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CHAPTER 1 

INTRODUCTION 

Dielectric breakdown is defines here as the condition under 

which the insulating material undergoes a sudden change from a low 

conducting state to a high conducting state under Klgh electric field 

stress. 

A study of dielectric breakdown using a verv thin metal 

electrode to provide "non-shorting" conditions was first reported in 

1936.   This "non-shorting" technique was then applied to investigate 

the breakdown properties of thin oxide films in MOS structures by 
2 3 

N. Klein et. al. in 1966, '  and was called the "self-healing" technique. 

In the present study, this "non-shorting" but locally destructive 

breakdown is referred to as "self-quer.ched" breakdov.-n (SQBD). 

The technique simply utilizes a very thin metal field plate, 
o 

usually of  thickness  1000A or  less,  in  an MOS  structure.     The  localized 

breakdown of   the  oxide  provides   a conducting   filament  through which 

the   capacitor-like  structure   can begin  to  discharge   its  stored energy. 

The   tremendous   local  power dissipation will  heat  the breakdown spot 

locally  and  destroy   the oxide   and  the metal   field plate  surrounding 

the   filament,   thus  disconnecting  the breakdown  spot   from  the   rest  of 

the raetal  field plate.     The  insulation of  the  remainder of  the  structure 

is preserved  and  the sample   can be  used again. 

A simple equivalent   circuit   of  SQBD  in MOS  structures   is 

shown  in  Fig.   1-1.     The  equivalent   circuit  of   the MOS  capacitor  is 

enclosed in  the  dashed  line. 

C    is   the   total  capacitance  of  the  MOS  stri-zture, 

R    is   the   (nonlinear)   resi:;cance   representing the pre-breakdown 
o 

conduction, 

R,    is   the   ("nonlinear)   resistance   associated with  the  conducting 

filament, 

R^ is the load resistance in series with the voltage source V . 

Closing the switch S simulites the onset of SQBD.  Fuse F represents 

the portion of the thin metal field plate surrounding the filament. 

The pelf-quenched breakdoMi process is schematically depicted in the 

V 
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^^mi-logarithmic  I-V curve shown  in Fig.   1-2,   in which  I-V character- 

istics  of  the nonlinear R    and 1^  are  represented by the solid lines 

1,   il  respectively.     The  load line  representing R^  in series with Va 

is  curved on  this  plane   (as  is shown by the broken  line)  because of 

the vertical  logarithmi.   scale.     The load line  intersects with curves 

I,   II at  the  two points A and B  respectively.     When  the  applied voltage 

V    is  increased,   the  operating point A approaches  the  switching voltage, 
a u       ■        • 

whe-'eupon breakdown occurs.     If there were no capacitance  in the  circuit, 

the operating point would simply shift  from A to B instantaneously. 

The sample might  or might not be  destoryed,  depending on the value of 

load  resistance.     Capacitance  Is  present,  however,  and will keep  the 

voltage  from collapsing instantaneously;  thus,   the  operating point 

moves  to pcint  C a-,  the  instant  of breakdown.     The operating point 

then slides  down along branch  II.   (as  caused by  ^  in  the equivalent 

circuit)   toward B.     The  discharge current  of  the  capacitor,  1^,  and 

the  current  L   supplied by  the  applied voltage  source,  can be written as 

dv(t) 
dt 

Vb-v(t) 

(1-1) 

(1-2) 

\ 

where v(t)   is  the voltage  across  the  capacitor. 

Assuming R    »  R.   >>  R  .  then 
O 1J o 

i  % IM » i 
c   \    L 

for most of the time.  (The logarithms of the currents ic and iL are 

shown by dimension lines in Fig. 1-2.  Because of our use of a 

logarithmic scale, actually t »   iL.) 

The power input fxoa the discharge of the capacitor into 

R can be expressed as 

dv(t) 
p(t) - iv(t) « icv(t) = Cv(t)  (iL 

(1-3) 

C s._- 



- 3 - 
1 

>wvvw 

V. -3 

! I 
1 

-T3^ 

Fig. 1-1 Equivalent circuit of self- 
quenched breakdown (SQBD) in 
MOS structures. 
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If  switch  S  is   closed at  t  = 0 when  v(t ^ 0)   = Vb,  and 

assuming  for simplicity  that B.   has  a constant value, 

ai.d 

v(t)   "  Vb expC-t/l^C) 

v2
b 

P *  — expC-Zt/^O 

(1-4) 

(1-5) 

Tht.  toa]   energy  dissipation  up  to time  t  is 

t 

U p dt «  yC Vb
2[l  - exp(-t/RbC)] (1-6) 

The degree of  damage   around   the  conducting  filament  is 

determined basically by  the joule heating as  expressed by Eq.   (1-6). 

For an MOS  sample of  oxide  thickness  d   ,  gate  area A,  and 

with breakdown   field C^, 

P  =   WoX  /Rb)   ^(-2"0
d
0
t/RbA) (1"5a) 

and 

U = | (d^2/.   o)   [l-exp(- todot/^k) ] (l-6a) 

where i is the dielectric constant of the oxide and . o is the 

permittivity of free space.  Thus, an MOS capacitor with a thicker 

oxide will discharge faster and will have more stored energy to 

discharge on the breakdown; consequently, the damage caused by the 

breakdown will be greater. 

In general, the damage around the local breakdown filament 

can be divided into two areas as shown in Fig. 1-3:  (1) A large 

area where the metal gate disappears due to evaporation, melting or 

other process; this area can be of few microns to few hundred microns 

in diameter.  (2) An inner hole in the oxide, presumably extending 

through the oxide to the substrate; the diameter of this hole varies 

from a fraction of a micron to few microns. 

Usually the spatial and temporal distributions of these 

V- 
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■Load line 
representing RL 

in series with Va 

«oo) iHt) 

Voltage (on liner scale) 

Fig. 1-2  Schematic I-V characteristics 
for switching process causing break- 
down in the MOS structure. Branch I is 
the I-V characteristic of RQ. Branch II 
is the 1-V characteristic of Rb << Ro. 
Branch II is essentially the I-V char- 
acteristic of Rb alone. 
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SQBDs  are quite  random,  and the  SQBDs happen over a wide  range of 

electric field intensities.     The  average breakdown  rate per unit  time 

increases  as  the electric  field increases. 

The main  reason  for using  the self-quenched breakdown 

technique  is simply  that with this  method a capacitor  can be broken 

down many tines until eventually a large portion  of  it has been 

damaged.     Without  SQBD,   a sample  could be broken down only once,   after 

which it would be shorted permanently;  the only data  that  could be 

obtained  from such  a sample would be   the  lowest breakdown   field as 

caused by  the worst defect or weakest  spot.     Even  if numerous data 

could be  obtained by  using  a  large number of samples,   the   rrsulting 

data would  represnnt only  a distribution of  the strengths  of  the 

weakest spots over many samples.     The  SQBD technique provides  a 

breakdown  field profile on a single sample  and  gives  an  indication of 

the  "intrinsic" breakdown strength of  the insulator by   first 

eliminating  the weakest  spots without  catastrophic  destruction  of  the 

sample.     Since   the  development   of MOS  devices,   the  quality of  the   thermally 

grown SiO   ,  especially  of  the  oxide  under the metal  gate,  has been  a 

determining factor of yield and  reliability.     Because of  the  techno- 

logical importance  of  SiO     films,   the breakdown properties  of  Si02 

in MOS structures have been extensively studied.     Many of  these 

investigations will be  reviewed  in  Chapter  II.     Conclusive  evidence 

still  remains   to be  found,  however,   to account  for  the  initiation 

of breakdown of  thermally  grown  Si02  films  in metal-SiO^Si  structures. 

The damage mechanism has yet to be  clearly understood. 

In this study,   the experimental investigation emphasizes 

two areas:     (1)   The self-quenched breakdown  itself ~ the study  of 

topographical structure with  respect to polarity,  substrate  type  and 

crystallographic orientation of substrate.     (2)  The  study of high- 

field conduction and the  instabilities which  initiate  the breakdown. 

The organization  of this  thesis  is  as  follows: 

Previous  investigations  are  reviewed  in  Chapter  11,     Onr 

experimental set-up and samples  are described briefly  in Chapter  III. 

Chapter  IV consists  of many micrographs which show  the  details  of  the 

►v_- 
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topographical structures  of  SQBD in different  configurations,   together 

with other observations.     Chapter V  concentrates   on   the  interpretation 

of anisotropic  SQBD,   first   observed in  this  study,   and  demonstrates 

further  anisotropic SQBDs.     Chapter VI   consists   of   a series of 

electrical measurements   in  the pre-breakdown  region.     A model of 

breakdown  initiation   is   developed  from these  measured  results.     The 

conclusion   Le   given   in   Chapter VII. 

v--' 
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CHAPTER il 

REVILW 

The  literature on the dielectric breakdown  of  thin 

insulating  films  is   reviewed  in  this   chapter.     Emphasis   is placed on 

the experimental work,  done  on  thermally  grown SiO    or on other 

relevant  subjects. 

General  discussions of  dielectric breakdown  of solids  can 

be  found in the  following books  and  review articles: 

Dielectric  Breakdown of  Solids  by  S.  Whitehead. 

The  Theory  of  Dielectric Breakdown of Solids  by   J.J.   O'Dwyer. 

Electrical   Breakdown  in Solids  by N.   Klein. 

Dielectric  Properties  of Thin  Films  by  P.J.   Harrop  and 

D.S.   Cambell. 

Much of   the  early work on  the  breakdown  of  oxide   films  in 
2     1    Q 

MOS structures was  done by N.  Klein and his  coworkers.'   ' 
2 

On  deposited  silicon oxide,     Klein    observed  two kinds  of 

"self-quenched" breakdown.When  the  series   resistance "as   larger 

than  10K:., he  found single-hole breakdown,   and when   the  series 

resistance was  smaller  than  10K.. he  found breakdown which propagated 

from the  initial breakdown point  and which  caused  considerable 

damage.     Klein  also observed  a "naximum voltage" breakdown,  which 

destroyed the whole  capacitor simultaneously,  after elimination of 

the weak spots  in  the  oxide  by  single-hole breakdown.     He   interpreted 

this  as the  result  of  a thermal  runaway process  in whicli  the  conduc- 

tivity of i ilicon  oxide   is  a  function  of electric   field strength  and 

temperature: 

0 ■  a     exp[a   (T - T ) ]  exp(b£) 

o     is only  a  fictitious  "zero-field"conductivity  at 
o 

T " T   :   a and b  are  two  positive parameters.     Wien  the  silicon  oxide 
o' 

was subjected to a high  field,  the sample was hertted up by  the joule 

"v-- 
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heat  aad  Lhe  equilibrium  temperature was  obtained simply by  equatine 

the joule  heat   to  the heat   lost by  heat  transfer: 

■(A/d )v2  =   :   (T - T ) o o 

for example, 

.1 
-  exp[a(T -  T  )]   exp(bf)   (A/dJV* -  F   (T -  T  ) ;xp 
o 

Here,   I'  is   the   thermal  conductance  of  the   capacitor   unit, 

A is  the  area of  the electrode,   and do  is  the  thickness  of  the  oxide. 

The maximum voltage   could be obtained by  a  graphical 

method in which   the  joule  heat   input and  the heat  loss  by   thermal 

conductance were  plotted  as   functions  of  T with  voltage  as   the  parameter. 

The maximum voltage occurred when  the  joule  heat  input   curve was 

tangent  to the  heat-loss   line.     By manipulating  the  parameters  a and 

b,  Klein  obtained  good  agreement  between  calculation  and  experimental 

results   tor  the  value  of   the  maximum dielectric strength. 

For  single-hole   self-quenched breakdown,  he  argued   that  the 

same  thermal-runaway process  occurred at  the  local  flaws  of  the oxide. 

He   also  observed self-quenched breakdown,  both  single-hole 

and propagating,   in MOS  structures with  thermally  grown   Si02  on   (111) 

silicon substrates.3    Breakdown was still believed  ro start with an 

electric-field-induced thermal instability at  a flaw  in  the  Si02 

which caused a hole   to bp  evaporated  through   the  metal  and oxide. 

