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Abstract 

In	this	study,	the	effects	of	deep	levels	optical	emissions	of	free	carriers	on	the	photo-response	

of	 	silicon	(Si)	 is	 investigated	through	the	simulation	of	excess	carrier	 traps	corresponding	to	

the	 non-radiative	 recombination	 mechanism.	 First,	 the	 trapping	 effects	 (the	 ratio	 of	 the	

concentration	 of	 trapped	 photo-emitted	 carriers	 to	 the	 corresponding	 concentration	 of	 free	

excess	carriers	in	the	corresponding	bands)	is	described	as	a	function	of	localized	state	energy	

at	 room	 and	 different	 temperatures	 inside	 the	 sample.	 Then,	 the	 Shockley-Read-Hall	

recombination	mechanisms	are	computed	using	the	relations	describing	the	SRH	lifetimes	and,	

the	lifetimes	of	the	excess	majority	and	minority	carriers	in	the	band	gap	of	semiconductor	(Si). 

Finally,	the	temperature,	injection	and,	localized	state	density	and	doping	level	dependences	of	

the	 Shockley-Read-Hall	 lifetimes	 in	 the	 localized	 regions	 are	 investigated	 by	 considering	 the	

variation	 of	 localized	 energy	 positions.	 Since	 the	 trapping	 effect	 is	 highly	 related	 to	 the	

temperature,	 the	 description	 of	 the	 trapping	 effect	 as	 functions	 of	 localized	 state	 energies	 at	

various	temperatures	is	found	to	be	the	important.	The	analysis	of	the	results	also	shows	that,	

the	trapping	effects	are	divided	into	5	parts	based	on	the	interaction	of	localized	state	with	the	

conduction	 band	 energy	 and	 the	 valance	 band	 energy.	 In	 general,	 the	 trap	 in	 shallow	 levels	

(donor	 and	 acceptor	 regions)	 tends	 to	 zero	 and	 deep	 levels	 are	 dominated.	 	 When	 all	 the	

localized	 states	 are	 illuminated	 at	 the	 same	 rates,	 the	 SRH	 excess	 carrier	 lifetimes	 for	 excess	

carriers	(for	both	electrons	and	holes)	increase	with	increasing	the	shallowness	of	the	localized	

states.	The	deep	level	SRH	lifetimes	for	minority	carriers	is	highly	affected	by	the	trapping	effect	

of	 the	 localized	 states.	 The	 shallow	 level	 SRH-lifetimes	 for	 free	 holes	 are	 not	 affected	 by	 the	

trapping	effects	of	the	localized	states.	
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Chapter 1 : Introduction 

  1.1 Background 

An	 investigation	 into	 the	 history	 of	 semiconductor	 research	 shows	 even	 more	 primitive	

and	earlier	semiconductor	devices.	The	beginning	of	semiconductor	research	is	marked	by	

Michael	Faraday’s	1833	report	on	negative	temperature	coefficient	of	resistance	of	Silver	

Sulfide	 who	 in	 1833	 published	 a	 description	 of	 material	 with	 a	 resistivity	 which	 had	 the	

opposite	 temperature	 dependence	 to	 that	 typically	 measured	 for	 metals.	 They	 are	 the	

semiconductor	 devices	 of	 the	 19th	 century.	 Pearson	 and	 Brattain	 outlined	 the	

developments	 in	 semiconductor	 research	 before	 1900.	 Semiconductor	 research	 and	

semiconductor	 device	 application	 is	 an	 interest-entirely	 of	 the	 20th	 century,	 in	 a	 more	

rigorous	sense,	of	the	second	half	of	the	century-	but	the	roots	of	this	discipline	extend	to	

the	 19th	 century,	 too.	 Semiconductor	 properties-	 as	 fascinating	 as	 negative	 dynamic	

resistance	 of	 junctions	 were	 observed.	 Use	 of	 semiconductors	 for	 wireless	 application	

began	 in	 the	 1890’s.	 The	 history	 of	 semiconductors	 in	 the	 19th	 century	 lacks	 proper	

investigation	and	integration.	How	semiconductor	properties	came	to	scientists’	notice	and	

made	 debut	 in	 the	 field	 of	 application	 in	 the	 pre-1900	 era	 presents	 us	 with	 an	 untold	

(unaccountable)	pre-1900	history	of	semiconductors	[1],	[2].	By	the	beginning	of	the	20th	

century	the	five	properties	now	associated	with	semiconductors	had	been	discovered	but,	

scarcely	 characterized	 such	 as:	 negative	 temperature	 coefficients,	 photoconductivity,	

rectification,	photovoltaic	effect	and	electroluminescence	(excitation	by	current). 

The	 theory	 of	 electron-hole	 pair	 recombination	 through	 recombination	 centers	 was	 put	

forth	in	50s	of	the	last	century	in	the	well-known	works	by	Shockley-Read-Hall	(SRH)	[1],	

[3].	 Here,	 we	 discuss	 lifetimes,	 their	 dependence	 on	 semiconductor	 material	 and	 device	

parameters	 like	 energy	 level,	 injection	 level	 and	 how	 lifetimes	 are	 measured.	 Different	

measurement	methods	can	give	widely	differing	lifetimes	for	the	same	material	or	device.		
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Semiconductors	 are	 a	 group	 of	 materials	 having	 electrical	 conductivities	 between	 metals	

and	insulators.	The	conductivity	of	these	materials	can	be	varied	over	orders	of	magnitude	

by	 changes	 in	 temperature,	 optical	 excitation,	 and	 impurity	 content.	 The	 column	 IV	

semiconductors,	silicon	and	germanium	are	called	elemental	semiconductors	because	they	

are	composed	of	single	species	of	atoms.	Compounds	of	column	III	and	V	atoms,	as	well	as	

certain	combinations	from	II	and	VI,	and	from	IV,	make	up	the	compound	semiconductors.	

Semiconductor	materials	at	0	K	have	basically	the	same	structure	as	insulators.	In	metals,	

the	 bands	 either	 overlap	 or	 are	 only	 partially	 filled.	 Thus	 in	 metals,	 high	 electrical	

conductivity	is	due	to	the	fact	that	electrons	and	empty	energy	states	are	intermixed	within	

bands	so	that	electrons	can	move	freely	under	the	influence	of	an	electric	field	[4].	

There	are	two	types	of	band	gaps	called	direct	and	indirect	energy	band	gaps.	Direct	band	

gap	semiconductors	are	the	materials	for	which	maximum	of	valence	band	and	minimum	of	

conduction	 band	 lie	 for	 the	 same	 value	 of	 wave	 vector	 (K)	 [5].	 Indirect	 band	 gap	

semiconductors	 are	 the	 materials	 for	 which	 maximum	 of	 valence	 band	 and	 minimum	 of	

conduction	 band	 are	 not	 the	 same	 value	 of	 wave	 vector	 (K).	 Conservation	 of	 momentum	

during	an	inter-band	transition	is	a	major	concern	in	indirect	materials.	Few	of	examples;	

Si,	Ge,	GaP	(including	Transition	metal	Oxide)	and	etc.	Direct-gap	semiconductors	such	as	

GaAs	are	efficient	photon	emitters,	whereas	indirect-gap	semiconductors	such	as	Si	cannot	

be	efficiently	used	as	 light	emitters.	The	advantage	of	using	wide	band	gaps	than	narrow	

band	gaps	are	permits	higher	voltage,	frequencies	and	temperature.	

The	energy	band	wide	gaps	of	semiconductor	ranges	 from	2	to	4.0	eV,	 then	Si	1.125	eV	at	

room	 temperature	 to	 1.17	eV	 an	 absolute	 zero.	 The	 thermal	 equilibrium	 charge	 carrier	

concentration	 ranges	 from	 10��cm ��in	 the	 intrinsic	 semiconductor	 to	 10��cm ��in	 the	

highly	 doped	 non-degenerate	 semiconductor.	 The	 mobility	 of	 free	 carriers	 in	

semiconductor	 also	 ranges	 from	 102cm2V�1s�1to104cm2V�1s�1.	 The	 practical	 density	 of	

room	 temperature	 thermal	 equilibrium	 majority	 carrier	 for	 semiconductor	 that	 was	

determined	 using	 Hall	 Effect	 measurement	 is	 ranged	 from	 1012cm�3for	 intrinsic	

semiconductor	 to	 10��cm ��for	 highly	 doped	 non-degenerate	 semiconductor.	 The	 room	

temperature	mobility	of	electrons	for	most	semiconductors	is	ranged	from	10�cm �V��s��	
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to	10�cm �V��s��and	that	of	holes	is	also	ranged	from	10�cm �V��s��to	10�cm �V��s��	[6],	

[7].  

Generation	 and	 recombination	 processes	 through	 intermediate	 states	 in	 the	 band-gap	 of	

semiconductors	(defect	states)	are	of	crucial	importance	for	electronic	devices.	The	theory	

of	electron-hole	pair	recombination	through	recombination	centers	(traps)	was	put	forth	in	

50s	of	the	last	century	in	the	well-known	works	by	Shockley-Read-Hall	(SRH)	[2].	They	can	

either	be	beneficial,	when	they	are	exploited	for	a	desired	effect,	or	detrimental,	when	they	

tend	 to	 decrease	 device	 performance.	 In	 both	 cases,	 it	 is	 essential	 to	 understand	 and	

control	 the	 reprocesses.	 An	 elegant	 and	 powerful	 description	 of	 such	 processes	 was	

developed	by	Shockley,	Read	and	Hall	and	their	theory	has	become	a	foundation	for	studies	

of	defects	in	semiconductor	devices.	In	the	original	theory,	the	nature	of	the	transitions	is	

assumed	 to	 be	 non-radiative.	 When	 an	 electron	 falls	 from	 the	 conduction	 band	 into	 the	

intermediate	state,	its	energy	is	transferred	to	the	crystal	atoms,	through	multiple	emission	

of	 phonons.	 The	 opposite	 process,	 thermal	 emission,	 occurs	 when	 sufficient	 energy	 is	

transferred	from	crystal	vibration	to	the	electron	in	the	intermediate	state	for	it	to	rise	into	

the	 conduction	 band.	 However,	 intermediate	 states	 can	 involve	 other	 types	 of	 processes,	

most	importantly	radiative	transitions.		

The	increasing	interest	for	the	compound	semiconductors,	together	with	the	refinement	of	

the	characterization	methods,	such	as	Deep	Level	Transient	Spectroscopy	(D.L.T.S.),	has	led	

to	a	better	knowledge	of	the	many	different	deep	levels	which	one	can	find	in	the	forbidden	

band	 gap	 of	 the	 semiconductors	 [8].	 In	 the	 particular	 case	 of	 gallium	 arsenide	 numerous	

traps	have	been	classified	by	several	authors	nevertheless,	their	origin	is	known	only	for	a	

few	of	them	which	have	been	voluntarily	introduced	in	the	material	during	the	growth	and	

then	characterized.	The	influence	of	these	traps	on	the	optical	and	electrical	properties	of	

the	 semiconductor	 depends	 mainly	 on	 three	 characteristic	 properties	 of	 the	 level:	 its	

activation	 energy,	 concentration	 and	 capture	 cross-section	 for	 the	 free	 carriers.	 Another	

important	 stimulus	 for	 the	 study	 of	 deep	 levels	 is	 the	 search	 for	 recombination	 centers	

responsible	 for	 the	 discrepancy	 between	 the	 measured	 diffusion	 lengths	 and	 those	

expected	in	pure	GaAs	[6],	[9].		
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In	Shockley-Read-Hall	(SRH)	recombination,	the	recombination	of	electron-hole	pairs	may	

take	 place	 at	 localized	 traps	 with	 states	 in	 the	 band	 gap	 of	 the	 material.	 Those	 electrons	

captured	 in	 traps	 can	 be	 subsequently	 emitted	 back	 to	 the	 conduction	 band	 by	 thermal	

emission.	 This	 process	 involves	 the	 capture	 of	 electrons	 from	 the	 conduction	 band	 (or	

holes	from	the	valence	band)	by	the	trap,	followed	by	the	recombination	with	holes	in	the	

valence	 band	 (or	 electrons	 in	 the	 conduction	 band).	 When	 EHPs	 recombine,	 energy	 is	

released	 through	 phonon	 emission	 (heat)	 and	 the	 localized	 state	 is	 called	 the	

recombination	center.	If	the	localized	state	captures	free	carriers	temporarily	and	then	re-

emits	back	to	their	original	band,	the	Centre	is	called	a	free	carrier	trap.	The	localized	trap	

states	 may	 be	 created	 by	 deep	 impurities	 (introducing	 dopants),	 dislocations,	 radiation	

defects,	 grain	 boundaries,	 point	 defects	 and	 their	 complexes	 [10].	 The	 performance	 of	 a	

semiconductor	 material	 depends	 on	 the	 lifetime	 of	 free	 charge	 carriers	 generated	 by	 the	

interaction	of	light	with	the	material,	referred	to	as	the	excess	carrier	lifetime	(  [11] The	

generation	of	excess	carriers	in	a	semiconductor	may	be	accomplished	by	either	electrical	

or	 optical	 means.	 The	 inverse	 process	 to	 the	 generation	 of	 excess	 carriers	 in	 a	

semiconductor	 is	 the	 recombination.	 The	 annihilation	 of	 excess	 carriers	 generated	 by	

optical	or	electrical	means	in	a	semiconductor	may	take	place	via	different	recombination	

mechanisms	in	the	bulk.		

These	are:	Radiative	recombination,	in	which	the	energy	of	the	electron	is	given	as	photon	

during	 recombination,	 Shockley-Read-Hall	 (SRH)	 recombination	 in	 which	 energy	 of	 the	

electron	 is	 transferred	 to	 the	 lattice	 as	 heat	 or	 phonon	 during	 recombination	 and	 Auger	

recombination	 in	 which	 the	 energy	 of	 the	 electron	 or	 hole	 is	 transferred	 to	 other	 charge	

carries	during	recombination.	Of	 these,	 the	 first	 two	recombination	mechanisms	are	two-

carrier	processes	while	the	third	one	is	a	three-carrier	process	(V.	K.	Khanna,	2004).	For	a	

steady	 state	 condition,	 the	 excess	 carrier	 generation	 rate	 (Go)	 is	 equal	 to	 their	 reverse	

recombination	 rate	 (R).	 The	 photo-generated	 carrier	 concentration	 (∆n)	 in	 the	 entire	

sample	is	proportion	to	the	product	of	both	the	recombination	or	generation	rate	and	the	

excess	carrier	lifetime.		

