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E M I S S I O N  F A C T O R  I N  D L T S

Hoang Nam Nhat and Pham Quoc Trieu
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A b stract. The existence of reference levels of signals which determ ine directly  
the tem perature dependence of em ission  factor in deep level transient 
phenom ena is  d iscussed. The basic algebraic structure of reference levels  in the 
classica l DLTS is  stud ied  and various signal forms w ith  derived reference levels 
are given. We then dem onstrate the use of th ese signal forms and compare them  
w ith  the c lassica l DLTS double boxcar signal.

K eyw ords. S ig n a l fo rm s, r e fe r e n c e  le v e ls ,  D L T S, d eep  trap .

1. Introduction

T h e  e x is t e n c e  o f  th e  d e e p  le v e ls  is  a n  im p o rta n t p h en o m en o n  in  sem ico n d u cto r  

p h y s ic s . It is  w e ll-k n o w n  t h a t  th e y  c a u se  m any c o n s id e r a b le  b eh a v io u rs  o f  

m a te r ia ls . T h e  c h a r a c te r iz a t io n  o f  th e  d eep  tra p s  fa ced  m an y  d if f ic u lt ie s  u n til 1974  

w h e n  L a n g  h a s  in tr o d u c e d  a  sp ec tro sco p ic  m eth o d  c a lle d  th e  D eep  L ev e l T r a n s ie n t  

S p ectro sco p y  (D L T S ) [ 1]. T h is  a llo w s  

to  d e d u ce  from  th e  e x p o n e n tia l  

c a p a c ita n c e  d e c a y s  C(() = ACe'*'1 th e

b a s ic  p h y s ic a l p a r a m e te r s  o f  th e  

tr a p s  su ch  a s  th e  a c t iv a t io n  e n e r g y ,  
c a p tu r e  c r o s s -s e c t io n  a n d

c o n c e n tr a t io n . T h e  L a n g 's  m eth o d  

h a s b e e n  w id e ly  a c c e p te d  to d a y  a s  

th e  s ta n d a r d  tool, a lth o u g h  it  h a s  

s e v e r a l l im ita t io n s  su ch  a s  th e  s lo w  

ru n  a n d  r e la t iv e ly  low  r e so lu t io n . To  

e x tr a c t  th e  tra p  p a r a m e te r s  from  th e  

e x p o n e n t ia l d eca y s , L a n g  h a s

in tro d u ced  th e  s ig n a l form  
S (T )= C (ti)-C (t2) - t e c h n ic a l ly  r e a liz e d  

u s in g  a d o u b le  b oxcar c ir c u it , w h ich  

m o n ito rs  th e  c a p a c ita n c e  t r a n s ie n t s  

a t  tw o  d if fe r e n t  t im e s . T h is  fu n c tio n  S(T)  h a s  a d e s ir a b le  p rop erty  th a t  i t  sh ow s  

m a x im a l g a in  a t cer ta in  tem p era tu re  r e la te d  to  th e  d o u b le  b oxcar ra te  w in d ow s  

s e t t in g .  S o  by s c a n n in g  th e  S (T )  over  te m p e r a tu r e  s e v e r a l t im e s  o n e  o b ta in s  th e

F ig  A . L an g 's  m eth o d  sca n s  

S (T )= C ( t j ) -C(t2) for v a r io u s  tj a n d  t2 

s e t t in g s  an d  d ra w s th e  tem p era tu re  

d e p e n d e n c e  o f  S (T ). T h e  m axim u m  

d e te r m in e  th e  te m p e r a tu r e s  T o f  th e  

e m is s io n  fa c to r  Cnax s e t  forth  by th e  rate  
w in d o w s.
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fu n c t io n a l d ep en d en ce  o f  e m is s io n  factor on te m p e r a tu r e  e=f(T) an d  c a n  co n stru c t  

t h e  A r h e n iu s  p lot In( e lT 2) v e r s u s  1000/T  for th e  d e te r m in a t io n  o f  tra p  p a ra m eters  

( F ig . l ) .  T h e key  e le m e n t  in  th is  te c h n iq u e  is  th u s  th e  d e te r m in a t io n  o f  th e  
te m p e r a tu r e  d ep en d en ce  e -f(T ).

