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1 Junction Diode

e Build by forming adjacent p- and n-type regions. Interface between regions is called the pn
junction

e There are concentration gradients for free electrons (n-type side) and (p-type side). This
gives place to diffusion currents across the junction.

e The holes that diffuse across the junction become excess minority carriers in the n-type
region. Similarly, diffused electrons are excess minority carriers in the p-type region.

e Near the junction, device is depleted of majority carriers - depletion region.

e fixed ions remain in the depletion region. These ions generate an electric potential called
the build-in voltage.

e Diffusion across the junction continues until the build-in voltage is large enough to pre-
vent.
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1 JUNCTION DIODE 2

1.1 Build-in voltage

e As carriers diffuse across the junction, fixed ions remain. The electric charge represented
by these ions give place to an electric field that cause the energy bands to bent.

e The Fermi level is constant throughout a system in thermal equilibrium.
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e The voltage drop across the depletion region is said to form a barrier.This internal voltage
gives place to a drift current Is across the junction.

e An equilibrium is reached when the diffusion current due to the concentration gradient
equals the drift current due to the build-in voltage. At equilibrium

e Since the Fermi level is the same at both sides of the junction, the bands will bent by ¢V4.
To find the build-in potential V;, observe that

qu = Epz' - Em
where E,; and E,; correspond to the middle of the forbidden band in the p- and n-type
regions, respectively.
From chapter 1,

Efp-Ey

p = Nye T

For intrinsic material, p = p; and Er = E,;. Thus

E, .—E
_ Fpi \ 4
p’i = Nve kT

_Ep-Ey

NA = Nve kT
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1.3

NA e EFk;’EV
p’i e_ Epik?]’EV
Epi—Ep
= € kT
N
E,; = Ep+kTin ( A)
Di
Similarly, for the n-type side,
n = Nge~ o
For intrinsic material, n = n; and Er = E,;. Thus
_Ec—En;
n; = Nce kT
E~—FE
Np = Nge™ #
No _ T
n; o o= Eg—Ey;
Ep—Ep;
= e kT
N
E,, = Ep—kTIn ( D)
n;

e From these, after subtracting, dividing by ¢ and equating % = Vr, the build-in voltage is

found to be

N4N,
VOzVTln( ?LQD)

1.2 Width of the Depletion Region

For charge equality gz, N4 = gz, Np, where x, and z,, represent the depletion region width

in the p- and n-type regions, respectively. This can be expressed as
zp _ No

Tn NA
The total width of the depletion region, given by z, + z,, can be shown to be given by

Biased Diodes

An external voltage can force carriers to cross the junction. For that the positive terminal
must be connected to the p-type region and the negative terminal to the n-type region.
The diode is said to be forward biased. Because of this, the n- and p-type regions are called
cathode and anode, respectively.

If the external voltage makes the cathode more positive than the anode, then the diode is
reversed biased.
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1.4 Reverse Bias Junction Capacitance
1.4.1 Abrupt Profile

e Charge accumulated in each side of the depletion region is
Gp = 4n = qNDan

e Poisson’s Equation:

do __p
da? €s
Must be integrated twice to find ¢.
0 ifr <-x,
d*p —q‘:]—D ifr < -z,
dr? —1-% ifr >z,
0 ifr > —x,

Solving problem for equilibrium conditions.

First integration:

Cy ifx < —x,
dy —oy 4+ Cy ifz < —ap
de —i—%x—l—C’g ifx >z,

Cy ifx > -z,

Boundary conditions for first integration:

— E must be continuous
- BE(-z,)=-%=0

m_

- E(—zp) = —Z—‘g =0

First integration after using b.c.

