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CHAPTER 1 

I NTRODUCTI ON 

1.1. HI STORICAL NOTE : 

In the known families of soiids,the semi c onductor 

const itute one of · t he most important c lasses. The advan c es in 

s e mi cond u ctor the ory and technology since second World War 

have provided stimulus to physicists. chemists and 

metallurgi s ts i n a lmost a ll fi e lds of solid state researc h . 

In addi ti on n e w elec tronic devices made from semiconductors 

h ave fo rmed t he basis of new industry and c hang e d the nature 

o f e l ect r oni c eng ineer ing . 

In t he e a r l y part of tbe t wentieth c ent ury Michael 

Fara day made one o f the fi r st experime ntal observations 

f i ndi ng that s i lver s u lph ide h ad a negative temperature 

coeffi c i e n t o f res i s tanc e . The d iscovery o f photo-voltage by 

Bacquer e l in 1939 ..... as ~mother e arly o bs ervation. Nearly all 

the basic properti es o f t he s emiconduc t o rs were found in a 

very sho r t s pan of t i me dur ing t h e early years of the 

t wentieth cen tur y . wh ich ref lec t s the extreme interest of the 

s c ien tists i n t h is a r ea . 

The most impor tan t ' eff ect in s tudy ing the mechanism 

o f conduction in s o lids was discovered by Ha l l in 1879 which 

is kno ..... n as Hall Effec t . Whe n the Hall Effect wos opplie d to 

, 
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semi conductors in 19309 . significant differe nce appeared 

between the conduction prope rties of semiconductors and 

metals. In parti cular the number of charge car riers were much 

less in semiconductors as compared with most metals. but 

c harge car rie r s were generally s omewhat more mobile in 

semi conductors. Moreover in semiconductors corlduction took 

place by both p os itive and negative c harge carri ers. 

The revo luti onary effect t hat semiconductors have had 

on elec tronics since 1948 bas resulted in some new branches 

of solid state phys i cs. Existence of secondary ionization. 

t unne ll ing and surface eff ects predate the technological 

rev o lution of semi conductor d e vices, but t h e state of 

knowledge was extreme ly primitive. 

The technology as well as associated theory of 

semiconductors advanced at a muc h accelerated pace as soon as 

single crystal semi c onductors with controll able properties 

became availab le . In particu lar the first single crystal 

semiconductor that could be prepared with a high degree of 

perfection and purity was Germanium followed by Sil i con. Th e 

techn i ques o f preparation of single crystals of Ii.al lium 

arsenide, gallium phosphide and some other III-V c ompound 

sem i conductor s have been improved greatly in r ecent years . 

Good quality of c r ystals are now available with reasonable 

uniformity of properties s uch fl8 dop ing density and mobi lity. 

A lot of work has been done to explore the properti es of 

c ompound semic onductor and still there is a lot of work to be 

done and all th is shows promise ' of · finding technical 

applications . 
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It. 1!; b c h e rl Gh e d drebm o f 9cj entl s t. s t o get. pure 

c rystal s . A s al i ent feature of t he crysta lline sta te is the 

reg u] ar i t ,y i. n th e arrangement of atoms . The fac t o f 

r egu l f'l r i ty is an aid in obtaining conclusions about possible 

q UAnt. i t a t i v e vari e ty in the electrical behavi o ur of sol ids . 

In actual prac ti c e there are some imperfections in the 

c ry st. tt l line s tate ..... hi c h are quite i rremovable . These defects 

h a ve fi profound effect on the electronic properties of a 

s emi conductor. 

1. 2 CRYSTAL DEFECTS: 

The defe cts in a crys tal c an be divided in to three 

ma j or c lasses : 

i. 

ii. 

i i 1. 

Poi nt d efects . 

Lin e de fe cts . 

Plan&r de f ects. 

The d e f e c ts wh ich a re atomi c in size are kno ..... n as 

point d efects a nd are a ll l oca l in nature. A point defect 

whi c h may b e a vacan c y o r an i nterstitial or s ubstitutional 

impurity c an bind a f r ee electron o r a hole in the potential 

wel l ass oci ated wi th it i n a semi c onductor . Schottky and 

Frenkel def ect s are t ..... o examp les of s u c h defects. 

Line defects c orr esp ond to mispl aced lines of atoms 

a nd boundaries of d i f f e rent o ri e nt at ionsS i n a crystal and are 

also n a med as dislocat i on s . Edge- a nd s c re ..... -dis locations are 

t he examples of l i ne ·d efects ; Due to ' line defects the 

mate riel around the di s location has compressional or 
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d ila t ional r;trb.inr~ and rer;1..I1tr; in both lowering and raisinl;{ 

of the potential in t h e neighbourhood of t,he dislocations. 

Planar defects correspond to mi splaced planes of atoms 

and boundaries of different orier.tations in a crysta l . 

Stack ing fP.lult and grain boundaries are the examples of 

planar defects. 

L 3. Ele-c Lt' o ni c defect. slat est 

Defects caused by foreign atoms belonging to t he 

closest groups in the periodic T.able to that of elemental 

seroicorlductors are local ized Thes e localized states 

2 
introdw::ed by such atoms are donor or acceptor states ; these 

sttttes lie c lose to t he band-edge with binding energy of the 

grol,md state less than 50 meV. These level s are known as 

' s h l':dl ow' irnpurit,y levels . as these levels lie close to one 

of the e n ergy band - edges, and are widely used in 

semi conducT.or devi ce techno logy for mod. ifying the nature and 

degree of e lectrical c onductivity. 

Th e result of native defects or of replacing tm atom 

3 
o f the host lattice by an atom which does not be l ong to an 

adjascent group of ·the periodic table are in t he form of deep 

centres wjth binding energies muc h larger than those of 

shallow level£> . DeT.a iled studies of deep energy states have 

s hown that both the measurements and their interpretation are 

usually far more difficu l t. in compound materials than in 

elementary semiconductors due to residual impurities, 

non - stoichiometry end the formation of complexes. 
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L 4. ROLE OF DEFECT STATES: 

GaAs and GaP crystals and devices after fabrication 

usuelly show trapping effects, caused by defect l evels. The 

most important role of shallow donors and acceptors is to 

contrnl conductivity . their ionization energy is 

comparable to kT so these levels are completely ion ized at 

room temperature and contribute to conductivity . These levels 

also contribute to resistivity as scattering centres J but 

t his effect is secondary, 

The fundamental role of deep levels in semiconductors 

is well established. An important consequence of the presence 

of deep i mpurities in semiconductors is the reduction in 

minority carrier life time. This can result in diodes with 

reverse recovery times in the nanosecond range. Deep 

impurities also play very significant role in limiting the 

1 ight emi tt irlg efficiency of LEOs. A number of different 

experimental techni ques have emerged over the years to 

c ber8ct.erise the deep levels each with its own specific 

advantages and emphasis. The near mid gap levels are known to 

be the foc us of ::;ucb studies because of their role as 

efficient recombination centres thus serv ing as 'killers' of 

card er 1 ife time" and l uminescence efficiency of common 

light-emitting diode ( LED ) materials like GaP . 

Shockley . Read~ and Hall
d 

explained recombination as a 

successiv e capture of an elec.tron and . . e . hol,, _ by a deep. state . . 

Accordirlg to them there are four processes through which 

recombination and generation takes place which are explained 

r 

I 
. ~. 

, 
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in section .2 . 1. 

1. 5. GALLI UM PHOSPHl DE AS LI GlIT EMI TTl NG DI ODE : 

GaP is a semiconductor with a n indirect band gap of 

2.26 eV e:t 300 K . The ind i rect band gap can effecti.ve ly be 

converted i nto direct b and gap by i ntroduc ing i soelectroni c 

impuri"t,ies . I n other words t h ese isoe lectronic impurities 

i ntroduce such e n e r gy l evels within the forbidden gap which 

are localized i n real spece and are highly exPanded in 

k- spece and enhanc e the efficiency of tbe d i ode . The diodes 

htlvi ng direct. b a nd gap are more eff i cient t hen diodes having 

indirect band gap because there i s no p hase difference 

between t b e conduction a nd valence band wave functions. 

Thi s difference in weve function in GaP can be ended 

by introdu cing isova l e nt i mpurities i.e. n itrogen replacing 

phosphorus atoms in t h e p-side of the G~P diode u sed £or 

green emission • 7 0 
Zn-O and Mg-O complexes provide l umine-

scent centres which emit li ght in the red a od yell ow "'laVe 

lengths respectively 

1.6 SIGNIFICANCE OF DEEP LEVEL WORK : 

A good knowl edge of impurity l eve l s and t he ir 

con centration i s necessary to determine the gen e ra l behaviou r 

of a d evice . The techn iques of preparation of sing l e crystal s 

of gallium arsenide, gall ium pnospbide" "aha " othe r III ":' V 

compound semiconductors have been improved great ly in recent 
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years. Good quality crystals are now ava.ilable with 

reasonable uniformity of properties s uch as doping densities 

and mobil ity . In the course of these developments. doping has 

been studied for a wide spectrum of impurities. Most of these 

impurities produce energy leve l s deep in the energy gap. In 

some instances impurity pairing, or interaction with native 

defects occur that cause unexpected additions to the e n e rgy 

level structure . Semiemperical methods based on experimental 

results are tbe only means of getting knowledge about these 

things. Even though a large amount of r esearch effort has 

gone on the physics of deep levels , they are still far from 

being we ll understood . 

The understanding and formulation of basic deep level 

physics also requires more and more facts about deep levels 

t o bE: brought into ligbt . Tberefore the interest in basic 

s emi c onductor pbysics itself motivates an enhanced activity 

i rl t .be experimental side . 

1.7. MOTIVATION AND BRIEF DESCRIPTION FOR PRESENT WORK : 

The green LE~s used in the present work were first 

probed in the course of an M. Phil research project carried 

out in this laboratory by Mushtaq AhmadP
, The work consisted 

of sing le shot. mees!I.rementson the 0 . 85 eV hole level which 

emitts holes appr~ciably ~t and above room • temperature 

Those measurements were taken .from -302 K. to·.329 ··K. · At ·b-ighest .. 
temperatures the ho~e emiss ion transient was followed by a 

very slow electron emission tr&nsient which indicate that a 

" ,. 

-

.. -, . 

