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ABSTRACT	

The	performance	of	a	silicon-germanium	heterojunction	bipolar	transistor	(SiGe	HBT)	has	been	studied	with	three	different	Ge	doping	
profiles	in	the	base	region.	These	profiles	are	triangular	(graded),	trapezoidal	(graded	and	box	combination),	and	box	(constant).	The	
parameters	studied	are	current	gain	(β),	early	voltage	(Va),	βVa,	cutoff	frequency	(fT),	and	maximum	frequency	of	oscillation	(fmax).	
Additional	effects	such	as	temperature,	base	pushout,	low	collector	current	injection	effect,	bandgap	narrowing,	and	collector	voltage	
variations	have	been	included	in	the	model.	The	modeled	results	show	that	in	box	profile,	β,	and	emitter	delay	(τe)	are	highly	improved	
whereas	in	the	triangular	profile,	the	parameters	Va,	βVa,	and	base	transit	time	are	highly	improved.	The	trapezoidal	approach	has	
intermediate	results	between	the	other	two	approaches.	The	fT	and	fmax	are	highly	improved	as	compared	to	Si	BJT	in	all	the	three	
cases.	The	results	obtained	from	the	developed	model	show	good	agreement	with	the	existing	reported	results.	
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1. INTRODUCTION	

The	 first	 homojunction	 germanium	 (Ge)	 bipolar	 junction	
transistor	 (BJT)	was	designed	by	Bardeen	and	Brattain	at	
Bell	labs,	USA	in	late	1947	and	reported	in	1948	[1].	Due	to	
enhanced	leakage	currents,	it	showed	poor	response	at	high	
temperatures.	The	silicon	BJT	was	subsequently	designed	in	
1954	 [2].	The	development	 in	metal-oxide-semiconductor	
(MOS)	technology	was	also	going	on	 in	parallel.	However,	
the	BJT	had	 its	own	advantages	 such	as	 their	use	 in	 logic	
devices	and	high	frequency	use	in	analog	circuits.	They	had	
also	 been	 used	 with	 MOS	 technology	 such	 as	 bipolar	
complementary	 MOS	 (BiCMOS)	 circuits	 making	 use	 of	
advantages	of	both	the	technologies	for	wider	applications	
in	analog	and	mixed	signal	design.	

Due	 to	 its	 potential	 advantages,	 the	 BJT	 was	 gradually	
improved	 in	 performance,	 especially	 in	 the	 frequency	 of	
operation	and	current	gain.	The	performance	of	a	BJT	can	
only	be	improved	if	its	parameters	such	as	base	width	and	
doping	needed	to	be	decreased	to	decrease	the	overall	base	
transit	 time	 across	 the	 transistor.	 But	 this	 had	 its	 own	
disadvantages	 such	 as	 increase	 of	 base	 resistance	 and	
difficulty	in	realizing	extremely	small	bases	in	the	region	of	
nanometers.	Increase	of	base	resistance	would	reduce	the	
fmax	which	 is	discussed	 in	section	IV.	To	further	 improve	
the	 performance	 beyond	 the	 physical	 limits	 of	 the	 BJT,	
Kroemer	 developed	 the	 theory	 of	 the	 silicon-germanium	
heterojunction	bipolar	transistor	(SiGe	HBT)	in	1957.	This	
technology	 used	 two	 different	 bandgap	 semiconductor	
materials	[3].	The	use	of	SiGe	HBT	helped	in	improving	the	
BJT	high	frequency	performance	using	the	third	degree	of	
freedom	 by	 introducing	 Ge	 in	 the	 base	 of	 the	 transistor		
	

instead	of	reducing	the	base	width	and	base	doping.	Though	
the	 concept	 of	 HBT	 was	 proposed	 in	 1957,	 its	 actual	
production	started	in	1980s	[4].	The	historical	development	
of	the	SiGe	HBT	is	detailed	in	Table	1.	

Subsequently,	 over	 the	 last	 many	 years,	 a	 lot	 of	
development	has	taken	place	in	the	field	of	high	frequency	
operation	of	SiGe	HBTs	due	to	the	advances	in	the	field	of	
telephony	 and	mobile	 communication.	 These	 have	 higher	
speed	 performance	 and	 higher	 cut-off	 frequency	 as	
compared	to	the	Si	BJT	[5].	Besides	this,	BiCMOS	technology	
has	also	been	used	with	the	combination	of	both	SiGe	HBT	
and	CMOS	technology.	This	has	opened	wide	applications	in	
analog,	RF,	and	digital	applications	domains	[6].	Lastly,	SiGe	
HBTs	 can	 also	 be	 operated	 in	 under	 exposure	 to	 intense	
space	 radiations	 and	 extreme	 temperatures	 [7]	 making	
them	 the	 potential	 semiconductor	 devices	 for	 the	 future	
space	research	and	exploration.	

The	 progress	 of	 the	 high	 frequency	 transistors	 is	 only	
possible	 if	 the	 basic	 understanding	 of	 the	 physical		
	

Table	1.	SiGe	HBT	Development	[5]	

Year	 Development	in	SiGe	HBT	
1957	 Basic	HBT	theory	
1975	 SiGe	strained	layers	
1985	 SiGe	thin	film	by	MBE	
1986	 SiGe	thin	film	using	CVD	
1987	 SiGe	HBT	
1992	 SiGe	HBT	BiCMOS	technology	
1993	 Peak	cutoff	frequency	realized	above	100	GHz	
2001	 Peak	cutoff	frequency	realized	above	200	GHz	
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phenomenon	 is	 clear	 and	 developed	 continuously	 in	 an	
analytical	manner.	The	work	done	in	theoretical	modeling	
of	the	SiGe	HBT	over	the	past	five	decades	mainly	dealt	with	
either	 numerical	 models	 [8–12]	 or	 the	 empirical	 models	
[13,	14]	or	actual	experimentation	[15–21]	explaining	very	
little	about	the	underlying	physics	of	the	device.	However,	
very	 few	 works	 have	 been	 done	 to	 model	 the	 device	
analytically	 [22–26].	 The	 empirical	 models	 are	 highly	
inaccurate	and	are	applicable	for	a	particular	set	of	device	
parameters.	 The	 numerical	 models	 are	 highly	
mathematically	complex.	

In	 this	 paper,	 an	 analytical	model	 the	 SiGe	HBT	has	been	
developed	when	 the	 three	Ge	profiles	namely	box	profile,	
triangular	profile,	and	trapezoidal	profiles	are	used	 in	the	
base	 of	 a	 SiGe	 HBT.	 The	 organization	 of	 the	 paper	 is	
described	below:	

In	section	II,	the	physics	of	strain	produced	in	the	Si	film	due	
to	germanium	doping	has	been	dealt	with.	Section	III	details	
the	 electrical	 characteristics	 and	 parameters	 of	 a	 Si	 BJT.	
Section	IV	gives	the	physics	and	modeling	of	a	SiGe	HBT	for	
three	different	Ge	profiles.	The	results	and	discussions	on	
the	above	model	are	given	in	Section	V.	Section	VI	concludes	
the	paper.	

