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ABSTRACT 

The o b j e c t i v e  o f  t h i s  research p r o j e c t  i s  t o  
d e f i n e  and demonstrate new methods t o  advance t h e  
s t a t e - o f - t h e - a r t  o f  p ressure  sensors f o r  t h e  Space 
S h u t t l e  Main Engine. Th i s  i nc l udes  improved 
re1  i ab i  l i t y ,  accuracy, c ryogen ic  temperature ope ra t i on  
and ease o f  manufacture. 

T h i s  paper presents  t h e  r e s u l t s  o f  t h e  
" F e a s i b i l i t y  and Breadboard Demonstrat i  on Phase" and 
t h e  c u r r e n t  s t a t u s  o f  t h e  "Research Development 
P ro to t ype  F o l  low-on Phase ." A techno1 ogy breakthrough 
u t i l i z i n g  s i  1 icon  p i e z o r e s i s t i v e  technology was 
achieved i n  t h e  f i r s t  phase. Excel  l e n t  s i l i c o n  sensor 
performance, a t  l i q u i d  n i t r o g e n  temperature,  was 
s u c c e s s f u l l y  demonstrated a t  NASAIMSFC. 

The f o l l ow -on  phase i s  i n  process. A t ransducer  
des ign  concept f o r  t h e  SSME a p p l i c a t i o n  u t i l i z e s  
packaging m a t e r i a l s  w i t h  s i m i l a r  thermal  c o e f f i c i e n t s  
o f  expansion and ma in ta ins  t h e  t ransducer  sea ls  
p r i m a r i  l y  i n  compression. The package mechani c a l  
i n t e g r i t y  w i l l  be t e s t e d  t o  t h e  SSME requ i  rements f o r  
temperature (-423OF t o  +250°F), prcissure (9.5K p s i ) ,  
and v i b r a t i o n  (400 g ' s ) .  The s i l i c o n  c h i p  des ign w i l l  
p r o v i d e  dual  sens ing ou tpu ts  w i t h  l a s e r  t r immable 
i n t e g r a t e d  compensating e l e c t r o n i  cs . The s i  1 i c o n  
r e s i s t o r  i o n  imp lan t  dose was customized f o r  t h e  SSME 
.temperature requi rement  . A b a s i c  acous t i c  model ing 
so f tware  program was developed as a des ign t o o l  t o  
ievaluate t h e  f requency response c h a r a c t e r i s t i c s  f o r  
t h e  package design. Successfu l  complet ion o f  t h i s  
research p r o j e c t  w i l l  p r o v i d e  t e n  p r o t o t y p e  SSME S o l i d  
S ta te  Pressure Transducers f o r  NASA t e s t i n g .  



INTRODUCTION 

Previous research and development a t  Honeywell has 
demonstrated t h a t  s i l i c o n  p i e z o r e s i s t i v e  pressure- 
sensing d i  aphragms can be i ntegra ted  w i t h  e lect ronl 'c  
components on a s i n g l e  ch ip  t o  produce smal l ,  
accurate, and rugged transducers. Also, t h e  
techniques used f o r  p r e c i s e l y  forming t h e  pressure 
sensing diaphragm t o  a c o n t r o l l e d  th ickness a l l ow  a 
common ch ip  design t o  be used f o r  a wide range of f u l l  
sca le  pressures. The design can thus  be used f o r  a 
" f a m i l y "  o f  pressure sensors. A capsule summary of 
Honeywell ' s  proposed concept o f  pressure 
ins t rumenta t ion  f o r  t h e  space s h u t t l e  mai n engine 
a p p l i c a t i o n  i s  given below: 

E l e c t r i c a l  conversion o f  sensor behavior i n t e g r a t e d  
on t h e  same ch ip  as t h e  s o l i d  s t a t e  p i e z o r e s i s t i v e  
elements ( s i n g l e  ch ip  approach). 

e Pressure ranges es tab l ished s imply by changing t h e  
s i l i c o n  diaphragm thickness. 

e Each transducer un ique ly  c a l i b r a t e d  by laser 
t r imming o f  on-chip t h i n  f i l m  r e s i s t o r s .  

Temperature compensation achieved by on-chip s igna l  
c o n d i t i o n i n g  c i  r c u i  t r y ,  

The NASA Contract number o f  t h i s  research o f  
pressure ins t rumenta t ion  study i s  NAS8-34769, M r .  Tom 
Marshal l  o f  t h e  Marshal l  Space F l i g h t  Center, 
Huntsvi l le ,  A1 abama, i s  t h e  techn ica l  monitor.  

