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PN JUNCTION ELECTROSTATICS O/

\l\; Suppose a pn junction formed by diffusing p-dopant into n-doped wafer (

near surface: N, > N,
deeper inside semi: N, < Ng

l metallurgical junction: N, = N,

Q

Doping profile — net
doping vs. position
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®* Poisson’s equation: quantitative solutions for electrostatic variables [(

| GO ECTReS TSI -
\

/
O
3-D case 1-D case
l K, : semiconductor dielectric constant
€, : permittivity of free space
O

p: charge density

\ p=q(p—n+ Ny = N,)

Assume dopants to be totally ionized
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PN JUNCTION ELECTROSTATICS

\1 ®* Quanlitative solution for 1D junction, equilibrium conditions

D)

Step-by-step construction of the equilibrium energy band diagram for a pn junction
diode. (a) Assumed step junction profile and energy band diagrams for the semiconductor regions far
removed from the metallurgical junction. (b) Alignment of the part (a) diagrams to the position-
independent Fermi level. {ﬂ}'l‘h:rmm[ﬂndmrn band
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K\a PN JUNCTION ELECTROSTATICS O/
A

D)

General functional form of the clectrostatic variables in a pr junction under equilib-

rium conditions. (a) Equilibrium energy band diagram. (b} Electrostatic potential, (c) electric field,
and (d) charge density as a function of position.



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Q\D PN JUNCTION ELECTROSTATICS O/
1\) - = : ; 5 5

Space charge regi%n/depl%ﬁon region
Diffusion currer# — Drif‘ current

Conceptual pr junction formation and associated charpe redistribution. (a) Isclated p
and m regions. (b) Electrons and holes ciffuse o the opposite side of the junction moments afte

joining the p and  regions. (¢) Charge redistibution completed and equilibrum conditions re-¢slab-
ished. (d) Previously deduced chasge density versus position. ((-holes, El-ionized acceplors
{©)=electrons, and B-ionized donors)
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® Built-in Potential (Vbi)

Built-in potential = voltage drop across depletion region under

\l\ PN JUNCTION ELECTROSTATICS

O equilibrium conditions
Assume nondegenerated doped p-n junction
We know

l ¢

v

dx

O

Integrating across the depletion region:

r' € dx r{x" av =V v
o, K-z, - (In) = ("IF) - vhi
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PN JUNCTION ELECTROSTATICS O/

®* Under equilibrium conditions
Il
O

Combine with Einstein relationship, we have

(1)
) [ v [ 8 )

n(=x} N

O

Common values for non
degeneratedly doped Ge, Si and
GaAs diodes, at 300K: 0.66V,
1.12V and 1.42V, respectively

if
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PN JUNCTION ELECTROSTATICS

\lx ® Another way: VH - V(In) - V{“'tp)
O

1 1
= (E=x) = Elx)] = ~{E(-x,) = E,)

|
l or = _[(‘E = EF}p-nﬁr: + (EF - E; )n:i:h:]

Q < Eg/2 < Eg/2

Nondegenerately doped junction under equilibrium conditions

Ee)psiae = KT (N, /n,)

F Ei}n-lhh = kT ht”ﬂ"”.}

(*)
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PN JUNCTION ELECTROSTATICS

P: Most real diodes are very heavily doped on one side of the junction. In computing
the built-in voltage of p*-n and » *-p step junctions, it is common pracltice (o assume
thet the Fermi level on the heavily doped side is positioned at the band edge: ie.,
Ep= E,ina p™ material and Ep = E_in an n * material. Making the cited

tion, compute and plot V,; as a function of the doping (W, or Np) on the lighty
doped side of Si p*-n and n*-p step junctions maintained at 300 K. The plot is to
cover the range 10/cm? = N, or Np = 10'7fem?.

