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ELEN E3106/4106 Lecture 6

Diffusion of Carriers
Outline

Drift current (loose ends)

Diffusion processes

Diffusion & drift

Built-in fields

Diffusion with recombination
Continuity equation & diffusion length

Assignments:

Reading: Streetman and Banerjee §4.4.1-4.4.4
Homework 2 due Friday Sept 19t by 5pm
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Back to Basics: Relationship between Drift Current and Resistance

e Recall from Lecture 6,

r=PL_L1| |o=qnu,+qpu, v, = —p E
Wi Wil or
* Where usually only carrier component dominates conductivity

* How can we back out current? Let’s imagine we have a n-type material:

Ohm’s law: - | = % = V(Mzw) = VA(anﬂn) = qAn(u,E) = qAnv,
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Recap of carrier motion/currents (so far!)

e Recall from Lecture 4, we learned that there is random
motion ( ) of e and h* in the absence of E-
field

= Net motion of carriers =
= E-field =0, but T > 0O, carriers move with thermal velocity,

o = [3KT
th = |

* In the presence of an E-field, carriers will have drift
velocity, v; = +

* Where the carrier mobility (ease with which carriers

move in semi) is,
_qic

m*
* So the net current in the presence of an E-field is,
]drift — ]n,drift +]p,drift

E-Field

]n,drift

__motion
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High Field Effects on Drift Velocity

+ Recall from last lecture, _
S = —qnv,, = qnu, E| |, =+qpv,, = qpu, E

p

Vgap fo-smmnsmmmmmcaacay .

* Which ‘=* sign do we want? S
* The first =" sign , and we can find the drift curi Ec
¢ ]Tl,d?‘l'ft = —dNnV in Velocity saturation
* ]p,drift = qPVayp
e At , Ohm’s law is valid (current density is directly
proportional to electric field), and the second ‘=* sign applies:
* We call this the ,
* ]n,drift = qnuuyE
* ]p,drift — qp.upE
o At , (= ), electrons will reach drift
and exhibit a sublinear dependence on the electric field (e.g.
we use first l:’ Sign beca use vd,Sat i HE ) Sources: Electronics-Tutorial.net
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Problem: Drift Current Calculations

* A2 cm long piece of Si with cross-sectional area of 0.1 cm? is doped with donors
at 10> cm3, and has a resistance of 90 (). The saturation velocity of electrons in Si
is 107 cm/s for fields above 10°> V/cm. Calculate the electron drift velocity, if we
apply a voltage of 100 V across the piece. What is the current through the piece if
we apply a voltage of 10° V across it?

* First, we need to find the electric field,
across semiconductor 100V o

e [ = _ = ____V/em --> Which regime are we in?
of semiconductor 2cm
* We can estimate the mobility from Figure 3-23 and solve, f
- L E = em?\ (69 V) = 2
vy = ok = ™) (50-—-) = 7500 cm?/s m
* Now for the larger electric field, .
100V
« £ = =5x%x10°V/cm -->
. 2 Cm . . 8 |
* Using current equation from slide 2,
o | = — (16 X 10—19c)(01 sz)(1015 Cm_3) (107 ﬂ) — f@gﬂr%3-23in textbook. Use
S for extrinsic semiconductors.

Note you should use the
total # impurities (Na+Nd)

Sources: Textbook
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Diffusion

* In addition to , there is a second
component to current called

* Particles move from point of higher
concentration to a point of lower

Higher particle Lower particle
concentration concentration
® ® ™
e © % 0 _ oo * e
[ Y
° . e o . .
e o e, =
L ]
L I ] ® & ° ® L
e o0 o b
L ] @
o8 ™ . ®
e ° ® [ ®
[ ] ]

Y

concentration
\
* What are some other real world examples of ”' o »i_’ =
diffusion processes? | &
° Diffusion
Sources: C. Hu, Modern Semiconductor Devices for Integrated Circuits, School Physics, Science Prof Online
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What drives diffusion processes?

e Carriers undergo
collide with each other, and

and

* They are moving in until
they collide, and move in new directions

e Carriers will have net thermal motion
from high to low concentration areas

 When does diffusion stop? Once there is
no longer a concentration gradient (e.g.
the concentration is )

Sources: https://www.pveducation.org/pvcdrom/pn-junctions/diffusion#:~:text=Diffusion%20is%20the%20random%20scattering,in%20cm?2s%2D1.
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In this animation, 1/4 of the
carriers move to the right, 1/4
to the left and the remainder
stay put (move up or down).
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1/4 of the carriers move out of
the high concentration region,
but non move in, sothere is a
net movement of carriers out of
the hight carrier concentration
region.
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at scattering event 1

at scattering event 2

at scattering event 3

at scattering event 4

Process continues until a
uniform concentration results
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Diffusion Current
e What drives the net diffusion current?