FEASIBILITY STUDY AND BREADBOARD 
DEMONSTRATION PHASE 

The o b j e c t i v e  o f  t h i s  phase was t o  develop 
breadboard t ype  hardware capable of demonstrat ing the 
f e a s i b i l i t y  o f  t h e  advanced s o l i d  s t a t e  sensor concept 
and t o  p rov ide  a l abo ra to ry  demonstrat ion o f  MSFC o f  
two SSME Breadboard Pressure Transducers. 



C i  r c u i  t Development 

The i n i t i a l  work o f  t h e  f e a s i b i l i t y  s tudy was a  
1 i t e r a t u r e  s tudy o f  t h e  behav io r  o f  s i l i c o n  
p i e a o r e s i s t o r s  a t  c ryogen ic  temperatures. The change 
i n  abso lu te  res i s tance  and t h e  change i n  
p i ezo res i s tance  t o  pressure as a  f u n c t i o n  o f  
"temperature bo th  had t o  be determined i n  o rde r  t o  
accu ra te l y  c o n d i t i o n  t h e  sensor ' s  ou tpu t  s i g n a l .  From 
t h e  l i t e r a t u r e  s tudy,  i t  was determ'ned t h a t  peak 
doping l e v e l s  o f  3 x 1 0 1 ~  atorns/cm 3 t o  2x1020 
atoms/cm3 f o r  boron p i  ezores i  s t o r s  would y i e l d  
~ompensatabl  e  performance and s t i  11 p r o v i d e  adequate 
s e n s i t i v i t y  t o  pressure. 

A f t e r  t h e  behavior  o f  e x i s t i n g  exper imenta l  
p i  ezores i  s t o r s  and o t h e r  cand ida te  c i  r c u i  t e l  ements 
were cha rac te r i zed  a t  cryogenic  temperatures, a  
t kansducer c i  r c u i  t was des i  gned t o  compensate and 
i ~ a l i b r a t e  t h e  sensors over  t h e  temperature range o f  
-320°F t o  +165OF. A s i m p l i f i e d  schematic diagram o f  
t h e  SSME Breadboard Pressure Transducer c i r c u i t  i s  
g iven i n  F i g u r e  1. Since o n l y  a  p o r t i o n  o f  t h e  
a v a i l a b l e  10 v o l t  e x c i t a t i o n  i s  r e q u i r e d  f o r  t h e  
r ; i l i con  sensor b r i d g e  t o  p rov ide  t h e  r e q u i r e d  o u t p u t  
' level ,  t h e  remainder o f  t h e  e x c i t a t i o n  vo l t age  i s  
t h e r e f o r e  a v a i l a b l e  f o r  s i g n a l  c o n d i t i o n i n g  o f  t h e  
sensor output .  

I n  a d d i t i o n  t o  t h e  p ressure  sens ing b r i d g e  and a  
re fe rence  non-pressure sens ing b r idge ,  t h e  c i r c u i t  
mechanizat ion c o n s i s t s  of seven ( 7 )  1  aser  t r immable 
t h i n  f i l m  r e s i s t o r s  and s i x  ( 6 )  diodes 
(base-to-emi t t e r  pn j u n c t i o n  o f  smal l  s i  gnal  
t r a n s i s t o r  dev ices) .  The t h i n  f i l m  r e s i s t o r  (TRF) 
networks a re  u t i l i z e d  t o  c a l i b r a t e  and compensate t h e  
sensor ou tpu t  over  t h e  f u l l  ope ra t i ng  range a t  
temperature and pressure. The f o l l o w i n g  f o u r  
f unc t i ons  a re  un ique l y  c a l i b r a t e d :  

1 )  N u l l  s e t  a t  ze ro  pressure 
2 )  Span s e t  a t  f u l l  s ca le  pressure 
3 \, 
- 1 ,  N u l l  change w i t h  temperature 
4) Span change w i t h  temperature 
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F i g u r e  1: S i m p l i f i e d  Schematic Diagram o f  SSME 
Breadboard Pressure Transducer 

