pn Junction Under Bias

= Reverse bias (V <0V addsto the barrier f )
> Depletion region widens

2e(f5-Vp)

eg., n* pjunction: X, =
(eg. n*pj g Bl

>Xdo)
a

* Tiny negative I --
Why? The drift current isincreased over diffusion current in the

depletion region in reverse bias due to the higher |E(x)| > |E(X)| and the lower
gradient in carrier concentration due to the wider depletion region Xy > Xyq

* Hole and electron concentrations in the depletion regions are lower than in
thermal equilibrium (so the depletion region is even more depleted!)
> n,p® 0 indepletion region n(X)p(x) « ni2

m Forward bias (V> 0V reduces f 5)

> Depletion region narrows: |E(X)| < |E(X)| and Xy < X4, S0 diffusion current
exceeds drift current ... get increasing Ip

> Inforward bias, the product of the electron and hole concentrations in the
depletion region n(x)p(x) > n;

The pn Junction under Forward Bias

= Vp>0... what happens?

neglect the Ohm’ s Law voltage drops across the p and n regions; the drop across
thejunctionisreduced tof;=fg- Vp

melal coimiaa i
sl

W,

depletinn r
- I g,
V=0TV ( ":- e 3

ekl conlac

Isp u.er

-

\
e rrrnranen | L

f g = thermal equilibrium barrier height =, —f
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Physical Reasoning

m thermal equilibrium --> balance between drift and diffusion:
J = gty 30 = o for holes and electrons separately
m forward bias upsets balance

Both the changein E(x) and in 3—2 work together (latter is most important)

i, |
.|'I ' |. I I:'! L i l| - I
R\
) §
.. -H"T- '
|
" inmr woulka I
b o o note that the
scaleislinear
P ... the value of
r'. 1P06) >> PolXeo)
.\.,'l.g /}aswe will shortly
T, T o5, & % " idiscover
] net hole transport
s -, from p region to
12— i N region across
iy - il ks o the depletion region
e | i
'--!r ; X, e Ll L3
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Modeling Forwar d-Bias Diode Currents

Goal: wewant to find I = f(Vp) and its dependence on the device parameters.

basic observation: current is carried both by diffusion of injected minority carriers
away from the depletion region and across the undepleted n and p regions and drift
of majority carriers from the ohmic contacts to supply thisinjection

Complicated!

m Step 1: find how minority carrier concentrations at the edges of depletion
region change with forward bias Vp

m Step 20 what happens to the minority carrier concentration at the ohmic
contacts under forward bias? Answer: no change from equilibrium.

= Step 3: find the minority carrier concentrations ny(x) in the p region and py(x) in
the n region.

= Step 4: find the minority carrier diffusion currents.

m Step 5: conclude what the majority carrier currents must be and find the total
current density J.
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Step 1: Carrier Concentrationsin Thermal
Equilibrium at the Junction Edges

What happens under an applied forward bias?

the voltage drop still appears almost completely across the depletion region, but
itisreducedto f 5 —Vp

Boltzmann still governs distribution of electrons over energy (that is,
exponentially lesslikely at higher energy, i.e., proportional to (D) uV‘h)

moreover, the Boltzmann rule “reaches across’ the narrow depletion region

- Df

aé p) —F (Xng
—X X bulk p
Vin a

n(x = —xp) =n(x= xn)e

but £ (—x;) —f (x;) isthe negative of the drop acrossthe depletion
depletion region (known)

alfe—Vols
n(x = —xp) =n(x= xn)ee Vi @

What isn(x = X)?

we start by considering a“small” forward bias, which means that the electron
concentration on the n-side of the depletion region is still the donor
concentration --

Nn(x =Xp) = Ny
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Law of the Junction