In  coi.tinuation,  the  capacitor  discharged in an arc  through  the 

hole,   resultirg  in  a  relatively  large  destruction  of  the  metal.     The 

magnitude of  the  aestruction was  studied  for different polarities 

and types  of  substrate.     Using oscilloscope  traces  of  the breakdown 

discharge,  he was  able  to  determine  the values of  the  filament  resistances 

and  found  a  dependence  on  the  substrate   resistivity. 
n 

Budenstein  and Hayes     studied breakdown  conduction  in 

Al-5i0-Al  capacitors  and proposed a different view  for breakdown in 

deposited silicon oxide.     In   their model,  breakdown was   initiated at 
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a flaw in the  SiO.     An electron avalanche  began  at  the  localized 

spot  in the  dielectric.     Electrons were  Injected and increased the 

conductivity between  this  breakdown  region  and  the  positive electrode. 

Thus,  a high  field region  formed near  the negative  electrode,  and 

then  the high  field  caused  field emission of oxygen  atoms  in  this 

region via the electrochemical  reaction 

Si-O-Si +  (high  field)   «•  Si + Si+ + 0 + e~ 

The  free  oxygen provided  the  explosive   force     to  remove   the  electrode 

metal over the breakdown area.     They  identified  a small be  1 of 

polycrystallized silicon  in  the  region  of  the   filament,  using trans- 

mission electron microscopy.     They also   found  that  the  critical 

field decreased with  the  oxide  thickness  and was  independent  of 

temperature.     Contrary  to Klein's model,   they  concluded  that  the 

breakdown was  not   a thermal   runaway process  because   the   transition 

to breakdown occurred very  rapidly without  a current  precursor. 

Worthing      experimentally  investigated  the  dielectric 

breakdown of   thermally  grown  SiO    with  a gold  field plate,   and noted 

that  the breakdown was polarity-dependent:    When  the  gold  field 

plate was positively  biased,  the breakdown was  time-dependent, 

following Peek's  law.     (This   refers  to the  time   from the  application 

of constant voltage  to  the  occurrence of breakdown,   and depends 

on  the magnitude of  the  voltage.)     This  breakdown was  attributed to 

electrical conductance  and thermal  instability.     When  the   field plate 

was biased negatively,   the breakdown was  found  to be  "time-indeoendent" 

and  to be  "intrinsic". 

Lenzlinger  and  Snow       studied  the  high-field  conduction 
o o 

in  thermally  grown S102  of  thickness  500A and  1000A and  reported 

Fowler-Nordheim tunneling current.     Their  results were  consistent 

with  theoretical  calculations except  for differences   in  the effective 

masses  calculated  from temperature plots.     No breakdown was  mentioned 

although  the  field intensities used in  their study extended  to 10 V/cm. 

They also  found  the  current  to be proportional  to gate  area,  indicating 

v^-' 
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that local  current  filaments  did not dominate. 
12 

Wang,  Van Buren,   and Edraos       used  the scanning elect-on 

microscope   (SEM)   to observe breakdown of  thermally  grown  Si02  in 

the  secondary  and  induced-current  modes.     They   reported  that   the 

electron beam enhanced  the bretikdowa ol   Siü2  under  thin  spots   in the 

top  aluminum electrode.       They  areu!d  that  electrons were  able   to 

penetrate   through  thin electrodes  inco  SiO    and  induced breakdown. 
13 Chou and Eldridge       studiec   tue eff°c':s  of material 

processing and sanple  preparation on  the  dielectric strength  of 

thermally  grown SiU    films  in MÜS structures.     They  found  that 

breakdown were  insensitive  to  temperature  in  the 25-150oC  range and 

that  the breakdown  field   for Al-Si02-Si  showed no significant 

dependence on  the  duration  of  the  applied  field — contrrry  to 

Worthing's   time-dependent   result. 

The breakdown  of  ultra-clean oxide  showed  few  defect- 

related breakdowns.     On   regular oxide,   the  defect-related breakdowns 

were  found  to  increase  appreciably with decreasing oxide  thickness. 

They  argued that  this was   associated with  the   recrystallizaMon 

of SiO„  in  amorphous  SiO      especially after post-metallization heat 
2 Z 

treatment   (e.g.,   5 min.   at  500'C).   Lattice  defects  created by ion 

implantation hac  no effect  on  the breakdown prior  to annealing. 

Sodium contamination  could  result  in severe oxide  deterioration. 

Osburn and Ormand       found the breakdown strength of  thermally 
-0 21 

arown  SiCL  varied as   (oxide   thickness)     *        for oxide   thicknesses 

below 800A and was  constant  for oxide  thicknesses   from 10,000A to 
O 

2000A.    They observed  current  instability at high  field intensities 

and determined it to be  caused by an electronic process  rather man 

a thermal process.     The breakdown voltage was   the  same   for oxides 

grown  in wet or dry oxygen,  and the oxide  growth  temperature  did not 

affect the breakdown. 

Osburn and Weitzman       confirmed the  conduction  through 

SiO    via the  Fowler-Nordheim tunneling mechanism.     They  also observed 

current  instabilities which were interpreted as being caused by the 

generation and  redistribution  of  carriers by  collision  ionization 

of defect states  in oxide.    No other evidence was  given  to support 

J 
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this model. 

Shatzk.es,  Av-lon and Anr'srson      proposed  the existencp of 

two-branched current-voltage  characterii'.tics.     Impact  ionization 

was proposed to account  t^r  the origin of  the  switching character- 

istics. 

In summary:    The  results  from those  previous  studies 

present an inconsistent picture of dielectric breakdown of  thin oxide 

films, especially of  chin  SiO    films  — how breakdown   is   initiated 

and how the damage  is  caused by  the breakdown. 
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samples with  thicker  or  thinner  oxides.     These  samples,   and  the 

results obtained with  them, will be described in Chapter V. 

The electrical   contact with  the   field plate was  made with 

a probe  mounted  on  a micromanipulator when  the  measurement was 

done   in  air.     The  most   troublesome  problem i.-.   this  study was   thfl 

shorting breakdown  under the  probe;   the   reason  may  be   (1)   the  probe 

penetrated into  the  oxide  and  caused premature  shorting breakdown,  or 

(2)   thr   contact   area W^J  SO  small   that   current-crowding  induced 

local heating during charging  and discharging  of   the  capacitor. 

This  shorting breakdown  under  the probe  can be   avoided by  using a 

soft,   smooth probe  tip  that   has  a  large  contact   area with   the  metal 

field plate   to prevent  the   current  crowding without  damaging  the 

field plate  and penetration  of   the  probe   into  the  oxide.     Probes 

made with  gold wire   and pure   aluminum wire worked very well.     When 

the  sample was  put   into  the  vacuum chamber,  micromanipulation was no 

longer possible;     contact was  made   using a spring-loaded  thin  copper 

foil,   and  the pressure  of   the  probe  on  the   field  plate  could not  he 

fine-adjusted as   it was  when   the  micromanipulator was  used. 

Therefore,  more  shorting breakdowns  under  the  probe were  encountered 

when using the  vacuum chamber.      In  that  case,   the  sample  had   to be 

taken out and  the probe  relocated. 

v -* ,.' 
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CHAPTER  IV 

EXPKRIMENTAL  STUDY OF SQED  IN A1-S1Ü,-SI STRUCTURES 

In  tuis  chapter we  present   the   results  of  an  experiiuental 

study  of  self-quenched breakdown   itself:     the  discharge   character- 

istics of  a  localized breakdown,   the   topographical  details  of   the 

self-quenched breakdown  damage,   the   magnitude of  the breakdown   field, 

and  the effects  of scratches  raadu  on   the  metal   field  plates  are 

investigated  for both   field plate  polarities  and  for both  substrate 

conductivity   types. 

IV-1    Experiments 

(A)   Discharge  Characteristics  of Al-SiU^-Si Scructures 

The  voltage  across   the   capacitance,  v(t), was  monitored 

using a high-speed oscilloscope.     Because  the  breakdown  events   are 

not  predictable,   the  oscilloscope was   triggered by  the   collapsing 

input  signal  voltage  on  the  breakdown.     A built-in delay  line   (20- 

60 nsec)   permitted  the   front  portion  of   the   input  signal   to be  seen 

in each sweep.     The   results   on  the  4  breakdown  configurations   (p- 

substrate,   field plate +  and -,   und ..-substrate,   field plate  + and -) 

are  shown  in   the  oscillograms   in  Figs.   4-1,  4-2,  4-3,   and A-4 

respectively.     Two oscillograms   for each  configuration  are   given  to 

show  the  similarities of  discharge  characteristics  among  the   localized 

breakdowns.     The samples  used are  those  described in Chapter  III. 

In each oscillogram, when  the   field plate  is  positively 

biased,   the  zero-volt   level   is   the bottom line of  the   graticule; when 

field plate  is negatively  baised,   the  zero-volt   line   is   the   top 

horizontal  graticule  line.     The  horizontal trace  at  the   front  of 

each sweep  indicates   the breakdown voltage   (which was   delayed by  the 

built-in delay  line)   for  that  particular breakdown.     The   cusp 

immediately   following   the  brief iiorizontal sweep  is   the  onset  of   the 

breakdown  discharge.     The  discharge  of   the  capacitance   caused by  the 

breakdown is shown by  the  collapsing signal  after the  cusp.     The 

voltage  ceases   to drop  after  certain  duration  of discharge   and begins 

to  increase  as  a  result   of   recharging of   the  capacitance   from the power 

supply.     Actually,  in  these oscillograms only  the near-horizontal sweeps 
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-4 
are  seen because  of  the  long recharging  time  constant  (10      sec,   in 

each case).     The  turn-around point,  at which  the voltage stops 

decreasing and begins  to increase,   is presumably the  instant of  self- 

quenching;   i.e.,   the  instant when  the damage  disconnects  the breakdown 

point  from the  remainder of  the  capacitor.     In each oscillogram,  a 

couple of  traces  are shown  to  indicate  the  reproducibility of these 

traces. 

The voltage-time oscillograms  of  these  four breakdown 

configurations  apparent1>   can be  divided  into  two distinct  groups: 

(1)   Positive-ficld-plate breakdown  on p-substrates  in Fig.  4-1  and 

negative-field-plate breakdown on n-substrates  in Fig.  4-4,  hoth of 

which have  long discharge  times,  about  several hundreds of nanoseconds, 

The minimum voltage after discharge  is  approximately half of  the 

breakdown voltage.     (2)  Negative-field-plate breakdown on p-substrates 

in Fig.   4-2  and ;ositive-field-plate breakdown on n-substrates  in 

Fig.   4-3,  both of which have  short  discharge  times of about  20 ns. 

The voltage  drops  almost to  zero  in a short  time. 

Obviously,  the discharge  time  depends  on the  conditions 

in  the substrate:     in type   (1)   tie substrates  are  in inversion  and 

the discharge  is slow and not  complete;  in  type   (2)   the substrates 

are  in accumulation and the  discharge  is   fast  and  almost  complete. 

Although the voltage-time  characteristics  are not  exact 

exponentials,  an approximate value of equivalent  resistance  of  the 

discharge path  (R.   in Fig.   1-1)   can be  obtained  from the  initial 

slope of the  discharge voltage  divided by   the oxide  capacitance  as 

expressed by 

The  results  taken  from the oscillograms are: 

R   \ 3KD when the substr.   e  is  in inversion, 

IL   \ lOOil when the substrate  is  in accumulation. 

/ 
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The results suggest that the resistance, R, , of the 

discharge path comes from the spreading resistance in the substrate. 

Some portion of the value of R. will i>« contributed by the resistance 
3 , 1 

of filament in the oxide, but the experiment done by Klein  showing 

the dependence of R on substrate resistivity indicates that this 

contribution is small.  A further inference to be drawn from this 

result is that the oxide is almost shorted by the breakdown current 

filament.  The joule heat must be generated in the silicon substrate 

and the damage must originate from the heat accumulated in the 

substrate. 

(B)   The  Topography of   the   SQBD's  in AI-SIO^-SI  Structures 

After  the  SQBD's were  studied with oscilloscopes,   the 

same  samples were  put  under the  optical  raicroscop»   and  in  the  scanning 

electron microscope   (SEM)   for   further study.     The  physical  appearance 

of  SQBD's   turns  out  to be  distinctly  different   for each  configuration. 

Optical micrographs  are  shown  in  Figs.   4-5  and more  detailed  SEM 

micrographs  are  shown  in  Figs.   4-6,   4-7,   4-8,   and  4-9. 

