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Carrier transport

* We have discussed equilibrium condition in a semiconductor
without any variations in space.

* We know how to obtain n and p, given the doping densities
(Ng and N,) and temperature.

* This background is useful even in non-equilibrium situations
because there are regions in a semiconductor device which are
almost in equilibrium.

* We now go one step further and develop an understanding of
current flow and carrier dynamics in a semiconductor, an essential
ingredient in any semiconductor device.
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Drift current

E E
£=0 Ax | Ax
X 2
electron/hole hole electron

* The motion of carriers under the action of an electric field is known as “drift.”

* In a semiconductor, electrons and holes are continuously moving with large instantaneous
velocities. However, their trajectories are interrupted because of “scattering events.”

* With zero electric field, the average displacement of a carrier is zero.
* In the presence of an electric field, a carrier undergoes a net change Ax in its position

. Ax . . . .
over a time interval At. Ar is called the "drift velocity” of the carrier.
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Scattering of carriers

* Phonons: Phonons can be thought of as quantum-mechanical “particles” representing
lattice vibrations. An electron or a hole can absorb or emit a phonon, gaining or losing
energy, accompanied by a change in its momentum.
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Scattering of carriers

* Phonons: Phonons can be thought of as quantum-mechanical “particles” representing
lattice vibrations. An electron or a hole can absorb or emit a phonon, gaining or losing
energy, accompanied by a change in its momentum.

* Impurity ions: An ionised donor or acceptor atom is a disruption in the periodic lattice
potential of a semiconductor and is therefore a cause for carrier scattering.

* Defects: A semiconductor crystal may have defects, i.e., departures from its periodic
structure. These deviations cause a change in the periodic lattice potential and therefore
lead to scattering.

interstitial .
defect

vacancy edge dislocation

* Note that the atoms of the semiconductor crystal do not cause scattering. They are
already accounted for in computing the band structure of the semiconductor.
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* At low fields (up to a few kV/cm), the drift velocity vy varies linearly with the electric field £. (Note that
a 10x change in € causes a 10x change in vy.)
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* At low fields (up to a few kV/cm), the drift velocity vy varies linearly with the electric field £. (Note that
a 10x change in € causes a 10x change in vy.)

* The low-field region is characterised by the “mobility” (u, for electrons, p, for holes), defined as p = ﬁ.
i cm 1 cm? €
* Units of u: — X — —.
s V/cm V-s

* = q— where m* is the effective mass and 7 is the momentum relaxation time, i.e., the average time
m*

interval between successive scattering events (typically 10714 to 10~ sec, i.e., 0.01 ps to 1ps).
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* The velocity-field relationship is related to the detailed band structure and scattering
mechanisms in the semiconductor.
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Drift current
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* The velocity-field relationship is related to the detailed band structure and scattering
mechanisms in the semiconductor.

As & is increased, vy saturates in silicon.

In GaAs, as £ is increased, vy increases, reaches a peak, and then decreases to saturate
to a constant value.
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* The velocity-field relationship is related to the detailed band structure and scattering
mechanisms in the semiconductor.

As & is increased, vy saturates in silicon.
In GaAs, as £ is increased, vy increases, reaches a peak, and then decreases to saturate
to a constant value.

* The mobility varies significantly with temperature and doping density.

1000
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* The electric field shown in the figure causes holes to drift in the 4+x direction with a
velocity vg and electrons in the —x direction with a velocity —v.
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Drift current

— E electric field

Area A —-—— F, electron flux
— F, hole flux
— J, electron current density
— J, hole current density

* The electric field shown in the figure causes holes to drift in the 4+x direction with a
velocity vg and electrons in the —x direction with a velocity —v.

* “Flux” is defined as the number of carriers crossing a unit area in one second.
* Consider the box in the figure.
number of holes in the box 1 pAAx 1

Fp = - X — = 5 X —
time to traverse Ax A Ax/vf A

Similarly, 7, = —n vy
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Drift current

— E electric field

Area A —-—— F, electron flux
— F, hole flux

— J, electron current density

— J, hole current density

* The electric field shown in the figure causes holes to drift in the 4+x direction with a
velocity vg and electrons in the —x direction with a velocity —v.

