallium arsenide.

Although gallium arsenide has promising applications in high-

speed and opto-electronic devices, the superior mechanical and

thermal properties of silicon have prevented gallium arsenide
from becoming competitive with silicon. The epitaxy of
gallium arsenide on silicon solves many of the problems
inherent in gallium arsenide processing; silicon is lighter
and less brittle than gallium arsenide, making it easier to
handle, and silicon dissipates the heat generated by devices
faster because it has a higher thermal conductivity than
gallium arsenide [1].

Three problems have plagued the epitaxy of gallium
arsenide on silicon. First, gallium arsenide is a ionic
semiconductor while silicon is covalent. To obtain defect-
free epitaxy, the film’s first layer must be either all
gallium or all arsenic. During growth, however, the gallium
and arsenic atoms arrive at the surface randomly, precluding
the formation of a monolayer of either atom. Second, the
lattice constant of gallium arsenide is about 4% larger than
that of silicon, causing defects in the deposited layer.

Finally, the thermal expansion coefficients of gallium

arsenide and silicon are different, leading to the generation
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of stress in the epitaxial layer and in the substrate [1,2].

A e -

-

The techniques most frequently used to deposit gallium

L

arsenide onto silicon are molecular beam epitaxy (MBE) and
metal-organic chemical vapor deposition (CVD). A number of

papers have reported progress toward the growth of device-

B L LA

quality gallium arsenide on silicon, usually involving a thick
gallium arsenide buffer layer, a deliberately misoriented
substrate, or a germanium buffer layer [1-3].
& Despite a large (greater than 4%) lattice mismatch,
epitaxial growth of germanium on silicon should occur easily
because both are covalent semiconductors. Also, germanium has
a thermal expansion coefficient between those of silicon and
gallium arsenide [4]). Consequently, germanium is well-suited
to be a buffer layer between silicon and gallium arsenide.
Previous efforts at depositing germanium onto silicon
have used deposition techniques such as MBE [5], e-beam
evaporation {6], CVD {6], ion beam sputtering [7], or ICB (8-
10]. The first three techniques have resulted in epitaxy, but
at a low (less than 1A/s) deposition rate and with a substrate
temperature as high as 450°C. The fourth technique has
resulted in polycrystalline layers at a higher deposition rate

(5-7 A/s) but with a substrate temperature of 450°C.

With this in mind, the ionized-cluster beam (ICB) 3
technique was applied to the deposition of germanium films on g
primarily silicon substrates. The ICB technique is i
characterized by the ability to deposit high-quality films at ?
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relatively low substrate temperatures. Because the ICB
technique allows careful control of the average energy of the
depositing particles, the optimum conditions for film
formation are achievable [8].

The prcvious use of the ICB technique to deposit
semiconductor films onto semiconductor substrates has resulted
in epitaxial films at low substrate temperatures. Table 1.1
lists some previous results with this combination of film and

substrate.

Table 1.1. Semiconductor ICB applications (8]

Film Substrate Comments

Si (111) si Low temperature (620°C)
(100) si Epitaxial
GaAs GaAs Low temperature (550°C)
Epitaxial
Ge Si Low temperature
Epitaxial

Previous efforts at depositing germanium on silicon using
ICB have resulted in epitaxial films. The results reported by
Yamagishi et al., however, required high temperature annealing
to achieve epitaxy (9], while the deposition apparatus of
Kuiper et al. [10] is considerably more complex than the
apparatus described by Takagi et al. [11].

The problem as initially faced was to build an ICB system

to utilize a new ion source. The initial phase of the work

involved completing the system and verifying its operation.
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Thin films of aluminum were deposited and compared with
previously published results and with other deposition
techniques. Due to technical difficulties with the aluminum,
the sequence of germanium depositions was begun.

There are two original contributions in the research
performed and reported in this thesis. The design and
construction of the electrostatic screen, discussed in Chapter
II1, is original work. Secondly, the doping of germanium with
aluminum to facilitate the epitaxial formation of a thin film
has not previously been reported. Both the acceleration
screen and the aluminum doping are believed to be essential to
obtain germanium epitaxy under the conditions reported.

Chapter II of this thesis begins by presenting background
theory on the ICB deposition process. A computer analysis of
the electric field in the ICB system is given in Chapter III.
The experimental system used is described in Chapter 1V,
followed by an outline of the experimental procedure in
Chapter V. Chapter VI contains a summary of the important
conditions and parameters for deposition, as well as the
conditions used for the germanium depositions. Chapter VII
reports the results of the characterization of the germanium
films. Finally, Chapter VIII includes an interpretation of
the results, summarizes the research, and includes some
recommendations for further study.

Included in the appendices are two papers generated as a

result of this research. The first paper was presented at the
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International Workshop on Ionized-Cluster Beam Technique in

Tokyo, Japan on June 3, 1986, and covers the work leading up
to the aluminum depositions [12]. The second paper was
presented at the 33rd National Symposium of the American
Vacuum Society in Baltimore, Maryland on October 30, 1986, and
summarizes the germanium deposition results [13]. Also
included in the appendices are the computer programs used for

the electric field analysis and the step-by-step procedures

used to deposit the germanium films.
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CHAPTER II. THEORY OF IONIZED-CLUSTER BEAM DEPOSITION

A

The ICB technique uses a three-stage source to generate,
ionize, and accelerate clusters. A schematic representation

of a possible source configuration is shown in Figure 2.1.

W
3
_‘!

The cluster generation region is where the material to be
deposited is formed into clusters. 1In the ionization region

some of the clusters are given a single positive electronic

charge. The acceleration region is used to impart a large
kinetic energy to the ionized clusters. This kinetic energy
is converted into thermal, sputtering, implantation, and
migration energy when the cluster contacts the substrate, as

depicted in Figure 2.2.

Cluster Generation
A cluster is a loosely-bound aggregate of up to several
thousand atoms. Because a large percentage of its atoms are
located on the surface, a cluster does not behave like a *
solid. Because it is loosely bound, a cluster does not behave
like a liquid. A cluster is neither gaseous nor in the plasma -
phase. Consequently, clusters have been called "the fifth

state of matter [14]."™

.
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The cluster generation for ICB deposition centers around
a closed-top crucible. Typically the crucible is made of
high-density graphite, but another material such as boron

nitride could be used. The crucible has a small circular |
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Figure 2.2. Effect of cluster energy on the substrate [15)




nozzle in the center of the top. A heater surrounds the
crucible and provides even temperature control over the
surface of the crucible.

Three methods of heating the crucible are possible:
radiation, electron bombardment, and induction. Radiative
heating is accomplished by surrounding the crucible with a
filament or graphite picket heater. The heat emitted is
~bsorbed by the crucible. Electron bombardment also uses a
filament surrounding the crucible; however, the electrons
emitted by the filament are accelerated into the crucible
wall. This allows higher temperatures to be achieved than by
radiative heat alone. Inductive heating uses an r.f. voltage
applied to a coil surrounding the crucible to induce currents
in the crucible wall, generating heat within the wall.

Because the crucible is enclosed, the pressure inside is
the same as the vapor pressure of the material it contains.
Curves of vapor pressure versus temperature have been
determined for the elements; the curve for germanium is shown

in Figure 2.3. These curves can be fitted to an equation of
the form:
A
logjgP = - + Bxlog;gT + CxT + DxT2 + E (2.1)
T
where T is the temperature in degrees Kelvin and P is the
pressure in torr [16]. Using five data points from the vapor

pressure curves, the coefficients A, B, C, D, and E can be

determined. Cluster formation occurs when the pressure within
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Figure 2.3. Germanium vapor pressure curve [16]
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I the crucible is of the order of several torr [17]; therefore,
r a suitable range for fitting equation 2.1 to the vapor

o

& pressure curves is 10~2torr to 102torr.

ﬁ‘ The formation mechanism of the clusters is a debatable

topic. Two theories have been proposed--homogeneous

d
L

-

nucleation and heterogeneous nucleation. Homogeneous

& Aty

nucleation is the condensation of the vaporized material upon

itself, while heterogeneous nucleation requires some sort of

P s
i
PR Y

impurity or interface, such as the wall of the crucible.

.

» .
‘-'-'.

In the homogeneous nucleation theory, the vaporized

material in the crucible moves into the vacuum region outside

;5 the crucible, forming a supersaturated jet beam that expands
’¥ adiabatically, cools, and condenses into clusters. The
T condensation process occurs in a region about one nozzle

Ead

'E diameter away from the crucible [18].
“j In the heterogeneous nucleation theory, the clusters form
- on the walls and in the nozzle of the crucible. As the

3 material is heated, some atoms land on the walls. If the wall
5 is too hot, the material immediately re-evaporates. If the

A conditions are right, however, the atom remains and acts as a
A

; nucleation site for further atoms. Each atom that arrives

i adds its heat of vaporization to the growing cluster.

Eventually, the sum of the heats of vaporization gives the

cluster enough energy to detach from the wall. Because the

Car

. pressure in the crucible is higher than the pressure outside

the crucible, there is a flow of material out the nozzle. The

A
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detached cluster is swept out of the nozzle by this flow [19]).

It should be noted that the heterogeneous theory points
out a weakness of the homogenous theory. As the cluster is
growing in the homogeneous theory, each arriving atom adds its
heat of vaporization to the cluster. 1If this heat is not
removed, the cluster will obtain enough energy to break apart.
The only way to remove energy is through collisions with other
particles, but the time involved in cluster growth is not
sufficient to support the growth of clusters of the proper
size [19]. By this argument, the heterogeneous nucleation
theory seems to be the stronger of the two.

Further indication that heterogeneous nucleation is more
likely than homogeneous nucleation comes from experimental
data on cluster sources. The size of the clusters measured by
Takagi et al. do not correspond to cluster sizes measured
using nozzle-expansion sources. It is therefore unlikely that
the clusters measured by Takagi et al. were formed by nozzle
expansion; the clusters were formed before exiting the nozzle
(10]).

Finally, cluster formation requires a material that does
not wet the walls of the crucible [20]. For a graphite
crucible, suitable materials include copper, zinc, galliunm,
germanium, arsenic, selenium, silver, cadmium, tin, antimony,
tellurium, gold, mercury, thallium, lead, bismuth, and
polonium. Other materials, including organic materials, have

been deposited using the ICB apparatus, but cluster formation
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has not been demonstrated for many of these materials. e
. . {:Z

Ionization A
Y

After the cluster is formed, it travels upward into the Doy

S

. . . . . . . ; My

ionization region at supersonic velocity. 1In the ionization

5

region electrons are accelerated from a hot filament into the el
WA

cluster beam. If an electron collides with a cluster, it will
remove an additional electron from the cluster, giving the

cluster a single positive electronic charge. Due to the weak

binding forces of a cluster, it is presumed that double S

ionization will split a cluster because of the Coulombic

[
repulsion of the charges. Only clusters with a single charge NN
~A

are likely. DN
A

The efficiency of electron bombardment for ionization is

s:‘\'*

low; consequently, only a small percentage of the clusters sy
RN

. . S
become ionized. Therefore, the charge-to-mass ratio of the {;j
n'.\,
L

beam after ionization is low. This is an advantage, as the )
film may be deposited on an insulating substrate without the Sl
problem of substrate charging [11]). 1If the substrate becomes ﬁ?i
positively charged, future ionized clusters are repulsed. '.
A
SN
--"‘-\
Acceleration o
The ionized clusters may be accelerated by an electric i)
A,
field created by having a d.c. voltage between the ionization N
A
region and the acceleration electrode. This electrode may be :i{
N

v -
a separate part of the source, resulting in a short ﬁQ;
. . o
acceleration followed by a neutral drift to the substrate, or oD
QS
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it may be the substrate itself, resulting in acceleration the
entire distance to the substrate. Acceleration is an
important part of the ICB process because it allows the

kinetic energy of the cluster beam to be controlled.

Accelerating field

One important consideration for the accelerating field is
that the field be spatially uniform so that the cluster
experiences an even acceleration force; otherwise, the cluster
might be destroyed. To accomplish this, an electrostatic
screen is placed around the accelerating region to change the
shape of the electric field. A computer analysis of the
electric field with such a screen was done and is discussed in

Chapter III.

Effects gﬁ acceleration

Upon impacting the substrate, some of the kinetic energy
of the accelerated clusters is transformed into thermal
energy. This extra energy appears as an increased temperature
of the substrate [11]. Although for many types of depositions
an increased substrate temperature is necessary, in general
this heating is not desired. 1ICB deposition is designed to
eliminate much of the high temperature processing associated
with thin-£film deposition; unwanted substrate heating is
minimized.

The second effect of acceleration is the sputtering of

impurities from the substrate surface [l1]. Some of the
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energy of the incident particles is transferred to the surface
atoms of the substrate, which gain enough energy to leave the
surface. For materials such as silicon which form an oxide
layer, this sputtering is important because it removes the
oxide layer, allowing the deposited material to make direct
contact to the substrate material. The sputtering also cleans
other impurities from the surface, increasing the likelihood
of epitaxial film formation.

The third effect of acceleration is shallow implantation
(11]). Implantation occurs with the particles that have enough
energy to bury themselves into the substrate, in particular
the small accelerated particles such as monomers. These
buried particles form a transitional layer between the
substrate and the deposited film; this transitional layer can
have important mechanical and electrical consequences.
Mechanically, the transitional layer allows the deposited film
to adjust to the crystal lattice of the substrate, increasing
the likelihood of epitaxial growth. Electrically, the
transitional layer provides a low resistance connection
between the substrate material and the deposited material.

The last effect of acceleration is surface migration.

Two theories exist. According to the first theory, the
cluster breaks up into atoms after hitting the substrate.
These adatoms have a large translational velocity and migrate
across the surface of the substrate until they find a

nucleation site. Other adatoms attach to the nucleation site,
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. .. - - - v I'. -. \ l‘ - \ N \ R. l.- \ LY \ r)
A A I g A P T A A e P T T Wi

R R G L T2 dE SR N AL R S L et L



CASNAREAYLE AT AENLIE Rl Tl Nl Tl Sl

|_j= e

; 16

~

%’ forming islands that build up the deposited film [11]. The
second theory proposes that the arriving clusters behave like

h‘

4

molten droplets that remain in a small blob upon arriving at

LR

the substrate. 1In this model, there is little migration of

the material being deposited [21].
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CHAPTER III. COMPUTER ANALYSIS OF THE ACCELERATION
- ELECTRIC FIELD

A computer analysis was done to characterize the electric
field in the acceleration region. This analysis was
undertaken to determine the proper geometry and mesh of the
electrostatic screen and to verify the effect of the screen.
Two programs were written, one to solve for the potential
distribution using the relaxation method and one to provide
graphical output of the equipotential lines. The programs

. were written in Pascal; the source code listings are in

Appendix C.

Mathematical Theory
The electric potential distribution in a region is

satisfied by Poisson’s equation:

02 - - = (3.1)
€

where ¢ is the electric potential, p is the charge density,
and £ is the permittivity. The operator V is the Laplacian
operator and is dependent on the coordinate system used.
Laplace’s equation, a special case of equation 3.1, arises
when a region is free of charge and has a constant
permittivity:

724 = 0. (3.2)
For the acceleration region, the charge density is very low

due to the low charge-to-mass ratio of the ion beam;
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therefore, using Laplace’s equation is reasonable for this
analysis.
In cylindrical coordinates, (r,¢,z), Laplace's equation

is:

I —| 4+ — — + — = 0, (3.3)

19 [ ao] 1 3%e  32¢
or r2 a¢2 az2

r ar
If there is axial symmetry (no é¢-dependence), and if the first
term is expanded, equation 3.3 becomes
326 1 2% 32
;:5 + ; ;: + ;;3 = 0 {3.4)
To solve equation 3.4, finite-difference approximations
are made for the derivatives. Expanding the potential (%)

using a Taylor series about the point (r,z) results in four

equations:

36 1 2%

$(r+h,z) = ¢{(r,z2) + h — + — hz —_—— o+ s (3.5a)
ar 2! arz
s 1 3%

$(r-h,z) = #(r,z) - h — + — h% — - . . . (3.5b)
ar 2! ar2
s 1 as

$(r,z+h) = &(r,z) + h — + — he —— 4+ . . . (3.5¢
3z 21 3z2
2 1 32

¢(r,z-h) = &(r,z) - h — + — h2 _ -
a3z 2! 3z2

Terms with a third or higher derivative of the p-te--

neglected. Summing equation 3.5a and equat: -
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2
a2¢

#(r+h,z) + #(r-h,z) = 2#(r,z) + h? — (3.6)
or

Rearranging this leads to:
320 #(r+h,z) + &(r~-h,z) - 2%(r,2z)

- A (3.7)
ar2 h2

Again using equations 3.5a and 3.5b only this time subtracting
3.5b from 3.5a leads to:

2%
¢(r+h,z) - $(r-h,z) = 2h — (3.8)
ar

or:
X ¢(r+h,z) - #(r-h,z)

— . (309)
or 2h

Similarly, adding equation 3.5c and equation 3.5d leads to:

2
a2¢

#(r,z+h) + #(r,z-h) = 2&(r,z) + h2 — (3.10)
é2

which rearranges to give:
82§ ¢(r,z+h) + &(r,z-h) - 2%(r,z)

- . (3.11)
2 2
9z h

Equations 3.7, 3.9, and 3.11 can be substituted into equation
3.4, resulting in:

¢(r,z+h) + &(r+h,z) + ®(r,z-h) + ¢(r-h,2)

%(r,z) =

¢(r+h,z) ¢(r-h,z)
+ h . (3.12)
8r

This is the desired result--an equation that relates the
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potential at a point to the potentials at neighboring points
spaced a distance h away. Additionally, the equation is
simple to solve for any region using a digital computer.

With equation 3.12 and a set of boundary conditions, the
electric field in a region can be approximated. This method
is easily programmed and works well where computation time

considerations do not present a problem.