Suppose:
U
Ny =107 yfg =09V
Np = 10%7 b

4
<

fB—VD = 0.18V;i.e,

Vp = 0.72V

The barrier voltage is afunction of the dopi ng concentrations:

f f f =V ale 20 | 2000 =V, 2N
= — = nc—+—|—-lng—=+- =
B n th? gn g gn ol th n. i
N
_|naé\‘d 20 2
o WV, St ? _Nghy _nj
nn(x: xn)e = Nde = = — = npo
NdNa Na
— —fg uvthf) Vp Wy, _ Vp &V, The Law
np(_xp) B gNde o° = Mpo of the
Junction
—f BV Vp BV, -V
pn(xn) - ?Iae B thge D th - pnoe D th
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Step 3: Find the Minority Carrier Concentrations Diffusion Analogy

= Current flows because we raise the minority carrier concentration (through “Law Ink concentration in steady state is similar to minority holes diffusing across the n-
of the Junction”) at depletion layer boundaries. These “excess carriers’ diffuse type bulk region
across the bulk.
Note that none of the ink molecules are lost along the way ...

p(x)

.
Ny =108 cm? o ¢ . Ng= 10" em l
- .

.

w02 A / Pn(X = W,) = ppo = 10% cm® i ", ‘lsk Tezm

106 :;/

n
Metal contact
(ohmic)

Midy-sake conchition
o wu

= Boundary conditions on minority hole concentration in n-type bulk region are
found from the law of the junction and the fact that an ohmic contact maintains
the carrier concentrations at their thermal equilibrium values
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Step 3: Carrier Concentrationsunder Forward Bias

= Apply the Law of the Junction at the edges of the depletion region

o)A Py(%)
(contact) (contact)
(p-type) (n-type)
'%pn(xn)
np(—xp)%-

0 0 -
'VVB\ Xpl Xn /_’V\/n X

np(_WP) = nPO pn(Wn) = Pno

= Numerical values: N, = 10*8 cm™3, Ny = 1017 cm3

Vp=0.72V =720 mV, Vi, = 26 mV (warm room) ... example values,
note that Vp must be known precisely to substitute into exp[Vp/Viy].

Np(-Xp) = 102 cm™3 exp[ 720/26] = 10 cm'®

Pn(%;) = 10° cmS exp[720/26] = 101° cm'3

m  Theminority carrier concentration is maintained at thermal equilibrium at the
ohmic contacts

The Short-Base Solution

= Carrier concentrations: linear solutions if we assume that the p-type and n-type
regions are so short that all of the diffusing minority carriers “makeit” acrossto
the ohmic contacts
Inn-typeregion: 3,4 = - gD dp,/ dx = constant --> p,(x) is linear

In p-typeregion: 3,4 = gD dn, / dx = constant --> ny(x) is linear
m If negligible hole lossin transit (due to recombination), then

Ip-bipel i In-tupe | . |

mictal
v
io proglom

aiekl
[HLEETE]
o nregion |

dp, _pn(Xp) =Py (W)
nghnttn’ Tt

dx W, =X,
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Current Densities

= Minority carrier diffusion currents

i dn n(—x)-n_(-W
Siff _ 4. = ¢p p(Xp) —Np(=Wy) _
n N dx n Wp—xp

i d W) —p.(X
ngff _ _quﬁ] - D P(Wp) —P(x) -

dx P W, —-x,

Total Current Density

m Thetotal current density isthe sum of the minority electron and hole diffusion
current densities at the junction ... and is constant through the diode

3= 3,81 4 g i
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&b n D 0
J = genieo 4 —pPno 2 VoM _ 4y
eWp - Xp Wn —Xn@
L7

CP-np I a2y
:,I-:':::plcl P T {Edal diival dermilyy Filcdal cumas deniay'y .“.:‘illi;l I
ez & ngEn

Foumforny ldes) .'_. iy holey
1, Iminrity elacimns F_imaporiy clacimmy
! "

= Diode current: multiply by area A and (for simplicity) assume

that X, X << W, Wp
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2% I:)n D, 6 V,av, Vp BV, H ;
Ip @in¢ +—B (e -1 =1_(e -1)| Circuit
NN od@¥#®r the Junction Diode

Large-signal model:

plug into diode equation the symbols for total voltage and current (assumption is
that time variation is“slow” since we derived the equation for DC)