U p to  now , m a n y  a t te m p ts  h av e  b een  m ad e  in  th i s  fie ld  to  im p ro v e  th e  D L T S 
m eth o d . A m ong th e  te c h n iq u e s  th a t  h a v e  b een  rep o rted  [2 -14 ] ( th e  l i s t  is  c e r ta in ly  

n o t co m p le te ), th e r e  are tw o  th a t  a ttr a c te d  g e n e r a l a tte n t io n :  the  F ourier a n d  the  
L aplace tech n iq u e . T h e se  are  b oth  tr a n sfo r m a tio n  m e th o d s  m a n ip u la t in g  w ith  th e  

w h o le  r a n g e  o f m e a su r e d  d a ta , u s u a lly  d ig ita lly  record ed  5 1 2  or 1024  p o in ts . R eca ll 

th a t  th e  c la ss ic a l S(T ) u s e s  o n ly  2 p o in ts  an d  th r o w s  th e  r e s t  a w a y . In  g e n e r a l th e  

F o u r ier  a n d  th e  L a p la ce  s ig n a l form s sh o w  m ore s e n s i t iv e  p ea k  s tr u c tu r e  o f  th e  

g a in , b u t s in ce  th e y  do n o t in v o lv e  any r a te  w in d o w  th e  e x a c t  e m is s io n  factor a t th e  

m a x im a l g a in  c a n  n o t b e  c a lc u la te d  in  a d v a n c e . T h u s  th e  c o rre sp o n d e n c e  o f th e  
p e a k s  a n d  th e  d eep  c e n te r s  a p p e a r s  in th e s e  c a s e s  so m e h o w  s u b t le  a n d  a rb itra ry .

A com m on  fe a tu r e  o f  a ll sp ec tro sco p ic  m e th o d s  is  th e  p r e s e n ta t io n  o f  th e  

a n a ly t ic  a lg o r ith m  c o n v e r tin g  th e  se t  o f th e  c a p a c ita n c e  t r a n s ie n t s  C(t)y ea ch  o f  

th e m  h a s  b een  re c o rd ed  a t  so m e  p re s e t te m p e r a tu r e  T , in to  t h e  sp ec ific  v a lu e s  of 
c e r ta in  a n a ly t ic  fu n c tio n s  f n(T ), sh o w in g  th e  p eak  s tr u c tu r e s  a cco r d in g  to T. T h e  

f n(T) h a v e  tw o  im p o r ta n t p ro p ertie s: ( 1) th e y  a re  spectroscopic  in  th e  c o n te x t  th a t  

ea ch  o f  th e  p ea k s  in  /„ (T) c a n  be a s so c ia te d  w ith  o n e  sp e c if ic  d eep  c e n te r  an d  (2) 

th e y  are  linear y i .e . th e  A r h e n iu s  p lo t [ln (e /T 2) v e r s u s  1000/T ] tr a n s fo r m a tio n  o f th e  

m a x im a  o f  a rb itra r ily  c h o se n  peak  is  lin ea r . T h e  fu n c t io n s  f n(T) r e p r e se n t  th e  

a lg o r ith m  and u su a lly  th e  m e th o d  is  n a m ed  a fte r  f n(T ). H e r e in a fte r  th e  f n(T) are  

re fe reed  to  a s  th e  s ig n a l fo rm .  For sh o rt w e m ay  rem o v e  th e  in d e x  n  d e n o tin g  th e  

t im e -s e t t in g s  a n d  u se  f{T) in s te a d  o f f n(T). T h e d if fe r e n t  s ig n a l fo rm s in v o lv e  th e  

d iffe r e n t  n u m b er  o f m e a su r e d  d a ta  and h a v e  th e  d if fe r e n t  a b ili ty  in  s e p a r a tio n  o f  

th e  o v e r la p p in g  d eep  c e n te r s . T h e  c la s s ic a l L a n g 's  s ig n a l form , for e x a m p le ,  
in v o lv e s  on ly  2 p o in ts  in  th e  w h o le  tr a n s ie n t , w h e r e a s  th e  F o u r ie r  a n d  th e  L a p la ce  

s ig n a l form s a re  co m p o sed  p r in c ip a lly  o f  th e  w h o le  t r a n s ie n t .  T h e r e  is  n o t k n ow n  

u n t il  to d a y  any o th er  sp ec tro sco p ic  s ig n a l form  th a n  th e  a b o v e  th r e e .

