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ABSTRACT 

Deep levels in Iridium doped IHype In P grown by Metal Organic Chemical Vapour 

Deposition (MOCVD) H:dmiqllc has been studied lIsing Deep Level I'ransicnl 

Spec troscopy (DI.TS). The basic working principal or DI.TS is changing the 

occupancy of deep levels by changing the reverse bias or the P ~ 11 junction. When p-n 

junction is reve rsed biased. dep iction region \vicilh increases and junction capacitance 

decrease. Applying the reverse or the forward bias pul se to the sample. the deep levels 

afC filled wilh the ca rri ers Hnd bc(';omc empt y iCsufJil.:icnllhcfmal energy is available. 

The change in capacitance of the junction due 10 emission of the carriers gives risc 10 

capac itance transient. 

No deep leve l is observed in mino ri ty carri er spectra of" tHype InP. The 

majo ri ty carrie r emission spcc tra arc fo und to be Il11H.:h more richer i-e s ix electron 

em itting levels in tHype Iridium doped Indium Phosphide. S ix elect ron emi11ing deep 

levels in irid ium doped Indium Phosphide at 500~lsee pulse width arc obtained. PO is 

overlap of two peaks. aile with activation energy 0.22eV with error :l0.02 and other 

wit h activation energy 0.0geV with error .1:0.04 . IJI is also overl ap 01" two peaks. one 

wi th activation energy O.28eV with erro r :f.0.03 and o ther with activation energy 

O.1geV w ith error ±O.02. P2 is overl ap or two peaks one \",it h activation energy 

O. 14eV with error j :0.09 and other wi th ac tivation energy 0.22eV w ith error ! 0.0 I. 

The activat ion energy o f ]1 3 is 0.38eV with error 10.02. ]14 is 0.53 \\ ith error [0.02. 

1)5 is O.5lcV w ith error j .0.004and P6 is 0.52eV with error .LD.OOI. Capture cross 

sec tion of highest two levels arc also found. The data for P4 shows a sum o r two 

ex ponent ia ls giving two va lues 01" capture cross sect ion al 2. 19x 10 .22cm2 and 

02 lAl x lO -22cI112.T he data lor P5 shows the sum or three e; .. ponent ia ls giving three 

capture cross sections al = 1.97x I 0 -22(;1112 . 02-: 6.64 x 1 0 -22CI11 2 and 03 8.56x 1 0 -

22cm2. 
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C Ii APTE ll I 

INTlWUUCTION 

A semiconductor is a material with elec tri cal conductivity clue 10 electron now 

(as opposed to ionic conductivity) intermed iate in magnitlldc between Ih' lI of a 

conductor and an insulator. This means conductivity is roughly in the range of 103 to 

10--8 siemens pcr centimeter. Sem iconductor rm.ll crials arc the foundation or modern 

electronics, includ ing radio . computers. telephones, and lllallY other devices. Such 

devices include transistors. solar cells. many kinds of diodes including the light­

emitting diode. the silicon controlled rectifier. and digital and analog integrated 

circuits. Solar photovoltaic panels direc tl y cO ll ve r! light energy into electrical energy. 

In a metallic conductor. current is ca rri ed by the flow of electrons. In semiconductor. 

CUlTent is onen schematized ns being carried either by the llow or t.: lect ro ns or by the 

!low of posi tively charged "holes" in Ihc electron SlruClurc of the materia l. Actuall y. 

however, in both cases only electronlllovcments arc involved. 

Lommon semiconducting matcriuls arc crystalline solids. but amorphous and 

liquid semiconductors arc known. These inchlde hydrogenated amorphoLis si licon and 

mixtures of arsenic. selenium and teliuriulll in a v~l ri c'l y of proportions. Such 

compounds sharc with bettcr known semiconductors interlllediate conducti vity and a 

rapid v!l riation of conduct ivity wi th tcmperature. as well as occasional ncg<lti ve 

resistance. Such disordered materials lack the rigid crystall ine structure of 

conventional scmiconductors slich as si licon . which arc less demand ing as rar as IS 

concerned the electronic quality of the material and thus arc relati vely insensi ti ve to 

impurities and radia tion damage. Organic semiconciLl(;tors. that is. organic materials 

with properties resembling conventional semiconductors, arc al so known. 

Silicon is lIsed to create most sem iconductor devices commcrcially. Dozens of 

other materials <Irc uscd. including germaniulll , gallium <lrscnide and sil icon carbide. 

A pure scmicondllctor is ollen cu llcd an intrinsic semiconductor. The elect ronic 

properties and conducti vity o r n semiconductor can be changed in a contro lled manller 

by add ing very small quunti lics of other elemcnts ca lled "dopan ts" to the illlri nsic 

material. In crys ta ll ine sil icon this is achieved by adding impurities of boron or 



phospho]"()us to the melt and then nllowing the melt to solidi(y into the cryslHl. This 

process is called ·'doping". 

1.1 Ill-V Cumpuund semicu nductors 

II I-V compound scmiconduetors arc binary crystals with one elemcnt from the 

metallic group III of thc peri od ic table. und one from the non-Illetalli c group V. The 

Jiunily includes GaAs, InP, GaN. InSb and InAs and IllHny others. Some of these 

binary compounds are known for the ir high mobility of electrons and holes. which in 

the case of the best known example. Gallium Arseneid I~l(.: il itates the operation of 

n.:asonab le high speed devices. J3andgap in III -V semiconductors is greater than that 

of elemental semiconductors. Some of them arc direct bandgap mate ria ls. Due to this 

di rect band gap they have grea ter carrier mobilit y. The lifetime of direct band gap 

material is usually smaller than indirel:t band gap materials. 

Varying the percentage of anyone or two elcmcnts in a binary compound, one 

can vary the bandgap in III -V semiconductors. They also have low effective mass or 

electron in " -val ley, resulting in low res isti vity e.g. In», GaJ\s. UN. HI'. H'1S. AIN. 

AlP. AISb, GaN, GaP In N, InAs and InSb. All except nitride compounds crystallize 

into the Zinc Blend stl'll l: tu rc. Nitrides me stable in Wunizc structure. fiN and GaN 

a lso have metastable Zinc Blend phase [14"[. The principal applica tion of 11I -V 

semiconducto rs and their <llIoys li e in the fi eld o f' optoelectronic like LEDS. photo 

diodes for optical liber communication and lascr diodes. Some general properties of 

1I1-V semiconductors arc listed below. 

Some or 111- V semiconductors arc used in high-speed devices. The power 

dissipation is <l lso low in these 11I -V semiconductors. So these arc used in 

communication and opti CHt libel' indus try. 

(a) The tolerance, hardness and operation of III-V semiconductors arc wide over 

long range of tem perature . 

(b) lull is commonl y lIsed as substrate fo r epitaxial IllG:'IJ\ S. Ii has sllpenor 

electron veloci ty. lIsed in high-power and high-frequency applications. Used 

in oplOclcctronics. 
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(c) AI~Gal _~ As. can be lattice-matched to GaAs substrate over entire cumposi tion 

range: tends to ox idize: n-doping with Si. Se. Tc: p-doping with Zn. C. 

(d) We can easily form their terna ry compound by using Molecu lar B C.11l1 Ep itaxy 

(MilE). Vapour Phase Epili:lxy (VPE), Liquid Phase Epitaxy (LPE) and Metal 

Organ ic C hemical Vapour Deposi tion (MOCV D) techniques. By the lise of 

these techniques. quantum dots, q uantum wires, quantum wells and high 

e lec tron mobili ty transistors can be grown. III -V semiconductor quantum-wire 

structures are grown by solid and gas source l11olecu!nr beam epi taxy 112 1. 

1.2 Indium Phosphitlc 

Indium Phosphide is a III -V semiconduc tor. Its crysta ll ine structure is Zinc 

l3iend as shown in Fig. 1.1. Its d ielect ric constant is 12.56 and latt ice parameter of InP 

is 5.86 A. All atoms form tetrahedral covalent bond having spJ hybridizHtion. One 

atom or Indium is surrounded by four atoms of Phosphorous and vice versa. 

I d" III ' I I II,,"' I' I ' I" , n IlIIll Irol11 group IS a meta , ,If) 11 ll.lVlllg e eetrollic con Igurallon 

4d lllSS
2Spl . It has only one naturul isotope. Phosphorous J"rom group V is 15 p 3097 

having electronic conllgumtion 3l3pJ, It is nOI1-l11etal and has no natural isotope. 

The lirst Brillion zolle or Indium Phosphide is shown in Fig.I.2. It is the 

Wigncr- Scitz cell in rec iprocal lattice. Wigncr -Seitz ce ll is the smalles t polyhedron 

enclosed by the perpendicular bisec to rs of the nea rest neighbors of lattice. The Ilrst 

Brillio n zone or Ind iu lll Phosphide is a trullcaICd octahedron, i.e. a regu lar octahedron 

wit h the tips in the di rect ion oj" th ree perpendicular axes cut o fT fo rming squares 19J. 

Indium Phosphide is a direct band gap material having band gap -Eg' or 1.34eV. 

Direct band gap means Ihm a cond uctio n band 1ll1l1!IllUm li es directly above the 

va lance band max ima in momentum space as shown in Fig. 1.3. !\ direct b,lIld band 

gap material can emit light whereas an indirect b,md gap material canno t do so 

competentl y. Th is means that the quan tu m trans it ions. whic h takes place when a 

photon is emitted or absorbed . do not require any change in the momentum of 

cHiTiers.i.e. the) occur much more readily. making the material highly suitable for 

f[lbrieating dev ices slich as lasers and I.EDs. T his direct band gap s llpports opt ical 

3 



gain as req uired ro r lasers. and also very high absorption (photons l:all be absorbed 

withi n very shon distance) making runctions such as data modulators o r I~t s t pl1oto­

detectors easy to implement. 

