Solid State Diodes
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Figure 3.1 - Basic p-n junction diode
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Figure 3.4 - Space charge region formation near the metallurgica junction
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Figure 3.5 - (a) Charge density (C/ cm3), (b) electric field (V/ cm) and (c)
electrostatic potential (V) in the space charge region of p-n junction
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Figure 3.6 - Diode with external applied voltage vp
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Figure 3.10 - Diode with applied voltage vp
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Figure 3.11 - Diode i-v characteristic on semilog scae
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Diode Temperature Coefficient

m From the current egquation

o] S

m we get for the diode in the forward bias
vV, =V; InFi—Dﬂlk k—TInF ij >k—TInF k
s g Ml g Ml

B SO the temperature coefficient Is

dvD:kIFi_Dk KT 1dly _ Vy - Vgo- 3,
dT ¢ q I, dT T

s



Diode Temperature Coefficient

m where

2
[

iD >> |S » N
and

V;, =—= represents silicon bandgap energy at OK

for silicon diode with v, =0.65/,E; =112¢V,
and V; =0.025/

dv, _(065- 112- 0075V
dT 300K

=-182mV /K




pn Junction under Reverse Bias

» First, we must understand the compl ete structure of the pn junction-- starting in
thermal equilibrium:

%, «— Mmetal contact to
W, o pside

metal inter- po

connection X :‘_)B

no

W, «— Metal contact
Am tonside

+

= How can Vp = 0 and the built-in potential barrier be ¢z =1V (approx.)?

Answer: look at the complete circuit ... including the potential barriers at the
p-type silicon-to-metal (@) and the metal-to-n-type silicon (@) junctions.

» Kirchhoff’sVoltage Law:

0= (ppm+(pB+(pmn
therefore, the built-in voltage is given by:

P = _(ppm_(pmn
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Potential Plot through pn Junction

= The potentia in the metal isthe same on both ends of the pn junction in thermal
equilibrium, with the metal-semiconductor contact potentials (“ batteries’)
cancelling out the built-in potential

OX0N)
(Pn L —
W e [ an
6pm & W + X
X 0 |-

Note: we show potential changes at metal-silicon contacts as vertical, which is
not correct. The details are | eft for an advanced device physics course.

=  Now we apply abattery Vp ... with Vp < 0 (reverse bias)

" _—ohmic contact to
W, Tpm p side
Ip=0A
p
+ - -
Vp (<OV) C) * 9
- X +
X n
W, . ohmic contact
Tm" tonside
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pn Junction under Rever se Bias (cont.)

= Potential plot under reverse bias: contact potentials don’t change ...
they are ohmic contacts. Only place for changeis at the pn junction

+ X

= Thenew potential barrier iscalled @

KVL: —VD—cppm—(pj—cpmn =0

(pj = (_(ppm_(pmn)_VD = (pB_VD

= The potential barrier isincreased over the built-in barrier by the reverse bias ...
which widens the depletion region (X, > Xno, Xp > X0)
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Quantitative Results

= Substitute @ for @ in the equilibrium depletion width and we find the depletion
width under reverse bias (the math is the same):

EEN 0 = Xpo,/1=(Vp/ @p)

[Pe(og—Vp)OO Ny O
X (VD) - |0 S\TtB D d
p 0 qNa 0 d+N6D

[Re(Pg—Vp)IO N, O
X(Vp) = /\/E N, HE’\'d"' Nal% = xnoA/l—(VD/ch)

&(®s~Vplo1 | 1
X4 (Vp) = JEZ S 3 S%\Ta+m% = XdoJl—(VD/(pB)

»  Note Xpo, Xno, @d Xy are the widths in thermal equilibrium
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Ava anche breakdown
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Figure 3.15 - The avalanche breakdown process. (Notethat the positive
and negative charge carriers will actually be moving in opposite
directions in the electric field in the depletion region.)




Zener breakdown diode model

Figure 3.16 -
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(a) Model for reverse breakdown region of diode
(b) Zener diode symbol



Depletion Capacitance

= Find the function g; = g;(vp) from X,(Vp):

05(vp) = =AN X (vp) = —qNaxpoJl—(vD/ch)
= Normalized plot:

= Tofind the depletion capacitance C; we simply take the derivative and evaluate it
at the particular DC voltage

qu
I v
Vp

= Math --> no insight into the concept of capacitance!
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Graphical Interpretation

= Derivative isthe slope of the plot of q;(vp):

Tagol

» Thesmall-signal chargeisrelated to the small-signal voltage by the slope at
point (Qy, V;):
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Physical I nterpretation

Small-signal voltage changes the depletion width (v4 > 0 --> reverse bias is
reduced --> depletion width is slightly narrower)

p(X)
+qu
@ p-side X, n-side
vp =Vp *n X
_qNa
Q; =-aNx,
p(x)
+qu
-side _y iy n-side
(©) P %%
xl’,] Xn X
SR ™
=% ’ 0y = ~ANX,
g = AN;AX, Ap(¥) = (x) — p(x)
j \_ [+ aN
. < X ;
-sid d n-side
© P X %,
% X
4=¢-Q>0 —qN,
= —=ANXp = (ZaNxp) : \-q,- = =Ny,
= N, 0 %)
= qNaAXp
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Depletion Capacitance Equation

» Derivative can be evaluated (see Chapter 3), but the incremental charge istwo
sheets separated by a distance Xy(Vp) --> use parallel plate capacitor formula:

C. = i = ES SS = CJO

J = =
da  XdVp) Xy T-Vp/eg L [1-Vp/og

= Plot of depletion capacitance (normalized to Cjy):

+40.75

-10.25

-14  -12 -10 -8 -6 -4 -2 0 pbleg

Typical numbers:  Xgo = 0.4 pm --> Cj, = 2.6 x 10°° Flem? = 0.26 fF/um?
@ =08V -->Vp=-64V =-8 @5 -->

(1-Vp! gg)¥?=3-->C; = Cj,/ 3=86 aF/um?
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Variable capacitor diode

P

Figure 3.17 - Circuit symbol for the variable capacitance diode (varactor)




Schottky barrier diode
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Figure 3.18 - (a) Schottky barrier diode structure
(b) Schottky diode symbol
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Figure 3.19 - Comparison of pn junction (PN) and Schottky
diode (SB) i-v characteristics



