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Alternative Expressions for n and p

 EXxpression of carrier concentration using the intrinsic energy level, E;

« Assume an intrinsic semiconductor (Er = E))

EC_EL
- n=n; = NCe_ kT
El_EU
- E—EF
— = n; = N e kT — T
p l v n = NCe kT
Ec—E;
- Nc=mne 1 _EF—Ey
E;~Ey p = Nye kT
- Ny, =mne 7
Ec—E;  Ec—EF Ep—E;
- p=ne kT e kT = n;e kr

EE302 Han 2



n;and the np product

—(E,—E;)/K
n=N e (%= p=N,e

« Multiplication of n and p?

* Forintrinsic semiconductor (n =p =n,)
2 | ?
np = ni Assumptions

ni _ \/Nche—Eg/ZkT

— n;is theintrinsic carrier concentration.
n, =2 X 10%cm? in GaAs |

=1 X 10'%cm? in Si * at room temperature

=2 X 10%¥/cm?3 in Ge

4
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« What are the charged entities inside of semiconductors?
1. Electron
2. Hole
3. lonized donor (+)
4. ionized acceptor (-)

 For uniformly doped smemiconductor in equilibrium, charge neutrality
should satisfy (why?)

Assumes total ionization of dopants
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« Uniformly doped semiconductor under equilibrium condition
« Nondegenerate, Total ionization
2 —
np =n, p—n+ND—NA—O

n?

—t —Tl+ND—NA=O

S
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2
Ny—N Ngy—N
AZ_Q_I_\/(AZ D> 2

1. Intrinsic semiconductor

~ N, =0
— N =n;

2. Doped semiconductor (mostly one-type, and larger

than n;)

,Np =0
, P =N;

— (Np —Nag=Np >»>n;)

* n= Np

) p - niZ/ND

— (Na—Np =Ny »>n)

* n=n2/N,

’p:NA

n;=1010/cm3(Si)
N, Oor Np > 1014/cm3
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Example

EE302

LR U p—m—

If the semiconductor is in equilibrium and nondegenerate.

What is the hole concentration in an n-type semiconductor with

1015¢cm-3 of donors?

n=105¢cm-3

p=105cm-3

Ep here ...

Ep herc ...

Degencrate
semiconductor

Nondegencerate
semiconductor

Degencrate
semiconductor
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3. Compensated semiconductor

EE302

n= 2

NM«

Np — Ny

2
> + n?

_NA:
— n=

Np =
n=

1ND
P =

4. Doped semiconductor (n; > |[Np — N4|)

Nyg—Np
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Determination of E-(Fermi Level)

—(Ec—E¢)/KT ~(Et_g, y/kT
n=N.e p=N,ge )

C

« First, look at the intrinsic energy level

* N=p&Er=E
Ec—E; Ei—Eyp
- Tl:NCe_ kT ,p:Nve_ kT -,

3
Ny, _ [m3p]2
N. m’;l

- E, =£C+—E’Z+§len(mf>
2 4 m,

— Condition for the intrinsic level to be exactly at the midgap?
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Er—FE; Ei—EF
n =n;e kI , p =n;e kT

 Fermi level in doped semiconductor (nondegenerate, total ionization)

+ Ep—E;=kTIn (1) = —kTln (E)

nj

+ Ep—E;=kTIn (N—D) E; — Er = kTIn (N—A)

ni

Ec * _-_._;..'—-'-ﬁ-
' £ — Donor-doped —
E 3kT
E. _________________________________________
1
N— EF = AcCe
Ptor-d
oped T
E, 1 ! 1 L B e PN o
1013 0! 10" 1076 L } wis 10" 102
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Carrier Concentration Temperature Dependence
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Infrared Detector Based on Freeze-out

«To image the black-body radiation emitted by tumors requires a
photodetector that responds to ha'’s around 0.1 eV.

«In doped Si operating in the freeze-out mode, conduction electrons are
created when the infrared photons provide the energy to ionized the donor
atoms.

electron

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
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Studied carriers within a semiconductor under “rest” or equilibrium
conditions.

