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Electrons in solids
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In an atom, electrons orbit in their shell, at a given energy.

In a crystal, many electrons occupy a small energy band. There is a
width to the energy band, which is why Pauli Exclusion is not violated.

Within the band, electrons can move easily if there are available states,
because the difference in energy is tiny.

Between bands, electrons must get energy from another source,
because the band gap can be significant.
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Fermi energy

* The highest energy an electron reached if you were to fill the
solid with the intrinsic number of electrons at absolute zero. (No
added thermal energy)

« Meaningfull There is a sea of electrons sitting beneath this
energy.

— If you bring two solids together with different Fermi energies,
the electrons will move around to reach an equilibrium.
e.g. pn junction

— If you try to put a lower energy electron into a solid (at

absolute zero) with a higher Fermi energy, it won't fit. It
cannot be done due to Pauli Exclusion.

» |f the highest energy electron exactly fills a band, the Fermi
Energy is near the center of the bands.
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Above 0 K: Fermi-Dirac statistics
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Fermi Energy: The energy state
whose probability of being
occupied is exactly 1/2 .

Electrons obey Fermi-Dirac
statistics, which describe the
probability of an electron being
present in an allowed energy
state.

Note that if there are no states
at a given energy (i.e., in the
band gap) there will be no
electrons, even if there is finite
probability.
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Doped (extrinsic) semiconductors
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Fermi level positions
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Equilibrium concentration: electrons

Carrier concentration

T R e S p—

= N,
nn = HEIN{E)dE = N f(E.) = ;

~ Nye (FemEr)/hT

& 4ol B —Ep) /T

ng = equilibrium electron carrier concentration
N{E) = density of states

]
wmL kT S : :
N.=2 ( TTh ) = effective density of states
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Equilibrium concentration: holes

JCarrner concentration
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pp = equilibrinm hole carrier concentration
N{E} = density of states
Errn'.-.".n[rT)a"IrE

Ny = (—h{;’— — effective density of states
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Intrinsic semiconductors

In intrinsic semiconductors (no doping) the electron and hole
concentrations are equal because carriers are created in pairs

_[Et—Eﬁ}fﬁkT —{EII_EL'}H'I:.T

1n; = Np€ = p; = N,€

oo = (ﬁ"rr‘ﬁ (H.—Fp)/k -f) (hrtlﬁ—[,f-'r'p—h'ﬂjfk’.f')
= N.N,ye (FemBu)/kT _ NﬂNuf:_Eﬂ“’T — nypy = nff

This allows us to write

(Er—FE:) /KT _ p,e(BimEr) /KT

g = N4;€ o

— As the Fermi level moves closer to the conduction [valence]
band, the n, [p,] increases exponentially
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Temperature dependence of carrier concentrations

- « The intrinsic concentration
R depends exponentially on
= temperature. The T3

i \ dependence is negligible.
) Fatsinds « |onization: only a few donors

Jipls . .
‘k s [acceptors] are ionized.
= '. - Extrinsic: All donors
! [acceptors] are ionized

e \ « Intrinisic: As the temperaure
increases past the point
where it is high enough to
excite carriers across the full
1ol | | | ! . band gaF, intrinsic carriers

; o : eventually contribute more.

TR + Atroom temp (300K), the
intrinsic carrier concentration

, 3/2 of silicon is:
o 2TRT s a3 _E T | (Ep—E)/ET
ry = [J ( - ) (mpms)" " e B/ A Er—E)f n; = 1.5 x 10" jem®

oy fem ¥
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Current flow

There are two mechanisms by which mobile carriers move in
semiconductors — resulting in current flow
— Drift
« Carrier movement is induced by a force of some type
— Diffusion

« Carriers move (diffuse) from a place of higher concentration to
a place of lower concentration

dnlx
Jn(2) = gnpn€ + gDy, d& )
drift Y
diffusion
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Drude model of conductivity

Electrons are assumed to move in a direct path, free of interactions
with the lattice or other electrons, until it collides.

This collision abruptly alters its velocity and momentum.

