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1. INTRODUCTION 

The app l i ca t ion  of mechanical s t r e s s  t o  s i l l c o n  changes i t s  

r e s i s t i v $ t y .  This phenomenon i s  ca l l ed  p i e z o r e s i s t i v i t y .  The +mount 

by whjiqh the  r e s i s t i v i t y  i s  changed i s  influenced f i r s t  of a l l .  by the  

type of s t r e s s ,  the magnitude of the  stress, apd the  o r i e n t a t i o n  of 

t he  stress yelatqve Po the  c r y s t a l  l a t t i c e  axes of the  s i l i con  sample. 

The temperature of t he  s i l i c o n  and the nwnberq and types of de fec t  

s t a t e s  i n  i t s  forbidden energy band a r e  ofher  parayeters  whose vglues  

d i r e o t l y  a f f e c t  t h i s  stress-iQduced r e s i s t i v i t y  change. 

P f e w r e s i s f i v i t y ,  as  rpanifesfed by s i l i c o n ,  i s  a tensar  prpperty.  

However, th$s t h e s i s  w i l l  not be concerned w i t h  t h e  tensor  aspect  of 

p i e q m e s i s t i v i t y .  Here p i e z w e s i s t i v i t y  w i l l  be defined a s  t h a t  

s c a l a r  quant i ty  which is equal to  t h e  f r ac f ioqn l  chang;e i n  r e s i s t i v i t y  

$yie t o  an appl ied stress divided by t h a t  appl ied s t r e s s ,  

r e s i s p i y i t y  i s  l a r g e s t  i n  s i l i c o n  f o r  spresses  appl ied i n  a < l Q Q >  

l a t t i o e  d i rec t ion ,  t h a t  i s  f o r  a s t r e s s  appl ied p a r a l l e l  t o  ope of t h e  

c r y s t a l  l a t t i c e  axes. S i l i con’ s  gage fac tor ,  which i s  proport ional  

tq  t h e  Q i e z o r e s i s t i v i t y ,  is  near ly  two orders  of magnitude l a r g e r  f o r  

phis o r i e n t a t i o n  than t h a t  of a metal, s ince  f o r  a met31 the  gage 

f a a t a r  Fs due only t o  a chgnge i n  the  geometry o f  t h e  sample wi th  

6 t r e s s  

Piezo-  

Due t o  i t s  l a rge  gage fqicfor, s i l i c o n  i s  f requent ly  used as a 

maperial Cn t h e  f a b r i c a t i a n  of S t r a i n  transducers.  However, the  

resistivity apd gage f a c t o r  of present ly  aya i l ab le  s i l i c o n  a r e  highly 

temperature dependent making s i l i c o n  t ransducers  unsuifable  f a r  many 



2 

apRlioafians,  

undesirable  a f ia rqc tey is t ics  have failed. 

c a t e  $hat i n  exprinsiF; g i l i e o n  $ t  is i qpqss ib l e  t9  sirqylVqpeauF$y 

q+n$m@e the  temperatyre v a r i a t i o n s  of bofh q u a p t i t i e s  anq r e t a i n  a 

la rap bage f a c t o r ,  

A l T  past: e f f ~ r f s  t o  s i g n i f i c a n t l y  improve $he+?@ 

Esperimgntal r e s u l t s  Cndi- 

Recent s f u c l i ~ s  of  s i l i c p n  s t r a i n  gages which have been i r l radiated 

w i t h  high-energy e l ec t rons  have shown a s u b s t a n t i a l  improvement i n  the  

&@apera twe  cl;laracteristice pf She gages. This work has revealqd t h a t  

@be, wlariatign of r e s i s t i v i t y  y i t h  fempemture 14 reduced by i r rad6qr  

PPpn i s  p-cype s i l i c o n  Fages, and That i p  n-type gages thq talnpgraturc 

v a r i a t i o n  o$ Qoth t he  resjbstlvffg and the  gage f a c f p r  are rqylueed. 

The imprsvgrpenf i e  r;he thermal ch+n-actgrlstlqs sf t he  p g e q  wag 

accqmpanigd by pnlp a prrlall deprwse i n  thp mitgnifpde of $he Fago 

factel?. 

The e f f e c t  of  .the i r r a d i a t i o n  gn the gages i s  undexq$pod in a 

q u o l i t a f i v e  sense. 

agCepfcrr l p e l  i n  tho “9nd gap o f  $he s i l i c o n  and t h a t  t h i s  leysl  

pan gre4~ly i n f  luqncg t h ~  q a j o r i t y  c a r r i q r  cnwenprat$gn. 

whi,oh +s ugqally c a l l e d  the A-center, makes the number of conducltign 

ban@ clecfrsns I n  p-?ype sll ; lcon s i ~ n i # l i c a n t l y  i.qcreage with tmpqra,  

t w e  for t~mperafu~es near  3QQ*W. This QffaFTs @amwhat the Cncrppe 

$9 r eN-q t iv i fy  dua SQ th9  i.ahwpnt decraase af s l 9 ~ t r ~ n  ~ ~ b . i l i t ~  with 

fgPPwatuTa. 

It i s  known ?hat the  iyradiatgm p r ~ d u c s p  an 

T h i g  l eve l ,  

H~wevey, these  reported r q s y l c s  dr, no? f$t; any Qf tbe  qxigt@-tg 

wQdels %QT piqanres i s  t i v i t y .  In  f a ~ F ,  tjome r e s u l t s  g f  rnsaquwments 

QII unirradiatipd s$ l icon  a r e  nqt  i n  agreement wi th  the  plreaent qhearies.  
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In  general  these  models f o r  p i e z o r e s i s t i v i t y  p r e d i c t  a l i n e a r  

dependence qn s t r a i n  and a monotonic decrease wi th  increas ing  tempera-. 

t u re ,  

behavior than t h i s ,  For example, f o r  c e r t a i n  a r i e n t a t i o n s  of irra- 

d ia t ed  s i l i c o n  the  p i e z o r e s i s t i v i t y  exh ib i t s  a maximum as t h e  

tpmpeyature i s  increased, 

has been observed to  change from a p o s i t i v e  t o  a negat ive quant i ty  

a t  approximateqy O°F, 

t hea r i e s  f o r  p i e z o r e s i s t i v i t y  neglec t  the cont r ibu t ions  due t o  

r e l a x a t i o n  t i m e  changes wi th  s t r e s s ,  and thus underestimate the  

p i e z o r e s i s t i v i t y ,  

femperature have been observed i n  uni r rqdia ted  s i l i c o n .  

P i e z o r e s i s t i v i t y  i n  i r r a d i a t e d  s i l i c o n  exh ib i t s  a more complex 

F o r  o the r  o r i e n t a t i o n s  t h e  p i e z o r e s i s t i v i t y  

Likewise f o r  un i r r ad ia t ed  s i l i a o n  the  e x i s t i n g  

Departures Erom l i n e a r t t y  wi th  s t r a i n  aad inverse 

A need f g r  a thorough study of p i e z o r e s i s t i v i t y  i n  e l ec t ron+  

i r r a d i a t e d  s i l icon .  i s  apparenf and i t  i s  t o  such a study t h a t  t h i s  

t h e s i s  is  addressed. This study i n c l u d e s  an exp9rimsntal phase 

i n  which data  i s  obtained on n-type i r r a d i a t e d  s i l i c o n  a s  well ils a 

Eheoret ical  phase i n  which a mathematical mpdel i s  developed t h a t  

f i t s  the experimental r e s u l t s ,  

understanding of t he  inflt lqnce t h a t  de fec t  s t a t e s  and r e l axa t ion  times 

bave on the  p i e z o r e s i s t i v i t y  of semiconductors. 

The goal  of t h i s  research  i s  a b e t t e r  
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2. TJTISWXURE REVIEW 

TFe ptudy of p i ezo rps i s t iva  phepomena i n  s i l i c o n  and pmnanium 

'Izgs yj,e$ded r i c h  rewards i n  terms of knowledge of t h e t r  qnergy band 

sifru~l;u$ea and f r a n s p p t  pwper f iqs .  

pmifh ( I S ) j k ) ,  w h o  u 6 

Such s t u d i e s  were i q i t i a t e d  by 

d un iax ia l  extensioxl t o  determine thg piezo- 

mq6iq tqce  coe f f i c fen t s  of si l . icon and germanium, 

measuremwts, which were made a t  room temperature on s i l i c o n  and 

gemqniw ~ 9 ' ; ' s  o f  sever91 a r i en ta t iops ,  shawed t h a t  n-type s i l i co l l  

rpds oyiwatgd para1)el  t o  one of fhs prystal ,  I q t t i c s ' s  <1Qp > 9x9s 

q7hibit:ed ap eswptiomall$T larrgg p i ezo res i s f iv+W.  

pieqQTfis is t ivi ty  gf r sds  a r tenfed  nara$lel t o  the < 110 > ;Iapt#,ce 

dllysapipn, was l a r g e r  $ban $hat fqr germanium rods af o the r  Qxieuta,  

tion&., 

The r e s u l t 9  of h i s  

Far  gemaqipq phe 

Thlq anioptropy i p  p i s a o r e s i e t i v i t y  a b s e r q d  by SrntFh, d id  not 

q r e e  w.$tlp 4 sipple qng-va$ley condqct$on hap$ model, leadi,ng him t o  

qu~pect ,  $bat the  coqductisp bands sf s l l icom an4 gemap$um weFe more 

wtnplpc  than phis c l a w i c a l  piqture .  

Srrlifk's resvlts werg, i n  EiicS, in gereement w i t h  a f h e w y  later 

dsueToped by Herring (1955) i n  W?&CP framsporf i n  a ymnjcpndvctor wb th  

a s iqp ' l ,~  manyevalley conductian band was s tudied.  

pqedicted a p t g q o r e s t s t i v i t y  which was l i n e a r  wi th  s;pFaip wqd $nverse 

tempegafuyg, and enunciated the  $WQ f i r s t  order  ef Eeqts cav t r lbu t ing  

t p  p i e w r q p i g t i u i r y  i n  a many-vallpy sewjcwduoimr. Thest: two f i r s t  

~p3qr e f f e c t s  me the  populst4on t r a n s f e r  e f f e c t ,  anq the change i n  

Felaxafipa time due t o  the e f f e c t  9f stress oq iptervalleg sca t t e r ing .  

pspyTatinn t r a n s f e r  wi th  stress forms the  bas i s  f o y  a l l  tha published 

n)ndsl+ of p i e s o r e s i s t i v i f y .  J$mever, the  e f f e c t  of stress on 

Herr ing 's  bhpqry 
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The inf luence i n t e r v a l l e y  s c a t t e r i n g  i s  ne t  Included i n  these  models, 

on p i e z o r e s i s t i v i t y  of de fec t  s t a t e s  i n  the forbidden energy band gap 

near the F e m i  enerBy i s  a l so  omitted i n  the  e a r l i e s t  theor ies  of! 

piezo- res i s t iv i ty ,  

Herying deduced t h a t  s i l i c o n  was a mamyuvall$y serniconducfor with 

va l l eys  s i t u a t e d  on the  six <100> lattice axes. 

From Smith's da$a and a study of magnetores i s t iv i ty  

Useful formulas f o r  the p i e z o r e s i s t i v i t y  of s i l i c o n  and germanium 

were f$rst published by Herring and Vogt (1956), These l ikewise 

predicted a p i e z o r e s i s t i v i t y  l inear  with s t r a i n  and invsrps  tempera- 

tu re .  

a tensot; relaxation time. The l i m i t a t i o n  sf Herring 's  and V o g t ' s  

fsmul,atipn f o r  p i s z o r a s i s t i v i t y ,  whioh w4s made f o r  the limit: of 

zero  s t ra in ,  FEj t h a t  i t  underestimatas t he  mat2;nityde of piezo- 

reeieGivity due to  a rreglecq of the e f f e c t  of $tress on %nterval$ey 

s ca Ct e r  Sng. 

qPso discussed f o r  the. first t i m e  WAS the Important concept of 

Tn order t o  obta in  deformation p o t e n t i a l  cons tan ts  %or U E J ~  i n  

mobtblity theory, MorSn e t  a l ,  (19.57) studied p iezores i s tCvi ty  i n  n- 

type and p-type s i l i c o n  and gemanium, 

sc re s ses  on the  o rde r  of 5x10 

sltsmples f o r  the  temperature range 2O0K-33OaK, 

p i e z o r e s i s t i v i t y  of s i l i c o n  from the  predic ted  l / T  v a r i a t i o n  was 

observed and dirscussed by the authors,  They concluded tha$ t h i e  

depa r tu re  wag dua f~ the e f f e c t  of stress on i n t e r v a l l e y  sca t t e r ing .  

One arsenic-doped germanium sample s t u d i e d  by Morin e t  81, had a 

p$ezoq?esistivIty which decreased anomalously a t  low temperatures. 

authors were unable t o  expla in  t h i s  unexpected behavior. 

-_I 

Using coppressive uniaxia l  

7 2 dynes/cm , data  w a ~  obtained on s i l i c o n  

A departure  of the 

-- 
The 
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However, F r i t zache  (1959) was ab le  t o  explain the  angmalous 

behavior a$ arsenic-doped gemaniwn. 

$be defa$led s p l i t t i n g  w i t h  s t r a i n  of t he  1~wesf. dpnRr sta te  of 

qqseni?. 

gap p f  a SemfGanflqctor cgn hgve a g rea t  in f luence  on p i ezq rgs iq t iv l ty .  

Pefaot sca tp  inf luence  was included i n  h i s  model f o r  the piezqres i s -  

t$vit;p of germanium, which he formulated t o  higher  orders  i n  s t r a i n  

qhan wqs done i q  the  e a r l i e r  theories .  Although he  s tudied  germanium 

while th$s t h e s i s  w i a l  be copcerned with s i l i con ,  a conclusion cap be 

$rawq frpm F r i t p s c b e ' s  wprk wbiqh is  relevgm$ t o  the  prnqqnt; study. 

The cQQcJusion i s  thaf.  cletailed knowledge o f  t h e  s p l i t t i n g  of 

glectrj.ca1l.y a c t i v e  s t a t e s  near  the Fermi l e v e l  i s  necessary i n  order  

to pregict p ieposes i s t iv i ty .  

ge attributed t h i s  behavior t o  

F r i t z s c h s  thus recogviaed t h a t  de fec t  s t a t e s  i n  tbe band 

Much af  t he  Ig t e rg tu rg  on p i e z q s e s i s t i v i t y  i n  s i l i c o n  and 

ggmangwp has been reviewed and the  importaqt results summqrized and 

felbwlafed by Cresswell an4 Wusg (1967), Also t~ be found i n  th$s 

ppplicayion aqe the mathematical t o o l s  needed t o  ca l cu lg t e  piezo- 

resistivity F9r.a genera l  l a t t i c e  d i r e c t i o n  i n  a many-valley semi- 

Foslducfqx lgke a i l i c o n  and 8exmanit.w. 

Piqqose$is$ivivg yeaqurements made gn e lec t ron-  Arradiated 

railicon paye r e c e p t l y  been reported by Gross (1967). G r O S S  f w q d  

t;+pt tbs g jepoSes i s t iv i ty  f o r  t h e  i r r a d i a t a d  sampleq he SCudied be- 

hpvsd i n  a rpgnner t o t a l l y  d i f f e ren$  from t h a t  of un i r rad ig ted  samglps, 

The FlasSica l  1/T v a r i a t i o n  o f  p i e n o r e a i s t i v i t y  was pot observed, 

IlmsGsad, ppme o f  $be aamples exhibited a p i e z o r e s i s t i v i t y  havipg a 

p a p q q l i c - l i k e  temperature dependence, This unpsval behavior ppipts  
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out  the  inadequacy of exPsting formulations f o r  t h e  p i e z o r e s i s t i v i t y  

of s i l i c o n  and calls for a mora general  theoret ical .  treatment 04 this  

p henomens? e 
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3. COVDVCTION MNP ELECTRON CONCENTRATION 

3 .1  Ip t rQduct ion  

Thg g lac t r i ca l  conductFvity of an n-type s i l i c o p  gample i s  

a f fec t ed  by an appl ied  stress through both a s t ress- induced change i n  

t h s  qumber of e l ec t rons  i n  a p a r t i c u l a r  conduction band minimum (i .e.  

populat ion t r a n s f e r ) ,  and a s t ress- induced change i n  t h e  r e l axa t ion  

times of a conduction e l ec t ron  due t 0  the  e f f e c t  of stress on i n t e r -  

wplley sca f t e r ing .  The l a t t e r  Q $  t hese  t w ~  e f f e c t s  i s  digcussed 

i n  Fhapcer 4, while  the  former i $ a n a  1 y z e d i n  t h i s  chapter ,  

- -  

This chapter  w-i.11 f i r s t  of a l l  dea l  w i t h  the e f f e c t  of stre$s qn 

Cke GonducCion band energies  of the  s ix  conductioq band minim? a$ 

sil, icQn. T h i s  i s  f p l l o w e d  by a d i s c w s i o n  s f  t he  phosphprug 

dpnop energy l e v e l  i n  s i l i c o n .  Irradiation-produyed defepte  a re  theq 

d e s ~ r f b e c l ,  and t h e  s t ress- iqduced s p l i t t i n g  o f  the eneFgy l e v e l s  of 

$hpqc: defec t8  i s e v a 1 u 5t t e d. F ina l ly ,  equations a re  developed 

whtch. may be Calved t o  y i e l d  the  ya lues  of t he  Fermi energy i n  both the  

sQressgd and uns t ressed  qitqatioms, assqming t h a t  t he  var ioug impuri ty  

coqcentyatiops and t h e i r  energy l e v e l s  a r e  known. The e f f e c t  of 

e f ~ ~ q s s  on the cancent ra t ipn  ~f glec t rons  i n  each ind iv idus l  condyctian 

bend tpinimum pay be d e t e w i n e d  once these  Fermi energ ies  are  known. 

3 . 2  R f e p t  of Uniaxial, stress on the  Cotzductisn 
"Band bfgriirna bf s i l i c o n  I" '"I- 

I" . '  " ' ' 

The app l i ca t ion  of  a u n i a x i a l  s t y e s s  t q  a c r y s t a l  changes the  

ip$ersfomic spacing of t h e  conqt i tuent  atoms of t h e  c r y s t a l .  

s i k i ~ p n  t he  cubic  symmetry of i t s  un i t  c e l l  i s  removed by a l l  except 

4111 3 stresses. Due t o  t h i s  loss of symmetry, each of the  six 

I n  
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conduction band minima, a l l  of  which have the same energy E 

t h e  absence of stress, s h i f t  i n  energy. 

i n  
CO 

These energy s h i f t s  can be 

ca l cu la t ed  using t h e  respl ts  of Herr ing 's  qnd Vogt's (1956) deforma- 

t i o n  p o t e n t i a l  theory f o r  many-valley semiconductors, According t o  

Herrtpg and Vogt, t he  s h i f t  AI? i n  t h e  energy of the  ith conduction 

band minimum i s  equal  t o  

where Ec 

( 5  = 1 t o  6) are deformation potent ia l ,  constants ,  The e are s t r a i n  

cmponents, r e f e r r e d  t o  the c rys t a l log raph ic  axe8 and indexed I n  the  

i s  t h e  s t r e s s e d  conduction band energy, The -(i) 
i "1 

j 

usual  manner (see Appendix l O . 1 ) .  

t he  s(i) ,  f o r  s i l i c o n  i t  i s  found that a l l  t he  E") can be expressed 

L n  terms o f  two cons tan ts  SdJ and E The s h i f t s  of the eix ponduc- 

t i on  baed minima of s i l i con ,  i n  terms of these  two constants ,  have t h e  

Due t o  symmetry r e s t r i c t i o n s  on 

3 j 

- U' 

value? ( see  Kanda (1967)) 

-I- e = hydros t a t i c  s t r a i n ,  The quan t i f i e s  i n  = el + e2 3 where e 

parentheses  ([JOO], [OLO], e tc . )  i d e n t i f y  the  loca t ion  of t he  minima 

i n  E-space. 
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Wortman (1964) has shown t h a t  these equat ions a r e  not  completely 

gaaeqai i n  t h a t  an add i t iona l  term m u s t  be added t o  equafions3.2 when 

thq s t r a i n  has shear components, 

tkesj,s, t he  shear  s t r a i n s  a r e  always less than 0.2 percent .  The 

ert;qw r e s u l t i n g  from using equations 3.2 t o  calculgte  the  conduction 

baqd s h i f t s  €or  qheqr s t r a i n s  of t h i s  magnitude i s  less than 4 percent,  

and i s  probably smaller than the e r r o r  due t o  the uncer ta in ty  i n  the  

knowledge of the va lues  of t h e  deformation p o t e n t i a l s  9 aed zv. 

this  regson, the e f f e c t  of shear  wmponents of s tTa in  on t h e  AE. 

bc neglected.  

For t h e  stress l e v e l s  used i n  t h i s  

For I 

d 
w i l l  

1 

Because t h i s  t h e s i s  i s  concerned wi th  the  p i e z o r e s i s t i v i t y  9f 

rr;lqti,velg low r e s i q t i v i t y  n,type s i l i c o n ,  a l l  the confluctivity w i l l  

‘be asoczfned fo be due t q  e x t r i n s i c  conduction band e l ec t r ans  qnd the 

e f f y t ;  s$ valence band holes  and i n t r i n s i c  e l ec t rons  on the  conductiv- 

i t y  will be neglected.  It w i l l  be f u r t h e r  assumed t h a t  t he  s h i f t s  i n  

the  energ ies  a f  t he  i m p u r i t i w  i n  the  forbidden energy band gap (such 

88  fbs phosphorus donors, t he  A-center acceptors ,  and the  E-center 

el + e2 + e ) are  the  p w e p f p r s )  due t o  t he  hydros ta f ic  s t r a i n  ( e  = 

$awe ag the s h i f t  i n  energy of the  conduction band minima due t 9  the 

hpdrssfatic straie. 

(e .& conduction band energy) i s  merely s p l i t  by s t r e s s  and t h a t  

t;herg Cs ng r e l a t i v e  energy s h i f t  between the  conduction band and t h e  

iwpvrnlties I n  the  foSbidden, energy band gap d u e  t o  the  hydros t a t i c  

rsQwiq. Since orzly energy d i f f e rences  are  involved i n  c a l c u l a t i n g  t h e  

SpnGentration pf e l ec t rons  i n  the  conduction band, t he  concentrat ion 

Qf ionfzecl danors, and the  concent ra t ion  of ionized acceptors,  the  

3 

Thus i t  w i l l  be assumed t h a t  an energy l e v e l  

T -  



zero energy re ference  i s  a r b i t r a r y  and w i l l  be taken as t h e  ze ro - s t r e s s  

energy o f j t h e  conduction band edge. 

ence i s  

That i s ,  t h e  zero  energy refer.. 

Ec = O .  
0 

In l i g h t  of the  above assumptions, equat ions 3 . 2  may be r ewr i t t en  

as 

( 3 . 3 4  AE3 = '*' e -u 3 * 

3 

Thus t h e  term Z d e  i s  eliminated. 

'= i s  d i f f i c u l t  t o  determine f r o p  experl-  -d 

It i s  f o r t u n a t e  t h a t  t h i s  

tern is el iminated because 

mental measurements and subsequently i t s  va lue  i s  not accura te ly  

known. 

I n  Table 3 . 1  are l i s t e d  some of t h e  va lues  f o r  

been repor ted  i n  the l i t e ra ture ,  The va lue  of 

(1966) will be used i n  t h i s  t hes i s .  A s  can be  seen i n  Table 3.1, 

Balslev found t h a t  E seemed t o  increase  wi th  temperatura, Because 

of this, E w i l l  be  assumed t o  have a small  temperature dependence, 

The following funct ion,  

On the  o t h e r  haltd, the  va lue  of Su i s  f a i r l y  w e l l  es tab l i shed .  

Eu and 

Eu measured, by Balslev 

Ed which have 

U 

U 

= 8,6eV -I- (0.00286eV/OK) (T-80°K) 
-U 
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Table 3.4 Deformation p o t e n t i a l  c o e f f i c i e n t s  f o r  t h e  copductioo band 
of s i l i c o n  i n  eV/unit d i l a t i o n  

Temperature 
(of Measurement) E d  (eV) Method of peterminat ion E: (eV) 

U 

8.6i0.2a 

b 7.7 

8.3$2,3' 

9 . 5 7 4  

8.5s. 1" 

-r 

-4.99 d 

' e  -5,2iO 3 

80 OK 

295'K 

< 100°K 

7 7'K 

-5 OK 

Opt ica l  absorpt ion edge 
meas urement s 

Opt ica l  Bbsorption edge 
meqsurements 

Fiezor  e s i s  tance 

P i  ezol: esis tan@? 

Bazld ca l cu la t ions  

Cyclotron resonance l i n e  
width 

Bslslev (1966). a 

bMorin e t  a l .  ($9.57). 
7- 

Avbrey e t  a l .  (1963). 

