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Lecture Outline
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o Fermi level and its change relative to its intrinsic level with

doping

Temperature dependence of carrier concentration

Charge neutrality and compensation

Carrier transport

Thermal velocity of carriers

Drift of carriers due to external applied electric field

Mobility of charge carriers

o 0o O O O O



Carrier concentration n, and p, at thermal equillibrium
HER

N = N e (BeEO/KT
o = NE N. is called the effective
w1 /2 density of states of the
27m KT
N, = 2{ n 5 } conduction band
p _ N e—(Ef—EV)/kT
Y N, is called the effective
2am kT 2 density of states of the
N, =2 h;) valence band

"Looking at formulas, as n, increases (due to n-doping for example) E; moves closer
to E. and similarly p, increases as E; moves closer to E,

"For Si at T=300 K, m_“ = 1.1my; 2 N_= 2.8%X10'? cm3

"For Si at T=300 K, m* = 0.57m, > N, = 1.07x10'? cm"3



Product of n, and p, (Either intrinsic or extrinsic)
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"Product of n, and p, formula holds even if the SC is doped since it only depends
on N, N, and E_ where none of them changes with doping !! (Very important)

=Remember that we used Boltzmann approximation in derivation of above formulas

N —(E—Ef)/kT E—E]c >> KT
T(E)~e E—E, >3kT

= What does that mean physically? (SC is lightly doped or non-degenerate such

that E; is at least 3kT below E_ (n-type) or 3kT above E, (p-type))
= In lightly doped SC, donor or acceptor energy levels are discrete (not bands)




Intrinsic carrier concentration n, at thermal equillibrium
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n,=pP,=n (Intrinsic)
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"For Si at T=300 K, N_ = 2.8X10' em= , N, = 1.07X10'? em3, Eg = 1.1 eV

v

substitute above to get
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n.=10" cm




Intrinsic Fermi level E;
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C n
E ~ E +E, mmmm) £ lies (almost) in the middle
! o) between E_ and E, (provided hole
and electron effective masses are
approximately the same)

Electrons
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What happens to E; if we dope the SC (change n, from n,)?
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PN, = Nce—(Ec—Ef)/kT > p, = Nve—(Ef—Ev)/kT
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What happens to E; if we dope the SC (change n, from n,)?

10" 10" 10" 10 10" 10'® 10" 107

N, or N, (cm™)



Take home exercise

"Plot on MATLAB E,-E. for Si at both T = 300K and 400K (Hint: you have to find n,
at 300K and 400K using m “ = 1.1m,, mp* = 0.57my, Eg = 1.1 eV)
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What happens to E; if we dope the SC?
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Numerical example
- 0/

"A Si sample is doped with 10" As atoms/cm3. What is the equilibrium hole
concentration at 300 K¢ Where is E; relative to E2 Where is E; relative to E_2 (use
n.= 1.5X10'% cm™ at this temperature)

E,
n. ~ — 1()17 Cm'3 + Ep=——mmm e e m e e e e
" y I (0.407 eV
n>
p, =—=225x10 cm” 11eV . - - E,
nO
no — nie(Ef_Ei)/kT
' .
E, =E +kT h{ﬁj
ni
17
Ef — Ei = 00259111(1510—1010} = 0407 eV
DX

E,—E, =0.5E, —-(E, —E,)=0.55-0.407 = 0.143 ¢V



General theory of ny and p, (charge neutrality and

compensation)
- ___0_0000000000000000_]

What 1f SC 1s doped with both donors and acceptors?

Charge neutrality: [N, + N_ = p, + N;

2
Ny, Py =1

Na_Nd Na_Nd 2 2
= + +N.

1/2




General theory of ny and p, (charge neutrality and

compensation)
- ___0_0000000000000000_]

How does compensation physically happen?

N-type material
N >N,




General theory of ny and p, (charge neutrality and

compensation)
- ___0_0000000000000000_]
I. N, —N_ >>n. (i.e., N-type) n, = Nd _ Na‘— Maijority conc.

2 .
pO — ni /nO «— Minority conc.

