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Outline of the lecture
* Charge Transport
* thermal velocity
e Carrier transport: drift and diffusion

Read Chapter 4 of the reference book (on moodle)
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Charge Transport E P F L

Key questions

e Are carriers sitting still in thermal equilibrium?
e How do carriers move in an electric field?
e How do the energy band diagrams represent the presence of an electric field?

e How does a concentration gradient affect carriers?



Charge Transport E P F L

Carrier flow in semiconductors

Any motion of free carriers in a semiconductor leads to a current.
Drift:

This motion can be caused by an electric field due to an externally applied voltage (electric field),
since the carriers are charged particles. We will refer to this transport mechanism as carrier drift.

Ex: n-channel MOSFET

Diffusion:
In addition, carriers also move from regions where the carrier density is high to regions where the
carrier density is low. This carrier transport mechanism is due to the thermal energy and the
associated random motion of the carriers. We will refer to this transport mechanism as carrier
diffusion.

Ex: npn bipolar transistors

The total current in a semiconductor equals the sum of the drift and the diffusion currents.

What happens with electrons at a given temperature without electric field? 3



Thermal motion and scattering E PF L

We can think of carriers as particles in an ideal gas.
At finite T, carriers have finite thermal energy. All this energy resides in the kinetic energy of the particles.

Carriers move in random directions: no net velocity, but average carrier velocity is thermal velocity:

Zero electric field

Uth =

m*.. = conductivity effective mass [eV - s2/cm?]

* This is the effective mass that connects the kinetic energy of an electrons with its velocity

* It accounts for all interactions between the carriers and the perfect periodic potential of the lattice.

* m*, and m*,, are different from the effective mass from the density of states (you can find the
values in appendix B on moodle)

For electrons in Si at 300 K (m_..=0.28m,) and v,,.=2 x 10’ cm/s



Thermal motion and scattering E P F L

But... semiconductor crystal is not perfect:
e Atoms themselves are vibrating around their equilibrium position in the lattice

e There are impurities and crystal imperfections.
As carriers move around, they suffer frequent collisions: scattering

Zero electric field Under electric field E

(a) (b)

e Mean free path, |..: average distance travelled between collisions [cm].

e Scattering time, t_.: average time between collisions [s].

T
leg = thhTCE 5




Thermal motion and scattering E PF L

Scattering mechanisms:

1. Lattice or phonon scattering: carriers collide with vibrating lattice atoms
phonon absorption and emission
= some energy exchanged (~ tens of meV )

2. lonized impurity scattering: Coulombic interaction between charged impurities and carriers
= no energy exchanged

3. Neutral impurity scattering with neutral dopants, interstitials, vacancies, etc
4. Surface scattering in inversion layer (surface roughness)
5. Carrier-carrier scattering (important when carrier concentration is high)

Order of magnitude of t. < 1 ps
Then, order of magnitude of I. < 50 nm



Drift

In the presence of an electric field, electrons drift:

E net velocity
N in direction 4 Tce
of field ¢ ?
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average | / |\ A/ | 4 4 o
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time
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fte = electron mobility [em?/V - s]

Electron mobility: = Corresponds to the ease of carrier motion in response to E.
It depends on the strength of the scattering mechanisms.
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Drift E P F L

In the presence of an electric field, electrons drift: dri ft
v(z — _/1’(38
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at high n:

* Mobility is limited by ionized impurity scattering;

* Itis not a strong function of the type of dopant, but only on its concentration.

* Typically, attractive scattering is more pronounced then repulsive: majority carriers have lower mobility



Drift E P - L

. . . . y
Increasing temperature and increasing doping Y
results in reduction of mobility. Ny =10%cm™ S
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Velocity saturation E P F L

The linear relationship between drift velocity and electric field is no longer valid at high fields
Varift |

Usat {------

R e Gk

€ Csat €
drift _ pé
Drift velocity vs. electric field fairly well described by: — 1+ ‘_‘[L‘
Usat
. . . vsat
Field required to saturate velocity: E. = c . .=9¢
c u sat C

Velocity saturation crucial in modern devices:
if u =500 cm?/V.s, £, =2 x10*V/cm (2V across 1 um)

Since u depends on doping, &, depends on doping too. "



Velocity saturation E P F L

The linear relationship between drift velocity and electric field breaks at high fields

Implicit assumption:
quasi-equilibrium, that is, scattering rates not much affected from equilibrium.

pirift ~ & only if vt < oy,
) th

For high E: carriers acquire substantial energy from E
— optical phonon emission strongly enhanced

scattering time: ~ 1/5

Drift velocity saturates at

Vgat =

Mobility depends on doping level and whether carrier is majority or minority-type.
For Si at 300 K:
Veor ~ 107 cm/s for electrons
Vet ~ 6 X108 cm/s for holes

11



Drift current E PF L

Particle flux and current density

particle flux = # particles crossing unity surface (normal to flow) per unit time [cm~2- s71]

current density = electrical charge crossing unity surface (normal to flow) per unit time [C- cm~2 - s71]