• 
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deeper .::Iectrorl l evel exists in t h ese diodes . 

great interest s i nce this wou ld be an a lmost mid - gap level 

8ud h ence extreernly impo r t an t from t he point o f view of 

photolu min esc en c e effi c ienc y of t hese LED-s. Subsequent l y 

another M. Phil thesis by A. ,Jabbar.1O in thi s laboratory was 

d e voted to thermally st imulated c apacitance ( TSCAP) study of 

t his deeper l eve l . That study gave t h e activation energy of 

the mid - gap level to be 1. 09 e-l. 

The TSCAP measurements provide the energy depth of a 

deep level but c an not provide the e mi ss i on rate data whi ch 

serves as the s ignature of t h e deep level . This is d orle with 

s ingle shot dark capacitance maeasurements and d eep leve l 

trflrlsien't spec troscopy(DLTS ). The e nergy position obtained 

froln t h ese l ater techn iques is a lso more acc urate t han tha.t 

ohta in e d by TSCAP. 

Th e purpos e of this work , h e nce. was to pe r form single 

~; h ()t.. find DLTS measure ments o n this leve l to obtain emi s s ion 

r8 t~ rlhttl and a ct iva.tion energy t o f ully c ha.rac terize this 

i mportAn t leve 1 . 
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CHAPTER NO. 2 

PROPERTIES OF DEEP LEVELS 

It I chi s ch&pter the the ory of deep l evels is 

~ xp18 j ned . I n the first part the parameters which are 

required to e x plain the properties and to characterise a deep 

leve l a r e di scussed . In the last sections the influe n c es of 

f i e ld arid t emperature on parameters of deep leve ls are 

discussed . 

2.1 KINETI C PROCESSES -- S.R.H . THEORY : 

There are two mechanisms through which an 

elect ron-ho l e pai r rec ombination takes place . These are shown 

schemat i ca lly is Fig.2 . 1. In the first type of recombination 

process t he elect.rons fr om conduction band and holes from 

valen t::e bt1Ild rec ombine 'directl y and 'fie call t hi s type of 

recombinati on as band t o band recombination. There is no 

contributi on of the dee p levels in this type of 

recombination. 

In the second type o f recombination. the electrons 

from the conduction band are first captured. at a level which 

lies s ome where in the band gap and then recombine with holes 

from the valence band . 

I t i s well known! that in semiconductors the 

is extremely sensitive to the method employed 

1 ifeti"me 

in the 

prepa rat i on of tbe semiconductor samples which indicates that 

some d e f ect s are introduc ed during the fabrication process 
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Fig. 2.1. 

rllustration of the two mechanisms 
of Recombination 

r 

• 

• 
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b.rld tbeir concentrations depend on the ttlbricflt10n tectmique. 

These defects introduce energy leve ls within the f o rbidden 

gap a nd ::1ct as "stepping stones" in the trans i tion of 

electr ons and holes between the conducti.on and the valen ce 

bends. The recombinat ion via s uc h centres was worked out by 

Shock ley and Read~ and by Hall~ According t o them if a deep 

level is present fleflr the middl e of the band gap having 

energy ET t h en four basic emission and c aptu re proce.sses take 

place wbi ch are shown in Fig.2.2 In this figure Ec is the 

erlergy o f the lowest st&te o f the conducti on band. Ev is the 

energy of the highest stbte of t he valence band and ET is the 

energy of deep centres . The a r rows in the f i g.2.2 designate 

tht'! t ran::.;i.tion of electrons during a particular process. 

Consider process (a} shown in Fig .2. 2; the emission of 

electron8 from the deep centres to the conduction band occ urs 

at a rate proportional to t he density of fil led deep l e vels. 

If n
T 

is the density of filled deep traps t hen rate of 

emi ssio n r in this process is given as 
o 

2.1 

where e is the proportionality constant and is defined as 
" 

t.he e lec t ron emission rate. 

The capture of electrons by deep traps from the 

conduction band depends on the concentration of electrons in 

the conduction band and on the number o f empty trap centres . 

I f n is the number of e lectrons in conduction band and P
T 

is 

the concentration of empty deep states then the rate of 

process{b) in the .fig. 2. 2. is g iven by. 

I 
I 

f I 

[ 
• 
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[' 

( • I ( b I ( c I ( d I 

Fig. 2.2 

Illu.tration of t.ran.it.lon. t.aJ<1ng place under 
non RqUilibrium c;ondiUons 

, 

E, 

E, 
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2,2 

where C is tbe proportionEd i ty constant a nd is defined as 
n 

the c &pt..ure rate of elect-rons. 

Tbe rat..e of process(c) i. e. e mission of boles from the 

deep level to the valence band is p r oportional to the empty 

t..rap 8on c ent. ration. If empty trap concen tration is PT then 

rate of process (c ) rc is g i v en as 

2.3 

where proportion a l ity con s t a n t e is defined as the hol e 
p 

e miss i on rater. 

Simil ar l y t he capture of ho l es by deep centres wi ll 

depend on t he dens ity o f ho l es in the valence band and a l so 

o n t h e fi ll ed deep centr e s . I f n
T 

is the filled trap d ens i ty 

and p is t he dens i ty of holes i n the val en ce band t hen t he 

rate of process(d) will be g iven by 

2.4 

wbere C is t he proportionality c onstant and is defined as 
p 

t he hole capt ure rate. 

By considering all the processes involving t he 

conduction band. the net rate at whioh eloctrons leave t h e 

conduction band can be calcu l ated. Thus: 

dnc L ) 

dt = C n 

2 .~ 

2.6 

Similarly considering all the processes related to the 

valenc e band , the rate at which holes leave the valence band 

can be written as 

t 

.~ ,. 

r 
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2 . 7 

By considering all the transiti o n s at the deep c entres, 

c ttlculete t h e rate at which t be d ensity o f 

in c reaGe s . 

dn It) 
T 

dt 

dn It ) 
T 

dt 

= 
dOl l ) 

dt + 
dpc t ) 

dt 

fi l led t rap 

2 .8 

I f NT denot es the t ota l density of deep states then 

p = N - n T • " ... 

By c o mbining Eqs. 2 . 8 & 2.9 we get 

do (t ) • 
dt 

2.9 

2.10 

The Eqs. 2.5, 2.6 and 2 . 10 are the kineti c a quatio.os 

-
""h ieb completely describe the elec tron or bole densi t ies in .. ' 

t he valenc e and c onduction bands as well a s in the deep 

levels at any time~ 

2 . 2. PARAMETERS CHARACTERIZING DEEP LEVELS: 

The recombination processes o f free charge carriers 
• 

via dee p c entres bas long been -c onsidered: important "in both ~ 

applied and basic research . The free carrier life time 
• I 

• 
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controls the propertie~ of most semiconductor devices and 

recombination processes are frequently used to study impor-

t..&nt parameters of semiconductor materials. Recombio&tion is 

often discussed in terms of radi a t ion. cascade. multiphonon 

emission or Auger process. The partic l es involved are photons. 

phon ons and c harge carriers. In moderately d oped semiconduc-

tors .... ith indirect band gaps. tbe life time of free charge 

carriers i s generally determined by recombination VIa energy 

levels in the forbidden energy gap. These energy lev e ls may 

be due to shallo.... or deep c entres originating from both 

intrinsic and extrinsic defects . The EL2 in Ge.As and Gold in 

silicon are typical examples of life time controlling defects 

in semiconductors . 

There are ten parameters which are usually used to 

c haracterize the deep l eve l s. These parameters are ET O .T 
e l"l .p ' 

cf'.T 
.. ·. P Where n stands for electrons related 

parameters . p for holes related par ameters , T in subscript 

for deep traps. In superscript 0 stands for optical and T f or 

thermal exci tations. 

The most important parameter characterizing deep l evel 

i s its energy position inside the forbidden enerity Q'ap often 

denoted by ET The energy position tor donor type traps is 

IJSIJ& lly specified by E - Ii' c ..... . which represents the ioni Zation 

energy of t rapped carriers from deep centres to the 

c onduction band . The energy position for accepter type traps 

i s represents by ET - Ev representing ionization energy from 

deep energy level into the valence band . 

The emission rates of holes and electrons are 

, 

,. 

I. 
I , 

• 
" 
, 
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repre8ented by e
p 

tJ.nd en respectively . en end Cp 
represent 

the c apturf.": rates of electrons and holes respectively . The 

parflrneters whi c h can be directly measured are capture rates 

and can be re lated to the capture cross-sect ion den oted by <; n 

and 0 for electrons and holes respectively . 
p 

o < V >:::C 
n , P n, P 

2. 11 

wbere < V > is the velocity of the carrier j ust before 

· the c apture!) NT is the density of deep levels . The knowled ge 

o f density o f deep sites is necessarY,as the rates o f gener a -

t i e n and recombination of carriers depends on number o f d eep 

s tates . 

2. 3 . EMISSION AND CAPTURE MECHANISM 

2.3 . 1 . EMISSION RATE : 

Emission of electr on will take place from t he de ep 

centre to the conduction band and e mission o f ho l es will t ake 

plb.ce when an e lec tron j umps to ..... ards d eep centre f rom t he 

valence band . Cons ider t be Fig . 2,3. The process .. r e pre -

sents t he e mi ssion of electron from the centre to the 

c ond uct i on band . The emission rate of elect ron will be 

propor tional t o the concentration of the deep c entres wh ich 

are occupied by t he electrons vhich is NT F where F is the 

electron occupation probabi lity . By u s ing Fermi Dirac 

distribution function we can write 

1 

. , 

, 

r. 
\ . 

• , , 
~ 

i· 
I 
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Fig. 2.3 

Illustration of the Emission ~t. • 
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F = 1 2 . 11 

1 - exp [ 

So the e mis s i on rate of process "a" will be 

2 . 12 ' 

=> 

where e is proportionality constant and is defined as t h e 
n 

probability of an electron to JUMP into the conduction band 

from the occupied centre . By using detailed balance pri~ 

c iple ( exPlained in next section ) one can find the e mis s ion 

rete o f e lectron from the occupied centres to the conduction 

band as given below 

e (T) :: V CT n exp [ 
n l h n \ ) 2. 13 

Similarly the rate of emission of ho l es from t h e e mpty 

c entres to the valence band can be found. Obviously in Fig . 

2 . 3 the rate of process "b" can be written a s 

2 . 14 

where the proportionality constant is ep and is def ined as 

the emission probability of the hole from the cen t r e i n t o the 

valence band . By using t he detailed balance p rincipl e the 

net rate of emission of holes from the centre to the val e nce 

band is given by 

e CT ) = 
P V"h C7 P 

where ~h is the thermal velocity of the carriers 

t otal carrier concentration in the sample at 

2 . 15 

z 
n

l 
is t h e 

equilibrium. 