Span (pressure sens i  t i  v i  t y  ) compensation of t h e  
s i  li con sensor b r i d g e  i s accomplished by coun te rac t i ng  
t h e  change i n  p ressure  s e n s i t i v i t y  t o  temperature by 
an oppos i te  change i n  b r i d g e  e x c i t a t i o n  w i t h  
temperature.  Fo r  p i ezo res i s tance  sensors, t h e  
s e n s i t i v i t y  decreases,with i n c r e a s i n g  temperature and  
i ncreases p r o p o r t i o n a l  l y  w i t h  i ncreas i  ng b r i d g e  
ex -c i  t a t i  on. Therefore,  p r o p e r l y  c o n t r o l  1 i ng t h e  
b r i d g e  vo l t age  as a f u n c t i o n  of temperature w i l l  
cancel  t h e  e f f e c t  o f  t h e  sensor ' s  s t r a i n  s e n s i t i v i t y  
as a f u n c t i o n  o f  temperature.  T h i s  span or  
s e n s i t i v i t y  compensation techn ique  i s  achieved i n  t h e  
c i r c u i t  o f  F i g u r e  1 by t h e  i n t e r a c t i o n  between t h e  
temperature c o e f f i c i e n t  of t h e  sensor b r i d g e  i t s e l f  
and t h e  c i r c u i t  elements i n  s e r i e s  w i t h  t h e  b r idge .  
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F i g u r e  3: SSME Breadboard Pressure Transducer 
Tes t  Vessel 



F i  gure 4: SSEM Breadboard Pressure Transducer 
Transducer - E lec t ron i cs  Assembly 

E l e c t r i c a l  connections f rom t h e  Sensor Chip t o  t h e  
c i r c u i t  board were made by means o f  gold i n t e r -  
connects. A photograph of a completed e l e c t r o n i c ~  
assembly o f  t h e  SSME breadboard pressure transducer i s  
shown i n  F igure  4. 

To f a c i l i t a t e  demonstration t e s t i n g  i n  l i q u i d  
n i t rogen,  t h e  h y b r i d  assembly was mounted i n t o  a 
speci a1 l y  desi gned housing as presented i n  t h e  
photograph o f  F igure  5 which shows t h e  SSME Breadboard 
Pressure Transducer i n  i t s  f i n a l  form f o r  
demonstration t e s t i n g .  Pressure connection t o  t h e  
device was made v i a  a copper tube soldered i n t o  t h e  
base o f  t h e  t e s t  vessel. The leadwires f rom t h e  
transducer were brought out through a l ong  metal tube 
and terminated w i t h  an appropr ia te  connector f o r  
e l e c t r i c a l  i n te r face .  



F igu re  5: SSME Breadboard Pressure 
Transducer - F i n a l  Form 

Breadboard Hardware Demonst r a t i  on 

Upon complet ion of t h e  c a l i b r a t i o n  and 
c h a r a c t e r i z a t i o n  of t h e  SSME Breadboard Pressure 
Transducers, two u n i t s  were d e l i v e r e d  t o  and 
demonstrat ion t e s t e d  a t  t h e  Marshal 1 Space F l  i ght  
Center i n  H u n t s v i l l e ,  Alabama. F igu re  6 shows t h e  
t e s t  setup used f o r  t h e  demonstration. 

The demonstrat i  on cons is ted  o f  performing a 
base l i ne  room temperature pressure t e s t ,  fo l lowed by a 
1 i q u i d  n i t r o g e n  (LN2) t e s t  procedure, and conc lud ing 
w i t h  post LN2 room temperature pressure t e s t .  The 
base l i ne  pressure t e s t  cons is ted  o f  an upscale and 
downscale pressure prof  i 1 e us ing  pressure increments 
o f  20% f u l l  sca le  ( t h e  breadboard t ransducer  used a 10 
p s i  f u l l  s ca le  sensor). 



i n  a ~ N ~ ~ ~ e w e r  u n t i l  t h e  LN2 was approx imate ly  one 
t h i r d  t h e  way up t h e  l a r g e  diameter p o r t i o n  o f  t h e  
device. A powered hea te r  tape  strapped t o  t h e  t o p  
p a r t  o f  t h e  t e s t  body was used t o  generate a 165OF 
thermal  g rad ien t  across t h e  body o f  t h e  breadboard 
p ressure  transducer.  Under t h i s  t e s t  cond i t ion ,  t h e  
sensor end of t h e  t ransducer  was a t  -320°F and t h e  t o p  
p a r t  o f  t h e  t ransducer  was a t  -165OF. An up-down 
pressure  p r o f  i 1 e was performed whi 1 e mai n t a i  n i  ng t h e  
thermal  g rad ien t  cond i t ion .  I n  a d d i t i o n  t o  t h e  
p ressure  p r o f i l e ,  t h e  n u l l  ou tpu t  was moni tored du r i ng  
t h e  temperature t r a n s i t i o n  from room down t o  l i q u i d  
n i t r o g e n  temperature. A f t e r  t h e  LN2 t e s t ,  t h e  devices 
were a1 lowed t o  r e s t a b i l  i z e  and t h e  basel i n e  room tem- 
p e r a t u r e  pressure t e s t  was repeated. 

The r e s u l t s  o f  t h e  breadboard demonstrat ion were 
very  successfu l  and t h e  f e a s i b i l i t y  o f  t h e  advanced 
s o l i d  s t a t e  pressure sensing concept was c l e a r l y  
demonst ra ted.  



