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1. The Basics of the pn Junction
1.1 Basic Structure of the pn junction

N-type material I P-type material

N-type material P-type material |

A p-n junction diode 1s made by forming a p-type
region of material directly next to a n-type region.



Electron Affinity and Work-function for Semiconductors
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The workfunction for a semiconductor is
given by E_-E; and not E_-E_ (affinity),
despite the fact that there are no
electrons at the energy E. (in contrast
to metals for example). Thermal
equilibrium requires that only a fraction of
electrons are in conduction band. When an
electron is removed from the conduction
band, thermal equilibrium can be only
maintained if an electron is excited from
VB to CB, which involves absorbing heat
(energy) from the environment; thus it
takes more energy than €)' to remove an
electron.



Basic Structure of the pn Junction
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* The entire semiconductor is a
single crystal.

* The interface 1s called the
metallwreical junction

* A step junction with uniform
doping in each region and an
abrupt change in doping at the
interface.

» Electrons diffuse from the n-
region to p-region and holes
diffuse in the reverse direction.

* An electric field 1s established in
the direction from the n-region to
the p-region.




Basic Structure of the pn Junction
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The negatively and positively charged regions are called the gpgce
charge region, or the depletion region.




1.2 Space Charge Width and Electric Field

How to Draw Energy Bands for a pn-junction?

Np-N,
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Junction

In regions far away from the “junction” the band diagram looks like:

E, E,
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p-type semiconductor n-type semiconductor



Before Connection of p and n regions

eq)P - €X+Eg _(EFPO _EV )‘ e(I)n = eX"' (EC _EFno)

energy

EO____F__A __________ S U EO
ed, ex ed. ex
Eg ___________ EFno
Ei .................................. baes 2 EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES Ei
EFpo s = === -
Ey E



FERMI-DIRAC DISTRIBUTION

The Fermi-Dirac distribution function for electrons is defined as:

1
J(E) = | 4 oUE~Er)/AT

And describes probability to find an electron at energy E, provided that there are energy
states available at that energy E.

The parameter (energy level) E¢ is called the FERMI LEVEL.

This level is a reference energy where the probability of carrier occupancy is defined to
be 1/2 for any temperature.



FERMI-DIRAC DISTRIBUTION

The probability of hole occupancy (missing electron) is denoted by:

1
I-f(E)=1- | 4 J\E-Er)/AT

We recognize that this is the probability that a state is vacated by an electron.

This level is a reference energy where the probability of carrier occupancy is defined to
be 1/2 for any temperature.
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FERMI-DIRAC DISTRIBUTION
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FERMI-DIRAC DISTRIBUTION

F(E)
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kT at 300k = (8.62x105 eV/K)(300 K)=0.0259 eV
3kT at 300k = 0.0777 eV

At 0 K, F(E) is a step
function.

The majority of change in F
(E) happens for energies
within 3kT of E;.

The function is almost linear
over this region (-3kT,+3KkT).



FERMI-DIRAC DISTRIBUTION
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For energies less than 3KkT, the
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FERMI-DIRAC DISTRIBUTION

We may re-plot the hole and electron occupancy functions on the same graph (note:
the probability is shown on the x-axis):

------------------------
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- Calculated for Intrinsic Si, Ei=0.55 eV
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Electron distribution, n(E)
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Hole distribution, p(E)
Jp(E)
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Finding n, and p_

Ec(max)
[SE)f(E)dE ~ 12(2mdse) f\/ﬁ e \E-ER)iT Ly
Ec

/2

= N, exp|-(E, - E.)/kT] ..where N . = 2(mds—ﬂ)

27h*

the effective density of states
in the conduction band

3/2 g,

fS(E) f,(E)dE ~ 12( m;h) f\/ﬁe (Ex=E)IkT g

Ev(min)

/2

=N, exp|-(E, -E,)/kT] ..where N, = 2(%)
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Energy Band Diagram

intrinisic semiconductor: n, =p =n,

conduction band

A

where E. 1s the intrinsic Fermi level




Energy Band Diagram

n-type semiconductor: n_>p,

4

conduction band |
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Energy Band Diagram

p-type semiconductor: p,>n,

4

conduction band |
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A very useful relationship

nypo =N exXp[—(E. - E)/kT'] x N, exp[—(E - E}, )/ kT ]