The	 lifetime	 of	 charge	 carriers	 is	 one	 of	 the	 important	 parameters	 to	 characterize	 a	

material	 because;	 it	 plays	 a	 critical	 role	 in	 determining	 the	 semiconductor	 device	
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parameters.	 Carrier	 lifetime	 is	 dependent	 upon	 a	 number	 of	 quantities	 and	 conditions	

which	are	characteristic	 in	 the	nature	of	 semiconductor	materials	and	 the	recombination	

process.	 These	 quantities	 and	 conditions	 include	 excess	 carrier	 density,	 the	 type	 of	 light	

source,	 sample	 thickness	 and	 temperature.	 The	 basic	 method	 to	 measure	 the	 lifetime	

depending	 on	 the	 way	 that	 an	 excess	 of	 carriers	 (electrons	 and	 holes)	 is	 created	 in	 the	

semiconductor	 is	 using	 the	 expression	 for	 the	 balance	 between	 generation	 and	

recombination	to	calculate	the	lifetime	[6].	

1.2 Objectives 

The	main	objective	of	this	study	is	in	general	to	determine	the	effects	of	deep	levels	optical	

emissions	 of	 free	 carriers	 on	 the	 photo-responses	 semiconductor,	 whereas,	 the	 specific	

objectives	of	this	study	includes:	

 the	study	of	the	free	carriers	trapping	effect	at	different	localized	states	in	the	band	

gap	of	a	semiconductor	at	different	temperature,	

 the	study	of	the	effects	of	different	localized	states	on	the	excess	carrier	SRH	lifetime	

at	different	temperatures,	

 the	 effects	 of	 the	 localized	 state	 density	 versus	 the	 doping	 density	 on	 the	 excess	

carriers	SRH	lifetime,	

 the	study	of	the	effect	of	 injection	levels	on	the	excess	carriers	Shockley-Read-Hall	

(SRH)	lifetime.		

1.3 Thesis outlines 

This	thesis	organized	into	five	chapters.	Chapter	two	includes	review	of	related	literatures.	

It	 deals	 with	 the	 theory	 of	 energy	 bands	 of	 the	 semiconductor,	 thermal	 equilibrium	 and	

non-thermal	 equilibrium	 properties	 of	 semiconductors	 and	 generation-recombination	

mechanisms	of	free	carriers	for	photo-response	of	semiconductors.	Chapter	three	presents	

the	over-all	methodology	by	which	important	data	is	collected	and	analyzed.	Chapter	four	

covers	the	results	and	discussion	of	the	study.	Chapter	five	gives	the	conclusions	of	entire	

parts	of	this	work	and	describes	the	results	obtained	in	chapter	4.	
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Chapter 2 : Literature Review 

2.1 Semiconductors property 

The	electron-hole	pairs,	in	the	semiconductors	can	be	created	by	either	thermal	or	optical.	

The	equilibrium	carrier	density	for	both	electrons	and	holes	can	also	be	expressed	in	terms	

of	 the	 intrinsic	 carrier	 density	 and	 the	 electrostatic	 potential.	 We	 have	 determined	 the	

thermal	 equilibrium	 concentration	 of	 electrons	 and	 holes	 in	 the	 conduction	 and	 valence	

bands.	 In	 thermal	 equilibrium,	 these	 concentrations	 are	 independent	 of	 time.	 However,	

electrons	 are	 continually	 being	 thermally	 excited	 from	 the	 valence	 band	 into	 the	

conduction	band	by	the	random	nature	of	the	thermal	process.	At	the	same	time,	electrons	

moving	randomly	through	the	crystal	in	the	conduction	band	may	come	in	close	proximity	

to	 holes	 and	 fall	 into	 the	 empty	 states	 in	 the	 valence	 band.	 Since	 the	 net	 carrier	

concentrations	are	independent	of	time	in	thermal	equilibrium,	the	rate	at	which	electrons	

and	 holes	 are	 generated	 and	 the	 rate	 at	 which	 they	 recombine	 must	 be	 equal.	

Semiconductors	 have	 a	 distinctive	 band	 structure	 the	 Fermi	 energy	 lies	 between	 the	

conduction	 and	 valence	 band	 in	 the	 band	 gap	 [12].	 The	 band	 gap	 is,	 also	 known	 as	

forbidden	 energy	 band	 and	 electrons	 are	 absents	 in	 the	 band	 gap.	 It	 is	 defined	 as	 the	

minimum	energy	needed	for	an	electron	to	shift	 from	the	valence	band	to	the	conduction	

band.	 Band	 gap	 in	 semiconductors	 usually	 ranges	 between,	 less	 than	 the	 band	 gap	 in	

insulators,	 while	 more	 than	 the	 band	 gap	 in	 conductors	 [13].	 But	 in	 non-equilibrium	

condition	 is	 established	 when	 an	 external	 excitation	 is	 applied	 to	 the	 semiconductor	

specimen.		

As	 the	temperature	 increases,	however,	some	electrons	will	be	thermally	excited	 into	the	

empty	conduction	band	where	there	is	an	abundance	of	unoccupied	states.	Therefore,	the	

electrons	can	act	as	mobile	carriers;	they	can	drift	in	the	crystal	lattice	under	the	effect	of	

an	 applied	 electric	 field	 and	 there	 by	 contribute	 to	 the	 electric	 current,	 allowing	 the	

remaining	 electrons	 in	 the	 valence	 band	 to	 exchange	 places	 with	 each	 other	 under	 the	

influence	 of	 an	 electric	 field	 [14].	 The	 material	 behaves	 as	 a	 semiconductor	 whose	

conductivity	 increases	 sharply	 with	 temperature	 as	 an	 increasing	 number	 of	 mobile	
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carriers	are	thermally	generated.	Example,	excess	electron-hole	pairs	can	be	generated	in	a	

semiconductor	 by	 the	 absorption	 of	 photons	 with	 energies	 greater	 than	 the	 band	 gap	

energy	[15].	

2.2 Thermal Equilibrium properties of Semiconductor 

In	this	section,	the	description	of	some	common	properties	of	semiconductor	materials	like	

the	energies	of	the	charge	carriers,	the	photo	generated	carrier,	shallow	level	and	the	deep	

level	optical	emissions	of	free	carriers	will	be	discussed.	

2.2.1 Energy band gap of Semiconductor 

The	 band	 gap	 can	 be	 thermally	 populated	 with	 both	 electrons	 and	 holes	 as	 the	 Fermi	

energy	 level	 is	 near	 enough	 to	 both	 bands.	 There	 are	 two	 types	 band	 gap	 in	

semiconductors:	 direct	 or	 indirect	 band	 gap.	 A	

direct	 band	 gap	 is	 distinguished	 by	 having	 the	

band	 edges	 aligned	 in	 k,	 so	 that	 an	 electron	 can	

transit	 from	 the	 valence	 band	 to	 the	 conduction	

band.	On	the	other	hand,	in	the	indirect	band	gap,	

the	 band	 edges	 are	 not	 aligned	 so	 the	 electron	

does	not	transit	directly	to	the	conduction	band,	

both	a	photon	and	a	phonon	are	involved.	

Figure 2-1:	Direct	and	indirect	band	gap	semiconductors	[5].	

In	 crystalline	 solids,	 the	 energy	 band	 gap	 between	 the	 valence	 band	 maximum	 and	

conduction	band	minimum	is	referred	to	as	energy	band	gap	which	is	given	by	[16].	

�� = �� − ��,	 (2-1) 

When	band	gap	light	 is	absorbed	by	a	semiconductor,	charges	move	between	the	valence	

band	 and	 conduction.	 A	 contraction	 of	 the	 crystal	 lattice	 with	 decreasing	 temperature	

usually	 leads	 to	a	strengthening	of	 the	 inter	atomic	bonds	and	associated	 increase	 in	 the	

band	gap	energy.		
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The	 first	 empirical	 relation	 for	 the	 band	 gap	 shift	 with	 temperature	 was	 developed	 by	

varshni	et	al. ��(T)	is	related	by	the	relation	[17],	[5]	

��(�)= ��(0)−	
���

� + �
	 (2-2) 

Where	�	and	�	are	constant	and	��(0)	is	the	limiting	value	of	the	band	at	zero	Kelvin,	the	

absorption	 coefficient	 α	 is	 a	 property	 of	 a	 material	 which	 defines	 the	 amount	 of	 light	 it	

absorbs.	Then	��(0)	is	1.170	eV	at	0	K,	α	=	4.73x10-4	eV/K,	β	=	636	K	and	the	energy	band	

gap	at	room	temperature	(300K)	is	equal	to	1.125	eV	for	Si	semiconductor.	

In	such	away,	the	valance	band	and	the	conduction	band	energies	determined	from	eqns.	

(2-1)	and	(2-2)	are	given	by:	

��(�)= 	
���

2(� + �)
,																��(�)= ��(0)−	

���

2(� + �)
.	 (2-3) 

2.2.2 Thermal equilibrium carrier concentration 

The	concentration	of	electrons	and	holes	in	semiconductor	are	determined	by	many	factor	

including	the	band	gap	and	band	structure	of	the	semiconductor,	types	and	concentrations	

of	 the	 impurities	 doped	 in	 semiconductor,	 temperature	 and	 external	 disturbances	 to	 the	

semiconductor.	 Then	 thermal	 equilibrium	 is	 used	 to	 describe	 the	 unperturbed	 state	 of	

system,	 to	which	no	external	voltage,	 illumination,	or	other	perturbing	 forces	are	applied	

[18],	[19].	Therefore,	thermal	equilibrium	concentration	of	electron	and	hole	in	conduction	

and	valence	band	are	independent	of	time.	In	semiconductors	the	energy	of	valance	band	

and	 the	 conduction	 band	 are	 used	 to	 determine	 the	 concentration	 carriers.	 In	 thermal	

equilibrium	 electron-hole	 pairs	 are	 constantly	 being	 formed	 and	 destroyed.	 For	 a	 non-

illuminated	 semiconductor	 in	 thermal	 equilibrium,	 the	 concentration	 of	 electron	 in	 the	

conduction	 band	 is	 ��	 and	 holes	 in	 valence	 band	 is		��.	 These	 concentrations	 remain	

constant	 due	 to	 the	 equilibrium	 between	 generation	 and	 recombination	 processes.	 The	

thermal	 equilibrium	 electron	 concentration,	 n0	 in	 the	 conduction	 band	 and	 thermal	

equilibrium	 holes	 concentration,	 p0	 in	 the	 valence	 band	 for	 the	 non-degenerate	

semiconductor	case	can	be	simplified	to	[20],	
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�� = 	��exp�−
���	��
���

�			,																	�� = �� exp�−
�� − ��
���

�,	 (2-4) 

where,	 NV	 the	 effective	 density	 of	 valence	 band	 states	 and	 NC	 the	 effective	 density	 of	

conduction	band	states	is	the	expression	for	the	equilibrium	holes	density	in	valence	band	

and	electrons	density	in	conduction	band	to	be	as:	

Where	��
∗ 	and	��

∗ 	are	effective	mass	of	electrons	in	conduction	band	and	holes	in	valence	

band,	respectively.	The	density	of	state	function	in	the	conduction	and	valence	of	band	of	

semiconductor	 provided	 that	 free	 electron	 mass	 either	 the	 electrons	 density	 of	 state	

effective	mass	(��
∗ )	in	the	conduction	band	or	holes	density	of	state	effective	mass	(��

∗)	in	

the	valence	band.	The	effective	masses	 for	holes	and	electrons	of	states	of	Si	are	given	in	

[21],	[22],	as:	

��
∗ = 1.15��,																��

∗ = 1.08��.	 (2-6) 

Where,	��	is	the	rest	mass	of	electron	which	is	equal	to	9.11	×	10-31kg.	

2.2.3 Intrinsic semiconductors 

Semiconductors	are	considered	to	be	as	intrinsic	semiconductors	if	it’s	thermally	generated		

carrier	 density	 represented	 by	��	is	 much	 larger	 than	 the	 background	 doping	 or	 residual	

impurity	densities.	At	zero	temperature	(T=0),	an	intrinsic	semiconductor	behaves	like	an	

insulator	because	the	conduction	band	states	are	totally	empty	and	the	valence	band	states	

are	completely	filled.	However,	as	the	temperature	increases,	some	of	the	electrons	in	the	

valence	band	states	are	excited	into	the	conduction	band	states	by	thermal	energy,	leaving	

behind	an	equal	number	of	holes	in	the	valence	band.	Suppose	that	� 	is	the	concentration	

of	 electron	 hole	 pairs	 thermally	 generated	 in	 the	 respective	 bands	 and	 ��	is	 the	

concentration	 of	 electron	 hole	 annihilated	 after	 the	 generation,	 the	 free	 carrier	

concentrations	in	the	conduction	and	valence	bands	adjust	for	the	intrinsic	semiconductor	

to	be:		

�� = 2�
2���

∗���

ℎ�
�

�/�

,																�� = 2�
2���

∗���

ℎ�
�
�/�

	 (2-5) 



 

10 
 

Since	the	non-degenerate	relations	are	obviously	valid	for	an	intrinsic	semiconductor,	the	

intrinsic	carrier	concentrations	are	given	as	follows:	

where,	��	is	intrinsic	energy	level	and	��	is	Boltzmann	constant	which	is	equal	to	1.38	×10-

23J/K.	

The	intrinsic	Fermi	energy	derived	from	(2-7)	as	follows:	

which	 indicates	 that	 if	��
∗=	��

∗ 	 or	 T	 =	 0	 the	 Fermi	 level	 in	 an	 intrinsic	 semiconductor	 is	

positioned	at	mid-gap.	 In	real	cases	��
∗ 	 ≠ 		��

∗ 	 ,	 resulting	 in	small	deviation	of	 the	Fermi	

level	 from	 mid-gap.	 The	 equilibrium	 density	 of	 electrons	 and	 holes	 in	 a	 non-degenerate	

semiconductor	is	constant	at	a	given	temperature.	The	product	of	the	electrons	and	holes	

density,	in	a	non-degenerate	semiconductor	at	equilibrium,	is	always	equal	to	the	square	of	

the	intrinsic	carrier	density	[23].	

The	intrinsic	carrier	density	(which	is	specific	to	a	given	semiconductor)	 is	related	to	the	

effective	density	of	conduction	and	valence	band,	i.e.	

This	 relationship,	 referred	 to	 as	 the	 law	 of	 mass	 action,	 which	 allows	 (at	 thermal	

equilibrium)	to	determine	the	electron	density	if	the	hole	density	is	known	or	vice	versa.	It	

should	 be	 noted	 that	 this	 equation	 signifies	 that,	 the	 electron-hole	 pairs	 may	 be	

continuously	 generated	 and	 recombined;	 the	 product	 of	 the	 concentration	 (averaged	 in	

time)	 stays	 constant.	 This	 equation	 also	 indicates	 that,	 for	 a	 non-degenerate	 material	 in	

equilibrium,	 the	 ����	 product	 depends	 on	 the	 effective	 conduction	 and	 valence	 band	

densities	 of	 states,	 the	 energy	 band	 gap	 of	 a	 semiconductor,	 and	 the	 temperature.	 It	 is	

independent	of	the	Fermi	

�� ≈ 	� −	��	 = �� = 	 ��.		 (2-7) 

�� = 	��exp�−
���	��
���

�	= 	��exp�−
���	��
���

�,	 (2-8) 

�� = 	
�� + ��

2
+
3

4
���	ln�

��
∗

��
∗
�,	 (2-9) 

�� = ����� = �����exp�
−��

���
�	 (2-10) 
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level	position	and	of	the	individual	electrons	and	holes	densities.	In	other	words,	the	����	

product	is	constant	at	a	given	temperature	regardless	of	doping.	