. Vp AV,
|D - Io(e D m_l)
ip
A
. v » 0.7V when
ip =-lgforvp < afew Vy,
. ip is“significant”
typical 1o =0.17A (zay aro?md 10mA)
/// OI,7 -0
o . i
e e I
+

<= w —> =07V
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Small-Signal Model: Diode Resistancer 4

Substitute (DC + small-signal ) for current and voltage

(Vp +Vg) _

ip = lp+ig = lo(e 1)

Goal: find relationship between vp = Vp + vgandip = Ip +iqfor forward-bias

(Vp +Vg) &V _ I eVD Vi, Vg Iy Vg Vi
e}

. h
ID+|d@Oe e @De

Taylor's expansion for the exponential
. Vg BV, v ( avy0
|D+|d@Ded = IDQ1+Q_++‘Q_++1/4)
keeping only the linear term (meaning the small-signal voltage vy « V)

. éaldo
|D+|d = ID+ID(;V—T
eVvVind

g = gd—Don = qelbvd
1]
Ving © g
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Small-Signal Diode Capacitances

Depletion region width varies with the diode voltage, but the reverse bias model is
not quite right with so many electrons and holes in the depletion region.

C;» J2Cj (approximation)

Minority carrier concentrations change with changing diode voltage, which means
that there is a charge under control of the diode voltage ... another capacitor

doarior conemintkns emh
|'\.II. pe |.I:|||.'

)

Ifior b +%

.“"-\.
H"'\- — I I:I
[lad W4
meial AL ] <1 | metal
[RETTSNS ||':-f |: 3l 7 -\.1.I|I.I:l.'| s
P e Find & i fugion
v &)
e
wa-
[ l""Il- 2 -
m -, | iy i T
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Diffusion Capacitance Cy

See section 6.4 for derivation of Cy

For aone-sided (asymmetric) diode with Ny >> N, most of the injected charge

storageis on the p-side
@06 a6
; 9dGoms
&Vi2é2D, g 2D g

The units of the second term are [seconds] and it is called the transit time t 1

Small-signal model:
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The Bipolar Junction Transistor Concept

Reverse-biased junction (“collector”) close to forward-biased junction (“emitter”)

'4 E

Vg ~ 0.6 t0 0.7 (large injection of electrons into base)
narrow base width (e.g., <0.2mm )
Vg £ 0 (injected electrons collected)

le» ||E| »lg Ig isalso an exponential function
of the base-emitter voltage

—lg»le Ie

—_—p Ve _ -V
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Current Relationshipsin BJT's

A. Forward-active Mode (NPN Vg Ve )

Since most of the emitter current is electrons injected into base and most are
collected

IC° —aglg where ag islessthan, but closeto 1

KCL: Ic+lg+lg =0
(1-ap)
o) Ig = —lg—lg =-c+lgmag = I ay
IC ) arp )
bp © = = “Current Gain" = typicaly ~ 100
s -ag
B. Cutoff (NPN Vg ' Vac )
C. Saturation  (NBN Vg Vee )
E-B Junction
B-C Junction
Isle = belg?
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npn Collector Characteristics

ff:,.-:: A
_'_'_'_'_,_,_,-'—'—"'_'_'_‘_ Ty=12
Pl

5 f o
T
p—
3 .
e satumliom o el o

i e

ilorward aztive) Ig=1uA
_'_'__,_:—'_'
o
Iy =204
3
T = T (EUIRAT]
2 1 i L
i 1 i i i d"’-}u i i L
L Ar 2 1 5 B Wgevl
fg=1pa -+
s irETErE:
alive) ]
fy=2uA

Integrated Bipolar Transistor

ot polvsil e e o

imda ] conlad 1 hie o' enliier egion [UCFTRETY KT8]
", x'r 1o lodar

17 " huniad byer j‘f"’# N barrsd Inger
N .-""f ":,"

Nl e % -1 snkven
Viniricelc npe inrelsior)

I o st r e

{EmiLlE]
[LTE]
i eilge o in* huriad lya
] i keld
A 2l b2 | = g | |
A - E - " A
P SES nt b
7
o enniker area. Ay :
(IR 8 an e e e