2. PHYSICS	OF	STRAINED	SIGE	LAYERS	

Si	 and	 Ge	 semiconductors	 have	 indirect	 energy	 bandgap	
containing	conduction	and	valence	bands.	The	conduction	
energy	 level	 of	 Si	 contains	 6	 valleys	 equal	 in	 energy	 and	
dispersed	 in	 3	 dimensions.	When	 the	 strain	 is	 applied,	 6	
energy	valleys	are	split	 into	2	out	of	plane	energy	valleys	
and	 4	 in-plane	 energy	 valleys.	 The	 4-fold	 valleys	 move	
downward	 in	 energy,	 resulting	 in	 a	 small	 reduction	 in	
conduction	band.	The	2-fold	valleys	move	upward	in	energy	
as	shown	in	Figure	1	(a).	The	valence	band	has	heavy	holes,	
light	 holes,	 and	 split	 off	 holes’	 valleys.	 Similarly,	 under	
strain,	 the	 valence	 band	 degeneracy	 also	 gets	 lifted.	 The	
heavy-hole	 valence	 band	 energy	 valley	 gains	 energy,	 and	
the	 light-hole	 and	 split-off	 valence	 band	 energy	 valleys	
reduce	in	energy.	The	results	of	the	application	of	strain	on	
the	 conduction	 bands	 and	 valence	 bands	 lead	 to	 the	
alteration	of	 these	bands	resulting	 in	 the	alteration	of	 the	
electrical	 properties	 of	 the	 SiGe	 layers.	 The	 alteration	 of	
band	structure	provides	lower	effective	mass	to	the	charge	
carriers.	 The	 intervalley	 scattering	 also	 gets	 suppressed.	
These	 factors	combined	together	raise	 the	mobility	of	 the	
charge	 carriers.	 The	 density	 of	 states	 in	 the	 case	 of	 SiGe	
layers	 is	also	reduced	as	compared	to	the	Si	 layers	due	to	
the	 changes	 in	 the	 band	 structure	 and	 the	 alteration	 of	
effective	 mass	 of	 charge	 carriers.	 Mathematically,	 carrier	
mobility:	

μ	=	q	τ/m*	 (1)	

v	=	μ·E	 (2)	

where	

1/τ		=	Scattering	rate	
m*	=	Effective	mass	

3. BJT	MODELING	INCLUDING	KIRK	AND	LOW	
INJECTION	EFFECTS	

The	Si	BJT	Schematic	is	presented	in	Figure	2.	

The	current	gain	(β)	in	Si	BJT	[27]	is	given	by	Equation	(3):	

βsi	=	Ic/Ib	 (3)	

where	

Ic	=	Collector	current	in	Si	BJT	
Ib	=	Base	current	in	Si	BJT	

	

	

(a)	

	

(b)	

Figure	1.	(a)	Conduction	band	splitting	in	the	presence	of	strain	
and	(b)	resultant	bandgap	in	the	SiGe	layer	after	strain	[5]	

	

Figure	2.	The	NPN	BJT	schematic	



International Journal of Nanoelectronics and Materials (IJNeaM) 
Volume 18, No. 4, October 2025 [669–679] 

671	
	

The	collector	current	[27]	is	given	by	Equation	(4):	

Ic	=	(qADnni2/WbNa)	exp{qVbe/kT}	 (4)	

where	

q	=	Electron	charge	
A	=	Area	of	cross-section	
Dnb	=	Electron	diffusion	coefficient	in	the	base	
ni	=	Intrinsic	carrier	concentration	
Wb	=	Neutral	base	width	
Na	=	Base	doping	concentration	
Vbe	=	Biasing	voltage	at	the	base	
k	=	Boltzmann	constant	
T	=	Absolute	temperature	

	
The	base	current	[27]	is	given	by	Equation	(5):	

Ib	=	(qADpni2/WeNde)	exp{qVbe/kT}	 (5)	

where	

Dpe	=	Hole	diffusion	coefficient	in	emitter	
We	=	Neutral	emitter	width	
Nde	=	Emitter	doping	concentration	

	
Therefore,	 the	 current	 gain	 (β)	 for	 a	 Si	 BJT	 is	 given	 by	
Equation	(6):	

βsi	=	(DnbWeNde)/(DpWbNa)	 (6)	

Equation	(6)	does	not	include	second	order	effects	such	as	
Kirk	effect	and	low	collector	current	gain	degradation.	The	
parameters	are	defined	in	Table	2.	

3.1. Effect	or	Base	Pushout	Effect	

Kirk	effect	is	a	very	important	concept	in	understanding	the	
working	 of	 the	 BJT	 at	 high	 base	 to	 emitter	 voltages	 in	 a	
common	 emitter	 configuration.	 In	 this	 concept,	 the	 base	
region	 is	 widened,	 when	 high	 collector	 currents	 pass	
through	the	BJT	collector	region.	Hence	the	electron	density	
(in	 case	 of	 NPN	 BJT)	 increases	 in	 the	 base/collector	
depletion	region.	This	results	 in	 the	spread	of	 the	electric	
field	in	the	collector	region	to	balance	the	electric	field	in	the	
	

base	region	due	to	enhanced	electron	density.	This	process	
goes	on	till	the	whole	collector	region	is	covered	up	and	the	
whole	collector	region	 is	depleted.	 If	 the	collector	current	
increases	further,	there	is	a	collapse	of	electric	field	in	the	
collector,	and	the	little	electric	field	exists	at	the	end	of	the	
collector	 region.	 So,	 effectively,	 the	 base	 of	 the	 transistor	
gets	effectively	widened	leading	to	decrease	in	the	β	of	the	
BJT.	This	is	due	to	the	fact	that	electrons	take	more	time	in	
transiting	the	base	region	and	hence	less	collector	current	
is	 produced.	 The	 collector	 current	 (Ickirk)	which	 is	mainly	
drift	 current	 at	 the	 start	 of	 kirk	 effect	 [27]	 is	 given	 by	
Equation	(7):	

Ickirk	=	ANdcvsatq	 (7)	

where	

Ndc	=	Collector	region	doping	
vsat	=	Electron	drift	velocity	

	
The	parameters	used	in	modeling	are	given	in	Table	2.	The	
base	width	widening	(Wbkirk)	has	been	taken	from	[28]	and	
reproduced	here	as	in	Equation	(8):	

Wbkirk	=	Wb[1–(xd/Wb)/(1+Ic/Ickirk)1/2]	 (8)	

where	xd	is	the	base	collector	junction	depletion	width	[28]	
at	a	collector	voltage	(Vcb).	