2.2.4 Extrinsic Semiconductors 

Semiconductors	 doped	 with	 foreign	 atoms	 to	 change	 their	 intrinsic	 electron	 and	 hole	

concentrations.	By	doping,	a	crystal	can	be	altered	so	that	it	has	a	predominance	of	either	

electrons	or	holes.	There	are	two	types	of	doped	semiconductors,	n-type	(mostly	electrons)	

and	 p-type	 (mostly	 holes).	 When	 a	 crystal	 is	 doped	 such	 that	 the	 equilibrium	 carrier	

concentration	��	is	different	from	the	intrinsic	carrier	concentration	��	the	material	is	said	

to	be	extrinsic.	

When	 impurities	 or	 lattice	 defects	 are	 introduced	 into	 an	 otherwise	 perfect	 crystal,	

additional	levels	are	created	in	the	energy	band	structure,	usually	within	the	band	gap.	This	

level	is	filled	with	electrons	at	0K	and	very	little	thermal	energy	is	required	to	excite	these	

electrons	to	the	conduction	band	[24],	[25].	In	the	carrier	concentration	by	doping	rather	

than	by	thermal	electron	hole	pair	generation.	Thus,	one	usually	dopes	the	material	such	

that	the	extrinsic	range	extends	beyond	the	highest	temperature	at	which	the	device	is	to	

be	 used	 [26].	The	most	 important	and	unique	 feature	of	a	semiconductor	material	 lies	 in	

the	fact	that	its	electrical	conductivity	can	be	readily	changed	by	many	orders	of	magnitude	

by	 simply	 doping	 the	 semiconductor	 with	 shallow-donor	 or	 shallow	 acceptor	 impurities.	

The	deep	level	centers	can	be	donor-like	(positively	charged	when	empty	and	neutral	when	

filled	 with	 an	 electron),	 acceptor-like	 (neutral	 when	 empty	 and	 negatively	 charged	 when	

filled	 with	 an	 electron),	 or	 may	 exhibit	 multiple	 charge	 states	 with	 associated	 multiple	

levels	in	forbidden	gap.		

As	 discussed	 above,	 adding	 donor	 or	 acceptor	 impurity	 atoms	 into	 semiconductor	 will	

change	the	distribution	of	electrons	and	holes	in	the	material,	and	as	a	result,	the	position	

of	 Fermi	 energy	 will	 change.	 By	 equating	 with	 each	 other	 Eqns.	 (2-4),	 (2-5)	 and	 (2-10)	

yields	[27]:	

�� = 	��exp�−
���	��
���

�,																												�� = �� exp�−
�� − ��
���

�	 (2-11) 
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The	law	of	mass	action,	Eqn.	(2-10)	allows	one	to	calculate	the	minority	carrier	density	in	

an	extrinsic	semiconductor	when	the	majority	carrier	density	is	known	[23].	

In	 extrinsic	 semiconductor,	 Fermi	 level	 is	 close	 to	 conduction	 band	 (n-type)	 or	 valence	

band	(p-type).	The	thermal	equilibrium	extrinsic	Fermi-level,	��	can	also	be	described	from	

Eqn.	(2-12)	in	terms	of	��	and	the	thermal	equilibrium	carrier	concentrations	as:	

As	 the	 charge	 carrier	 concentrations	 change,	 the	 position	 of	 the	 extrinsic	 Fermi	 energy	

level	 varies	 within	 the	 band	 gap	 until	 the	 system	 reaches	 thermal	 equilibrium.	 (2-13)	

shows	that	��	lies	above	��	for	�-type	material	(�� > ��)	and	below	��	for	� −	type	material	

(�� < ��	)	[28].		

2.2.5 Statistics of Donors and Acceptors 

The	 shallow	 donor-acceptor	 levels	 emit	 their	 electrons	 (holes)	 to	 the	 conduction	 band	

(valence	band)	where	they	travel	freely	and	contribute	to	the	conductivity.	The	free	charge	

carriers	may	be	trapped	by	deeper	levels,	where	they	are	frozen	out	unless	enough	thermal	

energy	 is	 provided	 to	 excite	 them	 back	 to	 the	 bands	 again.	 Deeper	 located	 levels	 can	

interact	with	both	bands	easily	and	the	free	charge	carriers	may	use	these	defect	states	as	

recombination	 path.	 The	 donor	 electron	 can	 also	 interact	 directly	 with	 a	 hole,	 thus	 the	

charge	 carriers	 recombine	 without	 contributing	 to	 conduction	 or	 charge	 carrier	

compensation	takes	place	[19].	

The	density	of	electrons	in	a	shallow-donor	state	is	given	by:	

M inority	carrier	density =

⎩
⎪
⎨

⎪
⎧

	

��
�

��
	

,					for	p − type	m aterial,

��
�

��
,				for	n − type	m aterial.

�	 (2-12) 

�� = �� −��� ln�
��
��
� = �� + ��� ln�

��
��
�.	 (2-13) 

�� =
��

1 +
1
��
exp�

�� − ��
���

�
	 (2-14) 
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where	��	is	the	density	of	electrons	occupying	the	donor	level,	��	is	the	concentration	of	

donor	atoms,	��	is	the	energy	of	the	donor	level	and	��	is	the	donor-site	degeneracy	factor.	

The	concentration	of	ionized	donors	��
�	is	then:	

When	 a	 singly	 ions-able	 donor	 captures	 an	 electron	 it	 becomes	 neutral,	 and	 when	 it	

releases	 an	 electron,	 it	 becomes	 positively	 charged.	 Using	 the	 same	 analysis,	 the	

concentration	of	ionized	acceptors	becomes:	

where	��is	the	density	of	holes	bound	to	acceptors,	��	the	concentration	of	acceptor	atoms,	

the	 energy	 of	 the	 acceptor	 level	 relative	 to	 the	 valence	 band,	 ��
� the	 concentration	 of	

ionized	acceptor	atoms	and	��	is	the	acceptor-site	degeneracy	factor.	When	a	singly	ions-

able	 acceptor	 captures	 an	 electron	 it	 becomes	 negatively	 charged,	 and	 neutral	 when	 it	

releases	 the	 electron.	 Most	 authors	 set	�� = 2	 to	 account	 for	 the	 spin	 degeneracy	 at	 the	

donor	sites	(only	one	parabolic	band	at	the	conduction	band	edge).	It	is	likewise	standard	

practice	to	argue	that	the	acceptor	sites	must	additionally	reflect	the	two	fold	(heavy-	and	

light-hole)	 degeneracy	 of	 the	 valence	 band.	 Thus,	 the	 acceptor	 degeneracy	 factor	

is	�� = 2x2 = 4.	

Hence,	 the	densities	of	 the	 ionized	 impurities	at	both	the	donor	and	acceptor	centers	are	

given	by:	

At	sufficiently	high	 temperatures	 in	p-type	material,	 all	 the	 acceptors	are	 ionized,	 so	 that	

��
� ≈ ��	or	�� ≈ 0.	This	leads	to	the	conditions	�� − �� resulting	in	the	Fermi	level	lying	

above	 the	 acceptor	 level	 for	 p-type	 materials.	 In	 the	 same	 way	 it	 can	 be	 shown	 that	

��
� = �� − �� = 	

��

1 + �� exp�
�� − ��
���

�
.	 (2-15) 

��
� = �� − �� =

��

1 + �� exp�
�� − ��
���

�
		,	 (2-16) 

��
� = 	

��

1 + 2 exp�
�� − ��
���

�
	,	 (2-17) 

��
� =

��

1 + 4 exp�
�� − ��
���

�
	.	 (2-18) 
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complete	 ionization	 of	 donors	 for	 n-type	 materials	 satisfies	 the	 conditions,	 ��
� = ��	 or	

�� ≈ 0	 and	 thus,	 �� ≫ ��. For	 complete	 freeze-out	 at	 very	 low	 temperatures	 in	 p-type	

material	 assuming	zero	 or	negligible	 compensation,	all	 the	 acceptors	are	neutralized;	 i.e.,	

�� ≈ ��	or	��
� ≈ 0	 .	This	again	 leads	 to	 the	conditions	�� − �� > 0	or	�� > ��	 ,	with	 the	

Fermi	 level	 below	 the	 acceptor	 level.	 Similarly,	 for	 n-type	 materials	 at	 very	 low	

temperature,	 it	 can	 be	shown	 that	��	 ≈ �� or	��
� ≈ 0	and	 the	 Fermi	 level	 lies	 above	 the	

donor	level	(�� < ��).	

2.2.6 Charge neutrality 

Under	thermal	equilibrium,	the	electrons	are	distributed	among	the	various	energy	states,	

creating	negative	and	positive	charges,	but	the	net	charge	density	is	zero.	Figure	2-2	shows	

the	energy	band	diagrams	for	intrinsic	and	compensated	p-type	semiconductors	at

	

(a)	 																																																(b)																																																						(c) 

Figure 2-2:	Energy	band	diagrams	for	intrinsic	and	compensated	p-type	semiconductors	at	(a)	low,	(b)	intermediate	and	

(c)	high	temperature.	Free	(conduction)	electrons	are	represented	by, ,	free	(conduction)	holes	are	represented	by, ,	

bound	 electrons	 (charged	 acceptor	 states)	 are	 represented	 by, ,	 and	 bound	 holes	 (charged	 donor	 states)	 are	

represented	by, .		

	

(a)	 low	 (b)	 intermediate	 and	 (c)	 high	 temperature.	 This	 helps	 to	 understand	 how	 the	

addition	 of	 donor	 and	 acceptor	 impurities	 changes	 the	 distribution	 of	 free	 electrons	 and	

holes.	Assuming	a	system	with	no	 free	carriers	 trap	center,	with	the	 ionization	of	donors	

and	 acceptors,	 additional	 electrons	 and	 holes	 are	 added	 to	 the	 conduction	 and	 valence	

bands.	 When	 free	 electron-hole	 pairs	 annihilate	 through	 recombination,	 the	 free	 carrier	
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concentrations	in	the	conduction	and	valence	bands	adjust	for	the	intrinsic	semiconductor	

to	Eqn.	(15).	For	the	extrinsic	semiconductors	this	takes	the	form:	

�� = 	��
� + � − ��										and										�� = 	��

� + � − ��,	 (2-19) 

Where	��	is	the	concentration	of	the	total	electron-hole	pairs	being	annihilated	each	other	

after	 the	 donors	 and	 the	 acceptors	 are	 being	 ionized,	 � 	is	 the	 concentration	 of	 electron-

hole	 pairs	 thermally	 generated	 from	 band	 to	 band,	��
�	 and	��

�	 are	 the	 densities	 of	 free	

electrons	 and	 holes	 contributed	 by	 the	 donor	 and	 the	 acceptor	 levels	 to	 the	 respective	

conduction	 and	 valence	 bands.	 Upon	 eliminating	 � − ��	in	 Eqn.	 (19),	 the	 well-known	

neutrality	relationship	is	obtained:	

n� + ��
� = 	�� + 	��

�	 (2-20) 

The	density	of	the	ionized	impurities	at	both	the	donor	and	acceptors	are	given	by:	

��
� =

��

1 + 2 exp�
�� − ��
���

�
											and										��

� =
��

1 + 4 exp�
�� − ��
���

�
	.	 (2-21) 

The	law	of	mass	action	Eqn.	(10)	along	with	Eqn.	(19)	yields:	

�� =
��
� − ��

�

2
���

� + �
��
� − ��

�

2
�

�

,											�� =
��
� − ��

�

2
���

� + �
��
� − ��

�

2
�

�

	 (2-22) 

For	very	high	acceptor	 impurity	concentration	��
� ≫ ��

�	and	��
� > ��,	Equation	 (22)	can	

be	simplified:	

�0

��
	 ≈

��
�

��
+
��
���

	> 1,			 ⇒ �0 > ��,
�0

��
	 ≈

��
���

< 1, ⇒ �0 < ��	 (2-23) 

It	 can	 be	 seen	 from	 Eqn.	 (23)	 that	 the	 addition	 of	 different	 acceptor	 and	 donor	 impurity	

concentrations	 to	 the	 semiconductor	 increases	 the	 majority	 carrier	 concentration	 above	

the	 intrinsic	 level	 and	 decreases	 the	 minority	 carrier	 concentration	 below	 the	 intrinsic	

level.	 If	 the	 acceptor	 and	 the	 donor	 impurity	 concentrations	 are	 equal	 (i.e.	 completely	

compensated	material),	Eqn.	(22)	becomes:	

�� = �� ≈ ��.	 (2-24) 

For	 p-type	 material,	 the	 Fermi	 level	 lies	 below	 mid-gap	 (closer	 to	 the	 valence	 band)	 as	

discussed	�� ≪ ��.		
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The	density	of	the	ionized	impurities	at	acceptors	is	given	by:	

��
� = ��exp	 �

�����
���

�									and										��
� =

��

1 + �
�
exp�

�� − ��
���

�
.	 (2-25) 

Here	��	is	the	acceptor	degeneracy	factor.	For	Si:	��=	4.	The	Fermi	energy	level,	EF	or	more	

accurate	 an	 acceptor	 chemical	 potential	 (���). In	 semiconductor	 physics	 the	 term	 Fermi	

level	is	a	material	property	which	is	often	used	instead	of	chemical	potential.	Where	Fermi	

level	 is	 temperature	 independent	 while Chemical	 potential	 is	 temperature	 dependent.	

