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ABSTRACT

A stripline instantaneous wideband nonreciprocal hybrid using
ferrite material is described. A simple theory of operation, potential
use as a broadband circulator and switch is described. The design and

data on a laboratory model operating from 3 GHz to 9 GHz is presented.

The theory and results on a three-port switchable S-band micro-
strip circulator suitable for microwave integrated circuits is also reported.
The circulator had a 2 db insertion loss and a 2% bandwidth. Although
the insertion loss could be decreased by more refined etching and polish-
ing techniques, the high Q inherent in this "ring" principle of operation

severely limits the bandwidth.

RF sputtering process to deposit dielectric materials for obtaining

thin film capacitors is also described.
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EVALUATION

1. The purpose of this program was to develop stripline
ferrite devices, and in particular a nonreciprocal wideband
stripline hybrid and a three-port switchable S-band microstrip
circulator were studied. The techniques of depositing.
dielectric materials to obtain thin film capacitors by RF
sputtering was also to be investigated.

2. The report presentsthe theory, designs, and data for
stripline hybrids in the 2 to 9 GHz frequency regzion. An
S-band three-port circulator is also described. Data shows
the frequency coverage is 2.40 to 2.45 GHz and insertion loss

is 2.5 db.

3. RF sputtering process to deposit dielectric materials is
described. Data regarding process is presented. Thin film
capacitors were not made. '

A. ROMANELLI
Project Engineer
Electron Devices Section
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SECTION 1

INTRODUCTION

A nonreciprocal wideband stripline hybrid using ferrite material is
described. A simple theory of operation and its potential use as a broad-
band circulator and switch is described. The design data on a laboratory

model operating from 3 GHz to 9 GHz is presented.

The theory and results on a three-port switchable S-band microstrip
circulator suitable for microwave integrated circuits is also reported. The
circulator had a 2 db insertion loss and a 2% bandwidth. Although the inser-
tion loss could be decreased by more refined etching and polishing techniques,
the high Q inherent in this ''ring' principle of operation severely limits the
bandwidth.



SECTION 2

GYROMAGNETIC HYBRID

2.1 Introduction

The gyromagnetic hybrid consists of two transmission lines which are
brought into proximity with each other and with a ferrimagnetic material as
indicated in Figure 1 . It utilizes the Faraday rotation phenomena that
occurs in ferrimagnetic material to couple RF energy from one transmission
line to the other. Any device based upon this principle is capable of attaining

the large bandwidths normally associated with Faraday rotation.

The gyromagnetic hybrid functions &s a nonreciprocal 180° 3 db hybrid.
In its basic form it does not offer anything that cannot be obtained with a multi-
section broadband 90° backward wave TEM coupler. However it forms the
building block for many broadband devires. In conjunction with passive re-
ciprocal networks or in cascade with another gyromagnetic hybrid it may be

operated as a broadband (potentially multi-octave) circulator or switch,

The following sections discuss the basic theory, the hybrid character-
ization and device application, and the experimental results obtained on a
laboratory model. The basic theory is presented in terms of normal modesl’ &

rather than direct Faraday rotatio.n3.

2.2 Theory of Operation

Three coupling mechanisms exist in the coupled transmission line pair
illustrated in Figure 1 . These will be referred to as (1) backward wave re-
ciprocal coupling, (2) forward wave reciprocal coupling, and (3) gyromagnetic
coupling. In designing a gyromagnetic hybrid it is neces sary to choose a
device geometry which eliminates or at least minimizes the backward and
forward wave reciprocal coupling, The gyromagnetic hybrid operation and
broad bandwidth are critically dependent upon the minimization of the undesir-

able reciprocal coupling mechanisms. Therefore, before discussing the
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gyromagnetic coupling mechanism, discussion of reciprocal coupling is pre-
sented. To keep the presentation simple, each coupling mechanism is studied
independently of the others even though in the physical device all coupling

mechanisms may be present simultaneously.