In  Fig.   4-5(a)   are  shown   the   localized breakdowns on  a 

sample of p-type  substrate with both positive  and negative   field- 

plate  voltage  polarities  at   liquid nitrogen  temperature.     The near- 

round breakdown   region with  ragged edge   is   a SQBD with negative 

field-plate  polarity.     The   "square"  breakdown  regions  are   the  SQBD's 

with positive   field plate polarity.    With positive polarity  the 

outer  rims  are  smooth,  very different  from the  ragged edge obtained 

with  a negative polarity.     Note   that   all  the  corresponding edges  of 

the square  SQBD's   are parallel  to each other and  to  the  100  crystal 

axis   (indicated in  the picture,   identified by  the  cleaved edges 

of   the   (100)   substrate wafer).     The  square   SQBD's  are easily  seen 

when  the breakdown  occurs   at   low  temperature  as  liquid nitrogen 

temperature.     When breakdown  occurs  at  room temperature,   the  SQBD's 

look  rounded as  shown  in Fig.   4-5(b).     The  SQBD with negative   field 

plate voltage  does not  change with  the  temperature. 

Figure  s   5(c)   shows   an optical micrograph of  SQBD's   on 

i 
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Fig.  4-5(a) 

Optical raicropraoh 
of SQBD's on  (100) 
p-type substrate 
with Ai(-)   and Al(+), 
d =  2500A 
Vb-190V 
T= 100oK 
X^80 

Fig. 4-5(b) 

Optical micrograDh 
of SQBD's on (100) 
p-type substrate 
with Al(+). 
d0= 2500A 

Vb-190V 
T= 100 0K 
X480 

Fig. If-5(c) 

Optical micrograph 
of SQBU's on (100) 
n-type substrate 
with AK^) and Al(+) 
d0= 2500A 

Vb~ 185V 

T= 100 *K 
x480 
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Pig. 4-6 SEM nierograph of SQBD on (lOO) p-type 
substrato with Al(+). 
do= 2500A, Vb-I90vt T=100

Of. 
X5,000 

Fig. ^-7 3EM micrograph of 3QBD on (100) p-type 
substrate with Al(-). 
do=2500A, 

X2t000 

VvTlSSV,   T=100  K 
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Fig. i4-9(a) SEM micrograph of single ö ;BD on (100) 
n-type substrate with Al(-). 
do=250üA. Vb~lö5Vt T= 300 K 

x5,000 

Fig. ^-9(b) 3gM micrograph of "multiple" SQBÜ on (ICO) 
n-type substrate with ;vi(-/. 
d =25ÜÜÄ, 7-185 V, T= lüüV 
O D 
x2,000 
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n-type  substrate with both polarities.     The   round  and  smooth-riraraed 

SQBD's  are positive-field-plate breakdowns.     The   irregular ones 

with  ragged edges  are negative-field-plate breakdovris.     Note  the 

numerous  dust-like   tiny black  dots  around   the negative   SQBD's. 

These  SQBD's  do not   show any  crystcllographlc  orientation  dependence 

or  temperature  dependence. 

In  Fig.   4-6  is  shown  the  SEM picture  of positive-field- 

plate  breakdown  on p-type  substrate.     The  outer  dimension  of   the 

square   is  about  10 p and  the  diameter of   the   inner hole   in  the  oxide 

is  about 2p.     The  outer  rim is  very  smooth  and  clear,   just  as was 

seen  in  Fig.   4-5(a).     Some  molien  material  seems   to have  split 

over  from  the   inner hole. 

In  Fig.   4-7  an  SEM micrograph of  SQBD on p-type  substrate 

with   field plate  negative  shows  the  "ragged edge"  as  "splashed" 

molten  metal that  seems   to  result   from a  volcano-like  explosion. 

The   inner hole   is   larger  than  that   in   Fig.   4-6,   about  5'..   in  diameter. 

The boundary between the  metal   field plate  and  the oxide  is not  so 

clear as  th^t  shown  in Fig.   4-6.     The overall size  is  a little 

larger  than  the square  one. 

Figures  4-8(a)   and   (b)   are  SEM pictures  of  SQBD's  on n-type 

substrate with  field plate positive.     The   features  are   (1)   the 

smooth  and  round outer rim and   (2)   the bigger  inner hole   (3-5i.   in 

diameter).     Figure  4-8(b)   shows   two   SQBD's  nucleated on  a scratch 

on the Al  field plate. 

In  Fig.   4-9(a)   and   (b)   are  shown   SQBD's  on n-type substratr 

with  field plate negative.     Figure  4-9(a)   is  a single  SQBD.     Figure 

4-9(b)   shows  a "multiple"  SQBD which  is   distinct with multiple   inner 

holes   (6   in  this  picture).     This   "multiple"   SQBD,  often observed 

in this breakdown  configuration,   is believed  to consist  of many 

single  SQBD's  clustering together.     The   features  are   (1)   the  "splashy" 

edges  and the small  inner holes  (l-2p in diameter). 

^■M wm 
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(C)   Tlie  Effects  of  Scratches 

Scratches,   made  on  the Al   field  plate  either  deliberately 

or unintentionally,   arc   found   to affect  the breakdown  only when 

the   field plate   is  positive   in polarity. \ 

This   fact was   first  observed  on   two  adjacent  samples 

scratched  at   the  same  time  and  in   the  same  manner with  a  diamond- 

tipped scribe.     When  the  AI   field plate was  biased negatively,   the 

SQBD's  distributed  themselves   randomly  and  did not nucleate 

particularly  on  the  scratches.     But when  the   field plate  of   the 

adjacent   sample was  biased positively,   the   SQBD's  all nucleated on 

the  scrat.h  at   a   lower-than-usual  voltage.     There   is  no  reason  to 

b^lieve   that  the  scratches were  different   on   these   two  samples. 

Moreover,   other  tests were  done  on other samples  of  different 

substrate   type  and with  scratches  made  del*' "rately.     The  choice 

of  these  samples   to be  scratched was  qi;;te   random.     All  results 

tend   :o  confirm  that   t1'«»   first  observation was  quite   typical. 

Scratches  only  affect  SQBJ) when  the   field plate   is  positive  in 

polarity. 

This  effect   is  best  illustrated  in  the  series  of  micro- 

g aphs  shown  in  Fig.   A-10.     This  sample of  n-type  substrate was 

first biased with   field plate negative   to  185V,   and  then was  biased 

with  the  opposite  polarity  to  180V.     The  almost  overall view  at 

magnification   72   in  Fig.   4-]U(a)   shows   SQBÜ nucleated on A   faults 

pointed by  arrows   and  other  SQBD's  distributed  randomly.     The   lower- 

left nucleation  is  magnified  in  Figs.   4-10(c)   and  4-10(d)   in which 

the  SQBD's   can  be   identified by   their  appearance   to be Al-negative 

breakdowns.     But   there   is no scratch   there!     This   fault  apparently 

lies beneath  the   field plate and is   revealed by   the  Al-negative  SQBD's. 

Figures  4-lü(a),   (b)   and   (e)   clearly show   that  the  SQBD's 

which nucleate,  on  the surface  scratches  are   field-plate-positive 

SQBD's.     The   random SQBD's  are   field-plate-negative   SQBD's. 

The evidence   is  very  clear  that   Al   field-plate-negative 

TQBD's   tend  to   ignore  the  scratches  on  the Al   field plates  and 

Al   field-positive  SQBD's   tend to nucleate  on  the   scratches  and  at 

! 
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Fig.  4-10(b) 
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Fig. ^-10(e) 

X480 
SQBD's with Ai(+), 
nucleated on scratch. 

Fig. ^4—10 Optical micrographs shov/ing the distribution 
of SQBD's on a scratched Al-Si02-Si(n-type) 
structure. 
d = 2500A, first biased with A(-), Vh= 185^» 
then biased with Al(+), V,= 130V. 
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lower breakdown voltage. 

In the foregoing we have, of course, distinguished the 

SQBD's of the different field-plate polarities by their different 

topographical appearances, as was described in the preceding section. 

(D) The Distribution of Breakdown Voltages 

Since only samples of the same thickness were used in this 

particular portion of our work, the average electric field intensity 

is directly porportional to the applied voltage. 

The breakdown voltage V. is an ill-defined term.  So far, 

it has been used to indicate the voltage at which a particular 

breakdown event occurs or the maximum voltage ever applied to the 

field plate of the samples to produce the SQBD's as in Section C. 

Since the SQBD's can occur over a wide range of applied voltage, the 

breakdown voltage car. only be defined in a statistical way in 

studying the average dielectric strength of the oxide film or the 

average breakdown properties of MOS structures. 

The distribution of the breakdown voltage, for example, 

are shown in Fig. 4-11 in which the abscissae indicate the average 

value of electric field intensity at which the sample is biased. 

The electric field is Increased by 2 x 10 V/cm each time and then 

is held for 15 minutes. The number of SQBD's that occurred in this 

period is plotted as the ordinate. The effects of polarity, 

temperature, and the scratch on the field plate are shown in Fig. 

4-11.  The dashed lines with arrows represent continuous breakdown 

events at a rate of about 1-2 per second. 

On the samples used in this study, the Al-positlve break- 

downs have higher "breakdown" fields (- 8 x 10 V/cm) than the 

Al-negative breakdowns (\ 7.6 x 10 V/cm) at room temperature, 

independent of substrate type. At 100oK, the "breakdown" field 

seems to shift toward lower Ileld intensities for both polarities. 

Scratches increase the number of SQBD's at lower field intensities 

for Al-positive breakdown, but this is not so clearly true for Al- 

negative breakdown; however, this comparison was made on only two 

samples and cannot be regarded as conclusive. 

\ 
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IV-2  Summary and Discussions 

The experimental results are summed up in Table I,  Some 

correlations between the topography of damage, field plate polarity, 

and substrate type are as follows: 

(,1) The substrate conditions (inversion or accumulation) 

are important factors determining the shape of the damage in SQBD's 

and their discharge characteristics: the accumulation of the sub- 

strate provides a fast breakdown discharge path of low resistance 

and causes a large hole in the oxide.  Inversion in the substrate 

increases the resistance for discharge and results in a small hole 

in the oxide. 

Estimation of the initial current density by assuming 

the current is confined to a region having the same dimension as 

the inner hole is as follows: 

.     _    c  dv/dt]   t  - 0 
b       Area of   Inner Hole 

Using  this  expression we  obtain: 

8 2 
l-'or  accumulation: j,        10    A/cm 

7 2 
For inversion: j.        10    A/cm 

The high  current  density apparently   is   the  major  factor 

in  creating damage  and  is   limited by   the  resistance   in  the  substrate. 

(2)   The effect  of  field plate polarit)   on  the  shape  of SQBD 

is very obvious: when the  field plate polarity  is positive,   the 

SQBD's  have smooth outer rims; when the  field plate  is negatively 

biased,   the  SQBD's have  "splashed" outer  rims   regardless  of substrate 

type.     This  difference  strongly suggests  two different  damage 

processes  corresponding to  the  field plate polarities. 

In spite  of the  results obtained so  far,  only qualitative 

correlations can be  found  cince  the only quantitative  data are  the 

discharge characteristics  from which the time-dependent  power irout 

can be  calculated.     The  final  damage  can  only  give  some hints  about 

i 
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Table   1:   Summary  of  Self-Quenching Breakdown  Properties 

of Al-Siü -Si  Structures   Fabricated on   (100)   Oriented  Substrates 

Positive  Field-plate  Polarity 

p-Type 
Substrate 

i) ^ubstrate   in  inversion 

ii) t discharge   time   constant:   tenths  of  ..sec 
.... I 
IM) smooth outer  rim 

iv) 'scratch-nucleated breakdowns 

v) center-hole  diameter:       2.. 

vi) 'crystallographic orientation 

n-Type 
Substrate 

1) Isubstrate   in  accumulation 

ii) discharge   time   constant:        10 nanosec 

iii) smooth outer  rim 

iv) jscratch-nucleated breakdowns 

v) j center-hole  diameter:       3-5.. 

vi) !no crystallographic orientation 

Negative  Field-plate  Polarity 

substrate   in  accumulation 

discharge   time   constant:   ■   10 nanosec 

'splashed'   outer  tim 

no scratch nucleation 

center-hole  diameter:       5.. 

no crystallographic  orientation 

substrate   in   inversion 

discharge   time  constant:   tenths  of   ,.sec 

'splashed'   outer   rim 

no scratch nucleation 

center-hole  diameter:       1-2.. 

no  crystallographic  orientation 

I 
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what  really happened during the breakdown discharge process. 