In  th is  w ork  w e p r e s e n t  th e  s tu d y  o f th e  a lg e b r a ic  s tr u c tu r e  o f  th e  L an g 's  

c la s s ic a l s ig n a l form  S(T) s h o w in g  th a t  th is  form  p o s s e s s e s  a d e s ir a b le  p rop erty  o f  

h a v in g  a so -c a lle d  reference level o f  s ig n a l w h ich  d ir e c t ly  d e te r m in e s  th e  

r e la t io n sh ip  e=fÇT). T h is  p ro p erty  o f D L T S w a s n o t r e p o r te d  a n y w h e r e  before. W e  

th e n  in tro d u ce  th e  c la s s e s  o f  m a n y  o th er  s ig n a l form s h a v in g  th e  s a m e  a lg e b r a ic  

s tr u c tu r e  o f th e  r e fe r e n c e  le v e ls  a n d  red u c in g  th e  L a n g 's  form  a s  a sp e c ia l c a se . In  

c o n tr a s t  to  th e  L a n g ’s  form  th a t  in v o lv e s  2 v a lu e s  o f C(t)y th e r e  is  a c la s s  o f  form s  

w h ich  in v o lv e  o n ly  1 s in g le  v a lu e  C(t). T h is  is  a s u r p r is in g  fa c t  t h e s e  form s a lso  

p rovid e th e  p eak  s tr u c tu r e  o f  g a in  acco rd in g  to  T . T h e  L a n g 's  s ig n a l form  is  

e x te n d e d  in to  th e  c la s s  o f  s ig n a l form s w h ich  c o n ta in s  m a n y  o th e r  fo rm s p ro v id in g
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th e  sam e re su lts  as th e  L ang’s form. The fact th a t th e re  ex ist many analy tic  
functions f(T) fulfilled th e  requ irem ent of being th e  signal forms is f irs t described in  
th is  paper.

2. The reference levels in Lang's signal form S(T) and their algebraic 
structure

The dependence of th e  capacitance tra n s ie n t C(t) on tim e t is considered in  
general case as:

C(0  = Co + l 4 Q r « f ( 1 )

w h ere  C 0 is  C(t=oo), AC=ZAC; =  C(t=O)-C0 an d  i d e n o te s  th e  n u m b er  o f  p resen t d eep  

traps.

W ith respect to the  norm alized capacitance given as C n(t)=(C(t)-Co) / AC, and  
d en o te  t j =t - d f t2=t+di w e  r e d e fin e  th e  L ang's s ig n a l for th is  g e n e r a l case:

S {T ) = C n( t - d ) - C n(t + d)  = 

ỵ ,{A C i / A C )[e-‘‘('~d) -  e ' ,ti,+d)]

Suppose th a t  the  tra p s  are  independent and not overlapping each other (they 
are  far each from other in  th e  tem p era tu re  scale), one may d ifferen tia te  th is signal 
according to some em ission factor e„ leaving the  o ther ones zeroed, to determ ine th e  
signal m axim al gain in th e  given tem p era tu re  range. We modify th e  resu lt from [1] 
w ith  r e sp e c t  to  th e  v a r ia b le s  t an d  d  m en tio n ed  above:

e m«x=Zn [( *+d)/(t -d)]/2d  (3)

This re la tio n  shows th a t  by fixing th e  ra te  windows (by t and  d) one also
selects the  em ission factor to which the  L ang’s signal reac ts  m ostly when it scans
th rough  th e  se t tem p era tu re  range. W ith the  increase of tem p era tu re  th e  trap  
begins to re lease  electrons and  it re leases m ostly when the  em ission factor is high 
enough, ra is in g  th e  Lang's signal to m axim um . But w hen th e  tra p  becomes blank, 
the  em ission process slows down resu lting  in the  drop of L ang 's signal. This 
in tu it iv e  u n d e r s ta n d in g  o f  th e  e m is s io n  p ro cess  - a lth o u g h  n o t co rrect, o ffers c e r ta in  

physical m eaning to the Lang 's signal and  set th e  believe th a t  i t  rea lly  depicts the 
physical trap s .