The backward wave reciprocal coupling is caused by the mutual induc-
tance and capacitance that exists between two TEM-mode coupled -transmis-
sion-lines4. The TEM-mode implies that the medium has a homogeneous
dielectric constant so that any excitation of the transmission lines propagates
with a velocity characteristic of the medium and independent of the geometry.
The coupled voltage in a backward wave coupler which utilizes this coupling

mechanism is given by

Ey i k 8in®
A (1)
l-k™ cos6 + jsin®

and the output of the d.c, path is

E
& - V112 (2)

A

l-k™ cos 6 +jsir:0

where
| A = input voltage
0 = electrical length of coupled section
k = coupling factor.

The coupling factor is given by

Z _-Z
oe 00
k=72 71z 3
oe 00




where

oe = €Ven mode impedance (+1, +1 excitation)

of odd mode impedance (+1, -1, excitation)

The coupling obtained is periodic with frequency and attains its maximum
value of k when 0 is odd number of quarter-wavelengths. Also note the E1

and E, are not zzro unless

4
gy = \/ Zeroo (4)

where Zo is the characteristic impedance of one transmission line with the
other one removed. Thus, to minimize this coupling effect, Zoe and Zoo
should be as nearly equal to Zo as is practically possible. The separation

~

between transmission lines (large separations imply Zoo = Zoe = Zo) is
limited by the necessity of obtaining gyromagnetic coupling in the actual

device.

Reciprocal forward wave coupling occurs between two coupled trans-
mission lines when the two normal mode velocities are unequal. This is pos-
sible for example, in strip transmission liniees when the dielectric cross-
section is inhomogeneous (two different dielectric constants or permeabilities
for example). This situation exists in the gyromagnetic hybrid when the cross
section is composed of high dielectric material, ferrimagnetic material, and
teflon- fiberglass board. This coupling poses the most serious problem to
broadband gyromagnetic hybrid operation. Whereas backward wave coupling
reaches a maximum value periodically with frequency, forward wave reci- ‘
procal coupling increases with frequency until all the power is coupled over.
Greatest consideration in the device cross-section must be given to minimizing

this coupling.

Assuming that Zoe = Zoo = Zo’ the coupling in the device is given by
(Figure 2)
2 - -je P sin (82 o) (5)
-5«

oo ot e A

SRR ACT DRI



b

A S8

| ,
R

v

+10 O+

EVEN MODE
EXCITATION

Figure 2.

MAGNETIC WALL
4

/ELECTRIC WALL

+10 O -1

ODD MODE
EXCITATION

Coupled Transmission Lines

s




E .
- A8
_f = e Pl g = 1) (6)
where B +p
p= -2 o)
- 2
a8 = fq- P
ﬁe = -‘-:i = even mode propagation constant
e
ﬁo = ;‘i = odd mode propagation cor.stant
o
£ = length of coupled section

It is clearly necessary to equalize even and odd mode propagation velocities

in the device.

When Zoe and Zoo are not equal to Zo’ some RF energy is reflected

in port | and some comes out of port 3,

The gyromagnetic coupling is very similar to the forward wave reci-
procal coupling in that it involves unequal normal mode propagation velocities.
Figure 3 shows two coupled transmission lines embedded in ferrimagnetic
material. The normal modes for this device are (l,j) and (1, -j). When ports
l and 2 are excited with these modes, the coui:led lines set up elliptically
polarized fields in the medium with opposite sense of polarization on either
side of the symmetry plane containing the two center conductors (Figure 3-b),
This necessitates the opposite alignment of magnetic dipoles in the ferri-
magnetic material. Each normal mode experiences a different permeability
and therefore has a different propagation velocity. For equal normal mode

impedances no RF eneryy is reflected at the excitation ports.
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An excitation of unity at port 1 and zero at port 2'is equivalent to equal

normal mode excitation.