Since the exact spatial  distributions of  current  density J 

and of electric  field      are not known during the breakdown,   the 

interpretation of all  the different  topographical structures  relies 

on  guess  and speculation. 
Fortunately,  the  field-plate-positive  SQBD's  on p-type 

substrates, which show strong dependence on  the  crystallographical 

orientation of  the   (100)   substrate,  make  it  seem certain  that  in 

this  case  the origin of  the  damage of  the metal  field plate  is  in 

the  substrate,  and the  field-plate  damage may have  the  same pattern 

as  the heating pattern in  the substrate.     This not  only explains 

the  crystallographic orientation  dependence  of the square  SQBD's but 

also explains  the smoothness of  the outer rim:     this  My be  the 

result of evaporation and partial melting by the  heat  conducted  from 

the substrate  through  the oxide.     Then the  same  argument  can be 

applied to the  smoothness  of  the  outer rim of  field-plate-positive 

SQBD on n-typo substrate  samples,  although here  there  is no 

crystallogia-^hic orientation dependence   (see next  chapter). 

The  "splashy"  edges of  the  SQBD when  the   field plate  is 

negatively biased can be explained  in a hypothetical way by assuming 

that  the current which  flows  through  the   filament  in  Lh-  oxide 

consists  of electron  current only.     In other words,   the electrons 

are extracted  from the substrate  into the  oxide when a positive- 

field-plate breakdown occurs  and the electrons  are  injected  into 

the substrate  from the oxide during a negative-field-plate breakdown. 

The possible  different  flow patterns  under high  field in  thp  sub- 

strate would  certainly  result  in different  spatial  distributions 

of Joule heating and  temperature which  accordingly would  cause 

different damage patterns:    with positive-field-plate breakdown,   the 

current  is mainly  the  inversion  current  in the p-type  substrate,   and 

consists partly of  the current  flow along the more  conductive 

accumulation layer in n-type substrate.     The  current  flow along the 

SiO -Si interface might provide enough joule heat  at  the  interface 

which would pass  through  the oxide  and melt  and evaporate  the  thin 

metal  field plate  locally.    This would  result  in a smooth outer rim 

Zl 
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in each  SQBÜ. 

With  field-plate-negative breakdown,   the  electrons would 

be injected  into  tae  silicon  substrate  in high  fields   and would 

recombine with holes  mostly  in  the bulk because of   the   small 

probability   for electrons   to  recombine  in  the  thin   inversion  layer 

or accumulation  layer.     Since  it  is  assumed  that  the  hole  current, 

the  lateral  hole   current   flowing along the  Si02-Si  interface  might 

be  very small enougii  so   as  not   to be  able   to generate   sufficient 

joule heat.     The   current   density and  joule heating might  concen- 

trate  right  underneath   the   current   filament  in  the  oxMe  and cause 

evaporation  in  the  Si,   thereupon pushing  the heated   field plate 

outward  like   the explosions  of  a volcano.     The  tiny particles  around 

a negative-field-plate   SQBD,   as  seen   in  Fig.   A-5(c),   might bn   the 

"debris" of  the explosion. 

Finally,   the   conclusions   can bf. stated  as   £ol± vs: 

(1) The breakdown  discharge  la  controlled by  the  spreading resist     -.e 

in the  silicon substrate   and  consequently  the  joule  heat  is   generated 

in the silicon substrate   and  the  damage  originates   from the heating 

of  the silicon substrate. 

(2) The  SQBD's  of  4   configurations  can be  distintuished by   thair 

distinct  topographical   details which can be  correlated  to  the  field 

plate porarities  and substrate  conductivity-type.     The  polarity- 

dependent  topographical  structures may  result  from different  current 

flow patterns  in the  substrate. 

\- v-- .'• 
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CHAPTER V 

ANISOTROIY  OF SQBD  IN Al-SiO^-ClOO)   p-Si WITH 

POSITIVE  POTENTIAL ON  THE   FIELD PLATE 

In Fig.   4-5(a)   and Flg.   A-6,   square SQBD's  are exhibited 

which have substrate  crystallographic orientation dependence.    To 

cur knowledge,   these were  the  first  anisotropic SQBD's ever observed 

in MOS structures. 

The study of  anisotropic breakdown  is not new,  however, 

previous breakdown  studies  on alkali-halides had shown  that breakdown 

can have preferential  directions  in a crystal  regardless  of  the 

direction of  the applied  field.     '     ' Anisotropic  tracking on 
20 

silicon surfaces was   reported by Harman,       who  observed  that  tracking 

was always  found along the  <10O   direction  independently of the 

direction of  the  forward applied field.     However,  the  anisotropy 

observed in our study has  a different physical nature —  the break- 

down occurs  in  the  SiO    insulator, not  in  the semiconductor,  and  the 

damage  to the metal  field plate  reflects  the  crystal orientation of 

the substrate wafer which,   itself,  is believed not  to be   involved 

in the initiation of  the breakdown. 

V-l    The  Interpretation of Anisotropic  SQBD 

In Chapter  IV,   it was concluded  that on  the  occurrence 

of SiO    breakdown,   the  discharge  rate  is  controlled by  the  resistance 

of  the  substrate,  not by   the  current  filament   in  the  oxide  and 

not by the metal  field plate.    That means  that  the voltage  that 

existed across  the  oxide  prior to breakdown,  and which  is main- 

tained temporarily by  the  capacitance  of  the  undamaged portion of 

the structure,   is  impressed mainly on the  silicon substrate 

immediately after  the onset  of breakdown.     When  the Al  field plate 

is biased positively on an MOS capacitor with p-type   (100)  substrate, 

there exists,  prior  to breakdown,  an äquipotential n-type  inversion 

layer.    When breakdown occurs,  the oxide is temporarily  shorted at 

the point of  failure.     Tuen almost the  full applied voltage appears 

laterally  in the n-type  inversion layer about  the point of  failure. 

«Ml 
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resulting  in  large   radial  current along  the  inversion  layer into the 

shorting current  filament  in  the oxide.     An  anisotropic  current 

pattern  is produced by  an  anisotropy  in  the  conductivity  of  the  2- 

diraensional inversion  layer on  the   (100)   substrate   (discussed in the 

next section):  at high  f:.eld  Intensities,   the electronic  conductivity 

along <1Ü0>   directions  is  smaller  than that  in  the  -110'   direction', 

in silicon.     The  result  of  this  is that  the  current  densities along 

the  <110   directions  are  greater than  the  current  densities along 

the  <100>   directions.     Accordingly,   the joule heat   generated at 

the  interface  along  <110>   is  higher  than   that  along  <100>.     Because 

of  the  planar geometrical  structure,   the   lateral heat  conduction  can 

be neglected.     The anisotropic joule-heat pattern  is  transferred 

to the metal  field plate after the heat  conducts  through  the  thin 

oxide   films;   thus   the metal  of  the   field plate   is melted  and 

evaporated according  to   the  anisotropic  heating pattern. 

This   interpretation not  only explains  satisfactorily  the 

square   SQBD observed with  p-substrate  and positive   field-plate 

polarity but also explains  the  Isotropie SQBD's observed with 

n-type substrate  and positive  field-plate bias:     in  this  configuration 

the substrate is  in accumulation,  and hence  the  current   flow will 

not be  confined to  the   (100)   face  of  the substrate but will extend 

into the bulk;   thus  the  anisotropy of  conduction  on   the   (100)   face 

is lost.     As  is  discussed in the next section,  the  anisotropy of 

hot electron conduction   in  silicon   (and  in germanium)   is  the  result 

of  the many-valleyed character of  the  conduction bands  in  these 

materials.     By contrast,   the valence  bands  in these materials are 

almost  symmetrical about k = 0  in  reciprocal space.     This  explains 

the  absence  of  anisotropic  damage  in  SQBD's with n-substrate  and 

field-plate negative in polarity.     Also,  when the  field plate  is 

negatively biased,   the  damaging process  is presumably  different,  as 

evidenced by  the "splashy" edge. 

•v--- 
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V-2    The Origin and Properties of  the Anisotropy of Hot  Electron 

Conductivity in Many-valleyed Semiconductors 

The anisotropy of hot electron  conductivity  in many-valleyed 

semiconductors  at high   fields was   first pointed  out by  Subiyu. 

The most prominent materials With this  characteristic are  germanium 

with eight  constant-energy ellipsoids  in  the  <111-   directions and 

silicon with  six constant-energy ellipsoids  in  the   •100■   directions. 

The existence  of  anisotropic  conduction  in  such  materials was   first 

confirmed  on n-gennanium by  Sasaki and  Subiyu. 

A  general   review  of  this  area  can bu   found  in  Chapter   11 
22 

of  the book High Field Transport  in  Semiconductors by  E.   Conwell. 

We will  give here  an explanation of high-field anisotropic conduction 

in multi-valleyed semiconductors based on  Sasaki,   L^.ibuya and 
'y -y /    \ 0 0 

Mizuguchi and Conwell. 

Figure  5-.'   is   drawn  for silicon,  where   the   conduction 

band minima are  along the  six equivalent   [100]   directions.     The 

surfaces of  constant energy are ellipsoids,  as  shown.     Consider  the 

contribution  to  current of  two representative  groups of electrons 

which,  in  thermal equilibrium,   occupied states   at  or near  the  two 

conduction band minima  located at  k^  and k respectively,   in 

Fig.  5-1.     An electric  field of  intensityfc   has  caused  the electrons 

to be   translated in k op.'ce by  the  time  average  amount   ck =  -q   "/■fi 
23 

where  T  is  the raear.   iree  time. If  the electric  field  is  small, 

neither set  of electrons will be heated  u>  appreciably,   the  mean 

free times will be  the same  for botn,  and  the amount  of  the  trans- 

lations  in k space will be   the  same  for both.     The   figure  shows  the 

electric  field applied in a direction more nearly parallel  to the 

long axis of ellipsoid B,  and as a result ellipsoid B  is  smaller 

than ellipsoid A and  the electrons   in ellipsoid  B  at  a   lower 

energy and are  correspondingly cooler  than  t.hos  in A.     The electron 

velocities are the wavepacket  group velocities  given by U =   (1/^) 

grad E where  E is   the energy,  and  their directions are normal  to  their 

respective ellipsoids.     Each  individual  contribution  to  current  is 

proportional to number of electrons  times electron velocity,  and  the 

J 
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 High-Field Current 

Fig.   5-1    Spheroidal energy surface 
model   for explaining high- model  for expJ 
field anisotropy. 
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two contributions are designated as JA and J , respectively, in the 

figure. The resultant current density, J, lines up with the direction 

of the electric field. 

At high fields, however, two factors change, and both 

alter the esult in the same direction. Firs,:, the electrons in 

valley A, being hotter, have a smaller mean free time than those 

in valley B: hence k. is smaller than k,, and the electrons in valley 
'A o 

A make less than their proportional contribution to J..  Second, 

electrons will be scattered, on the average, from the hot valley 

into the cold valley, thus increasing the current contributed by 

the cold valley.  The result is shown by the dashed lines In Fig. 

5-1 where I' is disproportionately large compared with J' and the 

resultant high-field current, J', is inclined away from E toward 

the [110] axis.  The effect is an anisotropy with the conductivity 

in any of the equivalent [110] directions greater than the con- 

ductivity in any of the equivalent [100] directions.  As the 

electric field intensity is increased still more, the electrons 

in the formerly cool valleys will become heated also, and the 

anisotrnpy will diminish.  Experimental results for silicon are 

shown in Fig. 5-2. 

In general, the properties of this anisotropy can be 

summed up as follows from theoretical considerations and experimental 

results: 

(1) At low temperatures, the anisotropy is more pronounced than 

that at higli temperature«. 

(2) The anisotropy decreases as the concentration of carriers 

increases, 

(3) The anisotropy starts to occur at electric fields about 

several hundred volts/cm and increases as the field increases until 

it reaches a maximum at a certain field.  Then it decreases as the 

electric field increases further to about 10 V/cm.  The fields of 

the onset of the anisotropy and of the maximum anisotropy and of the 

vanish of the anisotropy depend on the temperature and carrier 

concentration. 

>^_-- 
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electronic 
conductivity 

Electric  field 

Fig. 5-2  Schematic diagram for hot- 

electron conductivity.  ^QO is the 

conductivity along <100> when field is 
in <100> direction and 'no is the 

conductivity when electric field is in 
<11Ü> direction. 
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V-3 Schematic Model and Prediction _________________ 0 

We have already seen in Figs. A-5(a) and (b) that a 2500A 

oxide shows anisr tropic SQBD damage clearly at 100oK but much less 

clearly at room temperature.  As was mentioned in the preceding 

section, the anisotropy will increase as the electric field increases 

particularly if the anisotropy is at the onset stage. As the break- 

down errupts, almost the full amount of the voltage drops across 

the silicon.  A higher breakdown voltage will give a higher field 

in the silicon after breakdown; consequently, greater anisotropy. 

