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CHAPTER 1
INTRODUCT ION
I.1 Stimulus for the Investigation

High frequency acoustofopt1c modulators and def]ec;;

utilizing surface and bulk acoustic waves are presently being
successfully employed in the control and processing of optical and
infuared laser sigpals [1.1, 1.2, 1.3]. Such applications are of
course, motivated by the desire to more fully utilize the large
bandwidths afforded by these s1gna15

In the infrared, control of the CO2 laser i$ partlcular1y

) attract1ve for commuriications and radar appltications because lt provides

L 3
ey

high power dens1t1é§‘

t 10,6 m1crons {u) which is within Egé %H to 14u

atmosph ric window [3 4] Such an Infra Red Detection And&ﬂgng?bg\ IRDAR)'

Sys xﬁfoposed by M.E. Pedinoff and emp]oy1ng an acousto- op&icﬁﬁghulator

provided the 1mpetus for the investigation to be descr1bed in thﬁgk

thesis [1. SJCA\ v . - //. o T o

‘In add1t1on to 1mprovements in the quality of exlst1ng materials

and the discovery of new materials, the 1ncreas1ng use of acousto- optic
devices for beam def]ect1on has been due to the deve]opment of rnew h1gh
frequency acoustic techn1ques These techanues 1nc1ude the use of th1n

f1]ms of piezoelectr1ca]1y active materials as the act1ve med1ums for

‘electro—mechanical transducers. Unfortunately not al] p1ezoe1ectrica1]y

A : 4 Y
13 L L . B . ' i



active materials perform satisfactorily in thin film form. Only those
“which have a high degree of symmetry and chemical simplicity, such as-

Zinc Oxide (Zn0), have been successfully employed.
1.2 Background s

Detection and Ranging systems were developed during the Second
World War for military-applications. In the;post war period thgir use
has beenuprimarily to aid in air and sea névigatiqﬁ. Needless to say, the
performance of such ;ystemé hqd to greatly improve in order to keep pace
with the rapid development in the aviatiqn in&ustry. Now, with the
advent of the spaéglage, another order of magnitudé ipprovement in ‘
performance is needed. | ; 5 |

Active Detection,and Ranging systems transmit a pulse of |
radiation at a,particuTar frequency and then attempt to detect that °
portipn of the transmitted radiation which has been back-scattered towards
the receiver. By measuring the time betwéen transmitting the pulse and
receiving the echo, the range or distance of the object from the
transmitter can be determihed. | - ;ﬁ

If the transmitting and receiving antennae are one and tﬁe same,
 thg makimdﬁ'raﬁge is given by the c]assicaT‘diffraétion 1jmited Radar .

equation ,

 (].1)

be#k.transmitted pdwer,

@©
g
-
1]
=3
4]
-
(=4
"

a
"

= object cross-sectional area,



,;{ Atr .= area of transmit-receive antenna,
1” . - "
/ A = radiation wavelength in a vacuum, .
/! / fmax - Maximum range
and Pr = minimum received power which may be
£of min ) :
i unambiguously detected [1.6]. /

Intuitively it can be seen that ¢the raﬁge resolution or the ability of the
systemgto resolve individual objects out of a group’ of objects is inversely
propottiona] tb the pulse duration and beam width [1.7]. From the previous
stateaent and equation (1.1) it can Se seen that, for maximum range and )
reso]ution, a high energy short duration pulse having a smal] beam
dive?@ence or equivdlent]y a short wavelength is desirable. In add1t1on

to these pulse characterist1cs it is also desirable to have a large
recetyjng antenna area so that more of the reflected signal may be
captufbdt Last]y, but by no means least jmportant, is the requirement

for a small m1n1;um detectable signal., The most sens1t1ve detection
systems are ‘coherent or heterod}ne systems and these are invhriabgf
emp]oyed in fadar systems. In heterodyne detection a high‘power local
osc1]]ator $1gna1 is combined w1th ,the Jow 1eve1 target.s1gna] and the
resu1tant signal is fed into a square Taw detector. The output of th1s .
" detector w1%1 have a component at the d1fference frequency whlch is

EE proport;ona] to two t1mes the product of the target signal and ]oca]
osc111ator s1gna1 1evels., Thus by 1ncreas1ng the Tocal osc111ator signal

| “1eve] the detect1on sens1tiv1ty or s1gna] to no1se ratio, can be 1ncrehsed

(o ,

'al]ow1ng 1ower reflected powers to be detected S e

[

Then arget veloc1ty may be determlned e1ther by. measuring the

change 1n range per un1t tlme or by measur1ng the change 1n frequenCy

x LT ¢




~

of the reflected radiation due to the Doppler effect. If the second
method is employed, the system resolution can be improved since the

targets may also be resolved on the basis of their differing radial

velocities [1.8]. The Doppler frequency shift and radial velocity J'%’

related by
v i
t

T i (1.2)
where wy < Doppler frequency shift in radians/sec, -

vt = target radial velocity,”

¢ = ve]oé{ty of light in a vacuum
and . w, = carrier frequency in radians/sec [1.6].

Thus, the radial velocity respolution is directly proportional to the

carrier frequency. Again the advanfage of having a large carrier frequency |

&

is apparent. ’ ao

‘In a conventional radar system one would find peak pulsed powers

»

of approximately one megawatt at a frequency of 1| GHz with pulse

du?ations iﬁ the/Qrder of 1 usec, being use¢ [1.9]. If;vop he‘éther :
jhénd Co, laser radiatiop (f ?‘2 83x10]3 Hz) could be émp1qyed ‘a gigawatt
peak pulsed power with a pu]se width of 1 nanosecond s aYa1lab1e (1. 4]

' A]though the CO 1asé? 15 not the, only 1a<er capab]e of produc1ng such

2
short, high energy pulses, 1t 1s the only one which can do so at a

‘ wave1ength (10 6 u) where atmOSpherlc attenuation is Tow (8 to 14u
‘w1ndow) ~C]eaﬂy, as transm1ss1on 1osses 1ncrease, the max1mum range

deCreases Such a system wou]d of course requ1re coherenx detect1on.
'Treduce the m1n1mum detectable

/

ﬁfSuch detection in the 1nfrared doesi“
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power relative to the conventional systems and is in fact much more
difficult to accomplish due to the stringent alignment requiremenis.
However, if similar values of Pr (per unit bandwidth) can be achieved

m1 n
then the significant 1mprovements in range and resolution due to the

10.6u transmitter characteristics can be realized.

'uﬁ fAn’infrared system, however, does have several practical
limitations. For instance, one would not expect to use such a system in
fhe ‘search’ mode due to its narrow beam cross-section. Instead, it woeld
have to be used in conjunction with conventional radar which would 'lock'
the laser system oﬁto the target. Also, the maximum [.R. detectorb
frequency response, at present, 15 only T GHz. This is certainly adequate
for detecting the Doppler shifts dqe to the velocities of aircraft,
however, %or space applications %several gigacycles of change in frequency
may be expected. One method of reducing the requirements on the detecter )
Qou]d be to modulate the transmitted beam and ehgreby trens1ate the '
Doppletafrequency down to aifrequency which can be deteCted, Also, the
effect of the necessarily larger receiver bandwidth and concomitant
increase in.Prmin may Se somewhat'offse%‘by empioying a mul tichannel
receijver.

The above discu531on can be summar1zed by stating that an&?%@ARé
system (at 10 6u) wou]d prov1de 1mproved range and resolut1on over™

‘convent1onal RADAR for Doppler- track1n§ applications. The requ1rements
of such a system are: (1) high energy short durat1on pulses of high-

"frequency rad1ation wh1ch do not suffer severe atmospher1c attenutatxon,

(2) coherent detect1on and (3)_ facility to frequeney mpdu1ate‘the

transm1tted rad1at1on._



1.5 Description of Proposed Heterodyhé Sys tem

The proposed 10.6u laser heterodyne systenfusing an ultrasonic

frequency translator and deflector as an intracavity element is shown in

i
&

Fig. 1.1. The motivation for using ultrasonic modulators as intracavity
elements stems from the fact that a single freguency travelling ultrasonic
%f}mxé can-produce a pair of DPPOsit91y—q1reéteq, oppositely-frequency-

' - Y N - :—/ ] ©y . ¥ :
shifted optical beams whose.frequency d1f?erence is twice the ultrasonic

4

drive frequency (w.) [1.107,
. : ¥ {7

Theréfopé, the COZ ]aser oscil]aioriin Fig. 1.1 not only 1n)9gtlon

Jocks trwr(’;O;1 ]asgr amp]1ﬂzer to A”fvequency w . but q]so provides the

continuous 1dca1 03c11Tator pbwer necessarwaOr hétérodyhé ﬂetection“
A

A portion of the- radiation travelling to the right from the frequency-

4

Shab1e (mg). Jow powen, 602 laser oscillator is dlffracted tqwards,the

-~ detector by the u]trason1c modu1ator The remainder of the radiation

pdsses through the pulsed, Jow pressure transversely excited CO2 lasep

-

amplifier, During the time this amplifier is pu13é& on, this beam will
béfampTified and a portion thereof, upon returning to the modu]ator, will:

: be d1ffracted towards the c01]1mdtoﬁ iéPéleg?;ﬂﬁOg the pulse width and

[ Ahich cage a high
Ve <€ a myl
ntensity pulse w1]] also be d1rected toWards the detector, ' If allowed to

cavity? dimepsions mut11p1e traﬁsité may occu

reach the detector e1ement such a pulse woy]d destroy ﬁt Detector

1so1at1%3 can be prov1ded by e]qctnﬁ-optgcaT]y scatter1ng the 1nc1dent

rad1at1on pulse. : Due to the u1trasonic Bragg d1ffracqﬁon phenpmenon: the
frequency of the beam d1rected towards the detector will be mé * W while
that d1ffracted towards the coltlimator w111 be wchﬂé,. A single

frequency trave111ng wave is guarantepd Qy‘anec§0t1ca11y term1nat1ng the
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acoustic beam after if“hasrtnaVered the modulating medium. If the down-

shifted beam egc: ;,:§C ; f;? fobject 1t will be scattered and Doppler

[

A,gqa | portion of this radiation
.,[\ -

‘-\If

%ﬁtg?% v

ﬁﬁe detector. This is extremely important

for heterodyne detéctmon. Depending on the system range specifications,
a high pressure, TIA CO? laser may be used to further amplify the target
signal (see Fig. 1.1).

In a solid state photodetector the change in current is
proportional to the square of the total electric field intensity 5£ the
detector.  Thergfore, when two waves differing in fre?uency by w, if and
paving an angle 6 between their directions of propagation, are incident on
a detector of ;urface area Ad’ the signal current (i ) at the difference
frequengy is g]ven by

2nsing 2

s d-
o o il o
’i (m]f) = Ad[ﬁELOCOS(mTft)’ ZHS{TIO ?d (1;\3)
——
where wie A Qug by 5 1ﬁf0rmat10ﬁ frequency,
wg = u]trasonﬁc dr1ve frequency tn radians/sec
Es .= ieTectric:field intensity of the Tow level
signal, g
ELO = electric field intensity of the local
oscillator sign91,
and £4 = linear dimension of the detector in the

‘direction defined by the intersection of
the plane of incidence with the detectqr‘

surface [1.117.
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This is the fundamental equaiion of photomixing or heté;od}n; detection.
From equation (1.3) it can be séen that heterodyne detgétién hot only
provides a method of considerably increasing the recekqu Senaitivity by
increasing ELO but also, it permits trans]agion of the boﬁp]e;—shifted
radiation signal down to some convenient information frequency (2mS t md)
for precise filtering of the Doppler information.
Also, as can be seen from equation (1.3), the signal current ijs

\V;
critically dependent on 6, being a maximum for ¢ = 0. For instance, when

0 = 3.2x1073 degrees and g =1 nnﬂ the sfgna] current has already been
reduced to 847 of its maximum value. This is indeed a stringent colinearity
- restriction.  In the proposed system, however, this problem is overcome
for all m0d91ation frequencies by virtue of the fact that the two acousto-
optically diffracted beams are always parallel aue to the symmetrical
nature of the ultrasonic Bragg diffraction phenomenon.

Thus, not only has the intracavity ultrasonic modulator supplied
the pecessary beam colinearity but it has also reducea by .a %actor of 2,
the required wé for a Specilhed Wy This becomes significant when the
ultrasonic attenuation ip éolids at room temperature is considered,
For example, as shown in Chapter IV, the attenuation in single crystal
gérménium at 300°K is already 5 db/cm for 500 MHz compressional waves
propagating in the <111» direction. ~ Since operation at a single frequency
is Eeduired iﬁ this system the main design‘specf?ication placed on the
transduction system is one of maximum effibiencyrat W - The required
acoustic bandwidth is an important specification which must be considered
when choosing the transducer active medium, since the aQaiTable acoustic
bandwidth is’propoftiona] to the‘shuafe of the active medium éoup?ing‘ |

1

coefficient, Therefore, a large bandWdth requirement couidfforce'the use

@

R 254
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of a thin, single crystal plate for the transducer active medium. Such
transducers are technologically difficult to fabricate, as will be
discussed in Chapter I1. With some modification this proposed systgm
may be used as a.bilateral Doppler compensated space communications link,
In such a system, the frequency transmitted by the stationary station is

i

¢ " wq " wyp 50 that the frequency of the signal received in the moving

Statibn is e T Wi By heterodyning with a local oscillator W the
,1gna1 having the proper information center frequency, w, if is received,
Conversd}y, the signal transmitted by #he station in motion will be at W
The Trequency of this signal at the stationary station will be W + Wy

and, therefore, it will have to be heterodyned with a frequenéy at

wo twy t wip tO provide the‘signa] centered at the difference frequency

of wig- However, in this system the ultrasonic drive frequency

we =t (wy mi;) will have to be variable and gain-bandwidth consideratidns
<

will become important.

Finally, it should be mentioned that the syskem propoded has been
designed utilizing quidelines formerly resérved for the microwave region
of the electromagnetic Ssectrumg As DeMaria has stated, this is possible
because the CO2 laser is presently the only laser that can be designed so
as to optimize %ts performance as either a stgb]eéfrequency master
osci119tor; power oscillator, low noise—pigh gain preaMp]ifier, or an
intermediate-or-high-power amplifier [1.4].

: Clearly the feasibility of such a system hinges on the efficiency
of 4he ultrasonic frequency- translato* and beam- def]ector Such an
acousto—opt1c modulator)| cons1sts of an electromechan1ca1 transducer

attached to a modulation medium Wquh has ant1ref1ect1on (A R.) coated

- faces perpend1cular to the d1rect1on of propagat1an f the‘1nfrared beam.
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The high frequency transducer consists of a thin layer of high resistance,
piozoe]ectricai]y active faterial between two metal electrodes. The
Qéttom or counter-electrode is attached to the modu]afion medium. Thé
required transducer frequency will be determined by either the frequency
rGSpohse of the detector or the acoustic losses in the modulating medium.

. O

To prevent time varying diffracted beams the acoustic beam should be
anechotically terminated and a reduction of acoustic and electromagnetic
losses can be accomplished by cooling the modulation medium,

The development of such a modulator is the subject of this

thesis.

1.4 Present Work
/

The maximum detectable modulation frequency in infrared solid
state detectors {s at present n 1 GHz. In Chapter; IV and V, the
superiority of germanium as an acousto-optic modulator material at 10.6u
1% réferenced, It is shown that in germanium the maximum diffraction
efficiency occurs when the electromagnetic wave is polarized in the <111~
direction and interacts with a <111> diréé£ed ultrasonic compressional
wave, Also, the ultrasonic attenuation in germdnium is Sﬁbwn to 1%mit
its use to frequencies below 500 MHz. F refore, in Chapter 11 the
~ fabrication of thickness di]atationaf'tfansducers having a resonant
- frequeney of 409 MHz is discussed. The bas%s for employing arthin fi1m

of Zinc Oxide (Zn0) as the active medium is given and the methods of

‘ \
system constructed 1s also presented, : ) |

deposition considered. A detailed description 6f.the‘TriQd§ Sputterihg

4

Chapter'III dea1§ with the effect 'of the deﬁosition parameters

<
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on the orjentation of the crystallites in the Zn0 films. The effect of
the partial pressure of oxygen in the sputtering gas mix and the
crystalline state of the nucleating gold thin film are shown to ﬁave
considerable influence on the structure of the Zn0 thin films. Also
presented in this chapter are the results of the noﬁ»structura]
investigations performed on the films. The films arg shown to have.
resistivities greater than ]06u~cm, relative dielectric constants ofv8.5,
refractive indicés in the 2.5, to 10u region of 2.1 and band gap energies
of 3.2 ev. ’ ) ' ,

In Chapter 1V a detailed description of the traqsducer fabrication
process is presented and the details of the acoustic investigation are
given. A mathematical model suitable for computer programming, and simulating
a /n0 thin film transducer acoustically radiating into single crystal
germanium was developed and is outlined. Implementation of this thedry
requires correcting the experimental data for acoustic losses. The
procedure for determ?;ing these losses and the results are giwen. In :
particular the intrinéic attenuation data for a lopgitudinal acoustic wave
propagatthg along the <111> axis in Germanium at 300°K is determined.

By comparing the experimental and computed insertion loss data, a value ot
kt (e]ectromechanical coupling coefficient) greater than or equal to 90%
of thé Zn0 bulk value is obtained for the active Zn0 tﬁin fi[ms produced.