A 
accomp 
demons 

capsule summary o f  t h e  s i  gn i  f i cant  
l i shments  o f  t h e  f e a s i b i l i t y  and breadboard 
t r a t i o n  phase i s  presented below. 

@ Accurate C a l i b r a t i o n  and Compensation o f  t h e  
Breadboard Pressure Sensor Us ing Laser  T r im  
Techno1 ogy 

- N u l l  Vo l tage Set t o  Zero W i t h i n  1 M ic rovo l t ,  

- F u l l  Scale Vol tage Set t o  W i t h i n  10 M ic rovo l t s .  

@ Successful  Breadboard Demonstrat ion a t  NASA/MSFC. 

Key Resu l t s  a t  L i q u i d  N i t r ogen  (-320°F) Temperature 

- N u l l  S h i f t :  0.1% FS 

- S e n s i t i v i t y  S h i f t :  1.9% FS 

- Pressure Hys te res is :  0.02% FS (0.01% FS a t  SSED) 

- Thermal Hys te res is :  0.03% FS (0.005% FS a t  SSED) 
(Non-Return t o  Zero) 

- Trans ien t  Nu1 1 S h i f t :  (1 .O%FS Maximum (Measured 
Du r i ng  Temperature 
Excurs ion f rom Room 
Temperature t o  -320°F w i t h  
a 165OF Thermal Grad ien t  
Across t h e  Sensor Housing) . 



DEVELOPMENT RESEARCH PROTOTYPE PHASE 

The o b j e c t  i ve o f  t h e  "Devel opment Research 
Pro to type  Phase" i s  t o  design, develop and d e l i v e r  t e n  
p r o t o t y p e  pressure t ransducers.  These a r e  t a r g e t e d  t o  
meet t h e  SSME t ransducer  performance des i  gn goal  s . 
Th is  phase c o n s i s t s  o f  a study, exper imenta l  e f f o r t ,  
p ro to t ype  des ign and development phase. Three s t u d i e s  
have been completed f o r  t h i s  p r o j e c t  and c o n s i s t  o f  
t h e  f o l l o w i n g :  

1) Transducer Package Concept Study - S i l i c o n  c h i p  
mount ing and packaging concepts were generated and 
analyzed t o  determine s u i t a b i l i t y  f o r  t h e  SSME 
a p p l i c a t i o n .  A concept which u t i l i z e s  m a t e r i a l s  w i t h  
s i m i l a r  thermal  c o e f f i c i e n t s  of expansion and 
ma in ta ins  t h e  t ransduced m a t e r i a l s  and sea l s  p r i m a r i  l y  
i n  compression was se lected.  

2 )  M a t e r i a l s  and Process Study - A s tudy was 
completed t o  s e l e c t  mate r i  a l s  and determi  ne processes 
f o r  t h e  se lec ted  t ransducer  package concept. The 
m a t e r i a l s  and process s e l e c t i o n  was based on t h e  
temperature,  pressure, v i  b r a t i  on and p ressure  medi a 
requirements f o r  t h e  SSME a p p l i c a t i o n .  

3)  Acous t i c  Frequency Response Study - Based on 
t h i s  s tudy an acous t i c  model ing so f twa re  program was 
developed as a des ign t o o l  t o  eva lua te  t h e  frequency 
response c h a r a c t e r i s t i c s  f o r  t h e  t ransducer  f i n a l  
package design. 

The exper imenta l  phase o f  t h i s  p r o j e c t  i s  
p a r t i a l l y  complete and c o n s i s t s  o f  t h e  f o l l o w i n g :  

1) S i  l i c o n  R e s i s t o r  C h a r a c t e r i z a t i o n  a t  Cryogenic 
Temperature - S i l i c o n  r e s i s t o r  imp lan t  doses were 
expe r imen ta l l y  v a r i e d  t o  customize t h e  s i l i c o n  
p i  ezores i  s t o r s  f o r  t h e  SSME temperature requ i  rement 
r ang ing  f rom -423OF t o  +250°F. The da ta  f rom t h i s  
t a s k  i s  p r e s e n t l y  be ing  analyzed. 



2 )  Pressure Sensor Chip Mount ing C h a r a c t e r i z a t i o n  - The mechani c a l  i n t e g r i t y  w i  11 be exper imenta l  l y  
determined f o r  t h e  s i  1 i c o n  c h i p  mount ing concept, 
se lec ted  i n  t h e  s tudy  phase. Mechanical models w i  11 
be t e s t e d  t o  t h e  SSME requirement f o r  temperature 
(-423°F t o  +250°F), pressure (9.5K p s i )  and v i b r a t i o n  
(400 g ' s ) .  