A simple schematic model is constructed below to explain 

the possible SQBD pattern with greater anisotropy. 

As the breakdown occurs, the current density in the inversion 

layer can be written as 

j = f(e)/r 

The   function     f(9)   represents   the  anisotropy  and  is  a suitable 

function  of  angle  9.     The  local  joule heat  generated by   the  lateral 

current  flow in  the n-inversion  layer is 

j . e    J   £  i f(e)/r r    r 

Here   it  is  assumed  that  the electric   field  is   Isotropie  and  proportional 

to  1/r   (thi.f.   functi-Ti-'.l   form would preserve   the validity  of 

J «   (constant)^     and     V   •  J  =  0) 

Then  the   .^ntours   of  constant  joule  heat  are  given by 

r2af(0) 

A simple  choice  for f(ö)  which has  the hot-electron  conductivity 

along •100>   and which would produce  the anisotropy  la 

f(ö)   - 1 ♦ K(Vb)sin42e 

K(V ' (niio - aioo)/nioo 

^M 
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T110 - :
IOü 

in silicon' 

0 is  measured  from the   < 10O   direction, 

110 

100 

the conductivity along •100 • direction, 

the conductivity along  100' direction, 

V. is the breakdown voltage. 

If K - C, i.e., if •110 

should be   round.     In general,   the 

r   .   (9=0°)   is 
nun 

the breakdown  pattern 

(« =  45°)   to 

r       /r   .     =   (k +  1) max    nun 
i/: < ,

IIO
/
"IüO

) 
1/2 

The  contour  r =   if(0)   are  plotted   in  Fig.   5-3   for   K =  0, 

K =  0.5,   K =   3,   respectively.      It  is  seen   tiiat  K = 0.5   is   quite 

squarish  as  are  the breakdown  contours   in   Fig.   4-5(a)   and  Fig.   4-6. 

The  contour  of   K =   1  indicates  a possible breakdown  pattern 

associated with higher  anisotropy. 

V-4     Experiments  on  SQBD of  Higher Anisetropy 

As  shown  in   the  previous   discussion,   the higher  the 

breakdown  voltage,   the  larger will be   the  anisotropic  effect  produced 

with   the   configuration  of Al(+)   on p-type  substrate.     In  order to 

achieve  a higher breakdown  voltage,  we need only use  an  MÜS 

capacitor with  thicker oxide. 
o o 

Experiments were  performed on  samples of  3000A    and  4000A 

thermally  grown  SiO.  on p-type  substrates.     Aluminum field plate 
o -2      2 

of 200A thickness  and of 5  x  10       cm"  area were vacuum deposited. 

The thin metal  field plate provided enough electrical  conductances 

but  produced minimal  interference with   the heating contour   from its 

heat   capacity.     Breakdown was  induced  at   room temperature. 
0 

SEM micrographs of  typical breakdown patterns  on  3000A-SiO„ 

samples  are shown in Fig.   5-4.     The  results  for 4000A-SiO    are shown 

in Fig.  5-5.    When defects  and weak spots  are present,   the breakdown 

voltage  varies   from one  place   to another  across  the  sample,   and  this 

provides  a very good opportunity to observe a variety of SQBD's  as 

»v_- 
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Fig. 5-3  Simplified model of constant 
joule heat contour as 
function of K. 
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Fig. 5-^ Saivi micrograph of anisotropic SQBD 
{100) D-'fcype substrate with AJ.(+). 
d0"   30ÜÜA,   Vb~230V,   T=   300 "K 

X2,000 

on 

Fig.   5-5    SEM micrcrrapb  of anisotropic -j^J on 
(100)   p-typs  substrate with  Ai(->-). 
d = 4üOOA", ^--2807,  r= 300 0

K 

X2,000 

v J 
v^-' 
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Fig. 5-6 Optical micrograph of anisotropic SQBD's 
on (100) p-type substrate with Ai(+). , 
d = 4000Ä, V, from 200V to 280V, T= 300 K 

o 
XI20 

I 

f 
• 

Fig.   5-7    Optical micrograph of SQBD's on scrtch 
on  (100)op-type substrate with Al(-i-). 
d0= ^OOOA,   V~170V  (round), ~200V  (square), 
-23OV  (stellar),     T=  300'K 

XkSO 

•v-' 
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Bare oxide 
Blue green 

Bore oxide 
Light red 

Bright Al gate 

Blue green 
Light purple 
Green 
Yellow green 

== Black 

(a) d0 =3000A 

Light red 
Bright Ai 
Red 
Black 

(b) do ■ 4000A 

Fig.   5-8    Color diagrams  corresponding 
to  (a)   Fig.   5-4   and   (b) 
Fig.   5-5. 



^p m^m 

50 

• 

Fig.   5-9    Optical micrograph  of SQBD's  on 
p-type  substrate with Al(+). 
d =  10Ü0Ä,   Vb~60V,   T=  300'K 

X480 
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V-5     Summary  and Discussion 

In  this  chapter,  a new kind of  anisotropic breakdown   is 

studied  on Al-SiO„-Si structures.     The  development  of   this  study 

begins with  the square breakdown  observed at   100oK on Al-SiO -p   (100) 

Si with 2500A thick SiO?,   using a positive polarity on  the   field 

plate.     A simple  schematic model was  constructeu,  based on   the 

anisotropy of hot electron  conductivity  in  silicon,   which  explained 

the  observed square breakdown  and  also  predicted  star-shaped 

breakdown  patterns  under  conditions  of  larger breakdown  voltage   — 

a prediction verified by experiments  performed on  thicker  oxides. 

Our choice  of   f(d)   gave  us   the   requisite   four-fold 

symmetry but was otherwise  somewhat  arbitrary.     Thus  the  star shape 

depicted  in Fig.   5-3  is,  not  unexpectedly,   somewhat  different   from 

the  actual  shapes  shown   in  Figs.   5-4  and 5-5.     The  reason   for 

choosing a simple  analytical  function  for  f(e)   is   that existing 

experimental data on the  anisotropy of hot-electron  conductivity are 

not  sufficient  to construct  a complete  field-dependent  conductivity 

tensor which would be necessary  for a more exact  analysis. 

However,  the model  does  yield a radius  ratio  of 

rmax/rmin  =   (l110/'l00) 

In Figs. 5-4 and 5-5, measurements of the outer regions of the stellar 

shapes show that 

r  /r   "^ 2 
max mm 

from which 

^ 110' 100;        '  110' 100 

This ratio is too large compared with that shown in 

references 24, 25, and 26, in which the ratio hardly exceeds 2. 

..-■ 
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There  are at  least  two  majoi  reasons  for this:     (1)   The 

data shown  in  references 24,  25,  and  26  give  the conductivity  for 

bulk n--silicon.     As  is  known  from studies  of MOS   transistors,   the 

conductivity  of  an  inversion  layer must be   treated differently 

because  of  its  2-dimensional character.     It  is possible  that only 

four  constant energy ellipsoids,   rather  than  six,   are  involved  in 

the  transport  phenomena in  the  inversion   layer.     Interface  scattering 

is  different  from bulk scattering,   and  lateral  nonuniformities  may 

well play a major role.     Thus,  bulk data are not  directly applicable 

to  the   inversion  layer.     (2)   Secondly,   the  equation  is   true  only 

under  the assumption  that   the electric   field  is  radial and varies 

as  1/r.     A more  realistic analysis which would  take  into account 

the nonlinearities,  anisotropies,   and  the various  couplings would, 

unfortunately,  be  extremely  formidable  and would  require   the 

solution   of  a  set  of  time dependent,   nonlinear,   inhomogeneous  partial 

differential  equations. 

The  SQBD's on samples  of  different  oxide   thicknesses  and 

field-plate   areas  provide  a good  opportunity  to  check  the  dependence 

of breakdown  area where   the metal disappeared  upon discharge  of 

the   capacitive energy.     As  in  Equation   (1-6),   assuming complete 

discharge: 

p  dt =  1/2  C V 

The quantitative comparison is made by comparing the ratio of 

damaged field-plate area to the total discharged energy for diff- 

erent samples and normalizing the ratio for the SQBD in Fig. 4-6(a) 

to unity. 

The results are shown in the following table: 

s.^- 
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Normalized 

Sample Damaged Area In Field Plate      Ratio 

1.     In Fig.   4-6(a) 

d    = 2500A 

A - 1.26 x 10~2 cm2 ^ (10>i)2 1  (Arbitrary 
Reference) 

Vu   =  190V 
b 

2. In  Fig.   5-4 
O 

d    =  3000A 

A -  5  x 10"2  cm2 'v-  (20p)2 0.81 

V,.   v 230V 
D 

3. In  Fig.   5-7   (square) 
O 

d    -  4000A 

A = 5  x 10"2  cm2 ^  (16 M)
2 0.92 

Vu    - 2Ü0V 
b 

4. In  Fig.  5-9 
O 

d    ■  1000A 

A0» 5  x 10"2 cm2 ^ A^)2 O-8 

2 
V,.   'v 60V 

b 

These  ratios are  very close  to unity,i.e.,   the area of 

field-plate  damage is very nearly proportional  to the magnitude 

of  the discharge energy. 

Furthermore,  the  results  of  this  comparison  indicate 

clearly  that  the anisotropic  SQBD's  are not caused by  anisotropic 

defects  at  the  Si-SiO    interface,   for  the damaged area of  the  field 

plate  in the anisotropic SQBD does  vary  as  the  geometrical area of 

the  capacitor  for a given SiO-  thickness.     If the anisotropic  üamage 

to the  field plate reflected the anisotropic defects  at  the  interface, 

the damage would not show this  proportionality to the physical 

dimensions  of  the MOS structure. 

M^^^B^H^MriH 



CHAPTER VI 

EXPERLMENTAL  INVESTIGATIONS   OF  THE  BREAKDOWN-INITIATING 

MECHANISM IN Al-S102-Sl  STRUCTURES 

In this  chapter are  described the  results  of electrical 

measurements which were  designed to study experimentally  the pre- 

breakdown  conduction mechanisms  in  SiO    and associated high  field 

instabilities   in Al-Siü -Si structures.     Emphasis  will  be   on  the 

instabilities which occur at  electric  field intensities below those 

at which  a continuous  occurrence  of  SQBD is  observed   (as   shown  in 

Fig.   4-11,  designated with dashed-line  and arrow).     In such  a high 

field  region,   the breakdown events  are  close  to the  intrinsic 

property of  the Al-SiO -Si structure.     Therefore,   the  results  of 

electrical measurements, which  supposedly   represent  the  character- 

istics   of  the whole  sample,   can be   related  to  the  localized 

breakdown events.    The instabilities  can be  related  to the  initiation 

of breakdown,   i.e.,   the breakdown events  can be   treated  as  local 

fluctuations  of  instabilities.     The  self-quenching technique   is   used 

to eliminate   the weak  spots  so  that  the magnitude  of  the   field may 

approach  the  "intrinsic" breakdown  field region without  the occurrence 

of shorting. 

In order  to prevent possible  interference by sodium ions, 

some of  the experiments were performed at  100oK.     However,   the 

effects of sample  temperature  on breakdown were  also studied. 

VI-1    Steady-State  Conduction  in  SiO^, 

When  a voltage  is  applied across  the metal  field plate 

auJ the silicon substrate,  most  of  the voltage will  finally  drop 

across  the  SiO..     The steady-state  current  through  the SiO.  can 
■ 6 

hardly be  detected until  the  field exceeds  about  6 x 10    V/cm. 

The  transient  current  that  flows  immediately after the application  of 

bias  usually is  about 2 or  3 orders of magnitude  larger than  the 

steady-state value.     The physical mechanism of  transient  current 

has been studied and discussed by Oabum and Weitzman      and will 

not be discussed here. 
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Hie  steady-state  current was  measured as  a  function of 

electric  field intensity on samples with n- and p-type substrates 

and with both polarities  of applied voltage.     Typical procedures 

were  used to achieve steady state:     The sample was  first biased 

to a  field of 6  x 10    V/cm,   for about  15-20 hours  and then the 

current was  measured one hour after each increment  of applied bias. 

The  applied  field is  cycled upward and  downward  to assure  that  the 

current   is  in steady state  and  reproducible.     The  same measurements 

were  also carried out  on different  dots  to  check  the  reproducibility 

of  the  result. 

The  results  of  these measurements serve  three  functions: 

(1)   to study  the J-(' characteristics  per se,   (2)   to check  for the 

presence  of any excessive  current  as  compared  to  the  reproducible 

J-f characteristics  and  thus  guard against  anomalous  conduction 

due   to  gross  defects;   in  this  case   the  data must be  discarded,  and 

(3)   to detect  any  reproducible deviation  or unstable  current  at 

very high fields. 

