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p—n Junction Diodes AT

Karlsruher Institut far Technologie

The market dominating PV technology (c-Si solar cells) can be described in first
approximation simply as large diodes, formed by making a junction between n- and p-
type material.

Basic requirement of electronic asymmetry: n-type regions have large e~ densities but
small h* densities = e~ flow easily but h* find it difficult. When illuminated, excess e—-
h* pairs are generated, with a flow of e~ from p-type to n-type region = current flow in
the lead!

Block to Block to
electron flow hole flow
p /
’ F
P N
Electrons ——»
<*+——— Holes I y
L HHuminated /
—_—

\
. |1, X
[, (conventional flow) r ___+__.,
Source: Green, “Solar Cells”, Prentice Hall 1998
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Outline

m RECAP: Charge concentration, doped semiconductor
m Part I: pn-junction in thermal equilibrium

a Part Il: pn-junction under applied bias

a Part lll: pn-junction under light

m Part IV: Heterojunctions (extra materials)



Recapitulation - Carrier concentrations

Karlsruher Institut fur Technologie

Intrinsic semiconductor in thermal equilibrium:
The carrier concentrations n(E) and p(E) are a product of:

1. The density of states function DoS(E) per unit volume and energy.
Given for conduction band (CB) close to EC and in the valence band
(VB) close to EV by g.(E) and g,(E), respectively.

2. The occupation function is the Fermi—Dirac distribution function, f (E),
which describes the ratio of states filled with an electron to total
allowed states at given energy E.

f n(E) = gc(E)f(E),

9 (E) n(E) p(E) =gv(E) [1 — f(E)]
E. e o E. = k E.

r A ; -RE)="2 :

ey E, E L-\ €, — / top
v o O v : : =

g,(E)

DOS(E) g 0 % if{i‘) n(E) and p(E) ’ - /Ebonom p(E

S Source: textbook



Recapitulation - Carrier concentrations

Intrinsic semiconductor in thermal equilibrium: Effective density of states of
electrons nin E. and p in E,, is given by

n = NCe((EF_EC)/kT) and p = Nve((Ev_EF)/kT)

Hence, consider n = p = n?, the Fermi level in an undoped semiconductor
lies close to the midgap, being offset by differences in the effective density
of states in E. and E,

_|_

_E.+E, kgT (N,
Er = > > In



Recapitulation AT

Doped semiconductor: Charge neutrality preserved, but charge carrier
concentrations dominated by doping.

n-type region

Band diagrams: @ @. @ .@ p-tyiae regi-i)n D |
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S 6 P Ze T s
Majority carrier: n, ~ N Majority carrier:  p,= N,

Minority carrier:  p,=n?/N,<<n  Minority carrier: n,=n;?/N, <<p
= E;— EC = kBT In(7*) = Ey— EV = kBT In(+*)

-
D NA

Source: textbook
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n-type and p-type regions in contact
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In a p-n junction the doped n-region and p-region are brought in contact, a
very high concentration gradient of majority charge carrier occurs.

=> Expected that excess e~ flow from region of high conc. (n-type) to
regions of low conc. (p-type), and similarly for h*

« But, e leaving n-type side leave behind ionised donors (positive charge),
and h* leaving p-type region will ionised acceptors (negative charges).

« Aspace charge region free of

mobile charge carriers appears.

It “extends” until the force
resulting from the electric field
between ionised background
charges compensates the
concentration gradient.

space charge

n-type region region p-type region
®! | O O
«® O%N® O O
| O
@ @ @ ® 00 6 G
O o O O
I
@ @ @ cae . |
I
@ @ @0@ O DNE O
\ 10 X
e!ectrons + > - N—holes

Source: textbook



p—n Junction Diode Under Equilibrium
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In equilibrium, the net current
from the device is zero.