Since the e lcctronic properties or a semiconductor arc duminated by the (luil:nnost 

partially cmpty band and the lowcsi partia ll y li ll ed band. It is olien slllTicient to 

consider those bands. Th is leads 10 simpli fied cnergy band d iagram lo r 

semiconductors. 

1.2 Encrgy Band Struclul"c uf Indium Phusphidc 

Wi th the help o r E-k relat ionship where ··E" is the energy and ·'k·· is wave vector 

one can obta in a lot of" inrormat ion about a sem iconductor. The energy band d iagram 

o f" semiconductors arc rat her complex. The energy is plo tted as a {"u nct ion o f" the wave 

vecto r uk" a long the mai n crys ta llographic axes and di rect ion in a crystal. because the 

band d iagram dcpcnds on the d irection in the crystal. r he energy band diagram 

contains mUltiple filled and complete ly cmpty bands. 

Bandg,lp is the energy d iflc rence between the top o j" thc valance band and the 

bOllom or the conduction banel. Ind ium Phosphide valance band maxima and 

conduclion band minima has di rect band gap along, " r-valtey·· is 1.34cV al origin 

(000). band gap a long ··L-va ll cy"' is 1.93cY along < I l l> d irec tion with respect 10 

valance band and ulong "X-vall ey"' is 2. l9cV along < 100> direction wi lh rcspcetto 

valance band max ima as shown in Fig. I.3. 
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1.4 Motivation of th e Prcscnt rcsclirch work 

Thc IIJ-V sClll icondllctors GaAs, GaN. In!> and All' arc one or the 1110s t 

important scmiconductors. Indium Phosphide is one or the Il l-V semiconductors 

undergo ing strong rcscarch and development. These ~lrc presently calh..:d nex t 

generation compounds. One important reason for th is interest is the promise or thi s 

material 1'01' high e ffic iency solar ce ll s and its much higher resis tance to rad iation in 

space compared to Si and other compound scmiconductors. 

InP pn-j unctions grown Ll s ing MOCV D tcchnique has it s own importancc. In 

the present rcsea rch work we charm:terized the In l' grown using MOCVD by Deep 

Level Trans ient Spel.:l rosco py. Deep leve l Tnlllsient SPCCll'OSWPY (Dl.TS) is a very 

resourceful techn ique lor the dcterm inat ion o r nearly all p • .lramcters connceted with 

traps including concen trations. thermal act ivation encrgy, capture cross sect ion and 

de pth profil e. Very little work has been done on Iridium doped. This provides the 

basic 1ll0ti vHtion 1'01' the present research study. 
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C HAPTER 2 

KINETICS OF DIeI': I' I.EVELS 

This chapler desc ri bes the crys tal dclects, gencl'<lI ioll recombination kinetics 

arc di scussed in terms or Shocklcy-Rc(ld-Ila ll Theory. The e lectrical parameters. 

usually used to illustrate a deep level arc discussed. Tho shallow levels arc al so 

discussed 10 some ex tent. AI the end. trapping and recombination processes via the 

dccp levels arc bricl1y explained. 

2. 1 e rystlll defects in semiconductors 

Defects in semiconductor materi al play i.I vcry imporl<llll role in the 

understanding of their electrical and opt ical properties. 1\5 ;:t result or carly 

experimen ts. sem iconductors were viewed as flu11ily of so lids \v ith irrep roducible 

propert ies due tu high density of unw<lntcd defec ts. Research in sem iconductor defects 

overcame this problem and successfull y turned the arl or impur ilY doping and maleri al 

fabri cation into loday's ex tremely useful and reproducib le technology Ihal is llsed to 

eonl ro l specifica lly elect rica l conducti vi ty. composi tion and minori ty carrier lifetime 

over wide ranges. 

Crystal defects can be class ified according 10 their dimensions inlo fo llowing 

categories. 

I. Zero-Dimcnsiona l dcfec ts (O-D) 

2. One-Dimensional defects (I-D) 

3. Two-Dimensional defects (2-D) 

4. Threc-Dimensional deleels (3-0) 
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2. 1.1 Zero-Dimensional defects 

Zero dimensional defects arc al so termed as -'Point deJects" or ··"lIomic si/.c 

derec ts". Point delects an.; located at a given atom in the laLlice and involve their 

immediate adjo ining neighbors. Their size is of the order of atomic dimension. Poi nt 

defec ts arc single atom or vacancy presen t in a crystal laLlice, which are bri eny 

ex plained as be low. 

(01) VlIC:IIlCY 

A vacancy is created when an atom moves out of it s regula r site. I f an atom 

migrates 1'1'0 111 its regular site to the surface of the crys tal and sett les there at a lattice 

site, the defect is known as the Schottky defect. If there are <N- atoms and ' n' number 

o r vacancies in equil ibrilJlll for n < N then the concelltration of vacancy is given by 

2. 1.1 

Where En is the energy required 10 take an .I10m from inside the laLlice si te on 

the surface. T is absolute temperature and K 1J is Boltzmann constant. 

Another vacancy del ect is the Frenke l delect in which an atom is trans fe rred 

from a latt ice site to an interstitial posi tion. If ' n ' is the number of' Frenkel defect, is 

smaller than the nu mber of latt ice si tes N and number or interstitia l si tes in 

thermodynamic equil ibri um 'N . then concentration o f vacancy is g i ve n 

{ r] /1 = NN. ex] - ~a 
K l' , 2. 1.2 

• 
• • • • • • • C' • • • • • • CI 

• • • • • • • N • • • • • • /I 

• • • • • • • • • • 
• • • • • • • • • • 

• 
Fig. 2.1.a Naet crystal Fig. 2.lob Schott key defect s in Nael 
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(b) I Jltcrs (iti ~1I Od cct 

Intcrstit ials arc ato ms which occupy a si lc In the crys tal stnJctu rc at which 

therc is lJsually not an atom. T he)' arc genera ll y high energy configurati ons. Small 

atoms in somc crystals can occupy interstices wi thou t high energy. 

(c) Autisit c Defect 

If a crysta l consists o r two d incrcnt chemical clements thcn an atol11 of li rst 

may occupy the positio n of the sccond and vice versa. J\ nlisite de fect occur in an 

ordered alloy in which two spec ics atoms J\ and H mut ua ll y exchange the ir posi tion. 

This is neither a vncancy nor an intersti ti aL no r an impurity. 

(d ) S ubstitutiulllIl Defect 

When a foreign impuri ty atom substitu tes an atom or the host crysta l then it 

form s substi tution de fec t i.e those impur iti es in which a foreign impurity atom is 

occupying an atomic lattice site. This is ne ither a vacant s ite nor is thc ato m 0 11 an 

interstitial site. 

(e) Self- lnters tilialDcfcct 

If a chemicall y correct atom or the crystal occupies an interstitial si te ra ther 

than regu lar one. it is ca lled sclf-illlcrstiti a lo 

2.1 .2 0 IIc-Ui III ells iou a I defects 

This incl udes all kinds o r di slocati ons. also termed as line defec ts. which o llen 

ex tenclthroug!1out the entire lall ice. There arc two main types or di s locations 

a) Edge d is locatio n 

b) Screw di slocatio n. 

(a) Edge disloc:llion 

Edge di s locat ion can be thought of as result ing e ither from lhe presence of an 

ex tra plane o f a l0111 or or a miss ing plane of atoms in the structure as sho wll in 

Fig2.2. ln e ither c~lse. an ex tm plane o f UlO Ill S docs no t ex tend thro ugho ut thc entire 

crysta l bUl instead terminates within the crystal. The edgc d is location is considered 10 

be localized in the regio n aro ll nd the line at the end o f the ex tra plane or atoms where 

the deviation of atoms from thei r normal posi tion is greatest. Th is li ne is the 

di sloca tion line. and the region surro undi ng it is the d islocatio n core. 
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Fig. 2.2 Edge disloc:a t ion; the atom posit ions :around an edge di s loc~ltio n ; extra 

hall" - planc of at oms shown in )lcrspe~tive 

(b) Screw dislocation 

The screw dislocat ion is formed by a shear stress which causes. one si de of the 

crys tal to be shifted by a lall ice cons tant relati ve to the other side as shown in lig2.3. 

The term screw dislocation refers to the ract that the originally parallel planes ill the 

crys tal are now joined by a spiral or hel ica l pa th. Dislocations can also form closed 

paths within the crystal. in which case they arc called dislocation loops. 

l)]~loca. tion line " 0,,-

~ 
b 

~ ,,:.-/"> 
-,/ 4--"'>< .7.;><; 

" ?<; 
~ '.<: '--,~ 

, 
/ -

H/~ 
, 

~ 

~ I'-
I'- ~I--

'-,- - I- I'-

Burgers vector. b 

Il igure 2.3 screw di sloca tion 
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2. 1.3 Two - Dimensional defccts 

Staking f~lllltS (SF), Twin boundaries' (T13 ), Gra iil Boundaries (GO), Sub 

boundarics (S 13) and surfaces arc typica l examples or IWO- dimensional deJeelS in 

crystals. Such de fec ts arc also known as surface defects or planer delects. These 

defects ha ve signifi cant inJluencc on the electrica l and opt iC.ll properti cs of 

semiconductors. Most of th is influence is caused by the de rect levels at the boundari es 

o r the semiconducto rs which arc charged and attract compensating charges in the 

adjacent space charge o r thc crys tal . 