* “Flux” is defined as the number of carriers crossing a unit area in one second.
* Consider the box in the figure.
number of holes in the box 1 pAAx 1

Fp = : X = = oo =
time to traverse Ax A Ax/vf A

=p vg.
Similarly, 7, = —n vy

* Current density J = Jp 4+ Jn = (+q) X Fp + (—q) X Fa = q(pvh + nv]).
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* Current density J = Jy + Jp = +qFp + (—q)Fp = q(p vy + nvj]).
* |If the electric field is small, vg = pup&, vj = un.
—J=q(ppp+pnn) € e, o=q(upp+ pnn).
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Drift current
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* Current density J = Jy + Jp = +qFp + (—q)Fp = q(p vy + nvj]).
* If the electric field is small, vi = pp€, v = pin€.
—J=q(ppp+pnn) € e, o=q(upp+ pnn).
2 1 \%

. cm
* Check units: Coul X — X — x —
V-s  cm3  cm
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Drift current
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* Current density J = Jy + Jp = +qFp + (—q)Fp = q(p vy + nvj]).
* |If the electric field is small, vg = pup&, vj = un.
— J=q(pupp+ pnn) €, ie., o= q(upp+ pnn).

2 1 vV A
* Check units: Coul x o= L AP~
V-s cm3 cm cm?

M. B. Patil, IIT Bombay



Example

For the rectangular silicon bar shown in the figure, L =50 um, and the cross-sectional area is
20 um?. It is uniformly doped with Ny =5 x 1017 cm—3. At T =300K and with an applied
voltage of 5V, find the following.
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Example

For the rectangular silicon bar shown in the figure, L =50 um, and the cross-sectional area is
20 um?. It is uniformly doped with Ny =5 x 1017 cm—3. At T =300K and with an applied
voltage of 5V, find the following.

(a) electric field,

(b) current density,

(c) total current,

(d) resistance of the bar,

(e) conductivity and resistivity of the material.
Given: pip, =400cm?/V-s for Ny =5 x 107 cm™3 at T =300K.

(Note: Such a bar does not exist in isolation, but we can fabricate a region inside a silicon wafer which would

resemble this structure.)
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Assuming all donors to be ionised, n = p + Nj ~ Ny =5 x 107 cm~3.
Assume that the metal-semiconductor contacts serve as a perfect source or sink for the carriers.

The applied voltage appears across the semiconductor, resulting in a uniform field and causing
a drift current.

dv % v
- VN_ 5V ie., —1kV/cm = &
dx L 50 x 10~%cm
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Assuming all donors to be ionised, n = p + Nj ~ Ny =5 x 107 cm~3.
Assume that the metal-semiconductor contacts serve as a perfect source or sink for the carriers.

The applied voltage appears across the semiconductor, resulting in a uniform field and causing
a drift current.

dv Vi v

:77:7f0:757i.e.,71kV/cm550
dx L 50 x 10~%cm

1 dE, L

el RN dE. = —q 21 = qVy=—5eV

q d x=0
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Assuming all donors to be ionised, n = p + Nj ~ Ny =5 x 107 cm~3.
Assume that the metal-semiconductor contacts serve as a perfect source or sink for the carriers.

The applied voltage appears across the semiconductor, resulting in a uniform field and causing
a drift current.

dv V. Y,

- v__M_ 5V ie., —1kV/cm = &
dx L 50 X 10~%cm

1 dE, L Ve

ST g dE. = —q 21 = qVy= —5eV.

q dx x=0 L

&o is sufficiently low — we can use vy = pué€.
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Assuming all donors to be ionised, n = p + N;r ~ Ny =5 x 107 cm~3.
Assume that the metal-semiconductor contacts serve as a perfect source or sink for the carriers.

The applied voltage appears across the semiconductor, resulting in a uniform field and causing
a drift current.

dv V. Y,

- v__M_ 5V ie., —1kV/cm = &
dx L 50 X 10~%cm

1 dE, L Ve

ST g dE. = —q 21 = qVy= —5eV.

q dx x=0 L

&o is sufficiently low — we can use vy = pué€.

J=dn+dp=q(npn+ppp)E~qNgpu, &

1 2 \Y,
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Assuming all donors to be ionised, n = p + N;r ~ Ny =5 x 107 cm~3.

Assume that the metal-semiconductor contacts serve as a perfect source or sink for the carriers.