Electron drift current and
electron diffusion current
exactly balance out
(same for holes)

Imaginary Boundary

With the P and N materials separated the carriers
diffuse around randomly.
@ electron @ hole 1L

Source: http://www.pveducation.org/pvcdrom/pn-junction/pn-junction-diodes
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p—n Junction Diode Under Equilibrium |{IT
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Concentrations profile of mobile charge carriers in a p-n junction under
equilibrium

n-type silicon : : p-type silicon
n=n,=N, : : : p:ppo=NA
| l
| o A—eeen
Inn | o
' g )
Inp : ':. :
I 0. .O '
i I
l , |
i I
| I
P=P=n/IN, | 5 | n=n_=p//N,
1~ |

Position

11 Source: textbook



p-n Junction Diode Under Equilibrium T
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Based on these considerations, one obtains an idea of the band structure:

« Fermi Energy must be constant across the junction
(“A system in equilibrium can only have one Fermi Energy”)

« Far away from the junction the diode behaves like a doped semicond.

(a) n-type Si p-type Si (b) n-type Si t p-type Si
| |
| ' |
| |
3 :X‘: X
L L v, 8,{‘// :gp ; X
ax, ax, B : : ax,
E 3 = : :
& | |
143 I |
; Es E: & ://:
VY E" tEl : :
e E)E = E, l l iE,
Ev 3 E, | |
i //: 2
: : |
= bands bend (E, E, E,,. are continuous) | o

vac

= Internal E-field is determined by a so called built-in-voltage

12 Source: textbook



p—n Junction Diode Under Equilibrium [T

Derivation of the build-in voltage / electrostatic potential difference across
the space charge region (also called depletion region).

qVy; = Ec(—00) = E¢(40)

_E_—EV(-0) __E_(c0)-EF
consider p, = Nye kT =NAand n,=N.,e kT =Ny

_ E_(00)—EV (=)
=>p, n, = NyN, = NcNy e fepT

_E_  —E_(c0)+ E_(~)
— NAND — Nche kBT e kBT Wlth EG - EC-EV

E
N N ] _ Zc
=V, =V; ln( :L_ZD) with n;® = N.Nye kT and V,=kT/q

13

Source: textbook



p—n Junction Diode Under Equilibrium

T
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Built-in voltage for different semiconductors and doping concentrations

N,N, T=300K] Ge Si GaAs
Vbi — VT In n 2 n?/cm —° |5,8-10%°(2,1-10%°|3,2 - 10
i na/cm ~ 10%° 10 10%°
np/em ~3 | 1019 1019 1015
Up/V 0,18 0,56 1.0
- depends only on intrinsic charge :-:,4;(-.111 M
- : np/em ~3 | 10 10 10
carrier concentration "D/ | | |
Up/V 0,36 0,73 1,18
* Increases moderately with doping na/em =1 10% 10 10™®
concentrations (N,, N;)) np/cm =7 [ 10% 10" 10'%
A 2D Up/V 0.53 0.90 1.35

« With increasing doping concentration:
V., . Edq

* Note also dependence of n,and T.

14

Courtesy U. Lemmer

Source: textbook



p—n Junction Diode Under Equilibrium T

In order to derive more quantitative characteristics, we proceed with the
simplified description of the diode in the Shockley model” also called “abrupt
Jjunction approximation” .

p(x) =gNp for =1, <x <0

p(x) =gN, for 0 <x <1,

Note, outside the space charge region, the charge density p(x) = 0.

n-type p-type
|

15 Source: textbook



p-n Junction Diode Under Equilibrium T
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In the abrupt junction approximation, the electric field and the potential can
ay _ dE_  p

2
dx dx €€,

be calculated simply with Poisson’s equation:

where s is the electrostatic potential, E is the electric field, p is the space-
charge density, ¢, is the dielectric constant in vacuum, and ¢, the material
specific dielectric constant.

—[pdx with E(-L) = E(l,) = 0:

gOr

Derivation E =

E(x) = ==Np (=1, +x) for —1I, <x <0

o Emax

_ 4
E(x) = v No(,—x) for 0 <x <I, : I
Considering the continuity of E at ‘ >
the boundary we of the junction. ‘ d A
2 o' ¢
NAlp = NDln ; F

16 Source: textbook



p—n Junction Diode Under Equilibrium T
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In the abrupt junction approximation, the electric field and the potential can

d’ d’E
be calculated simply with Poisson’s equation: qu ——= gpg
0-r

where { is the electrostatic potential, E is the electric field, p is the space-
charge density, g, is dielectric constant in vacuum, and ¢, the material
specific dielectric constant.

