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Key Ideas So Far...
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Solve for Depletion Lengths

o We have two equations and two unknowns. We are
finally 1n a position to solve for the depletion
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PN Junction Capacitor

o Under thermal equilibrium, the PN junction does
not draw any (much) current

o But notice that a PN junction stores charge in the
space charge region (transition region)

o Since the device 1s stg)ring charge, 1t’s acting like a
capacitor Q=4N) (o€ Q=CV

o Positive charge is stored in the n-region, and

negative charge 1s in the p-region:
Cardlerd (o)
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Reverse Biased PN Junction

o What happens 1f we “reverse- blas” gghe PN

9 MeLL
junction’
-

| O~
>

is flowing, the entire reverse
biased potent\ql(ls dropped across the transition
region Swesll)

o To accommodate the extra potential, the charge in
these regions must increase

o If no current 1s flowing, the only way for the charge
to increase 1s to grow (shrink) the depletion regions
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Voltage Dependence of Depletion Width

o Can redo the math but in the end we realize that the
equations are the same except we replace the built-
in potential with the effective reverse bias:

xn(VD):\/ZgS(¢bi_VD)( Na ]:xno _5

gN, N,+N, bi
2¢ (¢.. -V N V,
xp (VD) — S (¢bl D) d xpo "D
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Charge Versus Bias

o As we Increase the reverse bias, the depletion
region grows to accommodate more charge

O,(Vp) = _qNaxp(VD) =—gN, ]/1_¢_ (y‘?o)

o Charge 1s not a linear function of voltage
o This 1s a non-linear capacitor

o We can define a small signal capacitance for small

signals by breaking up the charge into two terms
DC DiAs / Ac reerhoe ﬁ;m)

QJ(V +v,)=0,(Vp)+q(vp)
sk
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Derivation of Small Signal Capacitance

o Do a Taylor Series expansion:

d
0,V +v,) =0, (V) + 2| 1.
dv |,
dQ, d 7 )|
Cj:Cj(VD): dV] :W(_qNaxpO 1_:]
Vv, dv=r,
gN X,

2¢b,,/1—— ,/1——
o Notice that B Dy

co— dN. Xy _gN, | 26,4, N, |_ |95 NN,
0 20, 29, gN, N,+N, 2¢,, N, + N,
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Physical Interpretation of Depletion Cap

jo

qgs NaNd
2¢bi Na+Nd

o Notice that the expression on the right-hand-side 1s
just the depletion width in thermal equilibrium

/\ A,; [-/\& ) pm( 'VYGCS‘(
(s]7] / ~1
l/ fl‘i—/—e C'O_gs\/ q [ | n | j :ggsi CaQ A‘(‘C/&\

Cop 1[6,, ! 2¢.0,\ N, N, Xy — Z A
()M'l(f( Y l/‘"() . . C= A
moks like a parallel plate capacitor!
( ‘ Se=(/.9%6 ¢,
Vp)=—=
T X, (0)
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A Variable Capacitor (Varactor)

o Capacitance varies versus bias: C,
y i ]0
i ’ Condez | | i Lo
- Blis
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o Application: Radio Tuner

10
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Diode under Thermal Equilibrium

Minority Carrier Close to Junction

Thermal ~_, ;

Generation | P-type

n-type
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Recombination ®j D [ 9% Carrier with energy
C below barrier height

Diffusion small since few carriers have enough energy to penetrate barrier

Drift current 1s small since minority carriers are few and far between: Only
minority carriers generated within a diffusion length can contribute current

Important Point: Minority drift current independent of barrier!
Diffusion current strong (exponential) function of barrier

