General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



TR-83-~18
(NASA-CR=174541) SURFACE ACGUSTIC N84-10366
WAVE/SILICON MONOLITHIC SENSOE/PROCESSOK
Final Report (Syracusc Univ., B. Y.) 123 p
HC AQ6/MF AD1 CSCL 13H Unclas
G3/31 15190

Surface Acoustic Wave/Silicon Monolithic

Sensor/Processor

Final Report

September, 1983

Prepa~ed Under
NASA Grant #NSGLlé6ll

by the

Department of Electrical and Computer Engineering
Syracuse University
Syracuse, NY 13210

Stephen T. Kowel
Philipp G. Kornreich

Principal Investigators

Akbar Nouhi

Robert Kilmer
Mohammed Ayub Fathimulla

Ebrahim Mehter



ABSTBACT

A nev techaique for sputter depositian of
piezoelectric zinc oxide ({Zn0}) is descrihed. An argon-ion
milling system has been converted to sputter zinc oxide
filws in an oxygen atmosphere using ¢ pure zinc dxide
target. Piezoelectric films have been grown on silicon
dioxide and silicon dioxide overlayed with gold. The
siputtered films were evaluated using surface acoustic wave
measurenents, X~ray diffraction, scanning electron
microscopy, Auger electran spectroscopy, and resistivity
measurements. The effect of the sputtering coaditions on
the f£film gquality and the result of post-deposition

annealing are discussed.

The application of these films to the gemeration of
suciface acoustic waves is also discussed. Piezoelectric
Zno0 cverlays om silicon are of interest because they
répresent an integration of surface wave and semicopductor
technologies. This integratior provides the ability +to
acoustically modnlate image-generated carriers in a
prototype surface acoustic wmaves/silicon smart semnsor known

as a DEFT device.
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I Introduction

The goal of this program was to create a new Deft sen-
sor based on a silicon photodiode array as the sensing med-
ium, with a thin film zinc oxide overlay to provide the sur-
face acoustic wave modulation. If such a sensor could be
developed,it could have a number of advantages in compari-
son with the current DEFT sensor technology based on a cad-
mium sulfide film as the image sensing material deposited
on a lithium niobate piezoelectric substrate. Among these
advantages would be very fast time response to changes in
the image, integration of excitation and processing circui-

try and, ultimately, higher resolutionm.

This report reviews the progress to date and describes
the work that needs to be done if the Deft sensor is ulti-
mately to be based on a silicon semiconductor technology.

Our efforts to create effective launching of surface acoustic
waves on silicon using zinc oxide overlays has been success-
ful and our results are comparable to those achieved in

other laboratories. Current difficulties in detecting sig-
nificant image transform signals seem to be related largely
to the specific design of the silicon photodiode array which
we obtained early in this research program. It is hoped

that a future opportunity will arise which will permit the
redesign of the diode arrays which will provide the isola- ;

tion necessary to obtain significant signal response. i



The field of surface acoustic wave (SAW) devices has
been an area of considerable activity for many years.
Traditional acoustoelectric devices have used a
piezoelectric material, f.ypically lithium niobate, as the

(19)
substrate. Interdigital transducers are deposited oun

the substrate to qenerate and detect surface acoustic
wvaves. Since the substrate is piezoelectric the acoustic
vave will carry an associated electric field. This
phenomenon has been used to create many useful devices such

as delay lines, filters, convolvers, and correlators.

The possibility of inteqrating SAW and semiconductor
technoclogy has generated iaterest in zinc oxide {Zn0) thin
f£fil®s. Much of this interest bkas been directed towards
developing new sputtering techniques for 2Zn0. By
sputtering zinc oxide, which is piezoelectric, on silicon,
vhich is not piezoelectric, ¢the functions of active and
acoustic devices can be combined on one substrate. R¥
magquetron, DC magretron, BF diode, DC diode, and DC triode
units have all been used for %this purpose with varying

(21,22)
degrees of success -

It is with this applicatiom in mind that we have
develaoped a new sputteriqq technique for zinc oxide. This
innovative procedure utilizes am arqon~ian beam wmilling

apparatus converted for sputtering. This system has been



used to qrow acoustic quality 2Zn0, that is a piezoelectric
film that will support an acoustic wave with a minimum of
attenuation, on oxidized silicoan and oxidized silicon

overlayed with qold.

Previous work at this laboratory had focused on

(39)
designing the fixtures used in the systen ~ While zinc

oxide films had been grown, the films generally suffered
fronm high conductivity amd a lack of piezoelectric
activity. Our most recent efforts have overcome these
problens while nore conpletely characterizing the
sputtering process. ¥e have alsc explored the application

(31)
of these films ¢o a SAW device known as DEFT (Direct

Electronic Fourier Transform).

The main body of this thesis describes the use,
structure, and performance of the argon-ion sputtering
unit. A comparision of this system with the aforementioned
sputtering units is presented. Also discussed are the
general theory of sputtering, the results of
post~deposition annealing of the 2Zn0 films, and the
application of the £films to the generation of surface
acoustic vaves. The appendices present the cleaning
procedure used for the substrates, Auger standards, aand a

calculation of the acoustic mode preseunt im the filns.



II General Theory of Sputteriug

The ability to deposit high quality thin films in a
reprodrzible fashion is essential for any microelectronic
device. Traditiopally, this crucial task has been performed
by evaporation techniques such as resistance Yeating.
However, the demands nf the electronic industry for films
unattainable by conaventional me thods has stipulated
considerable effort towards developing mare versatile
deposition techniques. One of the outgrowths of this search

has buen the sputtering process.

The bigqgest advantage of sputtering over other
deposition techniques is its ability to deposit materials
incompatible with other methods. Sputtering offers the

capability to deposit with good adhesion and unifornm

(1)
thickness materials such as =

{1) multicomponent alloys,
{2) refractory materials,

{(3) insulating films.

0f course, there are also disadvantages. Among thenm
ares:
(1) source material must be available in
sheet form,
(2) deposition rates are lower than most
other processes,

{3) source material must be cooled,

i e e g e
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{4) large number of parameters wmust be

caontralled.

Sputterinq is a mpmethod of film deposition whion
involves the remaval of material from a solid target by
bombarding it with positive ions. The sinmplest way to
visualize the ion sputtering process is as a transfer of
momentua from the incident ions to the target nmaterial. A
bombarding ion of mass M (usually a noble gas) is incident
on a stationary target of atoms of mass m, the material to

be sputtered. Opon collision, the maximum enerqy E
o

{2)
transferred to the stationary atoms is

2
BE =4aM({E })/{(n+Y)
] i

wvhere E 1is the enerqy of the incident ion. B is often
i [

teferred to as the energy-transfer coefficient. If the
momentun transferred to the stationary atom is greater than
some threshold value, the stationary atom will be displaced,

or spuattered.

If the incident ion has more than the threshold emerqgy

E (typically 10 to 35eV) but less than some upper liait
t

{about S0KeV)}, the mean enerqy E of the struck target atoa
will be

B
-



E={E +E )/2
s ¢t

where E is the kinetic energy of the initially stationary
s

particle after the <c¢ollision. For enerqgies bhelow E , no
t

sputtering vill occur. For energies much greater than
50KeV, the bombarding iom will bury itself in the target
lattice (ion implantation) and wiil oot cause any

sputtering.

A parameter which characterizes the sputteriang process
is the sputtering yvield S, which is defined as the number of
ejected atoms per bombarding ion. Since the bombarding ion
will +typically underqo several c¢ollisions {(that is, more
than one atomic layer is imvolved), the sputtering yield is

usually greater than unity.

Calculation of the sputtering yield involves
determining the number ~f atoms displaced by a primary hit.
In general, the yield will be a function of the angle of
incidence of the ions, their emergy, the position at which
the yield is measured, and the materials invoived in the

(3)
sputtering process -

The yield is narmally not dependent on the target
tenperature unless the sputtering process raises the target

temperature to the point where sputtering and evaporation

T e -
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(W)
are superimposed - Since the sputtering process is very

inefficient {about 95% of the incoming ijon's enerqgy is
transformed into heat), the target material must he cooled
to prevent evaporation, especially wvhen sputtering 1low

melting point materials.

Sputtering vields rarely differ by more than an order
of magnitude, even for materials with widely different
evaporation rates. This allows for sputtering of
multicomponent materials at a relatively uniform rate. A
rather interesting phenomenocn, and one which is
unexplainable via the billiard ball model, is that yields
vary much more with iom species than with target aton

. {5)
species .