FRENEEEER ™

+)

Defining the propagation constant for (i, -j) normal mode as 51 and the (1, +j)

normal mode as ‘32, the output at ports 3 and 4 are

E3 equ‘sli e-JpZI
1 1 (8)
= - . + = .
iy 2 e iB ¢ 2 +je'Jp2‘l
or,

E, =e°
3 =€ cos Ad

E, = e-jesinAd?

where

Ad¢ = -;- (ﬁ2—61)£= one half the nonreciprccal phase shift

0 = -;— ((32+ 61)l= the average insertion phase

Applying unit excitation to each port, the scattering matrix is determined as

|
0 0 | cos A¢ -sinA¢
L. .-i8 _0__ __0__ 1 _sin &8¢ _ cos A¢
5 =e cos Ad¢ -sinA¢ | 0 0 (9)
sin A¢ cos Ad | 0 0 |

where the superscript | indicates the assumed magnetic dipole alignment.
Notice that the nonreciprocal nature of the device in the negative sign before

the sin A¢ term. For the opposite magnetic dipole alignment (superscript 2),




the scattering matrix is (equation 10)
|
: 0 0 i cos A¢ sinA¢
52.: ;1 _ e-je 0 0 | -8inA¢ cosA¢
- cos A¢ sin A¢ 0 0
-8inA¢ cos A¢ | 0 0

the transpose of state I. This completely characterizes the ideal gyromag-
netic coupler.

2.3 Basic Devices

The gyromagnetic hybrid is obtained when the differential phase shift
i890° (A¢ = 45 resulting in

I
0 o0 I R |
1 ~2 1 -8 |0 o 1 1
s'=§ =ﬂ-eJ -1-—_—1--:—0--5 (11)
) 1 : 0 0

It is a nonreciprocal 180° 3 db hybrid (nonreciprocal magic T) with an inser-
tion phase 6., It is instructive to compare this with a reciprocal magic T

which has a scattering matrix

0 0 ; 1 1

R _1 0 0 p_o 1 -1
ST 1t 0% (12)

1 -1 | 0 0

in which ports 2 and 4 are the A ports and ports | and 3 are the Z ports. On
comparing these two scattering matrices it is evident that the gyromagnetic
hybrid functions like a magic T with a gyrator (180° nonreciprocal phase shift)
in each A port as indicated in Figure 4-a. In state 2 the gyratcrs are inter-

changed.

Other devices are:

-10-




Three-Port Circulator

If two ports of the gyromagnetic hybrid are connected together by a

simmple T (Figure 4-b) the device becomes a three-port circulator. Power

into port 1 divides equally between ports 3 and 4 with voitages in phase. The

outputs from ports 3 and 4 therefore seem in the T junction and proceed out

the transmission line. Power incident to the T from the transmission line

divides equally to ports 3 and 4 with the voltages in phase and proceeds through
the hybrid to sum at port 2. Power into port 2 divides equally to ports 3 and

4 with the voltages in anti-phase. The voltages are therefore reflected
back into the hybrid by the T junction and sum at port . The device is thus
a circulator. Reversing the magnetic state of the hybrid reverses the cir-
culation direction. This device can be used as a single-pole/double-throw
switch which has been reported in the literatures. A broadband T junction
has also been discussed in the literature b so th:t a broadbanrd three-port

circulator is feasible.

Four-Port Circulator

Connecting ports 3 and 4 together with a magic T (Figure 4~-c) the
device becomes a four-port circulator. It can be used as a double pole/
double-throw switch. This device has one path with a 180° phase difference

relative to the other three paths.

Double-Pole/Double- Throw Switch (Equal Insertion Phase)
Connecting two hybrids back to back realizes a DPDT switch. By

independently controlling the state of cach hybrid it is possible to channel
power from either of the input ports to either of the output ports with equal

insertion phase.

-11-
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2.4 Experimental Design

Placing ferrimagnetic material both above and below the center con-
ductors of the coupled transmission lines requires the material be opposite
magnetization in each half of the structure. This complicates the d.c. biasing
problems. It was therefore decided tc half-load the structure with ferrimag-
netic material so that an external coil could be used to supply Hy... No at-

tempt was made to minimize the ferrite cross-sectional area.