Derivation of Y(x) = [ E dx with y(]) = 0):

W) = o No(x +1)2 + 5o (Np L2 + N,1»2 for =1, <x <0

288

Plx) = —— Na(x +1)2 for 0 <x <lIp

28 £,
Vy \

17 Source: textbook 14 0 €



p-n Junction Diode Under Equilibrium T
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Knowing the electrostatic potential ys(x) across the junction, we see that the
bullt-in voltage is key too the characteristics of the junction:

(b} n-type Si ty p-type Si
* Vbi = Lp(_]n) _Lp(]p) =¢(_]n) 3 :\\\ :
q : : o"\"\ :
- 2¢,¢. (NplL*+ N, lpz) A "-’,,i / & ‘, x

= :/ : ax,
| |
NAND I I
’ Vbi:Ea_E1_E2:VT1n(n_z) : /:
i | |
' 1/ |
E_ :EI ‘ } :

E : / : av,

and V,=KkgT/q 5 lL/ ;
| |
: £ :

18

Source: textbook



p—n Junction Diode Under Equilibrium

T
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The width of the space charge region (W =1, + 1)) is calculated next.

. q i r ™ als ™A
Consider V.. = 2 2 = 300 K|Ge Si saAs
b NpL“+ N,

T g5, oy Ay 16 [11.9 [13.1

. =3 1013 T3 T5

. na/cm 10 10 10

and NA]D = Np4, np/em = (102 {10 1073

Up/V 0,18 [0.56 |1.0
2= 26,6 N, V, 2 _ 288N, Vy lp/pm 0.4 0, (% 0. 8;)
n g N, (N,+N) ' P g N,(N,+N,) ln/ prm | 0. -'lr 0. (J- 0. 8:)
ng/em= (10 [10% |10%

_ 2 & '. —3 18 18 18
W = J ey, (i N i) “j)/‘ m 1(1‘ mm 10 }
q N, N, Up/V 0,36 (0,73 |1,18

lp/ pem 0,8 1 1,3

" vl ”T pAyme I,/ pm 0, 0008{0,001{0,0013

ny/em = [10*  [10*° [10%®

aN, np/em ™ [101% (101 [10%
N, =4 Up/V_ 10,53 10,9 [1,35
ip/,um 0.02 10.02 10.03
ln/ ppm 0,02 10,02 (0,03

£ o' ¢ Courtesy U. Lemmer

19
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p—n Junction Diode Under Equilibrium T

The width of the space charge region (W =1, + 1)) is calculated next.

q
2&

Consider V,; = (Npl2+N,L2)

Ogr

and N,/ = Np}/

n

—_ l 2 — Zgogr NA Vbi 2 — Zgogr ND Vbi
)
n q ND (NA+ND) p q NA (NA+ND)

Thus, we can also derive the maximum electric field strength by:

q

Ogr

E(x=0) =

2
Mo (1) = [ 2Ly, (Ml )
8087" NA + Nn
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m RECAP: Charge concentration, doped semiconductor
m Part I: pn-junction in thermal equilibrium

m Part Il: pn-junction under applied bias

a Part lll: pn-junction under light

m Part IV: Heterojunctions (extra materials)



p—n Junction Diode Under Applied Bias

Presence and width of depletion region can be measured. Change in
applied voltage V, causes a change in stored charge at the edges of the

region. ldentical situation to a parallel-plate capacitor with separation W,

thus the depletion region capacitance is:

€A
w

C =

and if one side of diode is heavily doped
(normally the case) then

1/2

C
A

aN,

V + 8V

_[ qeN
B Z(IIJO_Va)

where N is the smaller of N or N,

Source: Green, “Solar Cells”, Prentice Hall 1998

22
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p—n Junction Diode Under Applied Bias T
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So far, we considered the p-n junction in equilibrium (i.e. no net currents).
However, if an external bias V, is applied, the system is not any longer in
equilibrium, but steady state (i.e. charge density does not change w. time).