As the enerqy of the incident ion is increased from the
threshold value the yield normally rises exponentially at
first, then 1linearly, reaches a naximum value, and
eventually begins to decrease. For low energies, Gurmin et

(6)
al. have found that the yield is proportional to the

enerqy where the proportionmality constant depends on the ion
and target masses, the enerqy traasfer coefficieunt, and <the

heat of sublimation of the targct material. In the medium

\ (7
enerqy ranqe, the yield can be shown to be

B R T TR e T S - ————————— A - - . - . -




5 2/3

S=(E/4E ){1+[Ln(E/E ) /2] 1on
t L]

where Q is the collision cross section and n is the number
of atoms of the target ~naterial per unit volume. For this

2
enerqy range, Q= {a } and

2 2.5
asA /{2 + 2)

vhere Z is the atomic number of the hosbarding ion, 2 is
1 2

the atopmice number of the tacget atow, and A is the Bohr
o

radius of the atom. For high enerqgies, +*he billiard ball
model breaks down and the sputtering yield falls off as the

incident ions beqin to bury themselves in the lattice.

An interesting and rarely discussed point is what
happens +*o those ions that do 1imbed themselves in the
tarqet. If the ions are from a noble gas (typically argon),
then it has been observed via electron microscopy that the
ions form nicroscopic noble-gas bubbles in the targqet

(8)
material - It is generally believed that these "bubbles®

have little effect on the sputtering yield, but to date no

in-depth studies have Leen done to veri*+ thris.

e St
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III JDescription of the Argon-Ion Sputtering Unit

The system used for sputtering is a converted ion-beam
etchinqg apparatus, a 3" Veeco Microetch station {model

nupmber 3ME-156). 7This unit is significantly different than

12)
the diode, triode, and maqguetron systenms used by others.

Each technique possesses unique features and advantages, a

point to be considered in qreater detail in Section 7.

4 schematic representation of the system is shown in
Fiqure 3.1. A brief description of the operation of the
unit is given below, fcollowed by a detailed discussion of

each of the major sections.

An arc discharge between the anode and cathode serves
as the ior source. The ions needed to support this
discharge are supplied by the incoming gas, in this case a
60/40 mwmixture of arqon and oxygen. For a discussion of the
gas mixture used see Section 5. The accelerating systen,
which is at —1KV with respect to the cathade, extracts the
beanm from the ion source into the target chaaber. The
focusing coil produces a magnetic field which both focuses
and contains the accelerated ions. The energy and current
density of the ion beam can be adjusted via the accelerating
potential, nagnetic field streaqth, and arc discharge.
These accelerated ions inpinge upon the zinc oxide target
below where sputtering occurs. The off-sputtered particles

then deposit on the heated substrates.
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Piqure 3.1 - Schematic diaqram of the argon-ion sputtering
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11

To prevent the buildup of a retarding poteantial on the
surface of the target when sputtering insualating materials,
a neutralizing filament is provided imn the mnmain chamber.

-4
The entire process occurs at a pressure of 10 Torr to

ensure a large nean free path for both the ion beam and the

sputtered particles.

From the above discussion, it 4is apparent that the
sputtering unit may be divided into three main sections;
{1) Ion Source,
(2) Ion Acceleration Systen,
{3) Target Chamber.
The entire apparatus rests on a 22% Jdiameter alumioun
baseplate and is intended to be used in conjunction with an

18" bell jar. Eacan of these couponents is described in

(9)
detail below a

(1) Ion Source (Fiqure 3.2)

As its name indicates, the ion source supplies a
continuous flow of positive ions for the ion beam. Designed

-4
to functicn at pressures Jin the range of 10 Torr as

measured at the upper baseplate, this Kaufman type discharqge
source utilizes a requlated piezcelectric gas feed-through
valve to @wmaintain a stable operating pressure. A 60/40

mixture of argon and oxygen is used as the ionizing gas.

_. __,,.‘
T s e e
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For the cathode, an electron emitting tungsten filament
together with a requlated power supply 1is used. The

mnolybdenum cylinder serves as the anode.

An electromagnet is placed outside the ion source to
initiate a cycloidal trajectory for the ions. This
electromagnet applies a magnetic field of up to 50 QOersteds
in the ion source to increase the onumber of 1on.zing
collisions. The resultinqg cycloidal motion of the electrons
vyields a mwmore stable discharge and allows the user tc
control the current density profile across the beans In
general, increasing the field strength allows for a flatter
beam profile and more arviform sputtering of the target
material. This field is of course supplexzented by the field

produced by the cathade filament {(typically *+10 Oersteds).

{2) Ion-Acceleration System (Figure 3.2)

The molybdenum grid assembly located at the bottom of
the ion source extracts the ion teanm from the source. These
three perforated qrids focus and accelerate the bean while
preventing ions in the target chamher from returning to the

sSource.

The first of these qrids is wmaintained at the sanme
potential as the ion scurce and serves as the system ground.
By placing a stainless steel plate of the desired size and

shape on top of thiv qrid, the aoperator is able to vary the

S S S
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bean size and confiquration from 2zero to three inches.
Since this plate is at the same potential as the source, it
will not be sputtered, affording the user increased

flexibilty.

The second gqrid is biased at 175-250V and acts as an
electrostatic barrier to prevent electrons in the target

chamber from eantering the ion source.

The third and final grid serves as the accelerating
potential. This qrid affords up to -2KV of accelerating

voltage, with -1KV being a typical operating value.

In addition to the aforementioned functions, the qrids
also provide a pressure differential between the dischakge
and target chamber. Above the grids, in the iop source, a

-3
relatively hiqh pressare (10 Torr) is required to support

a stable discharge. BSelow the grids, in the tarqget chanmnber,

-4
a lower pressure (10 Torr) is needed to imsure a large

mean free path for the accelerated ions and the
off-sputtered particles. The qrids act as a "barrier"
between the ion source and the target chamber, thereby
providing the pressure differential required to maintain

both pressures simultaneously.

Located directly below the upper baseplate is the
neutralizing filament. The tungsten wire filakent serves to

neutralize the ion beam and eliainate any surface charge on

ATETTIIOS S

[
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the target. This allows for sputtering of both conducting
and non-conducting targets. In 1light of this, it is
apparent that the current emitted by this filament should be
sliqhtly qreater than the total ior current, thereby
preventing the buildup of a retarding potential hetween the
targqet and the bottom (accelerating) qrid. Any excess
electrons emitted by the neutralizer will be absorbed by the

suppressor (second qrid)e.

({3) Target Chamber (Fiqure 3.3)

The target consists of a five inch 9S5.99% pure zinc
oxide disk mounted on a wvater—cooled backing plate.
Pacilities are provided to rotate the tarqget and change its
angle with respect to the ion beam from outside the vacuun

systen.

Hith the target set at a 45 degree angle relative to
the ion hean, the sputtered particles are directed towards a
12.7cm suvbstrate holder parallel to and approximately 15Scm
from the center of the ion bean. As with the target,
provisions have been made to rotate the substrate holder
from outside the bell +jar for a more uniform deposition . A
coiled filament is supplied to heat the substrates. The
desired temperature is requlated by a thermocouple placed on
the surface of the substrate holder and an Cmega temperature

controllere.

Hior i

R
e

TR T I T T T



Figure 3.3 - The target assembly. The shafts of the target
holder have been hollowed to allow water to
circulate behind the target.
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4 shutter is provided to shield the target from the ion
beam during initial beam adjustment. Frovisions are also
made to measure th2 current density of the beam prior to

sputtering as well as the total tarqget current while

sputtering.
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IV Deposition Procedure

As with any microelectranic process, substrate
preparation is of the utmost importance. While each
individual investigator has his own favorite procedure, each
focuses on two points; cleanliness and the preparation of

nucleating centers.

Prior to sputtering each of the substrates 1is cleaned
according to the . ascedure listed in Appendix A. To provide
the nucleating centers required for growing a c¢-axis normal
zinc oxide filw, a thin layer of chromium and gold is

(10)
evaporated on the substrate. Wagers has shown that a 50

to 100 angstrom thick chromium film will provide the
necessary orientaticn for £ilm growth . This 4is isportant
since the lack of praper nucleating ceaters cad result in
grain boundarcy reversal, effectively cancelling the
piezoelectric effect. While we have successfully grown
acoustic quality zinc oxide directly on silicon dioxide, the
process is more reproducible using the gqold~chromiua

procedure.

To prepare the system for sputtering the target |is
sputter~etched for 1/2 hour before placing the substrates in
the system. In addition, the zinc £foil that is used to
protect the tarqet holder from being etched by the ion bean
is replaced prior to each sputtering session. The time the

systea is left open to the ztmi)sphere is kept to a minimun.
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After the substrdates are placed c¢n the target holder

-6
the systen is pumped down to an initial pressure of 1x10

Torr. During this process the substrates are heated to 270
degrees centigrade, allowing them to degas prior to filn

deposition.