The applied voltage appears across the semiconductor, resulting in a uniform field and causing
a drift current.

dv V. Y,

- v__M_ 5V ie., —1kV/cm = &
dx L 50 X 10~%cm

1 dE, L Ve

ST g dE. = —q 21 = qVy= —5eV.

q dx x=0 L

&o is sufficiently low — we can use vy = pué€.
J=dn+dp=q(npn+ppp)E~qNgpu, &
1 2 \%
=1.6x10719C x 5 x 1017 —— x 400 = x ( —103 —
cm3 \A cm
—3.2 x 10* A/cm?.

M. B. Patil, IIT Bombay



-

Jx A=32x10*A/cm? x 20 x 1078 cm? = 6.4 mA.

i
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I =JxA=32x10*A/cm? x 20 x 1078 cm? = 6.4 mA.

Resistance R = ? = 7809Q.
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I =JxA=32x10*A/cm? x 20 x 1078 cm? = 6.4 mA.

Resistance R = ? = 7809Q.
J £
J:agﬁazg:qngn =qnp,=32/Q-cm.

M. B. Patil, IIT Bombay



=qnpu, =32/Q-cm.

(or compute o directly from J and £.)
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=qnpu, =32/Q-cm.

(or compute o directly from J and £.)

1
p=—=312x10"2Q-cm.
o
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Example

(a) Calculate the conductivity and resistivity of intrinsic silicon at T =300 K.
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Example

(a) Calculate the conductivity and resistivity of intrinsic silicon at T =300 K.

(b) How would o change if the temperature increases by 10°C?
Given: The electron and hole mobilities for undoped silicon (Ny — 0, N, — 0) are
tn=1500cm?/\.s, pp=450cm?/\,s at 300 K.

Solution:
(a) For intrinsic silicon, n=p =n; ~10%cm=3 at T =300K.
o= q(unni +ppn;)=312x107%/Q-cm — p=1/0=3.2 x 10° Q-cm.

(b) nj for silicon nearly doubles every 10 °C near room temperature.

T(°C) | ni(cm™3)
25 8.1 x 10°
35 1.7 x 1010
45 3.5 x 10%0
55 6.9 x 1010
65 1.3 x 101!
75 2.3 x 101
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Example

(a) Calculate the conductivity and resistivity of intrinsic silicon at T =300 K.

(b) How would o change if the temperature increases by 10°C?
Given: The electron and hole mobilities for undoped silicon (Ny — 0, N, — 0) are
tn=1500cm?/\.s, pp=450cm?/\,s at 300 K.

Solution:
(a) For intrinsic silicon, n=p =n; ~10%cm=3 at T =300K.
o= q(unni +ppn;)=312x107%/Q-cm — p=1/0=3.2 x 10° Q-cm.

(b) nj for silicon nearly doubles every 10 °C near room temperature.

The mobilities 11n and pp do not change significantly over this temperature range.

T(°C) | ni(cm™3)
25 8.1 x 10°
35 1.7 x 1010
45 3.5 x 10%0
55 6.9 x 1010
65 1.3 x 101!
75 2.3 x 101
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Example

(a) Calculate the conductivity and resistivity of intrinsic silicon at T =300 K.

(b) How would o change if the temperature increases by 10°C?
Given: The electron and hole mobilities for undoped silicon (Ny — 0, N, — 0) are
tn=1500cm?/\.s, pp=450cm?/\,s at 300 K.

Solution:
(a) For intrinsic silicon, n=p =n; ~10%cm=3 at T =300K.
o= q(unni +ppn;)=312x107%/Q-cm — p=1/0=3.2 x 10° Q-cm.

(b) nj for silicon nearly doubles every 10 °C near room temperature.

The mobilities 11n and pp do not change significantly over this temperature range.

— at T=310K, nj~2 x 1019 em—3, and o will double.

T(°C) | ni(cm™3)
25 8.1 x 10°
35 1.7 x 1010
45 3.5 x 10%0
55 6.9 x 1010
65 1.3 x 101!
75 2.3 x 101
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Effect of doping

Let us compare the two cases we have discussed.

(a) Silicon with Ny =5 x 107 cm~—3, T =300K: o = 32 /Q-cm.
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Effect of doping

Let us compare the two cases we have discussed.

(a) Silicon with Ny =5 x 107 cm~—3, T =300K: o = 32 /Q-cm.
(b) Intrinsic silicon, T=300K: ¢ = 3.12 x 10~° /Q-cm.