K le iman  (1962). 

c -- 
d 

I t o  e t  a l .  (1964), e 
_c- 
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which i s  a s t r a i g h t  l i n e  through Bals lev 's  values  f o r  

used i n  a l l  ca l cu la t ions  of conduction band energy s h i f t s  i n  the  work 

t o  follow, 

EU, w i l l  be 

The s t r a i n  components e i n  equations 3 , 3  a r e  r e l a t e d  t o  the  i 

s t r e s s  s i x  vec to r  o- by the tensor  of t he  compliance c o e f f i c i e n t s  of 

the  c r y s t a l  s through the  following tensor  equaticm 
5 

i j  

(3.5) 

Hall  (1967) has shown t h a t  these  constants  a r e  approxjmately 

cops tan t  over the  temperature range of i n t e r e s t  i n  t h i s  t h e s i s  and 

the  s w i l l  t he re fo re  be assumed t a  be independent of  tepperatpre ,  
I-5 
Sn Appendix 10.1 the  AEi f o r  100 >? < 110 >, and < 111 > type 

compressive s t r e s s e s  a r e  ca lcu la ted  using equations 3 . 3  and 3 . 5 ,  The 

resul ts  a r e  tabula ted  i n  Table 3 . 2 ,  

Table 3 . 2  Energy s h i f t s  of t he  conduction band edges i n  eV f o r  
< 100 >, c 110 >, and < 111 > compressive uniax ia l  
s t r e s s e s  xa 

Energy S h i f t  < 100 9 
-- 

< 110 > 
~ ~- 

e 111 > 

AE1 
-12 - -12 .-Oe 277x10 zu 9( -0 e 7 68x10 -u 0 

0 -12 - -0.277xLO x 12 .-. 
AE2 to e 214x10'- su x 

AE3 
-12 

x -K) 214x10 -12 ,.. 
J0 .214~10 Eu x 0 

a 

comp re s  s ion  . I n  t h i s  t a b l e  x i s  expressed i n  dyne/cm:! and i s  negat ive f o r  
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3.3 The Phosphorus Donor i n  S i l i c o n  

A l l  t he  samples s tud ied  i n  t h e  experimental phase of the research  

coqprj.sing t h i s  t h e s i s  were phosphorus-doped, n-type S i l i c o n  samples. 

Phwphbrus has a donor l e v e l  i n  s i l i c o n  approximately 0.044 e V  below 

the  conduction band edge. This donor l e v e l  i s  a c t u a l l y  a mul t ip l e t ,  

as Long and Myers (1959) have v e r i f i e d .  The rqul t ip le t  c o e s i s t s  of 

two s t a t e s  (per phosphorus atom, inc luding  spin) a t  an energy 

approximately 0.Q435 e V  below the  qonduction band edge, and t e n  

states a t  a m  energy 0.0335 e V  below t h e  conduction band edge. This 

rnult;iplet i s  f u r t h e r  s p l i f  by an appl ied stress. 

the s t ress- induced s p l i t t i n g  of  t he  phQsphorus donor energy l e v e l  may 

be performed wi th  t h e  method P r i c e  (1956) used t o  c a l c u l a t e  t he  e f f e c t  

The ana lys i s  of 

of stress on the  donor epergy levels i n  germanium. 

However, i t  i s  found t h a t  no s i g n i f i c a n t  de ioniza t ion  of t he  

phsspborus donors occurs i n  any of the  samples s tud ied  f o r  any 

experimental temperature o r  stress. This lack of donor de ioniza t ion  

$6 due t o  

(a) re la t ive ly  low doqor d e n s i t i e s  and high sample temperatures 

(350°K ,- 360°K), 

and 

(b) the  e f f e c t  of e l e c t r o n - i r r a d i a t i o n  produced de fec t s  Qn the  

Fermi energy. 

Gincq v i r t u a l l y  a l l  t h e  donors a r e  ionized f o r  a l l  the  experimental 

temperatures and stresses obtained, the  following equat ion 

-L 

D N; = N 
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will be used f o r  the concentrat ion of ionized donors throughout t h i s  

t hes i s ,  where N 

the  toea1 donor concentrat ion,  

-I- is the concentrat ion of ion lzed  donors, and ND i s  13 

3.4 Effect sf Stress On Elec t ron- I r rad ia t ion  

3 e 4,3. Entroduction 

Electron-irradiation producm Q v a r i e t y  of defects Pn s f l t con ,  

Portupately some of these defects  may be removed by annaajlin 

two type8 Of e$ectron*irradiation produced defects3, the s i - A  center 

this thesis, 

verified t h i o  coml;osition fo r  the  defect  by observing the spin 

apparently is due t o  the t rapping 0% an a d d i t i o n a l  eleetron i n  the 

bond of the unpatred .$silicon atom, 
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Figure 3.1 The s i l icon-E cen te r  
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samples s tudied were subjected t o  an annealing process i n  an attempt 

to remove a l l  irradiation-produced de fec t s  except the Si-A center .  

This can be conveniently done due t o  the  f a c t  t he  A-center has a 

h i g h e r  annealing temperature than most of the  o the r  defects .  

example the  annealing temperature f o r  t he  A-center i s  g rea t e r  than 

35Q C while  t h e  E-c e n  t e r anneals o u t  f o r  temperatures g rea t e r  

than 125OC.  

c o e f f i c i e n t  da ta  obtained f o r  some of these  samples indicated the  

presence and inf luence of an add i t iona l  de fec t ,  

i n  energy t o  the  Si-A center,  the  S i - E  center  i s  the  de fec t  most l i ke -  

l y  t o  have an inf luence  on the  e l e c t r i c a l  p roper t ies  of the  samples 

s tudied here. For t h i s  reason, t he  add i t iona l  in f luence  ind ica ted  i n  

t h e  experimental data  w i l l  be a t t r i b u t e d  t o  the  presence of Si-E 

centers  t h a t  were not removed by the annealing procedure. 

For 

0 

Even a f t e r  annealing however, the  r e s i s t i v i t y  and Hall  

Due to  i t s  proximity 

It w i l l  be shown l a t e r  t h a t  the concentrat ion of S i -E  centers  i n  

the  samples s t u d i e d  here  i s  small compared t o  t he  concentrat ion of 

A-centers, It i s  a l s o  found t h a t  the  Fermi energy i n  the  samples 

s tudied i s  wel l  removed from the acceptor- level  of the Si,E cen ter  

over t he  major pg r t  of the experimental temperature range. 

reasons the  de t a i l ed  s p l i t t i n g  with s t r e s s  of t he  S i - E  center  acceptor 

l e v e l  w i l l  be assumed to  have only a small  and neglectable  e f f e c t  on 

fhe conduction band e l ec t ron  concentration, Thus stress-induced 

s p l i t t i n g  of t h e  Si-E center  acceptor- level  w i l l  be neglected i n  t h i s  

thes i s ,  and the following equation f o r  the  concentrat ion of e lec t rons  

on Si -E center  acceptor  l eve l s  

Bor these 



N- 
E N- = 

E 1 + exp((EEeEf)/k'T) 
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( 3 . 7 )  

w i l l  be used i n  both the  s t r e s s e d  and unstressed s i t u a t i o n s .  In  t h i s  

equat ion Ef i s  the Fermi energy, and N 

cen te r  defec ts .  

i s  the  concentrat ion of Si-E E 

3 . 4 . 3  The Si-A Center 

The Si-A cen te r  (which has been renamed the Si-Bl 

de fec t  produced i n  pu l l ed  s i l i c o n  when i t  i s  subjected 

cepter) i s  a 

to  i r r a d i a t i o n  

with high-energy (a few MeV) e lec t rons .  This p a r t i c u l a r  de fec t  has 

been. ex tens ive ly  s tud ied  s i n c e  i t s  paramagnetic o r  e l ec t ron  s p i n  

resonance spectrum w a s  f i r s t  observed by Bemski e t  a l .  (1958). 

Arpued the  same t i m e ,  Wertheim (1957) and H i l l  (1959) discovered a 

de fec t  wi th  a n e t  acceptor  l e v e l  0.17 ev below t h e  conduction band 

-- 

edge by qeans of eleetricalrmeasurements made on e l ec t ron - i r r ad ia t ed  

s i l i c o n .  Watkins e t  a l .  (1959) l a t e r  showed t h a t  t h i s  de fec t  waS t h e  

same one t h a t  Bemski e t  a l .  observed i n  s p i n  resonance. This research, 

Culminating i n  a thorough s tudy of t he  s p i n  resonance spectrum of t h e  

A-ceqter by Watkins and Corbett  (19611, has r e su l t ed  i n  the  p o s i t i v e  

_.- 

-- 

i d e n t i f i c a t i o n  of t he  composition of t he  de fec t  as w e l l  a s  a model 

f 9 r  t he  de fec t  descr ib ing  what happens t o  i t  i n  a sample subjected t o  

gn appl ied stress. This model, which Watkins and Corbett  developed 

and v e r i f i e d  by observing the e f f e c t  of un iax ia l  s t r e s s  on the  spin 

rssanance spectrum of the  A-center, i s  e s s e n t i a l  t o  a t h e o r e t i c a l  

desc r ip t ion  of  the  p i e z o r e s i s t i v i t y  of e l ec t ron - i r r ad ia t ed  s i l i c o n .  
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The composition of  t h e  A-center i s  t h a t  of a l a t t i c e  vacancy 

assoc ia ted  wi th  an impurity oxygen atom (see Figure  3 . 2 ) .  According 

to  Watkins and Corbett, it i s  probably formed by the  t rapping of a 

mQbil6 l a t t i c e  vacancy by an  i n t e r s t i t i a l  oxygen atom. 

vacancies are produced by t h e  e l ec t ron - i r r ad ia t ion .  The oxygen atom 

i n  t h i s  de fec t  br idges two of  the  four  broken bonds assoc ia ted  with 

t h e  s i l i c o n  vacancy. 

con atoms as indica ted  i n  Figure 3 . 2 .  It tu rns  o u t  t h a t  an add i t iona l  

e l e c t r o n  can be trapped i n  t h i s  bond shared by the  two s i l i c o n  atoms. 

This makes the  A-center an acceptor - l ike  defec t .  

The l a t t i c e  

The remaining two bonds a r e  shared by two s i l i -  

An understanding of why the  A-center acts as an acceptor  may 

perhaps be achieved by a considerat ion of t h e  energy l e v e l s  presented 

by a diatomic molecule. Consider Figure 3 . 3 .  This f i g u r e  shows the  

bonding and antibonding levels of a diatomic molecule as a func t ion  

of t h e  sepa ra t ion  of t h e  atoms (e.& see Ballhausen and Gray (1964)). 

According t o  Watkins and Corbett  t h e  acceptor  level due t o  t h e  A- 

c en te r  i s  the  antibonding level of t he  diatomic Si-Si molecule 

(Sia-Si i n  F igure  3 . 2 ) .  

much longer than the  normal Si-Si  bond length.  

i s  thus smaller and t h e  energy s p l i t  between the  bonding and anti.. 

bonding states i s  thereby reduced. Ef fec t ive ly  then, the increased 

length  of t h e  Si-Si bond i n  the  A-cepter de fec t  causes the antibonding 

state t o  move down i n  energy from the  conduction band i n t o  t h e  for -  

bidden energy band gap, 

energy than t h e  antibonding states of t he  normal Si-Si bond i n  the  

conduction band. 

- 

The bond length  between these  two atoms i s  

The overlap i n t e g r a l  

b 

It i s  a s t a b l e  level because i t  i s  lower i n  
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Energy 

t ron  Trap 

F igure  3 . 2  The stl icon-A cen te r  

Separation 

Figure 3 . 3  Energy of the  bonding and 
antibonding s t a t e s  of a diatomic 
molecule versus  interatomic separa t ion  



2 1  

Again consider  Figure 3.2. Labeling the  four  nea res t  neighbors 

of t h e  oKygen-vacancy complex as a, b, c, and d, t he re  are s i x  poss i -  

b l e  bonding conf igura t ions  which can be i d e n t i f i e d  as: 

ab, ac, ad, bc, bd, cd. 

These p a i r s  of letters refer t o  the  conf igura t ion  f o r  which t h e  

e l e c t r o n  t r a p  i s  shared between the  two s i l i c o n  atoms designated by 

t h e  given letters. For  example, t h e  conf igura t ion  i n  F igure  3 . 2  is 

ab. 

Now as might be expected, f o r  a sample f r e e  of appl ied stress 

each of these  s ix  bonding conf igura t ions  are  equal ly  probable and 

present  the  same e l e c t r o n  t r a p  energy, For a sample wi th  N A- 

centers ,  i n  the absence of appl ied  stress there are N / 6  A-centers of 

each of the  s ix  geometr ical ly  d i s t ingu i shab le  configurat ions.  How- 

ever when a stress i s  appl ied t o  the  sample, c e r t a i n  o r i e n t a t i o n s  

become p re fe r r ed  and t h e  equi -probabi l i ty  of a l l  s i x  o r i e n t a t i o n s  no 

longer holds,  

the appl ied  stress, i n t o  as many as three d i s t i n c t  l eve l s ,  

A 

A 

The energy level of t h e  e l e c t r o n  t r a p  a l s o  is  s p l i t  by 

FJatkins and Corbet t  a t t r i b u t e  t h i s  p r e f e r e n t i a l  r e o r i e n t a t i o n  of  

t he  de fec t s  w i th  stress t o  t h e  f a c t  t h a t  t h e r e  i s  a competit ion be- 

tween t h e  Si-0-Si bond and t h e  Si-Si  bonds as t o  which w i l l  a l i g n  

along the d i r e c t i o n  of t h e  stress. Configurations having l a r g e  

components of s t r a i n  a long e i t h e r  t he  Si-Si o r  Si-O-Si bonds are more 

nwerous  i n  a s t r e s s e d  sample. The length  of t he  Si-Si  bond i n  the  

A-center, t h a t  is ,  t he  d i s t ance  between the  two s i l i c o n  atoms shar ing  

the  e l ec t ron  t rap ,  determines t h e  energy of the  e l e c t r o n  t r a p  of t h a t  



A-center. The t r a p  energy i s  s p l i t  by stress due 

the Si-Si  d i s t ance  i s  d i f f e r e n t  f o r  the  d i f f e r e n t  
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t o  t he  f a c t  t h a t  

conf igura t ions  i n  

a s t r e s s e d  sample. Bonding configurat ions f o r  which the  Si-Si  bond 

i s  comgressed by the  stress have a higher  e l e c t r o n  t r a p  energy ( the  

asceptor  energy level f o r  t h i s  de fec t  i s  nea re r  t o  the  conduction 

band) than f o r  t he  case  of zero  stress. Conversely, the  e l e c t r o n  

t r ap  energy of de fec t s  f o r  which the  Si-Si bond i s  lengthened by t h e  

stress i s  lowered (moves away from the conduction band). 

Being unpaired, e l ec t rons  trapped by A-centers may p a r t i c i p a t e  

$n paramagnetism and e x h i b i t  a s p i n  resonance spectrum (see Watkins 

and Corbet t  (1961)). Because of an  inherent  anisotropy i n  t h e  

spectroscopic  s p l i t t i n g  f a c t o r  f o r  e l ec t rons  belonging t o  t h e  s ix  

d i f f e r e n t  de fec t  o r i en ta t ions ,  t h e  s p i n  resonance spectrum f o r  t he  

A-center contains  l i n e s  a t  s ix  d i f f e r e n t  resonant  frequencies,  eveq 

f o r  t h e  case of zero  appl ied stress. These l i n e s  have t h e  same 

i n t e n s i t y  o r  amplitude f o r  t he  zero stress case because the  i n t e n s i t y  

of  a l i n e  i s  propor t iona l  t o  the  number of e l ec t rons  trapped by the  

p a r t i c u l a r  o r i e n t a t i o n  corresponding t o  t h a t  l ine ,  and i n  the  absence 

of stress the  o r i e n t a t i o n s  a re  equal ly  populated. Evidently two 

pairs of these  l i n e s  i n  the  A-center spectrum have very near ly  the  

same frequency s i n c e  the  zero stress spectrum given by Watkins and 

Corbett  has only four  l i n e s  ( see  Figure 3.4) .  The e f f e c t  of stress 

012 a p a r t i c u l a r  o r i e n t a t i o n  can be assessed by observing t h e  e f f e c t  

of t h e  stress on the  i n t e n s i t y  of the  s p e c t r a l  l i n e  corresponding t o  

t h a t  o r i en ta t ion .  



ab, ac 
bd, cd 1 ------ - - 1 -  - - , I  

ab, ac 

(a> - w = resoaance frequency 
zero stress, 7 7 ' ~  
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(b) 
stress without  r e o r i e n t a t i o n  

7 7'K 

( c )  
r e o r i e n t a t i o n  but  no s t r e s s  

77'K 

F igure  3 . 4  The e f f e c t  of a <110> compressive stress on t h e  
A-cencer s p i n  resonance spectrum 
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To ob ta in  numerical values  f o r  t h e  parameters assoc ia ted  wi th  

t h e i r  model, Watkins and Corbet t  s tud ied  the  change i n  the  s p i n  

resonance spectrum of the  A-center e l ec t rons  wi th  stress. Their  

sampges were n-type s i l i c o n  (phosphorus doped) wi th  t h e  A-center 

concent ra t ion  a t  l eas t  t e n  t i m e s  as g r e a t  as t h e  donor Concentration. 

They then assumed t h a t  under stress the  re la t ive  e l ec t ron  populat ions 

of t h e  d i f f e r e n t  conf igura t ions  were given by a Boltzmann d i s t r i b u -  

t iQp.  A-center r e o r i e n t a t i o n  and t h e  s p l i t t i n g  of t he  A-center 

energy leve l  i n  a sample subjected t o  a < 110 > compressive stress i s  

analyzed below using Watkinsl and Corbe t t ' s  model and resu l t s .  

The parameters involved i n  Watkinst and Corbe t t ' s  model are: 

M'; = t he  change i n  the  energy of t h e  e l ec t ron  t r a p  
pe r  u n i t  s t r a i n  a long t h e  Si-Si bond 

M = t he  change i n  t h e  energy of the Si-Si  molecular 
bond per  u n i t  s t r a i n  along t h i s  bond 

N = t he  change i n  the  energy of t h e  Si-0-Si 
molecular bond pe r  u n i t  s t r a i n  along t h i s  bond. 

$s M determines t h e  s h i f t  w i t h  stress of t h e  e l e c t r o n  t r a p  energy. The 

cpmpetit ion between t h e  Si-O-Si and Si-Si  molecular bonds t o  a l i g n  

a lang  the  d i r e c t i o n  of the  compressive s t ress  determines t h e  re- 

q r i e n t a t i o n  of the  defec ts .  Thus M and N de t e rn ine  the  o r i e n t a t i o n  

s t g ' b i l i t y  of t he  defec ts .  

Watkins and Corbett  performed two types of  experiments t o  ob ta in  

va lues  f o r  these  three parameters. 

s p i n  resonance spectrum of e l ec t rons  trapped by A-centers was oom- 

pared t o  the  spectrum which r e su l t ed  when stress was appl ied before  

strass, induced r e o r i e n t a t i o n  of t he  de fec t s  could occur ( r eo r i en ta t ion  

I n  one experiment t he  zero stress 
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takes  an apprec iab le  amount of time a t  low temperatures).  I n  another  

experiment t h e  zero  stress spectrum was compared t o  the  spectrum t h a t  

r e s u l t e d  when only s t ress- induced r e o r i e n t a t i o n  w a s  present .  Watkins 

and Corbett  performed t h i s  p a r t i c u l a r  experiment i n  the  following 

manner. 

g s u f f i c i e n t  t i m e  f o r  the  completion of s t ress- induced de fec t  re- 

o r i e p t a t i o n  they quenched t h e  sample t o  77OK. 

stress and observed the sp in  resonance spectrum before  t h e  de fec t s  

had t i m e  t o  r e o r i e n t  (toward the ze ro - s t r e s s  case). Thus t h e  spec- 

t rum obtained r e f l e c t e d  only t h e  inf luence  of s t ress- induced de fec t  

r e o r i e n t a t i o n  as a l l  de fec t s  had the  same e l e c t r o n  t r a p  energy ( s ince  

t h e  stress was  zero  the re  w a s  no s t ress- induced s p l i t t i n g  of t he  

e l e c t r o n  t r a p  energy). The spec t r a  t h a t  r e s u l t e d  from these  experi.. 

mepts f o r  the  case of a < 110 > stress are shown i n  Figure 3 .4 .  

They app l i ed  stress t o  a sample a t  125’K and a f t e r  a l lowing 

They then removed the 

The s t a t i s t i c s  f o r  t h e  A-center can be der ived using the  

information provided by Watkins and Corbett. Consider t he  e f f e c t  of 

a < 110 7 stress on t h e  r e o r i e n t a t i o n  of A-centers (Figure 3 . 5 ) .  I n  

t h i s  f i g u r e  n n etc. are the  concentrat ions of e l ec t rons  

trapped on de fec t s  w i th  ad, bc, e tc .  o r i e n t a t i o n s  without  stress but  

w i t f i  s t ress- induced r eo r i en ta t ion .  From Figure  3 , 5 ,  i t  i s  seen t h a t  

t he re  are t h r e e  groups of nonequivalent o r i e n t a t i o n s  and th ree  

d i s t i n c t  energy l e v e l s  f o r  a < 110 > stress. Divide t h e  s i x  o r i en ta -  

t i ons  i n t o  groups: 

ad-’ bc’ 

group l----=.-ad 

group ‘L-----ab, ac, cd, and bd 

group 3---.--bc I 
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I, 
< 110 > compressive 

' i  
' I  

I I 
I I 

I I 
I 

I I I I 
1 I 

: /  
I f  

/ I /  

stress 

n 
ad - -  - exp(-TdT) 

%C 

n 
- -  ad - exp(-T /T) 
n ab B 

nab = nac = nbd = ncd 

= s t r a in  along molecular bond between where cij 
s i l i c o n  atoms i and j 

M = 16 eV/unit s t r a i n  

N = 17 .2  eV/unit s t r a i n  

F igure  3.5 The r e o r i e n t a t i o n  of A-centers due t o  a 
< 110 > compressive stress 
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Call  the energy level. correeponding to the group 1 orientation El; 

the level  correspondong to group I! orientations E and the level 2; 

corresponding t o  the group 3 orientations E 

etrac~s"X, these. energy level8 may be computed t o  be (see the paper 

For B c ~ ~ ~ ~ ~ ~ ~ i ~ e  3 "  

by Watkins and Corbett)  : 

En these f o m u l a ~  X is the stress ~ x p ~ e ~ ~ e d  in dyneslcm 2 and i s  a 

negative quantity for  compressbon. The quantity E* is the zero $tress 

energy of $he L c e n t e r  acceptor level and has the value EA = -0.17 eV, 

energy reference, 

Designate the concentration of electrons on group J. type orisnta-  

a signifying zero  stress). Then from Figure  3.5 and the dieet tss ian 

of Watkins' and Corbett'~ experiment t o  obtain the spin  resrmance 

spectrum without stress but with stress-induced defect reorientation, 

it follows that 
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and that  

(3.10) 

and N a r e  the  concentrat ions of 1, N29 3 
I n  equations 3.9 and 3.10 N 

de fec t s  i n  groups 1, 2, and 3 respec t ive ly .  

Now consider  

r a t i o  of the  concentrat ion of e lec t rons  n i - on type i A-centers wi th  s t r e s s  and 
n r e o r i e n t a t i o n  to  the  concent ra t ion  on i o  
- -  

type i centers  with r e o r i e n t a t i o n  only. 

Assuming Fermi s t a t i s t i c s  t h i s  may be w r i t t e n  as 

Ni 
1 + 2exp( (Ei - Ef)/kT) n 1 + 2exp( (EA - Ef)/kT) 

"is Ni 1 + 2exp((Ei - Ef)/kT) (3.11) - -..... i -  , - 

wher 

1 + 2exp((EA - Ef)/kT) 

N .  i s  the  concentrat ion of group i o r i e n t a t i o n s  and E i s  
1 f he 

Fermi energy. The exponential  term i n  t h i s  equation appears wi th  a 

f a c t o r  of two because an e l ec t ron  wi th  e i t h e r  type of sp in  ( sp in  up 

o r  s p i n  down) may be trapped i n  the  S i - S i  bond of the A-center. 

I n  equation 3.11 and the  following equations the  exponential  term 
P 

is g r e a t e r  than one. This i s  because these  equations a r e  formulated 

using Watkins' and Corbe t t ' s  r e s u l t s ,  and t h e i r  r e s u l t s  were obtained 

on samples f o r  which only approximately 10 percent  of t h e  A-centers 

had trapped an e lec t ron .  Fermi s t a t i s t i c s ,  r a t h e r  than Boltzmann 

stzttistics, a reused  s ince  although the quant i ty  1 i s  smaller  than the  
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exponential  term f o r  t h i s  s i t ua t2on  ( i m e b  - -  only 10 percent  i on iza t ion  

of the  A-center) the  quant i ty  1 i s  not  completely neg l ig ib l e  i n  

comparison wi th  the  exponential  term. Now 

(3-12) 

Using equations 3 , 9  and 3 , l l  t h i s  can be w r i t t e n  

o r  f i n a l l y  

(3.14) 

S imi Jar Jy 

Let  Niu s i g n i f y  the  concentrat ion of unoccupied type i defects ,  

and n ,  t he  concentrat ion of occupied type i defec t s ,  

Fermi s t a t i s t i c s  t h a t  

f t  follows from 
1 

Using t h i s  equation, equations 3.14,  and 3,$5, and the  f a c t  t h a t  



30 

where N is the total concentration of A-centers, it can be shown 

that 

A 

and that 

where 

- N1 - 
kT) Ef)’ nl 1 4- 2exp((E1 - 

N2 
T) 1 + 2exp((E2 - Ef)/k n =  2 

N3 n =  3 1 + 2exp((E3 - Ef)/kT) 9 

and 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 
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The fonn of t he  equations f o r  n19 n and n ind ica t e s  t h a t  t he  
2 3  3 

acceptor  energy l e v e l  of t h e  Si,A cen te r  i s  s p l i t  by an appl ied 

< 110 > s t r e s s  i n t o  th ree  independent energy l eve l s .  

a r e  independent i n  the  sense t h a t  t he  number of trapped e l ec t rons  a t  

any one of these  th ree  energy leve ls ,  EiJ i s  

and E .  and is  independent of the  occupation of the  o the r  two l eve l s .  

This s i t u a t i o n  i s  d i f f e r e n t  from the s t ress- induced s p l i t t i n g  of t he  

ground s t a t e s  of conventional s u b s t i t u t i o n a l  type impuriti,es, such as  

phgsphorus. For the  usual s u b s t i t u t i o n a l  impuri t ies ,  the  donor (or  

These l e v e l s  

dependent only on Ni 

3. 

acceptor) energy l e v e l  s p l i t s  w i t h  s t r e s s  i n t o  two o r  more dependent 

l e v e l s  (e. g, s ee  F r i t z sche  (1959)). - -  
I n  view of the above discussion,  i t  i s  seen t h a t  equations 3.18, 

3.19, and 3.20 would also apply i n  the  s i t u a t i o n  i n  which an un- 

s t r e s s e d  sample had th ree  d i f f e r e n t  acceptor  energy l eve l s  due t o  

three  d i f f e r e n t  types of acceptors ,  However, the  acceptor  concentra.. 