_ ~(Ec-Ev)/ kT _ -E, I kT

...which 1s independent of the Fermi Energy

Recall that n, = n, = p_ for an intrinsic semiconductor, so

— 2
NoPo — N

for all non-degenerate semiconductors.
(that is as long as E is not within a few kT of the band edge)

-E, ! kT 2

nyp, = NN, e =1

[ -E,/2kT
—_ g
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The 1ntrinsic carrier density

-E, | kT )

nypy = NNy e =N,
n, =\/NCNV€

—E, | 2kT

is sensitive to the energy bandgap, temperature, and m”

3/2

m, kT
Ne =3 S |



The 1ntrinsic carrier density

lolb

n-p= NCNVe[_Eg]/kT °
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n, represents the intrinsic carrier 1012
concentration
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The intrinsic Fermi Energy (E))
For an intrinsic semiconductor, n,=p, and E =E,

NC GXp[—(EC _Ei)/kT] = NV eXp[_(Ei _EV)/kT]

which gives
E;=(Ec+ Ep/2+ () )In(N,/N,)

so the mntrinsic Fermi level 1s approximately
in the middle of the bandgap.



Recall: Fermi Level 1

TolE) = l+exp[(E-E.)/kT)

0.2 \
— 0.1 i E=EF+3kT Boltzmann -
3 olzman - (E=F,)=1/2
L
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Fermi level indicates only a probability of occupancy. It does not contain
any information about available states for occupancy. The information
about the availibility of states is given by g(E) — density of available states.

The actual distribution of electrons is given by the product g(E)f5(E).



Before Connection of p and n regions
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How to Draw Energy Bands for a pn-junction?

when the device has no external applied forces, no current can flow.
Thus, the fermi-level must be flat!

We can then fill in the junction region of the band diagram as:

EC
E

1 Ec
Ef E¢
E.

v E




How to Draw Energy Bands for a pn-junction?

EC
E, E.
E; E;
E
v El
- E,
2
built-in potential barrier
Ei
Ef
E

The conduction and valence band must bend since the relative position
of the Fermi level to the conduction and valence band is different for
the p-type and n-type semiconductor. The band bending produces a
potential barrier, which is referred to as the built-in potential barrier.




Electrostatic Potential in pn-junction

Electrostatic Potential,
V — -(l’flq)(Ec-El‘ef)
A

Vg, or the “built
in potential”
>
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Electric Field in pn-junction

Electrostatic Potential,
V=-(1/q)(E.-E.)
A

- Vy, or the “built
in potential”

— >
N X
Electric Field
=-dV/dx
A
— S >
X

Can we calculate
built-in potential?



After Connection
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Depletion Region
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For the n-region: —\E.—E E.-E,
5 n, =N, exp (E.—E;) =n exp| —/—— | =N,
kT KT
N
ed. =E,.—E, =kT In| —%
. : ' | n,
or the p-region: -
_ \ —(EF—EV) — 3 o Epi—Ep _
Po =N, exp T =n, CXp T =N,
N
— - S 2 a
An important point: previously N, e¢FP =Ly —Ep= kT In n
and N, denoted the concentrations ‘
in the same region. From now on,
they will denote the NET J = |¢ + |¢ = k_T In NaNd
concentrations in the individual p- o e Fp e ni2
and n-regions, respectively. )
’ N N
V', is the thermal voltage. n; Ty




Analytical Analysis of the pn junction
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1D Poisson’s equation
divVf =V -Vf = Af =(Sources — Sinks)

dPy(x)  dERx)  p(x)

dx? dx &
=~ [N, () =N, (@) + p(x) = ()]

Y - electrostatical potential

P - space charge density

& - semiconductor permittivity



Poisson’s Equation for Abrupt Junction
And Depletion Approximations

ra

0 \X[QND - | \ S
d*y(x) _ dE(x) _eN,
dx’ dx g

d’w(x) _ dE(x) _ eN
dx’ dx &

for

—_— <<
xp_x<0

O<x=x



Junction Potential and Electric Field- Overview

v

dE(x)
dx

outside the depletion zone

0




Electric Field Distribution




Electric Field Distribution




Maximum Electric Field

- X, X, .
eN
E . =E0)=-——"x =
£
consequence: |N ,x =Nyx,




Potential Distribution

0

E(x) = eNp

(x+x)

+ xpx) + Y,

£ 2

with 3 (=x ) =0
W, = eN , x
1 E 2

Vi () +xf

_ eV,
Y (x) = .