First, consider ,.forward-bias voltage‘:
« P-type connected to positive pole PN-junctior

« N-type connected to negative pole Nregon ¥ Perego
T+ + +_
What happens? — J[ L+ +
« Free (majority) charge carriers will be 1 — 1{ f* t H
pushed into the space charge region. T T
* h*towards n-type Te’ri_ J‘m;
e e-towards p-type depletion layer

| B |
» Reaching the opposite neutral region, =-1
they recombine with the local majority

charge carrier.
=> A (drift) current flow is induced

Forward Biasing Voltage

23



p—n Junction Diode Under Applied Bias T

The band diagram under forward-bias voltage:

24

The applied V, reduces the potential
difference between n-type and p-type

Change of electrostatic potential
across junction (V,,-V,)

Fermi-level splits up into a Fermi-levels
E;, and Eg, of holes and electrons, respe

Reduction of the width of the space
charge region

(b)

- — __.___1“

er Institut fur Technologie

n-type Si by p-type Si

Vs S
vy

|
|
qy f —

\

E\'I C

==

ax.

_‘/

|

\

L~

E

o

|

I
I
I
B |
I
7
I
|

|
I
I
I
I
|
l
[
1
|
I
I
I
I
I

|
I
|
|
I
|
I
|
!
|
|
|
|
|
|

E

v

TavVv)

forward-bias voltage

Source: textbook



p—n Junction Diode Under Applied Bias T
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So far, we considered the p-n junction in equilibrium (i.e. no net currents).
However, if an external bias V, is applied, the system is not any longer in
equilibrium, but steady state (i.e. charge density does not change w. time).

Second, consider ,.reverse-bias voltage‘:
« P-type connected to negative pole
« N-type connected to positive pole il

on

nct
What happens? N-region '
.y : : A | Fa
* Free (majority) charge carriers will be = | - : +
pulled away from the junction. —-- | + 1+
. . . - - | +
« h*in p-type away from junction . | s &
« e"in p-type away from junction |\wider depletion |
. . layer
« The space charge region increases WL
. . +| =
« The thermal generation induces a - |
remaining small current Reverse Biasing Voltage

(called saturation current)

25



p—n Junction Diode Under Applied Bias T

The band diagram:

26

The applied V,increases the
potential difference between n-type
and p-type

Increase of electrostatic potential
across junction (V,,-V,)

Increase of the width W of the
space charge region.

titut fur Technologie

(a) n-type Si b p-type Si
|
R i (T !
| B l
| T l
| gl ™ l
: | X
.qw | |:&':
| |
3 : / | qx.
i [ l
| I
l : h 4
' / :
|
| |
E. (e / |
E. ' ',
el s Sl
& / | Fav)
| I
| __"/ | L 4
| 1
I |

reverse-bias voltage

Source: textbook



p—n Junction Diode Under Applied Bias T

The band diagram:

Karlsruher Institut fur Technologie

(a) n-type Si $ p-type Si (b) n-typeSi 4o p-type Si
: l l I
LT R | | |
I I |
| l |
I
| ; |
qy | l l
| | I
v 1 ' |
e | | l
l [ |
I | :
| | |
I [ :
| |
L __ \ \
E i T . | —
hee——— b} [Sacts I | iz
gy —e
| 1 v Ev | | )
l __/ Iy | I
1 l | |
= ! E | | e

reverse-bias voltage

27

forward-bias voltage

Source: textbook



p—n Junction Diode Under Applied Bias T
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Derivation of the p—n Junction diode under applied bias. Let us start w. the
,Jforward-bias voltage®:

« Starting point is so called minority charge carrier injection, which
describes the excess of minority charge carriers that will be induced due

to the previously described drift current induced by external voltage V..
}

p~N,

In (n), In (p)

L —— —— — —_— —_—_——_———_—

Distance, x

Source: Green, “Solar Cells”, Prentice Hall 1998
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p—n Junction Diode Under Applied Bias T

Derivation of the p—n Junction diode under applied bias.

« Considering that the origin of the minority charge carrier injection is
based on diffusion current through the p-n junction, we get:
dp
Jopxo = —aD, -
« The concentration of holes at the edge of the space-charge region is
E . —q (Vhi _Vn)_EV

: v
plx=—1)=Nye "~ & =pexp(l2)

(use geometrical considerations w. figure on previous slide)
=> For the excess charge carrier concentration we get:

Ap(x = —1,) =pkx=—1,) —pn® = pp (eXp (ZVT) - 1)

This means that the minority carrier concentration at the edge of the
depletion region increases with applied voltage => minority carrier injection

Note, p,° =n2/ N, and we know N, and V,

29



p—n Junction Diode Under Applied Bias

Derivation of the p—n Junction diode under applied bias.