Visualization models
— Bonding model
— Energy band model

Carrier concentration = Charge (and the flow of carrier...)
— DOS

— Fermi function

— Dopant energy levels and concentration

— Temperature

Qualitative and Quantitative understanding of carriers in
semiconductor

— Which was supposed to be understood by Quantum Mechanics.
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Carrier action
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« Carrier action inside of semiconductor
— Drift
— Diffusion
— Recombination-Generation (R-G)

« These contribute to ‘non-zero’ current components in electronic
devices.
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microscopic macroscopic

 Drift — charged particle motion by applied electric field
* Direction for holes and electrons under the same E-field?
 Microscopic

 Macroscopic

Random thermal motion of carrier
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—_— n-type? p-type?

Current | = dQ/dt

In the perspective of holes

- vgqtA — volume for holes that will cross the plane in a time t

- pvgtAa — # of holes that will cross the plane in a time t

- qpvqtA —amount of charge that will cross the plane in atime t (dq)

— Ipjarise = qPva A
Drift current density: Jp4,i: = qpva Injarife =

Direction?
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Drift Velocity

T T TTHH] LR R LI L LR AL LR LA
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» Relationship between Electric field and Carrier velocity (n, p)

(When E — 0) | Vg = UoE

woE
1
B|B
()]
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Drift Velocity saturation (just for your information)

U T 1T T | R | Wlﬂlr L IIITH] | REAALL
|o7 I p———— e aaaevseby — m V = q% Tm
E Vg Vgy E ¢ 7
- N qért
— L ﬁ V — —InB
p: 7] m
E P
< §00
-

Lopnd

T TTTITT]

/Jd o« ‘G
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€ (Vicm) ®

0%

* Vthermal ~ Speed of light * ——
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Vg = UoE upE (hole) . .
Drift current density:
Jpiarift = qpvg (hole)

_I"'nE (e|6Ctr0n) _’n|drift = —qnvgy (electron)

Drift current density:
Jpiarife = quppE  (hole)
Jnjarife = quanE  (electron)

e i, = mobility (hole)
e u, = mobility (electron)
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Mobility (u)
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© @
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©

« u —one of the most representative semiconductor parameter

« Strongly related to scattering

— Doping concentration
— Temperature (lattice scattering)
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Mobility (1)

10 .
» %
< I TG T
e
4;1 ;;‘; :\\ K’z I
Ig"\ i
3 Ny it~
o 10—
5 - e Sooeninesnet e
g e vedanrransneipgeed
- 8
N-D = Ib“: T ——
10!1(” 200 7K

« Hu—one of the most representative semiconductor parameter

« Strongly related to scattering
— Doping concentration
— Temperature (lattice scattering)
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Due to Due to
lattice scattering lonized impurity scattering

Carrier motion
iImpedance

Riotar = R + Ry (t): Mean free time between collisions

u=q(ty/m" m*: Effective mass for conductivity

- Doping dependence @—H

« Temperature dependence
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Resistivity

* Resistivity (p) of metal (right)

« How about semiconductor?

— Drift
— Current density, J = oE (o : conductivity)
- E= G)] = pJ (p = 1/o : resistivity)

= Jarift = Injarife T Jpjarift = q(pnn + ﬂpP)E
- : Np): ~
- o= q(”nn + ﬂpp) (n type D) P

- p=1/q(pan + ppp)
(p-type: Na):  p=
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Resistivity

p (ohm-cm)
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e Drift

Resistivity (Four-point probe)

S
)
t
Semiconductor
sample
(a)
« Sample thickness
« Probe spacing (s) p = 2ms ( )[‘ r=1 (t >>s)
t
"~ 2sin2 (t << S)

SE393 - MAIAXIHE Sidey (026
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Band Bending

« What does band bending mean?

E
(Total

electron
energy)

EE302

\

<

—n
X

\

» X

—._’ﬁ

> X

Potential Energy = (—q)V=E_.- E,f

1
V= —E(EC — Erer)
E=-VW

1/dE;\ 1/dE,\ 1 /dE;
E_E(dx> E(dx>_a(dx>

Han 27



Band Bending — Example

..............

