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Carrier Transport in Optoelecronics_are
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e Junction carrier transport is responsible for device
performance and efficiency in temperature-sensitive
solar cell & LED.



The pn Junction

*¢* The entire semiconductor IS a
single crystal.

*The Interface iIs called the
metallurgical junction.

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

“*Electrons diffuse from the

to and
holes diffuse In the reverse
direction.
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Basic Structure of the pn Junction (TAPEL

*» The negatively and positively charged regions are called
the space charge region, or the

N, negative N, positive
charge charge
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Built-in Potential Barrier LIRS

“*Energy-band diagram of a pn junction iIn thermal
equilibrium =» No current, No external excitation,
Constant Fermi energy

“*The fermi level of pn junction must be uniform In
equilibrium.




Built-in Potential Barrier LIRS

“+ The CB and VB must bend since the relative position of
the Fermi level to the CB and VB 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.
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Built-in Potential Barrier LIRS

“*Previously N, and N, denoted the concentrations In
the same region. From now on, they will denote the
net concentrations in the individual p- and n-regions,
respectively.

For the n-region: —(E, - E;) E.—E;.
ny = N_exp : = n; exXp - =N,
kT kT

-

1

—(E—E E—E
b= N, exp{ (Ey v)}:”i exp[ Fi F}:Na
kT kT

Na)
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N
et =E.—E.. =kT h{—d]

For the p-region:

kT
(pr — —I_?ln (
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Built-in Potential Barrier LIRS

N
Prn = Lp — b _kﬂ“[‘—d} br = -I-k?Tln (Na)

e |\ n 1,
P n
E, \ ————— r— Vbi — ‘(bFﬂt‘ + ‘(pr‘
eV,
E‘“‘""lf?(f?;; """""" l Built-in Potential Barrier:
Ep—2-—-m——-- i-.-; ----------- Ep
E \ _____ ML V= L1n (NaNd) = V,In (NaNd)
bi e ngl t n;,i

V. Is the thermal voltage

9



Example A

Q: At 300K, the doping concentration on the p-side and n-side of a

silicon diode are 2 x 10'’cm3 and 10> cm3, respectively. What is

the built-in voltage of Si diode?

N.N,
n’

l

(2 X 10")(10%)

a5 x100p |~ 713V

ng — V; In

) — (0.0259) In [

The built-in potential of a P N junction diode is 0.7 V at room
temperature. What will be the approximate value of built-in
potential if the doping concentrations on both sides are doubled?

KT 2NAx2Np
V[} = In (—2—”1'. )

Given built-in voltage of the diode s 0.7V

! KT ANAND
s — 1 =
o == A (4

Now doping concentrations on both sides are doubled. i.e, Ny = 2N, and o N
Np = 2Np V, = £Ln(4) + KQT In (‘H’?D)

q

Vp' =0.03604 + 0.7

Newly built-in potential is
Vo' = 0.73604 V 10
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Electric Field AR

N, negative

charge

Il

!

lL-— Space charge region —-Jl

p (Clem®)

P

—lr

+eN,

N, positive .
charge “*Assume the space charge
R region abruptly ends In the n-
IR region at x = +x, and in the p-
D region at X = -X,.
I
n Charge Density (C/cm?3):
+ p(x) = eNy 0<x<xy,
+x,
p(x) = —eN, —x, <x <0

T
el p
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Electric Field AR

“*Poisson’s equation:

d°dp(x) _  dE(x) _ —p(x)

dx’ dx €;
Si permittivity: €, = 11.7 x (8.85 x 10-*%) F/cm.