Equating	 the	 right	 and	 the	 left	 hand	 sides	 of	 equation	 (2-25)	 and	 solving	 the	 Chemical	

potential	is	given	by:	

��� = �� − ���	ln�
��
2��

�−1 + �1 + 4��
��
��

exp�
∆��
���

���	 (2-26) 

and	the	solved	ionized	impurities	at	acceptors	are	given	by:		

��
� =

��
2��

�−1 + �1 + 4��
��
��
� exp�

∆��
���

�.	 (2-27) 

The	 majority	 carrier	 density	 or	 the	 holes,	 ��	 in	 an	 extrinsic	 semiconductor	 for	 very	 high	

acceptor	impurity	concentration	��
� ≫ ��

�	equation	(2-22)	can	be	simplified:	

�� =
��
�

2
���

� + �
��
�

2
�
�

.	 (2-28) 

The	law	of	mass	action,	Eqn.	(2-10)	allows	one	to	calculate	the	minority	carrier	density	in	

an	extrinsic	semiconductor	when	the	majority	carrier	density	is	known:	

�� = 	
��
�

��
.	 (2-29) 

At	sufficiently	low	temperatures,	��,��,			and	��
�	all	vary	with	temperature,	and	as	a	result	

the	 intrinsic	 concentration	 ��	also	 increases	 with	 temperature.	 This	 region	 in	 which	

��
�	varies	with	temperature	is	called	the	partial	ionization	region.	When	the	temperature	is	

increased	 beyond	 the	 partial	 ionization	 region,	 there	 is	 the	 chance	 of	 ionized	 acceptor	
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carriers’	 equality	 with	 the	 holes	 impurities	 carriers.	 After	 a	 while	 the	 concentrations	 of	

holes	 and	 electrons	 increase	 by	 the	 same	 amount	 due	 to	 the	 increment	 in	 intrinsic	

concentration	 but	 the	 ionized	 acceptor	 continued	 remains	 constancy.	 Upon	 a	 further	

increase	in	temperature	(beyond	the	extrinsic	region),	the	intrinsic	concentration	��	begins	

to	dominate.	Both	the	majority	and	minority	carrier	concentrations	approach	the	intrinsic	

concentration	and	the	semiconductor	enters	a	quasi-intrinsic	region.	Figure	2-3	shows	(a)	

two	regions	in	which	a	simulation	of	the	ionized	acceptor	partial	ionization	and	continued	

remains	constancy	with	acceptor	concentration,	(b)	 four	regions	 in	which	a	simulation	of	

variations	in	majority	carrier	concentration	varies	as	a	function	of	temperature	for	the	p-

type	 semiconductor	 of	 acceptor	 density	10��	cm��	being	 analyzed.	 Region	 I	 is	 a	 range	 in	

which	 Na
�	 varies	 with	 temperature	 (partial	 ionization	 region).	 Region	 II	 in	 Figure	 2-3	 in	

both	(a)	and	(b)	is	the	temperature	range	of	extrinsic	region	in	which	the	acceptor	level	is	

completely	 ionized	 (complete	 ionization	 region).	 Region	 III	 in	 (b)	 is	 the	 transition	 region	

between	the	completely	ionization	and	intrinsic	regions.	The	boundaries	of	this	region	are	

not	 clearly	 defined	 [11].	 Region	 IV	 in	 (b)	 is	 the	 region	 in	 which	 both	 the	 majority	 and	

minority	 carrier	 concentrations	 become	 equal	 and	 approach	 the	 intrinsic	 concentration	

(quasi-intrinsic	region).		

	

 

Figure 2-3:	 (a)	 two	 regions	 in	 which	 a	 simulation	 of	 the	 ionized	 acceptor	 partial	 ionization	 and	 continued	 remains	

constancy	 with	 acceptor	 concentration	 (b)	 four	 regions	 in	 which	 a	 simulation	 of	 variations	 in	 majority	 carrier	

concentration	varies	as	a	function	of	temperature	for	p-type	semiconductor	of	acceptor	density	10��	����	being	analyzed	

using	eqns.(2-10),(2-17),(2-18)	and	(2-19).	
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2.2.6 Shallow and Deep levels 

Shallow	 levels	 in	 semiconductors	 are	 commonly	 defined	 as	 those	 levels	 in	 the	 forbidden	

gap	 which	 lie	< 	0.1eV	 from	the	 valance	 or	 the	 conduction	 band-edges.	Thus,	 these	 levels	

are	 ionized	at	room	temperature.	These	 levels	behave	as	hydrogen-like	 levels	and	can	be	

adequately	 described	 by	 the	 effective	 mass	 theory,	 in	 which	 the	 effective	 	 mass	 	 of	 	 the		

carriers		is		much		larger		or		much		smaller	than	m0.  	

Since	 these	 levels	 have	 very	 low	 activation	 energies	 so	 they	 provide	 free	 charge	 carriers	

making	the	semiconductor	n-	or	p-type.	Commonly	shallow	levels	are	obtained	by	adding	

an	 impurity	 	 	atom	has,	 in	 its	outermost	shell,	one	electron	 in	excess	or	one	electron	 less	

than	in	the	host	atoms	in	the	host	atoms	electronic	configuration.	

If	 the	 energy	 levels	 introduced	 in	 the	 forbidden	 gap	 of	 a	 semiconductor	 lie	 greater	 than	

0.1eV	 from	 the	 valance	 or	 the	 conduction	 band-edges,	 the	 level	 is	 referred	 to	 as	 a	 deep	

level.	One	major	difference	between	a	shallow	and	a	deep	level	is	that	a	deep	level	cannot	

be	described	by	the	effective	mass	theory	because	of	its	higher	ionization	energies;	they	do	

not	 contribute	 so	 much	 to	 the	 conduction	 mechanism	 like	 the	 shallow	 levels	 [29],	 [30].	

Deep	levels,	on	the	other	hand,	can	be	very	important	 in	controlling	certain	properties	of	

the	semiconductor.	They	are	can	be	formed	by	either	introduction	of	 impurities	or	be	the	

result	 of	 inherent	 crystal	 defects.	 They	 may	 behave	 as	 carrier	 traps	 or	 as	 generation	

recombination	centers	if	they	are	near	to	mid-band-gap.	As	traps	they	capture	free	carriers	

supplied	 by	 the	 doping	 atoms,	 thus	 compensating	 the	 shallow	 levels	 and	 reducing	 the	

effective	doping	density.	This	increases	the	resistivity	of	the	material	and	could,	therefore,	

have	a	detrimental	effect.	However,	for	very	high	levels	of	compensation	the	material	takes	

on	 intrinsic-like	 properties.	 They	 behaving	 as	 recombination	 centers	 may	 also	 be	 either	

beneficial	or	detrimental.		

Deep	 levels	 can	 be	 characterized	 by	 three	 major	 parameters:	 the	 activation	 energy	 (EA)	

which	is	related	to	the	position	of	the	level	in	the	band-gap;	its	concentration	(NT)	and	its	

capture	 cross-section	 (σ)	 for	 carriers	 which	 provide	 a	 measure	 of	 the	 ability	 of	 the	 deep	

level	to	trap	carriers.	
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2.3 Photo-response of semiconductors 

The	 interaction	 of	 light	 with	 matter	 can	 be	 viewed	 macroscopically	 as	 consisting	 of	 four	

components:	incident,	reflected,	transmitted	and	absorbed	(or	scattered)	components.	The	

photo-response	 of	 the	 material	 can	 be	 measured	 through	 the	 change	 in	 the	

photoconductivity	 due	 to	 the	 photo-generated	 free	 carriers.	 In	 this	 section,	 the	 effect	 the	

recombination	of	 free	 carriers’	 causes	on	 the	 performance	of	 semiconductor	 is	 described	

by	the	energy	and	doping	effects	dependence	on	the	photo-response.	

2.4 Generation-Recombination Mechanisms of Free Carriers 

In	this	thesis	study	also,	when	photons	with	energies	greater	than	or	equal	to	the	band	gap	

energy	 are	 absorbed	 in	 a	 semiconductor,	 electron-hole	 pairs	 are	 generated.	 The	 excess	

charge	carriers	generated	by	absorption	of	photons	are	known	as	photo	generated	carriers.	

The	photo-generated	carriers	can	dominate	the	conduction	processes	in	the	semiconductor	

material.	Because	of	the	existence	of	two	types	of	charge	carriers	in	semiconductors,	excess	

carriers	can	be	created	in	the	bulk	without	introducing	any	significant	space	charge.	A	large	

concentration	 of	excess	 carriers	can	 hence	be	maintained	 in	 a	semiconductor	under	non-

thermal	equilibrium	conditions,	and	this	alters	the	conduction	properties	of	the	specimen.	

While	 the	 photo	 generated	 carriers	 exist	 in	 their	 respective	 bands,	 they	 are	 free	 to	

contribute	to	the	conductivity	of	the	material	[31].	

The	study	of	the	optical	generation	and	recombination	of	excess	carriers	in	semiconductor	

is	 a	 crucial	 issue	 in	 study	 of	 the	 performance	 of	 the	 material.	 Recombination	 of	 charge	

carriers	 is	 the	 opposite	 of	 generation	 of	 charge	 carriers,	 representing	 mechanisms	 that	

reduce	the	excess	charge	density.	When	there	is	generation	of	charge	carriers,	it	is	always	

balanced	at	steady-state	by	the	recombination	of	charge	carriers.	Recombination	of	charge	

carriers	takes	place	both	in	the	bulk	and	at	the	surface	of	a	semiconductor.	In	deriving	our	

recombination	model,	it	has	been	assumed	that	the	semiconductor	is	non-degenerate	[27],	

[32]	
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2.4.1 Generation-recombination of excess carriers’ rate equation 

The	 mechanism	 by	 which	 electron-hole	 pairs	 annihilated	 is	 called	 recombination	

mechanism	[33],	[34].	The	rate	at	which	free	carriers	disappear	or	recombine	was	given	by	

the	 ratio	 of	 the	 free	 carrier	 concentration	 to	 excess	 carrier	 life	 time. In	 a	 steady-state	

situation	the	generation	and	recombination	rates	are	perfectly	balanced.	Electric	fields	and	

optical	energy	causes	electron	densities	and	velocities	to	be	different	from	the	equilibrium	

values.	 The	 time	 interval	 through	 which	 excess	 carrier	 can	 stay	 in	 conduction	 is	 called	

excess	 carrier	 lifetime.	 The	 excess	 carrier	 lifetime	 is	 an	 important	 parameter	 as	 it	

characterizes	the	quality	of	the	semiconductor	material	and	hence	affects	the	performance	

of	the	electron	devices	fabricated	from	it. Therefore,	for	many	applications,	it	is	necessary.	

Then,	 the	 carrier	 lifetime	 is	 the	 most	 important	 electronic	 property	 of	 semiconductor	

materials	 as	 fast	 method	 to	 characterize	 the	 material	 quality.	 The	 conductivity	 of	 the	

semiconductor	material	under	doping	and	illumination	in	this	study	used	for	determine	the	

excess	 carrier	 lifetime	 changes	 through	 localized	 states	 of	 the	 energy	 and	 trap	 via	

recombination	center	on	the	bulk	semiconductor. Excess	carrier	lifetime	is	dependent	upon	

a	 number	 of	 quantity	 and	 condition	 which	 are	 characteristic	 in	 nature	 of	 semiconductor	

material	and	recombination	process. These	quantities	and	condition	include	excess	carrier	

density,	the	activation	energy	(EA)	which	is	related	to	the	position	of	the	level	in	the	band-

gap;	its	concentration	(NT),	trap	capture,	degenerate	factor	(��)	and	temperature.	The	basic	

method	to	measure	the	lifetime	depending	on	the	way	that	an	excess	of	carriers	(electrons	

and	 holes)	 is	 created	 in	 semiconductor	 is	 using	 the	 expression	 for	 the	 balance	 between	

generation	 and	 recombination	 to	 calculate	 the	 lifetime	 [35].	 The	 rates	 of	 change	 of	

electrons	in	the	conduction	band	and	holes	in	the	valence	band	are	equal	and	always	given	

by	the	difference	between	the	generation	and	the	recombination	rates,	i.e.:	

��

��
=
��

��
= � − �	,	 (2-30) 

where	�	and	�	represent	the	non-thermal	equilibrium	electron	and	hole	concentrations	in	

the	conduction	and	valence	bands	respectively,	and	�	and	�	are	the	total	generation	and	
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recombination	rates	of	charge	carriers,	respectively.	The	total	generation	rate	involves	

both	the	thermal	(���)	and	photon	(��)	generation	rates:	

� = ��� − ��.	 (2-31) 

The	net	excess	carrier	recombination	rate	�	is	defined	as	the	difference	between	the	total	

recombination	rate	and	the	thermal	equilibrium	generation	rate:	

� = ��� − ��.	 (2-32) 

The	net	recombination	rates	for	photo	-generated	electrons	and	holes	are	given	by:	

� =
��

��
=
��

��
	 (2-33) 

Where	��	and	��	are	the	concentrations	of	photo	-generated	carriers.	The	parameters	��	

and	��	are	called	the	electron	and	hole	recombination	lifetimes,	respectively.		

The	lifetime	for	the	respective	excess	electrons	and	holes	��	and	��in	terms	of	the	

recombination	rate	of	excess	carriers,	�	are	given	by	[36]:	

�� =
��

�
	and		�� =

��

�
,	 (2-34) 

If	one	photon	ejects	one	electron-hole	pair	during	illumination,	the	photon	absorption,	��	

can	be	considered	as	equal	to	free	carriers	generation	rate,	so	that	the	steady	state	� = ��.	

Hence	the	steady	state	excess	carrier	lifetime	Eqn.	(2-34)	can	be	written	as:	

�� =
��

��
	and		�� =

��

��
	 (2-35) 

Using	the	principle	of	detailed	balance	along	with	Eqns.	(2-30)	to	Eqns.	(2-33),	the	rates	of	

change	of	the	excess	carriers	are:		

���

��
= �� − � =

���

��
.	 (2-36) 
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2.4.2 Recombination mechanism in semiconductors	

Generation	 in	 semiconductors	 refers	 to	 the	 process	 by	 which	 electron-hole	 pairs	 are	

created.	 The	 electron-hole	 pair	 is	 the	 fundamental	 unit	 of	 generation	 and	 recombination,	

corresponding	 to	 an	 electron	 transition	 between	 the	 valence	 band	 and	 the	 conduction	

band.	Recombination	refers	to	the	inverse	processes	by	which	the	electron	-hole	pairs	are	

lost	 due	 to	 the	 spontaneous	 transition	 of	 an	 excited	 electron	 from	 conduction	 band	 to	 a	

hole	in	valence	band. The	annihilation	of	excess	carriers	generated	by	electrical	 in	a	semi	

conductor	may	take	place	via	different	recombination	mechanisms	[37].	Depending	on	the	

ways	in	which	the	energy	of	an	excess	carrier	is	removed	during	a	recombination	process,	

optically	 generated	 charge	 carriers	 can	 recombine	 in	 two	 different	 common	 ways:	

radiatively	 or	 non-radiatively.	 Radiative	 recombination	 is	 the	 opposite	 of	 optical	

generation	of	charge	carriers.	It	occurs	when	the	energy	of	the	excited	electron	is	emitted	

by	 the	 formation	 of	 a	 photon	 during	 the	 annihilation	 of	 an	 EHP.	 Non-radiative	

recombination	occurs	when	excess	energy	is	released	as	phonons	or	transferred	as	excess	

kinetic	energy	to	another	charge	carrier,	i.e. the	excess	energy	is	dissipated	as	heat	during	

the	 recombination	 process.	 Know	 from	 different	 recombination	 mechanisms,	 in	 the	 next	

section	 we	 are	 going	 to	 investigate	 only	 the	 non-radiative,	 it	 refers	 here	 to	 the	

recombination	process	through	energy	 levels	 in	 the	band	gap,	and	 it	can	be	described	by	

the	 Shockley-Read-Hall	 (SRH)	 statistics	 recombination	 mechanisms	 [Shoc1952]	

[Hall1952];	 and	 the	 lifetime	 associated	 with	 it	 for	 a	 indirect	 band	 gap	 (Si)	 of	 a	 p-type	

semiconductor	[38],	[39].	