H P
A A
. . . . ,.--"'f. . ,-*"Hf-_
 Will we have diffusion current in a ; /r’
uniform sample? / /
r__f’; __ff;
* The rate of diffusion is proportional to - -3
the concentration gradient, ) ;‘i‘;::t“;i‘”_‘_ D Ei:';‘;uw
oo d_"l (a) (b)
n, diffusion dx
 And for holes?
Sources: C. Hu, Modern Semiconductor Devices for Integrated Circuits
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Diffusion Current Equations and Coefficients
 Mathematically, we can write the diffusion current

densities, . »
v /-*"'f-_
dn dp yd /
"'Tn,dit'fusinn = qﬂﬁﬂ }p,dift'UEinn - _qﬂpﬂ / /
¢ Dn a n d Dp a re t h e -«— Electron flow B «—— Hole flow
° U n itS? Current flow ——— -<—— (Current flow

(a) (b)

* Why the (-) sign? The net motion of e- due to diffusion
1s 1n the direction of e~ concentration,

so dertvative 1s (-)dn/dx. (-q)(-dn/dx) --> we get (+)

* Are the diffusion currents in the same direction?

Sources: C. Hu, Modern Semiconductor Devices for Integrated Circuits
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Total Currents and Visualizing Particle Motion

* In general in semiconductors, there can be possible

current sources:
1. Electron drift
2. Electron diffusion
3. Hole drift
4. Hole diffusion

* For electrons:

Jp = T ariet + I, diffusion= 9nH, 6 + ‘?D"a}

dn

e For holes:

Jp = Jp,dritt + Jp, dittusion= 9PHp® —qD

dp
Pdx

 And we can write the total current as the sum,

J =

Sources: C. Hu, Modern Semiconductor Devices for Integrated Circuits

&(x)

\n{xj
\P{I)

______ = &, (diff.) and &, (drift)

~ J,(diff.) and J, (drift)

______ > &, (diff)

- — —— — — — (_I_),..Iflf_'lt'if[.::'

, J, (diff.)

= . (drift.)

Dashed lines (___) denote direction
of particle motion. Solid lines denote
the resulting current direction
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The Influence of Majority Carriers on Diffusion

* Important: carriers rarely contribute )
. Jo=J ac+J 2o = agnu G +qD, 2
much to drift current (there are too few of them), n T Ity T diffusion™ ST

dx
I Diffusion
) [ ) ()

o
eo0oe ©°° &
.0.0 [ L)
000
0g % o0 o
® o o
* oo ® E-Field
° Qo .
o
2

* BUT if their gradient is high enough.... *

e Result: minority carrier diffusion currents can
sometimes be as majority carrier currents

Sources: E. Pop ECE 340 Slides, A. Smets TU Delft Lecture Week 2
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Built-In Fields
* Under equilibrium, open-circuit conditions, the total current must always be

* No net current flows (l.e. J ¢ = - J )

* So any disturbance (e.g. light, doping gradient, thermal gradient) which may
set up a carrier concentration gradient will also internally set up a built-in

* What does this tell us? There must be some relationship between diffusion
and drift. We can set the earlier total current equation equal to zero,

Jp = Jpariee T/

n n,diffusion™

Sources: E. Pop ECE 340 Slides, A. Smets TU Delft Lecture Week 2
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The Einstein Relation between D and u
* Solving the equation (noting the equilibrium Fermi level does not vary with x, and the

derivative of as given in the textbook Eq. 4-26), we get:
D _ kT
P q
* This is called the and is valid for

 What does this allow us to calculate?

* This relation (almost) always holds true

* Physically, all scattering mechanisms (e.g. phonon/lattice and impurity scattering) that
impede carrier also impede carrier |

Table 4-1 Diffusion coefficient and mobility of electrons and holes for inirinsic
semiconductors at 300 K. Note: Use Fig. 3-23 for doped semiconductors.
D, (cm?/s) Dy (em?/s) polem?/V-s)  pp (em®/V-s)
Ge 100 50 3900 1900
Si 35 12.5 1350 480
GaAs 220 10 8500 400

Sources: Textbook
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Relationship between Energy Diagrams, Voltage, and

E-field
* When a voltage is applied across a piece of ) —
semiconductor, it

Vix)

* (__ ) Vraises the potential energy of a (+) charge and ml---.--_

lowers the P.E. of a (-) charge s g
Xy — ol
dx )
* Therefore, a (+) V the energy diagrams

since we are plotting the energy of an

* How do we convert from V to eV? Multiply by g

Energy band diagram of a semiconductor

E = constant—-gV
o(x) qVi(x) under applied voltage (+7V).