O n e th in g  th a t  s e e m s  e ith e r  u n o b ser v ed  or a ttr a c te d  no co n s id e r a b le  a tte n t io n  

from  th e  L an g 's  t im e  is  th a t  th e  r e la t io n  (3) u se d  to o b ta in  th e  e mBX a lm o s t  e q u a ls  1 It 
n u m er ica lly . U s in g  th e  E u ler  n u m b er  d e fin it io n  fo rm u la  lim(l + l / « ) ” =e o n e  can

« —►«5

w ith o u t d iff ic u lty  p rove th a t  ln[(t+d)/(t-d)]/2d  r e a lly  co n v erg e s  to  1 / t  w h e n  d->  0 . 

G iv in g  th e  fa c t th a t  ln[(t+ d)l(t-d)]l2d  ~ 1 11, th e  e max a lw a y s  co rr esp o n d s  to Cn(t)=e~i
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(e  is  E u ler  n u m b er). T h is  sp e c ia l fea tu re  

o f  th e  c la s s ic a l  double b oxcar tech n iq u e  

is  i l lu s tr a te d  in  F ig . 2, w h ere  o n e  ca n  s e e  

th a t  th e  e max occu rs e x a c tly  w h en  Cn(t) 
p a s s e s  th r o u g h  th e  c ro ss -p o in t o f th e  g a te  

c e n tr a l p o s it io n  t and  th e  lin e  c „ = e  

T h is  m ea n s th a t  d e sp ite  o f  th e  v a r ia tio n  

in  th e  r a te  w in d o w  p o s it io n s , th e  on ly  

a r e a  of im p o rta n ce  w as C n(t)=e~l. T h e  

e v id e n t  c o n se q u e n c e  fo llo w s im m e d ia te ly  

th a t  to d e te c t  th e  fu n ctio n a l d ep en d en ce  

o f  th e  e m is s io n  factor on th e  tem p era tu re  

eị - f(T)  o n e  s im p ly  check  th e  cro ss-p o in ts  

o f  Cn(t) a n d  c „ = e  1 to  o b ta in  d irectly  th e  

v a lu e  o f e m is s io n  factor ( e ^ l / t )  
co rr esp o n d in g  to  th e  g iv e n  tem p era tu re  
T. For th is  r e a so n  w e c a ll  C n= e “1 th e  

reference level o f  th e  s ig n a l form  S(T). It 

is a g rea t a d v a n ta g e  for th e  s ig n a l form  

to  p o sse s s  th e  re feren ce  le v e l s in c e  th is  m ea n s  th a t  e- f (T)  ca n  be d er iv ed  d irectly  

from  its  r e fe r e n c e  leve l.

A lth o u g h  th e  L ang's s ig n a l on ly  a p p ro a ch es  th is  re fe ren ce  le v e l in  th e  lim it  

c a se  w h en  th e  g a te  w id th  2d  is  in f in ite s im a lly  sm a ll, th e r e  is  a lo t o f o th er  s ig n a l 
form s as d is c u s se d  in th e  n e x t  sec tio n , w h ich  h a v e  e x a c t  r e fe ren ce  lev e l. T h e  

im p o rta n ce  o f  re feren ce  le v e ls  fo llow s from  th e  fa ct th a t  th e y  lea d  to  th e  

u n d e r s ta n d in g  o f  th e  a lg e b r a ic  s tr u c tu r e  o f  th e  e x p o n e n tia l d eca y s  in  g en era l and  o f  

th e  c a p a c ita n c e  tr a n s ie n t  p a rticu la r ly . W e n ow  in tro d u ce  th e  so -ca lled  L a n g 's  
s ig n a l c lass  an d  d er iv e  th e  a lg e b r a ic  s tr u c tu r e  for th is  c la ss .

C o n sid er  th e  m o v in g  o f  g a te  from  t to  t'= a ty for a  is  a p o s it iv e  rea l n u m b er. 
S in ce  emax d e p e n d s  in v e r se ly  on  t it  fo llo w s th a t  th e  e m is s io n  factor  eị(t) d e tec ted  on  

th e  b a s is  o f  emax(t) c h a n g e s  as: ei( t t) = e t(at)  = H a t  = (lla )C i(t). T he tr a n s ie n t

a sso c ia te d  w ith  th is  e f t ' )  w ill h a v e  a t t im e  t. th e  v a lu e  e q u a l to  th e  v a lu e  o f th e  

tr a n s ie n t  a s so c ia te d  w ith  Ci(t) a t t im e  t l  a :

e *,</•)/ =e -e,<t)uo =CnỢ/a)=\CnỢ)\]/a

So  w e  c a n  c o n str u c t  a m o d ified  L a n g 's  s ig n a l , to  be c a lle d  o f  th e  order a as:

S (T )ia] = c n( t - d ) 1/a- c n( t+ d )1/a (4)

w h ich  s t i l l  h a s  a ce n tr a l p o s it io n  a t t b u t p rod u ces th e  m a x im a l o u tp u t a lo n g  th e  

re feren ce  le v e l c„=e~° (e = 2 .7 1 8 2 8 2 ) . O f co u rse , th e  c la s s ic a l L an g 's  s ig n a l S(T) is  o f

t[ms]

F ig .2. T h e  sp e c ia l fe a tu r e  o f th e  

d o u b le  b oxcar tech n iq u e : th e  ra te  

w in d o w  [ t -df t+d ] sh o w s m axim u m  

a cco rd in g  to  T w h e n  th e  C n(t) 
d e c r e a se s  th ro u g h  th e  area

c n( t h  l /e = 0 .3 6 8 .
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ord er 1 : S (T )[l1. W ith  a ll p o s s ib le  a ,  th e  sy s te m  S (T ) io1 form s a c la s s  o f  s ig n a ls  - th e  

L a n g 's  s ig n a l c la ss . T h e fa c t th a t  th e  e^  o f S (T )ta] rea lly  c o n v e r ts  to  a l t  w hen  

0 c a n  a lso  b e  o b serv ed  by d if fe r e n t ia t in g  S (T )íaỉ accord in g  to c, ( le a v in g  a ll o ther ejxi 
= 0) a n d  s e t  i t  to  0. T h e  r e s u lt  is: emax(S (T )ial)=  a ln[(t+d)/(t-d)]/2d  = ae^ C S O lV 1*) =  

a l t .  W h en  a < l ,  th e  S (T ) io1 c a tc h s  C n=e"° a t lo w er  T an d  w h en  a > l  it  c a tc h e s  Cn=e"a 
a t h ig h e r  T co m p a r e d  to  S(T ).

T h is  s ig n a l c la s s  a s s o c ia te s  ea c h  p o in t X  in  th e  p la n e  \y=Cn(t) 9 x=t] w ith  so m e  

h o r iz o n ta l r e fe r e n c e  le v e l l in e  y=e~a an d  th e  v e r t ic a l l in e  x=t, so  th a t  X  lie s  in th e  

in te r s e c t  b e tw e e n  th e s e  tw o  l in e s .  E ach  p o in t X  th u s  d e te r m in e s  a u n iq u e  e m iss io n  

factor  e ,= a / i .  It is  n a tu r a lly  to  u n ify  X  w ith  et an d  w rite  e ,= e /a ,t ) .  From  th e  a n a ly s is  

ab o v e  it  is  o b v io u s  th a t:

e ,(a ,t)=  a e ị( l ,t )=  e ị( l ,ư a )  (5)

e i(û ,t)n=  a ne , ( l , t ) n= a nei( l , t n)=  e i(an,tn)= e i( l , ( t /a ) n)

T h is  t e l l s  u s  a b o u t th e  e q u iv a le n c e  o f  a ll r e feren ce  le v e ls  in  th e s ig n a l 

p r o c e s s in g  s y s te m  u s in g  th e  d ou b le  boxcar. T he fo llo w in g  r e la t io n s  com es  

s tr a ig h tfo r w a r d .

A ,[ei(a,t)+ei(b ,t)]=  x,ei(a ,t)+ x ,ei(b%,t)=  - (6)

=  X.aei(l,t)4*X,bei( l ,t )= ^ (a + b )e i( l , t )=  ei(X(a+b),t)

[ej(a,tn)x e,(b,t,n)]>‘ = ei(a,tn)xx ei(b,tm)x =

= a \> ,( l , t ) nXx bxe i( l , t ) mx= (ab )xe i( l , t ) x(n+m) =

=  e,((ab )x,tx<n+m>)

O n e m ay n o t ic e  th a t  th e y  fo llo w  a lin e a r  a lg eb ra  on w 2.