So,	replacing	the	base	width	Wb	in	(6)	with	Wbkirk	form	(8),	
we	get	current	gain	at	high	collector	current	(βsi1)	given	by	
Equation	(9):	

βsi1	=	(DnbWeNde)/(DpWbkirkNa)	 (9)	

So,	 Equation	 (9)	 becomes	 Equation	 (10)	 after	 using	
Equation	(6)	as:	

βsi1	=	βsiWb/Wbkirk	 (10)	

3.2. Low	Collector	Current	Gain	Degradation	

The	current	gain	of	a	BJT	also	falls	at	low	collector	current	
levels.	This	 is	due	to	the	fact	that	the	base	current	mainly	
consists	 of	 the	diffusion	 currents	 (5).	The	 generation	 and		
	

Table	2.	Parameters	used	in	development	of	model	

Parameter	 Value	 	 Parameter	 Value	
Ge	in	SiGe	base	 0–0.3	 	 Ndc	 1×1016	cm–3	
η	[27]	 1.20	 	 Cjc	[27]	 19.9	fF	
γ		 0.25	 	 Cje	[27]	 11.7	fF	
A	 1×10–8	cm2	 	 Xd	or	Wcd	 0.69×10–5	for	Vbc	=	2V	
ξ		 0,	0.5,	0.88,	1	 	 Dn	[28]	 30	
∆Eg,Ge(0)	 2%,	4%	 	 Dp	[28]	 45	
Wb	 1×10–5	cm	and	5×10–6	cm	 	 ni	silicon	[29]	 1010	/cm3	
We	 1×10–4	cm,	5×10–4	cm	 	 vsat	 105	cm/s	
Nb	 1×1018	cm–3,	3.3×1018	cm–3,	6.6×1018	cm–3	 	 Nt	[30]	 1×1013	cm3	
Nde	 8×1018	cm–3,	2.6×1018	cm–3,	5.2×1018	cm–3	 	 σ	(Electron	capture	area)	[29]	 10–14	cm2	
Rc	[27]	 91	Ω	 	 Re	[27]	 8.3	Ω		
Rb	[31]	 25	Ω	 	 	 	
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recombination	currents	are	also	dominant	at	low	collector	
current	levels,	and	hence	the	β	falls	at	low	base	to	emitter	
voltages	too	(Vbe	<	0.7	V).	

The	 whole	 current	 gain	 variation	 with	 the	 base	 emitter	
voltage	is	divided	into	two	parts.	The	base	current	at	high	
collector	 current	 is	 mainly	 diffusive	 and	 at	 low	 collector	
current,	it	is	generation	and	recombination.	

For	low	collector	currents,	the	current	gain	(βsi2)	is	given	by	
Equation	(11):	

βsi2	=	Ic/Ibrg	 (11)	

where	Ibrg	is	the	base	current	[30]	at	low	collector	currents	
given	by	Equation	(12):	

Ibrg	=	0.5qA	vsatWbNt	σ	exp{qVbe/1.76kT}	 (12)	

where	

Nt	=	1×1013	cm3	
σ	=	Electron	capture	area	(10–14	cm2)	[30]	

	
Therefore,	the	current	gain	in	whole	region	of	operation	is	
the	 combination	 of	 both	 Equations	 (10)	 and	 (11)	 in	 their	
respective	regions	as	shown	in	Figure	3.	

3.3. Early	Voltage	(VA)	

The	 base	width	modulation	 (VA)	 is	 a	 very	 important	 and	
critical	parameter	for	judging	the	performance	of	a	BJT.	The	
early	 effect	 also	 called	 as	 base	 width	 modulation	 is	 the	
reduction	in	effective	base	width	due	to	the	increased	base	
to	collector	voltage	at	constant	base	to	emitter	voltage	[32].	
The	 large	 collector	 reverse	 bias	 increases	 the	 depletion	
width	 at	 the	 base/collector	 junction.	 This	 leads	 to	 the	
reduction	in	the	base	recombination	current	and	hence	the	
collector	 current	 starts	 increasing	 with	 the	 increase	 of	
collector	 base	 voltage.	 This	 is	 an	 abnormal	 second	 order	
effect	in	a	BJT	which	must	be	studied	in	order	to	shift	to	the	
SiGe	 HBT	 modeling.	 The	 early	 voltage	 of	 a	 Si	 BJT	 is	 the	
extrapolated	tangent	to	the	Ic/Vce	curve.	The	larger	the	slope	
of	the	tangent,	the	smaller	the	early	voltage.	Or	the	smaller	
the	 slope,	 (lesser	 value	 of	 conductance	 produced	 due	 to	
early	effect),	the	larger	will	be	the	early	voltage.	So,	the	early	
effect	voltage	must	be	increased	so	that	the	transistor	does	
not	produce	any	change	in	collector	current	with	the	change	
in	base	collector	voltage.	The	collector	current	can	only	be	
increased	 with	 the	 increase	 of	 base	 to	 emitter	 voltage.	
Idealy	the	output	conductance	(∂Ic/∂Vce	at	fixed	Vbe)	should	
be	zero	or	 infinite	output	resistance	(slope	of	 Ic/Vce	 curve	
are	parallel	to	x	axis).	

Figure	4	shows	that	the	early	voltage	for	Si	BJT	(VA,Si)	is	the	
x	 intercept	of	 the	 tangent	 to	 the	 Ic/Vce	 curve.	We	define	a	
point	Ic(0)	and	Vce	=	Vbe	point	on	the	Ic/Vce	curve.	Vce	=	Vbe	
implies,	Vcb	=	0	volt	point.	Equation	of	 the	 tangent	at	 this	
point	becomes	Equation	(13.1):	

y–Ic(0)	=	m(x–Vbe)	 (13.1)	

	

Figure	3.	Current	gain	variation	with	Vbe	with	kirk	effect	and	low	
injection	collector	current	at	collector	voltage	(Vc)	=	1	V	for	Si	BJT	

	

Figure	4.	Early	voltage	of	a	Si	BJT	

where	m	=	∂Ic/∂Vce,	so	Equation	(13.1)	becomes	y–Ic(0)	=	
(∂Ic/∂Vce)	(x–Vbe).	

At	y	=	0,	Equation	(13.1)	becomes	Equation	(13.2):	

x	=	Vbe–Ic(0)/(∂Ic/∂Vce)	 (13.2)	

where	x	=	–VA.	