N2, and N would be independent of s t r e s s  and temperature t i ons  N1, 

f o r  s u b s t i t u t i o n a l  type i m p u r i t i e s ,  whereas i n  a s t r e s s e d  sample 

3 

conta in ing  A-center de fec t s  t hese  concentrat ions a r e  s t r e s s  and 

temperature dependent as  ind ica ted  i n  Figure 3.6. 

I n  Figure 3.7 the  e € f e c t  of a < 110 > compressive s t r e s s  on t h e  

acceptor  l eve l  of the  A-center i s  i l l u s t r a t e d .  From p a r t  b of t h i s  

f i g u r e  i t  i s  seen t h a t  before  p r e f e r e n t i a l  o r i e n t a t i o n  the  number of 

s t a t e s  a t  energy El i s  N1. 0 = NA/6, t h e  number a t  E2 2s N2 0 = 4NA/6, and 

0 the  number a t  E 

t r a t ion .  Reorientat ions increase  the  number of s t a t e s  a t  E t o  N 

decrease the  number a t  E2 t o  N2, and increase  the  number a t  E3 t o  N3* 

i s  N3 = NA/6> where NA i s  the  t o t a l  A-center concen- 3 

1’ 1 
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2.0 

Ni - 
N; 

1.5 

1.0 

0.5 

0 
N1 = NA/6 

N i  = 4N /6 A 

N3 0 = NA/6 

I \------ 

200 240 280 3 20 3 60 

U°K> 

Figure 3.6 NL, N2, and N versus temperature and stress 
3 



33 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 
.--I w 

/ 
h a 
c) 

a 
P 
c) 
D 

I 

.. 
I a a 
c) a 
P 
cd 

I 

I 

v 

h 
M 
$4 
a, 
8 
$4 
0 
U 
a 
a, 
c) 
c) 
cd 

LD 
m 
a, 
k 

n u  
c d m  
v 

0 

N 
8 

G 
0 

m 
a, 
3 

d 

0 
. \  

If 
4 w 



34 

I l l u s t r a t e d  i n  Figure 3.8 is  a t y p i c a l  A-center r e o r i e n t a t i o n  f o r  the  

case of an appl ied < 110 > compressive s t r e s s .  

The analyses  of t he  e f f e c t  of < 100 > and < 111 > compressive 

s t r e s s e s  on the  A-center a r e  s i m i l a r  t o  the  < 110 > case. These 

analyses  were performed and the r e s u l t s  a r e  tabula ted  i n  Table 3 . 3  

along wi th  the  r e s u l t s  of t he  < 110 > analys is .  

The above ana lys i s ,  based on the  work of Watkins and Corbett  

(1961), i s  completely v a l i d  only f o r  t he  case  i n  which the  A-center 

concent ra t ipn  g r e a t l y  exceeds t h e  donor concentration, i. e. €or  the 

case when t h e  major i ty  of A-centers do no t  have a trapped e lec t ron .  

This r e s t r i c t i o n  i s  due t o  the  f a c t  t h a t  the  energy involved i n  a 

s t ress- induced de fec t  r e o r i e n t a t i o n  depends upon whether o r  no t  the 

eTectron t r a p  i s  f i l l e d .  

r e s t r i c t i o n ,  as  we l l  as  the physics of t he  A-center, the reader  i s  

r e f e r r e d  t o  the  above mentioned paper by Watkins and Corbett. 

- -  

For a more complete d iscuss ion  of t h i s  

3 . 5  Conduction Band Electron Concentration 

3.5.1 Introduct ion 

This s e c t i o n  presents  equations which may be used t o  c a l c u l a t e  

phe concentrat ion of conduction band e l ec t rons  i n  the n-type ma te r i a l  

s tud ied  i n  t h i s  t h e s i s  f o r  an a r b i t r a r y  s t r e s s  o r  temperature. 

3 . 5 . 2  Concentration of Conduction Band Electrons i n  the  Absence of 
an Applied S t r e s s  

The following equation, a statement of t he  conservation of 

charge, 

(3.26) 
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(a) before  r eo r i en ta t ion ,  de fec t  has ab  o r i e n t a t i o n  - 
S110 > compressive stress 

__-L__c__-- 

Elec t ro  

a 

_I-------- 

- (b) a f t e r  s t ress- induced r eo r i en ta t ion ,  d e f e c t  has ad o r i e n t a t i o n  

Trap 

Figure  3.8  A t y p i c a l  s t ress- induced A-center r e o r i e n t a t i o n  
t h e  case  of a < 1 1 0 >  compressive stress 

f o r  
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w i l l  be used t o  c a l c u l a t e  the  Conduction band e l e c t r o n  concentrat ion 

4- 
n (I The quant i ty  ND i n  t h i s  equation i s  the unoccupied o r  ionized 

4- 

D donor concentration. According t o  s e c t i o n  3 , 3  N may be w r i t t e n  as  

4- ND = ND (3 .27)  

where N i s  the  concentrat ion of donors, N- i s  the  concentrat ion of 

occupied o r  ionized A-centers, and i t  follows from s e c t i o n  3 . 4 . 2  t h a t  

D A 

2 
N i  I - (3.28) 

where Efo  is  the  zero  s t r e s s  value of t he  F e m i  energy. 

i s  the  concentrat ion of  occupied E-centers and may be w r i t t e n  as 

S imi la r ly  Ni 

(3 .29)  

Since, for a l l  samples s t u d i e d  i n  t h i s  t hes i s ,  t he  Fermi energy i s  

wel l  removed from the  conduction band edge, t he  t o t a l  conduction band 

talectron concentrat ion n may be expressed a s  
C 
0 

n = Ncexp(E /kT) , 
cO f O  

(3 .30 )  

where E 

s t r e s s  conduction band energy i s  used f o r  t he  zero energy reference,  

i s  t h e  zero stress va lue  of t he  Fermi energy and the  zero 
f0 

In  equation 3 ,30  Nc i s  the e f f e c t i v e  

duct ion band of s i l i c o n ,  and has the  

15 3/2 -3 Nc = 5 . 2 7 ~ 1 0  T cm 

dens i ty  of s t a t e s  f o r  t he  con- 

value 

(3631) 
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i f  t h e  new cyc lo t ron  resonance values  m = 0.90 m & 0 
and mt = 0.192 mo 

a re  used f o r  t h e  e f f e c t i v e  masses of the  conduction band, 

Now equat3 .01~3~27 through 3,30 may be subs t i t u t ed  i n t o  equation 

3.26, - The r e s u l t i n g  equation may then be solved f o r  exp (Ef /kT) and 
0 

and N a r e  known, I f  t h e  following NA' E hence n i f  t h e  values  of ND3 

s u b s t i t u t i o n s  a r e  made t o  condense t h e  algebra 

Q = 2exp (EA/kT) 

N; = N = / N ~  

equation 3.26 becomes 

(3.32) 

(3.33) 

( 3 * 3 4 )  

(3a35) 

(3.36) 

(3,371 

(3,38) 

Equation 3.13 may be a lgeb ra i ca l ly  reduced t o  t h e  following poly- 

nomial i n  p, 
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The r o o t s  of t h i s  equation may be found using a computer. 

sigps of the c o e f f i c i e n t s  of the  var ious powers of p i t  i s  found 

t h a t  t he re  w i l l  always be one and only one p o s i t i v e  r e a l  roo t  and 

t h i s  r o o t  i s  re ta ined  as the  va lue  of 

Due t o  the  

0’ 

(3.40) 

The conduction band e l ec t ron  concentrat ion n i s  then found by 

s u b s t i t u t i n g  t h e  va lue  found f o r  p 
c O  

i n t o  equat ion 3.30. 
0 

Equation 3.39 i s  assumed t o  be p e r f e c t l y  general  f o r  a l l  samples 

s tud ied  i n  t h i s  t hes i s .  However, i f  the concentrat ion of Si -E  

center8 i s  zero (N = NE = 0),  t h i s  equat ion is reduced t o  E 

(3.41) 

by s e t t i n g  a = 0 and h = 0 i n  equation 3.39. Then f o r  t h i s  case  E 

(3.42) 

s ince  t h i s  i s  t h e  p o s i t i v e  r e a l  roo t  of equation 3.41. For an un- 

i r r a d i a t e d  sample i n  which N- 2 N 

becomes 

= 0 and N- = NE = 0, equation 3.39 A A  E 

N;Po = 1 > 

S Q  t h a t  f o r  t h i s  case 

Po = e)rp(Ef /kT) = 1 / N r  
0 

(3.43) 

(3.44) 
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3,5,3 The Effec t  of S t r e s s  on the  Conduction BandEleceron Concentra- 
t i o n  
I_uL 

Consider now t h e  ca l cu la t ion  of t he  conduction band e l ec t ron  

concentrat ion o f  a sample subjected t o  an appl ied stress. 

se rva t ion  of charge equation may s t i l l  be w r i t t e n  

"he con- 

(3.45) 

+ where from sec t ion  3.3 ND 

then i t  follows from sec t ion  3.2  t h a t  

ND, In the presence of an applied stress, 

(3.46) 

and therefore  

and f i n a l l y  

n C = N i  exp(Ef/kT) . 13.48) 

t h  
In equation 3,46 n(i) i s  the  concentrat ion of e lec t rons  i n  the  f c 

conduction band minimum. The quant i ty  AE. i s  the  stress-induced 

s h i f t  i n  energy (excluding the  hydros t a t i c  component z d  e) of the 
1 

ith minimum, and Nc i s  t h e  e f f e c t i v e  dens i ty  of s t a t e s  of the canduc- 

t i o n  band (see sec t ion  3,5.1). 

def ine  N:# 

Equations 3.47 and 3.48 serve t o  

The term Ni i n  equation 3,45 i s  given by 

(3s49) 
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where n n and n a r e  given by Table 3.3. The N- term is given by 

equation 3.29 i n  sec t ion  3.5.2. 

1, 2 3 E 

Consider now the  case of a < 110 > appl ied s t r e s s .  Subs t i t u t ion  

of  equations 3.48, 3.49 and 3.50 i n t o  equation 3.45 y i e lds  

N1 N2 
N:exp(Ef/kT) = ND - 1 '+  2exp((EL-Ef)jliT) - 1 + 2exp((E2-Ef)/kT) 

NE N3 s - 1 + 2exp((E3-Ef)/kT) 1 + exp('(EE-Ef)/kT)' e 

(3.50) 

This equation reduces to  the  polynomial 

5 4 3 2 
As$ + A4$ + A3p + A2$ + Alp + A. = 0 , (3.51) 

where 

A5 = N" 
C 

z N 1 ' ( a  +a, +a, +).)+a +a +a +a 1 A4 c 1 2 3  1 2 3 E -  

= N:' I cl 4+a3h+(al+a2) (a3+h) 1 - (a l+a2+~3+h) 

+ a (a ,  +cy +A) +a ( a ,  +a +A) +a3(al+cy2+h) +aE(cwl+a2+~3) (3.54) 1 2 3  2 1 3  

(3.52) 

(3.53) 



+ a CY CY h + a  cy CY A+a CY a A+aEala2a3 1 2 3  2 1 3  3 1 2  

A   CYC CY CY^ 
0 1 2 3  

with 

g = exP(Ef/kT) 

et1 = 2exp(El/kT) 

Q 2 = 2exp(E2/kT) 

CY 3 = 2exp(E3/kT) 

h = exp(EE/kT) 

N:/ND 
N f f '  = 

C 

ax = N i / N D  

a = N ~ / N , ,  2 

= M3/ND 

a E = N ~ / N ~  e 

(3*55) 

(3.56) 

(3*5?) 

(3,58) 

(3.59) 

(3,60) 

(3.61) 

(3.62) 

(3,63) 

(3.64) 

(3.65) 

(3.66) 

(3.67) 
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The one and only one p o s i t i v e  real  r o o t  of equat ion 3 .51  may be found 

and used as t h e  va lue  of exp(Ef/kT). 

the  t o t a l  conduction band e l e c t r o n  concent ra t ion  nc may be ca lcu la ted  

p s i n g - t h i s  va lue  of exp(E /kT) i n  equations 3.46 and 3.48. 

The ind iv idua l  n(') as w e l l  as 
C 

f 

For  the  cases of both < 100 > and < 111 > appl ied  stresses, 

equat ion 3.45 may be reduced t o  the  fol lowing polynomial 

+ a Q +a h+a Q +a Q ]p 2 
2 1  2 E l  E 2  

- Q Q h = O .  
1 2  ( 3 . 6 8 )  

EZy NlY and N Howevar El, 

f o r  t hese  two o r i e n t a t i o n s  as i s  seen i n  Table 3 . 3 .  This equat ion 

may 'be solved f o r  t h e  va lue  of exp(E /kT) as before. 

have d i f f e r e n t  values f o r  a given stress 2 

f 

3 . 5 . 4  Populat ion Transfer  w i th  Stress 

Elec t ron  populat ion t r a n s f e r  between t h e  ind iv idua l  conduction 

band minima is  i l l u s t r a t e d  by the  following example. CQnsider an 

un i r r ad ia t ed  n-type s i l i c o n  sample doped wi th  N = 10 cm 

phosphorus donors. 

un iax ia l  < 100 > compressive stress x = -2x10 

populat ions of t he  ind iv idua l  conduction minima f o r  t h i s  sample was 

15 -3  
D 

Using equations 3.68 and 3.46 t he  e f f e c t  of a 

9 dyne/cm2 on the  
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determined using a d i g i t a l  computer. 

Figure 3 , 9 ,  Also shown i n  this f i g u r e  i s  the s t ress- induced s h i f t  

i n  t h e  Fermi energy a s  a func t ion  of temperature. Shown i n  F igure  

3,lO are the  r e s u l t s  0 f . a  s i m i l a r  ana lys i s  c a r r i e d  ou t  f o r  an 

e l ec t ron - i r r ad ia t ed  sample wi th  N = 10 

NE = 0. This f i g u r e  shows t h e  e f f e c t  t h a t  compensation due t o  the  

presence of S L A  cen te r s  has on the  t o t a l  conduction band e l ec t ron  

concentrat ion,  

The r e s u l t s  are  i l l u s t r a t e d  i n  

, N~ = cm"' and 15 cm-3 
D 

3 . 6  Summary 

: I n  t h i s  chapter  the e f f e c t  of an appl ied stress on the  con.. 

c e n t r a t i o n  of conduction band e lec t rons  due t o  s t ress- induced spli t . .  

t i n g  of both the conduction band energy and the  acceptor  energy level 

of t h e  Si-A cen te r  was determined. 

whose s o l u t i o n  y i e l d s  t h e  Fermi energy f o r  the case  of zero appl led 

stress were developed. The corresponding equations f o r  the  case of 

nonzero appl ied stress were presented i n  s e c t i o n  3.5 .3 .  Examples 

$ l l u s t r a t i n g  s t ress- induced populat ion t r a n s f e r  and t h e  e f f e c t  of 

A-center compensation were presented i n  s e c t i o n  3.5.4, 

I n  s e c t i o n  3,5.2 t h e  equations 



45 

8 6100 > stress, ~=-2x10 9 
dynes/cm 2 

L 7 4  
2 

1. 

N = cm93 D 

I I I I 1 1 
200 2 40 2 80 3 20 360 T(OK) 

Figure 3.9 Population transfer and stress-induced Fermi 
energy shift versus temperature for an 
unirradiated < 100 > sample 
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C 
0 I 
f." 

- 0.8 

0.6 

0.4 

0.2 

I e 
200 2 40 2 80 3 20 360 T(OK) 

-3.0 

-2.0 

-1.0 

1.0 

2.0 

1 / 1  I I I I I I I 

I- 2 40 280 320 360 T(OK) v 
Figure 3.10 Total  conduction band e l ec t ron  concentrat ion and 

stress-induced Fermi energy s h i f t  versus tempera- 
t u r e  f o r  an i r r a d i a t e d  < l o o >  sample 
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4, ELECTRON MOBILITY I N  SILICON 

4 .1  In t roduct ion  

The ease wi th  which a conduction e l ec t ron  moves through a semi- 

conductor under the  inf luence  of an e lec t r ic  f i e l d  i s  r e l a t e d  t o  i t s  

mobil i ty .  This mobi l i ty  i s  determined by the  s c a t t e r i n g  processes 

i n  which t h e  e l e c t r o n  is  involved. The product of e l ec t ron  mobi l i ty  

and t h e  number of conduction e lec t rons  determines the  r e s i s t i v i t y  of 

an n-type semiconductor. The preceding chapter  provided t h e  equations 

necessary t o  c a l c u l a t e  t h e  number of conduction e l ec t rons  f o r  a given 

temperature and stress. In  the  present  chapter,  e l ec t ron  mobi l i ty  i n  

s i l i c o n  and t h e  q u a l i t a t i v e  e f f e c t  of stress on t h i s  mobi l i ty  i s  

discussed. 

computation of p i e z o r e s i s t i v i t y  i n  chapter  5. 

The r e s u l t s  of t hese  two chapters  are used in t h e  

4.2 P r i n c i p a l  Electron Sca t t e r ing  Processes i n  S i l i c o n  

Assuming t h e  ex i s t ence  of a r e l axa t ion  t i m e  T, and assuming t h a t  

t h i s  r e l axa t ion  t i m e  may be expressed as a func t ion  of e l ec t ron  

energy E, 2.2 T = T(E),  then t h e  mobi l i ty  p i s  

where 

~ T ( E )  E3/2exp (-E/kT) dE 
0 

C T >  = (4.2) 
exp (- E/kT) dE 

0 
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The quant i ty  mJ' i s  an e f f e c t i v e  e l e c t r o n  mass determined by t h e  

curva ture  of t h e  conduction band minima i n  E-space, k is  Boltzmann's 

constant ,  and q is  t h e  charge of an e lec t ron .  

var ious  s c a t t e r i n g  mechanisms t h a t  determine 1". 

Now consider  t h e  

4 ,2 ,1  Lat t ice  Sca t t e r ing  

Shown i n  Figure 4.1 is the  l a t t i c e  v i b r a t i o n a l  spectrum f o r  

[100]-directed phonons i n  s i l i c o n .  A conduction e l ec t ron  can be 

s c a t t e r e d  by any of t h e  following phonons: 

1, In t r ava l l ey  acous t i c  phonons. 

2, I n t e r v a l l e y  acous t i c  phonons. 

3. I n t r a v a l l e y  o p t i c a l  phonons, 

4 ,  I n t e r v a l l e y  o p t i c a l  phonons, 

I n t e r v a l l e y  s c a t t e r i n g  i s  t h e  s c a t t e r i n g  of an  e l e c t r o n  from one con- 

dvc t ion  band minimum t o  another ,  

e l e c t r o n  i s  s c a t t e r e d  wi th in  a p a r t i c u l a r  conduction band minimum, 

F o r  i n t r a v a l l e y  s c a t t e r i n g  t h e  

S a a t t e r i n g  by i n t e r v a l l e y  phonons i s  of  two geometr ical ly  

d i s t ingu i shab le  types as i l l u s t r a t e d  i n  F igure  4.2, Shown i n  t h i s  

f i g u r e  are  s c a t t e r i n g  events due t o  f -  and g-phonons, The g-phonons 

are involved i n  s c a t t e r i n g  i n  a < 100 > d i r e c t i o n  from one conduction 

band min imum t o  i t s  mi r ro r  image as i s  ind ica ted .  

involved i n  s c a t t e r i n g  from one conduction band minimum t o  any one of 

t he  fou r  minima ly ing  i n  the  p lane  perpendicular  t o  i t s  e l l i p s o i d  

axis, 

and 2.0 respec t ive ly ,  as ind ica ted  i n  F igure  4.  I. 

Figure 4.2 

not  l i e  i n  a < LOO > direckion.  However, Long (1960) has shown t h a t  

The f-phonon i s  

The reduced wave numbers of t h e  g- and f- type phonons are 0.3 

It i s  seen from 

t h a t  the phonon involved i n  t h e  f - type  s c a t t e r i n g  does 
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S i l i c o n  
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Reduced Wave Number 

F igure  4.1 La t t i ce -v ib ra t iona l  spectrum of s i l i c o n  f o r  
[ l o 0  1 - d i r e c t e d  phonons ( a f t e r  Brockhouse 
(1959) 1 



Figure 4 , 2  I l l u s t r a t i o n  of B-type arid &type fntstvallay 
scatter in8  
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0 t h e  f-phonon lies i n  a d i r e c t i o n  only about 11 of f  t h e  < 100 > 

di rec t ion .  

spectrum f o r  [lOO]-directed phonons should provide a good estimate of 

t h e  enBrgy of t h e  f-phonon. 

Due t o  this, Long suggests  that  t h e  l a t t i ce  v i b r a t i o n a l  

Consider now a s i n g l e  conduction band minimum and the s c a t t e r i n g  

of t he  e l ec t rons  i n  t h i s  minimum by l a t t i c e  v ibra t ions .  A s  i s  shown 

i n  F igure  4 . 2 ,  t h e  cons tan t  energy sur faces  of a conduction band 

miniquip are an i so t rop ic  i n  that they have an e l l i p s o i d a l  rather than 

a sphe r i ca l  shape. This an i so t rop ic  shape a f f e c t s  t he  mobi l i ty  f i r s t  

of all through an an i so t rop ic  e f f e c t i v e  mass. 

t o  the e l l i p s o i d  axis the e f f e c t i v e  mass i s  

I n  a d i r e c t i o n  p a r a l l e l  

= 0.90 mo (Rauch e t  a l .  (1960)) , mTl = mA -- 

whi le  f o r  a d i r e c t i o n  perpendicular  t o  the  e l l i p s o i d  axis the  e f fec-  

t i v e  mass i s  

* 
t m = rgt = 0.192 mO (Rauch e t  a l .  (1960)), -- 

where mo = 9 . 1 ~ l Q - ~ l  kg is  the e l e c t r o n  rest  m a s s .  The an i so t rop ic  

shape of t he  conduction band minima a l s o  causes t h e  l a t t i c e  relaxa-  

t i a n  t i m e  t o  be d i r e c t i o n  dependent. 

shown t h a t  the la t t ice  r e l a x a t i o n  t i m e  i n  s i l i c o n  may be expressed as 

a tensor.  This tensor  i s  diagonal  when r e fe r r ed  t o  the  c r y s t a l l o -  

graphic axes. Due t o  the  r o t a t i o n a l  symmetry of t he  cons tan t  energy 

surfaces ,  t h e  tensor  i s  completely spec i f i ed  ( f o r  zero  stress) by two 

components, and T ~ .  These q u a n t i t i e s  are ,  respec t ive ly ,  t h e  

r e l axa t ion  times f o r  s c a t t e r i n g  i n  a d i r e c t i o n  p a r a l l e l  t o  the  

Herring and Vogt (1956) have 

T& 
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e l l i p s o i d  axils and f o r  s c a t t e r i n g  i n  a d i r e c t i o n  perpendicular  

( t ransverse)  t o  the  e l l i p s o i d  a x i s ,  

According t o  Herring (1955) i n t r a v a l l e y  acous t i c  s c a t t e r i n g  is 

an i so t rop ic  and i n t e r v a l l e y  s c a t t e r i n g  is probably i so t rop ic ,  There- 

fore, i n t r a v a l l e y  acous t i c  s c a t t e r i n g  w i l l  be assumed t o  be 

an i so t rop ic  and charac te r ized  by two r e l axa t ion  times , 
For  the  case of zero  stress a11 types sf i n t e r v a l l e y  s c a t t e r i n g  w i l l  

be i s s u e d  t o  be  i so t rop ic ,  Herring and Vogt (1956) have ca lcu la ted  

and T~ i n  terns of the  deformation potent ia l ,  constants  gu and 
t - and have p l a t t e d  T~ / T  a s  a function. of Zd/ B u j  ~ i m e  the 

"d a A,. 
G E  

value of t h i s  r a t i o  ( Sd/ Bu) is i n doubt ,  

Herring and Vsgt, assumed t h a t  m /m 

t o  be accurate .  Long (1960) , using the presen t ly  accepted value  

'En t h e i r  ca lcu la t ions ,  

= 5,l, which is no longer thought G t  

h i s  ca l cu la t ions  are shown in Figure 4 , 3 ,  

NOW i f  tid/ were known accura te ly  T / T  could be da t emined  
At -u1 

from t h i s  curvea 

value sf this r a t i o  i s  not known, fto e t  a l a  (1964) have detemined  

T* /TA by measuring the  cyc lo t ron  resonance l i n e  width of very pure 

s i l i c o n  samples a t  extremely low temperatures ('L.5'K - S'K) a 

Eowover, due t o  a d i f f i c u l t y  en measuring H d J  the 

-I"IL- 

& t  
Their 

experiment i nd ica t e s  t h a t  

Also determined from this, experiment by It0 e t  al, were the fol20wing 
_L* 

for Zd and 2 a t  T !2 5'K: -u 
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0 . 6  
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"d 

0.2 

Figure 4.3 Anisotropy of acous t ic  i n t r a v a l l e y  s c a t t e r i n g  
r e l axa t ion  t i m e s  a s  a func t ion  of 3 / z  -d  - u  
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.. :: = (8.5 fO.1)eV 

- - = (-5,2 f 0 . 3 ) e V  e 

U 

'd 

A general  expression f o r  l a t t i c e  s c a t t e r i n g  r e l axa t ion  t i m e  i s  

( see  Long (1960)) 

1 

y__ 1.- - 
7 

CY 

1, 

1 
z (E/kT -1) o r  0 

i C 
4- 

(E/kT +l)T 
c, 

A" 

(40 3) 

