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PURPOSE

The objective of this progra m is to establish a production capability

to manufacture High Power Bulk Semiconductor Limiters per U. S. Army

Electronics Command Technical requirements SCS-486 .

The specification covers X-band high power bulk semiconductor

limiter and low power multistage clean up limiter . Four fundamental require-

ments are detailed in the specifications . They are , (1) recovery time ,

(2) high power capability , (3) insertion loss and (4) VSWR .

A tota l of fifteen (15) engineering sample limiters , twenty (20)

confirmatory sample limiters a rid fif ty (50) pilot run production limiters wil l

be supplied . A pilot line capable of producing 100 bulk semiconductor

limiters per month will be demonstrated . Report s and documentation as

required in Sections E , F , G , and H of DAAB O 7—76—Q—0040 and as detailed

in Section 3 .5 of ECIPPR N o . ,  15, dated December 1975 , will be provided .

The program divides into the following four phases , Phase I -

Engineering Samples (300 days ) ,  Phase II - Confirmatory Sample Production

(240 days) ,  Phase III - Pilot Line Production (180 days) ,  and Phase IV —

Final Documentation (3 O days).  The total p:ogram duration is 750 days .

During Phase I of this program , a number of factors in fabricating

bulk semiconductor limiters are being investigated . These includ e iris

formation , circuit configuration , material characterization and chip mounting .

Efforts during Phase I will  be directed toward selecting a single limiter

design capable of meeting the objectives of SCS-486.

:~ ~ The optimum device design will  be chosen at the end of Phase I .

In Phases II , III , and IV a single device design will be produced .

The major effort of this program wil l  be rea lization of a single bulk
4 limiter design which meets all the obj ectives of SCS-486 . Individually ,

viii
:1
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any of the goals described can be currently obtained . Recognizably , it is

the development of a single component design which achieves all of the

desired performance parameters tha t Is the formidable engineering and

manufacturing endeavor .
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I . OBJECTIVE

The objective of the current Manufacturing Methods and Technology

Engineering progra m Is to establish the producibility of the X-band bulk

semiconductor limiter and the X-band bulk semiconductor lower power diode

multistage limiter by mass production techniques. Achieving the performance

goals of the program represents a formidable engineering task. These goals ,

from SCS-486 are summarized below .

A. Function Description

The hig h power , solid state , limiter described herein will

operate in the frequency band 9 .0  - 9.65  GHz.  A multi-stage configuration

is acceptable with the first  stage incorporating :ie principle of avalanche

breakdow n of near-intrinsic silicon to achieve - -~olation . This device will

be mounted in a fixed tuned resonant waveguide ca~~ty designed to provide

the necessary avalanche field conditions . The second stage shall be either

a bulk effect device or a common semiconductor diode limiter . Both limiter

devices will be mounted in a common structure and rio external bias or drive

will be necessary for its operation . The receiver protector is required to

operate in unpressurized conditions .

B. Mechanical Characteristics

- 
.

- The bulk semiconductor limiter structure will  have the following

performance objectives:

- 
~~

- Weight: 7 .0 oz max

Input Flange : mates wi th  UG —40B/U choke flange
:~~ Output F lange S mates w ith UG- 135/U cover flange

Mounting Position: any

Cooli ng : conduction

- .1 ii 1 
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C. Electrica l Characteristics

The bulk semiconductor limiter will have the following objectives:

Peak RF input power: 30 kW , Du .001

1~isec pulses continuous : 10 kW , Du .01

Insertion loss: 0.7 dB (max)

Low level VSWR: 1.4:1 (max)

Recovery time : 0.8 ~isec (ma,~
Fla t leakage: 50 mW (max) , for 30 kW , .001 duty cycle ,

1 ~sec pulse

Spike leakage: 750 mW (max) , for 30 kW , .001 duty cycle ,

1 I.Lsec pulse

External bias: none

D. Absolute Rating Objectives

PARAMETER SYMBOL MIN MAX UNIT

Frequency F 9.0 9.65 GHz

Peak Power P - 
30 kW

Average Power P 100 W
a

Amb ient Temp. TA 
-55 ÷85

Al ti tude —— 50 ,000 ft

2
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II. INTRODUCTION

This report covers the period from 23 September 1976 through 22

December 1976. During the period , high-power bulk semiconductor limiter

work was concentrated in the areas of semiconductor wafer fabrication ,

broadband matching circuitry and increasing the ba ndwidth of the high-power

bulk limiter stage .

Difficulties had been encountered during the first quarter in diffusing

limiter chips which had low impedance DC current-voltage characteristics.

M icrowave lim iters fabr ica ted from these elements showed prema ture burn-

out at power levels of only a few kilowatts . During the second quarter ,

techniques to improve wafer fabrication were introduced which included

polishing the wafers to near final thickness to improve wafer flatness ,

performing photolithography process on unmounted wafers , and using boron

nitride source wafers for the boron d if f u s i o n  process. By the end of the

second quar ter a num ber of wafers had been produced which had low

impedance current-voltage characteristics.

Earlier test results on the bulk limiter—diode limiter package

structure had shown a reduced power handling capability as a result of

tuning screws placed in front of and behind the bulk semiconductor limiter .

A theoretical analysis was performed to determine the interaction between

broadband tuning techniques arid the power handling capabi lity of the packaged

limiter . The theoretical results were combined with experimental circuit

- - ; testing to develop a structure in which the bulk limiter is the input stage

to a bandpass filter structure . The second engineering samples have been

cons truc ted us ing the new circu it and show cons idera ble improvemen t In

-; performance over the first engineering samples.

From the circuit tests of the three-stage limiter package , it was

determined that the input bulk stage would require a 3 dB bandwidth of over

3 
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1.32 GHz and a power handling capability of 30 kilowatts in order to

achieve the progra m goals . Further , our ana lysis indicates that this can
riot be achieved with a single 3 mu thick limiter element . Consequently ,

bulk limiters were made using two elements , one In each slot of double
slot limiter irises . These limiters showed good limiting performance and

more than adequate bandwidth. However , a problem was encountered in
that burnout could not be predicted from recovery time measurements as
was possible with single slot limiters . We are currently examining an
alternate circuit using two hulk limiter elements moun ted in ser ies in the
same slot as a solution to this problem .

