Lecture 11

P-N Junction Diodes: Part 1

How do they work? (postponing the math)

Reading:

(Cont’d) Notes and Anderson? sections Part 2 preface

Georgia Tech

and sections 5.0-5.3
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Our First Device: p-n Junction Diode

N-type material

P-type material

N-type material

P-type material

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

Georgia Tech
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Our First Device: p-n Junction Diode

NQ.
Np

A\ 4

Junction

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

E. E,

Ef

E, E,
f

E
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Our First Device: p-n Junction Diode

But 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:

Georgia Tech

or...
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Our First Device: p-n Junction Diode
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Our First Device: p-n Junction Diode

T'qul

Electrostatic Potential,
V = -(1/0)(E;-E )
A

/ A

Vg, or the “built

In potential™
>

X
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Our First Device: p-n Junction Diode

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

|

Vg, or the “built
In potential™

Electric Field
E=-dV/dx
A

>

X
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Our First Device: p-n Junction Diode

Poisson’s Equation:

Electric Field  Charge Density (NOT resistivity)

N\ < dE
VeE = '0 or inlD, P
dx K,

Permlttlwty of free space
Relative Permittivity of Semiconductor

(previously referred to as eg)

p=q(p-n+Np—-N,)
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Our First Device: p-n Junction Diode

Electric Field, E=-dV/dx

Georgia Tech

A
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Georgia Tech

Our First Device: p-n Junction Diode

Energy

l -1/9

Potential

-dV/dx

\ 4

Electric Field

I‘<SgO d_E
dx

Y
Charge
Density
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P-N Junction Diodes: Part 2

How do they work? (A little bit of math)
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Movement of electrons and holes when forming the junction
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Squares are charges NOT free to
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Space Chargg or Depletion Region
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Movement of electrons and holes when forming the junction

= - dV/dx
-Edx=dV

[ de:LV((_X“))dv = V(x,)-V(-X,) =V,

but...
dn No net current flow

In = QnE +aDy =0 i equilibrium

dn dn
£—_Dvodx _ KT dx

M, N q n
thus...
dn

Vm:—iéEmu:K[rvﬁikdx:EIh1rKM)
Xp g “nt=x) n q n(-x,)
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Movement of electrons and holes when forming the junction

L AN IR
g n(_xp) g n;

n.

V, = KT In{NAL\ID}
g

For N ,=Np=10%/cm= in silicon at room temperature,

For a non-degenerate semiconductor, |-qV|<|E|

*Note to those familiar with a diode turn on voltage: This is not the diode turn on voltage!
This is the voltage required to reach a flat band diagram and sets an upper limit (typically an
overestimate) for the voltage that can be applied to a diode before it burns itself up.
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Movement of electrons and holes when forming the junction

Depletion Region Approximation

© o @ oo o
°Ce &SSe &S S @

+
T+t ++++++++++++++++

O 00 O | o 0

Depletion Region Approximation states that approximately no free carriers exist in
the space charge region and no net charge exists outside of the depletion region

(known as the quasi-neutral region). Thus,

‘ZE = K'O = Kq (p—n+Ny—N,)=0 within the quasi — neutral region
X s€o s€o
becomes...
dE q i :
K. (Np —N,) within the space charge region
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

4 Np—Na
—-gN, for —x, <x<0 | Np
» X
p=5 ON, for0O<x<Xx,
0 for x<-x,and x> x,
-N
thus, A
([ —gN (a)
N for —x, <x<0
K&, i3
dE N
= A for 0 < x<x,
dx K&, 9Np
—X.
0 for x<-—x,and x> x, P T
Wher%I \éve ha\l/g used: —gN

. & - KSgo .
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

jE(X)dE j _qNAdx' for —x, <x<0
Sgo
E(x):_qNA(Xerp) for —x, <x<0
KS‘c"o
—-X
and
0 ' X, CIND .
j dE:j dx' for0<x<x,
E(x) X ngo

E(X) = N

Sgo

Georgia Tech

D (x —x) for0<x<x,

Since E(x=0")=E(x=0%)

NaX,=NpX;

> X
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

- 4V

dx

AN, (x +x) for —x_ <x<0 |

d_V_QKSgo i i

dx qI\I—D(xn—x) for 0<x<x, |
L KSgo

VOJ .

or, 1 > X
v N , “n
_[(X)dv j k (x +x)dx for —x, <x<0
38
LV _[ N5 (x, —x)dx' for0<x<x,
(x) £,
AR (x +x) for —x, <x<0
V (X) =+ ZKSEON
V, -0 (x _xP? for0<x<x,
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

At x=0,

qNA 2 qND 2
—V. —
2K¢%(&J ol m<¢%(&0

Using, X, :(XHN%
A

2K N 2K
X, =\/ s%o A V, and X, :\/ s%o No V..
d  Np(N,+Np) d  N,(Ny+Np)

2K
W:Xp+xn:\/ s€, (NA+ND)Vbi
g NuNp
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

Va dropped here

Negligible voltage drop (low-level injection) Negligible voltage drop (low-level injection)

/ — Negligible voltage drop
(ohmic contact)

Negligible voltage drop ~ \4
(ohmic contact)

P N
V=0 : No Bias V<0 : Reverse Bias V,>0 : Forward Bias
A
VAl YA
T Vi 1 \ T Vi
Vbi
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

Thus, only the boundary conditions change resulting in
direct replacement of V,; with (V;-V»)

2K &, N, \/ZKSEO N,
Xn = V,-V,) and x, = V, -
) 9 = e v

WX, 4x, :\/2ng0 (N, + ND)(Vbi V)
a  NaNp
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Movement of electrons and holes when forming the junction
Step Junction Solution: What does it mean?