If Nj>>N, , n,=N, and p0=r1i2/NOI

IL N, —N, >>n (i, P-type)| Po = Na =Ny
2
Ny =N, /po

If N, >>N, , pO:Na and r10=r1i2/Na



General theory of ny and p, (charge neutrality and

compensation)
- ___0_0000000000000000_]

What are n and p in Si with (a) N, = 6x10'° cm” and N, = 2x10'¢ cnr”?

and (b) additional 6x10'° cn1? of N,?
eoee® =4x10%cm?

(a) n:Nd—Na:4x1016cm_3 +++ﬁ++ ......

p=n"/n=10"/4x10" =2.5x10°cm™

. ...........
(b) N,=2x101®+ 6x1016 = 8x10'® cm= > N,
p=N,—-N,=8x10"-6x10"° =2x10"cm™

++++++ T
n=n>/p=10"/2x10" =5x10*cm™ Ny=6x101 cm

v N, = 8x1016 cm3

______________

oo p=2x10%cm?3



Effect of temperature on n,
]
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Effect of temperature on n,for a n-type SC

L Mo =N >>Ng
Intrinsic regime : : ,
Typical operating region
’ for SCs (why??)
E 1y =Np
freeze-out or ionization regime
. » /T
Hig
termp Room temp Very Low temp
] _E. /2KT Thermally gen. Intrinsic EHPs
‘N —N — — g
Very hlgh T: n()— 30— ni — NC NV € » dominate donor electrons
— N N 1/2
. _ cNp —(E,—E4)/2kT Donor electrons are the
Very low T: no — 2 c » only free electrons in CB
= (no intrinsic EHP)




Final note about 100% ionization of impurity atoms
I

lllustrative Example (continue example in slide 11)

N, = 10'7 em™3 (As donor atoms) What fraction of the donors are not ionized?
Solution: First assume that all the donors are ionized.
n,=N,=10"cm™ = E_, - E, =143meV

I 54meV 1143 meV
v Y

- = - - - - - - — — —_ b‘d Ec
— - F ...... E,
|
EV
o 1 1
Probability of not _ = =0.061
being 1onized 1+ l e(Ed —E¢)/kT 1+ l e((143—54)meV)/26meV
2 2

Therefore, it is reasonable to assume complete ionization, 1.e., n, = N,.



Carrier transport

This part is concerned with motion of charge carriers (electrons and holes)

o T

External applied Changes in carrier
electric field concentration with
(Drift) position or its
gradient
(Diffusion)

For this part, | am closely following chapter 2 in this book

“Modern semiconductor devices for integrated circuits,” by Chenming Hu Prentice
Hall, 2010 [https://people.eecs.berkeley.edu/~hu/Book-Chapters-and-Lecture-
Slides-download.html]




Thermal motion

* Even without applied Electric field, carriers are not at rest and possess finite
kinetic energy due to thermal excitation

j f (E)N,(E)(E —E,)dE

Total K.E. £

A lectron K.E in CB = N
verage electron m Elect.conc.in CB n,

C

. . 3 |
Average electron or hole kinetic energy ==kT =—mv;
2 2

yo_ [3KT 3x1.38 x10 " JK 7' x 300 K
; upe 0.26 x9.1x10 ~*' kg

=2.3x10°m/s =2.3x10" cm/s




Thermal motion

/

« Zi1g-zag motion 1s due to collisions or scattering

with imperfections in the crystal.
» Net thermal velocity 1s zero (averaged over many electrons at
given time) and hence steady state current due to thermal motion 1s
zero > only causes thermal noise
* Mean time between collisions is 7,,~0.1ps (Mean free time)




Carrier drift

N
ey

> &

 Driftis the motion caused by an electric field.




Electron and hole mobility
234

Momentum lost due to

*
mpr = CIETmp _ collision or scattering

equals momentum gain

qETmp between two scattering
Vp — " events due to external
mp applied force
(at steady state)
Vo H.E vi- —HE
g7,
mp qun

ll’lp % IL[n = "
P m,

* 1,18 the hole mobility and g, 1s the electron mobility
*Tpp 18 the mean free time for holes and 7y, 1s the mean free time for
electrons which 1s the average time between two scattering events



Electron and hole mobility
244

v=uE; pu hasthe dimensions of v/E | cm/s _ cm’
Viem V-s|

Electron and hole mobilities of selected

semiconductors
Si Ge GaAs InAs
U (cmz/V-s) 1400 3900 8500 | 30000
i (cm’/V-s) 470 1900 400 500

Based on the above table alone, which semiconductor and which carriers
(electrons or holes) are attractive for applications in high-speed devices?