The acousto-optic. performance of the modulator. is g%ven in
Chapter V. The ﬁecessary tﬁeory for Bragg regime diffraction is but]ined.
The exberimenta] fesults and theory are compared and the-corre]ation‘is

[

shown to be excellent. The effect1ve photoelastic constant of germanlum ‘ \\\\;\

v

eva]uated is Pé3, correspond1ng to rad1at1on polarized in the <111

;-d1rect1on 1nteract1ng W1tH a <11]> directed d11atat1ona1 acoustlc wave._

The value of P obta1ned in th1s 1nvestigat10n was. found to. agree w1th !
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!
that determined elsewhere [1.12]. It is felt that this agreement lends

considerable credibility to the techniques described and conclusions

.4
made in-this thesis.
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CHAPTER 1]

\
fHE ACTIVE MEDIUM AND FABRICATION SYSTEM

2.1 Introduction

In addition to its elastic, dielectric, and piezoelectric

constants, a real transducer material has other properties which are

not easily specified by numbers, The choice.of the fabrication

J

technique is dictated by these properties,
In the following section it will be shown- that for efficient

high frequency thickness dilatational transducers the requirements on

- the physical constant are; a piezoelectrically active medium having-a

thickness of 1ess than ten microns, a large coupling coefficient, k

and a small rejative dﬂelectr1c constant, K. The effect of the
transducer size on the choice of the fabrication technique is referenced
In these references it is suggested that for high frequency transducers,
at present, single ¢rystal plates are superior when acoustic beams of
sma11 c?oss~sectiona] areas (diametep < 2 mm) are required ﬁhereas, thin
f1lm transducers are superior for generating 1arge area (~ .5 cmz)
acoustic beams This is due to the d1ff1cu1t1es encountered when bonding
and‘lapping single crystal p]ateé which are uniform over Targe areas.
Since ]arge area transduce;s'are‘neeqed for‘high acousto—obtic diffraction
efficiences one is limited to thi’h fﬂm btechm‘q‘ues On the basis of 1ts
superior bulk phys1ca1 constants Z1Q§ Oxide (Zn0) was selected for

depos1t1on o W ‘ g ‘ g@

. w*.-;?



In the third section of this chapter the possible methods of

depositing In0 are discussed, and a general description of artriode

sputtering system is given. The system which was constructed is described

in detail in Sections 2.3.4 and 2.3.5. The chapter is followed by a

ca

discussion and conclusion. ) )
2.2 Choice of Active Medium Material

Table 2.1, taken from Meitzler, lists all (up to }969) the piezo-
electric and ferroelectric materials of practical interest for high-
frequency transducers for which a substantial amount of information is
known [2.1]. A1l the parameters required for the equivalent circuit
analysis are presented. | |

The first column designates the material by its nominal chemical
formula, except in the case of the ceramic compounds wh%ch are designated
by their traqe names , VThé point-group categorization of the material, in
ﬁermaﬁnﬁMauguin symb61s,;is presented in parenthesis. The symbols [D] or
fS]:indicaﬁe whether the infcﬁﬁation on é given line applies to thicéness«
dilatational or thickhess-shear transducers. The second column indicates
the orientation required for a layer of the material to operate in. the
mode indicated. The third go]umn,présents the 'effeéctive' value of the
e]éctrpmechaqica] coupling coefficient, kt’ appiicab1e for the mode of
vibration indicated,. This constant is related to the portion of electrical
energy which will be transformed into mechanical energy. K, the 'effective’
relative dielectric cbnstant-isupresentgdfin tﬁé fourth column. The fifth
coluﬁn lists the Value‘of‘the frequency constant for whaé‘fs conventiona]Ty

-termed ther'para]Te1 resonance frequency, fo‘; which is the frequency.at

‘LJ
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which the transducer. thickness is equal t6 half the acoygtic wavelength.
The numbérs in the last column refer to the methaniéél'iapedance of the
transducer material.

Since a maximum transduction efficiency is the prime design
specification to be met, an active material having a large coupling
coefficient, a mechanica1~impedanée approximately equal to that of
germanium and a Tow' relative dielectric constant is necessary. It can.be
seen by definition, that a large coupling coefficient is advantageous.

Because the transducer and modulator medium constitute an acoustic

generation and transmission network their mechanical impedances should be

matched for maximum acoustic power transfer. The requirement for tﬁe
- Towest poséib]e material dje]ectric constant follows from the capaéitive
nature of the transducer. To reduce thé capacitive ]oading, the
‘trapsducer impedance should be as close as possible to 509, As shown
belbw, due to the required transducer physical dimensions, a 509 impedance
necessitates a value of K Jess than unity. ;thce this 1is }mpossible an
impédance matching network will have to be employed. The matching |
requirements of this network will depend’upon the impedance mismatch whichr

»

should therefore be kept as small as possible.
: - .

As stated in'Chapteﬁ I, the transducer consists of a hiéh
resistance material between two condﬁcting electrodes. Therefore,

electric511X‘it is éimply a cdpacitor whose impedance is given by °
: - - , {

3
’
A

- wres - 2.)
‘Whe*e d =“£ﬁi6kheS§ of ‘active medium,’ C? I
S B R & S
5é5”=‘ PefmittiVﬁtyl6f.fpée‘SpaCe,l o
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and S =« top electrode area.

$ince a transducer operates most efficiently at 05 near fo, and because
frequencies above 300 MHz are being considered, the required transducers
will be less than 10y thick. Also, as shown in Chapter vy, areds in the
order of 1 cm2 are required for sufficient acousto-optic diffraction
efficiencies. Using these values and solving for K in éauation (2.1)
one finds the relative dielectric consfant should be,A{Z. For increased
frequencies this value will be lower. In this case, the need for a
material dielectric constant close to unity will be e;en more acute,
Based upon the above considerations,from Table 2.1 BaZNaNbSO]5
appears to be the best choice since it has the highest thickness
,dilatationa1 coupling factor and a relative dielectric constant less than
50. However, as refe(enced below, large, high frequenc} transducers using
lapped and bonded single~crystal active mediums are techpologically very
difficult to producé. | ! |
Inv€stigationséhave'béen performed using bonded and subsequentlyﬁg

lapped signle-crystal plates as:transducers for signal pkocessingf
apnlications réqdiring 3 db bandwidths of a few hundred megacycles with a
center frequency up to 500 MHz [2.2, 2.3, 2.4]. The bandwidth requirements

* demdnded coupTing coefficients of approximately -5gand small area top ‘
e1ectrodes to provide a SOQ'capacitive impedance Even with these small
areas (diameﬁer “v lmm ) the bond1ng prqblems were extremely 1nvo]ved [2 2].
For examp]e epoxy bonding requires a “bu1]t 1n"’1nterferometer to be
1ncorporated 1nto the transducer—bond substrate since a thickness of on]y
ope-one hundredth of an acoust1c wave1ength can be to!erated This- is

| because the specific mechan1cal 1mpedance of epox{es is 10w relatlve to .

Oother sohd materials <A the case of indium bonding techmques, there -are

a
~
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a ¢}
three thin films involved in the bond as well as a requirement for

precision pneumatic (1,000 to 10,000 psi) pressing under vacuum of the

two overlaid adffaces. After bonding the crystal plates must be uniformly .
lapped or sputter machined. Meitéler states, "The achievement of
transducer layers with laterq] dimensions of several mm and thicknesses
of several um, requires elaborate ﬁeans to measure and maintain a1ignﬁent
of surfaces with high angular precision of the order of : 5 sec of arc”
(2.5]. In view of the above discussion it is not surpfising tpat Warner
states, “thin film transducers continue to have advantages, particularly
for applications 1nv6]ving frequencies in excess of 1 GHz or for
applications involving extended areas or curved surfaces” [2.3].

Since large area transducers are necessary for high diffraction

efficiency~acousto~optic mod&Iatorﬁ ope 1is therefore, finally limited to

selecting the best thin film material. Returning to Table 2.1, Zn0 is

the obvious choice, 'The ultimate success of this trade~off between

Vcoppling coefficient and bondTné layer loss, will of course depend upoh

the degree of perfection obtainable in the thin films and thefr power

handling capabilities,

¢ & B,

2.3 Thin Fi]m Deposition System

.3

" The capability of indepéndently controlling as many of the

-

system parameters as possible should be possessed by any prototype

f%£rication systeh" In'the case of a thin film deposition syétem,
1nd2pendent contr01 over a11 of the deposition paramégérs is v1rtua11y

1mposs1b]e H0wever systems wh1ch approach th1s obJect1ve more c]ose1y

than others can be: c0nstructed but at'a cost of 1ncreased é!hp]exxty
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2.3 Choice of Deposition System

’lhin film preparation can be broadly divided into two classes;
one which depends upon the physical ejection of matefial from a source
and a second which depends on a chemical reaction.

Since the chemical method by definition, involves a chemical
reaction, it is unsuitable for the present mu)ti-layer app]ikatfbnA The
reaction processes available restrict the choice of *ubstrate and materials
which may be deposited. Due to this lack of universality, the cho{ce of
thin film preparation was the;efore 1im1£ed to a method within the

physica]vejéction class. Two distinct processes are included in this
class; evaporation and sputtering.

Cbmpounds may be directly deposited in an inert atmosphere or,
in a.Féactive atmosphere in which one or more of the elements of the

. {
compound are 1nt9nt10na]1y 1ntr0ducbd into the vacuum chamber, The

direct evaporat10n of /n0 is very d1ff1cu1t because first, Zn0 is

refractory, having a melting p01nﬁ 1975°C anpd second, there is a

considerable difference in vap&r pressures of the two Compénént%i Reactive
l . \

evaporation, where zinc is evaporated in an oxygen atmosphere is po sible
and has been dttempted with limited success relative to that obtainped by
Spuéfering [Zf6]‘ ;

4 If the éjection of maferia] is due to positive-ion bombardment,
it ié referred¥to as 'cathodié spu;xering'. This is the.most inexpensive
and widely used method of sputtérﬁng bécause ;he ions may easily be
fsupp]fed‘by a plasma dis;hérge.

| 1n a diode sputtering system, the discharge may be generated

between two e1ectrodes one of which, the cathode, 1is composed of the v

mater1a1 to be sputtered. In this system the sputterlng'parameters



]

cannot be varied independently, and pressures generally greater than

approximately thirty microns are necessary for a stable glow discharge.

Pue to this lack of flexibility such systems are usually constructed for

depOﬁitingvmateria]s whose general deposition characteristics have

been determined in a more experinmntal]yloriented triodé sputtering system,
Therefore, due primarily to its greager experfmental flexibility

a system having a triode configuration was constructed’for Zn0 thin film

.
.

transducer fabrication.
2.3.2 lhe Sputtering Process in a Triode System

The basic components and their relative orientation in a triode

sputtering module are shown in Fig, 2.1, [2.7]. The plasma is formed

independently as the positive column of 4 discharge maintained between a
thermioni¢ cathode and an anode, If the material to be sputtered is not
azdie]éctric, sputtering is accomplished by inserting the target in this

plasma as a separate negative electrode. In the case of a dielectric R.F,
must be used on the target-electrode, In the case considered here where

Zn0, a semiconductor, was sputtered the main advantage of inéorporating

a the}mionic céthode is that even without a magnetic field a plasma can
be maintained at much lower gas pressures (Tow millitorr regicnf than in

a d.c. glow discharge.
i B i:"' . i
An adequate description of the processes which take placCe at

a target in contact with a low-gas-pressure p1aiTa is furpished by

Langmuir's probe theory. Thé plasma has.such high electrical

-conductivity’ that a voltage applied to:a pfobe or target does not result

in field changes throughout the whole column but only in the immediate

vicinitybof the .probe. When a negative voltage is abp]ied with resbect

%
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to the plasma (or with respect to the aln,ode since anode potential is
usually close to plasma potential), the plasma electrons in the}‘electrode
vicinity are repelled, a positive ion sheath is formed through which the
ions stream from the plasma toward the electrode. The mqjor part of

this voltage drop is localized in this sheath. The current density to

\\ Hig ~ Magnetic field
AN ano // constraining plasma
Dark space Substrate
sheath ———__ Film
Target ]
probe
' Magonet
i . coil
A U '
A il \ — Pl
' Avxilioy —EF— £~ __n , 1 [ \ ™ Plasma
anode 3 | M + Hot cathode
o \ 1
\ Gas inlet
* -Awxiliary anode som fimes used ~ Pressure range = 5 x 1074 1072 tore

as this renders target ion current . : o
less dependent on fonization Target voltoge = 1~ 2kV

conditions. \r _Anode vovltage. = 0.2~0.5kV

F1‘g. 2.1\01:4 Pressure Sputtering or Triode System.



the target is related to the applied potential and sheath thickness

by Langmuir's space-charge equation

v 3/2
A4 f2ef1/2 T ;
! 9 ‘“[m{} d? (2.2)
sh
‘#where j+ = 1on current density drawn by probe,
e = electronic charge,
+ .
moo= mass of ion,
VT = probe potential

[}

andi dg, sheath thickness [Z.f!&]k
This is the usual equation used to describe the current vol tage
relationship in a standard, space charge limited electronic tube. However,
in our case the source of charged particles 1s the positive column and is:
" therefore Timited by the number of jons incident on,a unit area per unit

time as given by

R .ot
j* = e n* = ’TI\== 5 (2-3)
I §
+ * .
where n = number of jons incident on a unit area
per unit time,
AT = effective area of target, that is, the:
~ target shedath area which depends upon,‘dSh
f M f T )
“and I" = target ion current. / LT

3k

From kinetic theory

at - _%1' | ) (2.4)
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where p* = ion density in the glow discharge

and " - the average random velocity of the ions [2.9].

Note, there will be little spread in o' because the ior. temperature is
not much higher than the gas temperature,

from equations(2.3) and (2.4) the current density to the target
is constant for a particular p]asnm'density which in turn depends on the
pressure and anode potential, Also, as Vp is increased, the sheath
thickness increases causing an increased effective area. This permits a

coarse adjustment of target current and deposition rate.

2.3.3 Geperal Characteristics of a Triode Sputtering System }

i

Low Pressure Operation

By operating at gas pressures where the mean free path of jons

and sputtered atoms becopes comparable with or larger than the jon-

accelerating region or the chamber dimensions, ene reduces or eliminates
many of the complicatjons inherent in glow discharges (diode sputtering).
Some of these complications are; diffusion of sputtered material back

to the target; poorly defined bombarding ion energies and apgles of
1néidence, as well as chérge-exchange effects in the 1on~§§ce1eratihg
jregion. The 1as£ effect is\due to the fact that an ion moving in its own
gas has a re1ative1y‘high probab111tyiof transferring its charge to a
neutral ‘atom. After\the transfer, thé neutral, which was formerly the
‘ion, continues with:the momentum which it possessed ﬁrior to charge
trénsfer while the ‘newly formed ion has on1y1therﬁa1 energy. If this

effect is severé; most of the ions -and neutrals whichﬂreach the cathode

Y

{
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will have essentially zero energy resulting in mich lower sputtering
vields [7.12].

The mean free path of a gas molecule is given by
KBT

"ﬁn QZP
T

MLE.P.

I

where M.F . P, mean free path of gas molecule,

v

\ﬁoltznﬁnn's constant,

Ky -
) T° = absolute temperature in °K,
5 = mplecular diameter,
and P = total gas pressure [2.10].

Using this formula, with PT = 5u of Argon, § ave. = 3.25 and
T°.= 373°K, a mean free path of 1.65 cm isiobtained [2.17].
| There 1is, however, at least one disadvantage to operating at
low pressures, namely the entrapment of inert gas impurities in films during

deposition. The fraction of impurity species trapﬁeﬂ in a film is given

Gi[{' i ‘
£, = 11 : (2.6)
Ny
Whefe N: = number of atoms of species i incident

per unit area per unit time,

-
n

fraction of impurity species i trapped,

a; = effective sticking coefficient of the species i,
and D, = deposition rate [2.12].

It has been shown ‘that for inert gases having thermal energies,

aj is effectivé]y zero butalso that if their energies were greater than
. ' .r‘."- .



27

-

100 ev. «; approached unity [2.13, 2.14]. This energy was presumed to

be sufficient to drive the argonﬁftoms into the surface, where they would
then be held, S%nce some eneryetic neutrals will be reflected from the
target, due to charge exchange for example, progressively fewer of these
will arrive at the substrate with energies greater than 100 ev as the
pressure is increased. Therefore, provided the use of high pressures for

sputtering does not of itself lead to the presence of excess impurities,

the purest films are obtained by sputtering at higher pressures.
Configuration

, Since the discharge is fed and maintained by the electrons
released from the thermionic cathode whatever happens at‘the target in a
triode system is unimportant for maintaining the plasma. One is
thérefore free to select the bombarding-ion energy even down to very low '

anergy indepenﬁent of the other paraméters 1ike discharge Current or gas
pressure, Also, one can regulate thé bombarding-ion current denpsity
independently by controlling the main discharge current. This, of course,
is condu;ive'to a better understanding of the basic sputtering process as '
well as experiﬁenta1 flexibility. An excellent example of the latter
~point is the increasing use of systems having the triode configuration
for se]ective surface etching and implanting foreign ions in solids to -/
modify their surface 1ayers; that is, e;sentially‘using the system in |
reverse. . . ' e

| Thgre are, however, at }east two disadvantages to this‘éysteﬁ
Eoﬁfﬁguratioﬁ; ”First; it is difficult to pgovide;unjform films over

: . A . -
extended areas; .and second, such a system is more cumbersome to build
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and operate than its diode counterpart.
2.3.4 The Deposition System Constructed

The transducer fabrication system constructed is shown
schematically in Fig. 2.2 and photographically in Fig. 2.3.

