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ELECTRICAL AND OPTICAL

PROPERTIES OF "DIAMONDLIKE" CARBON FILMS
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A dviser: John A. Woollam

ABSTRACT—Hard, in s u la t in g , amorphous-carbon film s have been deposited  

on s in g le  c ry s ta l  s i l i c o n  s u b s tra te s  using io n  beam s p u tte r in g , r f  glow 

d ischarge in  methane and dc sp u tte r in g  of a g rap h ite  ta rg e t  in  an Ar 

am bient. E le c t r ic a l  and o p tic a l  p ro p e r tie s  o f th e se  film s have been 

s tu d ie d .

The in t e r f a c i a l  e l e c t r i c a l  p ro p e r tie s  have been ev a lu a ted  using  

MIS capacitance and conductance measurements b o th  as a fu n c tio n  o f gate  

vo ltag e  w ith  frequency being a param eter, and as a fu n c tio n  o f frequency 

w ith  ga te  voltage being a param eter.

For io n  beam sp u tte re d  f ilm s , equ iv a len t p a r a l le l  conductance da ta  

showed a good f i t  to  theo ry  only i f  e i th e r  a s in g le  tim e constan t o r 

e ls e  a continuum of s ta te s  i s  assumed. Commonly observed anomalous 

d isp e rs io n  of time constan ts was n o t no ted  in  these  samples.

For MLS samples made w ith  dc sp u tte re d  amorphous-carbon f ilm , the  

data, in d ic a te d  a tu n n e llin g  type o f mechanism fo r  th e  observed ac lo s s .  

Measurements fo r  th e se  samples were taken  bo th  under dark and vario u s 

l ig h t in g  conditions in  th e  frequency range of 100 Hz to  10 MHz. For 

both, ( io n  beam and dc sp u tte re d )  types of sam ples, d en s ity  o f in te r f a c e
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s ta te s  has been eva lua ted  and found to  be f a i r l y  low from a device 

p o in t o f view.

O p tica l constan ts of ion  beam sp u tte re d  and r f  glow d ischarge 

deposited  film s have been determ ined using m u ltip le  w avelength, m u ltip le  

angle o f inc idence measurement technique of n u l l  e llip so m e try . A ll 

measurements were fou r zone and th e  w avelength range was 253.6 nm to  

632.8 nm. Both as-p repared  and annealed samples were used. I t  was found 

th a t  th e  r e f r a c t iv e  index and the e x t in c tio n  c o e f f ic ie n t show only  a 

nyimma.T system atic  change as th e  samples are annealed upto 500 °C.
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V

NOMENCLATUBE

Symbol D efin itio n

Co Measured capacitance co rrec ted  fo r  the' ohmic lo sses

Q Capacitance of the  in su la tin g  la y e r

c * T otal capacitance o f th e  id e a l MIS s tru c tu re

c * Capacitance due to  th e  in te r fa c e  trap s

Q , Measured capacitance of th e  MIS s tru c tu re

c Minimum value o f th e  h igh  frequency capacitance

CP E quivalent p a r a l le l  capacitance

Q S ilic o n  su rface  capacitance (d e p le tio n  capacitance)

/c n E lec tro n  capture cross se c tio n  o f an in te r fa c e  tra p

4 Hole capture cross se c tio n  of an in te r fa c e  tra p

EW Volume density  o f th e  empty in s u la to r  tra p s

D it In te rfa c e  s ta te  d ensity

J In su la to r  tra p s  d is tr ib u t io n  d istance

Surface density  of th e  in te r fa c e  tra p s

Bc E lec tro n ic  energy a t  th e  conduction band edge

E lec tro n ic  energy a t th e  Fermi le v e l

^•fw

E ,
E ;

M etal Fermi le v e l

Semiconductor band gap

E lec tro n ic  energy a t  th e  in t r in s ic  Fermi le v e l

E . K inetic  energy of an e le c tro n

E t Energy p o s itio n  o f an in s u la to r  tra p

B V E lec tro n ic  energy a t  th e  valence band edge

Bop O ptical band gap
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NOMENCLATURE

-Symbol Def ■i n d tio n

E lec tro n  em ission constant 

■fe Fermi fu n c tio n  e s ta b lish e d  by \^ c
■fit)1 Fermi fu n c tio n  a t  time t

Gc Measured conductance co rrec ted  fo r  th e  ohmic lo sses

Gr-n\ Measured conductance of th e  MIS s tru c tu re

E lec tron  em ission ra te  

G p  E quivalent p a r a l le l  conductance

Pseudo Fermi fu n c tio n  in  th e  v a ria b le  X 

h P lan ck 's  constan t

Im  (  X*.) Imaginary p a r t  o f th e  complex adm ittance 

J * Q )  Surface cu rren t d en s ity  through in te r fa c e  s ta te s

Volume d en sity  o f in s u la to r  tra p s  

D ie le c tr ic  constan t of th e  in s u la to r  

v5 D ie le c tr ic  constan t of th e  semiconductor

) D is tr ib u tio n  fun c tio n  o f th e  in s u la to r  tra p s  

fc Boltzmann's constant

E lec tron  wave fu n c tio n  decay constant (wave vec to r) 

I n t r in s ic  Debye length, in  th e  semiconductor 

/V , Acceptor concentration.