When the substrates have reached the proper temperature

-4
the systemn pressure is stabilized at 2x10 Torr (as

measured at the upper baseplate) by the argon-oxygen gas

-5
mixture. This corresponds to a pressure of 5x10 Torr when

seasured from the usual location of just below the high
vacuum valve. Sputtering is then initiated using the

following settings:

Accelerating Voltage 1. 0KV
Arc Current 1. 04
Suppressor voltage 175y
Magnet Current 0.8A
Arc Voltare >80V
Target Carrent -5.0nA
Acceleration Current 150mA
2
Current Density 1.8aA/cn

The target curreant, acceleratior uurrent, and curreat
density are all typical values and may vary sl.ghtly froa

one session to the next.

L o R R . % . T e
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the systeam is then run for approximately six to eight
hours, depending on the desized fila thickness. This
resulets i:a 2 to 3 nmicron fils. After sputtering, the
substrates are allowed to cool in the oxygen—-arqon adbieunt

4]
until a teaperature of 200 C is reached. The systeam is

left in the higqh vacuum state and not opened until the
0
substrates reach a temperature of 50 C.
Q
Bach f£ilm is then annealed at 550 C in a diffusion
furnace with a pure oxygen awmbient €for 1/2 hour. The
results of this post-deposition annealing are discussed in

the section on anmealing (Section 6).
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V Dependence of Film Quality and Systea Performance on he
Sputtering Conditions

As with any sputtering unit the film quality and
overall system performance are sensitive functions of the
sputtering conditions. %hile there are numerous parameters
that must be controlled, the four most crucial ones are;
sputtering gas oxygen content, subpstrate femperature,
sputtering pressure, and accelerating vcltage. Each of

these is discussed separately belowv.

{1) Oxygen Content

The admission of oxygen into the sputtering gas has two
effects. First, and foremost, the presence of oxygen helps
maintain the proper stoichiometry of the growianq filma
Secondly, the oxygen also participates in the sputtering

Processa.

The effect of the percentage of oxygen in the
sputtering gas on the sputtering rate is shown in Figure
5«1, the data for which is presented in Table 5.1. Here we
see that the sputtering rate decreases rapidly with
increasing oxvygen. This continues until approximately a 60%
oxygqen content is reached, at which point tha sputtering
rate becoumes nearly constant. This phenomena is expected
since oxygen, with its lower atomic nusher, is a much less

efficient sputtering gas than arqon. Therefore, from a

-
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Pigure 5.1 - Graph showing the sputtering rate as a function
of the percentaqe of oxygen in the sputtering
gasS.

ORIGINAL PAGE IS
OF POOR QUALSTY.

-
~
P =

- - — -




23

Oxygen | Acceleration | Filnm ] Sputtering
Content | Current | Thickness | Rate
(x) | {ma) | {(Angstroms) | {(Ang./Sec)
- } - m—————————
0 [} 65 | 655 ) 2-18
25 ! 12 } 472 { 1.57
40 ] 70 | 383 | 1a27
60 } 70 | 315 | 1.05
80 | 62 | 300 | 1.00
100 i 70 i 291 | 0.97

Table 5.1 - Data for Fiqure 5.1« Each Ffilm wvas
sputtered for 5 &minutes under the
conditions given in Section 4.
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deposition rate point of view, the percentage of oxygen

allowed into the system should be kept as low as possible.

The other coansideration determining the percentage of
oxygqen 1in the sputtering gas is the stoichicmetry of the
qroving film. The addition of oxygen to the sputtering gqas
provides an excess of oxyqen ions in the system. Since zinc
oxide, zinc ions, and oxyqen ions are all sputtered from the
target, the presence of the extra oxygen ions tends to
decrease the proportion of free zinc in the filnm. This
manifests itself as an increase in substrate resistivity due
to proper film stoichiometry. We therefore use the

Tesistivity as a measure of the film stoichiometry.

Fiqure 5.2 and Table 5.2 show the dependence of the
sheet resistance of the film (as measured with a four-point
probe) on the percentaqe of oxygen in the film. Here vwe see
that the presence of 25% oxygen in the spattering gas yields
a six order of magnitude Jincrease in the substrate
resisitivy. As the oxygen content is increased beyond 40%,
the substrates show little further iancrease in resistivity.
These fiqures are typical for most of the sputtering units
in use today. The only systems that norwally use a
significantly different mixture are those that have a pure
zZinc target, in which case oxyqgen gas percentages as high as

(1)
100X have been used -

P
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SHEET RESISTANCE (ohms/square)
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Pigure 5.2 - Graph showing the sheet resistance of the fila

as a

function

of the percentaqge of oxygen in

the sputtering gas.
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Qxyqgen i v i I ] B
Cottent 1 (Valts) | {Anps) | (Ohms/Square)
(%) i l |
~= I-- [ - [ —— ==
0 } 1. 00 | - 348 | 13
10 | 1. 00 ) 54.2u | 83.6M
25 i 1.06 | -« 4314 | 10. 184
40 | 1.00 ] * 75.46n } 60.0M
60 [ 1.00 | 59%.9n | 81.1H
80 | 1.00 | 63.5n | 71.3H4
100 { 1.00 i 49.0n | 92.5H4

¢t —

Table 5.2 - Data for Figure 5.2.
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The 40% mixture used represents a suitable coanpromise
between sputtering rate and substrate resistivity. It is
also in qood aqreement with work done by researchers at
Gould laboratories to determine the optimal percentage of

(12)
oxygen in the sputtering gas - Using an RPF Diode

sputtering unit they have found via glouv discharge mass
spectrometry that oxygen contents in this range (25%) vyield
a @inimum in the ratio of Zn ions to Zn0 in the plasma.
This results in films with the largest amount of c-axis
normal orientation and smallest angular distribution of the

¢c~axis orientation akout the substrate normal.

(2) Substrate Tepmperature

Substrate temperatures for sputtering zinc oxide have
traditicnally been between 200 to 350 degrees ceantigrade.

The exception to this is aonce again those systems that use a

{4)
pure zinc target which tend to rum slightly hotter

a
(450-500 C). The argon-ion system operates in the aiddle

of the “traditional" zone at 270 degrees centigrade.

The purpose of heating the substrates is to promote
adatom (absorbed atons) mobility, prevent the formation of
voids, and give the proper sticking coefficients for the
sputtered materials. A substrate temperature which is tao

low will result inm 1low density, porous structures with

e e R
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little piezoelectric qualities or crystalline structure.
Too high a substrate tenmperature will promote excess
reevaporation of dJdeposited particles, resulting in a low

deposition rate and an abnormally rough surface.

Using the given temperature of 270 deqrees centigrade,
high density £films exhibiting good piezoelectric activity
have been qrown an both amporphous and crystalline
substrates. Pilms sputtered at lower temperatures have a
very high resistivity, but no piezoelectric properties. For

o
temperatures much greater thamn 270 C, the resistivity falls

off rapidly. Again there is no piezoelectric activity.

Waile this temperature is cocmparable to that used by
other researchers, it 1is not exactly coiacident with the
prevaling theory on the optimum substrate temperature for

{13)
filan deposition presented by Vincent et al. « Vinpcent

and his covorkers have presented a theory that correlates

the optinum substrate temperature T for vacuum deposited
s

thin films and the boiling temperature T of the deposited
b

material. They have shown rather conclusively for a number

of materials that a ratio of T t0o T equal to .33 results
s h

in the optimization of numerous £film properties. It is
their belief that this ratio provides a rate of
reevaporation from well defined, but disordered, regions

4ust equal to the deposition rate, resulting in a hiqhly

;
AR T
JTa
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crystalline film with a ninimum number of voids.
Foxr zinc oxide (T =2400 deqrees centiqrade}, this gives
: b

o
a substrate tenperature of 800 C, almost triple that

indicated. This apparent discrepancy indicates that there
are other parameters involved such as the sputtering

pressure ({see part three of this section).

To obtain a guantitative measure of the differences
between films sputtered at hiqh and low temperature, both a

(14}
scanning electron microscope (SEMN) and Auger electron

(15)
spectroscopy analysis {SAM) were performed. The SEM is

a2 high-resolution microscopy techaique which gives a visual
indication of the film surface. The Auger amnalysis allows
for the determination of the elements present on the filmp

surface.

The SEM photograph of a file sputtered at low

o
teaperature (130 C) 4is shaown in Fiqure 5.3. Here we see

that the film is very smooth, exhibiting a surface rouqghuness
of about 1000 Angstroms. In addition there are many long
striations present. By comparision, the film sputtered at

o]
830 ¢ {(FPigures 5.¢ and 5.5) shaoaws a definite periodic

pattern. However, the surface is very rough and voided.

