s diamond lattice

Silicon Crystal Structure

3sp tetrahedral bond

» atoms are bonded tetrahedrally with covalent bonds

4 valence electrons (-4 g),
contributed by each ion

s Two-dimensional crystal for sketching

U N7 N7 N7\ \u N7 N7 N7 N
NS
> O O O \.\Csiiconiog(?wq) O C
D—=0—0—0—0—0—0—0—(
D—=0—0—0—0 O—0—(
) M M M m\ M M M “
border of bulk silicon region two electronsin bond
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Intrinsic (Pure) Silicon (T > 0)

T S —
>—0—0—0 O{Q\p ?C
000 B 0010
Y N 1 ] ‘e

= electron: mobile negative unit charge, concentration n (cm™)

= hole: mobile positive unit charge, concentration p (cm‘3)

Unit of charge: g = 1.6 x 10°1° Couloumbs [C]
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Thermal Equilibrium

31

Generationrate: G unitss.cm™ s (thermal, optical processes)

Recombinationrate: R n [

n = electron concentration cm™

p = hole concentration cm™

With the absense of external stimulus, Gg,= R,

subscript “ 0" indicates thermal equilibrium

Ny P = constant = n;% = 10%° cm™ at room temperature (approximately)

Since holes and electrons are created together in intrinsic silicon,

N,= P, Whichimpliesthat both are equal to n; = 101 cm3
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Doping

Donors (group V) donate their 51 valence electron and become fixed positive
chargesin the lattice. Examples: Arsenic, Phosphorus.

v \% N\ \% N\ N\ N\ N\ Y
> —0—0—0—0 0—¢
| Y
D—=0—0—0—)—0—0 \O ¢
‘ ‘ n?PbiIe eIectron
D—=0—0—0—0-0—0—0-—(
) M M M /) \?\ M M c
border of bulk silicon region immobile ionized donor

How are the thermal equilibrium electron and hole concentrations changed by
doping?

> regionis“bulk silicon” -- in the interior of the crystal, away from  surfaces

> chargein region is zero, before and after doping:

p=chargedensity (Clcm®)= 0 = (-any) + (apy) + (AN
electrons holes donors

where the donor concentration is N (cm3)
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Electron Concentration in Donor-Doped Silicon

Since we arein thermal equilibrium, ny p, = ni2 (not changed by doping):

Substitute p, = ni? / ng, into charge neutrality equation and find that:

2
an;
0= —qn0+n—+qNO|

Quadratic formula -->

We always dope the crystal so that Ng>> n; ... (Ng = 1023 - 102 cm™), so the
square root reduces to 1:

n0: Nd

The equilibrium hole concentration is:

Po = ni2/ Ng

“one electron per donor” isaway to remember the electron concentration in silicon
doped with donors.
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Numerical Example

Donor concentration: Ny = 10" cm™

Thermal equilibrium electron concentration:

_ .a15 -3
ng=Ng = 107 cm

Thermal equilibrium hole concentration:

3.2 — —
Py = niz/noz ni2/ Ng = (1010 cm 3) /1015 cm 3= 105 cm 3

Silicon doped with donorsis called n-type and electrons are the majority carriers.
Holes are the (nearly negligible) minority carriers.
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Doping with Acceptors

Acceptors (group I11) accept an electron from the lattice to fill the incomplete
fourth covalent bond and thereby create a mobile hole and become fixed negative
charges. Example: Boron.