Therefore,	

VA	=	Vbe–Ic(0)/(∂Ic/∂Vce)	 (13.3)	

Now,	 Equation	 (13.3)	 can	 be	 transformed	 into	 Equation	
(13.4)	using	suitable	substitutions	[5]:	

VA,Si	=	−Wb(0)(∂Wb/∂Vcb)−1	 (13.4)	

where	Wb(0)	 is	 the	 effective	base	width	 at	Vcb	 =	0	V,	 and	
Equation	(13.5)	can	be	written	as:	

Wb(V)	=	Wb−[2εoεsiNdc(φbi+Vcb)/(qNaNdc)]0.5	 (13.5)	

where	

φbi	=	Output	built-in	voltage	
εo	=	Permitivity	of	free	space	
εsi	=	Relative	permitivity	of	Si	
Vce	=	Collector-to-emitter	voltage	
Ndc	=	Doping	in	collector	region	
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Equation	(13.4)	can	be	solved	and	the	final	early	voltage	for	
a	Si	BJT	can	be	reached	at	Equation	(13.6):	

VA,Si	=	2(Wb–k1(φbi)1/2)(φbi+Vcb)/k1	 (13.6)	

where	k1	is	equal	to	[2εoεsiNdc/(qNaNdc)]0.5.	

3.4. Base	Transit	Time	(τb,Si)	

It	 is	 the	 time	 required	 by	 the	 charge	 carriers	
(electrons/holes)	to	cross	the	base	region	of	a	Si	BJT	after	
the	recombination	is	over.	For	Si	BJT,	it	can	be	easily	derived	
and	[27]	is	given	by	Equation	(14.1):	

τb,Si	=	Wb2/2Dnb	 (14.1)	

The	base	transit	time	gets	changed	if	the	Kirk	effect	[28]	is	
taken	into	account.	The	changed	in	Equation	(14.2)	is	given	
by:	

τb,Si	=	(Wb2/2Dnb)[1–(xd/Wb)/(1+Ic/Ickirk)1/2]2+Wb/vsat	
(1–(xd/Wb)/(1+Ic/Ickirk)1/2]	 (14.2)	

3.5. Emitter	Delay	(τe,Si)	

It	 is	 the	 delay	 caused	 by	 the	 charge	 carriers	 to	 cross	 the	
emitter	region.	For	Si	BJT,	it	can	be	easily	derived	and	[27]	
is	given	by	Equation	(14.3):	

τe,Si	=	WeWbNa/2NdeDnb	 (14.3)	

The	parameter	values	are	given	in	Table	2.	

4. SIGE	HBT	WITH	THREE	GE	PROFILES	

A	 SiGe	HBT	 contains	 a	 SiGe	 base	 and	 Si	 emitter	 and	 a	 Si	
collector.	 The	 addition	 of	 Ge	 with	 Si	 in	 the	 base	 region	
reduces	 the	 bandgap	 as	 compared	 to	 that	 of	 Si-BJT.	 The	
bandgap	of	Ge	 is	0.67	eV.	 It	 is	 lower	 than	 the	bandgap	of	
silicon	(1.11	eV)	[29].	

4.1. Principle	of	Addition	of	Ge	in	the	Base	for	Three	
Profiles	

The	 germanium	 addition	 in	 silicon	 base	 is	 not	 a	 simple	
procedure.	We	are	taking	here	uniform	base	p	type	doping	
of	around	1×1018	cm–3.	The	Ge	added	results	in	the	grading	
of	 the	 conduction	 band	 edge	 as	 shown	 in	 Figure	 5.	 The	
germanium	 is	 added	 such	 that	 the	 total	 area	 covered	 by	
each	 profile	 is	 equal.	 For	 example,	 if	 area	 covered	 by	
triangular	profile	is	“a”	units	then	the	area	of	the	trapezoidal	
profile	is	also	“a”	units	and	vice	versa	as	shown	in	Figure	6.	

Suppose	we	 take	∆Eg,Ge(0)	 (reduction	of	bandgap	due	 to	
addition	of	Ge	at	the	base-emitter	interface)	for	2%	Ge	for	
all	 profiles	 and	 ∆Eg(grade)	 (variation	 of	 bandgap	 of	 SiGe	
material	along	the	base	axis	from	emitter	to	collector	due	to	
variation	in	Germanium	in	the	base)	of	5%	Ge	for	box	(It	is	
a	constant	value	added	to	the	∆Eg,Ge(0)	in	the	case	of	box	
profile	 for	calculation	purpose	only.	 In	other	profiles,	 it	 is	
actual	 grading	 of	 some	 variable	 value).	 We	 can	 find	 the		
	

∆Eg(grade)	 for	 rest	 of	 the	 two	 profiles	 by	 equating	 the	
respective	areas.	The	area	equalization	shows	a	∆Eg(grade)	
of	Ge	6.6%	for	trapezoidal	and	10%	Ge	for	triangular	profile.	
This	means	that	to	achieve	same	effect	of	Ge	in	the	base,	we	
add	 different	 maximum	 values	 of	 the	 germanium	
concentration.	The	xT	is	normally	chosen	at	the	half	of	Wb.	
(xT	=	0.5Wb).	ξ	=	XT/Wb.	

4.2. Relationship	between	Ge	Concentration	and	the	
Bandgap	Reduction	

The	 Ge	 concentration	 added	 in	 the	 Si	 base	 causes	 a	
reduction	 of	 bandgap	 of	 Si.	 It	 is	 estimated	 that	 for	 every	
10%	 addition	 of	 the	 Ge	 in	 the	 Si,	 there	 is	 a	 reduction	 of	
bandgap	 of	 75	 meV	 [5].	 So,	 for	 every	 1%	 Ge	 addition,	
7.5	meV	bandgap	 is	 reduced.	For	a	Ge	addition	of	15%	 in	
triangular	 profile,	 the	 ∆Eg(grade)	 =	 15×7.5	 meV	 =	
112.5	meV.	At	room	temperature,	kT	=	26	meV.	Therefore,	
∆Eg(grade)/kT	 =	 112.5/26	 =	 4.32.	 If	 we	 reduce	 the	
temperature	to	77	K,	then	the	ratio	is	112.5/6.5	=	17.3.	The	
electrical	 parameters	 estimation	 done	 in	 this	 paper	 are	
based	on	these	Ge	addition	principles.	