2. J.4 Th rcc Oimcnsion'll Dcrects 

This includes precipitates, usuall y involving impuri ty atolll s. vo ids (lill ie ho le. 

i.c .. agglomerates o r vacancies in threc- dimensional lo rm) which Illay or may not 

Ii li ed with 11 gas spec ial de lect e.g. stacking nlll its tetrahedron and tight clusters o r 

di s location. Such de fects arc al so rele rred to as volume de fects. 

2.2 Shallow and tlcclllc\'els 

In semiconductors there exi st two types o r e lectri ca ll y acti ve defects. namcly 

shalluw kvcb unu deep leve ls. The (erm sh;:li low and deep level IS due to their 

pos it ion in energy wi th respect to the conduction or valance bane!. 

2.2. J Shallow Lcvcls 

Shallow impurities ,Ire impurit ies which require little cnergy. typical1 y around 

the therma l energy or less to ionize. Shallow levels arc those energy levels introduced 

by impurity atoms inside encrgy band gap at energy less than SOme V from the 

conduction or va lance band edge. This energy can be described i;ld equ<Itel y by 

hydrogc nic effecti ve Illass theory i.c. hydrogen- like model. These levels ha ve very 

low acliv;:nion energy « 0. lev). cOllllllonl y slmllo\\' levels arc oblained by add ing an 

impurity atoms which has. in its ()utermost shell , one electron in excess ur ()ne 

electron less than in the host atoms elec tronic configuration. T hese impurity atoms are 

rrequently of the same size as hos t atoms. As an example. shallow donors and 

acceptors can be fo rmed by the substitution or gro llp V and III clements in Si licon 

.respecti ve ly. 
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These levels arc ionized at rOOI11 temperatlJrC and provide charge carriers in 

v.d:.mcc band to make it p~ t ype or to make it IHype. For donors this implies that the 

electron density equals the donor concentration, or: 

While for acceptors the hole density equa ls the acceptor concentration. or: 

Most important role of shallow levels is to contro l electrical conducti vity of 

scmiconduclOrs because their ionization energy is comparable to kilT at roolll 

temperature so that thesc levels arc completely ionized at room temperature and 

contribute to electrical conducti vity. 

2.2.2 Deep le\'e ls 

These energy levels arc introduced by impurity. or structural dClh ts in 

forbidden gap that cannot be described adequate ly by hydrogcn efTective m:'lss theo ry. 

They arc created from defect centers in which thei r core potential play a dominant 

role. I r thc defec t in semiconductor is not belonging to the adjacent group of pcriodic 

table then they 10 I'm decp levcls. Their ion izat ion energy is greater Ih,m 50mcV li'om 

valance band edge or conduction band edge. so they arc not ioni zed al room 

temperature and hence do not contribute in conduction. 

They gene rate the bound states wi th weI! loca li zed wave funct ions. Thcse 

de tects arc ca ll ed deep or loca lized levels. They Can act as rccol11bina t ion~centc:rs or 

deep level lraps. Thus they limit the lifetime of the cmrier and may compensa te the 

shallow donors or acceptors or they Illay illlroduce the pinning or the Fermi level. 

The ir energy Icvel li e 'deep' within the forbidd cn energy band and arc much more 

difli cult to understand then thc Shallow level defects 116,2 1. Improper placing of 

impurity atoms distorts the host la tt ice extensively that binding energy greatly 

exceeds the Shallow hydrogenic defects. Presence o f deep levels can produce eflicient 

radiative recombinat ion, even in materials with indirect band gap. So deep levels can 
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bc tlsc rulto thc working o f dev ice. Presence o r decp leve ls could increase the leakage 

cu rren l or a de vice. 

Deep levels are "connected" 10 the conduction and valance bunds and o lk n 

provide preferred path 1'01' f.:a1Tier ref.:ombination or act as deep traps. When an 

impurity level acts as trap or generation recombination <:entcr. it depends on the 

location of the Ferm i level in band g,lp, the tcmpemlUre and capture cross-sect ion of 

the carrier. Those impurities whose energies lie nca r the middle or the band edges acts 

as traps 1101. 

2.2.3 Role or dCCI} Icvels in scmiconductol's 

Elec tri cal properti es such as mobilit y. res ist ivi ty and currier lil c timc or 

semiconductors are very sensitive to the presence o r deep levcls. They act as 

recombina tion centers when there arc excess carri ers in the semiconducto rs and as 

gene ration centers when carrier density is below its equilibriulll v,!lues 111 reversc 

biased pn-junetion or Meta l Oxide Semiconductor (MOS) capacitors 17]. 

Res isti vit y of a semiconducto r Cim be increased by the process or 

compensation e.g. the controlled addi ti on or deep acceptor stnte in n-type 

semiconductor. Thus high res isti vity matcrials can be produced by an appropriate 

addit ion o r deep level in a g iven semiconductor. In some semiconductors li ke Gal\s 

and InP. deep level impurities rai se the substra te resistivity to form semi-insulating 

substrate . So decp levels piny ,Ill important role in semiconductors. 

2.3 Devialion from Equilibrium 

Carrier injection is a phenomenon where excess charge carriers arc introduced 

within 11 semiconductor undcr non-equilibrium conditions, usua lly through optical and 

electrici.ll exc itation. 1\ semiconductor is put in non-cqlJilibriulll if an ex ternal agcnt 

such as voltage. current. electric field. or li ght is applied to it. For instance if' an 

electric fleld is appl ied to 1:1 scmiconductor, both electron and hole-concentration will 

change. A study of the behavior or excess carrier is important because most o r the 

semiconductor devices operate under 1l0nequlibriut11 conditions in which the electron 

and ho le concentrations arc s ignifi c,JJllly diITerelll from thc ir thermal ~quilibriulll 
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values. It is the process o f" injec tion and extraction 0 1" minority carri ers III a 

semiconductor in which the equilibri um condi tion np n l
2 is viola ted 131. 

There could be two types or deviations 

I. In which np>nl
2 we ca ll it injection or carrier 

2. When np< n?1 we call it the extraction o/" carriers from scmicondllctor 

(1I ) Low Ic\'cllnj cct ion 

J\ process by which excess carri ers are introduced into a semiconducto r. Wi th 

carri er injection. np becomes greater than the 111
2

, with the increase in the minorit), 

carriers being much more prominent than the increase in majori ty. The condi tion 

where thl! excess ca rrier concentration is neg ligibly small in comparison to the el oping 

concentrat ion i.l.:. 1\1' ·l\nHN!.l is referred to as low- level injection. 

(b ) Ilig h- Ic\'e l inject ioll 

In thi s case the excess carriers arc large or at least comparable to the 

concentration of donor or acceptor ions. Thus in this case the percentage change in 

m:.Uori ty carri er is no longer negligible. Even though high level injection is also 

encountered in semiconductor device operat ion. but because of the complexities 

involved in its treatment. we only consider low- level injection. If the ex terna l agent 

tha t put the semicond uctor in non-equili briulll is removed, the carrier concentration 

will decrease exponentially to re turn to their thernwl equilibrium levels. 

2.4 Rctu r n to cquil ibriulIl 

Whenever carrier concentration is di sturbed from their eq uilibrium vullies. 

the) will attempt to attain equilibrium. In case o f injection of the carriers. retu rn La 

equi libriulll takes place through recombi nat ion. In the case of ex traction of the 

earners return to equilibriulll is through the process of generation of electron-hole 

pm rs. 
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2,5 Ki netics of CcncnH iol1- ltccombinlltioll Processes 

The rat e of return or the minori ty ca rri er distribut ion to eq uilibrium depends 

un the rute const:.ll1 t which characterizes the recombina tion process is given by the 

re lation Ih,l. Recombination of electrons and hoh.:s is a process by which both carriers 

unnihilute cach otllcr: electrons occupy through one or mult iple stcps- the empty state 

associated with a hole. Both carric rs eventually vanish in the process . Thc energy 

dillc rence between the initial and final s tate 01" the elec tron is released in the process. 

This leads to one poss ib le class ification of the recombilHlI ioll processes. These 

processes arc fllrther illustrat ed in Fig.2 .4. 

In some states, the generation and recombination of electron -hole pai rs are in 

equipoise. The number of elec tron-hole pa irs in the stead y state at a g iven temperature 

is determined by quant um stati stical mechanics . The prec ise quantum mechanical 

mechanics 0 1" generation and recombination me governed by conservat ion 01" energy 

unci conservation of mOlllenlllm. As the probability that c\ec lro ns and ho les meet 

togethe r is proportional to Ihc products 01" their amounts, the prodllct is in steady state 

nearly constan t at a gi\ell t..:mpcral u .... :. provided that there is no signi ficant electric 

fi eld o r ex ternall y dri ven pair generation. Thc product is a function of the 

temperature, as the probability of ge lling enough therma l energy to produce a pair 

increases with temperature, bcing approximately cxp(-EoIkT), where k is 13oh"l,Ill i.lIlll 'S 

constant. T is absolu te temperature and Eo is band gap. 

2.5.1 Hllnd 10 Ullnd Tnlllsilion 

In band-to-band transition electrons in the conduction band and holes in the 

valence band recombine directly as depicted in Fig.2 .4. In such a recolllbimnion the 

e lectron loose energy or the order or the band gap, this is emilled in the f'o rm ofl ight 

o r heat. In direct inllld gap materials, the e:-.:cess energy of the electron-hole pair 

recombination is rc\ eased as a pholon o l'light instead of the less likely process o r heat 

generation. T hi s md iati ve transition then conserves energy and mOlllelllutll by giv ing 

light whenever an cicclf{)n and holc recombine. This g ives ri se to a ncw type o r 

device, lhe light emi tt ing diode (LED). In case of indirect band gap material. in band-
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to~ band transi tion when un elec tron goes from the bollom of the conducti on band to 

the top of va lance band. it must a lso undergo a significant change in the momentum. 

