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Review of last week

Concept of exciton-polariton (continued)

Chapter 5 Semi-classical treatment of transport

Transport coefficient
Classical transport: Boltzmann equation
Currents: particle flows

Drude formula, Diffusion current, Hall effect

Various scatterings

Heat transport, Thermoelectric effect



Boltzmann equation and thermoelectric constants

For the thermoelectric effect, we need to consider (only) V'T

The distribution function in Ihs is
replaced with unperturbed one.
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With ==

From the above we can rewrite
Then the Boltzmann equation gives

Substituting the above and E =

(£2,0,0)
Into the current expression
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Boltzmann equation and thermoelectric constants (2)
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J» = 0 means the balancing of the drift current and the diffusion current

Then the Seebeck o Cx _ /OovaEF—EafO dE// 02220 5 m)aE
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Seebeck measurement provides information on Eg and scattering mechanisms



Peltier device

1 5 Sign of the coefficient changes
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Physics in spatially structured semiconductors

Our apparatus: ~ » Band structure
» Effective mass approximation
» Carrier statistics
» Electron-photon couplings
» Thermodynamics

» Semi-classical transport (Boltzmann
equation)
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pn homo junctions

Entropy increase

p N4 | n Np Epitaxial growth
W, Wy Fabrication of pn junctions: «[ Counter doping
© 009,000 © Masked, focused doping
00 009~ 0 0 o0 —
©o00 o 99 @ 99 Diffusion current:

| X
! | Equilibrium Ba}la_nc_e.
' 5 Minimize Free energy
B N,w, +Npw, : - U

Drift current:
Internal energy decrease
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E, \ Er » Carrier depletion layer (space charge layer)
? » Built-in potential
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pn junction thermodynamics

Consider electrons
attached to a vacuum

without work function

F =U—TS Minimization of F — Built-in (diffusion) voltage V,

Vacuum
for electrons

_—

\oltage (internal energy cost)

number of sites: N
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particle number: N;

\

voltage (polarization) — energy cost

Diffusion (entropy)

~
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dN1 = —dN,

number of sites: N

o

particle number: N,
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Estimation of built-in potential electrons holes
Notation of carrier concentration n-layer fin Pn
ni ni  p-layer Np Py
’I’Ln ~ N ) p ~ N Nn., — _ L ~ ¢
P i A P Pp NA

Number of cases: W = yCpn, NCn,

N > N, N,  Stirling approximation: In N!~ NInN — N

! ! — IXI
N N dinW . N2 N-—Ni .\ N2 Mixing entropy

InW =1In ' RPN
(N—Nl)'Nl' (N—NQ)'NQ' le Nl N — N2 Nl

lenna NQan, F:U_TS:U_T’fBan

dI dU din W n
— =0 = —— =¢eW,; = kT = kT ln —
dny, dn,, “vb B dn,, B Wiz
E NpNa N.N,
np = n; = N.N, exp (—kB—f}> — ~ kg1 In n—f = Fy — kpT'In NoNA
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Estimation of depletion layer width

_ N = .
"p Wn % Charge neutrality:  w, Np = w,Na
Ny Np Electric field: —ecoE(x) = e[Na (22 + wp) + Npwy,] (z < 0)
= e|Naw, + Np(w,, —2z)] (z > 0)
e .. W N
Built-in potential is Vi = / (—E(x))dx = (ND + Np)wpw, = ; — (Np + Na)2w?
- €€o €€ Na
1 N.N.
Voi= = | By — kgTln —
LT ( g~ "BS A NDNA)

1 ecoNa NN,
.. wn — E - k Tlﬂ
6\/(ND —I—NA)ND ( B NAND)

1 eeoNp NN,
W — — Es — kTl
P 6\/(ND—|-NA)NA ( B nNAND>
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Current-voltage characteristics

eyey N EF — Ec
TNy, — Ve €X :
Electrons Equilibrium p T
N oo Er — E. — eV o eV
N, = INoeX = N, X —
P P kaT P\ T kpT
eVii
Current balance J,, = ev,n,  Jup = evpnpexp | —
kT
External voltage V
Forward bias (against V;; ) : lowers barrier for diffusion current n,,
Vii — V) eV
Ve R _ _ AV _
b b Jnp = €vpny exp ( kT ) eVp Ny €XP ( . T)
Vv V
Je = JInp — Jpn = €vpnp EXP l;—T — eUnpNyp = €UpNy [exp ]:B—T — 1}

Electron, hole

eV
summation

J = e(vpny + vppn) {exp T 1
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Injection of minority carriers

pn junction circuit eV
symbol J = e(vanyp + vppp) [exp T 1]
J | X minority carrier current  barrier overflow

Forward bias region: minority carrier injection

e p—
dx? Te

Minority carrier diffusion length: L. =+/D.7., L, = \/Dpms,

Diffusion equation: D

0V

Fate of injected minority carriers

Radiative recombination Non-radiative recombination
o e .
: s "\N\/\~ electron scattering
AN~ h light _emlttlng l A
diode Tf\/\/\,» phonon