2.4.3 Shockley-Read-Hall recombination 

An	energetically	deep	defect	 level	may	affect	τ	by	providing	an	alternative	recombination	

path	 (usually	 non-radiative),	 or	 may	 distort	 the	 measurement	 of	 by	 acting	 as	 a	 trapping	

center.	The	distinction	between	a	trap	and	a	recombination	center	depends	on	the	relative	

probability	 of	 a	 trapped	 carrier	 being	 thermally	 re-emitted	 to	 its	 appropriate	 band	 or	

recombining	with	a	free	carrier	from	the	opposite	band.	In	the	non-radiative	recombination	

process,	the	recombination	of	electron-hole	pairs	may	take	place	at	the	localized	trap	states	

in	the	forbidden	gap	of	a	semiconductor.	This	process	involves	the	capture	of	electrons	(or	
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holes)	by	the	trap	states,	followed	by	the	recombination	with	holes	in	the	valence	band	(or	

electrons	in	the	conduction	band).	When	electron-hole	pairs	recombine,	energy	is	released	

via	phonon	emission.	The	localized	trap	states	may	be	created	by	the	deep-level	impurities	

(e.g.,	 transition	 metals	 or	 normal	 metals	 such	 as	 Au,	 Ni,	 Co	 etc.),	 or	 by	 radiation-and	

process-induced	 defects	 such	 as	 vacancies,	 interstitials,	 antisite	 defects	 and	 their	

complexes,	dislocations,	and	grain	boundaries.	The	non-radiative	recombination	process	in	

a	semiconductor	can	be	best	described	by	the	Shockley-Read-Hall	(SRH)	model	[40],	[41].	

Shockley	 read	 hall	 refers	 energy	 lost	 lattice	 in	 the	 form	 of	 phonon	 or	 Trap-assisted	

recombination	occurs	when	an	electron	falls	into	a	"trap",	an	energy	level	within	the	band	

gap	caused	by	the	presence	of	a	foreign	atom	or	a	structural	defect.	Once	the	trap	is	filled	it	

cannot	accept	another	electron.	The	electron	occupying	the	trap,	in	a	second	step,	falls	into	

an	 empty	 valence	 band	 state,	 thereby	 completing	 the	 recombination	 process.	 One	 can	

envision	this	process	as	a	two-step	transition(from	deep	level-conduction-an	empty	state)	

of	an	electron	from	the	conduction	band	to	the	valence	band	or	as	the	annihilation	of	the	

electron	 and	 hole,	 which	 meet	 each	 other	 in	 the	 trap.	 We	 will	 refer	 to	 this	 process	 as	

Shockley-Read-Hall	 (SRH)	 recombination.	 The	 rate	 equations,	 which	 describe	 the	 SRH	

model,	can	be	derived	from	the	four	emissions	and	capture	processes	shown	in	figure	2-4.	

In	 deriving	 the	 SRH	 model,	 it	 is	 assumed	 that	 the	 semiconductor	 is	 non-degenerate	 and	

that	the	density	of	trap	states	is	small	compared	to	the	majority	carrier	density	[8],	[42].	

In	 Shockley-Read-Hall	 (SRH)	 recombination,	 the	 recombination	 of	 EHPs	 may	 take	 place	

localized	 traps	 with	 states	 in	 the	 band	 gap	 of	 the	 material.	 This	 process	 involves	 the	

capture	 of	 electrons	 from	 the	 conduction	 band	 (or	 holes	 from	 the	 valence	 band)	 by	 the	

trap,	 followed	 by	 the	 recombination	 with	 holes	 in	 the	 valence	 band	 (or	 electrons	 in	 the	

conduction	band).	When	EHPs	recombine,	energy	is	released	through	phonon	emission	and	

the	 localized	 state	 is	 called	 the	 recombination	 center.	 If	 the	 localized	 state	 captures	 free	

carriers	temporarily	and	then	re	emits	them	back	to	their	original	band,	the	center	is	called	

a	free	carrier	trap	[37]	

Figure	2-4	 illustrates	 the	energy	band	diagram	with	electrons	 trap	 localized	state.	 In	 this	

figure,	the	four	transition	processes	for	the	capture	and	emission	of	electron	and	holes	via	

the	 localized	state	are	shown.	The	probability	of	 capture	and	emission	of	 the	electron	by	



 

 

the	 center	 are	 represented	 by	

described	by	���	and		���,	respectively.	When	occupied	by	an	electron,	the	trap	level	is	in	

the	��	state,	and	when	occupied	by	a	hole	it	is	in	the	

emitted,	the	center	finds	itself	 in	the	

the	��	 state,	 and	 then	 the	 cycle	 repeats.	 Just	 like	 a	 donor	 level,	 if	 the	

then	��	is	positively	charged,	and	vice	versa.	The	localized	states	are	spatially	distributed	

throughout	 the	 volume	 of	 the	 semiconductor,	 so	 that	

localized	 state	 ��	 are	 given	 as	 a	 number	 per	 unit	 volume.	 The	 total	 density	 of	 the	 trap	

levels	occupied	by	electrons,	

�� = �� + ��.	

In	other	words,	a	center	is	either	in	a	neutral	or	negatively	charged	state,	or	in	a	neutral	or	

positively	 charged	 state.	 When	 electrons	 and	 holes	 recombine	 (or	 are	 generated),	 the	

electron	density	n	in	the	conduction	band,	the	hole	density	p	in	the	valenc

charge	state	of	the	trap	center	are	all	functions	of	time.	

The	appropriate	equations	for	electrons	will	

be	developed	in	detail,	and	the	equations

holes	will	merely	be	stated,	since	these	are

analogous	to	those	of	electrons.	The	rate	

equations	of	free	and	trapped	charge

carriers,	which	describe	the	SRH

can	be	derived	from	the	four	

distribute	on	probability	��	for	the	electron	occupation	of	a	trap	located	at	

band	gap	is	derived	using	Ferm

��(�)=
1

1 + exp	 �
�� −
���

The	 thermal	 equilibrium	 electron	 occupancy	 (

localized	states	are	given	by	[44]
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the	 center	 are	 represented	 by	 ���and	 ���and	 those	 of	 hole	 capture	 and	 e

,	respectively.	When	occupied	by	an	electron,	the	trap	level	is	in	

state,	and	when	occupied	by	a	hole	it	is	in	the	��	state.	After	the	electron	has	been	

emitted,	the	center	finds	itself	 in	the	��	state	and	subsequently	emits	a	hole,	returning	to	

state,	 and	 then	 the	 cycle	 repeats.	 Just	 like	 a	 donor	 level,	 if	 the	�

is	positively	charged,	and	vice	versa.	The	localized	states	are	spatially	distributed	

he	 volume	 of	 the	 semiconductor,	 so	 that	��	 ,	��	 and	 the	 total	 density	 of	 the	

are	 given	 as	 a	 number	 per	 unit	 volume.	 The	 total	 density	 of	 the	 trap	

levels	occupied	by	electrons,	��	and	holes,	��	must	equal	the	total	density	of	tr

In	other	words,	a	center	is	either	in	a	neutral	or	negatively	charged	state,	or	in	a	neutral	or	

positively	 charged	 state.	 When	 electrons	 and	 holes	 recombine	 (or	 are	 generated),	 the	

electron	density	n	in	the	conduction	band,	the	hole	density	p	in	the	valenc

charge	state	of	the	trap	center	are	all	functions	of	time.		

The	appropriate	equations	for	electrons	will		 																		

be	developed	in	detail,	and	the	equations	for	

holes	will	merely	be	stated,	since	these	are		

lectrons.	The	rate	of	

and	trapped	charge		

e	the	SRH model,         Figure 2-4:	Energy	band	diagram	with	a	localized	trap	

	emissions	and	capture	processes	illustrated	in	Figure	

for	the	electron	occupation	of	a	trap	located	at	

band	gap	is	derived	using	Fermi-Dirac	statistics:	

��
�

�
	

The	 thermal	 equilibrium	 electron	 occupancy	 (���)	 and	 hole	 occupancy	 (

[44]:	

and	 those	 of	 hole	 capture	 and	 emission	 are	

,	respectively.	When	occupied	by	an	electron,	the	trap	level	is	in	

state.	After	the	electron	has	been	

tate	and	subsequently	emits	a	hole,	returning	to	

�	 state	 is	 neutral,	

is	positively	charged,	and	vice	versa.	The	localized	states	are	spatially	distributed	

and	 the	 total	 density	 of	 the	

are	 given	 as	 a	 number	 per	 unit	 volume.	 The	 total	 density	 of	 the	 trap	

must	equal	the	total	density	of	traps��:		

(2-37) 

In	other	words,	a	center	is	either	in	a	neutral	or	negatively	charged	state,	or	in	a	neutral	or	

positively	 charged	 state.	 When	 electrons	 and	 holes	 recombine	 (or	 are	 generated),	 the	

electron	density	n	in	the	conduction	band,	the	hole	density	p	in	the	valence	band,	and	the	

Energy	band	diagram	with	a	localized	trap	[10],	[43]	

emissions	and	capture	processes	illustrated	in	Figure	2-4.	The	

for	the	electron	occupation	of	a	trap	located	at	energy	��	in	the	

(2-38) 

and	 hole	 occupancy	 (���)	 of	 the	
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��� = ����(�)=
��

1 + exp�
�� − ��
���

�
,																��� = �� − ���.	 (2-39) 

The	 probability	 of	 electron	 capture	 by	 a	 localized	 state	 (���)	 at	 thermal	 equilibrium	 is	 a	

function	 of	 the	 density	 of	 electrons	 in	 the	 conduction	 band	 (��),	 the	 electron	 capture	

coefficient	of	the	state	(���)	and	the	density	of	empty	traps	(���)	[45],	[46].	However,	the	

probability	of	emission	of	an	electron	(���)	depends	only	upon	the	electron	emission	rate	

(��)	 and	 the	 density	 of	 traps	 occupied	 by	 electrons	 (���).	 Thus	 one	 can	 write	 (���)	 and	

(���)	as:	

��� = ��������,					��� = �����,	  

��� = �������� = �������(1 − ��),					��� = ������.	 (2-40)	

The	electron	capture	coefficient	(���)	depends	on	the	proximity	of	the	center	to	the	

conduction	band.	Similarly,	the	probability	of	hole	capture(���),	and	the	probability	of	hole	

emission	(���)	are	given	by:	

��� = ��������,					��� = �����,	  

��� = ���������,��� = ����(1 − ��),	 (2-41)	

Where	 ��	 is	 the	 hole	 emission	 rate.	 The	 hole	 capture	 coefficient	 (���)	 depends	 on	 the	

proximity	of	the	centre	to	the	valance	band.		

According	to	the	principle	of	detailed balance,	the	probability	of	capture	and	emission	for		

each	carrier	is	equal,	so	that	we	have:	

��� = ���,��� = ���	 (2-42) 

Taking	in	to	account	Eqns.	(2-40)	and	(2-41)	through	(2-42)	yields:	

�� =
��������
���

,															�� =
��������

���
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�� =
�����(1 − ��)

��
,														�� =

�������

(1 − ��)
	.	 (2-43)	

From	Eqn.	(2-43)	one	obtains:	

���� = ���������� = ��������
�	 (2-44) 

From	eqn.	(2-11)	the	density	of	electrons	(��)	and	the	density	of	holes	(��)	for	the	non-

degenerate	semiconductors	are	given	by:	

�� = �� exp�−
�� − ��
���

�, �� = ��exp�−
�� − ��
���

�	 (2-45) 

Since	the	non-degenerate	relations	are	obviously	valid	for	an	intrinsic	semiconductor	

where	the	Fermi	level,	��	is	equal	to	the	intrinsic	level	energy,	��	in	the	semiconductor,	one	

can	write	from	Eqn.	(2-45):	

�� = �� exp�−
�� − ��
���

�,										�� = ��exp�−
�� − ��
���

�	 (2-46) 

Eliminating ��and	��among	Eqns.	(2-45)	and	(2-46)	yields:	

�� = �� exp�−
�� − ��
���

�,								�� = ��exp�−
�� − ��
���

�	 (2-47) 

From	Eqn.	(2-38)	one	can	drive	for	
(����)

��
	and	

��

(����)
	as:	

(1 − ��)

��
= exp�

�� − ��
���

�,											
��

(1 − ��)
= exp�

�� − ��
���

�	 (2-48) 

Now	solving	Eqns.	(2-43)	and	(2-45)	one	obtains	the	electron	emission	rate	and	the	hole	

emission	rate:	

�� = �����,				�� = �����	 (2-49) 

Where	

�� = �� exp�
�� − ��
���

�, �� = �� exp�
�� − ��
���

�	 (2-50) 
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are	the	non-thermal	concentrations	of	electrons	and	holes	in	the	conduction	and	valence	

bands	for	the	case	in	which	the	Fermi-level	(��)	falls	at	��.	Also	expressions	for	��and	��are	

given	respectively	by:	

�� = �� exp�
�� − ��
���

�,																			�� = �� exp�
�� − ��
���

�.	 (2-51) 

Solving	Eqn.	(2-51)	yields:		

���� = ���� = ��
�	 (2-52) 

From	Eqns.	 (2-50)	the	 thermal	equilibrium	electron	occupancy	(���)	and	hole	occupancy	

(���)	of	the	localized	states	in	Eqn.	(2-39)	are	also	given	by:	

��� =
����
�� + ��

, 	��� =
����
�� + ��

	 (2-53) 

If	 the	 equilibrium	 is	 now	 disturbed	 by	 illumination,	 the	 photo-generated	 electrons	 and	

holes	are	involved	in	the	recombination	processes.	The	concentrations	of	photo	generated	

electrons	(��)	and	holes	in	the	conduction	band	(��)	are	given	by:	

�� = � − ��, �� = � − ��	 (2-54) 

The	 respective	 changes	 the	 concentrations	 of	 ��	and	 �� states	 of	 a	 center	 due	 to	

illumination,	 ���	and	��,	 is	 given	 by	 the	 difference	 between	 the	 electron	 and	 hole	

occupancies	during	and	without	illumination:		

��� = �� − ���, ��� = �� − ���	 (2-55) 

Since	the	defect	concentration	does	not	vary	with	illumination,	Eqn.	(2-37)	holds	true	for	

both	thermal	and	the	non-thermal	equilibrium	conditions.		