E \ 

__ ~ ____________ ~ ______ ~ ___ Ev 

band-to-banel trap-assisted 
recorn bination recorn bination 

Auger 
recorn bination 

Fig. 2.4 Rccomhinlltio ll poccsscs 

2.5.2 Rccol11hillati{)n~Ccncrati{)n through Intcrmcdi:lte Centre 

Sometimes impurities introduce deep levels in the forbidden regIOn inside 

band gap, similar to those like donors and acceptors. These energy levels then act as 

stepping-slones in transition of electrons and holes between the cond uction and 

va lance band. The probability of transition depends on the size of" the step and 

imperfcction can make sllch transition morc probable. llence these stepp ing stones 

have a drastic inllucncc on the lifetime o f semiconductors. 

2.5.3 Auger recombinatioll 

Auger recombination is a process in which an electron and a hole recombine in 

a banel-to-band transition. but now the resulting energy is give n o fT to another 

elec tron or hole. The invol vement ofa third particle affects the recombination rate so 

that we need to treat Auger recombination rate differentl) from band ~to-band 

recombination. 

17 



2.5.4 Cene r atiuu mechanism 

Each or these recombination mechanisms can be reversed leading to carrie r 

generation rather than recombinatio n. In addition , there arc generation mechanisms , 

which do not ha ve an associated recombination mechanism: generat ion o f ca rriers by 

light absorption or a high energy e lectro n/particle beams. These processes are re rerred 

to ioniza tion processes. Impact io ni za tion. which is the genera tion mechanism. 

associated with Auger recombination also belongs to this category. 

2.6 Kin etics of dccp Levels and S hocldc)" Rc.ul lind 11;111 th eo ry 

Impurity atoms other than dOllor and acccptors and some types of crystal 

defects in a semiconductors, introduced localizcd energy levels deep in the band gap 

away from the band edges. T hese levels act as stepping sto nes lor electrons between 

the conduction and valance band. making a substantjal enhancement in the 

recombination process. Depending on its location in the band gap. a deep level may 

act as an electron o r a hole trap or a recombination centrc. An electron trap h;:ls n high 

probability or caplllring a conduc tion electron und setting it free aner sometime. 

Simi larly, a ho le tnlp has " high probability of" capturing a holc that is subsequently 

released into the va lance band. At a recombination center the probabilities oj" c lectron 

and hole capture are nearly equal. Thus an elcc tron capture is lollowcd by a holc 

capture. and thi s result s in the el imination of an electron-ho le pair. The mechanism or 

indi rect recombinat ion through the deep level cen ters has been invcstig<lled by 

Shockley, Reacll181 anci llallll 31. 

2.6. J A I'idorill l "iew 

To rollow the va no liS capture and emi SS ion processes, let the centre first 

capture an electron from the conduction band, sho wn ·in rig.2.5 (a) The two 

mechan isms o r recombination in a semiconductor (<I) Band-to-Band recombinat ion 

and (b). Recombinat ion via some intermcdiate s tate s llch as a deep level at 1::, 

pel"lurbed by rore ign atoms or crystal de fects. discrete cnergy levels are introduced 

into band gap. shown by 12, lines in Fig.2.5 and characte rized by cilpturc coefficient 

Cn. After electron capture, olle or t\Vo event s takes place. The cen ter can emi t the 
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electron back to the conduction band called electron emission Cn as shuwn in Fig. 

2.6(a). or it can capture a hole from the va lance band ea lled hole capture cl' as shown 

in I.'ig. 2.6(d).Afler either or these even ts. the G-R (g~neration- recombination 

centers) is occupied by hole and again has two choices. ei ther it emits the holes back 

to the valance band called hole cm ission ep as shown in Fig.2.6(c) or c<lpture an 

electron ca ll ed electron cnpture cp as shown in Fig.2.6(b). 

A recombination event is Fig.(b) rollowed by Fig.(d) and generation even ts is 

Fig.Ca) rollowed by Fig.(c). A thi rd cvent. that is neither recombination nor 

generation, is the trapping even!. In which a carri er is captured. subsequen tl y is 

emitted back to the band rrom where il came. Only one or the two bands and (.:cnter 

participate and the impurity is a trap . Whether <1 n impurity acts as a trap or a G-R 

centcr depends on the location or Fermi level in the band gap, the temperature. and 

thc c<l pturc cross sect ion of the impuri ty. These impurities whose energy lie ncar the 

middle or tlle band gap behave as G-R centers. where as those ncar the band edges ac t 

as traps. 

Generall y. tht: elect run emission rate for ccn ters 111 upper hall 01 the band gap 

IS much higher than the hole emission rate. Similarl y the hole em ission rate is 

gene rall y much higher than electron emission rate ror centers in the lower half of the 

band gap. For Illost centers one emission rate dominants and the other can frequently 

be neglected. 

2.6.2 A Mathclllut ieli l view 

An electron-hole pair can combine in IWO ways; either an e lectro n j um ps 

directly li'om the conduc tion b,llld and combines with a hole in the va lance band or an 

electron from conduction band reaches a hole in thc vahmce band th rough a step as 

shown in Fig.2.G. Schokely. Read and I iall worked out the theory or indi rect 

recombination. Aet.:ording to which if a level is present in the band-gap then four 

basic emission and capture processes can take place as shown in Fig.2.G. 
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Fig. 2.6. The rour stcl)S that occur in recombinatioll of an electron - hole pair 
through le"el ceutre. The arrow indicates the transition of the electron in the 

process. 
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I'roccss I 

Emiss ion or clCl.:lrons from a deep Ic vel 10 CO nciu l.: lion bane\. Thc rate or 

e lectron emi ss ion ' R I ' is described by 

(2. 1 ) 

Whcre 'cn' is proportionality constant and delincs as thc c lectron emission 

rat e and I1T is the density of filled traps. 

Process 2 

Capturc of clcc trons by a deep level from a conduction band. Thc rate o r 

captu re of electrons ' R2 ' is described by 

Hl = (Y"(V,, ),,, 1'/, 11 (2.2) 

Where ' n' is thc number or e lectrons in the conduction bane!. PT the 

concentration of empty deep states, 'O'n' is the capture cross scction and < Vn> lh the 

avcragc the rlnul ve loc ity o r thc elcctrons. Essentiall y an c\ecl ron \"lilh thi s veloc ity 

must comc withi n an area an or thc trap to be captured, 

Process 3 

Emission or holcs from 11 deep level into valance bane\. The rate o r hole 

emiss ion ' R3 ' is desc ribed by 

HI = C!" Pr (2.3) 

Wherc ' ep ' is the holcs cmission rate, 

Process ~ 

Capture or holes by a deep le"cl from the va lance band. The nlte of capture of 

hole ' R'I' is desc ribed by 
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(2.4) 

Where ' op' is the hole capture cross-section and <vI'> is Ihe averag.e thermal 

velocity or the holes and ' p' the density or holes in the v.!lance band, respec ti vely . 

The net rate or elect ro n leaving the conduct ion \><lI1d is 

(2.5) 

Where ' a p' is the hole caplUrc cross sec ti o n and <~p> Ih the average thennal 

ve locity of the holes and 'p ' the density of holes in the valance banel. respectively. 

And the net rate of holes leav ing the va lance band is 

- tip 
- , - = u l'( v,,)'II IJr P - ep Pl' 

" 
(2.6) 

Thlls the rate al which density of filled traps increases is 

(2.7) 

dnT - tin dp 
-- ~-- +-
dl df df 

Uti liz ing cq 2.6 and 2.7 in the above cq we have 

I r Nr = Ill ' + Pr the 10la l densi ty or deep states 

So above cq becomes 
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cin 
__ r = (lIc,,+ e ,)NT- (IIC,,+pCp+e +e )11( 
dl ' .. ,. (2.8) 

l ien: 

arc capture coc /li cicnls of e lectrons and holes respectively ,\'hi ch describe the rale of 

capturing or electrons and holes. 

Eq 2.6, 2.7 and 2.8 arc the kinetic equat ions which cumplclCly describe the electrons 

and hole densities in conduction and va lance bands as we ll as dee p levels in any time 

181· 

For stead y s tale 

Eq 2.8 becomes 

(2.9) 

2.7 The Ch:lr:lctcristics of Deep leve l 

The most important parameters or dccp levels arc: 

• Thermal activut iull energy or C11 lh<llp) . 

• Binding energy or photo ionization energies. 
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• Thermal em ission rates (cn• cp ) 

• Captllre ral es/ capture crossvsections (cn. CPIOn,Op) 

• Concentrations (NT) 

• Temperature dependence o r capture crossvsections 

• Electric lield dependence o ftherTnal emission rates 

The most important or these parameters is ET. The energy position or the deep 

level ins ide the forbidden gap. For dono r type leve ls, this is (Ecv EL) and lor acceptor 

type levels. it is (E,.-Ev). where Ec <mel Ev are the position or conduct ion and valance 

band edges respeeti vc ly. Onc can further usc these parameters to describe a deep leve l 

usi ng their dependence of different physical pa ramete rs.' For example, activation 

energy can be fie ld dependent. so can the emissio11 rates. Similurly the temperature 

dependen t capture gives us interesting insight or the phenomena oj' capture or curriers 
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CllAI'TliR 3 

DEE[' LEVEL TRANS[ENT SPECTIWSCO I' Y 

Thi s chapter desc ribes the technique llsed for Ihe ChanlCICri l' ... llion or deep 

levels namely Deep I.el'cl 'lhmsiellis Spec/l'Oscopy (DLTS).This technique utilized 

the junction capaci tance or a P-ll junction and the analys is or deep leve ls in Ihe space 

charge region on the basis of Shock ley-Read-I hIli S(aliSlics. 