I 

I 

l~ I •. 
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i . e. 
2 

n
t 

= p . n . 

2.3.2. CAPTURE RATES: 

Tbe capture mech an i sm of e l ectron s a nd holes can be 

understood by con sidering Fig.2.4 whore a rrows i ndicate the 

opposite direction of the t r ans it ion of a v acancy. 

From p r ocess a in Fig . 2.4 it is c lea r that capture o f 

an e lect ron from the conduction band to t he centre o r 

transition of a vacancy from the centre to the conduction 

band depends on the no . of vacancies at deep centres and no . 

of fr ee electrons i n the conduction band. As an electron can 

occupy only one centre, on ce a c entre captures an electron , 

if can not capture any other electron . If NT is tbe total no . 

of deep states then the no. of unoccupied states is giv e n by 

N
T

( l - F) 

Then the rate of process a 

given by 

1. e . 

To oc n NT ( 1 - F ) 

r Q ~ 0' n VLh n NT ( 1 - F ) 

capture r ate , 

2. 16 

where V
Lh 

<> 
n 

is a constant of proportion al i ty. is 

is 

the 

tbermal velooity of the carriers and <> 
n 

is t h e capture 

cross-section whioh is the measure of how olose the electron 

has to oome to the centre to be captured. 

In order to measure the oapture rate of holes we 

consider the process "b" in Fig. 2. 4. According to this figur e 

the electron emission by the centre to the valence band or 

the capture of hole by . the centre "from ·,the valence band 

depends on the density of filled centres and the density at 

holes present in the valence band . In mathematical form 

t 
, . 
I 
',' 

, . 
, 
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E, 

E, 
( a ) ( b ) 

Fig. 2.4 

Illu.tration 01 the Capture Rate 

Procelltles 
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2.18 

wbere 0 is the c apture cross - section of holes and the 
p 

p roduct o f tbermal velocity a nd the c b.pt ure cross-section is 

the constant of proportionality. 

2 .3.3. PRINCIPLE OF DETAILED BALANCE: 

Detailed balance princ iple is used extensively in 

semiconductor statistics. " Blackamore } Van Roosbroeck and 

s hockley7 derived the formulae concerning the carrier life 

time f or intrinsic radiative recombination. Their approach 

was extended to the extrinsic radiative process by Solar and 

Burstein
B 

and 
o 

Blackmore. The rate of c reation and 

annihilation of free carriers in a semiconductor must be 

c a reful ly assessed i n order to a rrive at sati.sfactory 

c haracterizat i on of the material. At thermal equilibrium each 

process and its reverse process takes pIece at equal rate. In 

this section ..... e consider the sample at thermal equilibrium. 

According t o t he detailed balance princ ip le, tbe rate 

r 

.' 
of e mi ssion o f e lect r on from the centre and the rate of ~; .. 
~apture of ~lectron by the c ent re (Eqa. 2 . 1. and 2.2) are 

equal to each othe r . So we can write 

Si milarly the rate of emission of boles by the centre 

and rate o f c apture of holes by the centre are equal. So 

according to detailed balance principle we can write 

::: p e 
T p 2.20 

•• 
I· 

Eliminating nT and P
T 

from Eqs. 2 . 19 and 2.20 . we get !" 
r~ 
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e e = e e n p 
" p " p 

2.21 

Since by law of mass-action 

2 n p = n. , 2 . 22 

en e 2 
=> e e = n 

" p p , 2 . 23 

Which is the deta iled ba.lance relation s hip . The 

c apture ratJe of electrons and holes at a deep c entre is 

defined in Eq. 2.11 1. e . 

C ::< V ) O 
" " " 

<v 
" 

> 0 
p 

Acc ording to the detailed balance principle the rates 

of two proc esses which are involved in transition into and 

out of the conduction band, will be equal i.e . processes (8) 

and (b ) in Fig.2.2 . 

r = 0 rb 2.24 

Now the electron c onc entration is given by 

( ET E 
) N 

, 
n = exp 

e k T 

( E. - E. 
) , 

2.25 n = n exP , k T 

So we can write 

( ET - E. 
) V 0 

, 
e = n exP 2.26 
" 'h " 

, k T 

Similarly for holes. equating prooesses "e " and "d" 

shown in Fig.2.2 we get 

, 
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[ E, - ET ) As P = n . exp k T , 2.21 

( 
E ET ) , 

=> e = V 0' n exp k T p p ", p 
2.28 

Thus Eqs. 2.26 and 2 . 28 rel ate t h e e mi ssion rate to 

thr:: c apture cross - section and t h e e n e r gy depth of deep level. 

2 . 3 .4 TRAPPING AND RECOMBINATION : 

A deep impurity in a semiconductor may act either as a 

tr.ap centre or as a recombination centre . The behaviour of 

the deep impurity depends on the doping conditions, impurity 

t.emperature find cross-section. The occupancy of the centre in 

equilibrium and the way th i s occupancy i s reached, c an b e 

determined from emission and captur e rates. These values 

are functions of temperature, compensation and doping 

concentration. 

A c entre may be defined as trap centre, if a carrier 

captured by the centre stays there until it is re-emitted 

into the band where it c omes from . It depends on the type of 

the c aptured carrier, whether it is a majority or minority 

trap centre. A centre acts as an electron trap when i t 

collects an electron from the conduction bend and after 

filling itself re-emits this electron to the conduction band. 

An empty centre may act as an electron t r ap when t h e 

probability of capturing an electron from the conduction band 

is much larger than emission of hole to the valence band or 

in notation form Ce » e p ' and when centre is filled the 

probability 'of emission of electron tq th,e !=;ondJ.,lction Qand is 

much larger than the capture of hole 1!rom the va l ence bend o r 

~. 

, , 
, 



- 25 -

In no t.M.lor. f orm e »C wbioh i. the c".e in Flg.2.5(,,). 
n p 

S imilnrly Fig. 2 . 5( b} represents the c ase of a hole trap 

centre 

If' f1 centre flcts e.s e n generation centre i .e. when 

e mpty emits e h o l e to t he valence band and when filled emits 

an e l ectron to the conduction band . then this centre acts as 

e steppirlg stone for an e l ectron in transition fr om valence 

bend to conducti on band i . e . generating an electron in cond-

uction band and a hole in valence band. Such a centre is 

known as a generation centre and is represented in F ig 

2 . 5(c). 

Fig.2.5(d) represents a centre which when e mpty 

c aptures an electron from the conduction band and when f il led 

captures a hole from valenc e bend . So this centre acts as & 

stepping stone for an electron to recombine with a hole in 

the valence band. Hence such centres are known as 

recombination c entres. 

2 . 4.. EFFECT OF FIELDS ON DEEP LEVEL PARAMETERS ; 

External perturbation such as electric field hav e l ong l 

been us;ed with some success in de:tect studies invo l ving 

local ized centres in insulators and semiconductors . The ex- , ~ 
• 

-Lerna 1 perT,1lrLations :introduoe small characteristic splitting 

and elso alter the level symmetry. whioh oan be detected . The 

understanding of t he level is more di:tficult as it requires 

more detailed knowledge Gf the electron charge distribution 

in the vi c inity o f the defect . The level separation intro-

duced by external field is usually small and its value 

• 
.. ~ 
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dependfJ on mt1ny parameters . 

Experiment&.l methods based on thermal emission of 

e l e0trons and holes are used to study the deep levels. 

Acco rding to MilnesP and LangtO the emission rate varies with 

2.29 

where E," the separation between the relevant band edge and 

t.he l~v~l . It is commonly assumed that the electric field 

affecting the defect i s negligible . However the work of Ta s c h 

I J 10. 1 2 and Sab • Lang , Vlncent et al shows that there are s ome 

cases where emission rate does depend upon the applied bias 

vo ltage and doping . 

The field dependence of the emission rate h as normal ly 

been attributed to the Pool-Frankel barrier l owering h¢ ( PF ) 

indicated in Fig . 2 . 6 . 

Tbe thermal emission rate for e l ectr ons in the 

presence of electric field is 

exp ( - _ E..oT-;-k,,-:---'T,-"_
E
..oT_ ) 

</2 

In t he Poole-Fren kel model . ~E = e(eF/&) 
T 

correc tion factor . where e is tbe electron c h a r ge. 

2 . 30 

i s the 

F i . 

electric field and £ is tbe static dielectric constant . It 

shows tha t correction factor hET depends only on the long 

range part of the impurity potential . The effect appears t o 

be too weak to explain the field dependence for many deep 

levels . However the short rang e part of the impurity poten -

tib l which is c hartfcteristic of deep centres maY give rise to 

a tunnelling between the potential well and the conduction 

• 

! 
J 

~ 
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Fig . 2 . 6 

Conduction band 

.-.... t. ell (PF ) -­, ---- ....... 

(a) 

-.... F ...... e 

Poole-Frenkel effect : the electric field F lowers the 

barrier $ normally associated with a defect posse ss ing a 

l ong-range potential by b$ (PP) . 

t 
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bttnu bfj ~;b()wrl in Fig , 2, 7 . .. 
AUf,.;ord ing t o t he wo rk of Korol , the emission rate 

due to 1.unflttl l inlt is giverl by 

T ET 
(-k ) e = y exp 

n e
k 

2.31 

, 
• * )' -

where k 
4 ( 2 m 

~ = 3 e h F 
2.32 

The exPonential factor k is the classical expression 

f o r the transparency of the tri&ngular barrier shown i n 

Fig .2.7. Tbe factor y in Eq.2 . 31 depends on the form of short 

r ange potential end its value c alculated by Korol is 

y ~ e / 3h 

As the electric field varies linearly across t he 

juncti o n with distance d i. e . 

F(x) ~ e N ( d - X) 2.33 

Where eN is the net c harge density associated with 

shallow levels in the depletion region . X is the distance 

from the junction . This shows that the Eq . 2.32 is f i eld as 

well as bias dependent . So the chanae in the strenath of 

int roduces some spatial distribution in emission rateS~ 

EFFECT OF TEMPERATURE ON DEEP LEVELS : 

Th e material s exPand upon heating . With the variation 

o f other materie.l characteristics. band gaps also vary. For 

example , t h e fundamental band gap of GaAs changes by about 

O. 1 eV between 0 and 300 K. Almost the same figure is true 
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E 
c 

- E (O)-qF cos 6 
c 

______________________________________________________ -.. r 

Fig.2.7 

Schematie representation of electron tunneling 

from a Dirac well in an electric field. 
I" 

I 

, 
~l 
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f o r Gar . rt is not ebSY to predict the c hanges in deep levels 

with temperature and must often be deduced from experimental 

data. 