The subsequen t sect ions of this report describe in greater detail

the work performed and results achieved to date . Also included are

conclusions based on the work and progra m plans for the third quarter.

1’

4
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III . BULK SEMICONDUCTOR CIRCUIT TUNING ANA LYSIS

A. Introduction

The bulk semiconductor limiter element is a high impedance

microwave device which has an electrical conductivity which is a function

of the microwave voltage across the device . The circuit with which the

element is used must meet certain requirements to yield optimum low and

high power microwave performance. For example , incident low level micro-

wave power absorbed by the device contributes to Insertion loss. The

percentage of low level power absorbed by the device can be easily reduced

by lowering the circuit impedance at the limiter element terminals • Note

that for any given limiter element that lowering circuit impedance would

also widen the bandwidth substantially as the capacitive susceptance of

the limiter element would have a sma ller effect in the lower impedance

circuit. Thus , lowering the circuit impedance presented across the limiter -‘

element terminals improves the low level characteristics of the completed

component .

An examination of the high power isolation state of the limiter

device shows that lowering the circuit impedance at the element terminals

reduces the isolation which results from a given element conductance. The

reduction in isolation results in an increase in dissipated power within the

device and consequently reduced power handling capability and increased

return loss. Thus , lowering the impedance at the element terminals degrades

all high power performance characteristics.

~~~ • - As a consequence , it is necessary to select the transmission

— I line impedance presented to the limiter element terminals at a compromise

va lu e wh ich prov ides both optimum high level and low level performance.

Further , in designing tuning circuits to provide for broadband low level

characteristics , It must be remembered that high power performance will be

5
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affected by the choice of tha t des ign. For optimum performance over the

band of operation a frequency independent impedance at the element terminals

is desired . -

B. Example

To illustrate the effects of the impedance at the plane of the

limiter element , consider the case of the bulk limiter design shown in Fig.

la. The design has been simplified by eliminating the turns ratio and

transforming the reactance values to a normalIzed 1 ohm transm iss ion line .

If we assume that the element has two values of resistance ,

a maximum of 17.12 ohms in the low power state and a minimum of 0.03 ohms

in the high power state , we can calculate the following perf ormance

parameters for the limiter c±rcuit:

Circuit (Ia) Low Power (RT 
= 17. 12( �)

f = 9.32 GHz

BW (3 dB) = 1 .25 GHz

- I IL = 0. 25 dB

Circuit (la) High Power (R = 0 ,03  O~I
Isolation = 24.9 dB

f 
_ _ _Fractional Power Dissipated = 0.107

6
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1.145 pH~j 1
254.6pF

INPUT 1.0 ohms ~ ~~ ..L. OUTPUT 1.0 ohms

RT 17.12 ohms ( 0.25 dB)
= 0. 03 ohms (24.9 dB)

a) NORMALIZED TO 1.0 OHM

INPUT 0.5 ohms 

pHy 12M.6pF 

0.5 ohms 

—

RT and R1 as above

b) IN REDUCED IMPEDANCE LINE

FIGURE 1 BULK LIMITER EQUIVALENT CIRCUIT

0-15463
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The relationships :

2
-

~~~~~~

- = I 1 +  

,~~o

and

P Z Gd 
- 

o x
2

I 

~~~~~~~~ 

x
2

o

are used to ca lcula te all of the above parameters .

Now , assume that the transmission line has a lower impedance

in the plane of the limiter element caused by the matching circuitry used .

The impedance of the circuit shown in lb is reduced by a factor of two to a

value of 0.5 ohms . Again calculating the low and high power performance

of the limiter circuit yields:

Circuit (ib) Low Power (R
T 

= 17.12 C~)

I = 9.32 GHz

BW (3 dB) - 2.5 GHz

IL = 0 .13 dB

Circuit (ib) High Power (R
1 

= 0.03 Q)

Isolation 19.4 dB 

~dFractional Power Dissipated 
~ 

= 0. 191

;

8
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Thus , while the circuit of FIg. lb Improved low power performance

greatly by minimizing the insertion loss and broadening the bandwidth of the

device , it did so only at the expense of high power performance. The

Isolation was reduced from 24.9 dB to 19.4 dB and the power absorbed by

the device from the incident microwave pulse increased by a factor of 1 . 79.

Thus , the power handling capability of the dev ice was reduced by a similar
fac tor .

The above exam ple was given to i llus tra te that the impedance

presented by the circuit to the limiter element terminals is extremely important

in its effects on device operation and power handling capability . A bulk

limiter element will be capable of dissipating a fixed amount of energy

dur ing a high power microwave pulse. Therefore , in order to maintain both

good high and low power performance characteristics , the matching circuity

used to couple the bulk sem iconduc tor stage to the lower power stages must

be well unders tood .

C. Capacitive Tuning

Now examine the effect of using symmetrical capacitive

tuning arrangement on either side of the bulk limiter . Figure 2a show s the

geometrical arran gemen t of tun ing screws wh ich will successfully match
— 

- 
present bulk limiters to the low level PIN stages at low power levels . Figure

2b is an equivalent circuit of the above structure with the wavegulde Impedance

and limiter element values normalized to 1 ohm . C
T 

represents the capacitance

of the tuning screws in the transmission line .

The object is to match the power from the one ohm input port

to the load res istor over the frequency band of interest.  For the sake of
simplic ity we can analyze the transm iss ion sta te w ith R 3° , the lossless
case. From transmission line theory it Is know n that If one divides the

transmission line at any point , the Impedance of the portion looking toward

9
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WAV EGUIDE,~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
TUNING SCREWS

RESONANT IRIS

-
~~~~~~~~~~~~~~~~k-

.098 X

a) PHYSICAL CIRCUIT -

0

k X X  X~X X X

1 OHM 

CT 
1.14 5 pHy~~ ~~~ 

2.54.6 pF I CT 

1 OHMS

_ _

I I
_ _

X
I

X X ix X IX
b) EQUiVALENT CIRCUIT

- 
- , 

FIGURE 2 CAPACITIVE TUNED BULK LIMITER
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the source must equal the complex conjugate of the Impedance of the portion

looking toward the load for maximum power transfer to occur . Thus , if a

matched transmission line circuit were cut and the Impedance of the load

portion were measured at

ZL 
= 0. 7 + j 0.50

then It follows that the impedance of the source portion would be

0. 7 — j O .50

Similarly , if a symmetric circuit were divided at the center It

follows that for a matched condition to exist the impedance of both halves

would necessarily be real and equal.