L ponr on g
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Figure 5.3 - SEM photograph of a 2n0 film sputtered at
o
130 C.

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

SIS a——



31

0
Figqure 5.4 - SEM photograph of a ZnO film sputtered at 400 C
(1 micron scale).

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH
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Fiqure 5.5 - SEM photograph of the film pictured in

5.4 with a higher magnification (400 nanometer
scale) .

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Figure
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Obviously the adatom mobility is too low in the first,
lowy temperature, case and too high in the second. For the
lov temperature film, the incoming particles do nut recieve
sufficient thermal enerqy to "skate* along the surface of
the film until they reach a proper nucleating center. This
results in a porous structure with almost no visible surface
roughness. For the second (higqh temperature) case, the
particles recieve so much enerqy that they not only skate
alonq the suarface, but are also reevaporated. This
reevaporation is in excess ofl that proposed by Vincent,

resulting in a surface rouqkness of about 1/2 micron.

An Auger analysis was performed on each of the above
films to determine the difference in their elemental
compositions. This technigue allous for the deternpination
of the elements present at the film surface. In additiom it
is possible to determine the bulk composition ky using the
systen's built-in sputtering unit to etch the surface of the
film (depth profile). While gquantitative results age
difficult to obtain with this type of analysis, it does
allow for the comparision of the relative concentration of
the elements present in different f£ilas. By comparing the
ratio of the heights of the Auger peaks for each elepent, it
is possible totdetermine the change in the proportion of the

elements from one film to the next.

" S T
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FPiqure 5.6 - Auger analysis of the filmn sputtered at lowu
temperature after 99 seconds of depth profile.

ORIGINAL PAGE 1S
OF POOR QUALITY

T A T T T I T e



35

Fiqure 5.6 presents the Auger analysis results for tke
lov temperavure film after 90 seronds sputtering time. This
initial sput ~r-etch is done to remove any surcface
contamination. Using an averaqe sputtering rate of 30
angstrons per minute for the Auger's systems built-in
sputtering unit, this corresponds to a depth of U5
angstronos. By conmparision with the Auger electron
spectroscopy data preseunted in Appendix B, three elements

can be ider*ifie.; oxygen, arqon, and zinc.

The peaks from zero to 150eV correspond to 2zZince. The
small peak at 200eV is argon. Those peaks in the 500eV
range arz2 due to oxyqen. Another set of zinc peaks occurs

at 16G00ev.

From Figure 5.6 we see that the ratio of the heiqht of
the major =zinc peak to the oxygen peak is about 1.23. For
the high temperature film, Piqure 5.7, the ratio 4is only
1= 08a In addition, a small amount of carbon is present.
This implies that there is more zinc present in the higher

resistivity film!

Initially, it may seem rather unusual that an increase
in tlLe zinc concentration would lead to an increase in the
conductivity. However, for a compound such as zinc oxide it
is the balance or ratio of the elements which is important.
Since the more : ogichiometric the film is the higher the
resistivity should be, one can infer that a ratio of the

zinc to oxygen peak heiqht near 1.23 indicates a well grown,

S TERET TR SRS LI INIIT I N e T
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Piqure 5.7 - Auger analysis of the high tenmperature
. atter 90 seconds of depth profile.
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stoichiometric film. As the ratio moves either side of
1«23, the balance between the zinc and oxygen concentrations

vill be upset, causing a decrease in the resistivity.

Again these results can be related to the adatom
pobility. PFor low tenmperatures there i= insufficient enerqy
for the heavy zinc atoms to reevaporate. As the substrate
temperature increases the adatom mobility rises, resulting
in increased evaporation. This results in a lowver zinc
concentration, a filam which is not stoichiometric, and a

lower resistivity.

Figures 5.8 thru 5.11 show the results of continued
spiuttering on each of the films. The ratios given persist
for both films during the entire depth profile {about 300
angstrons) . The only notable change 1is that the carlon
present in the hiqh temperature film decreases, indicating

its presence is oanly a surface contaminant.

{3) Sputtering Pressure

One of the biggest differences between the various
sputtering units in tercms of operating characteristics is
the sputterinqg pressura. In gemneral, the lowver the
sputterinqg pressure, the purer the film, although this is

(16)
not always the case <« The lower pressure limit of the

systenm is determined by the poiat at which the ion source

R T R T T T
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Fiqure 5.8 ~ Auger analysis of the lov temperature film

after four and one half minutes of the depth
profile.
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Figure 5.9 - Auqger analysis of the high temperature film
after four and one half ninutes of the depth
* profile.

.oncE W
anes Ph
%?P@OR Q"m

S — T S U U . e e e



40

I
1 r 4 /
M / v
:E I J .—u‘\’—-"“fll ot s b\ | Y \'I!'W{N .'1I j" ; ,p,,--M'-
S| e W i I
|
0 ZBb 460 660 860 1060

Electron Energy (eV)

Piqure 5.10 - Auger analysis of the low temperature film upon
conpletion of the depth profile.
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Pigure 5.11 ~ Auger analysis of the high temperature fila
upon completion of the depth profile.
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can no loager sustain a plasma. This pressure is5 normally
lower in those systems which provide some £orm of RF

excitation.

The arqon—-ion system, beingqg of the DC type, functions

-
best in the range of 10 Torr {as measured from the upper

-4
baseplate). For pressures less than 2x10 Torr, the bean

current beqgins to fall off rapidly, making it difficult to

-5
maintain a plaswa below 8x10 Torr. For pressures qreater

-4
than 4x10 Torr, the wmean free path in the ion source

becones extremely short. This results in the beam current
being almost independent of the gas pressure. The system is
therLefore limited to a practical operating range of betweeu

«1 and .4 millitorr.

Since the pressure is restricted to this rather small
region it 1is igmpractical to perform an extensive study
relating film quality to sputtering pressure. Fartunately,
some rather gensral canclusions have been formulated by

(17)
Thornton in this area - By observing the grain

structure in npetals, Thornton has been able to relate bath
the sputtering gas pressure and substrate temperature to
film quality. He has, in effect, generalized the work of
VYincent. The main conclusion of his work is that a 1lower
sputtering pressure gives a larger tenmperature range over

which dense, well ordered films will be formed and that such
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structures occur at lower substrate teoperatures . A

pictorial representation of these results is gqiven in Figqure

S5.12a

These claims are supported by films produced with the
argon-ion sSputtering unit. Sputtering at a pressure of

-4
2x10 Torr and a substrate temperature of 270 degrees

centiqrade, the films pictured in Fiqures 5.13 and 5.14 vere
obtained. Piqure 5.13 pictures the etched edge of a =zinc
oxide film. Here we observe that the acid etch has
selectively attacked the £ilm, indicating the presence of
qgrain boundariesa. These boundaries appear to be
approxigately 500 angstroms in size. In Figure 5.14 (the
same film pictured in Figure 5.13 but away from the edge) we
observe that the film exhibits a surface rouqhness of about

(11)
500 angstrons. By comparision, an RF magnetron systen

(sputtering pressure 0.1 microns Hg, substrate temperature

o
200 € ) will produce films with an observable grain size

and surface roughness of 100 angstronms. This is about
one~-fifth the grain size of the pictured £filws, indicating
that the lower sputtering pressure does indeed make possible

a lower sputtering temperature.

Zone A of FPiqure 5.12 is indicative of the structure of
a film sputtered at too low a temperature. Here, as in
Fiqure 5.3, we see the characteristic smocth surface and

lonqg striations. As the substrate temperature is increased

e e =
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Graphlical representation of the dependence of
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Fiqure 5.13 - SEM photoqraph of the edge of an etched zinc
oxide film. Notice that the etch has
selectively attached the zinc oxide filwm.

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH
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Figqure 5.14 - SEM photograph of the film pictured in figure
5.13 away from the film edge. Notice the very
small grain size and smooth appearance.

ORIGINAL PAQE
K AND WHITE PHOTOGRAPH
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into zone B (the proper temperature raanqge), we see that the
surface remains very smooth and the striations are no longer
present as in Figure 5.14. For a £ilm sputtered at too high
a temperature, zones C and D, we see that Thornton predicts
a rough surface with a periodic structure. This is in gqood

aqreepent with Fiqures 5.4 and 5.5.

{4) Acceleration Voltage

By varying the accelerating voltage, ope is actually
charging two important sputtering parameters. The first and
most obvious is the beam curreat. The beam current f{and
hence the sputtering rate) is proporiional to ‘the
acceleration volcage. Therefore, from a purely deposition
rate point of view, the acceleration voltage should be as

large as possible.