Flux plotting techniques on resistance paper were usec to estimate
the quantity and location of the circulator polarization. The coup'ed liae
spacing, S, was varied. The line width, W, was adjusted to give = 50 ckm
system in a medium with a relative dielectric constant of 9. Sidewalls were
not included. The unnormalized results are showr in Figure 5 . Because
of the fear of moding and the neglected sidewalls a spacing of S/b= .5 was :

chosen. This is approximately 20db of backwarc wave coupling.

It was feared that the unsymmetrical ferrite loading would cause dif-
ficulty in obtaining the equal even and odd mode propagation velocities which
is necessary for the elimination of the forward wave reciprocal coupling.

This fear was not unfounded as much difficulty was encountered.

Several ferrite half-loaded cross-sections were tested (Figure 6 ).
All were 1/2" wide and approximately 1/4'" high. The exact heights may be
determined from i'.e figure. Five mil thick Copper-clad Mylar was included
on the top and bottom to ensure good contact with the case and allow for a
few mils compression. The coupled lines were etched on a 9 mil thick
teflon-fiberglass board. A thinner board would decrease the undesirable
coupling problem. However because some difficulty was encountered in
handling the thin mylar sheets, the 9 mil teflon-fiberglass was used. This
difficulty can certainly be overcome and should result in a decreased for-
ward wave reciprocal coupling sensitivity to hybrid cross-section. The ferrite
material is TT1-414 (Trans-Tech) which is specified with ¢ r = 1, D-13 mat-

erial (Trans-Tech) with a nominal ¢ = 13 was always used in the other half

-13-
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of the cross section. The coupled line length was 6''. A photograph of the
device is shown in Figure 7.

Figure 8 shows the forward wave reciprocal coupling present in
cross-section #1. To simplify the evaluation of the effect of the 18 mil center
section of teflon-fiberglass, the ferrite material was replaced by another slab
of D-13. No attempt was made to match impedances. Replacing one slab
of D~13 with TT1-414 had negligible effect on the coupling (Figure 9 ) out-
side the ferrite loss region. Increasing the separation between coupled lines
from 60 mils to 120 mils decreased the coupling but did not eliminate it.
(Figure 10 ) Eliminating one of the 9 mil teflon-fiberglass boards (cross-

section #3) decreased the coupling still further but not nearly enough (Figure 11).

Finally, the unsymmetrical cross-section #2 was tested. The data
indicated that the power out the forward wave coupling port was approximately

20 db down from the input power at frequencies up to 12 GHz.

Using this cross section and a coil with a measured axis field strength
(without the hybrid inside) of 60 Oersted at the ends and 100 Qersted at the
center, the smoothed results shown in Figure 12 were obtained. The cou-
pled lines were 80 mils wide with a 120 mil separation. The width should
probably be narrower to obtain a 50 ohm impedance. A more precise pre-
sentation of the data is shown in Figures 13 and 14 . The hybrid oper-
ated from 3 GHz to approximately 9 GHz. The lower frequency limit is set
by the ferrite material domain wall resonances and the attendent losses.

The upper limit in this case was set by erratic inserti~n loss spikes caused
by either air gaps or more probably higher order stripline or waveguide modes.
Reciprocal rorward wave coupling was most definitely the limiting factor with

thie cross-section.
2.5 Conclusions

The minimization of the undesirable forward wave coupling at frequen-

cies.up to 12.4 GHz demonstrates .he feasibility of cbtaining multi-octave in-

-16-
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stantaneous dandwidths with the gyromagnetic hybrid. A more accurate flux .
plotting evaluation of field conditions together with more accurately rr_xé.tched
impedances should improve VSWR, isolation and amplitude balance, - all of
which are necessary for the realization of the broadband devices utilizing

the gyromagnetic hybrid as a building block.

-25-



SECTION 3

RING CIRCULATOR

3.1 Introduction

This section describes the theory and experimental results obtained
for an S-Band microstrip thréé-port ring circulator. The device was con-
structed from three meander line non-recipro~al phase shifters which were
tied together in a ring by three tee-junctions, The circuit was deposited on a
20 mil thick ferrite disc. A switching wire runs through a hole in the center
of the disc and the device is operated in abself-latching mode. The primary
reasons for choosing this geometry were its low manufacturing cost and its

compatability with microwave integrated circuits.