The performance and s u r v i  vabi  1 i t y  o f  p resen t  s o l  i d  
s t a t e  p i e z o r e s i  s t i  ve pressure t ransducers  have been 
successfu l  l y  demonstrated a t  c ryogen ic  temperature 
(-320°F), based on t h e  NASA Breadboard Demonstrat i  on, 
and a t  h i g h  pressure (10K p s i ) ,  based on e x i s t i n g  
commerci a1 sensors. The combined SSME r e q u i  rements 
f o r  temperature, pressure, v i b r a t i o n  and p ressure  
media have n o t  been demonstrated and a r e  ext remely  
cha l leng ing .  These w i l l  be demonstrated a t  t h e  
conc lus ion  o f  t h e  p r o t o t y p e  phase. The f o l l o w i n g  
proposed Pressure Transducer Concept, dependent on t h e  
exper imenta l  r e s u l t s ,  w i  11 be designed, b u i l t  and 
evaluated.  

Transducer Design Goals and Approach 

The SSME Pressure Transducer Desi gn goal  s, based 
on t h e  combi ned e f f e c t s  o f  cryogeni  c  temperature,  h i  gh 
pressure, v i b r a t i o n ,  abso lu te  p ressure  sens ing and 
package des i  gn a r e  ext remely  cha l  l engi  ng. The b a s i c  
SSME design goals  a re  summarized i n  Table 1. 

The t ransducer  des ign approach implements t h e  NASA 
requirement f o r  d i r e c t  mount ing o f  t h e  p ressure  
t ransducer  t o  t h e  SSME. Th i s  r e q u i r e s  t h e  p ressure  
sens ing element t o  be i n  d i r e c t  con tac t  w i t h  t h e  h i g h  
pressure c ryogen ic  pressure media. It a l s o  requ i  res,  
based on t h e  s t a t e  o f  t h e  hydrogenloxygenln i t rogen 
p ressure  media, t h a t  t h e  s i  1  i c o n  i n t e g r a t e d  c i r c u i t s  
n o t  be i n  d i r e c t  con tac t  w i t h  t h e  p ressure  media. The 
des ign approaches i nco rpo ra ted  i n  t h e  se lec ted  
p ressure  t ransducer  concept a re  l i s t e d  i n  Table 2. 



Table 1. Summary o f  SSME Pressure Transducer Design 
Goals. 

CONDITION DESIGN GOALS 

Transducer - Same e x t e r n a l  c o n f i g u r a t i o n  as RC7001 
Conf igu ra t ion  

Pressure Ranges - 0 t o  600 p s i a  - 0 t o  3500 p s i a  - 0 t o  9500 p s i a  
Pressure Ra t ing  - 1.5xF.S. (No permanent n u l l  o r  c a l i b r a t i o n  

change) - ~ . ~ x F . s .  o r  20K p s i  Maximum (No permanent 
damage) 

Pressure Media - L i  qu i  d/Gaseous Hydrogen - Lipuid/Gaseous Oxygen - Heiium - Ni t rogen 

Temperature Range - -200°c t o  + 120°C (Goal of 
-253OC) 

V i  b r a t i  on - 0 t o  2000 Hz; 400 g 's  (With superimposed 
random and steady-state v i b r a t i o n )  

Acoust ic  Frequency - Dynamic Design Goal o f  300 Hz Minimum 
Response 

F u l  1 Scale Output - 30 + 0.3mV a t  10 VDC E x c i t a t i o n  

Thermal Zero S h i f t  - 2 0.005% F.S./Degree 

E l e c t r i c a l - T o -  - +0.1% F.S. a t  80% F.S. C o r r e l a t i o n  p o i n t s  a t  
Pressure &bi en t  Temperature 
C a l i  b r a t i  on 



Table 2. 

DESIGN PARAMETER 

Sensing Element 
and C i r c u i t  

l n tegra ted  
Ci r c u i t  
P ro tec t ion  

Method o f  
C a l i b r a t i o n  

Pressure Range 
Change 

Pressure Medi a 

V ib ra t ion  

Cryogeni c 
Temperature 

High Pressure 

Acoust ic 
Frequency 
Response 

Design Approaches Incorporated i n  t h e  NASA 
Pressure Transducer Concept. 

DESIGN APPROACH 

- The sensing element, diaphragm, and c i r c u i t  are 
contained on a s i n g l e  chip. - The c i r c u i t  provides a f u l l y  compensated and 
c a l i b r a t e d  l i n e a r  output vo l tage p ropor t iona l  t o  
pressure. 