S: Specifically considering a p*-n junction, we can write
(E; — Ep)pus assumed= E;, — E_= E_ 2
(Ep — E)pade = &T In(Npin;)

Substituting into Eq. (5.12), which is valid for arbitrary doping levels, we rapidly

s
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PN JUNCTION ELECTROSTATICS O/

For lrr*-p :iunﬂtiﬁns. N, simply replaces Ny, yielding a computationally equivalent
relationship. The V,; computational program and resultant plot {(Fig. E5.1) follow:

MATLAB program script...
FoVWbi Comiputation (p+/n and n-+/p junctions)

FHConstants
EG=1.12;:
kT=0.0259;
mi=1.0el0;

% Computation
ND=logspace(l4,17);
VYhi=EGR2+KT.*log{ND./ni);

%Plotting

close

semilogx(IND,Vbi); grid

axis([1.0el4 10217 0.75 1]}

xlabel('NA or ND (cm-3Y); vlabel{"Vbi (volts))
text(le16,0.8,'Si, 300K")

text(le 16,0.78,'p+/n and n+/p diodes')
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PN JUNCTION ELECTROSTATICS O/
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Built-in voltage in Si p “-n and n *-p step junction diodes at 300 K.
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®* The depletion approximation (

Solve Poisson’s equation =2 quantitative solution for electrostatic

K\a PN JUNCTION ELECTROSTATICS O/
A

O variables
Depletion approximation = enable to obtain closed-form solutions

because of no information of carrier cncentrations

P=qiiNp - M)

l £ =J—{p—n+Hn-

Kg€p
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PN JUNCTION ELECTROSTATICS

®* Quantitative electrostatic relationships

Assumptions /Definitions: 1D, VA applied voltage

+ K -

Ohmic contacts

rea (em?
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® Junction withV, =0

Solution for p from depletion approximation

\l\ PN JUNCTION ELECTROSTATICS

O

O
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® For p-side of the depletion region

O

? N * Note: total charge in depletion region = sum to zero

N\ X, = q@NpX,

K\ PN JUNCTION ELECTROSTATICS O/
A


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

/1\3

O

PN JUNCTION ELECTROSTATICS O/

® Solution for V

Since ‘E— -dWit,

boundary conditions

V=0 at X = —x,

V=W, at x=1x
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PN JUNCTION ELECTROSTATICS O/

\l\j ® For p-side of the depletion region

‘I-"-l’x}
(I + x"ydx'

J‘—.:'. Ks Ep

® For n-side of the depletion region

* At x=0
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®* Solution for x, and x

\l\ PN JUNCTION ELECTROSTATICS

Combine

O

112
_ [2Kse Np Vm]
_= N.(N, + Np)

O

Depletion width
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l\> PN JUNCTION ELECTROSTATICS O/
\l\j ®* Example

P; Perform a sample computation lo gauge lhf.: simi of W and % ) underi equilili-
| dum conditions. Specifically assume o Si step junction aperated a 00K with N, =

10"fem? and N = 10%/cn’,
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PN JUNCTION ELECTROSTATICS O/

S: For the given junction,

kT (N Np\ _ ao'nA0™M | _ q.656 V
=?m( :? = (0.0259) m[ (107

bi

Making use of Eqs. (5.30), one compuies
]”" R [(1}(1 1.8)(8.85 X 10- “}[ﬂ.ﬁ__jﬁ]m

2Kge
*n = [ " Vs (1.6 % 10-19)(10™)

giNp
=293 x 10 *cm = 293 pm

= (E'F—E)x, = (10"¥Hx, = 293 X 10-7 cm
Nﬁ

W=x, + x,=x,= 1293 pm
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PN JUNCTION ELECTROSTATICS

1 e = 1€ (0] = o, _ (16 X 10-9)1019)2.93 X 10-%)

Kseo (11.8)(8.85 X 10~'4)

= (449 X 103 Viem)

s
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PN JUNCTION ELECTROSTATICS

® Junction with V, # 0 ((

Va dropped here

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

Negligible voltage drop ~ Negligible voltage drop

(ohmic contact) : (ohmic contact)

In depletion region: Vbi - VA
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1\

PN JUNCTION ELECTROSTATICS

Simply replace all V. by V. . =V,

Fur—.:: '=.:£D

H —

(
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PN JUNCTION ELECTROSTATICS