The nucleus of the system was a six ipch diameter, six arm
glass cross, which was mounted on a 1000  litre per second Carl Herman
Associates high vacuum pumping station. Although the module was.not
bakeable, base pressures of 5x10"7 Torr,;as measured on an N.R.C. cold
cathode ionization gauge, were easily obtained when the Meissner trap,
jocated in the champer, was cooled down to ~ 130°K. For pressures greater
than .5u a precision M.K.S. capacitance manometer pressure gauge was used
éo that the sputsering gas mix could be more accurately monitored and
controlled. The substraté\tab1e temperature could be raised to 450°C.
Also included in the system was a three element target changer assemtly

] ,

so that three separate materials could be Sp%ﬁtered at will, without

breaking the vaéuum. [

. Chamber Cold Trap

7 A Meissner type‘éf cold frap was chosen because it could be
cyéled very rapidly. This is necessary if' the substrate is to be removed
from the vacuum chamber within 30 to 60 minutes after deposition
termination. If the chambef weré‘to be opened immediaté1y after depositfon

M. was completed and the chamber trap was still pumping, then it would become

saturated with the condensable vapors from the atmosphere.”ﬂThis of

oy
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Legend to Figure 2.2

a

b

Capacitance manometer pressure head

To reference high vacuum

Cold cathode ionization gauge

Water cooled anode .
Magnet cofil

Pyrex target shield %

Chamﬁer shield ™~
Presputtering shield

Substrate table

Su%st%géé arm vacuum plate

InsGT;ting glass feedth#ough plate
Electrical connections (thermocouple, heater)
Meissner cold trap

Liquid nitrogen

To diffusion pump

Dual filaments

Filament shield

Sputtering target

~_Target changing arm
L _

ﬁfbbe arm vaé@um plate

Coaxial probe (coo]ed,‘R.F. or‘D.C.)
Gas in1et‘fromvmixing manifold

R.F. or D.C. coﬁnector

R.F. matching network

Insulated taEQet’drawbolt

Drawbolt nut
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course would contaminate the system for the subsequent runs.

The piee‘!gihy was coolted, when its pumping action\was
required, by\fohting co%d nitrogen gas through it. This was supp]ied
from a pressurized dewar (evident in Fig. 2.3) with the efflux going
into the surrounding atmosphere. The temperature of the efflux was
monitored and kept at about -140°C. Rapid warm-up of the trap prior to
atmospheric exposure was achieved by forcing dry gas under pressure .

through it.

A heating element was situated on the transfer tube at the

Jjunction of the pressure release valve and pressurizing gas inlet.
3 \

Besides preventing the pressure reléase vaTQe from freezing, this.element
. "'\ ’\\‘
allowed coarse temperature regulation of the n}trogen‘gas This was

* \

necessary to prevent’ the sputter1ng gases from condens1ng -Oxygen

Y

1 qu1‘f1es at 90°K and Argon at 86°K. o )
The trap was Tocated in the pumpihg arm _and shaped in the form
n \

of a conical helix. The trap, therefore, offeﬁﬁ a large surface area

LY

~and a: low molecular conductance path between the\ﬂiqzsition chamber and 3
the high vacuum region. Thus, both condensab]e,vep s fr5@§thé
deposition chamber and backsﬂrea@ingroil vapors migr;tjng %n%b\the chamber
are effectively trapped. A]though, some throttling wa;\provideg by this

trap, a mechanical throttle was still found necessary.
I{l ) J | 1 ’r?%%%

Pressure Measurement | R - e

The accurate control of the partial pressures of the dases used

~in the chamber during deposition, as w111 be shown was of the utmost

R
\

;\

Py

fc

a0
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importance. During the investigation ioniz 'jfn, thermocouplc-and
pirani gauges were tried, however, all showed:cn’into]erable dependence
upon the gas species present. The M.K.S. capacitance manometer vacuum
gauge, however, is species independent and proved to be adequate. This
dauge measures thé‘change in capacitance reshjting from the deflectfon of
a membrane which separates a constant pressure (high vacuum) reference
chamber and the unknown pressure chamber. The completé measuring hea&
is temperature controlled for added stability. The pressure js directly
‘measured from the number of molecular co]]isions per unit area per unit
time and is not dependent upon a property peculiar to the gas‘such as
thermal conductivity‘or ionization potential. Corresponding to a
pressure of 5 microns as measured on the M.K.S. gauge, the pressure inside
" the main chamber shield was 4.2u. The pressures specified in this thesis‘
were taken directly from the M.K.S. capacitance manometer readouf.

It should be noted, however; that ‘the ideal measurement system
‘would consist of a species independent gauge used in conjunctjcn with flow
meters on each Bf the éas input 11nes. This, is because; in a‘flowing'
system the true partial pressures, which are the s1gn1f1§int paramcters

)

can only be determined 1f the pumping sﬁéeds of the 1nd1f§§u,] gases as

'well as their respeotive throughputs are Known As 1mp11ed;““g1 gases are
“in general not pumped equa]]y This can be dge to the pump. 1tse\&t also
‘due to se]ectlve getteiupump1ng by tﬂe vacuyum chamber wa]]s f11amentgsor
in the case of a th1n £ilm depos1t1on system, by the freshly depos1ted |

‘ f}lms In this latter s1tuat1on an accurate determinat1on of the

. 1nd1v1dua1 pump1ng speeds 1s diff1cu1t ' Thus, 1n a dynam1c system the

s best alternat1ve is to specify the mass. f]ow of the 1nd1v1dua1 gases and -
the tota] pressure together w1th«a SChemat1c of the system show1ng in '

4

the 1ocat10n of the vacuum gauge. ‘as we11 as the system volume

part1cu]ar
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and internal structure. The partiat pressure measurements given later in
the thesis should, the?efore, not he considered as absolute.

’

Gas Introduction System -

The pure gases, Argon (99.999%) and Oxygen (99.997%) were
intﬁoduced'into the.system through a pynex,m;xing manifold. The 'mixed'
gas inlet was ]bchEd on the proberarm vgcuum'p]ate, Due to the position
ofythe target shield during deposition the gas was forced to flow through
an annular area surrounding the target. It shouldbe noted that "

industrial grade gases were tried, In this case the Meissner trap became

visibly covered with condensed vapors within 30 minutes,

Anode
(",
The anodé was simply an aluminum disc with roundéd front edges

mounted onto .a watep cob]ed, insulated feedthrough,

Filamenpts :}
‘The coiled (» 3 Joops) filaments cdhsiste@ of two strands of

5.

.020 inch tungsten wire twisted togethes”" When run at 45 amps in a pure

argon atmosphere they. had a 11fet1me of appr0x1mate1y 1500 m1nutes

r i

However§P1n a GOA - 40%, 0, - Ar atmosphere the1r 11fet1me was=feduced to
approx1mate]y 150 m1nute7 Since ZnO depos1t10n t1mes of ~ 250 m1nutes'

rwere requ1red dual filaments were 1nsta]1gd The" filaments were mOuntle

'i on 1nsu1at1ng, water_cqoled feedthroughs. The filament chamber was

E ; -
7 i
- ’
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provided with a tantalum shield having a center aperture 2 inches in
diameter. In this way, the system contamination from the filaments was
reduced and, at the same time the electron source was effectively
~centralized,

s

flectromagnets -

In order to confine and further centralize the discharge two
cylindrical e]ectromaqnets were mounted as shown in Fig. 2.2. P1aSmai
confinement, of course, allows stable discharges to be operated at low
pressures. In this §ytem, sputtering was possible at pressures less
than 5><]0”4 Torr with an anode potential of apbroximaté1y 100 volts,

2.5 aﬁps anode current and:a magnetic flux density of 120 gauss, The B
field was produced by running 2 amps through approximately 2000 turns of
pumber 20 magnet wire, \

Substrate Table

The sub%traté table anSiSted of a two inch diffusion pump .

':heating element disc enc10§ed in an a1uminug p;11 box type -of structure
(see'Fig; 214). A type J thermécoup]e was centrally mounted and in good
fthe;maT Cont@ct with the t$b1e. The heéting:e1ement was used for vacuum

annealing the gold thin films and was: not used during Zn0 deposition.

[

The heating table could be'elebtrica11y biased with respect
to- the anode,becausé, the hgéting element was electrically floated by~

conpecting it to an -isolation transformer and the vacuum linear

-«

feedthrough for fhe table was mounted. in an §n§u1ating glass annulus

-
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which in turn was supported by the substrate arm vacuum plate. The
linear feedthrough was necessary for varying the target substrate

separation as well as permitting target changing under vacuum.
/

Presputtering Shield, Target Shield

Also mounted on the substrate arm vacuum plate were the linear
feedthroughs for Lheztérqet and presputtering shields (see Fig. 2.4).

The presputtering shield was simply a piece of 'pie shaped’
alumipum sheet while the pyrex target shield was shaped as shown in Fig,
?ﬂ2{f“lhe taréét shield, during sputtering was translated to a position
adjaéent to the unused targets. In this manner, back-scattered,
sputtered material was prevented from Contaminéting the surfaces of the
targets pot in use. It also provided a guard ring necessary during the

deposition of Zn0,

Substrate Mount and Indexed Masks
\' ~
\ A

Many differently shaped substrates requiring a variety of

holders were used during the course of this investigation. The oné shown

in-Fig, 2.4 was used to hold the germanium cubes on which the transducers

9

were fabricated. The two :piece holder was spring loaded and equipped

¢ ‘with two indexing pins necessary for repeatable, accurate masking.

Also shown in Fig. 2.4 are two masks, one attached to the
presputtering shaft and a second, adjacent to the holder. The former was
used when the vacuum was not broken between the gold and-zinc oxide

deposifion while the latter was used when the vacuum was broken.

*

.



As mentioned in Section 2.3.3 films triode sputtered are not
uniform in thickness over extended areaii This difficulty is compounded
by the substrate mask, 1h fact, for masked areas much smaller than the
target area, their effect becomes dominant. To reduce the contribution
to nonuniformity by sputtered material reflected from the mask edges,

sharp edges were used.,

Chamber Shields

To facilitate rapid cleaning of the module the four horizontal
arms were lined with fitted, removable glass liners. The main chamber
liner Qas simply a pyrex cylinder with two, 1 1/2 inch diameter holes
colinear with the plasma path, These apertures prpvided the only pumping
access to, the deposition region, [In addition, due‘to tbéir si%e, thef
served to further confine the plasma and reduce the contamination from the
discharge electrodes. This liner could not be separated into two smaller
lipers since it supported the target Shié?d,:previously mentioned, during

its translation,
Probe

The target mounting section of the probe is illustrated in
Fig. 2.6 Basically the‘device was a water cooled coaxial transmission
line, terminated in the target material. ‘This design m§de it useful for
R.F. as'we]] as D.C. sputtering. |
| It has a.tapered term1nat1on wh1ch was found necessary for
gu1d1ng the target onto the probe as we11 as for the, formatlon of an

. A
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<—— Copper Tapered
" Termination

«— Target Drawbolt

Fig. 2.6 Cross-Section of R.F.-D.C. Probe - Target
Mounting End. . ‘



39

acceptable thermal contact between the iarget and probe. T?e target

)
drawbolt could be linearly moved along the probe axis. The drawbolt
vacuum seal was located at the matching network end, not shown in Fig,
2.6, the vacuum seal between the inner and outer probe conductors was of
a swadgelock nature and was located approximately two inches from the
target; and fipally the outer conductor vacuum seal was located on the

probe arm vacuum plate.
Target Changing Assembly and Procedure

A schematic of the target mounted in the changing arm assembly
is shown in Fig, 2.7.

The targeérit381f was'ébOKieﬁ\rith ‘Cerac Hot Pressing Inc.,
Silver bpoxy' 6nt0 a. copper backing plate in the back center of which was .
hard soldered a tdapped brass insert, Above the insert a tapered Seét was
machined in:the copper to identically match the probe termination taper,
The backingrpTateiwas SPFing JToaded into the glass shroud using the
backing plate ﬁUtr- The insulating pyrex shroud guarded against Sputtéfing
from the target edge and backing plate aszwe}T as Being the mgans by which
the target was attached to the target support shroud hence the changing arm
itself. For non-metals (e,g. Zn0) the shroud did not protrude past the
back surface of thrtarggt. Tﬁé target Shroudsiwere held in the target
shroud supports‘by.a spring loaded, slotted, locking arm. By simply
rotating this arm 180° a new target'cou]q be inserted. Fig, 2.5 shows the
relative positiéhs of the targets during operation. | |

Securing the targets td the probe was accomplished by centering

the targets on the probe through manipulation of the target changing arms,

3
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“then engaging the drawbolt in the threaded insert followed by tightening

of the drawbolt nut .,

2.3.5 System Safequards

The block diagram showing the electrical safequards built into

the system is shown in Fig. 2.8. These safeguards were necessary to allow

- unattended operation as well as for equipment safety,

The R.F. power supply was protected against high reflected R.f.
power levels résu1t1ng from discharge failure by relay ‘a’, which switched
the R.F. power subp1y off when the anode current became less than half an
amp. This generally occﬁrred as a result of filament burn out or a
decrease in chaﬁbervpreﬁsﬁre.

Relay 'b' was an over pressure relay built into the N;R,Cﬁ vacuum
gauge controller and could be set to switch for chamber pressures greater
than ten microns, This guarded against formation of a discharge between
the probe and anode due to high pressures resulting from a sudden system
leak or warmin; of the Meiss;ér trap be de-energizing relay 'c', |

The power:to relay ‘c' was controlled by two switches, first,
tﬁe ﬁormﬁ]1y closed contacts of relay .'b' and second, the module coolant
level mercury switch. The normally open cqntact of relay ‘c' switch the
ifi-line module water vaive; the power to fhe d.c. power supply, filament
power supply and substrate heating power supply; as yeil as the timer,
Theréfore, when this relay is de—energized‘modu]e operation is completely
sﬁut down and the time of shut down recorded. w | .

tpe moddie coolant switch prevented the system from operating-

when a leak in module water lines occurred or when the main water supply

was'shutﬂoff."
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Legend to Fiqure 2.8

’

\
Relay Contacts

Switches

Under Operating Conditions

Relay Contacts

Switches
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Normally open; energized by anode current

Normally closed; energized by over pressure
gauge reading

Normally open ; energized by Tine voltage

Module coolant level switch

LN
Diffusion pump thermal switch
Foreline pressure switch

Diffusion pump coolant switch

ciosed
c]osed

closed

c]osed}
i

closed”

- closed

closed
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Theﬁyaépum system itself was also protected by: a diffusion pump
thermal switch to insure against the diffusion pump ﬁeating section rising
above the cracking temperature of the diffusion pump fluid; a foreline
pressure switch set for 100 Torr; and a diffusion pump coolant switch

which monitors the main water ?ressureh’ Activation of any one of these p

switches turns off the power to the diffusion pump.

2.4 Discussion

One of the most common methods of providing the necessary high
vacudm a %ystem may require js to enclose the working apyaratus in a bell
jar type of “structure which is subsequently evacuated. Thiswapproach
posed many problems for a triode sputtering system in which more than one
target was required. Since the probe must be adjacent to the plasma and
yet opposite the substrate, oHTy a single probe was feasible, making an
externally operated target changing mechanism necessary Also, in any.
deposition.system, it 1s advaptageous to pOS!tiCn thé source and suhstrate
5o as to re&uce their contamination by sputtered maleria1 which has broken
away from the chamber walls. This implies that the probe aad substrate
table feedthrough axis shcuid be horizonta]. Due to tﬁese considerations,
the system emp1oy1ng a six arm cross was constructed. Not only was the _
suggested conf1gurat1on realized but a]so the magnet coils and water Tines
were kept external to the vacuum chamber. Although the system was
' acceptab]e there were problems which were encountered. v

One of the ma]or problems encountered was arc1ng to the
sputtering targets. In the case of meta]s the arcing was between the
target shroud and target.' This is believed to be due to improper

shik}ding which‘a1]owed the chargevaccamuﬂated on the coated shrouds ‘to
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discﬁarge via an arc to that area of the target in closest proximity to
/

0 the shield. This problem became more acute as the target potential and
( : { .
total gas pressure were increased. It is suggested that a redesigned

~

;iarget shroud as shown in Fig. 2.9, would alleviate the arcing problem
i 14
fonp metal targets as well as aid in counteracting the dust problem to be

‘ diéLussed below. It should be noted that the use of such a target shroud was

’jmﬁossible in the system constructed due to the physical dimensions of
1

C
i

"the side arms. p
* i . Before considering the dust problem, arcing to the zinc oxide

target should be mentioned. As indicated in Chapter 111, the characteristics
'; of sputtered z1nc oxide are very dependent upon the depos1t1on conditions

I ,
“'used. When deposited in an Oxygen deficient atmosphere the conductivity of
[ -
' the film and a portion of the target surface appeared to increase.
| '~ Agcompanying this increased conductivity was intolerable target arcing.

8

}3Tﬂe semicontinuous arcs in this'éasé, were formed between the discharge and
g ?{lcie target. The target shroud was not necessary for the formation of .the

%1 drc but, due to the conducting film on it, served to aggravate the situation
| *4 &y 'of fering a lTower resjstance d1scharge path to the target surface. It

f

'1’ ns thought that a conduct1ng network to the target backing plate is formed

upn the target surface. This not only offers the necessary Tow resistance

Jpath but a]so effect1ve1y reduces the target area; both of which are

]

conduc1ve to the formation. of an arc d1scharge It was found that the only

lJ
,‘ solution to this and other prob]ems 1nvo]v1ng Zn0 was ta increase the

A

_A~*—

L?
el ‘
;3ﬂ5onygen content in the sputter1ng gaSvmix. Use of the redesigned target
gt S .

#’,shroud would, however, still be desirable in order to control the 'fine /

&,

i

;7‘/4 Part1c1e contam1nat1on prob]em

bl
Ao R - !
;iiﬁﬁ . The secon%:magor prob]em encountered was the control of fine
7 n, .
” “,\ "‘V;v‘, . ' .
‘l:/'}- /!"‘;"A .
/3 B
A



\ \3\\\\ - g?;xg:t Backing
d;; . Pyrex Target
//jk Shroud
s .
Target

dsy, = plasma sheath thickness

Fig. 2.9 Propqsed;Meta1 or Semiconductor Target Shroud.