Outline of the Computer Programs

The first program solves equation 3.12 for a set of
boundary conditions. Two two-dimensional arrays are defined,
one with real-valued elements representing the potentials in
the region and one with Boolean elements representing the
existence of a boundary. A procedure initializes the arrays
with the boundary conditions. The non-boundary elements are
set to a potential of zero. Using zero for the initial
solution at these points usually causes the algorithm to take
longer to converge on the final solution, but the time lost is -

offset by the time saved in initializing the array--each

[ B = YPl

element would have to be entered separately. -
In the main loop of the program, repetitive passes are
made through the array, using equation 3.12 to update the

potential at each point. A temporary array is used, so that

s JARAS . "

all of the updates are made using the values in the original
array. A point located on a boundary is skipped so that its

value does not change. A special boundary exists along the
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center axis; the potential cannot be initialized explicitly.
However, the first derivative of the potential with respect to
r is zero due to the rotational symmetry. Consequently, a
reflection of the point immediately next to the axis is used--
the potential at (-h,z) is the same as the potential at
(+h,z2). Therefore, for r=0, equation 3.12 may be rewritten
as:

¢(0,z+h) + 2¢(+h,z) + $(0,z-h)

$(0,2) = . (3.13)
4

During the updating process, a record is kept of the
largest change made in any element. After the entire array
has been updated, the maximum change is compared to an error
tolerance. If the change is less than the tolerance, the main
loop is exited; otherwise, the loop is repeated but with the
original and the temporary arrays switched. After the main
loop is exited, the array is output in a readable form. A
standard text file was chosen as the output format, since it
is easily read by either a person or a machine.

The second program presents the data from the first in
graphical form. A useful picture is the lines of equal
potential in the region, or the equipotential lines. The
program reads the data from the text file into an array. An
area of the display device is defined to correspond to the
coordinates of each element in the array, so that the output

will appear as a scaled drawing.

In the main loop the array is scanned twice, first
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through the r-coordinates and then through the z-coordinates.
The value of the potential at each element is checked to see
if it compares to the desired equipotential line spacing.

When a match is found, a dot is placed on the output device at
the coordinates of the element. To provide a more detailed
output, linear interpolation is made to estimate the potential
between array elements if a match is not made to an element.
After the array has been scanned in both directions, the

output dots form a rough picture of the equipotential lines.

Computation Results

The boundary conditions for the region analyzed are shown
in Figure 3.1. The source is a constant potential block at
the bottom of the chamber. The chamber walls and substrate
are at ground potential, while the source and screen are at
the maximum acceleration voltage, 10kV.

The motivation for writing the computer programs was to
aid the design of the screen and to verify its effect. After
the relative geometry shown in Figure 3.1 was decided upon,
information was needed to decide on a proper mesh for the
screen. A solid screen was undesirable because it would block
the source from view, so four meshes were tried: 4, 2, 1, and

0.5in. The graphical output for these four conditions is

shown in Figures 3.2 through 3.5. The electric field between g
the source and the substrate is most evenly spaced for the lin o

and 0.5in meshes. A 0.5in mesh screen was chosen because of 7!
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|_substrate

source

chamber ceiling

screen (shown as solid)

base of screen

chamber floor

Geometry of the acceleration region

A W 'u"'-'\‘\ AT

'ffff("ff
" N e

\

ou

.xuﬂy

.
-‘ n‘_ l\'f -’

AT W A,

N 4

I o

f

J.LM.J'(L-' .- JJ




24

> v Py,
2000 g AKX

gion

Equipotential lines for the acceleration re

with a 4in mesh screen

Figure 3.2,




- -

e e e kP Tt oz R ek e N - ik itmd Y, O 22 L TNO] . Sl Oy
e B A M O D R o A s e R e b (000
e o] " A . T N B Yyt ¥y ) YT RO N N2 r-\“ﬁ- d < = 5", . - A s Y
AAAA : ' B AR T AR R VA PO gy ik _ o C A A A AL O WA TR P N .
‘F- L] %ﬂ- » hh. 3 - 7 - Q..l - &.A.JM. v, -u. o v.h-ﬂ-n%-ﬂ\-\u Nt L-An..-\-..-.. -.-.\-\. u\-\.-q‘-al._..-. \-\ H\-‘A\-.\f»!.hf\# ?--.--.-..J."-J_ .-.-------fb. -n\P\F\’\f\ fl ’ f\f\f\“
'
2%
oL
5%

gion
N
A

Cd
2

SIRSRN
SN
N W

Wy
N,

o
o W

~
*

W
v .

e
m

L]

s

o
LN,

Equipotential lines for the acceleration re

with a 2in mesh screen

‘e "o W
~ \'r'-"

>
~¢‘

g .Il.f

Figure 3.3.

\','.

e P T I
Ca Tt ot

N R N L T U T Y IR R R IR I Uy Y TR N W s Y T U T N Y N T W T TN I T WIN OO TN I W W REITET SN ER TN
25




N:,,\}.N;,&;_\",\ A IS AT Wy AT AR

26

e o .
......' ..,
. -~
. .
L4
L
o .
- .
* rd
. 4
. . .
. L] .
> . -
. . .
] . ¢ o
. e » ’
DY - .
< .
PRI .’
ve et Tl e, »
R s . .
et .’ . -
. . . .
" . ’ . .
.. - . ' .
. . . P .
. - o .
. . - .
v ” 4 - .
. o .
. K . .
. .
ot ? .t ¢
. - ’ . « g . .
- . . . . '
. + . . . . . .
. - . - PR . . .
. ’ . . . .
- . . .
. - . . . . . .
et e aeett . . . . .
’ . . . . o
. . . N N
se e 0 [ N . LR . . .
. . P . . .
s T p Do
e ., . v e . N
' e e e . .
. e e ‘. ¢ . e e e . .
. . - ¢ e s e . .
. . L L .
. . . e 4. .
: . e e .
: D .
. D T .
. . e e .
. o e . . . .
LRI PR '
. . .
. N I
. N P T
b . .
. . .
P N
] I .
P . .
. P ‘. .
s e P Cpes . . A
et . . ’
. ve s e s s LR 0 .
[ . .
DRI L L B I e e S ’
ve o et . L. .
S e e e e s n ey Ve e R - . . . 0
P o . - ’
e e *r O «’ . .
. . . v
A AR ¢ ¢
. . - o -
. e e M - . P
e
.
v e e e . . . -«
-
oo . . ..
o
e e L

Figure 3.4. Equipotential lines for the acceleration region

with a 1in mesh screen

. e SN e
A LA o I o i WAL o,

NN

oty

s Tt 5 - e, X
PR A RN N X ARAAAL )

9 .- f
AR

la K

-'..i'.‘

.*
-“

o o
<



o L 4 e hia* ) - ¥ . Vol Ul igd @ ‘¥
e e ®e Tt e
PRI s,
. ',
. -
.o'. -
e b0 0y,

." P * -~

B .o .
- . *e
: I P R .,
.
. .
LY L]

“ew " . e e
. rl » » . . .
. . o ..
.. ® 3 . . . .
. 4 « .
¢ e e e '0 . e e . . .
. . e e e
[ R S P
R IR . P
e e vt s e & e = e
e e v e
. vev sae e s e e
. . e e e
. . e e e e e
. . L T T
. . . P
. . . . s e
:
. . e e P
. . P
. . “ e e P
. . . e . [
. PO [
. . I S
. .. PR
. . e e e e
. . PR .
. . PN D
. . “ e ..
. . -
. . . . o« 0
. . . ..
. « B
. . .«
. PRI e oer s ] .
e . “« see e ee et ot P
.. K LS
. o s e sse et LI - . - N
. o e . '
s ae tes et ” s .
. - - .
. oo . '
. . e . ,
. e sas et .o .'
* .
.o
- I .- ¢
e
cet s e @a e
.
. . . e . v s

Pigure 3.5.

Equipotential lines for the acceleration region

with a 0.5in mesh screen

L] . ~ -~
RN A

'y

St ettt
_\.\‘\\ YO NTIRA

'.h " 4
e
I,
‘f\"u ,

o

o' .
v
o B

. o
B
R
R
%

€2

»
o
- a3

i
{ ]

NN,
PN

?

L}
‘

e;\




(o 10y f0s Aol 8.0 B0 fut R aiair Ol

28

an availability of materials--0.5in stainless-steel screening
is commercially available.

The ionized clusters will tend to follow the electric
field lines, or lines of electric force, which run
perpendicular to the equipotential lines. By visually
approximating the perpendiculars to the equipotential lines in
Figure 3.5, it can be seen that the screen forces the ionized

clusters toward the center of the substrate. This is an

5
:
!
5
N
j
!
;
;

advantage as it increases the deposition rate and the

acceleration effects.
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CHAPTER IV. EXPERIMENTAL IONIZED-CLUSTER BEAM
¢ . DEPOSITION SYSTEM

The ICB system used for the depositions is a combination
of a commercially purchased ion source and a custom-built
process chamber. The system is completed by the substrate

handling facilities and the process monitors.

Ion Source
The ion source is mounted at the bottom of the process
chamber on an eight-inch (outside diameter) UHV flange. The
mounted source is pictured in Figure 4.1. The source was
purchased from Eaton Corporation, Beverly, MA, and represents

their second-generation design. Seven feed-throughs on the

mounting flange permit electrical power to be applied to the
source. The three feedthroughs for the acceleration and
ionization are rated for high voltage and low current. The
two crucible heater feedthroughs are rated for high voltage
and high current. The source cooling feedthroughs are rated
for high voltage.

The crucible heating region uses a graphite picket heater
to radiatively heat the crucible. The heater is surrounded by
multiple layers of molybdenum shielding, which is further
surrounded by a water-cooled casing. Above the crucible, a
graphite baffle provides heat shielding and prevents material
from evaporating from the heating region and contaminating the

film.
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The ionization region uses two tungsten filaments to emit \
electrons for electron bombardment. Surrounding each filament
are two concentric cylinders with slots cut axially on the
side facing the cluster beam. A negative voltage is placed on
the filament and inner cylinder with respect to the outer .
cylinder so that the electrons are extracted and accelerated 4
toward the cluster beam. !
The acceleration region is the 25cm distance from the

ionization region to the substrate. The source is biased at

|
i
E
E
e

the positive acceleration voltage and the substrate is kept at
ground potential.

Four separate power supplies are required to run the ICB
system. A time-proportioning a.c. supply is used for the
crucible heater. Two d.c. switching supplies are used to
provide the high voltages for acceleration and ionization. A
third d.c. switching supply provides the current for the
ionization filament. The rated capacities for the supplies

are given in Table 4.1.

Table 4.1. Source power supply capacities

Supply Voltage Current '
Acceleration 10kv 10mA \
Ionization Supply 500V 400mA
Ionization Filament 25v 25A
Crucible Heater 40V 150Aa

The power supply interconnections are shown in Figure

4.2. The crucible heater power supply is connected to the

&
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Figure 4.2. Source power supply interconnections
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source using 15kV 2AWG cable; RG8A/U coaxial cable connects

the ionization and acceleration supplies.

Process Chamber

The process chamber is a custom-built ultrahigh vacuum
(UHV) chamber with a water-cooled exterior surface. The base
pressure of the chamber is about 2x10-8pPa. Two pumping
systems are used--the primary pump is a 1000l/s turbomolecular
pump, with additional pumping achieved through the use of a
20001/s titanium sublimation pump (TSP). The TSP is mounted
in a special chamber that is positioned perpendicular to the
process chamber; the TSP chamber is cooled by a water jacket.
The turbo pump is mounted on the lower side of the TSP
chamber.

Mounted on the floor of the process chamber is the
acceleration screen. A 0.0625in thick circular stainless-
steel base 15in in diameter is supported above the chamber
floor by four ceramic insulators. A 7in diameter hole in the
center allows the source to pass through. The screen is
constructed of heavy-gauge stainless-steel wire with a 0.5in
mesh. The screen extends from the base to about 0.5in below

the height of the substrate.

Substrate Handling Facilities
The substrate is held in a boat made from stainless-steel
sheet metal. Within the process chamber the boat rests on a

0.0625in thick stainless-steel track that is supported by

U wrwy
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threaded rods extending down from the ceiling of the process
chamber. The track is fully adjustable for height and tilt.
A stop on the track positions the boat so that the substrate
is centered over the source; a three-inch diameter hole is cut

in the track to expose the substrate to the cluster beam.

Fa® ARy SE iy dd e loge s

Three infrared quartz heating lamps are mounted above the
substrate, providing a total heating power of 3600W. Behind
the lamps is a reflector made of a single layer of molybdenum
sheet metal. The  entire heating assembly is built in a
stainless-steel frame. A tube extends through the frame and
the reflector to allow a thermocouple to be positioned on the
back side of the substrate.

Below the substrate is a shutter designed to protect the
substrate from the cluster beam but to leave the process
monitor sensors exposed.

Separated from the process chamber by a gate valve is a
high-vacuum chamber used to introduce the substrate without
cycling the process chamber to atmosphere. A magnetically-
coupled manipulator arm is used to move the substrate boat
between the two vacuum chambers. The load lock is equipped

with a 501/s turbomolecular pump.

Process Monitors
Two sensors are installed in the process chamber to

monitor the vacuum--an ionization gauge and a residual gas

analyzer (RGA). The ionization gauge gives an indication of
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f% the total pressure, while the RGA uses an r.f. quadrupole mass
. »
. filter to determine the partial pressures of the gases in the
N
" vacuum.
¥
& The characteristics of the cluster beam are monitored by
v two sensors. A Faraday cup is used to measure the current
v,
j density of the ion beam, while a second sensor measures the
L
y accumulated thickness of deposited material. The Faraday cup
" is a cup-shaped cylinder enclosed in a grounded casing. The
”,
v ions collected in the cup cause a current to flow from the cup
o*
- to ground. The current density of the ion beam is calculated
f
- by dividing the current by the collection area, 0.7l1cm?. The
o
-~ Faraday cup sensor is mounted on the shutter to allow the
:f sensor to be positioned in the center of the ion beam. The
A_ deposition rate sensor is mounted to the side of the
'h
.E substrate; this sensor is a quartz-crystal resonator. The
S
. shift in frequency of an oscillating circuit incorporating the
resonator is calibrated into a thickness signal. By
kﬁ differentiating the thickness signal with respect to time, the
{; average rate of deposition is also obtained.
rd
x ) The temperature of the substrate is monitored by a
\ thermocouple positioned so that it rests on the back side of
v the substrate. A manipulator raises and lowers the
)
" thermocouple so that the substrate can be slid in and out.
&,
' L]
j: The signal from the thermocouple is used as feedback to a
"
:{ temperature controller that adjusts the power to the heating
\
: lamps, maintaining the substrate at a constant temperature.
%
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CHAPTER V. EXPERIMENTAL PROCEDURE

The experimental procedure consisted of preparing the
substrate, choosing the deposition parameters, and depositing
the film. The changes made in the system are also described,
with an explanation of how the operating procedure was altered
after each change. A detailed listing of the steps used for
substrate preparation and system operation is given in

Appendix D, so only a brief description is given here.

Substrate Preparation
The substrates were cleaned using a standard cleaning
procedure. Silicon substrates were cleaned in organic
solvents followed by a weak hydrofluoric acid etch to remove
any native oxides, while gallium arsenide substrates were
cleaned in organic solvents followed by a planar etch (22].
The clean substrate was placed in vacuum as quickly as

possible.

Choosing Deposition Parameters
The main parameters to be set during an ICB deposition
are the acceleration voltage, the substrate temperature, the
ionization voltage and current, and the crucible temperature.
The deposition parameters are discussed more fully in Chapter
vIi.
Because of the limited number of depositions performed,

the parameter values were adapted from previously reported

i aa A e AR A Rl il
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values and a limited number of theoretical calculations.

Previous attempts by Yamagishi et al. to deposit germanium
films using ICB deposition indicated that low acceleration
voltages and substrate heating resulted in the best
crystallinity of the deposited film [(9]. For these
depositions, higher acceleration voltages (2.4kV) without
substrate heating were initially tried. Later attempts used
lower voltages (0.5kV) and substrate heating. The ionization
voltage and filament current were set to maximize the emission
current, to ionize the highest percentage of the clusters
possible.

To determine a suitable crucible temperature, the
germanium vapor pressure curve (Figure 2.2) was fitted to an
equation as described in Chapter II. The values used are
listed in Table 5.1. The coefficients obtained for the
equation are given in Table 5.2. Using these coefficients,
the crucible temperature was chosen to be in the range 1775-
1900°C (2048-2173K), corresponding to a germanium vapor
pressure in the range l-3torr. Initially the crucible
temperature was adjusted until a certain rate of deposition
was obtained; for later depositions, the crucible temperature

was set without regard to the deposition rate,.

System Operation

Despite the changes made in the system, the basic steps

to perform a deposition remain relatively unchanged from the
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Table 5.1. Vapor pressure of germanium [16]

Temperature (K) Pressure (torr)
1670 0.01
1830 0.1
2050 1.0
2320 10.0
2680 100.0

Table 5.2. Germanium vapor pressure coefficients

.oefficient Vvalue

-5.06638668673 x10°
-1.58059487121 x103
.18516683619 x10~!1
-2.4434021124 x107°
4.93140675383 =103

moOOey»
w

first procedure used. Before anything is begun, it is
important to check all the cooling systems--water cooling for
the process chamber, ion source, and deposition monitor, and
forced-air cooling for the ion source feed-throughs. After a
substrate is in place in the process chamber, the substrate
temperature controller is set to the desired temperature.
This is done so that the substrate is as clean as possible;
the heat treatment ensures that contaminants such as water
will be minimized.

While the substrate is heating, the ion source is warmed
up. The crucible heater is set directly to the desired
current. Due to the large time constant of the picket heater
the crucible warms up slowly, reaching an equilibrium

temperature in about 15 minutes. The acceleration and

AR C O LU SRR




‘: [0 by SR

RAKILLNE Lafhfff = Ve

WAL S

‘-*-a..&)

CX£L3

SE RSN AAY

S

NN

39

ionization supply voltages are also set directly to the
desired voltage. After the ionization supply is set, the
ionization filament can be adjusted for the desired emission
current.

