EE415/515 Fundamentals
of Semiconductor Devices
Fall 2012

Lecture 5:
Drift & Diffusion
(Chapter 5)
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Drift in Electric Field

\&

Figure 5.1 | Typical random behavior of a hole in a semiconductor (a) without an
electric field and (b) with an electric field.

Electrons have thermal energy of KT/2.
Mean square thermal velocity ¥amv,,2 = 3kT/2
m,* = 0.26m, ; m, = free electron mass.
Vi, = 2.3x107 cm/s at T = 300K
Under an applied electric field E, the electron acquires a drift velocity v.

/
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/ Carrier Drift

Consider electrons

Electric field E, : Momentum change = ap, =-ngE, forn electrons
field
Collisions : Momentum change = ap| =— f‘
collisions cn
Hence at equilibrium, (constant velocity),sum of field and collision effects zero,so-nqE, — Px_g
and average electron momentum = (p ) = % =—qr,E,
and average drift velocity = <vv> = % = % E,

2
. nqT,
Drift current=J ., = 7qn<vx> = %EA =0k,

n

2
ng’z, 97, _ ()
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where o = — = gnyu, where mobility y, =—*=—
m[/l mcn EX
- Total electron and hole current=J ., = o, = q(ny” +pHu, )E .

Drift current
Current density = sum of charge * velocity (definition)

J, = Z— qv, = nqu, E electron current density.
i=1

For holes kinetic energy is (E, - E)

qrcp
ﬂp = *
mcp

Total current = electron current + hole current
J=J,+J,=(nqu, + pqu,)E = ok

Define conductivity (reciprocal of resistivity)

o =nqu, + pqu, Note that usually n or p dominates.

cn ? cp’ “en?Tcep
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* * . . .
Note use of m,, ,m_ ,t. ,t, above... "conductivity effective mass"
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Drift (summary)

—qEt, =m,v, Impulse(force x time) = momentum gain

, =9k,
d— *
m.,
q Tcn
:Lln - *
mcn
vd = Il’lnE
10/7/2012

electron drift velocity proportional to field

depends on mean scattering time & eff. mass

Table 5.1 | Typical mobility values at 7 = 300 K and low doping
concentrations

w, (em?*/V-s) i, (cm*/V-s)
Silicon 1350 480
Gallium arsenide 8500 400
Germanium 3900 1900
ECE415/515 Fall2012 J.E. Morris 5

/Ex 5.1 A drift current density J,;,=75A/cm? is required in a
p-type Si device for field E=120V/cm. Determine the
required impurity doping concentration, assuming electron
and hole mobilities in Table 5.1.

-

Jdriﬁ = eluppE ~ elupNaE
75=1.6x10" x480xN _x120
which gives N, =8.14x10" / cm’

10/7/2012
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Conductivity/resistivity

~

J=1/4 and E=V/L

| / I
/ ! ] / JM,:O'E—>X:O'%—>V:

L .
/ 4 : V= (’DLJI = IR
,/ V A

4 J =e(n,un+pup)E=0'E

J s drift
v 1 1

Area A p=—=
i o elnu, +pu,)

Figure 5.5 | Bar of semiconductor material as a resistor.

o

~eN,u, ifn=N,

(

O'=e(n,un +pyp)z enp, ifp<<n

L) I
oA

/
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Mobility Values

\

Note that mobility depends on total dopant concentration.
For compensated semiconductors
Scattering depends on (N,+ Ny) Remember this!
Carrier density depends on (N,- Ny)

Compensated semiconductors can have much lower mobility
than uncompensated material of the same carrier density.

-

/
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Scattering and mobility

~

Electric field accelerates M =
electrons. n m

For steady state n
acceleration is balanced J, = z_ qv, =nqu,E
i=1

by scattering.
Scattering decreases

* vd :ll'lnE

carrier lifetimes 1, 1., qr.,
With increasing Hy =—
temperature me,

Lattice scattering
increases

Impurity scattering

decreases O =nqH, + pqu,
Mobility “adds” qr 1 1
reciprocally. u=-c = z_

m* “oTu

J=J,+J,=(nqu, + pqu,)E =

of

/
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Lattice Scattering

A perfectly periodic lattice would not scatter
electrons.

Vibrations of atoms due to temp. disturb periodicity.

“Phonons” have an energy hv. Lowest levels have
energy 0.063 eV.

As temperature decreases vibration decreases and
scattering decreases.

Varies as T" where 1.66 <n <3
Compare text p oc T-!

