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ABSTRACT

X-band bulk limiters of 3.5 mils in thickness have been fabricated
using high resistivity silicon p = 12,000 to 18,000 ohm-cm, P-type
uncompensated <111> orientation. These bulk limiters exhibit 3 dB band-
width of 0.6 to 0.8 GHz and power handling capability of 20 - 30 kW.

As a cost reduction measure, low cost stamped X-band copper

irises have been introduced for mounting the bulk limiter chips. This
would substantially lower the price of bulk limiter assembly. Various
parameters are being optimized to achieve both bandwidth and RF power

goals of the contract.
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PURPOSE

The objective of this program is to establish a production capa-
bility 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
requirements are detailed in the specifications. They are, (1) recovery

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

A total of fifteen (15) engineering sample limiters, twenty (20)
confirmatory sample limiters and fifty (50) pilot run production limiters
will be supplied. A pilot line capable of producing 100 bulk semicon-
ductor limiters per month will be demonstrated. Reports and documen-
tation as required in Sections E, F, G and H of DAAB07-76-Q-0040 and
as detailed in Section 3.5 of ECIPPR No. 15, dated December 1976, 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 (30 days). The total program duration is 750 days.

During Phase I of this program, a number of factors in fabricating
bulk semiconductor limiters are being investigated. These include 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.

vii
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The major effort of this program will be realization of a single

bulk limiter design which meets all the objectives of SCS-486. Individ-

ually, 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 that is the formidable engineering

and manufacturing endeavor.
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& OBJECTIVE

The objective of the current Manufacturing Methods and Technology
Engineering program 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 perfor-
mance goals of the program represents a formidable engineering task. These

goals, from SCS-486, are summarized below.

A. Function Description

The high power, solid state, limiter described herein will
operate in the frequency band 9.0 - 9.65 GHz. A multi-stage configur~
ation is acceptable with the first stage incorporating the principle of
avalanche breakdown of near-intrinsic silicon to achieve isolation. This
device will be mounted in a fixed tuned resonant waveguide cavity 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 no external bias
or drive will be necessary for its operation. The receiver protector is re-

quired to operate in unpressurized conditions.

B Mechanical Characteristics

The bulk semiconductor limiter structure will have the

following performance objectives:

Weight s 7.0 oz maximum
Input Flange : mates with UG-40B/U choke flange
Output Flange : mates with UG-135/U cover flange
Mounting Position: any
Cooling : conduction

1




Electrical Characteristics

objectives:

——

The bulk semiconductor limiter will have the following

Peak RF Input Power
1 psec Pulses Continuous:
Insertion Loss
Low Level VSWR
Recovery Time

Flat Leakage

Spike Leakage

External Bias

Absolute Rating Objectives

: 30 kW, Du =0.001

10 kW, Du =0,01

: 0.7 dB (maximum)
s 1.4:1
: 0.8 psec (maximum)

: 50 mW (max), for 30 kW,

(maximum)

.001 duty cycle, 1 psec
pulse

: 750 mW (max), for 30 kW,

.001 duty cycle, 1 psec
pulse

¢ none

PARAMETER SYMBOL MIN MAX UNIT
Frequency E 9.0 9.65 GHz
Peak Power - 30 kW
Average Power Pa - 100 w
Ambient Temp. T -55 485 °c

Altitude -

= 50,000 ft
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II. INTRODUCTION

This report covers the period from 23 June through 22 September
1977. During this period, semiconductor limiter work was concentrated
in the areas of semiconductor wafer processing, device fabrication and

bulk limiter circuit analysis.

Significant improvements in the semiconductor procedures have
been accomplished during the quarter. A low cost "stamped" X-band
copper irises have been introduced for mounting bulk limiter chips. The
cost of a stamped iris is 20 cents compared to $15.00 of a machined iris;

this would substantially lower the price of bulk limiter assembly.