This leads to the ana lysis of the circuit of Fig . 2b at 9 .32  GHz .

The Smith chart of Fig . 3 show s the impedance of the circuit ca lculated from

the load end . Assume a susceptarice value of +j 0.7 has been used for C
T.

Point A is the impedance of the 1 ohm load and transmission line . Point B

includes the susceptance of the load side capac itor . At Point B the

impedance of the circuit looking toward the load is Z
B 

.67 - .47 ohms .

As we move back toward the generator by approximately 1/10 wavelength ,

Point C, we find the impedance to be entirely real with a value of 0.5 ohms .

At resonance , 9.32 GHz , the limiter circuit appears as an open circuit

(lossless case) and the impedance at Point D is the same as that at Point C.

Moving back another 1/10 wavelength yield s a load impedance fro m Point E

of ZE 
= .67 + j .47 . This inductive componen t is cancelled ou t by the

generator side susceptance of CT 
= j 0.7mhos yielding a load side

) 
I

— impedance of 1.0 ohms at Point F. Analysis of the same circuit at the band

-
~ - edges of 9 .0 and 9.65 GHz yields the following results:

11
c -~i

~ 
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Without Tuning :

f S IL
0 11 

____

9.0 GHz 0.464 —63° 1.04 dB

9.32 GHz 0 4 0° 0.0dB

9.65 GHz 0.464+63~ 1.04 dB

With Tuning Capacitors spaced 0.098 X at 9.32 GHz, B = 0.7 mhos at 9.32 GHz

9.06 GHz 0.244179° 0.26 dB

9.32 GHz 0°’~0° 0.0dB

9.65 GHz 0.224—38° 0.21 dB

In perform ing the ana lyses the following impeda nces were

noted as a function of frequency at the iri s plane (Point C in Fig . 2a ) :

Frequency Admittance Impedance

9.0 GHz 1.91 + j .06 0 .523  — .016

9.32 GHz 1.98 ÷ 0 0.505 + j 0

9.65 GHz 2.03 — j .1 0.491 + j .012

Thus , it is seen that the effect of the two tuning capacitors of

Fig. 2a is primarily to lower the circuit impedance at the plane of the

resonant limiter iris . Very little reactive tuning occurs because the capaci-

tors do not present a rapidly varying susceptance at the window plane .

D. Wide Space Capacitive Tuning

r~~ - Very broad band tun i ng can be prov ided for the ir is lim iter

circuit , however , by using capacitors spaced far apart on the waveguide
- 

~~
‘.  transmission line . For example , the circuit shown in Fig . 4 will have very

broad characteristics with considerably less reduction In iris plane impedance

than found with the circuit of Fig . 2b. However , the dimensions of the c i rcu i t

13
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are too large to be implemented and it therefore need not be considered

further .

E. Circuits for Consideration

It has been shown that waveguide tuning circuits which do not

present rapidly varying reactance at the limiter element plane can only improve

low level performance by reducing the resistive impedance component at

the limiter element plane . This deteriorates the high level performance

severe ly . Hence , only circuits with long spacial dimensions or rapidly

varying reactance versus frequency characteristics will be capable of

providing the desired performance.

Circuits capable of providing the desired performance are

shown in Fig. 5. Both circuits will show a midband frequency shift either

upward (for spacing s of approximately 0 .17 X) or downward (for spacing s

of approximately 0 .33  X ) .  One of these two circuits or a variation thereof

wil l  have to be used for achieving broadband performance from the bulk

limiter in a short length of waveguide.

J~na1ysis of the two circuits show n in Fig . 5 produces the

conclusion that circuit 5b , the double tuning circuit , wil l  provide the best

limiting performance . Figure 6 show s a complete analysis  of circuit 5b

using the following circuit parameters:

Limiter Iris Parameters

- 

- . f 9.15 GHz

BW (3 dB) = 1.25 GHz

R = ~ (lossless case)

C 2 5 4 . 6 p F

L = 1.88 pHy

15 

E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - --— -- --—-—— .~~~-~~~~~~~ --— -U---- ~~~~~~~~~~~~~ 
~I



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— . 17A
I or 

_______

I ~~~~~~~+ 
I + Z~

=1.0 ohm

LIMITER TUNING CIRCUIT
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TUNING CIRCUIT LIMITER TUNING CIRCUIT

- I

b) DOUBLE TUNING CIRCUIT DESIGN

FIGURE 5 RESONANT CIRCUIT BROADBAND TUNING OF BULK SEMICONDUCTOR LIMITERS
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Tun ing Ir is Parameters

f = 9.15 GHz
0

BW (3 dB) = 2.50  GHz

C = 12 7.3 pF

L 2.376 pHy

Tuning Iris to Limiter Spacing

Spacing = .19 1 X at 9.15 GI-Iz

The analysis was carr ied ou t a t f ive f r equenc ies w ith in the opera ting bandw idth
9.0, 9.15 , 9.35, 9.5 , and 9.65 GHz. The curves on the admittance plane

plot (Fig. 6) represent the various lettered points on the circuit diagram (Fig.

5b) as a function of frequency . All curves are labeled at their low frequency

end and the 9.15 GHz point on all curves is coincident with the origin. The

input admittance to the circuit (plane E admittance) Is shown by points labeled

X on the Smith chart .

It is important to note two fectors in this analysis. First , very
good matching was obtained over the 9.0 GHz to 9.65 GHz frequency range of

Interest. The magnitude of S11 is less than 0.14 for all frequencies. This

corres ponds to a return loss of grea ter than 17 dB wh ich more than meets the

VSWR specification of 1.4:1. Second , the impedance at the limiter elemen t

plane does not vary too much with frequency . This can be seen by reading

the conductance value off of either curv e B or C as a function of frequency .