By replacing 5 x 107 silicon atoms per cm3 with donor atoms,

5 x 1022

" —=10° atoms, we can change the conductivity
5 x 1017

i.e., one in nearly

by a factor of 107.
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Effect of doping

Let us compare the two cases we have discussed.

(a) Silicon with Ny =5 x 107 cm~—3, T =300K: o = 32 /Q-cm.
(b) Intrinsic silicon, T=300K: ¢ = 3.12 x 10~° /Q-cm.

By replacing 5 x 107 silicon atoms per cm3 with donor atoms,

5 x 1022

" —=10° atoms, we can change the conductivity
5 x 1017

i.e., one in nearly
by a factor of 107.

A huge change!
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* Consider a group of particles confined to a narrow region at t = tp, with randomly
assigned initial velocities.
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assigned initial velocities.

* The particles are subjected to random scattering events.

* As time advances, the distribution function becomes more uniform, i.e., its peak reduces,
and it spreads in space.
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* Consider a group of particles confined to a narrow region at t = tp, with randomly
assigned initial velocities.

* The particles are subjected to random scattering events.

* As time advances, the distribution function becomes more uniform, i.e., its peak reduces,
and it spreads in space.

*

The particles “diffuse” much like smoke emanating from a chimney.
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Consider the “balls and bins” system in the figure, governed by the following rules.

* A ball can move from its present bin to an adjacent bin (but not beyond that) in each
time step At.
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Consider the “balls and bins” system in the figure, governed by the following rules.

* A ball can move from its present bin to an adjacent bin (but not beyond that) in each
time step At.

* The probabilities of a ball staying in its current bin, moving to the left bin, and moving to
the right bin (in one time step) are 0.3, 0.35, and 0.35, respectively.



Consider the “balls and bins” system in the figure, governed by the following rules.

* A ball can move from its present bin to an adjacent bin (but not beyond that) in each
time step At.

* The probabilities of a ball staying in its current bin, moving to the left bin, and moving to
the right bin (in one time step) are 0.3, 0.35, and 0.35, respectively.



Consider the “balls and bins” system in the figure, governed by the following rules.

* A ball can move from its present bin to an adjacent bin (but not beyond that) in each
time step At.

* The probabilities of a ball staying in its current bin, moving to the left bin, and moving to
the right bin (in one time step) are 0.3, 0.35, and 0.35, respectively.



“ ,JIHHL, et

I t=0 t=2At t=5At t=20At

Consider the “balls and bins” system in the figure, governed by the following rules.

* A ball can move from its present bin to an adjacent bin (but not beyond that) in each
time step At.

* The probabilities of a ball staying in its current bin, moving to the left bin, and moving to
the right bin (in one time step) are 0.3, 0.35, and 0.35, respectively.
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Consider the “balls and bins” system in the figure, governed by the following rules.

* A ball can move from its present bin to an adjacent bin (but not beyond that) in each
time step At.

* The probabilities of a ball staying in its current bin, moving to the left bin, and moving to
the right bin (in one time step) are 0.3, 0.35, and 0.35, respectively.

We can make the following observation.

* The driving force behind the process of diffusion is a concentration gradient.

M. B. Patil, IIT Bombay



“ ,JIHHL, et

I t=0 t=2At t=5At t=20At

Consider the “balls and bins” system in the figure, governed by the following rules.

* A ball can move from its present bin to an adjacent bin (but not beyond that) in each
time step At.

* The probabilities of a ball staying in its current bin, moving to the left bin, and moving to
the right bin (in one time step) are 0.3, 0.35, and 0.35, respectively.

We can make the following observation.
* The driving force behind the process of diffusion is a concentration gradient.

* If all bins were equally populated, the number of balls going from bin k to an adjacent
bin (k — 1 or k + 1) would be equal to the number of balls coming from that bin. As a
result, the population of each bin would remain constant with time.
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* The process of diffusion is described by Fick’s law:
d
Fx=—-D d—n (F = —D Vn in three dimensions),
Ix
where Fy is the flux (number of particles crossing a unit area in a unit time), 7 is the

particle concentration, and D is the diffusion coefficient.
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* The process of diffusion is described by Fick’s law:
d
Fx=—-D d—n (F = —D Vn in three dimensions),
Ix
where Fy is the flux (number of particles crossing a unit area in a unit time), 7 is the

particle concentration, and D is the diffusion coefficient.