<::::é
-|———> E (electrons)
o

E (holes) «—+

« Electrostatic potential, V(x)?

« Electric field, E(x)?

1/,dE;\ 1 /dE,\ 1 /dE;
E=E<dx>za<dx>za<dx>
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Diffusion current

EE302

Diffusion = “Redistribution of carriers by random thermal motion”

Not by interparticle repulsion

Not along different energy states

But along locations (over 3D space)

On average, net movement of carriers from high to low concentration

Diffuse®
-—n ®
® ® ®
® ® ® 6

- X

I yaiee =
Diffuse . @
-0 ©

© 0 6
@ 0 0 6
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* n(X,y,Z), p(X,y,Z)
s Vn+0,Vp+0

* Fick’s law (of diffusion)

— Flux of particles, F (particles/cm? = sec)
F = —DVn or —DVp

— D: diffusion coefficient (cm?/sec)

« Diffusion current density, J = (charge) x (flux)
= Jpjaitr = —qD,Vp

= Injaief = qDnVn VF = _1+ ]_|_ oF OF 1
dx dy dz
O
O O O
ONONO) O O Q
» X

oF
— 0
ox
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Total Currents

« Total carrier current: Drift + Diffusion
— Jp = Jp|arife + Jpjaisc = qUpPE — qD,Vp
- In = Injdrife + INjaise = quanE + qD,Vn
- J=In+]p

* Note that (+/-) sign for drift and diffusion are different.
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Relating Diffusion Coefficients/Mobilities

« Constancy of the Fermi Level

* Non-uniformly doped semiconductor

* Under equilibrium conditions,

0E 0E 0E
- VEp=0;ZE=08 0o
F dx dy 0z

— Fermi level is constant over space.
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Relating Diffusion Coefficients/Mobilities

« Current Flow under Equilibrium Conditions

« Total current in this equilibrium condition must be zero.

* How?
O O O
O O O O
000 N 1dE,
— E = —
.. Eg q dx
Tt E; N = INjdrife + Injdifs

=quunE + qD,Vn
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* In = Injarife + Injdiee = quUanE + qD,Vn = 0 (under equilibrium)

_ __1dE;
g dx
Ep—E;
- N =n;e kT
dn
— E_

Dy _ KT | Einstein Relationship
Un q (it is also valid in non-equilibrium condition)
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Perturbation — Deviation from equilibrium state
— Excess or Deficit of carrier concentration from equilibrium values
— How is the change compansated (or stablized)?

Recombination (R)
— A process whereby e-, h* are destroyed (removed).

Generation (G)
— A process whereby e-, h+ are created.

When the devices operate, these are mostly in non-equilibrium
state.
— R-G processes occur by many different mechanisms.
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Recombination—Generation

[ ]
E
Thermal ¢
encrgy
o, or
E Light V>
W PhO‘On 'E\F
(Light)
(d) Band-to-band generation
X0 E,
a) Band-to-band recombination
E
Thennal___b___‘_ -
4‘ E, cnergy T
Thermal E
I ... S O v
-)< L energy
) (e) R-G center generation
Y E’ EV
E,
b) R-G center recombination
« R-G centers e T ~---Midgap
— Lattice defects (intrinsic defects) - B -
— Special impurity atoms = . £
Au Cu Mn Cr Fe ¥

EE302 Deep traps Han 36



Recombination—-Generation

___t: E, E,
@ E E,
(c) Auger recombination (f) Carrier generation via impact ionization

« Auger recombination
— When carrier concentration is high, and thus more collisions occur.

* Impact ionization
— At high E-field & easy to obtain high energy

* In other conditions, the other mechanism in a previous slide dominates.
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Carrier lifetime (1)

, Thermal e
n= HO + N cn;:gy
Light Y-
_ ’ . E,
P=DPoT+D

(d) Band-to-band generation

) 7 .
" =]  Dueto charge neutrality

dn’ n’ p

Recombination rate = &= = £
dr T T

e n, p': excess carrier concentrations (e.g. created by light)
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