S
—0—0—0—0—0—0—0—
NS/ S N S
>/@4¢53/®’©©©©<
A )\

. . /
mobile hole and later trajectory immobile negatively ionized acceptor

Acceptor concentration is Ny (cm3), we have N >> n; typically and so:

one hole is added per acceptor:

Po= Na

equilibrium electron concentration is::

Ny =n2/ Ny
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Doping with both Donor s and Acceptors:
Compensation

» Typical situation isthat both donors and acceptors are present in the silicon
|lattice ... mass action law meansthat n # Ny and p # N, !

positively ionized donors

v u/o N\ N\ k\gﬁ
O0—0—0—0=

© | I

L%/\\O 0—E) —0—0—0—(

— FO\\O 0 \0—0—0—(
\ H 11

p
negatively ionized acceptor

mobile electron and trajectory

» Applying charge neutrality with four types of charged species:

= _qno+qpo+qu_qNa = q(po_no+Nd_Na) =0

we can substitute from the mass-action law n, p, = n;? for either the electron
concentration or for the hole concentration: which one isthe majority carrier?

answer (not surprising): Nyq>N, --> e€lectrons

N,>Ngq --> holes
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Compensation

Example shows Ny > Ny

positively ionized donors

— T oo

)@/;OO’;/\@OC

) g\@ IS S S
0—(
~

o
— H@\ 0—0-0—0
\ i

P
negatively ionized acceptor

mobile electron and trajectory

= Applying charge neutrality with four types of charged species:

P =—an,+qp,+dNy—aN, = q(p,—n,+ Ny4—N,) =0

we can substitute from the mass-action law n, p, = n;? for either the electron
concentration or for the hole concentration: which oneisthe
majority carrier?

answer (not surprising): Ng>Ny; --> €lectrons

Na > Nd --> holes
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Carrier Concentrationsin Compensated Silicon
= For the case where Ny > N, the electron and hole concentrations are:

2

n.

|
nyON4—N, and poDNd_Na

» For the case where N, > Ny, the hole and electron concentrations are:

PoUN,—N4 and n O

Note that these approximations assume that | N - No| >> n;, whichis nearly always
true.
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Carrier Transport:  Drift

If an electric field is applied to silicon, the holes and the electrons “feel” an
electrostatic force Fo = (+q or - Q)E.
Picture of effect of electric field on representative electrons. moving at the

thermal velocity = 107 cmis ... very fast, but colliding every 0.1 ps= 1013 s,
Distance between collsions = 107 cm/s x 1013 cm = 0.01 um

(8) Thermal Equilibrium, E=0 (b) Electric Field E>0
Electron # 1 Electron # 1
* E
—
l | [
X; Xf1 X X X1 X
Electron # 2 Electron # 2
S BN
—
| | | |
X2 X X X2 % X
Electron #3 § 5 ; :‘ Electron #3 ‘%
o
E
—
| | L1
Xi3 % X X3 X X

* X =initial position  * x; = final position of electron n after 7 collisions

The average of the position changes for the case with E > 0is Ax< 0
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Drift Velocity and Mobility

= Thedrift velocity vy, of electronsis defined as:
_ DX

Vdn_A_t

»  Experiment shows that the drift velocity is proportional to the electric field for
electrons

Van = _unE’

with the constant ., defined as the electron mobility.

= Holesdriftin the direction of the applied electric field, with the constant L,
defined as the hole mobility.

How do we know what’s positive and what’s negative?

positive: negative:
E E
e -
—>y > X
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Electron and Hole M obilities

mobilities vary with doping level -- plot isfor 300 K = room temp.

1400 e
\\
1200 \
\
\ €dectrons
1000 \
w
>
[qV]
5 800
2 X
2 600
= __holes \
400 TN
\\\
200 N

0
1013 1014 1015 1016 1017 1018 1019 1020
Ny + N total dopant concentration (cm™3)

“typical values’ for bulk silicon - assuming around 5 x 1016 cm™ doping
My, = 1000 cm?/(V's)

Uy = 400 cm?/(Vs)

at electric fields greater than around 10* VV/cm, the drift velocities
saturate --> max. out at around 107 cmy/s. Velocity saturation is very
common in VL SI devices, due to sub-micron dimensions
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Carrier Transport:  Drift Current Density

Electrons drifting opposite to the electric field are carrying negative charge;
therefore, the drift current density is:

3.0 = (-q) n vy, units: Cem? s1= Acm

3F=(¢g)n(-pE)=gnp,E

Note that Jndr Isin the same direction as the electric field.

