—pr=| Ways to Change Carrier Concentrations

Current Flow: Motion of electron and hole
Generation: Local creation of electron-hole pairs

Recombination: Local annihilation of electron-hole pairs

Non-equilibrium Condition
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=p=| Non-equilibrium Condition

The combined effect of all types of carrier action within a semiconductor, drift, diffusion, and recombination-
generation is described by the following continuity equation.

AN

| |
J(x) LG R J(x+dx)

| |

| |

| |

1 \ » 1

X X+ dx
dn JotoranX)  Jogoran(x +dx ) G, is the generation rate
EAdx - —e _e A+ (G, - R)Adx R, is the recombination rate

* For the sake of simplicity, assume that all light is absorbed at the
An surface: electron generation at the surface only. (G, x> 0) =0
> X * No electric field: Jo(arifr)=0

S e, . An(x):An(O)exp(— X >:An(0)exp(_i>
) .. : DT, e

T, = carrier lifetime L, =Dt (diffusion length) |
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=p=L Non-equilibrium Condition

The combined effect of all types of carrier action within a semiconductor, drift, diffusion, and recombination-
generation is described by the following continuity equation.

\

G R

J

e

J (%) (x + dx)

>

| |
1 1
| |
| |
| |
| |
| |
| |
X X+ dx

e The excess electron density decreases exponentially

as the distance from the light illuminated front surface
An increases and the carrier diffusion length decreases.

. 0., .. e . : . - o An(x) — An(())exp (— X = An(O)exp (— i)
) L D, L
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=p=| Non-equilibrium Carrier Concentration

Under non-equilibrium conditions, an excess or deficiency of charge carriers exists in a semiconductor
(under illumination).

« Anincrease in the densities of the excess carriers is n and p: The electron and the hole
accompanied by a shift of the quasi-Fermi levels. n=mng+A4n density under non-equilibrium.

Nng and po: The electron and the

« As the electron density increases, the quasi-Fermi level P=PotAp hole density under equilibrium.
of the electron steadily approaches the CB.
« In contrast, the quasi-Fermi level of the hole approaches n = Ncexp (Epn — Ec) =n; exp [(EFn — Ei)]
l
the VB for increasing hole densities. | kgT | kgT
Ey —Eg,)] E.—E
 In this way, the quasi-Fermi levels of electron and hole p = Nyexp ( v Fp) =n; exp [( ' Fp)
shift in opposite directions, and their energy difference kgT kgT

becomes larger as the carrier densities increase.

n
Ep, = E; + kgTIln(—
Eg.: The quasi-Fermi energy for electrons. Fn ' F (ni)

—
EFP: The quasi-Fermi energy for holes.

p
EFp = Ei - kBTln(n—.)
l
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=p=| Non-equilibrium Carrier Concentration

Under non-equilibrium conditions, an excess or deficiency of charge carriers exists in a semiconductor
(under illumination).

n and p: The electron and the hole

L n=mng+A4n density under non-equilibrium.
n _ Nng and po: The electron and the
. ® ‘ o Ec P=potAp hole density under equilibrium.
ho Ern ..
il I T - oy | = ED) _ [(Ern — ED
C p - kBT - l p kBT
Ev
@ p ’ po (EV — EFp) (Ei — EFP)
p = Nyexp kT = n; exp kT

n
Ep, = E; + kgTIln(—
Eg.: The quasi-Fermi energy for electrons. Fn ' F (ni)

—
EFP: The quasi-Fermi energy for holes.

p
EFp = Ei — kBTln(n—)
l
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=p=| Non-equilibrium Carrier Concentration

« In case of a p-type SC, p, >> n,.

« The excess electrons form the electron quasi-Fermi level.