3. The signal classes and forms

T h e r e  is  a n  im p o r ta n t  p ro p erty  o f th e  L an g's s ig n a l form : it  sh o w s cer ta in  

s e p a r a b ility  w h e n  th e  d if fe r e n t  tr a p s  overlap . T h e s ig n a l th a t  is  w o rth  th e  u se  in 

p ra c tic e  sh o u ld  b e  b o th  sp ec tro sco p ic  an d  r e so lu b le . U p  to  n o w , th e  only  

sp ec tr o sc o p ic  s ig n a ls  th a t  b r o u g h t b e tte r  r e so lu tio n  w ere  from  th e  tra n sfo rm a tio n  o f  

th e  w h o le  t r a n s ie n t .  T h e se  s ig n a ls ,  h o w e v er , do n o t p o s se s s  th e  r e fe r e n c e  le v e ls  and  

th e ir  a lg e b r a ic  s tr u c tu r e s  a re  q u ite  d ifferen t.

T h is  s e c t io n  d e sc r ib e s  tw o  c la s s e s  o f th e  s ig n a l form s, w h ich  w e  c a ll h e r e  th e  

G a u s s ia n  a n d  th e  P o isso n  c la s s  (to  th e  la te r  o n e  th e  L an g 's  c la s s  S (T ){al red u ces as a 

sp e c ia l case)', p o s s e s s in g  th e  s a m e  a lg e b r a ic  s tr u c tu r e  o f th e  r e fe r e n c e  le v e ls  a s  th e  

L a n g ’s s ig n a l form  a n d  a lso  fu lf i l l in g  th e  re q u ir e m e n t o f b e in g  re so lu b le  and
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sp e c tr o sc o p ic . T h e fact th a t  th e r e  m ay  

e x i s t  o th er  sp ectroscop ic  s ig n a ls  th a n  th e  

L a n g 's  o n e  c a n  be in tu it iv e ly  recogn ized  

from  th e  te m p e r a tu r e  d ep en d en ce  o f  C(t) 
(F ig .3 ) . T h e s im p le s t  way how  to  c r e a t th e  

p e a k -sh a p e  fu n c tio n  from th e  C(t)=f(T) is  

to  e ith e r  d if fe r e n t ia te  C(t) accord in g  to  T 

(or don e by L an g , to  su b s tr a c t  C(t*2)  from  

Cdz)  - w h ich  ev id e n tly  r e d u c e s  to  th e  

d iffe r e n t ia t io n  w h e n  th e  C(t) ’s becom e  

in f in ite s im a lly  c lo se). T h e se  c la s s e s  are  

su m m a r iz e d  in  th e  T ab le 1 , w h e re  th e  la s t  

co lu m n  sh o w s  th e  e s t im a tio n  for m ax im al 

p seu d o -ra n d o m  n o ise  le v e l (in  % o f th e  

m a x im a l s ig n a l)  th a t d oes  n o t d istu rb  

th e ir  e mftX m ore th a n  5% from  th e  correct  
v a lu e .

In g e n e r a l, th e  s ig n a l c la s s e s  can  

be c la s s if ie d  in to  tw o d iffe r e n t grou p s. 

T h e 1st is  th e  f in i t  e lem en t g ro u p , 
c o n s is t in g  o f  th e  c la s se s  w ith  s ig n a ls  

form ed  from  th e  f in it  n u m b er o f  C(t). T he  

2nd is  th e  in fin ite  e lem en t group  
c o n s is t in g  o f  th e  c la s s e s  w ith  s ig n a ls  

form ed  from  th e  in f in ite  n u m b er  o f C(t). 
T h is  c la s s if ic a t io n  can  be e x te n d e d  to  

cover a lso  th e  3rd c la ss  o f  s ig n a l form s, 

w h ich  d ea l w ith  th e  n o n -a n a ly tic  

a lg o r ith m s, th a t  is  th e fra c ta l g ro u p . 

P rin c ip a lly , a n y  n o n -a n a ly t ic  a lgo r ith m  

F(t,T ,C (t,T ))  ta k in g  C(t), t, T a s  th e  

in p u ts  an d  o u tp u ts  th e  p ea k s  ca n  be  

co n sid ered  a s  th e  s ig n a l form  if  it  

sa t is f ie s  th e  c o n d itio n s  for th e  s ig n a l form s, 
be p r e se n te d  in  a n o th er  p a p er . T h is  w ork se

Tempe rature [KJ

F ig .3. T h e  d e v e lo p m e n t  o f  c a p a c ita n c e  a t  

th r e e  s u c c e s s iv e  t im e s  for th e  L an g 's  n- 
G aA s e x a m p le  w ith  tw o  tr a p s  E = 0 .4 4 eV  

a n d  0 .7 5 e V .

