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Lecture 36 - Bipolar Junction Transistor
(cont.)

May 4, 2007

Contents:

1. Current-voltage characteristics of ideal BJT (cont.)

2. Charge-voltage characteristics of ideal BJT
3. Small-signal behavior of ideal BJT

Reading material:

del Alamo, Ch. 11, §§11.2 (11.2.5), 11.3, 11.4 (11.4.1)
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Key questions

e How do the output characteristics of the ideal BJT look like?

e How do the charge-voltage characteristics of the ideal BJT look
like?

e What is the topology of the small-signal equivalent circuit model
of the ideal BJT in FAR?

e What are the key dependencies of its elements?

Cite as: Jesus del Alamo, course materials for 6.720J Integrated Microelectronic Devices, Spring 2007.
MIT OpenCourseWare (http://ocw.mit.edu/), Massachusetts Institute of Technology. Downloaded on [DD Month YYYY].



6.720J/3.43J - Integrated Microelectronic Devices - Spring 2007 Lecture 36-3

1. Current-voltage characteristics of ideal BJT (cont.)

Ideal BJT current equations (superposition of forward active + re-

verse):
qVBE Vo, s qVpe
Ioc =1 — — = —1
o = Islexp = e Tgm) = g e e = b
I V I Vi
]B__S< QBE_1)+_S< quc_l)
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Equivalent circuit model representation
C
£ (exp T )
B G Is ( equ BE ] pq\gc)
éF (exp 1 BE 1)
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Complete model has only three parameters: Ig, Gp, and Gp.
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O Common-emitter output I-V characteristics

vs. Vop:
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Io vs. Vop with Ip as parameter:
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Where is the reverse regime?
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Common-emitter output characteristics:
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Zoom into inverse regime:
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2. Charge-voltage characteristics of ideal BJT

In BJT, two types of stored charge:

e depletion layer charge

e minority carrier charge

In forward-active regime:

depletion charge
in base-emitter SCR

minority carrier

depletion charge charge in o .
in base-collector emitter QNR minority carrier
SCR charge in
base QNR
x B x B
C C
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O Depletion layer charge

In B-E and B-C SCR’s, respectively:

Op = A 2¢qNpNp(ovie — ViE)
I b Ng + Np
2eqNpNc(dvic — V)
-2
Q]C ¢ Np + N¢

Onie and @p;c are respective built-in potentials.

Since Ng > Np > N,

Qjr ~ AE\/QéqNB(bezE — VBE)

Qjc ~ AC\/QéqNC(qbbz’c — Vpe)

Depletion capacitance:

C‘ _ anE ~ AE GQNB _ Cjeo
7 OVpr 2(0vir — ViE) 1 — Z%E
i E

O. — anC ~ AC GQNC _ Cjco
Ve 2(pvic — Vae) 1 Zf;g
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O Minority carrier charge

Excess minority carriers in QNR’s = excess majority carriers to keep
quasi-neutrality = diffusion capacitance.

Key result from pn diode: in "short” or "transparent” QQNR:

stored charge = minority carrier transit time
X injected minority carrier current

e [For emitter in FAR:
PE

-WE-XBE -XBE X

Qp = Tielp
with hole transit time:
Wi
7' = —
1B = D
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e [For base in FAR:

ng

ng(VBE)

Qp = mplc
with electron transit time:
Wi
7' = —
1B = 5 Dn
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Comments:

e Units of Qg and Qg are C'.
e (Qp and (Yp scale with Ag.

Total minority carrier charge in FAR:

-
Qr = Qe+ Qp=melp+ mplc = (t—i + 1)l =T1rlc

Tr = intrinsic delay [s]

7r 1s overall time constant for minority carrier storage in BJT in

FAR:

TtE
TF:—+TtB
F

Note: emitter contribution to 77 is 7vg/BF because Ip is Gp times
smaller than 1.