-~~~~ Minimum conductance is 0. 78 mhos ; maximum is about 1.13 mhos. Thus ,

the Impedance variation is 1 .45 to 1. Careful examination of the Smith

chart shows that this can be reduced still further by a slightly wider spacing

of the tuning elements .
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F. Recommended Circuit Configuration for Multi-Stage Limiter

It is recommended that the left portion of the circuit Fig . 5b

be the tuning design for the multi-stage limiter component , Thus , the

circuit should consist of:

1. An Input pressurewlndow resonant at 9.1 - 9.15 GHz

with a bandwidth of twice the limiter bandwidth .

2. A section of waveguide transmission line approximately

0.19 wavelengths long at the iri s f0 .

3. The bulk limiter stage (minimum bandwidth approximately

1.35 GHz) .

The remaining reactive tuning , supplied at Plane A In Fig . Sb , can be
supplied by the low level limiter stage provided that the spacing between

the bulk limiter and the low level stage has the proper value .

It is very important to note that as long as the circuit to the

lef t of the bulk limiter conta ins only those components and spac ings spec if ied ,

no tun ing elemen t placed on the right of the bulk limiter w ill affec t power
hand ling capability adversely . Thus , tun ing screw s and the like can be used
as desired to obtain low frequency performance .

G. Test of Three Stage Filter Design

A threestage filter design was analyzed at RRC for achieving

the necessary tuning . The bulk limiter stage was assumed to have the
-

. 

-
~ following characteristics of frequency and bandwidth .

- ‘ I f = 9.15 GHz
0

BW (3dB) = 1.25 GHz

-
- 

~~
- 

—
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These values were based , in part , on the results of the first engineering

samples . The 1.25 GHz bandwidth should be obtainable simultaneously with

a 30 kW power capability if two bulk limiter elements are used In either a

double or single slot Iris.

Two passive Irises with the same center frequency, 9 . 15 GHz ,

and twice the 3 dB bandwidth or 2 .5  GI-Iz were used in the design . The

completed fi lter structure has a passive tuning iri s , the active bulk semi-

conductor limiter , and a second passive tuning iris all separated by 0. 19

wavelength spaces. The theoretical ana lysis Indicated a bandwidth considerably

in excess of the needed 650 MHz . Further , the ana lysis showed minima l

impedance variation of the limiter plane as a function of frequency . Hence ,

good performance was anticipated .

Unfortunately , in high power testing the circuit it was found

that the electric field across the input tuning iris was very high and arcing

occurred during high power testing . Thus without development of a tuning 
S

resonator capable of withstanding the high power pulses without arcing , this

circuit cannot be used .

In order to evaluate the effectiveness of the three stage tuning

mechanism a test was run at RRC to optimize the structure for input VSWR .

The test included a two stage diode limiter similar to MA 3940X as part of

the structure . No tuning screws were used to optimize the structure , as

tuning screws in front of the bulk limiter will  reduce the impedance at the

- • 
limiter . The overa ll mechanical arrangement is as shown In Fig . 7 , as are

the parameters of the three resonant Irises used In the experiment . The

result of the test was a return loss of 16 dB or greater over the frequency

range of 9. 080 to 9 .805 GHz or a 1.38:1 VSWR over a 725 MHz ba ndwidth.

The insertion loss varied from 0.9 dB at the bottom of the passband to
- 

- 0 . 7 dB over the rest of the operating bandwidth.

‘ - -I

-
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-
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IRIS PARAMETERS

IRIS BW (3 d8) IL

B3 9.28GHz 1.21 GHz 0.25 dB
B5 9.30 2.44 0.05
B6 9.30 2.37 0.05

.330” .328”