Theoretical investigation was carried out to improve the low level
RF performance of the bulk and clean-up limiters. The computer model
chosen was a simple filter structure consisting to two lumped capacitances
and a lumped inductance. In this model, the lumped capacitances were
represented by bulk limiters and the lumped inductance physically by an
inductive iris. Optimized parameters have been obtained and physical
realization of this circuit and experimentation were conducted during the
quarter.

The subsequent sections of this report describe in great detail

the work performed and results achieved to date.




III. BULK SEMICONDUCTOR CIRCUIT TUNING ANALYSIS

During this quarter, an attempt was made to physically realize the
tuning circuit described in the Fourth Quarterly Report.

A model of a simple filter structure was described consisting of
two lumped capacitances and a lumped inductance. The capacitances
represent bulk limiters and the lumped inductance can be realized by an

inductive iris (see Figure 1).

The model was analyzed with a computer program developed by
Microwave Associates which allows to solve for steady-state character~
istics of microwave networks composed of transmission lines and networks
of capacitors, inductors and resistors. The results of this analysis are

given in Tables I and II.

Unfortunately, physical realization of the circuit was unsuccessful.
Extensive testing was done with various types of iris - bulk limiter com-
binations to no avail. The experiment was unsuccessful because the
computer model did not take into account the fringing effects which occur

when placing the reactive elements so close together.

In conclusion, it would seem that this technique, although a
worthwhile exercise, was unsuccessful. To date, the best tuning
structure developed is that of the First Engineering Sample in which tumped

capacitances are used to transform into and out of the bulk limiter.
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FREQUENCY VSWR LOSS
8.50 2.942 1.208
8.60 2.246 0.692
8.70 1.760 0.342
8.80 1.426 0.136
8.90 1.201 0.036
9.00 1.054 0.003
9.10 1.037 0.001
9.20 1.086 0.007
9.30 1.091 0.008
9.40 1.050 0.003
9.50 1.032 0.001
9.60 1.166 0.026
9.70 1.374 0.109
9.80 1.682 0.290
9.90 2.132 0.608

10.00 2.779 1.088

TABLE I. Computer Print Out of Circuit Model




PARAMETER VALUE
C 0.25 picofarads
L 0.18 nanohenries
ZO 471 ohms
\ Z1 515 ohms
Z2 515 ohms
zl 0.032 inches
zz 0.032 inches

TABLE II. Final Circuit Values for the Optimized Model

AT




1v. FABRICATION AND RF TEST RESULTS

During the last quarter, eight (8) high resistivity wafers (p =
12,000 to 18,000 ohm-cm, < 111>, P-type uncompensated) from Wacker
Chemical and were processed for bulk limiters. These wafers were etched
and polished to 3.5 mils in thickness. The phosphorous and boron diffusions
were done on both sides of the wafers at 1000°C and 950°C, respectively.
The 3/4 mil square checkerboard pattern was used prior to the boron
diffusion. Boron nitride source was used as the dopant source during the
boron diffusion. Both surfaces of a wafer were then metallized with
500 - 1000 10\ layer of titanium (10%) and tungsten (90%) alloy and 2000 -
3000 ?\ layer of gold and then electroplated with pure gold. Both the
surfaces were plated to a thickness of 3.0 mils. The active elements area
were defined by etching 10 mils in diameter gold posts on the top side of
the wafer. The posts were etched to a height of 3 mils using conventional
photolithographic and photoresist flow techniques. The silicon mesa
etching process was performed when the elements were still in wafer form.
Then the wafer was cut into 40 mil squares and were separated into
individual chips. The gold posts of the bulk limiter chips were ball bonded
to gold wire (5 mil in diameter). These chips were passivated with silicon
nitride and Dow Corning DC-643 Junction Coating. The bulk limiter chips
were mounted in low cost "stamped" gold plated copper X-band irises and

were tested for both low and high level RF performance.