Target Changing Arm

oy ¥ " probe Side Arm

Fi ' i
S;;:m::; N To Meissner Trap &
Diffusion Pump

A,
“*
Magnetic o :
Field A0 == !
4 .
I [/ T
~ Anode Side
D , i
. ‘ . : . ‘ ‘-——-— . *a
- Glass Liner :f}: ' Substrate Side Arm

|
:/ ‘ y L )
| Top View of Proposed,
Deposition System.




o 47

dust-like particles of Zn0 which became more prevatent with increased

film thickness and deposition time. This problem was extreme]y‘important
since incorporation of these particles into the film during "growth

results in stress and pin holes which may cause the active medium to
fracture or be shorted out,‘respectively. The source of these particles
appeared to be the films on fhe substrate and main chamber shields as well
as the farget‘shroud,‘which had bréken away. It is suggested that the
films on these shields flake due to: (i; their intrinsic stress which will
be considered in detail in Chapter III; (2) their thickness; (3) tre
scrubbing of the shieid surfaces by the plasma, and possibly most important;

(4),the angle of incidence of the sputtered material on the shields. The

- LY

last two’consﬁderatiOns are based on the observation that, the .area on the
chamber shie]d‘which breaks away first is at an angle of approximately 45°
to the target surface normal and colinear with the plasma path through the
shield. This situation, it is fe1t, cou]d be improved by: (1) using theﬁ

proposed cup shaped target shroud; - (2) having a larger- deposition chamber

'volume and; (3) using smooth (possibly glass) substrate masks since ZnQ

. films, when deposited under the proper conditfons on polished surfaces are

Y

of optical qua?ity and do not fracture, It should also be not@d that the'

particles adhered to the target surf@ce as wel] as the substrate surface

Their presence on the target surface d1d not seem to be affected when R.F.
probe'potentia]s were employed. A more thorough 1nvest1gat1on would have
to be performed, however to decide whether or not their adherence was
e1ectrostat1c in nature. | ’
Another problem which exlsted with the system- constructed was

the contam1nat1on 1ntroduced into the depos1tﬂon reg1on by evaporat1on of

P

1

the tupgsten filameénts. This is‘due to thehd1rect_11ne of sight access

®
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between the filament chamber and the deposition region. "This direct path
could be.eliminated by mounting the filaments at riqht anyles to the
dvpo&ition.region access apertures and bending the electron bean
magnetically.

Lastly. the heatjng wire in the diffusion pump heating element
uced in the substrate taple was éﬁcdpsu1dtéd in porous alumina consequently
subject to prolonged nutqaﬁéinq. This outqgassing could be considerably
reduced by mounting the heating wire in bard, noN-porous ceramic tubes
which could then be iqcnrporatﬁd in the substrate table,

/

R . A . ' X ‘ A
The outline of a stainless steel system incorporating some of
the features suggested above is shown in fig, 2,10. Not 031}rcou]d the
electromagnets be hung from the tOp'platé but also mounted on this plate

could be a viewing port and the vacyum gauges, The diameter of the main~

> ¢cylinder will depend upon the size of the target changing assembly,

suggéstéd? however, that it should be no less than 18 inches in diameter
as well as in depth.
Iﬁ addition to the interconnections presently employed, it

would be advantageous'foj?nt§r1ock the ﬁiﬁer with a switch which mbnitors

the fidament current. ) g
2.5+ Conclusion
"It has been shown that for large area, efficient, high frequency

L . [ : .
, transducers, .a thin film of Zn0 is the ?est choice . for the active medium.

~ After considering the possible methods of deposition,:a triode sputtering
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cystem was thought to be the most experimentally oriemted and versatile.
Ihi< versatility is highlighted by the fact that, with no modification it
lﬁay be converted to a diode sputtering system. The triode systen

constructed was described in detail. Two significant fﬁpturﬁs in this

design were the ROF.-D.C. probe and the target changing facility. vAlthough

adeguate, the system was not without problems and an updated system design

was presented,
4



CHAPTER 111

”

IMCLOEHCE OF pEPOSTTLION PARAMET fH) O FILM CHARACTERISTICS
1.1 Introduction

fFor thin films of /n0 to.be efficient dilatational mode

trancducers, the ‘c'-axis, (-0002- direction of the individual

’Cﬂjitﬂ]]itéi) must be aligned perpendicular to the substrate surface

n]~ ! i

t This is referred to as perpendicular orientation, The angular
distribution of the 'c'-axis of the crystallites about this preferred
direction determines the 'level of perpendicular orientation’,
The structure and composition of thin films are, in general,

qly dependent upon the deposition conditiops, FEpitaxial Zp0 thin

films have previously been pr roduced but qt Tow supersaturat tions (high

__..n

substrate temperatures and low deposition rates) [3.1]. In a practical

fabrication system however, one is limited to deposition at high
iupéFSatufatiOﬁSr ATthough this gen ]ly result ‘n‘fiimﬁ having a Tow
level of orlentat1on, it was found that by contr01]1ng the state of the

nuc1eat1ng surface "(thin f11m of gold) as well as the partial pressure of

oxygen in the sputtering/gas mix, a high 1eve1 of orieptation could still
be obtained.
In particular,|it was observed that the degree of <111~

Vperpendicu1ar orientation gn the go1d film was reflected in the level of

L}

=

L

<0002 perpgndiéu1ar orfientation in the overlaying 2n0 thin film. However,

. concomitant with this fncreased level of orientatioft was an increase in

S



the level of mechanical stress.  This p}dbyém was’eventud]]y traced to
an oxygen deficiency in the sputtering gas mix.

The following two sections deal with the x-ray technique used
to evaluate the crystal Structure of the films and; the method employed
to measure th} film thickness hence dﬁp@ﬁition rate.  In Section 3.4
the factors influencing the level of orientation in /noO Lhin:filmﬁ are ”

Y
discunsed.  The manner in which the stress manifests itself is presented

in Section 3.5 and in Section 3.6 the results of the non-structural
/
analysis are given, The chapter is followed by a discussion and conclusion,

3

3.2 X-Ray Analysis
A modified Debye-~Scherrer powder x-ray di;ﬁractiﬁn technique was

the primary diagnostic tool used to investigate the crystalline structure

of the thin films,

Zdhk1 5in Og = A (3.1)
- ,
where dhk1 = the intérplanaé'épaéing between planes )
having the Miller indices h,k,1, f
Og  + = the Bragg angle between the ipcident beam
and the diffracting plane in the crystal
and xx - = the x-ray wave1ength7

This equation may be expressed dfagram@atica1]y in terms of

ol = . & B H ";T E § )
the reciprocal-lattice vectors. This construction, due to Ewald, !

is shown in Fig, 3.1
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Fig. 3.1 Graphical Interpretation 01 the Braqq Law in
Terms of Reciprocal Lattice Vectors

where 5, . = L5 - reciprocal-lattice vector (3,2)
hk 1 d
Jhkl
and n = the unit vector normal to the diffracting

plane of the crystal,

From thlsveoystruet10n 1t *can be seen that a diffracted beam 1is possible

»

only whén a reciprocal-lattice vector lies

—Fh

n the Ewald sphere of

‘

o

reflection. The reciprocal lattice is derived f the real lattice
using equation (3.2), ¥

Thin f1]ms are po?ycrysta?]ine 50 that many crystals will be
irrad1ated by the incident x-ray beam and also, these crystals will be
in general, randomly oriented with respect to each other. Therefore, the
reciprocal-lattice vectors representing any one particular‘plane will be
randomly directed but é]A of the same length. The rec1proca1 1att1ce
space may therefore be represented as: a collection of concentric spheres
whose radii are the various poss1b1e reciproca1~1att1ce vectors, Since
“the intersectipns of two spheres (Ewa]d sphere of reflection and the

‘recipraocal lattice sphere) is a- c1rc1e for each reciprocal lattice

i
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vector a cone of diffracted x-rays passing through this circle emanates
v

trom the specimen.  Analysis of the diffracted radiation as capth;ed on
film provides information on the interplanar spacings in the material as
well as any preferred orientation, denoted as texture, which may be
present in the specimen, )

lexture occurs when a particulareplane or planes (represented byq
their normal<) in the individual crystallites tend. to be aligned about
a pﬁ@fﬁif?d—dir?C(iOHn for thin films, this situation is very often
encountered and is highly dependent upon the thin film deposition
conditions. Due to this preferential a]iqnﬁent, the angular distribution
of the crystal planes is no longer completely random. That is, the
FFCipFOCd1*1altiCﬁ vectors no longer lie on a C]O§ed‘§ﬁﬁériéa1 Suéface
but on an open portion thereof, which is centered about the preferred

N

direction. Thé'diagfammatiéa] representation for this situation is shown

in fig, 3,2 for the case of Zn0,

have perpendicu]ar orientation, This is bécause the réciproca1ﬁ]attfte
vectors for the Znf) (0002) plane are distributed about the normal to the

plane of the thin film, Should they be distributed parallel to the

plane of the film, theqPrientation will be terned pafa11e1 |
reffection from the Zn0 (0002) plane will be observed. 'The perpe@icular
orientétion, necessary‘for thickness mode di]atation;1 transd;cers, is

of course, desired. v r

. The surface of the specimen has been tilted 156° with respect to

the incident x-ray beam so the reflection from the (0002) plane would be
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recorded.  The x-ray wavelength used was 1,54 A obtained from nickel
filtered radiation from a4 copper x-ray target. [he specimen to film
distance dsf’ was usually b cm.  The approach for films other than

/0 vias <similar, 4
3.3 dhickness Determination

Thickness 15, 1n general, the single most significant film
parameter [3.2]. 1t may be measured either by in-situ monitoring of the
dépqiition rate or after the film is removed from the deposition chamber,
The latter method was employed due to the deposition parameter control
tnherent in the triode sputtering process. The various materials were
deposited under controlled deposition cond{tions, then the films were
removed from the chamber and their thiékﬁéii determined by the stylus
method. ~ A Taylor-Hobson Tallysurf 4 having a vertical resolution of

~ 125 A and a horizontal resolution of 1074 inches, was used,

The stylus in this case, con

Vi

isted of a diamond with a rounded
(R i:1.25u) tip fastened to a lever arm whiéh was delicately balanced
so that the load on the tip was only .1 gram, A differential inductance
transducer transforms vertical variatipns of the stylus arm, as it is

() !
- dragged across a surface, into an electrical signal which is subsequently

5 to 106 and fed into a recorder. An example of the

~amplified by 10
recorder output for a chromium thin film sputtered on a pyrex substrate

is shown in Fig. 3.3.

<
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Fig. 3.9 Tallysurf 4 Recorder Output Trace of Ldge of
Chromium Thin Film Sputtered on Glass Disc,

.

Vertical div, = 508 A, Horizontal div. = 10azin,

; ®
The advantages of this method are: (1) it is applicable to
all films, that is, metallic, semi-conducting or dielectric; (2) the
maximum thickness which may bé recorded fis essentially §ﬁ1imited; f
(3) the film need not be deposited on a special substrate (provided it
15 reasonably fiat and parallel) or undergo any post deposition
treaiment thereby permitting it to be used as originally intended (e,q.
as-a transducer); (4) it provides not only the height of the step but

also thelstep profile and Tastly; (5) absolute measurements can be made

rapidly. r

rﬁhén doing a deposition rate calibration run, the percent error
due to the relative]y Tow resoldtion (compared to inte;ferométric‘methods)
can be considé;ably reduced by increasing the thickness of the film. Inr
this mgnﬁer the percent error was reduced to less than 1%;‘ For the

transducer equivalent circuit analysis to be presented i Chapter Iy, the

film thickness accuracy required is ~ 5%. This was the approximate

LY
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repeatability of the deposition process as measured for /7u thick Zn0
thin films. Therefore, the accuracy of the Tallysurf 4 was more than
suitable for this investigation, There was, however, one problem with
this particular model of Ia]]ysur;; the force on the stylus was enough
to create a visible (under a microscope) tremgh in the soft gold films.
In this case thé gold thin films had to be overcoated with a chromium
film before being measured, In models of the Ta]lysjﬁf specifically
designed for thin film thiegnPSi analysis, this problem is largely

overcome [3.2].

3.4 Factors Affecting the Level of Orientation in Zn0

- 4
The effect on the thin film crystal structure of various
deposition parametérs were determ1ned by the x-ray procedure discussed in
Section 3.2, The values of oxygen partial pressures quoted in this section

|

§hou1d ﬁot be taken as ab>o1ute for reasons a gady discussed. In gehera
? l
results mvc?vmg the use of high vacuum systems are very difficult to
duplicate exactly in different (environmentally as well as physically)
A H

systems. Values specified should, therefore, be thought of as indicative

- of trends rather than absolute.

3.4.1 Sputtering Potential

In Fig. 3.4 the effect:of th*sputtering potential on the
i ‘ -
orientation is demonstrated. In Fig. 3.4a and b the probigconditions were

800 volts apd 1500 volts, respectively, at Bﬁmﬂh‘amps, u' ’ing!ﬁ 10K'

¢ o : .
ﬁa]gt resistor. The p’hentieﬂ specified, in all cases, includes the



Fig.3.4a - 800v, 34ma, 10k; 25 A/min.

)
(6002)

(1010)

Fig.3.4ab - 1500v,. 34ma, 10k; 50 A/min,

Fig. 3.4 X~ Ray Diffraction Photographs of ZnQ Triode
Sputtered on Singlée Crystal Germanium.

L2
(1610)

‘F1g 3 5 X Ray Daffractlon Photograph of
: Zn0 Triode Sputtered on §ingle
Crystal Germanlum - 200 A/min.

i

~
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voltage drop across the ballast resistors. The common Zn0 deposition

~

conditions were:

Substrate - unoriented single crystal germanium
b ~ 15%
O?
e (total measured pressure) - v 1.5u
Deposition Rate -~ < 50A/min
1

Substrate Table Temperature - 75°C to 1257C.

The film in Fiq. 3,4;-exhibits no perpendicular orientation
whereas that in Fiqg., 3.4b does show a Jow level of -0002> perpendicular
orientation. Both films were mechanically Stab1e*f

These results suggest that the level of <OOO?é perpendicular
orientation improves with increased target potential, Since the highest
possible level of <0002z perpend1cu1ar orientation in a mechanically

stable film is refjuired, a high accelerating potential was used.

3.4.2 Deposition Rate

In Fig. igas the effect of 1Lcrea31ng the deposition rate on the
orientation is shown. Here a depos1t10n rate of approximately 200A per
minute was used. This 1s’to be compared with that used for the film in

» Fig. 3.4b. The remaining Zn0 deposition parameters were:

:;ﬁubstrate - unoriehtea single crystal germanium’
P . - 45%
0y

" PT - 6)1 i
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2
Substrate Table Ieémperature - /5°C to 125°C
farget - 1.6Kv, 43 ma, 10K, i

The x-ray photograph again indicates a lack of perpendicular
orientation. The film‘wae mechanically stable,

As is generally accepted, increasing the deposition rate
(raising the supersaturafion) has a randomizing effect on the crystalline
order in a thin fﬁﬁnn This effect is 6bserved to be substantial since
a high target: potential was employed as_well as a high partial pressure
of oxygen, both of which are éonducivé to creating a higher level of
perpendicular orientation. The significance of the latter Condition will:
become apparent in the following section.

From a practical fabrication point of view, a deposition rate as

high as possible is advantageous.

3.4.3 Partial Pressure of Oxygen in Sputtering Gas Mix -~ P Coa

The partial pressure of oxygen used .n the sputtering gas mix
Was very important in this 1nvest1gat1on since it not on]y affects the

film structure but also: the ]eve1 of stress in the Zn0 films. These two

/

— . e

. fﬁ]@ﬂﬁparaqter1st1cs are, of course, expected to be jinterrelated.

r

f;¢ »In Fig. 3.6a, b and ¢, the partial pressures of oxygen in the

[ 4

(sputter1ng gas m1x were 0%, 30% and 60% respectively. The common Zn0’

deposition cond1t1ons were:

A
!

\ - Substrate - pyrex discs

o T e



(1611)

(1010)

(006G2)
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4

ey 'Figﬁ!3.6c - Py= 60%
. e A o 2 . _
Fig. 3.6 X-Ray Diffraction Photographs of
| Zn0 Trdode Sputtered on, Pyrex
.7 1.65kv, 44ma, 10k; 300 R/min.
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‘,pyrgxebut aTsQ,the gra1nzs1;é! | : g

67
Deposition Rate - JﬂN)A/n:inN\\
Substrate Table Temperature - /570 to $H0(

. Farqct. - 165 kv, Abma, 10K,

[t can be seen thal an incredsed P” induces a higher level of

¢

) A . ) . _ ' .
perpendicular orientation for /n0 on amorphous pyrex. 1t must be noted

N

here that the film responsible for fiqg. 3,60 failed mechanicalkly but the
. : "\

- P By : = — 2 \ b I -
filme in fig. 3:6a and ¢ had sub-failure stress levels.  Thus, not only

does increasing PG improve the film orfentation but it also serves Lo

)
£

FP]iPVP;ﬁLPPﬁﬁ. In the case represented in'Fig. 3.0b, the induced leveld

of Or‘Fntatlonawax higher than a P = 30% could stress relieve,

Nl

. £ 1
This P’ stress relief effect may he atated as follows: depending
7 . -

7
upon the or]nntdti)n induced, the mechanical 5tress can bhe réduced to a

P

ﬁub;fﬁiiuﬁﬁ'ﬁ§V§1 b};gpprgpriate1y adeitiﬁquﬂﬁﬁ This will be made more

ohvious in {hﬁr%éCtiOﬂ dealing with the effect %f the nu 1ﬁ: ting ﬁuéffo

on théfOfiFntégibn in a thin film, | ry
Scanﬂiﬁ§ éch%fén microscope.