4.3. Current	Gain	Ratio	in	Case	of	Three	Ge	Profiles	

The	 collector	 current	 density	 for	 the	 SiGe	 HBT	 can	 be	
evaluated	 using	 the	 fundamental	Moll	 and	 Ross	 Equation	
[33,	34]	expressed	in	Equation	(15.1).	The	integral	limits	are	
from	0–Wb:	

ICsige	=	Aq{exp(qVbe/kT)–1}/∫	(pb(x)dx/nib2(x)Dnb	 (15.1)	

	

Figure	5.	Energy	band	diagram	of	a	biased	SiGe	HBT	[5]	

	

Figure	6.	Cross	section	of	HBT	with	Ge	doping	profiles	in	base.	
The	three	profiles	have	been	taken	
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where	

pb(x)	=	Na	=	Constant	base	doping	
n2ib(x)	=	(NcNv)SiGe(x)	exp(−Eg(x)/kT)	
Nc	=	DOS	of	conduction	band	
Nv	=	DOS	of	valence	band	for	SiGe	doped	base	
Eg	=	Variable	bandgap	in	the	base	region	of	SiGe	HBT	

	
When	we	evaluate	Equation	 (15.1),	 the	 final	Equation	 [5]	
comes	out	to	be	Equation	(15.2):	

Icsige	=	A(qDnb/NabWb)exp(qVbe/kT–	1)nio2exp(∆Eg,Ge(0)/	
kT)(γηexp∆Eg(grade))/kT/1–exp–(∆Eg(grade))/kT)	(15.2)	

where	

∆EG(0)	 =	 Energy	 bandgap	 reduction	 at	 the	 base/emitter	
interface	due	to	Ge	addition	

∆EG(Wb)	=	Energy	bandgap	reduction	at	the	base/collector	
interface	

∆Eg(grade)	=	∆EG(Wb)−∆EG(0)	is	the	gradient	of	Ge	along	the	
base	

Dnb	=	Electron	diffusivity	in	the	base	of	SiGe	
γ	(γ	<	1)	=	Ratio	of	the	product	of	the	density	of	states	of	

SiGe	and	Si	BJT	
η	=	Ratio	of	the	diffusion	coefficients	of	SiGe	and	Si	BJTs	=	

1.2	
	
The	β	ratio	of	the	SiGe	and	the	Si	BJT	is	given	in	Equation	
(16):	

βsige/βsi	=	A/B	 (16)	

where	

A	=	γηexp(∆Eg,Ge(0)/kT	
B	=	ξkT∆Eg(grade)+{1–ξ(1+kT∆Eg(grade))}exp−	

∆Eg(grade)/Kt	
	
This	is	obtained	by	dividing	the	collector	current	density	in	
SiGe	 HBT	 from	 Equation	 (15.2)	 with	 the	 Si	 BJT	 collector		
	

current	from	Equation	(4)	and	as	shown	in	Figures	7	and	8.	
Figure	 7	 shows	 a	 β	 variation	 for	 SiGe	 with	 the	 base	 to	
emitter	 voltage.	 It	 is	 obtained	 when	 Equation	 (16)	 is	
multiplied	with	Equation	 (9)	 and	Equation	 (11).	 Figure	 8	
shows	the	current	gain	ratio	in	case	of	SiGe	and	Si	with	the	
temperature.	The	 collector	 current	 ratio	 is	 approximately	
same	as	that	of	the	current	gain	ratio	as	the	common	factor	
is	 the	base	 current.	 The	base	 current	 is	 same	 in	both	 the	
cases	of	SiGe	HBT	and	Si	BJT.	

4.4. Early	Voltage	for	Three	Profiles	(Va,SiGe)	

The	 early	 effect	 in	 a	 BJT	 has	 been	 discussed	 in	 detail	 in	
previous	section.	The	early	voltage	enhancement	[5]	in	the	
case	of	SiGe	HBT	is	expressed	in	Equation	(17)	as	shown	in	
Figure	9.	

Va,SiGe/Va,Si	=	E/F	 (17)	

where	

E	=	1–ξ+ξ(exp∆Eg(grade)	/kT−1)	
F	=	∆Eg(grade)/kT	
ξ	=	xT/Wb	

	
The	(βVa)	is	given	in	Figure	10.	

4.5. Forward	Transit	Time	(τf)	

Equation	 (18)	 represents	 the	 forward	 transit	 time.	 Its	
components	are	τe,	the	emitter	delay,	the	base	transit	time	
(τB)	and	the	(τcbd).	τebd	is	negligible	and	can	be	ignored.	

τF	=	τe+τebd+τb+τcbd	 (18)	

4.6. Base	Transit	Time	(τb)	

When	 the	Ge	 is	doped	 into	 the	base	of	 a	 SiGe	HBT	 in	 the	
grading	 manner	 such	 as	 in	 triangular	 profile	 or	 the	
trapezoidal	profile,	an	additional	accelerating	electric	field	
is	 created	 in	 the	 base	 region	 which	 pushes	 the	 injected		
	

	

Figure	7.	Current	gain	variation	with	Vbe	with	kirk	effect	and	low	
injection	collector	current	at	Vc	=	1	V	for	SiGe	HBT.	∆Eg,Ge(0)	=	
4%	Ge	and	∆Eg(grade)	=	7.5%,	9.9%,	and	15%	Ge	for	box,	

trapezoidal,	and	triangular	profiles.	The	modeled	results	match	
very	well	with	the	reported	results	[35]	

	

Figure	8.	β	ratio	for	SiGe	HBT	and	Si	BJT	with	temperature.	
∆Eg,Ge(0)	=	2%	Ge	and	∆Eg(grade)	=	5%,	6.6%,	and	10%	Ge	for	
box,	trapezoidal,	and	triangular	profiles.	The	modeled	results	

match	very	well	with	the	reported	results	[5]	
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Figure	9.	Early	voltage	ratio	(Va	SIGE/Va	Si)	variation	with	
temperature.	∆Eg,Ge(0)	=	2%	Ge	and	∆Eg(grade)	=	5%,	6.6%,	and	
10%	Ge	for	box,	trapezoidal,	and	triangular	profiles.	The	modeled	

results	match	very	well	with	the	reported	results	[5,	36]	

	

Figure	10.	βVa	ratio	with	temperature.	∆Eg,Ge(0)	=	2%	Ge	and	
∆Eg(grade)	=	5%,	6.6%,	and	10%	Ge	for	box,	trapezoidal,	and	

triangular	profiles.	The	modeled	results	match	very	well	with	the	
reported	results	[5,	36]

electrons	 from	emitter	 to	 the	collector.	This	phenomenon	
speeds	 up	 the	 electron	 movement	 and	 hence	 the	 base	
transit	time	is	reduced.	If	in	a	triangular	profile,	we	add	5%	
Ge	and	hence	 it	 is	observed	 that	 the	∆Eg(grade)	becomes	
38	meV.	For	a	base	width	Wb	of	1x10–5cm,	the	electric	field	
approximately	produced	is	3.8	kV/cm.	This	high	field	helps	
additionally	in	transporting	the	electrons	through	the	base	
of	 the	 transistor.	 This	 would	 also	 help	 in	 improving	 the	
frequency	response	of	the	HBT	too.	The	reduction	in	base	
transit	 time	 τb	 [5]	 due	 to	 Ge	 addition	 is	 given	 in	
Equation	(19):	

τb,SiGe/τb,Si	 =	 {2kTξ2/η∆Eg(grade)}[{1/ξ−1–kT/∆Eg(grade)}	
{1−exp−∆E(grade)/kT}+1+∆Eg(grade)/2kT(1/ξ–1)2	 (19)	

The	results	are	shown	in	Figure	11.	