- The in tegra ted  c i r c u i t  on t h e  s i l i c o n  i s  protected 
by the  absolute transducer vacuum reference. 

- Laser c i r c u i t  t r i m  c a p a b i l i t y  i s  provided by t h i n  
f i l m  r e s i s t o r s  on t h e  s i l i c o n  chip. 

- The operat ing pressure range i s  changed simply by 
changing t h e  th ickness o f  t h e  s i l i c o n  diaphragm. 

- To insure  h igh  r e l i a b i l i t y  t h e  c i r c u i t  s i d e  o f  t h e  
s i l i c o n  ch ip  i s  p ro tec ted  from t h e  pressure media. - The transducer package mate r ia l s  were se lected f o r  
pressure media compat ib i l i t y .  

- The a t t r i b u t e s  o f  s i l i c o n  pressure transducers such 
as small  s ize, low mass, i n t e g r a t e d  e lec t ron ics  and 
essent i  a1 l y  no moving p a r t s  a l l  con t r ibu te  t o  h igh  
v i b r a t i o n  capabi l i t y  . - The leng th  o f  t h e  e l e c t r i c a l  In terconnects  from t h e  
s i l i c o n  ch ip  t o  t h e  te rm ina l  board w i l l  be 
c o n t r o l  l e d  f o r  h igh  v i b r a t i o n  capab i l i t y .  

- Excel l e n t  s i l i c o n  sensor performance, a t  l i q u i  d 
n i t rogen  temperature was successfu l ly  demonstrated 
a t  NASAIMSFC . - The implant  dose o f  t h e  i o n  implanted sensor 
elements w i l l  be customized f o r  cryogenic 
temperature performance. - The transducer package mate r ia l s  were se lected For 
cryogenic temperature compat ib i l i t y .  

- The transducer design concept maintains t h e  
transducer seals  p r i m a r i l y  i n  compression and 
u t i l i z e s  h igh  s t reng th  mate r ia l s  w i t h  s i m i l a r  
c o e f f i c i e n t s  o f  expansion. 

- Acoust ic modeling software was developed t o  
analyze t h e  frequency response c h a r a c t e r i s t i c s  and 
w i l l  be u t i l i z e d  i n  t h e  f i n a l  design t o  maximum 
frequency response. - Pressure p o r t  l eng th  w i l l  be minimized and Helmholtz 
Resonator Side Chambers added. 



Transducer Package Design 

The SSME Transducer Package Design i s  documented 
i n  F igu re  7 and F igu re  8. This  encompasses an 
absolute s i l i c o n  pressure sensor ch ip  w i t h  l a s e  
tr immable c i r c u i t  e l e c t r o n i c s  mounted t o  a s i l i c o n  
n i t r i d e  backplate and te rm ina l  board. The ch ip  mount 
vacuum reference o f  t h e  absolute t ransducer  i s  
es tab l i shed  through t h e  hermetic seals  o f  t h e  s i l i c o n ,  
s i l i c o n  n i t r i d e  and t h e  pyrex cover glass. The sensor 
c h i p  mount i s  housed i n  a common package w i t h  
e l e c t r i c a l  i n t e r f a c e  and pressure p o r t  p rov is ion .  

Pressure Transducer S i  1 i c o n  Chip Mount 

The pressure t ransducer  s i  1 i c o n  c h i  p mount desi  gn 
i s extremely impor tan t  . Sensor performance, i n terms 
o f  accuracy, repeatabi  1 i t y  and s t a b i  1 i t y  , i s dependent 
on i t s  i n t e r f a c e  w i t h  t h e  t ransducer  package and 
pressure media. There are  f o u r  bas i c  SSME 
requirements which d i c t a t e  t h e  pressure sensor c h i p  
mount design. These are: 

1. Pressure Media I n t e r f a c e  - The h i g h  pressure 
(9.5K p s i ) ,  cryogenic  temperature (-320°F) and 
pressure media (LOX, LH2, gaseous he1 ium, n i t rogen,  
oxygen, hydrogen, a i  r and water vapor) requ i  r e  t h e  
a c t i v e  c i r c u i t  s i d e  o f  t h e  pressure sensor ch ip  be 
separated f rom t h e  pressure media. Th is  i s  
accomplished by app l y ing  t h e  pressure t o  t h e  backside 
o f  t h e  pressure sensor ch ip.  

2.  High Pressure/Low Temperature - The combined 
h igh  pressure and low cryogenic  temperature 
requirements d i c t a t e  t h a t  t h e  pressure media be 
app l i ed  d i r e c t l y  t o  t h e  ch ip.  