Hovwever, the sputtering yield is also dependent on the
acceleration voltage. Recalling the remsarks made in Section
I, we expect the yield to he a rather couplicated function
of the acceleratinn voltage. Wishing to maximize the
sputtering rate and therefore minimize the sputtering tinme,
it is oabvious that the acceleration voltage should be

adjusted so as to maximize the yield.

Piqure 5.15 and Table 5.3 show the sputtering rate of
the system as a function of the acceleration voltage. Since

the data is for a coanstant arc current (1A}, it is actually

C eI T
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Piqure 5.15 - Graph showing the sputtering rate versus the
acceleration voltage for a coanstant arc current
{173) .
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Acceleration | Filnm | Sputtering

Voltage § Thickness i Rate
{Kilovolts} i {Angstraons) ! {Angstroas/Secand)
o I...-_ —_’- -

300 i 114 | 380

400 i 143 | U477

500 | 175 | -9583

600 N 206 | =087

700 | 214 | <713

800 I 224 | - 747

200 | 230, | - 767

1000 i 238 | .793

1200 ) 230 | - 767

1400 | 230 i -« 767

1600 | 232 | -773

1800 | 232 { -773

2000 | 231 ] «770

Table 5.3 - Data for Figqure 5.15. Each film was

sputtered for 5 minutes with a 14 arc

current.

49

—

R S



50

a gqraph of the dependence of the sputtering yield on the
acceleration voltage. Once aqain referring to Section I, we
see that the curve exhibits the expected shape. It is
linear for voltaqes from 300 to 1000 volts and is
essentially constant for voltages above 1000 volts. The
other two reqions (exponential djust above threshold and
decreasing for high voltages) are beyond the ranqge of the
system. For voltaqes below 300 volts, the ion beam will
lose 1its collimation, resulting in excessive etching of the

grid assenbly.

In light of this, voltages of 1000 volts and ¢reater
should be used. A voltage of 1000 volts is usually
adequate, resulting in a beam current near the systen

maximun of 200mA.

-

e e —
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VI The Effect of Post-Deposition Annealing on Pilm Quality

After deposition each zinc oxide film is annealed at

o
550 ¢ in a diffusion furnace with a pure oxygen ambient for

172 hour. It vas initially believed that thkis
post-defosition annealinq process was essential in yielding
a high resistivity, crystalline film. However, recent filas
have shown the proper piezoelectric properties without
annealing. It therefore became necessary to determine the

nature of the annealing process.'

The dependence of the substrate resistivity om the
annealing temperature is shown in Figqure 6.% and Table 6.1.
Priar te annealing each of the filns exhibited a sheet
resistance on the order of 10 kilchms per square as measuzed
with a four point probe. These filas have a relatively 1lou
sheet resistance, probably due to a sligyht amisalignment of
the system while sputtering. After annealing, little chaunge

o
was noted in those films annealed below 200 C. For

o]
annealing temperatures between 200 and 600 C, the substrate

resistivity increases rapidly with temperature. As the
annealing temperature is varied fropm 600 to 900 degrees the
resistivity becomes nearly independent of the annealing
temperature. For temperatures of 1000 deqrees certigrade
and higher the bonding between the Zn0 and the substrate is

broken, destroying the filno.
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Piqure 6.1 - Graph showing the zinc oxide sheet resistance

as a function of the annealing temperature.
Notice that the curve begins to level off for
o]
. temperatures above 600 C.
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Table 6.1 - Data for Figure 6.1la

Teaperature | v | I | R
0 } {(Volts) | {Amps) | (Qhms/Square)
C ] i |

- e e === [ —==

0 | =10 i 25.50 l 8. 95K

200 | -195% i 39.5u | 22. 7K

400 | 777 i 13.8u | 253K

600 | -038 | 76.0n | 6. 624

80O | - 069 i 31.5n | 9.93H

1000 } «331 | 14.0n i 10. 0N
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To determine the source of the increase in resistivity
an Auger analysis and depth profile were performed on
annealed and unannealed filas. For this analysis a 0.6
picron film was sputtered on silicon dioxide. (It is
necessary to use very thin films to prevent electrostatic
charqing problems during the Auger analysis.) One of the
resulting filns was annealed, the other 1left unannealed.
The results of this analysis are shown in Figures 6.2

through 6.11.

Fiqure 6.2 presents the Auger analysis results for the
unannealed film after the completiaon of the depth profile.
By conparision with the Auger electron spectroscopy data in
Appendix B, three elements can be identified; carbon,

oxygen, and zipc.

The presence of zinc and oxygen in the film are, of
cougrse, expected. The carbaoan is most likely due to the

diffusion punmp oil.

The Auqger analysis of the annealed film after the depth
profile is shown in Fiqure 6.3. By copparision with Figure
6.2, we see that the two films are, within the resolution of
the machine, virtually identical as far as hulk composition.
This conclusion is substantiated by Figures 6.4 through 6.7
vhich show expanded versions of a zinc and oxygen peak for

both films. Agqain the results are remarkably sinmiliara.
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Fiqure 6.2 - Auger analysis of
coepletion of the depth profile.
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Piqure 6.3 - Auger analysis of the annealed film after

completion of the depth profil i
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Piqure €.4 - Expanded version of the zinc eaks
unnannealed fila. P for the
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Piqure 6.5 - Bxpanded version of the zinc ©peak for the
annealed filn.
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Fiqure 6.6 - Expanded version of the oxygqen peak for the
unannealed fila.
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Fiqure 6.7 - Expanded version of the oxygen peak for the

annealed film after completion of the depth
profile.
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The source of the increased resistivity is readily
explained via the depth profile, the results of which are
shown 1in Figures 6.8 through 6.11. Figures 6.8 and 6.9
present the variation in the peak height of zinc, oxygen,
and carbon peaks as a function of the profile tine. Using
an avercqe sputtering rate of 30 angstroms per second, this
corresponds to a depth profile of approximately three
hupndred angstromnsa. from Figqure 6.8, we see that the
unannealed film shows a relatively constant concentratien of
zinc, oxygean, and carbon over the entire profile. For the
annealed film (Pigqure 6.9) during the £first four wminutes
sputtering time the zinc éoncentration is significantly less
than the bulk value. Over the same range the carbon content
increases sliqghtly and the oxyqgenh content remains relatively
constant. This change in surface concentration 1is again
shown in Piqures 6. 10 and 6.11 wvhere the average

concentrations are plotteda.

At first this may appear to be a relatively small
change in the zinc concentration to account for such a large
chaange in conductivity. However, it must be remembered that
the film is largely compaosed of zinc which is already bound
to oxygen. These bound 2zine¢ atoms are not those that
participate in conduction . It is the free zinc which is
contributing to the relatively high conductivity. Since the
ratio of 2Zn0 to free zinc is presumally very large, a
substantial change in the amount of free 2zinc present, and

hence the conductivity, wwill appear as a relatively small
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Fiqure 6.8 - Variation in the height of =zinc, carbon, and
oxygen peaks as a function of the profile tinme
for the unannealed film.
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Fiqure 6.9 - Variation in the heiqht of zinc, carbon, and

oxygen peaks as a function of the profile time

.for the annealed filg.
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Fiqure 6.10 - Variation in the average concentration of zinc,

carbon, and oxygen as a function of the profile
.tilé for the unnanealed film.
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Piqure 6.11 - Variation in the average concentration of zinc,

carbon, and oxygen as a function of the profile
. time for the annealed film.
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change in the total perceutage of zinc in the film.

This is in sharp contrast to the normal relationship
between carrier concentration and conductivity in, for
example, a semiconductor. In that case, the impurity
elements (the ones that participate in conduction such as
boraon or phosphorous) are different from the host atoaos.
Then the conductivity is 1indeed proportional to the
concentration of the element which is acting as the charye

carrier {as long as extreme doping levels are avoided).

To deternine the effect of the annealing process on the
crystalline structure of the 2n0 an x-ray diffraction
analysis was performed on each of the ahove filps.

{18)
Schoenwvald et. al. have shown that this analysis

technique provides a quick and non~destructive evalution of
fila quality, directly relating the piezoelectric properties

of the film to x-ray diffraction patterns.

This nethod involves determining the scattering
intensity from the crystallographic planes of the film as a
function of the scanning angle of an x-ray beanm. Pram the
theory of Braggqg diffraction it is known that this angle

is related to the separation between planes by

2dsin( )=alL

vhere d is the separation betweenm the crystal planes, I is
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the wvavelenqth of the x-ray, a4and n is an integer. The
arqular dependence of the scattering intensity can then be
compared to the spectra obtained from bulk single-crystal
zinc oxide to determine the relative crystallinity of the

filnm.