In  t h i s  equation the  W f s  a r e  coupling coe f f i c i en t s ,  measuring how 

s t rong ly  the  e l ec t ron  i s  coupled t o  the  var ious types of phonon 

s c a t t e r i n g ,  

t ud ina l  r e l axa t ion  t i m e  T 

t i m e  rta 

duct ion band,, The q u a n t i t i e s  T, 
i 

the  temperature a t  which the  r e l axa t ion  t i m e  i s  t o  be determined, 

Tc is  the  c h a r a c t e r i s t i c  temperature of the  ith i n t e r v a l l e y  phonon 

(such t h a t  kTc i s  t h e  energy of the ith i n t e r v a l l e y  phonon), and To 

i s  an a r b i t r a r y  re ference  temperature, 

The dummy subsc r ip t  Q, i s  replaced by 4 f o r  t h e  longi- 

and by t f o r  the  t ransverse  r e l axa t ion  4, 
E i s  e l ec t ron  energy, measured from the  bottom of the  con- 

and T a r e  temperatures, T i s  Tc o 

i 

i 

The f i r s t  tern i n  equation 4.3 i s  due t o  i n t r a v a l l e y  acous t ic  

s ca t t e r ing ,  while  t h e  terms of the summation are due t o  s c a t t e r i n g  

by high energy phonons. The f i r s t  term i n  the  brackets  i n s i d e  the  
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summation is  due t o  t h e  absorpt ion of a phonon of energy kT whi le  

t h e  second term i s  due t o  t h e  emission of a phonon of energy kT 
i -  

The numerator of  t h i s  second term is  zero  when E < kT o This summa- 

t i o n  i-ncludes s c a t t e r i n g  by the  following phonons: 

c '  i 

C 

C i 

a) I n t r a v a l l e y  o p t i c a l  phonon wi th  c h a r a c t e r i s t i c  temperature 

T = 735'K. 
C 

b) Type g i n t e r v a l l e y  acous t i c  phonons wi th  c h a r a c t e r i s t i c  

temp era t u r  es 

0 = 135'K and Tc = 224 K. 
TC 

c) Type g i n t e r v a l l e y  o p t i c a l  phonons wi th  approximate 

c h a r a c t e r i s  t i c  temperature 

T = 718'K. 
C 

d) Type f i n t e r v a l l e y  phonons wi th  approximate temperatures 

T = 209'K (TA phonons) 

T 

C 

= 570°K (LA and LO phonons) 
C 

and 

T = 682'K (TO phonons) e 
C 

For zero stress, the  observable  e l e c t r o n  mobi l i ty  as determined 

P Y  

0- 
P = Q n  (4.4) 

where CT i s  the  conduct iv i ty  and n t h e  concent ra t ion  of conduction 

e lec t rons ,  is, i n  tepns of t h e  two r e l axa t ions  t i m e s  
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A l l  t h a t  i s  needed t o  accura te ly  c a l c u l a t e  p, f o r  t he  hypothe t ica l  

case  o f  s c a t t e r i n g  by l a t t i c e  phonons only a r e  c o r r e c t  va lues  f o r  

and a l l  t he  Wi4 I f  these  va lues  were known, equat ion 4.3 
‘Ac’ ‘At 

could-be i n s e r t e d  i n  equat ion 4,2 t o  c a l c u l a t e  9 T 

and then p, could be computed using equat ion 4.5, 

> and K rpt 3 , t. 
However, t h e  va lues  

of t hese  coupling c o e f f i c i e n t s  are  not  known and some type of cuwe-  

lEitting using the  W ’ s  as parameters m u s t  be used t o  f i t  theory (equa- 

Cion 4 . 3 )  t o  experiment, 

Long (1960), by approximating the  summation i n  equat ion 4 , 3  wi th  

two terms ( involving phonons with c h a r a c t e r i s t i c  temperatures 190% 

and 630’K) has obtained good agreement between theory 

over a wide temperature range, 

obtained a r e  

The b e s t  f i t  parameter va lues  he 

w’/”A, = 2 a o  

and 

w2/”At = O e  l5 

where Wl i s  t h e  c o e f f i c i e n t  of coupling t o  s c a t t e r i n g  by t h e  630°K 

phonon, and W i s  the  coupling c o e f f i c i e n t  t o  t h e  190 K phonon, Long 

used 

0 

2 

i n  h i s  model, 

experiments (Long and Meyers (1960)) he had performed, 

This va lue  was  deduced by Long from magnetoresistance 



A s  noted above, I t o  e t  a l .  (1964) have obtained a l a rge r  va lue  -- 
f o r  7 / T ~  by a very  d i r e c t  method. To t he  au tho r ' s  knowledge, the  

A& t 
discrepancy between t h i s  va lue  and- Longss va lue  has not  been ex- 

p la ined * 

4.2.2 S c a t t e r i n g  by Ionized Impuri t ies  

Besides l a t t i c e  sca t t e r ing ,  t he  most important s c a t t e r i n g  

mechanisms l i m i t i n g  the  mobi l i ty  of a conduction e l ec t ron  a r e  

a) s c a t t e r i n g  by ionized impuri t ies ,  

b) s c a t t e r i n g  by n e u t r a l  impuri t ies ,  

c) s c a t t e r i n g  by phys ica l  imperfect ions of t he  c r y s t a l ,  such a s  

d i s loca t ions ,  

d) e lec t ron-e lec t ron  sca t t e r ing .  

Of these  mechanisms, only ionized impurity s c a t t e r i n g  i s  bel ieved t o  

be important i n  l i m i t i n g  e l ec t ron  mobi l i ty  i n  the  samples s tud ied  

experimentally f o r  t h i s  thes i s .  Neutral  impurity s c a t t e r i n g  i s  

important only a t  temperatures much lower than t h e  temperatures 

sb ta ined  i n  t h e  experimental  work here. 

and phys ica l  imperfections i s  assumed t o  be n e g l i g i b l e  due t o  the  

f a c t  t h a t  high d i s l o c a t i o n  d e n s i t i e s  (108cm-2 =. 10 cm- ) are  requi red  

f o r  t h i s  mechanism t o  be important, bu t  t he  samples s tud ied  i n  t h i s  

t h e s i s  a r e  believed t o  be r e l a t i v e l y  f r e e  of phys ica l  imperfections.  

In t e r - e l ec t ron  s c a t t e r i n g  can become important i n  degenerately-doped 

ma te r i a l  bu t  should be neg l ig ib l e  i n  the  non-degenerate ma te r i a l  

s tud ied  here. 

Sca t t e r ing  by d i s loca t ions  

9 2  

Sca t t e r ing  by ionized impur i t ies  i s  known t o  be an i so t rop ic .  It 

has been suggested by Ham (1955) t h a t  t he  ionized impurity s c a t t e r i n g  
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r e l a x a t i o n  t i m e  can be represented by a tensor,  and t h a t  t h i s  tensor  

i s  diagonal  when r e f e r r e d  t o  the  p r i n c i p a l  axes of a conduction band 

energy minimum e l l i p s o i d .  Because of symmetry r e s t r i c t i o n s  imposed 

by th6  e l l i p s o i d a l  conduction band energy minimum, the re  w i l l  be only 

two ionized impurity s c a t t e r i n g  r e l axa t ion  times, and rI e The 

following equation, der ived by Wang (1966), w i l l  be used i n  t h i s  
T14 t 

t h e s i s  f o r  these  two r e l axa t ion  times 

In  equat ion 4.6 t he  subscript:  CY i s  t o  be replaced wi th  4, f o r  t h e  

long i tud ina l  r e l axa t ion  t i m e  T 

l axa t ion  t i m e  rI 

i m p u r i t i e s ,  E i s  e l e c t r o n  energy, and W i s  a coupling coe f f i c i en t .  

The quan t i ty  2b has the va lue  

and by t f o r  t h e  t r ansve r se  re- 
I d  

The quant i ty  Ni i s  the  concent ra t ion  of  ionized 
t 

I* 

8a.gm" kT 
q2h2n 

2b = E 9  

where c i s  the  d i e l e c t r i c  cons tan t  of s i l i c o n ;  k i s  Boltzmann's 

constant ;  h i s  P lanck ' s  constant ;  T i s  the  temperature of t h e  

c r y s t a l ;  q i s  t h e  charge of an e lec t ron;  and n i s  the  concentrat ion 

of conduction band e lec t rons .  

dens i ty  of  s ta tes  e f f e c t i v e  mass m = (mdm:)1/30 It should be 

pointed o u t  t h a t  equat ion 4,6 was derived by means of pe r tu rba t ion  

The quan t i ty  m'k i n  equation 4.7 i s  the  

Jf 

theory using a screened coulomb p o t e n t i a l  a s  the  electron-ionized 

impurity i n t e r a c t i o n  po ten t i a l .  
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The t o t a l  r e l axa t ion  times, and T~~ due t o  both l a t t i c e  and ‘4 
ionized impurity sca t t e r ing ,  a re  given by the  f a m i l i a r  equations 

1 + -  1 -  1 

4 ‘ l a t t i c e  
- _  

4 ‘5 7 

and 

1 + -  - 1 -  1 

7t ‘ l a t t i c e  
- -  

t ‘It 

(4.8a) 

(4.8b) 

) and (‘ la t t ice  l a t t i c e  4 a r e  given by equat ion 4.3. The q u a n t i t i e s  (7  

The c o r r e c t  va lue  of the  anisotropy of ionized impurity s c a t t e r i n g  

i s  not  known. The va lue  suggested by Ham (1955), 7 / T ~  =4 ,  
I4 t 

w i l l  be used i n  t h i s  t hes i s .  Mobil i ty  determined empir ical ly  may be 

f i t t e d  using equations 4.8, 4.2, and 4.5, and ad jus t ing  the  values  of 

the  var ious  coupling c o e f f i c i e n t s  involved. 

4.3 Effec t  of Uniaxial  S t r e s s  on Mobil i ty  

I n  s i l i c o n ,  t he  e f f e c t i v e  e l e c t r o n  mobi l i ty  as defined by equa- 

t i o n  4.4 i s  a f f ec t ed  i n  seve ra l  ways by un iax ia l  stress. The main 

e f f e c t ,  due t o  s t ress- induced populat ion t r a n s f e r ,  i s  discussed i n  

chapter  5. There i s  an add i t iona l  e f f e c t  due t o  s t ress- induced 

charl.ges i n  i n t e r v a l l e y  s c a t t e r i n g  r a t e s .  

Berring (1955) t h a t  t h i s  e f f e c t  and populat ion t r a n s f e r  a r e  t h e  only 

two f i r s t  o rder  e f f e c t s  con t r ibu t ing  t o  s i l i c o n ’ s  p i e z o r e s i s t i v i t y  

( i n  uncompensated mater ia l ) .  The e f f e c t  of stress on mobi l i ty  due t o  

s t ress- induced changes i n  i n t e r v a l l e y  s c a t t e r i n g  r a t e s  w i l l  be 

q u a l i t a t i v e l y  assessed i n  t h i s  sec t ion .  This assessment w i l l  be 

It has been estimated by 
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usefu l  i n  i n t e r p r e t i n g  experimental results l a t e r .  Only s c a t t e r i n g  

by f- type ( see  sec t ion  4.2.1) i n t e r v a l l e y  phonons i s  g rea t ly  a f f ec t ed  

by s t r e s s .  

are i l l u s t r a t e d .  Figure 4,4(a) i l l u s t r a t e s  t he  s c a t t e r i n g  of an 

In  Figure 4.4 the  minlma involved i n  f-type s c a t t e r i n g  

e l ec t ron  from v a l l e y  i t o  va l l ey  j due t o  the  absorpt ion of an f -  

phonon (of energy kT ) f o r  the  zero s t r e s s  case. In  Figure 4.4(b) 

the  same s c a t t e r i n g  event i s  i l l u s t r a t e d  f o r  the  s t r e s sed  case, when 

an energy separa t ion  A = IAE - AEi/ e x i s t s  between va l l eys  i and j .  

Cf 

3 
Now the  p r o b a b i l i t y  of t r a n s i t i o n  (which i s  t h e  r ec ip roca l  

r e l axa t ion  time) from a s t a t e  of energy E i n  v a l l e y  i t o  a s t a t e  of 

energy E' i n  v a l l e y  j due to  the  absorpt ion of a phonon o f  energy 

kTcf i s  given by (see  Herring (1955)): 

(4.9) 
1 2 dens i ty  of 

I M i j l  x ( s t a t e s  a t  E t )  t r a n s i t i o n  p robab i l i t y  = - = 
7 

The quan t i ty  M i s  a matr ix  element f o r  s c a t t e r i n g  from v a l l e y  i to  ij 

v a l l e y  j by a phonon kTc , and i s  independent of e l ec t ron  energy. 
f 

According to  Herring (L955), t he  e f f e c t  of s t r e s s  on M i j  i s  expected 

to  be small. 

Now the  dens i ty  of s t a t e s  a t  t he  sca t t e red - to  s i t e  E '  i s  propor- 

t i o n a l  t o  the  square r o o t  of S E T ,  where SE' i s  the  energy d i f f e rence  

between E '  and the  bottom of va l l ey  j ,  Because of t h i s ,  the  dens i ty  

of  s t a t e s  i n  equat ion 4.9 i s  ( E  + kT )' f o r  zero s t r e s s ,  and 
C G  

4 L 

(E  - A -t- kT ) "  f o r  t he  s t r e s s e d  case. 

terms i n  the  summation of equat ion 4 . 3  m u s t  be a l t e r e d  i n  the  follow- 

Thus the  f- type i n t e r v a l l e y  
f C 

i ng  way to  account f o r  s t r e s s .  For s c a t t e r i n g  from a lower t o  an 

upper v a l l e y  



6 1  

f o r  zero stress 

v a l l e y  v a l l e y  

# 

(a) f - type  i n t e r v a l l e y  s c a t t e r i n g  from va l l ey  i 
t o  v a l l e y  j by the  f-phonon, kTcf, f o r  zero 
stress 

f o r  appl ied s t r e s s  X 

(b) f - type  i n t e r v a l l e y  s c a t t e r i n g  from v a l l e y  i 
t o  v a l l e y  j by t h e  f-phonon, kT i n  the 

presence of a s t ress- induced d i f fe rence ,  A, 
i n  v a l l e y  energies  

c ’  f 

Figure 4,4  Effec t  of stress on f - type  i n t e r v a l l e y  
s c a t t e r i n g  
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i TC 

' f t  i To 

1 - = c w. (-1 exp(Tc /T) - 1 
i 

((E-ll)/kTc - 1)1 /20r0  
i > 

j 9  
L - 1 - exp(-Tc /TI 

i 

where the  sum i s  taken over a l l  the  d i f f e r e n t  f - type phonons. 

S imi la r ly  f o r  s c a t t e r i n g  from an upper t o  9 lower va l l ey  

L 

( (E+A) /kTc - 1) 'I2 o r  0 
i -l - 4 .  - 

1- exp(-T /T) 
C i 

(4*  lo) 

(4.11) 

The q u a l i t a t i v e  e f f e c t  of s t r e s s  on the  r e l axa t ion  times can be 

assessed by a cons idera t ion  of equations 4.10 and 4.11. 

case of < 100 > s t r e s s .  

and 4 a r e  s h i f t e d  down by a < LOO > s t r e s s  and have a r e l axa t ion  t i m e  

T i n  t he  d i r e c t i o n  of t he  s t r e s s  and e l e c t r i c  f i e l d  ( s ince  i n  t h i s  

t h e s i s  t he  appl ied e l e c t r i c  f i e l d  i s  always p a r a l l e l  t o  t he  s t r e s s ) .  

The zero  s t r e s s  va lue  of T 

Consider the  

From Figure 4 , 5  i t  i s  seen t h a t  v a l l e y s  1 

c 

symbolized by T may be w r i t t e n  a s  
.e9 $0 

1 1 1 1 1 - - - + - + - + -  - 
T. .  

Tf 0 TI& 
Tc 11 
0 

(4.12) 

where 
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0 

E > E c  
‘3 0 

4 
I 

Y 

E > E c  
C 

/ I  
I 2 0  

E < E c  
c1 0 

6 < l o 0  > s t r e s s  

zero  stress 

wi th  < l o 0  > s t r e s s  

Figure 4.5 Single  va l l ey  r e l axa t ion  times and mob i l i t i e s  i n  the 
< l o 0  > l a t t i c e  d i r e c t i o n  
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= l ong i tud ina l  acous t ic  s c a t t e r i n g  r e l axa t ion  time 

= g-type i n t e r v a l l e y  s c a t t e r i n g  r e l axa t ion  time 

TA.e 
‘i i 

= f - type i n t e r v a l l e y  s c a t t e r i n g  r e l axa t ion  time f o r  zero  
0 

7f 

s t r e s s  

T = l ong i tud ina l  ionized impurity s c a t t e r i n g  r e l axa t ion  t i m e .  
I& 

The e f f e c t  of s t r e s s  on a l l  the  t e rns  of equation 4.12 except the  one 

due t o  f - type i n t e r v a l l e y  s c a t t e r i n g  w i l l  be neglected i n  the analy- 

sis  t h a t  follows, This should be a v a l i d  approximation s ince  Herring 

(1955) has estimated t h a t  the  e f f e c t  of s t r e s s  on‘ these  terms i s  of 

second order .  Now T has the  value 4 

1 1 - + -  
Tf TI& 

(4.13) 

with T t given by equat ion 4.10. The comparison between T and T t f 
f O  

f 

i s  

Therefore, i s  g rea t e r  than T f o r  every energy E and i t  follows 

t h a t  
T4 40 

The four  va l l eys  2, 3,  5, and 6 a r e  s h i f t e d  up i n  energy by the  

< 100 2 s t r e s s .  Figure 4.5 i nd ica t e s  t h a t  these  v a l l e y s  have a 
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r e l axa t ion  t i m e  T i n  t h e  d i r e c t i o n  of t h e  stress and e l e c t r i c  f i e l d .  

This T~ may be w r i t t e n  a s  

t 

(4.16) 

where T i s  due to  t ransverse  acous t i c  s ca t t e r ing ,  and T I i s  given 

by equation 4.11. The zero s t r e s s  value,  T~ , of 
At f 

i s  
0 

‘f < ‘f I 
0 

It thus follows t h a t  

(4.17) 

(4.18) 

(4.19) 

If i t  i s  assumed t h a t  T i s  g rea t e r  than a s  the  work by I t o  

e t  a l .  (1964) ind ica t e s ,  then i t  a l s o  follows t h a t  
t 

-- 

(4.20) 

The r e l axa t ion  time an i so t rop ie s  IC and K a r e  defined by equation 

4.20. 
TO 

7 
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Now consider  t h e  case of < 110 > stress.  I n  Appendix 10.2 i t  

is  shown, as i s  ind ica ted  i n  Figure 4.6, t h a t  v a l l e y s  1, 2, 4, and 5 

have an e f f e c t i v e  mobi l i ty  of 

P& + !+t 

b = =  2 ( 4 -  21) 

i n  the d i r e c t i o n  of t h e  

3 and 6 have a mob i l i t y  

by equat ion 4.13 and T t 

.< 110 > stress and electric f i e l d .  Valleys 

p, i n  t he  < 110 9 d i r e c t i o n ,  Now T i s  given 

by equat ion 4.16. 
t .e 

Therefore equations 4,15, 

4.19, and 4,20 a l s o  hold f o r  a < 110 > stress, 

T ~ ,  may be w r i t t e n  a s  

The r e l axa t ion  t i m e  

The comparison between < T > and < T~ > i s  
0 

t‘ 

Ciace T~ > ~~t It a l s o  follows t h a t  
0 

(4.22) 

( 4 . 2 3 )  

(4.24) 

Under the  above assumptions concerning the  acous t i c  s c a t t e r i n g  

r e l axa t ion  t i m e s  and T~ i t  a l s o  may be seen t h a t  
t 
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0 -  
@& 0 +% 

2 

6 

1 , L  I / a ' /  2 
5 ' /  

1 

-7.- 

2 

<110 > stress % 
"6 

zero  stress 

wi th  < l o 0  > stress 

Figure 4.6 Single  va l l ey  mob i l i t i e s  i n  the  <110 > l a t t i c e  d i r e c t i o n  
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(4.25) 

and the re fo re  t h a t  

S t r e s ses  i n  the  Ill  9 l a t t i c e  d i r ec t ions  should have no e f f e c t  

o f  f i r s t :  o rder  importance on the var ious r e l axa t ion  times, I n  the 

above d iscuss ion  of the  e f f e c t  of stress on mobil i ty ,  t he  e f f e c t  of 

s t r e s s  on the var ious e f f e c t i v e  messes has been neglected.  Wortrnann 

(1964) has shown t h a t  the e f f e c t  of s t r e s s  on e f f e c t i v e  mass i s  

neg l ig ib l e  unless t he  shear  s t r a i n  i s  seve ra l  percent ,  This e f f e c t  

then should be e n t i r e l y  neg l ig ib l e  i n  t h i s  t h e s i s  a s  the  shear  s t r a i n s  

here  do not  exceed 0 . 2  PeKCent. 

Also neglected i n  the above d iscuss ion  i s  the  e f f e c t  of s t r e s s  

an the  r e l axa t ion  times T and due t o  ionized impuriey s c a t t e r -  

ing. This e f f e c t  e x i s t s  because of a small  change of the q u a n t i t i e s  
*.e t 

n and Mi i n  equations 4@7 and 4 - 6  with stress. 

son wi th  the e f f e c t  of s t r e s s  on the  f- type i n t e r v a l l e y  s c a t t e r i n g  

the  e f f e c t  should be negl ig ib le .  

However, i n  compari- 

4.4 Summary 

This chapter  presented f o m u l a s  f o r  t he  r e l axa t ion  times due to  

La t t i ce  and ionized impurity sca t t e r ing ,  which a r e  assumed t o  be the 

p r i n c i p a l  s c a t t e r i n g  mechanisms determining the  r e l axa t ion  times f o r  

the  samples s tudied i n  t h i s  t hes i s .  Also discussed was the uae of 
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these  formulas i n  f i t t i n g  mobi l i ty  versus  temperature da t a  obtained 

from experiment, 

The e f f e c t  of s t ress  on mobi l i ty  due t o  r e l axa t ion  t i m e  changes 

wi th  s t ress  w a s  q u a l i t a t i v e l y  assessed i n  sec t ion  4.3.  This assess -  

ment w i l l  be important i n  the  comparison of experiment t o  theory 

l a t e r .  The r e s u l t s  of s ec t ion  4.3 a r e  tabulated i n  Table 4.1.  

Table 4 .1  Effec t  of < 100 > , < 110 > and < 111 > uniaxia l  compres- 
s i v e  stresses on the  r e l axa t ion  t i m e s  of conduction 
e l ec t rons  

< 100 > st ress  < 110 > s t r e s s  < 111 7 s t r e s s  

increases  wi th  increases  with no f i r s t  o rder  
increas ing  increas ing  e f f e c t  
s t r e s s  stress T& 

decreases wi th  decreases wi th  no f i r s t  order  
increas ing  increas ing  e f f e c t  
stress s t r e s s  T t  

increases  with no f i r s t  order  
increas ing  e f f e c t  
s t r e s s  

~ ~ ~~ ~~ -~ ~ 

increases  wi th  increases  wi th  no f i r s t  o rder  
increas ing  increas ing  e f f e c t  
stress s t r e s s  #T 
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5 PIEZORES ISTIVITY 

5 . 1  In t roduct ion  

Formulas f o r  t he  p i e z o r e s i s t i v i t y  of n-type s i l i c o n  a r e  

developed i n  t h i s  chapter  using the  r e s u l t s  of t he  two preceding 

chapters .  The formulas developed take i n t o  considerat ion the  e f f e c t  

of s t ress- induced changes i n  r e l axa t ion  times on p i e z o r e s i s t i v i t y .  

5.2 < 100 > P i e z o r e s i s t i v i t y  i n  n-Type S i l i c o n  

P i e z o r e s i s t i v i t y  i n  s i l i c o n  i s  a tensor  property.  The f r ac -  

t i o n a l  change i n  r e s i s t i v i t y  tensor,  w r i t t e n  i n  s i x  vec to r  form i s  

where p i s  the  stressed r e s i s t i v i t y  and p t he  unstressed r e s i s t i v -  

i t y .  This s i x  v e c t o r  i s  r e l a t e d  t o  the  s t r e s s  s i x  vec to r  CT (s = 1, 
r 0 

S 

6 )  by 

where the  'TT a r e  c a l l e d  the  p iezores i s tance  c o e f f i c i e n t s .  For the  

present  study, t h i s  tensor  aspec t  o f  p i e z o r e s i s t i v i t y  i s  of no 

p r a c t i c a l  i n t e r e s t ,  and here  the  theory w i l l  no t  be formulated i n  

terms of these  p iezores i s tance  c o e f f i c i e n t s .  Instead the  piezo- 

r e s i s t i v i t y  w i l l  be def ined by equation 5.2.  

r e t a ined  as  the  symbol f o r  p i e z o r e s i s t i v i t y ,  bu t  w i l l  appear without 

numerical subscr ip ts ,  t o  d i s t ingu i sh  i t  from the  p iezores i s tance  

rs 

The symbol n w i l l  be 
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coe f f i c i en t s .  However, the  p i e z o r e s i s t i v i t i e s  formulated l a t e r  i n  

t h i s  chapter  a r e  r e l a t e d  t o  the  n by rs 

(P/Po) TI = n11 (e 100 > s t r e s s )  

Let a t t e n t i o n  now be turned t o  a cons idera t ion  of the  e f f e c t  of a 

< 100 > compressive s t r e s s  on the  r e s i s t i v i t y  of an n-type s i l i c o n  

samp 1 e 

Consider t he  n-type s i l i c o n  sample shown i n  Figure 5.1. This 

sample i s  or ien ted  with i t s  longi tudina l  a x i s  p a r a l l e l  t o  a < 100 > 

l a t t i c e  d i r ec t ion .  

i n  t h i s  < 100 > d i rec t ion .  