The bend g&P c an be defined as the chemical potentia l 

t,E for electron ho le pairs c reated by taking an electron 
cv 

from t b,:: t,op o f tbe valence b tmd into t h e conduction band. 

Th ich is equa l to the i n creasF.!' in Gibbs fre e energy G upon 

increasing t he number of electron-bole pairs by one or to 

increase the internal energy U at constant e ntropy Sand 

volume V for t h is iocrebse HI t h e electron-hole pair number. 

By using t h e first law of t hermodynamics, 

expressed in te rms of enthalpy 6H 

where 

I'...E (T) -:: 6 H (T~ - T b. S (T) 
cv 

I\S(T) =- ""E cv 

" T 

"E c V 
can be 

2.34 

2.35 

" It was found by Thurmond that.6S is pos i t ive above 

T-=O end Increase with increasing temperature so t hat accor -

ding t n Eg . 2 . :33, DECV decrease::; with temperature. The experi -

menttd work done by Wo ng and Pencbine.:I n . They worked on 

s i 1 i cnn and obta ined t h e dElta s hown in F ig . 2. 8. The gap 

entb&lpy can be obtairled by linear extrapo l ati on o f E (T) 
9 

to 

T c:: 0 at any given point T as indicated by the broken line in 

Fig. 2.8. The argument can be extended to t he impur ity problem 

by considering the gaps between the impurity level i and tbe 

relevent band (c,v), e.g . .6E --).6.E .. This .6E
C1

' is the 
cv ... Cl. 

l.E
T 

of the detai led ballence relati onship. 



> • 

1.20 

u 

- 32 -

hlft~ahJI'" IKJ 

Fig .2.a . 

The energy gap Eg(T) of .~lieon .a a function of temperature. 

The gap enthalpy (upper curve' can be obtained by linear extrapolation 

of E (T) to T • 0 at any given point T 8. indicated by the broken line. 

g -(From Wong and Penchina 1915) , 

.-
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CHAPTER 3 

TECHNIQUES FOR DEEP LEVEL CHARACTERIZATION 

This chapter gives detailed information about tbe 

capac itance of a p - n junction diode and contribution of deep 

levels to the capacitance. Var ious dark capacitance trans i ent 

techn i qu e s are tho r oughly disc ussed in thi s c hapter. 

3.1 p-n JUNCT ION CAPACI TANCE: 

Capac i tance is defined as t be differential flow o f 

charge into a p l ate or terminal with respect t o t h e change i n 

v o ltage . When the voltage ac r o s s a p - n j unction c hanges, t h e 

depletion region width also c hanges . Tb e number of minority 

carrie rs changes on both sides and result in res istive 

c urrent flow as wel l as c apacitive f l o w. The contribut ion due 

to change in depl e tion region to t h e capac ita n ce is known as 

laye r c apacitanc e or junction oapacitance, whereas t h e 

contribut i on due to the changes i n minority carri e r d e n s i t y 

is c a l l e d diffusion c apac itarJc e. 

Junct ion capacitance is dominant unde r reverse bi a s 

c ond i tionf.:l and the di ffusion capacitance is dominant when th e 

junct ion is fo rward biased . I n many applications of j unction 

useful -devi c es . the capacitanc e is a limiting factor in t h e 

ness of the device . On t-he otber:: hand. ~h~.r~ ar.~ 

a pp li c a tions i n whi ch the c apaci tance c an be 

im~ortant 

useful in 

c i r cuit a pplica t i ons and in providing important informat ion 
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about the structure of a p-n junction. 

Consider tl p-n junction with arbitrary distr ibut ion o f 

impurities and contact potential Va If a reverse bias is 

applied to the diode , the total magnitude of the potential 

wi 11 be t .he s um of contact potential and the a.pplied 

potential. The capacitance of s uch a junction can be defined 

as . c = dQ 
dV 3.1 

wbere dQ is the i ncrease in t he charge oaused by 8. c h!lnge in 

voltage for time dt resulting in a current; 

i = c~ dt 3.2 

In a step j unction di ode. there is an abrupt c hange of 

ion c oncentration at either side of the junction interface 

and t h e junct i on potential V
J 

i9 given by 

q ND 

2 " 

where H is the depletion region width . The £ is " o 

3.3 

e ~where , 
e is the permativety of free space and e o , is the relatiVe 

permativety of the material . The junction potential is also 

given by, 

3.4 

where VR is the applied reverse bias. The capacitance 

is given by 

c = " A 
W 

In the case of arl abrupt junction the 

3.5 

tr8D.sition 

region extends primarily into the least heavily doped side 

and the capacitance is determined by only one of the doping 
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den~itieG . For a p+n junction the capacitance is aiven by· 

2 J, / 2 

q" ] 
V

J 
NO C = -~ [ 3.6 

From the relation 3 . 6 it is also poss ible to obtain 

the d oping densities of the liahtly doped region from a 

measurement of junction capacitanoe. 

I f we take a linearly graded junction diode in which 

density o f ions vary gradually, then t h e space cherge density 

qN
D 

f o r such a junc tion varies as 

3.7 

Capac itance for a linearly graded junction is 

g iven by 

{ 

~ 2 q 

C = A - ...,-....--12 VJ 
3.8 

..... here 0 is the con c entration gradient
2

, 

3 . 2 CONTRIBUTION OF DEEP LEVELS TO P- N JUNCTION 

CAPACITANCE 

Suppose ET is the energy position of a deep level and 

let the deep level has spatially u niform density NT and the 

junction is placed. under a reverse bias. For a steady state 

c ondition, the net rate of the charge leavins and ooming 

t owards the trap c entre i. zero 1. e. 

e NT = ( eo p 
+ e

p
) n.,. 3.9 

,-
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or e + e 
3.10 

n p 

where equation 3. 10 gives the density of filled traps under 

s teady state condition . When t h e system is perturbed and then 

all owed to relax back. the number of filled t raps changes and 

t hi s will increase or decrease t he total charge in the 

depletion region and hence t he capacitance, wbich is given by 

equati on 3.6 and 3.8 for step and linearly graded junctions 

resp~ctively. wi ll c hange . This Charlge in capacitance is 

purely due to deep levels. 

3. 3 DETERMINATION OF DEEP LEVEL PARAME1'ERS FROM 

DARK CAPACITANCE TRANSIENT MEASUREMENTS : 

If we chose a temperature somewhere in t he range where 

the thermal emission rates o f the carriers are appreciable to 

all ow convenient measurements, the capac i tan ce and current 

t ransients c an be observed by placing the j unction under 

perfect dark conditions~-7 The emission of carriers i s 

obtained by thermal excitations after externally per t urbing 

t he system by applying reverse bias . The details about 

technique will be discussed in next section . In this section 

~e discuss the basic principle of measuring the parameters of 

deep levels. 

3.3.1. Thermal Emission Rate : 

Consider a p+n type of junction and also consider . that 

an electron trap is present on n-side of , the junction'. ·The 

electron c apture and electron emission processes wi ll be 
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dominant . The net rate of electron emission is given by 

3. 11 

In s teady state conditions the net change will be zero 

1. e. emission a nd capt ure processes are equal. I f at tim~ t := 

o an e xtern a l perturbation i. e . reverse bias i s applied then 

it ..... i ll c hang e the s itu&.tion. The number of filled and 

unfilled trap c entres will change due to thi s pe rturbation . 

Th e trans ient e.s30c iated with return to steady state. is 

cha racter ised at time t:: co. 1. e. 

3.12 

The analysi s of eq.3 .12 provides useful information 

a bout the deep traps . In steady state conditions. a term can 

be defined as the change in filled and u~filled traps is 

equal i. e . n = T - PT so the net rate of change of trapped 

electrons 

OR 

can be 

dnT 

dt 

dn
T 

dt 

written 

= en n 

= ( enn + 

as 

P T - e n,. n 

en) lip 
T 

3.13 

To solve the equation 3.13 we assume that en + n en 

remains constant at a given position in time t . Then the 

s olution o f equation 3.13 can be written as 

3.14 

The value of C from equation 3 .12 can be written as 
n 
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" 
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putting this value in equation 3.14 we get 

"n., = n., (0) exp [ - t:< ( 
p (oo) 

T + nT{oo) >] 
p ,<oo) 

Now the oocupancy factor may be de fined as 

1 OR 1 - F = 

Combining e quati ons 3.15 and 3.16 we get . 
t en 

F(t)-F(oo) = (Fo- F(oo» exp ( - -'1---~F-(oo--) ) 

3.15 

3.16 

3.17 

If final state is empty in that case F(oo) = 0 and 

Eq (3.17) can be written as 

F(t) = F(o) exp ( - e t ) 
n 

By taking log on both sides we get. 

In J(t ) = - e t F(o) " 
=> 1 In F( t) e = -

" t F(o) 

3.18 

3.19 

Which is the inverse of time constant . Hence in 

principle emission rate can be calculated by measurin~ tb e 

time constant 'T of the transient chang e in .6n.,. 
3.3.2. THERMAL ACTIVATION ENERGIES 

According to the detailed balance principle the 

emission rate of c arriers c an be related to the capture 

cross-sect ion as given below, 

E - E ' 0 . . ,. . ~ 

k T ) 
, . 

3 . 20 

, 

"', 
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This equation gives the electron emission rate f or 

elec tro n trap and for hole trap emission rate can be written 

as 

e - C1 <Vp > N
v 

exp [ -p - p 3.21 

We consider here only the case of electron t rap . If we 

c ons i der temperature dependence of parameters, then we find 

that V has 1" /2 dependence 
n,p 

as 

similarly N c .v 

2 * k T S I 
= 2 ( __ "_m...:~:.,.:-. h::.... __ ) • 

-'/ . Wh ioh shows that N has T dependence and V 
c ,v n,p has 

dependence. If the capture cross-section " n, • has 
• 

negligible temperature dependence but in some cases it does 

show temperature dependence then case aQ.3.20 , 

temperature can be written as 

( 
E - E 

) TV. 1"/' C • e '" . . exP k T n 

e 
( 

E - E. ) n e => '" exp 
k T ,.. 

taking log on both sides we g et 

e E - E 
c T 

e 
In 

n : > '" -,.. 
In --...!2. 0( 

t 

( 
E -c 

k 

-

ET ) 

k T 

1 
T 

in terms of 

3.22 

3.23 

Hence the plot between In (an/'" J and l /T gi vas 

straight line . The slope of this line gives the activation 

energy of the leve18
. 