_eNA(x

quadratic dependence on distance !



Potential Distribution E(x) = N (x-x,)




Built-in Potential (Second Equation)

for x=0 both expressions

w(x)=Vbi_eND (xn_x)Z 1/}(x)= eNA (xp-l_x)2
2€ 2€

must give the same value:

P(0) =V, - op Oy

X
e " e

recall

e ) 2
V= Z(NDxn +Nx, )‘ - k?T ln( NziVA )

1




Depletion Width Expressions

W=x,+x,
€ 2 2 —
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Depletion Width Expressions

2€ N
X =\/ s 2 Vi X, = 2¢ Np 5 V.,
e NpN, +Np e NN, +N,

2
W2=(xn+xp)2=2g N, V4 £ N, v

e NN, +N, e NNN,+N,> "
2
Y 2¢ N, . £ N, . -
e N N,+N, e N,N,+N,

2¢ N/ +2N,N,+N,” 2e(N,+N,)
V, = Vi

e " (N,+N,)N.N, e N,N,

W=\/25 (NA+ND)VM
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Recall: Built-in Potential (Diffusion Potential)




One-side Abrupt Junction: N, >> N
Important for s/d regions of a MOSFET and emitter of BJT

V=.0 + T
P A S

(a) N

N, A x W 2€(NA+ND)‘/M
®) ol =W e NN,

if )Cp << X,

© )
B} / ey o |2V

| n
W ! eND

Y
(d) 0 W



Example: consider a silicon pn junction at 7'= 300 K with doping
concentrations of N, = 10'® em™ and N,= 10" em~. Calculate the space
charge width and maximum electric field in the junction.

. { a2y A/ ‘ 16 15
Solution: VM_(IJ )]n \’u—{,\'dJ=(0-0259)lnlr (10 XIO )1 0.635V

e/ U m (1 5><10'°)'

i
-1 172
W — 283VM :'Vu + ."Vd
e i NuNd _

. { 2(11.7)(8.854x1 0"4X0.635)[10'6 +10"

” =9.5%x10"cm = 0.95um

1.602x107"° (10 f10")
N, N,
X, = W =0.86um X W =0.086um
N +N, PN AN,

o =Ny, —(1.6x10™ J10" Jo.86x107)
e, (117)8.854%107)

5

~—1.33x10" V/ecm




Unbiased Junction




E 4[eV] Unbiased Junction

gy Fo=m I =S Ty
Ey \
>)C
Forward-biased Junction

E t[eV]
£ [ope T~

. \-.\ ...... Fn F
EFp-__ﬁn-type ~r W~ |-

eV

V>0




Space Charge Width and Electric Field under
Reverse Applied Bias

26V, +V)| N+ N,
€ a NaNd

W =<

~

. )

Example: consider a silicon pn junction at 7= 300 K with doping
concentrations of N, = 10'® cm™ and N,= 10" cm™. Calculate the
space charge width under a reverse bias of 5 V. n, = 1.5 x 101 cm~.



Space Charge Width and Electric Field under

Reverse Applied Bias

The electric field is still [2¢, (1, + V)] N, 1
a linear function of - 1 p N, | N,+N
distance. The maximum 4]l "a .
electric field is still at 26, 1) N, 1
the metallurgical 1 o N | N +N,
junction. _eNjx - N -
En]ax = - — = - F
gS gS
_ 1/2
e 2V V[ NN, N 2004 7)
il B N, +N, || W

= -4x104V/cm




Forward- and reversed biased Junction
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-aNA

a
depletion approximation
D pxact
| 6 | |

Sharp boundary of the space
charge region.

This is an idealization; in
reality the transition is not
sharp but gradual
characterized by the
Debye length L.

Depletion approximation

How precise is this
approximation?