The probabilty of a collision occuring in time dt is simply di/r, where ris
the mean free time. ris the average amount of time it takes for an
electron to collide.

J = —{qNUgug = qnﬂﬂg

The current is the charge*number of electrons™area“velocity in a unit of
time. Forj = current density, divide by the area. The drift velocity (v,) is
a function of charge mobility () and electric field (E).

At equilibrium, there is no net motion of charge, v, , = 0.

With an applied electric field, there is a net drift of electrons [holes]
against [with] the electric field resulting in an average velocity.

This model allows us to apply Newton's equations, but with an effective
mass. The effective mass takes the interactions with the rest of the

solid into account.

Gu-Yeon Wei/Harvard



Drude model of conductivity

v=ug+at F=qF =ma .'1:5'5

Consider an electron just after a collision. The velocity it acquires
before the next collision will be acceleration*time

ET ng>T ng-T
Vaug = q J=JE=(Q )E g = 'LE'.

= T m*

We want the average velocity of all the electrons, which can be
obtained by simply averaging the time, which we already know is .

We can also write this in terms of mobility:

qt Vaug
T = qnp L= = —
o ! m* E
Taking both holes and electrons into account, we end up with the
following formula for current density due to drift.

J = q(npm +ppp) E
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Hall effect

+  Moving electrons experience a force
due to a perpendicular B field

1 « An electric field develops in response
to this force.

_ «  The sign of this field perpendicular to
L the flow of current determines the
' carrier type.

«  Density and mobility can also be
calculated.

p = resistivity
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Diffusion

Diffusion results in a net flux of particles from the region of higher
concentration to the region of lower concentration

— This flux leads to current (movement of charged particles)
— Magnitude of current depends on the gradient of concentration

dn(x)
dx

deil:fu.t;iun (I) — Q'Dﬂ

— D, is the diffusivity coefficient

Diffusivity is related to mobility by Einstein’s relationship
D, D, kT
Hn Hp q

— Typical values for Si at room temp
» D,=34 cm¥s and D, = 13 cm?/s
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pn junction diodes

ldeal diode
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Characteristics of pn junction diode

Given a semiconductor PN
junction we get a diode with
the following current-voltage
(IV) characteristics.

“Turn on” voltage based on the
“built-in” potential of the PN
junction

Reverse bias breakdown
voltage due to avalanche
breakdown (on the order
of several volts)
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Current equations

« The forward bias current is closely approximated by
i =1, (ﬁ"-”’” VT _ 1) where Vr = kT/q

where V;is the thermal voltage (-25mV at room temp)

k = Bolizman's constant = 1.38 x 10-= joules/kelvin
T = absolute temperature
q = electron charge = 1.602 x 10-'° coulombs
n = constant dependent on matenal, between 1 and 2 (we will assume n = 1)
|. = scaled current for saturation current that is set by dimensions

— Notice there i1s a strong dependence on temperature

— We can approximate the diode equation for i == I,

]
i o Lev/nVr
~ e

» Inreverse bias (when v << 0 by at least V; ), then

* |n breakdown, reverse current increases rapidly... a vertical line
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Mobile carriers

Now let's look at physical mechanisms from which the current

equations come.

— We've seen that holes and electrons move through a
semiconductor by two mechanisms — drift and diffusion

f“#

-

Bound charges
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Free electrons

Depletion region

— In equilibrium, diffusion current (/) is balanced by drift current (/).
So, there is no net current flow. Drift current comes from (thermal)
generation of hole-electron pairs (EHP).
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Band diagrams

When the P-type material is contacted

with the N-type matenial, the Fermi
levels must be at equilibrium.

Band bending: The conduction and
valence bands “bend” to align the
Fermi levels.

Electrons diffuse from the N-side to
the P-side and recombine with holes
at the boundary. Holes diffuse from
the P-side to the N-side and
recombine with electrons at the
boundary. There is a region at the
boundary of charged atoms — called
the space-charge region (also called
the depletion region b/c no mobile
carriers in this region)

An electric field is created which
results in a voltage drop across the
region — called the barrier voltage or
built-in potential
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What happens when n-type meets p-type?