1 
or where the value of N lies between 1 and 2 . 
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3 .3 . 3. DEEP LEVEL CONCENTRATION 

If we apply reverse bies to a junction Fermi level 

s hifts with respect to the deep l evels and electrons are 

emitted to empt~ those levels which were filled before the 

bppljcation of reverse bias. Due to emission of electrons the 

charge in the depletion region cha.nges which will change the 

c apaci tance of the junction. This process will continue for a 

finite time until all the levels above the Fermi level become 

empty. If the reverse bias is applied for such a long enough 

time then after &. finite time the change in capacitance will 

be maximum. If we denote this finite time as tux» and maximum 

change as t. 0<0 then 

0«> - 00) = 60«> 3.24 

Now using equation 

6C NT 
( -C- = 2N, 

exp - e t ) 
n 3.25 

When t -) ro then en = 0 and Ae :;:;: AC
max 

and eq. 3. 25 can be 

written as 

=> 

6 C 
max. 
C = 

bC 
max. 
c 2N, 

Where Nr is the shallow level oonoentration. 

3 .26 

3.27 

In case 
• of p n. Nr will be N

D
• Henoe deep level oonoentration can be 

'. 

found by eq. 3.27 from measured values ~~ . ~Cm4X . ' C and .~ . 
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3. 4. DARK CAPACITANCE TRNlSIENT TECHNIQUES 

There are many techniques to obtain the current and 

Cttp8c:ite.nce transients. One of these techniques is Dark 

Cap8.r.:itence Transients technique wh ich is common ly used for 

i ts convenience. In this technique the sample is placed in 

perfect dark conditi ons. There are three different ways to 

am:tiyse the behaviour of dark c apacit&nce transients which 

are discussed below . 

3.4. 1. SINGLE SHOT CAPACITANCE TRANSIENT TECHNIQUE: 

A system in equilibrium or in steady stat e can be 

perturbed. end then allowed to relax back to its o riginal 

state . Its relaxation exposes properties of the physical 

system. When such an experiment is carried out just once or 

repeated for a few times t o i mprove its accuracy it is 

c lassed as single shot measurement . 

Consider a p+n junction at equilibrium as shown in 

Fig . 3.l . The deep levels are filled for X > W - X and empty 

for X < W - x . The abscissa X = W represent& the limit of 

the depleted zone . If we suddenly apply a reverse bias.tben 

the new steady state s ituation will correspond to Fi~ . 3 .2. 

There will be a transient region between these two steady 

states i . e. W. > W and W - h > W • • h . The filled states 

located in the region W - X < X < W. - X. will emit their 

electrons to the conduction band . This emission can be 

obtflined by measuring the current which flows through the 

junction but in our case we measure the change in capacitance 

of the junction. 
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Let the charge dens i ty in the depleted zone be po ... 

and blso as sume that there is an abrupt transition at X = W 

between the depleted zone bnd neutrality r egion. Then the 

potential drop V aoross the region i. given by 

" 
V ; J X PO"' dx 3.26 

0 

Now t he stored charge in that region i. given by 

" 
Q = A J PO"' dx 3.29 

0 

Where A is the area of the region. Now the capacitance i. 

given by 

c = dQ 
- dV 

Hence from the equations 3.28 -- 3.30 we get 

c = " A 
W 

3. 30 

3.31 

wh i c b i s the usua l capacitance for & plane capacitor. The 

c hange in capaci tance on application of reverse bias takes 

plac e cont inuously between its t ..... o limits Wand W
j

• Herlce t he 

total change in depletion region will be 

6W = W - W • 
Now at any instant we measure tho chango in 

region and also assume that the Quantity remains 

that we can write 

foec L ) 

c = t.WC l ) 
1'1, 

dep l etion 

s mall. '0 

3. 32 

Since during 8 f ull transient the applied potential 

remains same i . 6. V.' so there is a relation between charge 

density and depletion width can be obtained by 
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Fig.3. !. 

Zero bias over the diode - ---
... _-------------

1<--1"(0 

Fig . 3.2. 

Reverse bias V
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.... _------
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differentiat i ng t he eq. 3. 28. i . e. 

J""x o ;: WI pi 'W 1) fJ. W + 6 p)l,o dx 3.33 

o 

v 

,,"W 1 J'x .6px.lI dx = W pI W' ) , , 3. 34 

0 

Combining 3.34. and 3.32. we get 

v 
,,"c 1 J ~ .6pJC,u dx -C = 

¥fpc W' J. ) 
0 

3.35 

As it is obvious from figures 3.1 & 3 .2 the c hange in 

charge d ensity depends on the change of the con"centration of 

filled traps i.e . 

6px,u ;: 3 . 36 

If fo denotes the Fermi Dirac distribution when app-

lied bias is zero and f
t 

for applied bibs is Vi' then fo. f
t 

represents the initial perturbation with r esp ect to~ . If 

W. - A1- (W -.\.) is sufficiently large compared to tbe width of 

the Fermi distribution then f - f Cftr! be approximt1ted by 1 , . 
in this interval and zero outside this interval. By using eq. 

Putting f = f =1 
( 0 ) 1 

& fno=O. finally we can write 

feu = exp[- -.!... ) T 3.37 

And this gives 

Ap<x,t> = - qN
T 

exp{- t 
T 

) 3.38 

Hence we can write 



eq . 3 . 39 

l>C 
- C-
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2 
(W ->. ) - (W , , 

2 
t -- ) 

T 

If J\ and J\ are much smal ler the.rl , and 

becomes 

l>C 
- C- = 

If A and 

NT if - if t , 
exp(- ) 

2ND 2 T 

x. have significant values t hen , 
neglect. tbem bnd t hi s is termed aD edge effect. 

3.39 

W, ' then 

3.40 

we cannot 

Practically 

VK»V
n 

GO ~»w and h e n ce eq. 3.40 c an b e written as 

:> 

t. C 
- C-

t.C 

NT 
= 2ND exp ( -

t 
T 

) 

t - ) 
T 

Taking na.tural l og on both sides we get 

C NT 

2 No in "C = 1 t + In --
T 

3.41 

3 .42 

This is an equation of a straight line. The slope of 

the equation gives the emission rate . For holes the s ame 

procedure i s used with convenient changes in parameters . 

3 . 4 . 2 THERALLY STIMULATED CAPACITANCE TECHNIQUE: 

Thermally Stimulated Capacitance ( T.S.Cap . ) method is 

convenient for studying the high temperature annealing 

properties of lattice defects . This method provides informa-

tion about two parameters of the lattice d efects . therma l 

activation energy bE and trap concentration 
n.p NT' very 

quickly . 

In this method. the sample is mounted in a cryostat 

and 1 5 excited by illumination. by forward bias ing or zero 
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bias ing t o b. non- equilibrium state of the traps . The device 

is first cooled to attain a low temperature. The low 

temperature is s elected s uch that the thermal emission rates 

o f t h e traps, present in the device. should be insignificant 

at thi s temperature . After filling the traps . tbe temperature 

is raised at a linear rate and the junction c apac itance is 

monitored 8 5 a function of tempera The same procedure 

i s repeated for the same sample with - out initial exc itation 

of c flrriers . Comparison of the two scans reveals the pres e n ce 

o f deep levels which tend to empty at s ome part i c utar 

tempe r e.ture showing capac itance s t ep. 

3 . 4.3 . DEEP LEVEL TRANSIENT SPECTROSCOPY : 

Deep Level Transient Spectroscopy is an eff i c i e nt 

met.h od of evaluating s ome of the important par ameter s of deep 

leve l i mpuri ties in s emiconductors . Tbe method was originally 

" suggested by D. V. Lang (1974) . When the bias of the d i ode is 

bLruptly c h a ng ed . the c apac itanc e also charlg'es abrupt l y. 

Followi ng t h e abrupt capac itance change. an expon e nt ial or 

mul ti - expone ntial trflIlsient can often be found, whi c h 

o riginates from the deep level impurities in the material . 

The mer i t of DLTS is that the time oonstant and the amplit ude 

of thi s transient are evaluated in a natural way . It a llows 

t o s ome extent arl easy separation at various emission rate s 

occurring in the same temperature range . 

In this technique periodical filling pulses a r e 

applied on a reverse biased junction . Tbe analysis of 

resultant transient is performed using a · filtering operation .. 

The transient capac itance resulting from the filling pulses 
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AO" = - AC exp( ­o 
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t 
T 

) 3.43 

'l'he time constant of the transient c an be obtained by 

taking the derivative of the signal at a given time to ' 

va ri es 

<lAC = -orr- T 
exp ( - - T 

When the temperature T varies emiss i on 

a c c o rd i ngly and [ ~C ] goes through a 
to 

that t = T o 

d 
de 

n 

s inc e 

3.44 

rate e =. 
n 

maximum 

) 3.45 

1 
T 

for 
• 

Thus f ix ing to is equivalent to the selection of a 

given v f:l.l ue 'ef t ) ' 
no of the emission rate. The temperature 

a t whi c h t he maximum o f the derivative occurs . c orresponds to 

e ( l ) = _1_ . In prac tice the derivative of the signal 
nOT All< t> 

o 

is o btained by fixing the difference of the 

amplitude at two times tl and t z measured with the help of a 

double b oxcar . 

Generally DLTS analysis is a filter operation . The 

measuring system gives a non-zero signal when emission rate 

i s s ituated in given window as shown in Fig. 3.3 . 

The filter, described above 

fll) = 6n-t ) - 6ct - t ) , z 3. 46 

p r ovides the following response . 

3.47 

which is maximum for 
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t, 
In(-t-) 

2 
e = --,,---7---

,.. t2 t , 
3 . 48 

We Olin influence t he time window by changing t he 

positions of the gates tjand t z ' In principle we can change 

the time window in three di f1"erent ways. 

1. Fixing tJ. end varying t z ' 

2. Fixing t2 and varying tt' 

3. Fixing 
t, 

- - and 
t2 

vary both t, and t z ' 

The most convenient is to keep the ratio constant, end 

both shape and amplitude will be independent of T 
m~ 
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CHAPTER .. 

