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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

. RecaII from Lecture &5 .
Londu ity - [ 8 vekectiy-
Qé. \T — o = qnun + qp.up Unp = —[J.nE
‘Vt ag

* Where usuaIIy only mgo(‘"ﬁ-%n carrier component dominates conductivity

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

Ohm’slaw: V= TR -] = % — Vwto) _ VAlanin) _ qAn(u,E) = qAnv,

L L
;/) A=wt

w
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Recap of carrier motion/currents (so far!)

e Recall from Lecture 4, we learned that there is random
motion ( B3cowniavy ) of e and h* in the absence of E-
field

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

b = 3T
th = ||

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

 Where the carrier mobility (ease with which carriers
move in semi) is,

M:—CITC .(’Lv\-}
— m* NS

* So the net current in the presence of an E-field is,
]drift — ]n,drift +]p,drift
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High Field Effects on Drift Velocity

* Recall from last lecture, ' = o .
JI = —qnv, = qnu E| |J" =+qpv,, =qpp E

* Which ‘= sign do we want?

* The first ‘=’ sign m\p a?()\{cs, and we can find the drift curfeny EE(:
* ]n,drift = —qNVgan Velocity saturation
* ]p,drift = qPVgyp
* At \ow E-Gelds , Ohm’s law is valid (current density is directly

proportional to electric field), and the second ‘=’ sign applies:
* We call this thep\wic req‘me )

]n drift — qn.“nE

]p dT'lft - qp.upE
. At igl e-£celds (=E. OF Eorix ), electrons will reach drift

¢ g X uration \g\cx and exhlblt a sublinear dependence on the electric field (e.g.
we use first ‘=’ sign because Vasat * UE) Sources: Electonics-Tutoral.ne

el
- O o ¥
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Problem: Drift Current Calculations -0

* A 2 cm long piece of Si with cross-sectional area of 0.1 cm? is doped with donors
at 101> cm3, and has a resistance of 90 (). The saturation velocity of electrons in Si
is 107 cm/s for fields above 10° VV/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,
. E across Semlconductor
\,enﬁ

* We can estimate the mobility from Figure 3-23 and solve,

c vy = U E = ( \ SO CV—m:) (50%) = ZSO(pcm.Ls

* Now for the larger electric field,
6
« E = 1Ocm =5x10%V/cm > 2 a2 Seciuraton feq e

* Using current equation from slide 2,

A =0 2\o® e

100V

2cm

of semiconductor

\S0o

=160 A

Sources: Textbook

I = aﬁh OTn = (16X 107°0)(0.1 cm?)(10'5 em™3) (107 ) =

NS

=
g 103 |
= L

gO V /cm --> Which regime are we in? 0((\% (‘a% wme

ﬂggrgp-n in textbook. Use
for extrinsic semiconductors.
Note you should use the
total # impurities (Na+Nd)
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Diffusion

Higher par.ticle Lower par%icle
* In addition to d¢ ¥t there is a second I
L) - o [
component to current called d «&&usion o« %o o o e o
e o &] ®
oo * o °® .. o °
e oo ® o
. . . ce ° o ° o
* Particles move from point of higher - T
concentration to a point of lower Divection of diftasion
concentration

* What are some other real world examples of
diffusion processes?

« (of€2ee aroma wo&-‘('(d\(a Mbucdf\ﬂ Tea

Diffusion

-_&o% sauce W wolkttown Soip

Sources: C. Hu, Modern Semiconductor Devices for Integrated Circuits, School Physics, Science Prof Online
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What drives diffusion processes? i .
. W"“‘%f 5 s
* Carriers undergo cafidom Secmal “3n -
collide with each other, and septter . i
ek :
* They are moving in adaitree® 3~ until o
they collide, and move in new directions i S e
8 Nrm:inem:: rrrrrr
* Carriers will have net thermal motion o
from high to low concentration areas ool
 When does diffusion stop? Once there is i, e
no longer a concentration gradient (e.g. B 1 B A
the concentration is unifocm ) | | T oot
] : °° o°°°: °

Sources: https://www.pveducation.org/pvcdrom/pn-junctions/diffusion#:~:text=Diffusion%20is%20the%20random%20scattering,in%20cm2s%2D1.
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Diffusion Current

 What drives the net diffusion current?