Consider a p* -n junction (heavily doped p-side, normal or lightly doped n side).

- VA>0
: A% VA=O
N Vi<O0
: | vy gt

Pt
Il
H
Pl
1t

< > Vo <0
e——W—>{ V4 =0
> Vo>
(a)
(c)
pP
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Movement of electrons and holes when forming the junction

Step Junction Solution: What does it mean?

Fermi-level only \
..................... X E,.

applies to equilibrium e Er
(no current flowing) DR X

Majority carrier N .
i- T | s . Ecn
IQuaIS| fermi o T F
evels N n
(b) Forward bias (Va > 0)

E¢-Efm=-0Va <

(c) Reverse bias (Va < 0)
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P-N Junction Diodes: Part 3

Current Flowing through a Diode
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P-n Junction |-V Characteristics

In Equilibrium, the Total current balances due to the sum of the individual components

nvs E
) > — @
\:T—. &
___________ o — ©® & O E,
: “‘,\ Eg
D B o oy i i o e e e ¥ 5
O 0 0= 1
O O__“:) E
v
O —> < O

(a) Equilibrium (V = 0)
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P-n Junction |-V Characteristics

nvs E

— e = o e o o e m— e

Current flow is
dominated by majority
carriers flowing across
the junction and I
becoming minority
carriers

Georgia Tech

Iy
—t
P N D
C ¥
| |
Va>0
(b) Forward bias (V5 > 0)

Current flow
IS proportional
T to e(VaVreh due

E, to the

Egn exponential

E, decay of
carriers into

E, the majority

carrier bands

QuickTime Movie
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P-n Junction |-V Characteristics

Current flow
IS constant
due to
thermally
generated
carriers swept
out by E-
fieldsinthe @~ © © O
depletion O o0—
region (5

—_— e ——————

Current flow is
dominated by minority
carriers flowing across
the junction and
becoming majority
carriers
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P-n Junction |-V Characteristics

Where does the reverse bias current come from? Generation near
the depletion region edges “replenishes” the current source.

<@ |
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P-n Junction I-V Characteristics
Putting it all together

1 A Forward Bias: Current flow is
proportional to eV&Vreh due to the
exponential decay of carriers into
the majority carrier bands

<— Exponential
Reverse Bias: Current flow is
constant due to thermally
generated carriers swept out by
E-fields in the depletion region
> Va

Georgia Tech

Current flow is zero at no applied voltage

!

Constant

1=] O(eVa/Vref - 1)
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P-N Junction Diodes: Part 3

Quantitative Analysis (Math, math and more math)
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Quantitative p-n Diode Solution

Assumptions:

1) steady state conditions

2) non- degenerate doping

3) one- dimensional analysis

4) low- level injection Quasi-Neutral Regions

5) no light (G, = 0) — A A

Current equations:
J=J,()+J,(X)

)
J.=q p, nE +qD, (dn/dx) Depletion Region

‘]p =( prE - qu (dp/dX) VA
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Quantitative p-n Diode Solution

<€ : : >
— o0 'Xp Xn 00
Application of the Minority Carrier Diffusion Equation
o(An,) _, o°(An,) _(An,) o Since electric fields (AP _p 9%(Ap) (AR, , o
ot 2 exist in the depletion A 2 T
0-D, aZ(Aznp) _(4n,) region, the minority ~ o_p @A) _(4p,) g
Ox 2 carrier diffusion X z
equation does not
apply here.
Boundary Condition : Boundary Condition : Boundary Condition : Boundary Condition :
An, (X — —0) =0 An,(x=-Xx,)="? Ap,(X=x,)="? Ap, (X > o) =0
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Quantitative p-n Diode Solution

< : : >
— 0 L KXo o Xy . o0
Application of the Minority Carrier Diffusion Equation
Boundary Condition : Boundary Condition :
An (X=-Xx,)="? Ap,(X=x,)="?
n= nie(FN " and p= nie(E' "

(FN_FP)/
2
n,(x=-x,)p,(x=-x,)=ne kT

2 qQVa
n,(x==x)p,(x==-x,)=n (x=-x_ )N, =n’e 7

2

— _ni qVAkT
np(x——xp)—N—e
A
r]iz Ve
Anp(x=—xp)=N—e -n,
A

ni2 Ve fi ni2 Vot
Anp(x=—xp)=N— e —1| and similarly at x = x Apn(x=xn):N— e -1

A D
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Quantitative p-n Diode Solution