P: Construct a log-log plot of the depletion width (W) versus the IMpurity concentra-
tion (¥, or Ap) on the lightly doped side of Si p*-n and n+-p step junctions maijn-
tained at 300 K. Include curves for V, = 0.5V, 0 V, and — 10 V covering the range
10/cm® = N, or Np = 10'7/em3,

S: The Vh! assuciated with the p*-n and a *-p step junctions is computed using the
relationship es}ahhshcd in Exercise 5.1. Also, with the junction asymmetrically
doped, the doping factor in the Eq. (5.38) expression for W simplifies to

Ny + Ny 1
NaNp Np

where Ny is the doping (N, or Np) on the lightly doped side of the junction. The
MATLAB program for the W versus doping computation and the program results
(Fig. E5.3) follow:

s
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s

PN JUNCTION ELECTROSTATICS

MATLAB program script...

% This program calculates and plots the depletion width vs impurity
% concentration in Silicon p+/n and n—+/p step junctions at 300K

o
% Three plots are generated corresponding to VA = 0.5V, 0.0V, and — 10V

Fo
% The Vbi relationship employed is Vbi=(EG/2q)+ (kT/gin(NB/ni)
% where NB is the impurity concentration on the lightly doped side.

FoConstants and Parameters

T=300; % Temperature in Kelvin

k=8.617e-5; % Boltzmann constant (e V/K)

e0=8.85e-14; %% permittivity of free space (Ffcm)

q=1.602e-19; 0 charge on an electron (coul)

KS=11.8; e dielectric constant of Si at 300K

mn=lel; Fo inrinsic carrier conc. in Silicon at F00K (cm™-3)

EG=1.12; %% band gap of Silicon (eV)

FoChoose variable values
NB=logspace(14,17): %% doping ranges from 1214 1o 1lel7
VA =[0.5 0-10]; Te VA values set
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O

PN JUNCTION ELECTROSTATICS

%oDepletion width calculation

Vbi=EG/2+k*T. *log(NB./ni);

W(1.:)= 1.0e4*sqri(2*KS*e0/q. *(Vbi-VA(1))/NB);
W(2.:)= 1.0ed*sqri(2* K S*e0/q.*( Vbi-VA(2))/NB);,
W{{3.:)=1.0cd*sqru(2 K S*eD/q. *{Vbi- VAN /MNB),

FePlol

close

l'ﬂ'glﬂ'E{HBa. wtl'.}:- E,I".I:d
axis{[1.0el4d4 1.0c17 1.0e-1 1.021])

xlabel(NA or ND (cm®-3)%)

yviabel('W {micromecters)’)

set{gea, DefaultTextUnits','normalized’)
text(.38,.26,"VA=0.5V")
text{.38,.50,"VA=0")

tex1({.38,.76, VA =-10V")
text(.77,.82,'S1,300K")
text(.77..79,'p+/n and n+/p")

set(gca, DefaultTextUnits','data’)

s
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PN JUNCTION ELECTROSTATICS
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* Examination/Extrapolation of results

K\j PN JUNCTION ELECTROSTATICS

The width W decrease under forward bias (V,; =V,) and increase under

O reverse bias (V. + V,). Electric field changes respectively

(c) Reverse bias (W < 0)
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O

PN JUNCTION ELECTROSTATICS

Onee a quantitative relationship has been established for the electrostatic potential, it
becomes possible 1o construct a fully dimensioned energy band diagram. The “Dia-
gram Cenerator” program that follows draws the equilibrium energy band diagram

for a nondegenerately doped Si step junction mi.lnmmnﬂ at room lemperature. Thtm
user is prompied o input the p- and n-side d-u:-pmg concentrations. Run mtlpmpﬁnt
trying differemt N, and Np combinations. It is informative o include at leasl 4:' I
combination each where N, ¥ Ny, N, & Np, and H: .- H,':" TEn_nspnmcfij;:r
junctions are of particular interest because the resultant *one-sided -l:lllng.rﬂmﬂm_fl ‘

from those normally included in textbooks. The user might also consider m I.-l. fying
the program so that it draws the energy band diagram for an arbitrary applied bias.

s
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O

PN JUNCTION ELECTROSTATICS

MATLAR program scripl...