JC — _qu particlef/ux: Fe = M —_— nve

dt

Electron and hole current density:

Je = —qnue

Jn = qpuy,

12



Drift current E P F L

Drift current (low fields):
Total current:
Je = quené

Ohm'’s law for semiconductors

Jn = qunp€

Electrical conductivity [(Q - cm)™]: g = q(’u,en -+ th)
1
Electrical resistivity [Q - cm]: N —
q(pten + p1p)
3 ¢
> >
Vdn Vdp
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Drift current

p strong function of doping =

frequently used by wafer vendors to specify doping level of substrates

Si at 300K:

Resistivity (ohm.cm)
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Drift current E P F L

Drift current (high fields):

Jesat = qMVesat

J hsat — qPUhsat

The only way to get more current at high fields is to increase carrier concentration.

15



Exercice E P F L

Estimate the electrons and holes drift velocity, for a n-type Si with resistivity of 0.1 ohm cm
and under an applied field of 1000 V/cm.

Si at 300K:
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Drift current E P F L

Sheet resistance

The sheet resistance concept is used to characterize both wafers and thin doped layers, since it is
typically easier to measure than the resistivity of the material.

The sheet resistance of a uniformly doped layer with resistivity, p, and thickness, t, is given by their
ratio:

Rs=£
5

While the unit of the sheet resistance is Ohms, one refers to it as Ohms per square.

This nomenclature comes in handy when the resistance of a rectangular piece of material with length,

L, and width W must be obtained. It equals the product of the sheet resistance and the number of
squares or:

R=Rs£

W



Transmission line method (TLM) E P F L

technique to determine the sheet resistance and contact resistance

The resistance of a rectangular piece of

The sheet resistance of a doped layer with
material with length, L, and width W

resistivity, p, and thickness, t, is:

rRs=L R=Rs L
t W

Taking into account the contact resistance (R,):

L
R=2R:+ Ry

<
R. ¢ R,

Slope = Rg/W

Semiconductor

Rsemiconductor

h
R
N
<
Total resistance (MQ)

" Intercept = 2R

0 20 40 60 80 100

Channel length (um)
18



Energy band diagram under electric field E PF L

Energy band diagram under electric field:
Energy band diagram needs to account for potential energy of electric field

E
+ >-
d) A
o~~~ 0
X
Ep=-¢ , 0
X

Electron trades potential energy by kinetic energy as it moves to the left

- total electron energy unchanged
19



Energy band diagram under electric field E PF L

Energy band diagram is picture of electron energy
= must add E, to semiconductor energy band diagram = bands tilt: Band bending

€

Measuring from an arbitrary energy reference:

b + Eref = Ep = —q

do ldEc - ldE,.

c— v _ _
dev qdr qdx

Shape of energy bands = shape of ¢ with a minus sign.

Can easily compute E from energy band diagram. 20



Diffusion E P F L

Movement of particles from regions of high concentration to regions of low concentration.

Diffusion produced by collisions with background medium (i.e., vibrating Si lattice).

n/\

L

X

Diffusion flux is proportional to the gradient of concentration [Fick’s first law]

F—_pM
dx
dp

Fp=— h—]
(Z;L

D = diffusion coefficient [cm?/s]
21



Diffusion E P F L

Diffusion current: Electrons and holes are charged particles and their diffusion creates current

dn d
F.=-D — _ an
s “dx Je = qD: dr
dp dp
Fy, = —Dj— J = —gD, L
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Non-uniformly doped semiconductor in thermal equilibrium E PF L

In summary:
U relates to “ease” of carrier drift in an electric field.
D relates to “ease” of carrier diffusion as a result of a concentration gradient.

Is there a relationship between p and D?

23



Non-uniformly doped semiconductor in thermal equilibrium E PF L

In summary:

U relates to “ease” of carrier drift in an electric field.

D relates to "ease” of carrier diffusion as a result of a concentration gradient.
Is there a relationship between p and D?

Yes, Einstein relation:

D. D, kT

e h q

Relationship between D and p only depends on T.

24



Exercice E P F L

Estimate the diffusion coefficients for electrons and holes,
for a p-type Si with resistivity of 0.1 ohm cm

Si at 300K:
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Key conclusions E P F L

At finite temperatures, carriers move around in a random way suffering many collisions: thermal motion.
Dominant scattering mechanisms in bulk Si at 300K: phonon scattering and ionized impurity scattering.
Two processes for carrier flow in semiconductors: drift and diffusion.

General relationship between carrier net velocity (by drift or diffusion) and current density:

Je = —qnue Jn = qpuy,

For low fields, vy~ E
For high fields, vz ™ Vst

Driving force for diffusion: concentration gradient.

Order of magnitude of key parameters for Si at 300K:

— electron mobility: ji, ~ 100 — 1400 cm?/V - s —vgp ~ 2% 10" em/s
— hole mobility: jup ~ 50 — 500 cm?/V - s —~ T <1 P8
— saturation velocity: ve, ~ 107 cm /s — 1. < 50 nm

26