4.7. Emitter	Transit	Time	(τe)	

The	emitter	charge	storage	time	(τe)	[5]	in	a	SiGe	HBT	can	
be	expressed	as	Equation	(20)	and	shown	in	Figure	12:	

τe,SiGe/τe,Si	=	C/D	 (20)	

where	

C	=	ξkT/∆Eg(grade)+{1–ξ(1+kT/∆Eg(grade)}	
exp(−∆Eg(grade)/kT)	

D	=	γη	exp(∆Eg,Ge(0)/Kt	
	
4.8. Base-to-Collector	Transit	Time	(τcbd)	

τcbd	=	Wcb/2vsat	 (21)	

where	

Wcb	=	Base-to-collector	depletion	width	
vsat	=	Electron	saturation	velocity	

	
The	values	are	given	in	Table	2.	

4.9. Cut-off	Frequency	(fT)	

fT	is	a	very	critical	parameter	in	evaluating	the	performance	
of	 a	 SiGe	HBT	 at	 high	 frequencies.	We	 know	 that	 at	 high	
frequencies	 the	 current	 gain	 (β)	 starts	 falling	 due	 to	 the	
negative	 feedback	 caused	 by	 the	 inter	 electrode	
	

	

Figure	11.	Base	transit	time	ratio	with	temperature	for	SiGe	HBT.	
∆Eg,Ge(0)	=	0%	Ge	and	∆Eg(grade)	=	7.28%,	7%,	and	15.56%	Ge	

for	box,	trapezoidal,	and	triangular	profiles	

	

Figure	12.	Emitter	time	ratio	(SiGe	HBT)	variation	with	
temperature	for	different	profiles.	∆Eg,Ge(0)	=	2%	Ge	and	

∆Eg(grade)	=	5%,	6.6%,	and	10%	Ge	for	box,	trapezoidal,	and	
triangular	profiles	
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capacitances.	 These	 are	 base/collector,	 base/emitter,	 and	
emitter/collector.	 The	 current	 gain	 goes	 on	 falling	 and	
reaches	a	point,	where	it	becomes	unity.	This	frequency	of	
operation	is	called	as	fT.	Beyond	this	frequency,	we	cannot	
operate	 the	 HBT	 as	 it	 becomes	 useless	 to	 operate	 a	
transistor	with	gain	less	than	one.	The	fT	[27]	is	dependent	
on	the	material	and	device	parameters	of	a	SiGe	HBT	given	
in	Equation	(22).	

1/2πfT	=	τf+(Rc+Re)Cjc+kT(Cje+Cjc)/qIc	 (22)	

where	

CJE	=	Emitter-base	junction	capacitance	
CJC	=	Base-collector	junction	capacitance	
τf	=	Forward	transit	time	

	
The	 Equation	 (22)	 is	 derived	 using	 the	 high	 frequency	
equivalent	 circuit	 of	 a	 SiGe	 HBT.	 If	 we	 examine	 the	
Equation	(22),	 it	 is	 easily	 seen	 that	 the	 fT	 is	 directly	 the	
function	 of	 collector	 current.	 As	 the	 collector	 current	
increases	 till	 the	 Kirk	 limit,	 the	 fT	 will	 go	 on	 increasing	
(Figure	 13).	 The	 rise	 in	 collector	 current	means	 that	 the	
base	transit	time	will	fall.	This	is	only	possible	if	the	Ge	is	
added	in	the	base	with	the	grading	technique.	If	the	Ic	is	low,	
then	the	fT	is	also	very	low.	After	the	Kirk	limit,	the	increase	
of	Ic	leads	to	the	decrease	in	the	fT	as	the	base	transit	time	
starts	increasing	due	to	the	base	widening	effect.	The	base	
transit	time	and	emitter	delay	are	a	function	of	Ge	doping	in	
the	 base	 and	 determine	 the	 fT	 of	 a	 SiGe	 HBT.	 The	
Equation	(22)	 is	 evaluated	using	Equations	 (14.1),	 (14.2),	
(14.3),	(19),	(20)	and	(21).	

4.10. Maximum	Frequency	of	Oscillation	(fmax)	

It	is	the	value	of	the	frequency	at	which	the	power	gain	(G)	
of	a	SiGe	HBT	drops	to	unity.	The	power	gain	of	SiGe	HBT	
[37]	given	in	Equation	(23.1)	(Figure	14):	

G2	=	(f/fmax)2	 (23.1)	

For	 unity	 power	 gain,	 it	 is	 found	 that	 the	 operating	
frequency	is	given	by	fmax	[27]as	given	in	Equation	(23.2):	

fmax	=	(fT/8πCjcRb)1/2	 (23.2)	

where	

CJC	=	Base-to-collector	junction	capacitance	
Rb	=	Base	resistance	
	

Equation	 (23.2)	 is	 evaluated	 using	 Equation	 (22)	 and	
parameters	from	Table	2.	

5. RESULTS	AND	DISCUSSION	

We	have	analytically	modeled	the	working	of	the	SiGe	HBT	
when	three	types	of	Ge	profiles	are	used	in	the	silicon	base	
of	the	NPN	BJT.	The	current	gain	of	a	BJT	has	always	been	
assumed	to	be	constant.	But	as	we	include	the	second	order	
effects,	the	results	become	different.	The	results	in	Figure	3	
	

	

Figure	13.	fT	variation	with	Ic	with	kirk	effect	at	Vc	=	2	V	for	SiGe	
HBT.	∆Eg,Ge(0)	=	2%	Ge	and	∆Eg(grade)	=	5%,	6.6%,	and	10%	Ge	
for	box,	trapezoidal,	and	triangular	profiles.	The	modeled	results	

match	very	well	with	the	reported	results	[11]	

	

Figure	14.	fT	variation	with	Ic	with	kirk	effect	at	Vc	=	1	V,	2	V,	and	
5	V	for	SiGe	HBT.	∆Eg,Ge(0)	=	2%	Ge	and	∆Eg(grade)	=	5%,	Ge	for	

box	profiles	

clearly	show	that	Kirk	effect	and	the	low	collector	currents,	
reduce	the	current	gain	for	a	Si	BJT.	