Ideally, the results for first order diffraction should
show a single peak at theta (for Zn0, this is 17.25 degrees)
and zero everywhere elss. In actuality a well ordered film
will vyield a larqge peak over a small angular span, falling
of by a factor of five to ten within one degqree of the
maximum. In general, the higher and narrower the peak the

better.

The result of this analysis for the unannealed film is
shown 1in Fiqure 6.12. While this E£ilm does exhibit a peak

o
at 17.25 , it has a rather large width of about 4 degrees.

This indicates the presence of a strain and a small particle

o
size. In addition, there are spuriocus peaks present at 14

o
and 15.3 .

From Fiqure 6.13 it is apparent that the annealing
process has improved matters drastically. The width of the
curve has decreased to approximately one half its originial

o
value. In addition, the peak present at 15.3 has decreased

Q
in size by 50% while the peak at 14 has almost disappeared.
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Figure 6.12 - Results of the diffraction analysis for the

unannealed film. The gqraph presents the
intensity as a function of the scanning angle.

GINAL PAGE 18
g?pooﬂ QUALITY



69

Both of these changes indicate possible strain relief and an

increase in the particle size due to annealinga.

Since piezoelectricity is diminished by conductivity
and enhanced by crystallipnity, one nmight expect the
annealing process to yield am increase in the piezoelectric
properties of the film. To determine if this is indeed the

{(19)
case, a pair of aluminum interdigital transducers Was

deposited on each film after annealing .

These transducers allow for the generation and
detection of elastic surface waves within the film. Each
transducer coansists of a series of parallel metal lines
periodically spaced on the subhstrate and connected as shown
in Piqure 6.14., Here we see that the transducer is a ¢wo
terminal device with alternating electrodes interconnected.
when a voltage is applied to these terminals electric fields
are generated within the substrate. These fields will
excite stress patterns within the film via the piezoelectric
effect. If the applied voltage alternates at the proper
frequency (see Appendix C), then surface acoustic waves will

be lauached in both directions normal to the transducera.

Detection of the surface wave is acheived with a second
transducer. As the acoustic wave passes under the recieving
transducer the piezcelectric effect will cause the elastic
stress to be converted back to an electrical voltaqge which

is then displayved on an ascillaoscope. Using a pulsed 30MHZ
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Fiqure 6.14 - Surface acoustic wave insertion and detection
apparatuys.
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Figure 6.15 - Picture of the acoustic response of the zinc
oxide film. The large pulse to the left is a
feedthrough signal. The second, smaller pulse
is the acoustic signal.
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source, a typical surface acoustic wvave output is shown in
Fiqure 6.15 . These surface waves, as well as the
interdigital transducer, are discussed further in Appendix

Ce

Piqure 6.16 shows the dependence of the acoustic signal
strenqth on the annealing temperature. Here we see that the
acoustic output in an increasinq fumnction of the amnealing
temperature. We also abserve that Fiqures 6.1 and 6.16 have
assentially the same shape; increasing for temperatures
below 600 deqrees and constant for temperatures above GO0

Q
deqrees. This tends to point to 600 C as an effective

upper limit for the annealing temperature.
o

The 600 C point is an upper limit in another seuse
also. Since the ultimate goal of the Zn0 techaology is to
inteqrate it with the existing silicon technology to create
monololithic devices, the =zinc oxide deposition procedure
must not be detrimental to any active circuitcya. Because
the substrate will normally have been metalized prior to
filw deposition and annealing, this places an upper limit on
the 4annealing temperature of 577 degrees. Above this point
silicon and aluminum will form a eutectic alloy, rapidly

(20¢)
destroying any active devices -
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Piqure 6.18 — Graph of surface acoustic wave amplitude versus
the annealing temperature of the film. Notice
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The annealing process has been used successfully with
photodiodes overlayed wvith =2inc oxide and annealed at

0
temperatures up to 550 C. Annealing temperatures in this

range vyield high resistivity 2zinc oxide £films without

compromising silicon device performance.

In conclusion, we see that there is a lower temperature

o}
linit of 200 C, below which annealing has little effect on

the film quality. There is alsc an uypper 1limit of EQ0
degrees, above which there is 1little Ffurther beneficial
effects. The increase in resistivity due to annealing is
related to surface stoichigmpetry only. The annealing
process does significantly alter the bulk crystalline
properties of the film, resulting in a decrease in the
strain and an increase in the particle size. the
comnbination of these two effects enhances the piezoelectric
properties of the film, indicating that the ahnealing
process 1s indeed a beneficial step in the production of

zinc oxide films.
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Temperature | Acaoustic | Attenuation
e} { Qutput } {dB)
C ] {(nV) ]
e v . ——— = — l ————— - ---I—-— ——— -
0 ] 1.05 | 29
200 | 1. 40 | 15
400 | 6.70 | 13
600 i 30.0 | 0
800 | 18.9 | 4

Table 6.2 — Data for Figqure 6.16.
are referenced to 30mV.

All attenuations
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VII gCompagision of the Argon-Jon System kith Competitive
tering Units

Considerable attention bas been paid to the the
application of zinc oxide films to surface wvave techanolagy
durinqg the past several years. In particular a great deal
of this activity has been directed towards developing new
sputtering techniques. BF wragnetren, RF diode, DC diode,
and DC triode systems have each been used with varying
deqrees of success. 7To0 this list wve now add the argon-ion

daposition systen.

Table 7.1 presents a comparision of the aforementioned
systems with the arqen ion unit in seven crucial areas;
sputterinqg pressure, deposition rate, sputtering power,
acoustic loss, coupling coefficient, surface roughness, and

{21,22,23)
qrain size ~ The first three of these areas are

vhat nmight be termed system characteristics while the last

four are related to systes performance.

As previously uentioned the lower 1linpit on the
sputtering pressure is determined by the point at which a
stable plasma can no longer be maintained. From Section 5
we know that lower sputtering pressures translate into a
broader range of suitable substrate tenperatuyres. The
argan~ion and DC triode systesms use a separate ion source
and are therefore able 'tb maintain a relatively low

sputtering pressure. This separate ion source allows these
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“two DC systems to overcome the advantages of the RF
sputtering units and acheive a comparable sputtering

pressure.

The average deposition rate was determined by dividing
the thickness of a sputtered film by the deposition tinme.
Using a Tencor stylus system to measure the height of a step
etched in the film, the average deposition rate was found to
be .93 angstrotts per second. Prom Table 7.7 we see that
this is comparable to the rate obtained with the DC dicde
system, but less than all the others. While this may be a
fatal disadvantage for a production environment, in the
laboratory it is not as crucial a fault. 1In addition, these
fiqures were obtained with a 125nA beam current.
Extrapolating to the system maxinmuz of 200ma, ; depecsition
rate: of gqreater than one angstrom per second should be

passiblea

The total pover used for sputtering is closely related
to tlLe deposition rate. All other factors being equal, the
DC sputtering units will sputter at a higher rate than the
RF svsteﬁs since DC sputtering is more efficient than BF
sputtering. However, the RF units have a much greater power
carability. For example, The highest powered DC umpit, the
DC triode system, uses only 200 watts. By comparison the BF
magnetron unit uses a hefty 1.25 kilowatts. This en.rmous
power advantage allows the nr units to overcome their

inherent inefficiency and achieve the highest sputtering
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rates.

The arqon—-ion unit is the lowest powered of the five
units with 125 watts sputtering power. While the actual
maxinum power available is 400 watts (2KV accelerating
voltage and a 200mA bean current), we know from Section 5
that the yield is independent of the accelerating veltage
for voltages qreater than 1KV. Therefore, the effective
povwer limit is actually 200 watts. This places it ~in the

same pover range as the DC triode systen.

The surface roﬁqhness and grain size are representative
of the £filn density and structural uniformity. Here once
aqgain the argqgon ion unit is comparable to the DC diode unit,
but lacking the others. 1In fact, there is no presence of a

(24)
grain structure in the triode and magnetron films -

The most important fiqures of merit for the majority of
zinc oxide applications are the acoustic propagation loss

2
and coupling coefficient K . As its name suqgests, the

acoustic .propagation loss indicates how quickly acoustic
waves in the film are attenuated. This 1loss 1is usually
expressed in decibels per centimeter (dB/cm) and otviously

2
should be as low as possible. The coupling coefficient K

is a measure of the efficiency uith which the surface waves
interact uwith electrodes on the surface of the material. To

obtain the qgrcatest possible transducer efficiency and
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2
“bandwidth, K should be as high as possible. For bulk

sihqle crystal zinc oxide these values are 2.5dB/cm (at
(23)
500MB2) and .01
The best film produced to date with the argon-icn unit

2
has vyielded an acoustic loss of 5dB/cm at 50MHZ and a K of

«009. Assuming that the loss follows a frequency squared
dependence, this corresponds to an attenuation of 45dB/cm at
500MHZ. In this respect the argon—ion unit compares well
with the RF diodé unit and is only sliqhtly kehind the RF

maqnetrcn systen.