« The contribution of the excess carriers to the total carrier density is smaller for the holes.
e The shiftin the hole quasi-Fermi level is also smaller.

n n
n=m+An~An Ep=E+kyTin(—) OL oy
i C
Mg i ni
EFp o S o e e Ef

Ey
p=pytAp ~py  Ep=E - kBTln(f) O r ) r
i p
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=p=| Non-equilibrium Carrier Concentration

Example) A piece of Si doped with 1016 cm-3 shallow donors is illuminated with light generating 1015 cm-3 excess
electrons and holes. Calculate the quasi-Fermi energies relative to the intrinsic energy and compare it to the Fermi

energy in the absence of illumination.

Solution)  n =ny 4+ An = 10 + 10*° = 1.1x10%*%cm ™3

p =po+Ap =10¥cm™3 the number of minority carriers in an illuminated solar cell can
be approximated by the number of light generated carriers

The quasi-Fermi levels under illumination:

n 1.1 x 10 ) £
Ep — E = kgTln| — | =0.0259 X In = 360 meV C
n; 1010 E
_____________ Fn
D 1 x 10 ho
E — Ep, = kgTinl — | =0.0259 X In| ——— | =298 meV
g n; 1010 \NNANS
The Fermi levels in absence of light: = === ========—=- Ero
EV

i

n 1 x 10'° )
E.—E =kgTln| — | =0.0259 X In| ———— | =358 meV
n 1010
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—pr=| Before moving to Junctions!

Work function (WF) lonization energy (lE) Electron affinity (EA)
A B C lonization Energy is the energy required to remove the
Vacuum level outermost electron in an atom or molecule in its ground state

to infinity, i.e. cause the atom to become ionized.

A: lonization energy (IE)

CB B: Work function (WF) Work Function (¢) is the amount of energy required to
transfer an electron from the E to the vacuum level.
c C: Electron affinity (EA)
) I -
Electron affinity (y) is defined as the potential energy change
VB

of an atom or molecule when an electron is added to a
neutral gaseous atom to form a negative ion.
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—pr=| Metal-Semiconductor Junction

Metal-SC (M-S) junctions can behave as either Schottky
barriers or as Ohmic contacts, depending on the interface

N SC _ properties.
Schottky junction: ¢, > ;.
Metal Ohmic junction: ¢, < ¢..
Before contact After contact In thermal equilibrium
Evacuum Metal n-type SC . Evac_uljm Metal n-type SC__.
¢n An CB

P

lonization E, Electron Affinity etc: https://pubs.rsc.org/en/content/articlehtml/2016/mh/c5mh00160a

W,: Depletion width
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—pP=L Metal-Semiconductor Junction

« The barrier height, @, is defined as the potential an electron overcome to cross the

junction.

* Abuiltin potential in the Schottky junction, V,is a constant potential difference
across the junction at equilibrium = difference between the work functions of
materials at equilibrium.

« When a Schottky junction is formed between the metal and semiconductor, a
positive potential is formed on the SC side. Because the depletion region
extends within a certain depth in the SC, there is bending of the energy bands In thermal equilibrium
on the SC side.

e Bands bend up in the direction of the electric field (field goes from positive
charge to negative charge): the energy bands bend up going from n-type SC to
metal

e There is a certain region in the SC (denoted by W) where the bands bend (this
is the depletion region). Another name for the depletion region is the space
charge layer.

W,. Depletion width
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—pP=L Electric Potential vs Electric Field

* The electric field (E) is related to the electric potential by E(x) = ——

* The difference in potential energy between 2 points in an E-field containing a charge Q: APE = Q - E - Ax

dv

dx
py - 4V _ 1dPE | |
X) = dx_Q dx PEISECorEV.

* High electric potential (V) correlates with a high concentration of positive charge.
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AV
ul N

AV

I |
E >

Semiconductor

Ec

More positive voltage lowers Ec-and Ey.