3 .  A c t i v e  Laser Trimming - A c t i v e  l a s e r  t r imming 
o f  on-chip t h i n  f i l m  r e s i s t o r  networks t o  c a l i b r a t e  
sensor performance i s  normal ly  completed a f t e r  sensor 
packaging. This  i s  done t o  e l i m i n a t e  t h e  packaging 
and assembly process e f f e c t s  on t ransducer  
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Figure 7. Pressure Transducer S i l i c o n  Chip 
nounti ng Design 

F igure  8. Pressure Transducer Package Design 



c a l i b r a t i o n .  Th i s  d i c t a t e s  t h a t  t h e  t rimmable network 
be v i s i b l e  a f t e r  packaging and f u r t h e r  impacts  t h e  
p ressure  sensor c h i p  mounting. 

4 .  Abso lu te  Sensor - The abso lu te  sensor 
r e q u i  rement p rov ides  an a d d i t i o n a l  cha l  1 enge. The 
m a t e r i a l s  and processes u t i l i z e d  i n  t h e  c o n s t r u c t i o n  
o f  t h e  pressure t ransducer  i n f l u e n c e  t h e  sensor vacuum 
i n t e g r i  ty. Ma te r i  a1 s  were s e l e c t e d  based on t h e i  r 
d i f f u s i o n  and outgass ing c h a r a c t e r i s t i c s ,  h i  gh 
hermet i  c i  t y  capabi 1 i t y  and temperature p ressure  
compat i b i  1  i ty  . 

T e s t i n g  was completed on a  spec ia l  sensor 
c o n f i g u r a t i o n  t o  s imu la te  t h e  compressive p ressure  
l oadi ng impact on t ransducer  performance. The purpose 
o f  t h i s  t e s t i n g  was t o  determine t h e  s t r a i n  
t r a n s m i t t e d  t o  t h e  s i l i c o n  c h i p  ( e f f e c t  on t ransducer  
performance) by t h e  impact o f  compressive loads 
a p p l i e d  t o  t h e  o u t e r  edge o f  t h e  s i l i c o n  n i t r i d e .  The 
key f i n d i n g s  o f  t h i s  t e s t i n g  are:  

- Comprehensive 1 oadi  ng can r e s u l t  i n  s u b s t a n t i  a1 
s t r e s s  t ransmiss ion  t o  t h e  sensor ch ip .  

- The s t resses  t r a n s m i t t e d  t o  t h e  sensor a re  
s t r o n g l y  dependent on t h e  method o f  c lamping i n  
t h e  t e s t  f i x t u r e .  

- The s t r e s s  t r a n s m i t t e d  t o  t h e  sensor i s  
s t r o n g l y  dependent upon t h e  c o n d i t i o n  ( f  1 a tness)  
o f  t h e  mat ing  surfaces between t h e  t e s t  samples 
and t h e  t e s t  f i x t u r e .  

- Changes i n  t h e  p i e z o r e s i s t o r s  ranged between 
0-2% when c l o s e  a t t e n t i o n  was p a i d  t o  t h e  
aforement ioned cond i t i ons .  

Based on t h e  r e s u l t s  o f  t h i s  exper imenta l  t e s t i n g ,  
t h e  o r i  g i  n a l  t ransducer  package des i  gn concept was 
changed t o  min imize s t r e s s  t r ansm iss ion  t o  t h e  sensor 
c h i p  by e i t h e r  p ressure  o r  temperature.  Th i s  des ign 
change i n v o l v e d  adding an I n v a r  i n t e r f a c e ,  w i t h  



c o n t r o l  1 ed sur face  f l a t n e s s ,  between t h e  s i  1 i c o n  
n i t r i d e  and s t a i n l e s s  s t e e l ,  adding a su r f ace  f l a t n e s s  
requirement t o  t h e  s i l i c o n  n i t r i d e  p a r t s  and adding a 
meta l  compressive C-Ring between t h e  s i l i c o n  n i t r i d e  
and s t a i n l e s s  s t e e l  (see F i g u r e  2). Th i s  change w i l l  
u n i  f o rm ly  d i  s t r i  bu te  t h e  s t r u c t u r a l  compressive 1 oad 
over  t h e  r e q u i r e d  t ransducer  p ressure  and temperature 
range. 

The pressure t ransducer  s i  1 i c o n  c h i  p  mount des i  gn 
u t i l i z e s  m a t e r i a l s  w i t h  c l o s e l y  matched c o e f f i c i e n t s  
o f  expansion; s i  1 i con ,  s i  1 i c o n  n i t r i d e ,  py rex  and 
i n v a r .  These w i l l  min imize t h e  thermal  s t resses  over  
t h e  1 arge temperature d i  f f e r e n t i  a1 o f  682OF requ i  r e d  
f o r  t h e  SSME a p p l i c a t i o n .  To i n s u r e  package 
s u r v i  vabi  1 i t y  a t  h i g h  pressure and c ryogen ic  
temperatures t h e  des ign ma in ta ins  t h e  t ransducer  seal  s  
p r i m a r i l y  i n  compression. 