Mobility increases as temperature decreases with
lattice scattering.
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Impurity Scattering

Dopant impurities cause local distortions in the crystal
lattice.

As temperature decreases electron velocity decreases.

Electrons remain near impurities a longer time => larger
scattering.

Mobility increases as temperature increases with
impurity scattering.

® About T372
Compare text poc T*'9/N,, and note N, = N,+N,

Other impurities and crystal defects have similar
effects. (e.g. contaminents, surface effects, grain
boundaries in poly-crystalline material.)
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Combining scattering processes

May have two or more scattering processes.
Probability of scattering in time dt by process i is

@ where z; is the average time between scattering events
T.

l

Total probability of scatteringis sum over individual probabilities

a_ Zﬂ dominated by shortest scattering time
i

TC
qrz, 1 1 " .
p=-——L%  —=3— Mobiityaddsreciprocally.
m uoT /
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For lattice scattering mobility increases as temperature decreases
For impurity scattering mobility increases as temperature increases
Increase in impurity concen\tratiop (of various kind) reduces mobility
May have two or more scattérjpg processes.

Fal

1 1
=—t— ...

1
H M M

Impurity scattering Lattice scatterin

T(K)
(log scale)
Figure 3.22

Approximate temperature dependence of mobility with both lattice
and impurity scattering.
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‘igure 5.2 | (a) Electron and (b) hole mobilities in silicon versus temperature for various doping concentrations. Inserts show
emperature dependence for “almost” intrinsic silicon.
From Pierret [8].)

10/7/2012 ECE415/515 Fall2012 J.E. Morris 14

10/7/2012



/ Ex 5.2 Use Fig 5.2 above to find the hole mobility in Si for:
(a) T=25°C for (i) N,=10"%/cm? and (ii) N,=10'8/cm?3, and
(b) N_=10"4/cm? for (i) T=0°C and (ii) T=100°C

~

Using Fizurs 5.2
@) I'=23=C,

® N, =10"em™

DT =0°C, = u, & 550 am® Vs

(@) T =100°C, = 4, & 300 cm* Vs

N, =10"m™, = i, 410 cm* V-5
HYN, 10", =, «l30om’ Vs

10/7/2012
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Low-field mobility in silicon as a function of temperature for electrons and holes.
The solid lines represent the theoretical predictions for pure lattice scattering.
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Electron and hole mobilities in silicon at 300 K as functions of the total
dopant concentration. The values plotted are the results of curve fitting

measurements from several sources.
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figure 5.3 | Electron and hole mobilities versus impurity
Foncentrations for germanium, silicon, and gallium arsenide
t 7= 300 K.

From Sze [14].)
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p vs N=N,+Ny

W'
w?
1w
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Figure 541 Resistivity versus impurity concentration ai T = 300 K in (a} silicon and

e

w !

i) germanium. gallium arsenide. and gallivm phosphide.
A e Ll
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Temperature effects
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Figure 5.6 | Electron concentration and conductivity versus
inverse temperature for silicon.

(After Sze [14].)

o(T) doesn’t follow n(T)
exactly because of w(T)
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/ Ex 5.3 Compensated p-type Si at 300K has

N_=2.8x10"7"/cm? and N ;=8x10"¢/cm3.

Find (a) hole mobility, (b) conductivity, and (c) resistivity.

~

o

() Far ¥, =N, + N, = 28107 +8.10%
-3.6:<10"m ™,
= o, = 200 om* Vs
b o=au (N, -N,]
= (165107 200)2:c10" )
o =540 )

/
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ASA A p-type Si bar (Fig 5.5 above) has c/s area A=10° cm? and\
length L=1.2x103cm. A current of 2mA is required for 5V applied.
What is the required (a) resistance, (b) resistivity, and (c) impurity

doping concentration? (d) What is the resulting hole mobility?

048
Then o N, m———— = 30010
N = Tgaee 0=
Using Figure 5.3 and mial and error,
¥, a7310"
@ p,=40m’ Vs
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High Field Effects

We assumed Ohm’s law was valid I=V/R

Drift current proportional to electric field, conductivity constant.
For large electric fields (>103 V/cm) current shows sublinear

dependence on field. Ohm’s law invalid.

Hot carrier effect: drift velocity = thermal velocity (~107 cm/s)

Effective temperature T, due to increasing kinetic energy.
Begins scattering with “optical” phonons, which transfers
energy to the lattice effectively.