Note the depletion layers between:
1. E-B (small area)
2. B-C (bigger area)
3. C-S(substrate) (biggest area)
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Forward-Active Region Forward-Active Region (cont.)
Diffusion currents:

Use the Law of the Junction at both the E-B and the B-C junctions
D.n
= —A,Eq—\r;viﬂ’evﬁ‘E Vi (electrons injected from emitter into base)

IEn
I
Las dDPrEo V.o v - . .
e = —AE—p— e"BE "th (holes injected from base into emitter)
¥ ,J" P WE
L |
T Collector current I =

I / rlb.'lu..\l
equilibrinm
— /
1 1 fu . "i H .
a i T S " Emitter current Iz = Igp + Igp

X

Theratio of collector current to the magnitude of the emitter current is defined as

I f UL fI L] “alpha—l:"
- L TUSPiel] 0
ggDnngBoAEg
- el hase edbedior I_C _ e WB %) - .
et - - F
roikkey — " "
:lllur:-l E qupanoAE? + mDnanoAE?
d PNl 8 ; e WE g e WB [}
g L Aol W gl P Wigh Ky
Tai U "';c Wy + gy i
The transistor is designed with a very short base ...
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Forward-Active Current Gain
Base current IB = _IC_IE :—IE—IC

Substitute for the emitter current:

I
_ . . . _'C
Ic = —lgag whichimpliesthat -1 = a—F
lp=&L_18 = éi‘a glc
€a |7] & aF P
g = &0
B engC

The forward-active current gain is

Don't forget that thisresult isONLY true for the case where:
B-E junction is forward-biased
B-C junction is not forward-biased
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Carrier Fluxesin Forward Active Bias

After collection by the electric field in the base-collector junction, the electrons are
majority carriersin the n-type collector region

The heavily doped buried layer minimized the resistance between the collector
metal interconnect and the base-collector junction

T
teole: il Fle 2 o et
Tl
mifrwty boke (ur fom base conlac K
v b o [ HE B

liftliaiiny

s

oy pe colleior

* bl bver

Jurdy eleciron T o il 7
Lact (e m residance pai
A A at
e Mol i b Layer o
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The Saturation Region

® Vg = 0.1V (approx) from the characteristics --> both the emitter-base and
the base-collector junctions are forward-biased

= Law of the Junction --> find minority carrier concentrations in the
emitter, base, and the collector

nemer

noke chllasem Illk-\.xh

makorly hol2 P brom base conlea
ptvpe base

B-fipe ekt

najority chacinom flus o colieciar
7l coninct supply g, njecten b bee

“ e e
e ety cleetnon Chex 7
1adkelor aonkel

= Both junctions are injecting and both are also collecting ... since the electric field
in the depletion region remains in the same direction under forward bias.

nineaity bede dilfwion ix

ot b ko

marily cheeton Mus frowcolke ok s
o recombine wih hele ditasion s

m  Separate the electron diffusion current in the base into two components: one due
to the emitter-base junction (with zero bias on the base-collector junction) and
the other due to the base-collector junction:

Ve Vi Vec M,
diff _ Nyo(e -1) Nogo(€ -
—ab, +aDp,

J D
it~
" B WB

Ebers-Moll Model

m Electron diffusion current in the base: multiply by the emitter area

_ Ve Vi Ve Wy,
Laifs = —IS(e —1)+ IS(e

—1) = -y + 1,

= Emitter current Ig: three components
- 1, dueto injection of electrons from the emitter-base junction,

. -1,/ bg dueto reverseinjection of holes into the emitter, and

o o A

I, due to collection of electrons from the base-collector junction.