That	is:	

�� = ��� + ��� = �� + ��	 (2-56) 

When	we	rearranging	Eqn.	(2-56)	and	uses	the	relation	in	Eqn.	(2-55)	yields:	
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��� + ��� = ��� + ��� + ��� + ���	 (2-57) 

(��� + ���)− (��� + ���)= ��� + ���	 (2-58)	

��� + ��� = 0	 (2-59)	

��� = −���.	 (2-60)	

Equation	 (2-60)	 shows	 that	 the	 trapping	 of	 electrons	 by	 the	 localized	 state	 removes	 the	

same	 amount	 of	 states.	 Trapping	 of	 electrons	 by	 the	 trap	 center	 will	 reduce	 the	

concentration	of	excess	electrons	in	the	conduction	band,	so	that	the	probability	of	holes’	

recombination	 with	 conduction	 band	 electrons	 is	 also	 reduced.	 This	 enhances	 the	

concentration	of	excess	holes	in	the	valence	band.	Suppose	that	�� 	density	of	electron	hole	

pairs	 is	generated	due	 to	 illumination	 in	a	semiconductor	 with	electrons	 trap	center;	 the	

total	 concentrations	 of	excess	 electrons	 (��)	 and	 holes	 (��)	 in	 the	 respective	 conduction	

and	valence	bands	are	then	given	by:	

�� = �� − ��� − ���,																�� = �� − ���	 (2-61) 

Rearranging	Eqn.	(2-61)	yields:	

�� = �� + ��� + ���, �� = �� + ���	 (2-62) 

Where	���	the	concentration	of	electron	hole	pairs	involved	in	the	recombination	process	

at	 the	center.	Elimination	of	��� − ��� in	between	the	relations	 in	Eqn.	(2-61)	gives	the	

photo-generated	 charge	 carrier	 neutrality	 equation	 for	 the	 system	 with	 an	 electron	 trap	

center	to	be:	

�� = �� − ��� − ���, �� = �� − ���	 (2-63) 

�� = �� + ���	 (2-64)	

Similarly,	the	equation	for	a	system	with	a	hole	trap	center	is:	

�� = �� + ���	 (2-65) 
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In	a	system	with	dominant	recombination	through	the	impurity	 level,	 the	rate	of	electron	

accumulation	(��/��)	in	the	conduction	band	is	given	in	terms	of	the	total	generation	rate	

(�),	 the	 rate	 of	 electron	 emission	 (���),	 and	 the	 rate	 of	 electron	 capture	 (���),	 by	 the	

localized	state:	

��

��
= � − (��� − ���)	 (2-66) 

The	rate	of	hole	accumulation	(��⁄��)	in	the	valence	band	is	also	given	in	similar	way	as:	

��

��
= � − ���� − ����	 (2-67) 

Equations	 (2-66)	 and	 (2-67)	 involve	 the	 accumulation	 of	 the	 total	 free	 charge	 carriers	

(thermal	equilibrium	and	photo-generated).	The	terms	in	the	bracket	at	the	right	sides	of	

both	Eqns.	(2-66)	and	(2-67)	represent	the	rates	of	flow	of	free	carriers	from	the	respective	

conduction	 and	 valence	 bands	 to	 the	 localized	 Centre.	 For	 an	 electron	 trap	 center,	

(��� − ���)	 involves	 both	 the	 accumulation	 and	 recombination	 rates	 of	 electrons	 at	 the	

localized	 center,	 and	 ���� − ����	 involves	 only	 the	 recombination	 of	 holes	 at	 the	 center.	

When	Eqns.	(2-66)	and	(2-67)	are	simplified	by	eliminating	the	contribution	of	the	thermal	

equilibrium	 conditions	 (applying	 the	 principle	 of	 Detailed	 Balance)	 using	 Eqns.	 (2-52)	 to	

(2-65).	The	rates	of	accumulation	of	photo-generated	charge	carriers	in	the	conduction	and	

the	valence	bands	were	therefore	found	to	be:	

���

��
= �� − (���� − ����),					

���

��
= �� − (���� − ����).	 (2-68) 

Where	��	 the	optical	generation	rate.	The	 term	(���� − ����)	 in	Eqn.	 (2-68)	 involves	 the	

sum	 of	 the	 SRH	 recombination	 rate	 with	 trapping	 effect	 (����)	 and	 the	 rate	 of	

accumulation	photo-generated	electrons	(���⁄��)	at	the	localized	center	given	by:	

(���� − ����)= ���[����� − (�� + �� + ��)���]= ���� +
����
��

	 (2-69) 

and	the	term	(���� − ����)	in	Eqn.	(2-69)	involves	only	the	SRH	recombination	rate	(����)	

of	the	photo	generated	holes	at	the	center:		
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(���� − ����)= ���[����� − (�� + �� + ��)���]= ����.	 (2-70) 

The	accumulation	of	free	carriers	in	the	respective	conduction	and	valence	bands	are	then	

given	using	Eqns.	(2-68)	to	(2-70)	as:		

���

��
= �� − ���[����� − (�� + �� + ��)���]= �� − ����� +

����
��

�	 (2-71) 

���

��
= �� − ���[����� + (�� + �� + ��)���]= �� − ����	 (2-72)	

The	 rate	 of	 accumulation	 of	 photo-generated	 electrons	 at	 the	 localized	 center	 can	 be	

derived	using	Eqns.	(2-69)	and	as:	

����
��

= ���[����� − (�� + �� + ��)���]− ���[����� + (�� + �� + ��)���]	 (2-73) 

Under	the	steady-state	condition,	the	net	rate	of	electron	capture	per	unit	volume	may	be	

found	by	solving	Eq	(2-42)	through	(2-44)	and	(2-52)	which	yields:	

�� = ��� − ��� = �����[�(1 − ��)−����]	 (2-74) 

Similarly,	the	net	rate	of	hole	capture	per	unit	volume	may	be	written	as:	

�� = ��� − ��� = �����[���−��(1 − ��)]	 (2-75) 

The	 excess	 carrier	 lifetimes	 under	 steady-state	 conditions	 are	 defined	 by	 the	 ratio	 of	 the	

excess	 carrier	 density	 and	 the	 net	 capture	 rate	 for	 electrons	 and	 holes,	 and	 are	 given	

respectively	by:	

�� =
��

��
,			�� =

��

��
.	 (2-76) 

For	 the	 small	 injection	 case	 (i.e.	 �� ≪ �0	 and	 � ≪ �
0

),	 the	 charge-neutrality	 condition	

requires	that:	

�� = ��	 (2-77) 

Under	 steady-state	 conditions,	 if	 one	 assumes	 that	 the	 net	 rates	 of	 electron	 and	 hole	

capture	via	a	recombination	center	are	equal,	then	one	can	write:	
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� = �� = ��	 (2-78) 

The	 electron	 distribution	 function,	 ��	 at	 the	 trap	 level	 can	 be	 expressed	 in	 terms	 of	 the	

electron	 and	 hole	 capture	 coefficients	 as	 well	 as	 the	 electron	 and	 hole	 densities.	 Now	

solving	Eqns.	(2-75),	(2-76)	and	(2-77),	one	obtains:	

�� =
���� + �����

���(� + ��)+ ���(� + ��)
.	 (2-79) 

A	general	expression	 for	 the	net	recombination	rate	can	be	obtained	by	substituting	Eqn.	

(2-79)	into	Eqn.	(2-74)	or	(2-75)	and	the	result	yields:	

� = �� = �� =
(�� − ��

�)

���(� + ��)+ ���(� + ��)
	 (2-80) 

Where	���	and	���are	given	respectively	by:	

��� =
1

�����
, ��� =

1

�����
	 (2-81) 

Where	��� = ��� ��   ,� and	��� = �����,�	denote	the	hole	and	electron	capture	coefficients.	

The	capture	cross	section	of	hole	and	electron	are	given	respectively	by:	

�� = ��� exp�−
�� − ��
���

�, �� = ���exp	 �−
�� − ��
���

�	 (2-82) 

Where	 the	 constant	 ��� = 10������ and	 ��� = 10������	 and	 the	 average	 thermal	

velocity	of	electrons	or	holes	given	by	[9],	[41]:	

v��,�/� = �
8���

��∗
.	 (2-83) 

where	���	the	minority	is	hole	lifetime	for	an	n-type	semiconductor,	and	���	is	the	minority	

electron	lifetime	for	a	p-type	semiconductor	[9],	[47].	

The	 lifetime	���	 is	often	called	 the	minimum	lifetime	 for	electrons	when	all	 the	 localized	

states	are	empty,	and	���	 is	 the	minimum	lifetime	 for	 holes	when	all	 localized	states	are	

occupied	 by	 electrons	 [44],	 [22].	 Since	 the	 trapping	 of	 free	 carriers	 in	 the	 bulk	 of	 the	



 

32 
 

semiconductor	 can	 have	 significant	 effects	 on	 the	 total	 recombination	 of	 charge	 carriers,	

the	 statistics	 of	 free	 carriers	 trapped	 in	 the	 bulk	 of	 a	 given	 semiconductor	 needs	 to	 be	

evaluated	under	different	conditions.	Hence,	the	density	of	the	excess	electrons	trapped	at	

the	localized	center	can	be	simplified	as	[48],	[37]:	

��� =
(������ − ������)��

���(�� + �� + ��)+ ���(�� + �� + ��� + ��)
.	 (2-84) 

The	total	concentration	of	excess	holes	in	the	valence	band	can	be	obtained	by	substituting	

Eqn.	(2-84)	into	Eqn.	(2-72)	and	the	result	yields:	

�� =
2��

� + ��� + 4��
,	 (2-85) 

where	

� = �
��(�� + �� + ���)+ ��(�� + ��)

�� + ��
− ������ + �����,	 (2-86) 

�� = �� ����(�� + �� + )+ ���(�� + �� + ���)�.	 (2-87)	

Similarly,	 the	 total	 concentration	 of	 excess	 electrons	 in	 the	 conduction	 band	 obtained	 is	

given	by:	

�� =
2��

� + ��� + 4��
,	 (2-88) 

where	

� = �
��(�� + �� + ���)+ ��(�� + ��)

�� + ��
− ������ + �����,	 (2-89) 

�� = �� ����(�� + ��)+ ���(�� + �� + ���)�.	 (2-90)	

The	fraction	of	photo-generated	electrons	trapped	at	the	localized	centre	to	the	excess	

electrons	in	the	conduction	band	is	then	given	by:	
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�� =
���
��

=
(������ − ������)

���(�� + �� + ��� + ��)+ ���(�� + �� + ��)
.	 (2-91) 

Taking	into	account	Eqn.	(2-60),	(2-85)	and	(2-91)	gives	the	fraction	of	trapped	photo	

generated	holes	at	the	localized	trap	state	to	the	excess	holes	in	the	valence	band	to	be:	

�� =
���
��

=
������� − �������

���(�� + �� + ��)+ ���(�� + �� + ��� + ��)
.	 (2-92) 

The	subscripts	�	and	�	in	Eqns.	(2-91)	and	(2-92)	represent	the	electrons	and	holes	

concentration.		For	low	injection	levels	of	carriers	��,��,��,�� ≫ 	��,��.			In	this	case	

eqns.	(2-91)	and	(2-92)	gives:	

�� =
���
��

=
������� − �������

���(�� + �� + ���)+ ���(�� + ��)
		and,	 (2-93) 

�� =
���
��

=
������� − �������

���(�� + ��)+ ���(�� + �� + ���)
.	 (2-94)	

From	eqns.	(2-91)	the	trapped	photo-generated	electrons	at	the	localized	trap	state	is	given	

by:		

��� = ����.	 (2-95) 

Similarly,	the	trapped	photo-generated	holes	at	the	localized	trap	state	are	given	by:	

��� = ����.	 (2-96) 

Applying	the	steady-state	condition	to	Eqns.	(2-69)	and	(2-70)	and	eliminating	���	in	

between	the	two	relations	gives	the	SRH	recombination	rate	in	terms	of	��	and	��	as:	

���� =
(�� + ��)�� + ����

���(�� + �� + ��)+ ���(�� + �� + ��)
	 (2-97) 

Or	applying	Eqns.	(2-66)	and	(2-93)	to	Eqn.	(2-97)	recombination	rate	can	be	described	in	

terms	of	only	as:	
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���� =
(�����(����)

��)�������(����)
��

���(��������)����(��������(����)��)
.	 (2-98) 

The	excess	electron	SRH	lifetimes	with	the	trapping	effect,	����	is	derived	using	Eqn.	(2-

97)	or	Eqn.	(2-98)	as:	

����� =
��

��
=
���(�� + �� + ��)+ ���(�� + �� + ��)

�� + (�� + ��)��/��
, ���� ≈ ��.	 (2-99) 

or	

����� =
���(�� + �� + ��)(1 + ��)+ ����(�� + ��)(1 + ��)+ ���

(�� + ��(1 + ��)+ ��)(1 + ��)
.	 (2-100) 

The	excess	hole	SRH	lifetime	with	the	trapping	effect,	�����	is	hence	takes	the	form:	

����� =
��

��
= (1 + ��)�����	 (2-101) 

Using	Eqns.	(2-97)	and	(2-98)	along	with	Eqn.	(2-99),	one	can	easily	show	that:		

����� =
��

��
=
���(�� + �� + ��)+ ���(�� + �� + ��)

�� + (�� + ��)��/��
	 (2-102) 

or	

����� =
���(�� + �� + ��)(1 + ��)+ ���((�� + ��)(1 + ��)+ ��)

(�� + ��(1 + ��)+ ��)
.	 (2-103) 

Once	the	excess	minority	carrier	(electron)	lifetime	is	determined	for	any	process	in	steady	

state,	 the	 corresponding	 excess	 majority	 carrier	 (hole)	 lifetime	 can	 be	 calculated	 by	

multiplying	 the	 excess	 electron	 lifetime	 with	 (1 + ��	 ).	 This	 discussion	 will	 therefore	

continue	for	the	excess	electron	lifetime	in	p-type	materials	[49],	[50]. 	

For	a	system	under	high	injection	(��	=	��	≫��	),	the	excess	electron	SRH	lifetime	in	Eqn.	

(2-100)	simplifies	to:	

����� = ����� = ��� + ���.	 (2-104) 
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Chapter 3 : Methodology 

For	the	analysis	of	the	effects	of	deep	levels	optical	emissions	of	free	carriers	on	the	photo-

responses	of	p-semiconductor	 in	 the	 materials	 for	 this	 work,	Silicon	(Si)	 was	 found	to	 be	

suitable	for	 its	 indirect	band	gap,	very	high	carrier	densities	and	very	high	melting	point.	