3. 1 Intruductiun 

Characterization of a defecl is one of the mosl important processes 10 obtain 

exce ll ent semiconductor dev ices. DLTS is wide ly used to evaluate electri cal 

properties of a point defect in a semiconductor device with measuring a capacitance 

transi ent s aga inst a voltage SICP pul se 15. 171. 

lJ LTS can also give the concentrations. energy and capture rates or bo th kinds 

o r traps. It is spectroscopic in the sensc th~t it cun also resolve signals due to diflcrcilt 

traps. In the m~ny variants orthe basic DLTS technique th~ deep levels arc filled with 

I·ree carri ers by electrical or optical methods. Subseq uent thermal emission proccsses 

give rise to a capacitance transient. The transielll is analyzed by signal processing 

while the temperature is va ried at a constant rate. This results in a full spectroscopic 

analysis o r the semicond uctor band gap. 

For a complete understanding or DLTS we mllst have some bas ic knowledge 

of capacitance transients arising from the depletion region o r a p·n j unction. The usc 

of capacitance transients for studying the propert ies of defect centc rs is well known 

16.111 . In usual DLTS measurements. the d:.tta anal ys is should be carried alit under 

thc condition that carri er concentration and their depth profile C~1ll be regarded as a 

constant within the observat ion region. 

A brief descri ption of' the capncitance change due to the change in occupancy 

o r deep levels in the dep iction region is given below. 
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3.2 p-n junctions C:lllacilancc 

In order to understand the e rfects or trapping and emission or carrie rs from 

deep energy levels, wh ich arc located in the spacc charge layer of p-n jUllction or 

schou key barri er, it is importan t 10 know the properties of an idea l space charge laye r. 

i.e .. without deep levels. 

The ex istence o f a space charge laye r at a p-n junct ion or scholl key barrier is a 

general characteris tic of scmiconductors. Such a laye r is necessary to l:reate 

elcctrostati c potcntial variat ion needed LO counterac t Ihe dirfusion potent ial or carriers 

across the j uncti on and hence equa lize the Fermi leve ls throughout the material. The 

ideal space charge laye r is sho wn in Fig.3. t . 1\ p-n junction can be regarded as a 

parallel plate capaci tor, lor which the capacitance is given by 

c= cA 
IV 

1\ I\rc<10fj unelion 

t: Dielectri c constant of semiconductors 

W=- Width of depletion region 

3. 1 

p l~n step j unct ion is shown in Fig.J. 1 in which the dep let ion region ' W' 

extends to n-sidc (i.e. 10\'" do ped side) of the j unct ion. Then the depletion region 

width is related to the app li ed bias as 

W2::::: 2£'(VII/ + VtJ 

QNO•A 

VI( Reverse bias 
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Fig.3. 1. Energy h:aud diagntm of II ')+ - 11 junction w ith an 
e1ectroll tnlp present M energy Kr. (a) th e jUll ct ion 'I t zero 
applied bias (h) Ih c junction l it stClldy reverse bias VII. 
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:t llplied bias (b) at rcvcrsc bias Vlt 
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No Shal[ow level impurity concentration 

The depiction region or one - sided junct ion can be ex pressed as 

I _ 2(1'" + ". ) 
C ' - 2Aa/N".A 

3.3 

Thc plot between I/e2 verses Vlt. results in u straight line whose s lope g ives 

the shallo w impurity concentrations. whi le the intercept at lIe2 0 yields the built- in 

volwge oi"thcjullction. There arc two ma in features of the space charge layer i.e .. 

I . The width orthe layer can readil y be adjusted by varying the bias voltage. 

2. 1\ large varying electric field ex ists in the space charge even at zero applied 

bias 

1\ large e lect ric field means thaI the carriers, thermall y cmitted frolll the traps 

. I I I . I ' . II 10.111 10.12 
111 11C space e large ayer, arc swept oul III a vcry S lOft IlIllC. typlca y 10 

seconds. Therefo re the retrapping effects can be neglected and the analysis or the 

thermal emission transients is considerably s imp[ilil.!d . Now WI.: will di scuss the 

transients ' response of juncti on capacitance. which will help Lo ulldcrsland the DI.TS 

operations. 

3.3 T ransient I{esponse ofjuul'tion Cllp:lcitancc: 

In order \() explain DLTS we Illust lirst cons ider the more basic problems or 

capacitance transients, the use or capacitance transients lor Irap studies in 

semiconductors is well known 11 5-41. This technique is used to obtain info rmation 

"bollt an impuri ty level in the depletion region of schollky barrier or a p-n jUllction by 

observing the capacitance transient assoc iated with the return 10 thermal equ ilibrium 

o r the oecupatioll oj' leve l following an initiainoncquilibrilllll conditio n. 

To understand the transient behavior or the junction. we take an example o r a 

p-n junction diode wi th a deep level defect lying at energy posi tio n 1:\ in the band gap. 

Under steady slate conditions. there is 110 net now of the charge carriers at the center 
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and as the concentration of electrons and holes in thc space charge region is negligibly 

small , Vole can ignore it. Using these conditions in cq 

- dn dp 
= ; 

£II dl 

We ge l the following equation that deals with the recombination kinetics 

(3.4) 

This eq (3.4) gives thc conccntnuion of filled trap.s ' n r' under steady state 

condition. Where N T = liT + Pl' is the tOlal density or the deep levels and Il'j' and 

PI ean be delilled as 

(Fi lied lraps) (3.5) 

Sim ilarly 

(empty traps) (3.6) 

Now if we perturb the sys tem by some external means. the system gocs \{) 

non-equilibrium state and the concentration o f the filled traps changes. As a 

collseqllcnce the tota l charge in the dep leti on region and capac iIHnce or thc jUIl(;t ioll 

wi ll change. For simplicity we consider an asymmetric p' -n junction in which one 

side is much more heavily doped than the olher and depletion region is al most 

completely on low doped side (i.e. n-side) of the junction as shown ill Fig.3.3.S11PPosc 

a reverse bias 'YR' is applied to the sample. und then dccn:ascd 10 /.cro fur a short 

interval of time by a bias pulse. As a result or the decrease in the depletion region. the 

electrons 1'1'0111 the conduction band \\ ill flow to the region thai was prc\ iousl) 

depIcted of the carriers and the levels within thi s region will capture these dectrons. 
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Now. if the tcmpcrature is very low. elec tron re -emiss ion ean be neglected and we get 

the rate equation as 

dn 
T= c(N,- I1, ) 

dl " 
(3.7) 

Where 'cn' is the electron eapture coenic icnl. If' the bias pulse is long enough. 

then all the trap levels will be filled by electrons i.e. n-rN,!, By the end of the pulse. 

the sample is re turned to the quiescent re verse bias . v,~· and the depletion regio n is 

again depicted or the free carriers. The filled levels s tart to emi l electrons so that the 

concentrat ion of the filled tmps ' n/ will vary with time and this variation can be 

expressed by the following equation. 

dl1 . () __ 1 = eN .- 1l e +e 
dT ,.1 r" " (3.8) 

The solution oCthe above cq uation is g iven by 

I'or 150 

From tile above equation it is clear thallhe decrease in the conecntrnliol1 o f thc 

lilled lraps follows an exponential behavior wilh a lime constant ,,' , which is given by 

(3.10) 

Considering the decp level to be a ll electron emitting center i.e, CII»C", then 

cquation (3,9) becomes 

(3. 11 ) 
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Fig.3.3. Majority c;llTicr pulse for I' + -n jUllction. Trap OCClIPlltioll :lud 
space cha rge laye r width arc indicated cOJTesponding to the condition 

before, during aud aftcr the pulse (from top to the hottom of th e figure, 
respectively). 
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This equation shows that the magnitude of the transien t gives ,m estimate of the 

density o r the deep levels fill ed with the carri ers <.md the lime constant -I ' gives the 

emiss ion rat e ortl1e electrons, where 

1 
r =­

ell 
(3. 12) 

Since it is difficult to measure the change in the concentration or the fill ed 

traps with time. so the simplest indirect method is to measure the capacit ance changes 

o r the junction th l:lI arc re lated to the concen tration variations_ The capac itance or a p­

n junction is reLated to ' w' in the same manner as purall cl plate capacitor, namely 

c = 1:11 

IV 
(3.1 3) 

For p l-n junctions including the l:ont ributions or thc filled tnlpS in the 

depiction region. the width orthe depicti on region becomes 

w' = 2[.'(/1" + II,, ) 
qN,,· 

where N,,. = N" - "I' 

(3. 14) 

For nr« N\I Equation (3. 14) can be expanded and we get the expression lo r the 

capac itance as 

C=C['- ",-] • 2 V 
I " 

(3. IS) 

Where C is the cupacitance at quiescent reverse bias ·VI{·. Including the 

variation of IlT with time. we get the time dependence of the capacitance lor majority 

carrier emitters as 

(3. 16) 
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The changc in thc capaciwllcc o f the j unction by the em iss ion o r thl.! carriers 

['rom trap at cans\l:mt reverse bias is a parametcr to be lIsed in calculating the emiss ion 

rates and the tntp conccntration in the space charge reg ion of a IHl junction. These 

changes arc in the lorm oftnmsien ts. 