The initial circulator that was designed had a 2 db insertion loss and a
bandwidth of approximately 2%. Attempts were made to increzse the band-
width by varying various meander line phase shifter parameters. All *he

devices tested had band widths of approximately 2%.

An analysis of the device shows that it has a high Q caused by the large
insertion phases (of the phase shifters) required to obtain the required amount
of non-reciprocal phase shift. Holding currents or permanent magnets rather
than latching operation could increase the.bandwidth. It appears doubtful that

bandwidths of greater than a few percent can be obtained from the ring con-

figuration.

-26-




3.2 Analysis

normal mode reflection coefficients bv

where

The scattering parameters of the ring circul ator are related to the

|
S11 =3 (:31 + 8, + s3)
- 1 -Jjy +iy o
SZl = g (:31 +e 8, + e 53) (13)
-1 tiy -jy
831— 3.(:51+e s2+e 53)
S11 is the circulator reflection coefficient
SZl’ 831 are the circulator transmission coefficients
51 is the zero rotation (l,1,1) normal mode reflection co-
efficient
s, is the positive rotation (l, e-JY, e+JY) normal mode
reflection coefficient
55 is the negativ- rotation (I, e+JY, e 7Y) normal mode
reflection cczff. [ent
Y =2w/3

The ring circulator performance can be analyzed by finding its normal mode

reflection coefficients.

A model for the three-port non-reciprocal ring circuit is shown in

Figure 15, The ring circuit segments between the ports are non-reciprocal

transmission lines.

shifters with perfect match and no loss.

circuit are indicated in the figure and are defir.ed below:

-27-
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Z : the characteristic impedance of each of the input ports

to the ring
Z+, Z : the characteristic impedance of the ring in the clock-
wise and counter-clockwise direction respectively.
0, 0_: the insertion phase in the clockwise and counter-

clockwise directions, respectively, between any two
adjacent ports. '

Referring again to Figure 15, the ring circuit is assumed excited by

its normal modes. For the even zero rotation modes:

@=p=1 (14)

For the positive rotation mode:

w = e J2M/3 g Gti2u/3 (15)

For the negative rotation mode:

- e+j21r/3 B = e-jZTT/3 | (16)
) The total voltage V at port (1) is:
. vel+ed?v +v (17)
where ¢ is the angle of the voltage reflection coefficient
V+, V_ are thetotal iravelling waves in the ring circuit in the

clockwise and counter-clockwise direction, respec-
tively, immediately to the left of port (l).

The symmetrical component reflection coefficients is of unit magnitude for the

lossless circuit. We desire an expression for ¢.

The total current I flowing into port (1) is:

. V V V . V
1-ed? Vi - + -ie - ot
I=7§_=.2__.2__5(.2_e3++z_eje-) (18)
o i - + o
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. Th second term on the right side of this equation follows from the relation-

i ‘.ﬂp htwcen the device symmetry and the normal modes. It rcpresents the
cwru&t flowing into the junction from the ring segment to the right of the
junction,

The voltage equation at port (2) is:
a(l + ej¢) =V, e-je"' F W e+je' ~ (19)

Solving equations ( 17 ) and (19) yields:

. Wetya . M-
+ (e-36+ - e+36-)

(20)

(1+e3®) (3% . a)
- (e-_]e+ - e+Je_)

It is convenient to express the insertion phase 6+ and @_ in terms of the

average ingertion phase 9 and one-half the differential phase-shift ¢:

o_+8,

(21)

or equivalently

0 =60 +c¢e

(22)

3] 0 - ¢

+

We also define

z, Z_

222 77Z_ (23)
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Using these parameters and substituting equations (20) into equation (17) gives:

1 - B
27 cos 0 - 5 (« e ¢ + 8 e’ )
$.= 2 ot { °_ [ 2 J} (24)

Z sin 2

Inserting the values of @ and P corresponding to the normal modes we finally

obtain the expressions for the reflection coefficients., These are:

(1) Even Zero Rotation Mode

¢ =2 tan-l 2Zo [cos 0 - cosej\ (25)
e - Z sin 0
(2) Positive Rotation Mode
2Z °
o =il o [ cos O + sin (30 +e¢ )
d’+ =l ggtan { Z [ sin 0 J} (26)
(3) Negative Rotation Mode
6 =2 tan-l 2Zo [ cos 6 + sin (30°+Q J (27)
- Z sin ©

The reference planes for these reflection coefficients are at the thrce junc-

tions of the ring and input ports.