A. Evaluation of Stamped Irises

X-band irises were stamped commercially from 0.062 inch
thick oxygen-free high conductivity copper. The burrs were removed from
the irises by filing and sanding operations. The irises were cleaned

thoroughly and then nickel and gold were electroplated. Bulk limiter chips




from BL-26A run were mounted in these irises and were tested for both

low level and high level RF performance. Results are given in Tables
III and IV and shows that these bulk limiters exhibit low insertion loss

and low recovery time and are capable of handling 20 kW RF power.

The above results also show that stamped irises performed
very well and can replace machined irises. The cost of a stamped iris is
20 cents compared to $15.00 of a machined iris. This would substantially

lower the price of bulk limiter assembly.
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PROBLEM AREAS

A. 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 fabri-
cation work currently underway.




CONCLUSIONS

X-band bulk limiters have been fabricated using high resistivity
silicon with p = 12,000 to 18,000 ohm-cm, P-type, uncompensated
< 111> orientation from Wacker Chemical Company. These bulk limiters
exhibit 3 dB bandwidth of 0.6 to 0.8 GHz and power handling capability
of 20 - 30 kW. Low cost stamped irises have been introduced for
mounting the bulk limiter chips. The stamped irises performed very

well and can replace high price machined irises.
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VII. PROGRAM FOR THE NEXT QUARTER

During the next quarter, we will fabricate devices using low cost
stamped irises. Batch process and ball bonding techniques will be opti-
mized to improve the yield of good quality bulk limiters. Confirmatory
sample units will be fabricated and shipped on schedule.

14
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VIII. IDENTIFICATION OF PERSONNEL

During this quarter, the following technical personnel contributed
to this program.

Title Manhours
Project Manager 100
Silicon Materials Manager 10
Senior Processing Engineer 30
Processing Engineer 40
Limiter Engineer 50
Engineering Assistant (Fabrication) 200

Engineering Assistant (Test) 300
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. High Pc.)\.Ner Bulk Semiconductor Limiter

7

1. SCOPE: This specificotion describes o passive, solid state, receiver
‘profector using o bulk semiconductor limiter in combination with o semiconductor
diode limiter. Limiter operation will provide isolation from x~-Band pulses up
- to 30 kw over o voriety of test conditions,

V4 2
(’3 Electionic Commond Y SCS-486
4
g

P XX

2, APPLICABLE D_OCUMENTS _ s

P 2.1 Documents. - The following documents, of issue in effect on the dote of -
¢4 invitation for bids, form a port of this specification to the extent specified herein,
b .

%3 SPECIFICATIONS

{? MILITARY .

PRe . '
" MIL-E=) General Specification for Electron Tube
b MIL-P-11268 Ports, Materiols, ond Processes Used in
5 Electronic Equipment

(f) . STANDARDS :

Pe g  MILITARY

b - MIL-STD-105 Sompling Procedures cnd Tables for Inspection
el by Attributes

1 MIL-STD-202 " Test Methods for Electronic ond Slectrical
=% Se o Components Parts :
~,1 R _MlL-$TD-l3HA Microwave Oscillator Test Methods

','::1. (Copies of specificotions, stondards and publications required by controctors in

% lconnection with specific procurement functions should be obtoined from the procuring
‘octivity or os directed by the controcting officer. Both the title and number of

. |symbol should be stipuloted when requesting copies.) :

-

.

&
H
:

L4

ACTICABLE
. . - BEST'QUALITY PRACEL
- | g AT T




REQUIREMENTS:

¢

! .
\ 3.1 Function Description, = The high power, solid stote, limiter specified

- {  herein will operate in the frequency bond 9.0 = 9.65 GHZ, A multi=stage

) configuration is acceptable with the first stoge incorporating the principle of

N )

i avalonche breokdown of neor-intrinsic silicon 1o ochieve isolotion, This device

4 will be mounted in ‘a fixed turned resonont woveguide cavity designed to provide

the necessary avolonche field conditions, The second stoge shall be either ¢ bulk

q cffect device or a semiconductor diode limiter. Both limiter devices will be

:{ . mounted in a common structure ond no externol bios or drive will be necessory for

i its operation, The receiver protector is required to operate in unpressunzcd conditions,
] 3.2 Mﬂchamcol Characteristics. - The bulk sem:conouctor limiter structure will