3.4. Unticrstlillding of the llLTS ollerations 

The physics or the DLTS is capacitance transients out li ned in sec.3.3 .The 

capacitance trans ients or eq 3.16 can be obtained by hold ing the sample at constant 

bias and temperature and applying a single filling pulse. The resullant isothermal 

transient can then be analyzed to obta in the emission rate o r the carr iers .!II the 

part icula r tcmperature. For obtaining a wide range of emiss ion ra\Cs. thi s is a time 

consuming technique. A lso ir Illany deep levcls arc present. the experiment .md its 

analysis become diflicuh. This is where DLTS has a majo r edge over the conventional 

techniqucs . The essenti al fea ture or DJ.TS is it s abil ity to sctup a rate window that is. 

the ratl.! oj" change of the capadwncc transient in a fixed emission rate wi ndm\ IS 

monitored as the j unction tempera ture varied. This concept is illustnltcd III 

l'ig.3 . ..Ja.Thc ckdronic ddection system or thl.: tleep level transient spectrometer IS 

designed to yicJd maxi mum response only within the preselec ted emiss ion rate 

wi ndow. Instcad or talking about rate. we can say tlmt the DLTS. tech nique lIses a 

time fi ller which gives an output signal only when a tra nsient has a time constant 

coi nciding with th l.! centre of" timc window of" the filter. A very import an t property o f 

such a filter (t ime or rate) is that output is proportional to Ihe amplitude or the 

transicnt. Thcre arc many ways of constructing a lime niter. One or the widely lIsed 

mcthods is. in which a va riation orthe ducJ -gate boxcar integrato r is employed. 

It prec iscJ y determines Ihe e IllI SS]On rate window and provides signal ­

ave rag ing capabilities to enhance the signal to noise ratio. making it poss ib le 10 detect 

the ck fct.:t cen tcrs hav ing ve ry low concentrations. Thc lIse of double boxcar for rate 

window se lec ti on is illustrated in Fig.3.4 b. These transients are fed into the double 

boxcar with gates scI at t] and 12. The differcnce C (tl)-C(12) = 6C is caicllialcd. It is 

clear from the ligurc that thi s L\C goes through a maximum. This f).C uOcr go ing 

through some liltering is converted into the DLTS output S (T) given by (assuming an 

exponelll ial transient): 
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(3 .1 7) 

Where 

And 

Ilcrc /J.C. = C(O) - C(co) is the total change in the capm:ital1cc. 

Therefore, we can write equat ion (3.17) as 

(3.18) 

For differen t rate wi ndow (12-11) co ]"n!spond ing 10 d illcrclll emission rates as 

shown in Fig.3 .4c the peak will appear al dif'lcrcn t temperatures. Us ing 

peak posi tion) g ives the maximum va luc OfT TtIl;l\ 

r =[/,(X - I)] 
,,",S In.\' 

(3. 19) 

<ls(1') = o. (at 
tlr 

Where x =2 .It is evident li'om the equation (4.19) that 11 and 12 can be varied in 
I , 

three ways given be low 

(a) Fix II and vary 12 

(b) Fix 12 and va ry 11 

(c) Fix II / t2 and vary II and 12 
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The shape and amplitude or the DLTS peak changes with the vuriation of tl 

and t2 in the fi rst two eases while it docs not changes in the third case because tdl2 

remains constant so the I.:hoice (c) remains constant. So the I.:huicc (c) is 

recommended. Plugging the value Ortl!1a~ in the expression lor S gives Sl1lO1_~ as 

s('f')"n, ~ LlC(Of CXI{-IIlX)]_cx{-·dIlX] t x - I x - I 
(3.20) 

From this above equation, the peak height of the DLTS signal is seen to be 

independent or the absolute value of t l and t2 rather it depends upon thdr ratio. In 

addi ti on, S(T)U1;'~ is proportional to b.C(O) and there fore, to the defect cO llcen tration 

Nt. Ilcnee the DJ.TS peak height can directly give the defect cen ter cOlll.:en tralion. 
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3.4 Diagram illustrated the basic principles of DLTS. (a). the rate 
window concept, (b). application of rate window concept using a 
time filter such as dual - gate box car and (c). diagram showing a 
shift of peak positions in temperature with rate window and 
arrhenius plot obtain from the peak positions. 
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3.5 Charactci-ist ic ul' DLTS Mcasu rements 

Below arc di scussed somc ways in which the DLTS lCchniqllc C.1Il bc lIsed to 

Study defect centers in semiconductors and to obtain their dirferent characteristic 

Parameters. 

3.5.1 Majurily C UITicr 1~ lIIiss ion R'lt cs 

Usi ng DLTS tech nique. majority carrier emission rates can be obta ined by 

applyi ng a suflicicnll y high reverse bias bu t less lhan the break down voltage of the 

junction_ rollowed by a pulse c10sc to Zero volL This sequence is repeated ly app lied 

to the sample as depicted in Fig.3.5a. T he bands havc becn assumed to be Oat lor 

s implici ty. The sample is initially cooled to low temperature so that there is no 

em ission o f' carri ers. During these repeated applied pulses. the levels arc lilled with 

majority carriers. As soon as the sample returns 10 quiescelll reverse bias, Ihe level 

starts cmilli llg and result s in a transiellt. During a transie nt. the capaci tance is 

measu red at the pre-scI rate windo w and DLTS OU l pUI is plolled as a function or 

lel11pel'<ltUfC. 
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Fig. 3.5. T he Iso th ermal capaci tance tra nsient for thennal 
emiss ion from a Ilwjority c~IITie r Th e inset 1-4 shuws trap th e 
condition of th e trap oeCUIHltion, space charge laye r wid th 
(ull shadcd) and free carrier concentnltions du r ing th e various 
Ilhases of the transient in a 1)+ - 11 j unction . 
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3.5.2 Minority Ca rrier Emission R:ltes 

For observation of minority carriers. \\e have to first fill the level "ith 

minorit y c<I1Tiers. T his is accompli shed through minority carrier injec tion by fo rward 

bi i.ls ing the diode so that a current flows. Afh:r the end of the bias pulse. as the sample 

rcturns to the quiescent reve rse bias, the deep level will emit mino rit y carriers giving 

ri se to a transient. Thus the DLTS measurcment is thc samc as for the maj ority carrier 

emission except that the s ign of the peak is now opposite. The pulse and the tnmsient 

arc shown in Fig .3.5 b. 

---'I I ® DEC • .,y or 
• . n~',CNT 

.-:--.'~~ 'C 1 I DU' TO 

J t ... TltErlMAL 
; L ~ I EMISSlorl 

-::...: 'L"":.: I' . - ---1 __ I: \'" 
o OUI'E.SC'E.~:T t::::::.""'" -

REVERS!:. 1- ~ :;... .. Tr ....... 
e;.. . "L~ .• ;->--
1<:0 

...... ,. 

'. 1'<:-· ..... ,'.1\ 1.·.·:· 
~,,"" "'RA'.SiENT 
, u-

1>0 

Fig.3.5 b. IsothcmlJI capacitance lran~icnt ror thermal emiSSion from a 
minorit), ~ carrier tmp. The insets I ~4 show the conditions or tile tr<lp 
occupntion, space charge layer II idth (ullshadcd) and rree c:micr 
concentrations during lhe varioll~ phu!;cs or the lransi\!nt in n p ~ ~ n 
junction. 
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3.5.3 Activa tion Ener-g)' 

The ac tivalion energy (6E) or the: dccp level c<ln be obtained by the slope of 

an arrhenius plol f.:ollstructed bet\\cen different (Cllt;l~rrl) and (If]") values. taking b) 

recording several DLTS scans at di ITen.:nt rate windows. Under the rmodynamic 

equilibrium. the emiss ioll ofearriers from deep level is given by 

(i) Electron em ission 

(3.2 1) 

(ii) Iiole emission 

(3.22) 

I lere 6E = 1::1, - Er (for elect ron emission) 

,.. ,. ,. 
1\ ' = " 1 - ~I' ( for hole emiss ion) 

and .(On,op).«Vn>lh,<VIl>lh) and (Ne.Nv) are the ci.tpture cross-sec tions. average 

the rmal veloci ty and elTec tivc densi ty of states in the conduction band and va lunce 

band, lor electrons and holes, respect ively. 

The temperatu re dependence o f average thermal vcl ,?ci ty and clTeclive dens ity 

or states can be separated out in the fo rm of factor ·T2 •. Therelore. the substitution 

of these parameters in terms of temperature yield 

17.2 
[- AI'·J e"". = I exp ----;;:r (3.23) 

Where II = ( JI".,,)i/. N, ,a ,,_" (the temperature independent part) 

[e] [-/).I'J In "',"= 11111 + -~ 
T kT 

(3.24) 
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The plot or In leu./ r 21 versus Il fI' J gives a straight line whose slope gives the 

activa tion energy and the capture cross-section can be calculated by the intercept 

at (T 000). The va lue or the capture cross-sect ion which is obtained b) this method 

is normally dirrerent from actual value. but this value provides inlormation about 

capture properlies of' deep levels. 

3.S..t Uccpic"c\ COIll:cnlralioll 

The peak heigh t of a DLTS scan is proportional to the number or the emi tted 

carri ers rrOlll the deep level at that temperature. The emission or charge carriers 

1'1'0111 the depletion region gives rise to change in eapncitance or diode. 'Illis 

change in capacitance' 6C is proporlional to the number or emptied deep levels 

given by the followi ng cqlJation. 