Donor concen tra tion  

A 4  Number of e le c tro n s  trapped in  th e  in s u la to r

p e r cm  ̂ p e r  second

T o ta l number o f f i l l e d  in s u la to r  tra p s

K

Ki

K .
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NOMENCLATURE

Symbol D e fin it io n

I n t r i n s i c  c a r r i e r  co n ce n tra tio n

"s E le c tro n  co n cen tra tio n  a t  th e  su rface

E lec tro n  co n ce n tra tio n  a t  th e  su rface  a t  tim e t

"s. Surface co n cen tra tio n  o f e le c tro n s  e s ta b lis h e d  by

p P ro b a b il i ty  o f an e le c tro n  capture by an in s u la to r  tra p

h Hole co n ce n tra tio n  a t  th e  su rface

Qs Charge on th e  m e ta l f i e l d  p la te

Q, Charge due to  h o le s  a t  th e  su rface

Charge in  th e  in s u la to r  tr a p s

Q$ Net t o t a l  charge a t  th e  sem iconductor su rface

Qss Charge in  th e  in te r f a c e  s ta t e s  a t  zero  b ia s

Q»U) Charge in  th e  in te r f a c e  s ta t e s  a t  tim e t

Magnitude o f th e  e le c tro n ic  charge

R eal p a r t  o f th e  complex adm ittance

Rate o f e le c tro n  capture by the  in te r f a c e  s ta te s

Rs>̂ *b In te rfa c e  s ta te  and bulk  re s is ta n c e s  re sp ec tiv e ly

RP In s u la to r  leakage re s is ta n c e

T A bsolute, tem peratu re

T 7 E lec tro n  delay tim e w ith in  th e  fo rb id d en  reg ion

t* Thickness o f th e  in s u la t in g  la y e r

u D im ensioless p o te n t ia l  ( i . e . ,  p o te n t ia l  in  u n its  o fk T /V )

u-f D im ensioless Fermi p o te n t ia l

D im ensionless su rface  p o te n t ia l
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NOMENCLATURE

Symbol D efin itio n

IA$0 Dimensionless su rface  p o te n t ia l  e s ta b lish e d  by \Z&o

V ft F la t  band voltage s h i f t

V& Voltage app lied  to  th e  gate  (g a te  b ia s )

V&o A p a r t ic u la r  value o f th e  ga te  b ia s

Vf P o te n t ia l  drop across th e  in s u la to r

v j*  P o te n t ia l  drop a t the in s u la to r  tra p s

Thermal v e lo c ity  o f th e  e le c tro n s  

The e f fe c t iv e  w idth of th e  d e p le tio n  reg ion  

Maximum w idth of the d ep le tio n  reg ion  

X |W  The e f fe c t iv e  w idth  o f th e  in v e rs io n  la y e r

Xyyf Maximum tra p  occupation d is tance  during th e  measurement

^  Complex adm ittance o f th e  MIS s tru c tu re

oL O p tica l abso rp tion  c o e f f ic ie n t

$  Dimensionless param eter; £ = 2. IC0J,

Decay constant of th e  exponen tia l t r a p  d is tr ib u t io n  

^  Phase angle of the  complex re f le c ta n c e  r a t i o ;  an e l l ip s o -

m etric  param eter 

P e rm itiv ity  of f re e  space 

R efrac tiv e  index 

E x tin c tio n  c o e f f ic ie n t 

Wavelength 

1? Frequency

CT Standard d ev ia tio n  of the  s t a t i s t i c a l  model
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NOMENCLATURE

Symbol D efin ition

E lectron  capture cross se c tio n  of an in s u la to r  tra p  

6* GO E ffec tiv e  e le c tro n  capture cross sec tio n  fo r  an in su la to r

tra p  lo ca ted  a t  X 

^  Time constant of a s in g le  le v e l in te r fa c e  s ta te .  Also

denotes time constant of an in s u la to r  tra p  loca ted  a t  the 

in te rfa c e

7(x) Time constan t of an in s u la to r  tra p  lo ca ted  a t X

Mean time constant o f a continuum o f in te r fa c e  s ta te s

lo ca ted  w ith in  ~  * - r / v

Cvi E lec tron  l i f e  time

T p Hole l i f e  time

^  Fermi p o te n tia l

(f) Metal work function
rp l
(25 M etal-semiconduetor work function  d ifference*MS
(j) S ilic o n  surface p o te n tia l