% Equilibrium Energy Band Diagram ﬁ:?mt?r
F(S5i, 300K, nondegencrately doped sicp junction)

G Constants .

T =300, % Temperature in Kelwvin

k=8.61T=-5; %% Boltzmann constant {eV/K)

cD=8.85e-14; % permittivity of free space (Ffem)

q=1.602e-19. % charge on an electron (coul}

KS5=11.8; % Diclectric constant of 51

ni=1.0ell; % intrinsic carrier conc. in Silicon at J00K {(cm*-3)
EG=1.12; % Silicon band gap (V)

e Control constants N

wlefi = -3 Se-d; Fa Lefimost x posilion

xright = -xleft; % Righumost x position ,
MNA =input {Please enter p-side doping {cmi~-3), NA = .'IL.
ND —input {Please enter n-side doping {em*-3), NI = )3

s
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PN JUNCTION ELECTROSTATICS

pCompultations

Vhi=k*T*log{{MNA*ND}Vni"2); . _
mrgqnﬂ!?&*ﬂq*ﬂﬁ*?hhmb*ﬂiﬁ+ NDI & D-q:rlmun 'nn_u:'llh n-s’fn:le:
xP=sqri(2*KS*el/q* ND*Vbif(MA®(NA + NI} % Depletion width p-side
X = linspace(xieft. xright, 200);

Vxl =("-fhi-q‘ND-‘{IH-JI.]L'“‘HPKS'IE{}}.*{H-i=::H}]L"'I[H='=ﬂ'}:
Vx2=05*g*MNA.*(xP+ x)ALESYe). ¥ (x> =-xP & x =<0} _
Vex=Vxl+4+Vx2; . % W as a function of x
VYMAX = 3; &% Maximum Plot Yoliage
EF=Vx{1}+ VMAMN/2Z-W*T*log(NAMi); % Fermi level

%Flot Diagram

close

plot (x, -Vx+EGR+VMAX/Z)
axis ([xleft xright 0 VMAX]);
axis ("off"); hold on

plot {x, -Vx-EG2+VMAX/Z)

s



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

PN JUNCTION ELECTROSTATICS

plot (x. -Vx+ VMAXIZ "W

plot {[xleft xright], [EF EF], "w');

plot ([0 0, [0.15 YMAX-0.5], "w--"):

text{xleft* 1L.OB.(-Vx(1)+EG/2 + VMAX2-.05). Bc"):
text(xright™1.02 (-Vx{200)+ EGR2 + YW MAXSL-U5)."Ec:;
text(xleft®* 1.OB.(-Vx(1)}-EG/2+ VMAXN2-05). Ev'):
texuxright™ 1 02.(-%Vx{200)-EG2+ VMAXS2-.05)," Ev'):
text{xleft™ 1 08 (-Vx{ 1)+ VMAX2-05),'E");
ext{xright*1.02, EF-.05, EF"):

set{gea,' Default TextLinits' normalized™)

texi(. 18, 0,'p-side'),

text(. 47, 0, 'x=0":

texl{.75, .'n-side");

set{gea. DefaultTextUnits","dara™

hold off
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PN JUNCTION ELECTROSTATICS O/

® Linearly graded junctions

- where  bas units of em " and i called the grading consiant
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Depletion approximation -Wl=Exr= W2

1= -WR and r= WP

\l\ PN JUNCTION ELECTROSTATICS O/
A

O
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For linearly graded junction

\l\ PN JUNCTION ELECTROSTATICS O/
A

(X, ) squibbriom = (Mp = an.m = aW,/2 ((

O

O
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PN JUNCTION DIODE: |-V CHARACTERISTICS

Minority
carriers

Reverse bias
'\'— (=]

—lp

(e} Reverse bias (Vy, < 0}

Forward bias V.. is set equal to k7/q.