&.L
ol

from which Fig, 3.6a and

Tié angle:hetween the substrate :urfaiﬁ:pormai and the

4

E.

beam was ]8“ for. these photograpnﬁ. The surface in Fig..3¥a (P,

ppe s tq'be Lompo%ed of small crysta1}1t6s raﬁdum1y onignted while that
1n F1q 3.7b (P = 607) appears to be made up of better orlented 1argér"
2 ¢

ury@ta]11Lesx Due to the specipen shape focusing with magn]fvcat10n,

greater than 20,000 was: d1ff1cu1t Shaﬁp]y TOLused pwotographs at h1gher

0

" magnlf1cat1on of the surface 1tse1f or a’ rep11ca thoreof wou1d be

»

!nccessary for a prec1se gra1n s1ze deteymination HPre we -see that the

vfoxygen coytent affects not on]y the orientataon in 700 th1n f11ms on

il . B R v, e ' ' i
i v i N ~ [ -
3 s Ty sy s .
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Fig. 3.7a S.E.M. Photograph of the Fig. 3.7b S.E.M. Photograph of
Thin Film Represented in Fig. 3.6a. the Thin Film Represented in Fig,
. 316cC.

g ’ C -
Flg 3. 8 Photograp\ of a Large . Fig. 3.9 Photograph ‘of a Fractured‘
\ Fractured Area in a.In0 Thin Fidm. Area in which the Expelled)Material
| (500x) ' 4 ‘w v has been Re-Incorporated irto the
R : o Fitmes o (50x) ro



/ o 64
J/ )
$.4.4  Nucleating Sarface

(n4<n1A(<th<kﬁﬁrm the effect a gold nucleating surface has on
/b thin filme At should be observed from the previous figures that

neither <ingle crystal germanium (orientation relative to the film

unknown) nOr pyrex surfaces had a dominating effect on the orientation
observed in the overlaving.films./n0 was also deposited on evaporated

and sputtered thin film chromium surfaces with similar results., 1In all

of these cases, the system deposition parameters had a qré;ter effect on
the Tevel of orientation than the substrate surfaces. In any Caie;
depending upon the deposition conditions, the beitrfﬂﬂﬁé% driengation//
achieved on poor nucleating surfaces could only be described as low lpvel.

The diffrd%tion patterns obtained for three Cr-Au-Zn0

combinations are qiven in Fiq{rjﬁlu, In all iﬁﬁLaﬁCéﬁ;\ihe /n0 target

conditions were 1600 volts at 44 milliamps using a 10K ballast resistor,

and the' substrate table temperature rose from 25°C to 150°C during

#

deposition,

kS 1 i, ~ Au evaporated at 6000 A/Mmin

Zn0 sputtered at 300 R/min.

: P & 20% i
| ; : Y2 , L

Fig. 3:10b Gk evaporated at 400 A/min

"Au evaporated at,BOO‘;/min B
13 o o -
Zn0 sputtered at 300 A/min

G, e e
LA S s 0, .

| * .\ 'y . ) #



Pig. 3.10a Gold-t Tash tvaporated,
Hot Annealed

fig. 3,100 Gold-Slowly Lvaporated,
Vacuum Annealed '

i

Fig. 3.10c, Gold-Triode Sputtered,’
- Vacuum Annealed

Fig.s3.10 X-Ray Diffraction Photu-
grapis of /n) Triode
. Sputtered on Gold Thin.
i Film Surfaces,

-
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Fig. 3.10¢ Cr sputtered at 12% A/min

Au sputtered at, /\/nnn

/n0 sputtered at 300 A/min
P 607 S
0, .

2 "

Fig. 3.10a <hows the orientation of a /Zn0 film (1(‘[')()‘1'{(("(1 onto a
rapidly evaporated, un(ﬂmmt”w} thin film gold surface.  This corresponds
to the usually reported case in which a 807 - 20% (or less), /\rr«()? mix
fs sufficient for mechanical stability [3.3, 3.4,.3.%, 3.6]. 1In fig.
3.10b the gold was evaporated at a much slower rate and annealle d.
Corresponding to this case a 557 1745%, Ar:O? mix was found necessary to
prevent mechanical failure, In the "A11" sputtered Comh}natiéﬁ, shown
in fig. 3.10c, a 40% - 607, Ar 77 mix was necessary. fNote thatithﬁ
sputtered nucleating q©1ﬁ film cxhibited the highﬁit’f11]; perpendicular
orientation, whereas the flash ZﬁVﬁ?f r<d gole showed the leadt. DiﬁﬁctTY
CGrr(lat1ng with this orientation of the éo]d ﬁuffaCé is the '(f)

ntat}on of the sub

he orientation of the gold nucleafin

subsequently de'o

! influence on the subs | &1

dépoiition parameters themselves .

¢

B

These rmesults may be summarized a§§f0110wgi as the level of
,wﬁjorientation induced by the nucleating surface bééomesfhigher, tha,mechanica1

.

' stress 1ncreases’proportionate1y in an oxygen deficiqu atmosphefe. As

previous1y stated this mechanical stress, however, could pe reduced to a
: 4

Zl g : ’
Note that gust as the Crysta111ne structure of Znb is affetted by ™~
\ ﬁ‘ 33 ) - . . . v #
- Jeposition conditions so is that of gold thin films. in particular,

" ] ;\ i H Ay LT i
i Y ' ' . o . 3 :

g e

b fa11ure level by appropriately adgusting PO
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the structure in qgold thin films depends, as do all evaporated or

. ’
sputterved tilms, on the supersaturation during deposition.  Sputtering,
effectively a means of producing a low ~uper<aturation, therefore

produced the higher level of <11 perpendicular orientation in the gold

thin films. ‘ ]

3.5 Stress Manifestation
.
.

By vicually observing /o0 thin filns during stress failurerit was

found that the failure generally started at the mask edge and proceeded

»

C

fot;

radially iﬁWﬂﬁd: taking about one mipute 0 completely cov er the surf
. h
= i A‘ B

The 17rjf’ surfaces generally failed first,

s / ig; )
# ) "C?'E_

continuity at the mask

ate side, Due to randomizing

5

intermolecular collissions, resputtering and subsequent latgral spread

of deposited mai?ﬁiai, a gradual increase in thickness resulted in the .

area under the dountersink. This appeared to reduce the stress

13

diicfltiﬂgity since films, deposited with insufficient PO took muéhz16ﬁ§éf

R 7 . /4
to fail, In these cases failure occurred at thicknesses ‘of ess than ong
A b S .

micron. . : o o

Although an accurate mea surement of tFeSE=stresses were not-

‘

obtained it cdn be stated that the buWk substrate surfaces, name}y pyrex ®

and germanium were v1s1b]y damaged only under the unmasked areas on wh1ch 'y

"

the Zn0 films, were déposited. This effect was, of course, 0n1y observ';'

* ’ 4

When the inter- f11m adherepte and the f1]m substrate adherence were

i

Aéfronger than the. 1nteratom1c forces 1n the biulk substrate Such a

[

™ : ' v s .



Situation Pxiiyﬂi for the gold nucleating thin films only when a
chromium thin fifm was deposited, without breaking the vacuum, between
the gold film and the l)ulllx substrate. 1t is primarily for this reason
that the target changer was built into the deposition <ystem.

Microscope photographs of the fractured thin films revealed
that the mode of failure was one in which areas from ten to one hundred
microns in linear dimension would literally pop ().ut, of the thin film.
[x\nn in mechanically satisfactory films, a small number of widely
ceparated areas in which the stress was above the failure level would
occur. One such fractured area is shown in Fig, 3.8,

_Aside from the intrinsic stress in the thin film, stress due to-
iﬂCCﬁPO}ﬂtiﬁ of debris from either an area already fractured or the
deposition Chﬁmhﬁf; vwill contribute té these failures, fxamples of.'such

] R ! ’ Y
incorporation are ihOWﬁ:in Fig, 3.9 and fiq. 3.11,. respectiyely, Thé

fact that these inc OrpuratloﬁS re)u1t in 10ca1176d stress. areas may be

(N

seen in fig, 3,11b.  The ?hjbct 1n:Tﬁ1§ f]qu was exactly the same :

specinen and the reflected Tight frdm the .specimen was passed through'a.
pérpéndi§u1ar1y po1ar12éd anajyseri As shown, the areé;arounh th§
inclusion has gécome 6ﬁt1cally active, EThiS appears to be due to 5tre§§
and not due to fhér‘ciﬁaxii of Zn0 béing ti1téd; althoﬁgﬂ this may

be true in this reg1on The fo110ging exp1ané%ion“ﬁ6‘éuggested,v In the

dark reg1on§ of the photoqra h the thin films w1th the 'c'-~axis

‘perpend1cu1ar to theé substr&te do not exkibit optical aqtivity. Therefore;

5

,ZnO thin Films are not normally opt1ca]4y act1ve ‘amd w1]1 not Qspome act1ve -

»

‘due S1mply to: "¢"-~axis rotaQ1on "A concise sﬁutément of this phenomenon—

is given by Nye, “tﬁe essent1a1 fact about opt)ca] act1v1ty in 1sotrop1c

" i -
H A3



N

fig. 3.11a

Fig, 3.11

F1g 3,12&* Anﬁ]yser not Crossed
Fig. 3. 12 Photograph of Znf Film Surface Show1ng Typ1ca] S}ze and

Analysei not Crossed

Photographof Zn0 Film Surface in whlch Chamber Debris has been

Incorporated mt(‘he Film,

,

#

Dens1ty of Ind]us1ons

R

Fig. 3.11b

(500x)

Flg 3 b

(50x)
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Analyser Crossed

Rﬁalyser Crosseq
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media, Trocubie crystalys, and for transmission along the optic axes of

~
L}

antaxial and bilaxial crystals, is this:  the nature of the medium is <uch
that two circularly polarized waves ot opposite hand fmd different

velool iy may be tran<smitted le()uq‘h it unchanged 1n form, that i<, in
their <tate of polarization, while a plane polarized wave may not be o
trancmitted" [3.71]. )
the magnification used for photographs in fig. 3;1] was
-approxinately S0(07.  The CPﬁtFAT inclusion iﬂ‘thii phofﬁqraph was above
average in size,.  More typical of the size and density are the inclusions
evident. in fig. 3.172 iﬁ which a magnification of appﬁoximaté1y 50 was
used. Again, Ahe objects in both photographs are identical and polarized

(i ) .
Tight was employed. . N

3.6 Non-Structural Analysis

1

3.6,1 E]é%ir@nrprcbﬁ

L

i
4

A beam of high energy plectrons is used tq excite the «character-
istic x-ray spectra of elements present in tHe sample. To a first:
® o R o ; o .
approximation, the intensity-.of any given x-ray Tine of,a particular

. element is proportional tothe weight concentration of the element in
- 3 \ : ‘ o '

“the samp};.- Thus . T > o
w | :' ‘L V | o Bl n r
| Lsp T :
C = X C . : . . 3.3)
P ‘xIst , st L ' v
' ’ O ' ,
AR
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whoere o ( weilght concentration of an element in the
Specimen,

( the known welght concentration of the same

element in the standard,

Irp - nmeasured intensity of an x-ray line of the
| clement in® the specimen, .
A} N .
' and I < measured intensitly of the same x-ray line of

the element in the standard,

' ~
The samples which were investigated by x-ray diffraction (Fig.
3.6a and ¢) were also probed for their zinc contént, Before considering
Mmoo i s o - - _ _ —
the probe results the visible characterlit]Ci of the target surface and

the films upder the res p€6t1ve P depo

0, »sition conditions must be stated,

When P - 07, the zine oxide Largep surface became very s1ightly gray:
2 o ' . .

and the film was\transparent and pale yellow in color, The film .

sited with V

L

eoncentrat1on of zinc 1n the flﬁms Idﬁboth éases, there were two

+ pz',r’: R 4//'

<‘t‘.andan"d*‘ of knowq chemical c0mpo<1t1on used; name]y, pure metallic zinc

~and spha1er1te, ZnS: The resu]tSAwErejnﬁpeatable and thought "to be
3 - ) 3 ,E i K 1
accurate to w1th1n 1%. In‘both'films the zipc Contht gas’the same,

t17n we1ght concentration wh1ch is 3% less than the theoret1Ca1 va1he of

80% Pro?e ana1ys1s was not carr1ed out to’ determ1ne what percentage of -

I

,the rema1n1ng‘g§7’was due to comtam]nants however res1st1v1ty, visible ¢

S

‘. " ' y ! 0

3
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and infrared spectrophotometer investigations on ditferent samples were

Carried out to further characterize the films.

3.6.2 Regiot ivity

the resistivity of a /o0 thin film deposited on (ﬂ;iss with
i'” 507 was determined from the standard equation,
A
. RxA o
roo= L (3.4)
ih 7 c
0 ", N \
where r = resistivity,
A= cross-sectional area, ~
¢ = electrode separation
i . A
- * R ‘ P
and R = ‘measured resistance, .

The film was. ope micron thick, .5 cm wide and 2 cm long with gold electrodes
evaporated %J both ends, A resi t1v1ty = 10 g-cm was ébtai365§
Unfortunate]y a res1>t1vity measurement of a film déﬁ@ﬁitédiwith E( ?Véi
was not determined, however,-it is expected that the Fégiétivity would be
cansiderably less. This is based on réi',arget discoloration and severe =
arcing observe§9when deposkting Zn0 thin’fi1hs in g pure argon:atmospﬁere.

Res1st1v1ty af 7n0 thin films has been C0n51dered by Ra1m0nd1 and

Kay [3.8]. They qtate , "linc Oxide (Zn0) 1sva~meter1a] which," under

Zbrdinary,circumstances,'has a small oxygen deficienty. ‘Ehis lack ofs .
~ .

chemical stoichwometry makes Zn0 an n~type semlcqnductbr with a typ1ca1
resistivity of 1:100 o-cm" They also state that by Sputterlﬁg in an
oxygen ficﬁzenvironmgntV9351st1v1t1es'as high as 108‘Q—cm may be obtained.

Our resylts are consistent with these stqtéménts.f:‘ »

Ty, . . .
L * N . Ll
. 7 ‘ Sy
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3.6.3 Band Gap
3 -
1 Precented in Fig. 3.13 are the visible spectrophotometer scans
performed on /n0 f1lms deposited of glass with PO = 45% and 60%.  The

, . . 2
cut-oft at 3900 A corresponds to a band gap energy of 3.18% ev,

consistent with the a((eptvd bulk value of 3.7 ev [?.9]: The very

s slight absarbtion edqge variation wlﬂnfl) was repeatable.

. ‘ , : .
I.O.ﬂ Optical Properties in the Infrared

, - : 7 ) ] »
The index of refraction and the effect of Zn0O lattice absorption
shands in the 2.5 to.40 micron infrared range were also considered. 1.R.

a

tpectrophotometer scans for (a) an uncoated germanium disc and (b) the

5=

o

disc coated on b@tﬁ?%uffacrgiwith equal thiLkn Zﬁh thin films (POF = ?(i)
) ‘are pre ﬁfﬁtéﬂ;iﬂ Fig, 3.14. k?i@ ]D§]gﬂéd in this figure are the I\§
bsorption data fm (¢) s :iﬂ crystal Zn0 and W0, (d) [3.10, 3.11, 3,121,
" From thickness measurements of the film and the location of the ”fi 5d |

® 1/4 ;ﬁaﬁémiSSion extrema thé indéx of refraction w?& found to be 2.09
+ 0.1, Examination of curve (b) indicates that the £ilms aré:def3n1te1y
ab' rb1ng around 2,9 microns (3400 cm ])ﬁ This absorption may be due to

scatterlng Qr s]1ght contam1nat1pn from the tunqstan f11aments - The i

'I" » . ‘
1atter conJ&cture appears to be’ supported by curve (d).: Abrupt changes"
1n the” f1lm transm1ttance are observed at 11.5 mlqunsﬁ(SSO cm -1 and ]i
&hadges may be attributed to -

the streng secend’ order (two photon) 1att1ce absorption peak 1in bu]k yo

i

faN X '
.Ln0 §Q 11.4 m1crons and the main (Reststra en) 1att1cefabsorpt1on
‘

Tgenerat1on of a transverse ‘optical phonon band centereq at 24. 2 ﬁﬂcrons

microns (650‘cm 1)l Erom cufve‘(c)"these

1

”

[‘3.1.1,,3.13]3 O " BT T
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3.7 Biscussion

_— - -

Ifh a rvvivjbpaJor on fiber texture Bauer states that materials
B - ' ! ‘ ' . .
(rystallizing in a hexaqgonal structure have-a strong tendency ~to exhibit

perpendicular 0001 - orientation at normal vapor beam incidence.,

5

However he also points out that the orientational behavior of, reactive

~

iy , .
materials in active residual gases i« difficult to predict [3.14]. In

view of thefo statements and the above experimental results the following
- ,
ex p]anarlon is Squested for the orlentat]ona] dependence of /n() thin

”

fl]m on gold nucleating surfaces and the oxygen content in the
sputtering gas mix. -

The strong, influence of the gold nucleating under-lay on 7nf

may be accounted for by thmee‘coincidences;g first, for 961d ( = 4,078 A,
B - . : . N ) a
frc.c.) the spacing between atoms in the (111) plane is 2.88 A which is
£ . )
within 15% of the '50{7[att1ce constant of Zn0, name]y53*25 A; sbcond,

ﬁQe ?131 Spaclng!pf gold is 2,355 A;whlle the dOOOZ spacing of 7n0 is

2.6 Aagagainr1ess than "a 15%'differ¢nce and; th1rd both the \111»

diréEtion in a faCE>C€ﬂtérEdfiubiG*TaitiCE and the <0601> direction in a

.

hexagona1 lattice are three-fold symmetry axes, It has been suggested

responsible for the 1nf1ue’c’ a

t!fpa’t the last coincidence is ppi

~

,nuCiﬁating surface may have on an overlaying thin film [3.15]

Whenever compoynds ane\sputtered there w11] be?some non»mo1ecu1ar
deposition. Consequently when sputtering ZnO onto amorphous glass with-no
oxygen added~to the sputtering gas mwx, one w0u]d expecﬁ some 10ss of
oxygen to the gas phaSe and Subsgquent depost1on of excess atqyic zinc at
the 3ubstrate surface. This zinc may remain uncombjned or be %orced to

react with residual gas atoms. ' These non-oxide zinc compounds would:

- /

i ) \X ] B ;‘:
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crystallize- in different habits and this have a rangomizing influence on

the necewsarily smaller 700 crystals. As the vxygen content 1S increased,
the anticipdted KH fiber texture begins to develop and the grain

cize increases, however, the tilm becomes mechanically unstable. It is
, |

/ . . .
recognized that the stress developed in a thin( film is influenced by

many factors, including stoichiometry and texture [3.16]. Upon funther

increasing the oxygen content 1o approximately 60% the film agaiﬂﬂhé£6mes
- 3

mechanically stable and exhibits a definite -0001- ﬁerpéndicu1af
[

oriontatié%. This percentaq;—of oxygen required to achieve fifms with
compatible or19ntdt10n and stability is very much h1qh9r than expected
from purely stoichiometric considerations.> Th]‘ implies a second oxyqeq
dependent texture meéhaniﬁﬁ; possibly the need for ‘epergetic’ oxygen
atoms at the substrate surface. Oxygen being e]ectronegative, jonizes

.

negativ§ﬁy and will be accelerated dQ@y from the targetatoﬁard the
¥ : " '

Los
3

substrate, .Not only will this provide energetic oxygen jons- at the

substfate but this will also result in substrate surface Ehaﬁée effects,
which are known to affect thin fi?ﬁ growth mechani§m§:[3;173i The resylts
of fig. 3,10a seem to support this hypothesis since, fér‘a similar ]e&é]zcﬁ

oFiéqtaticn'aﬁ that depicted in Fig, 3a66biyb ﬁt1a11y less oxygen was

" required, In the former case, the necessary nucleation was provided by

the gold thin film, § . -
The e1ectron probe results, were believed to be accurate to Qithin

17 for the assumed composition namely a film composed of z1nc and oxygen,
- 4

However in ‘the case of PO 0% the concentrat1on of argOn in the f$1m
2
may have been significant. This be1ng the case, the we1ght concentrati%n

of zinc computed would be somew&z; altered. - Igrany case, the weijght

cqncent}ation of zinc in the filmd deposited with Po. * 0% and PO‘ = 60%

”

2 T2



;.,.x

~ composition. * S : ' ' . ;

A - i

was not - 5Uthdntld11y different. ' i .
ik '

The physical Lon>tants determined, band gap energx and }nfrared

i

refractive 1ndcx, were w1th1n SA of the va]ues previou{ﬂy'reported | An
lﬂd)(dtIOD of the wavclength location, but not nngn]tude of the magor
1gfrared 1atr1re absorption peaks of /n0 were ODSFFVPU from 1nfrared
spectrophotmetric scans of ZnO, A.R. fj]ms on germaniunm. ’ - i

-

3.8 Conclusion ) : ; '
B " sl ‘ ’ "

A

~ The [n0 thin films havée been analysed-for structure and for
’ ‘ - ’ /

The results show that repeatab]e highly oriented, st@b]e Zn0

i thln f11ms may be Lonsistent]y produced by depos1t10n at h1gh ﬁupera

|
saturations/-onto a highly briented go]d th1n film . nuc1eat1ng surface
' I
with-a_ h1g{ partial pressure of” oxygen in the sputter1ng gas m1x

i
-

Because Zn0 ts. a sem1conduptor small changes in StOACh10metry

S haVE 3 onsldgrable 1nf]uénce on the f1lm Most drasticallf affected

*are the f11m structure Jevel of stress, appearance and res1stiv1ty

Meaaurement of the Tatter would probabTy offer the most SEAS1t1ve

method of aSSeSSing the relative oxygen contents in a Lo1]ectlgn of

Zn0 tF1n £11ms . A ) V ' \

- S

\ The pr1nc1p1e obJectﬂve of this work was to fab 1cate high "

“quality thin film transducg(s for acoustic and acousto o/;lg stud1es. As

e

a result the purely th1n film investigation was not co plete. A more

5

thorough fnyestigation‘WOuld includé: determining the/effect of changég ﬁ 

in total pressure (keeping pOZ/PA fixefl) on film structure and
- ‘

strésé’1eye1; investigating Tany more substrate surfaces for their
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influence on /nY than filas, in particular to more clearly characterize
what will constitule a favorable pucleating surface and; microprobing

the tilms for elements other than zinc, in particular,

argon.
. ilk‘



CHAPTER IV . T
- ér‘ | ' ?t
TRANSDUCE R H\B‘RH/\TION AND £VALUAT ION
4.7 l}?tr‘f‘>dn1(}t,1,,l<)l1‘ ' .
for 1nﬂ"ared radmtmn An the § - 20;‘ range there are at : ,

preScni \essent1a1]y on]y two nntertals Su1taple for acousto- opt1< ‘

. ' A @ ) o ‘\"5 \)
nmdulat10n (4. 1} Te1]ur1um has the h1qhest figure -of mer1 (? = 2920},. v
[y i,

howeverx%b651ﬁes be1ng7d1ff1cu]t () obta1n ln larqe p1ec gooq
opt1ca1 qua]ity it has an optical absorpt1on coeff1c1ent of 0. 3 cm”

" B "

at }ﬂaGU which: fakes it ung}tlsfactory for 1ntnacav1ty modu]ab1on or‘
::h}gh pQWen=]aser«def]ection at this:wave]ength, German1um possesses a
v - 54d¢pdfghas;an’épfied1 pﬁsofptibn;coe}fﬁcient which may be reduced:
to (01 em™' at 10_6u*b; appropriateicoc]iﬁgt Alsq, it is readily’ :
avai]abfe in large, single crystals of good optical qua]ity.. Consequently, -
in thisfchépter the acousto-electric ggrfgrmance of Zn0 tQin film trans-
ducers déposifed onto the;%]?ﬂ?’f&gésgf a 1 inch germanium cube wi}1=be
dﬁﬁcussad. : | ’

In the next Jection a detailed description of the transducer
fabrication process is given. A mathematical. mgdelyof the ‘transducer and
delay medium is ouq11ned 1n Section 4. 3 Baged on this theory, an APL

I4

computer program (Agfend1x iﬁ wa! wr1tten to compute a set of 1nsert1on

loss versus frequency curves for d1fferent va]ues of k In Section
4,4 the techn1que for measur1ng the 1nsert1on loss is preseﬁ?ed /%s

eXDected the echo patterns\?bta1ned 1nd1cated that the acoust1c 1osses R

A}



" cléaned for 30 minutes, prior to deposition. - The plasma cledning was

~
o
f—)

due to diffraction from the trarsducer and intripsic attenuation in

4
germaniom were significam®. These losses were considered in SectYon 4.5,
N [ ‘
* r

A formula is given-to estimate thb'djffractfbn losses and ajsq, the
measured intrinsic dcoqstiC'attenugtion,for the germanium ﬁfysté]-is
presented.  In Section 4.6 the value of kt = .25 for a /n0 thin filn

transducer is obtained by comparing the corrected experimental data with

the computed values: The chapter is followed by a conclusion.

{ \
] ‘ fg

4.7 Transducer Fabrication Recipe
The specific deposition parameters for the *All1' sputtered
transducers are listed in Table 4.1.
Prior to introducing the sputtering gas the filaments were

%utgaised for, fifteen minutes. | To insure tha{ the diffusion pump
; 4

,

pressure did not rise above 5x107° Torr and to conserve the ultra-pure

gases, the high vaquum valve was mechanically throttled. 'The ga’ flow

‘was then_initiafed-’ The chamber pressure was) kept at-Sx’]'O~4 Torr of

Argon when sputtering the metal;tatgéts and 6u of Ar and O2 in a 40 -

-

607 ratio when sputtering ZnO, In this case, after turping on the

filaments, an immediate Eeductian in the total pressure of ~ Iy would

occur. The pressure wou1drthen relax eiponent1a11y;back to a value

= 3 LI} H Iy

) T ) > X .
~ .3u Tess than the initial total pressure. Only-the oxygen content was

found to vary and therefore

5

the system was subsequently ‘topped-up' with

additiona1 oxygen. /

re) ~t ‘
The targets were presputtered and the substrate surfaces plasma

»

£

aqcé@gjixhed by grounding the substrate table 'and fully inserting it
. N ' . - M y .

IS
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TABLE 4.1
Sputtering Parameters
Cr, Au. 7n0
Anode current- 2.5 2.5 2.5
amps T
Target Current 1.1 1.0 2.25
Density-ma/ém?
Target Voltage- | 1500 2500 1600
volts
Target to Sub- 5 5 - 5
strate Distance
~Cm
Axial Magnetic 120 120 120
* Field~gauss
Chamber Pressure | 5x107% 5x107H 6x10"3
. =Torri
Deposition Rate ’iZS 250 - 300
~A/min .
Sputtering Gas Ar Ar Ar+0,
Sputtering Gas 100 100 " 40+60
, Mix~% » %

L
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-

- - . - oo
into the plasma.  for this process the axial magnetic field was removed

0 that the plasma was no longer confined and Lonsequent]y enveloped the
. o, .
-~ N .

cubbstrate.
the conmercial targets, Cr oand Au from 'Ma#rials Research Corp'
and the /nf) target from 'Sloan Materiale Uiviaiun', were twol inches in
diameter. Their voltage and current could be coarsely adjusted by
:
positioning the probe relative to the plasma as well as varying ﬁhe anode

current, It was found that only the latter was necessary when the

i

target was positioned at the edqge of the plasma. fine control was
. z » = h
subsequently achieved by varying the magnetic field.

Although it was advantageous to depgsit the Cr, Au-and éfo
ff]ms without breaking the vacuum, this was not feasible for the thick
[0 films required. The vacuum was broken after the germanium substrate
surface was metallized, %nd a:CTEGﬂ main liner in;erted: This procedure
was made pecessary because the 7n0 on the metallized liner surfaces '
bég;me Gfiéntéd and COﬁSéqu?ﬂt]ylitféﬁﬁéd, When these films fractured i
the chamber debris became utter]) intolerable. Not only did the flaking
pccur much sooner but ajso it was much more égtenfivea As égﬁ1ainéd in

Chapter. I1, even with a clean 1jner, the Zn0 a"ﬂg on it wouid eventually

break away creating a dust problem, j ;
In order to fabricate a transducer resenant at 400 Mz a film f
n 6 S5u thick was required. Even at the h1gh depos1t10n rates emp1oyed here,
”3215 m1h of deposition was needed. Since the filament lifetime in the
oxygen rich atmosphere was only ]50 min, the depos1t1on process was

1nterrupted after ~ 100 min. of depos1t1on and the alternate filament

actAyated. It should be noted here that un11ke the findings of H1nslow

™.y

et al., the formation of an inactive layer, due to the ‘interruption in the

dEposﬂtjon, was not observed [4.2].



£
Ho spectal substrate 'temperature control was found necessary
during deposition of the Zn0) films. Uue to plasma heating, however, the
: . ‘ , , .

temperature ot the support table rose‘rtpm 757°C tq 150°C during the

deposition period.  The support table was electrically floating during
, -

o . "

deposition.  Thi< was not absolutely necessary, however, it served to

-

»

prevent the discharge from arcing to the substrate when the. filament
current was nbt wufficient to supply enough electrons to support the
discharge.  The germaniun substrate was cleaned simply by washing in a

soap and water <olution, rinsing in distilled water and drying in clean

o

N? 945, re

A 2000 A layer of ZnS was evaporated on the sputtered Cr-Au~Zn0

L)

ombination to insure against the active medium being shorted out during

the deposition of the large area top e1ec£rodea Other than mass loading,
1hi§ caused ]1ttleagg;ériﬁration*in the overall transducer performance
due to the acoustical (7o = 22a5x106 kgm/sec mz) and electrical (Kan = 8,35)-
cstmilarity wi th Zn0 (Zo = 36,4x106 kgm/sec mz; K = 8.5). .In order to
~elimipate the possibility of an air gap, a 1000 K a]uminum!top electrode
was -evaporated on the Zn$ layef to complete the trapsducer, An aluminum
ratheftth?ﬁ a gold electrode was selected priﬁariiy because of its
superior adherence, but also to reduce fhe mass loading op the transducer

[4,3]. |

4.3 Mathematical Model of Complete Electro-Acoustic System

-

A *
| . yon

The physical structure to be modelled is shown in F1g 4.1.
Each 1ayer may be represented by a matrix thereby perm1tt1ng the comp]ete

strué%unafto be analysed by a simple matrix multiplication teehn1queg

e Y
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The equivalent circuit shown in Fig_w4-2‘can be used to
Characteriégfthe active medium provided: (1) there is qﬁly one mode of Y
propaggtion; (?) the lateral dimensions are much larger than the ’
thickness and: (3) the act]ve layer is loss free (4.4, 4.5]. The h

piezoelectric layer is characterized by its density b3 di1atdtio al
. e

acoustic velocity vg, thickness d3, the dielectric impermeadility at

-

. . D . .
constant strain g elastic constant C33 and thickness coupling

33’

coefficient kt‘ the relations

\
A
[03 - 2 l 4 (4‘])
7773 = (4'2)4
< G ot (4.3)
Pl
A,
d
Vg o= (4.4)
D ’ . L 2
| w C Zo_k 1/2 ’
- ) s (233} 172, |“0"0*%3%¢
and ¢ 0331\8"(5) t'i[ Sw J _» (&:5)
_ 3 -
B33
where S = transducer area,

h,, = :piezoelectric tensor comporent expressed in

matrix notation,

(ep]
1

e :
elasticlsﬁgffness tensor component measured

u_nder‘ a constant electr‘ifc displacement,

. “expressed in matr1x notation ' ! ‘
Zo3°=a character15t1c acoustic impedance of layer .}‘ |  ' vé
- . number. 3, the Zn0 thin f1lm, -
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N . = | 4
CO = (lamped capacitance, & ‘ .-
é 7 ° Pphase constant, -
+ = electro-mechanical transformer turns ratio, -
! w = 2nf ~
5 ~ ~ ‘7
and f = ftrequency ,

/

g o ) i C C
define the values appearing in the equivalent circuit of Fig. 4.2,
The equivalent circuit sHown in Fig. 4.3 can be used to
L ,

characterize an inactive layer provided it is not lossy, does not convert

one 'mode of propagation into another and has' lateral dimensions comprising

many acoustic wavelengths. it can be seen that this circuit is essentially \

the same as that shown in.Fig. 4.2 with ¢ = 0. The inactive ]ayeﬁ,
therefore, acts as a lossless transmission line section. Sipilar
expressions as (4.1), (4.2) and (4.4) dppiy‘ o this equivalent circuit
where tﬁe material values for the respectiveﬁ}ayer are subst}tuted. The
matrix relating the mechanical force Fi and particle velocity &i at the

input port, to that (FD,&O) at the output port for this'circuit is:

i

a .
7 r - R 1» ] N
cos : Zo_ sin f
. ) n J n 31 Yn‘ \ \ ,
J A i ‘ ' !
) Moo= | - {4.6) )
. n 3 siny, . :
Yo, LC0SY, \
“n
where ,Fi 1Fo o o
| “ng
- N [} 0 ‘0 o ’ R,

~
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In order to express the input’voltage and current to the

» -;“%

transducer in terms of the force and, particle velocity delivered to the
delay medium we-must determines the acoustic impedance of the backing

Y

. ¥ ,
Clayersy /Ub’ seen by the top surface of the -transducer

This
by matrix multiplication as follows

1s done

”~ \ "
F ] T ,
b airy - -
= MM
2.1 .
b | L_Odir‘
. Ab Bb air . ~
- (4.8)
O O i
where alr =0,
air - . e LT
s C e I
; Mo M2 Y
t\ e 2 MZHS . 3
) a
and M1 P M?\R .
s 7 3 8 L a . .
therefare Zb = b . 59- ¢ K
a P : *
T4 | ﬁ. ¥
¢ - ' . . .
Zo cosY suﬁ + Zo,siny,cosy S
. : wi 2 ] 2 2 1 . (4.9):
L 2 < 20{ , T Voeer
¥ ‘ ' COSYZCOSY

)7 ZO‘S]nYZ s1n»(] o : )

BTSanE
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1
!

Tpe equivalent circuit.for the transducer and delay medium is
. .

Ch

now as shown in fig. 4.4, The effeot\of the backing laygrs is keprésentcd
. . g

by introducing j/

B

and the series capacitance due to-tKe ZnS layer is
o’

b
accounted for by introducingvnge. By the gpprgpgﬁ}te matrix multiplication
similar to that used to determine Zb’ the intermediate layers are taken
into consideration, The delay medium is represented by Zodﬂ From this

equivalent circuit the relationship between the electrical input and

mechanical output is given by

3

=M ’ (4.10)

(4.11)

p
=
9]
=
[¢ 2
]
&
=
&~
=
fo¥
1l

whére M

L (4.13)
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LN A - Lugy3(gosy3-la S sinyg t o siny gt
t T M“'J 5 (4.14)
el logsingfeosig(14) 1) -
t C.D. ’
(4.15)
.2 . ,, (
1 Apsintyg S]TTY?(LOSY;&“]) 7
ST 703 (= c.bD. L (4.16)
2(cosy ,:1)? -z, siny. (z,siny, + ] - CO5Y,)
noo- '3 Aty e g 3
t C.D. ’
(4.17)
- . V2 2 7 o
C.D. = (COSYBF]) - be'” Ty o (4.18)
ZA
= D A
Zy, 7o (4.19)
3
o a _ .4 ‘4 20)
M4 = MAU 2 (4 20) .
- @
My o= M (4.21)
nd Z A op vd S = fﬂ (4,22)
a ,Od ooy Yy 7 Qd :a % ) '§A

The program Trans3 given in Append1x I calculates the matr1x
T

+

elements AT, s C and D for d1ffere2$ values of the coupling coeff1c1ent

over the frequency range 50 MHz to 1 GHz.
i In order to calculate the ipsertion loss the circuit shown in

Fig. 4.5 must be evaluated. This circuit is valid if the input pu]Se is

short enough so that the output transducer does not 1nteract w1th the

—

1nput transducer.
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From VS s odzor v (4.23)
where V a"b “""‘/\TF + BTQ 4
he ] g 4 (4.:24)
St T
and 17 =y ngd * D0y (4.25)
S ootz s (Ao, +8")
we obtaipg ol E— (4.26)
i d"m d ! ] »
i 9‘ “
where zS = Rs 4 _j)(s » source 1impedance, { (4.27)
The insertion loss is given by . )f‘
: Vs RL
[.L. = 20 log | (————R—— ) ’
Vlj RS+ L1
420 log |2 + 20 ]og( - (4,28)
L AT o
therefore, we require the expriéssion for Fy/V,. From equation (4,10)
* - fjij
i; )
e [aT Ry
VO F At F
= M =1 (4.29)
-1 ~0 ! ~u o
- - .
e [
! f}\
Therefore (F | 4 V0 '
= M .(4.30)
-0 -1



from matrix theory the elements of ! are given by

Since |M[

Mwill be

for the directions. shown in

circuit

where

and

Az

n

A

T

—_—

)

}Mjil:/ determinant of ﬂfwhere the jth row and i

codumn have been deleted

S AT
(-1) |MJ1| s the cofactor of mji R

th

M| = determinant of the matrix M [4.6]. ,

+1, the elements of mf]

,DT +BT
-1 .
M = .
- ‘CT AT ‘_J
.
-~ h
therfore [ - .
al T Al

u

2Fd - OZod

v, =

les kL:+ ij , load impedancé.