DIODE LIMITER

INPUT : : OUTPUT

(MA394OXM)

-

~~~

B5 B3 B6
BULK

LIMITER
STAGE

FIGURE 7 THREE STAGE FILTER TEST

• 0-15469
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Thus , the three stage filter in front of the diode limiter is

capable of providing the necessary tuning . However , we cannot Implement

it without first coming up with a tuning iris that can withstand the high

field s caused by the reflected power under high power conditions .

H. Alternate Filter Design

Thus , it is necessary to examine filter structures which do not

require an input filter element in front of the bulk semiconductor limiter. The

bulk semiconductor limiter becomes conductive under high power conditions .

Therefore , It does not arc because the electric field is greatly reduced by

the shunt conductance at the iris plane . Tuning elements located on the low

power side of the bulk limiter are never exposed to high values of electric

field because of the shorting action of the bulk limiter . Therefore , any

design which utilizes the bulk limiter itself as the input stage will not

require high power tuning elements . It should diso be noted that no impedance

transforma tion can occur if the bulk limiter is the input stage of the f i lter

structure . Thus , the power handling , insertion loss and recovery characteristics

of the bulk limiter should be essentially Independent of frequency .

An ana lys is of a simple two elemen t f ilter us ing iden tical

• resonant irises spaced apart by a section of waveguide was performed .

Based on geome trical Sm ith char t observations two spac ings were exam ined ,

0.2S wavelengths and 0.186 wavelengths . The conclusion was reached that

us ing lossless resonant irises with resonant frequencies of 9.15 GHz and

3 dB bandwidths of 1.25 GHz, the maximum 1.4:1 VSWR bandwidth occurs at

a spacing of 0.186 wavelength and is approxin~ te1y 445 MHz. This result

did not include possi ble tun ing effec ts of the diode limiter stage which

were difficult to incorporate in the analysis. It was therefore decided to

conduc t a set of exper imen tal tes ts to evalua te the performance to be

expected .

22
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I. Limiter Input Filter Results

Considerable experimentation was performed with the bulk

limiter stage (a dummy Iri s with known center frequency , ba ndwidth , and

insertion loss) as the input stage of the filter . The best result was obtai ned

with the tuning structure including the MA 3940XM diode limiter stage shown

in Fig . 8. The diode limiter was adjus ted to provide the maximum 1.4:1 VSWR

bandwidth as was the tuning screw show n in the figure . The best result

obta ined was a passba nd from 9 .04 S GHz to 9.634 GHz or a 589 MHz band-

width . This is slightly less tha n the 650 MHz desired , but Indicates that

the circuit i
_
s nonetheless useable . It Is anticipated that adequate performance

could be realized if the bandwidths of irises B4 and B3 were greater by 15 to

20% .

It is therefore concluded from the experimental results of the

low power fi lter testing that a limiter input filter as show n in F ig.8 will

y ield the de sired 650 MHz passband prov ided tha t the 3 dB bandw idth of

the high power limiter stage is 1.32 GHz or greater. It should be understood

that any tuning mechanism used on the low power side of the bulk limiter will

ne ither be requ ired to withstand high levels of microwave power nor reduce the

• impedance at the limiter plane at any frequency . Hence the power capability

of the bulk stage will not be affected by the tuning or low level stage.

It is also worth noting that the diode clean up limiter does not

have the optimum reactive tuning t-~iaracteristics to broadband the 
two stage

bulk semiconductor limiter. It is a w ide bandw idth struc ture des igned to have

a flat passband . Therefore , it cannot present a matching reactance to the

bulk limiter tuning iris circuit in the middle of the operating bandwidth .

Observations of the tuning interaction between the bulk limiter

tuning Iris stage and the diode limiter stage indicate that the reactance of

- 
. the diode limiter stage Interacts with that of the bulk limiter stage at one of

23
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IRIS PARAMETERS

- IRIS f0 (GHz) BW (3dB) (GHz) IE (dB)

- 84 9.29 1.15 0.20
83 9.28 1.21 0.25

.330” 
j

1.196’.h_

- 

TUNING
SCREW

DIODE LIMITER

INPUT : I OUTPUT

(MA39O4XM)

_ -

BULK
- 

- 

LIMITER
- - STAGE

i- --- 
—

~

•
. FIGURE 8 TWO STAGE FILTER EXPERIMENTAL TEST
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the two band edges . The spacing of the bulk limiter and tuning iri s must

be such that the VSWR does not exceed the 1.4:1 specification at the filter ’s

center frequency when tested alone • The parameters of the diode limiter can

then be adjusted in the assembled package to broaden the passba nd on either

the low or high frequency end . The return loss characteristic observed for

the tuned structure of FIg. 8 Is shown In Fig . 9. There are three minima

in the return loss characteristic within the S89 MHz bandwidth defined by

the 1.4:1 return loss specification.

I
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IV. FABRICATION OF BULK LIMITERS

A. High Resistivity Silicon Material

The quality of high resistivity uncompensated silicon material

is probably the most important requirement for manufacturing high power arid low

insertion loss semiconductor bulk limiters . Very high resistivity uncompensated

silicon cannot be grow n by epitaxial processes. Thus , the use of epitaxial

wafers in bulk limiter fabrication is ruled out and all processing must be

accomplished using very thin float-zone refines silicon wafers . The

Important parameters that one must control are low crystalline defect

density , controllable doping density , and precisely controllable wafer

processing steps .

B. Wafer Dicing and Polishing

During the last quarter , a new source of high resist ivity

silicon ingot was used to fabricate the bulk limiters . The ingot was grown

by the floa t zone me thod by Wacker Chemical Compa ny , Munich , West

Germany . It is ingot number W30736—6 , resistivity 10.4 — 15.0 X lO3ohm/crn ,

<111~~orientation , p type uncompensated with lifetime of 2 X ~~~ microseconds.

The ingot was moun ted on a graphite block with epoxy resin.

The wafers were then saw cut 10 mils thick on the <111> orientation on an

STC (S il icon Technology Corpora tion , Oakland , N J )  inside diameter slicing

machine . At this point in the as-sawn condition , maximum linear thickness

variation was less than 0.4 mils and maximum bow was approximately less

than 0 .2 mils .

The wafers were then chemically etched to remov e at least

one mil of silicon from each side. An etching solution of modified 6:1:1

• 
- ( l-1N03:HF:HAc) mixture was used , resulting wafers varying in thicknesses

• from 7.8 to 8.4 ri-ills.

27
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These wafers were separated in 0. 1 mil thickness increments

arid mounted on stainless steel polishing block~~. One side was chemically-

mechanically polished; the wafers were dismounted and solvent cleaned ,

then remounted for opposite side polishing. Optimum process conditions

of s lurry pH , hydraulIc pressure , s lurry temperature , and polishing time were

utilized . A final double-sided wafer polishing thickness for two separate

processing runs of 3.5 — 3.6 mils and 3.8 — 4.2 mlls respectively , were

obtained . Linear thickness variation of 0. 2 mils maximum was obtained .

It appears that appropriate processing conditions for slicing ,

etching , cleaning , mounting , and polishing have been developed to obtain

damage-free , very high resistivity , very thin silicon wafers , Further efforts

will be made to establish the reproducibility of these processing parameters .

This method produced a flatter wafer without sharp edges which permitted

fabrication processes to proceed with lower breakage and consequently ,

improve yield .

C. Wafer Processing

During the last quarter , 16 hIgh resistivity silicon wafers were

processed for the fa brication of bulk limiters . First , silicon wafers were

thinned dow n to 3 .0  mil thickness by polishing and etching techniques . Then ,

the wafers were phosphorous diffused at 1000°C for 30 minutes using POOl 3
diffusion system . After the completion of phosphoro~s dif fus ion , the

• phosphorous doped glass on the wafer was etched in hydrofluoric acid a rid

1000 of a silicon dioxide (Si02
) glass was thermally grown at 1000°C.

S Both surfaces of the wafer were then photoprocessed in sequential

c - operations which transfer the 0.75 mil checkerboard pattern of the photoresist

mask to the silicon wafer. The checkerboard pattern window s were then