* In semiconductors, diffusion of electrons and holes is described by

dn dp
Fn=—D, e Fp = fD,,a.

M. B. Patil, IIT Bombay



* The process of diffusion is described by Fick’s law:
dn

Fx=—-D o (F = —D Vn in three dimensions),
/x

where Fy is the flux (number of particles crossing a unit area in a unit time), 7 is the
particle concentration, and D is the diffusion coefficient.

* In semiconductors, diffusion of electrons and holes is described by

dn dp
Fn=—D, e Fp = fD,,a.

. 1 1 1
* Units of D: D"Nf"xﬁﬁﬁﬁ
dx cm3 cm
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* The process of diffusion is described by Fick’s law:
dn

Fx=—-D o (F = —D Vn in three dimensions),
/x

where Fy is the flux (number of particles crossing a unit area in a unit time), 7 is the
particle concentration, and D is the diffusion coefficient.

* In semiconductors, diffusion of electrons and holes is described by

dn dp
Fn=—D, e Fp = fD,,a.
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* The process of diffusion is described by Fick’s law:
d
Fx=—-D d—n (F = —D Vn in three dimensions),
Ix
where Fy is the flux (number of particles crossing a unit area in a unit time), 7 is the
particle concentration, and D is the diffusion coefficient.

* In semiconductors, diffusion of electrons and holes is described by

dn dp
Fn=—D, e Fp = fD,,a.

. 1 1 1 cm?
* Units of D: an]:nxﬁamiﬁT,
dx cm3 cm

S dn . . - . N
* The negative sign implies that, if ™ is negative, electrons will diffuse in the +x direction
Ix

(and vice versa).
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Diffusion

* The process of diffusion is described by Fick’s law:
d
Fx=—-D d—n (F = —D Vn in three dimensions),
Ix
where Fy is the flux (number of particles crossing a unit area in a unit time), 7 is the
particle concentration, and D is the diffusion coefficient.

* In semiconductors, diffusion of electrons and holes is described by

dn dp
Fn=—D, e Fp = fD,,a.

. 1 1 1 cm?
* Units of D: an]:nxﬁamiﬁT,
dx cm3 cm

S dn . . - . N
* The negative sign implies that, if ™ is negative, electrons will diffuse in the +x direction
Ix

(and vice versa).

n (or p) n(or p)

- -
F F
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Total electron and hole current densities

* Flux due to drift:
fﬁlrift — 7",Ufng,
]:;J:Irift — +Pﬂp6-

Drift
electron electron
[ ] [ ]
hole hole
o] o]
— —

& &



Total electron and hole current densities

* Flux due to drift:
fﬁlrift — 7",Ufng,

. Drift
]:;J:Inft — +Pﬂp5-
* Flux due to diffusion: elec.tron elec.tron
. dn
it = -, ", hoe roe
dx [¢) [¢)
i dp — —
diff _ c c
]:p\ =—Dp & & &
Diffusion
n (or p) n(or p)




Total electron and hole current densities

* Flux due to drift:
fﬁlrift — 7",Ufng,

. Drift
Fo = +pupk. '
* Flux due to diffusion: elec.tron elec.tron
. dn
]:g\ff = D, —, hole hole
dx [¢) [¢)
. dp — —
Fdiff — _p 9P & &
P P dx
* Total flux [(cm?-s)~1]:
Diffusion
_ drift diff
Fn=Fp" + FpM, n (or p) n(or p)
]:P — ]:drift + Fdiff
P p -
X X

M. B. Patil, IIT Bombay



Total electron and hole current densities

* Flux due to drift:
fﬁlrift — 7",Ufng,

]:;J:Irift _ +pup5. Drift
% Flux due to diffusion: clecren ey
) d
fg\ff — *Dn l, hole hole
dx o o
. dp — —
fd\ff I - c o
P P dx : <
* Total flux [(cm?-s)~1]:
Diffusion
Fn = Fyift + FifT, n (or p) n(or p)
]:P — ]:drift + Fdiff
P p -
* Current density (A/cm?):
dn
In=—qFn=qnpun€ +qDp —,
dx
dp X *
Jp = +qFp = qp 11p€ — qDp >
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Example of equilibrium conditions

Consider a section of a silicon crystal in equilibrium, with the band L R

——
diagram shown in the figure. 4//'/&/—
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Example of equilibrium conditions