« Considering that the origin of the minority charge carrier injection is
based on diffusion current through the p-n junction, we get:

_ dp
Jopxo = —aD, -

« Considering further the continuity equation:

li]pp(x)—R‘FG:O and G=0inthe darkand R = Ap /1,

qdx
e DL _ Ay /L2 withL. = /D
P dx2 p/ p Wi p plp

= p() = ple=—l)exp (=) =R (exp (i) — 1) exn (- W%)

p B

30



p—n Junction Diode Under Applied Bias [

In {n), In (p)

Source: Green, “Solar Cells”, Prentice Hall 1998
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p—n Junction Diode Under Applied Bias T
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Now we can derive the diffusion current:

_ — d d
]p, airf(X = —1,) = —qD,, %‘xz_m pa(}? (x = —In) exp(— Lip))

]p, aite(X = —1,) = Q% Pn (exp (an) — 1)

:—qD

» kT
und analog:
]n, diff X = —Ll) = Q% n, (exp (ZV;) — 1)

pno = rli2 / NA

— 2
npo =n," / Np

J=Jnaer P ar =g (%: Py + %:npo) (exp (ZBV;) — 1)

« This implies an exponential increase in current with V, .

 In high reverse-bias voltage,
the current saturates: Jo=gq (& p 04 &npo>
L L
p p

32



p—n Junction Diode Under Applied Bias T
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The final form of the IV-characteristic (called also Shockley equation):

=T (exp (ZV;) — 1)

B

with =g (Dop 04+ Dyn 0
]O Q(fpn —& p)

b p

Note, this implies also the generation currents /.., and recombination
current /

rec*

* ]O =]rec(va — 0) — ]gen(va — 0)
* ]rec(Va) — ]O exp (ZBV;)
* ] (Va) - ]rec (Va) o ]gen(Va)

33



p—n Junction Diode Under Applied Bias T
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(b) t
3
=
Slope -
kT
ln JO e
V V
iReverse Forward i
bias bias

J-V characteristic of a p-n junction; (a) linear plot; and (b) semi-logarithmic plot.

34 Source: textbook



p—n Junction Diodes AT

- Depletion
Region

Source:

35


http://www.pveducation.org/pvcdrom/pn-junction/bias-of-pn-junction
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Outline
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m Part IV: Heterojunctions (extra materials)



p—n Junction Diode Under Light T

When the p-n junction is illuminated, additional electron hole pairs are
generated => concentration of minority charge carriers strongly increases.

= > Flow of the minority carriers
across the depletion region

Into the quasi-neutral regions.
(Photogeneration current)

4

Here the generation of rate of
e—-h* pairs via illumination is
assumed to be constant
throughout the device

In {n), In (p)

Increase in minority carrier
concentrations looks like this:

37



p—n Junction Diode Under Light

T
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When no external electrical contact between the n-type and the p-type
regions is established, the junction is in open circuit condition.

= current resulting from the flux of

38

photogenerated and thermally-
generated carriers has to be
balanced by the opposite
recombination current.

/gen + /ph — /rec

The recombination current will
increase through lowering of the
electrostatic potential barrier
across the depletion region.

(a) n-typeSi p-type Si
| |
______ . |
v | o O |
| T~ '
R e P LT
3 -qv ! r"’" : l X
1
E.,,x | | F
l Folax,
| |
i |
| |
E( l 1 v
| —-—""J |
e |
I
| qv,.
| 9
Fp ‘
e TRV
I
|
|
|
|




p—n Junction Diode Under Light

At open circuit condition the quasi-Fermi level of the electrons (Eg,) Is
higher than the quasi-Fermi level of the holes (Er ) by the open-circuit
voltage V5. => One will measure this voltage across the device.

« There is no external current: dE dE,
J=I.t]p= Hnnd—‘l‘un v

The current density can only be zero if which implies that the quasi-Fermi
levels are horizontal in the entire band diagram of the solar cell.