etched through the Si02 
and phosphorous doped silicon layers by using buffered

hydrofl uoric ac id and 12:1:1 (HNO 3 :HF:CH 3000H) respectively . The wafer

28
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was then diffused with boron at 95 0°C for 20 minutes using a boron nitride

source. The boron diffused wafer was etched in hydrofluoric acid to rern r ‘e

all glass from the wafer surfaces.

Both surfaces of a wafer were then metallized with  500 - 1000 R

layer of chromium and 2000 - 3000 ~ layer of gold and then electroplated with

pure gold . One surface was plated to a thickness of 0 .1  mil while the other

was plated to a th ickn ess of 4 .0  mils .  Then bulk limiter wafers were saw

cut into 40 mil squares and were separated into individual chips .

After diffusion bonding with 8 mu diameter gold wire ; the

chips were mesa etched in silicon etch and passivated with silicon nitride

and Dow Corning DC-643 jun ction coating . The bulk limiter chips were

mounted in copper X-band irises and were tested for both low and high level

RF performance. The typical DC characterist ics of various runs and RF

performance are given in Tables I , II , and III .

~ :~
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CENTER FREQ . 3 dB BANDWIDTH INSER TION LOSS

SAMPLE NO. (MHz) (MHz) (dB)

BL7A— 1A 8850 530 1.3

B L 7 A — 1— B  9700 620 1 . 3

B L 7A— 1 —C  9600 630 0 . 9

BL7A—1—D 9530 710 1.0

BL7A— 1—E 9150 550 1.0

BL7A—1—F 9600 710 0.9

TABLE 11(b): Low Level Test Data Bulk Semiconductor Limiters
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3 d B
S/N f Bandwidth Li at f P

- 
— 

°

- BL-7A-A 9120 MHz 1.3 10 GHz 0 . 9 d B  27 kW (recovery time
-

• 
- 1.5~~sec at 25 kW)

BL-7A-B 9170 MHz 1.510 GHz 0.6dB 18 kW

BL-7A—C 9200 MHz 1.800 GHz 0.5 dB Accidently BO

BL— 7A— D1 9600 MHz 1.370 GHz 0.4 dB 20 kW

S TABLE III: Tes t Da ta on Double Slo t Lim iters
‘
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V. FABRICATION AND RF TESTING OF TI-IL BULK DIODE LIMITER ASSEMBLY

A. Bulk Limiter Tunj~~

The bulk diode limiter assembly consists of the bulk limiter

followed by a two stage diod e clean up limiter.  In combining the bulk

limiter with the diode limiter for the First Engineering Samples , it was

necessary to use tuning screws in fron t and back of the bulk limiter to achieve

optimal bandwidth performance. But this had an adverse effect on the peak

power handling capability of the bulk diode limiter assembly as shown in

Tables IV and V. The peak power hand ling capability was reduced approximately

by a factor of two.

B. Matching Structure Optimization and RF Testing of the Bulk

Diode_Limiter Assembly 
-

1. Single Slot Results

A new matching structure was investigated in which all

tuning was accomplished with elements between the bulk limiter and clean

up limiter and is discussed in detail  in section III. This design retains

the power handl in g performance of the bulk stage combined with clean up

stage as show n in Table 11(c) . A bulk l imiter  element mounted in a single

slot X-band copper iris is shown in Fig . 10 and typical i-nw level RF performance

is show n in F i g .  11 . But because the circuit tested was not optimized for

bandwidth and the theoretica l design required for broader bandwidth bulk

li miters , on 1 y narrow band performance was achieved . Two bulk l imiters

were mounted in double slot iris to increase the bandwidth .

~ . 2 - Double_Slot_Resu l ts

~~i 
2 Bulk l imiter  elements from BL7A run were also mounted

in X-band double s lot irises . A bulk l imiter e !ement mounted in a double

slot iris is show n in Fig . 12 and low level RF performance is shown in Fig . 13.
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Figures 13 (a) and 13 (b) show insertion loss and 3 dB bandwidth of individual

slots which were measured by shorting the other s lot by metallic tape . Dual

slot results are given in Fig. 13 (c) and show that 3 dB bandwidth of 1.51 GHz

was achieved . Low level and high power performance of typica l bulk limiters

in dua l slot irises is shown in Table III. This test data s how s that the dua l

slot configuration exhibits wider bandwidth and is capable of handling peak

RF power of 18 kW to 27 kW.

In the single slot case , the degradation in recovery time

above 2 ~isec generally indicates that the diode is heating up and will

burnout with a further increase in RF power. No such correlation was

observed in dua l slot units , which makes it difficult to test the unit to

peak power performance without destruction .

3. Recov ery Time vs RF Power

The recovery time of bulk l imiters from BL 7A run was

measured in the dua l slot iri s versus RF power . Single s lot measurements

were also made on the same unit  by shorting one s lot with meta llic tape .

The results are given in Fig . 14 and show reduced recovery time for the dua l

slot limiter .

4. Recovery Time vs Temperature

A single slot bulk l imiter  from BL 7A was subj ected to a

cold test in the follow i ng manner :  ( 1) at room temperature , the input  pow er

to the device was set at 11.8 kW wi th  resul t ing recovery t ime  of 1.5 ~isec ,

(2) the device was then enclosed in a box fil led with dry ice ; the recovery

time was decreased to 1. 1 ~isec and (3) the input pow~ r was then in c - fe ~ sed

to bring the recovery t ime to 1.5 ~isec which occured at 17 .8 k\\ . T~- i s show s
. 1

that device cooling is important in obtainin g ~ ~ h pcwer and short recov c~~
time device performa nce .

.
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VI . PROBLEM AREA S

A. Batch Process

In order to improve the manu~~cturabllity of bulk limiters , a

batch fabrication scheme is under development. This will eliminate the delicate

diffusion bonding which is currently in use. Presently we are having problems

in the photo plating process which will be resolved in the next quarter.

B. Metallization

Difficulties have been encountered in depositing reproducible

evaporated chrome gold films . Other schemes such as electron beam evaporation

and sputtered Cr-A u fi lms are under investigation to improve adhesion .

C. Dual Slot Failure Mechanism

A prob lem has been encountered in pred icting burnout of dual
slot bulk limiters from recovery time measurements . Typically , single s lot

units do not burnout until  recovery time exceeds 2 microseconds . No such

pre burnout indication was found with dual slot units .

D. Recovery Time

The recovery times obtained with both single and dual slot

bulk limiters have been in the order of 1.5 to 2 microseconds . This may be

reduced by geometry changes being incorporated in the batch fabrication

work currently underway .

- 

S
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V I I.  DELIVERIES

During the quarter , we delivered First Engineering Sample diodes

(Item 0001AA ) to the U. S. Army Electronics Comma nd . These included

five (5) X-band semiconductor bulk limiters and a clean up limiter . The

electrical test data of these diodes is given in Table IV.

:~

- 
: 
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VIII. CONCLUSIONS

X-band bulk limiters have been fabricated using a new high

resistivity silicon with p = 10.4 — 15 .0 X 10~ ohm cm (p type) with lifetime

of 2 X ~~~ microsecond . Improvements in polishing , lapping , and photo-

lithographic processing were implemented which improved wafer yield

considerably . During the second quarter a number of wafers were produced

with the low impedance DC characteristics necessary for high power micro-

wave performance .

The intera ction of broadband tun ing techn iques on power hand ling

capability was examined . A new circuit was developed and successfully

tested with bulk limiters fabricated during the second quarter. Bulk limiter

performance requirements to meet package performa nce goals were ca lculated

from test results .

Bulk limiters were fabricated using single and double slot copper

X—barid irises. Power handling capabilities of 20 kW to 30 kW were observed

at a recovery time of 2.0 microseconds. Dua l slot bulk limiters exhibited

improved bandwidth as predicted by design ana lysis .

.-~~
•
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IX. PROGRA M FOR THE NEXT QUARTER

During the next quarter, we will fabricate devices with improved

yield and performance by a batch process which will eliminate the gold

wire d iffusion bond to the bulk limiter element . High temperature metalli-

zation (Ti—W -Au) and low temperature glass passivation schemes will  be

implemented to further improv e the power handling capability of the bulk

limiters .

We have received high resistivity silicon materia l <111> orientation

grown by Hughes Aircraft through USAECOM for bulk limiter evaluation in the

next quarter .

