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Band Alignment

Zero bias = no flow of electrons = equal electrostatic / diffusion components

Junction
J, q nk k—T@ 0 n Ly p-type n-type
/ g dx dx
Electrostatic Chemical
Potential

In static conditions, chemical potential
must be continuous through solid

Set E = continuous chemical potential

Fermi levels line up in between n/p materials
Conduction & valence bands: lower in n-type, higher in p-type material



Dopants and Built in Potential

p-doped materials n-doped material
n(holes) >> n(electrons) n(ele_ctrons) >> n(holes) |
Fermi level near valence band Fermi level near conduction band
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P = KT In(N,/n) n = KT In(Np/ny)

Built In Potential qV, = Ep+ En = KT In(N,Np /n:?)




General Solution Charge Distribution

Depletion
. . Region
Solve poisson equation across boundary
2
e s IR
dx & & —
p,n = intrinsic carriers, Nd, Na = ionized dopants ‘
Difficult to solve: Assume that
,c?=q[p—;z+fﬁf;—ﬂf;]’:”q[ﬂf;—N;],fc:-r—xpixixﬂ 0 T n

No free carriers in “depletion” region
n-type material depleted of electrons
p-type material depleted of holes

Charge in box = space charge region




Charge

Approximate space charge layer as box
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x=0

Depletion Width

p-type

Approximate depletion layer as box

Width of potential drop Vg

0

Maximum field = E(max) LN, (x)dx
w

Integrate linear electric field
dE/dx = (x)/

Emax = Vb, ,,/2 (W, + W)

Built in potential vs. depth
Vb = (g/2e) [Ny, W2 + Ny W, 7]

eE(x)dx



Depletion Width

x=0
Built in potential vs. depth
p-type n-type Vb — (q/2 ) [NA sz + ND an]
D Electric field must be continuous
E = dV/dx = 0 at x=0
++ +
0 w
o i o q q
B G E(max) =N, (x)dx =N, (x)dx
B w 0
(x) eE(x)dx NA Wp — ND Wn
EOH a

' r Total Space Charge Thickness
Wtot = Wp + Wn
Wp = Wtot [No/(N, + Np)I

Wn = Wtot [N,/(N, + Np)]

()
/ Vb =(a/2 ) Wi ?[NANp/(NA+Np)]
> Witot = (2eVb / g <N>)12




Junction Doping

e p+/njunction = heavily doped p / lightly doped n
— p depletion width is...?
— n depletion width is...?
— Which is contact?

 n-/p = heavily doped n junction / lightly doped p

o Mean doping <N> = [N,N/(N,+Ng] = [1/N, + 1/Ny]+
— <N>~ N, for n-/ p (lower concentration)
— <N>~ N, for p+/n (lower concentration)



Important Relationships

Vb = KT/q In(N,Np /n;?)

Vb = (/2 ) Wi "[NAND/(NA+Np]

W, = (2eVb / q <N>)12

Built in potential proportional
to In of dopant difference
across juncrion

Built in potential proportional
Square of depletion width
<N> = geometric mean

Depletion width proportional
to square root of dopant
density



Junction Capacitance

a0V ,)
v

(Positive and
negative charge)

Define capacitance as:. Ci{,) =‘

Charge at interface: Q =q Ny W,
Depletion depth: W,, = (2 Vb /g <N>)12
Assume that Vb = applied voltage V,

C =dQ /dVO0 = (2e/g<N>)¥2 (1/V)1/2

1/C? = (q<N>)/2 V,




Forward Bias P-N Junction

P-type n-type
Ec
\ Ec
e Ef
—— Va — applied to junction
Ec T -
Ef _ _ o __—==—" o Ec
Va Ef
No Bias '_EV
Effectively

Vb =kT/q In{n,,/n,.}
/ Adding n, electrons

With Bias to N material
Vb +Va = kT/q [In{n,,/n,c}

n, = n,, exp(qV/KkT)




Reverse Bias P-N Junction

Va — applied to junction

— Lower Fermi
Ef \ —— level below ni
_______ ~ o | +‘
~ Ec
Ev \.— ______ Ef
Ev

Effectively removing
With Bias n, electrons from N

1al
- —Va = kT/q [In{n,/n,.} @p matera

Depleting electroncs
to lower Ef below Ei

Current NO current

J=J,+J,=Jol exp(-qV/KT) — 1]
~ JO



Diffusion, Generation and Recombination

Depletion Generation Rate (G)
Region = add electrons to n material
. _ = add holes to p-material

A7 2

Recombination Rate (R )
= electron / hole meet
= current lost

AtV=0: G =R

Density of electrons n
P N dn/dt = dJ/dx - (G - R)

E Jig=flux=n E =D dn/dx
Built in
Electric field D d2n/dx? = (G-R)




Current

W - . L
Ec ﬂr'a-— applied to junction
e —
Ef ______ — - —T-_ ______ EC
Va Ef
Ev

J N [exp(qgV/kT) llexp{(x W)/L}dx

J  Jlexp(gV /kT) 1]

Diffusion across junction Apply boundary conditions:

D d?n/dx? = (G-R) = n/
At junction: J = gD dn/dx
= generation recombination time

Electron population at edge with bias:
Ln = (D )2 diffusion length N  Nc exp(qV/KT)

n(x) = A exp(x/Ln) + B exp(-x/Ln)




Forward Bias P-N Junction

1
—— Va - applied to junction
Ec T -
= Ec
Ev \‘ ______
Current with Forward Bias
J=J,+J,=J.[ exp(qV/KT) — 1] Hole  Electron
D n;
J, qLr,n;
LPNP

J, derived from continuity / diffusion relationship




Diffusion Equations

Diffusion constant

1E+15 I
E?E 1.E+13 X 2 2
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1.E+09 |
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'5 1E+07 | l
ol
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L [0St Diffusion Length = (D )2

Position {pm) ] ]
= scattering time



Charge Transfer and Bias

Depletion
Region
Easy: Pull electrons -~ Easy:Pullholes
from region of from region of
nagative charge positive charge
h q
—

Hard: Pull electrons
from region of
> positive charge
Hard: Pull holes =~
from region of
negative charge

E
Built in
Electric field




|-V for diode

Ideal Diode Real Diode
| LE+03 o h=1, R
. I epletion | ! auy ‘
(Imear) g LEHOL o SPRT
Intrinsic current g T *
| ~ eXp(GIV/kT) E 1E-07 F j i Eesistance
= - i = 7
_ 2 1E-05 - i .
Forward bias: g * | Hfyection
— Exponential current 5 1B
— Voltage Saturation: - i i
(di/dv) / (V) >>1 0 03 06 09 12
— = -1
Vs =(dl/dV /1)1 >>KT/q Voltage (V)

Reverse bias:
e NoO current