The ring circulates when the three normal mode reflection coefficients
are mutually separated by 120°. The three reflection coefficients are plotted
in Figure 16 for a ring impedance Z0 of 50 ohms and a non-reciprocal phase
shift 2¢ of 60°. The abscissa is the average insertion phase of the non-
reciprocal phase shifter between the tee-junctions, For these values of
impedance and phase shift the ring circulates when the average (9+ +0_/2)

electrical length of the phase shifter is an odd number of quarter wavelengths.,

A formula for the bandwidth is obtained by taking the variation, about
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the circulation frequency, of the transmission coefficient to the isolated arm.

For circulation in the 1-2-3-1 direction s, = 5, exp(+i2%/3) and s3=slexp(-j2"/3

)e

The variation ir :solation about the circulation frequency w0, is

-1l 4 iy, =g
6531— 3 dw[sl+e sz+e s3j Gui (28)
w=w
For Si = eM’1 i=1,2,3 (e, +, - modes)
.3 4,
4§ d4i
6S,, = 3 Y I 6w
i=1 (.00
After some manipulation the magnitude is (equation 29)
3 1
A (d¢i )2_(‘“’1 %, , 3% 3% 9% d‘1’3) 215 |
31 3 i=21 dw do dw dw dw dw dw ©

It is informative to write the derivatives with respect to w as

de,  dé, 4o

i _ i de
dw = d6 dw

i=12,3

do

=% 9%

where Ki is just the slope of the reflection coefficieat .n Figure 16. It may

also be determined by taking the derivative of Equations (25-27)

S 0
-4 2 (1+[ 22255 ] cot )

- Z 8in@
= 1+( 2Z, [ <os 8 + sin (30°%e€) J) 2 (30)
Z sin 6
_459(1+[cose+sin(30°+elj -~
K. = Z 8in@ <@ }
2 2Z . A (31)
/" "o  cosB + sin (30%€ )1 }2
L+ Z [ 8in6 ] )
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Z .
'4'29 <1+[cos 0 + sin (30 - ¢ )]cote)

gin 0 -,(32)

27
of cos O + sin (30 -~¢ ) 2
L+{ = [ sind 1)

K3=

For the circulation condition with 60° differential phase shift ( € = 30°),

Zo = 50 ohms and the phase shifter an odd number of quarter wavelengths

long (0 = (2n + 1) w/2)

A
0
A

1
o
0
~

|8s, | =

and the fractional bandwidth BW for a given isolation is

BW = 2| 60| = 2% Syl (33)
wo @ 'ﬁ
o'dw 'w

The value of 8, the electrical length of the phase shifter, is determined by the

percentage of interaction P in the phase shifter.

non-reciprocal phase shift

P= : - _
average insertion phase

Sixty degrees non-reciprocal phase shift is 'required and the lower the inter-
action tlie larger 6 and hence | %% | . Bandwidth is inversely proportional

to this quantity.




3.3 Circulator Design and Evaluation

A microstrip ring circulator was designed from the graph in Figure 16.
The circulator is shown in Figure 17. The phase data for the five section
meander line is plotted in Figure 18. Non reciprocal phase (A0) greater than
the required 60° was obtained. The impedance level of the ring was approx-
imately 50 ohms and it had a | db insertion loss. The key to the dimensions

on the chart is:

b = ground plane spacing

We = conductor width of uncoupled lines
Wc = conductor width of coupled lines

s = gpacing between coupled lines

1 = length of coupled line sections

There were three frequencies in S-Band at which the device circulated.
These were where the phase shifter was an odd number of quarter wavelengths
long. A typical circulation characteristic is shown in Figure 19. The 20 dkt
isolation bandwidths is 1-1/2 %.