~~~~~~~~~~
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X. IDENTIFICATION OF PERSONNEL

During this quarter , the following technical personnel contributed to

this program .

TITLE HOURS
Project Manager 325

Silicon Materials Manager 25

Senior Processing Engineer 30

Process ing En gineer 60
Limiter Engineer 85

Engineering Assistant (Fabricatior~ 500

Engineering Assistant (Test) 200

-
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3.1 
~ - - ! ~~~~~~~~~iI’~~?~ 

— 1 he- high power , solid ~-to t e , limiter specif ied
k~rc4n wi l l  cpcro !e in t i e  ~re qUL’flCy bond 9 .0 — 9.65 G lIZ . A multi -sta0e
cou1i9urotio;~ is occc ptc l le  wi th  th~ firs t ~toge inc orporating the principle of

0 1 lcinche breakdown of near—int r ins ic s i l icon to achii-ve isolation . This devke
..J will be mounted in a f ixed turned resonant ~0vegui de cav i t y  desi gned t o provide
‘ ilte necessor y ovolonche fie ld conditions . ihe second stoge shall be either a bulk

eff ect (IC\’ iC(~ or a sem iconducto r diode l i m i t e r . Both limiter dev ices wil l  be
- mounte d in a common structure and no ex te rnal bias c dr ive will be necessary for

• ts operation . T h e receiver protector is requlied to operate in unpressuriz d condit ions.

3.2 Mechanical Chara cte r ist ics. — The bulk semiconductor lim ter structure Wi11
-

- 
conform to the following requirements: . . -

- 
- 

(a) Wei g ht ZO oz max - -

(b) - Input flange mat es w ith UG —40~/U
- 1  - • 

choke flange -

(c) Out put flange motes w Ith UG—135/U -

- cover flange

(d) Mounting position 
- 

any -

-
- 

H~~ (o) Cooling conduct ion 
-

.. 

- 
3.2. 1 Phv sical DT m~ n~ic-~’s . — Th~~ bulk ser r. coriduclor limiter shall conform to

1. 
-

3.2.2 Con~twctk in . Ports and mo t cr io I~ wi l l  be in occc . ~once w ith M I L — P - f l 2 6 9 .

:1 - 

~~~~ ~Le~!LL~ L act s t ics.  — The bulk semiconductor l imi ter  wi l l  conform to

- ~ 
the follow ing requirements:

(a) Peak Rf Input power , : 30 kw , Du .001
- 

- 

- - 1j( sec pulse-s cont i nuous  10 kw , Du .01 
.

-
~~~ ~~b) Insertion Loss : 0.7dB (max)

— . :  (c) tow Leve l VSV/ R : 1.4:1 (max) -

- (d) l~eco~ery Time : O.8Jt se~ (max)

- - .-~ (o) Flat Leoka~j o : 50 mw (r;~ox), for 30 kw , .001 duty c>’c lo , lpscc
- - ‘ 

- 
pulse

- ~, - (1) Spike Leakage : 750 m w  (max) , for 30 kw , .001 duty cycle , 1
- - 5 -  pulse -

(g) external bios : none -

:1- -i . 
- 
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t’c r( I r f l e t  ~~~~ 
- 

- ~1inbo1 Miii Max Unit

. 4
1 licquency 

- 

- 

-

- 

F 
- 

9.0 
- 

9.65 - GHZ -:

I’oak Power 30 
-

- 

Av~roge Power Pa 
-
. 

~OO 
- 

w

- 

Amb ient Tem p . 55 485

Alt itude 

- 

50,000 ft 
—

- 1 3.5 Morking . Each bulk semiconductor limiter shall be marked with the
~~-‘ cOi kW;~~ inf ormation: 

- -
~o) W~nufacturcr ’s modal number -

(b) Manufacturer ’s ser ial number, individually for each limiter.

(c) rf liipi~ port. . - -

~d) rI output port. - 

- -

4. QUALITY ASSURANCE PROVISION S - 
-

- 
4.1 nsp~cti on . 