The concentraion adient

 Will we have diffusion current in a
uniform sample?

No\

* The rate of diffusion is proportional to
the concentration gradient,

J o o dn
n,diffusion dx

 And for holes?

| EQ‘O\:@«M\\ ck \d‘ﬁ,\

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

f—
=

@lectron flow O

Current flow ——>
(a)
CCCenss

X

]

~<—— Hole flow)

~<—— (Current flow

(b)

W sofue
d. redqon
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Diffusion Current Equations and Coefficients

* Mathematically, we can write the diffusion current
densities, ) ,
L’X A \

dn Y d
Jn,diffusion = ana ]p,diffusion = _qud_i. / /

> X > X

* DTL a n d Dp a re th e d_;ﬁ SEC) (\- C OQ‘GGECR% ~<«—— Electron flow B -<—— Hole flow

.

° U N its? cm&/s Curre(l;t)ﬂow — — Cu(:;:nt flow
 Why the (-) sign? The net motion of e- due to diffusion
is in the direction of dyecceasing e~ concentration,

so derivative is (-)dn/dx. (-q)(-dn/dx) --> we get (+)

 Are the diffusion currents in the same direction? No' See Q\cr\'s aPuve

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

e In general in semiconductors, there can be Y\ possible
current sources:
1. Electron drift
2. Electron diffusion
3. Hole drift &(x)
4. Hole diffusion

. n (x)

* Forelectrons: sym  Ewlcent de(\ﬁ&) —
d p (x)

n = Indritt +Jn ditfusion= qnu,é +qD : \

L
dx

J

e For holes:

d
Jp = Ty aritt + JIp, dittusion= dPHpé — qua-g

 And we can write the total current as the sum,

J = T«(\'\’.SP

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

—————— + &, (diff.) and &, (drift)
> J,(diff.) and J, (drift)

______ > &, (diff.)

- —— - b, (drift.)

- J, (diff.)

————— ] (drift.)

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

* Important: Mimod*t'_,rcarriers rarely contribute
much to drift current (there are too few of them),

I Diffusion
b @

dn
Jn = Ty arit + I, diffusion= 47H, % + ana;

. 1
o o % 00 E-Field
.3 o8 T
[ ]
@

* BUT if their gradient is high enough.... —
MINo CiT%e cofTec Lurfenss
(deE€usoY can be gt

e Result: minority carrier diffusion currents can
sometimes be o s \urg\eas majority carrier currents

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

* No net current flows (l.e. Jgi = - Jd 166U i)

* 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

E-Ke\d

* 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,

dn

Jp = Iy drist + I, diffusion™ qni, 8 + andx O

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:

* This is called the Einskein re\osrie\S4id is valid for potN 2~ and W®

* What does this allow us to calculate?

Erec ) o¢ M Ko mecsufement ot “he gther

* This relation (almost) always holds true
* Physically, all scattering mechanisms (e.g. pb_onon/lattice and impurity scattering) that

impede carrier dei&t also impede carrier dictusko™

Table 4-1 Diffusion coefficient and mobility of electrons and holes for infrinsic
semiconductors at 300 K. Note: Use Fig. 3-23 for doped semiconductors.

D, (cm?/s) D, (cm?/s) B (em?/V-s)  p, (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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0.7V

Relationship between Energy Diagrams, Voltage, and

E-field |
* When a voltage is applied across a piece of . — )
semiconductor, it QL o
alyess fhe Dand dEgroms .
. . ()
* (+) Vraises the potential energy of a (+) charge and
lowers the P.E. of a (-) charge Y o T
o = dx of .

* Therefore, a (+) V 1owers  the energy diagrams
since we are plotting the energy of an

elecvfans (- thharge

/
o
&
* How do we convert from V to eV? Multiply by g 4

(c)
Energy band diagram of a semiconductor
— ——— under applied voltage (+7V).