The e l e c t r i c  f i e l d  7 and the  stress x a r e  appl ied 

Figure 5 .1  s: 100 > n-type s i l i c o n  sample 
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The r e s i s t i v i t y  of t h i s  sample, i n  terms of the e l ec t ron  popula- 

t i ons  and m o b i l i t i e s  of t he  ind iv idua l  conduction band minima, i s  

where p i s  r e s i s t i v i t y ,  u i s  conduct ivi ty ,  and q i s  the  magnitude of 

the charge of an e lec t ron .  The concentrat ion of e l ec t rons  i n  the  i 

conduction band minimum i s  denoted by n( i ) ,  and p ( i )  i s  the  mobi l i ty  

i n  the  < 100 > d i r e c t i o n  of t he  e l ec t rons  i n  t h i s  ith minimum. 

p i e z o r e s i s t i v i t y  rI i s  def ined a s  

t h  

C 

The 

where p i s  t h e  r e s i s t i v i t y  with zero appl ied s t r e s s ,  and p i s  the  

r e s i s t i v i t y  wi th  stress x appl ied,  

a func t ion  of temperature as w e l l  a s  stress, t h e  measurement of both 

r e s i s t i v i t i e s ,  p and p , m u s t  be made a t  the  same sample temperature 

t o  in su re  t h a t  equation 5 . 2  i s  meaningful and cons i s t en t ,  

0 

Since r e s i s t i v i t y  i n  s i l i c o n  i s  

0 

Using equat ion 5 .1  the  p i e z o r e s i s t i v i t y  may be w r i t t e n  

5 1 =  / x 9  

wi th  the  subsc r ip t s  o denoting zero stress va lues ,  This equation i s  

p e r f e c t l y  general  f o r  the  p i e z o r e s i s t i v i t y  of n-type s i l i c o n ,  i f  IJ~ ( i> 
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i s  the  mobi l i ty  of t he  e l ec t rons  i n  the  ith conduction band minimum 

i n  the  d i r e c t i o n  of t he  appl ied  e lec t r ic  f i e l d .  

t h  Now from s e c t i o n  3.5,3, t he -concen t r a t ion  of e l ec t rons  i n  the  i 

conduction band minimum i n  the presence of an appl ied stress i s  

From s e c t i o n  3.5.2, i n  the  absence of stress the  t o t a l  conduction 

band e l e c t r o n  concentrat ion n may be expressed a s  
C 
0 

n = N exp(Ef /kT) , 
C C 

0 0 

then s i n c e  f o r  zero s t r e s s  n (i) = n'j) f o r  a l l  i, j 5 6 
C C 
0 0 

(5.6) 

Consider F igure  5.2, El lus t r a t ed  i n  t h i s  f i g u r e  a r e  the  

conduct iv i ty  cont r ibu t ions  qn ( i ) ~ ( i )  of each of  the s i x  conduction 

band minima of  s i l i c o n  f o r  t he  case of zero appl ied  stress and €or  

the  case  of an appl ied  < 100 > stress x., 

found t h a t  

C 

From t h i s  f i g u r e  i t  i s  

(5.7) 

where 



(3) 
qnc IJ1t 

0 0  

3 

I 

3 
n 

C 
0 n(3) = n  <-  

C t 6  
0 
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zero  stress 

Figure 5 . 2  Single  v a l l e y  mobi l i ty  cont r ibu t ions  i n  a < l o 0  > 
l a t t i c e  d i r e c t i o n  
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Also from Figure  5.2 

where 
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(5.8) 

(5.9) 

(5. l o )  

(5.11) 

and 

9 = exp(-C\El,/kT) (5.12) 4 

8, = exp(-AE2/kT) (5.13) 

The va lues  of AE and AE i n  equations 5.12 and 5.13 are given i n  

Table 3.2 i n  chapter  3. I f  equations 5.10, 5.8, and 5 . 7  are 

1 2 

s u b s t i t u t e d  i n t o  equations 5.2, the p i e z o r e s i s t i v i t y  becomes 

It was shown i n  chapter  4 t h a t  an  app l i ed  stress a f f e c t s  t he  

r e l a x a t i o n  t i m e s  e T > and < T > e Now s i n c e  4 . t  
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(5.15) 

(5.16) 

both PJ 

dependent q u a n t i t i e s .  

following form 

and pt a r e  the re fo re  expected to  be s t r e s s  and temperature 4 
Equation 5.14 w i l l  now be r ewr i t t en  i n  the  

where t h e  stress-induced s h i f t  i n  t he  Fermi energy, 6Ef,  has the  

va lue  

Ef ’ 6Ef zz Ef - 
0 

and 

(5.18) 

(5,19) 

(5 * 20) 

In  chapter  7 equation 5,17 w i l l  be c u r v e f i t t e d  t o  t he  experimental 
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p i e z o r e s i s t i v i t y  da t a  using r and r as t h e  unknown parameters. The & t 

q u a n t i t i e s  8 and 8 are  presumably accu ra t e ly  given by equations 

5.12 and 5.13 as the  appl ied stress 9( is  measured experimentally.  

The s t ress- induced s h i f t  i n  t he  Fermi energy, 6Ef, may a l s o  be de te r -  

mined from the  equations given i n  sec t ions  3.5.2 and 3.5.3 as long as 

NA, NDI and N 

mined from experimental  H a l l  c o e f f i c i e n t  data .  

& t 

a r e  known. These doping concentrat ions may 'be de te r -  E 

5.3 P i e z o r e s i s t i v i t y  i n  Uncompensated n-Type S i l i c o n  

L e t  a t t e n t i o n  now be r e s t r i c t e d  t o  t h e  s p e c i a l  case of  un- 

compensated ( f o r  this  work, unirradiaLed) n-type s i l i c o n .  Under the 

assumptions discussed i n  s e c t i o n  3.3, t he  concent ra t ion  of conduction 

band e l ec t rons  w i l l  be cons tan t  and independent of both temperature 

and stress f o r  these  samples. Then from s e c t i o n  5.2 

O- 0 = q n c  0 { 3 + 2vt " 1  

and 

(5.21) 

(5.22) 

so t h a t  

and 
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(5.25) 

where 

(5.26) 

Equations 5.25 and 5,26 make it clear that piezoresistivity in un- 

compensated n-type silicon is due to a stress induced change in the 

effective macroscopic mobility of conduction electrons (so long as no 

donor deionization occurs). In fact, the piezoresistivity in this 

case may also be written 

(5.27) 

Piezoresistivity in the limit of zero applied stress will now be 

ekamined to demonstrate the importance of stress-induced changes in 

intervalley scattering rates in determining piezoresistivity. 

tion 5.2, in terms of conductivity, is 

Equa- 

and in the limit as x + o becomes 

(5.28) 

(5 29) 

where the subscript o indicates zero stress. 

tion 5.25 into equation 5.29 yields 

Substitution of  equa- 
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(5.30) 

(5 31) 

s i n c e  t h e  t o t a l  number of conduction band e l ec t rons  n is  assumed 

independent of x. Now 
C 
0 

where p exp(GEf/kT). It i s  found t h a t  f 

(5.32) 

(5 e 33) 

and 

s ince  8 

X i t  i s  found t h a t  

et, and p, a l l  approach uni ty  as X approaches 0. For small  &' 

(5 0 35) 

so t h a t  



80 

From equat ion 3 . 3  and Appendix $0, I, 

and equat ion 5.311 becomes 

(5,36) 

(5 a 37) 

(5 138) 

(5 .39)  

The f i r s t  term i n  t h i s  equation i s  t h e  p i e z o r e s i s t i v i t y  due t o  popu- 

l a t i o n  t r a n s f e r  only, whi le  the  second term is due t o  the  e f f e c t  of 

sqress on t h e  r e l axa t ion  times. I n  f a c t  t h i s  second term can be 

writ ten as 

where 

(5.40) 

(5 0 41) 
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and 

= m /m = 4.69. Km 4 t 

Now the  importance of n:T) w i l l  be estimated by comparing 

experimental values f o r  II 

t r a n s f e r  term i n  equation 5,39 alone. 

t r a n s f e r  term has t h e  value 

w i t h  t he  value predicted by the  population 

A t  T = 298 K t h i s  

0 
0 population 

= -0,835 x lom1' cm2/dyne (5.42) 

i f  Bals lev ' s  va lue  f o r  

Km = 4.69 i s  used f o r  t he  value of K 

i s  a func t ion  of K 

time anisotropy K 

E u  i s  used, and the  e f f e c t i v e  ma$s anisotropy 

(P t )  
= pt / p a  . The quant i ty  II 0 

PO 0 0  

and hence depends on the  va lue  of the  r e l axa t ion  

> s ince  
0 

= < T c  > / < T t  
PO 

TO 0 

(5.43) 

Therefore no (Pt) depends i m p l i c i t l y  on sample doping, as  doping a f f e c t s  

t he  values  of < T > and < T > through impurity s c a t t e r i n g  
a0 

e f f e c t s .  

For most unstressed samples, i t  i s  doubtful  t h a t  K w i l l  be 
TO 

much g rea t e r  than 1.25 o r  much less than 0.75, and f o r  these values  

of K , no (Pt) has the  values 
TO 
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-10 2 (pt) = -0 .76~10 c m  /dyne (K = 1.25) 
*O TO 

-10 2 (pt) = -0 .910~10 cm /dyne (KT = 0.75) 
0 

*O 

0 a t  T = 298 K. 

I n  Table 5.1, a t h e o r e t i c a l  va lue  f o r  II (Pt) i s  compared t o  
0 

(Pt)  (7) var ious  experimental  va lues  obtained f o r  n 0 Since B 0 = TIo +no  9 

values  recorded i n  t h i s  tab le ,  i t  appears t h a t  II ( T )  

the importance of E(') may be deduced from this t a b l e ,  From the 
0 

0 

i s  equal  t o  approximately 10 percent  t o  20 percent  of n(Pt). 

p i e z o r e s i s t i v i t y  due t o  n"), l i k e  t h a t  due t o  n(pt), depends upon 

sample doping, and i n  f a c t  should decrease wi th  increased doping. 

This is  because the  re la t ive  importance of  i n t e r v a l l e y  s c a t t e r i n g  

( t h e  only type s c a t t e r i n g  presumed t o  be a f f e c t e d  by stress) 

decreases  as s c a t t e r i n g  by ionized impur i t ies  increases .  Thus it is 

li.mpossible t o  p r e c i s e l y  estimate t h e  importance pf n('), as t h i s  

quan t i ty  w i l l  vary from sample t o  sample. However, t h e  rough 

estimate j u s t  given should be close.  

The 
0 

0 0 

0 

Long's model f o r  e l e c t r o n  mobil i ty ,  discussed i n  chapter  4 ,  may 

If Long's model a l s o  be used t o  demonstrate t he  importance of n('). 
i s  f i t t e d  t o  empir ica l ly  der ived mob i l i t y  versus  temperature data,  

0 

and sample doping i s  known (and nondegenerate) then p, versus  e f  f 
d%f f stress may be ca lcu la ted .  From t h i s  curve of p, Versus X, - 

e f f  dX 
may be ca l cu la t ed  graphica l ly .  This procedure w a s  c a r r i e d  o u t  ( see  

chapter  7) f o r  one e 100 > un i r r ad ia t ed  sample, 

given i n  Figure 5.3. 

The r e s u l t s  are 

For t h i s  p a r t i c u l a r  sample, i t  is  found t h a t  

('I (pt) - 0.42 ( a t  T = 298'K). *o /*o 
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Table 5 , l  Theore t ica l  and experimental values  f o r  p i e z o r e s i s t i v i t y  

( ~ 1 0 ~ ~ ~  cm2/dyne) a t  T = 298'K 

Ref erenc e R e s i s t i v i t y  Apparent Value 
(ohm-cm) ( 7) /,(Pt) 

Of *o 0 

-0.835 -1.02 Smith (1954) 11.7 0.22 
+ , , , , . , , , 

-0,$35 -0.850 Morin e t  a l .  (1957) 5.0 0.018 -- 
-0.835 -1.06 Gross (1967) 1.0 0.27 

-0.835 -0.99 Gross (1967) 0 . 1  0.18 

-0.835 -0.94 Gross (1967) 0.045 0.12 

The p i e z o r e s i s t i v i t y  pred ic ted  by equation 5 .27  f o r  l a r g e  

stresses w i l l  be compared t o  the p i e z o r e s i s t i v i t y  of an i r r a d i a t e d  

sanlple i n  sec t ion  5.4, 

E i t t e d  t o  experimental p i e z o r e s i s t i v i t y  da ta  obtained on an un- 

i r r a d i a t e d  sample. This c u r v e f i t t i n g  procedure w i l l  i l l u s t r a t e  t h e  

e f f e c t  of l a r g e  stresses on t h e  r e l axa t ion  t i m e  < T > and < 7 > . 

Jn chapter  7 equation 5.17 w i l l  be curve- 

4. t 

5.4 P i e z o r e s i s t i v i t y  i n  Compensated n-Type S i l i con  

Donor compensation not  only has a g r e a t  e f f e c t  on t h e  r e s i s t i v i t y  

g f  n-type s i l i c o n ,  bu t  can a l s o  have a l a r g e  e f f e c t  on t h e  piezo- 

r e s i s t i v i t y  of such mater ia l .  The e f f e c t  on t h e  p i e z o r e s i s t i v i t y  due 

t o  compensation a l s o  occurs i n  uncompensated ma te r i a l  i f  t h e  sample 

temperature i s  l o w  enough f o r  donor de ioniza t ion  t o  be important. 
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3 'LOO 
(eompree s ion) 

1 2 3 4 
(tsnsion) 

II 

Figure 5,3 Effective mobility a b  a func t ion  of stress 
f o r  small stresf3es 
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These temperatures, however, are quite low for uncompensated n-type 

silicon. Basically, piezoresistivity in compensated silicon (or in 

uncompensated silicon at very low temperatures) is different from the 

piezoresistivity of uncompensated silicon (at high temperatures) due 

to the fact that the total conduction band electron concentration in 

this material varies with stress as well as with temperature. 

Consider the piezoresistivity of compensated n-type silicon in 

Since the total the limit as the applied stress x approaches zero. 
conduction band electron concentration, n as well as the effective 

mobility p,, varies with stress, the piezoresistivity, n’ may be 

written as 

C’ 

0’ 

or 

or finally 

where 

(5.44) 

(5  * 45) 

(5  46) 

(5.47) 

The quantity II is the piezoresistivity of uncompensated silicon at 

high temperatures as derived in section 5 , 3 .  

ll:”’, in equation 5.47 is due to the variation of nc with stress. 

0 

The additional term, 



where 



n 
C 

exp ( GE;/kT) = exp ( GEf/kT) - 9 
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(5 52) 
c; 
0 

where-n i s  the  t o t a l  conduction band e l e c t r o n  concentrat ion with 

zero  stress, and n i s  the  concent ra t ion  i n  the  presence of appl ied  

stress X .  

C 
0 

C 

Compensation bas only a s m a l l  e f f e c t  on F(4(,T), t he re fo re  

i t  i s  permiss ib le  t o  assume t h a t  F*(x,T) = F(x,T), Under t h i s  

assumption, IIs may be expressed i n  terms of II as 

n 
II' =Il+eXp(GEf/kT)(l - $-)F(x,T)/X . ( 5 . 5 3 )  

co 

The s ign  of the  add i t iona l  term, i n  both equat ion 5 . 4 6  and 

equat ion 5 . 5 3 ,  which i s  due to  v a r i a t i o n  of n wi th  stress, depends 

upon whether n increases  o r ' dec reases  wi th  stress. To accu ra t e ly  

a s ses s  the  e f f e c t  of s t r e s s  on n t h e  d e t a i l e d  s p l i t t i n g  of a l l  
C' 

e l , ec t r i ca l ly  important de fec t  levels, as w e l l  as t h e  s p l i t t i n g  with 

Stress of the  conduction band edge, must be taken i n t o  cons idera t ion  

( see  chapter  3 ) .  For the  s i g n  convention used here, II i n  equation 

5 , 5 3  i s  negative.  The s ign  of t he  second term i n  equation 5 .53  i s  

p o s i t i v e  i f  n > nc and i s  negat ive  i f  n e n . 

C 

C 

C C C 
0 0 

Donor compensation was produced i n  the  samples s tud ied  i n  t h i s  

t h e s i s  by bombarding them wi th  high energy e lec t rons .  

t i o n  produced Si-A cen te r  and S i - E  cen te r  acceptor  levels t h a t  

g r e a t l y  a f f ec t ed  both the  r e s i s t i v i t y  and p i e z o r e s i s t i v i t y  of  t hese  

samples. To graphica l ly  i l l u s t r a t e  t he  e f f e c t  t h a t  compensation 

(such as t h a t  produced by e l e c t r o n  i r r a d i a t i o n )  has  on piezo- 

r e s i s t i v i t y ,  t h e  fQllowing hypothe t ica l  example w i l l  be considered. 

This i r r a d i a -  
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The p i e z o r e s i s t i v i t y ,  f o r  x = - 2 ~ 1 0  9 dynes/cm 2 of each of the  

following hypothe t ica l  6 100 > o r i e n t e d  samples was computed using 

equation 5.17 and the  r e s u l t s  of chapter  3: 

15 -3 Sample U :: ND = 10 cm ; N = 0 A 

15 - 3  
Sample 11: ND = 10 cm 

15 -3 NA = 5x10 cm = 5ND 

15 3 Sample 12: ND = 10 cm- 

16 N~ = 10 cmm3 =  ION^ 

15 -3 Sample 13: ND = 10 crn 

16  -3 NA = 2x10 cm = 20ND . 

N is t he  donor concentrat ion,  and N i s  t h e  Si-A cen te r  acceptor  

concentrat ion.  I n  performing the  ca l cu la t ions  i t  was assumed t h a t  

the  e f f e c t  of s t r e s s  on the  Si-A cen te r  i s  c o r r e c t l y  described by the  

model discussed i n  sec t ion  3.4.3 f o r  a l l  t h ree  i r r a d i a t i o n  levels. 

The e f f e c t  of  stress on the  r e l axa t ion  times was neglected,  and the  

values  

D A 

4.69 r =-= -  
t l+2K 10.38 m 

K m 

were used i n  equation 5.17. These valu.es correspond to  assuming 
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t h a t  

F i g w e  5.4 shows t h a t  the  i r r a d i a t i o n  produced A-centers reduce 

the p i e z Q r e s i s t i v i t y  a t  the  lower temperatures, while having only a 

Small e f f e c t  on the  p i e z o r e s i s t i v i t y  a t  the  higher  temperatures. 

The experimental  da ta  obtained agrees q u a l i t a t i v e l y  wi th  the  curves 

shown i n  t h i s  f i gu re ,  as  w i l l  be  seen i n  chapter  7. 
j .  

5.5 P i e z o r e s i s t i v i t y  as  a Function of S t r e s s  

8 
It i s  w e l l  known t h a t  f o r  small  s t r e s s e s  ( l e s s  than N 10 

2 dynes/cm ) the  p i e z o r e s i s t i v i t y  i s  l i n e a r  wi th  stress. However, f o r  

l a rge  s t r e s s e s  non l inea r i ty  with s t r e s s  i s  observed, The approximate 

s t r e s s  dependence of  p i e z o r e s i s t i v i t y  may be ca l cu la t ed  using equa- 

t i o n  5.17 and the  assumptions made i n  sec t ion  5 . 4  concerning the  

r e l axa t ion  times. This c a l c u l a t i o n  was c a r r i e d  out  f o r  an 

uni r rad ia ted  n-type sample, doped wi th  ND = 10 emn3 donors, f o r  

T = 300°K. 

15 

The r e s u l t s  a r e  shown i n  Figure 5.5. 

5.6 P i e z o r e s i s t i v i t y  f o r  < 110 > and < 111 > Orienta t iQns  

The formulas f o r  t he  p i e z o r e s i s t i v i t y  f o r  the  I< 110 > and <111> 

o r i e n t a t i o n s  may be derived using Appendix 10.2 and chapter  3. For a 

S: 110 > sample i t  i s  found t h a t  

where r and r & t a r e  defined by equations 5.19 and 5.20 respec t ive ly ,  
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and 

- I 
%t 

et - - 

with  u19 and AE3 

r =  t‘ 

exp (- AE, /~T)  (5 e 55) 

exp (- AE,/kT) (5,56) 

given by Table 3 . 2 .  The quant i ty  r t ,  is  defined by 

( 5 e 5 7 )  

where rt, is a r e l axa t ion  t i m e  f o r  s c a t t e r i n g  from a lower t o  an 

upper v a l l e y  i n  a d i r e c t i o n  perpendicular  t o  the  e l l i p s o i d  ax i s  of 

the  lower va l l ey  (see s e c t i o n  4 , 3 )  

For a <111> sample i t  i s  found t h a t  

P i e z o r e s i s t i v i t y  f o r  a <Ill> sample has t h i s  simple form s ince  f o r  

a <1)1> s t r e s s  t he re  i s  no s t ress- induced energy s h i f t  between the  

conduction band minima (see Table 3 , 2 ) .  Since the re  i s  no r e l a t i v e  

s h i f t  between the conduction band minima, a <111> stress i s  pre- 

sumed to  have a neg l ig ib l e  e f f e c t  on the  r e l a x a t i o n  times, t h a t  is 

f o r  a <ill> stress, Equations 5 . 5 4  and 5,58 w i l l  be f i t t e d  t o  

experimental da ta  i n  chapter  7. 
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5.7  Summary 

I n  t h i s  chapter,  a general  formula f o r  t he  p i e z o r e s i s t i v i t y  of a 

< l o o >  n-type s i l i c o n  sample was developed. Ef fec ts  due t o  stress- 

induced r e l axa t ion  t i m e  changes were included i n  t h i s  formulation, 

P i e z o r e s i s t i v i t y  i n  uni r rad ia ted  (uncompensated) s i l i c o n  was then 

discussed, and an attempt was made t o  eva lua te  the  importance of 

s t ress- induced changes i n  r e l axa t ion  t i m e s  i n  determining p iezores i s -  

t i v i t y .  Next t h e  e f f e c t  of i r radiat ion-produced de fec t s  on piezo- 

r e s i s t i v i t y  was considered, and this  e f f e c t  was graphica l ly  i l l u s -  

t r a t e d  by comparing the  pred ic ted  p i e z o r e s i s t i v i t y  of i r r a d i a t e d  

samples with  t h a t  of an uni r rad ia ted  sample. The s t r e s s  dependence 

of p i e z o r e s i s t i v i t y  a t  T = 300 K was computed t o  i l l u s t r a t e  the  non- 

l i n e a r i t y  of n: f o r  l a r g e  stresses. F ina l ly ,  t he  formulas f o r  C110 > 

and C111> p i e z o r e s i s t i v i t y  were presented. 

0 
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6. EXPERIMENTAL PROCEDURES 

6 , l  In t roduct ion  

The ob jec t  of t h e  experimental  phase of t h i s  s tudy i s  experi-  

I n  mental da ta  f o r  p i e z o r e s i s t i v i t y  as a func t ion  of temperature. 

add i t ion  Hall c o e f f i c i e n t  da t a  must be obtained i n  o rde r  t o  accurate-  

l y  determine t h e  var ious  impurity concentrat ions i n  t h e  samples 

s tudied.  

t he  measurements necessary t o  o b t a i n  these  da t a  are  descr ibed i n  

sec t ions  6.4 and 6.5 respec t ive ly .  F i r s t  of a l l ,  however, t he  

procedures used t o  prepare the  s i l i c o n  samples used i n  t h i s  work are 

described. 

The equipment and measurement techniques required t o  make 

6.2 Sample Prepara t ion  

I n  t h i s  s tudy p i e z o r e s i s t i v i t y  and Hall c o e f f i c i e n t  da t a  were 

obtained on n-type s i l i c o n  samples of t h ree  d i f f e r e n t  c r y s t a l l o -  

graphic o r i e n t a t i o n s  ( 4 100 >, e l l 0  > , and < 111 >) , Both un- 

]Irrq,di@ted 4nd e l ec t ron - i r r ad ia t ed  samples were s tudied.  The sample 

configuraSion used Was t h a t  of a s tandard  br idge type Hall sample w i t h  

s ix  s i d e  arms ( see  Figure 6.3). These samples were wt from s i n g l e  

c r g p t a l  ingots  of phosphorus-doped s i l i c o n ,  grown by the  Czochralski 

method and purchased from General Diode Corporation, The samples 

were prepared according t o  the  following procedure. 

The end surfaceg of t he  ingots  were lapped using 100 g r i t  stili.. 

con carb ide  powder and were then etched f o r  two minutes a t  100°C i n  

a 10 percent  by weight NaOH aqueous so lu t ion .  This p r e f e r e n t i a l  e t ch  

reveals e tch  p i t s  on t h e  end su r faces  of the  ingot  which a r e  necessary 
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f o r  ingot  o r i e n t a t i o n  by o p t i c a l  goniometry. 

o r i en ted  using a Micromech Opt ica l  Goniometer. Immediately a f t e r  

ingot  o r i en ta t ion ,  wafers were c u t  from t h e  ingot  using a Micromech 

Prec is ion  Wafering Machine wi th  a 220 g r i t  diamond blade,  The 

wafers were c u t  by f i r s t  c u t t i n g  a re ference  plane i n  the  ingot ,  and 

then wafering by cu t s  made perpendicular  t o  t h i s  reference plane. 

Each r e s u l t i n g  wafer had a re ference  edge, and this edge was l a t e r  

used i n  c u t t i n g  the  Hal l  samples from the  wafers. The ingots  were 

cpounted on ceramic t i l e  using g lycol  ph tha la te  wax throughout the  

o r i e n t a t i o n  and wafering procedures. 