Te m pe rature [K]

F ig  A .  C o m p a r iso n  o f  so m e  se le c te d  

s ig n a l fo rm s to  th e  c la s s ic a l  L a n g ’s 

S(T ) form  for a s a m p le  w ith  on e tra p  

E = 0 .4 4 e V .

T h e  s tu d y  o n  th e  2 nd a n d  3 rd gro u p s w ill  

t fo cu s  on  th e  l 8t g ro u p  o f  s ig n a l form s.



Table 1. T h e fin it e lem en t s ig n a l c lasses: s ig n a l form s, th e ir  e max and  referen ce le v e ls

3 4  H o a n g  N a m  N h a ty  P h a m  Q u o c  T r i e u

1
( £ { < ) - C { t ) a 

e [ p c { t y c ụ f )

.mes----------------------------------

W=(//i)/,/[2AC/(p-2Co)] a=  /;/[2AC/(P-2C0)]
1.5-2%

usually p  =5-10
ĨA3C3

o Ì3 2 C { i ) e p c « y c « r for a ----2,
e„,„= (//íy«í2AC/(l+p-2Co)l

e~°,
/w[2AC/(l+p-2C0)|

1.5-2%

3
k e - ( .c ụ ) -n Ý !7 ơ z

usually  ỊẤ-1, 0.2 
k  o n ly  scales the graph

em«= (//i)MAC/(|i-C0)l
a=  /«[AC/fa-Co)]

1.0-1.5%

ot/i
/*“s 4 -C (/) ln [a C (0 ]

fo r 0 < a <  J, usually a=0.2

emax= (i/iyn[aAC/(e"'-aC0)]
a  = ln [aA C /(c  5 -aC 0)]

3-5%

(A
'5£ c

5
C ( r /A _aC(0
fo r  X >1, usually  Ẳ=2

w  ụ / t ) in ịầ C b ứ J ( \ - C 0lnk)} e~° y
a -  ln [ầC ỉn )J( 1 -C(JnX)]

3-5%

C ' Q j " - C M ' 1* eraax=a l n ự / t 2y ( t ,- t ĩ} ~ a /t e~° 1-1.5%

to need  norm a lized  Cn(t) bu t no t f o r  
a ~ l

c ( f , ) " / c ( / 2r
usually  n - 1  o r  2

for t2=2tj: e~°, 0.5%

La
ng &

1 < w = (i/o in (i+1/i+/C7C0) a  = ln ạ  + J ì  + 4 C /C ồ)
.5

a A C - ị C ụ ^ V C ậ ý ) for ì ị —ỉ ị —Ị (un ita r signal): e~* 1-1.3%

8 can n o t be used  with the  

norm a lized  C n(tJ
emax= - 0 / 0 ỉn(-l + ̂ l+ l i c i ) ứ = - ln (- l+ ^ l + l/eg)

9
ç ( / 2) in ç a 1)-q ,( /1)inq,(iz)
n eed  norm a lized  C n(t)

estimation for fj-A / : 
«W* 1.21188215// a ~ 1 .2 1 188215

1-1.3%

The f in i t  e lem ent s ig n a l classes

T h e s ig n a l form s a re  co m p o sin g  

from  on e s in g le  C(t) or from  a fin it  

n u m b er o f  T h e  L an g's  c la s s  is  a

sp e c ia l c a se  w h e re  th e  n u m b e r  o f  C(tt) 
is  2. It is  w orth  to  ad op t th e  fo llo w in g  

n o ta tio n . A ccord in g  to  th e  n u m b er  o f  

C(tj) th e y  c o n s is t  o f  th e  s ig n a l form  is  

ca lled  th e  u n ita r y  or  b in a ry  s ig n a l  
form .