At high fields Ohm’s law doesn’t hold and current is lower
than expected.
“Hot carriers” have velocities exceeding thermal velocity.

Velocity saturates.

10/7/2012 ECE415/515 Fall2012 J.E. Morris 23
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Saturation of electron drift velocity at high electric fields for Si.
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Figure 1.17 Drift velocities of electrons (at 77 K and 300 K) and holes (at 300 K) in
silicon as functions of the applied field showing velocity saturation at high fields. The
presence of several curves indicates the variation in reported data. An empirical “best
fit” to these curves is given in Equation 1.2.12 and Table 1.2.%
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High field effects

\
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Figure 5.7 | Carrier drift velocity versus electric field for
high-purity silicon, germanium, and gallium arsenide.
(From Sze [14].)

Scattering limited velocity
gives fairly constant current
at high fields.

(Si, Ge and others)

Some electrons can
exceed that velocity.

Can have a decrease in
velocity at high fields (GaAs
and others) causing
negative conductivity and

current instabilities.
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GaAs negative differential resistance

[LRRY] ] [100]

Figure 5.5 | Energy-band structure

for gallium arsenide showing the
K upper valley and lower valley in the

conduction band,

(From Sze [15].)

Electrons in conduction band:

Lower valley: m,* small, high E gives high v
Scatter into higher valley, higher m_*
Hence lower mobility, u, and current

Carrier drift velocity fem/s)

i

ect
ot "

Edectric field (Vicm)
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5.7 | Carrier drift velocity versus electric field for
y silicon. germanium. and gallium arsenide.
Sz [141)

n(+0)

n(0y

n(—I)

f

Diffusion currents

\

For electron concentration gradient shown,

find net diffusion current at x = 0

At x: half electrons move — +x, half move — -x
with thermal velocity v,

n(z—l ) v, - n(;—l ) v,

- [n(—l)—n<+1)1%"

Electron fluxatx =0 F, =

dn dn_. v,
={[n(0) - —]—[n(0) +/—]} -2~
{[n(0) dx] [1(0) dx]}2
for the linear variation shown, or if non — linear

by keeping the first 2 terms of a Taylor exp ansion

ie F, =—v1hl@

Figure 5.10 | Electron concentration versus distance. dn dn
and currentJ, . =—eF, =+ev,l—=eD,—
dx dx

10/7/2012
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~

< i For electron concentration gradient shown,
g | Electron Mux
£l e find net diffusion current at x =0
5! Electron diffusion
£ — o ront densit dn
£l e Electron currentJ,,, =eD, —
| T ax
e L dp
T Similarly hole current J . =—eD,——
dx
{a)
dn dj
| and J =[enu E +eu E |+[eD,——eD —p]
I E L px n P
el o dx dx
Ei Hole flux
E ! Hale diffusion - J = [enﬂ”E + e‘LlPE] + [eD”Vn - erVp]
E : curmen density
g1
ol
= E —+x electrons <~ electron current —
1
P — holes —  hole current -
b
. dn/dx >0 electrons «<— electron current —
Figure 5,11 | {a) Diffusion of clectrons due (o a density
"wradient. (b) Diffusion of holes due (o a density gradient. dp/dX >0 holes < hole current <—
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G( 5.5 Hole density is given by p(x)=10"%exp-x/L, (x20) in Si \
where L =2x1 0-“%cm and Dp=8cm2/s. Determine the hole diffusion
current density at (a) x=0, (b) x=2x10“%cm and (c) x=10-3cm.

J, =D, =
d , {a) For x=0,
"‘D"Ebu"ﬂ"’] J, =64 Alem?
b fi=] =L e (&) For x=2:10" em
el v [ =210 _\
o T, =St —— |- 2354 Aiem
+aD, 0] . T
=z {6} For x=10"" co
16,107 |10~ (10 ) o
—'-Ills.ll:l*?ls""ﬂﬁl‘ o "‘irr -ﬁqﬂ.: ol -1 | 0431 A'cm *
- e | 2510~ )

7, -stes{

- /
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/” Graded impurity distribution
induces electric field

For varied donor doping 4N, <0,
X

electrons will diffuse left to right — E_>0

d¢  d[1 1 dE,,
E =—"C=_Z"|_(E,-E,)|=—"—£&
T dx dx[e( r F)} e dx

E.-E,
For nO:niexp%sz(x)

E.—E, = kT.lnN"’T(x) =kT[In N, (x)~Inn,]

_dE, kT dN,(»)

dx  N,(x) dx
kT 1 dN,(x)