0 ifr < -z,
de —d (p +,) ifz < -z,
de +L4 (@ —xp) iz >w,
0 ifx > —z,
e Second integration:

Cs ifx < —x,
_ —qu—SD(%—f-xna:)—i-Cs ifr < -z,

v +%(%2—:pr)+07 ifx >z,

Cs ifr > -z,
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e Boundary conditions for second integration:

- @ is constant for x < —z,, and z > z,

- ¢(=2n) =W
- ¢(xp) = 0 (defined as ground)

e Second integration after using b.c.:

Vo ifr < -z,
_ V()—%(xﬁ—xn)? if —z, <x<0
v= +‘12]Z—5A(x—xp)2 if0<z<uzm,
0 ifzx >z,

e Continuity atz =0

V _ - = = -
07 Deg T e
e Expressing z, = %—gacn and
Np Na+ Np
Wdep =z, + Ty = (]. + N—A)xn = Txn

Vo = 4 (ND.IZ +NA3:12,)
265

_ 4N [ 2 Na ,

= Ses (xn+ND:rp
qNng Na+ Np
265

265 NA
Ty = Vo
qNp Np + Ny
e The charge is given by

q; = NDqAxn

2 NsuN
:qAE ATy
g Np+ Ny

e For a reversed biased junction, replace V with Vj + Vijqs

2¢es NaNp
= g Ay | 2T (V) 4 Vi
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e Apply the definition of capacitance,

dg
C=a

to the junction charge using the applied voltage, Vji4s as the voltage. Thus,

_ dqj ‘
= Vi =V,
d‘ 7bia3 bias R

C;

where V}, is the applied bias voltage.

_ qA 265 NAND 1

C. /=
772\ ¢ Np+NaVo+ Vi

e in terms of

e From our previous expression for Cj,

C2_qA265 NAND 1
I 2 Np+NsVo+ Vg

_qA26S NAND 1
2 Np+NuC?

Vr - W

If we measure C; as we change Vz and plot Vi versus 1/C?, we should get a straight line
with intercept —V} and slope
qAZGS N A N D
2 Np+ Ny

This only works if the junction is abrupt.

1.5 Linear Junction

e Charge density: p = —ax

¢ a
dz?  €g
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e First integration:

dp  al ,
r_v- C
dx €s 2 T
B.C.: E = ‘fi—i continuous.
Atz =z,=+%, E=0. Thus
al
Cl = —;—l‘p
and J
dp _ a5 o
dr 2eg v w”)
e Second integration:
a 1
BC:¢p=0atz,
a 1
Gy = —g(g(ﬁ; - %Z;l"p)
a
= —z
365 P
and .
a
o= E(g(xs - xf,:r + z,)
o Aty = —Tp = —%,QO: %+%ia51
a
Vo + Vhias = E(xz + 372)
_ @ 3
T 12e5 "

or

12¢
w3 = aS (VE) + %ias)

e The junction capacitance is given by

1

= A653 a 3
1265 V% +%ias
_ a8 ae 1
12% 3/1+ Vb#gs
_ _ G
Via,s
31+ Viias
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where
_ a0 %€
Cio 12V,
2 Ideal MOS Capacitor
______________ vacuum
A sio,
ax
! C
p— B2
p— ---f--- £
. fdeg E:F
EV

.
Work function: difference between Fermi and vacuum levels
qPs, qPm: semiconductor and metal work functions, respectively.
Electron affinity ¢x: difference between the conduction band edge and the vacuum level.
Fermi potential g¢p: difference between the mid-gap and the Fermi level. Proportional to
doping type and level.

e At zero bias, ¢,, = ¢s. Work function difference is zero:

E
qOPm — |:QX+TG+Q¢B:| =0

e charges accumulate in the Si — Si0, interface and in the metal.

e no carrier transport in the oxide under dc-bias conditions.

2.0.1 MOS Biasing
p-type Si

e Accumulation mode: If a negative voltage is applied to the metal
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holes

— majority carriers (holes) will be attracted to the Sv — SO, interface
— bands will bent near the surface.

E;-Ep
- Pp =ne T

e Depletion mode: If a small positive voltage is applied to the metal,
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| W]

lons
— bands bent downward near the surface.
- majority carriers are driven away from interface.
— a depletion region is formed.
Rsc = —gNw

e Weak inversion mode: A larger positive voltage is applied to the metal.