First of all,  the  sign of  the  current  carriers   in  SiO 

can be  identified  in  the  following way: 

After the sample  is  cleared of weak  spots,   the sample 

is biased at  100oK with such polarity  that  the  silicon substrate 

is  in the  inversion  condition.     The  the  I-V characteristics  and 

C-V curves are measured as  functions of  illumination on  the 

sample with an  ordinary  incandescent  lamp. 

The  results  are presented in Fig.   6-1  for field plate 

positive on p-type substrate  and  Fig.   6-2   for  field plate negative 

on n-type  substrate. 

In Fig.   6-1,  both  the  I-V and C-V curves  show great 

dependence on  illumination level.     The  current  is  greatly  reduced 

when  the light  is blocked from the sample and the  current  returns 

immediately  to a higher and saturated value when  the  illumination 

is  restored.     This  saturated value of current  is  almost  of  the same 

magnitude  as  the  current measured on a similar sample with  an n-type 

^«MHMI 



% 

at 
• r-l 

e 
—I 

c 
0 

> 

o > 

I 
« 

IT 

> ■ 
u  o 
U H 

■r-i > 
u g 
C   HJ 

M 
>   -H 

i  -a 

3 

so ii 

it 
a, 

I a 

■ 

■« 



-  57 

r9 lö 

I 
(amp) 

10 -10 

10 -n 

With illumination 

Without illuminaiion 
Conduction current 

T=l00oK o 

d0= 2500 A 

\\ 33 inn: 
\ 

\ 

1 1 1 Ar 1 
180 -170        -160      ▼-lO 

Field plate   voltage (volts) 

80 

60 

140 

C(pfl 

120 

100 

-80 

0    +5 

*» 

fig. 6-2  I-V and C-V curves in high 
field with different 
illumination conditionr. 
(n-type substrate) 
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substrate  at  the  same   field.     The  capacitance  is  measured before 

and after the  light  is blocked at  different  constant biasing 

voltages. 

When  the   light  is  blocked,   the high-frequency  capacitance 

decreases  immediately  and decays  for several minutes  to  reach  its 

steady-state value.     Illumination of  the sample brings  the capacitance 

up  instantly.     The  onset voltage of  the depletion  region almost 

coincides with  the  field plate voltage,   corresponding to 6  x 10    V/cm, 

at which current  is  detectable. 

The evidence   from these measurements  is very  clet-r that 

for Al  field plate positively biased on p-type  substrate  samples, 

the  current  consists  of electrons   injected  into  Si02   from the 

n-type  inversion layer in the p-type substrate.     At  low  temperature 

and with no  illumination,  the generation  rate  of hole-electron 

pairs  in  the  depletion  region  is  so  low that it  can not  supply 

enough electrons  to sustain the n-inversion  layer against  the  drain 

of electrons  into  the  Si02 by the high  field.     Thus,   the electric 

field will penetrate  deeper into the  substrate  and widens  the 

depletion  region.     The  current  injected luto  the  Si02 is  greatly 

reduced because  of   (1)   the exhaustion of  the  available electrons 

in the  inversion  layer and  (2)  because  of  the  reduction  in  the 

electric  field  in  the oxide as a result  of  the  increasing voltage 

drop  in  the  deep  depletion  region  of  the substrate. 

Eventually  a balance  is  achieved between  the  increase   in 

supply of generated electrons  from the deep depletion region and the 

injection of electrons  into the  Si02,  and  the  current will   reach a 

steady state;  otherwise ar. avalanche process  in the  deep  depletion 

region will take over as  the mair  supply  of electrons needed.     For 

the same   (positive)   field-plate polarity on samples with n-type 

substrates,   it  is expected that electrons  injected  from the substrate 

will still be the  current carriers  in the Si02. 

In Fig.   6-2, with an n-type substrate and  the Al  field 

plate negatively biased,  the  I-V and C-V characteristics  remain 

very nearly  the same between  the dark condition and  illumination 

with Incandescent  light.    Using reasoning similar  to that of  the 

<• 
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preceding paragraph,  it  is evident that  the  current  is not  due   to 

holes  injected into  the  SxO   ;  insteady,   it still consists  of 

electrons  into  the substrate  from the  oxide,  presumably  after 

injection  from the metal  field plate.     Furthermore,   the arriving 

electrons  obviously  do not  recumbine with  the holes  in  the p-type 

inversion layer in the  substrate.     The p-type  inversion  layer  is 

always  sustained without  resulting in deep  depletion   region   in  the 

substrate.     This  is not  surprising,  for  the electrons entering the 

silicon substrate have  a kinetic energy at  least as  large  as  the 

barrier height between  the  conduction bands  of  Si-SiO     (     3.1 ev), 

and the  chance   for  these entering electrons  to  recombine with  the 
0 

holes in the  thin   (about  10A)  p-inversion  layer should be  very 

slight.     One  can expect   that   for a p-type  substrate with negative 

Al polarity,  the  cui.ent  is also  due  to electrons  injected  from the 

Al  field plate. 

The  above  results not  only provide  a quick   identification 

of  the  current carriers  through  Si02  in Al-Si02-Si  structures   for 

each of  the   two   field plate  polarities but  also  are  able   to justify 

the  SQBD studies   in  Chapters   IV and V,   in which   field-plate-positive 

SQBD's on p-type substrate and  field-plate-negative  SQBD's  on n-type 

substrate were  always  studied under illumination  to avoid the 

complications  due  to deep depletion and avalanche processes   in  the 

substrates.     In other words,  the samples were  illuminated  to prevent 

breakdown  in  the  deep  depletion  region, which may  interfere with 

the breakdown of  the SiO   ,  and also to minimize  the voltage  drop 

in the substrate  depletion  region,  so  that  the actual voltage   drop 

in  the oxide   can be  approximated to  the external  applied  voltage 

with  reasonable  accuracy. 

The  resultant steady state J-£ characteristics   lor both 

field polarities  is shown in Fig.   6-3 for  field intensities  in  the 

range 6-8 x 106 V/cm.     Essentially  the same  results were obtained 

for both types of substrate.     In the small  range  of  applied  fields 
—9 —6 /     2 

used here,  the current  density varies   from 10      to  10      amp/cm    and 

log J has  an almost  linear relation with electric  field except  in  the 

— / 
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Fig.   6-3    J-£ characteristics  of 
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very high  field regier, where  the current density  tends  to  deviate 

from the linearity  just before  continuous breakdown events begin 

to errupt.     This  deviation,  or instability, will be  discussed in 

the  following sections. 

The main  current  conduction mechanisjn,   in  thermally  grown 

SiO    which  results  in  the  "linear" portion of J-/f characteristics, 
11 was   first studied by  Lenzlinger and Snow,       then by  üsbum  and 

15 27 
Weitzman,       and recently by Weinberg      using corona charging.     In 

their  results  the conduction mechanism is believed to be electron 

tunneling into the  conduction band of SiO?  through a triangular 

barrier and  to  follow the  Fowler-Nordheim relation expressed in 

the  following equation: 

J^ -  C£2[f(T)/t2(y)]  exp[-£o/t>  v(y) ] (6-1) 

here 

C - 

3.2 

. * 
& apm 

f(T) 

-4(2m*)1/2ö3/2 

3«q 

irckT 
sin-rckT 

f(T)   is a temperature  correction  factor of the order of  unit,   in which 
*    1/2 

c - 2(2m 4) tiy)/Jl[q£.     t(y)   and v(y)   are two  correction  factors 

that take  into account  the effect  of  the  image  force  on  the barrier. 

Both are  tabulated elliptical  integrals  and  can be   found  in 

reference 28 as  functions  of a normalized image-force barrier-lowering 

parameter y: 

y = (1/6)  (q3£'MM1/2 

here 

q =  charge of  an electron 

«S ■ barrier height  for electron tunneling 
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h.'fi = Planck's   constant 

■   = dielectric permittivity of  the  thermally  grown  SiO„ 

c  - electric  field intensity 

k. =  Boltzmann's  constant 

■    =  the effective mass of  an electron in the  forbidden  gap of 

the Si0o 

m    =  the  free  electronic mass, 
o 

Since the correction factors t(y), F(t) and v(y) are very 

close to unity, for simplicity the Fowler-Nordheim Equation (6-1) 

can be  revrritten as: 

Jra=  C^exp(-eo/fc-) (6-2) 

The  linear portion of Fig.  6-3 can be  replotted  in a Fowler- 
2 c 

Nordheira plot,   log   (J/£  )   vs. (I/O   as  in  Fig.   6-4.     From this  to  can 

be  calculated  from  the  slopes of   the   two   (still   linear)   line."- ,     For 

a positive  Al  field plate  and electrons  tunneling  from the  substrate 

we  obtain 

£    ,Si    =  2.32   x 108 V/cm 
o 

For  the Al  field plate baised negatively  and electrons   tunneling 

from the Al   field plate. 

o 
£,Al =  2.70  x  10    V/cm 

By putting the numerical values of 4v  and q into £ ,Si and 

£ ,A1, we find 

(m */m )1/2 («}Si/q)3/2 = 3.4 (volt)3/2 
bi  o 

(m    */m )1/2   (<iAl/q)3/2 =  3.95   (volt)3/2 

Al       o 
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for about   10 minutes,   indicate negative   flatband shifts which 

indicate   the storage  of  positive  space  charge  in  the   oxide  or at  the 

interlace.     The  cause  of   this  may be  sodium ions which  migrate  to 

the  Si-SiO    interface  under  the influence of  the high  field or the 

trapping of holes  generated  in the silicon bulk,  or the  trapping of 

holes which have  tunneled   from the positively biased   field plate   (we 

consider  this  unlikely),   or  the positive  charging of  defect states 

in the  SiO    as   a result   of  some high-field  ionization process.     By 

comparing Figs.   6-5(a)   and 6-5(b),  the  correlation between  the 

current  instability  and  the positive  charging of  the  Siü2  is 

obvious:  more positive  charges  correspond  to a greater current 

instability.     Since  the  current  through the Si02  is primarily 

the result  of Fowler-Nordheim tunneling as was  described  in  the 

last section,   the  current   is   very  sensitive   to the  magnitude  of   the 

electric  field near  the   tunneling contact.     The presence  of positive 

charges near  the electron  tunneling contact  at   the   Si-SiO^  inter- 

face will enhance  the electric  field at  the   tunneling  contact  and 

consequently will enhance   the   tunneling current.     The  enhancement 

of electric  field and   the   flatband voltage  shift  due   to   the presence 

of positive   charges   can be  expressed as   (neglecting work-function 

differences): 

d 

-1 0    i-    ,(0   d. (6-3) 
'FB o   ' o 

a + i (x)    T    dx 
0 

V -V 
a    FB 

d    '  e ^/     d d 
O J n O O 

(6-4) 

where p(0   is  the distribution of positive charges with  distance 

measured  from the   field plate, 

V    is  the field-plate voltage, 

,      is  the electric  field at  the  tunneling contact   (the Si-Si02 

interface), 

C is the oxide capacitance per unit area = E/d . 
o 

t     is the dielectric permittivity of the oxide, 

d  is the oxide thickness, 
o 

►» _. ■ 



67 

From external measurements,  it is not possible  to  find out  the 

exact  distribution,  c(X),  of  the positive space  charge  in  the  Si02. 

We note,  however,   that with  the Al   field plate negatively biased, 

same instability is  observed, but  there  is no significant   flatband 

shift  associated with  the  instability,  hence  it  is  reasonable  to 

assume that  the positive  charges are near  the electron  tunneling 

contact,  i.e., near the SiCK-Sl  interface with positive  field plate 

polarity and near the  Si02-Al  interface with negative  field plate 

polarity.     In  the  later  case,  the positive  space  charge  can hardls 

be  detected as  a  flatband shift  in C-V measurements. 

The nature of the positive space charge is very important 

because this charge is closely related to the current instability 

and  to the breakdown-initiating mechanism. 

In spite  of  the  low  temperature at which  these particular 

experiments  are performed,   sodium ions or other ions  may  still 

be mobile  under  the  influence of very high electric  fields.     Bias- 

temperature-stress was  used on both samples  that  displayed 

negative   flatband shifts  due   to previous  exposure   to high   fields  and 

also  on  iresh samples. 