Sources: Textbook
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Problem: Sketching Energy Band Diagrams with Applied Voltage

A semiconductor has a bandgaF of 1 eV. It is subjected to the following potentials at the various locations as follows (assume linear
variation of potentials between locations):

* PointAatx=0um,V=0V
 PointBatx=2um,v=-2V
 PointCatx=4pum,V=+4V

 Point D at x =8 um, E-field is zero between Cand D

E (ev)

Sources: C. Hu, Modern Semiconductor Devices for Integrated Circuits X (Hm)
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Relationship between Energy Diagrams,
Voltage, and E-field

* Practical points to note: : 5 -
 E.and E, are higher where the voltage is (a)
* The slope of E. and E, indicates the E-field V)
dE dE 0.7 vl
‘E{I)E_ﬂ _ 1%%c _ 1%%v | .
dx g dx g dx 0

e Useful analogies:

* The e- will in the energy band diagram
* The h+ will
* Recall: both are seeking lowest energy state ( of
ba nds) Energy band diagram of a semiconductor

under applied voltage (+7V).

Sources: Textbook
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Looking at Built-ln Fields Again

* Now that we understand the effects of
voltage and fields on the band diagram,
we can perhaps better understand the
built-in fields that arise from concentration
gradients in equilibrium

* In equilibrium: Fermi level is

* Left side more doped than right: E,

is closer to Ef

* Because E, is not , an E-field will
be created as real as a field created by an
voltage

Sources: Textbook

N-type semiconductor bar

)

Decreasing donor concentration
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Problem: Calculating carrier diffusion

The hole density in an n-type silicon wafer (N, = 1017 cm3) decreases linearly

from 10'* cm=3 to 103 cm™3 between x =0and x =1 um.
diffusion current.

* Rearranging the Einstein relation, and using the plot to estimate mobility,

2
: = 0.026(317) = 8.2%

* What is dp/dx? Change in cartier concentration over change in distance:

. 9P _
dx  10~*cm
* Now we can use the diffusion current equation,
9><1013cm‘3)

_ 4D % _ -19 e’
]p,diffusion = qDp dx (1.62 x1077C) (8'2 s )( 10~*cm
1.18 A/cm?

Mobility (cm 2/ V-s)

Sources: Textbook

Calculate the hole

103

102
109

—
W

102

2 1 1 | -l 1 1 11 | | -] 1
1014 01 1016 107 1018 101

Impurity concentration (cm3)

Figure 3-23 in textbook. Use for extrinsic
semiconductors. Note you should use
the total # impurities (Na+Nd)
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Recap: Diffusion (without recombination)
* Diffusion without recombination is driven by the

D kT
T
* We can look up the mobility from plots, but make sure you use the total

impurity concentration ( )

 We have the Einstein relation

. at room temperature is ~0.026 V (you can memorize this, but be
careful at temperatures different from )

e But what about in the case where we have recombination effects?
e Recall: excess can recombine

Sources: Textbook
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Diffusion with Recombination

 Recombination can change carrier
concentrations, so we must consider the
effects on diffusion

* Consider an n-type semi sample with area
and a ‘slice’ of length

* Minority current density entering the
area is:

* Minority current density leaving the area
IS:

* Simple counting

* Rate of hole population increase = (current
IN — current OUT) — hole recombination

Sources: Textbook

Tp(x) /

Area, A (cm?)

x + Ax
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Diffusion with Recombination

* So let’s count holes(“bubbles”):

* Recombination rate = # excess bubbles (6p) / recombination time (1)
* Current (#bubbles) IN — Current (#bubbles) OUT = J,, — Jour / dX

e What are the units?
e Recombination rate:

* Current:
* Therefore, we must account for width (cm) of volume slice
ap . lJp(x) = I Ay 5
ot x—x+Ax q Ax Tp
Rate of increase of hole concentra- recombination
hole buildup ~ tion in 6xA per unit time E rate

Sources: Textbook

Columbia ELEN3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 6



Diffusion Length

* What does this mean in steady-state?
e Distribution of excess carriers is maintained

* The diffusion equation in steady-state:

d*dn on : on

T e )
dx DﬁTH LH

d*sp 8 B

i IR E

is a figure of merit.

* The diffusion length L, =
* L,. average length a carrier moves between

Sources: Textbook

and
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