%  Semiconductor e lec tro n  a f f in i ty

y  Amplitude of the complex re fle c ta n c e  r a t io j  an e l l ip s o -

m etric  param eter 

E lec tron  wave function  

0 0  Angular frequency
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1

CHAPTER I  

INTRODUCTORY REMARKS

"Diamond-like" amorphous-carbon film s are re a d ily  d is tin g u ish ab le  

from o the r forms o f carbon film s because of th e i r  many unusual p roper­

t i e s .  These p ro p e rtie s  include (bu t are not r e s t r ic te d  to ) :

1. O p tical transparency  — more o r  le s s  depending upon th e  methods 

of p rep a ra tio n . Low in f ra - re d  (IR ) absorp tion .

2. High e l e c t r i c a l  r e s i s t i v i ty  — ranging from 10^ -  1 0 ^  -cm,

3. Very good adhesion to  d iverse su b s tra te s . These inc lu d e , in su ­

la to r s  ( p la s t ic s ) ,  semiconductors (S i ,  Ge), m etals (A l, C u),e tc .

4. Unusually smooth su rface , in  some cases film s are smoother than 

th e  su b s tra te .

5. E xce llen t re s is ta n c e  to  corrosive chemicals — inc lud ing  HF,

HNO ,̂ acetone, methanol, tr ic h lo ro e th a n e , e tc .

6. Extreme hardness — can sc ra tc h  g la ss .

7. High index of re f ra c t io n  — about 2 in  the  v is ib le  range.

8. High d ie le c t r ic  constant — between 8-16 depending on the

method o f p rep ara tio n .

9. High d ie le c t r ic  breakdown vo ltage — 10 V/cm,

10. Diamond-like s tru c tu re  — quasi-aiuorphous film s show c r y s ta l l i t e s  

in  the  50 -  100 2  range. I t  has been claimed th a t  th e se  c ry s ta ­

l l i t e s  have a cubic l a t t i c e  w ith  l a t t i c e  constants th a t  are 

close to  those fo r  cubic diamond ( l ) .

Carbon film s w ith  many of these p ro p e r tie s  were f i r s t  produced by
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2

A isehberg and Chabot using an io n  beam technique (2.). Since then  attem ­

p ts  have been made to  deposit such film s using a number of o th e r tech ­

n iq u es, such as , cracking o f hydrocarbons in  a glow discharge (3 -5 ) , 

io n  beam sp u tte r in g  from a carbon ta rg e t  (6 ) ,  e tc .  Amorphous-carbon 

film s produced by these various techniques are in  g en era l smooth, hard  

and sem i-tran sp aren t and e x h ib it a wide range o f  physico-chem ical pro­

p e r t i e s .  That i s ,  they  o f te n  have varying ranges o f values fo r  the  te n  

p ro p e r tie s  l i s t e d  above. Most o f th e  a v a ila b le  l i t e r a tu r e  th e re fo re  deals 

w ith  th e  in v e s t ig a t io n  o f various  d ep o sitio n  techniques and th e  physico­

chemical p ro p e r tie s  o f th e  re s u l t in g  d ep o s its .

The unique p ro p e r tie s  of a-carbon f ilm s  make them p o te n t ia l ly  id e a l  

f o r  a number o f ap p lic a tio n s  in  e le c tro n ic  dev ices, in  o p t ic a l  components, 

and as environm ental p ro te c tio n  co a tin g s . However, as d iscussed  in  chap­

t e r  VI, th e re  i s  a wide range o f  rep o rte d  o p tic a l  p ro p e r tie s  fo r  th i s  

m a te r ia l. The s i tu a t io n  in  reg ard  to  e l e c t r i c a l  and in t e r f a c i a l  e le c ­

tro n ic  p ro p e r tie s  i s  even worse. R e s is t iv i ty  i s  th e  only e l e c t r i c a l  

property , th a t  has been measured, fo r  most samples. Again, the reported , 

values, span se v e ra l o rders  o f magnitude in  what i s  pu rported  to .b e . th e  

th e  same m a te r ia l.

The re sea rch  program a t  th e  U n iv e rs ity  o f Nebraska aims a t  a th o ­

rough c h a ra c te r iz a tio n  o f h igh  r e s i s t i v i t y  a-carbon film s . The re sea rch  

described, in  th i s  d is s e r ta t io n  i s  p a r t  o f th a t  program. The d is s e r ta t io n  

i s  d iv ided  in to  VI C hapters. Chapter I  i s  a b r i e f  in tro d u c tio n . Chapter 

I I  e s ta b lis h e s  th e  fundamentals o f th e  th e o ry  of adm ittance measurements 

and d escribes the  various in te r fa c e  s ta t e  models c u rre n tly  in  vogue. 