6C Nr -=--
C 2N" 

(3.25) 

3,5.5 Cllp turc Cross-section 

The c,lpture cross-sec tion or a carrier is ,I meas ure or how dose an electron 

and hole has to come to the level to be cuptured unci provides inside abollt the 

elcct ronic structure of the deep leve l cenler and thc de fect lattice interac tion. One 

can ex trapolate the Arrhenius plot to (I r r) and obtain the cap ture eross·sect ion at 

T ~ from the iJltcrccpl. But this usually leads to far lI·om true or the capture eross­

sec tion because o flbe following reason:( i) 0n./I may be temperature dependenl and 

hence the extrapolation is not valid.(ii) a slight error ill the extrapolation may leads 

to sevenll order 01' mngn itude difTerenee in va luc o f' capiurc cross sect ion. llence. 

capture cross-section must be direct ly measured over as long a range of 

temperature as poss ible. 

To measure the capture cross section directly we select a rate window and 

DLT scans me carried oul whi le the filling pulse width is varied for each scan. 

rhe p~ak height varies with va rying the pulsc width until il reaches its maximulll 

value when all the centers arc filled. Such 1:1 pulse is called saturation pulse. 
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The peak heighl is related 10 filling pulse If! via Ihe follo\\illg i.!Cjuation. 

(3.26) 

Where 's' is the peak height for <my pulse width tp and "s " is the saturated peak 

height. The slope o r In [ I -S/S.1 versus til gi ves I J It I 

0 . can then be calculated lIsing the equation given below. 

(3.27) 

The cupture cross-sec tion can be ca leu lutcd by plugging the v.llues of "n" and 
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C IIAI'TEll4 

EX I'ERIMlcNTAL DETA ILS 

l ilt rud II c l iUII 

This chapter g ives the detail of the samples used for the experiment, thei r growth. 

and experiment,11 setup. out li nes the experimental procedure and mcasurcll1cnll:arricd 

Qui for the characteri zation of various deep level parameters . 

.. L I Sa mple lI sed for Ex perim ent 

The sample used in this experiment cons is t of Indium Phosphide which is Iridium 

doped. The sample is fabric,l tccl by the Metal Organic Chemical Vapour Deposition 

Technique (MOYeD) also known as Mctaiorgan ic vapour phase epi taxy (MOV PE). 

It is u chemical vapour deposition method of epitaxial growth of materials. especially 

compound semiconductors from the surface reaction or organic compounds or metal 

organics and lllct;:ll hydrides containing the required chemical clements. Indiulll 

Phosphide is grown in a reactor 011 a substrate by introducing Trimcthylindium 

«CI bhln) and Phosphine (PI h) as shovm in lig 4.1.Trallsporl or precursor molecules 

i.e «el b)3ln) and Phosphine (PI b) is by carrier gas N2 or 112 on to a heated substrate. 

Formation or the epitaxial layer occurs by lillal pyrolysis or the constituent chemicals 

at tlte substra te surrace. In contrast to molecu lar beam epitaxy (M I3E) the growth of 

the crystals is by chemical reaction and not by physical deposition. This lakes place 

110t in a vacuum, but from the gas phase at moderate pressures (2 10 100 kPa). 

We have doped the sample wi th Iridium lIs ing the precursors cyclOJ1Clltudienyl­

bis-ethelle-i rridulll III. 

The principal of MOVCD tech nique is introduced as I"ollows. Atoms or dillcren t 

clements arc combine togethcr with complcx organ ic gas molecules and passed over a 

hot semiconductor warcr. The heat brcaks up the molecules and deposi ts the desi red 

atoms on the surrace or ware r. layer by layer. We can change the properlies of crystal 

grown m almost atomic leve l by varyi ng the composit ion orthe meta l-organic gns. 
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It ca ll grow high qualit y semiconductor thin laycrs, as thin as million th or a 

millimeter and crys tal s tr ucture ofthcse layers is perfectly aligned wilh that oCthe 

substrate. 

4.2 G ruwth of IHype S.llllll lcs 

Our sample consists or p l_11 junctions grown by Low-Pressure Metal Organic 

Chemical Vapour deposition (LP-MOVCD). The substrate used was a 350pm thick 

n+-ln P layer doped wi th Si. On the 101' o f thi s substrate Llsed was a 3~lm thi ck n-lnP: 

Si layer. The sample had a typical background dOllor doping or 3x I 01 5_5x I 016el11 ·). 

The top 1110st p ' -ln P laye r consis ts of approximately O. 7~lll1lhick InP :Zn. Nitrogen or 

Il ydrogel1 was lIsed as the carrier gas fo r transporting the metal organics and the 

growth was carried oul al a typical temperature and pressure or 640Cand 20m bar. 

respectively. 
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Fig. 4. t Cruwth of Indium Phosphide by MOVeD 
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4.4 C UlTcnt -Vu lt agc C harac tc rist ics 

Current vo ltage (I-V) charac teristics arc very important 111 IJI.TS 

measurcmcnt. I\ n I-V Illl.!asu rCll1cnt or the pn-junc liol1 givl!s inrorl11<Hion of the 

consis tency and quality of samples for furthL'r measurement and anal ys is. The 

selection or sui table sam ples for DLTS measurcmcnts was carried oul on Ihe basis o r 

leakage currents or the pn-j unct ion. A digi tal electrometer has been used Lo measurc 

Ihe leakage current of the pn-junetion. From 1-V l1leasu~cments we c::lI culate the 

maximulll re ve rse bias Ihal can be applied to the pn-junctioll. This meter can measure 

the leakage currcnt of the pn-j unction up 10 [pA. Such samples were chosen lor which 

the leakage cu rrent o r the pn-junclio l1 is less than 0. 1 ~IA. at a suitable reverse bias. 

Block diagram of the se t-lip for I-V IllC<lSlII"CmCllIs is shown in Fi g. 4.2. 
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AUVANTAST DI G ITAL C RYOSTAT 
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, 

Fig.4.2. I-VSET UI' 
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4.5 Ca l) ~l citallce - Vo ltage C haracteris tics 

Capac itance-Voltage (C-V) characteris tics provide very imponant information 

about the pn-jutlction. To slUd y the pn-j ullclio ll it is necessary to have knowledgc of 

its shallow level doping concentration. shallow leve l doping prolile and built-in 

voltage. C-V IllCaSU rCIllCI11S provide thi s information. 1\ C-V plot gives thc following 

information about the panllll\!ters that arc vl.: ry important in analyzi ng the DLTS 

rcsu lts. 

i) Typcs of' pn-junction whethcr it is abrupt (IIC2 v(Jl'les linca rl y wilh the 

app lied rcversc voltage Vr) or lincarl y graded (1/CJ vs. V, results into a 

straight line,) 

ii) Built -in vo lt age, Vbl orthe I'll-j unction. 

iii ) Concentration o f' the shallow dop,mci s Nd 

Nd or N~ can be calculatcd by lhe slope or the C-V plot by the following 

calculations. 

. d [ I ] 2 Slope 01 C-V plot - -, = 2 
ell' c·· /; ell N r 'A.rI 

Where c is the charge on the carrier and 1\ is thc area orthc pn-junct ion. 

'!'hcrcl'orc, 

N _ 2!!... _1_ [ J
' 

d ,oJ - [",eA ?. tlv C~ 

We take C-V plots from computer. 

·t6 DLTS MClls lIl'cm cnt s 

1\ I M1Iz DL'1'S sys tem, DLS-8 1 madc by MClrim pct. l1 ungary bascd on lock­

in frequency principal, was used for DLTS mcasurcll1r.::nt s. It is equipped with two 
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built-in pulse generators 10 1' applications slich as deep \cvc\ profiling or double pulse 

excitation. The repet ition ra te of the excitat ion pulscs can be varied from 0.1 l iZ to I 

Kllz. For accura tc measurelllents oj' the repeti tion ratc and biases, a digital 

osci lloscope. Nationa l VP-5740A was used. 

A Leybold Ilc raeus 57550 digita l frequency counter was used to measure the 

accurate emission rate window. The systcm has the ability of applyi ng the maximum 

reve rse bias or20V . The DLS-S\ output signal was plotted on a Na tional VP-6423/\ 

x- Y Reco rder. 

The samples were mounted in a VPF-700 cryostat l11anul~lctlire by a Janis 

Research Company U.S.A It is a versatile variable temperature sys tem that enables 

sample temperature to be accurately contro ll ed in between 77K and 700K. It has a 

chromel-Alumcl thermocouple to measure the sample temperature. The sample 

temperature was contro ll ed by a Lakeshore 330 temperature control ler. The block 

diagram or experimenta l setup is shown in I,' ig .4.3. 



DLTS 

Frequ ency Oscilloscope 
Meter 

Semi TrHp 
Il LS-H J 

C I")'os lal l sample Com puter 
fl ollln 

Tcmpcnlturc 
C on frolic." 

Fig.4.3. D I .T SSct lIl} 
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CIIAI'TICR 5 

RESULTS AN D DISCUSSION 

This chapter ckscribcs the rcsuhs and discussion or the work reported in this 

thes is. DLTS Icchniquc has been used to study the dccp levC"l s in InP wh ich is Iridium 

doped. 

First of a ll the basic lllcasu rCmcnlS Current-Voltage (I -V) and Capacitance 

Voltage (C-V) were perrormed 10 measure the suiwbilit y or lhe sample . The DI .TS or 

the samples were done to characte rize the related defects and parame ter ill the 

observed peaks in the DLTS spectra. 

Current-Voltage measurements have been performed \0 check the suitabilit y 

of the pn-j utlclions. These measurements arc carried oul in the tcmpcrawrc range 

fi'Olll 40K to 320K. T hose pn-j ullcliolls were selected lor which the Icakugc current 

was vcry small. The pn-junction wi lh less Ihan 0. 1 pA leakage eurrenl al the required 

range or the reverse vo ltage Vr were se lected for IJJ.TS measurements to get 

meaningful results. 