Once the system has reached equilibrium, the deposition
conditions can be adjusted to obtain the desired parameters.
Deposition rate, Faraday cup current, and ionization current
are the most important parameters. After everything is as
desired, the shutter is opened and the deposition begun. All
the parameters are recorded; Figure 5.1 shows a form useful
for this. The form has sufficient columns to allow the
conditions to be recorded at the start and end of the
deposition and at two intermediate times. This is important
in case the conditions change, either by operator adjustment
or by system instability.

After the deposition, the shutter is closed. The
substrate heaters are shut off first, to prevent any undesired
annealing of the film. The ion source is ramped down by first
turning off the crucible heater; again, the time constant is
large enough that the heater can be shut off without any
delay. The ionization filament is shut off, followed by the
ionization supply and the acceleration supply. The system is
allowed to cool for several hours after which the cooling
systems are shut off. The substrate can be removed at any

time, but to minimize thermal stress it is best to leave 1t in

the process chamber until it has cooled.
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IONIZED CLUSTER BEAN DEPOSITION

) Sample ID: | Material/Substrate:
; Date: | Operator:
Acceleration v | v | [ | [
!: I | = | l l
A Ionization v | v | | [ |
E : I | mA | I l l
! rilament v | v | | | | .
A Y | | |
N Crucible P | kw | | | |
I | A | | |
T | °c| | | |
Substrate T | °c | | | |
Pressure | pa | | | |
Deposition Rate | Ass | | | |
Elapsed Time | m:s | | | |
Thickness ' | A | | |
Notes:
1
N
p
Fiqure 5.1. Form for recording deposition conditions ;
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System Configurations

During the sequence of depositions performed, several
system configurations were used. Each configuration change
was due either to a breakdown, such as a burned-out filament,
or to an improvement, such as a better substrate thermocouple
arrangement.

After three germanium depositions, the ionization
filament was replaced. The new filament operated similarly to
the original one. Prior to beginning the germanium
depositions, the ion source had been used for aluminum
depositions; after eight germanium depositions the source was
partially cleaned, removing an accumulation of aluminum and
germanium. After eight and ten depositions, the crucible
nozzle was cleaned to remove deposits of germanium that had
condensed in and around the nozzle, effectively plugging it.
None of these changes afiected the operating conditions.
Finally, after twelve depositions, the substrate track was
completely reworked to allow the Faraday cup to be attached to
the shutter. This was done so that the ion current could be
measured in the center of the ion beam; the change did not

affect the operating conditions.
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CHAPTER VI. DEPOSITION PARAMETERS AND CONDITIONS

The important parameters for ICB deposition are divided
into information about the particles, the deposition
conditions, and the system configuration [20]. With complete
information about these parameters, it is theoretically
possible to duplicate the conditions and reproduce the
deposition. The first three sections of this chapter discuss
these parameters; the last section summarizes the conditions

for the germanium depositions.

Important Parameters

Of primary importance in ICB deposition are the
particles. To totally characterize the deposition,
information on the neutral flux, the ionized flux, the size
distribution, and the energy of the particles must be known.
Measuring these quantities, however, is not trivial. For
example, a technique such as time-of-flight mass spectrometry
can be used to determine the size distribution of the ionized
particles, but this is not necessarily the size distribution
of the neutral particles. Larger particles might be more
likely to become ionized.

Using the data available with the present system,
estimates of the average particle size and the energy per atom

can be made. The first calculation requires the rate of

deposition, the Faraday cup current, and an estimate of the
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ionization percentage, while the second calculation requires
the rate of deposition, the Faraday cup current, the crucible

temperature, and the acceleration voltage.

Average particle size

The current density (A/cmz) is the effective atomic
charge for a particle in the cluster beam (C/atom) multiplied
by the atomic flux at the substrate (atoms/s-cmz). The

effective atomic charge is simply given by:

1%
effective atomic charge = — g (6.1)

n

where p is the ionization percentage, n is the average cluster
size (atoms), and q is the electronic charge (q-1.6x10'19C).
The atomic flux at the substrate is the rate of deposition
divided by the volume of a single atom. The atomic volume
(A3) is calculated using the material density, d (g/cm3), and

the atomic mass, M (amu):

1.661x10"24g 1 102443
atomic volume = V = X M x = x —
amu d cm3
M
or V=1.661 — (6.2)
d
Therefore, the atomic flux is:
r 101632
atomic flux = - x — (6.3)
v cm?
where r is the deposition rate (A/s). Multiplying equation

6.1 and equation 6.3 gives the current density, J:

AL
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p 1016¢g ’
J = - q —- (6.4)
§ n 1.661M
X Rearranging leads to:
P JM 1
~ = 1.661x10716 — _ (6.5)
o n rd g
S
~
b_"

which gives the ratio of the ionization percentage to the
average particle size as a function of the Faraday cup current

density and the rate of deposition.

Energy per atom

Let the energy of an un-ionized particle at the substrate
be E, and the energy of a singly ionized and accelerated
particle be E;. If the units are electron volts (eV) and the
average particle size is n atoms, then:

v

i-En+— (6-6)
n

E

where v is the acceleration voltage. The effective energy per
particle arriving at the substrate is then the energy of the
ionized particles multiplied by the percentage of ionized
particles plus the energy of the un-ionized particles
multiplied by the percentage of un-ionized particles, or:

E = pE; + (1-p)E, (6.7)
where p is the ionization percentage. Substituting equation

6.6 into equation 6.7 leads to:
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P
E=—v + Ej. (6.8)
n
It is of note that this expression does not require the
percentage of ionization to be known, only the ratio p/n. For
molecular beams, the energy per particle is the thermal energy
(10}:
3 kT
E, = ; ;—- (6.9)

Substituting equations 6.5 and 6.9 into equation 6.8 gives the

desired result:
E=—v + — — (6.10)

which relates the energy per atom at the substrate to the
acceleration voltage, the crucible temperature, the Faraday
cup current density and the deposition rate.

The energy per atom at the substrate is important because
it affects the film growth condition. 1If a particle is too
energetic, it will cause damage to the film or the substrate.
If a particle is not energetic enough, it will not adhere
strongly to the substrate. The optimum energy range is 0.1-

100ev/atom [15].

The second set of important parameters are the deposition
characteristics: the flux uniformity, the substrate area, the
substrate temperature, and the film thickness. All of these

are easily recorded or measured. The flux uniformity can be
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X
b
X determined by measuring the thickness variation over a large-
i. area substrate. The substrate area is simple to calculate or
Wy
L4
%3 measure. Care should be taken that the substrate temperature
)
measurement accurately reflects the actual substrate

- temperature. The thickness of the deposited film is measured
r o
ES using a quartz crystal deposition monitor, with confirmation
ro
gf made by a stylus-type thickness profiler.

The third set of parameters are the system parameters.
These parameters describe the physical setup of the deposition
apparatus and the operating values for the ion source. The
dimensions of the crucible nozzle, the crucible temperature,
the ionization extraction voltage and emission current, and
the source-to-substrate separation all fall under this

category. All are easily measured.

Deposition Conditions

A sequence of 17 germanium depositions was made;
conditions for each deposition are given in Table 6.1. As ’
discussed in Chapter IV, the system configuration was changed
several times. Because of these changes, it was impossible to .
optimize the deposition conditions.

Table 6.2 shows the ratio of the ionization percentage to
the average particle size and the energy per atom (as
discussed above) for the depositions made with the Faraday cup
installed. The cluster size estimate is based on 5%

ionization.




g Table 6.1. Deposition conditions
; Accelecation Ionization Crucible
) ID$# Substrate Voltage Voltage Current Temperature
> v v mA °c
3 88 p-Si 2000 500 39 1800
' 89  GaAs 3000 500 40 1890
E 90  n-si 500 500 40 1900
;s *#ass* Ionization filament replaced
b 91  n-Si 2500 500 4 1900
;E 92 n-si 500 500 41 1820
) 93 n-Si 0 500 40 1830
i ) 94 n-Si 500 500 40 1850
& 95  n-si 1000 500 40 1900
ii «ax*x4 Crucible nozzle plugged
! 96 n-si 500 500 40 1770
; 97  p-si 500 500 40 1850
" 98
v; #asat  Crucible nozzle plugged
% 99 n-si 2500 500 50 1775
& 100  n-Si 500 500 50 1795
: *#%s4%  Substrate track replaced
& 101 n-si 500 500 50 1825
i 102 n-si 500 500 50 1830
103 n-Si 2000 290 25 1810
: 104  n-si 3000 100 1 1825
< 105 n-Si 500 500 50 1825
s 1
~
] i
e,
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Substrate Rate of Faraday Cup
Temperature Deposition Thickness Current Rate
°C A/s A pascm?  Ass
1.1 5000
200 1.5 5100
380 2.3 5000
400 2.3 5000
405 1.3 5000
400 0.9 5000
300 1.0 5229
300 0.5 4547
400 1.3 10760
400 1.1 5002
450 1.4 5000
500 1.6 5100
400 2.0 15600 0.45 2.5
400 2.0 4800 0.35 2.0
400 1.9 4800 3.00 1.9
495 2.5 4400 1.00 2.5
>550 2.8 6700 0.35 2.8

[
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Table 6.2. Particle size and average particle energy

ID# n/p (atoms) n (atoms) E (eV/atom)
101 394 20 1.50

102 406 20 1.47

103 45 2 44.7

104 177 9 17.1

105 568 28 1.12

The crucible used for the depositions was made of high-
density graphite with a nozzle lmm long by lmm in diameter.
Acceleration was over the entire 25cm source-to-substrate
separation. The boat in which the silicon substrates were
held exposed a 2.5in diameter opening to the ion beam,
resulting in a substrate area of approximately 32cm?. Due to
its smaller size, the gallium arsenide substrate only exposed

a lin diameter circle to the ion beam, for a substrate area of
2

Scm“.
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sj CHAPTER VII. CHARACTERIZATION OF DEPOSITED FILMS

The germanium films were analyzed for both mechanical and
electrical characteristics. Visual inspection, X-ray
diffraction, and Auger electron spectroscopy were used to
determine the mechanical characteristics, while four-point
probe measurements were used to determine the electrical
characteristics. The data collected for the film

characteristics are presented in Table 7.1.

Mechanical Characteristics

The first observation that is made about any thin film is
the surface condition. A shiny appearance indicates a smooth
surface, while a hazy appearance indicates a rough surface.
No conclusions could be made from these observations other
than the surface condition did not indicate anything about the
film quality, either mechanically or electrically.v

To determine the crystalline structure, X-ray diffraction
techniques were employed. Two techniques were used--a
standard diffractometer technique and a special technique
using a Buerger precession camera that gives an undistorted
representation of the reciprocal space for both the film and
the substrate [23,24].

A standard X-ray plot of 20 is shown in Figure 7.1 for a

single-crystalline sample. Figure 7.2 is a 20 plot for a

\
polycrystalline sample. This technique provides a measure of ' {
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% Table 7.1. Results of characterizations
.\.
AES®

'y ID$ Surface X-ray Buerger X-ray Al C O
:' 88 smooth amorphous
. 89 smooth (100) (100) epitaxial
; 90  rough (100) (100) epitaxial 1179 2
2 91 rough

92 tough (100) (100) epitaxial /x x x
AN
e 93 smooth (100) (100) epitaxial 102 2 2
LY
N 94 smooth poly 16/x 2
; ’ 95 rough (100) preferred 21/4 1 x
: 96 rough polycrystalline x/x 2
: 97 rough polycrystalline 10
N 98
o
’ 99 rough
: 100 rough

101 smooth polycrystalline 6/x 2
N . 102 smooth polycrystalline
]

103 smooth polycrystalline 1/% 1 x
2 104 smooth
» 105 smooth (100) epitaxial
? 8maximum percentage listed for aluminum, carbon, and
. oxygen. FPFor aluminuam, the form is surface/bulk. An "x"
' indicates the level is below the AES detection level.
o
.
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Doping Atomic %
Resistivity ConcenESation Dopant
me-cm cm
0.32 3x1020 0.7
0.32 3x1020 0.7
0.38 2x1020 0.5
0.46 1x1040 0.2
0.82 5x1019 0.1
0.42 1x1020 0.3
50.5 1x1017 0.0002
24.6 Ix10l7 0.0007
1.3 2x1039 0.05
1.3 2x1019 0.05
1.1 2x1019 0.05
1.2 2x1019 0.05
0.66 7x1019 0.2
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Figure 7.2. X-ray diffraction plot for a polycrystalline
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the crystallinity, in this case (100) orientation for the
single-crystalline sample and (100), (110), (111), and (311)
for the polycrystalline sample, but it does not provide
information about the orientation of the film’'s lattice with
respect to the substrate’s lattice. For this information, the
Buerger camera technique was invaluable. A picture resulting
from this technique is shown in Figure 7.3; a diagram indexing
the dots is shown in Figure 7.4. The double dots in the
photograph are the lattice sites of atoms. The inner dot
corresponds to a germanium atom, the outer to a silicon atom.
For a polycrystalline sample, rings are observed instead of
dots.

The impurity concentration of some of the films was
measured using depth-profiling Auger electron spectroscopy
(AES). A plot of the relative concentrations versus
sputtering time (depth into the sample) is shown in Figure X
7.5. The levels of oxygen and carbon are below the
instrument’s detection level, as is the aluminum trace. For
the samples doped with aluminum there was typically 5-20%
aluminum on the surface but less than 1% (the resolving

capability of the AES instrument) in the bulk of the film.

Electrical Characteristics
The resistivities of the films were measured using the
four-point probe technique and the data used to determine the

doping concentrations. The doping concentrations were

P LA o a KAl A
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1 Figure 7.3. Buerger precession camera photograph for a
Y single-crystalline film
A
-
I.
o
'
D)
L
A R R N I R I T I R N S I JAE R e
L R AN N Y e " A" K P A S 4 L) Lo, . . o . .
X f‘I fQ'f:f o "f.' J ""-f-."~'\g.' [n ", ~ A a LA .- el --.‘_ IR I RS



57

nr

- s ns <°338

$

H3 ° 553

. ~ Ma o m 33 .o 551

Figure 7.4. 1Indices for a Buerger precession camera
photograph of a single-crystalline film
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obtained using Figure 7.6, a plot of resistivity versus doping

concentration. Assuming only one dopant, the atomic

percentage of the dopant in the film is easily calculated from

the doping concentration by using the density and the atomic

mass of germanium. The density of atoms in germanium is:
5.35g 1 mole 6.022x10%3atoms

x x = 4.44x1022cm™3, (7.1)
em3 72.59g 1 mole

The atomic fraction of the dopant is then the ratio of the
doping concentration to the density of germanium atoms:
doping concentration

atomic fraction = . (7.2)
4.44x1022¢cn~3

The atomic percentage of dopant is the atomic fraction
multiplied by 100.

As shown in Figure 7.7, the solid solubility limit of
aluminum in germanium is less than 1 atomic percent. This
corresponds in magnitude to the values obtained by measuring
the resistivities of the germanium films. Considering the AES
data that indicates a relatively high concentration of
aluminum on the surface of the films, it is speculated that
the aluminum only dopes the films up to the solid solubility
limit; excess aluminum accumulates on the surface of the

sample. In actuality, the germanium probably diffuses through

the surface layer of aluminum after being deposited.
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CHAPTER VIII. CONCLUSIONS AND RECOMMENDATIONS

The film characteristics presented in Chapter VII
indicate that epitaxial germanium films are possible using low
substrate temperatures, if a small amount of aluminum is
present in the film. The aluminum presumably changes the

lattice parameter of the germanium, allowing it to match the

lattice of the substrate. .

3
¢
)

Films numbered 101 and greater reflect an attempt to vary

the amount of aluminum in the crucible with the germanium.

Presumably, a certain percentage of aluminum is

variable was introduced at the same time as the

alloy--the substrate track was rebuilt to allow

obtain epitaxy at a given substrate temperature.

required to
Another
new crucible

the Faraday

cup to be mounted on the shutter. The temperature of a
substrate is always difficult to measure, and there is little
confidence that the temperature readings before the reworking
are comparable to those after. An even more recent reworking
confiqured the thermocouple to contact the back side of the
substrate, but no depositions have been performed with this
configuration.

The results, however, indicate that excellent films were
obtained. The epitaxial films varied somewhat in quality, but

represent some of the best germanium on silicon reported. 1In

addition, film number 105 shows that epitaxy is achievable .

using an aluminum-germanium alloy (Al-Ge, affectionately
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dubbed "algae") for the source material. Because of this, the

results presented are an important and original contribution

to thin-film technology.

To continue this research, more films need to be

deposited with emphasis on developing a pattern in the

deposition parameters. 1In particular, the substrate
temperature, crucible temperature, and average energy per atom
are considered important. No conclusions can be made about
the data obtained using the Faraday cup at this point due to
the lack of information about the films and the small data
set. Further work also needs to be done to explore the role
of the aluminum in obtaining epitaxy. A study of the quality
of the crystallinity versus aluminum concentration would be
interesting. A study of the role of the aluminum at the
germanium-silicon interface would also be interesting;
lattice-imaging techniques would be very useful for this.

To really develop the ICB technique to its fullest
extent, further data should be collected on the deposition
parameters. A time-of-flight mass spectrometer capable ol
measuring the cluster size distribution would provide more
insight into the average energy per atom. A technique also
needs to be developed to determine if the ionized-cluster size
distribution is the same as that for un-ionized particles.

Finally, the theory needs to catch up with the practice.
The ICB technique deposits high-quality films. The technique

is currently useful, but to be fully developed, the formation
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APPENDIX A. ALUMINUM AND GERMANIUM THIN FILMS DEPOSITED
IN AN ULTRAHIGH-VACUUM IONIZED-CLUSTER BEAM
SYSTEM

Abstract
Aluminum was deposited on (100) p-doped silicon using the
ionized-cluster beam deposition method. Deposition was done
at 1.0kV acceleration with a crucible temperature of 1700°C in
a UHV chamber which can attain 2x10-8pa (1.5x10-10 torr)

ultimate pressure. Pressure during deposition was 2.6x10"°Pa

(2x10~7 torr). The impurity concentrations and the interface

characteristic of the films were analyzed by depth-profiling
Auger electron spectroscopy, the crystal orientation by X-ray
diffraction, and the electrical resistivity and the thickness
variation by four-point probe measurements. The results
indicated a (110) crystal orientation and no impurity
concentration greater than 0.1%. The interface region
consisted of an aluminum-silicon mixture about S500A thick.