After  a negative  flatband shift was  observed,   the  sample 

was annealed at  300oC  for 2 hours with positive bias       2  x 10    V/cm 

on  the  field plate  so  that  possible  ions will be kept  at  the  SiO -Si 

interface and can be detected as  flatband shifts  after sample  is 

cooled down  to  300oK.     The  actual  experimental  result  showed  that 

the negative  flatband shift  disappeared after  this bias-temperature- 

stress  treatment.     Fresh samples  subjected to  the  »mum bian-temperature- 

stress  treatment showed negligible  flatband voltage shift.     This 

indicates  that  the sodium ion contamination  is  low and the positive 

charges were not sodium ions. 
If  the electric field is    reduced below the Value  that produces 

instability.  Instability after the negative  flatband shift  is 

seen in high fields:   the.  current does not  return to  its previous 

steady-state  level but  instead moves  to a magnitude which  is  larger 

than its  previous steady-state level and then decays  slowly to  the 

previous steady-state  level.     The negative  flatband shift  decreases 

'^^- 
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accordingly.  The disappearance of negative flatband shifts upon 

lowering the applied voltage ia shown in Fig. 6-6(a) for p-type 

substrate and Fig. 6-6(b) for n-type substrate.  The hysteresis 

loop* in the C-V curves might be due to generation via interface 

states.  In this particular study, only flatband shifts are of 

major concern. 

The interpretation of these reduced flatband shifts is 

that the process responsible for introducing the positive charges 

in SiO can only occur above a certain threshold electric timid. 

When the electric field is lowered below that tl reshold field, ehe 

process stops and the positive charges are still there enhancing 

the electron tunneling; however, the electrons tunneling into the 

SiO gradually recombine with the positive charges and annihilate 

the positive charges.  The electric field near the tunneling contact 

then gradually returns toward the nominal average electric field in 

oxide, i.e., the applied voltage divided by oxide thickness. 

All of these arguments suggest that in the instability 

region both the generation and annihilation of positive charges 

are occurring and in the lower field region only positive charge 

annihilation takes place.  The annihilation process not only 

manifests itself in the reduction of negative flatband shifts in 

lower field also can be perceived as the factor which contributes 

to the apparent saturation of the current instability shown in 

Fig. 6-5(a). 

It appears also from this argument that the positive charges 

are of an electronic nature, i.e., they are introduced via an 

electronic process and can be annihilated via an electronic process. 

The electronic processes which can introduce positive charges in 

SIO can be confined to impact ionization of defect states of the 

lattice or the tunneling of holes.  Because of the low mobility of 

holes29 and numerous trapping centers in SiO,,, holes introduced 

in SiO can he trapped and can be detected in terms of C-V flatband 

shifts. 

J 
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VL-3     Instability Associated  With   Low Temperature 

Although the   results   shown   in  Fig.   6-5(a)   and   (b)   were 

obtained when  sample  temperature was  at   100%   a current   instability 

is  also  seen at   room temperature.     However bias-temperature-stress 

still does not  show any sodium ion migration.    Therefore  the 

instabilities   that  occur  at  both  100oK and  300oK should be  of  the 

same nature. 

The idea of cooling a sample while it is biased in a 

conFtant high field originates from the result, shown in Fig. 4-11, 

in wlilch distribution of breakdown field tends to shift to lower 

field at 100oK compared with the distribution of breakdown fields 

at room temperature.  However, the shift is very slight and may be 

caused simply by the variation from sample to sample.  The result 

needs to be confirmed simply by changing the sample temperature while 

the sample is biased in a very high field to see if tiie breakdown 

events io increase or not when the temperature is being lowered. 

Experimentally, the measuring procedure is to increase the 

applied voltage to such point that current instability can be seen 

at room temperature, then the voltage is kept constant and the 

current is monitored with a chart recorder while liquid nitrogen is 

poured into the sample chamber dewar.  Temperature is measured at 

intervals with a thermocouple.  In order to prevent any surface 

charge motion due to moisture, the sample is :.re-baked at 750C and 
-4 

the vacuum chamber is pumped down to 10  torr. 

Figures 6-7 and 6-8, duplicated from the chart-recorder, 

how that the current increases as the sample temperature is lowered 

to about -70oC in a high field.  The front portion, which tl ows 

current instability before cooling, is the same instability dis- 

cussed in tue last section.  The spikes are the current impulses 

caused by self-quenched breakdowns.  Since the current impulses 

do not interfere with the current instability or disrupt the 

increasing current, it is inferred that the current instability is 

not caused by any localized current leakage. This means the current 

instability produced by temperature-lowering is the property of 

the whole sample. 

i 
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In Fig. 6-7, the rate of oreakdowns apparently increases 

as the current increases with lowering temperature while the 

applied voltage on the field plate is +195V. corresponding to 

7.8 x 10 V/cm. 

In Fig. 6-8 the breakdowns simply erupt continuously when 

the applied voltage corresponds to 7.4 x 1Ü6 V/cm, negative polarity 

on the field plate so that the applied voltage had to be removed 

to avoid too many damaging breakdowns.  This particular result 

just confirms the results shown in Fig. 4-llU) and (c) .  In^Fig. 

4-ll(a), the breakdown events occur continuously at 7.6 x 10 V/cm 

at 300oK.  In Fig. 4-11(c) the breakdown events erupt continuously 

at 7.4 x 106 V/cm at 1000K. 

It is of interest to note that at lower fields, as in Fig. 

6-7, when the applied voltage on field plate is +190V. no current 

increase is observed; instead, the current drops slowly, presumably 

dictated by the slight temperature dependence of the Fowler-Nordheim 

relation. 

Other tests while cooling the sample when biased at a lower 

field were also conducted and showed no current instability. 

The significance of these aresults are: 

(1) Besides the current instability at constant temperature 

discussed in last section, this particular instability U associated 

with temperature lowering and high field. 

(2) That tnis current instability is not seen when the applied 

field is not so hifch indicates that the current increase cannot be 

due to surface-charge flow, change in the sample geometrical 

structure, or a lowering of the tunneling barrier while the temper- 

ature is being reduced. 

(3) Because the rate of breakdown increases as the current 

increases upon lowering of the temperature, it is clear that the 

instability is close]  associated with the breakdown process. 

(4) It is clear tha  the instability is not thermally initiated. 

s .- 
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Vl-4  Discussion of Current Instability and Modeling of Localized 

Breakdown 

At this point, the results on the current instability can 

be summarized as follows: 

(1) At a constant temperature, either lu0oK and 300oK, a current 

instability occurs at very high applied fields, is probably associated 

with positive space caarge introduced by an electronic process. 

(2) At very high fields, a current instability occurs while the 

temperature is being lowered.  The C-V curves always smear out 

at room temperature after high field stress.  This temperature- 

dependent smear-oat will be discussed in section Vi-5.  It becomes 

a major obstacle in studying the positive charging in the second 

kind of current instability. 

However, since the second instability only occurs at very 

high fields, one may assume that its physical interpretation is tne 

same as that for the first kind of instability, i.e., it is caused 

by the enhancement of tunneling field due to the presence of 

positive charges.  It is likely that on lowering the temperature, 

more positive charges are generated or fewer are recombined; 

therefore, the enhancement of the tunneling field is greater at 

100oK than at 300oK.  No matter how the positive charges increase so 

that they enhance the electron tunneling current, tlu y have had to 

be introduced into the Siü at the first place. 
z 

A process which can account for both instabilities is 

impact-ionization.  That is, as electrons tunnel into the Siü , they 

gain energy from the electric field and lose energy by collision 

with phonons or impurities.  The energy they obtain between collisions 

is determined by the magnitude of the electric field and by the 

mean free path between collisions.  If the field is high enough 

they may obtain enough kinetic energy to ionize the lattice or 

impurities on collision. At lower temperature, for the same field, 

the mean free path is increased so that electrons can gain a 

greater kinetic energy.  Therefore, the impact process can account 

for both instabilities. 

y 
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At  constant  temperature,  the  instability is  due  to  impact 

ionization by energetic electrons  gaining energy from the high 

field.     At  a constant high value of electric  field intensity,   the 

mean  free path of electrons  increases  as  the  temperature  is  reduced, 

resulting in raore impact ionization  and  greater instability. 

Vihen  impact  ionization  creates  electron-hole pairs,   the 

electrons will be  swept  out  of  the  SiO,,  because  of  their  relatively 
30 

high mobility       and because of   the  low  density of electron   trapping 
31 

center in  SiO-.     Holes will be  trapped near  the  Si-SiO    interface 

because  of  the  rej. lively large  density of hole  trapping centers 

there.     The holes  accumulated near  Lhe  interface will  increase 

the electric  field intensity and  thus will exert positive   feedback 

and enhance  the electron  tunneling. 
32 

Since  the bandgap  of  SiO     is   about  9eV,     an electron would 
o ^- 

nave  to  travel  about  100A without  any  collision  in order  to  gain 

such a large  amount of kinetic energy.     The  probability  for an 

electron  to gain 9eV of kinetic energy  in  amorphous  SiO,  must  be 

very slight,     it has been proposed      that  the  current  instability 

might be  caused by  i-.jact   ionization  ot   def( -t states  in  the   forbidden 

gap;       thus  the electrons would need  less   than 9eV of kinetic  energy 

to produce  ionir^lion. 

Since  the  transport  properties  of  SiO    are not well  understood 

at  the present  time,   only  a phenomenological model will be  presented, 

as  shown  in  Fig.   6-9,  using impact  ionization as  the main mechanism 

of  instability. 

In  this  model,  electrons   tunnel  into  the  SiO«  according  to 

the Fowler-Nordheim relation.     Some of  the electrons  gain  kinetic 

energies  great enough to produce  impact  iou^zation.    When electron- 

hole pairs  are created,  the electrons  are  swept  out of  the  SiO    and 

ttie holes  irove  to the tunneling contact  under the influence of 

electric  field and are trapped near  the  tunneling contact.     The 

accumulation of  trapped holts not  only enhances  the electric  field 

for more electron tunneling but  also  increases  the chance   for 

electrons  to recombine with  the  trapped holes.     The  current  approaches 

a steady-state value as  the hole  generation and trapping is balanced 

•v-.- 
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by recombination with electrons. 

This  phenomenological model  can be expressed as  follows: 

We assume  that hole-electron pairs  are produced by  impact 

ionization at  a  rate proportional  to  the  current  density of 
2 

in4acted electrons:  ^ J      hole-electron pairs per cm    of sample, 
J o FN 

where a is a function of the electric field intensity. We assume 

that all of the electrons are swept out and that all of the holes 

are very quickly trapped near the interface.  Tending to balance 

the trapping of holes is recombination with electrons, which we 

take to be proportional to the trapped hole concentration, P cm  , 

an 
-3 

d the  free electron density, n  cm    .     Then we  can write 

dP       ad J_ 
t  .     o FN 

dt  '     a 
- R P    n (6-5) 

where  R ij  a recombination-rate  constant of proportionality.     Me 

write  the  density of electrons  as 

JFN 

**** 

where   U    is  the mobility of electrons  in the S10   .     Equation   (6-5) 
n ^■ 

can be rewritten as 

dP      ad J J,,, 
t m^oJH _ R (    W j 

dt q t     U    qt 
(6-6) 

Assume that the holes are trapped near the tunneling contact.  Then 

in Eq. (6-4) we can set x approximately equal to do and write 

p(x)dx = q Pt . 

Equation  (6-4)   can now be rewrtten as 

V        P  (t)   q 
a  -1ft + -S  cd E o 

(6-7) 

s.   - J 
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The effect  of  the enhancement  of  elfictric  field near  the 

tunneling contact  can be  shown by   replacirg  t-vith£     in Eq.   (6-2), 

neglecting the effect  on  the pre-exponential  term Cfc. .     Then we have 

Jra  =  Ctexp   i-V[Va/do + Pt(t)   ^'] (6-8) 

Since there is no simple analytical solutions for these 

two simultaneous equations, (6-6) and (6-8), the straightforward 

way to find P(t) and the value of a is to deduce them directly 

from the experimentally obtained time-dependent current (such as 

is shown in Fig. 6-5(a)). 