¢ In the p-region:

p(x) = —eN, —x, <x <0

E:fp(x)dxz—[eN“dx—_eN”x-l-Cl

€; €; €;
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Electric Field in the p-region (TAPEL

e ne % ALX < -X, E =0 1n the neutral p-region:

charge :,hqrgu
A

: i::::++++ —eN
p:::'fcm}‘ ) eNa
+eN, Clz_ xp
- + &,
] —eN _eNa
E = (x+x)
.,
—x‘p x=0 +;’c,, 85
—xpixSO
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Electric Field Iin the n-region A

N negative N, positive
i i

s O At X > x,, E=0 in the neutral n-
CEliffeiial region:
= = = =+ + + +]
o e, eN
: +Jlr++ EZ[(Ed)dx= de_l_Cz
Le—— Space charge region —» s 5
p (Clem® 4
O eN
o C2 -~ Xn
: +x gs
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Electric Field in Depletion Region TAPE

p Gl d’p(x) _ —p(x) _ _dE(x)
p il 2 T E? -
+eN, dx L dx
= + “*The electric field must be
oy continuous as there are no
- surface charge densities within
—eN, the pn junction structure.
A B —eNyx, —eNx
—X, x=0 +x, Emax —
gS 85
¥ Nyx, = Nyx,
Emax 16




Potential in Depletion Region

“+ Poisson’s equation:

“* The potential in the p-region:

¢(x):—. E(x)dx = —(x+x Jx

e | X .
#x)= a( +xp-xJ+Cl
2

&

S

*» Setting the potential to be zero at x = -x C) =

eN

b(x) =

p)2 (_xp =X = 0)
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Potential in Depletion Region TAPE

“* The potential in the n-region:

#x) = | Elx)d - i( - x)x
Hx)= eNs [x x—x—z}rC

£, 2
¢+ The potential is continuous at X = 0: Cé = e x;
2¢,
b =Gt (nox-F)+ g O=x=w)
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Potential Distribution
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| Q+ | = Aq NDXH

o |

| Q* | = Aq NAX[J/

charge is equal, but

width is different

dv/dx is dependent of & —
Q/w c / l

Figure 1.37 (c) The charge stored in both sides of the depletion
region; Q; =1Q,| =1|Q_| . (d) The built-in voltage V,,.
51



Space Charge Width B
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Space Charge Width

N, negative N, positive
charge charge

li : VT
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7
Example A

¢ Consider a silicon pn junction at T=300 K with doping
concentrations of N_=10% cm= and Ny =10 cm.
Calculate the space charge width and maximum electric
field in the junction.

V. = (k:jl.{ Nniiv } (0.0259) h{ (E :}Ollsﬂ 0.635V

W = {ZGSV;”- lNa + Nd]}l/Z

¢ NaNg

_ [2(11.7)(8.85 X 107')(0.635) [ 106 + 10'57]/>
1.6 X 10_19 [(]016)(1015)]

=0.951 X 10~*cm = 0.951 wm

eNox, (1.6 X 10719)(1015)(0.8644 X 1074 )
€ (11.7)(8.85 X 10~ %) 1.34 X 107 V/em

Emax - -
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» Space Charge Width and Electric Field
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Energy Band Diagram TAIPE

‘*When a reverse bias Is applied to a pn junction, no
current will be induced in the device.

— ¥V +
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Reverse Applied Bias AP

A positive voltage Is applied to the n-region; a
negative voltage Is applied to the p-region.

** The Fermi level In the n-region moves further
downward.

Total potential barrier:

Vtotal — Vbi T VR

Vy Is the reverse bias

26



Space Charge Width under Reverse Bias TAF!

¢ The charge densities are constant under complete ionization.

* Under a reverse bias, the space charge width must increase iIn
order to increase the number of positive and negative charges
within the space charge region.

*» Therefore, electric field in the depletion region must increase.

— [ 26V [Na & Ny |12 _ [26(Vyi + Vi) [Na £ Na|'2
W_{ ¢ lNaNd ” » W_{ — - N,N,




7
Example A

“»+ Consider a silicon pn junction at T=300 K with doping
concentrations of N,=10® cm= and Ny=10" cm=.
Calculate the space charge under a reverse bias of 5V.
n=1.5 x 10%% cm-3,

W= {2es(vm + V) [M”/
€ NaNd

w = ) 2(011.7)(8.85 X 107'*)(0.635 + 5) !10'6 + 1015] 1/2
1.6 X 1071 (10'©)(10%)

W=283X10""cm = 2.83 um

W=0.95 um without reverse bias.
28



Electric Field under Reverse Applied BiaE&T!-“/T"E"cEHI

*+* The electric field 1s still a linear function of distance.