For a film thickness of 5500A the sheet resistance was
0.06592/0, corresponding to a resistivity of 3.6uQ-cm, about
130% of the bulk value for aluminum. The thickness variation
was 6% over the surface of a three-inch wafer. Also deposited
were thin films of germanium on (100) n-doped silicon and
(100) semi-insulating gallium arsenide substrates. Crucible
temperatures were in the range 1850-1900°C. Analysis of these
films is at present only qualitative, but suggests that a

substrate temperature of 400°C and an acceleration voltage of
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3.0kV are required for a good film, as determined by optical

inspection.
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Introduction
Ionized-cluster beam (ICB) deposition is a thin-film
deposition technique first reported in 1972 by a group of
researchers at Kyoto University in Japan [l1]. The technique
is characterized by the ability to deposit high-quality films
at low substrate temperatures [2]. Metals, semiconductors,
and insulators have successfully been deposited onto a variety
of substrate types using the ICB process [3-7]. -
This paper describes an experimental ICB system recently
installed and now in operation at Iowa State University. The
system is unique because of its ability to operate in the
ultrahigh vacuum region, because of its in situ sensors, and
because of its inclusion in a unique thin-film deposition and
analysis facility. With this facility, thin-films can be
deposited and analyzed by several different techniques without )
exposing the substrate or film to non-vacuum conditions.
To test the operation of the ICB system attempts were -
made to reproduce some of the results reported by Takagi et
al. Therefore, thin films of aluminum were deposited onto
silicon. These f£ilms have been analyzed for crystal
orientation, impurity concentration, film-substrate interface
characteristics, thickness variation, and electrical

properties. The results of these analyses are presented here.
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X

In addition, thin films of germanium have been deposited onto
o silicon and gallium arsenide; the preliminary results of these
;; depositions are also reported.
i
N Experimental System
?? A schematic diagram of the ICB system is shown in Figure
J?? A.l. The ultrahigh-vacuum (UHV) chamber was custom-built.
- The chamber is a stainless-steel cylinder with removable end
LS plates and a water-cooled exterior surface. The vacuum is
ES maintained by a 1000 liter/second turbomolecular pump and a
}T titanium sublimation pump. A base pressure of 2x10-8pa
; (1.5x10"10torr) has been achieved with this system. Analysis
‘ﬁ of the vacuum with an r.f. gquadrupole mass-analyzing
;' spectrometer indicates that the residual gases are mainly
:g hydrogen and water vapor.
'i The ionized-cluster source used in the system was
’ purchased from Eaton Corporation, Beverly, MA, and represents
;E their second-generation design. The casing of the heating
% section is water-cooled to minimize heat radiation from the
» - source into the process chamber. Heating of the crucible is
‘S radiative, using a graphite picket heater. The heater is
jﬁ capable of dissipating 6kW, corresponding to a crucible
. temperature in excess of 2300°C. 1Ionization of the clusters
? is by electron bombardment. The source-to-substrate distance

is 25cm. Acceleration of the ionized clusters is over this

entire distance; the source is maintained at the acceleration
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potential while the substrate is grounded. The geometry of
the acceleraticn region was designed for linearity of the

electric field.

In a departure from the Eaton design, the source is

sublimation chamber ~.--~*

magnetic

manipulator ——

T
=

gate valve

Pigure A.1. ICB system schematic diagram
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mounted on an eight-inch (outside diameter) UHV flange. This
arrangement permits easy installation of the source into the
high-vacuum chamber and allows interchangability of sources.
This not only lessens the down-time should a source fail, but
also permits removal of one or more sources from the triple-
source ICB now being constructed at Iowa State University
while leaving the remaining sources operational. It also
allows the use of alternative source designs, such as the
inductively-heated source now being built at Iowa State
University.

Sensors are installed in the ICB system to monitor and
control the vacuum system and the deposition parameters.
Vacuum monitoring is achieved through a residual-gas analyzer
(RGA). The RGA has an r.f. quadrupole mass analyzer and an
electron multiplier for maximum sensitivity. A deposition
monitor provides information regarding the rate of deposition
and the accumulated film thickness; its sensor is mounted next
to the substrate. A Faraday cup is also mounted near the
substrate to detect the current density of the incident
ionized clusters. 1If an assumption is made regarding the
percentage of ionization, an estimate of the average cluster
size can be made using the Faraday cup current and the
deposition rate. Finally, infrared heating lamps are mounted
above the substrate and permit the substrate to be heated up

to 500°C. Regulation of the substrate temperature is by a

time-proportioning temperature controller,
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load lock for the introduction of substrates without the loss

of vacuum in the process chamber. The load lock is isolated

from the process chamber and

from the room by pneumatic gate

valves. The load lock is equipped with a separate

turbomolecular pump, capable
(7.5x10'7torr). Movement of
is by a magnetically-coupled

The load lock, however,

of attaining a vacuum of 1x10-4pa
the substrate transport-vehicle
manipulator arm.

is only the first section of the

transfer-tube system of the total thin-film facility. A
diagram of the planned facility is given in Figure A.2. When
completed, substrate preparation, thin-film deposition, and
analysis will be integrated into a single ultrahigh-vacuum
facilicy housed in a clean room. Each section of the transfer
tube will be isolated by gate valves and will have a separate
vacuum pump; substrates will be loaded into a transport
vehicle that will be moved through the tube by remote-control
manipulators.

The substrate preparation section of the facility will

consist of a substrate loading area and a substrate cleaning

.

system. The substrate loading area will be under a laminar-
flow clean bench to reduce particulate contamination as much

as possible. The substrate cleaning system will allow an

atomically-clean substrate to be prepared by sputter etching.
Since the entire transfer-tube system will be maintained at or

below 10'8Pa (10'1°torr), a substrate so cleaned will remain
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relatively free of native oxides or other contaminants.

Three deposition systems are planned for the facility:
the ICB system, the triple-source ICB system, and a sputter-
deposition system. The triple-source ICB system will have
three completely independent sources and will be used to
deposit compound materials; this system is under construction.
The sputter-deposition system is operational and is currently
being tested by d.c. magnetron sputtering of aluminum.

Finally, three separate analysis systems will be
included. For surface analysis of thin films, the low-energy
electron energy loss spectrometer will be used. The LEELS
system is now operational and will be used to study the
formation mechanisms of thin films. Because of the unique
ultrahigh-vacuum transfer tube, a substrate can be moved into
the LEELS analysis chamber without oxidizing the surface of
the substrate or the film. Therefore, a very short deposition
time may be used to form small nucleation regions on a
substrate, which can then be safely moved into the LEELS
system where the nucleation mechanisms can be studied. The
depth~profiling Auger electron spectrometer is for
compositional analysis of the deposited films. Because of its
three-dimensional scanning ability, detailed information about
the film content and the film-substrate interface region can
be obtained. This system is also operational. Due to its
high resolution, the secondary-ion mass spectrometer (SIMS)

will be used for thin-film dopant analysis when it is
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installed.

In addition to the separate analysis systems, several in

situ analysis systems are planned for the ICB deposition
systems. Work is being done on a high-speed ellipsometer that
will allow real-time analysis of the film thickness and
dielectric constant during deposition. Also planned is a
reflection high-energy electron diffraction (RHEED) instrument
for each of the ICB systems. This will allow crystallinity
information to be obtained during deposition. Finally, a
time-of-flight mass spectrometer is being designed to measure
the cluster sizes during deposition. This should provide a

greater understanding of the cluster formation mechanisms and

2 4 a2

the effect of cluster size on the deposited film.

Experimental Procedure

it et AT

All of the films were deposited onto substrates with

{100) crystal orientation. For the aluminum depositions,
three-inch diameter p-doped silicon wafers with a resistivity
in the range 0.1-30Q:cm were used. The wafers were cleaned
using a standard cleaning procedure consisting of an organic-
solvent cleaning followed by an etch in 10% hydrofluoric acid
(HF) to remove native oxides. Immediately after the HF etch,
a wafer was placed into the transport vehicle in the load lock
and pumped to high vacuum,.

The procedure for the germanium depositions was very

similar. For the depositions onto silicon, three-inch



.............

diameter n-doped wafers with a resistivity in the range 5-
9Q-cm were used. The preparation of the wafers was identical
to the above procedure. The depositions onto gallium arsenide
were onto one-fourth of a two-inch diameter wafer. The
cleaning procedure for the gallium arsenide wafers consisted
of the organic-solvent cleaning, followed by a three-minute
planar etch [8]. Again, the substrate was immediately placed
into the transport vehicle and pumped to high vacuum.

During depositions, the crucible was maintained at a
constant temperature, corresponding to a pressure within the
crucible of several torr. 1In the region of interest, the
vapor pressure versus temperature curves can be fitted to a
general equation of the form [9]:

A
log;op = — + BxlogyoT + CxT + DxT? + E (A.1)
T
where p is the pressure in torr and T is the temperature in
degrees Kelvin., Five data points were used to determine the
coefficients A, B, C, D, and E, covering the region from
10~%torr to 102torr. The coefficients for aluminum and

germanium are given in Table A.l.

Table A.1. Vapor pressure coefficients

Aluminum Germanium
A ~5.0366653535 -5.06638668673 x103
B -1.85288160827 -1.58059487121 x103
C 4.38665343031 3.18516683619 x10-1 9
D -3.94690713839 -2.4434021124 x1072 ‘
E 5.64958363239 4.93140675383 x103
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While depositing material, the chamber pressure was
maintained as low as possible, but due to outgassing rose as
"
. high as 3x10™°Pa (2x10~'torr). Even at this pressure,
Ny .
W however, the resulting film was free of impurities as measured
. by Auger electron spectroscopy. Difficulty was encountered in
2\
ﬁJ maintaining a lower pressure during depositions because of the
]
~ frequent cycling of the vacuum chamber to atmospheric
pressure. As will be noted below, problems with the crucible
’. during the aluminum depositions led to the venting of the UHV
[~ chamber after every deposition,
. ) The remaining parameters varied were the acceleration
4
;j voltage and the substrate temperature. The acceleration
N
! voltage was varied from 0-1.0kv for the aluminum depositions
T and from 0.5-3.0kv for the germanium depositions. The
o substrate was not heated while depositing aluminum but due to
<
‘e
3 the thermal heating effect of the energetic clusters and
' radiative heating from the ion source the substrate
D)
_} temperature typically rose to about 150°C. Three substrate
[ temperatures were used during the germanium depositions:
"
D ' 183°C (maximum), 200°C, and 400°cC.
X
15 .
~: Analysis and Results
o
g Aluminum
'i Aluminum on silicon is of technological interest for
Lo
i metallization of semiconductor devices. However, due to
Cal
< difficulties encountered with molten aluminum in the graphite
"l
9
v
-,
o
4
;l
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crucible, few films of aluminum could be deposited. Molten
aluminum is highly reactive with graphite, leading to the
formation of aluminum carbide and the plugging of the crucible
nozzle. Figure A.3 shows a polished cross-section of a
plugged crucible nozzle at 50¥ magnification. The nozzle is
filled mostly with aluminum, but grains of some other material
are plain. These grains are believed to be aluminum carbide,
formed by the reaction of the hot aluminum with the carbon

walls of the crucible.

Figure A.3. Cross-section of plugged crucible nozzle

Growth conditions for the best aluminum film obtained are
presented in Table A.2. Analysis was performed by four

techniques. The crystalline orientation of the film was
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determined by X-ray diffraction. Depth-profiling Auger
electron spectroscopy was used to measure the impurity
concentrations and to analyze the silicon-aluminum interface.
A stylus thickness gauge was used to confirm the thickness
data from the deposition monitor. The resistivity and thick-
ness variation of the film were measured using a four-point
probe. The thickness variation was determined by assuming a

constant resistivity across the surface of the deposited film.

Table A.2: Aluminum deposition conditions

Acceleration Voltage 1.0 kv
Ionization Voltage 500 v

Ionization Current 100 mA
Crucible Temperature 1700 °cC
Substrate Temperature (maximum) 155 °¢C
Deposition Rate 3.7 A/s
Thickness 5500 A

The results of the analysis for these deposition
conditions are shown in Table A.3. The use of these depo-
sition conditions resulted in an aluminum film with a smooth
surface. Optical microscopy showed no surface roughness. The
(110) crystal orientation of the aluminum film corresponds to

the orientation observed by other researchers {10].

Table A.3. Aluminum film characteristics

Crystal Orientation (110)
Impurity Concentration < 0.1 %
Sheet Resistance 0.065 /O
Resistivity 3.6 uR-cm
Thickness variation (3" wafer) 6 %
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Of particular interest is the silicon-aluminum interface

N
region of S500A. This interface region is probably due to the
shallow-implantation effect of the ICB technique [11]. Auger

2

} electron spectrometer maps of the interface are shown in

Figure A.4 and Figure A.5. The darker regions correspond to
the presence of the element being observed. Figure A.6 shows
the aluminum and silicon concentrations versus depth
(sputtering time) into the interface. The concentrations of
oxygen and carbon are also shown. The peaks at 9 and 24
minutes are anomalies of the Auger system and are not
significant. The interface region is important because it
provides the high concentration of recombination centers
necessary for ohmic contacts, but eliminates the need for
high-temperature annealing which can lead to the Kirkendall
effect [12].

Also of note is the low impurity concentration of the
aluminum film. There were no impurities detectable by the
Auger electron spectrometer. As seen in Figure A.6, the
concentrations of oxygen and carbon, the two elements most
likely to be found in the film, are below the detection limit
of the Auger spectrometer, less than 0.1%. The low value of
resistivity is also significant. The value indicated is about
130% the bulk value of resistivity for aluminum. This is

important for low-resistance interconnections of devices.
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Auger electron spectrometer map for silicon

Auger electron spectrometer map for aluminum

“hat’

Figure A.4.
Figure A.S.
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Germanium

Thin-films of germanium on silicon have technological
interest as a lattice-matching intermediate layer between
silicon and gallium arsenide. As previously mentioned, the
practical interest in germanium deposition was due to
difficulties encountered with aluminum in the graphite
crucible. No problems have been encountered with germanium in
the graphite crucible. After several depositions, the
crucible lid was easily removed; no interaction of the
germanium with the graphite could be observed.

Typical deposition conditions for germanium are given in
Table A.4. Although complete analysis of the germanium films
has not been undertaken yet, a few generalizations can be
made. As determined by X-ray diffraction, films grown at the
lower substrate temperatures (200°C or less) were amorphous.
Films grown at the lower deposition rate were smooth-surfaced,
while the films grown at the higher deposition rate were hazy
due to surface roughness. For a film grown at the higher
deposition rate and 0.5kV acceleration, Auger electron
spectroscopy indicated an abrupt germanium-silicon interface.
No difference has yet been observed between films grown on

silicon or gallium arsenide substrates.

Conclusions

Further analysis of both sets of films is needed. The

aluminum should be studied to determine time and temperature
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Table A.4. Germanium deposition conditions

Acceleration Voltage 0.5-3.0 kv
Ionization Voltage 500 v

Ionization Current 40 mA
Crucible Temperature 1850-1900 °C
Substrate Temperature 200,400 °cC
Deposition Rate 1-3 A/s
Thickness 5000 A

stability. 1In addition, tests should be made to see if the
aluminum is epitaxial, as reported by Yamada et al. [(10]. To
continue deposition of aluminum, a non-graphite crucible will
be obtained, probably one made of boron nitride. The
germanium films are being studied to determine their potential
as an intermediate layer between silicon and gallium arsenide.
To be useful, the gallium arsenide would have to be able to be
grown epitaxially.

The goal of the Iowa State University thin-film facility
ionized-cluster beam deposition systems is to study the
general low-temperature ion-assisted growth process. The
combination of state-of-the-art analysis equipment and the ICB
systems into a single ultrahigh-vacuum system will allow much
to be learned about the mechanisms associated with these
growth processes.

This work was sponsored by the Air Force Office of

Scientific Research.
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APPENDIX B. GERMANIUM THIN FILMS DEPOSITED BY THE '{';\,

. IONIZED-CLUSTER BEAM TECHNIQUE

3

Summary Abstract .éé.
Thin films of germanium have been deposited on silicon = i

substrates using the ionized-cluster beam (ICB) deposition 2&
technique. The deposition system consisted of an Eaton ES;

I

Corporation source mounted in an ultrahigh vacuum chamber. -

The crucible was made of high-density graphite with a nozzle Zi

lmm long by lmm in diameter. Acceleration of the ionized ;g;

. clusters was through the entire 25cm source-to-substrate }f
separation. The substrates were (100) n-doped three-inch Si?

silicon wafers with a resistivity in the range 4-9Q-cm. Eii

Table B.l summarizes the deposition conditions for five =

films. The first four films have a small amount (0.1-1.0 EEQ

atomic percent) of aluminum mixed with the germanium; the Zéi;
fifth film was deposited with the aluminum source ;emoved. -h?l

The films were analyzed by four techniques: visual ??

inspection, X-ray diffraction, Auger electron spectroscopy, EE?

and four-point probe measurements. The results of these e
analyses are also summarized in Table B.l. Visual inspection g?
was used to determine the surface condition; for deposition :§E$

rates of 1.0A/s or less, the surface of the films were smooth. :L

The mechanical and electrical characteristics of the films, E;:

however, were not affected by the surface condition. i?%

. e

X-ray diffraction was used to determine the crystal i
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Sample I.D. 1 2 3 4 5

Deposition Conditions

Acceleration Voltage 500 500 0 500 500 v
Ionization Voltage 500 500 500 500 500 v

Current 100 100 100 100 100 mA
Deposition Rate 2.3 1.3 0.9 1.0 1.3 A/s )
Substrate Temperature 380 405 400 300 400 °C
Thickness 5000 5000 5000 5000 10760 A )
Characteristics
Surface Condition? r s-1 s s r
AES Percent Aluminum <1.0 <l1.0 %
X-ray: Standard (100) . (100) (100) poly

Precession epi epi epi " poly

Resistivity 0.32 0.38 0.46 0.82 50.5 mQ-cm )
Atomic Percent Aluminum 0.7 0.5 0.2 0.1 10-4 %

3r = rough, s = smooth.
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structure. Two techniques were used--a standard
diffractometer method and a new technique that uses a Buerger
precession camera. The latter technique produces a photograph
of the reciprocal space for both the substrate and the film
(1,2). The diffraction technique indicated the film
orientation to be either (100) single crystalline or (100),
(110), (111), and (311) oriented polycrystalline. Precession
camera photographs taken of the single-crystalline films
showed that they were epitaxial.