’ conform to the followmg requirements: -
:‘:‘; (o) Welght 20 oz mox
’f,r (b) ‘Input flange mates with UG -408/U
) : . choke flonge

t‘,: * (c) Output flonge mates with UG-135/U

= cover flange .
'1 (d) Mounting position _ any
(e) Cooling conduction =
N 3.2.1 Phwsical Dimensions. = The bulk semiconductor limiter shall conform to
4| Figure 1, :
i 3.2.2 Construction, = Parts and materials will be in occordonce with MIL-P-H268.
’: 3.3 Electrical chorocteristics., = The bulk semiconductor llmltcr will conform to
- 4 the following requnrements
e
A (o) Peck Rf Input power, : 30 kw, Du = ,001 ey
“:1‘.;:; X 1ftsec pulses continuous 10 kw, Du = .01 . i -

3 (b) Insertion Loss + 0.7dB (mox)
. (c) Low Level VSWR 1.4:1 (mox)

K 5 ReéoJéry Time . 8/( sec (max)
- j (o) Flat L°°k69° bt 50' mw (max), for 30 kw, .00) duty cycle, I/Lsec -
4 O TR : . pulse
| (0 Spike Leakage : H 75'0 mw (mox), for 30 kw' .001 du‘y cycle' ‘ ﬂsec
bt e pulse
O (g) “externo! bias t none
‘ G mcovmmmsﬁmmm g
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. 3.4 Absolute Ratings \

Poromeler Symbol Min Max. Unit
‘Frequency i F ' $ 9.0 9.65 . GHZ
Pook Power P 30 kw
" Averoge Power Po 100 w
Ambient Temp, Ta’ ~55 ., 185 b
Altitude s 50,000 .

\

’

3.5.)Aorking. = Eoch bulk semiconductor limiter shall be marked with the

~ following information:

() Monufacturer's model number ' 2

(b) Monufacturer's serial number, individually for each limiter,

(c) of input port.

-~

(d) «f output port, :
4, QUALITY ASSURANCE PRCVISIONS

. 4,1 Inspection,

4,1.1 Responsibility for inspection. = The contractor is responsible for the performance
of all inspection requirements os specified herein. The controctor may utilize his own
focilities or any commercial loboratory acceptoble 1o the government, The government
roserves the right to perform ony of the inspections set forth in the specification where
such inspections ore deemed necessory to assure supplies ond services conform to prescribed
requirements, Inspection record: of the examinations ond tests sholl be kept complete

ond availoble to the gove rnment .

[ 4




i 4,1.2 Test equipment ¢ ‘nspection focilities. = 1est equl, .enl ond Inspoction
| 1 facilitics sholl be of sufficient accuracy, quolity, and quontity to permit performance
t of the required inspection, The supplier shall estoblish colibration of inspection

. cquipment to the sotisfoction of the government,

-.’ . Y . . A L

w> 4.2 Clossificotion of inspection. = The exominotion and testing of limiters shall
be clossified as follows: " .

o. First article inspection (see 4.3),

b. OQuolity conformance inspection (see 4.4.),

. <UL R N

CZ’.'QJ,'HM article inspection. - First orticle inspection sha!l be performed by the

‘j supplier, ofter oword of controct and prior to production ot a location occeptoble to
} the government. It sholl be performed on semple units which have been produced with
4 cquipment ond procedures which will be used in production. This inspection thall

.4 consist of QCI-1, QCI-2 ond QCI—I} inspection in occordance with 4.4.1, 4.4.2
71 and 4.4.3, | R

i 4.3.1 Somple. = Twenty {20) limiters shall be submitted for first article
.;-j inspection, =