Then,	the	important	theoretical	data	concerned	with	the	optical	and	electrical	properties	of	

these	 indirect	 band	 semiconductors	 were	 gathered	 and	 described.	 The	 temperature	

dependence	 of	energy	band-gap	��(�),	 the	valance	band	energy	(��)	and	 the	 conduction	

band	 energy	 (��),	 the	 intrinsic	 Fermi	 energy,	 ��	 and	 the	 Fermi	 energy,	 ��	 can	 be	

determined	 using	 the	 samples	 parameters	 and	 the	 free	 carrier	 concentrations	 from	 the	

relation	in	Eqns.	(1,	2,	9)	and	Eqn.	(2-14)	respectively.	The	first	and	new	one	equation	for	

the	 ionization	 of	 acceptors	 carriers	 concentrations,	��
�	 used	 in	 the	 analysis	 for	 different	

state	 of	 energy	 level	 can	 be	 determined	 from	 Eqn.	 (2-24)	 and	 the	 majority	 carrier	

concentration,	��	 is	 determined	 from	 ,	��
�.	 The	 minority	 carrier	 concentration,	 ��is	

determined	from	��	and	the	intrinsic	carrier	concentration	using	the	law	of	mass	action	for	

a	 particular	 semiconductor.	 The	 typical	 carrier	 capture	 coefficients	 used	 in	 the	 analysis	

were	���	and	���	can	be	determined	using	Eqn.	(2-82)	and	(2-83)	for	SRH	electron	capture	

and	for	SRH	hole	capture.	

Based	 on	 which	 carriers	 trap	 is	 dominating	 the	 entire	 process,	 the	 statistics	 for	 SRH	

recombination	 mechanism	 for	 excess	 holes	 and	 electrons	 would	 be	 formulated	 through	

different	localized	states.	By	combining	the	statistics	for	the	accumulation	of	free	holes	and	

electrons	 in	 the	 respective	 valence	 band	 and	 conduction	 band,	 the	 statistics	 for	 the	 free	

carriers	 trapping	 at	 different	 levels	 were	 obtained	 in	 terms	 of	 the	 free	 carriers	 in	 the	

valence	and	the	conduction	band.	The	effects	 of	 trapping	on	the	SRH	excess	carrier	 lifetime	

were	studied	by	substituting	the	density	of	the	trapped	carriers	in	the	relations	describing	the	

recombination	mechanisms.	The	effects	of	the	temperature,	changing	the	total	density	of	trap	

and	 the	 doping	 level,	 and	 injection,	 G0	 on	 the	 density	 of	 the	 carriers	 trapped	 at	 different	

localized	 states	 also	 studied.	 The	 SRH	 lifetime	 for	 excess	 carriers	 in	 p-type	 Si	 material	 are	

determined	 as	 functions	 of	 localized	 state	 at	 different	 temperatures,	 and	 at	 low	 and	 at	 high	

injection	 levels.	 We	 calculated	 and	 plotted	 all	 graphs	 by	 Microsoft	 excel	 and	 origin	 using	 the	

standard	formulas.	
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Chapter 4 : Results and discussion 

This	 chapter	 deals	 with	 the	 analysis,	 discussion	 and	 the	 results	 of	 the	 thesis.	 First,	 the	

trapping	effects	at	different	temperatures	and	at	different	illuminations	in	different	regions	

of	p-type	semiconductor	(Si)	were	analyzed.	Next,	the	SRH	excess	carrier	lifetimes	for	holes	

and	electrons	through	the	localized	states	are	described	under	different	conditions.	

4.1 The temperature dependence of trapping effects 

Figure	4.1	illustrates	the	trap	effects	for	electrons,	��	and	and	for	holes,	��	at	the	localized	

centers	as	functions	of	energy	of	the	trap	level	for	p-type	silicon	(Si),	(a)	at	300	K	and	(b)	at	

different	temperatures.	The	graphs	are	drawn	using	Eqns.	(2-91)	and	(2-92),	as	function	of	

localized	state	energy	levels	by	keeping	the	localized	state	density	uniform	throughout	the	

bulk.	 This	 helps	 to	 understand	 the	 interplay	 between	 different	 localized	 states	 and	 the	

valence	 and	 conduction	 bands.	 Figure	 4.1	 (a)	 shows	 both	 the	 effects	 of	 the	 majority	 and	

minority	 carrier	 traps	 at	 relatively	 room	 temperature	 (300K).	 These	 result	 analyzed	 by	

fixing	 the	 total	 density	 of	 localized	 state	 at	 NT =	 1016cm-3,	 	 doping	 level	 at	 Na =	 1018cm-3	

value	and	injection	level G0	=	0.	

	

	

	

	

	

	

Figure 4-1:	The	free	carriers	trapping	effect	as	a	function	of	energy	of	the	trap	level	for	(a)	room	and	(b)	different	

temperatures. 
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In	general,	free	carrier	traps	are	relatively	inactive	at	high	temperatures	compared	to	low	

temperatures.	Only	deep	levels	can	trap	free	carriers	at	higher	temperatures	as	shown	in	

Figure	 4.1	 (a).	 The	 minority	 carrier	 traps	 farther	 away	 above	 the	 intrinsic	 level	 become	

more	 effective	 with	 decreasing	 temperature	 as	 shown	 in	 Figure	 2	 (b).	 Depending	 on	 the	

interactions	 of	 localized	 states	 with	 the	 conduction	 or	 valence	 bands,	 the	 energy	 level	

dependence	 plot	 of	 the	 trap	 in	 Figure	 4.1	 (a)	 can	 be	 divided	 into	 five	 regions	 labeled	 I	

through	V.	

Region I (Acceptor region): This	region	 including	all	 the	energy	 levels	very	close	to	 the	

valence	band	edge	(from	valance	band	energy	to	0.05	eV).	The	energy	value	of	this	region	is	

approximately	equal	or	less	than	the	thermal	energy	���.	Most	of	the	impurities	are	in	the	

��	state	(When	we	compare	the	density	of	���	states	with	���,	the	state	��� > > ���	)	and	

the	 hole	emission	 rate	 is	 very	high.	Hence	 the	 effects	of	 the	 traps	 of	a	 localized	center	 in	

both	Eqns.	(2-91)	and	(2-92),	become	negligibly	small	in		this	region.	The	localized	centers	

hence	act	as	acceptor	levels.	Therefore,	the	region	is	in	���	state	and	we	can	call	this	region	

acceptor	region.	

Region II (Holes trap region):	 This	 region	 includes	 all	 the	 energy	 levels	 far	 above	 the	

valence	band	edge	and	far	below	the	intrinsic	Fermi	level	(from	the	localized	energy	level	

0.05	eV	to	0.35	eV).	The	energy	value	of	 this	region	 is	much	greater	 than	thermal	energy	

���	or	(�� ≫ ���).	In	this	region	the	capture	cross	section	of	holes	are	much	greater	than	

capture	cross	section	of	electrons	(�� ≫ ��).	When	we	compare	the	density	of	states	(���	

with	���),	���is	greater	than	���	(���>���).	Since	the	capture	cross	section	represents	the	

probability	 of	 traps	 can	 be	 capturing	 the	 free	 carries,	 the	 probability	 of	 hole	 capture	 is	

greater	than	the	probability	of	electron	capture	and	emission	rate	of	holes	are	decreased	in	

this	region.	In	this	region	specially	from	the	energy	level	0.08	eV	to	0.15	eV,	hole	trapping	

has	 maximum	 values	 and	 thus	 the	 hole	 trapping	 effect	 becomes	 dominant	 as	 shown	 in	

Figure	4.1a.	Therefore,	we	can	call	this	region	holes	trapping	region.	

Region III (Recombination region): This	 region	 also	 encompasses	 all	 the	 energy	 trap	

level	 very	 closer	 to	 the	 intrinsic	 Fermi	 level	 in	 both	 sides,	 where	 the	 localized	 levels	 are	

partially	 ionized	 (��� ≈ ��� ≈ ��/2).	 According	 to	 this	 sample	 the	 range	 of	 the	 region	
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includes	 trap	 center	 from	 the	 energy	 level	 0.35	 eV	 to	 0.65	 eV.	 In	 this	 region	 almost	 the	

capture	cross	section	of	holes	and	capture	cross	section	of	electrons	are	equal	(�� = ��).	So	

that	 the	 effects	 of	 free	 charge	 carrier	 traps	 are	 negligibly	 small	 as	 shown	 in	 Figure	 4.1	

above	 and	 the	 probability	 of	 hole	 capture	 is	 equal	 to	 the	 probability	 of	 electron	 capture.	

The	 SRH	 recombination	 becomes	 dominant	 in	 this	 region	 i.e.	 recombination	 takes	 place.	

Therefore,	we	called	this	region	recombination	region.	

Region IV (Electron trap region): This	 region	 comprises	 all	 the	 energy	 levels	 that	 are	

very	 close	 to	 the	 intrinsic	 Fermi	 level	 and	 most	 of	 the	 regions	 far	 below	 the	 conduction	

band	energy	(from	the	energy	 level	0.65	eV	 to	0.95	eV).	 In	 this	 region	 particularly	at	 the	

energy	 level	 equal	 to	 0.77	 eV,	 the	 electron	 trapping	 has	 maximum	 values.	 Most	 localized		

states	are	in	the	��	state	and	the	electron	capture	rate	is	very	high	and	in	this	region	the	

capture	cross	section	of	electrons	is	much	greater	than	the	capture	cross	section	of	holes	

(�� ≫ ��).	 When	 we	 compare	 the	 density	 of	 states	 (���	with	���),	 ���	 is	 greater	 than	

(��� > ���).	So,	the	probability	of	capture	of	electron	is	greater	than	the	probability	of	hole	

capture.	 The	 electron	 trap	 effect	 becomes	 the	 most	 dominant	 as	 shown	 in	 Figure	 4.1(a).	

Therefore,	we	call	this	region	electron	trap	region.	

Region V (Donor region): This	region	includs	all	the	localized	energy	levels	closer	to	the	

conduction	 band	minima	(from	0.95eV	 to	conduction	band	minima).	 The	 energy	value	of	

this	 region	 is	 approximately	 equal	 or	 less	 than	 the	 thermal	 energy	���.	 Most	 of	 the	

impurities	are	in	the	��	state	(When	we	compare	the	density	of	states	���	with	���,	the	���	

state	 is	 much	 greater	 than	 ���)	 and	 the	 electron	 emission	 rate	 is	 very	 high.	 Hence	 the	

effects	of	the	traps	of	a	localized	center	in	both	Eqns.	(2-91)	and	(2-92),	become	negligibly	

small	in	this	region.	The	localized	centers	hence	act	as	donor	levels.	Therefore,	the	region	is	

in	���	state	and	we	can	call	this	region	as	donor	region.		

Generally,	we	can	say	that,	by	comparing	the	two	graphs	as	the	temperature	increases,	the	

trap	effect	decreases	for	all	the	localized	states	or	vice	versa.	
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4.2 The temperature dependence Shockley-Read-Hall lifetime 

Figure	4.2	illustrates	the	SRH	lifetimes	at	different	temperatures	as	a	function	of	localized	

state	 energy	 for	 (a)	 excess	 electrons	 and	 (b)	 excess	 holes.	 The	 graphs	 are	 drawn	 using	

Eqns.	(2-99)	for	Figure	4.2	(a)	and	Eqn.	(2-103)	for	Figure	4.2	(b).	As	predicted	earlier	in	

Figure	4.1,	since	the	recombination	and	the	trapping	of	carriers	are	negligible	for	localized	

levels	 near	 the	 valence	 and	 conduction	 band	 edges,	 the	 magnitude	 of	 both	 SRH	 lifetimes	

reaches	 a	 maximum	 value	 in	 these	 regions.	 The	 SRH	 lifetime	 in	 general	 decreases	 with	

increasing	 temperature,	 due	 to	 the	 dominance	 of	 trapping	 over	 emission	 at	 lower	

temperatures.	 This	 increases	 the	 SRH	 recombination	 rates	 and	 reduces	 the	 SRH	 carrier	

lifetimes	at	these	centers,	as	shown	in	Figure	4.2.	The	SRH	lifetime	for	excess	electrons	has	

a	minimum	value	at	 the	recombination	center	states,	as	shown	in	Figure	4.2	(a),	and	this	

point	 of	 minimum	 SRH	 lifetime	 shifts	 toward	 the	 conduction	 band	 edge	 with	 increasing	

temperature.	
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Figure 4-2:	The	SRH	 lifetime	at	different	 temperatures	as	a	 function	of	 localized	state	energy	(a)	 the	 excess	

electrons	and	(b)	the	excess	holes. 

The	sensitization	effect	increases	the	SRH	lifetime	of	excess	holes	in	the	region	where	the	

electron	 trap	 is	 influential.	 At	 very	 low	 temperatures,	 the	 SRH	 lifetime	 curves	 for	 holes	

become	rapidly	increases	vertically	above	the	mid-gap.	As	temperature	increases,	the	SRH	

lifetime	for	holes	decreases	below	the	mid-gap	in	the	region	where	the	hole	traps	become	
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influential,	and	 localized	state	sensitization	tends	to	 increase	the	excess	electron	 lifetime.	

The	effect	of	minority	carrier	traps	in	the	bulk	of	a	semiconductor	can	be	neglected	at	high	

temperatures.	 The	 Shockley-Read-Hall	 lifetimes	 in	 general	 decreases	 with	 increasing	

temperature.	The	SRH	carrier	lifetimes	small	at	recombination	center,	as	shown	in	Figure 4-

2.	 Therefore,	 the	 SRH	 carrier	 recombination	 lifetimes	 depends	 on	 the	 deep	 level	 density	

carrier	concentrations.	

4.3 Injection level dependence of trapping effects 

Figure	4.3	(a)	and	(b)	illustrates	the	trap	effects	��	and	��	as	functions	of	energy	position	of	

the	 trap	 level	 for	 un-doped	 p-type	 silicon	 (Si),	 (a)	 at	 injection	 level G0	 =	 0	 and	 (b)	 at	

different	 injection	 levels.	 The	 graphs	 are	 drawn	 using	 Eqns.	 (2-91)	 and	 (2-92),	 for	 a	

continuous	distribution	of	impurity	states	with	uniform	trap	level	concentrations	equal	to	

the	 carrier	 concentration	 throughout	 the	 bulk.	 This	 helps	 to	 understand	 the	 interplay	

between	different	localized	states	and	the	free	carrier	concentrations	at	different	injection	

levels.	Figure	4.3	(a)	shows	both	the	effects	of	the	majority	and	minority	carrier	traps	at	a	

relatively	zero	injection	level.	These	result	analyzed	by	fixing	the	total	density	of	localized	

state	value	at	NT =	1018cm-3,	doping	level	at	Na =	1018cm-3	value	and	at	room	temperature	

(300K).	 As	 discussed	 in	 	 Figure	 4.1	 (a),	 Depending	 on	 the	 interactions	 of	 localized	 states	

with	 the	 conduction	 or	 valence	 bands,	 the	 energy	 level	 dependence	 plot	 of	 the	 trap	 in	

Figure	4.3	(a)	can	be	divided	into	five	regions	labeled	I	through	V.	
	

