System at Equilibrium

* Whats difference between equilibrium and steady state
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Liquid at equilibrium in a container

At equilibrium, the water level does not change.
There is no net motion of water.
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Two independent jars at equilibrium
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Two connected jars at equilibrium
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Two connected jars not at equilibrium



Systems at steady state

* Whats difference between equilibrium and steady state
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Two connected jars at equilibrium
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At steady state, the water level does not change.
There is constant net motion of water.

Two connected jars not at steady state
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Two connected jars at steady state



Equivalence with electron systems

Electrons at equilibrium Electrons at equilibrium
in a crystal in two disconnected crystals

A 5k

Two connected jars at equilibrium
The water level is constant! What should be constant when two materials

Why ? — Total potential energy minima in gravitational force field with different Electronic density meet 7

Water at equilibrium
inajar




Equilibrium in solid state

* For systems to be in
equilibrium,
* No net motion of electrons
from one system to other!

* |f at each energy E, number of
electrons moving from
material 1 to material 2 at
same energy = number of
electrons moving from
material 2 to material 1

Then there wont be any net
electron motion
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Number of electrons moving from M1 -> M2 per unit time
R, a Fi(E)Ny(E) [1 — F,(E)IN,(E)

Number of electrons moving from M2 -> M1 per unit time
Re a FR(E)N,(E) [1 — F1(E)]N(E)

At equilibrium, they need to match
R, =R_

F1(E)N1(E) [1 = F2(E)IN2(E) = F2(E)N2(E) [1 — F1(E)IN, (E)

FiNiNp = FiFaNo Ny = FoNa Ny — FiFa NNy

This can be true for any N1 and N2 iff F; = F,

[1 + eE}b;Fl] = [1 + eE}b;Fz]

Ep1 = Ep;
At equilibrium, the Fermi levels must match!

T : . dE
At thermal equilibrium, when there is no net motion of electrons, d—rF =0




Processes at equilibrium |
 Generation and Recombination
At equilibrium, dz(tt) = dz;it) =0

We showed previously, recombination rate R = omi2 r s K
So, at thermal equilibrium, generation rate should alsobe R = G = cml-z ‘ .

If, things are not at equilibrium, ‘. ‘

d’;it) = agn; — an(Op(t) o .’

The change in the carrier densities can be taken to be small:

n(t) = ng + 6n(t) and p(t) = py + Sp(t) Generation is assumed only by thermal means

on(t) and ép(t) are called as excess carrier densities



d5n(t) _ agniz . ar[nO + 5n(t)] [pO + 5P(t)]

dt
ds
;lt(t) = agn; — a.[ng + én()]lpo + Sp(t)]
ds
;t(t) = —a,[ poén(t) + nydp(t) + 6n(t)ép(t)]

Assume some disturbance in a material at equilibrium
Like shining light, excess carriers , electrons and holes are created in pairs
on(t =0) = 6p(t =0)

If we assume, the change in density is small, and the material is of say p-type

on(t) ép(t) - 0

In a p-type material, pg >> n;

Law of mass action ngp, = n?
_ 2

When, ng = n;' /py , No<< Po



The excess carriers in a p-type semiconductor

don(t)
dt

= —arpo(?n(t)

The solution to this equation is an exponentially decaying function

The excess carries will die exponentially if the light (perturbation) is switched off.
on(t) = Ae %Pt = ge~t/7

is called as the relaxation time constant.

Where T =
arPo

That means, in a heavily doped semiconductor, the excess carriers dies much faster than a lightly doped semiconductor.



Diffusion in semiconductors

What happens, if we disturb the equilibrium in a material, introduce inhomogeneity

i ?
Introduce excess carriers in the What happens to the carriers

Middle of a semiconductor.

Why do they behave in the way you expect ?

Assume we are at T = 0K, all states below Fermi level is filled as per the definition.
We have three regions

« Ew « E=» « Ew




X=X0

If £ is the mean scattering time of electrons, and [ is the scattering length

Number of electrons passing x0 from left = %nll_A

Number of electrons passing x0 from right = %nz A

L

Rate at which electrons go from black to white is ¢,, (x) = Y-

(ny —ny)
If the mean scattering length is very small [ = x

dn

E x=xg = (n, —ny)/bx
1% dn

$n(x0) = ~Fdx



The electron flux The hole flux

[2 dn 12 dp

Pn(x0) = _Z_EE ¢p(x0) = _Z_EE

2 e
The term D,, = pral called as diffusion constant of electrons

The negative sign means the charge flux is opposite to the gradient.
Or the charge flux is in direction of reducing charge concentration.
The flux direction is same irrespective of electrons/holes.