10
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SiO

F
inversion depletion
— bands bent downward near the surface.
— intrinsic level reach the Fermi level.
— depletion region still exists.
— minority carriers accumulate under metal
— the electron concentration under the metal is
Ep—E;

ny = ne T

electron concentration is small

e Strong inversion mode: A still larger positive voltage is applied to the metal.

— band bent further; conduction band edge comes close to the Fermi level.

— for strong inversion
ny, ~ NA

— In the strong inversion mode, small increases in band bending yield large increases
in the electron charge in the inversion layer; the surface depletion region reaches a
maximum width w,,

QS = Qn + QSC = Qn - qNAwm
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2.1

Detailed Analysis
semiconductor surface
quI %
(LPS>0)
SiO,
—
X

¥ = 0 in the semiconductor bulk, by definition.
Uy is called the surface potential.

electron and hole concentration as a function of ¥

Q(¥-Vp)
Ny, = N4e kT

«(¥p-YT)
Pp = nje T

where ¥ is positive when the bands bent downward.
At the surface,

«(Ts—¥p)
ng = n,e kT

9(¥p-Y¥g)
bs =ne T

Vg < 0: bands bent upward; accumulation of holes

Ug = 0: flat-band condition

Vp > Ug > 0: bands bent downward; depletion of holes

Up = Vg: midgap with ny = n, = n; (intrinsic concentration)
Us > WUpiinversion

U (z) can be obtained from Poisson’s equation

Y ps(2)

dx? €5

If the semiconductor is depleted to width w, the charge density in the depletion region
is

ps = —qNa
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— Setting d¥/dz = 0 and ¥ = 0 in the bulk, integration of Poisson’s equation yields

U(z) = Uy (1 - %)2

where the surface potential is

N 2
‘IIS:(Z AW

265
— For strong inversion, we can use the condition ng = N4. From

a(¥p—-v)
pp = nie kT

evaluated at the bulk where ¥ = 0 and p =~ Ny,

¥p 9(¥s—-¥p)
Ny =ne T =ng =n;e k7T

we get U = Ug — ¥p. For strong inversion w reaches a maximum w,, and

\IIS,mv = 2¥p
2kT (NA )
~ —In
q n;
_ gNaw?,
N 265

and

eskTln (%)

Wy, = 2
" >Ny

The charge in the depletion region is

Qsc = —qNwp,

2.2 Capacitance

— In the absence of any work function differences, when a voltage V is applied across the
MOS structure it appears partly across the oxide and partly across the semiconductor

V = V,+¥g
V, = &d
_ l0sld
€O£E
Qs

Co
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— C can be found by considering two capacitors in series

C,C;

C = F/em?
Co,+C; /
where C; = ¢, /w.
- From the above equations
c 1
C, 22,V
? 1+ qN p€esd?

which predicts that the capacitance will decrease with applied voltage.
— Whe a negative voltage is applied, no depletion region is formed and C' = C, = €, /d.
— When strong inversion occurs, ¥s = Vg, and Qs = ¢Naw,,. The voltage at which
this happens is called the threshold voltage,

qNAwm

Vip = 20
T c. + 2¥pg
2¢,gN 4 (20U
_ € QCA( B) 420,

— Once strong depletion takes place, capacitance remains at a minimum value that can
be obtained by letting C; = eg/wy,,

CoC;
C,+ Cj
(€oz/d) X (€5/Wp)

€ox/d + €5 /W,

€OI

€ox wm + d

epsilong

— The above equation is correct at high frquencies. It assumes that when the metal
voltage changes, all incremental charge appears at the edge of the depletion region. At
frequencies below 100 Hz, however, the depletion region generation-recombination
mechanism is faster that the voltage variations. This leads to charge exchange with the
inversion layer in step with the metal voltage variations. As a result the capacitance
in strong inversion will be that of the inversion layer alone.
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