In conclusion, we see that the argon~-ion unit seems to
fall in the saﬁe performance category as .the BF dicde
system. This, in By opinion, places it above the DC diode
system but behind the EC triode and magnetron uni.s, mainly

because of their qreater deposition rates.
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VIII Application of the Zn0 FPilms to the DEFT Device.

e e — r——— ——— S—————

As previously mentioned, the ultimate goal of the =zinc
oxide technoloqy is the develorment of monolithic acoustic
devices on silicon. Traditionally, acoustic wave devices

(25, 26)
such as air gap correlators, convolvers, and filters

have enmployed taps or air gaps to interface with external
silicon devices. By sputtering piezoelectric zinc oxide on
silicon, the functions of active devices and acoustic

modulation can be combined on one substrate.

The lack of widespread acceptance of this novel

(27)
approach has focused on three points:

(1) the inability to reprcducibly and
inexpensively manufacture acoustic
quality zinc oxide,
{2) the inmstability of sputtered films
under temperature extremes and aqing,
{3) the existence of undesirable propertie.
such as the presence of surface traps
and isolation problems between active
an‘i acoustic devices.
For films sputtered with the argon—-ion system, proklens 1
and 2 are jLresent, but not siqnificant. As we shall see,

problem 3 has proved substantial.
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Once the proper films were fabricated the next step was
to determine the ideal substrate/transducer confiquration
for optimum coupling of the surface acoustic waves to the
substrate. Following the 1lead of other researchers, fouc

{28)
possible combinations were investigated;

(a) interdigital electrodes on taop of the
Zn0 film and a metal film at the Znc/Si
interface,
(b) same as (a) but without the metal filn
(c) the interdiqital transducers at the
- interface and a metal film on top,
{d) same as {c) but without the petal film.
The results of this study indicated that configquration (a)
vielded the nost well defined cutput (is. "leést noise! }
and reproducible results. Cagbination (b) yielded a
slightly smaller and poiser result than (a). No output was
observed from either (c) or (d)a.
2
Calculations of the coupling coefficient K by Kino and

{29) .
Yagers substantiates the above result. Figure 8.1

2
presents the calculated values of K as a function of the

hk, where h 1is the film thickaess and k the wave nunmber.
Here we see that confiquration (a) vyields a omaximum at
hk=.5, the typical operating regian nf the films (see

Appendix C). Each of the other configurations vyields a
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2
value somnewhat smaller. Since hiqgher values of ¥ indicate

lover insertion loss, enhanced transducer efficiency, and
qreater bandwidth, confiquration (a) should be expected to

aoffer the best performance.

The surface acoustic wave device under consideration is
a monolithic sensor composed of a silicon photodiode array
(the sensors) for which the piezoelectric nredium is the zinc
oxide. This device, known as a DEFT (Direct Electronic
Fourier Transform) device, derives an electrical sigual
representative of the Fourier components of an optical image
by modulating the photo-generated electrons in the
photodiodes with the electric field associated with the SAW.
Similar devices built with CcdS and 1lithium niobate have
proved useful in spatial spectrum analysis, motion

(30,317)
detection, and focusing -

Schematic diaqrams of the device are presented in
Fiqures 8.2 thru 8.5. The sensor consists of a 40x40 arcay
of photodiodes, each counected in parallel, and overlayed
with the sputtered zinc oxide film. The SAW transducers use
a chromium-gold ground plane, a Zn0 file covering the ground
plane, and an interdiqital aluminum film contact pattern on

the Zn0 film.

The general theory of the DEF" device is published in

(32,33)
DURELoUs SOULCces and applies to this device. Only a

v A - et ekt o W e m o et = . - * . e
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Zn0 Overlay Photodiode Array
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Piqure 8.2 -

The device consists of an array of photodiodes,
each connected in parallel by an interdiqgital
contact pattern. The array is covered with

Zn0. Two transducers are located adjacent to
the array.
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ALUMINUM INTERDIGITAL TRANSDUCER
CONTACT PATTERN

Zn0
PIEZOELECTRIC
//FILM

Au«Cr FILM
SANDWICH

GROUND
PLANE

™

T YT
2 T

i

|
N-TYPE [tit] s
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Pigqure 8.3 — Transducer qeonmetry for the sensor of fiqure
Ba2a
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brief description will be given here.

Suppose that we apply a sibusoidal voltage of frequency

W to one of the transducers shown in Fiqure 8.4 and a
X

sinusoid of frequency W to a second, orthogonal trapnsducer.
y

There will then be an electrical field

e =E cos (W t=-k ¥)
x X x X

associated with the X-propagating SAW and a field

2 =£ cos({W t=k ¥)
y v Y y

associated with the Y~-propagating SAW. The total electric

field will be the sum o/ these two fields.

consider now khe affect . projecting an optical image
on the diode array. This will cause a photocurrent in the
individual photodiodes. Assume that the proper bias bhas
been applied to the diodes so that each photodiode is forced
to operate in the non-linzar or knee region of its operating
curve (quadrant 4). Then as the surface acoustic wave
passes over the photodiodes there will be a non-iinear
modulation of ¢the photocurrent by the electric field
associated with the SAW. This non-linear effect will create

a mixing of the two surface waves, resulting 1in the
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generation of not only the temporal sum and difference
frequencies but also the vector sum and difference spatial

freguencies.

The photocurtent in each diode will depend on the light
intensity at the position of the diode as well as the amount
of modulation by the electric field associated with the

SAWN's. The total current from the array will be the sunm

(33)
over all the photodiodes. This sum is
1 =C {1 -1 +I )expij(q nb+q nb)
signal den pmn o X Yy
where
th
I =hias curreiat in the nn diode
don
th
I =steady state curreunt in the mn diode
pnn

=diode reverse saturation current

[+]

q =k -2 /b
r X

q =k ~2 kb
Yy Y

b=periodicity of the photodiodes

C=proportiocnality constanta.
Thus the total current is proportional to the sampled
Fourier transform of the irmage that is projected on the
device. UDifferent Fourier components may be selected by

choosiing appropriate frequencies for ¥ and W .

I Y

e o i o e e pnmd e TS
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Several prototype devices such as the one pictured in
Figure 8.6 have been produced. A thin (approximately 2
micron) zinc oxide film covers the entire substrate. After
annealing, the interdiqgital transducers are
photolithographically deposited on the film and <c¢ontact
windows for the diode array are etched in the filo. Contact

is made to both the diodes and transducers via silver paint.

Unfortunately, the regultant output of the device is
not as expected. HRKhen operated in the one-dinmensional mode
{that is, it is taking the one-dimensional transform by
using only once pair of colinear transducers) and illuminated

with uniform light, a sync-function should bLe observed as

‘the ovtput. However, the ocutput shown in Figqure 8.7 is

obtained. When compared with the sync—function, we see that
although there does appear to be a central m¢ximum, the
pajority of the distribution is obscured by a large
backgqround noise. #hen the light is removed as in Figure
8.8, Wwe see that the central mayimum decreases while the
backqround noise remains. This indicates that the expected

modulation is indeed occurring.

Recent studies have shown that the presence of the
undesired siqgnal is due to imsproper iszolation of the diocde
array fron the accoustic input. Indeed, the backqfound
signal is present even if the 2ZnC film is removed,

indicating that the signal is passing directly from the

- transducers to the diode contacts via the silicon. However,

B - L T

J- e o gl =yl
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Pigure 8.6 - Prototype zinc oxide DEFT device. The device
has been mounted om a glass slide to facilitate
handling.
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Fiqure 8.7 - Output of thke Zn0 device wher illuminated
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with
The figure depicts the

function of the spatial
k=0 is due to a filter

uniform light.
amplitude as a
frequency. The zero a
in the detection circuit.
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due to the larqe size of the diode array, it is impractical
to use any of the standard integrated circuit isolation

techniques for the array.