Capacitance-Voltage measurements were carri ed out 011 the sample in the 

temperatu re range rrom 40K to 320 K. These measurements were necessary to 

detcrm inc the nature of pn-jullclions as we ll as to determine the shal low level 

concentration and built in vo ltuge. T he reverse bias \\<lS varied in range () 10 5V and 

the corresponding capaci tance was recorded. 

Alter per torm ing I-V and C-V measurements, DLTS measurements were 

carried out on the sample. These measurements we re carried out 10 determine the deep 

levels introduce in the I'll-junct ion. The IJLTS scans repealed at dinerent em iss ion 

rate windows to obwin a data fo r calculation or the energy pos ition o/" the traps in the 

band gap. Emission rates were measured in the temperature nmge from 20K to 320K. 

The maximum emiss ion rates were plotted against the Icmpemlure (K) on the semi­

logari thmic sca le using the eq 
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The slope of the best fit line of the Arrhenius plo~ In[e.rr') vs. lOooff gives 

activation energy of the deep levels. This emission rate of different levels was plotted 

on semi logarithmic grapb .The activation energies are obtained from the best-fit line. 

Capture cross section 0"<0 for the corresponding levels are calculated from the intercept 

of In [e"rr2) vs lOooff. 

5.1 I-V Measurements 

We take I-V measurements in the temperature range from 40K to 320K. The 

setup for I-V measurement is given in Fig. 4.3. The I-V plots are shown in Fig 5.1 . 
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Fig .5.1 IV-Curves at different temperatures 
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S.2 CV Measurements: 

We take CV measurements in the temperature range 40K to 320K. The CV plots 

are shown in Fig.5.2. 

"" CVC_.dif......,..m.-

.. 
-- ... ,,. 
"" • • - ''''' • - '''''' • • 

-~ 
- , ... • - '''''' u , .. 
- """ - -- --.~ - "'" ~ - """ ,. - """ 

""" 'f """ 320K 

• ." ~ ., ~ ~ ., , --
Fig.S.2 CV Curves at Different Temperature. 
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5,2 DI.TS measurements 

AHer performing I-V and C-V IllCUSlirements. DLTS measurements were 

carri ed out on the pn-junction. These measurements \\'ere done to characterize the 

deep levels introduced in the pn-j unction . 

(:I) Majority (Elect ron Emission) OLTS sllcctrulU 

Fig.S.3. shows the typica l DLTS majority scan oj" IHype Inl'. T hi s DLTS 

spectrulll is tHken at -S vo lts with S OO~lsec lilli ng pulse at IOI .7S Hz (corresponding 10 

an emission rate or 225.95sec· l
) rrom 35 K to 325 K. A sequence or peaks labe led 1'0+ 

1>5 appeared. The Arrheni us plots o r these levels are given in Fi g.5.3. 

(h) M inority ( !lull.' Emiss ion ) DI.TS spectrum 

Fig.5A-shows the typ ical DI.TS minority ca rri er e mission scan using injection 

pulse of 2.25v. This DLTS spectrum is taken at 500psec filin g pulse at 10 1. 75 li z 

frequency (correspond ing to an emission 0I' 225.95scc· l
) li'om 35K to 325K. Ilere no 

minori ty Icvel appears as shown in Fig.5.4 . 
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S.3 Activa tion energies of pea lis al pu lse widl h SOOmicscc 

[n orde r to find the position of peaks PO-P6 in the band gap. it is necessary to 

Jind their HClivation energy. The en/T2 versus In data has been plo Ll ed on a semi -log 

scale La g ive the Arrhenius plots fo r PO-P6 as shown in Fig5.5. To find oUL the ir 

activation energy. several DLTS scans have bcr.:n carrir.:d Qut at diJ'fc renl emission raLe 

windows 10 obtain a sct or emission rate (en) at the peak temperature ('I') data as 

shown in. 5.6a, 5.6b, 5.6c. 5.6d. 5.6e, S.6!'. S.6g, 5.6h. 

The peak PO is over lap of two peaks. one v.lith ac ti vation energy O. 22eV with 

error 1:0.02 and other with acti vation energy 0.0geY with crror ! 0.04 as shown in 

Fig.5 .6a. The peak PI is overlap of' two peaks. one \vith activat ion energy O.28eY 

with error ±O.OJ and other with ac tivat ion energy O. [geV with error ±0.02 as shown in 

Fig.5.6b.These peaks are due to different emission rate windows. The peak P2 is also 

overlap o J' two peaks one with activation energy OAI e V with error ..1:;0 .09 and the 

olher wi th activation energy 0.22eV wi th error J.O.O I as shown in Fig.5.6c. The 

straight line cannot pass from the data points of P2 so it s activation energy cannot be 

fo und as shown ill Fig .S.6d. The act ivation energy o r P3 is 0.38\!Y with error ! 0.02. 

The at.:Li vation energy of 1'4 is 0.53eY with error 10.02, PS is O.51eY wi th error 

±0.004 and P6 is 0.52eV with error ±O.OO I. 
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A rrhenius plot o f PO with pu lse width=500mic rosec 
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Arrhenius plot of P2 with Pulso width" 500mio;; rosec. 
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Arrhenius plot p·S 
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Fig. 5.6g A rrhenius plot of P~5 with pulse width =500~lsec 
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Fig. 5.6h A rrh cnius Il lut of 1'6 with pulsc width =5()()~lsec 
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4 ActivatioD eDergies at pulse width O.5psec 

lo order to find activation energies at pulse width O.5).lSCC several DL TS scans 

were carried out at different emission rate windows to obtain a set of emission rate 

(e.) at the peak temperature (I). The DL TS speetnun is oblained at -Sv reverse bias 

witb O.S"""" pulse widtb at different frequencies. The sequence of peaks labeled PO­

P4 bas been obtained. The DLTS spectrum is shown in Fig. S.7. 

The activation energy for PO is 0.1geV witb error ±O.OI, PI is O.l4eV witb 

error ±O.03, P2 is 0.26 witb error ±O.OI, P3 is 0.3geV witb error ±O.04, and P4 is 

O.30ev with error ±O.O1. The Arrhenius plots of these levels are shown in Fig. 

S.8a,S.8b,S.8c,S.8d,S.8e . 
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Fig 5.7 DL TS Curve at difl'e ..... t frequeDcies with pulse width =O.5psec 
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5.5 Capture CI'OSS sect ion of highest two levels }It 500,lsec pu lse width 

" 

The eapture cross section measurements are ca rried out in the sample on the 

two dominant peaks Pol and Ps. The technique is to keep the emission rate fixed and 

take difICrent scans changing the filling pul se width tp for each scan. The resulting 

peak heights S are measured until the peak height is saturated to a value S"" The graph 

is plotted between In ( I-S/Soo) versus tp. The slope ofln ( I -SIS,.,) versus tp gives lIT. 

The data for P,I shows a sum of two exponentials g iving Iwo values of eapture 

cross scction 0" 1 2. 19x I 0,23C111 2 and 02= 1.41 x 10-2ocm2 as shown in Fig .5.9. T hc two 

values of capture c ross sect ion shows that probably two levels arc included. 

T he data for P5 shows the sum of three exponentials g iving three capture cross 

sections 01 =-= 1.97 x I0,22cm2 • 0 2'=-'6.64>:1O,2 ICI112 and OJ 8.56 >: 10·I\m2 as sho wn in 

Fig.5.IO.Thc three values of captu re cross section shows that probably threc levels 

are included. 
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CONCL USIONS 

We ha ve presented the study oJ'dccp level delect s in Iridium doped 

Indium Phosphide llsing DLTS technique. On the basis of OUI" investigation in the 

studies we conclude: 

Seven electron emitting deep levels in Iridium doped Indium Phosphide at 

500pscc pulse width arc obtained. PO is overlap or two peaks. one with activation 

energy D.22eV with error 1:0.02 and other wi th activation energy O.09cV wi lh error 

:l0.04. P I is also overl ap of two peaks. one with acti vation energy O. 28cV \vith error 

1.0.03 and other wi lh acti vation energy O.1 9cV wi th error W,02. P2 is overlap of 1\\'0 

pCi:lks o ne wi th <lctivi.Hion energy O. 14cV wi th error 10.09 and olher with activation 

energy D.22eV with error ::1.0.01. The act ivat ion energy or 1'3 is O.38eV with error 

LO.02, 1)4 is 0.53 with error J:O.02, P5 is 0.51 eV with error LO.004and 1>6 is 0.52eV 

wi th elTor :lO.OO I. 

Deep leve ls are also studied at pui s!.! width or O.5psee. The number of pC<1ks 

decreases with decreas ing the pulse width. The activatioll . energy for PO is O.1geV 

with error ±O.O 1. PI is O. 14eV with error 1.0.03, 112 is O.26eV with error ! 0.0 L P3 is 

O.3geV wi th error! 0.04. and P4 is OJOeV with error ±O.O I. 

Capture cross section of highest two levels arc also found. The data fo r P4 

shows a sum of two exponentials giving two values o/" capture cross section 0"1 = 

2. 19x I a -23cm2 and 0"2 1.41 x I 0 -20cm2
. 

The data for P5 shows the SUIll of three exponentials giving three capture cross 

sections 0"1 1.97 >: I a -22c111 2 • 02-= 6.64 x 10 .21 !.!1112 and a3= 8. S6x J 0-19cI112. 

FUTUIU, WOI!K 

We have observed six majority carrier dcep levels in n+P InP. The rUlure work is 

required 10 be done a ll p in InP. Also we can study the behaviour or n' p InP. Also one 

can study the behaviour of n.f p Inl' ancr annea ling and irrad iation in future. 
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