Consider a section of a silicon crystal in equilibrium, with the band A I R IS I
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* Note that Ef is constant, a characteristic feature of the }: 0 Er ]
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Example of equilibrium conditions

Consider a section of a silicon crystal in equilibrium, with the band L A S I
diagram shown in the figure. 4//'?;/—
* Note that Ef is constant, a characteristic feature of the }: 0 [
equilibrium condition. =
o0
(For now, we are not concerned about why there is band o
bending.) w
. o —08 E.
* Since (Ec — EF) and (EF — E,) are varying in space, ‘ ‘ |
n=Nce (Ec=EF)/kKT and p= N, e (EF~E)/KT \ill also vary 108 — w w w
in space. \*
— 10™- n A
* Since Ef is close to Ec; the electron density is much larger ""E L i
than the hole density (notice the log scale). S ok ]
o
=z L i
6 [ -
10 f
102 i Y S S ST SO S SO S MY
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Example of equilibrium conditions

Consider a section of a silicon crystal in equilibrium, with the band L A S I
diagram shown in the figure. 4//'?;/—
* Note that Ef is constant, a characteristic feature of the % 0 [
equilibrium condition. =
o0
(For now, we are not concerned about why there is band o
bending.) w
. o ~038 E
* Since (Ec — EF) and (EF — E,) are varying in space, ‘ ‘ |
n=Nce (Ec=EF)/KT and p= N, e~ (EF—=E)/KT \ill also vary 10'® \ \ \ \
in space. \*
— 10™- n A
* Since Ef is close to Ec; the electron density is much larger (?E L i
than the hole density (notice the log scale). S ok ]
o
* Note that np= n% in equilibrium for non-degenerate < 106: :
conditions. f
102 S S S SRS SO S MY
0 0.5 1 1.5
x (nm)
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Example of equilibrium conditions

L e T T T T T
& | _1f ]
— 0 8

2 Er 15 1 7

% 13 o

5] 19 \
S 1% L \ jdiff R i

1 Z \In Vi
1 ™ \
-0.8 E, I N R
Il Il L ] L . Il Il L
1008 R B B
\ 5 drift ]
;"\ 104} n - wg r Jp 1
e T 1< ) L
< 100F S S a—
S | 13 ¢ e A
10 f = o 5L J ]
L 4 -5 N / B
102 P S S S S N Lo “7"/ ]
0 0.5 1 15 0 0.5 1 15
x (Hm) x (um)

Current directions:
* Jdrift: E= 1 dEc
n q dx
(Electrons flow “downhill” due to electric field.)

>0 — Fgift <0 — Jgift > 0,
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Example of equilibrium conditions
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— 0 8
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% 13 o

5] 19 \
S 1% L \ jdiff R i

1 Z \In Vi
1 ™ \
-0.8 E, I N R
Il Il L ] L . Il Il L
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\ 5 drift ]
;"\ 104} n - wg r Jp 1
e T 1< ) L
< 100F S S a—
S | 13 ¢ e A
10 f = o 5L J ]
L 4 -5 N Y B
102 P S S S S N Lo ‘7"/ ]
0 0.5 1 15 0 0.5 1 15
x (Hm) x (um)

Current directions:
) 1 dE,
* Jdrlft: == <
P q dx
(Holes flow “uphill” due to electric field.)

>0 — Fgift > 0 — Jgift > 0,
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Example of equilibrium conditions

L e T T T T T
& | _1f ]
— 0 8

2 Er 15 1 7

% 13 o

5] 19 \
S 1% L \ jdiff R i

1 Z \In Vi
1 ™ \
-0.8 E, I N R
Il Il L ] L . Il Il L
1008 R B B
\ 5 drift ]
;"\ 104} n - wg r Jp 1
e T 1< ) L
< 100F S S a—
S | 13 ¢ e A
10 f = o 5L J ]
L 4 -5 N Y B
102 P S S S S N Lo ‘7"/ ]
0 0.5 1 15 0 0.5 1 15
x (Hm) x (um)

Drift current magnitudes:

. Jgrift _qnun&  nup

JI T gpup € pup

|Jgrift| > ‘Jgrift‘_
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Example of equilibrium conditions
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Example of equilibrium conditions