More negative voltage raises Ec and Ey.
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—pP=L Electric Potential vs Electric Field

Example)

+2V +6 V

. \ ‘ —4eV
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dv  1dPE
E(x) = —— = ———

APE=Q  -AV =—e-(4V) =—4eV

« The Fermilevel is also slanted with E.and E,
because there is current flow.

e Theslant is opposite for a hole but the energy
diagram shows in general electron energy.
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=p=| Metal-Semiconductor Ohmic Junction
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Metal

n-type semiconductor

Accumulation region Bulk semiconducior

—

ohmic contact

EF --------- EFn

Metal n-type semiconductor
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—p=| pnJunction (Homojunction or Heterojunction)

e In thermal equilibrium after contact, the Fermi levels line up at equilibrium.

e There are excess electrons on the n-side and excess holes on the p-side.

e The electrons move from the n side to the p side and combine with the holes, while holes move from p to n side and
combine with the electrons.

« Because of the movement of majority carriers a net positive charge develops on the n-side (due to the positively
charged donor ions) and a negative charge develops on the p-side (due to negatively charged acceptor ions).

e Thus, an E-field is formed going from the n-side to the p-side and there is a built-in potential, from the p to the n side.

Before contact In thermal equilibrium

_V> High potential

p-type semiconductor n-type semiconductor

.. yacuum
1% Level

X semi CB
E d)p

. |
-

}g'-‘L _____________ EFp
Ev-*tooo oo 00O E,

VB VB
< > <€ > <€ >

Bulk Depletion region Bulk

; 14
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—pr=|_ Depletion Region in pn Junction

The total depletion region width:  wy, = w, + w,

Charge balance in the region: NyAw, = NpAw,,
[ |
W N, |
The ratio of the depletion widths: } —2 = D i
wy, < wy if Ny > Np w, LK wy if Ny » Np p'njunction
log(n), log(p) : w"i " :
A | | I 2
| L \ n;
e N ! Carrier concentrations in the p side:  Ppo = N, Npo = N_A
|
|
n
Carrier concentrations in the n side: Ny,9 = Np Pno = 3~
D
Npo
> X (b)
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—p=| Depletion Regi

|

|

eNd —————————

“"p é?@% > X
o8 W

SIS
-eN, |-F-----
E(x) I

> x (d)

At x = 0 the E-field must match:

eNyw eNpw
E(0) = — ‘ZP=_$

&
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on in pn Junction

The charge density in the depletion region = abrupt charge distribution:

" Pnet = —€Ny for —wp <x <0
Pnet = €Np for0<x<w,
dE
For 1 dimensional interface by Gauss law: = Pret
X £

The field obtained by integrating the total charge density:

1
B =< [ precCdd

With the boundary condition that the field must go to zero at

the boundaries i.e. x = -wy, and x = wy,:

eN
E(x)=—TA(x-|—Wp) fOT‘—Wp<X<O

N
E(x)=eTD(x—Wn) for0 < x <w,
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—pr=|_ Depletion Region in pn Junction

i ! I dV
V(x) : E | The electric field is related to the potential by E(x) = — Ix
| | : Vo
j/-; With the boundary conditions are set such that /=0 at x = -w, and
: : i > x (e) V="V,atx=w,, where V, is the total potential i.e. built-in potential:
' 1 eNA
V(X):X(X-FWP)Z for—wp<x<0
eND
V(ix) =V, — — (x — wy,)? for0<x<wy,
. . . eNA 2 eND 2
The potential function should be continuous and V' should be equal at x = 0: ?WP =Vy — ?Wn
w. N 2eVy Ng+ N
: D D _ o AVa D
_—— = : W =
Rearrangement and using w "N, and wy = w, + wy 0 \/ . NN, )

n
Th built-in potential: Vo = Epp — Epp = kgTin <_229>

n;

n
from  Fpn — By = kpTln (=) and B — Ep, = kyTin (2)
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=PiL

Depletion Region in pn Junction

] n
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(a) Schematic of the pn junction

(b) Carrier concentration across the junction
(c) Charge density variation

(d) Electric field

(e) Potential

(f) Potential energy in the depletion region
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—pr=|_ Depletion Region in pn Junction

Example) An abrupt silicon p-n junction consists of a p-type region containing 5 x 1016 cm-3 acceptors and an n-type

region containing 1017 cm-3 donors.

a. Calculate the thermal equilibrium density of electrons and holes in the p-type region as well as both densities in
the n-type region.

b. Calculate the built-in potential of the p-n junction.

c. Calculate the built-in potential of the p-n junction at 400 K.