Let us now examine the theoretical bandwidth using Equation 33, For

a 20 db isolation bandwidth the formula is
0.2
o ) Tl

From Figurel$8, %% = 420°/GHz. The circulation frequency fo is
2.4 GHz. The calculated bandwidth is approximately 1% or 24 MHz which is
in good agreement with the experimental value of 36 MHz. The factors
causing this narrow bandwidth are (1) the dispersion in the phase shifter and
(2) the low interaction (non-reciprocal phase shift/average insertion phase).
Both these factors increase -da% and therefore the bandwidth.

Numerous other meander line corfigurations were designed and
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Figure 17,

Microstrip Three-Port Ring Circulator with
Meander-Line Phase-Shifters
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tested. The coupling, the coupled line lengths, and the numbex: of sections
were all varied. No significant improvement in circulation bandwidth was

obtained. Because of the large insertion phase required in the actual device,
the ring circulator is a high Q narrow bandwidth device.
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SECTION 4

THE INVESTIGATION OF THIN DIELECTRIC FILMS
FOR MICROWAVE INTEGRATED CIRCUITS

4,1 Introduction

Microwave integrated circuit technology has reduced the cost, weight
and sizo of most componerits and subsystems used in microwave signal process-
ing. THe advent of this technology is leading to the realization of complex
electronically steerable array radars with their numerous components and the
miniaturization of tactical radar systems. The purpose of this additional effort
on Contract F 30 602-67-C-0378 was to investigate a suitable technique for the
depnsition of the proper dielectric materials which could be used in the design

of compatible matching networks fo. microwave integrated circuits.

Since conventional matching structures are limited by large size and
frequency sensitivity, lump<d capacitor elements are of critical importance.
The characteristics of a capacitor are primarily governed by the intrinsic

-~ o

properties of the dielectric film.

The emphasis of this program has been the selection of a process
which will lead to the formation of films with the desired bul!- properties. It
is also necessary that this technique be compatible with the processes required

for tkc placement of the other microwave components on a common substrate.

4.2 Selection of Deposition Technique

The basic configuration for a thin film capacitor is shown in Figure 20.
It consists of a base electrode, a dielectric layer and a counter-electrode.
The electrodes are deposited either by vacuum evaporation or sputtering and
then electroplated to obtain the required thickness if necessary. The pattern
is defined either by masking or by a photo resist process and selective etching.
The dielectric layer may be prepared by many different techniques. The four

principle methods are vacuum evaporation, sputtering, oxidation, and chem-

-40-

ety




AS5935

METAL FILMS

DIELECTRIC
FILMS

iy

l\\\\\\‘\\

777777 1IN 77T T T,

SUBSTRATE
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ical gas-phase deposition. The applicahiiity of a particular technique depends
on the film materizl and its application. After a careful review of these tech-
niques it appears that at the present time the RF sputtering process is the
logical choice because of its compatibility with other microwave integrated
circuit techniques and its ability to produce dielectric films with the needed
high quality.

4.3 RF Sputtering Process
Sputtering is a process which involves maintaining an inert gas dis-

4 to 10-1 Torr. The source material is neg-

charge at a pressure between 10~
atively biased and thus being bombarded by the positively charged gas ions.
When the positive ions strike the target surface their momentum is transferred
to the surface atoms of the target. With enough momentum gained, the surface
atoms, or group of atoms, of the target will be ejected and thus be deposited
on a substrate which is generally located at the anode and in a parallel position
to the target. Because sputtering is a momentum-transfer process, high-
melting-point materials such as refactory metals and crraraics can be con-
veniently sputtered. However, if the target is a dielectric material, some
mmeans must be provided to neutralize the positi;re charge accumulation be-
cause it will prevent further bombardment by the positively charged gas ions,
The most simple way to solve this problem is by placing the dielectric ta~get
on the face of an electrode excited by radio-frequency high voltage. The
positive surface charge can thus be neutralized on the negative half cycle.
Another advantage of this method is that the high electron mobility comparing
to the ion mobility produces a negative bias on the surface of the dielectric
target so that positively charged gas ions bombard the target only., The radio-
frequency used is generally to be 13,56 MHz because it is approved by the FCC

for use in industrial applications.