Derivation for /,_(/, similar):
- dn 1dE, dn
]n=]n’drift+]n’diff=qu nE+an dx = qu,n q d +kBTun dx

E.—E,, dn  n (dE. dEp,
kT dx  k

dx dx
_s B 1 dE, kT dn dE .,
- ] qun q dx B un dx - unn dx

with n = NC exp <—

39



p—n Junction Diode Under Light T
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At short-circuit condition the photogenerated current will also flow through
the external circuit.

(b)  n-typeSi to p-type Si
* |In the short circuit condition | :
the electrostatic-potential LN |
barrier is not changed. |0 \! N
« But from a strong variation of had L// | [
the quasi-Fermi levels inside £ g

s —
2

|

the depletion region, one can E

determine that the current is |
flowing inside the E, A

o

. -qV,.
semiconductor. s, e s : -
|
E | / ' et
Fp |/ l A4
E |
|
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p—n Junction Diode Under Light

In between open circuit condition and short-circuit conditions

41

If a load is connected between the electrodes of the illuminated p-n
junction, only a fraction of the photogenerated charge carriers collected
at open circuit conditions will flow through the external circuit.

The electrochemical potential difference between the n-type and p-type
regions will be lowered by a voltage drop over the load. This in turn
lowers the electrostatic potential over the depletion region which results
In an increase of the recombination current.

=> The device generates a voltage and a current.

=> This implies it generates power!



p—n Junction Diode Under Light T

In the superposition approximation, the net current flowing through the load
Is determined as the sum of the photo- and thermal-generation currents and
the recombination current.

JW) = Jree Vo) = Jgen (V) = Jpn(Vo)

\ dark current |

f
V
](Va) = ]0 <€Xp <ZB;) _ 1) _]ph(Va)

Note, the detailed derivation of the photogenerated current density of the
p-n junction is carried in the textbook (appendix B.2.) under a uniform
generation rate, G, its value is /,, = qG (L, + W+ L)

Only carriers generated in the depletion region and in the regions up to the
minority-carrier diffusion length can contribute to photogenerated current.

42



p—n Junction Diode Under Light

SKIT

Karlsruher Institut fur Technologie

A
_] P-*m
P :
P=JxV :
Dark
e —— : VDC ’
 Viver v
Peak power |
i, . . / llluminated
JL‘II
———————
JSC

Detailed discussion of the IV-characteristic of a solar cell in the next lecture.
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p—n Junction Diode Under Light

Remember:

Minority carriers are
metastable and only exist,
on average, for time =1
before recombining. If
carrier recombines, then
light-generated e—-h* pair
IS lost and no current or
power can be generated

Collection of these carriers
facilitated by p-n junction,
— spatial separation of e~
and h*. Carriers separated
electric field existing at the
pP-Nn junction

SKIT

Karlsruher Institut far Technologie

Zero voltage across the diode. No current flow.

S
9
ik @No Light

Voc
Isc

¢2 Simulation of carrier flows in a solar cell under equilibrium, short-circuit current and open-
circuit voltage conditions. Note the different magnitudes of currents crossing the junction. In
both the diffusion and drift current are small. Under short circuit

equilibrium (i.e. in the dark)

conditions, the minority carrier concentration on either side of the junction is increased and the
drift current, which depends on the number of minority carriers, is increased. Under open circuit
conditions, the light-generated carriers forward bias the junction, thus increasing the diffusion
current. Since the drift and diffusion current are in opposite direction, there is no net current from

the solar cell at open circuit.
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Source: https://www.pveducation.org/pvcdrom/solar-cell-operation/the-photovoltaic-effect
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Outline

m RECAP: Charge concentration, doped semiconductor
m Part I: pn-junction in thermal equilibrium

a Part Il: pn-junction under applied bias

a Part lll: pn-junction under light

m Part IV: Heterojunctions (extra materials)
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So far, we discussed the physics of homojunctions between an n-doped and a

p-doped semiconductor of the same material.

BUT a pn-junction is only one out of many way to create selective
contacts! Alternative route is to make use of junctions between different

materials are called heterojunctions

(Eg and electron affinity is different on both sides of the junction).