Debye length kT 172
L,=

2
g (n+p)
For an extrinsic n-type semiconductor, the minority-carrier density is negligible

and we can write n+p=N

' e kT 1" For N,=10'6 cm3 we get Lp,=40 nm,

L, =

2
q N, | for N,=10"8 cm we get Ly=4nm.

Debye length is a characteristic length associated with the
spatial variation of the potential. The potential varies
exponentially with distance near the edges of the space
charge region equal to the Debye length. Because the carrier
concentration itself depends exponentially on the potential,
the carrier concentration changes rapidly from the dopant
concentration to essentially zero within a few Debye lengths.



Debye length

Naive view
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Debye length

Imagine that we hold a positively charged
plate at some (small) distance to the
surface of a material having mobile
negative charges (a metal, a suitable ionic
conductor, a n-doped semiconductor, ...). In
other words, the positively charged plate
and the material are insulated, and no
currents of any kind can flow between the
two. However, there will be an electrical
field, with field lines starting at the positive
charges on the plate and ending on the
negative charges inside the material. We
have the following situation as depicted:

C

(1]

¢ Field

Naive view

Material

Realistic view

Material

\

> X

In a naive (and wrong) view, enough negatively charged carriers in the material would
move to the surface to screen the field completely, i.e. prevent its penetration into the
material. "Enough", to be more precise, means just the right number so that every field
line originating from some charge in the positively charged plate ends on a negatively

charged carrier inside the material.

But that would mean that the concentration of carriers at the surface would be pretty
much a §- function, or at least a function with a very steep slope. That does not seem
to be physically sensible. We certainly would expect that the concentration varies
smoothly within a certain distance, and this distance we call Debye length.



1.4 Junction Capacitance under Reverse Bias

pn Junction: Depletion Capacitance

The junction depletion layer capacitance per unit area is defined as:

C a9

gy

Where dQ is the incremental charge in depletion layer charge
per unit area for an incremental change in the applied voltage dV.




Junction Capacitance under Reverse Applied Bias

PA

P n . | An increase in the applied
+dQ . .

reverse bias will lead to an
increase in the positive and
&y —| |o— + negative charges in the n-
and p-regions, respectively.
The junction capacitance per
«— |unit area 1s obtained from:

+eNy

+Xn
|
|
-dg‘\\ dx. !

- -, dQ' =eN dx, =eN dx,
| S i C' = dQ
E ;4—— ith applied V& —-——o-: dVR

~<———— With applied Vg + dV -



pn Junction Depletion Capacity

Think differentially:
(LN
aNo AQ
+Q P
o -Xp(V) :
xn(V) -
AQ -Q
p n N Vv
0P @ Y . !
SEPCIM a® P ig
e, % @ ¥ i N
© |le *® Ap
+AQ
0 1 Xn(V) .
Xp(V) X
-AQ




= dQD

g
S ]
Il Q
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Q
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pn Junction Depletion Capacity

vV, =V -dv




Capacitance of an Abrupt Junction

c -9
1T,

dQ =eN pdx, =eN ,dx,

2¢ N ,
X, = >
qg NpoN,+ N

(V,: +Vy)

l



Junction Capacitance under Reverse Applied Bias

r
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-
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- . € _Nd __Na T Nd _J(
dx, _; £, —Na“ 1]
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Junction Capacitance under Reverse Applied Bias

Example: consider a silicon pn junction at 7'= 300 K with doping
concentrations of N, = 10'® cm™ and N,= 10> em™. The junction is under a
reverse bias of 5 V. Calculate the junction capacitance.

16x10°Y11.7)08.85%x10 ™ Y10 105 )V . |
C:{( : 2(}635{5\>[I(>)<'6+IOX'5)X )} <0610 e
N -\

(" 1s in the range of nF to pF.

r e¢ N N, | -
27 + Ve No+ N,)|

'
Il

\

20 (v, +V)[N,+N, ]|
e | NN, |

Source/drain capacitances are important for the switching speed of a MOSFET

W

J
w

\



Junction Capacitance — Parallel-plate Capacitance

P
aND AQ
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1.5 One-sided Abrupt Junction under Reverse Bias

\ —

For example, N, >> N, a p'n junction. o il "
. | - -, 1/2 o
W — . zgs (Vbi + VR) Na + Nd . —ty g
e I Na Nd ) +Xq
. N 1/2
~ 2‘95 (Vbi + VR) ,
eN , ) i
- - ~ 1/2
X =5 28.»-(Vbi +VR) Na l B
o e N, | N,+N,

e N

- - - 1/2
- 26V, +V3) Nd|: ! }} N {xp <X,



One-sided Abrupt Junction under Reverse Bias

For example, N,>> N, a p'n junction.