Numerical Example
E

Given y, =470 cnr/V-s, what is the hole drift velocity atE = 10 V/cm?
What 1s 7, and what is the distance traveled between collisions (called
the mean free path)? Hint: When in doubt, use the MKS system of

units.
Solution: v = E =470 cm?/V-s x 10° V/em = 4.7x 10° cm/s
T = My111,/q =470 cm?/V -5 x 0.39 x 9.1x107! kg/1.6x101° C
=0.047 m?/V -s x 2.2x10°12 kg/C = 1x1013s = 0.1 ps
mean free path=7,,v, ~1x 10135 x 2.2x107 cm/s
=22x10%cm =220 A =22 nm

This is smaller than the typical dimensions of devices, but getting close.



Drift current density

Hole current density | J, =gpv A/cm? or C/cm?-sec

EXAMPLE: 1f p =10%c¢cm™> and v= 10*cm/s, then
J,=1.6x10"°C x 10">cm™ x 10%cm/s

= 1.6C/s-cm? =1.6 A/cm”



Drift current density

]p,dnﬁ —qpv = qp/upE

Ohm’s law
]11, drift — 41V = qHIUHE/
J| drift — Y n,drifi L ]p, drifi— O E :(qﬂlun +qplup}E

conductivity (1/ohm-cm or S/cm) of a
semiconductor1s & = qnp, + qpy,

1 /o = is resistivity (ohm-cm)




Numerical example
-]
What is the resistivity of intrinsic Si? Use p,, = 1350 and p, = 480 cm*/V.s and n; =

1.5x1019 ¢cm3

— 1 =228x10° Q.cm

q(/un + /up)ni

1
P="
o

* This number 1s expected to decrease when doping i1s made because of the
Increase in carrier concentration

* Be careful that the mobility will also decrease as the doping concentration
increases due to larger impurity scattering as will be seen



Resistivity versus doping concentration for Si at room temp

I I ————

21
10 T — —r ———— prrr—

1020

/f/ri
V.40

10192 }.

1018 3

1017

1016

1015

DOPANT DENSITY cm®

1014 R.ioi

1013 Roodonio

10—4 10—3 10—2 10—1 100 101 102 103 104

RESISTIVITY (Q-cm)



Mechanisms of carrier scattering

There are two main causes of carrier scattering which
impact carrier mobility:

1. Phonon Scattering (Phonon = lattice vibrations)

2. Ionized-Impurity (Coulombic) Scattering

Phonon scattering mobility decreases when temperature rises.

1 1
oC
phonon density x carrier thermal velocity T xT'?

\ﬂ =qr/m \OC T \

1/2

OCT—3/2

:uphonon ocC Z-phonon ocC




Mechanisms of carrier scattering

Impurity (Dopant)-Ion Scattering or Coulombic Scattering

Boron Ion

Electron
o o o n
Electron @
Arseni
Ion
4

There is less change in the direction of travel if the electron zips by
the ion at a higher speed.

3 3/2
Vy T
oC oC

zuimpurity Na n Nd N n Nd

a




Mobility versus impurity concentration at fixed T = 300K
- ___0_0000000000000000_]

Total Mobility (sum of rates of two mechanisms)

[
1400 + — = 7‘/\ 4 Z-phonon Timpurity
1200 — Electrons 1 1 1
R , \ — = +
jw 1000 = N H /uphonon :uimpurity
> 800 N ,
5 ] \ QQuestion
z 7 . Why hole has lower
0 | k . oq o ‘?
g 4001 Holes R mobility than electrons
200 — ~ -
0 -
L | L LY L | L | L L | L
1E14 1E15 1E16 1E17 1E18 1E19 1E20

N, + N, (cm3)



Temperature effect on mobility
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Velocity saturation (High field effects)

* When the kinetic energy of a carrier exceeds a critical value, it
generates an optical phonon and loses the kinetic energy.
 Therefore, the kinetic energy 1s capped at large E, and the
velocity does not rise above a saturation velocity, v, . (scattering
limited velocity)

» Velocity saturation affects badly device speed

v, (cm/s)

10°

1 1 | |
102 10° 104 10°
&(Vicm)