Figure	16	shows	the	variation	of	Ge	across	the	base	of	the	
SiGe	HBT.	The	three	profiles	generated	have	∆Eg,Ge(0)	(a	
constant	factor	at	the	base/emitter	interface).	This	factor	is	
usually	2%	of	Ge	in	the	base.	The	calculations	show	that	for	
every	 1%	 added	 Ge	 in	 Silicon,	 the	 bandgap	 of	 Si	 falls	 by	
7.5	meV.	For	2%	Ge,	the	band	reduction	is	15	meV.	So,	at	the	
base/emitter	interface,	the	fall	in	energy	bandgap	is	15	meV.	
As	we	move	from	base/emitter	interface	to	base/collector	
interface,	 it	 is	 seen	 that	 there	 are	 three	 paths.	One	 is	 the	
constant	 path.	 This	 path	 is	 called	 box	 profile	 due	 to	 the	
shape	of	the	rectangular	box	in	the	base.	The	bandgap	of	Si	
has	been	reduced	constantly	from	one	interface	to	the	other.	
This	 reduction	 in	 bandgap	 across	 the	 base	 is	 called	 as	
∆Eg(grade).	So,	 total	bandgap	reduction	 is	 the	∆Eg,Ge(0)+	
∆Eg(grade)(box)	in	case	of	box	profile.	

In	the	second	profile,	the	path	goes	from	∆Eg,Ge(0)	to	the	
other	 end	 of	 the	 base/collector	 interface.	 This	 is	 called	
triangular	profile.	In	this	profile,	the	Ge	concentration	varies	
from	∆Eg,Ge(0)	at	the	base/emitter	interface	to	Eg(Wb)	at	
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the	 base/collector	 interface.	 The	 net	 change	 in	 energy	
bandgap	 is	 called	 ∆Eg(grade)(triangular)	=	(Eg(Wb)–
∆Eg,Ge(0)).	

The	third	path	is	called	trapezoidal	profile.	It	starts	from	the	
base-emitter	interface	and	reaches	at	the	peak	in	the	middle	
of	the	base	or	any	point	desired	in	the	base	(xT)	where	the	
Ge	 concentration	 peaks.	 After	 that,	 it	 follows	 a	 constant	
pattern	as	box	profile.	So,	it	has	two	variations.	One	is	the	
triangular	profile,	and	 the	other	 is	 the	box	profile.	So,	 the	
combination	of	these	two	profiles	yields	a	full	model	of	the	
trapezoidal	profile.	 Figure	7	 shows	 current	 gain	variation	
with	Vbe	with	Kirk	effect	and	low	injection	collector	current	
at	Vc	=	1	V	for	SiGe	BJT.	∆Eg,Ge(0)	=	4%	Ge	and	∆Eg(grade)	
=	 7.5%,	 9.9%,	 and	 15%	 Ge	 for	 box,	 trapezoidal,	 and	
triangular	profiles.	These	curves	show	that	the	“β”	 is	very	
high	 for	 the	 box	 profile	 and	 very	 low	 for	 the	 triangular	
profile.	The	trapezoidal	profile	shows	an	intermediate	effect	
in	 the	whole	 simulation	 of	 the	 current	 gain.	 The	 possible	
reasons	 for	 such	 behavior	 are	 the	 dependence	 of	 the	
collector	current	ratio	in	two	cases	of	SiGe	HBT	and	the	Si	
BJT	on	the	Ge	profile	in	the	base	region.	If	the	Ge	content	in	
the	 base	 is	 constant,	 then	 the	 collector	 current	 increases	
exponentially	 and	 not	 linearly	 across	 the	 base.	 The	
exponential	increase	is	very	fast	and	larger	than	linear	and	
hence	 the	 box	 profile	 dominates	 in	 the	 overall	 gain	
enhancement.	This	can	be	explained	clearly	using	Equation	
(16)	by	evaluating	it	for	three	profiles.	

For	 box	 profile	 (ξ	 =	 0),	 it	 reduces	 to	 βsige/βsi	 =	 γη	 exp	
(∆Eg(grade)(box)+∆Eg,Ge(0)/kT).	 This	 expression	 clearly	
shows	 that	 gain	 enhancement	 of	 box	 is	 exponentially	
dependent	on	 the	Ge	 induced	bandgap	net	 reduction.	 For	
triangular	 profile,	 (ξ	 =	 1),	 βsige/βsi	 =	 (γη/kT)	
(∆Eg(grade)(triangular))	exp(∆Eg,Ge(0)/kT).	Dividing	gain	
enhancement	 box	 with	 triangular,	 we	 get	 approximately	
exp(∆Eg(grade)(box)/∆Eg(grade)(triangular).	 It	 clearly	
shows	that	gain	enhancement	of	box	profile	is	more	than	the	
triangular	 profile.	 Due	 to	 the	 linearity	 in	 the	 gain	
enhancement	of	 triangular	profile,	 it	 is	 at	 the	3rd	 position	
than	the	exponential	box	profile.	

For	trapezoidal	profile,	the	results	are	mixed	having	impact	
of	both	box	and	triangular	profiles	and	comes	at	2nd	place.	
The	Si	BJT	comes	at	4th	position,	the	lowest	in	the	gain	out	
of	 4.	 Figure	 9	 shows	 the	 variation	 of	 early	 voltage	 ratio	
(Vasige/Vasi)	with	the	temperature.	As	the	temperature	falls	
from	300	K	to	77	K,	 there	 is	a	sharp	 increase	 in	 the	early	
voltage	ratio	for	triangular	and	trapezoidal	profiles.	For	box	
profile	(ξ	=	0),	it	reduces	to	Vasige/Vasi	=	1.	There	is	no	effect	
of	 temperature	 on	 the	 box	 profile.	 Early	 voltage	
enhancement	 increases	 more	 for	 triangular	 and	 less	 for	
trapezoidal	as	the	temperature	falls.	For	triangular	profile,	
(ξ	=	1),	Vasige/Vasi	=	kT	(exp	(∆Eg(grade)(triangular)/kT)–1)	
/	∆Eg	(grade)	(triangular).	For	trapezoidal	profile,	(ξ	=	0.5),	
Vasige/Vasi	=	0.5	+	0.5kT	(exp(∆Eg(grade)(trapezoidal)/kT)–
1)/∆Eg(grade)(trapezoidal).	If	we	take	the	ratio	of	both	the	
equations,	it	is	found	that	the	triangular	profile	early	voltage	
enhancement	 is	 approximately	 double	 that	 of	 the	
trapezoidal	 profile.	 This	 analysis	 explains	 the	 results	
obtained.	