Current J,, = —q ¢, Current J,, = CI¢p
dn dp
= —qgD



Total current in a material:

Eh
If there exists electric field E and a Electron Holes
carrier gradients an # 0 and ap * 0 2 g o '
dx dx ° ° °
diffusion e 9 ¢ diff
. . ITTUSI o o6 o o o iffusion
The total current in the material <Cmmm- o o6 o6 o o o L
® 6 o o o o
dn(x)
]n(x) = qn(x):unE(x) + qDp, dx E<_
dp(x) drift °o o drift
— — ~E— ® o o
Jp(x) = qp()upE(x) — gDy dx ® o o o
. . ¢ 6 o6 o o diffusion
4__cln‘jusmn ® 6 o o o ----
® 6 o o o o

Minority carriers contribute strongly to current through diffusion



Effect of electric field

Can be studied in three situations: 1. thermal equilibrium, 2. steady state and 3. transient

Here let us study the first two: Field in a material at thermal equilibrium.

Assume a constant field across a material which does not have any loops
No current in the material at thermal equilibrium.

What happens to the electric field ?

av(x)
dx

Electric field €= —

In the bands, the electron energy E is related to the potential (V) by V = _E—q

E(x)] _ 1dE

Therefore the field at any point x is given by € = —— [ phm

Therefore, when there is an external applied electric field, the electron energies in the band has a nonzero spatial gradient



At thermal equilibrium J =0

= =0
Jn=Jp For holes

d d
chx) =0 Jp = qp(X)u,€ — gD pGx) =

Jn = qn(x).uns +qD,
Ec

Both the electron and hole current at equilibrium needs to be zero

Dy 1 dn(x)
U, n(x) dx

In any material, we know that n = n;e®r ~Ed/KT

— . eEr —Ei)/KT[ 1 (dEF _ dEi)]
' KT\ dx dx

dn(x)
dx

1 dn(x) _ [i(dEF dEl-)]
KT

n(x) dx dx  dx



_ . : dE
At thermal equilibrium, the Fermi level lies flat: d—xF =0

Thus, 5 e = [rr (e

We saw that Electric field induces gradient in the band at equilibrium

Fo) 1
_q _

d
dx q dx

1 dn(x) 711
n(x) dx  |KT 8]

We started with
D, 1 dn(x)
_,un n(x) dx

Einstein’s Diffusion equation — =

Dn is the ease of diffusion
Mn is the ease of drift
They are related by simple thermodynamic constant



Away from equilibrium R

j(x +AX )

Consider a current J across a cross section A

A small section Ax taken in the proximity of x

J(x)
P is the density of holes per unit volume, and the
change in the density of holes per unit volume
around the point x is given by

dp (x) —j(x + Ax)]
E_G — R+ qhx

aj _J (x+Ax)—j(x)

If Ax is infinitesimally small,

Ec Ax |Ax—>0
dp 1dJ dp 1
—=G —R+—— —=G —R+-—-A.
dt G +qu dt +q /

Generalized continuity equation



Generation in semiconductor G = agn?

o . ) )
Recombination in semiconductor R = T—p
p

Divergence of current A.] = % [qp(x)upE —qD o

P ax
For a holes For a electrons
dn on d (nE d*n
dp_g_ % _, d@E) , dp G TR D
dt T, P dx | Pdx? n

Typically, majority carriers are so large in number that their time dynamics are mostly insignificant

Therefore, for minority holes in a n-type semiconductor For minority electrons in p-type semiconductor

dp_G 6p+D d?p dn_G 5n+D d*n
dt T,  Pdx? dt T, " dx?



An Example:
Steady state injection of minority carriers in a semiconductor

Assume a n-type semiconductor with doping density Np cm3

If we assume all the dopants are ionized, at given temperature,
The equilibrium number of electrons are given by N-type

nOZND

2
The equilibrium number of holes py = ;i
0

If we assume a fictional source of holes from one side, capable of injecting a constant density
of holes into the n type semiconductor

At x= 0, saw a density Ap is injected

Given all the processes in a semiconductor, how do we expect the carriers to behave ?