E (x) = constant-gV(x)

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

A semiconductor has a bandgai) of 1 eV. Itis 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:@ *EF 1S “\O"f MOU:mg" wathin Ea‘.

e PointCatx=4pum,vV=+4V

* Point D at x = 8 um, E-field is zero between C and D

| Gt

Sources: C. Hu, Mb?grgemiconductor Devices for lntegné:ad %’Yt:“ Ll m 8 X (I'lm)
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Relationship between Enerqy Diagrams,
Voltage, and E-field

* Practical points to note: + si

 E.and E, are higher where the voltage is | ower (a)
* The slope of E. and E,, indicates the E-field

dv _ 1dE, ~ 1dE,

E(x)=- = = =
(*) dx g dx g dx

» Useful analogies:
* The e- will ro\l c_\owv&\"\\ in the energy band diagram
e The h+ will $loak LLQVS‘\\

* Recall: both are seeking lowest energy state (Q;L%g_g of | o W o
ba nds) Energy band diagram of a semiconductor
under applied voltage (+7V).

Sources: Textbook
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Looking at Built-In 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 c on stant

* Left side more Y\-Qqus\gr- doped than right: E,
is closer to Ef

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

_exrecna) _ voltage

Sources: Textbook

e daikx & tess N-Type

wo@ a¥gHe _————E

N-type semiconductor bar

Y

Decreasing donor concentration
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. . . . f\"c':-Nn
Problem: Calculating carrier diffusion _j 105 “Qecq) 0= Na— ronet
The hole density in an n-type silicon wafer (N, = 1017 cm3) decreases linearly
from 10'* cm™ to 103> cm= between x = 0 and x = 1 um. Calculate the hole

diffusion current. o4
def\Sﬁ‘tB- ; wma

\,(.'J‘b'3 a, X ('»MX r.-l-(
* Rearranging the Einstein relation, and using the plot to estimate mobility, Ju)

= 2
o 09: [2/\ Ma = 0.026(317) = 8.2 %
* What is dpdx? Change in carrier concentration over change in distance:

. _\0' -\OV cm™

dx  10~*cm 102
* Now we can use the diffusion current equation,

102
104 -

103 |-

Mobility (cm 2/ V-s)

- 103
sE

. _ dp _ -19 cm?\ (9%x1013cm™3
Jp.dif fusion = qDp2E = (162 x 1071°C) (8.2 %) (ZE—)
— 1.18 A/cm?

1 1 Il 1 L 111 L L 111 1 -
101 101 101 107 1018 10"

Impurity concentration (cm™>)

Figure 3-23 in textbook. Use for extrinsic
semiconductors. Note you should use
the total # impurities (Na+Nd)

Sources: Textbook
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Recap: Diffusion (without recombination)

* Diffusion without recombination is driven by the ca¢cier concenteration

inctei Lo le
« We have the Einstein relation ~ 2 — X/ groclie nt-
wh g

¢
* We can look up the mobiﬁty from plots, but make sure you use the total
impurity concentration (NaxNg )

. }l/_ae—_ at room temperature is ~¥0.026 V (you can memorize this, but be
careful at temperatures different from<eoW

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
A and a ‘slice’ of length Ay

* Minority current density entering the

area is: TP L) aal
* Minority current density leaving the area
is: ‘prc r AX)

e Simple counting

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

Sources: Textbook
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Diffusion with Recombination \Cls =\ A

* So let’s count holes(“bubbles”): o eRCess hSe cancentecdton
* Recombination rate = # excess bubbles (6p) / recombination time (1) (ron- e‘U‘*‘\‘B““‘ﬁ
* Current (#bubbles) IN — Current (#bubbles) OUT =J = Jour/ dx

* What are the units? p=Pot Y
« Recombination rate: heles/cm=>/2e A
* CurrentD ensity ™ o\t /cmd /g Qubum

* Therefore, we must account for width dy_ (cm) of volume slice

p 100 — (e + Ax) - 8p
ot x—x+Ax q AX 7-p
"r«e/, Rate of increase of hole concentra- recombination
O hole buildup ~  tion in 8xA per unit time rate

Sources: Textbook
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Diffusion Length

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

Trme decivatUel go Yo 2ery

* The diffusion equation in steady-state:

¢ Dg, L ot diciance

adp dp  dp
dx? Do, L2

—
* The diffusion length L, = j)_e’t is a figure of merit.
* L,.average length a carrier moves between qemecq-l

ddn _ ®n _%n| e-\\o e d\em\rc&es\ -Pwnévtcm

i and

<‘e as BNt o

Sources: Textbook
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