The ingots  were 

Af te r  removing t h e  g lycolphtha la tewax from the  wafers with 

acetone, the  wafers were lapped on p l a t e  g l a s s  using 400 g r i t  s i l i c o n  

carb ide  powder. This lapping procedure removed most of the  sur face  

damage due t o  the  diamond saw. An add i t iona l  lapping using 800 g r i t  

s i l i c o n  carbide powder gave tbe wafers a smooth f i n i s h  f o r  a l a t e r  

chemical po l i sh ing  etch.  Care was taken i n  these  lapping s t eps  t o  

keep the  wafer sur faces  p a r a l l e l  t o  each o the r  and to  t h e i r  o r i g i n a l  

(unlapped) surfaces .  

Bridge type Hall  samples were c u t  from these  wafers using a 

She f f i e ld  Sonipak u l t r a son ic  c u t t e r .  

a l igned using t h e  re ference  edge on the  wafer a s  a guide. 

s u l t i n g  samples w e r e  600 mils i n  length  wi th  a c ros s  sec t ion  approxi- 

mately 79 m i l s  square,  The s i d e  arms of t he  samples were spaced 

approximately 150 m i l s  apa r t .  The long a x i s  (600 mil) of each of 

these  samples w a s  p a r a l l e l  t o  e i t h e r  the  < L O O  >, e110 >, o r  <111> 

l a t t i c e  d i r ec t ion ,  

o r i e n t a t i o n  of these  samples was about 2' o r  3 e 

The c u t t i n g  too l  was accura te ly  

The re- 

The approximate angular alignment e r r o r  i n  the  

0 
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Next these  samples were cleaned, using the  following procedure: 

1. Rinse wi th  d i s t i l l e d  water.  

2. 

3. Boil 5 minutes i n  acetone, 

4 .  Boll 5 minutes i n  methanol, 

B o i l  i n  "Micro" cleaning $ o h t i o n  f o r  s eve ra l  minutes, 

The samples were removed from the  methanol wi th  tweezers and dr ied  

with a j e t  of n i t rogen  gas, and then were immediately placed i n  a 

95 percent  HN03 - 5 percent  HF po l i sh ing  etch,  

two minutes i n  e tch,  t he  su r face  of the  sample became shiny. 

point: t he  e tch  was d i lu t ed ,  and the  sample was removed and r insed 

wi th  d i s t i l l e d  water.  

r e f l e c t i n g  su r face  a reas .  

Af te r  approximately 

A t  t h i s  

This p o l i s h  e t c h  l e f t  t he  samples wi th  smooth 

The next s t e p  i n  the prepara t ion  of  t he  samples was the  n icke l  

p l a t i n g  of the  e l e c t r i c a l  contac t  a r eas  of the  sample, 

p la t ing ,  however, these  contac t  a r eas  were sandblasted t o  in su re  good 

p la t ing ,  

ing. They were washed thoroughly using an a r t i s t ' s  brush and 

alconox detergent ,  and then r insed  i n  both p l a i n  and d i s t i l l e d  water,  

They were then boi led i n  acetone f o r  f i v e  minutes. 

then removed from t h e  acetone and held i n  the a i r  u n t i l  they were 

dry. Immediately upon drying, the  samples were placed i n  an e l ec t ro -  

less n i c k e l  p l a t i n g  s o l u t i o n  developed by Su l l ivan  and E ig le r  (1957). 

The samples were p la ted  f o r  approximately two minutes a t  90°C and 

were then removed and r insed  wi th  d i s t i l l e d  water. 

P r i o r  t o  

The samples then had t o  be thoroughly cleaned before p l a t -  

Samples were 

The p l a t i n g  s t e p  covered the  e n t i r e  su r face  of the  samples with 

The following technique was used t o  remove the  n icke l  n icke l  p l a t e ,  
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p l a t e  from t h e  noncontact a r eas  of t h e  samples. 

were pa in ted  wi th  apiezon wax dissolved i n  t r i ch lo re thy lene ,  

t h e  t r i c h l o r e t h y l e n e  evaporated, leaving only t h e  hard apiezon wax on 

the coritacts, t he  samples were placed i n  a 95 percent  HNO 

cen t  HF etch,  This e t c h  removed the n i c k e l  p l a t e  from t h e  noncontact 

iireas of the sample, while  t he  apiezon wax i n s u l a t e d  t h e  n i cke l  p l a t e  

on the  contac t  a r eas  from the etch. A s  soon a s  the n i cke l  p l a t e  had 

been removed, t h e  e t ch  was d i l u t e d  and the sample was removed and 

r insed  wi th  d i s t i l l e d  water. 

ch lore thylene  t o  remove t h e  apiezon wax on the  contacts .  

The contac t  a r eas  

Af t e r  

- 5 per- 3 

The samples were then soaked i n  tri- 

Af te r  t h i s  

t he  samples were r in sed  wi th  d i s t i l l e d  water, and sample prepara t ion  

was complete. 

The n i cke l  p l a t e  con tac t s  on t h e  samples were t e s t e d  f o r  

ohmicity using a Tektronix Type 575 Trans i s to r  Curve Tracer. 

samples wi th  nonohmic con tac t s  were r e j e c t e d  and were not s tudied.  

A l l  

6.3 Sample I r r a d i a t i o n  

Next, some of t he  samples were i r r a d i a t e d  wi th  high energy 

e l ec t rons .  This i r r a d i a t i o n  was c a r r i e d  ou t  i n  t h e  Space Radiation 

Ef fec t s  Laboratory l w a t e d  near t h e  NASA f a c i l i t i e s  a t  Langley Re- 

search  Center, A l i n e a r  a c c e l e r a t o r  was t h e  primary source, and 

energies i n  the  range 1-10 MeV were used depending on t h e  sample 

r e s i s t i v i t y ,  It is  usua l ly  necessary to  i r r a d i a t e  t h e  samples t o  an 

accumulated dosage such t h a t  t h e  t o t a l  number of irradiation-produced 

de fec t s  is  approximately equal t o  the number of donors i n  the  n-type 

s i l i c o n  samples. Thus de fec t  concent ra t ions  i n  t h e  1015-1017 de fec t s  

/em3 range were requi red  f o r  t h e  samples s tud ied  here.  A given 
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sample required from t e n  minutes to seve ra l  hours exposure depending 

on i ts  r e s i s t i v i t y  and the  e l ec t ron  beam energy. 

Electron i r r a d i a t i o n  produces seve ra l  d i f f e r e n t  types of de fec t s  

i n  n-fype s i l i c o n .  Fortunately,  f o r  the  samples s tud ied  here, only 

the  Si-A cen te r  and t h e  S L E  cen te r  a r e  expected to have an inf luence  

on the  sample r e s i s t i v i t y  i n  the  experimental  temperature range 

obtained. The Si-A cen te r  i s  the  de fec t  producing the  e f f e c t  which 

i s  t o  be observed i n  these experiments, and i t  would s impl i fy  the  

t h e o r e t i c a l  ana lys i s  i f  t he  S i - E  cen te r  were not  present .  The 

annealing s t age  of t he  E-center occurs a t  a much lower temperature 

than t h a t  of t he  A-center, and thus the  E-center should be removed by 

an appropr ia te  annealing procedure without a f f e c t i n g  the  A-center 

concentrat ion,  A l l  i r r a d i a t e d  samples were annealed a t  350°F f o r  

approximately 12 hours i n  order  t o  remove the  E-center damage. 

Af te r  annealing, the  temperature c o e f f i c i e n t  of sample r e s i s t g  

ance (dR/dT) was checked on a Tektronix Type 575 Trans i s to r  Curve 

Tracer. This was done by,observing the  V - I  c h a r a c t e r i s t i c  of t h e  

sample while  increas ing  the  power level t o  the  po in t  where Joule  

hea t ing  occurs. 

ca t ion  of the  temperature c o e f f i c i e n t  of r e s i s t ance .  A properly 

i r r a d i a t e d  sample should have a small  negat ive temperature c o e f f i -  

c i e n t  of r e s i s t i v i t y  a t  room temperature and the  samples were t e s t ed  

using t h i s  a i  the c r i t e r i o n .  

The change i n  the  s lope  of the  V - I  c u w e  i s  an ind i -  

Twenty-five samples of t h e  var ious  o r i e n t a t i o n s  were i r r ad ia t ed .  

The experimental da ta  was obtained by measurements made on c e r t a i n  

samples out  of t h i s  group, 
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6.4 Equipment 

I n  add i t ion  t o  t h e  equipment used t o  make the e l e c t r i c a l  

measurements (descr ibed i n  s e c t i o n  6.5), t h e  experimental  work re- 

quired only a dewar and a device f o r  s t r e s s i n g  t h e  samples. A c ross  

s e c t i o n  of t he  dewar used i s  shown i n  Figure 6.1. This f i g u r e  shows 

t h a t  stress i s  appl ied t o  a sample by means of a hydrau l i ca l ly  dr iven  

vise. 

F ine  copper leads  are soldered to  fou r  of t h e  s i d e  arm tabs  as ind i -  

ca ted  i n  Figure 6.1, and then the  ends of t h e  sample are f i t t e d  i n t o  

epoxy f i l l e d ,  c i r c u l a r  f lat-bottomed holes  c u t  i n  two brass  d i sc s .  A 

t h i n  (approximately ,001 inch  thick)  m i c a  d i s c  is  placed between each 

brass  sample d i s c  and t h e  s t a i n l e s s  steel p i s t o n s  of the v ise  t o  

provide e l e c t r i c a l  ineula t ion .  

and the  epoxy i s  then cured whi le  t he  sample is  under stress. 

Phenolic r ings  hold t h e  brass  d i s c s  i n  p l ace  during t h e  measurements, 

By s t r e s s i n g  the  sample whi le  t h e  epoxy cures,  accura te  sample a l ign-  

ment i s  achieved, and mqintained by the  cured epoxy. 

A sample i s  i n s t a l l e d  i n  t h e  dewar i n  t h e  following mapner. 

A l l  e lectr ical  leads  are connected, 

The system used t o  develop the  hydraul ic  f o r c e  is  i l l u s t r a t e d  

i n  F igure  6.2. Lead br icks  c a l i b r a t e d  i n  weight t o  an accuracy of 

0 . 1  percent  are loaded on t h e  c i r c u l a r  loading platform. 

form i s  connected t o  a small area (0.25 inch diameter) pistQn. The 

diameter of the  l a r g e  p i s ton  i n  the  dewar is  1,25 inches giving the  

hydraul ic  system a mechanical advantage of 36. 

b r i ck  on the  loading platform develops a stress of about 1.3 x 10 

dynes/cm2 i n  a t y p i c a l  sample. 

i n g  platform i s  ro t a t ed .  

This p l a t -  

One three-pound lead 

9 

A s  ind ica ted  i n  Figure 6.2 t he  load- 

This i s  done t o  in su re  t h a t  t h e  small 
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p i s ton  doesn ' t  s t i c k  so t h a t  t he  stress appl ied t o  the  sample w i l l  be 

maintained cons tan t#  The hydraul ic  f l u i d  used was Gulf Paramount 

transformer o i l ,  

6 . 5  Measurement Technfaue 

P i e z o r e s i s t i v i t y  and H a l l  da t a  was taken using the arrangement 

diagrammed i n  Figure 6 . 3 .  

supply the  sample cu r ren t  i n  order  to keep down the  noise  i n  the  

vol tages  measured, 

one mill iampere range t o  avoid producing 'high electrgc; f i e l d s  In  the 

samples. The magnetic f l u x  dens i ty  used was t y p i c a l l y  about 2000 

gauss. 

and was automatical ly  r eve r s ib l e ,  

placed between the  poles  of the  electromagnet and al igned so t h a t  t he  

sample was perpendicular  t o  t h e  d i r e c t i o n  of  t h e  magnetic f i e l d .  

Gample cur ren t  was supplied and the  r e s i s t i v i t y  and Hall vo l tage  

s i g n a l s  were amplif ied by a Keithley Model 140 Nanovolt D,C. Ampli- 

f ier .  

Dig i t a l  Microvoltmeter connected t o  the  output  of t he  ampl i f ie r .  The 

sample qemperature was  monitored by means of a copper-constantan 

thermocouple mounted on one of the  brass  sample holder  cups. 

An 8 . 1  v o l t  mercury b a t t e r y  wa$ used t o  

Typical sample cur ren ts  were maLntained i n  the  

This f l u x  wa# produced by a Varian four-inch electromagnet 

I n  tak ing  the  data,  the  dewar was 

The amplified vol tages  were read from a Doric In t eg ra t ing  

The sample r e s i s t i v i t y  was ca lcu la ted  from the  vol tage  measure- 

ments using the  following formulas, 
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Sample 

L - _. --- - - 

D. C. Amplifier 

Figure 6.3 The experimental circuit 



In these  formulas Vn(3.1) is t h e  vo l t age  measured wi th  the  switch S i n  

Figure 6.3 i n  pos i t i on  n, Rstd i s  the  r e s i s t a n c e  of t h e  standard 

r e s i s t o r ,  W t he  width and t the  thickness  of the  sample. The 

quant i ty  d 

d i s tqnse  between sample tabs  5 and 7. A l l  of these dimensions a r e  

expressed i n  cent imeters ,  V (+I) i s  an a lgeb ra i c  vol tage  measured 

when t h e  sample cu r ren t  i s  p o s i t i v e  and V (-1) is  the  same vol tage  

wi th  t h e  sample current reversed. 

S S 

is. the d i s t ance  between sample tabs  4 and 6 ,  and d2 the  1 

n 

n 

The Hall c o e f f i c i e n t  was ca l cu la t ed  from the vol tage  da t a  by the  

following formula. 

Rstdts 3 
3 c m  /coulomb 

Vl(+I,-B) ' B  ( 6 . 4 )  

I n  t h i s  equation B is the  magnetic flux dens i ty  i n  gauss, Vn(fI,+B) 

i s  an a lgebra ic  vo l t age  measured wi th  the  magnetic f i e l d  i n  the  p o s L  

t ive d i r e c t i o n  and Vn($I,-B) i s  the  same vol tage  measured with mag- 

n e t i c  f i e l d  reversed. 

The following procedure was used t o  take  t h e  da ta ,  The sample 

temperature was set  and s t a b i l i z e d  a t  a des i red  va lue  and vol tage  
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measurementsweremade wi th  no stress appl ied to  the  sample. S t r e s s  

was then appl ied to  t h e  sample and vol tage  measurements w e r e  again 

made. 

p o s i t i v e  sample cu r ren t  and p o s i t i v e  magnetic f i e l d ,  reverse  t h e  

sample cur ren t  and remeasure the  four  vol tages ,  then reverse  t h e  

magnetic f i e l d  and measure t h e  vol tages  once more, then reverse  the  

sample cur ren t  and make a f i n a l  measurement of t he  four  vol tages .  

The switching procedure was: measure V 1, V2, V3, and V4 with 

This technique for measuring r e s i s t i v i t y  and Hall c o e f f i c i e n t  i s  

the one suggested i n  ASTM F76-68 (see ASTM (1969)). 

procedure w e d  el iminates  e r r o r s  due  t o  t h e  presence of unwanted 

vol tages  of thermogalvanoaagnetie or ig in .  Lindberg (1952) has shown 

t h a t  t he  e r r o r s  due to  a l l  t h e  thermogalvanomagnetic vo l tages  except 

the  Ettingshausen vol tage  a r e  removed by t h i s  switching technique. 

Fortunately,  t he  Ettingshausen vol tage  is  negl ig ib ly  s m a l l  i n  compari- 

son t o  the  Hall vol tages  mewured and introduced no s i g n i f i c a n t  e r r o r  

i n  these  measurements e 

The switching 
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7 ,  ANALYSIS OF ~ X ~ ~ R ~ ~ E N ~ A L  RESULTS 

7.1 In t roduct ion  

R e s i s t i v i t y  versus  temperature, and H a l l  c o e f f i c i e n t  v e r w s  

temperature da t a  were obtained f o r  s eve ra l  samples by t h e  techniques 

descr ibed i n  chapter  6. This da ta  was obtained with zero stress 

appl ied t o  the samples, as well as f o r  appl ied uniaxial. compressive 

9 9 stresses of approximately 1,25 x 10 dynes/cm2 and 2,s  x 10 dynes/ 

cn Resul ts  obtained on f i v e  samples, of t h ree  d i f f e r e n t  o r i en ta -  2 

t ions ,  are analyzed. 

The p i e e o r e s i s t i v i t y  and e l ec t ron  mobi l i ty  were computed f o r  the  

samples s tudied.  Theore t ica l  expressions,  der ived i n  chapter  5, are  

f i t t e d  t o  most of the experimental p i e z o r e s i s t i v i t y  r e s u l t s .  'Eon 

model f o r  mobi l i ty  (discussed i n  chapter  4 )  is f i t t e d  to t h e  mobi l i ty  

pbtgined f o r  one a€ t he  samples, The e f f e c t  af e lec t ron  i r r a d i a t i o n  

on e l e c t r o n  mobi l i ty  and phosphorus donor concent ra t ion  is a l so  

d i  6 ed 

7.2 R e s t s t i v i t y  and Hal1 Coeff ic ien t  Re~aalts 

7.2,l In t roduct ion  - 
The r e s i s t i v i t y  and Hall c o e f f i c i e n t  of s e v e r ~ l  a i l i c o n  samples 

were determined f o r  the temperature range 250% - 360'K by the teche 

niqcaes descr ibed i n  chapter  6 ,  The results of these  measurements are 

presented and discussed i n  t h i s  s ec t ion ,  

9 , 2 , 2  Unirradiated 'LOO 9 Sample C Z 4 B  

Figure  7.1 shows the r e s i s t i v i t y  data obtained o n t h c u n i r r a d i a t e d  

sample CZ4'13, For thi.5 100 3 or i en ted  sample i t  i8 found from 
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Figure 7 .1  t h a t  Ap/p ,.. .2 over the  experimental temperature range, 

where Ap is  e i t h e r  p2 m pol o r  p1 - poo 

t he  r e s i s t i v i t y  i s  changed approximately 20 percent  by the appl ied 

s t ress-es  used here,  Over the  experimental temperature range obtained 

f o r  t h i s  sample, the concentrat ion of conduction band e l ec t rons  n is  

constant  ( s e e s e c t i o n 3 , 3 ) .  Therefore, the temperature dependence of t h e  

curves shown i n  F i g u r e  7 ,1  is due to the  tenpera ture  v a r i a t i o n  of the  

e f f e c t i v e  e l ec t ron  mobil i ty ,  a s  def ined by equat ion 5.26. Lt was 

found t h a t  f o r  a l l  t h ree  stress leve ls ,  a s t r a i g h t  l i n e  was obtained 

i f  log (p) were p l o t t e d  a s  a func t ion  of log ( T ) .  By l e a s t  squares 

c u r v e f i t t i n g  to  these  s t r a i g h t  l i n e s ,  i t  is found t h a t  

Thus f o r  t h i s  < 100 > sample, 

C 

( 7 4  1) 
-5 2.37 = 0.488 x 10 T Qcm (x = 0) Po 

-4 2.11  9 2 = 0,262 x 10 T Qcm (2 = 1.28 x 10 dynes/cm ) ( 7 . 2 )  *l 

9 2 = 0.804 x l o  -4  T ”” Ocm (x = 2.6 x 10 dynes/cm ), ( 7 . 3 )  p2 

0 where T is sample temperature i n  K. Since the  concentrat ion of con.. 

duct ion band e l ec t rons  is  constant  i t  follows t h a t  

(x = 0) ( 7 . 4 )  

( x = -1.28 x lo9  dynes/cm 2 ) (7.5) 
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The temperature dependence of t h e  zero  stress mobil i ty ,  p, , 
0 

obtained compares favorably 

o t h e r  workers. For example 

&-2.5 
%at  t i c e  

€or  the  l a t t i c e  mobi l i ty  of 

with experimental va lues  obtained by 

Ludwig and Watters (1956) obtained 

( 7 . 7 )  

e lec t rons  i n  s i l i c o n  by d r i f t  mobi l i ty  

0 measurements made f o r  temperatures i n  t h e  range 160 K - 400°K. The 

d i f f e rence  i n  t h e  exponents of T f o r  equations 7 . 4  and 7.7 is  prob- 

ab ly  due t o  g r e a t e r  ionized impurity s c a t t e r i n g  ra tes  i n  the  samples 

s tud ied  here.  The presence of add i t iona l  s c a t t e r i n g  by ionized 

impur i t i e s  would c e r t a i n l y  tend t o  make t h e  exponent of T less nega- 

t i v e  s i n c e  ionized impuri ty  s c a t t e r i n g  mobi l i ty  varies approximately 

as T 312 . 
I n  Figure 7.2  the H a l l  c o e f f i c i e n t  obtained f o r  sample CZ4B i s  

p l o t t e d  versus  temperature. It is  noted t h a t  compressive stresses 

decrease the  H a l l  coe f f i c i en t .  Even though the  concent ra t ion  of con- 

duct ion band e l ec t rons  remains constant  wi th  stress, t h e  H a l l  coe f f i -  

c i e n t  decreases.  This e f f e c t ,  l i k e  p i e z o r e s i s t i v i t y ,  i s  pr imar i ly  

due t o  t he  s t ress- induced t r a n s f e r  of e l ec t rons  from one conduction 

band minima t o  another.  I f  t he  conduct ivi ty  con t r ibu t ions  of 

i nd iv idua l  conduction band minima a re  taken i n t o  cons idera t ion  (e.g., 

see Herring and Vogt ( 1 9 5 6 ) ) ,  t h e  formula f o r  t h e  Hal l  c o e f f i c i e n t  of 

- -  

n-type s i l i c o n  i n  t h e  presence of a < l o o >  stress may be shown t o  be  

(7.8) 
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( I )  (2) a r e  the  concentrat ion of c ’ IZc where K : m /m : 4,69, and n 

conduction e l ec t rons  i n  v a l l e y s  1 and 2 r e spec t ive ly  ( i n  the  presence 

of s t r e s s )  i n  Figure 5.2, The quant i ty  q i s  the  magnitude of the  

charge-of  an e lec t ron .  For the  case  of zero s t r e s s ,  equation 7.8 

reduces t o  t h e  f a m i l i a r  form 

m $ t  

(7.9) 

where the  Hall  f a c t o r  r is given by ( s e e  Herring and Vogt (1956)) 

( I .  lo) 

The q u a n t i t i e s  T and I- a r e  defined i n  chapter  4, and < f  >, f o r  

any func t ion  ( f )  of energy (E), i s  the following average: 
$0 

f E3/2 exp(-.E/kT) dE 
0 < f > =  

f E 3 l 2  exp(-E/kT) dE 
0 

(7.11) 

The v a r i a t i o n  of the zero  stress Hall  c o e f f i c i e n t ,  e’, with  tempera- 

t u r e  is  due to  the  v a r i a t i o n  of t he  Hall  f a c t o r  r wi th  temperature, 

s ince  n ( i n  equation 7.9) i s  temperature independent. 
C 

The va lue  of n f o r  sample CZ4B was computed from Figure 7.2 i n  
C 

the  following way, A b e s t  f i t  s t r a i g h t  l i n e  ( v i s u a l l y  estimated) was 

drawn through the  $) versus T da ta  poin ts  i n  Figure 7.2. This bes t  

f i t  s t r a i g h t  l i n e  y i e l d s  RH = -4.25 x 10 cb cm a t  T = 300 K. (0) 3 -1 -3  0 
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A value f o r  t he  H a l l  f a c t o r  r was obtained from a f i g u r e  given by 

Long (1960), i n  which r i s  p l o t t e d  as  a func t ion  of temperature. 

A t  T = 300°K Long’s f i g u r e  g ives  r = 1.185. Then € o r  sample CZ4B 

15 - 3  
= 1 . 7 3 ~ 1 0  crn , r 1.185 n =,-= 

3 
q e )  1.6 x lo-’’ x 4.25 x 10 

and s i n c e  n = ND 
C 

15 -3  
ND = 1.73 x 10 c m  , 

where ND i s  the  n e t  number of phosphorus donor atoms i n  sample CZ4B. 

Using t h i s  value f o r  n 

t o  be 

i n  equat ion 7.9, r f o r  CZ4B may be computed 
C 

(7.12) -3 0 r = 0.829 + (1 .1 x 10 / K) T 7 

0 where T i s  the  temperature i n  K. Now t h a t  n i s  known, the  conduc- 

t i v i t y  mobi l i ty  of sample CZ4B may b e  d i r e c t l y  computed using Figure 

7 . 1  and t h e  formula 

C 

1 
p = q n c P  (7.13) 

This w a s  done, and t h e  r e s u l t s  may be found i n  s e c t i o n  7.4. 

No attempt w a s  made t o  extract any information from t h e  s t r e s s e d  

H a l l  c o e f f i c i e n t  versus  temperature curves. However, a successfu l  

f i t t i n g  of equaeion 7 .8  t o  these  curves would he lp  v e r i f y  any 

t h e o r e t i c a l  model f o r  7 

t u r e  dependence of t h e  conduct iv i ty  mobil i ty .  

and T~ developed t o  f i t  t he  observed tempera- 4 
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7.2.3 I r r a d i a t e d  < 100 > Sample CZ7B 

Shown i n  Figure 7.3 i s  the  r e s i s t i v i t y  da t a  obtained gn the  

e l ec t ron - i r r ad ia t ed  sample CZ7B. This sample was exposed t o  a t o t a l  

e l e c t r o n  f lux  of approximately 4 x 10l6  electrons/cm . 2 It i s  noted 

t h a t  t h e  r e s i s t i v i t i e s  ( f o r  the  t h r e e  d i f f e r e n t  levels of s t r e s s )  of 

t h i s  sample each have a minimum a t  about 280 K, and t h a t  below t h i s  0 

temperature t h e  r e s i s t i v i t i e s  i nc rease  wi th  decreasing temperature. 

This behavior i s  due t o  the compensating inf luence  t h a t  t h e  Si-A 

cen te r  acceptors  have on t h e  conduction band e l e c t r o n  concentration. 

