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Drift

oo[1ouRg puR UBWIISAIS ‘SIOIAIP OTUOIJOJ[D LIS PI[OS

E, g Kp m /Mg m.pf"'"n = Density M;_I,:ln‘:g

(eV)  (em®/Vs)  (cm?/Vs) (my,my) (M, M) a (Al & lg/em’) g
Si (i/D) 1.11 1350 480 0.98,0.19 0.16, 0.49 5.43 11.8 2.33 141_5__
Ge (i/D) 0.67 3900 1900 1.64, 0.082 0.04, 0.28 5.65 16 5.32 936
SiC («) (i/W) 2.86 500 — 0.6 1.0 3.08 10.2 3.21 2830
AIP (i/2) 2.45 80 — — 0.2, 0.63 5.46 9.8 2.40 2000
AlAs (i/2) 2.16 1200 420 2.0 0.15,0.76 5.66 10.9 3.60 1740
AlSb (i/2) 1.6 200 300 0.12 0.98 6.14 11 4.26 1080
GaP (i/2) 2.26 300 150 1.12, 0:22 0.14,0.79 5.45 11.1 413 1467
GaAs (d/2) 1.43 8500 400 0.067 0.074, 0.50 5.65 13.2 5.31 1238
GaN (d/Z W 3.4 380 — 0.19 0.60 4.5 12.2 6.1 2530
GaSh (d/2) 0.7 5000 1000 0.042 0.06, 0.23 6.09 15.7 5.61 712
InP (d/2) 1.35 4000 100 0.077 0.089, 0.85 587 12.4 4.79 1070
InAs (d/2) 0.36 22600 200 0.023 0.025, 0.41 6.06 14.6 5.67 943
InSb (d/2) 0.18 10° 1700 0.014 0.015, 0.40 6.48 17.7 578 525
ZnS (d/Z W) 3.6 180 10 0.28 - 5.409 8.9 4.09 1650°
ZnSe (d/2) 2.7 600 28 0.14 0.60 5.671 9.2 5.65 1100°
ZnTe (d/2) 2.25 530 100 0.18 0.65 6.101 104 551 1238°
CdS (d/W, 2) 2.42 250 13 0.21 0.80 4.137 8.9 4.82 1475
CdSe (d/W) 1.73 800 — 0.13 0.45 4.30 10.2 5.81 1258
CdTe (d/2) 1.58 1050 100 0.10 0.37 6482 10.2 6.20 1098
PbS (i/H) 0.37 575 200 0.22 0.29 5936 170 7.6 1119
PbSe (i/H) 0.27 1500 1500 - — 6.147 23.6 8.73 1081
PbTe (i/H) 0.29 6000 4000 017 0.20 6.452 30 8.16 925
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Matthiessen's rule
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o= l =neu. + peu doping increases the conductivity
Yo, " P by increasing the carrier density
but decreases the mobility
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Ca Cu a Or Termperature T 300 K Hole eff, lifetime Teff b 1E-4 5
OuUTPUTS
Carrier concentrations Carrier mobility etc.
= min T Prnes_Lomin Equilibri E Net Mabilit Diffusivity  Diff Length
= min FENTTIT TG quilibriurn HCESS = obility iffusivity iff Leng
1+(N/Nref) P, Po i, A np Hertliytis  DarDn Dy Layln ia
fern™ =) ferm™3) (e~ ferm=y 171y (pmis™1y crn)
For Electrons: ns 9300 1.0 9300 1107 28.61 5.349E-2
1.0E+16 1.0 1.0E+16 429.3 11.10 3.331E-2
— 2
e 47(1) L2 om alar 1107 28.61 5.349E-2
Frmin 300 Vs
2,98 5 Resistivity Mobility vs ionised dopant concentration
ﬂp{ = U — lmin = 1373(1)_ = an {a-cm) for boron-doped c-silicon with
maz min 300 Vs om 2o 1454 7=300K and An = Ap = 1cm”®
(-state o 1.454 —— Electron —— Hole —— Ambipolar
. ]?( T )3,55 -3 . ( T )—0,32 1600 ———r e
Nres = 1,05-10"(55)"" em™ ;y = 0,68( o :
1400F
For Holes: = 200
£ 1000}
E -
T )—“:37 cm? 5 :
= 36( = = = 300f
Pmin (300 Vs g
a2 GO0
T —201 em? ure inputs § [
) -
Ap = Pmaz — Pmin = 438(—) Ve 400p
300 Vs — o
Mobility b a00k
Ionised dopant conc. % [
Npes = 2,85- 107 (L) am3 5 = 0,65(L )" 1£r12 Jom? U ST RO SO RO
ref — 4 om LY =Y -3
300 : J00 1E+18 |em 1e12  1e13  1eld 1e15  1el6  1el?  1eld
oints 50

lonised boron conc. (cm-3)

http://www.pvlighthouse.com.au/calculators/mobility%20calculator/mobility%20calculator.aspx
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Resistivity
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Crossed E and B fields