»
* f N}
B

Fo, e

IoZL

in.terms of the matrix elements of

(4.31)

(4.32)

(4.33)
(4.34)

-
 (4.35)

By using equations (4.32) through (4.35) we obtain,

¢

d
v

F‘f

TooT) +

‘ZL(ZOdC

2

(ATzo0 +87)

(4.36)



[f we consider the untuned case, X_ = X, = 0 and VO = VL then, combining

S L
equation (4.86) and (4.36) we oObtain
Y Lo TR+ (820 08T i (zogc 00 Al z0g48T)]
VZ - 2R Zod .

. : (4.37)

The program JLTRANS, given in Appendix I' in conjunction withe
the program TRANS3 calculates the theoret1ca] 1nseft1on loss versus
frequency for different values of the COup]lng coeff1c{ent

I .

4.4 Insertion Loss Measurement
y .

L

It can be shown that the bandshape function for untuned transducqu

with k2<x1 and\e contact 1mpedance much less than 50a is gjven by

A

wZoa (1 + (wc R )2 : :
BS(f) 3 2. C R {4~7], (4.38
' 16kZo ”o o's , '
t773 .
This is a minimum for 1C = RS, Since W, is specified by the system ‘
“0%0

application, the area of the top electrode was made sma]] enough

(R = .012 inches) soxthat BS(f) was minimized. Th1s transducer was, of

course, bnot sultab]e for acousto—ogt1c or attenuation-stud1es due to the

divergence of the acoustic beam caused by d1ffract1on These acoustic

lossesfw11] be d1scussed in the next section. o - |
Tﬁe pulsed R.F.'%nsertioe 1ess measurements were made in the

500 coax1a1 system shown in Fig. 4. 6 The input ‘pulsed signa] entered a

well’ padded hybr1d junction where 1t was d1v1ded equaI]y and fed to the .

v delay 1ine and a reference path conta1n1ng a precis1on attenuator The

L

]

\

T '
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reflected pulse and echoes from the delay line were directed to the

output port. A coaxial sw1tch at the input to the heterodyne rE”‘K}er

selected e1ther the delay line or the reference output. The insertion

Sy

loss‘was givgn by the difference in attenuation between the reference

and delay-line paths when the two receiver outdut signals were adjusted

%
for equal amplitudes using the precision attenu For tuned measure-

ments the tuning network was simply inserted hetween the 3 db pad and
ply 7

4

transducer.

In Fig. 4.7 the hardware used in the acoustic studies is shown.
; - ,
The'german1um cube 1is mounted in a water -cooled ho1der which may be

Al

f1]1edlw1th mercury for an anechotic termination. The germanium brick

4

in this photograph has Zn0 thin films deposited on two adjacent sides,

The Zn0 film on one side was sputtéred ofito ‘an evaporate gold surface

while thdt on the other was deposited ontd a Sputtéred gold surface.

Note the coaxial coupler used for access to the transducers.

4

4.5 Acoustic Losses 4

In order to be able to compare the measured insertion loss with

the computed (which assume no acoust1c losses) data,the acoustic IOSses

‘must be determined. The s1gn1f1cant acoust1c losses are due to beam

spreading and attenuation in the delay medmm. . e

oo ' o ./
4’51 Di ffraction Losses o

;

The prob1em of acoustic d1ffract10n has been considered in detail

[4.8, 1 9]. For. a-circular transducer Wh1ch acts as the transmitter and

R
rece1ver .the echo patiern for wave]engths in\the order of the transducer
. o

/ ’ Lo ”
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198
dimensions is not a simple exponential as would be expecped from
intrinsic attenuation. In_Uu?region near the transducer the phase of

the acoustic pressure wave 1s not constant across the plane perpendicular

to the direction of propagation. The magnitude of the echoes in this

region can be calculated by two integrations. The first is over the

L)

source area to determine the near acoustic field pattern in a manner

analogous to the determination of the Fresnel field produced by a plane

wave incident oh an aperture. The second is over the area of the éﬁ%
receiver upon which the non-plane wave is incident, to detegm1ne the

average pressucg hence the magnitude of the output e]ectr1ca1 signal.

The existence of these f1uctuat1ons in the echo pattern verifies the

existence of diffractjon. This affect is shown in Fig. 4.8 for a

transducer having 1.9 mm as its smallest dimensions at 50 MHz. From the

. ¢
analysis outlined above it can bersho&n that an estimate of the average

A

diffraction loss is given by

.db ! P R ,
o ¥ 5 @ | *“f ,(@.39)

st ey
acoustic 1oss due to diffraction, =, »
; ) ) | &
= half of smallest transducer dimension-* A,ﬁ

]

L

S S~

acoustic wavelength [4.8].//, ‘ S e

n

-

*

part1cu1ar transducer are much greater, than the intrinsic ]osses in

germanium.

. : B



1.8 (ffects of Acoustic Diffraction on the Compressional

¥<ho &a&&grn 1? Germaniun, Area = 1. an X 5.5 nm;
lor sec/emy Ver. - 20mv/emy f o= SU MHz. .

Fag,

T N L anlan o an'

o

fiq. 4.0 - Inadvertently Generated Shear Vaves.

, Area = 1.9mm x 5.5 mm; Hor. - 20usec/cm;
Ver. '~ 50 mv/cm, f = 100 MHz. R

F1g 4.19 Exponent1a1 Decay of Compress1ona1 Have in Garmanlum
- at 300°K .and 210 MHz - Intrxnsac Attenuat10n, ‘

V‘ Area 4 Zmngx 5 m.
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4.,5.2 Intrinsic Losses : .
7
5
Masonil has considered 1ntr1ns1c attenuatmn in S111con and

d

Germanium 1n}deta1] [(4.10]. Fundamenta]]y acoustic attenuation is due,

[4 [ '
to ‘the anharmon1c1ty in the 1nteratom1c force constants of the crysta]

/
These anharmonicities allow phonon-phonon collisions, which in the

case of égfmanium is the most impo?tant cause of acoustic attenuation.
The théfmoe]astic effect accounts for oﬁiy A% of the,ﬁeasured
attenuation. This‘mu§t be the case, if shear waves are to eXper1ence
any attenuation at a]1: The physics of' the phonon 1nteract1on can be
state@ﬁ§imp]y: the presence of one phonon causes a periodic e]astié; ’
‘strainf;hich (through the anharmonic interac?ion) mqgulates in space
and timé the 'elastic constant of the crystal. - The second phonon
perceiiéé the ﬁodu1ation of the elastic constant and is thereupon
SCattered Just as-ghotons are scattered by phonons in the acousto~opt1c
effect to\be‘d1scussed in the next chapter [4.11]. .

s In Fig. 4.9 1nadvertent1y generated shear waves and thgirj

attenuation can be seen. 'The transducer used was the iame as’ that in "’

Fig. 4)8, howe&er, the frequency in this case is 100 MHz.- This particular

]

AT

Wk transducer génerated'shear waves(stilﬂ ~ 20 db down from _dilatational
ranE) beqause the top -electrode was near the edge of the Zn0 th1n film

and therefore the applied e]e&trlc vector was not colinear with the ZnQ
thin f11m c -6x1s.‘ Note that the shear wave acoustncrveloc1ty and
attenuat1on are‘approx1mate1y half that of the compressiona1 wave. Th1s

is theoretica]1y consistent, .In Fig. 4.10 a typical example of,di]atationél

acoust1c atteﬁ%at1on at 210 MHz is shown.’ Thé transducer in this instance

il .

had the d1mensions 4.2 mm by 5 5 mm In Fig 4.11 the acoustic losses

in- german1um for a d1]atat1ona1 acoustic wave propagating a]ong the <111>

- ‘.

! St )
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[ ’ < N
axis at 380°K for frequencies up to 500 MHz .using this transducer are

given. This larqerarea'transducer was chosen for‘two reasons; first,

to minimize the‘diffracfion effects and second, because this was the

transducer employed for tne acousto-optic measurements.. This intcinsic

loss data together with the diffraction attendat1on estimetes were used
A 4

to”torrect the raw jnsertion loss data for the R = ,012 inch transducer.
. Note that in obtaining this data the relative Tevels between successive

echoes were measured whereas, for insertion loss measurements just the

Tevel of the first ec%o was needed.

4.6i Evaluation of Counfing'Coefficient
The effective coup]ing/loefficient for the highly oriented ZnO
‘thin film transducers were detennined by comparing the untuned corrected
(for diffraction and 1ntr1ns1c losses in german1um) exper1menta1 insertion
loss data with that generated by a computer program. The material » 17
constants o , Vg, used in the program were obtained from published data }
an bulk samples. The relative dielectricvconstant of -the Zn0 thin film .
_Was obta1ned experimenta]1y uslng a Nayne -Kerr impedance bridge (w N 10 )
The value measured was 8. 44, c1oser to the value 8 5 report;d by ﬂggon
"than that g1ven by Me1tz]er in Tab]e 2.1 [4.14]. As mentioned the film
thicknesses were determined with a Taylor Hobson Ta]lysurf 4, The‘ .
terial values used were as shown in Table 4.2. This test transducer
z‘ieawas322x1072 . N s
| In Fig. 4.12 the raw data and corrected data are p]otted on a

COmputer generated f1e1d of: curves with k as_ the adaustable pyrameter.
It can be seen that the ZnO th1n film has an effect1ve coupling
Ly .
‘ coefficient gregter than .25 or ~ 90% of the'bu]k va1ue Note that the
. ¢ [ “» . ' . :
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resonant frequency of the response has been 51gn1f1cant1y shifted

- "!, 1 t

dhant frequency of the Zn0 thin film itself,

:Aquing by tﬁq zns and At layers on the

: j*?@i?@ﬁparent that mass loading must be SerTOu&Ly')
”-» 5, G

ng #fbh‘frequency transducers to resonate at

a.specific frequency ' It is thought these results are accurate to

Within 107, the sources of error being: (1) the fact that bulk materiatl !

constants were uszd and that the corresponding constants of‘the thin

films will be somewhat different; (2) the diffraction loss estimate could
be more accurate, however, it js Lo be recalled that as the ﬁrequéncy
increases the diffraction losses becoﬁe less significant and the intrinsic

(W]

losses domipateand; (3) the contact resistance of the coupler was not

1nc1uded in thq computer program, however, it can be shown that for the

untuned measurements on a transducer hav1ng ~—C—~— RS the error js Jess

*t:;

than 1 db [4.19],

) The ﬁnst consideration of the previous paragraph does become
significant however, when tuned measurements are performed, especia]1x
on a 1arge area transducer, + In order to evaluate the acousto- ~optic |
performance of germanium it was neceSSary to emp]oy a 1arge area

"transducer,  For Suffic1ent electrical exc1tat1on of such a transducer
its impedance must be conjugately matched to that of tneyeiéctricaT
source for maximum power transfer. In this case, the contact resistance
is often equal to or greater than the transducer radiation resistance
resu1t1ng in a non-zero tuned insertion loss.  To be spec1f1c the
4.2 m x 5.5 mm transducer used ‘in the acoust1c loss measurements and
employ1ng the same thyn film for which a kt = .25 hds been established,
had a tuned one-way 1nsertinn loss at 354 MHz of 11.5 db. Thus more than

'9/10 of the input power is being dissipated in the tuning circuit,
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confact resistance and the resi?tance'of the top e]ectréde;‘ Surprisingly,
however, this combined resistance can be shown to amouﬁt.té only 1.73a [4.7].
It should be mentioned here that no effort wa§‘madeat5’ré¢uce.éhese
losses. One immediate improvement would be:to use a golh top electrode
(R '

Au
redicfion in bandwidth’and a slightly higher untuned, minimum insertion

-iﬁ%) however, this would result in considerable mass loading, a “/
loss. \/

The Zn0 film discussed above was.deposited on a slowly \
evaporated gold thin film. As shown it has ex£e11eqt transducer
characteristics’however, it is important to note that the gold thin film
in this case happened o be highly oriented. Not only that, but as
alreadyéstated this evaporated~901d—0r1entatioq is not nearly as
repeatable nor as high as thatﬁobtained by sputtering. The resulting
variation in the kt values of different films is continually mentioned
(but not necessarily for this reason) in the references cited in the
preceding chapters.

It should be noted here that when the orientation in the
Zn0 thin film reaches a level given by an x-ray diffraction arc half-
qngie of approximately 6°, the improvement in kt becomes less sigg{%icént,
being already " 90% of the bulk value. Therefore, in order to guarantee
a Zn0 thin film having a kt§= .25 it is suggested that a Sputteredfgo]d

, ,

, &5
thin film be used as the counter electrode.

A

4.7. Conclusion o . , o ,
o - : R
In this chapter the fabrication recipe for repeatably prbduc?ng
Zn0 thin film transduterS'having cou§$ing coefficients equal to or greater

“than 90% of the bulk value,ﬁwas given. This'value,qﬂ%§oup]inglcoefficiént
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was arrived at by comparing the measured insertion loss data with that
generated on a computer.  The mathematical model, based on Mason's
transducer equivalent circuit,used for this program was derijved and also
the values and source of the necessary input data was presented. It Las
shown that the mea5ured‘data had to be correctgd for relevant acoustic
losses, namely diffraction and 1ntrinsié=ae]ay3medium loss. The latter

resulted in the determination of the intrinsic acoustic attenuation in

germaniuh at 300°K for a compressional wave propagating along the <111~

axis in the frgguency range 50 MHz to 5@0 ng;//At 500 MHz the attenuation

was found to be 5 db/cm thus 1imiting the usefulness of germanium for
acousto-optic studies to frequencies less than 500 MHz. Tuned insertion
loss measurements were discussed"and the value measured (11.5 db) for the

transducer to be used in the acousto-optic investigation was presented.

0
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CHAPTER v

ACOUSTO-OPTIC PERFORMANCE OF GERMANIUM EMPLOYING A Zn0 THIN FILM TRANSDUCER
)

5.1 Introduction

* High frequency, wide-angle acousto-optic diffraction by single
crystals finds application in many fields. These include laser modulation
and output coupling for use in optical memories and displays; determination
of the photoelastic constants of materials and; determination of the
magnitude and shape of yhe pressure waves in a solid by opt1ca] probing:
Also, there is, as staf%q in Chapter I, considerable interest in
modulation andjgsi]ection of 10.6u CO2 laser radiation for such diverse
applications g; space cqmmunicat}ons and micromachining. In this chapter
a theory describing the diffraction of electromagnetic (E-M) radiation by
acoustic waves in a single crystal is given and the results compared with
those obtained experimentally fbr germanium. | ;

In the fo]low1n§Jsect10n an expression for the d1ffract1on
eff1c1ency as a function of the angl e of incidence of the E—M wave on the
acoustic wave is derived. It is shown that other thén Tow ;éoustic and
electromagnetic attehuation constants, elasto-optic modulators must possésé
a high refract1ve index for large diffraction eff1c1enc1es In Sectioﬁ
" 5.3 the experimenta] reSults af; compared with th1s thaory and the effectlve

photoe]ast1c constant of germanium is evaluated The chépt@r 1$hfo]10wed by-

a conclus1on,
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5.2 Theoretical Pescription -of Acousto-Optic Diffraction

»

The acousto-optic-diffraction problem of relating the magnitude

\».
and angular dependence of the diffracted intensity to the system geometry

and parameters is given by Klein [5.1]. This theory, based on a ‘coupled

mode interpretation, is outiined below.

5.2.1 Differehce Differential Equation

Consider plane, monochromatic radiation incident at an angle o

]

l_(positive in the case shown in fig. 5,]) on a plane ultrasonic beam of
T

width L.
In the region of the sound wave the optical wave equation can
N
by written
2 2
= [Eﬁé;ﬁl] 2_%. " (5.1)
2
C at
)
with  c(z,t) = ¢+ &' sin(atacz) (5.2)
where ¢ = index of refraction in the region of the
. "sound wave,
s { E. = electric field intensity, , F
« ¢ = vyeldcity of light in a‘vacuum;
Q, = sound frequency
s ‘\,
):?* © ' and x = acoustjc wave number.

R
N

i

" 'be expressed as

»e o (o, o — B ‘
The amplitude. of 'the electric-intensity in the sound beam can |,

e
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where w
A(x,z,t)
and k

h

111

A(x,z,t)expli(ut - kP | (5.3)

radian frequency of the L-M wave,

. "ﬁy

slowly varying spatial and time dependence
of £,

vacuum wave number.