[2

. { ec NN, |7 [ eeN, |
2(be +Vy )(Na +N, ) J ! 2(be +Vy ) f

2 2
cl (L) 2, 1)
C ee. N,
S,ope\_ ﬁ The left curve can be used to
3 2 determine the doping concentration
A and the built-in potential.
_V; 0 VR—’

- Information on V,; and N



Example: assume a silicon pn junction at 7'= 300 K with n, = 1.5 x
1012 ecm~. Assume that the intercept of the (1/C")* versus V, curve

gives V,; = 0.855 volt and the slope is 1.32 x 10'° [(F/em?)~(volt)™'].
Determine the doping concentrations.



One-sided Abrupt Junction under Reverse Bias

For p*-n junction:

eqNp

o) = \:2(¢in - V)

Capacitance dominated by lowly-doped side

Technique to extract ¢p; and N,y

1 2w —V)

C? eqNp




2. Non-uniformly Doped Junctions

2.1 Linearly Graded Junctions
Linearly Graded Junctions

If acceptor atoms are diffused through the surface into a uniformly doped n-
type semiconductor, linearly graded pn junctions will be obtained. These non-
uniformly doped pn junctions will have special junction capacitance
characteristics.

- I . pleoudicm 3 4
~— P-1€gion —={-4——— N-region ———-
p-region n-region

Na

Impurity concentration

’

|
|
|
|
|
|
|
| Ng
|
|
|
|
=

w
5
[
a

xX=Xx

T plx)= eax

a 1s the gradient of the net

Metallureical junction . . :
sital) impurity concentration.




Linearly Graded Junction - Overview

(@

impurity distribution

electric field distribution

potential distribution

energy band diagram



Linearly Graded Junction - Evaluation

Linearly Graded Junctions
dE p( ) eax

dx ¢

E = Ia—nd\

Assume £ = 0 in the bulk region:

E=0 atx=x,=W/2

jEd\

59

26’61 ( 2 \O p\

gS
eax’
+C,
2
— eax,
C, = 5
gS
ed [ »\ Quadratic
E= X~ =X, ] dependence on x

cd ( —\O )-}-C



Linearly Graded Junctions

Set ¢ =0 at x = —x; ea
C, = Xo
&g Cube
4 dependence on x
¢ (V) - — XX |+ X
26, \ 3 38S
: o s : . s
¢ will be the built-in potential at x = +x, . 2 eax;
bi 3
gS
Under a reverse bias voltage:
1/3
— f (V 4 V )1 — - A‘O
1 2 ea f dVy 2ea



Linearly Graded Junctions

dQ’ dx
C = 0 _ (eax, )—L
pleoutlcm?) 4 +dQ' = plxg)dry = eaxyds,
&y -2 P
= (e ‘U"'u) — X
2ea n e
— | H
_ & .—1  Still equivalent to —.« 2 < X
=~ Y0 plate-capacitance 5
2 dro—of o |
-dg—
r N 1 |
eag
C:<12(V sV . C— 8S _gS
+7,)
l R
S J 2x, W



Built-in Voltage of Linearly Graded Junction

V..

1.2 A
—”//
’__,// g GaAs V,, for GaAs much higher
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Key Conclusions

e Built-in potential of p-n junction:

ET . NpNjy
= In

2
q n;

Dbi
e Depletion approrimation: two quasi-neutral regions separated
by a space-charge region. (SCR)

e In strongly asymmetric junction electrostatics dominated by re-
gion with lowest doping level; i.e. for p*-n junction:

2€Dy,; 2gN pody;
W~ @b Epma| = I qINDPy
‘JqND ¢

e Electrostatics out of equilibrium same as in TE if ¢; = ¢, — V.

e Depletion capacitance due to SCR width modulation:

C(V) = .W‘g(}/ )