Depth-profiling Auger electron spectroscopy (AES) was
used to determine the impurity concentrations in the films.
The first four films showed less than 1 percent aluminum in
the bulk of the film. The fifth sample showed no aluminum in
the bulk. To further determine the doping concentrations,
four-point probe measurements were made to determine the
electrical resistivity. The aluminum-doped samples had
resistivities in the range 0.3-0.8m@-cm. The fifth sample had
a much higher resistivity--50mQ.-cm. Using data on heavily-
doped germanium collected by Trumbore and Tartaglia [3], the
resistivities were converted to doping concentrations, which
were then used to calculate the atomic percentage of aluminum
in the film. From these calculations, the first four samples
are doped with 0.2-0.7% aluminum, whereas the fifth is only
doped with 10~%% aluminum.

In summary, thin films of aluminum-doped germanium have

been deposited on silicon using the ionized-cluster beam

.................
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technique. Substrate temperatures during deposition can be as

-

low as 400°C to obtain epitaxy. The films have low

X

ﬁﬁ resistivity.

E$ Acknowledgement is made to J. T. Martin for the X-ray

> diffraction measurements, to R. D. Horning and J. -L.

EE Staudenmann for the precession camera photographs, and to A.

:j J. Bevolo, L. M. Seaverson, and R. Shinar for the AES data.

y This work was sponsored by the Air Force Office of Scientific .
e

Research.
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Pascal [Rev 3.9 6/ 4/84) MESHER. TEXT

21-Apr-86 93:42:33 Page |

*ICB interior potentials with 3.5in mesh screen';

t integer;

procecure 1nit_boundary conditions(var phi : ptr);

integer) : boolean;

or ()=32) or

and () 1n (2..110)) or
in (12..311)) or
and ()=31)) )

procedure finite_diff(var phi 1 ptr; 1,) : i1nteger; var change

nphy = (phi~l1-1,3]) + 2eph1- {1, J*13 « ph1"(1+1,,3)) dav

nphi 1= (phi“~la-1,3) + phi~(l1el,3] « ph1~(1,)-1) « pm2~L(

e (phi~(3,3+1) - ph1~(1,)-1)) giv (Be()-1)1;

11D O SPAGES

2:0 ? program field(input, output)y
3:0 1 const

410 1 h = 8, 29;

S:D 1 error = 103

6:D 1 max_r = 32;

73D 1 max_z = 1183

8:0 1 accel = 10000

9:D 1 title =

1930 1 type

$1:D ) grid = arrayll..max_z,1l..max_rl] of integer;
121D 1 ptr = “gridg

13:0 1 word = strang(4@]);

14:D { var

19:D -42 1 fileviame : word;

16:0 -38 iy Je COunter, change
17:0 -€2 | phl 5 ptry

18:S

192:5S
ce:D b
21:D 2 var
22:d -8 2 iy) § integer;
23:C 2 begin
24:C 2 for 11871 to 9% do
23:C 3 for ):=1 to !l do
26:C o phi~li, 3] 1= accel;
27:C 2 for ):=12 to 31 do
28:C 3 phi~[9S, 3] := accel;
29:C 2 for 11239 to 94 co
30:C 3 phi~ (i, 31] s= accel;
31:C 2 erd;
z2:8

33:D 1 function boundary(i, )
34:C 2 begin

38:C e 1f ( (1=m1) or (1=118)
36:C 3 ((1=39) and (J 1n [2..11))) or
37:C 3 ((1 in (71..99])
38:C 3 ((129%5) and (3
39:C 3 (i 1n (39..941)
49:C 3 then

41:C 3 boundary := true
42:C 3 else
43:C 3 boundary := false
44:C 2 end}

435:S

#6:D 1

1 integer) ;

47D 2 var

©8:D -4 2 nphi : i1ntegers

%9:C 2 begin

5@:C 2 1f =1 then

$1:C 3

4
Se:C 3 else
$3:C 3
1,J+1)) div 4

S4:C 3

$3:C 4 if absinphi1 - pha~(1,))) ) change then
S6:C 3 change := abs(nphy -~ phi~(1, 1)}
87:C 2 phi1~(1, 3] 1= npha;

%8:C 2 end;

5918

69:D . procedure update(change :

integer; counter : 1nteger):
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61:C 2 begin
62:C 2 writelnichr(12),chr(128),chr(16@))
63:C e writelny writeln('Extended run i1n progress. Program runni
ng...')g
66:1C -4 writelni writeln('See Scott McCalmont for more information
I.)‘
63:C 2 writeln; writeln; writelng
66:C 2 writeln('Maximum change = ', ,change:19);
87:C 2 writelni writeln('counter = ', counter:8);
68:C 2 writeln; wr:i:teln; writeln(title);
S €3:C 2 writeln(*Output file = ', filename);
) 72:C 2 end;
. 71:S
72:0 . procedure fileout(var filename : word; var counter : i1nteger;
e var phi : ptr);
73:D 2 var
! T4:0 -6&4 2 outfile : text;
\ T8:D -672 2 i, J ¢t integer;
, 76:C 2 begin
\ 77:C 2 rewrite(cutfile, filenawme);
78:C 2 writeln(outfile, '' h = ' h:S:3, ° counter = ' counte
A r:8);
) 79:C 2 writeln(outfile, *'' ', title);
. . 80:C 2 for 1:=1 to max_z do begin
81:C 3 for j:=l to max_r do begin
N 82:C b write(outfile, phi~(1, 31:8);
. 83:C o if ) mod 9 = @ then
~, 84:C 3 writeln(outfile);
g Z:C 4 end;
. 86:C 3 writeln(outfile);
. 87:C 3 end;
- 88:C c closef(outfile, *SAVE’);
83:C 2 erd;
& 99:S
¢ 91:S
j 92:C { begin
V 93:C i write(chr(12),'0Output file: *);
v 34:C 1 readln(filenane);
o 33:C 1 new (phi)
96:C 1 for 1:1=! to max_z do
37:C 2 for j:=! to max_r do
e 38:C 3 phi~li, 3] = @y
g INC 1 init_boundary _conditions(phi)
. 100:C 1 counter :® @d; change := -1;
X 1931:C 1 update (change, counter);
3 1e2:C 1 repeat
) 1e2:C 2 change := d;
104:C 2 counter :® counter + 13
105:C 4 for 1:32 to (max_z - 1) do
106:C 3 for j:=1 to (maw_r = 1) do
127:C 4 1f not boundary(i,)) then finite_diffi(phi, 1, ), €
hange) ;
N 188:C 2 update(change, counter);
; 109:C 2 1f counter mod 100 = Q then
110:C 3 fileout (filename, counter, phi);
111:C 2 until change ( error;
h 112 1 fileout (filename, counter, phi)}
113:C H writelnichr(12));
114:C 1 end.

No @rrors. NO warnings.
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11D ® $PAGES
'\) 23D ? program contour_lines(input, output);
N 310 1 (» Scott McCalmont 3 May 1985 )
‘Q 4:D 1 (& revised 18 Nov 1983 =)
W S:D 1 i1mport
:‘ 6:D 1 agl_lib;
7:D 1 const
8:D 1 si1ze = 20Q;
9:D 1 display = 33
1030 1 type
11:D 1 bigarray = array(l..size, 1..s120] of real;
123D 1 grid = “digarrayj
13:0 1 var
14:D -4 1 ph1 : gragg
15:0 -2¢ 1 ri, r3, z1, 22 : integer;
16:D -28 1 kK : real;
17:D -29 1 done : charg
18:S
19:D 1 procedure 1nitialize(var a : grid);
e0:D 2 var
21:D -664 2 infi1le : text;
22:D -686 2 name : stringl201;
23:D -768 2 words : stringl80];
24:D -788 2 rmax, max, i, J, error : integer;
2s:C 2 begin
26:C 2 write(‘What is the grid size? (rmax :tmax) ‘),
27:C 2 readlnirmax, zmax)}
28:C 2 write(*What 1s the 1nput fiie? ')
29:C 2 readlin(name) ;
30:C 2 reset (infile, name);
31:C 2 while infile~ = '!' do begin
32:C 3 readln(infile, words);
33:C 3 writeln (words) ;
34:C 3 end ;
33:C 2 writeln('Reading 1n the data points...');
36:C 2 for 1:=1 to zmax do
37:C 3 for ji=1 to rmax do
38:C “ read (infile, a~li, 1)
39:C 2 graohics_init;
49:C -4 display_imit (display, @8, error);
&1:C 2 1f error () QO then
o2: 3 halt(1)y
43:C 2 set_aspect (311,389
b :C 2 end;
43:8
46:0 1 procedure window(var ri, r2, rl, 12 : integer);
47:C 2 begin
48:C 2 clear_display;
49:C 2 writeln(chr(12))y
Sa:C 2 writeln(*Enter viewing window cocordinates:');
S1:C -3 write(' radial: (rman reax) ')
52:C 2 readlni{rl, r2);
S53:C =4 writel® axialt (zmin zmawx) ‘)3
S4:C 2 readlnizl, z22)
33:C 2 1f (z22-21) ) (r2-r1) then
36:C 3 set_viewport (B.3~((r2-r1) /(20 (22~21))),8. 8« ((r2-r1)/ (26 (
22~-211)),0,0.7%)
s7:C 3 else
s8:C 3 set _viewport (8.125,0.875,9. 375~-(122-21)/ (e (r2-r1))),
59:C 3 0. 378+ ((22-21)/(20(r2-r1)) )
6d:C 2 '@t _windowl(ri,r2, z2,21);
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61:C 2 move(rl,z1)} v
62:C 2 line(r1,22)7 line(r2,z2); line(r2,z1); line(ri,zl); '.1-:"_
63:C 2 endy o
6418 e
6510 ~24 1 procedure range(al, a2, k : real} var min, max 1 real; var ok B
t boolean) -
661:C 2 begin SN
87:C 2 if al ( a2 then begin _ 9
681C 3 min 1= alg ey
69:C 3 max 1* 22;
70:C 3 end
71:C 3 else begin A
72:C 3 min 1= a2y -
73:C 3 max 1= al; Ry
743C 3 end} v
73:C e min 1= Kk & (truncimin/k) + 1)} -
76:C 2 if (min ) max) or (ai = a2) then -
) 77:C 3 ok 1= false KN
78:C 3 else '
79:C 3 ok 1= truej ‘.
80:C 2 endj T
81:S S
82:0 -8 1 procedure axial_scan(var a : grid; ri1, r2, z1, 22 : nteger; k b
: : real)g e
83:0 -8 2 var "y
84:D -16 ¢ r, 2 : integery RS
85:D -48 2 min, max, g, p : realj S
86:D -49 2 ol : booleang o
87:C 2 begin -_..::
88:C 2 for r := r1 to r2 do T
89:C 3 for z := z1 to 22-1 ¢> begin o
990:C & range(a~(z,rl, a~{z+1,rl, k, min, max, ok); -
91:C 4 g = ming -
92:C & if ok then repeat .f::
93:C [ p t= 2z + ((g-a~(z,rl) 7/ (a~(z+1,r)~a"Cz,r))); S
94:C 6 move (r, p) 3 v
9%:C 6 line(r,p); Y
96:C 6 g = g + kj f;'_"
97:C 6 until g ) max;
98:C b end; !
99:C 2 end;
100:S el
101:D -8 1 procedure radial_scan(var a t grid; ril, r2, 21, 22 : integer; -
k 1 real)y S
102:D -8 2 var A
103:D -16 2 ry 2 t integer; AR
104:D -48 2 min, max, g, P : real; ®
105:D -49 2 ok : boolemang -
106:C 2 begin N
107:C 2 for z 1= 21 to 22 do '
108:C 3 for r 1 rl to r2-! do begin N
109:C 4 range(a~(z,r), a~lz,re¢l1), &, min, max, ck); o
110:C 4 g 1= miny e
111:C o 1f ok then repeat Ot
112:C 6 p 1= r + ((g-a~fz,rd) / (a~{z,r+1)-a"0z,r"))); .
113:C 6 move(p, z) .
1143C [ line(p,2)} I
113:C 6 g 1" 9 *+ k3 S
116:C & unti1l g ) maxy -
117:C o end; [N
118:C 2 endj !

11918 =3
12018
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121:C
t22:C
123:C
1264:1C
123:C
126:C
127:C
128:C
129:C
130:C
131:C
132:C
133:C
134:C

No errors.

-'.-q'\.'\-' -

100

1 begin

1 naw(phi) §

1 initialize(phi)y

1 repeat

2 window(rl. r2, z1, 22)3

2 write('What 18 the contour line spacing?
2 readlin(k) g

2 axial_scan(phi, ri1, r2, zi, =2, k)j

2 radial _scan(pnhi, rl, r2, zi, =2, k)i

2 write('Do you want another view? (Y/N)
2 readln(done)

2 until done i1n ('N’', 'n'l;

1 graphics_term;

1 end.

NO warnings.
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APPENDIX D. PROCEDURES FOR SYSTEM OPERATION

Substrate Cleaning

Silicon

10.

Store the 1,1,l1-trichloroethane (TCA) in a Teflon bottle.
Use a separate glass petri dish for each organic solvent.
Dispose of all chemicals properly.

Substrate should not dry off during the procedure.

Rinse the substrate with TCA using a Teflon squirt bottle.
Hot (boiling) TCA for about 10 minutes.

Thoroughly rinse with acetone using a squirt bottle.

Hot (boiling) acetone for about 5 minutes.

Rinse with methanol using a squirt bottle.

Hot methanol.

Rinse in D.I. water (at least 10MQ-cm) until water
"sheets" on the wafer surface.

Etch substrate in a weak hydrofluoric acid solution (about
10% HF) for 1 minute.

Rinse in D.I. water.

Blow dry with compressed Nj.

Gallium arsenide

Store the 1,1,l1-trichloroethane (TCA) in a Teflon bottle.
Use a separate Teflon beaker for each organic solvent.
Dispos< of all chemicals properly.

Substrate should not dry off during the procedure.

Rinse the substrate with TCA using a Teflon squirt bottle.

Hot (boiling) TCA for about 10 minutes.
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3. Thoroughly rinse with acetone using a squirt bottle.
4. Hot (boiling) acetone for about 5 minutes.

5. Rinse with methanol using a squirt bottle.

6. Hot methanol.

7. Rinse in D.I. water (at least 10MQ:cm) until water
"sheets" on the wafer surface.

8. Place the substrate in sulphuric acid.

9., Mix a 5:1:1 HyS04:H0,:H,0 solution and heat on the
hotplate.

10. Etch the substrate for 3 minutes in the hot acid solution.
11. Thoroughly rinse in D.I. water.

12. Blow dry with compressed N,.

Substrate Loading

1. Tan off the lcaa lock ionization gauge and RGA filaments.
Allow the filaments to cool for 5 minutes before venting.

2. Check that the substrate boat is in the load lock and that
the gate valve separating the load lock from the process
chamber is closed.

3. Close the valve to the turbo pump (located on the top of
the load lock); turn the turbo pump off. Leave the fore
pump running unless an extended shut-down is anticipated
(longer than that required to load a substrate).

4. Check that the nitrogen pressure is at about 4psi. Open .
the venting valve.

5. Close the venting valve when the pressure of the nitrogen
line reaches Opsi.

[ v _»
”

6. Open the gate valve separating the load lock from the room
and prop it open.
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Wearing polyethylene gloves, remove the substrate boat;
place the substrate in the boat and replace the boat.

Remove the prop and close the gate valve.

Slowly open the valve to the turbo. It will still be
spinning rapidly (up to 90000 r.p.m.) but will slow down
quickly when opened to atmosphere.

Restart the turbo.

After the turbo reaches full speed the vacuum_gauges can
be turned on. Let the pressure reach the 10 ‘torr range
before continuing.

Open the gate valve to the process chamber.
Use the magnetic manipulator to slide the boat into the

process chamber. Retract the manipulator and close the
gate valve.

Check the substrate position and the operation of the
shutter.

Deposition Procedure

Close the valve to the RGA (located directly above the
sublimator chamber).

Check that the chamber cooling is on; the Ti-Ball should
be on and in the stand-by mode.

Turn on the source water cooling, the feedthrough cooling
(forced air), and deposition sensor water cooling.

Set the Ti-Ball to 0.0l1g/hr, continuous mode.

Turn on the high voltage power supply (HVPS) controller,
the three HVPS circuit breakers, the deposition monitor,
and the substrate temperature controller. The Fluke 1720A

computer must be on for the deposition monitor to pass the
RS-232 test.

Adjust the power supply setpoints to zero!
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§ 7. Set the temperature controller to the desired temperature.

N~ Verify that the heaters are working and that the shutter .
b is closed. The current to the heaters can be controlled

Y using the motor-driven autotransformer; adjustment is made

o using the buttons on the panel in the lower right side of

;: the equipment rack.

a

Turn on the power supplies using the buttons on the HVPS
controller. The LEDs on the front of each supply should
be lit.

ey
o2
.