The acous t i c  response s tudy determined methods o f  
i mprovi ng t h e  frequency response c h a r a c t e r i s t i c s .  
These p r i m a r i l y  c o n s i s t  o f  m in im iz i ng  t h e  p ressure  
p o r t  l e n g t h  and adding Helmholtz Resonator chambers i n  
t h e  hous ing w a l l .  The i n f l u e n c e  o f  t h e  p ressure  p o r t  
l e n g t h  i s  d e t a i l e d  i n  F igures  9. As t h e  l e n g t h  
o f  t h e  pressure p o r t  decreases t h e  resonant f requency 
increases.  Pressure p o r t  l e n g t h  o f  2.245 inches  has 
t h e  f i r s t  f requency response harmonic occu r i ng  a t  2000 
Hz. When t h e  p ressure  p o r t  l e n g t h  i s  decreased t o  
1.000 i nches, t h e  frequency response harmoni c  
inc reases  t o  3000 Hz. The use o f  Helmhol tz  Resonator 
chambers, as shown i n  F i g u r e  10, decrease t h e  peak 
p ressure  pulse. These f e a t u r e s  w i  11 be i nco rpo ra ted  
i n  t h e  f i n a l  des ign f o r  t h e  p r o t o t y p e  SSME pressure  
t ransducers . 

SUMMARY 

The performance and s u r v i  vabi  1  i t y  o f  p resen t  s o l  i d 
s t a t e  p i e z o r e s i s t i v e  p ressure  t ransducers  have been 
successfu l  l y  demonst r a t e d  a t  cryogeni  c  temperature 
(-320°F), based on t h e  NASA Breadboard Demonstrat i  on, 
and a t  h i g h  p ressure  (10K p s i  ), based on e x i s t i n g  
commerci a1 sensors. The combi ned SSME requ i  rements 
f o r  temperature,  pressure, v i b r a t i o n  and p ressure  
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media have n o t  y e t  been demonstrated and a r e  ext remely  
cha l leng ing .  These w i l l  be demonstrated a t  t h e  
conc lus ion  o f  t h e  p r o t o t y p e  phase. 

The i n t r i n s i c  a t t r i b u t e s  o f  s i l i c o n  p ressure  
sensor technology, as sumari zed below, a1 1 c o n t r i b u t e  
t o  t h e  a t ta inment  o f  t h e  research ob jec t i ves .  

@ S o l i d  S t a t e  R e l i a b i l i t y  and Accuracy 

@ High V i b r a t i o n  and Pressure C a p a b i l i t y  
- Small s i z e  - Low mass 

@ I n t e g r a t i o n  o f  Sensor and E l e c t r o n i c s  on S i n g l e  
Chip - Reduces Package Complex i ty  - E l im ina tes  E r r o r s  Due t o  Thermal Grad ien ts  

@ Extended Temperature Range C a p a b i l i t y  
- Increased t o  -423OF and +250°F 
- E l im ina tes  Need t o  Remote Mount Transducer 

@ P r e c i s i o n  Laser T r i  m C a l i  b r a t  i on 

@ Enhancement o f  Frequency Response Increases Engine 
Performance Moni t o r i  ng Capabi 1 i t y  

@ Common Design f o r  A1 1 Pressure Ranges - Enhances Ease o f  Manufacture 
- Cost E f f e c t i v e  

CONCLUSIONS 

The i n t r i  n s i  c a t t r i b u t e s  and i nnovat i  veness of 
Honeywell ' s  S i  1 i c o n  Pressure Sensing Techno1 ogy w i  11 
s i  gn i  f i  c a n t l y  advance t h e  s t a t e - o f  - t h e - a r t  o f  p ressure  
Transducers f o r  t h e  SSME appl  i ca t i on .  

Th i s  i n  con junc t i on  w i t h  success fu l  comple t ion  of 
t h e  NASAIMSFC Research Study, w i l l  p rov ide  t h e  
technology base f o r  t h e  development o f  Space Qua1 i f i e d  
Advanced Pressure Transducer Hardware f o r  t h e  c u r r e n t  
Opera t iona l  Space S h u t t l e ,  as w e l l  as f u t u r e  "Smart 
Sensors" f o r  t h e  nex t  genera t ion  o f  Space Vehic les.  
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