Ballistic transport
F =ma=—e(E+VxB) x
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Diffusive transport

Hall angle:
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Magnetic field (diffusive transport)
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If B 1s in the z-direction, the three components of the force are

—

F:ma’:—e(E+\7d><l§)=e
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Magnetic field

Vd,x — _IUEX _:UBsz,y
Vd,y — _IUEy + IUBsz,x
Vd,z — _IUEZ

IfE, =0,

Vd,y — _IUBsz,x

tan6, =—uB



The Hall Effect (diffusive regime)
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E,=vB, =V, /W=Ry,],B, Vy, = Hall voltage, R, = Hall Constant



The Hall Effect (diffusive regime)
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E,=vB, =V, /W=Ry,],B, Vy, = Hall voltage, R, = Hall Constant
J,=1/A

v, =-],/ne for n-type v, =], /pe for p-type
R,=-1/ne for n-type R,= 1/pe for p-type



Ballistic transport in transistors

The mean free path ~100 nm > gate length ~ 20 nm

V not proportional to E

J not proportional to E

nonlocal response

Electrons bend in a magnetic field like they do in vacuum.



Diffusion
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Diffusion 1s from high concentration to low concentration.



C:\Program FilesVCornell\S55Wwinbin\drude.exe

quit display: | large configure... presets help...

show graph show | average show graph show | average
n

time (ps) 89.0

initialize
o E_x {104 Vim): 0.0
-]
E_wy (10%4 Vim): 0.0
* 5
o w* B_z(Tk 0.0
26§ 0
] %Q}@ @' tau (psk 1.00e+00
0]
2R g A o
& i) @ temperature (K): 300
& °
omega (10412/sec): 0
-]
phase (radians): 0.0
speed 2
position: (4.12, 2.06) 10°-6 m velocity: (-28.4, 40.0) 104 m/s

If no forces are applied, the electrons diffuse.

The average velocity moves against an electric field.

In just a magnetic field, the average velocity is zero.

In an electric and magnetic field, the electrons move in a straight line at
the Hall angle.



Einstein relation

—eV (X
\/ n(x)= Aexp( ” 'I(' )j Boltzmann factor
E=-VV B

In equilibrium, drift = diffusion
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Current Density Equations

Drift Diffusion
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Current Density Equations

note: electron and hole currents have same direction

electric current = charge x particle flow
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Continuity equations
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Jo and J; consist of drift and diffusion terms
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Generation and Recombination
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Shining light on a semiconductor or injecting electrons or
holes from a contact can result in a non-equilibrium
distribution np # n;?
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Recombination

Pn — Py
th G G R R=Ry = °

Ep

Recombination rate is limit by the density of minority carriers.
The majority carriers have to find a minority carrier to recombine.

p, (or np) = minority carrier concentration

Pno (Or Nyy) = equilibrium minority carrier concentration

T, = minority carrier lifetime b p (1)

It

T’ ) (0)

Pog T - - "7~




minority carrier lifetimes

p-type

N, (1) =Ny €Xp(—t/ 7))+ N

\

minority carrier
n-type lifetimes

pn (t) = pexcess exp(—t / Tp) + pnO

E€XCESS

np = ni2



Continuity equations g WG

drift ~ j, =-neu E V-j, =—enuV-E-evnu E
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Diffusion Length

Steady state

n-type
Injecting /
surface —\ 2
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Generation only occurs at the surface. There the
minority carrier density 1s p,(0).



D —

Diffusion Length

Pr — Pno

= pn(x) — pnO +( pn(o)_ pnO)eXp[

L, = \ D7,
™

diffusion length,
typically microns
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Haynes Shockley experiment
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Drift velocity (em/s)
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Carrier drift velocity (em/s)
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Impact ionization

Carriers are accelerated to an energy above the gap before they
scatter. They generate more electron-hole pairs. This results in an
avalanche breakdown of the device.



hf

N
Absorption 2 Vi
0 X =
i 2| X4
: B
_ ] -8 — :
I = Iy exp(—ax) N \
L A r A X UK X r
250
absorption coefficient a
200
150
o
[1{?!6 111'1] 100
50
0
0.0 2.5 5.0 75 10.0 125 150

B =)

—

w [1|D15 rad/s]



Absorption

Photon flux: —ax
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Photoluminescence

hf, > E,

|l
M

In a direct bandgap semiconductor, emission
stops ~1078 s after excitation stops.



Phosphorescence

hfl > Eg I | A—t Et hf2 = Eg

An electron falls into a trap and must be
thermally excited out before it recombines and
emits light.



Photoconductivity

hf>E, o =Neu, + pPeu,
gl — e

Light increases the conductivity of a
semiconductor.
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pN junctions

pn junctions are found in:
diodes . = ~
solar cells 7

LEDs K p type j
1solation ntype

JFETs !
bipolar transistors p type
MOSFETs

solid state lasers