 

Figure 4-3: The	free	carriers	trapping	effect	as	a	function	of	energy	of	the	trap	level	for	(a)	low	injection	level	and	(b)	

different	injection	levels.	
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Here,	free	carrier	traps	are	relatively	inactive	at	high	injection	compared	to	low	injection.		

Only	the	electron	trapping	shows	maximum	values	after	the	recombination	center	at	higher	

injection	 as	 shown	 in	 Figure	 4.3	 (b).	 The	 minority	 carrier	 traps	 farther	 away	 below	 the	

intrinsic	 level	 become	 less	 effective	 with	 increasing	 injection	 levels	 while	 more	 effective	

above	 as	 shown	 in	 Figure	 4-3	 (b).	 In	 general,	 as	 injection	 levels	 increases	 the	 trapping	

effects	decreases.	

4.4 Injection level dependence of Shockley-Read-Hall lifetime 

A	SRH	recombination	center	 is	basically	characterized	by	three	parameters,	which	are	 its	

energy	 position	 in	 the	 gap,	 usually	 expressed	 as	 the	 energy	 distance	 to	 the	 nearest	 band	

edge,	and	the	capture	coefficients	for	electrons	and	for	holes	���	and	���,	respectively.	For	

a	 center	 concentration	 of	 	��,	 the	 capture	 coefficients	���	 and	���	 govern	 the	 lifetime	 of	

excess	electrons	or	holes,	under	the	condition	that	 the	center	 is	occupied	by	a	hole	or	an	

electron	in	Eq.	(2-81).	Instead	of	��,	���,	and	���,	only	the	two	lifetimes	���	and	���	defined	

by	 Eq.(2-81)	 are	 given.	 Note,	 however	 that	 these	 are	 not	 always	 real	 excess	 carrier	

lifetimes.	The	real	lifetime	still	depends	on	the	occupancy	state	of	the	center	has	two	charge	

states,	one	if	occupied	by	an	electron	and	one	if	not,	or	one	if	not	occupied	by	a	hole	and	

one	if	occupied,	which	is	the	same	and	holds	for	energy	bands.	In	addition,	injection	level	

system	is	one	of	the	parameter	determinations	of	SRH	lifetime.	In	a	case,	the	excess	carrier	

lifetimes	 given	 in	 Eqns.	 (2-104)	 remain	 only	 a	 function	 of	 photo-generated	 carrier	

concentrations	 in	 high	 injection	 level	 system	 at	 ����	 increases	 with	 increasing	 �n	 and	

(�� = ��)	yields	���� = ��� + ���,	a	function	of	thermally-generated	carrier	concentrations	

in	 low	 injection	 level	 materials	 (�� ≪ ��)	 in	 Eqn.	 (2-99).	 As	 a	 result,	 the	 excess	 carrier	

lifetimes	given	in	Figure	4.4	illustrates	the	SRH	lifetimes	at	the	G0	=	0,	G0	>	0	and	G0	→	∞	as	

a	function	of	localized	state	energy	for	silicon	samples	(a)	excess	electron	SRH	lifetime	and	

(b)	 excess	 hole	 SRH	 lifetime.	 As	 one	 can	 see	 from	 Figure	 4.4	 (a)	 &	 (b)	 the	 room	

temperature,	low	level	injection	trapping	effect	for	excess	electrons	and	holes	is	very	low	at	

lower	 and	 higher	 localized	 energy	 levels	 and	 reach	 maximum	 value	 at	 a	 localized	 state	

closer	to	0.76eV	and	0.66eV,	respectively.	In	figure	4.4	(a)	between	localized	energy	levels	
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0.6eV	and	0.85eV,	this	makes	the	center	more	recombination-active	to	incoming	electrons	

and	holes.	

Figure 4-4:	 Injection	 level	 dependence	 SRH	 lifetime	 as	 function	 of	 localized	 state	 energy	 (a)	 the	 excess	 electrons	 SRH	

lifetime	(b)	the	excess	holes	SRH	lifetime	

In	 figure	4.4	(b)	between	 localized	energy	 levels	0.6eV	and	0.75eV,	 this	makes	the	center	

more	recombination-active	to	 incoming	electrons	and	holes.	SRH	lifetime	 in	both	cases	 is	

high	 at	 the	 lower	 and	 higher	 localized	 energy	 levels	 while	 it	 is	 low	 at	 the	 recombination	

centers.	SRH	 lifetime	 is	uniformly	 decreases	 from	acceptor	region	 to	 their	 recombination	

center	 in	 both	 and	 an	excess	 electron	 SRH	 lifetime	 rapidly	 increases	 after	 recombination	

while	excess	holes	SRH	lifetime	somewhat	smoothly	increases	then	rapidly	increases	to	the	

donor	 region.	 In	 figure	 4.4	 (a)	 &	 (b)	 similarly,	 at	 the	 room	 temperature	 at	 G0	 >	 0	 level	

injection	trapping	effect	for	excess	electrons	and	holes	is	low	at	lower	and	higher	localized	

energy	 levels	and	reach	maximum	value	at	a	 localized	state	closer	 to	0.65eV	at	 the	same	

time.		

Independent	of	the	energy	position	of	an	SRH	centers	(in	the	upper	or	in	the	lower	half	of	

the	gap)	the	charge	state	of	the	two	possible	occupation	states	governs	whether	a	center	is	

donor-	or	acceptor-like.	If	the	charge	state	changes	between	0	and	+	(for	being	occupied	by	

an	electron	or	not),	it	is	a	donor,	and	if	the	charge	state	changes	between	0	and	-	(for	being	

occupied	by	a	hole	or	not),	it	is	an	acceptor.	Hence,	donor-like	levels	are,	in	ionized	state	(if	

occupied	 by	 a	 hole),	 electro	 statically	 attractive	 for	 electrons,	 hence	 for	 them	 ��� ≫
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���	holds,	 and	 acceptor-like	 levels	 are,	 if	 occupied	 by	 an	 electron,	 attractive	 for	 holes,	

leading	to	��� ≪ ���.	Therefore,	the	often-made	assumption	��� = ���	or	(��� = ���)	for	a	

mid-gap	level.	In	the	limit	of	small	excess	concentrations	��,	���� = ���	always	holds.		If	�n	

increases,	the	behavior	depends	on	the	ratio	
���

���
=

��

��
.	 	 for	��� ≫ ���(acceptor-like	center)	

in	 p-material	 also	 for	 high	 emissions	 levels	 ���� = ���	holds,	 since	 the	 center	 remains	

mainly	occupied	by	a	hole.		For	��� ≫ ���	(donor-like	center),	however,	with	increasing	�n	

the	 hole	 occupancy	 factor	 according	 to	 Eq.	 (2-99)	 decreases.	 The	 ����	 increases	 with	

increasing	�n.	If	the	lifetimes	strongly	deviate	from	each	other,	in	a	certain	excess	carrier	

concentration	regime	����increases	proportional	to	��	and(�� = ��).	In	figure	4.4(a)	&	(b)	

in	the	limit	of	high	injection	level	(G0	→	∞),	���� = ��� + ���	holds,	and	then	the	lifetime	is	

governed	 by	 the	 larger	 of	 the	 two	 lifetimes.	 This	 makes	 the	 center	 less	 recombination-

active	to	incoming	electrons.	This	effect	is	called	“saturation	of	a	SRH	center.”	The	result	in	

both	Figure	(a)	&	(b)	are	exactly	V-shapes	which	are	done	due	to	the	saturation	factor	on	

the	samples	as	high	injection	level	was	introduced.	

4.5 Effects of density of localized state versus doping level on 

Shockley-Read-Hall lifetimes 

Figure	4.5	illustrates	the	SRH	lifetimes	at	total	density	of	localized	state	and	doping	level	as	

a	 function	 of	 localized	 state	 energy	 for	 (a)	 total	 density	 of	 localized	 state	 greater	 than	

doping	 level	 and	 (b)	 total	 density	 of	 localized	 state	 less	 than	 doping	 level	 and	 (c)	 total	

density	 of	 localized	 state	 equal	 to	 doping	 level.	 These	 result	 analyzed	 by	 fixing	 the	

temperature	at	room	(300K)	and	at	 low	injection	level.	As	predicted	in	Figure	4.5	(a),	(b)	

and	 (c)	 since	 the	 recombination	 and	 the	 trapping	 of	 carriers	 are	 negligible	 for	 localized	

levels	 near	 the	 valence	 and	 conduction	 band	 edges,	 the	 magnitude	 of	 both	 SRH	 lifetimes	

reaches	a	maximum	value	in	these	regions.			
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Figure 4-5:	 Excess	 carrier	 SRH	 lifetimes	 at	 total	 density	

of	 localized	 state	 and	 doping	 level	 as	 a	 function	 of	

localized	 state	 energy	 for	 (a)	 total	 density	 of	 localized	

state	 greater	 than	 doping	 level	 and	 (b)	 total	 density	 of	

localized	state	less	than	doping	level	and	(c)	total	density	

of	localized	state	equal	to	doping	level.	

As	 one	 can	 see	 from	 Figure	 4.4	 (a)	 the	

room	 temperature,	 SRH	 lifetimes	 excess	

carrier	 decreases	 uniformly	 for	 both	

electrons	and	holes,	until	 they	reaches	 the	

maximum	 recombination’s	 centers	 0.66eV	

for	holes	and	0.76eV	electrons.	After	recombination	center	in	the	donor	trap	regions	due	to	

imbalances	 of	 both	 electrons	 and	 holes,	 SRH	 lifetime	 for	 the	 hole	 is	 show	 as	 majority	

carrier	lifetime	while	the	electron	is	show	the	minority	carrier	lifetime	(insufficiency	holes	

and	 excess	 electrons).	 In	 figure	 4.5(b)	 we	 see	 that	 the	 holes	 re-emission	 is	 takes	 place	

which	is	called	the	trap,	with	cause	of	total	density	state	exceeds	the	doping	level.	The	SRH	

lifetime	 for	 holes	 and	 electrons	 decreases	 up	 to	 the	 recombination	 centers	 0.55eV	 and	

0.76eV,	respectively.	SRH	lifetime	for	the	hole	is	majority	carrier	lifetime	while	the	electron	

is	 the	 minority	 carrier	 lifetime	 (i.e.	 due	 to	 more	 insufficiency	 of	 holes	 and	 excess	 of	

electrons).		
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In	 figure	 4.5(c)	 both	 holes	 and	 electrons	 SRH	 lifetime	 decreases	 before	 they	 reaches	

recombination’s	centers	while	both	are	increases	after	recombination.	Again	in	the	donor	

region,	SRH	lifetime	for	the	hole	is	majority	carrier	while	for	electrons	is	minority	carrier.	

In	 three	 cases	 trap	 is	 increases	 to	 the	 mid-gap	 and	 decreases	 after	 the	 recombination	

center	 to	 the	 conduction	 band.	 The	 total	 density	 state	 of	 parameter	 more	 shows	 the	

increases	and	decreases	of	the	traps.	
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Chapter 5 : Conclusions 

In	 this	 study,	 the	 effects	 of	 deep	 levels	 optical	 emissions	 of	 free	 carriers	 on	 the	 photo-

responses	 semiconductor	 at	 different	 localized	 state	 are	 calculated	 inside	 the	 sample	 of	

silicon	 (Si).	 Then,	 the	 effect	 of	 temperature	 on	 the	 trap	 effect	 and	 on	 SRH	 lifetimes,	 and	

injection,	and	total	trap	density	state	and	doping	level	on	the	SRH	excess	carrier	lifetimes	

investigated.  

The	 results	 obtained	 from	 the	 description	 of	 the	 effect	 of	 free	 carrier	 trap,	 the	 localized	

regions	 have	 different	 traps	 for	 their	 different	 localized	 energy	 levels.	 Depending	 on	 the	

interactions	 of	 localized	 states	 with	 the	 conduction	 or	 valence	 bands,	 the	 energy	 level	

dependence	 plot	 of	 the	 trap	 can	 be	 divided	 into	 five	 regions	 (i.e.	 Acceptor,	 hole	 trap,	

recombination	center,	electron	trap	and	donor	regions).	Most	of	 the	impurities	are	 in	 the	

��	 state	 for	 acceptor	 and	 in	 ��	 state	 for	 donor	 regions.	 In	 these	 regions	 (acceptor	 and	

donor)	 the	 effects	 of	 the	 traps	 of	 a	 localized	 center	 negligibly	 small.	 The	 energy	 value	 of	

these	regions	is	approximately	equal	or	less	than	to	thermal	energy	���. 

In	hole	trap	region,	the	probability	of	emission	of	hole	much	greater	than	the	probability	of	

capture	of	electron	i.e.	�� ≫ ��	and	the	process	reverse	for	electron	tap	region	but	 in	the	

recombination	 center	 approximately	 the	 capture	 cross	 section	 ��	 = ��which	 represents	

the	probability	of	traps	capturing	carriers.	From	the	energy	level	0.08	eV	to	0.15	eV,	hole	

trapping	has	maximum	values	and	thus	the	hole	trapping	effect	becomes	dominant	and	for	

the	energy	level	equal	to	0.77	eV,	the	electron	trapping	has	maximum	values	in	this	sample.	

In	 general,	 we	 conclude	 that,	 the	 free	 carrier	 traps	 are	 relatively	 inactive	 at	 high	

temperatures	compared	to	low	temperatures,	at	high	injection	level	to	low	level	and	if	total	

trap	density	is	greater	than	doping	level.	Only	deep	levels	can	trap	free	carriers	at	higher	

temperatures	 and	 trap	 is	 decreases	 with	 increasing	 temperature	 as	 function	 of	 localized	

state	 energies.	 In	 all	 case	 SRH	 lifetimes	 as	 function	 of	 localized	 state	 energies	 in	 lower	

temperatures	 is	 dominated	 in	 the	 semiconductor	 silicon	 sample.	 It	 has	 been	 shown	 that,	

the	 trapping	 value	 varies	 with	 temperature.	 At	 low	 temperatures,	 free	 carrier	 traps	 are	
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relatively	 more	 active.	 The	 minority	 carrier	 traps	 farther	 away	 above	 the	 intrinsic	 level	

become	more	effective	with	decreasing	temperature.	Free	carrier	traps	are	more	effective	

at	low	temperatures,	when	compared	to	high	temperatures.	The	probability	of	emission	of	

carriers	 by	 the	 center	 increases	 with	 increasing	 temperature.	 The	 electron	 trap	 localized	

centers	 become	 the	 most	 dominant	 electron	 trap	 centers	 at	 lower	 temperatures.	 SRH	

lifetime	becomes	to	be	saturated	as	injection	level	goes	to	infinite.		
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