For holes, the mobility is p, and the drift velocity isin the same direction asthe
electricfield: vy =HpE

The hole drift current density is:

3.9 = (+0) pvgp

derquUpE
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Drift Current Directionsand Signs

» For electrons, an electric field in the +x direction will lead to a drift velocity in
the -x direction (vy, < 0) and a drift current density in the +x direction (JnOlr > 0).

electron drift
current density

Jdr
—p N

< Vdn

o E

» For holes, an electric field in the +x direction will lead to a drift velocity in the
+x direction (Vgp >0) and a drift current density in the +x direction (JnOIr > 0).

hole drift
current density

Jdr
— Y
— Vd,D

o E
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Carrier Transport: Diffusion

Diffusion is atransport process driven by gradientsin the concentration of particles
in random motion and undergoing frequent collisions -- such asink moleculesin
water ... or holes and electronsin silicon.

Mathematics: find the number of carriersin avolume A\ on either side of the
reference plane, where A is the mean free path between collisions.

= Somenumbers. average carrier velocity = vy, = 10 cm/s, average
interval between collisions = 1., = 1023 s = 0.1 picoseconds

mean free path = A = vy, T, = 10%cm = 0.01 pm

reference plane

(area=A)

p(x)
hole diffusion

- > de”f (positive)

PO —A) —
volume AA:
holes moving \t:o: ume A)\
in + x direction cross 0les moving

in — x direction cross
reference plane within
At=rt..

reference plane within
At=T1,.

= half of the carriersin each volume will pass through the plane before their next
collision, since their motion is random
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Carrier Transport:
Diffusion Current Density

n  Current density = (charge) x (# carriers per second per area):

1 1
gt | 3POCT AN =Sp0c+ MAR

q
p AT c

s |If weassumethat A is much smaller than the dimensions of our device, then we
can consider A = dx and use Taylor expansions :

39 - 4o dp

32 . . . .
0 Pdx where D, = A/ 1 isthe diffusion coefficent
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Electron Transport by Diffusion

» Electrons diffuse down the concentration gradient, yet carry negative charge -->
electron diffusion current density points in the direction of the gradient

n(x) 4

-
X

» Total current density: add drift and diffusion components for electrons and for
holes --

_dr | _diff _ dn
Jo=Jd, tJd, = qnunE+an&
3 = gdr . diff dp

p = Jp *Jdp = APULE-AD o

» Fortunately, we will be able to eliminate one or the other component in finding
the internal currents in microelectronic devices.
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Carrier Transport by Diffusion

Holes diffuse “down” the concentration gradient and carry a positive charge -->
hole diffusion current has the opposite sign to the gradient in hole concentration
dp/dx

o) 4

Electrons diffuse down the concentration gradient, yet carry a negative charge
--> electron diffusion current density has the same sign as the gradient in
electron concentration dn/ dx.

n(x)
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Electron Diffusion Current Density

s  Similar analysisleadsto

diff _ dn
J, = qD”d_x’

where D, is the electron diffusion coefficient (units: cm2/s)

= Numerical values of diffusion coefficients; use Einstein’s relation

KT
q

Pn
Hy

= The quantity KT/qg has units of volts and is called the thermal voltage, Vi
Vi, = KT _ 25-26mV,
q

at “room temperature,” with 25 mV for acool room (62 °F) and 26 mV for a
warm room (83 °F).

We will pick 25 mV or 26 mV depending on which gives the “roundest”
numbers.
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Total Current Densities

= Add drift and diffusion components for electrons and for holes --

Codr o diff dn
Jn=3n +33° = anu E+aD,
g gdr, gdiff =_ap 0P

p~ VYp TYp T APMpE—AY

» Fortunately, we will be able to eliminate one or the other component of the

electron or the hole current in our analysis of semiconductor devices.
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