Consider the  general  equation f o r  che zero  s t ress  conduction band 

e l e c t r o n  concent ra t ion  i n  e l e c t r o n  i r r a d i a t e d  s i l i c o n  

(7.14) n = N D -  NA NE 
C 1 + 2exp((EA-Efo)/kT 1 4 exp((E -E )/kT 

E f o  0 

where N i s  t h e  Si-A cen te r  concentrat ion,  and N the  Si-E cen te r  

concentration, and E and E a r e  t h e  energy levels i n  t h e  forbidden 

energy band gap of t hese  i r r a d i a t i o n  produced defec ts .  The inf luence  

of the S i - E  cen te r  on the  r e s i s t i v i t y  i s  very s m a l l  and i s  not  

apparent i n  Figure 7.3. However, i t  i s  presumed t h a t  t he  S i - E  i s  

present ,  i f  only i n  a r e l a t i v e l y  s m a l l  concentrat ion,  due t o  t he  

r e s u l t s  of measurements made on o the r  i r r a d i a t e d  samples. I n  essence 

the  presence of t h e  Si -A cen te r s  (and the  Si-E centers )  causes n 

t o  monotonically decrease wi th  decreasing temperature ( see  Figure 

3.10). This is  because as temperature decreases,  E moves nearer  t o  

E causing a l a r g e r  f r a c t i o n  of t h e  Si-A cen te r  acceptors  t o  be 

ionized, a t  t he  expense of t he  conduction band e l e c t r o n  concentration. 

A E 

A E 

C 
0 

f O  

A 
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For Ef very near  E t h i s  decrease of n with decreasing tempera- c 
0 

A9 0 
t u r e  is very rap id  and more than o f f s e t s  the noma1 decrease i n  

r e s i s t i v i t y  due t o  t h e  increase  i n  e l ec t ron  mobi l i ty  wi th  decreasing 

temperature, 

It appears t h a t  i r r a d i a t i o n  decreases the  s t r e s s  s ens i t i v i ty  of 

r e s i s t i v i t y  s i n c e  from Figure 9 . 3  i t  i s  found t h a t  Ap/p N .15 as 

compared t o  Op/p - ,2 f o r  the  uni r rad ia ted  sample C Z 4 B .  

The Ea11 c o e f f i c i e n t  da ta  obtained on CZ7B i s  shown i n  Figure 

7.4. The curves shown i n  t h i s  f i g u r e  have a completely d i f f e r e n t  

temperature behavior than the  corresponding curves of the  uni r rad ia ted  

sample C Z 4 B .  The i r r a d i a t e d  Hall  c o e f f i c i e n t  monotonically decreases 

wi th  temperature due t o  the  monotonic increase  of t h e  conduction band 

e l e c t r o n  concentrat ion wi th  temperature. The i r r a d i a t e d  Mall coe f f i -  

c i e n t ~  a r e  l a r g e r  than the corresponding values f o r  t he  uni r rad ia ted  

sample due t o  donor compensation by the SiPA and S i - E  cen te r s  i n  the 

i r t a d i a t e d  sample. 

The doping concentrat ions N (phosphorus donors), NA and NE of D 

sample CZ7B were computed by a method described i n  Appendix 10,3.  In  

order  t o  obta in  accura te  values  f o r  these  doping concentrations,  the 

Hall  f a c t o r  r must be accu ra t e ly  known, The va lue  of r depends upon 

the  r e l a t i v e  s t r eng ths  of t he  var ious s c a t t e r i n g  mechanisms t h a t  

determine e l ec t ron  mobil i ty ,  Since e l ec t ron  r a d i a t i o n  damage may 

r e s u l t  i n  increased ionized impurity sca t t e r ing ,  t h e  H a l l  f a c t o r  of 

CZ7B may be expected t o  d i f f e r  from t h a t  of the  uni r rad ia ted  sample 

C Z 4 B ,  p a r t i c u l a r l y  a t  t he  lower temperatures where ionized impurity 

s c a t t e r i n g  i s  more important,  However, a t  high temperatures l a t t i c e  
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s c a t t e r i n g  predominates regard less  of t he  concent ra t ion  of ionized 

impur i t ies  i n  a sample. 

Thus it was assumed i n  t h e  computation of N N and NE, t h a t  D’ A 

f o r  T-> - 325’K the  Hal l  f a c t o r  of C Z 7 B  i s  equal  t o  the  H a l l  f a c t o r  of 

C Z 4 B .  With t h i s  assumption, t h e  fol lowing va lues  were obtained f o r  

t h e  doping concentrat ions of C Z 7 B :  

= 0.803 x 1015 cmm3 
ND 

17 - 3  N = 0.189 x 10 cm A 

15 -3  cm NE = 0.105 x 10 

A good f i t  t o  t h e  zero  stress H a l l  c o e f f i c i e n t  curve i s  obtained 

using these  doping concentrat ions,  and equat ion 7.12 f o r  t he  va lue  of 

t h e  H a l l  f a c t o r  r ( see  Figure 7.4) .  

Using these  va lues  f o r  t he  doping concentrat ions,  n nay be 
C 
0 

ca lcu la t ed  as a func t ion  of temperature and hence the conduct ivi ty  

mobil i ty ,  p , may be determined from 
0 

(7.15) 

These computations were c a r r i e d  out  and the  resu l t s  are given i n  

s e c t i o n  7.4,  where the e f f e c t s  of e l e c t r o n  i r r a d i a t i o n  on mobi l i ty  

are  i l l u s t r a t e d  by a comparison of t h e  m o b i l i t i e s  of t he  i r r a d i a t e d  

samples s tud ied  t o  t h e  mobi l i ty  of t he  un i r r ad ia t ed  sample CZ4B.  

The value obtained here  f o r  N t he  concent ra t ion  of Si-A 
A’ 

centers ,  corresponds t o  an A-center “ in t roduc t ion  r a t e ”  of 
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-3 0.189 x LO 17 cm"3 A-center cm 
= 0.44 - NA - 

-2 -2 * 4.3 x' e lec t rons  cm e lec t rons  cm t o t a l  e l ec t ron  f l u x  

Thus approximately one A-center pe r  cubic  cent imeter  is  crea ted  f o r  

every two e lec t rons  p e r  square cent imeter  i nc iden t  on the sample. 

7.2.4 I r r ad ia t ed  <110 4 Sample CZ17A 

Figure 7.5 shows the  r e s i s t i v i t y  data  obtained on the  i r r a d i a t e d  

<110 > sample CZ17A. This sample was subjected to  a qo ta l  e l ec t ron  

f l u x  of approximately 6 x 10l6  electrons/cm 2 

It is  noted t h a t  the r e s i s t i v i t y  curves obtained f o r  t h i s  sample 

a r e  s i m i l a r  t o  those obtained f o r  sample CZ7B. 

ference,  however, i s  t h a t  f o r  CZ17A the  th ree  r e s i s t i v i t y  curves 

merge a t  low temperature while  t h i s  i s  not  observed i n  the da t a  f o r  

sample CZ7B. The temperature a t  which the  minimum r e s i s t i v i t y  occurs 

f o r  sample CZ17A i s  297'K compared t o  280°K f o r  CZ7B. 

One s i g n i f i c a n t  d i f -  

I n  Figure 7.5 i t  i s  a l s o  observed t h a t  t he  s lope  of the  r e s i s t i v -  

i fy,  f o r  a l l  t h ree  l eve l s  of stress, decreases wi th  increas ing  

temperature f o r  T > This behavior i s  presumably due to  the  

presence o f  a s i g n i f i c a n t  concentrat ion of S i - E  cen ters .  Sample 

CZ17A, l i k e  a l l  the  i r r a d i a t e d  sampled s tudied,  was annealed f o r  12 

hours a t  350 F i n  an attempt to  remove the  S i - E  centers .  

325'K. 

0 

However, o t h e r  workers have observed t h a t  an i r r a d i a t i o n -  

produced defec t  l e v e l  0.4eV below the  conduction band edge (presuma- 

bly the  S i - E  cen te r  l eve l )  i s  sometimes not  completely removed by 

anneal ing (e.g., s ee  Corbett (1966)). The behavior of t h e  r e s i s t i v i t y  

of C;%17A i s  cons i s t en t  wi th  the  hypothesis t h a t  a s i g n i f i c a n t  S i -E  

- -  
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7 . 2 , 5  I r r a d i a t e d  E l l  > Sample C Z U B  

The r e s i s t i v i t y  da t a  obtained on t h e  <ill> or ien ted  sample, 

CZ12B, is  shown i n  Figure 7 , 7 ,  

have a min. lmwn a t  about T = 284'K, 

t o c a l  

The curves shown i n  t h i s  f i g u r e  each 

Sample CZl.213 was subjected to  a 

dosage of about 4 x loL6 electrons/cm', which inc iden t ly  i s  

the  same dosage recetved by CZ7B, The general  shape of the  r e s i s t i v -  

i t y  versus  temperature curves f o r  C Z 1 2 B  i s  between those of CZ17A 

and CZ7B. That is, f o r  higher  temperatures, t he  data obtained on 

sample C Z l 2 B  i nd ica t e s  a g r e a t e r  § L E  cen te r  in f luence  than t h e  da ta  

f o r  CZ7BB, However, t h e  S i -E  cen te r  in f luence  i n  sample CZ17A 

appears t o  be g r e a t e r  than t h a t  i n  C Z l Z B ,  

Below about 26OoK, the  r e s i s t i v i t y  curves i n  Figure 7.7 a r e  

seen t o  completely merge. 

below 260°K makes i t  impossible t o  be c e r t a i n  of t he  i n t e r r e l a t i o n -  

Lack of a s u f f i c i e n t  number of da ta  points  

.ship of t he  t h r e e  curves f o r  low temperatures, For  low temperatures, 

these  curves may c ross  one another, causing a r e v e r s a l  i n  the  s ign  of 

p i e q o r e s i s t i v i t y .  In  any event, Ap/p i s  extremely small ( l e s s  than 

,003) f o r  temperatures between 250'K and 265'K. 

C Z l 2 B  is  about 0,014 o r  1 , 4  percent ,  

s e n s i t i v e  t o  s t r e s s  than any o the r  o r i e n t a t i o n  f o r  n-type s i l i c o n .  

This i s  because there  i s  no populat ion t r a n s f e r  between the  conduc- 

The maximum Ap/p f o r  

This 6 l l l>  Orien ta t ion  i s  l e s s  

t i o n  band minima f o r  t he  case of < I l l >  appl ied s t r e s s e s ,  

A s  can be seen i n  Figure 7.8, a 9111 > s t r e s s  ha5 only a very 

small e f f e c t  on t h e  Hall  c o e f f i c i e n t ,  Since the re  is  no population 

t r a n s f e r  f o r  the  case o f  a <il l> stress, any change i n  the  Hall 

c o e f f i c i e n t  wi th  stress must  be due t o  



123 

d N  
0 0  I 

m 
N 
I4 
N u 
a, 

a, 
k 
5 

u 

a, 
k 
5 
bo 



124 

0 

C 
h ro 

0 
rl 
X m 
N 

tn 

I 

2 
a 

.. 

a 



125 

1) s l i g h t  mi so r i en ta t ion  of sample o f f  t he  <111> direc t ion ,  

2) second o rde r  e f f e c t s  of stress on r e l axa t ion  times, and 

3) a small change i n  t o t a l  conduction band e l ec t ron  concentra-. 

t i o n  wi th  stress. 

The doping concentrat ions f o r  CZ12B were computed t o  be 

15 cm-3 ND = 0.389 x 10 

= 0.156 cm-3 
NA 

NE = 0.166 x ZO15 cmW3 . 

The value computed f o r  N 

ra te"  of approximately 0.36 S i - A  c e n t e r  pe r  e l e c t r o n  

corresponds t o  an A-center " in t roduct ion  
A 

7.2.6 I r r a d i a t e d  < 100 > Sample D - 1  

R e s i s t i v i t y  measurements were made on the  < 100 > a r i en ted  sample 

D - 1  us ing  a commercial dewar, manufactured by Andonian Associates,  

Inc. This dewar w a s  equipped wi th  a s t r e s s i n g  uni t ,  designed i n  such 

a way t h a t  i t  was poss ib l e  t o  make r e s i s t i v i t y  measurements a t  

temperatures as low as 7 7  K. The s t r e s s i n g  u n i t  w a s  hydrau l i ca l ly  0 

operated, but  had a very long (about t h ree  f e e t )  s t a i n l e s s  s t ee l  

p i s t a n  t h a t  thermally i s o l a t e d  t h e  hydraul ic  cy l inder  from t h e  sample. 

The r e s i s t i v i t y  d a t a  obtained on t h i s  sample i s  shown i n  Figure 

7.9. A s  i s  seen i n  t h i s  f igure ,  t h e  r e s i s t i v i t y  increases  extremely 

r ap id ly  a t  the  lower temperatures. The minimum r e s i s t i v i t y  of D-1  

Q C C U r S  a t  325OK. 
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F i g u r e  7 , 9  Resistivity versus temperature f o r  sample JS-1 
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Sample D-1  was a low r e s i s t i v i t y  sample, w i t h  a p r e i r r a d i a t e d  

room temperature r e s i s t i v i t y  of about 0.02 Sdcm. It was subjected t o  

a t o t a l  e l ec t ron  f l u x  of approximately 2 x electrons/cm 2 . 
Due t o  t h e  s ize  of t he  Andonian dewar, i t  was imprac t ica l  t o  

make H a l l  c o e f f i c i e n t  measurements on sample D-1. 

doping concentrat ions of t h i s  sample are  no t  known. 

Therefore the  

'7 3 P i e z o r e s i s t i v i t y  Results 

7 e 3 1 Ekperimental Resul ts  

The p i e z o r e s i s t i v i t y  of t h e  samples s tud ied  was computed i n  the 

fal lowing way. The b e s t  smooth curves ( v i s u a l l y  estimated) were 

drawn through the experimental  d a t a  po in t s  f o r  r e s i s t i v i t y .  Re- 

s i s t i v i t y  values  were then read o f f  these  curves a t  l O o K  i n t e r v a l s  

and used i n  t h e  formula 

(7.16) 

where p i s  r e s i s t i v i t y  i n  the  presence of appl ied  stress X, and p, i s  

the unstressed r e s i s t i v i t y  a t  t h e  same temperature. 

The p i e z o r e s i s t i v i t i e s  of the < l o o >  o r i en ted  samples CZ4B (un- 

i r r a d i a t e d ) ,  and CZ7B ( i r r a d i a t e d )  are compared i n  Figure 7,10, It 

i s  observed that  e l e c t r o n  i r r a d i a t i o n  has a g r e a t  e f f e c t  on piezo- 

r e s i s t i v i t y .  

creases monotonically wi th  inc reas ing  temperature, while  t he  piezo- 

y e s i s t i v i t y  of t h e  i r r a d i q t e d  sample increases  wi th  temperature f o r  

t h e  lower temperatures, goes through a maximum, and then decreases  

The p i e z o r e s i s t i v i t y  of t he  uni r rad ia ted  sample de- 

\ \  
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wi th  increas ing  temperature, For the  s t r e s s e s  used here,  the  piezo- 

r e s i s t i v i t y  of both the  i r r a d i a t e d  and un i r r ad ia t ed  samples decrease 

wi th  increas ing  stress, 

A t  300°K t he  p i e z o r e s i s t i v i t y ,  n, of t h e  uni r rad ia ted  sample CZ4B 

has t h e  values 

2 9 2 fI = - 1 . 4 ~  1OW1O cm /dyne ( ~ = - E . 2 8  x 10 dynelcm ) 

-10 2 9 2 TI = ,1.26 x 10 cm /dyne ( x  = -,2,56 x 10 dynelcm ) 

These values  may be compared t o  the room temperature values  obtained 

fGr &/pox a t  l o w  s t r e s s e s  by o the r  workers (see Table 5.1). 

The p i e z o r e s i s t i v i t i e s  computed f o r  i r raddated  e100 > sample 

D-I ,  i r r a d i a t e d  110 > sample CZ17A, and i r r a d i a t e d  < 111 > sample 

CZ12B, a r e  given i n  Flgures  7.11, 7.12, and 7.13 respec t ive ly ,  The 

p i e q o r e s i s t i v i t y  obtained f o r  < lo0  9 oample D-1. i s  amazingly constant  

wi th  temperature. 

taken on t h i s  sample s o ' t h a t  t he  values  of NDJ NA, and N 

known. However, a study of Figure 5.4 revea ls  t h a t  the  value of the  

r a t i o  NA/ND e s s e n t i a l l y  determines the  general  shape of t he  piezo.. 

r e s i s t i v i t y  versus  temperature curve. The trend evident  i n  the  

results shown i n  F igure  5.4 leads one to  conclude t h a t  NA/ND f o r  D-1  

i s  smaller than NA/ND f o r  CZ7B. Also note  t h a t  t h e  p i e z o r e s i s t i v i t y  

9 2 of sample D - 1  ( f o r  x = -1.25 x 10 

2 10 -0 .5  x 10"" cm /dyne as compared t o  approximately -1.1 x 10- 

cm /dyne f o r  CZ7B. 

sample CZ7B and sample D - 1  is  cons i s t en t  wi th  t h e i r  p re i r r ad ia t ed  

As mentioned i n  s e c t i o n  7.2, no Hall data  wqs 

a r e  not E 

dynes/cm ) i s  approximately 

2 This d i f f e rence  i n  the  p i e z o r e s i s t i v i t i e s  of 

r e s i s t i v i t i e s .  From r e s i s t a n c e  measurements made on CZ7B and D - 1  
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before e l ec t ron  i r r a d i a t i o n  i t  was  found thaf  D - 1  had a donor concen- 

t r a t i o n  approximately 40 times as l a r g e  as t h e  donor concentrat ion of 

CZ7B. It is  w e l l  known t h a t  p i e z o r e s i s t i v i t y  decreases  with increas-  

i n g  donor concentration. 

No da ta  w a s  taken on un i r r ad ia t ed  <110> o r  <111> samples, so 

t h a t  no comparison may be made wi th  the  da t a  obtained qn CZ17A and 

CZ12B t o  i l l u s t r a t e  t h e  e f f e c t  of i r r a d i a t i o n  on t h e  p i e z o r e s i s t i v i -  

ties Qf thesq two o r i en ta t ions .  

classics1 theory (ana lys i s  i n  t h e  l i m i t  of zer;Q stress) p r e d i c t s  a 

1/T v a r i a t i o n  f o r  p i e z o r e s i s t t v i t y .  

classical  theory p r e d i c t s  a p i e z o r e s i s t i v i t y  of zero.  

However, f o r  t he  C110 > or i en ta t ion ,  

For t h e  C 111 3 or i en ta t ion ,  

7,3.2 Curve f i t t i ng  t o  P i e e o r e s i s t i v i t y  

The equat ions developed and presented i n  chapter  5 were f i t t e d  

t o  the experimental  data.  A nonl inear  least squares  methgd, 

developed by Marquardt (1963) and implemented i n  the  SHARE program 

"NLIN" (Nonlinear Least Squares Curvef i t t ing) ,  was used i v  the  curve- 

f i t t i n g  procedure, 

As discussed i n  chapfer  3, t he  procedure followed i n  tbe curve- 

f i t t i n g  Was t o  assume t h a t  6Ef2 AE,, AI?,2, and AE, are accurg te ly  

known, and t o  use r rt, and r t ,  ( see  chapter  5) as the unknown 

parameters. 
4' I 

For example, t he  p i e z o r e s i s t i v i t y  of  a < 100 3 sample 

is (see chapter  5) 

(7.17) 

I n  t h i s  equation, a l l  the q u a n t i t i e s  are presumed t o  be accura te ly  
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known except r and rte These parameters, K and r a r e  assumed t o  
XJ 4 t' 

be temp era  t u r e  dependent. 

Equation 7,17 was success fu l ly  f i t t e d  t o  t h e  p i e z o r e s i s t i v i t y  of 

un i r rad ia ted  sample C Z 4 B .  The b e s t  f i t  values  of r and r were found 4 t 

fo be 

-4 0 = 0,09588 - (.2891x LO / K)T rd 
2 (x = -1- 28 x lo9  dyneslcm 1 

It -4 0 (-) 0,07389 + ( . 5 3 1 3 ~ 1 0  / K)T 
xln 

(7,18) 

(7.19) 

and 

(7.20) -4 0 r =t 0,1160-  ( .4193xlO / K}T 4 
(x = -2 .56  x 10' dyneslcm 2 ) 

t 34 0 
r 

Km 
(-) = 0.05759 + ( , 7 7 4 1 ~  10 / K)T (7621) 

where K = m /m = 4.69. The closeness  of t h e  f i t  i s  ind ica ted  i n  

Figure 7,10. 

of temperature. The trends,  increas ing  and r decreasing w i t h  

increas ing  stress, evident  i n  t h i s  f i g u r e  are c o n s i s t e n t  wi th  t h e  

m & t  

I n  Figure 7,14, P and (rt/K ) a r e  shown a s  a func t ion  .e 1n 

r, t 

discuss ion  i n  chapter  4 of t he  e f f e c t  of: s t r e s s  on the  rq laxa t ion  

t i m e s  CT aad T~~ 4 
Shown i n  Figure 7.15 i s  K E "I > /< T~ > = K r /rt a s  a func- 

7 .  6 m 4  
t i o n  of temperature f o r  the two di f fe ren t :  stresses. Again the  

observed increase  of K with stress is  cons i s t en t  with the  pred ic t ions  
T 
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of chapter  4,  I f  one assumes t h a t  t he  r e s u l t s  shown i n  Figure 7.15 

are accurate,  and t h a t  the  inc rease  i n  K w i th  stress i s  approximate- 

l y  liaear, ex t r apo la t ion  t o  zero  stress y i e l d s  a room temperature 

(298OK) value of the  zero  s t rew mobi l i ty  anisotropy, K 

T 

, of 
TO 

K = .66, This r e s u l t  i n d i c a t e s  that 1" / T  ( see  chapter  4)  i s  
TO A& At 

les$ than un i ty  as deduced by Long (1960). To t h e  au tho r ' s  knowledge, 

t he  only  published experimental  va lues  f o r  K 

e t  a l .  (1963) Aubrey e t  al .  obtained a range of values,  1.18 - .925, 

f o r  K 

are  those of  Aubrey 
7 

-I -- 
a t  T = 77'K. 

7 

These Values obtained f o r  IC and r for sample C Z 4 B  also gave a 4. t 

good f i t  to  tFe p i e z o r e s i s t i v i t y  of CZ7B. The p i e z o r e s i s t i v i t y  pre- 

d i c t ed  f o r  CZ7B by equat ion 7.17, w i th  r 4 
7.18 - 7.21, i s  ind ica t ed  i n  F igure  7.10. 

obtained ind ica t e s  t h a t  t he  e f f e c t  of r a d i a t i o n  damage oq the  relaxa- 

t i o n  times, T and T ~ ,  i s  small over  t he  temperature range 250'K - 
360QI$, 

and rt given by equations 

That such a good f i t  was 

L 

The fol lowing equations were found t o  f i t  t h e  p i e z o r e s i 6 t i v i t y  

observed f o r  the <111> sample OZ12B: 

Il = ( 1  - 0.985 exp(GEf/kT))/X (7.23) 

9 2 f q r  X = -1.23 x 10 dynes/cn , and by 

TI = (1 - 0.97 exp(GEf/kT))/X (7.23) 

2 
f o ~  

<111> p i e z o r e s i s t i v i t y  i s  

X = -2.46 x lo9 dynes/am . The t h e o r e t i c a l  expresqion f o r  

(7,24) 



138 

Any s l i g h t  misor ien ta t ion  of CZ12B o f f  the  <111> d i r e c t i o n  would 

r equ i r e  modifgcation of t he  t h e o r e t i c a l  expression f o r  p i ezg res i s t i v -  

i t y  (eq\ratj$n 7.24), and could account f o r  the  f a c t o r  mult iplying 

exp( SEf/kT) i n  equat ions 7.22 and 7.23. 

Equation 5.54 was curmefi t ted t o  the  experimental. p i ezo res i s t i v -  

i t y ,  for X = -2.5 x 10 9 2 dyneslcrp. , of sample CZ17A i n  t h e  following 

way, The values of r and r i n  equation 5.54 were presumed t o  be 4 t 

5ivan by equations 7,18 and 7.X9 re spec t ive ly ,  The values  of r and 4 
a r e  e s s e n t i s l l y  deterningd. by the  r e l a t i v e  s h i f t  i n  epergy with rt 

@;tress of the conduckion band minima. 

s t ress ,  the  re la t ive Shift;. i p  ener4y f a r  a <110>  stress i s  exac t ly  

4., Qne-half the r e l a t i v e  sh iE t  f o r  a <1100> stress. 

and rt Isor a < 110 > sitress,  x =i -2.5 x 10 

F Q ~ :  a given nagQ&tude of 

Therefwe,  S.be r 

s h u l d  equal 9 2 dynes/Fm 

9 2 the  r and r t  faf  <10Q > stress, for  X = -1.25 x 10 dynesi/cm . c 
Using BquatiQps 7.18 and 7.19 for  rc snd rt  i n  equat ion 5.54, and 

Wing r' 8s the  unknown, the  following r e s u l t  waq obpained by curve- t 
f i t t i n g  

Uowwer, t h i s  r e s u l t  i s  vpt: p r e c i s e l y  aqcurate,  Since according t o  

thPs equation r;,/rt 

the  t h e o r e t i c a l  p r e d i c t i o w  o f  chapter  4. 

about 0.87, and thq re fo re  r' i s  not  too  f a r  off i t s  predicted value.  

9 The f i t  obtaiped t o  Che p i e z o r e s i s t i v i t y  of CZ17A ( f o r  x = - 2 . 5 ~ 1 0  

dynes/cm ) wifh r t  given by the  above eqyation i s  ind ica ted  i n  Figure 

7.12. 

< T '  > / < I ~  > i s  less than unity,  c w t r a r y  t o  t 

The va lve  o f  r;/rt i s  

t 

2 
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Since the  doping concentrat iovs of  sample D-1  were not: known, no 

at tempts  were made t o  f i t  t h e m y  t o  the  experimental  nequl ts  obtained 

on t h i s  sample. 