EXPERIMEHTAL DETAILES 

4 .1. DEVICES , 

The devi ces us ed in th is work we r e + p n green light 

emitting d iodes ( LED ' s) . These d e v i c es we r e pre pared by zinc 

diffu s ion in nitrogen doped n - type liquid- phase- epitaxial 

(LPE ) GaP by Ferrant i ltd . ( U. K) . The devices had en area of 

2 O. 5xO . 5 mm and had been e poxy enc apsulate d afte r providing 

sui table ohmi c cont act l e ads. The C- V meas urements on the 

t est diod e s reve&l e d that the junctions were abrup t ( see nex t 

sec t i on ) . The devices used h a d z e r o b i a s cap ac i t ance of 134 

pF to 144 pF a t r oom temperature. 

4.. 2 . c - V MEASUREMENTS : 

To c haracterise the deep l e v e l contents of a diode it 

i s necessary t o have informat ion about it5 5hallow l e v e l 

concent rat i on . It is also necessary to know the built- in 

potential. The capac itance-voltage characte ristic s of a diode 

provide s u c h infor mation about it. The C- V plot gives the 

following information . 

i. Type of the junct ion . 

ii. Built in voltage . 

ii i . concentrati on o f the Sha llow d opants . 
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For a step j unction p+n diode 

1 = 2 4.1 

Where C denotes the capacitance ~ A is area. q is 

electron charge, & 
o 

is the permativity of free space and & 
r 

is the relative permativity of the material. No and N ... 

represent the shallow dopant donor and accepter r espect ive ly. 

V
R 

and VB represent the app lied reverse bias and built-in 

voltage . The linear relationship between ~ and V. implies 

that a junotion is step junction if a straIght line is 

obtained on plotting ~ versus V •. On extrapolation of the 

straight line the x-intercept gives the value of the built-in 

voltage . From the slope of this straight line one can 

calculate the shallow leve l dopant concentration by us ing the 

formula: 

Slope = 2 4.2 
A2 I; & q (N - N ) 

T 0 D", 

Similarly for a linearly graded junction1
; 

1 
4.3 

where a is the concentration gl"adient . Hence if __ 1,-_ 
d' 

versus 

v. plot gives a stl"aight line, then the junction is linearly 

graded . 

C. VAN· OPDORP Ca,pOC\la,ne .... voUa.gll. •• la,llona of 
$chollkyond p-n dLodellil, Phy. alol eo\.. !!..eU1PGP) 
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4 . 3. TEMPERATURE CONTROL SYSTEM : 

In single shot measurements the stability of the 

temperature is utmost important. It was obse rved that for the 

diodes on which the present measurements were made a change 

of one degree in sample temperature c hanged the junction 

capaci - tance by about 0.01 pF. Since the total measured 

c hange in capacitanc e is nearly IpF. the ' stabil ity of the 

temperature became all the more important . The ' s ys t em used t o 

minimise the change in temperature con s isted upon fl · home 

built c ryostat with an electronic temperature c ont roller 

Unipan type 650 , In the cryostat the s ample was mounted on a 

copper strip which was thermally isolated from body of t h e 

cryostat by using asbestos sheet . On one sid e of the strip 8 

resistive heater was mounted and on the other s ide the sample 

was placed in such a way that the bead of the s amp l e t ouched 

the strip and the terminals were connected to the capacitance 

meter. A platinum sensor type 21 00 s was connected to the 

temperature controller. This setup minimised the chang e i n 

+ 0 temperature up to - 0.025 K. 

4. 4 . SINGLE SHOT MEASUREMENTS: 

The bloc k diagram of experimental set up is shown in 

Fig 4 . 1 . A Boonton 72-B capacitance meter was used for 

capac itance measurements . The test signal (~Vosc) for the 

measu rement of capacitance in this meter is of high frequency 
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( 1M hertz) and low magnitude (lOmV) which f ulfils the requi -

red conditi ons for the dark transient capacitance experi -

ments . The capacitance meter is capable of measuring 

diff erential capaoitance i.e. a smal l change in capacitance 

of the test device with respect t o a known standar.d 

capacitance . A Boonton precision decade c apacitor model "76-3A 

was used as variable standard back- off capacitance. Th e out-

put capacitance signal was recorded on an x-t r e corde r PL- 3 

( J J I nstruments ). The syst e m provides a maximum resolution 

-0 of 5xlO pF . 

For the single-shot capacitance transient measurements 

the stability of t he sample temperature is of utmost 

importance. This was achieved by using t he set-up described 

above in section 4 . 3 . The D. C. step voltages were applied 

using a Ph i lips D.C . power supply PE-1514 , connected with a 

well shielded switch operated manually. The power supply could 

be us ed for any step voltage from 0 to 20 volts. Th e 

t r ansients were obtained by s witohing the junction diode bias 

from zero to reverse typically 5 to 7 volts. 

4.5. DEEP LEVEL TRANSIENT SPECTROSCOPV MEASUREMENTS I 

The theory of dee p l e vel transient s pectroscopy (DLTS ) 

was detailed in section 3.4.3. The p r esent DLTS measurements 

were carri ed out using a Metrimpex DLS-8 1 deep leve l 

spectrometer based on t h e lock-in-prinoiple. The samples were 

mounted in variable temperature cryostat - with a copper 
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constantan thermocouple mounted symmetrically with respect to 

the sample to monitor the temperature. Temperature acouracy 

better than one degree could be attained with this s et- up . 

Excitation of the deep leve l s was performed using the usual 

reduc ed reverse bias majority carrier pu l ses. 

The DLTS technique gives the emission rate data with 

in two - three orders of magnitude for most practical s e t-ups. 

In ca~e of the presently investigated mid gap l eve l this 

range was limited to about one order ot magnitude due to the 

prohibitively h igh temperatures i nvolved for highe r rate 

windows . The h ighest emiss i on rate window u sed on this level 
- < . 

i s 2.26 sec which gave a DLTS peak at 475 K which is just 

about the highest advisable temperature for s a fe measurement s 

. The lowest p ractical emission rate window allowed by the 

DLTS for this level is 0 . 1 sec-A which means t hat on e c ould 

only obtain t he DLTS spectra for the mid g ap l eve l over a 

decade of emission rates. 
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CHAPTER NO. 5 

RESULTS AND DISCUSSIONS 

5.1. C - V MEASUREKENTS : 

The experimental procedure is explained in sec. 4.2.1. 

The applied reve rs e voltage was within the range of 0 volt to 

7 volts. The corresponding change in capacitance measured by 

the Boonton 72-8 capacitance meter " was plated on a «raph 

. 1 
paper l . e . 7 along y-axis and appl ied revers e bias along 

X-~i s . Suc h C - V plots for diodes E- 112-II and AM 325-V 

are s h own in F igs . 5 . 1 and 5 . 2 respect ively. These plots show 

t hat t he d i odes we r e s tep junc tions. The Sbal l ow level 

concent rati on was found to be " 2.66xlO and 1.11xl017 and 

built i n potential was 2 . 1 volts and 1 . 9 volts res pectively. 

The c-v c haracteristics o~ t he t hird diode were 

simi l a r. 

s. 2. SI NGLE SHOT HEASUREMEHTS : 

For single shot measurements, as explained in section 

4.2 • after attaining a steady temperature T. the bias on the 

diode was changed from o to V. (-5 volts for two diodes and 

-7 volts for the third diode) . The corrospondina change in 

junction capacitance 'Was recorded on thl' x-t recorder A 
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On a.pplication of the step bias t o t h e j unct ion the 

c apacitance first fell sharply and ~hen an increas i ng 

transient fo ll owed. Th e time dependent change in capacitance 

i s unders t ood in terms of emission of electrons/holes from 

d~ep levels i n t h e depletion region as exPlained in section 

3 . 4. 1. 

The initial sharp fall of capacitance c an be explained 

i n terms of emission of holes from hole-traps on n-s ide o f 

the j unct i on or the emission of electrons from electron traps 

from p-side of the junction As the sample used we r e 
+ 

p n 

junctions • in which almost the entire depletion region li es 

on the n-side of the jun ction so this fall in capac i tance 

had to be due to the emission of holes from hole lev e ls on 

the n-side of th e junction. The temperature used. i n these 

measurements was very high . at these temperatures t h is 

falling transient had duration of a few seconds and t h e 

response time of the recorder is also a few seconds so it was 

impossible to get accurate measurements in this time range. 

The origin of this falling transient is understood well i n 

terms of hole emission from the 0.85 eV levelS .50 this p a r t 

of the transient was neglected. 

The rising transient is due to the emiss ion of 

electrons from the electron levels on the n-side of t he 

junction (majority carriers). The rising transints obtai ned 

from the x-t recorder were plated on log-linear scal e ( c h ange 

in capacitance along log scale and time on linea r s cale ) . 

Typical transients at three temperatures .from each ,t est 
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diode. ~re shown i n Figs. 5.4 to 5.12. 

It i s c l e ar f r om these Figur es that the transients are 

non exponential, in gen era l des criba bl e as s um of two 

exponenti a ls . Thi s suggests electron emission from t wo 

d i s t inct levels at these temperatures. 

I . SECOND (SLOWER) PART OF THE TRANSIENT: 

The emiss ion rates obtained from this part are 

tabulated in Tab l e s 5 .1 to 5.3 for the three test diodes . Th e 

emission rate data obtained from these plots were plated 

against the inverse of temper ature giving the Arrhenius 

plots. These Arrhenius plots are showen i n Figures 5. 13 , 5.14 

and 5.15. The s l ope of arrhen ius p l ots g i v e t he energy of the 

trap level according to equation 3.23. The energies obt aine d 

from these Arrhenius plots are given in the table 5 .4. The 

average energy is ~= 1 . 03 ± 0.02 eV. Thus this part of t h e 

transient is due to electron emission from the l evel s i t uated 

at Ec-~=1 . 03±O.02 eV, where Ec is t he energy of the conduc­

tion band minimum and ~ is the energy of the t r ap leve l . 

II . FIRST (FASTER) PART OF THE TRANSIENT: 

The first part of the transient is effected by t h e 

second (slower) part and had t o be corrected . Fo r thi s 

purpose the long time exponential part was extrapolated t o 

small time region. Then for each data point in the firs t 

region the ~C values corrosponding to the extrapolated line 

were subtracted from the observed values. This procedure and 

the corrected be values (triangles) are also plotted in Figs . 