As £ is periodic in space and time with the sound field it can be expanded

in a ftourier series yie]di%%

~

wherl K -;
m

fquations (5.4) and (5
the index m labels the

Substitutigg

m:—w
i

= exp(jut) § (kL2 +

= -0

~where k =

exp(jut) ) Qm(x)exp[j(mﬂt-km~l:§] (5.4)
M e :
= éok(zsin6+xco§6) + mxz | (5.5)

1

slgw1y varying x dependence of E,

I

5) represent an expansion of £ in plane waves where
mth Fraunhofer diffraction order.

equations (5.4) and (5.2) inte (5.1) one obtains

" ae (%)

ax

exp(jut) [ (2jek coso —F—+ tﬁkz + 20 k mesing + m2x2)e (x) Jexplj (mat-k )]

2c.c' sin(at-z)le_(x)lexp[j(mat-k -r)]  (5.6)

W . i

. and the following asSumptions have been made: éﬁ



1z

K’ ﬁ%h (5.7a)
2
o (5.7b)
. :
\ /
Y . ' "
oy o (5.7¢)
p

e (x) 32¢m(x) !

and X - 7 ; (5.7d)

By substituting the values given in Section 5.3 into equations (5.7) it

can be seen that these assumptions are justified. Now using the identity

sin(at-ez) - oxplI{0t- i ] (5.8)

in equation (5.6) and equating coefficients of the exponentials we obtain

the following difference differential equation for ¢ (x)

9¢ﬂ(x) . t.ki o ) S n° A
ot 2coso Lonaq(8) 7 ey (x)] A jlnk tano 4 2 Feoso1%y ()

(5.9)

The quantities which can be easily varied in a given experimenfa?
sygtem are the acousticalgpressure and the angle of incidence of the
radiation oﬁlthe sound field, while the radiat{dn'and sound .wavelengths
as well as the width of the sound field ysua]]y remain fixed. Therefore,
two dimensionless pérameters'are chosen wﬂich depéhd only upon the angle

of iricidence and the acoustic pressure, o and Q; respectively.A third



113

parameter (Q) is needed to complete the description of the problem. These

parameters are
)

v o= §é§%~ (Raman-Nath parameter)

= k'l since cose = 1 | : (5.10)
ok
a = -—~— sino , (5.11)
[y
KZL
and @ = Z;Ecoso

2L .
- 5 since coso = 1 | (5.12)

0

*

I.)
Substituting these parameters into equation (5.9) we obtain

de (x) : : -
et Lo (0 =001 =5 B tnza)s () (5.03)

where the partial differentials have been replaced by total differentials.
In a manner analogous to x-ray diffraction the Bragg angle for acousto-~

optic diffraction is gi@en by .

: A v
_ , ce - 0 : £ 14
. STH’OB Q—C:A— | (5.]4)
"where 0g - = Bragg angle in the modulating medium,
'Ao = Vvacuum wavelength of electromdgnetic radiation,

and A = racoustic wavelength.

!

! 1
Therefore, at o "GB’ a = + 7 .

l

s
eor
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If the plane waves of equation (5.4)J5re considered the normal
modes; then v may be thought of as the coupling coefficient between
‘adjacent' modes [5.2]. Since a purely sinusoidal sound field has been

(
assumed, only adjacent modes are coupled, On the other hand, if the sound

wave 1S not sinusoidal the refractive index can be expressed as a fourier
series.‘ In this case, the amplitude of the refractive index-changegfor each
harmonig{cj,w111 yield a corresponding vy- Therefore, mddes which are not
adjace&f will be coupled. For instance, Vo # 0, corresponding to the
second harmonic will allow energy transfer between every other mode.
Consequently, by ana]ysiné the intensity,distribution of the diffracted
radiation the waveform of the aéBuséic beam (the cj's) in the diffracting
medium can be determined (optical probing). .
The amount of energy transfer between modes depends not only upon
v but also upon the degree of synchronization of the modes Since the
various d1ffract1on orders have different propagation d1rect10ns two orders

s

which are in phase at a g1ven plane 1n space will not maintaﬁn this phase
relatjonship except ;t special incidence angles, The parameter Q is ai |
7 measure of the differences in spatia¥iphase of the various partial waves h
due to their d1fferent directions of propagat1on
7 Consider the E-M wave travelling through the sound field at an

., angle 8, With respect to the n = 0 wave (see Fig. 5.1). Its path length

will be a
c L .
P g T gt ¢ tane ] (5.15)
’ ' n ' “ .
But. “tanﬁn x £5E~ _ ' ‘ , (5.16)
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. Therefore P.L. - oL [1+ %{?ﬁy)Z]* e ' (5.17)
& ’ » |
~

and the difference in spatial phase Aén for a wave travelling in the
: o
B direction and a wave travelling at the incidence angle is

-

o , |
M6y = kaPL. = ﬂ§9 (5.18)

Consequently %or larger values of Q there is less synchronization and
there will be little energy transfer except when a = %-. In this case,
from equation (5.13) it can be seen that the right hand side is zero just
as it is for the incidenf (n=0) beam indicating that the two waves, n = (

and n = 1, are synchronized. Note that n = -] is not synchronized and

will therefore not grow in amplitude,
R
5.2.2 Derivation of Diffracted Intensity

Forn=1, « = %—and recalling that ¢ﬁ1(x) =0, oné obtains

».

from equation (5.13)

E doo(x) v
de. ( . C
and o] X 7[-¢o(x) = ] gr-(l 2a)® (x) . . (5.20)

' .

v . L oo
A

Ly

Jn theﬁr decoup1ed form equat1ons (5.19) ch (S 20) become

e o o
S d% ( ) irg do ( ) |
k : ‘Igi“zt”ll‘ . ;%i*té ¢ (X) = 0" - (5.21)

|
\

v
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/-*'
Yoy do, (x)
1Y% - [Q(1-2a)] 1 2 .
and — 5 i e W AL LG VR .
(5.22)
with the onndary conditions
cpo(o) = i (5.23)
i
1‘7,
and 4»](0) =0 (5.24)

The solutions to these second order, homogeneous differential equations

with constant coefficients, subject to the above boundary conditions are

» (x) = éxp[m%fz—(i x][cos(‘fx) + j-—qg-——z—ls’ln([x)] (5.25)

(V]
and @1(x) = - %’—gjexp[jg%fz—ﬁ x]sfin(%’x) ; (5.26)
where "o = {[Q( -22)1° + [2v ]2 1/2 : 3 (5.27)

Therefore, the respective intensities IO and 11, at x = L vh”H,—be

_ * 1 ; 'l (5.28)
IO = ] Qo 1 I-I
B
g * oy 2rsinos2 '
and Iy = o0, = (7) [ - ] , ' (5.29a)
. N t |
vy 2 ‘ o ‘ ’ '
= (7) v<<1l,a=,5. (5.29b)

[With respect to equation (5.27) it should be mentioned that it is correct,’

. vas'.oppoé.eﬂd to that given in»K}ein"s paper]. '
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r Equagion (5.29a) gives the 1ﬁtensity of the n = 1 order as a
function of angle {(a). The sharpness of the distribution will depend
- Ay
upon Q and the magnitude upon the Raman-Math parameter. Tﬁﬁ validity of
the above theory will be demonstrated in Section 5.3.%.
5.2.3 The Raman-Hath Parameter for a Single Crystal Solid
The change produced in the die]ectric‘1m)ekmeab111ty in a solid

is related to the strain by

Mg T Pijkedke (5.30)
where Bij ” dié]ectric impermeability tensor component,
pifki f"eiasto~opt1c cobfficient in teﬁgbr notation,
and s, = .the applied strain in tensor notation [5.3].

P

The d1e]egtr1c 1mpenﬂeab111ty tensor components are re1ated to the

die]ectr1c tensor components (K, J) by

B . 7 é [;’ 0;5)

-

. where 6§, = Kronecker delta.

%a;the case of cubic c%}staqs Kij = K. Thus,

2 | g ( o
A 5L * o %
b i o ' kb

2 b

KEBBy 5 = KRk S ke (5.32)

Now, since K = ¢ ’ 7 ' (5.33)
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and thercfore  aK ZQOAQ s (5.34)

the change in refractive index due to a strain is give by

3

[—

= P o7
‘ Ay 7~ Pijke ke (5.39)

h
In order to determine the change in refractive 1nde£jdue to a
compressional wave propagating in the s]]]; direction the .applicable
tensor components must be determined in terms of those re]dtive to the
crystal axis;' This is dane by using the general tensor transformation law

T ‘x T T T ,T T )
T1]k2 ) aim d,jﬁ akO dip Tmnop (5.36)

(5,37)

/
for the z!' axis.in the <111> direction, the x' axis in the <170» direction

and the y' axis in the <112> direction,

¥ With Tonop ™ fourth rank tensor component relative .to the
’ i principie axis of thezcrysta1w
and 'T%jk1 = fourth rank‘fensor component r§1ative to the
Aa*new,rotated axis. [5.6]. $
. ,
Thus  pyy = 3R+ 5hpp 3 Pag ' Los3m)

LIRS PO
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where p§3 = elasto-optic tensor component written in reduced notation
and is applicable for the radiation wave polarization being parallel to
the -111- direction. It has been shown that the elasto-optic constants
in germanium have the same sign [5.4]. This is the reason for polarizing
the radiatioﬁ parallel to the <111~ axis. If it were polarized in the

-170- direction the relative photoelastic constant would be

o] 2 2
Pils = 3Pt 3P12 " 3Py - (5.39)

The: value Of.qu turns out to be approximately half of Py O Pyps therefore
pjy for an E-M wave polarized in the <170» direction and a <111> directed
acoustic wave will be ~ 2.5 times smaller than péSA

The acoustic power is re1ated to the strain in the following

mapner [5.5], From Chapter IV, the average acoustic power delivered to

the crystal is

: L1z o do wh
Pge1 = 2 Y4 20 ¥a? : - (5.40)
Qdé. 7 , H , : \
but S33 © g ; f 7 (5.41)
Yd
: P del 1 di3 ‘ e
therefore — = ﬁ-pd(vd) S33 (5.42)
P : 17 I :
del _ . s 5
. where . S = acoustic power density .
‘ t

o

’The'acoustic power density is related to the incident R.F., power (PRF)
on the transducer impedance mat@hidg#network by an effective transduction

efficiency T. From equation (5.10) and using (5.35) and (5.42) we obtain

I

By
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. 3
T 2P T X 107\1/2 (5.49
" 7 Perf o9 3s :
Pd\'d
R L 7
and therefore z— = E~?~w[(7)PRFT x 10"] (5.44)
A
6 2
c’p |
where vy = g eff (5.45)
p(vd)3
d
and S = Lxi ' (5.46)

The factor 107 is the conversion factor relating watts and ergs. Y 1is the
photoelastic figure of merit for the modulating medium, in this case
germanium,

5.3 Acousto-Optic Experimental Results

3

Fjg. 5.2 shows the experim gal arrangement used; first to

evaluate the effective photoe]aétic tant of germanium hence determine

\

v and second, to compare She variation of the diffracted intensity with the
angle of 1nc1dence, that is, to determine Q.
) ‘\,

A
i

4 . ! .
5.3.1 Determination of Photoelastic Constant of Germanium (péé}
o '\\ By
¢ \,
\ - . ha .

The 5 watt, 10.6u laser beam was incident from the left and
polarized parallel &f the <111» directed dilatational acoustic wave. To
valuate the figure of merit of germanium the chopped, transmitted optical ’
beah power was continyously monitored and the diffracted beam was

colIected by a NaCl lens and detected w1th a Au:Ge (77°K) detector.
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The detector responsivity was 1.85 v/watt as determined by attenuating with

calibrated Caf,-attenuators, x{n incident 10.6u beam of known power,

2
For a transducer having an L = 4X5 mm and an H = 5.5 mm; the corrected
one-way tuned inSeftion loss at 354 MHz-was 11.5 db. The material
acoustic losses (see Fig. 4.11).amounted to an additional 2.95 db/cm or
3.68db loss to the center of the 1 inch germanium cube resulting in an
effective transduction efficiency of T = 15,18 db. Using the circuit
shown in Fig. 5.3 three watts of R.F. power was de]ivere; to the matching
network. At the Bragg angle, 12.33 mw or .25% of the incident radiation
was diffracted, From equations (5.29b) and (5.44) this results in a_(
v=_.1and an y = 8.08)(’10”]6 for‘germanium (co = 4.0): From thisﬁfigure
of merit an effective photoelastic constant of Paff = .42 is obtained,
Conside;ing the experimental arrangemeng this result is surprising since-
it is, essentially, exactly tﬁe same as thag determined by Pinnow who

employed an experimental technique much more suited forAgetermining

ph§§091ast1c constants [5.4].
O

5.3.2 ‘Angular Dependence of Diffracted Iﬂtégsity

By rotating the ‘table on which the germ%nium cube wa's located
the angular location and relative amplitudes of the diffracted intensity
maxiﬁa Qere defermined. \Thé signals obtained at"Q = 26°, 18.75° and’
2].25° are shown in Fig. 5.4. 1In this instance the cﬁ&pp;ﬁ:was_Jocated
ihtracavity hence the 'Q'-switched leading edge of the jdfrared pulse.

The acoustic beam was also pulsed.
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Fig. 5.4b o' = 20°

F1g Sﬁic o = 21 25°

!

5.4 Dwffracted 10, 6u Laser Pukses at the Angu]ar Locatwons‘.

< R of Max1mum Intens1ty
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The above data.was plotted on a computér generated curve based
on cquations (4%.2/7) and (%.29) for v = _1 and Q = 291. As can be seen‘
in big. 5.5, the agreement is excellent. The angle (0') represented in
fig. 5.5 is the experimental angle between the normal to the cube and the
incident beam; that is, the angle external to the medium and not the
internal angle usually reported.

5.4 (Conclusion

The unified theory of Klein and Cook presented in Section 5.1
which is based on the dimensionless parameters v, a, and Q was shown
experimentally to adequately describe the ultrasonic (2 > 100 MHz)

: diffraction of 10.6y, radi%tion. The "acousto-optic, material figure of
merit for a sinyle crystal was derived. This figure of merit was detérmined
exﬁerimenta]]y for germanium and shown to be ~ 540 time$ that of fused

quartz, indicative of an effective photoelastic constant of .42 for a

l\‘; = = = - N o ; = =
10.6p radiation wave polarized bara11e1 to a <111> directed compressional

acoustic beam [5.47].

Based on the results presented in this chapter, one can
rea?istica]1y expect to'achieve a 12.5% diffrac Eon efficiency with only
50 watts R. F and an aspect ratio ( =) of 3. IfaT=154db is to be
ma1nta1ned however this will require: an improved R.F. m@tchfng network
due to the increased transducer area; a reduction in contact resistance
and transducer electrode IZeross; cooling and; precise, stable angular
a1ignment &ue to the concomitant increase in Q. It shoh]d be noted that

the overa]l area requirements can still be kept reasonab]e by the use of

cy11ndr1cal lenses resu1t1ng in a reduction in the requ1red transducer

: he1ght
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Use of such an acousto-optic modu]gtor (a single crystal of

Iy

germanium ytilizing a thin film Zn0 transducer) intracavity, would be
capable of coupling out 25% of the cavity energy. Thus it would appear
that the use of an acousto-optic modulator, operated intracavity, to

[

efficiently output couple a CO2 laser is indeed: feasible,
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CHAPTER V]
CONCLUSION

The feasibility of simultaneously frequency modulating apd
optimally coupling radiation out of a CO2 aser cavity by méang of an
acousto:optic modulator has been demonstrated experimentally and
theoretically. In addition to the development of a modulation system
capable of detecting Doppler shifts of 1 GHz described in this thesis,
other aspects of the system were also ipvestigated. A method of
controlling and stabilizing a pa?siye]y Q-switched 602 1éser {see
Appendix 11) was developed. A 1 meter coaxial C02'1aser”w1th the
uncoojed qermanium cube intracavity was made to oscillate. Also,
coherent detection was attempted, however, it was, as expécted, un-
éuc¢gssfu1 due to the very limited frequency response of the Ad:Gé;
detector. These results, in our opinion, renders the IRDAR sy§tem
proposed in Chapter I worthy of further consideratibn. This is due not
only to the developments reported above but also to the state of the art
deve]dbment in €0, laser technologygé '

" There would, of course, tfe many challemying engineering probliems
to’be overcomeiranilding,a working system. Some of these prob1ems.wou]d
be to‘test the’ modulator 1ntracav1ty to determine, the: coo]1ng, beam
focus1ng and powér both acoustic: and electromagnet1c requ1rements, to.
construct (purchase} and test an ultra- fast photodetector" to measure
“the magnitude of the frequency pulling betweeﬁ the two cav1t1es and

qorrectlth1s if possib1e; and to construct a. su1tab1e opt1ca1 de]ay 11ne

n

Lo
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o

for testing the system. Also, after a working system had been constructed
and tested under 2@%&(0]1ed conditions the signal degredat1on due to
transmission through the non-ideal, real atmosphere would have to be
1nvestlgated. If a Doppler compensating communicatiop system were to pé
designed having a 50% bandwidth with a center frequency of ~ 400 MHz

using an ultrasonic frequency translator, piezoelectrically active.single
crystal plates would have to be seriously considered and care taken in
choosing the electrode materials and th1cknesses As mentioned, for

large area transducers this would 1ndeed be challenging.

Due to the broad scope of the investigation described in th1s
thesis, a thorough study of all a§pects of the project was difficult for
one man to accomp11sh even in a thFEe year per1od Therefore, there are
many aspects which warrant further 1nvest1gat1on To begin wlth an
éﬁmproved deposition system could be constructed and many pure]y th1n‘f11m
experiments conducted. These would inc1ude\1nvest?gqf1ng the Zn0 th1n
film growth mechanisms pay1ng part1cu1ar attent1on to ‘the effect of the
nucleating surface and reactive gas content 1n\%QS\sputtering gas mix on
the film structure and compos1t10n Acoustfca?]y,\the maximum gain—
bandwidth product for the Zn0 thin film transducer; Qf we11 &s their

power ‘handling capab111t1es should be determ1ned exper?menta]@y In

addition consideration could be g1ven to acoustic beam steer1ng techn1ques.

Acousto- opt1cally, the maximum number _L?resolvab]e spots for the modulator

should be determined Also when higher acoust1c powers are eTployed

' optlca] prob1ng exper1ments to determ1ne the shape of the acgustlc wave ,

1
- x Ty

'could be conducted

a
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