9. Adjust the HVPS outputs: acceleration to setpoint
voltage; ionization supply to setpoint voltage; slowly
ramp the ionization filament to 10A; crucible heater
current to setpoint current. Slowly ramp the ionization
filament to obtain the desired emission current.

T
P

1

o,
A -'
'

10. wait for the substrate temperature and crucible
temperature to reach equilibrium.

»

:-r
.I.

11. Set the deposition monitor for the correct film. Film #2
is germanium. Put the CRT display on mode 8 (data
display).

12, Start the deposition: Press "zero thickness", then
"start" on the deposition monitor; open the shutter;
record the deposition parameters.

13. Allow the desired thickness of material to be deposited.
The RGA valve may be opened briefly to monitor the vacuunm,
but to reduce contamination of the sensor head, it should
not be left open for an extended period.

14 After the desired thickness has been deposited, close the :
shutter and record the deposition parameters.

15. Turn the substrate heaters off. Turn the HVPS outputs
off: crucible current to zero; slowly ramp the ionization .
filament current to zero; ionization supply and
acceleration voltage to zero.

16. Leave the supply breakers on until the supplies cool.
Leave the source and deposition monitor sensor cooling on
for at least one hour to allow the system to cool.

17. Remove the substrate by reversing the loading procedure.
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THE DEPOSITION AND CHARACTERIZATION OF

LITHIUM NIOBATE THIN FILMS

I. JINTRODUCTION

Lithium niobate (LiNbO3) is a widely used dielectric
material in integrated and guided wave optics. A
ferroelectric crystal, lithium“niobate exhibits large
birefringent, pyroelectric, piezoelectric, electro-optic,
elastic, photoelastic, and bulk photovoltaic effects.
Lithium niobate is a synthetié material which does not exist
in nature. Of the many important properties of LiNbOj3, its
piezoelectric properties were of primary interest for this
investigation.

Lithium niobate was first discovered to be
ferroelectric in 1949 (1). A ferroelectric material is one
in which the relationship between the electric field and
induced polarization is not linear, but rather shows a
hysteresis loop. Lithium niobate is also piezoelectric
since all ferroelectric crystals are piezoelectric, although
the reverse is not true. Piezoelectric materials have the
ability to convert mechanical energy into electrical energy
or vice versa. This is done by inducing polarization with
applied stress.

The converse (or inverse) effect in

piezoelectric crystals is a strain caused by an applied

-----



electric field.

At present there are over 400 known piezoelectric
materials. One of the most technically promising of these
materials is lithium niobate, with piezoelectric
coefficients several times larger than quartz (the best
known and most utilized piezoelectric material). The first
investigation of the piezoeleciric effect in LiNbO3 was done
by Nassau et al. (2), on single crystals synthesized at Bell
Telephone Laboratories in 1965. One year later this work
led to a cornerstone series of five papers on lithium
niobate (3-7). Also in 1966, the first determinations of
the elastic and piezoelectric constants for lithium niobate
single crystals were made at Bell Labs (8) and the
Electrical Communications Laboratory in Tokyo (9).

In order to investigate the piezoelectric response in
lithium niobate, the material must be in single crystal
form, or at least in a highly oriented polycrystalline
state. Single crystals of LiNbO3 have been produced using
the Czochralski method of pulling the crystal from a melt
(2,10). Often an electric field is applied during or after
growth to pole the material. The boule of single crystal
LiNbO3 is then usually sliced into thin wafers. More
recently it has become desirable to develop single crystal
LiNbO3 on a substrate of another material for waveguide or

transducer applications. This has led to various attempts
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to grow single crystalline LiNbOj in thin film form.
Attempts to produce LiNbO; by direct vacuum evaporation
were not successful. A successful method for producing
single crystal films, epitaxial-growth-by-melting, was
reported in 1973 (11). Chemical vapor deposition has also
been used successfully (12). cher methods such as rapid
quenching (13) only produced aﬁorphous material. By far,
however, the majority of attempts to produce thin film
lithium niobate have been by various methods of sputtering.
One of the first attempts to sputter LiNbO; for thin
film transducer application was partly successful. 1In 1968,
Bell Laboratories produced amorphous and polycrystalline
LiNbO3 through diode sputtering (14). Although single
crystal thin films were not produced, piezoelectric response
was still noted in the highly oriented polycrystalline
films, with the piezoelectric coupling factor being about
one half that of single crystal LiNbO3. 1In 1974, the
Electrochemical Laboratory, in Tokyo, reported producing
single crystal LiNbO3 thin films by r.f. sputtering (15).
However, these films were only intended to be used as
optical waveguides, and as such were only deposited to a
thickness of 1800 Angstroms, far too thin to be used for
transducers or resonators. Most attempts to sputter lithium
niobate have been done to study its properties in the

amorphous state. The feasibility of using r.f. sputtering
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to deposit single crystal lithium niobate thick enough for
resonator or transducer application is unknown. This was
the main goal of this investigation.

The objective of this work was to deposit LiNbO3 onto
substrates using an r.f. planar magnetron high vacuum
sputtering system, from a target of LiNbOj. Sputtering
parameters would then be adjusﬁed to determine the optimal
conditions for producing the best quality films. Those
films would then be characterized to determine their quality
and suitability for use in piezoelectric applications. This
leads to the secondary goal of this research--to test the
resulting films for piezoelectric response. This was to be
done by using the best films obtained to construct composite
resonators following the construction of Lakin and Wang
(16).

The composite resonator is constructed by depositing a
piezoelectric material, in this case lithium niobate, onto a
thin membrane of silicon supported by the bulk of the
silicon wafer. The piezoelectric material is usually a
micron or more thick, and the membrane several times that,.
Both the top and the bottom of this construction are
metallized, with the top being patterned to a known area.
The piezoelectric film excites acoustic waves in the
composite structure. Using a network analyzer for

measurements, this structure can be used to determine if the
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sputtered lithium niobate is showing any piezoelectric
activity. 1If it is, the "coupling coefficient" can be
determined. This structure can also be used to determine
the relative dielectric constant of the film at various
frequencies.

A summary of the crystalline and physical properties of
lithium niobate is given in Cﬁapter I1I. Chapter III
concerns the deposition technique. General mechanisms of
sputtering and thin film formation are given along with
specifics concerning the sputtering apparatus, parameters,
and procedures used for the deposition of LiNbO3 for this
investigation. Sample characterization methods are
described in Chapter IV. Chapter V details the experimental
procedure for the development of the parameter optimization,
and describes the sample characterization results during and
as a result of the optimization attempts. <Chapter VI then
summarizes the results and the potential of this method of
depositing LiNbO3 for practical transducer or resonator

application.
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II. LITHIUM NIOBATE SUMMARY

A. Crystal Structure

The structure of lithium niobate below its
ferroelectric Curie temperature of approximately 1210°C
contains planar sheets of oxygen atoms arranged in a
distorted hexagonal closed-packed arrangement. The
interstitial sites formed in this arrangement are filled one
third by lithium atoms and one third by niobium atoms, while
one third remains vacant. Considered in the +c direction,
these follow the order of Nb, empty, Li, Nb, empty, Li,...
(5). This is depicted in Figure 1. Above the Curie
temperature, lithium niobate is in the paraelectric phase.
Here the lithium atom lies in a oxygen plane, while the
niobium atoms are equally spaced between oxygen planes.
These positions result in the phase being non-polar (7).
This is shown in Figure 2. As the crystal is cooled from
its Curie temperature, elastic forces in the crystal force
the lithium and niobium ions into the positions of Figure 1.
This shift of ions relative to the oxygen octahedral results
in a charge separation causing spontaneous polarization.
Therefore, at temperatures below 1210°C, LiNbOj is known as
a displaced ferroelectr:c.

Referring to its ferroelectric phase for the rest of

this description, LiNbOj is a member of the trigonal crystal

PP
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Pigure 1. The arrangement of lithium and niobium atoms with
respect to the oxygen planes of lithium niobate
in the ferroelectric phase
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Figure 2. The arrangement of lithium and niobium atoms with
respect to the oxygen plane of lithium niobate in
the paraelectric phase
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. system. It exhibits three-fold rotation about its c-axis, £
and exhibits mirror symmetry about three planes 60° apart E ‘
along the c-axis. Thus, LiNbOj is considered a member of A'
the 3m point group (17). Two unit cells can be chosen to N
structurally describe LiNbO3, hexagonal and rhombohedral. ;gr
The rhombohedral unit gell has parameters ag = 5.148 A and iz
a = 55,867° , while the more cﬁmmonly referenced hexagonal 22
unit cell has parameters ay = 5.148 A and ¢ = 13.863 A (5). %E:
The hexagonal unit cell with axis lengths and interatomic 5;;
. spacings indicated is seen in Figure 3. ‘f
A

B. Physical Properties z;a:

In describing the physical properties of lithium Zﬁi
niobate in tensor form, a cartesian system is used rather sig
than a rhombohedral or a hexagonal coordinate system. The E;‘
z-axis (or x3-axis) is chosen parallel to the c-axis while 'ﬂﬁ
the x-axis is chosen to be along any of the equivalent ;%;
ag-axes. The y-axis is then chosen to form a right-handed Ezi
coordinate system. Using this system, slices of single }i}
crystal LiNbOj are referred to as being x-cut, y-cut, or ;ff
z-cut, corresponding respectively to the x, y, or 2z Sf?
direction being normal to the surface. Many important E;:\
properties are described using tensor notation, including ;ﬁi
the pyroelectric effect, permittivity, the piezoelectric §§\
AR

effect, the converse piezoelectric effect, the electro-optic -~
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Pigure 3. Hexagonal unit cell of lithium niobate
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. effect, elasticity, the photoelastic effect, and the &

photovoltaic effect. Of primary interest here are R

»

permittivity and piezoelectricity. ?
The permittivity is involved in the relationship

between electric flux density (D) and electric field (E). "

A

In tensor form it is written as o

' &

D; = gtijsj, (1) r

where i,j = 1,2,3. The second~rank permittivity tensor has K

the diagonal elements non-zero for materials such as lithium N

niobate. Also, because of the symmetry about the c-axis in ;

)

lithium niobate, the permittivity would be the same in the b

plane perpendicular to the c-axis for any electric field f

direction. The result is that the permittivity tensor can g

be expressed as, .

)

€11 0 0 |‘

€34 = 0 €11 0 . (2) =Y

F

0 0 € 33 '. i

The dielectric constant, or more accurately, the relative e

x

permittivity, is the permittivity normalized in terms of the N

permittivity of vacuum (gg). "

"

The relative permittivity of lithium niobate has been .

shown to change with frequency (4). Below the mechanical 4

v

resonance, the crystal is considered to be in a mechanically :

. free (unclamped) state. Here the stress (T) in the crystal y
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) is zero, and the relative permittivity (eT/eo) is fairly
constant. Above the mechanical resonance, the crystal is
considered to be in a clamped state. Here the strain (S) in
) the crystal is zero, and the relative permittivity (es/eo)
is also fairly constant, but not with the same value as
eT/eo. Accepted value; for the relative permittivity are

. ‘11T/°o = 84 'x 233T/eo = 30

€115/¢9 = 44 €335/¢9 = 29 (8).

L e e o 4

The variation with frequency is shown in Figure 4.

The second main area of interest is piezoelectricity.

As stated previously, the direct piezoelectric effect is

induced polarization from applied stress. This

-

relationship, in tensor notation, is
’ Pi -igkdijkcjk' (3)

with i,j,k = 1,2,3 representing x,y,z. P; is the induced
polarization vector. Here, 2" is the second-rank stress
tensor, and dijk is the third-rank piezoelectric tensor.

The stress tensor is symmetrical, 95k = %%j- This dictates

- T

that the piezoelectric tensor contains 18 independent
variables, so it can be written as a 3 x 6 matrix, with the

jk subscripts reduced to a single subscript:

11 » 1 23, 32 = 4
22 » 2 13, 31 » 5 (4)
33 » 3 12, 21 » 6.

B i
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Pigure 4. Dielectric constant as a function of frequency
after Nassau et al. (4)
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The tensors describing lithium niobate must have at least
the symmetry of the 3m point group. When the reduced
notation and the symmetries are applied to the piezoelectric
tensor, the result is
o 0 0 0 dyg -2d;p,
dijk = | -dpp3 dy5 0 dj5 O 0 . (5)
d3p d3; d33 0 0 0
Therefore, only four independent coefficients, d;g, d;;,
d3;, and d33' are needed to describe the piezoelectric
effect in lithium niobate. Accepted values for these
coefficients are
dyg = 6.8 x 10711 coulombs/Newton
dyy = 2.1 x 10711 ey
dj; = -0.1 x 10711 ¢/
d33 = 0.6 x 10711 ¢c/N (8).

The converse piezoelectric effect is a strain resultiﬂé
from an applied electric field. The coefficients that
connect this strain and electric field are identical to
those connecting the polarization and stress in the direct

effect. Thus the relation, in tensor form is

Sjk = FdijkEi (6)

where Syx is the second rank stress tensor.
The ability of piezoelectric materials to convert

mechanical energy to electrical energy or vice versa is
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expressed by an electromechanical coupling coefficient K.

This is defined equivalently as

2 mechanical energy converted into electrical energy
K -

mechanical energy input

for the direct effect, or

2 electrical energy converted into mechanical energy
K® = . -

electrical energy input
for the converse effect.

To determine the coupling coefficient of the LiNbOj
thin £ilms produced in this investigation, the composite
resonator construction was used. 1In a resonator
configuration, K2 can be determined from the series and
parallel resonant frequencies, using

K2 = & /tand (7)
where #; = (1/2)r(fg/f5). In a thin film composite
resonator, the same formula is used to define an effective

coupling coefficient.
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III. SPUTTER DEPOSITION

A. Mechanisms
Sputter deposition is the formation of a deposit (thin
film) by the condensation of atoms or molecules formed by
sputtering. Sputtering is the ejection of atoms from a
surface by momentum transfer from high energy particles
bombarding the surface. Sputtéring is one of the most

common thin film deposition methods. There are several

L

unique advantages to sputter deposition including uniform

coating of surfaces, a constant deposition rate, good "

adhesion of film to substrate, ability to deposit alloys and

compounds as well as elements, and the ability to reactively

sputter elements to produce compounds. While some

materials, such as gold and aluminum, are very easy to

sputter, others such as active semicondﬁctor, ferromagnetic,

or ferroelectric films can be extremely difficult. Lithium

niobate is one of the latter. :
A schematic of a basic sputtering system is shown in

Figure 5. The important components include a vacuum ’

chamber, a source of sputtering material (the target), a

substrate for the sputtered material to deposit on, a source

of gas, usually argon, to derive the high energy particles

from, and a power supply to form an electric field from the

target to the substrate region. The argon gas is injected
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into the chamber at a certain flow rate. The electric field
then acts to accelerate electrons into the argon atoms. The
atoms are ionized, forming Ar* and more electrons, creating
a plasma. The Art particles are then accelerated by the
electric field into the target. Upon contact with the
target several things gould happen. The incident particle
could simply be reflected froﬁ«the surface, probably
neutralized in the process. The impact could lead to a
series of collisions within the target material, known as
collision cascade, possibly imbedding the incident ion or
ejecting a target atom (18). This ejected atom is
considered a sputtered atom. Secondary electrons can also
be ejected in this process. These are then used to sustain
the plasma. The atoms of the target material which are
sputtered tend to scatter in random directions, some
striking and condensing on the substrate. When repeated
again and again this results in a thin film coating.
Sputtering systems using r.f. power supplies, such as
the one used in this investigation, are often needed when
the target material is insulating. If an insulating target
is used in a DC system the constant bombardment by positive
ions would build up a positive charge on the target, thereby
reducing the electric field and the ability of more positive
ions to contact the surface. 1If an r.f. power supply is

used, the alternating field causes the target surface to be
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alternately bombarded with positive ions and electrons,
avoiding charge build-up. Due to the large velocity
difference between electrons and positive ions bombarding
the surface, the target will charge up more slowly due to
ion bombardment then due to electron bombardment. The
result of this, plus the alternating field, is a self bias
(or a DC offset) resulting in‘glmost continuous bombardment
of the target by positive ions. Another advantage of r.f.
sputtering is the reduction of possible arcing. Since the
applied field is sustained in one direction for less than
one cycle, it is much more difficult for arcing to occur.
Most r.£f. sputtering systems operate at the FCC allowed
frequency of 13.56 MHz.

Another feature of many sputtering systems is a
magnetron assembly in the target holder. The magnetic
fields produced are intended to make more efficient use »f
the ionization effect of the electrons. The electrons are
trapped near the target as a result of the magnetic fields,
increasing their ionization effect in that area, while
reducing the possibly damaging effects of electron
bombardment of the substrate.

When sputtering a multicomponent film, such as lithium
niobate, it is likely that the target can be sputtered in
both a molecular species form and in atomic form (18).

Since it is not sputtered in a completely molecular form, it
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is quite likely that the resulting stoichiometry of the thin
film would be different than that of the target material.
The resultant material is usually lacking in the gaseous
element. When sputtering an oxide, such as lithium niobate,
it is often found that the thin film is lacking in oxygen.
This can be compensated for by adding several percent of the
deficient element, such as oxféen, to the sputtering gas.
With oxygen, the plasma environment provides opportunity for
energetic electrons to disassociate the molecular oxygen
into its chemically more active form. This is a form of
reactive sputtering. Although reactive sputtering usually
involves the deposition of a compound different from the
target material by chemical combination with an element in
the gas phase, this is still reactive sputtering for

compensation purposes.

B. Lithium Niobate Sputtering System
The sputtering apparatus used to produce the LiNbOj )

samples for this research is an r.f. planar magnetron

system. The vacuum system was built by NRC Equipment .

Corporation, but it has been extensively modified. A collar

from a CVC Products vacuum system has been added to allow

KXAARPIARS

for the introduction of r.f. power from the side. The

matching network, needed to provide optimum power
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dissipation in the plasma and to reduce reflected power, is
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also from CVC. The vacuum chamber itself, along with the
target assembly, is water cooled.