-

- ri 
- 

4.1.1 Responsibility for inspection . — The contractor is responsible for the performa nce
of oil inspect ion requirements as specified herein . The contractor may utilize his own
‘facil ities cr any commercial laboratory acceptab le to the government . The government
reserves the right to per form any of the inspections set forth in the specification where
such inspect ions ore deemed necessary to assure supp lies and services confor m to prescribe d
requirements. Inspect ion record; of the examinat ion s and tests shall be kept comp lete
and available to th~ gove rnment
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~-~u9 ~( ) C n t  to I iie sot is loct IOfl of the ()OVCUIInCnt . 
- 

- -

4.2  ClaSSIfICation of n~~ ’chon — The Lxomlnot ion ond testing of l imiters shall
- I;o c las s 1 f~i ecJ us follows: -

a. First article inpection (see 4.3). - 
- 

-

~ 
- b. Quality conformance inspection (sec 4.4.). - .  

- 

-

£
~~~ hirst urtk le ;nspection . - First article inspection shalt be performed by the

-
~~ supplie r , otter award of contract and pr ior to Production ot a location acceptable to
I the ~ovemnmcut . It sha ll be performed on samp le units wh ich have been produce d w ith

equipment and pr~ cedures which wi l l  be used in product~~n. Th is inspect ion shall
~~1 consist of QC I—1 , QC I—2 and QC1 3 inspection in accordance with 4 .4 .1, 4.4.2
- ‘~ ~-~r~d 4 .4.3. - -

4.3.1 S01n2!e. — Twenty (20) limiters shall be submitted f~r first article 
-

ins pectk n. - -

-
~
.Pp4 - -

-: ‘e.4 Quol~ y Conforma nce Inspect ion . 
-

4.4.1 Quality_con fo rn co insnect on - Port I (QCI—1) . — Every I li-niter
- - 

U shalt bo tested i~~ al l pos it ions of Inc Quality Conlormonce Inspection — Port 1

- 
(QCI.-1). No failures shall be permitted . - 

-
, -

-

4.4 .2 QuoUty conforma nce ins~ cct on - Part 2 (QCH2) — The Qualify Conformance 
- 

-

- 
lr~s,cctior ~~~T~Cl-2 ) fl~~~~~~?ormc d in occ-~rdance with MIL—5TD 103 ,
In~ ectkn Level Si with an AQL of 6 .5%. In the event of lot- reject ion , t i g h~cn ed

-
- I :~S13Cc t ion procedures shal l 6e invoked . Norma l inspect ion shal l be rcsur r.ed when
-
~ t~vo (2) consecut ive lots hove conformed wi t h QC 1—2 te s i s .  If the lot size is less

~ than 50 l imiters , the sample s ize shall be one (1) w i t h  an acce ptance number of
- 

- 

zero (0). For purposes of inspection , the lot s ize sh.-~1 be one (I) month’s production .

4.4 .3 Quo!i~y con formance in~a ec t io n  - Port 3 (QCI-3) . - Three limiters shall
;~ undergo continuous life testing f or a mm . of 2500 I, s. No failures shah be permitted. -

4.5 Dct rnli d l ist inis of auolity c nkmn—once rn~ ’ect ion tc~ts — Quality conkrmance
‘ 

: lnspection~t cst s thou be conducted in accordance w i th  T ’-bL i Cl—1) , Table II (QC I—2) ,
and labia Ill (QCI-3) . -

- I

- 4 -
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gnoxifl)Uni (lot leokoge shall riot exceed the ~peci1ied limits for test

9 000, 9.375, .9. 650G I 12’i. The inc ident RI pulse wi l l  h-i ic a

~t~~t im- ~ 50 nanoseconds maximum. T est conf igurat ion ref erence fi gure 4452 lb .
The 1 eok power measurement wi ll be accomp lished by calib rot ing t h e de f lect i on
of a c( Im p l iui g oscilloscope as described in ~cct ion 3.2 ~0~0~~~ph 3.2. 1 and
3. 2. 2 oF Mil— Std 13 1 1A.

lhe maximum sp kc leakage shall not exceed the s peci f ied limits IC: test
fre quencies 9.000, 9.375, 9.650 G) I Z . Oscilloscope cobhrat ion techni que
o S  0t~~cribed in sect ion 3 ,2 pcrogrop hs 3 2 .i and 3 2 .2 c- f M t S t d - 1 3 1  IA is
app lica ble. Amplitudc vo~ia, ion shal l b-c rccor d- d by o. -- y rvir\ 9 the dkt~lb~ t i on
of spike a m p litudes for 1 minute time throug h c~~cn s hutter ci sccj~c c e T e r a .

Qualit y conforma nce test to be m ode using mult i-~- t c ~ c br,i~c r .  For example
t iS ing the high power bulk stage followed b y t h~ it i i ler L- -~a.

A swept frequency may be used .

W~c aIc!i  Tcr minotion used in this test circuit shall hove a \‘S’NR of 1 .05 or less.

‘
t he  Firm ing power shell be dcflned as a ~~ increase of limiter inscrtion loss
‘mllpcarc d to the “co ld” insertion loss - -

• Quali ty conformance test to be mado using bulk semicond ’j cto~ sta~~ on! y .

For this specification the following ob-hreviotkns arid ~yrc bo!s in addit ion to
MIL— E—1 cbbreviritkns and symbols shall app l y; ‘t’~ Hnie (rc co very) , hR 0 =

var iation of phase cn recovery (total deviat ion at a f ired i i a ~~),~~R 0 ‘vadation
oF on-~plituci e on recovery (total deviation at a f ixed time), 

~FP firing powcr

• The mox imum var iat ion in phase and amplitude os mea~ure d by dyricmk pha;e
and amplitude test facilit y sha l l not vary more than the specif ied t t mi~S OVC-r
o 1 minute ir~tc~raI ien time period . Measurement to be made at a point 5,&~’sec
from t h e  cc- ss ation of i/~sec input pulse. -

~
. M~osurcmcnt of porometers c ited v.- l l  foliow the procedures outlined in QCI .1.

- 
i . The bulk sc-m conducj or limiter shall operate over the entire duration 0f the

life test . The sp ike leakage (P5 )~w il I  he periodicall y rnon to rc d. Lila tc s~
~.ilI b~ interrup te d each 720 ± 20 hours inter uals to permit tc~t ing of tnd of

- 

- 
tilo end points . 

- 

- 
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