Holes diffuse from the p-type into the n-type, electrons diffuse from the n-type
into the p-type, creating a diffusion current. The diffusion equation is given by

Jn, = ql, 3—: where [J,, is the diffusion constant
Once the holes [electrons] cross into the n-type [p-type] region, they recombine
with the electrons [holes].
This recombination “strips” the n-type [p-type] of its electrons near the boundary,
creafting an electric field due to the positive and negative bound charges.
The region “stripped” of carriers is called the space-charge region, or depletion
region.
Vg Is the contact potential that exists due to the electric field.

dV

a

E[::I::I =

Some carrers are generated (thermally) and make their way into the depletion
region where they are whisked away by the electric field, creating a drift current.
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Equilibrium motion of carriers

In equilibrium, diffusion current is balanced by drift current. Moreover, the built-
in potential (electric field) stops the diffusion by imposing a larger barrier to holes
and electrons.

The diffusion current is determined by the # of carriers able to overcome the

potential barrier. The drift current 1s determined by the generation of minority
carriers (in the depletion region) which then move due to the E-field. This

generation is determined by the temperature.

| y dn(x)

J-u.(\:ﬂ} = iy ”{I}b{\jﬂ) + qﬂ”Ti.
dp(x

Jplx) = qupp(x) E(x) + gDy, ‘2{( )

—— £ .

drift e
diffusion

At equilibrium, the two components are equal. ..
D ki .
— = — Einstein’s relationship
H q
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E-field and ‘built-in’ potential

« Diffusion is balanced by drift due to

. . " .':_:j Er‘:‘-
bound charges at the junction that ;Se D0
induce an E-field. 0Oe|ee

« Integrating the bound charge
density gives us the E-field

Elr) = : f-'*‘ plax) dr

Eren J_no

« Integrating the E-field gives the

potential gradient \/

. —=dV
&= el

vl /’/—F'_
Vi) = - /_ N Elr)dr ) /
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Junction built-in voltage

« With no external biasing, the voltage across the depletion region is:

NaN
Vo = Vpln =2

;

— Typically, at room temp, V,is 0.6~0.8V

» How does V,; change as temperature increases?

— Interesting to note that when you try to measure the potential
across the pn junction terminals, the voltage measured will be 0. In
other words, V, across the depletion region does not appear across
the diode terminals. This is b/c the metal-semiconductor junction at
the terminals counteract and balance V. Otherwise, we would be
able to draw energy from an isolated pn junction, which violates
conservation of energy.
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Width of the depletion layer

The depletion region exists on both sides of the
junction. The widths in each side 15 a function of
the respective doping levels. Charge-equality

W
gives: ¢ e
qrpANs = qr, ANp aa3|9e
F-type MN-type
] CoOO|®@®
Tn N4 0O00|e®
Iy PM'T;_; X5 U X
The width of the depletion region can be found
as a function of doping and the built-in voltage. ..
I-. - .-‘\Ell:x}
_ (2, {1 1 .
-Iz\ / X, X
g 15 the electrical permittivity of silicon = 11.7¢g c
(units in F/em) o
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Band Diagram under Bias
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« Applying a bias adds or
subtracts to the built-in
potential.

» This changes the diffusion
current, making it harder or
easier for the carriers to . B 4
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PN Devices: LED and Solar Cell

 Light-emitting diode (LED)
— Converts electrical input to light output: electron in — photon out
— Light source with long life, low power, compact design.
— Applications: traffic and car lights, large displays.

 Solar Cell
— Converts light input to electrical output: photon in — electron out
(generated electrons are “swept away” by E field of pn junction)

— Renewable energy source!

LED Solar Cell
Conduction Conduction
- " band Eets band
f Absorbed T
: ANNNA I =
lig ) hf = E photon lig

g
® o'@ e @ o o/ Valence ® clectrons \/\/\?G) @ # ® o @ | Valence
e ® o ¢ o« (1) e band @ holes @ o © © o o o band

(a) Light emission (b) Light absorption
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