Chapter I I I  i s  a d e ta iled , d e sc r ip tio n  o f th e  various experim ental s e t ­

ups used in  th i s  re sea rch . Chapter IV describes th e  r e s u l ts ,  o f adm ittance
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measurements on ion  beam sp u tte re d  samples. The adm ittance spectroscopy 

research  on ion  beam sp u tte red  samples was of p r e l iminary  character}  

hence, the  r e s u l t s  a rr iv e d  a t in  th i s  Chapter—although complete—are 

no t based on ex tensive  measurements. Chapter V describes the  main th ru s t  

o f th i s  work. I t  d iscusses the in t e r f a c i a l  e le c tro n ic  p ro p e rtie s  of 

A l/a-C /p -S i MIS s tru c tu re s  in  considerab le  d e ta i l .  The amorphous-carbon 

film s were made by s p u tte r in g  of a g raph ite  ta rg e t  in  an Ar ambient. 

Chapter VI addresses another im portant o b jec tiv e  o f t h i s  work: an under­

standing  of the o p tic a l  p ro p e rtie s  of h igh  r e s i s t i v i t y  amorphous-carbon 

film s. In  th i s  chap ter, th e  r e s u l t s  o f d e ta ile d  e llip so m e tr ic  measure­

ments on as-p repared  and annealed amorphous-carbon film s are p resen ted  

and d iscussed .

For the  sake o f s im p lic ity , a l l  eq uations, diagrams and ta b le s  are 

numbered sep a ra te ly  fo r  each chap ter. A ll n o ta tio n  i s  explained in  the 

n o ta tio n  se c tio n  in  a lp h ab e tica l o rder. An appendix provided a t  the ' end 

d iscusses the data a c q u is itio n  and an a ly sis  computer programs in  con­

sid e rab le  d e ta i l .  The programs have been w ritte n  in  . F o rtran  IV with, a l l  

attem pts made to . make them machine independen t.. These programs should 

th e re fo re  be e a s i ly  adaptable to  any m ini-com puter w ith  a F o rtran  com­

p i l e r .  Copies o f the  programs are  av a ilab le  from the author upon req u es t.
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CHAPTER I I  

THEORY OF AIMITTANCE MEASUREMENTS

2.1 INTRODUCTION

Perhaps the most im portant bu ild ing  block of many modem in te g ra te d  

c i r c u i ts  i s  the  so -c a lle d  MIS (m etal-insu lato r-sem iconductor) t r a n s i s ­

to r .  Also known as IGFET ( in su la ted -g a te  f i e ld  e f f e c t  t r a n s i s to r ) ,  th i s  

device i s  a lso  in  wide use as a d isc re te  component. In  s ilico n -b ased  

technology, where the in su la to r  i s  a therm ally  grown n a tiv e  oxide, one 

usu a lly  speaks o f MOSFETs (m etal-oxide-sem iconductor f i e l d  e f f e c t  t r a n ­

s i s to r ) .  The cross sec tio n  of a b as ic  MOSFET i s  shown in  F ig . 2 .1  fo r  

the  case o f an n-channel device formed on a p-type s u b s tra te , which i s  

u sually  l ig h t ly  doped w ith  acceptor im p u ritie s  while the  n source and 

d rain  contacts are formed by d iffu s in g  or im planting a la rg e  concentra­

t io n  of donor im p u ritie s . The m etal (u su a lly  aluminum) gate i s  separated  

from th e  Si bulk by a th in  (sev e ra l hundred 2 ) la y e r o f oxide. When a 

s u f f ic ie n t ly  h igh  p o s itiv e  voltage i s  app lied  to  the g a te , enough p o s i­

t iv e  charges are accumulated on the  gate m etal to  c rea te  a th in  (.50 2 ) 

image sheet of mobile e lec tro n s  a t the insu la to r-sem iconductor in te r fa c e . 

This i s  the  "channel" o f the  FET and the  gate  voltage modulates the  con­

ductance of th i s  channel. Appropriate vo ltages are imposed on the source 

and the  d ra in  con tacts fo r  proper operation  of the device.

Although the  b as ic  aim of a l l  IGFET research  i s  to  c rea te  devices 

using d if fe re n t d ie le c tr ic s  and/or semiconductors th a t  w i l l  operate us­

ing  an .in v e rted  la y e r of mobile charge as o u tlin ed  above, the  achieve-
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SiO

FIG. 2 .1  Cross sec tio n  of a ty p ic a l s i l ic o n  based MOSFET
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