We are looking at steady state solutions:
The property of steady state is no variations in time.

dp

=0
dt

Substituting this into the continuity equation

We again assume, the generation is not strong enough to influence the time dynamics, atleast near the source.

d’p 6&p

D —
Pdx?2

p
The hole concentration can be writtenasp = py + dp

d*6p  Op

dx? D,1,




Therefore,
Sp = Ae /v + C

Is a solution to the problem. We use the boundary conditions
dp(x =0) =Ap
dp(x — 0) =0 Ap

Therefore the solution is §p = Ape @

X

The full solution is p(x) = py + Ape p

A few conclusions from this:

1. The average length an injected hole travels before recombination: L, == -—- -

e
e DpAP 7= — -
2. Diffusion current of holes J,, = 1 L” e v

p

Ei -EF
3. p(x) =n;e kT .Since, the carrier density is not constant, the Fermi level is not constant. Hence, a quasi-Fermi
level is used to describe this behavior.

4. Since, the carrier density varies exponentially with distance, density is exponential of QFL, QFL varies linearly with
distance!



E; —Fp
p(x) = n;e KT

E Fp
Diffusion current is given by]p —qD, — ™ (n e KT )

qD,p(x) [dE; dF ]

In a general case: — —
& Jp = pmp€ KT dx  dx

dFE,
Jp = ap(X)up€ N
dE,

]p = qp(x)upc‘Z - ,upp(x) q(c; _E Fp

Jp = tpp(x) [dF ]

de/q

Thus the total current is rewritten as | = qupp(x)

dFp/q
dx

This is a re-interpretation of the Ohmslaw | = ¢




Consider a junction formation between two types of semiconductors

N- type







We look at the thermal equilibrium between the two materials:

N- type

Net current should be zero at equilibrium. -> Fermi levels (quasi ones) should be flat!




N- type

Charge inhomogeneity should lead to diffusion in the carriers from high concentration to lower concentration

E

E.
Ei """""""""""""""""""""""""""""""""""""""""""""""""""
Fi, I:p
Ei """"""""""""""""""""""""""""""""""""""""""""""""""""""

E,

E,
J

Electrons diffuse from left to right —‘\ ——

Holes diffuse from right to left A/‘f < .

Still at equilibrium, so the total current should be zero.



Since, both the electron and hole current are in the same direction

]n=]p=0

dn
Jn = qnuy€ + anE =0

Once equilibrium is reached: an electric field £ is developed at the interface such that the drift current is compensated

N- type

So what happens at the interface ?




The diffused charges leave behind charged impurities N- type

(CICICIC)
(ICICIC)
(2ICICIC)
(2ICICIC)
(2ICICIC)
(2ICICIC)
(IC-IC=9C)
(2ICICIC)
(2ICICIC)
(2ICICIC)
oleee
p

E

v

Electric field gradient is proportional to charge density

acé _p
dx €

p=qlp —n+ Ny +N,]

X For—x, <x <0 &E=qNp(x+x,)




N- type
- > X
-Xn v Xp
Ec _/
Fo
Ein """""""""""""""""""""""""""""""""""""""""
/ Ev
Ey
. X
S~ | Vo = (Ein _Eip)/q
-V

For—x, <x<0 & =¢qNp(x+x,)
Em = qNpxy

ForO<x <x, &=—qNyx — xp)

Em = qNAxp

dV,
“ax ¢

Vo(x) = f—E dx

2
Vo(x) = &y, (x — Zx_W>

Where W = x,, + X

Atx=x, Vo (x) = Vi = —=EnW



At equilibrium, the charges are depleted near the junction forming depletion width and built-in potential

W
1 1
Vy; = =E W = =qNpx, W
2 2
N- type
— lg (NAND) WZ
Pt 2 €Ny + Np
XN
""""""""""""""""""""" The region sandwiched between the two materials is
quI j -------- depleted of carriers as the intrinsic level comes close
F, ," Fo to the quasi-Fermi levels indicating the reduction in

_______ j the carrier density

Assumption 1: There is no potential drop in the neutral regions, contacts

Common question: do you have such built-in potential in all interfaces ? If so, how do we even measure using a multimeter?
You always have a built-in potential affecting your measurement?



Assumption 1: There is no potential drop in the neutral regions, contacts

What happens in the presence of bias:

w
vore | [
xXn g Xp
QViy - qVappi 4 B
anpp+ qVy, ﬂ """"" o B A - Fp
'/ Fp /