2 20
_ n; 10
Solution) a. In the p-type region: P = Ny =5 x 10'®cm™3 n=—= —=2x10*cm™3
p 5x%x10
ny 1020 N
In the n-type region: n = N, = 10" em™3 p = " = 1017 =1x10°cm
- . n p
b. The built-in potential: Ep,, — E; = kgTln (n_) E; — Ep, = kgTln (;)
i i
B np\ 107 x5 x 10'°\
EFn — EFp = kBTln n_lz = 0.0259 X In 1020 = 0.817V

c. The built-in potential at 400 K:

np 1017 x 5 x 1016
EFn — EFp = kBTln ? = 0.0345 X In (4 52 x 1012)2 = 0.500V
i .
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—p=L pnJunction Under Bias

Equilibrium %&

Forward bias ‘

S ZS(VO Vext) NA +ND
T AT v
1

Reverse bias %
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Energy band

Q(VI} + Vr)

Potential barrier

2
-

(Vg
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—P=L pnlJunction Under Bias

Example ) An abrupt silicon (n, = 1010 cm-3) p-n junction consists of a p-type region containing 5 x 1016 cm-3

acceptors and an n-type region containing 1017 cm-3 donors.

a. Calculate the total width of the depletion region if the applied voltage equals 0, 0.5 and -2.5 V.

b. Calculate the potential across the depletion region in the n-type semiconductor at 0, 0.5 and -2.5 V.
c. Calculate maximum electric field in the depletion region at 0, 0.5 and -2.5 V.

Solution) The built-in potential of this p-n junction was calculated and the value was 0.814 V.

ZE(VO_V ) NA+ND
a. Calculate the total width of the depletion region: Wwp = —
e NAND
eNp Wy
b. Calculate the potential across the depletion region in the n-type semiconductor: e wp®, Wn = ) N,
_|_ =
Ny

eNpw,

c. Calculate maximum electric field in the depletion region: E(0) = —

&E

Wo (um) 0.178 0.111 0.358
Vi (V) 0.272 0.106 1.106
E(0) (kV//cm) 91.9 57.2 185
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—p=L pnJunction Under Bias

Equilibrium %

Vi

E’"}J

Forward bias

Reverse bias
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Energy band

Eer 5 drift
diffusiow B

< @

E
drift "'

— .. Q(Vl}+ Vr)

Equilibrium
A

c

L

=

()
- >
Voltage
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—p=L pnJunction Under Bias

Equilibrium %

Vi

Forward bias

Reverse bias
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Energy band
E
o [ -
" qv" EL’W
Ef"ﬂ_,,___-_--———— !:F
E, "

<ﬁr—

»
Net h+ current

!

= o . Q(VI}+ Vr)

Forward bias

Current

>
Voltage
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—p=L pnJunction Under Bias

Equilibrium %

Vi

Forward bias

Reverse bias
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b
Net h+ current

Energy band
E
o [ -
" qv" EL’W
Ef"ﬂ_,,___-_--———— !:F
E, "

Net e- current

T

= o . Q(VI}+ Vr)

Reverse bias

Current

>
Voltage
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=p=L IV Characteristics of a pn Junction (Forward Bias)

W, W, « Under forward bias, the potential barrier at the junction
: : interface is lowered.
p-type " + n-type
semiconductor i semiconductor
: e The electrons flow from the n-type region into the p-type region