Figure	10	explains	the	figure	of	merit	of	the	SiGe	HBT	i.e.,	
gain	early	voltage	product	ratio.	For	box	profile	(ξ	=	0),	 it	
reduces	 to	 βVasige/βVasi	 =	 γη	 exp(∆Eg(grade)(box)+	
∆Eg,Ge(0)/kT).	This	expression	clearly	shows	that	gain	Va	
enhancement	of	box	is	exponentially	dependent	on	the	Ge	
induced	 bandgap	 net	 reduction.	 For	 triangular	 profile,	
(ξ	=	1),	 βVasige/βVasi	 =	 (γη)exp(∆Eg(grade)(triangular)+	
∆Eg,Ge(0)/kT).	 Dividing	 both	 box	 and	 triangular	
expressions,	 we	 get	 the	 value	 (γη)exp(∆Eg(grade)	
(triangular)–∆Eg(grade)(box)/kT).	 This	 expression	 is	
greater	 than	 unity	 because	 the	 ∆Eg(grade)	 of	 triangular	
profile	(10%)	is	more	than	box	profile	(5%).	So,	the	FOM	of	
triangular	profile	is	the	maximum	and	box	is	the	minimum	
and	trapezoidal	is	in	between	the	two.	

Figure	11	shows	base	transit	 time	ratio	with	temperature	
for	SiGe	HBT.	∆Eg,Ge(0)	=	0%	Ge	and	∆Eg(grade)	=	7.28%,	
7%,	 and	 15.56%	 Ge	 for	 box,	 trapezoidal,	 and	 triangular	
profiles,	respectively.	For	box	profile	(ξ	=	0),	the	ratio	is	1/η	
which	 is	 a	 constant	 factor.	 So,	 the	 base	 transit	 times	 are	
constant	and	for	SiGe	HBT	it	is	little	lesser	than	the	Si	BJT.	

For	(ξ	=	1),	the	base	time	ratio	becomes	2kT/(η∆Eg(grade)).	
Therefore,	 it	 clearly	 shows	 that	 for	 high	 or	 sharp	
∆Eg(grade),	the	base	transit	time	falls	very	rapidly	as	also	
shown	in	the	Figure	10.	The	trapezoidal	curve	is	in	between	
the	 box	 and	 the	 triangular	 profile.	 Clearly,	 the	 triangular	
profile	is	much	better	here.	At	300	K,	the	τb,	ratio	is	around	
1.3	for	triangular	profile	which	is	the	least	out	of	the	three	
profiles.	

Figure	 13	 shows	 fT	 variation	 with	 Ic	 with	 kirk	 effect	 at	
Vc	=	2V	for	SiGe	HBT.	∆Eg,Ge(0)	=	2%	Ge	and	∆Eg(grade)	=	
5%,	6.6%,	and	10%	Ge	for	box,	trapezoidal,	and	triangular	
profiles.	It	shows	that	all	the	profiles	generate	higher	fT	than	
the	Si	BJT.	Figure	15	shows	fmax	variation	with	Ic	with	kirk	
effect	at	Vc	=	1	V	for	all	three	profiles	and	Si	BJT.	The	results	
show	that	the	fmax	in	SiGe	HBT	is	highly	improved	than	the	
Si	BJT.	Figure	16	shows	fmax	and	fT	variation	with	Ic	with	
kirk	effect	at	Vc	=	1	V	for	three	profiles	∆Eg,Ge(0)	=	2%	Ge	
and	 ∆Eg(grade)	 =	 5%,	 6.6%,	 and	 10%	 Ge	 for	 box,	
trapezoidal,	 and	 triangular	 profiles.	 It	 is	 clear	 from	 the	
figure	 that	 the	 fmax	 is	 nearly	 double	 (45	 GHz)	 than	 the	 fT	
(28	GHz)	 for	 all	 the	profiles.	Clearly,	 all	 three	profiles	 are	
better	than	the	Si	BJT	(fmax	=	40	GHz	and	fT	=	23	GHz)	and	
hence	 the	 justification	 of	 the	 modeled	 results	 have	 been	
established.	

6. CONCLUSION	

SiGe	 HBT	 development	 has	 been	 going	 on	 due	 to	 its	
potential	applications	in	many	niche	areas	and	in	future,	it	
may	become	a	main	prime	mover	to	run	the	microelectronic	
industry	in	some	of	the	extreme	engineering	areas	such	as	
space	 exploration	 and	 cryogenics.	 A	 systematic,	 physics	
based	and	simple	to	understand	approach	has	been	used	to	
analytically	model	the	performance	of	a	SiGe	HBT	with	three	
different	Ge	base	doping	profiles.	The	parameters	studied	
are	 β,	 Va,	 βVa,	 fT,	 and	 fmax.	 The	 additional	 effects	 such	 as	
temperature,	 kirk	 effect,	 low	 collector	 current	 injection	
effect,	 bandgap	 narrowing,	 early	 effect,	 and	 collector		
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Figure	15.	fmax	variation	with	Ic	with	kirk	effect	at	Vc	=	1	V,	for	all	
box,	triangular,	and	trapezoidal	profile	SiGe	HBT	and	Si	BJT.	

∆Eg,Ge(0)	=	2%	Ge	and	∆Eg(grade)	=	5%,	6.6%,	and	10%	Ge	for	
box,	trapezoidal,	and	triangular	profiles	

	

Figure	16.	fmax	and	fT	variation	with	Ic	with	kirk	effect	at	Vc	=	1	V	
for	all	three	profiles.	∆Eg,Ge(0)	=	2%	Ge	and	∆Eg(grade)	=	5%,	
6.6%,	and	10%	Ge	for	box,	trapezoidal,	and	triangular	profiles

voltage	 variations	 have	 provided	 a	 lot	 of	 accuracy	 to	 the	
developed	model.	 The	methodology	 to	 find	 the	 actual	 Ge	
concentration	 in	 all	 three	 profiles	 has	 been	 given	 in	 the	
model.	The	modeled	results	show	that	in	box	profiles	β	and	
emitter	 charge	 storage	 time	 (τe)	 are	 highly	 improved	
whereas	 in	 the	 triangular	 profile,	 the	 parameters	 Va	 and	
βVa,	base	transit	time	are	highly	improved.	The	trapezoidal	
approach	has	 intermediate	results	between	the	other	 two	
approaches.	 The	 trapezoidal	 profile	 calculation	 can	 be	
further	 improved	by	taking	the	xT	point	at	other	places	 in	
the	 base	 region.	 The	 fT	 and	 fmax	 are	 highly	 improved	 as	
compared	 to	 Si	 BJT	 in	 all	 the	 three	 cases.	 The	 results	
obtained	from	the	developed	model	show	good	agreement	
with	 the	 existing	 reported	 results.	 Further	 investigations	
using	 effects	 such	as	 radiation	 effects,	 noise,	 neutral	 base	
recombination	effect	and	non-uniform	base	doping	can	also	
be	studied	analytically.	
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