7.4 Eiqpirically Der$ved Mobil i ty  and Conduction 
Band 'Electron Concentration I -* 

The conduction band c a r r i e r  concent ra t ion  ( f o r  zerg appl ied 

s t r e s s ) ,  as a func t ion  of temperature, w a s  ca l cu la t ed  f o r  saqples  

C Z l B ,  CZ17A, and C Z l Z B ,  Equation 7.14, wdtb the appropr ia te  va lues  

f o r  ND8 NA, and N f g r  each sample? was used i n  these  ea$culat ions.  

The r e s u l t s  are given i n  F igure  7.16. 

E 

Using t hese  ca l cu la t ed  values  f p r  t h e  conduction band e l ec t ron  

Che cooduction mobi l i ty  ( f o r  zero stress), po, % ' conpent ya t ion, 

was determined by 
0 

where po i s  the  experimental  r e s i s t i v i t y ,  

computations are given i n  Figure 7.17. 

The resul ts  of these  

Two obse rva t iow may be maQe frQm Figure  7.17. F i r s t  of a l l ,  

the m o b i l i t i e s  of a l l  t h ree  i r r a d i s t e d  samples d i f f e r  from the  

mpj , r iFa l ly  der ived mobi l i ty  of t he  un i r r ad ia t ed  sample CZ4B by a t  

most 10 peycent. 

of t he  i r r a d i a t e d  samples i s  larger thgn t h e  mobi l i ty  of t he  un- 

i r rgd iq t ed  sample. This was pnexpected, however t h i s  r e s u l t  i s  con- 

s i s t e n t  w i th  theory i f  if i s  assumed t h a t  t h e  only ionized s c a t t e r i n g  

cen te r s  i n  tho i r r a d i a t e d  samples are ionized phosphorus donors, 

The second pbseyvation i s  t h a t  the mobi l i ty  of each 
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ioniqed A-center acceptors,  and ionized E-center acceptors.  For i f  

this hypothesis i s  t rue ,  t h e r e  are pore ionized s c a t t e r i n g  cen te r s  i n  

the  uni r rad ia ted  sample than the re  a r e  i n  e i t h e r  of t he  i r r q d i a t e d  

samples. 

With chis  hypothesis,  the  maximum concent ra t ion  of iQnized 

impurity s c a t t e r i n g  cen te r s  i n  an i r r a d i a t e d  sample i s  2N 

hi8h temperatures, t h i s  concent ra t ion  w i l l  decrease t o  N Comparing D' 
the 'mypothetical maxiww ianissed irnpurpty concentratiOp o f  each 

Lrradisted sample w i t h ,  the  ionized impurity concentrat ion of un- 

i r r a d i a t e d  sample CZ4B, we, f i nd  

A t  very B' 

(CZ7B) 15 - 3  2H = 1.606 Y 10 cm R 

2ND = 0,778 x IO1$ emv3 (CZ12B) 

( CZ4B) 15 c,-3 ND = 1 .72  E 10 

According t o  these  values,  the  m o b i l i t i e s  of these sour samples 

should obey 

CZ7B k0l CZ4B ? Mol  > l4.l ' CZ12B cz174 

af any temperature, due t o  Che e f f e c t  of  ionized impurity eca t t e r ing .  

This predict ion,  canearning t h e  r e l a t i v e  m o b i l i t i e s  of fhe four  

samples, i s  borne out  by the result :$ shown i n  Figure 7.17, lending 

svpport  t o  the  ana lys i s  j u s t  presented. 
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The model f o r  relaxaCion times prpposed by Long (1960) (d is -  

cuesed i n  chapter  4) ,  was f i t f e d  t o  the  mobi l i ty  of sample C Z 4 B  by a 

parameter s tudy method. The equations used were 

with 

.& - 
" 'L'ekp (-'Ti' /T) ' 

1 

(7.25) 

NiE-3/2 { l n ( 1  +2b) .. * b  } . (7.26) 
.e, t + wI 

In fheae equaQiQns, To = SOOOK, Tc = 190*K, Tc 

the sample t ppe ra tu re .  

= 630°K, and T i s  
I 2 

For q d e f i n i t i o n  of t he  o t h e r  q u a n t i t i e s  i n  

these eqyatiqns,  see chapter  4 .  Using Long's value (0.67) f p r  

7 / T  = WAt/WA( the bes t  f i t  t o  the  rrlobility Qf CZGB w a s  obtained 
A& At 

v i  t h  
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'2IWA4 = 1.8 

WI /WA = 0.0001 
c 4  

W /WA F 0.0004 
It 4 

q/(3m W ) = 256.1 . 
.e Ad 

The fl-+eoreti,cal mobi l i ty  pred ic ted  by equation 7.25 us;Fng tbese values  

is compared t q  the  anpSrical  mob i l i t y  of sample CZ4B i n  Figure 7.18. 

Althpvgh a gqod fit was obtxiined t~ zero Stress mobil i ty ,  t h i s  

updel,  w i t h  $he approprgate modif icat ions (see chapt;er a), f a i l e d  t o  

give rgsu2ts cons i s t en t  w i th  experimental Qbservat ions for the 

stressed mobi l i t i e s .  This might be  expected, as the  qrode$ i s  a two 

phqnon approximatiop t o  the  real, s i t u a t i o n  i n  which seven (or possi-  

bly e igh t )  phonoqs of d i f f e r e n t  energ ies  are Fnvplved (see, chapter  4) .  

PLnalIy i t  might bq noted tha t  Long's model p r e d i c t s  chat  

0 
a t  T 5 300 K. 

7.5 Effec t  of Elec t ron  Ix rad ia t fon  on the  
" Phaspbdrus' Rosor' Con'centration"' ' ' 

Shown i n  Table 7 . 1  are %he p r e i r r a d i a t e d  r e s i s t i v i t i e s ,  sample 

resistances, qs w e l l  as t he  concent ra t ion  of phosphorus donors before  

8nd a f t e r  e l ec t ron  i r r a d i a t i o n  f o r  samples CZ4B9 CZ7B, CZ17A9 and 

CA12B, The r e s i s t i v i t i e s  i n  t h i s  t a b l e  were computed ;Eray t h e  formula 
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where the  r e s i s t i v i t y  of sample CZ4B was measured a s  3.7 Qcm a t  

T = 300 K, gnd the  ropm temperature sample r e s i s t a n c e  (measured be- 

tween sample cu r ren t  contac ts  l and 2) was 150 Q. This formula i s  

v a l i d  a5 a l l  samples had the  same dimensiaas, t o  w i th in  l e s s  than 

5 percent ,  The room temperature sample r e s i s t a n c e  of each of the 

i s rad isped  wmples  wqq measured immediately p r i o r  t o  i r r q d i a t i o n .  

The p r e i r r a d i a t e q  dQnor FonqenQratioes were determined from 

0 

Pez4J3 15 -3  3.7Qcm x - = ( 1 . 7 3 ~ 1 0  cm ) x v 

sample N ~ C Z 4 B  Psample P s arnp l e  
- 
.?- ND 

where ND f o r  CZ4Bwas determiped q i r e c t l y  from Hall q o e f f i c i e a t  data.  

This equat ion implieg t h a t  t he  mob i l i t i e s  of t he  $wo samples a r e  

exec t ly  equal, while  t h i s  i s  n a t  p rec i se ly  gccurate ,  

values  determined i n  t h i s  way a r e  s u f f i c i e n t l y  accura te  f o r  t he  

preseng ana lys i s .  

Jbwever the  

A study o f  Table 7 . 1  r evea l s  t h a t  some of the  phosphorps donors 

o f  eaah i r r a d i a t e d  sample have apparent ly  diqappeared a f t e r  e l ec t ron  

i r r a d i a t i o n  and annqaling. $ome OS these  q i s s l n g  phasgharus atoms a r e  

qucounted f Q r  by the c w c e n t r a g i w  of S i - E  cen te r s  fsmed by e l ec t ron  

tyradgat iop.  Each S i -E  cgnter  has, as a p a r t  of  i t s  s t r u c t u r e  ( see  

obapter  3) ,  a phqsphorus atop. Then the  t o t a l  concentxatioa of 

phpsphorus atoms t h a t  a r e  aqcoclnted fo r ,  inc luding  $he ones i n  the  

Si-p ceneer complexes, f o r  each i r r a d i a t e d  sample i s  
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N 3. NE = 0.63 x cmT3 (CZ17A) D 

(CZ1ZB) 15 -3 N 3. NE = 0.56 x 10 cm , D 

According t o  these  r e s u l t s ,  a very l a rge  number of phosphorus 

atoms a r e  transformed from donors t o  nondonors by e l ec t ron  i r r a d i a -  

Gion and annealing, assuming t h a t  t he  values  deduced f o r  N D> NA? and 

P, f o r  thq i r r a d i a t e d  samples qre reasonably accurate .  

7.6 Summary 
w 

Exper2mental data obtained on four  i r r g d i a t e d  Samples, an4 one 

ungyradiqted sample w a s  presented and analyzed. 

Hal1 c o e f f i c i e n t  as a fuRctiQn pf tempefature of these  samples was 

The r e s i s t j v i t y  and 

discussed f i r s t .  This was followed by an ana lys i s  of $he pieao- 

r e s i s t i v i t i e s  and al.ect.rQn m o b i l i t i e s  of t he  f i v e  samples, F i n a l l y  

dqta  was presented t h a t  shoved tha t  e l ec t ron  i r r a d i a t i o n  aqd anneal- 

i ng  apparent ly  have an e f f e c t  on the  phosphorus donor cmcemtrat ion.  
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8. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 

Based on t h e  analys4S of experimental  resul ts  i n  chapter  7 and 

the  t h e o r e t i c a l  Qbservations made i n  chapter  5, s eve ra l  conclusions 

may be reached concerning t h e  e fgec t  of e l e c t r o n  i r r a d i a t i o n  damage 

On the  e l e c t r i c a l  p rope r t i e s  of n-type s i l i c o n .  The f i r s t  and most 

inportan$ q n c l w i o n  4s t h q t  t he  donpr compensation t h a t  i s  present  

in e lec t ron  i r r a d i a t e d  samples  completely a l t e r s  the temperature 

cha rgc te r ip t i c s  of both the  r e s i s t i v i t y  and p iezores i sKivi ty  ~f these  

swnples. The e f f e c t  t h a t  t h i s  i r r g d i a t i o n  produced donor compeesa- 

pion has  on the  p i e z o r e s i s t i v i t y  o f  a sample yas noted t0  depend upon 

r a d i g t l o n  dosage and gample  m i e a t a t t o n .  

The experimentally sbserved res is t ivi t ies  an4 H a l l  qpef f i c i e n t s  

were found t o  be  cons i s t en t  with a model t h a t  includes the  inf luence  

of bpth $he S i - A  cen te r  and S i 4  c e n t e r  on t h e  conduction band e lec-  

t r o n  concentrat ion.  I n  t h i s  connection, i t  m u s t  be  concluded t h a t  

t he  Si,E cen te r  w a s  no t  completely removed by annealiqg, cont ra ry  t o  

the  an t i c ipa t ed  g e s u l t s ,  

The comparison of the empir ical  aero  stress mobilities of the 

i r r a d i a t e d  samples with the rpobili ty of the  unirradtaced sample, c u t  

qrom the  qame ingoS a s  the  i r r a d i a t e d  samples, i nd ic s t ed  t h a t  these  

part; icu+ar i r r a d i a t e d  aamples a l l  had m o b i l i t i e s  l a r g a r  than the  

mobi l i ty  of t he  uni r rad ia ted  sample. This s u r p r i s i n g  reswlt, toge ther  

wi th  t h e  ana lys i s  performed i n  s e c t i o n  7 . 5 ,  l eads  t o  t he  conclusion 

that: t he  m o b i l i t i e s  of these  samples were s l i g h t l y  enhanced by 

e l ec t ron  i r r a d j a t i o n  and annealing. This conclusion i s  i p  agreement 



150 

wi th  s e c t i o n  7.4, iv which the e f f e c t  of e l e c t r o n  i r r a d i a t i o n  damage 

on e l e c t r o n  mobi l i ty  i e ,  discussed. 

During t h e  course of t h i s  research, as at tempts  were made t o  f i t  

t h e o r e t i c a l  expressions f o r  p i e z o r e s i s t i v i t y  t o  experimental da ta ,  i t  

became c l e a r  t h a t  t he  e f f e c t  of stress an  the  r e l axa t ion  times of a 

conduction e l e c t r o n  could not  be neglected i n  analyzing p i ezo res i s t i v -  

i t y .  This conclusion was borne out  by r e s u l t s  discus'sed i n  s e c t i o n  

7 . 3 .  Most of these  resul ts  were consiq'tent with the  t h e o r e t i c a l  

obssrvat ipns of chapfer  4 .  

The d e t a i l e d  , sp l i t t i ng  af t he  S i - A  c e n t e r  acceptor  level wi th  

s t r g s s  was a l s o  found t o  be important i n  d e f e q i e i n g  p i e z o r e s i s t i v i t y ,  

p a r f i c q l a r l y  yhen the  Fermi energy i s  near  t he  Si-A cen te r  energy. 

The Si,A cen te r  acceptor  leve l ,  as descr ibed by t h e  model. ~f Watkins 

and Corbett  (1961), was found t o  be a unique d e f e c t  due t o  i t s  be- 

havior  i n  the presence of ap appl ied stress. 

podel f o r  t h e  Si-A c e n t e r  gave good agreement t o  the  experimental  

p i e z o r e s i s t i v i t y  r e s u l t s .  

Watkins' aqd Corbet t ' s  

Some of t he  experiment;al and empir ica l ly  der ived resul ts  ob- 

ta ined here r equ i r e  f u r t h e r  study t o  prQvi,de. confirmatipn o r  r e fu t a -  

f iw.  One such result: i s  t$e empir ica l ly  obtained, apparent decrease 

i n  tbe phosphorus donor copcantrat ion w$th i r r a d i a t i o n .  The doping 

parametars of a sample like D e l ,  t h a t  e x h i b i t s  a p i e z a r e s i s t i v l t y  

almost independent of temperatwe, needs t o  be determined. 

The e f f e c t  of donor compensation on samples o f  or ienqat ions  

a t h e r  than the  th ree  sample o r i e n t a t i o n s  s tud ied  he re  could be 

examined. 

p..type s i l i c o n  i s  a l s o  a sub jec t  f o r  f u r t h e r  study. 

The e f f e c t  of acceptor  compensation on t h e  p rope r t i e s  of 
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A Eurther study, both t h e o r e t i c a l  and experimental, o f  t h e  e f f e c t  

of s t r e s s  on the  r e l axa t ion  t i m e s  of a conduction e l ec t ron  needs to  

be made. 

qmdel f o r  the r e l axa t ion  times, T 

( o r  e igh t )  i n t e r v a l l e y  phonons. The model f o r  the  Si-A center ,  

developed by Watkins and Corbett, needs to  be extended t o  the  case  

$o r  wbich N 

exhib i t ing  a p i e a o r e s i s t i v i t y  rwarly constant  with temperature. 

In  connection w$th t h i s ,  i t  may be poss ib le  t o  develop a 

and I ~ ,  t h a t  includes a l l  seven .e 

as  t h i s  i s  the  s i t u a t i o n  t h a t  obtains  f o r  a sample A ND.’ 
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10. APPENDICES 

10.1 Calculat ion of t h e  Stress-Induced Energy S h i f t s  of 
t he  ' Copdu(;t'ian 'Band Minima of  'Gilicon f o r  

< 100 >, <110 >, and < 11s >'Applied'  S t r e s ses  

Hooke's l a w  s ta tes  t h a t  st ;rqin i s  d i r e c t l y  prapor t iona l  t o  stress 

f o r  small d e f o q a t i o n s .  The s ta tement  of t h i s  law f o r  s i l i c o n  has  

the  f o r n  

$12 

11 

12 

0 

0 

0 

12 

12 

11 

'S 

S 

S 

0 

0 

0 

44 S 

0 

0 

44 s 

0 

(10.1) 

when the  s t r a i n s  and stresses are  r e fe r r ed  t o  s i l i c o n ' s  c r y s t a l  axes. 

The s t r a i n  components, e a re  r e l a t e d  t o  corwentional strains by 
j' 

w i t h  similar r e l a t i o n s  def in ing  the  s t r e s ses ,  al, a2, etc .  i n  terms 

of vXxj u The q u a n t i t i e s  sll, s12, and s44 are t he  e l a s t i c  e t c .  
YYY 
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compliance cpef f ic iencs  of g i l i c o n  and have the  value6 (see Wortman 

and Evans (1965)) 

= 0.768 x 10-12cm2/dyne 
sll 

-12 2 = -0.214 x 10 c m  /dyne 9 2  

The matr tx  of comp1ianc;e w e f f i c i e n t s ,  [ s  3 ,  has the  siwple form 

show27 i n  equation 10.1 due  t o  the  r e s t r i c t i o n s  imposed on t h e  
j k  

carqponents of t h i s  matrix by the  cubic symmetry of s i l i c o n ' s  l a t t i c e  

s t r u c  t m e .  

For a s t r e s s  o f  a generql o r i en ta t ioq ,  i t  i s  convenient t o  r e f e r  

t h i s  stress to  a new s e t  of orthogonal axes, x', y ' ,  z f  i n  which a l l  

The shear  s t r e s s e s  a r e  zero.  T t  i s  fownd thaq i t  i s  always poss ib le  

to  f ind  such a reference.  The new reference  i o  r e l a t e d  t o  the  c r y s t a l  

a12 

a22 

32 a a 

(10.2) 

where the a 

the  angle  between x and z ' ~  

y', z '  system ciiy u' 

may be w r i t t e n  as 

a r e  tho d i r e c t i o n  Cosines, e.&, a13 i s  the cosine of i j  c 

Cal l  thq stress compqnents i n  the X I ,  

and u' Then i n  the  x, y, z system the  s t r e s s e s  
2' 3' 
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2 2 crl = miall + ,$a2 2 2 1  +- rr'a 3 31 

2 u = uta2 + c ' a 2  + uta 2 1 12 2 22 3 32 

cr4 = cr'a + q ' a  -b cr'a 1 12a13 2 22a23 3 32a33 

These equations w i l l  now be  used to compute the  s t r a i n s  for <IO03 , 
r; 110 >, gnd. < 111 7 appl ied s t r e s s e s .  

F i r s t  consider  a < l o o >  appl ied s t r e s s  X .  For t h i s  stress x', 

y ' ,  z '  is x, y, z ,  and CT' = c1 = X, cr2 = u3 = u4 = u5 = u6 = 0. 

from equqtion 10.1 

Then 

e = s  x 2 12  

e3 = s12X 

qqd q4 = e5 = e6 = 0. 

leys I, 2, and 3 are 

From e q u a W n  3 . 3 ,  t he  energy shifts of va l -  



158 

Thus the  va l l ey  1 (on the  x axis) s h i f t s  by ~ u s l l x ,  while  the  va l l eys  

2 and 3 (on axes y and z perpepdicular  t o  the  s t r e s s  X) both s h i f t  by 

- an amount =. us 12Xe 

For a <110 > stress X, t h e  matrix of d i r e c t i o n  cosines  has the 

Campopents 

0 0 1 

If is found t h a t  

o1 = o2 = U6 = x/2 

o3 = a4 = "$ 7 0  , 

and i t  follows tlpat 

Then f o r  a e110 > s t r e s s  
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For a < I l l >  s t r e s s  X, i t  i s  found. t h a t  

so t h a t  a l l  va l l eys  are  s h i f t e d  by an e q w l  amount 

AE = I z U ( s l l  + 2slE) X/3 

by a C l l l >  s t r e s s .  

energies a r e  presumed t o  be imgartant here, f o r  a < l l l B  s t r e s g  

Since on$y r e l a t i v e  s h i f t s  i n  the va l l ey  

yas vsed i t 7  t h i s  work. 

The equations presented i n  t h i s  s ec t ion  may be used t o  c a l c u l a t e  

tbs s t r a i n s  and conduction band energy sh i fhs  r e s y l t i n g  from an 

styplied stress of apy o r i en ta t ion .  

10.2 Single  Valley Mobil i ty  in g General L a t t i c e  RireGt$.On 
I .  

Consider Fi$ure 10.1, I l l u s t r a t e d  i n  t h i s  f i g u r e  i s  a constant  

energy su r face  ~f a cnnduction bgnd minimum i n  s i l i c w .  Referred t o  

the  coordinate  axes (xl, x 
2' 3 

mobil i ty  tensor  of t h i s  p a r t i c u l a r  conduction band minimum i s  

and x ) shawn i n  t h i s  f igure ,  the  
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(10.3) 

< T&> cl<Tt. . In  d i r e c t i o n  x the 1’ ,. , and p, = 
t m where P& = q 

e lec t rons  i n  t h i s  minimum have a mobi l i ty  p, 

and x 

m& 
2 whi le  i n  d i r e c t i o n s  x 

&? 

thsy  have a rqQbili ty bt. 3 

Figure 10.1 Constant energy surface €or  a conduction band minimum 
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For mTbi l i t i e s  i n  d i r e c t i o n s  o the r  than the  1, 2, o r  3 di rec-  

t i o n s  i n  Figure 10.1, say  i n  the  l', 2', and 3 '  d i rec t ions ,  t h e  

mQPi l i ty  t enso r  m u s t  be t r aqs fowed  by 

where A def ines  t h e  t ransformation from the  unprimed t o  primed 

coordinates  

-+ 5 * I  r = A r  . 

(10.4) 

(10.5) 

Figure 10.2 shpwg the  t h r e e  npeequtvalent minima of ni l icon ,  

each wi th  i t s  p a r t i c u l a r  coord4nate system. Also show i n  t h i s  

f+gurp are t he  wordinate aFes o$ a sample o f  a genera l  o r i en ta t ion .  

L e t  x1 be the  long i tud ina l  axis of t he  sample. 

t he  ( lopgi fudina l )  p i e z a r e s i s t i v i t y  of a sample of t h ig  p r i en ta t ion ,  

$t i s  necesswy  t o  know khe mobi l i ty  of  t he  e l ec t rons  i n  each of t he  

t h r e e  conduction band minima i n  t h e  d i r e c t i o n  xl. 

pay bq cq lcu la ted  i n  terms of 

6 In t he  formylation of 

s These m o b i l i t i e s  

and IJ, by equat ipn 10.4. R t 

For the  case  of a < l l O >  stress, the  q o b i l i t y  of thp e l e e t r w s  
s i q  conduction band m i n i m u m  1 i n  the d i r ec t ion ,  x1 of the  app;lied 

stress i s  found t o  be 

(10.6) 
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Figure 10.2 Thp indiviclual coordinate  systems of the three 
nQnequivalent conductiop band minima of s t l i c o n  
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(10.7) 

(10.8) 

The prime on the  p,' of  minima 1 and 2 i s  necesqarg t o  d i s t ingu i sh  t h i s  t 

m s b l l i t y  from the wt of minimum 3. 

f o r  a e110 > s t r e s s ,  7' of minipa 1 and 2 d i f f e r s  from the  T~ of  

m i n i m u m  3 due to  a diffsremce i n  i n t e r v a l l e y  s c a t t e r i n g  r a t e s .  

A s  is pointed nut  i n  chapter  4 ,  

t- 

D, NAY and N from 19.3 ExtracQhn of Values f a r  N E 
' J&I~I  C+kXic ien t  Datb ' "" ' ~ " '  

Assume t h a t  t he  curve shown i n  Figure 10.3 rep~wents  experi- 

mental Hala c o e f f i c i e n t  versue tempelratwe data .  

and WE may be determined acCcrrafeLy from t h i s  curve i f  the  vglue of 

q17p J3all faptoF 1, as a func t ivn  of temperature, i s  known. 

Valuw for  Nn, NAY 

The Hall c o e f f i c i e n t  f o r  zero s t r e s s ,  RF), i s  r e l a t e d  t~ t he  

t o t a l  conduction band e l e c t r o p  copcentrat jon,  mc2  by 

(10.9) 

va lve  wed here  fqr r i s  

which was determined from $he Hall  a o e f f i c i e n t  da t a  of sample CZkB. 

Choose th ree  po in t s  on the versus T curve. Then far 

p o w  (1) 
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I 
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3 T  

T T2 

Figure  lQ.3  Zerp stre8g Hall coe f f i c$en t  versus temperature 

(10.11) 

and 

N. 

* (10.12) s NE 
-I,+ eTp(-,'hOeV/kT ) exp(-Ef /VTI) 

1 1 

The quantity Nc 

band (assuming Boltzmann s ta t i s t ics  descr ibe occupancy of conduction 

i s  t h e  e f f e c t i v e  d e n s i t y  of states  i n  t h e  csnduct ion 
1. 
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s t a t e s )  a t  t he  temperature T1 and has the  value 

N = (5.278 x 10 15 ( o K) -3/2) T:/2 cm-3 
c1 

(10.13) 

Now both no gnd exp(-E /kT1) can be determined from equation 
1 f1 

1Q.11. By s i m i l a r  equatimm nc nc expC-E /kTZ), and exp(-E / 
kT 1 may be determined from the  values  of r and q) a t  p p i n t s  2 and 

3. Thus phe t h r e e  equations 

2 3  f 2  f 3  
3 

{ 10.14b) I 1 
E l + ' '  a2 I 2  NA - [ ?I. +'T2A2 'E 

n = i N D -  
c2 

pay be wr i t ten ,  where 

= 2 qxp (-, 1 7  eV,/kTi) (i  = 1,2,3) 

whene k is Boltzmann's constant  apd has the  va lue  8.616 X, I O v 5  eV/OP. 

Equations 10.14 a r e  t h r e e  equqtions i n  th ree  unknowqs, since n 
cl? 

n , n , as  we l l  as t he  qqeff iq4ents  of  NA and NE i n  e w h  equation 
% c 3  

a y e  knowq. 

snd NE. 

S o l u f i w  of these  e q u a t i w s  y i e l d s  the  valuqs ~f ND, VA9 