There are several approcaches one may use to avercome
this backgqround noise. One 1is to increase the acoustic
rodulation so that the desired siqnal rises above the
background. This would require an increase in the amplitude
of the SAW. Such an increase may be obtained Ly wusing a
thicker film and a different transducer confiquration to
propagate Sezawa waves rather than the present first-orcder
Rayleigh waves (see Appendix (). A second method is to
investigate other configqurations for the Jiode array. A
third alternative is to use a very high resistivity silicon.
This would decrease the capacitanca of the arcvay to the
substrate and help eliminate any possible current flow in

the substrate between input and cqutput.
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Figqure 8.8 - Output of the Zn0O device with no image preseut.
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IX Conclusion

It is apparent that the arqon-ion system is a worthy
addition to the existing line of sputtering units. While it
is not as fast as scowe, it can manufacture acoustic-quality
Zn0 filns in a reproducible fashion. 1t also is capable of
being converted to an ion milling apparatus within a matter
of rminutes. The system has proved very reliable in over two
vears of use. Its =simplicity, cost, availability, and

versatility make it a4 valuable addition to any facility.

As for the sensor presented in Sectiocn 8, the future is
unclear. The backqround noise must be eliminated. It is
hoped that a suitable solution can be founld, therchy
providing a wuseful addition to the Ffields of signal
processing, robotics, and any other area in which optical

imaqge processing is important.
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Appendix

The Eollpuinq cleaning procedure was followed prior

aetalizat

A Substrate Cleaning Procedure

ion of each substrate;

{1} clean with soap and water,

(2)

(3)

(4)

(5)

{6)

(7

(8)

(9)

£lush with water,

flush with dionized water
flush withk ICE,

blow dry with nitrogen,
£flush with acetone,

blow dry with nitcoqen,
flush with methanol,

blow dry with nitrcogen.
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Appendix B Scanning Auger Electron Spectroscopy Standards

The Auger electron spectroscopy standards for elemental

(34)
zinc, oxygen, «<arbon, and argon are presented « EBach of

these curves is for the primary electron enerqy of 3KeV

which was used exclusively in this rceport.

These standards allow for a rapid determination of the
elements present in the film. BY comparing the location of
the enerqy peaks in the Auger analysis of a given film with
the standard curves, the elemental composition of the film
can be found. For example, if the Auger analysis of a film
shows a peak at 503eV, then from Fiqure B.1 we <can conclude
that there is oxygen present. This process is then revceated

for all the peaks present in the analysis.
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Piqure B.3 - Auger standard for zinc.
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Aprend®x C calculation of the Acoustic Hode

Most monolithic surface acoustic wave (SAW) devices
consist of a thin piezoelectric layer placed in intimate
cantact with the surface of a substrate. The SAW is
generated via an alternating electric field applied to an
interdiqgital tramnsducer such as the one shown in Figure Cal

(see alsc Fiqures 6.14 and B8.3).

A thorough evaluation of the types of waves that nay
propaqgate in bath the substrate and film involves
consideration of a thin, piezoelectric, anisotropic layer of
thickness h and a certain crystalline orientation placed on
au anisctropic substrate of some other crystalliae
orientation. This results in two wave equations. one for
each material, and a total of 12 boundary conditions. If
the solution to these equations is assumed to be the
superposition of a number of partial waves, thean a total of

(35)
eight e parate waves will be obtained - This 1is

obviously a rather formidable problesm.

Fortunately, most of the cases of interest involve an
isotraopic, piezoelectiric layer (Zn0) on amn isotropic,
non-piezoelectric substrate (silicon). Por this case the
vave eguation yields twu separate sets of solutions, or
modes. The first mode, known as a Rayleiqh wave, involves
only sagittal plane displacements. The sagittal plane is

the plapme which contains the wave vector k and the surface

F

e b i iy

e i

e
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Piqure C.1 - A cross-section of the irre. digital transducer.
Notice that the wavelength of the SAW is
determined by the geometry of the transducer.

ORIGINAL PAGE IS
OF POCR QUALITY

e —— e g T T TR - o e
P e ey .

W SR TR




105

normal. The second wmode 1is called a Love mode and is
characterized by displacements perpendictular to the sagittal
plane (Fiqure C.2). However, Lave mades are not excited by
interdigital transducers.

(36)

Some general coaclusions are possible - The
dominant phenomenon is that the medium in which the wave
propagates becomes dispersive, with the phase velocity
dependipg on the ratio of the acoustic wavelenqth L to the
film thickn2«= h., For small kh ik=2 /L), most of the enerqgy
of the wave 1is carried in the subkstrate with the wave
decaying exponentially in depth. As kk increases, more of
the enerqy is contained within the thin layer. O0Of course,
gince the film is piezoelectric, there will be an electric

field associated with each wave in the filn.

We now concentrate on the specific case of zinc oxide
on silicon. Since these pmaterials satisfy certain

{35)
conditions on the surface wave velocity s, there will be

many independent Rayleiqh-type modes in the 2n0. Each mode
will have a miniwmum value of kh, below which sclutions with
real k are not allowed. At this value of kh the wave will
cease to propagate. The wave which propagates for the
smallest value of kh is a first order Rayleigh wave, that
with the next largest value a second-order BRayleigh wave
{(commonly called a Sezawa wave), and so on. These higher

order solutions exhibit a progressi hiqher phase

Y T




/ X3
y }

love wcmai X,
J Xy
Rayleigh /
wggeﬁn | /

Zn 0O

Piqure C.2 - Direction of propaqation of the Rayleigh wave.

The wave vector k lies along ¥ . X 1s the
1 3
surface normal. X and X form the sagittal
1 3
plane. The direction of the Lowve wave is given
for reference.
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velocity and coupling coefficient, wmaking them very
desirable for SAW work. However, they also requice a awuch ,
thicker film.

(37)

Warkers at Stanford have numerically determined the
dispersion characteristics feor those waves that npay
propagate in 2Zn0C on silicon. Figure C.J] shows the
dispersion characteristics for a film thickness h<(6/k) -
This fiqure provides a vehicle for determining which mode
{(or wmodes) may propagate in the material. Given the phase
velocity, £ilm thickness, and wavelenqgth of a certain wave,
then the wave ¢type can then be quickly identified from

Fiqure C. 1.

The film thickness 1is easily determined either by !
knowing the sputtering rate and deposition time or from onpe |
of the standard thickness measuring techniques ({inductive
stylus, interferometer, etCe...)- To £ind the phase velocity

and vavelength, one 0f two methods may be erployed.

e AR - A e o+ i e

The first method involves the qeonpetry of the |
interdigital transducer. From Figure C.1 we see that if the
dimensions of the transducer are known, then the wvavelength
of the resulting SAW 1is easily determined. The resonant
frequency F of the transducer c¢an then Le found by
maximizing the acoustic outpuat with respect to frequencye.
For this transducer resonance will occur at frequencies

vhich correspond to an odd multiple of the acoustic
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wavelenqth. The phase velocity V and wave number k are then

calculated from the relationship

-
]

EL

Once these are known, the corresponding mode can be obtained

fromn Fiqure C.3.

For the second method the wave velocity is determined
by measuring the center~-to-center spacing Letween
consecutive transducers and the time required for a pulse of
frequency F to propagate between them. The wavelength can

then be found from the above equation.

Both cof these techniques were used to determine which
mode was present in the zinc oxide film. For this analysis,
a film with six consecutive transducers was used, allowing
an averaqing of the data. The thickness of the film was
measured using a Tencor stylus syster and the separation
bet ween tranducers found using a Upitron measuring
microscope. The results are presented in Tables C.l1 aad

C.2, with the corresponding points shown in Figqure C.3.

From Fiqure C.3, we see that the SAW beinqg chserved 1is
indeed a first—-order Rayleigh wave. This is expected since,
as previously stated, the Love wave is not excited by
interdigital transducers and the Sezawa wave will oot

propagate for such a low film thickness.
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Separation $ Delay | Velocity
(millimeters) | (nanoseconds) I (Kilometers/sec)
 ———— — - Sm— —~— l - —— - —rm I —————————————————
3.92 | 800 i 4,90
3.05 } 650 } 4.69
3.7 | 850 i 4436
4.13 l B850 | 4.36
3.73 i 850 | 4,39
Averaqge Velocity . 4.64Km/Sec
Frequency 4s5. 4182
Film Thickness 4 microus
Wavelength « 1022w
5 _
#ave Nunhber 61.5x10 /meter
hk - 246

Table C.1 - Calculation of the acoustic nmode by L,
measuring the separation Letween
successive transducers.




L
{microns)

102
103
102
101
103
100

| v ] k } hk
| (Kmeters/sec) | (1000/meter) |
- e ——— } - -

| 4.63 ] 61.56 | - 246
| §.68 | 61.02 i « 2044y
| 4.63 | 61.56 | - 246
| 4.59 | 62.18 | - 249
] 4,68 | 61.02 | - 244
| 4,54 | €2.80 | -251

Table C.2 - Calculation of the acoustic mode

usiag the geogetry of the
interdigital traosducer.
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