T - T T T T T T
& ]
— 0 N
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5 1y
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-08 E, ]
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Current directions:
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Example of equilibrium conditions

L e T T T T T
& | _1f ]
— 0 8

2 Er 15 1 7

% 13 o

5] 19 \
S 1% L \ jdiff R i

1 Z \In Vi
1 ™ \
-0.8 E, I N R
Il Il L ] L . Il Il L
1008 R B B
\ 5 drift ]
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e T 1< ) L
< 100F S S a—
S | 13 ¢ e A
10 f = o 5L J ]
L 4 -5 N Y B
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x (Hm) x (um)

Detailed balance: At equilibrium, each elementary process should be equilibrated by its reverse process. (wiki)
* In equilibrium, J*%@! = J, + J, = 0.
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Example of equilibrium conditions

L e T T T T T
& | _1f ]
— 0 R

2 Ee 18 i

@ 13 o

5] 19 \
S 1% L \ jdiff R i

1 \In Vi
1 ™ \
-0.8 E, I N 1
Il Il L ] L . Il Il L
1008 R B B
\ . 5r arift ]
;"\ 104} n - wg r Jp 1
e T 1< ) L
: 100 Bl = 7]
< ol 1% T s .
10 f = o 5L J ]
L 4 -5 N / 4
102 P S S S S N Lo “7"/ ]
0 0.5 1 1.5 0 0.5 1 15
x (Hm) x (um)

Detailed balance: At equilibrium, each elementary process should be equilibrated by its reverse process. (wiki)
* In equilibrium, J*%@! = J, + J, = 0.

* Also, J, =0 and J, =0 individually — J$ft = — Jdiff = ydrift — _ jdiff
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Equilibrium conditions: implication of Jd"ift = — ydiff

In a non-degenerate semiconductor in equilibrium,

n= Ncef(Ec*EF)/kT’

where Ef is constant, and E. may vary with x, as we saw in the last example.
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Equilibrium conditions: implication of Jd"ift = — ydiff

In a non-degenerate semiconductor in equilibrium,

n= Ncef(Ec*EF)/kT’

where Ef is constant, and E. may vary with x, as we saw in the last example.
1 dE. dE.

JIf — qnpunE =qnps — =n
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Equilibrium conditions: implication of Jd"ift = — ydiff

In a non-degenerate semiconductor in equilibrium,

n= Ncef(Ec*EF)/kT’

where Ef is constant, and E. may vary with x, as we saw in the last example.
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S = qnpnE =qnpn— — =np, —.
q dx dx
. dn _(E._ 1 dE q dE.
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Equilibrium conditions: implication of Jd"ift = — ydiff

In a non-degenerate semiconductor in equilibrium,

n= Ncef(Ec*EF)/kT’

where Ef is constant, and E. may vary with x, as we saw in the last example.
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Equilibrium conditions: implication of Jd"ift = — ydiff

In a non-degenerate semiconductor in equilibrium,

n= Ncef(Ec*EF)/kT’

where Ef is constant, and E. may vary with x, as we saw in the last example.

. 1 dE, dE,

J,‘f”ft:qn,ungzqn,u,nf C:n/ln C.
q dx dx

: 1 dE q
gdiff — op 9 _ o p Noe—(Ec—Ep)/kT < _ 1
n = abn =g Nee KT dx kT

) . dE, q dE,
SR = T a5 = LDy Z

D kT
— — = —— = V7 (thermal voltage).

Hn q
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In a non-degenerate semiconductor in equilibrium,

n= Ncef(Ec*EF)/kT’

where Ef is constant, and E. may vary with x, as we saw in the last example.

. 1 dE, dE,
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Similarly, —» —% = — = V7.
Hp

This is known as Einstein's relation.
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In a non-degenerate semiconductor in equilibrium,

n= Ncef(Ec*EF)/kT’

where Ef is constant, and E. may vary with x, as we saw in the last example.

. 1 dE dE,
S = qnpnE =qnpn— — =np, —.
q dx dx
: 1 dE q
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Equilibrium conditions: implication of Jd"ift = — ydiff

In a non-degenerate semiconductor in equilibrium,

n= Ncef(Ec*EF)/kT’

where Ef is constant, and E. may vary with x, as we saw in the last example.

) 1 dE dE,
S = qnpnE =qnpn— — =np, —.
q dx dx
: 1 dE q
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This is known as Einstein's relation.
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