Va>0

{b) Forward bias (V, >0)



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

®* The ideal diode equation

Qualitative derivation

|\ PN IONCTIoN DiobE: 1 cRARRCTERSTICS
\

O

reduce potential hill between two sides of junction

permit majority carriers to be injected across depletion region

increase potential hill
cutting off majority carriers injection

| leaving only a small current supplied by minority carriers
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O

PN JUNCTION DIODE: |-V CHARACTERISTICS

LY
L
¥ 4 ) 40 =0 +=0 "
D N\ N
, \
%
%
\ B -

/
(
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* Quantitative Solution strategy

|\ PN IONCTION DioDE: T cRARACTERISTIGS
\

(

/ Assumptions
O
1. The diode is operating under steady state conditions
2. A nondegenerately doped step junction models the doping profile
3. The diode is one-dimentional
l 4. Low-level injection prevails in quasineutral regions
O 5. No process other than drift, diffusion, and thermal recombination-generation inside

the diode (G, = 0)
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PN JUNCTION DIODE: IV CHARACTERISTICS

General relationships available for computing the current:
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®* Quasineutral region considerations:

Minority carrier diffusion equations for p and n quasineutral regions are:

\l\ PN JUNCTION DIODE: |-V CHARACTERISTICS

O

O



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

PN JUNCTION DIODE: |-V CHARACTERISTICS O/

1\@ SIS € = 0 and dny/dx = dp,/dx = 0 (

carrier current density in quasineutral regions simplify to
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PN JUNCTION DIODE: |-V CHARACTERISTICS

\l\] ®* Depletion Region Considerations:

Continuity equations simplify to

!

? . Additional assumption: thermal recombination-generation is negligible

throughout the depletion region

iy &
dx dx
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The constancy of the carrier currents throughout the depletion region

K\? PN JUNCTION DIODE: |-V CHARACTERISTICS O/

J,;(—.xp =x=x)

Jp(—x, = x 5 x,)

* Solution strategy:
Solve for the minority carrier current densities in the quasineutral regions
Evaluate the current densities at the depletion region edges
Add the edge current densities together
Finally, multiply by A to obtain the current
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* Boundary conditions in solving (*)
At the Ohmic contacts:

Q\D PN JUNCTION DIODE: |-V CHARACTERISTICS O/

Ang(p-contact) Any(—xp) Apa(xy) App(n-contact)

At the depletion region edges:

D)

np = H?E(FH—FFJH:T

2

2
ﬁﬂp(—xp) = %‘;(eqh&r — I) ﬂp“(xn) — ﬁ:;.(eqvhfﬂ — l)
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PN JUNCTION DIODE: |-V CHARACTERISTICS O/

To obtain an analytical solution for current flowing in ideal diode as a function of (
the applied voltage:

1. Solve the minority carrier diffusion equations employing boundary conditions

to obtain An_ and Ap, in quasineutral regions

A _n VAT
np(—xp) = E;(gq AT — 1)

nt VA/RT
Apy(x,) = - (W = 1)
D
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2. Compute the minority carrier current densities in the quasineutral regions using [(

K\? PN JUNCTION DIODE: |-V CHARACTERISTICS O/

O

l 3. Evaluate the quasineutral region solutions for J(x) and J,(X) at the edges of the
depletion region and the sum the two edge-current densities.
? Finally, multiply the result by the cross section area of the diode

J = Jy(—x,) + Jp(x,)
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A

D)

PN JUNCTION DIODE: |-V CHARACTERISTICS O/

® Derivation (

Let us work with holes on quasineutral n-side of the junction.

We must solve

subject to the boundary conditions

Ap(x' = ®) =0

n?
apn(xi . 0) - E!_(eqlf'ﬁfkf —_ l)

D
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PN JUNCTION DIODE: |-V CHARACTERISTICS

General solution
/!
O

Apn(x') = Aje~*Ilr + Ajexile

Dy n?

= q_P i (eqvﬁfkr_ 1)e == ‘Ilo
Lp Np
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* On quasineutral p-side of the junction.