A m o n g  th e  u n ita ry  s ig n a l form s, 

th e  P o isso n  o n es  - d er iv e d  from  th e  

P o isso n  d is tr ib u tio n  fu n c tio n , d eserv e  

m ost a t te n t io n  s in c e  th e y  p rov id e  sh arp  

peak  a n d  th e ir  r e s is t ib i l ity  to  n o ise  is  

h ig h . T h e G a u ss ia n  form s a lso  p o s se s s  

good p eak  s tr u c tu r e  b u t th e y  seem  

m ore s e n s it iv e  to  n o ise . B o th  th e s e  tw o

1000/T

F ig .5. T h e  A r h e n iu s  p lo t co n str u c te d  

u s in g  th e  G a u ss ia n  s ig n a l form  N o. 1 

(T a b le  1) for th e  L a n g 's  ex a m p le  n - 
G aA s w ith  tw o  tr a p s  E = 0 .4 4 e V  and  

0 .7 5 eV .
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c la s s e s  a re  o f e~a re feren ce  le v e l c la ss  w ith  e max= a /£ .  F ig .4 co m p a res  so m e o f th em  

w ith  th e  c la s s ic  L an g 's  form  w h ich  b e lo n g s  to  th e  m id d le  q u a lity  s ig n a ls . T he L ang's  

s ig n a l form , w o rk a b le  in  th e  in te r fe r e n c e  o f 1-1.5%  n o ise , is  th e  b e s t  form  am ong  

th e  b in ary  o n es  b u t is  co m p arab le  to  th e  G a u ss ia n  form s (1.5% ) an d  is  w orse th a n  
th e  P o isso n  form s (3-0% ).

A com m on  fe a tu r e  o f th e  f in it  e le m e n t  form s is  th a t  th e y  a ll h a v e  e~a referen ce  

le v e l w ith  a p r e se t . T he e max d ep en d s on ly  on t an d  is  a lw a y s  a l t .  T h is  e n a b le s  th e  

s tr a ig h tfo r w a r d  c o n str u c tio n  o f th e  fu n c tio n a l d ep en d en ce  e=f(T): a t  each  T w h en  

th e  C(t) i s  record ed , th e  t im e  t w h ere  C(t) c r o sse s  th e  h o r iz o n ta l lin e  c=e  ° 

d e te r m in e s  e(T )=a / t .  So th e  r ep ea te d  sc a n n in g  o f C(t) over th e  w h o le  tem p era tu re  

ra n g e  as for th e  c la s s ic a l D L T S is  not n eed ed . T h e u se  o f  th e  u n ita r y  s ig n a l form s  

e v e n  m a k e s  th e  m e a su r e m e n t p rocess  m ore fa s te r  in  o n e  a sp e c t  th a t  w e  don’t  n eed  

to  sca n  th e  w h o le  t im e  t an d  can  se t  focu s o n to  th e  sp ec ific  area . T h is  top ic  is  

h o w e v er  th e  su b je c t o f  th e  fu rth er  s tu d y . T h e e x is te n c e  o f  th e  u n ita ry  s ig n a l form s  

i t s e l f  is  a su r p r is in g  fact. F ig .5 i l lu s tr a te s  th e  u se  o f th e  G a u ss ia n  s ig n a l form  to  
d e te r m in a te  th e  tr a p s  in  th e  L a n g ’s ex a m p le  n -G aA s.

4 . C o n c l u s i o n

T h e e x is te n c e  o f  re fe ren ce  le v e ls  o f  s ig n a ls  a n d  m a n y  s ig n a l form s in  D L T S is  

d isc u sse d  h ere  for th e  fir s t  t im e . W e sh o w ed  th a t  th e  s e t  o f  th e  re feren ce  le v e ls  

form s a lin e a r  a lg e b r a  w h ich  h o ld s v a lid  for th e  p r e se n te d  c la s s e s  o f s ig n a l form s. 

T h e re feren ce  le v e ls  a llow  th e  d irect d e te r m in a tio n  o f  e= /iT ) in  a g eo m etr ica l w ay. 

B e s id e s  th e  L a n g ’s s ig n a l c la s s , o b ta in in g  from  th e  m o d ific a tio n  o f th e  L ang's  

c la s s ic a l form  S (T ), th e  tw o o th er  s ig n a l c la s s e s  - th e  G a u ss ia n  an d  th e  P o isso n  

c la s s e s ,  are d isc u sse d . T h e  e x is te n c e  o f  a u n ita r y  c la s s  o f  s ig n a ls  is  probably th e  

m o st in te r e s t in g  r e s u lt  o f th is  w ork. T h e u n ita r y  s ig n a l form s are , in  one h an d , 

m ore p e r s is te n t  to  n o ise , in  th e  o th er , red u ce  th e  n e e d  o f r e p e a tin g  th e  

m e a su r e m e n t. T h ey  prov id e very  good r e su lts  co m p a red  to  th e  c la s s ic a l  D L T S.
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