¢ The maximum electric field is still at the metallurgical
junction.

g = _[2eMVit Vi) ( NN 1/2
) i — /2 | M € N, + N,

26(hi+VR)| No | 1

e Ny | N, +Ny | 2V, + V)

: - I - 1/2 Emax —
26V +Vr)| N4 l v

W= :zem + V) M”/
e NaNd
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Junction Capacitance A

“*An Increase In the applied
reverse bias will lead to an
Increase In the positive and ’ : "
negative charges in the n and e, [
p-regions, respectively. g, | b :

*» The junction capacitance per *’ ",

unit area Is obtained from: . —| p—

—eN,

, _ dQ’ ) :
C av. F/cm

[+—————— With applied Vg + dVy ————

|

|

|

|

I

|

|

|

|

|

I

|

|

|

|

|

I
|H7 With applied Vp—— = |
|

|

dQ' = eN,dx, = eN, dx,

30



Junction Capacitance

_do
¢ T Adve = N5 dVR
_ {265% + Vi) [N” 1 ”/
An e N, |IN, *N,

N

a

&

S

dly \2€(Vbi + V)L N

-, 1/2
1
>
N, +Nd_J

Siks

I — eEsNaNd 1/2 /
¢ {2(be + Ve) (N, + Nd)} ¢
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7
Example A

“»+ Consider a silicon pn junction at T=300 K with doping
concentrations of N,=10® cm= and Ny=10" cm=.
Calculate the junction capacitance under a reverse bias of
5V. Junction area is 104 cm?,

C! :{ eESNaNd }1/2
2(Vii + VR)(N, + Ny)

C — {(1.6 X 107)(11.7)(8.85 X 10—14)(1016)(1015)}1/2
2(0.635 + 5)(10' + 10")

C' =3.66 X 107° F/cm?

C=C"-A=0.366 X107 F = 0.366 pF 35
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One-Sided Junctions

“*If N, >> N, a p™n junction is formed.

W= {Zes(vbi + V)
e

[a-l_d

N

- —

-

2‘c"s(l/;:)i_l_VR) 1
X, =3

\ € _Nd__\Nan%_
X fzgs(ﬂai‘l'VR)—Nd" 1
=
’ e |N|N

{265(‘/}»‘ + Vi) }1/2

€Nd

\1/2

> {zes(vbi + Vi)

ei\ﬂi
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One-Sided Junctions _TAIPE!

“*If N, >> N, a p™n junction is formed.

e 172 e N1/2
. es,N,N, ec N,

” A ¢

hz(p{;i +VR X\{q + % hz(% +1R )

<l L _ 2(Ve + Vi)
(C’) eesNd
This curve can be used to
siope =——  determine  the  doping
/ " concentration and the built-
/ in potential.
0 Ve—
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Exam p I e £ TECH

“* Assume a silicon p*n junction at T = 300 K with n; =
1.5x10%° cm3. Assume that the intercept of the (1/C’)?
versus Vg curve gives V,; = 0.725 V and the slope is 6.15
x10®  [(Flcm?)2V1].  Determine the  doping

concentrations of N, and Nj.

Slope = ce, N,

21 2
Ne= o€ B = (1.6 X 10)(11.7)(8.85 X 10-(6.15 X 10)

N, =196 X 10° ¢cm™

Vi =V, 1n(N“]2Vd)

n

i

2
n

bi | —
Na= NdeXp(Vt) 1.963 X 107

(1.5 X 1010)2 ( 0.725 )
P10.0259

N, = 1.64 X 107 cm™ 36
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