' P2 guety

«4 Quolity Conformonce Inspection,

4.4.1 Quolity conformcace insvection = Port ‘1 (QCI-1). - Every limiter
shall be tested i~ all positions of the Quclity Conformonce Inspection = Part |
(QCI-1). No failures sha!l be permitied. '

.-,
-
e —— -

s
W
N

v

T
Loew’
i, oD

4.4.2 Quolity conformence insoection = Part 2 (QCI=2). ~ The Quality Conformence
Inssection - Part 2 (QCI-2) sholl be periormed in occ.:rdonce with MIL-STD-105,
Ins, ection Level S1 with an AQL of 6.5%. In the event of lot. rejection, tightened
iaspection procedures shall be invoked. Normal inspection sha!l be resumed when
two' (2) consecutive lots hove conformed with QCI-2 tests. If the lot size is less
thon 50 limiters, the scmple size shall be one (1) with un acceptance number of
zero (0). For purposes of inzpection, the lot size sheii be one (1) month's production.

‘ , %

CaLE e

PR

e

4.4.3 Q__L.’O“’.)’ conformonce insoection = Port 3 (OCI=3). = Three limiters shall
% undergo continuous life testing for o min, of 2500 hrs. No failures shali be permitted,

4.5 Detailed listinos of quality ccnformonce inspection tests. = Quality conformance
" ¢ Inspection fests $hall be conducted in occordonce with 1nble | (@Ci-1), Teble Il (OCI-2),
i ond Toble il (QCI-3). ) : .

]
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N)e moximum flat leckoge shall not exceed the specified limits for test
Nrequencies 9 000, 9,375, .9.650GHZ. The incident Rf pulse will hove a
risatime 50 nanoseconds maoximum. Test configuration reference figure 4452 - 1b,
The peok power meosurement will ‘be accomplished by calibroting the deflection

of o sampling oscilloscope os described in section 3.2 porogrophs 3.2.1 ond
3.2.2 of Mil-Std-1311A,

. sweemeemp e e

The moximum spike leckoge sholl not exceed the specified limits for test
frequencies 9.000, 9.375, 9.650 GHZ, Oscilloscope colibrotion technique

os described in section 3.2 pcragraphs 3.2.1 and 3.2.2 of  Mil=Std-1311A is
opplicoble. Amplitude variation shall be recorded by observing-the distribution

of spike amplitudes for 1 minute time through open shutter of scope comera. t’
Quality conformance test to be made using multi—stage limiter. For example g
using the high power bulk stoge followed by the limiter diode. b

;i b

. t%e

A swept frequency moy be used. i

AL A
i

o
‘ 'id-

Match Termination used in this test circuit shall hove a VSWR of 1.05 or less.

7o -
o

The firming power sholl be defined os @ 3t  increase of limiter insertion loss . TS
Ompcred to the "cold" insertion loss,

.
ril

Tl

¢ e, A
N O R R A
Y P S s
-

Quality conformance test to be mode using bulk semiconductor stoge only.

R 3.4

For this specification the following abbreviations and symbols in odditicn to
MIL-E-1 cbbreviaticns and symbols shall cpply; T = time (recovery), AR_ =
voriation of phase cn recovery (total deviation at a fired time), 4Ry = ‘variation
of omplitude on recovery (total deviation at a fixed time), Pcp = firing power.

The moximum variotion in phase ond omplitude as meosured by dynomic phase

ond omplitude test facility shall not vary more thon the specified limits over =
o ® minute intégration time period. Measurement to be made ot a point Spsec

from the cessation of 1usec input pulse. i3 o

-Measurement of parameters cited will follow the procedures outlined in QCI -1,

“The bulk semiconductor limiter shall opercte over the entire duration of the

life test, The spike leokoge (P;) will be periodically monitored. Life test

- will be interrupted each 720 £ 20 hours intervals to permit testing of end of ;
life tost end points, . :
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~s PREPARATION FOR DELIVERY

5.1 Pockoging, Pockina ond Morkmq. - Pockoglng, packing ond pockage
lkmg shall be specificed in the contract.
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