K e N, (x) dx

10/7/2012 ECE415/515 Fall2012 J.E. Morris
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Einstein Relation

\

A ’r:'.i J, =en,unEx+eDn%:0

and for n(x)= N ,(x)

N
eN,(x)u,E. +eD, % =0

E . .. . .
© For semiconductor shown in isolation (no connections)
electron and hole currents are zero

E, I
dN dN,
/ _eNd(x)lun kl 1 . d(x) +eDn d(x) -0
e N,x) dx dx
—
) . kT . D, kT
) ie. —= and similarly —~=—
Figure 5.12 | Energy-band diagram u, e Ky,
for a semiconductor in thermal D, D, &r
equilibrium with a nonuniform donor ~ Einstein Relation ﬂn = . =
impurity concentration. " P
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Mobilities and diffusion constants

o

Table 5.2 | Typical mobility and diffusion coefficient values at

T=300K (p = cm¥V-s and D = cm?/s)

/

Mo D, My D,
Silicon 1350 35 480 12.4
Gallium arsenide 8500 220 400 10.4
Germanium 3900 101 1900 49.2
10/7/2012 ECE415/515 Fall2012 J.E. Morris 33

/Ex 5.6 Assume N,(x)=10"%exp-x/L at 300K in an N-type
semiconductor, where L=0.02cm. Determine the induced

electric field at (a) x=0 and (b) x=10“cm.

\

v, () __[0e) g
dx L
S0

o [k
E. -47| - |':|'°.:l:"l'|'
ATYLY 00258
'l_TJ.E. 207

o B, =195V

10/7/2012 ECE415/515 Fall2012 J.E. Morris
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4 N

Ex 5.7 Assume D,=215cm?/s at 300K and determine py,.

_ Db, _ s
H A
LB

g5, =301 em* Vs

o /
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For currents in the +ve x-direction as shown:
Forces F=qvxB on holes/electrons as shown

Hall Effect

Vy +ve for holes
Vy -ve for electrons /
Hall Effect: o/

Magnetic field shifts the hole/electron

distribution in the -y direction.

I ‘

v\
Figure 5,13 | Geometry for measuring the Hall effect.
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4 N

Hall Effect: Consider P-type

If magnetic field is applied perpendicular to current direction,
holes are deflected.

F=q(E+v x B) /

i.e. here F, = q(E, — v,B,)
For steady state current must be constant
so forces must balance.
Ey = Vsz = (Jsz)/(qu) = RH Jsz
Vg = E,w = Hall voltage,

measured for applied J, & B, B Z
. . . . L

w=width of bar in y directio /
Ry = (apo)” : |

= Hall coefficient +‘| =

=E/J,B, v,

Figure 5.13 | Geometry for measuring the Hall effect.
10/7/2012 ECE415/515 Fall2012 J.E. Morris 37

4 )

Hall effect: Calculating mobility

Can measure Hall voltage for applied current & magnetic field
to calculate carrier concentration

Can measure resistance to calculate resistivity
Rwt Ve, /1,

1 1
pPQ—cm)=—- =—=
L Liwt o qpu,

L = length (x); t = thickness (z)
o 1/p R,

/,[:7:7:7
" gp, q(/qR,) p

Measuring Hall coefficient and resistivity over a range of
temperatures gives carrier concentration and mobility vs.

temperature.
Electrons: Similar effect, opposite Hall voltage sign
10/7/2012 ECE415/515 Fall2012 J.E. Morris 38
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/Ex 5.8 P-type Si as in Fig 5.13 above. \

L=0.2cm, W=0.01cm, d=8x10-*cm, p=10'6/cm?3, p,=320cm?/V-s.
For V,=10V, B=500gauss=0.05tesla, find I, and V.

From Equatson 5.5,
I - I:ﬂani [@F‘Fﬂ‘}

I
(3201610~ f10* Jojio- g =10~}
02

I, =280 A
or I, =0.2H8mA
From Equation {3.53),
y oLE Q04800+ J5a07)
@d  [LE=107" JL07 8«10
=310V
o Fy =0B0mV

o /
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A precision, linear-output, Hall-sensor chip. The integrated circuit contains bias
elements, temperature-compensation circuitry, and on-chip amplification. The chip
area is 1.12 by 1.98 mm? and the Hall element (large pattern on the). lower right-
hand side) measures 230 by 335 pm?2. (Courtesy: G. B. Hocker, Honeywell
Corporation
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