12
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Reverse Bias

o« Reverse Bias causes an increases barrier to
diffusion

o Diffusion current is reduced exponentially

p-type g@ % n-type
— EaNCY-}
Y 18

L [ 0% N

_______________________

o Drift current does not change

e Net result: Small reverse current
13
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Forward Bias

o Forward bias causes an exponential increase in
the number of carriers with sufficient energy to
penetrate barrier

o Diffusion current increases exponentially

p-type n-type
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o Drift current does not change

o Net result: Large forward current
14



EE 105 Fall 2016 Prof. A. M. Niknejad

Diode |-V Curve
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o Diode IV relation 1s an exponential function

o This exponential 1s due to the Boltzmann distribution of carriers versus
energy

o For reverse bias the current saturations to the drift current due to minority

carriers
15
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Minority Carriers at Junction Edges

Minority carrier concentration at boundaries of
depletion region increase as barrier lowers ...
the function 1s

p,(x=x,) _ (minority) hole conc. on n-side of barrier

Pp (x=—Xx p) (majority) hole conc. on p-side of barrier

_ e—(Barrier Energy)/ kT

P (x = xn) _ e—Q(¢B—VD)/kT
N 4

(Boltzmann’s Law)

16
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“Law of the Junction”

Minority carrier concentrations at the edges of the
depletion region are given by:

Pn (.X — xn) — NAe_CI(¢B_VD)/kT

— —Vn)/ kT
np(xz—xp)zNDe q(¢p—Vp)

Note 1: N, and N, are the majority carrier concentrations on
the other side of the junction
Note 2: we can reduce these equations further by substituting
V5, =0V (thermal equilibrium)
Note 3: assumption that p, << N, and n, << N,
17
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Minority Carrier Concentration

vy
kT

pn()e

p side n side

N
pn('x):pn0+pn0 [ekT lJe

Minority Carrier
............................................ ---- p,, Diffusion Length

! ' >
- w,

The minority carrier concentration in the bulk region for
forward bias is a decaying exponential due to recombination

18 Derived in EE130
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Steady-State Concentrations

Assume that none of the diffusing holes and
electrons recombine => get straight lines ...

aVa
............... pnOe i

This also happens if the minority carrier I s
diffusion lengths are much larger than W, ~-» P

19 Derived in EE 130
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Diode Current Densities

v,

pnoeﬁ qVA
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20 Derived in EE 130
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Fabrication of IC Diodes

cathode annode

L P 1
= p+ KLp n n+ |

n-well

I—/

F p-type

o Start with p-type substrate

o Create n-well to house diode

o p and n+ diffusion regions are the cathode and annode

o N-well must be reverse biased from substrate g det50
o Parasitic resistance due to well resistance

21
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Diode Small Signal Model

o The I-V relation é)f a diode can ‘be hnearlzed 19
\SW‘*“ gobu.

Q(Vd+vd/) qu
I,+iy=1|e * -1 Iek e"
( 7
Ta—l—é( 01/(“5@7’ ~
e’ —1+x+—+—+L
X 2! 3!
\q k
4 3& I, Ki\=1, (1+ (Vkﬂﬂ
, %
p %Qgﬂd ?dé %’2

Srecll~Slauc| Lo 67% Mol | Fo
22 —  wet il Cafacifoe 4o X




EE 105 Fall 2016 Prof. A. M. Niknejad

Diode Capacitance

o We have already seen that a reverse biased diode
acts like a capacitor since the depletion region
grows and shrinks in response to the applied field.
The capacitance in forward bias 1s given by

s
X

dep

C. = A5 ~1.4C,

o But another charge storage mechanism comes into
play in forward bias

o Minority carriers injected into p and n regions
“stay” 1n each region for a while

o On average additional charge 1s stored in diode
23
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Charge Storage
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o Increasing forward bias increases minority charge density

o By charge neutrality, the source voltage must supply equal

and opposite charge o
o A detailed analysis yields: C, =— 4,
} 2 kT

Time to cross junction
(or minority carrier lifetime)
24
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Diode Circuits

Rectifier (AC to DC conversion)
Average value circuit

Peak detector (AM demodulator)
DC restorer

Voltage doubler / quadrupler /...

Prof. A. M. Niknejad