Within the sputtering system, the target assembly rests
on the bottom of the chamber, thus allowing for a sputter-up

configuration. The assembly is designed to hold an eight

[

inch diameter sputteriqg target. Above the target, a large
stainless steel plate is posifioned. The substrate holder
rests within a four inch hole in the center of this plate.
The vertical position of the plate is adjustable to allow
variation of the separation between the target and the
substrate. The substrates are held onto the substrate
holder by means of a thin stainless steel plate which screws
into the holder. Mounted directly onto the back of the
substrate holder is a resistive type heater. This permits
the variation of the substrate temperature up to 750°C. A
stainless steel shutter is available to protect the
substrates during the presputter period. Presputtering is
used to clean the target of contaminants formed there when
exposed to atmosphere. The shutter also has adjustable
vertical positioning.

The r.f. generator provided with this system, is a
13.56 MHz generator made by Plasma-Therm Inc. Although the
generator is capable of power output of up to 3 kilowatts,
it was never used at greater than 750 watts. Even at that

power, the target can become heated to the point of glowing.
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The DC bias voltage produced in this system varied from 200 .
volts to 600 volts, depending on the parameter settings.

The pumping system for the chamber consists of an oil
diffusion pump backed up by a belt-driven mechanical pump.

A liquid nitrogen cold trap and a water-cooled baffle are

provided above the diffusion pump to prevent the

backstreaming of oil into the chamber. The mechanical pump

operates continuously to maintain a vacuum in the region .
below the main chamber, separated from the chamber by the
main throttle valve.

The sputtering gases to be used for the sputtering
process are introduced through the collar at the base of the
chamber. The flow of the gases is requlated by means of a
NUPRO toggle valve followed by a NUPRO needle valve in each
gas line. To backfill the chamber with”nit:ogen following
the sputtering runs, a third gas line in the chamber base is
provided. -

To monitor the pressure of the system, two ion gauges,
two thermocouple gauges, a pirani gauge, and a capacitance
manometer are provided. The ion gauges are positioned
directly below the main throttle valve and midway up the
chamber. One of the thermocouple gauges is located in the
foreline, between the diffusion pump and the mechanical
pump, while the other is located in the chamber roughing

line. The pirani gauge and the capacitance manomter are
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. both located in the collar at the base of the chamber. The
ion gauge controller is a MKS Type 290 Controller. The
thermocouple gauges are controlled by a NRC 720 Controller.
The pirani gauge meter is a CVC GP-310, and the capacitance
manometer was manufactured by MKS. The substrate
temperature was monitored by a“thermocouple connected to a
Temp-Tender Pyrometer.

The materials used in this sputtering apparatus were a
lithium niobate target and gases of argon and oxygen. The

. target was manufactured by Cerac, Inc. and was composed of
99.9% pure powered lithium niobate sintered into a disc
8.030 inches in diameter and 0.300 inches in thickness. The

gases were high purity Ar and O, from Matheson.

C. Thin Film Formation

During the sputter deposition process, the sputtered
material arrives at the substrate surface in atomic or
molecular form. These atoms, or molecules, diffuse around
the substrate in a manner dependent on the binding energy of
the particles to the substrate. This is influenced by the
nature of the substrate and the substrate temperature. As
atoms join to form doublets and triplets, a process called
nucleation, quasi-stable islands are formed. Eventually
these islands coalesce to form a continuous film (18). 1If

the substrate is a single crystalline material, the islands
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will have an orientation determined by the substrate crystal
structure, so that coalescence could lead to a single
crystal film,

Heating the substrate increases the mobility of the
sputtered atoms on it. With greater mobility, these atoms
stand a better chance of findiqg a position of low energy in
the growing film. This is consistent with crystal growth.
Crystal growth is also enhanced by low deposition rates,
since it takes time to find a low energy position.

In order for these two processes to work well together-
-the substrate determining the initial structure of the
film, and atoms seeking positions of low energy within that
film--it is important that the crystal structure of the
substrate closely coincide with the natural crystal
structure of the growing film, particularly as far as
lattice parameters are concerned. This growth process is
called epitaxy, and the ability to closely match lattice

parameters of the substrate and film is wvital.

D. Relevant Parameters
In order to successfully and reproducibly sputter a
thin film, Mattox (19) lists the following variable
parameters which need to be empirically established and kept
constant:

System geometry.
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. Initial system vacuum.
\ Substrate/target distance.
, Target and system preconditioning.
Substrate/target geometry.
Sputtering gas purity (in chamber).
Y Sputtering gas pressure.

Sputtering gas flow rate.

N Target voltage and current.
b Target temperature.
" . System gas throughput.

Substrate bias.
Substrate temperature.
= Sputtering time.
C Surface conditioning of target.
}- Cleanliness of vacuum tafget.
Exact procedure used for deposition.
For the deposition of LiNbO3 in the vacuum system already
described, some of these parameters are not variable, others
. are not applicable, and others are not monitorable, while
several important parameters are not listed here. The most

important factors to consider in the deposition of lithium

niobate in the available system are the following:
Type of substrate.
Temperature of substrate.

Radio-frequency sputtering power.
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¢

{ Target-substrate separation. .
i Sputtering pressure.

3' Oxygen percentage of sputtering gas.

’* Each of these will now be examined in terms of their
;1 importance, possible choices in relation to the available
:g system, and results of past attempts at varying these

parameters to sputter-deposit lithium niobate.

f‘ The importance of substrate choice for the growth of .
:i single crystal films has already been pointed out. The

¢' crystal lattice parameters of LiNbO3 were given in Chapter -
.? II as ag = 5.148 A and ¢ = 13.863 A. 1In order to truly aid

;E in the thin film crystal growth, a substrate of similar

s parameters should be used. Sapphire has been chosen as an

a excellent choice for a substrate (15), with parameters

% ay = 4.758 A and cy = 12.991 A (20). Single crystal lithium

b tantalate (LiTaO3) has also been used as another excellent

; choice, with parameters ag = 5.154 A and cy = 13.784 A (21). .
? Several researchers have used glass as a substrate, but that

1 almost always resulted in an amorphous film (22,23,24,25). i
¥ For economic reasons a possible choice is (111) oriented

: silicon. This can be considered to have possible matching

4 parameters of a = 7.681 A and ¢ = 10.959 A. This is not as

» good of a match, but the crystals are less expensive than

:“ sapphire or lithium tantalate. Another point which must be 1
0 considered is that in order for these films to eventually be
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. used as the piezoelectric material in the composite
resonator described in the Introduction, they must be
deposited on (100) silicon, to be able to form the membrane.
This is a very poor lattice match along the c-axis, since
(100) silicon is cubic with a = 5.43095 A (26).

The temperature of the suPstrate is important in
determining when epitaxial growth might take place.
Researchers who have attempted to deposit LiNbO3 in single
crystal or polycryst=lline form have reported the need for a

. substrate temperature in the range of 325°C to 500°C
(15,21,27). This temperature is dependent on the deposition
rate, because for each deposition rate there is an epitaxial
temperature, above which single crystals can possibly be
grown. This deposition rate is determined mainly by the
radio-frequency sputtering power and the target-substrate

separation.

As stated previously, a slow deposition rate is one of
the factors in determining crystal growth. Unfortunately,
since the sputtering power is related to the total target
size, it is difficult to make comparisons between the system

used in this investigation and reported sputtering attempts

L% LN AL A AN

in regard to applied sputtering power and target-substrate
separation because of different target sizes or other
unreported information.

The sputtering pressures used in past attempts to
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sputter single crystal or polycrystalline LiNbO3 have been .
in the range of 10 - 20 mtorr (15,21,26). However, if these
were the optimal pressure values was not made clear. Only
one of these attempts (15) utilized r.f. sputtering, which
allows for a plasma to be sustained at lower pressures.

The last of the important“variable parameters is the
oxygen percentage of the sputtering gas. The importance of
utilizing oxygen for compensation reactive sputtering to .
restore the proper stoichiometry in LiNbO3 has already been
pointed out. The amount of oxygen reportably needed to
achieve this has been extremely variable in past attempts to
deposit LiNbO3. Everything from 5% - 10% reported by Foster
(26) in 1968, to 60% reported by Okada (21) in 1875, has

been used.

E. Deposition Procedure
For the production of the samples used in this
investigation, the substrate wafers were cleaned according

to the following procedure:

Hot Trichloroethane (10 min).
" Acetone (2 min).
“ Methanol (2 min).
) 10% Hydrofluoric acid (2 min)
Deionized water rinse (5 min). 1

The hydrofluoric acid step was omitted when the substrate

: used was an oxide (sapphire). The cleaned substrate was

then mounted to the substrate holder-heater assembly and

P W T S
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N placed in the sputtering chamber. The shutter was
interposed between the substrate and the target, and the
heater was connected to its controller. The chamber was
then roughed out by the mechanical pump alone to a pressure
of 0.15 - 0.20 torr. At .this point the main throttle valve

was opened, and the diffusion pump was allowed to pump the

chamber down to approximately 1 x 106 torr.
The argon and oxygen were then injected at the
appropriate ratio with the chamber pressure monitored by the
. capacitance manometer. The pressure above the diffusion
pump was also monitored by the ion gauge located there, to
prevent the pressure there from approaching the diffusion
pump 0il backstreaming region of about 5 x 10-4 torr. The
main valve was then throttled off and the pressure in the
chamber allowed to rise to the 10 - 20 ﬁtorr range needed to
ignite the plasma. The r.f. generator was then turned on
and the plasma ignited.

At this point the substrate heater was turned on and

the temperature controller set to the desired temperature.
Meanwhile the main throttle valve was slowly opened,
allowing the chamber pressure to drop to the desired level.
As the pressure dropped to the desired level and the plasma
stabilized, the matching network needed periodic adjustment

to prevent large amounts of reflected power. This time for

plasma stabilization was also needed for the temperature of
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the substrate to rise and stabilize at the desired value.
This usually required an hour, and also served as an
excellent presputter time for cleaning contaminants from the
target.

When everything had stabilized, the shutter was opened

and material was deposited on the substrate for the desired

OEERE |- coadcagrse

time, after which the r.f. power was turned off. The
substrate was usually allowed to cool down in vacuum, then
removed from the system following nitrogen backfilling. The
sample was then ready for analysis. 1In all, this procedure,
or a close variation, was used to produce 155 samples for

this investigation.
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IVv. SAMPLE CHARACTERIZATION METHODS

A. Physical Appearance

The first means of characterizing the LiNbO3 films
produced in this investigation was by optical microscopy.
This was primarily to check the uniformity and smoothness of
the sputtered films. Most of the films were thin enough
that they exhibited an interference color based on the
thickness. Olympus Vanox microscopes were used for this
aspect of the characterization. One of the microscopes is
equipped with a Nomarski interference contrast feature which
helped determine the surface roughness of the samples.
Another purpose the microscopes served was as a means of
determining the thickness of the thin films. A sodium lamp
could be used as the light source for the microscopes.
Since the edges of the sputtered films gloped down to the
substrate gradually, rather than being sharp steps, light
and dark interference fringes could be observed along the
edges of the films when viewed with the sodium lamp. Using
2nd = m\, with the wavelength of sodium light being 5889 A,
and taking n to be the average of the ordinary (n® = 2.305)
and extraordinary (n® = 2.212) indices of refraction of
lithium niobate (28) at the wavelength of sodium light, then
the thickness of the films per fringe is determined to be

1305 A.
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:

¥ Another method for determining the thickness of the .

t films was to use a Tencor Instruments Alpha-Step surface

? profiler. This uses a stylus moved across the surface of

; the substrate and film to determine the film depth.

‘ However, the accuracy of .this instrument was not very good,

1 and often in doubt, so it was used for depth measurement

e only periodically as a check against the method of counting

f fringes. The fringe counting method proved quite accurate ’

; despite the fact that if the deposited film was not exactly b
: LiNbO3, the chosen values for the refractive indices would . :
4 be incorrect. The Alpha-Step profiler was valuable though, !
i as a tool for determining the surface roughness ?
; quantitatively. The Nomarski microscope allows only ]
. qualitative evaluation of surface roughness.

B. Infrared Analysis

To assist in the determination of the degree of
crystallinity of the films produced, infrared transmission
spectra were taken for several of the samples. The scans
were made and the resulting curves were then compared with
the results of Nassau et al. (29) seen in Figure 6. The
range of the wavenumbers in the reference scan is greater
than in the scans taken for this research, but it is enough
to easily distinguish whether a sample more closely

resembles the glass (amorphous) or the crystalline state.
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Figure 6. 1Infrared scans of LiNbO3 after Nassau et al. (29)
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The broad absorption band in the region 900 - 300 em~l is -
due to the vibration of Nb06 units within the material. A

representative infrared scan is seen in Figure 7.

C. X-ray Diffraction

X-ray diffraction was used to determine the degree of
crystallization and the orientation of the crystal
structure. A single crystal m%terial would display a peak
on an x-ray diffraction pattern corresponding to the surface
plane. A polycrystalline material would show many such
peaks. An x-ray pattern of a.powdered polycrystalline
sample of lithium niobate is seen in Figure 8 for reference.

Because of the applied electric field which is present

during the sputtering process, it is expected that the
lithium niobate would grow orienting itself with its c-axis
normal to the substrate. Thus the final thin film should
appear as a z-cut of LiNbOj when x-rayed, if it is a single
crystal. Of course a peak from the single crystal substrate
structure would also be present in the pattern. The (006)
peak in the diffraction pattern corresponds to the c-axis of
lithium niobate. 1In the powdered polycrystalline LiNbOj i
diffraction pattern, the (006) peak is only 4% of the I
strongest peak (012). ‘
In order for the films produced in this investigation

i
to have a chance of displaying a piezoelectric effect, the j
S
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x-ray pattern should reveal only a prominent (006) peak.
Polycrystalline material could also exhibit a piezoelectric
effect if it is highly oriented. Thus if other peaks are
present, as they would be in a polycrystalline material,
they must be small in intensity compared to the (006) peak.
The x-ray equiptment used to make these measurements
was a Rigaku Geigerflex. A rébresentative x-ray diffraction

pattern appears in Figure 9.

D. Auger Analysis

A few of the samples in this investigation were
examined using Auger electron spectroscopy. This involves
the analysis of outer shell electrons ejected from a
material with energy gained by another electron, as that
electron fills a core level vacancy caused by ionization.
This analysis determines the elements and their
concentrations present in the material. For the samples in
this investigation, Auger analysis could determine if the
lithium, niobium, and oxygen were present with the proper
stoichiometry. Impurity elements present could also be
identified and measured.

Carbon is the impurity most commonly found in sputtered
films. Oxygen and nitrogen are also common impurities in
sputtered films, but in LiNbOj oxygen would not be an

impurity. The most common problem found with the
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. stoichiometry of sputtered LiNbO; films is a lack of oxygen.
The Auger examinations were done in two Perkin-Elmer Auger
systems. A representative element concentration depth

profile from Auger analysis appears in Figure 10.

E. Network Analyzer Measurements

A Hewlett-Packard 8505A Network Analyzer and a Hewlett-

Packard 8510T Network Analyzer were used to determine the
dielectric constant (relative permittivity) and the
piezoelectric response of the sputtered lithium niobate
films. To make these measurements, LiNbO3 films were
deposited onto membranes of (100) silicon to form composite
resonators, as described in the Introduction. The top
metallization pad was a 400 usm x 400 um pad of aluminum.
This metallization pattern was also used on films deposited
on silicon without membranes to determine the dielectric
constant of the LiNbOj films from two sources--structures
with and without membranes.

The relative permittivity of the films was determined
by taking reflection coefficient measurements of the
aluminum pattern samples using the network analyzer.
Capacitive reactance (Xo) values can be determined from the
Smith Chart at various frequencies, an example of which can
be seen in Figure 11. The relative permittivity can be

determined from the capacitive reactance, the frequency, the
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Figure 11. sSmith Chart capacitive reactance measurement of
sample LiNbO3:139
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thickness of the film, and the area of the metal pad.

Capacitive reactance can be expressed by

Xc = 1/wC = 1/2nfcC. (8)
The capacitance is
C = e,eA/d. (9)
Therefore,
4
Xg = ———— (10)
2nfe e A
or
d
€, = —. (11)
2nf GOXCA

The dielectric constant measurements in this
investigation were made at low frequencies (10 - 50 MHz),
well below the resonant frequency for films of the thickness
sputtered here. Since it has been shown that the thin films
produced appear as z-cut LiNbO3, if properly oriented the
expected relative permittivity is 533T/e° = 30.

The resonant frequency of a z-cut thin film lithium
niobate resonator is determined as follows. The wave
velocity for a longitudinal mode propagating in the z
direction is 7.33059 x 103 m/s (30). For the fundamental
resonance, the frequency is given by £ = v/2d. Thus for a
one micron thick piece of z-cut lithium niobate, a frequency

of 3.67 GHz would be expected. If the one micron layer of

lithium niobate were on top of a layer of silicon several
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times that thickness, the wave excited by the lithium
niobate would propagate through the thicker silicon layer,
reducing the frequency to a more easily measurable value.
The coupling coefficient in this composite resonator can be
determined from the formula defined in Chapter 1II,

KEFFZ = ¢ /tan ¢ (7)
where ¢ = (1/2)n(fs/fé). The“parallel and series resonance
frequencies can be determined from the electrical impedance
(2) of the composite resonator. The series resonance is
defined as the minimum of 2, and the parallel resonance is

defined as the maximum of Z. This relationship is sketched

in Figure 12.
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8 P Frequency

Pigure 12. Relationship of series resonance and parallel
resonance frequencies to electrical impedance
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; V. RESULTS AND DISCUSSION

\ A. Parameter Development

) In determining the optimal parameter values for the g
r.£f. sputtering of lithium niobate for this research, it was

not always a case of determining the parameter values that

would produce the best quality films. This was especially

h 2 Ca N

true for the choice of a substrate and the choice of applied
. r.f. power. As was previously pointed out, choosing a

substrate with a good lattice match would be of little value
‘ . in using the film in a composite resonator. Also, substrate
cost is an additional consideration. Therefore, most of the
samples in this investigation were deposited on either (100)

or (111) silicon, and the remaining parameters were varied

L3

to produce the best quality films on the silicon. The

applied r.f. power also had a constraint placed on it which

pred i g

possibly prevented the determination of the actual optimal

value. It was impractical in the unautomated sputtering

system used in this research to deposit for an extended
period of time. A deposition rate of less then 1000 A/hour
could not be used very often. Since the applied power is
directly related to the deposition rate, r.f. power values
of less than 250 watts had to be avoided. This was
unfortunate since it has been suggested that deposition

rates on the order of less than 500 A/hour are needed for
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single crystal LiNbOj films (15,21).