5.4 to 5 . 12 . rhe slopes of these correct~d ,11nes give . t he . 
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Semi-log plot of the dark capacitance transient of diode E-112-II1 at Ta 409 . 2 

a for observed and 6 for corrected data. 
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Fig. 5.9. 

Semi-log plot of the dark capacitance transient of diode £- 112- 11 at 

T - 427 .7 a for observed and A for corrected data. 

1.4 

13~ 1. 2 ODD 

1.1 DO 
DO 

~ 
0.9 

0.8 .. 0 .7 0-
~ 

u 0.6 
<l 

'" 
~ 0.5 

oD 

" 0 
...J 

0.4 

0 .3 

0 .2 

0.1 

0 

-0.1 

- 0.2 

-0.31 V' 
-0.4 

0 4 8 12 16 20 24 28 

TIME (sec) 



- 70 -

LOG (6 C) pF 

I I I 
0 0 0 0 0 0 0 0 0 0 0 0 - -
'" N 0 N '" ... '" '" " '" "' - - N 

0 <{j 
t> t> rJ1D ~. 

t> 0 
Ci1 t> d e! t> 

t> 0 ...... 0 () 0 

° 
d 

1:::9 r 
:j:j, 

... '" ~ lO 
'"Q ~ ~:T 
lIlO 

I "Ie 
0 " 
~O C!J 5,,,, 

" /'I() ~ 

C!1 
I 

<::;; 
o 

, 



- 71 -

LOG ( 6C)pF 

I I I I 
0 0 0 0 0 0 0 0 0 0 0 0 0 - -
.t- V " 0 " '" ... '" 0> " CD <D - - " 

0 ~ 
t> t> r:P 

~. 

t>t> cP Cit 
t> 0 .... 

0 .... 
t> 0 

'" t> 0 ~ 0 
0 

~ 0 

0 'I:j: 

12,. 
::J ~ ;:: .t-

'" 0 
I ~ 0 

Ul 

~ '" () 
~ /'{) 

Cit 
I 

<:;;! 
en 
0 
0 

'-!l 
II 
~ 
(Jl 
(3') 

CD 
. 

0 (Jl 0 
(Jl ,. 



- 72 -

LOG (A C) pF 

I I I I I I 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - -
en '" ... '" '" - 0 - '" '" ... '" en " OJ <D - - '" 

0 \;,':l 
~. 

I> Cit I> a 
I> a . 

...... 
D I\':) I> aa I> 

'" I> D 
0 

D 1::9 

f 
'll: 

... ~ =! 0 
;:: ~ ,.., 
~ I Ul ,.., 

C.() n 
~ 

I\':) 
Cit 

en I 0 

~ 

D 

o -L ______________ ~ __________ ~ ________________ ~ 

o 



- 73 -

TABLE B.1 

Emission Rate Data for (slower part Transient) of 

Diode # E-112-II! 

SINo. TEMPERATURE EMISSION RATE e2 / r K (Slo~'ir Part) - 1 K-2 
sec sec 

1 432.360 1. 07 X 10-1 5. 7 5 X 10-7 

2 421. 788 5.06 X 10-2 2.84 X 10-7 

3 409.196 2 . 06 X 10- 2 1. 23 X 10- 7 

4 400.053 9 . 14 X 10-3 5.71 X 10- 8 

5 . 396.592 6.67 X 10-3 4.24 X 10-8 

6 392.112 5 . 04 X 10-3 3.28 X 10-8 

7 383 . 645 2 . 50 X 10-3 1. 70 X 10-8 

8 380 . 717 2 . 01 X 10-3 1. 38 X 10-8 

9 371. 902 8 . 76 X 10-4 6 . 33 X 10-9 

10 362.177 4.56 X 10-4 3.48 X 10-9 

11 355.231 2 . 18 X 10-4 L VI X 10- 9 
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TABLE 5.2 

Emission Rate Data for (slower part Transient ) of 

Diode # E-112-II 

SI No. TEMPERATURE EMISSION RATE e. / r 
K (Slower Part ) 

-1 -1 -2 
8ec sec K 

1 427 .704 1. 04 X 10- 1 5.69 X 10- 7 

2 413.880 4.03 X 10- 2 2.35 X 10- 7 

3 408.722 2.25 X 10- 2 1. 35 X 10-7 

4 398.282 1. 24 X 10-2 7 . 85 X 10-8 

5. 390 . 128 5 . 00 X 10-3 3.29 X 10- 8 

6 382.360 2.77 X 10-3 1. 89 X 10- 8 

7 380. 025 2 . 21 X 10- 3 1. 53 X 10- 8 

8 370.5 10 9.22 X 10- 4 8 . 72 X 10- 9 

9 362 .717 5.94 X 10- 4 4 . 51 X 10-9 

10 351. 500 2.02 X 10- 4 1. 83 X 10- 9 

11 347.885 1. 77 X 10- 4 1. 46 X 10- 9 

12 344.750 1. 02 X 10-4 8 . 58 X 10- 10 

13 338 . 920 7.70 X 10- 5 6.70 X 10-10 
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TABLE 5 . 3 

Emission Rate Data for (Slower part Transient ) of 

Di~e # AH-325-V 

SINo. TEMPERATURE EMISSION RATE e./r x (Correoted Part) 
-I - 2 

Sec 
-I 

Sec X 

1 421. 098 4.48 X 10-2 2. 53 X 10-7 

2 417.217 3 . 26 X 10-2 1. 87 X 10-7 

3 412.878 2 . 17 X 10-2 1. 2 7 X 10-7 

4 408 . 805 1. 82 X to-2 1. 09 X 10- 7 

5. 405. 103 1. 10 X 10-2 6. 70 X 10- 8 

6 400.476 9 . 04 X 10-3 5.64 X 10- 8 

7 396.497 5.44 X 10- 3 3 . 46 X 10- 8 

8 392.449 3.85 X 10-3 2.50 X 10- 8 

9 386.449 2.66 X 10-3 1. 78 X 10- 8 

10 384 . 566 2 .12 X 10-3 1. 44 X 10- 8 

11 379 . 130 1. 2 4 X 10-3 8 . 6 4 X 10- 9 

12 376 . 598 1. 16 X 10- 3 6 , 3 1 X 10- 9 

13 370 .460 6. 13 X 10-4 4 . 46 X 10- 9 

14 366 . 116 5.96 X 10- 4 4.40 X to- 9 

15 362 . 200 2.38 X 10-4 1. 6 1 X 10-9 

16 359 . 736 2.27 X 10-4 
1. 75 X 10-9 

17 354.455 1. 75 X 10-4 1. 39 X 10-9 

I 16 347 . 366 1. 43 X 10-4 1.16 X 10-9 

19 346.319 1. 41 X 10-4 
1. 06 X 10-9 
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TABLE 5.4 

Activation Energy Calculated From Arrhenius Plots 

SINo . 

1 

2 

3 

SLOWER PART 

• 
DIODE No . 

E-1l2 - II1 

E- 1l2- II 

AM - 325-V 

ACTIVATION ENERGY 
eV 

1. 032±O. 012 

1. 027±O. 022 

1. 032±O. 018 
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emission rates. This corrected emission rate data for th e 

three test diodes is given in tables 5.5, 5.6 and 5.7 and 

their Arrhenius plots are shown in F i gs. 5 . 16. 5.17 afJd 5 . 18 . 

The ener gies obtained from thes e Arrhenius plots are g iven in 

~able 5.1.1 with an avarage value O.94±O.02 eV. 

5.3. DLTS MEASUREMENTS. 

As earlier explained single shot measuremen t s c an go 

upto a particular temperatur e correspond i ng to a particula r 

emission rate due to the limitations p osed by the rise time 

of the x-t recorder. For hi~her emi ss i on rate s DLTS 

measurements were c arried out. 

The experimental procedure for DLTS measu reme nts wa s 

given in section 4.3.2 . When reduced revers e - b ias pulses were 

applied to diode No . E-112-11. a pronounced DLTS p eak was 

observed. The temperatur e scans wer e taken for different 

e mission rate window sett ings r esu lting in DLTS p e aks, three 

o f wh ich are s h o wn i n F i g. 5 . 19. From thes e me asureme nts , t h e 

result ing emission rate data is given in tabl e 5.8. Th e 

Ar r henius p l ot of this d ata is s hown in Fig. 5.20. which 

gives t h e act ivation e n ergy Ec - ET = 1 . 02 ± 0.02 eV 

5 . ~. COMBI NATI ON OF DLTS AND SI NGLE SHOT DATA: 

For diode No . E-112-II, both s ingl e s ho t and DLTS 
. ,. 

data have been obtained. The emission rates obtained fr om 

DLTS measurements agree very c l osely with those of the s e cond 
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TABLE 5.5 

Emission Rate Data for (Corrected Part Transient) of 

Diode # E-112-III 

SINo. TEMPERATURE EMISSION RATE "IT (Corrected Part) 
-t K-.z K -, sec seo 

1 432.360 5.94 X 10-1 3.18 X 10-6 

2 421.788 3.21 X 10-1 1. 81 X 10-6 

3 409.196 1. 07 X 10-1 6.39 X 10-7 

4 400 .053 5.68 X 10-2 3.55 X 10-7 

5. 396 .592 4.51 X 10-2 2.87 X 10-7 

6 392.112 3.40 X 10-2 2.21 X 10-7 

7 383.645 1. 64 X 10-2 1. 12 X 10-7 

8 360. 717 1. 46 X 10-2 . 1. 01 X 10-7 

B 371. 902 6.45 X 10-3 4.67 X 10-8 

10 362 . 177 3.50 X 10-3 2.67 X 10-6 

11 355 . 231 2.03 X 10-3 1. 61 X 10-6 

12 384.576 1. 62 X 10-3 1. 34 X 10-8 

13 346.058 1.10 X 10-3 B. ZO X 10-9 

14 338.BBO 4 . 16 X 10- 4 3 . 62 X 10-B 
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TABLE 5.6 