If Vg changes, Qg and () change = capacitive effect:

1Qr __alc

Cr= v =TT
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Location of this capacitance? Think of which terminals supply stored
charge (minority and majority carriers):

For Q) g:

e minority carriers (holes) injected from base

e majority carriers (electrons) come from emitter contact

For Q) p:

e minority carriers (electrons) injected from emitter

e majority carriers (holes) come from base contact

Equivalent-circuit model:

C
Qjc ;’f
9VBE
B G Is exp = <
- - | \Y
QF 2 OjE_,zf B—?: (exp qk% -1)
E
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Similar picture in reverse regime: charge storage in base and collector

Qr=TrlE

Tr a bit complicated because it accounts for charge storage in in-
trinsic and extrinsic base and collector regions.

B E B

||

minority carrier
charge in
base QNR

minority carrier
charge in
collector QNR

Diffusion capacitance:

C:dQR:T@
B avee kT

Located between base and collector terminals.
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By superposition, complete equivalent circuit model valid in all four

regimes:
C
Qr % Q¢ £ IS (ayp 9VYBC
R iC A BR(exp T 1)
qVBE _ qVBc
B (* Is (exp T exp T )
OF # Qe F 1S (exp AVBE )
! BF KT
E
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3. Small-signal behavior of ideal BJT

In analog (and digital) applications, interest in behavior of BJT to
small-signal applied on top of bias
= small-signal equivalent circuit model.

O Small-signal equivalent circuit model in FAR

Must linearize hybrid-m model in FAR:

C
Qjc ;’f
qVBE
B C‘ Is exp T
_ | \Y
QF Z Qex B—i (exp I°BE. kiE 1)
E

-Non-linear voltage-controlled current source linearized to linear voltage-
controlled current source.

-Diode linearized to resistor.

-Charge storage elements linearized to capacitors.
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e Linearized voltage-controlled current source

Apply small signal vy, on top of bias V.

n

Collector current:

. Q<VBE + Ube) qVBE qUbe qUpe

OFte = s XD 1 sexp = (M p) = le(+57)
Small-signal collector current:

i = 4,

c LT be
Define transconductance:

e

kT

gm depends only on absolute value of I and T' (unlike MOSFET,
where g, depends on device geometry)
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o Linearized diode

PE(VBE+Vpe)

-WE-XBE -XBE X

Base current:

. q(Vee + ) g qVBE qUpe
Ji =7 ~ 1
B+ iy = Isexp T o exp = (1+ kT)
Small-signal base current:
7 —q]Bv
b k‘:T b@

Define conductance:

Then, in general,

Ir K m
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e Capacitors

Qir — Cje
Qj(] - Cjc
qlc
— C = Trp———
QF T F LT
Two components in Cf:
pe B
PE(VBE+Vbe) , AQE
pe(VBE)
......................... M2
NE
-WE-XBE XBE X

C?T = TFdm
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e Small-signal equivalent circuit model for ideal BJR in FAR:

Py
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Key conclusions

e In BJT, two types of stored charge: depletion layer charge and
minority carrier charge.

e Depletion layer charge accounted through depletion capacitances.

e Minority carrier charge accounted through time constant 7 (in-
trinsic delay):
-
TF = Ly tB
F
Emitter contribution to 7z is G times smaller than 7,5 because
Ip is Bp times smaller than Ie.

e Non-linear hybrid-m model for ideal BJT including charge stor-
age elements:

C
Qr X Q¢ ¥ Is avVBec

R A iC BR(eXp T 1)
aVBE _..,9VBC
B (* Is (exp T exp KT )

OF Z Qe 1S (exp AVBE 4

‘ Br KT
E
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e Small-signal equivalent circuit model of ideal BJT in FAR:

CjC
B | | C
Vbe ==Cr+Cje % On @) ImVbe
E
with:
q]C L q]B o g_m

9m = T+ Cﬂ:TFgm

kT I =0T T By
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