The remaining four variables also had constraints
placed on them, although these constraints probably did not
affect the optimization of the parameter values. The
separation between the target and the substrate could not be
less then 4 cm, since below that value the plasma would not
ignite easily. The seéarationTcould not be more than 10 cm,
since the deposition rate would become too low for practical
sputtering. It was stated in Chapter IV that the sputtering
power could not be used higher than 750 watts because of
overheating problems. The sputtering pressure had limits of
approximately 0.5 mtorr and 25 mtorr. Below 0.5 mtorr the
plasma could go out, and above 25 mtorr stability in the
plasma and stability in maintaining a constant pressure
could be problems. The substrate temperature had limits of
approximately 200°C and 750°C. The lower limit was set by
the heating of the substrate by the plasma, while the upper
limit was set by the maximum ability of the resistive
heater. The ratio of argon to oxygen gas had no
restrictions. This information is summarized in Table 1.

Optimization of the parameters was a matter of varying
one parameter while attempting to hold the others constant.
Difficulties arose when more than one parameter influenced a
film growth property. For example, both the applied power

and the target-substrate separation would influence the

xv"*u\

\-\‘c

- - ""~"".'-‘.'
b(\f vf ﬁ.\- ._"‘i s ;- <. f'-_": Ve 'A._--.

AW




Table 1. Range of permissible parameter variations

Parameter Range

Type of substrate —_—

Temperature of substrate 200°Cc - 750°C
Radio-frequency sputtering power 250 watts - 270 watts
Target-substrate separation 4 cm - 10 cm
Sputtering pressure 0.5 mtorr ~ 25 mtorr

Oxygen percentage of sputtering gas 0% - 100%
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deposition rate. One separation would result in one optimal
applied power setting, while another separation would result
in a different optimal applied power setting. 1In this
respect, the optimal parameter values obtained in this
research were only optimal relative to each other.

To begin this optimization procedure, initial values
for some of the paramefers wefé taken from similar attempts
by others to sputter deposit LiNbO3. A temperature of
approximately 500°C was indicated (15,21), as was an oxygen
content of about 40% (15). An initial sputtering pressure
of 1 mtorr to 3 mtorr was chosen after several initial
sputtering runs were done for qualitative assessment.

The determination of the quality of the lithium niobate
films was based on the degree of crystallization and the
} crystal orientation. X-ray measurements were best suited
i‘ for this determination. Throughout most of the x-ray

measurements made in this investigation, three peaks of

lithium niobate dominated the patterns. The (006), (012),

and (104) peaks were most consistently present in the
patterns. 1Intensity data were taken of the three peaks in
‘the diffraction patterns, with the intent of finding

parameter settings which most enhanced the (006) peak, while

f reducing or eliminating the (012) and (104) peaks. This

Ve

o defined the highest quality films producible.

? The first parameter to be determined was the sputtering .

\;‘ A \i f\, R : i N :‘: e -{ .\'( oS .~d
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power. The target-substrate separation was arbitrarily set
and the other parameters were set as given above. X-ray
patterns at 500 watts and 700 watts showed distinctly
lithium niobate polycrystalline peaks but with poor
orientation. At both power settings the (006) peak was
smaller than the (012) or (104) peaks. An example of this
can be seen in Figure 13. In'ﬁhe pattern of the 700 watt
sputtering, the (006) peak was barely visible. This is
consistent with high deposition rates resulting in poorer
crystal structure. Setting the r.f. power at 300 watts
resulted in the (006) peak being the dominant peak, and
since much below this power setting resulted in an
impractical deposition rate, 300 watts was chosen as the
optimal r.f. sputtering power for the system used in this
research.

The next parameter to be determined was the target-
substrate separation. X-ray patterns taken of samples with
a separation of 10 cm revealed the (006) peak was no longer
the dominant peak. X-ray patterns of samples with the
separation from 4 cm to 6 cm displayed a dominant (006)
peak, but also displayed numerous other peaks not associated
with LiNbO3. These can be seen in Figure 14. Diffraction
patterns of films produced using a target-substrate

separation of 8 cm showed a dominant (006) peak and few or

, no peaks not belonging to LiNbO3. Therefore, 8 cm was

o
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chosen as the optimal target-substrate separation associated
with an applied r.f. power of 300 watts. These two
parameters, combined with the area of the target, resulted
in a power density of 0.12 watts/cm3.

The next parameter to be optimized was the sputtering
pressure. With the applied power and the target-substrate
separation held at their deter&ined values, and the
substrate temperature and oxygen content being approximately
500°C and 40%, respectively, the sputtering pressure was
varied from 1 mtorr to 20 mtorr. A portion of the x-ray
results can be seen in Figure 15. For this figure, the
amplitudes of the three peaks, (006), (012), and (104) were
measured as a function of pressure. The intent was to
determine a pressure that maximized the (006) peak, and
minimized the others. These criteria were only met at 3
mtorr. Below that value, all three peaks dropped off
rapidly. Above 3 mtorr, the amplitude of the (006) peak
dropped off, while the amplitudes of the other peaks
increased. Thus, a sputtering of 3 mtorr was determined as
the optimal pressure associated with an applied power of 300
watts and a target-substrate separation of 8 cm.

The optimal oxygen content was determined next. Using
the same procedure as was used to determine the sputtering
pressure, the amplitudes of the diffraction peaks were

plotted as a function of percent oxygen content in Figure

- My, G, TN
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16. This plot indicated a desirable oxygen content of 50%.
Although anything between 40% O, to 60% O, appeared
favorable. Above 60% oxygen all peaks dropped off in
intensity quickly. Below 40%, the intensity of the (006)
peak dropped off until it fell below the intensities of the
(012) and (104) peaks at approgimately 20% 0. The x-ray
diffraction patterns used to pfoduce Figure 16 can be seen
in the Appendix. The optimal oxygen content associated with
a sputtering pressure of 3 mtorr, an applied r.f. power of
300 watts, and a target-substrate separation of 8 cm, was
determined to be approximately 50%.

The last parameter to be determined was the substrate
temperature. The other parameters were kept as determined
and the temperature was varied. Once again a peak intensity
plot was developed. This is presented in Figure 17. The
lithium niobate remained completely amorphous until a small
(006) peak appeared near 250°C. The other two peaks did not
appear until higher temperatures. The (006) peak intensity
quickly increased as the temperature increased. The other
two peaks also quickly increased with temperature. Although
the most intense (006) peak occurred at the highest
temperatures, this was not chosen as the optimal temperature
since the (012) peak was also very intense at those
temperatures, and peaks not associated with LiNbO3 occurred

after 600°C. One of the extraneous peaks became a dominant
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peak at high temperatures. Only around 550°C - 600°C was
the (006) peak most dominant with no non-LiNbOj peaks
present. Thus, the optimal temperature associated with an
oxygen content of 50% in the sputtering gas, using a
sputtering pressure of 3 mtorr, with applied r.f. power of
300 watts, and a target-substrate separation of 8 cm, was
determined to be betweén 550°C and 600°C.

This entire optimization procedure was constantly being
modified with slight variations in an attempt to achieve
perfect films. The numbers presented here represent the
paramenter values ultimately achieved after many such
permutations.

These resultant parameters, summarized in Table 2, were
then used to produce films on substrates of (100) silicon,
(111) silicon, and basal-plane sapphire. X-ray diffraction
measurements were then taken of these samples. The results

are presented in Figure 18. This figure shows that while

EE the use of (111) oriented silicon seemed to have improved
E* the crystallinity of the films slightly, compared to those
\; ) films on (100) silicon, the sapphire substrate, with its
E;. excellent lattice match, made a radical improvement in the
;$ crystalline quality of the film. The x-ray pattern of the
i} film deposited on the basal-cut sapphire substrate can be
?é seen in Figure 19.
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X Table 2. Optimal parameter values determined

%

-,

2 Parameter Optimal Value
%

> Type of substrate Sapphire
- Temperature of substrate 550°C - 600°C
, Radio-frequency sputtering power 300 watts
\
,3_ Target-substrate separation 8 cm

) Sputtering pressure 3 mtorr

3 Oxygen percentage of sputtering gas 50%
. ' -
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B. Characterization
The physical appearance of the films produced in this

investigation were marked by a high degree of surface

roughness. The thicker the films, the rougher the surface
became. This is illustrated, using surface profiles from
the Tencor Alpha-Step, in Figure 20. This was a feature of
all the crystalline fiims prodﬁced in this investigation.
The amorphous films however, those produced at low substrate
temperatures, exhibited remarkably smooth surfaces. This
surface roughness of the crystalline films presents a major
problem for the possible use of sputtered LiNbO3 thin films
as resonator material. Films of greater than one micron are
needed, and the surfaces must be very smooth for wave
reflection. This research indicates that this is not likely
with LiNbOj sputtered as it was here. This surface
roughness feature of sputtered LiNbO3j was also noted by
Nunomura et al. (31).

Thickness measurements were made of the samples during
the optimization procedures described in the last section.
The results are given here. The variation of temperature
and the variation of pressure resulted in very little
detectable change in film thickness, except for a slight
increase noted with increasingly amorphous material.
Variation of r.£f. power, oxygen content of the sputtering

gas, and target-substrate separation, on the cther hand
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resulted in distinct thickness changes. The relationship
between film thickness and target-substrate separation was
reasonably linear over the range investigated, while the
relationships between film thickness and oxygen percentage
of the gas, and film thigkness and applied r.f. power are
shown in Figure 21 and Figure 22, respectively.

Infrared tranmission speéﬁra were obtained for many of
the samples early in the investigation. These scans
however, revealed little in the way of useful quantitative
data. All of the scans produced look remarkably similar,
revealing a crystalline structure, but giving no information
on the degree of crystallization, or crystalline
orientation. An infrared scan taken of a latter film
produced using the optimized parameters is seen in Figure
23. This figure depicts somewhat more defined peaks than
earlier attempts.

X-ray diffraction provided the information on crystal
structure that IR analysis could not, and many of the
results were presented in the last section. What must be
pointed out is that despite the optimization of the
sputtering parameters, the resulting films were still
polycrystalline. While the polycrystalline films were
oriented with the c-axis normal to the plane of the

substrate, the orientation was not that strong.

Auger analysis on early samples in this investigation
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Pigure 23,
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Infrared scan of LiNbO3:152, produced using the
optimized parameters
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(Figure 10) appeared to indicate high levels of carbon and
nitrogen contamination, and rather poor stoichiometry of the
film itself. Auger analysis performed after the complete
optimization procedure were much improved. As indicated in
Figures 24 and 25, the sputtered LiNbOj films appeared
almost identical to the Bulk LiNbO3 crystal used as a
reference. Figure 24 EOmpareﬁrthe lithium and niobium
content of the film with the reference, while Figure 25 does
the same with the oxygen content. The plots appear
virtually the same. The contaminant (nitrogen and carbon)
content in the films was nearly nonexistent. Figure 26 is a
depth profile of the film showing little or no change in the
composition of the film until contact with the substrate.
The network analyzer was used to determine dielectric
constant numbers and to observe piezoelectric response.
Relative permittivity values were determined from thin films
deposited on membranes of silicon, as the composite
resonator would be constructed, and on normal silicon
wafers. Surprisingly, the results differed greatly.
Measurements were taken during the parameter optimization
described in the last section, with the intent of observing
relative permittivity changes with parameter changes. This
was difficult because of uncertainties in the numbers used
to determine the relative permittivity. However, for the

measurements taken on wafers without membranes, trends were




rwmmmwwwwmm‘x'xﬂ'rm’ﬁmv‘avv TRV WA TRV TR R

i ‘
3 68

X

HAAMTVVLYA FEAViE
I | [V A .

{ Raf#renc 1

L . *
0 —bm — .

20 40 60 8e 100 120 140 169 180 200 220
YINETIC ENCRGY, EV

FPigure 24. Auger pattern of LiNbO3:152 (top) compared to
bulk single crystzlline sample (bottom).
Lithium snd niobium contents are shown as being
nearly identical .



-

P L S AT EN B PERLA L A o' S L 2 N VR ath AL oA g g U pig JVA SRR QAR aih SUh RO gth B8 JU o8) e LU0 250 oth 250 oWR oip o0 WA o058 oM oS .0) By Ny o

69

a 4 SEL® m_m_-_

" L
—t—t—t 44,*7
T

S —_—
e

=]
aATa 2 AP T2 ERME S

e

%
|
»

}..
—~

} Thin|Fila / {
1

1 / i
0 b ‘ — .

e
A B
=t

LA ‘
A e ] ‘

»
|memsmanas?]

e
-9

p
1 Refefence

=t

4
4
4
4
4
4
<
4

p

1";\;4.\

490 495 S08 SO5 510 SIS 520 525 S§38 535 540
KINETIC ENERGY, EV

Figure 25. Auger pattern of LiNb03:152 (top) compared to
bulk sinle crystalline sample (bottom).

Oxygen contents are shown as being nearly
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noticeable. The more highly oriented and less amorphous a
film, the lower its relative permittivity. This is most
apparent in the variation of 0, content in the gas seen in
Figure 27 (lower part of plot). Unfortunately, the relative
permittivity at the optimal parameter value (50% oxygan
contant) was only 50% of the expected value of €33T/£° = 30.

The relative petmittivity measurements taken on the
samples produced on membranes revealed much higher numbers,
some exceeding 150. Trends noticeable in the films without
membranes were totally absent in those with membranes. This
can be seen in the upper portion of Figure 27. Since the
membranes were formed from a p+ silicon layer, relative
permittivity measurements were made on films sputtered on p+
layers without the membranes to check what caused the
problem, the p+ layer or the membrane. . The results showed
the same problem existed on the samples having p+ layers
without membranes. This odd behavior of the films deposited
on p+ silicon layers is discouraging for the possible use of
these films for composite resonators.

Samples were checked for piezoelectric response on the
Network Analyzer throughout this investigation, both during
and as a result of the parameter optimization procedure.
Never has any response been noted. Several explanations for
this have already been alluded to. They include:

-Surface roughness. The deposited films showed a

". - fq. \ \’MI' "\J‘
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tendency to develop extremely rough surfaces as they
were made thicker. Films only one micron thick had
surface irregularities of 1000 A or more. Resonators
demand smooth surfaces for wave reflection. Because of
this roughness, most measurements in this investigation
had to be done on film samples less than 5000 A thick.
-Crystal orientation. Aiﬁhough the films produced
showed a marked orientation along the c-axis of LiNbOj,
it was possibly not oriented strongly enough.
-0dd behavior of the relative permittivity when the
films were deposited on p+ silicon layers. Since the
piezoelectric measurements were made on p+ membranes,
flaws in those films would inhibit response.
Another possibility is that the films were not poled. When
LiNbO3 single crystals are grown by the Czochralski method,
often a strong electic field is applied to pole the
crystals. It is possible that the electric field provided
by the DC offset of the sputtering system used was not
strong enough to adequately pole the deposited material.
This explanation is extremely plausible, and could also
explain the relative permittivity of the optimized samples
being lower than the relative permittivity of bulk single
crystal lithium niobate. Any or all of these could result

in no piezoelectric response being observed in the sputtered

films.
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e

A

. VI. CONCLUSIONS

g Lithium niobate films were sputter deposited and

-: analyzed to determine their suitability for transducer or

™ resonator material. A set of sputtering parameters was

o determined as being the most relevant variables in the r.f.

:: sputter deposition of LiNbOj thin films. The parameters

& were then optimized with respect to each other to obtain the

¥ best quality (in regard to crystallinity) thin films. The N
g optimized parameters were:

= An applied radio-frequency power of 300 watts. .
ﬁ A target-substrate separation of 8 cm.

% A sputtering pressure of 3 mtorr.

»: An oxygen content of 50% in the sputtering gas.

I; A substrate temperature of 550°C - 600°C.

‘i A sapphire substrate. i

G With these optimized parameters in effect, the

% resulting films were deposited with a deposition rate of N
ﬁ approximately 1300 A/hour. The DC bias during the

3 deposition was around 350 volts. Infrared scans of the .
N films revealed a definite LiNbOj crystalline curve with

b distinctive peaks (Figure 23). X-ray diffraction patterns

3 demonstrated that the films were highly oriented

? polycrystalline LiNbO3 (Figure 19). Auger electron

é spectroscopy on these films indicated an almost identical

£ .
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stoichiometry as bulk single crystal LiNbO3, with little
contamination (Figures 24 and 25). The relative
permittivity of these films was determined to be 15 - 16.
No piezoelectric effect was observed using the composite
resonator structure.

Several possible exélanations were supplied concerning
this lack of piezoelec£ric reééonse. While LiNbO3 deposited
on p+ membranes appears unsuitable for use as a composite
resonator, very possibly due to the p+ membrane, sputtered
LiNbO3 could be used for other piezoelectric devices which
require thinner films and do not demand a substrate with a
poor lattice match or p+ doping. SAW devices on sapphire
would be an example.

Further work could be done on what was begun here. A
better sputtering system (more automated) could be used so
that slower deposition rates, and thus possibly better films
could be produced. An applied DC bias could be added to the
sputtering system so as to more likey pole the sputtered
films. Another possibility would be to try an entirely

different method of sputtering lithium niobate, such as

completely reactive sputtering.
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IX. APPENDIX
L]
X-ray diffraction patterns of LiNbOj thin films
produced at various concentrations of oxygen in the
sputtering gas are shown in Figures 28 -~ 36.
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