Emission Rate Data for (Corrected part Transient) of 

Diode' E-112-II 

SI No . TEMPERATURE EMISSION RATE 6, /7" 
K (Correoted Part) -1 -2 

eec-1 sec K 

1 427.704 5.19 X 10 -1 2 . 84 X 10-6 

2 413 . 880 2 . 36 X 10- 1 1. 38 X 10-6 

3 408.722 1. 44 X 10-1 8.62 X 10-7 

4 398.282 8.30 X 10- 2 5.23 X 10- 7 

5 . 390 . 128 2.95 X 10-2 1. 94 X 10-7 

6 382.360 1. 79 X 10- 2 1. 22 X 10- 7 

7 380.025 2.21 X 10- 2 1. 02 X 10-7 

8 370.510 5 . 88 X 10-3 4.35 X 10-8 

9 362.717 3.56 X 10- 3 2.71 X 10-8 

10 351. 500 1. 45 X 10- 3 1. 17 X' 10-8 

11 347.885 8.77 X 10-4 7.25 X 10- 9 

12 344.750 5.58 X 10-4 4.69 X 10-9 

13 338.920 3 . 07 X 10-4 2 . 67 X 10- 9 

, 
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TABLE 5.7 

Emission Rate Data for (Corrected part Transient) of 

Diode # AM-325-V 

SI No . TEMPERATURE EMISSION RATE ed' 
K (Corre_'lted Part) -I -2 

.ee sec K 

1 421 . 098 3.12 X 10-1 1. 76 X 10- 6 

2 417 . 217 2.62 X 10- 1 1. 51 X 10-6 

3 412.878 1. 80 X 10-1 1. 06 X 10- 6 

4 408 . 805 1. 37 X 10-1 8.23 X 10- 7 

5 . 405.103 9.83 X 10-2 5.87 X 10-7 

6 400.476 8.23 X 10-2 5.13 X 10-7 

7 396.497 4.43 X 10-2 2.82 X 10-7 

8 392.449 4.25 X 10-2 2.76 X 10-7 

9 386.449 2 . 94 X 10-2 1. 97 X 10- 7 

10 364.566 2.05 X 10-2 1. 39 X 10-7 

11 379.130 1. 43 X 10-2 9.96 X 10-8 

12 376 . 596 1. 17 X 10-2 6.26 X 10- 8 

13 370.460 7 .43 X 10- 3 5.42 X 10-8 

14 368.116 6.98 X 10-3 5.15 X 10-8 

15 362.200 3.65 X 10-3 2.78 X 10-8 

16 359.736 3.10 X 10-3 
2.40 X 10-8 

17 354.455 1. 87 X 10-3 1. 49 X 10-8 

18 347 . 386 1. 66 X 10-3 
1. 37 X 10-8 

19 346.319 2.28 X 10-3 1. 90 X 10-8 
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TABLE 5.B 

Emission Rate Data CDLTS Measurements) for 

Diode # E-112-I I1 

SIN o. TEMPERATURE EMISSION RATE e i' K -1 
Sec -( K- 2 sec 

1 474.640 2 . 26 1. 00 X 10-5 

2 467.130 1. 56 7.26 X 10-6 

3 462 . 395 1. 06 5.07 X 10- 6 

4 453.690 7 . 23 X 10-1 3.51 X 10-6 

5 . 446.850 4.52 X 10-1 2.26 X 10-6 

6 442 . 531 3.39 X lO-l 1 .73 X 10- 6 

7 438 . 980 2 . 26 X lO-l 1. 18 X 10-6 

8 428.995 1. 36 X lO-1 7.37 X 10- 7 

9 424.970 1. 05 X 10-1 5.83 X 10-7 

, 
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TABLE 5.7.1 

Activation Energy Calculated From Arrhe nius Plots 

SI No. 

1 

2 

3 

FASTER PART 

DIODE No. 

E- 112- III 

E- 112- II 

AM- 325- V 

ACTIVATION ENERGY 
eV 

0.915±0.021 

O. 959±0. 019 

0.918±0.021 
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Fig:-5.19 Typical DL TS Peaks 
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(long- time ) part of the single shot transients. This mea n s 

t hat t he DLTS peak was caused by the same level that gave the 

second part of the single shot transients. The two s e t s of 

data we re plated in Fig.5 . 14 and Fig . 5.20 respectively. The 

two data t ogether are given in table 5 . 9 and the Arrhen ius 

plot is shown in Fig. 5.21. In this way we get emission r ete 

data over four decades. The aotivation energy obtained rrom 

this combined Arrhen i us is 1.05 ± 0.02 eV. 

5.5. CONCENTRATION. 

. 
After calculating the energy ot the deep level i ts 

concentration was calculated . The values given here a re 

cal culated by us i na the relation 3. 27. This concentrati on was 

calculated for eac h temperature and then averaged fo r each 

diode. 

Data for 1.03 eV Level 

S.No. Diode No. Concentration 

1. E-112-III 2.00 10
14 - 11 

X C lf! 

2. E- 112-II 6.67 101. .. -. x c m 

3. AM-325-V 7.98 101.4. -. x ern 

Data tor 0.94 eV Level 

1. E-112-III 1. 06 101.4. -. x em 

2. E-1l2-II 5.99 ld" -. x em 

3 . AM-32S-V 1. 17 ld~ -. x cm 
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TABLE 5 .. 9 

Emission Rate Data (DLTS+SINGLE SHOT Measurements) f o r 

Diode II E-112-III 

SINo . TEMPERATURE EMISSION RATE elT ... ... K-z 
K Gec sec 

1 474 .640 2 . 26 1. 00 X 10 -.5 

2 467.130 1. 58 7.26 X 10- 6 

3 462.395 1. 08 5.07 X 10- 6 

4 453.690 7.23 X ' -1 10 3 . 51 X 10- 6 

5. 446.850 4 .52 X 10-1 2 . 26 X 10- 6 

6 442.531 3 . 39 X 10- 1 1.73 X 10- 6 

7 436.980 2 . 26 X 10-1 1. 18 X 10- 6 

8 428 . 995 1. 36 X 10-1 7.37 X 10- 7 

9 427.704 1. 03 X 10-1 5 . 66 X 10-7 

10 424 . 970 1. 05 X 10-1 5 . 83 X 10- 7 

11 413.860 4.03 X 10-2 2.35 X 10-7 

12 408.722 2.25 X 10-2 
1. 35 X 10- 7 

13 398.282 1. 24 X 10-2 7.85 X 10-3 

14 390.128 5.00 X 10-3 3.29 X 10-8 

15 382.360 2.77 X 10-3 
1. 89 X 10- 8 

16 380.025 2.21 . X 10-3 1. 53 X 10-8 

17 370.510 9.22 X 10-4 
6.72 X 10-9 

18 362.717 5.94 X 10-4 
4.51 X 10-9 

19 351. 500 2.02 X 10-4 
1. 63 X 10- 9 

20 347.885 1. 77 X 10-4 
1. 46 X 10- 9 

21 344.750 1. 02 X 10-4 
8.58 X 10 - 10 

22 338.920 7 . 70 X 10-5 
6.70 X 10- 10 
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5.6. FIELD EFFEC : 

It was observed that fl change in applied reverse bias 

changed the total magnitude of the transients ..... hich is 

obvious since on applying the reverse bias, depletion region 

width would increase and more deep levels will empty and 

consequently the capacitanc e will increase. It was also 

abserved that an increase in e.pplied reverse bias increased 

the em i ssion rates. Three measurements were on 

different applied reverse biases . The observed data is given 

in the table below. 

S. No . 

1. 

2. 

3. 

Applied 

Reverse 

Bias 

-2Y 

-5Y 

- 7Y 

e • 
(corrected) 

(sec. ) •• 

3.28 x 10-2 

5.24 x 10- 2 

6.67 x 10-2 

These measurements were 

5.7. DI SCUSSION : 

e. toe ., 

(Sec. ) -. (pF) 

6 . 28 x 10-3 
0.06 

6 .8 5 X 10- 9 
0.94 

9.76 x 10- 3 0.97 

taken on the diode E- 112 - III. 

To s um up the a bove resu11~ s, t ..... o dee p levels brlA. F; I:! 1':1"1 

in sing le shot measuremen ts with activation energies 0.9 4 F!'J 

tl nd 1 .03 e Y. [ tshould be noted bere t h at the Arrbeniu s ~1 (J1 . 

of the 0 . 94 eV level s hows con siderable scatter and it i s not, 

observed in DLTS mellsurements. Clearly more work is ne:edt'.:d 

o n this level before its origi n is commented upon. Sur:h 



- 94 -

""o rk is under ..... ay in thi s laboratory presentl y. 

The DLTS measurements reveal only one level which 

8 t:e1flS to be the same itS the level measur ed on single shots . 

This level h tl f'> activation energy similar to the one seen i n 

TSCAP measurements earl ier~ Thus this is now a ..... e ll 

~stbL lisbed level , in green Ga.P LEOs bnd it is intere sting t (J 

comment upOn its origin. 

This deep level seems to be one of the deepest native 

defects ever observed irl LPE GaP. Th e compere.50n of th.-: 

ttc tiv&tion energy with jJublished results i ndi c ates t.ht: 

followi ng possible candid&ces for it: 

• O)...-yge n 
state 1 

S Late 2 

Deep level i ndu c ed by c urrent 

stressing(tbought to be P )4 
00 

Poo antisite'!:> 

(from photo-EPR) 

1. 18 eV 

1 .08 eV 

1. H~±O. 05eV 

1.l0±0. lOeV 

1. 03 eV 

1. 06 eV 

Th e samp l es under con s ideretion contain no intentiona l 

oxygen - any inadverten t oxygen would not be e xpected to be 

p resent in such concentr.&tiono as o bserved i n the present 

expe rimental work. The identification of this mid-gap centre 

wi th Qxygen is therefore ruled out. The deep donor D5 and D6 

observed in MOVPE ( metel-organic vapour phase epi ta.xy) GaP(S 

htwe very different emission rates as compared to the 

invef.~ti.gated level . From the above list . tberefore 
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ant isit e defect a pp e ars t o be t h e on ly l ikely c andida.te f o ,· 

our mid - gap level . The e mi s s i on rates measured by Ferencz i 

• f.: t u l .f o r the dee p l evel a t t r i but ed t o P o~ i n their f orward 

current stressing experiments are somewhat smaller than the 

ples ent measured values. However, in view of their admitted ly 

poor data over very limit ed t e mpe rature range. it is possible 

t hat this discrepancy bet we e n our data is insignificant . This 

i d entification with Poo. defect is. however. lacking any 

d irect proof. Another inte resting speculation could be that 

our mid-~ap level may be t he analog of the well known EL2(in 

GaAs ) centre in GaP . Clear ly further work will be needed to 

e s t a blish the identity of the mid-gap centres deteoted ~Y u s 

d efinitively . 
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