O O
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i ®
i electron-hole
- hv . )
__________________ | Az T pair creation
i O
evpAn,
0 : eV eV
E Jeo = evpny [exp FonT — 1] Je = evpny exp i evy (n, + Any)
__________________ % —sJn0 - COmEIy
A | TTuminated \oltage for J=0 Ve } external injection
6 vy  CurrentforV=0 Jg
Minority carriers which diffuse to the - Prax
junction region are swept out to the Filling factor (FF) = TV
other side. =AU

Gerald Pearson, Daryl Chapin
and Calvin Fuller at Bell labs. 1954
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pn junction (bipolar) transistors

‘j 1'

\

Bipolar junction transistor  Field effect transistor

P
n (p[ n » Nd ’

g o n

////
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Bipolar transistor structures and symbols

\b e ‘ collector (C)  C | ‘ C Jc
b i G {
John Bardeen, William Shockley, P B 4 B
Walter Brattain 1948 Bell Labs. — N — P 5
base (B) 0 S - Js

Jg TJE _ |

‘ emitter (E) E
PNP type NPN type
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Base-Collector, Collector-Emitter characteristics
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Current amplification: Linearization with guantity selection

0

electron

n

2N222A
VCE =6V

50 100 150 200 250 300
Jg (LA)

Jc = @]B
/7

Emitter-common
current gain

How a bipolar transistor amplifies signal?
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Expression of h.¢

emitter base collector

!

VBE VBC
emitter base collector
Nop log;n,pi A linearn,p i :10gn,p Mo
Q :
5 1n,(x) ’
Poe / \
!//
depletion WB depletlon

'

Sweeping out of minority

(W) = nyg exp —2ES &
. . n =M X ~
carriers at the depletion edge PATTD p0 &EP kgT
- - - d . .
Diffusion currentinthe  dn, . constant 7, (2) : linear in x
base: constant dx
. . . dn N, (0 J,
Device cross section A jpe = —D.—2 ~ eD, -2 (0) -
2 dx WB A
ne
The law of mass action 7,0 = —
Na
g eAD.npo eVBE eADenz2 eVBE 7 eVBE
~ X ~ exX — ex
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Example of an amplification circuit
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Depletion layer width with reverse bias voltage

‘ Poisson equation —(f = —aq(z) (a=(eeo)™)
Vi +V !

under conditions - ¢(—00) =
d
@ . Cb( w’p) 07 d_¢ o O’
.ee @! potential boundary: - l—w,
P - n
0% "o ag
1 — Qb( ) V + Vbl) d_ i O
_Wp Wn xZ Wo
( aeN
— 5@t w,) (~wp <2 <0)
The integration gives ¢(z) = 2 aeNp
2
V 4+ Vi — 5 (2 —wn)® (0< 2z <wy,)
1/2 1/2
Eas ¢ — lim gb, b — 2€0€(V + Vbi) . ND W — 2€0€(V + Vbi) . NA
z—+0 z——0 p eN 4 Np + Ny ’ " eNp Np + Na
lim (dé/d
1Hl—l—O( gb/ m) B n B 2€0€(V + Vbi) . N+ Np 1/2
lim (dg/dx) Wa = Wp 7 tn = ¢ NaNp |
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Effective capacitance and reverse bias voltage

]_/CeQﬂ"‘ 1 L 2
Cezﬂ' N 6606ND (V + Vbi)
This gives a way for the doping profiling.
—Vbi -~ Varicap diode  circuit example

-

4

+Vtu

R
+Vtuning
f D1
(a)

(b)

D1,D2 Varicap diode
R Typically 10k - 47k or RF choke

Frequency modulation
Phase lock loop
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Circuit symbols
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pn junction field effect transistor (JFET)
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P
o 3
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pn junction FET

L G
p+ V(?J) = Vg + Vbi - V;:h (y)

dVe
n m Jen = eNppip dyh 2wy — wa(y)|W
| v conductivity —

p+ BRY. y channel width
electric field

L L dV Vi Wy
JonL = / Jendy = QeNDunW/ (wy — wd)@dy = 2weNpu, W (1 — —) dV
0 0 Vo

I T 2
pinch off (internal) voltage:  ,(v.)=w, V.= ef;fpwt
€€

2
3VVe

B 2Npep, Ww;

Jch I

[VL — Vo + (V(Vo)3/? — V(VL)S/Q)] Only valid for w, < w,/2.



|-V characteristics of JFET

‘JDS AA JDS

<
Vel

Example: 2N5457
n-channel
depletion-type

Drain (1) ——=

Source (2)—----/‘
Gate (3) ——-/ G:TE@
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| p. DRAIN CURRENT (mA)
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-06V

1
-0.8V ]

-1.0V
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5 10
Vs, DRAIN - SOURCE VOLTAGE (VOLTS)
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Vgs, GATE - SOURCE VOLTAGE (VOLTS)
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Application of JFET

Low linearity — linearization with feedback with high gain

High input impedance, low bias current (operation at the reverse bias region)
. fit the Input stage of operational amplifier

Example: OPA827 _
e Input voltage noise: 4 nV/v/Hz at 1 kHz

[ e Input bias current 10 pA max

o G A TF 3 e Input impedance 1013 Q
. —
Bl
3

—o OUT R

R
s

7w

—We

V. Inverting amplifier
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