One distinguishes between n-P, p-N, n-N, and p-P
(lower case: low Eg, upper-case: larger Eg

For n-P heterojunctions, the band diagram:

(a) ntype Ptype (b)  ntype Ptype
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Em | :
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« The built-in voltage of the heteroiunction is given by the difference of the
work functions,

Vi = ¢sp — Psn.

qgVei = —AEc + AEg + k3T In G‘U’) —kgTIn (;Lé’)
n

(a) ntype Ptype (b)  ntype Ptype
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« For the n- and P-type depletion regions the electric field is given by

( \', . iz : . -
Calx) = 7\ :”‘ (€, + x) (—f, < x <0),
f:|_lf: "

_ ql\"an o
T § 0, il f / _N f - ’ - R { \
(:'Pl-'\ ] = — l_!'p—_\ J C'O “ X <8 S Ep),

eEQep

with the doping concentrations N4, and N_p, the dielectric constants &, and
€p, and the depletion widths £, and £ for the n- and P-type materials,
respectively. The net charge in the n-type region is equivalent to the net
charge in the P-type region,
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« The widths of the depletion regions in the n- and P-type zones are given
by:

F’ - ~ - T '.7
| 2€p€n€pNap Vi

l. )y — | = = > W,
| \' ".7“\'-'1':.' ‘:,gf:l\'dv.' T GP"\’-'FP )

| 26‘[‘: EnEp -'\"d " Vbl

ip — | - - - -
: \' "?"\'.‘:P‘: €nNgn +€pNap)

« Many similarities between a p-n junction and a heterojunction. But the
band diagrams of heterojunctions are much more complex than that of
homojunctions due to the different bandgaps and electron affinities.

« Discontinuities at the edges of the valence and conduction bands can
lead to the formation of barriers for the electrons, the holes, or both.

« Depending on the barrier heights and the applied voltage, different
transport mechanisms might be dominant (diffusion, tunnelling, and
thermionic emission,
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« The widths of the depletion regions in the n- and P-type zones are given
by:

’) - ~ - T ,-" "
| 2€p€n€pNap Vi

l" i — | = - - ]
\" (GNgn(€nNgn +€pNap)

) T 4
..' 2&‘[‘:&" neE pi\' dn “"bi

in — | - - - -
P =\ INap(€nNan + €pNap)

« Many similarities between a p-n junction and a heterojunction. But the
band diagrams of heterojunctions are much more complex than that of
homojunctions due to the different bandgaps and electron affinities.

« Discontinuities at the edges of the valence and conduction bands can
lead to the formation of barriers for the electrons, the holes, or both.

« Depending on the barrier heights and the applied voltage, different
transport mechanisms might be dominant (diffusion, tunnelling, and
thermionic emission,
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Explain the origin of the depletion region in a p-n diode.
Why do the bands (E, Ey, E,,.) bend in a p-n junction?

What is the origin of the built-in voltage? What are the key
proportionalities? What does the built-in voltage converge to with
Increasing doping concentration?

In the abrupt junction limit:
 How does the electric field look like?
 How does the potential look like?
« How would you derive the electric field and the potential?

 What is the width of the space charge region? What are the key
dependencies? How does it change with the doping
concentration?

Look at the p-n junction as a capacitor



Quick Test
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Look at the p-n junction under applied bias. What happens with the
charge carriers for

« forward bias
* reverse bias
How does the band structure change under reverse and forward bias?
Derivation of IV-characteristic for the p-n junction in the dark
« Explain the concept/origin of minority charge carrier injection
 How to derive (a) density of minority charge carrier injection ?
« How to further derive the total current density?
What is the saturation current?

How does the IV-characteristic of a diode behave in (i) forward bias and
(1) reverse bias?

Know the IV-characteristic of a diode in the dark !!!
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* p-njunction diode under light

« Open circuit: How does the band structure look like? What
happens to the quasi-Fermi levels? Why is there no current?

 Short circuit: How does the band structure look like? What
happens to the quasi-Fermi levels? Why is there no voltage?

« Why does the diode under light generate power for voltages in
between the open-circuit and short-circuit voltage?

« Which is the underlying balance of currents?
« Know the IV-characteristic!

* Heterojunctions:

« Explain the difference between a homojunction and a
heterojunction.

« Draw a schematic band diagram.

54