< : >
Application of the Minority Carrier Diffusion Equation
Boundary Condition : Boundary Condition :
An (X=-Xx,)="? Ap,(X=x,)="?
n= n.e(FN " and p-= n.e(E' ")

n,(X=-X,)p, (x——x )=n, (x_—x Zq

n(x=—x)=—ig"
o ( o) N,

n.2 qQVa
Anp(x=—xp)=N—'e kT
A /
ARl fai ni2 Vo
An (X=-X,) —1| and similarly at x = x Apn(x=xn):N—De -1
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Quantitative p-n Diode Solution

I >
o0 'Xp Xn o0

A

Application of the Current Continuity Equation

dn d
‘]n:q(/unnE—i_Dn _j JpZQ(,UppE—D —pj

dx de
d(n +An ) ? d( +Ap,)
=aD o P - _ po pn
= u Py dx
dAn dAp
=gD d =—qD, —*
A dx e dx
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Quantitative p-n Diode Solution

< I >
— 00 A . : n _ 00
Application of the Current Continuity Equation: Depletion Region
on 1 on on
—==-V-J Nt _‘ Recombination-Generation T | All other processes
o q ot Ot |suchaslight, etc...
0-1v.s,
q
Ozlah
q ox

op 1 op p
V-Jo + 2 cecombina on T
ot q P ot ‘Recombmatlon—Generatlon ot

All other processes
such as light, etc...

1

O:—EV'JP
0=_1Ne
q oXx

No thermal recombination and generation implies J, and J,, are constant throughout the
depletion region. Thus, the total current can be define in terms of only the current at the

depletion region edges.
J=3,(=%,)+ 3, (x,)

Georgia Tech
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Quantitative p-n Diode Solution

l | >
00 X’=0 X" =0 00

Approach:
*Solve minority carrier diffusion equation in quasi-neutral regions
*Determine minority carrier currents from continuity equation
sEvaluate currents at the depletion region edges

*Add these together and multiply by area to determine the total current
through the device.

eUse translated axes, x—x’ and -x— X’” in our solution.
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Quantitative p-n Diode Solution

X‘
T
o
8

00 X”IZO

2
0-p, Z(40) _(4p,)
OX 7,

Ap, (X') = Aet¥") 1 Bet) where L, = N RS

Boundary Conditions :
Ap,(X'—> ) =0

n.2 qQVa
Ap,(X'=0) = N—'(e kT —1)

D

n.2 qVa
B=0 and A=Apn(x'=0)=N—'(e kT—lj

D

.2 aVa .
Ap, (X') =£—'(e kT —1)e(‘X’LP) for x'>0

D
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Quantitative p-n Diode Solution

00 X”IZO X’IZO 00

2 qVa :
Ap, (X' =n—'(e kT —1je(‘X’LP) for x'>0
ND
dAp,
% =00, dx

D n-2 qQVa \
J,=q—2 (e M —1je(‘X’LP) for x'>0
LN,
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Quantitative p-n Diode Solution

X‘
T
o

8

00 X’’=0
Similarly for electrons on the p-side...

2

h aVa "
An, (x") =n—'(e kT —1je(X ') for x>0
N

A
dAn
‘]n :_an g
dx
.2 aqVa "
J, = qm(e kT —1)e(‘X ') for x>0
I—nNA
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Quantitative p-n Diode Solution

(

: | >
00 X'=0 x'=0 00
Total on current is constant throughout the device. Thus, we can
A Characterize the current flow components as. ..

J=J,+1J,
J,=J-1, J,=J-1

J. oc g

Recombination Recombination

>
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Quantitative p-n Diode Solution

Thus, evaluating the current components at the depletion
region edges, we have...

J=3,(x"=0)+J,(x=0)=J, (X" =0)+J, (x"=0) =, (X'=0)+J_(x'=0)

2. Dn?y) v
J=q( Dol 2 J(eq M —1) for all x

LN, LN,
or
QVa 2 D n?
| = Io(e kT —1) where |, = gA Dy y—P !
LN, LpND

, is the "reverse saturation current”

Note: Vref from our previous qualitative analysis equation is the thermal voltage, kT/q

Georgia Tech ECE 3080 - Dr. Alan Doolittle




Quantitative p-n Diode Solution
Examples: Diode In a circuit

R=1000 ohms
‘ ,
- V
V:9V, 5V’ ) Exponential A
2V, -9V ‘ 3
Constant ‘
|
9V =1(1000) + V, qVa
y I=1|e 7" -1| wherel, 6 =1pA
I :1e—12£e zsov —1)
Solutions
or
v,/ \ VA I In forward
9V={1e—12(e R —1)}(1000)+VA oV | 059V | 84mA [ | bies(Ve0)
VV 5V 0.58V | 4.4 mA ~cons/i\ant
—1o _ 0.0259V __ for |
ov=te-ofe =) cv, NP> o ooy [1ama| |
b 9v 9.0V -1 pA in current

In reverse bias (V,<0) the current
Georgia Tech Is ~constant (=saturation current) ECE 3080 - Dr. Alan Doolittle