Mpo Mo while holes flow in the reverse direction.
b —d 4 J\J J J
Equilibrium eVe I _______ | Eia e The total current is a constant independent of position.
| S — _‘. ..... .... .......... —
Eve e The dominant carrier transport in a p—n junction is diffusion and
T 1 Ew the drift current of the minority carriers is not considered.
Pro 1 E Pno J
R A
Electron dlfoSlon nN p-region Depleﬁon n-region
ny(x) = An, (x) + np, i : 0 < >€—>< >
A b
---------- : : ,-'-'— J = Jelec + Jhole
Fop — - N J J E L o \
- i : : ," Total curr
Forward bias e(VeVa) : i - Majority carrier : el current
' ——————————— — E;. diffusion and drift | /
th ____________ -—! X current E E J
E E : :.‘ Jhole
w ‘ ‘ EVN Jelec ' '.: Minority carrier
e B 2 ittt "“" diffusion current
l l s T on curre
p - Px(X) = Apy (X) + Py e :
2 Hole diffusion | mese===® - '

e
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=p=L IV Characteristics of a pn Junction (Forward Bias)

_ 1 ;— ™ ™ :_
Jiotat = Jecaifp)(Wp) + Jnairr) (Wh) ! |
|
1 I
— e (DenPO + thNO) {exp (eVa) _ 1} i ] i
L, L, kgT - i :
eV, s : !
nfe((22) -1 -

0 p KkgT i ; ,r
)
The Shockley diode equation 0 r / _:_
| ?‘ —-_—T=——— ==

1 0 1

Voltage (V)
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=PiL

Jiotat = Jecaifp)(Wp) + Jnairr) (Wh)

— e (DenPO + DhPNo) {ex (%) _ 1}
L, L, P\ kT
eV,

=Jo {exp (kBT> 1}

The Shockley diode equation

D np, DhPNO

D D, 1

Jo=e (20 Dy 1
0 Le ThND
D, 1 Dh NN

‘L'eN ThND cNvexp(

The saturation current
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IV Characteristics of a pn Junction (Reverse Bias)

ﬁC)

J

Voltage (V)
The reverse bias causes the potential barrier increases and
the carrier transport across the junction will be inhibited.

Under ideal condition, a constant value of Jj, is maintained
for wide range of reverse bias voltages.

If an excessively high reverse bias is applied, a tunnel
current flow at the depletion layer leads to a significant
increase of the reverse current (at breakdown voltage). 2/



—p=L Diode Ideality Factor & Band Gap Dependence

A
For actual diodes, the equation becomes: 100 mA— n=1  Minority =1 Series
eV carrier resistance
a : e limitation
= ex — 1} 1 mA — diffusion
]total ]0 { p (nkBT) Ge
n =2
. . 10 (A
= ideality factor, a number between 1 and 2.
GaAs
. “: ” - . 100 nA— n=2 . .
The nis close to 1 for the case of an “ideal” like diode and / Recombination
. . . . . current
when n shifts to 2, it account for imperfect junctions 1 nA ' : : —V
(mainly due to recombination). 0 02 0.6 08 1.0

Adapted from Principles of Electronic Materials - S.0. Kasap.

I-V plots for different semiconductors

Si
1.12 eV

D, 1 N D, 1 NN E, { (eVa> 1}
=e| |— — — exp(———)jex —
]total T, NA Th ND cvy p( kBT p kBT _0.8p
‘T'Eo.7—
D,1 |[D, 1 E, v Sl
h e a >0.5F Ge
~e|l [— + |—— |N¢cNyexp(— ex ( ) s
NA T, Np cNvexp( kBT) P kgT @0.4 0.66 eV
Bo.3f
D1 Dp1] eV, —E, B
=e| [— —— ex 50-
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0.4 0.6
Voltage (V)
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—pr=| llluminating pn Junction: LEDs and Laser Diodes

Current

dark

N\

Operating voltage
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>
Voltage
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—p=| Photodiodes: Measuring Light Intensity

INFRA RED

Current

200 400 600 800 1200 1600 1700

Wavelength(A) nm

light

>
Voltage

«

/

Operation voltage to increase E-
field and collect as much current
as possible and to improve speed.
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=p=| llluminated pn Junction: Solar Cells

dark

Current

light

™ >
\ Voltage
/< Photovoltage,

Open circuit voltage
Photocurrent,

Short circuit current
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