2
n;

Na

dﬁnp _ ‘DN H?

L (gqVART — |)g~*/LN

i TLyN,

Jn(xﬂ)= _qDN

l * So,

O

Dy """'i2 (e?VakT — 1)

In(x"=0) = TN,

D, n?
r__ = ] GV lkT 1
J-I —0 = ‘?—[ ND(E - )

\l\ PN JUNCTION DIODE: |-V CHARACTERISTICS

/
(
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® And then,

Q\ PN JUNCTION DIODE: |-V CHARACTERISTICS

O

Shockley equation
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* Examination of resulis
1. Ideal |-V

O

l Il' ;:;};ww
IIII

Valofew kTig < | /

O

i _.rr_* ‘u'!l
—_ Y _I.u

-V CHARACTERISTICS

In(7) = In(y) + —V,

kT

Q\W
1\

...ifVAb-fewE

q
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®* Examination of results [(

2. The saturation current

K\ PN JUNCTION DIODE: |-V CHARACTERISTICS O/

O Note:
|, has strong dependence on materials

|, has relation to asymetrycally doped junctions

?(’)

As a general rule, the heavily doped side of an asymmetrical junction can be ignored in

determining the electrical characteristics of the junction
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® Exercise C(

P: Two deal p*-n step junction diodes maintained at room temperature are identical
except that Np, = 10%/em? and N, = 10%/cm?, Compare the /- V characteristics

Q\? PN JUNCTION DIODE: |-V CHARACTERISTICS O/

of the two diodes; sketch both characteristics on a single set of axes,
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Tot = Tpa, Since the R-G center concentrations are taken to be identical in the two
diodes. Moteover, although the semiconductor material is not specified in the prob-
lem statement, there is only a small difference between the Np = 10%/cm3and N, =
10'%/cm? mobilities in most materials (see Fig. 3.5). Thus
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PN JUNCTION DIODE: |-V CHARACTERISTICS O/

® Carrier currents: [

Current
densities

Carrier and total current densities vs. position
inside a forward-biased pn junction diode
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® Carrier concentrations

norp norp

(linear scale)

\l\ PN JUNCTION DIODE: |-V CHARACTERISTICS O/

(log scale)
X |

Pp

np

N,
A No

O

Forwad biasing Reverse biasing
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“m . PN JUNCTION DIODE: IV CHARACTERISTICS

P: Figure E6.3 1s 2 dimensioned plot of the steady state carrier concentrations insige P
o . - (log scale)
a pn junction diode maintained at room tempetature, [
- P
(a1 the diode forward or reverse biased? Explain how you arrved at your answer, e ti0" n
ml _ n
(b) Do low-level injection conditions prevailin the quasineutra regions of the diode”
Explain how you arrived at your answer. . 10
i 10! Pn
(¢) Determine the applied voltage, V.. / ; 10° .;. N
"""" 17 T .

(d) Determine the hole diffusion length, L. 21 % 102 em- % & S 16x102em
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PN JUNCTION DIODE: IV CHARACTERISTICS

(b) Low-level injection conditions do prevail. Ap, < n_ and An, < p, everywhere
inside the quasineutral regions.

(c) We can make use of either the depletion edge boundary conditions or the “law of
the junction” to determine V. Specifically, solving Eq. (6.12) for V,, gives

v, =X ln(fﬁ)

g \n}
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PN JUNCTION DIODE: |-V CHARACTERISTICS

Evaluating the V, expression at the n-edge of the depletion region and noting 7 -
n? for x —» = co, we computc

v, = — In NalXe P “":“"!1] — 0.0259) In 22 o3 WV

o n o (=) p (=) 102,

—

{d) Eguation {6.23) can be rewritten
Apx') = Ap (x"=0)e=="r
In the near vicinity of the depletion region edge A p_ = p_, giving

pPLxy = p {0)e—="tr

puxl . ox"
in Pn{ﬂ-} L’F

x’
Lp =

p0y ]
- tn Palx” }]
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