4.4 Experimental Results
An RF sputtering module was designed and constructed at SURC par-
ticularly for this work. This module can accommodate a 4-in diameter target.

The RF power supply was a modified radio transmitter which operated at

-y 2.




13.56 MHz to comply with the FCC regulations. The RF power supply could
deliver a maximum output of about 2.5 KW. During the early stage of this work,
this module was used to deposit quartz films. However, due to an intermittent
leak developed in the module the results obtained were not consistent., This
problem was rectified when a commercially made RF sputtering module (Model
SM-8500 manufactured by Material Resea=ch Corporation) was available on the
market and one unit was purchased and installed in June. A close-up view of

this RF sputtering module is shown in Figure 2l.

The complete sputtering system in shown in Figure 22 and a schematic
of the system is shown in Figure 23. The pumping system consists of a 4-in.
oil diffusion pump and a 15-CFM mechanical pump. A matching network was
inserted hetween the RF power supply and the sputtering module for effective
coupling. Tuning the sputtering module with varying gas flow and temperature
was a tedious task. However, with proper tuning only about 15% of the RF
power was being reflected from the sputtering module as indicated by the
standing-wave-ratio meter. The biasing capacitor which appeared in Figure 23
was not necessary for sputtering of dielectric films but it must be inserted for
sputtering metal films. The high purity quartz sputtering electrode was ob-
tained from Majterial Research Corporation in the form of a disk 5" in diameter
and 1/4" in thickness. The quartz electrode was attached to aluminum backing
plate with a silver-based epoxy. Conventional 1" x 3" microscope glass slides
were used as substrated. Both the scurce and the substrate holder were water-
cooled during deposition. The source to substrate distance wiis 1 3/8'", The
argon pressure during deposition was maintained at 9 x 10'3 Torr by adjusting
both the gas leak value and the throttle valve of the pumping system. The
pressure was measured by a Pirani gauge. The actual RF power feeding the
sputtering module was not measured but an indirect estimation showed that the
RF power consumed ° the sputtering module was about 800W. With the afore-
mentioned deposition parameters the deposition rate was deterrnined to be about
250 £ /min by depoziting a series of films with different deposition time and
measuring the thickness of the films. A standard multiple beam interferome-

tric method was used to determine the film thickness. The results are shown

m -43.
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Figure 22
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R.F. Sputtering System.

45




‘wdisdg Buraeyndg gy 9yl Jo Suimeaqg o1yewdysg €7 92andirg

- O
NOISNJ4I0 dRnd
, B IVIINVHOIN
1
Jddvea N _
SAWA TNLIONHL m _
s o i
NDOOYY —
b ER m:
1398VL
Z14vnd AlddNS ¥3MOd JY
IHN 9G ¢l

89SV

46




in Figure 24,

RF sputtered quartz films were extremely smooth and showed excel-
lent adhesion to the glass substrates. Films up to several microns thick were
completely colorless and transparent. The resistivity was extremely high
and no meaningful measurement could be made. The results indicated that

RF sputtered quartz films are suitable for thin film capacitors.

4,5 Application of RF sputtered Dielectric Films
To form a capacitor, electrodes must be added to the dielectric layer.
A typical process for making a thin film capacitor on ferrite substrate may

appear as follows (with reference to Figure 25).

l. Successively evaporate or sputter a very thin film of chromium
(about 100 P: ) and a gold film of several thousand Angstroms
thick onto ferrite substrate.

2. Electroplate with fold to a thickness of several skin depths at
the frequency range of microwave operation,

3. Define the capacitor pattern by photo resist process and
selective etching.

4. Deposit a quartz layer by RF sputtering at selective area using
masking technique.
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