- - 16 - _els
lg ==l + () +1, = _gq+b_,:ﬂ|1+|2 = —é;:ﬂ 1
= Collector current | : three components (by symmetry)
- |, due to injection of electrons from the base-collector junction,

- |5/ br dueto reverse injection of holes into the collector, and

w nNpoE

. 1, dueto collection of electrons from the emitter-base junction

I

_ el o
o =1y=l—¢= = |

16

I, -&+=9 = &

17 ¢ a2 1 eq @2
bg ag

bg=agr/(1-ag)isthereverse current gain

+1

2
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Ebers-Moll Model (cont.)

m “Standard form” for Ebers-Moll equations: define two new

IES: |S/a|: and ICS: |S/aR,

m  Emitter current:

constants

_ T Vac Vi
g = —lggle —1) +aglcqle -

1)

m  Collector current:

_ Vae Vi, Vac Vi
Ic = aglgg(e -1)-lcqe

_l)

= The collector current and the emitter current represent two diodes with current-
controlled current sources coupling the emitter and the collector branches
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Ebers-Moll Equivalent Circuit

Miade Cimienis:

ZEL —1 1
J'-—_F 1y = dggtitfo Veogy

- N Yoy
4 y

This model for the BJT appliesto general device structures, with the four
parameters lgg | cg ag, and ag being linked by “reciprocity”

aples=agrlcs=Is

m  Ebers-Moll must be simplified for hand calculation of DC bias currents
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Forward Active M odel

m |Risnegligible --> can neglect current through B-C diode

Ts T, |

1} i

-e"l_. E E
T wi
Iy

i

r
[
Tyl

a

Frmilker sument coninel

Tean sirioni] cimidnsd

= Eliminate forward-biased diode by replacing with a 0.7 V battery:

be g
s g - 'c
B c

ey =

+
0.7V

e

Satur ation

= Include both diodes in the circuit ... both as batteries

- -:—'f‘:-
B '
= 07TV — 1Y

At

note that the batteries make the controlled current sourcesirrelevent to the
circuit.

How to figure out the DC currentsin aBJT?
1. Assume that it’s forward-active (that’ s the goal for nearly all BJTs anyway)

2. If the base current is determined by other circuit elements, then find the
collector current from I = bg Ig.

3. If the base-emitter voltage is set by other circuit elements, then find the
collector current from I = 1¢exp[Vge/ Vipl

4. Verify that the BJT is saturated by finding the resulting Vcg.
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Small-Signal M odel
of the Forward-Active npn BJT

= Transconductance (same concept as for MOSFET):

g = e
m T[V
BE|
V.
Ebers-Moll (forward-active): i = ISeVBE "
g
. :
B Tt ll
.
l di m w e
, o= ), /
i ;

= Evaluating the derivative, we find that

_ @O VeV _ Ic
Vin

m th hg

Input Resistance

The collector current is afunction of the base current in the forward-active
region (recall I = belg). At the operating point Q, we define

_ Tic

o~ ﬂI_B

Q
and so i = by ip,. (Note that the “DC beta” b and the small-signal b, are both
highly variable from device to device)

Since the base current is therefore a function of the base-emitter voltage, we
define the input resistancer, as:

_Tig
o

fic

rt= Mg —
v
Q PElo

= —&lo
P fivge o

=9 ol
€p g7m

Solving for the input resistance

by _ boVy, _ kTh,

r = — =

P gn lc ale

For a high input resistance (often desirable), we need a high current gain or a
low DC bias current.
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Output Resistance

m  The Ebers-Moll model has perfect current source behavior in the forward-active

region -- actual characteristics show some increase:

Why? Base width shrinks due to encroachment by base-collector depletion
region

Approximate model: introduce Early voltage V, to model increaseinic

. Vo BV, 8 V0
Model: ic =Ige ™ " 1+ -CEZ
e VAnﬂ

Output resistance:
AL fic Ic
o =
'"VCEQ Van
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Numerical Values of Small-Signal Elements

T I

m  Transconductance:

— - -3
lc=100mA, Vi, =25 mV --> ‘ In=4mS=4x10 S‘

Note: g, varieslinearly with collector current and is independent of device
geometry, in contrast to the MOSFET

= Input resistance:

bo =100, Ic =100 A, Vi =25 mV --> | Tp = 25 kW

= Output resistance:

lc=100mA, Vy, =35V --> | lo=350kW

Van = Early voltage increases with increasing base width and decreases with
decreasing base doping.

EE 105 Fall 2000 Page 34 Week 6