Suppose that P (t = Ü) = 0. Then we car. write from Eq. (6-8) 

I(O'I(t-0? = JFN(t)/JFN(t-0) 

expi-,fo/[Va/do +  Pjt)   q/   ]l/exp(-fco  dJV^) 

Solving this  expression  for P   (t)   in   terms  ol   I(t)/I(t=0)   results   in: 

P   (t)   =   0 /q)'£o/(todo/vra)-   In   [I(t)/I(t=U)]!-(. /q)(Va/do) 

(6-9) 

From this relationship P (t) can be plotted point by point since 

I(t)/I(t=0) is known.  The result for P (t) is shown in Fig. 6-10 

for V    = 195V. a 
From Eq.   (6-6) we  obtain  for the  initial value of d P  (t)/dt: 

d Pt(t) 

""It 
adoJFN (6-10) 

t-o t^o 

Tlie initial slope of P (t) can be determined from Fig. (6-10).  The 

resulting value of ad is estimated to be 7-8 x 10 .  This value of ad^ 

is  small enough that the additional electrons supplied by 

multiplication ad J,™ can be neglected in the total current, and the 
O FN 

main  factor causing the  current  instability is  the positive   feedback 
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caused by the accumulation of holes near the interface.  The 

quantity - is undoubtedly a function of electric field intensity and 

sample temperature. 

Because the current instability is reproducil le and the 

current is proportional to the area of the field plate, the irrpact 

process presumably occurs over the entire sample.  However, 

localized breakdown will take place when momentarily a microscopically 

unbalanced situation between impact ionization and recombination 

occurs locally due to local defects or simply statistical fluctuations 

of the impact process.  If we assume that under this condition the 

geneivt^.on and trapping of holes locally overcomes recombination, 

we cii.i write Eq. (6-5) approximately as 

dt 

*d 1 
(6-11) 

Then 

J« - Ct2 •»p{-VlVdO +   i(adoJFNMdt]- 
(6-12) 

Equation (6-12) will show tue differential negative resistance 

region needed to explain the breakdown switching process shown in 

Fig. (1-2). 

Based  on  this  breakdown model,   the  local  current   filament 

still  consists  of electron  current  only.     This  matches  the hypothesis, 

mentioned in Chapter  IV,   that  the breakdown  filament has  essentially 

an electron current.    Because  of  the presence  of low-mobility holes 

in SiO   ,  the electron current will not be space-charge  limited  in 

spite of  their high current  density on breakdown. 

Vl-5     Temperature-Dependent   and Substrate-Dependent C-V Curves  After 

Hißh Field Stress 

The  first effect  of high  field stress on C-V curves  of 

Al-SiO -Si structure  is  the  increase of  interface states.    However,   the 

increase  of  interface states  usually  is not high enough  to  contribute 

v^-' 
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much smear-out  to  the C-V curves. 

If  the  current  instability  i^  observed in high  fields,   the 

C-V curves measured afterwards  do show some  temperature-dependence. 

To  illustrate tnis  dependence,   Figs.   6-ll(a)   and  (b) 

show two  sets  of C-V curves  corresponding  to samples of both p-type 

and n-type substrates.    At  100oK,   in both  figures,   the  C-V curves 

shown with dashed lines shift  toward negative bias  almost  parallel 

to the original one after the  current   instability is  seen.     After 

the samples  are warmed up  to room temperature   (with either open- 

circuit  contact or short-circuit  contact)   the C-V curves  change   from 

the  dashed lines   to  those  drawn with  solid lines  -  the  C-V curves 

show more  smear-out.     If  the  samples  are  cooled again,   the  C-V 

curves   do not   return  to those  shown by  dashed  lines,  but   retains  a 

smear-out.     This   irreversible   change   is   found   to be  associated with 

temperature  only, because  the parallel-shifted C-V curves  can be 

"frozen"  at  100oK  for several hours  without  any significant  smear-out 

and if  the  sample  is warmed  up   In   ten minutes,   the  smear-out will 

appear. 

The parallel s1 ift   in  C-V  curves   can only be  obtained when 

the  current  instability is produced at  low sample  temperatures   (say, 

100oK)        If   the high  field is   applied  at  room temperature   and  the 

current  instability  is  seen,   the  C-V curves will have  the  same shape 

as  those  shown by  the solid lines  in  Figs.   6-11(a)   and  (b).     The 

flatband shift  at  room temperature   is   greater with p-type  substrates 

than with n-type subrtrates.     The  interface states  are  found to 
9 2 

increase  from ab.ut 5 x 10    states/cm    on  a  fresh sample  to 
10 2 2 x 10       states/cm    on a sample  after stress as  determined by G-V 

33 measurements  at  room temperature. This  density of  interface 

states  alone  cannot account   for  the  almost  10 volt  smear-out  in  the 

C-V curves,  and a nonuniforra distribution of positive space  charges 

in the oxide ought to be  considered.     However,  the  reason why  the 

positive space  charge  cannot maintain its uniform distribution  from 

100"K. to  3000K is not  clear. 
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No matter what  the  actual reason  is  for the  large  smear-out 

in C-V Lvrves at  room temperature  and the  irreversible  change  in 

C-V curves with  temperature,  the smear-out does  impose difficulties 

in  comparing the  generation of positive  charges  in high  field at 

different temperatures. 

VI-6    Summary and Discussion 

In  this  chapter,  a series of experiments  are described which 

attempt,  to identify  the actual mechanism of breakdown initiation. 

First,   the  current  conduction  is   confirmed  to be  due   to 

electron tunneling from negatively-biased contact  in Si02  following 

the  Fowler-Nordheim equation.     By comparing the  theoretical equation 

and  the experimental  result,  the effect mass  is  found  to be 0.38 mo 

for electron  tunneling  rrora Si and 0.46 m    for electron  tunneling 

from an Al  field plate. 

A current  instability is   found  at  very high  fields  and can 

be  associated with positive  space  charge  in the  Si02.     The  current 

instability  Is  found at  lowered  temperature  as well  as  at  room 

temperature. 

A model using impact  ionization and the  trapping of holes 

is  used to explain the  current instability  and the breakdown 

mechanism. 

In comparing the theoretical model and experimental data, 
-3 • • 

the impact coefficient is found to be around 10  at field intensities 

approaching breakdown of the Si02 - a fairly small value. 

Finally, the observed temperature-dependence and substrate- 

dependence of C-V curves after current instability are presented 

but have not yet been explained satisfactorily. 

Though the model presented here is sufficient to expalin 

the observed experimental results, there are several points to be 

discussed: 

(1) Although impact ionization has previously been suggested as 

the principal process to account for the dielectric breakdown of 

Si02, the present study was the first, to our knowledge, to establish the 

fact that positive charges are actually generated and stored in SiO,, after 

._^ 
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the  presence  of  a pre-breakdown  current  instability.     We  have  shown 

experimentally   tlie  dependence  of   this  instability on  temperature  and 

have explained  the  instability  on  the basis  of   the  generation  and 

trapping of  holes.     ü'Dwyer       has  made  a detailed analysis  of  a 

similar model,  but  he neglected  recombination. 
-3 

Since   the  impact  coefficient  is  about   10     ,   the major 

effect of   the  impact  ionization  comes   from  the positive  space 

charge of holes which  are   trapped near  the   tunneling contact and 

which exert  great effect  on  the  tunneling current.     Recently,  Klein 

and Solomon,35  using  internal  photoemission,   reported that  current 

multiplication has been observed  in Al-O. but not  in SiO,,.     Althoup.i 

they  suggested  that  there  may not  be   impact   ionization  in  Siü,,,   th^lr 

argument  may not  be  conclusive  if   the  impact   coefficient   is  as 

small  as   10"3  at   field  close   to   7.8  x 10    V/cm.     However  this  low 

impact  coefficient  can  result  in  a major effect  through hole 

trapping  and  the  sensitive   field-dependence  of  the   tunneling current. 

(2)   Whether a significant   fraction  of  electrons   in  amorphous 

SiO    can  gain such  a high kinetic energy  as  9eV is still  controversial, 

However,  hot electrons   in  other amorphous   insulators  have been 

reported previously.     Hie  current multiplication  in AJ^ß observed 

by Klein  and  Solomon       shows   that  hot  electrons  do exist  in Al,^ 

and are  able   to produce   impact   ionization.     Hot  electrons  have  also 

been  detected  in  Siü?  by using a  metal-oxide-metal structure  in 

which electrons  are  injected  into  the oxide  in high  fields  and 

gain enough energy  to escape, without  mucii  attenuation  in  the  thin 
35 

anode,   into vacuum where  they  are  collected.   "      The  thickness  of  the 
o 

SiO can be of several thousand A .  in our experiments on Si02, the 
_3 

low value of impact coefficient (« - 10 ) can be interpreted to 

nean that only a small fraction of electrons in the Si02 have gained 

a large kinetic energy. 

(3) The difference in breakdown field strengths witli opposite 

applied field polarities may arise, at least in part, from the 

difference in distributions of hole trapping centers near the two 

interfaces. 

J . 
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(4) Our model does not, in itself, explain the scratch effect 

mentioned in Chapter IV-l(c). Why the scratches on Al field plate 

affect only the positive field-plate-polarity breakdown may be 

caused by field enhancement around the field-plate scratches which 

makes hole tunneling into the SiO. possible, resulting in a double- 
37 

iniection type current filament.   However, if the scratched field 

plate is biased negatively, the local high field only enhances tho 

electron tunneling.  The positive charges, which are essential to 

the positive feedback, are still controlled bv impact ionization 

in the bulk.  The impact ionization coefficient presumably depends 

only on the magnitude of the field and on the temperature, and not 

on the magnitude of the tunneling current.  Therefore, although 

the scratches enhance the tunneling current, they are not able to 

cause nucleation of field-plate-negative breakdows at lower fields. 

K.^- 
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CHAPTER VII 

CONCLUSIONS 

In  this work we have  used tae non-shorting self-quencbed 

breakdown  technique  to study  the  initiation of  localized breakdown, 

the breakdown discharge process,  and  the  final  damage  topography. 

In the  study of  the mechanism of breakdown  initiation,   the 

experimental  results   indicate that  the  conduction starts with 

Fowler-Nordheim electron tunneling.     In  the pre-breakdown region a 

current  instability  is observed and is  found  to be  closely MBoriated 

with  the presence of  a positive stored charge.     Further,   the     .rrent 

instability  is   found  to be  dependent  on  the   temperature.     The 

conclusion  drawn   from  these  results  is   that   the breakdown  is 

probably  initiated by  an  impact  ionization process   in  the  Si02;   the 

positive  charges  are holes which are  created by  the  impact  ionization 

process  and are  trapped near  the  tunneling contact where   they 

enhance the  tunneling current.     In  our experiment  at  100oK on 

250GA thermally  grown Si02  films, we would  the  ratio of  the holes 

generated to electrons  injected  to be of  the order of  10  "   in 

the pr^-breakdown  unstable  regime. 

The breakdown process  is believed  to  result   from a 

micros cop-'.cally  unbalanced positive   laedback in which a local 

buildup  of positive  chargt   results  in  runaway of   the electron 

tunneling ccntact.     The switching process  from a low-current high- 

voltage statt   to a high-current  low-voltage state  is  the  result of 

the  formation of a  current  filament  through which  the MOS  capacitor 

discharges  its   stored energy. 

The breakdown discharge study  reveals  that on the occurrence 

of breakdown,   the  current  filament  contributes  only a negligible 

electrical  resistance,  comapred with  that  contributed by  the 

silicon substrate,   to the discharge  current.     Therefore most of  the 

dissipatiou of stored electrical energy  into heat  occurs  in the 

silicon rather Li an in the  Si02 itself.     Hence  the  current-density 

pattern  in the silicon substrate will determine  the heat-generation 

> 
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pattern aad consequently  determine  the  topography  of  the local 

breakdown damage. 

Experimentally,   the topographical structures  of self-quenched 

breakdowns,  as shown in optical and SEM micrographs,   are  found  to 

be  distinct among the  four  combinationb, of  applied-voltage polarity 

and substrate type.     The differences  and similarities  can be 

correlated with the  field plate polarit>   and  the  conduction  regime 

of  thfc substrate,  i.e.,   inversion or accumulation.     The differences 

in topographical  appearance  can be explained on  the basis  of 

different  discharging current-density patterns  in  the substrafp 

during the breakdown discharge p.-ocess. 

Square self-quenched breakdown was  first  observed in  this 

study on  (100)  p-type silicon substrate wafers with positive  field- 

plate polarity.     This  anisotropic breakdown pattern  can be  inter- 

preted as  the  result of  anisotropic conductivity of hot electrons 

in  the n-inversion  layer after  the  occurrence  of  breakdown.     Based 

on this  interpretation  and the properties  of  the anisotropic 

conductivity,  it was predicated that  the breakdown pattern  on this 

particular configuration should evolve  from round  to square and 

then to 3tellar shape  as  the breakdown vol'.age  increased.     Upon 

using a thick oxide  to increase  the breakdtwn  voltage,  the predication 

was  confirmed. 
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