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current flow In a nanoresistor
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transport regimes and driving forces

1) Ballistic : A>> L, T=1
2)Quasi-Ballistic: A= L, 7T<1
3) Diffusive : A<< L, T<kl1

//Driving “forces” for current\

bulk transport AE.=-gAV=-q(V - V)

AT=T,-T,

\_ J
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bulk transport

E fer 1

1) near-equilibrium everywhere

A

.

- 14+ dEFOYkT

2) contacts (and gquantum
contact resistance) are not
important.

Ec(X)

3) quasi-neutral

F(X)

n(x)~ n, (x)= N 70 ECkT
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bulk transport
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hiill, trarnecernavt AciAaLNn

bulk transport
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gradientsin F,and T

[ (E)=—— T(E)/V/(E)(f ) 1=[1(E)aE
-0 (G

1(@--22 D wie- L) ar)-EEar]

h ax E

ax A ax

J,(E)= Z%(E) M(E)[ - j{dFﬂ (6o EF)dT}
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gradientsin F,and T
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gradientsin F,and T

a’(F / q)

I7X dX
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the Landauer picture for bulk transport

f=F

“contact”

1

dT(E) =

AE)

ax

= 1+ E[E—F,,(X)]/kBT

“contact”

“contacts”
keep f near f,
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gradientsin F,and T

erivative

e second,
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constant temperature

‘]nx =0, d('cn/Q) = an-x + O, kBT l dn
ax g ndx

n(x)= N, ey kT (Boltzmann statistics)
F(X)= E.(X)+ Kk, TIn| n(x)/ N, |

) dEL N, dn)ox
ax  ax % on(x) N

1ar
n ax

G, +
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DD equation

JﬂX — GﬂgX + 0-/7

o, =n(x)qu,

‘]nx = /7()() q/ungx + kB T/un e

D, kT
Hpy

e
KsT'1 dn

g nax

an
ax

Einstein relation

-

J = £ D —
~ = N(X)qu,Z, +9 "

-diffusive (A <<'L)

dn

-constant temperature

-non-degenerate

~
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DD equation: guestions

1) What do the DD equation and - ™\
Einstein relation look like in the
degenerate limit? dn
J =n(x)qu,Z, +qD, &

2) What is the general DD equation
(and Einstein relation) in terms of : :
FD integrals? -diffusive (A << L)

the result? (i.e. what does the DD

equation look like in 1D?)
-non-degenerate

4) How does bandstructure affect _ y
the result? (i.e. what is the DD
equation for graphene?)
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DD equation with temperature gradients

a(F,
e (d)z D [so, o
/ (k) (E-E.)
J .= n(X)qu, ,+ gD, %7( [5¢6]- kq” Gn(E)k kT

non-degenerate'
[SG]= o, k_J [In(Nc/n)+ 2 |

(All signs assume electron transport)

JdE
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the equations

5, =0 M9, rg619T
ax ax
P e Ul Gk L

ax ° dx

X

If the carrier density is uniform, then: d(';—”/q) —F
X
J, =0 + [SG]ﬂ-
ax

ar
Jo=-T[SGIE, —x,—
X [ ] X KO OIX
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the inverted equations
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tensors

Jz[a]f
Iy 011 Oy Oy3 Z:X
Jy =| Oy Oy Oy gy
7 O31 O3 Oy Z-z
3
J;=) 0;E; “indicial notation”
=
j=3
J; = ZO',/- £, =o0,f; summation convention
=

Lundstrom ECE-656 F09

21



coupled current equations

£ =|p]d+[S]VT £,=p;J;+S0,T
JQ - [72-] J _[KG]VT JIO — 72./]"]j — K;ajr
For isotropic materials, the tensors are diagonal. “Kronecker delta”
£;=poJ;+%0,T 100 o =0
[P]=ps| 0 1 O 5y=1 (=))
JP =myd;— K30,T 0 0 1 | =0 (i+ )
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form of the tensors

E,=pod,+$0,T

JY = ﬂon—K(f@jT

/

For isotropic materials, such as common, cubic semiconductors, the
tensors are diagonal (under low-fields).

For a given crystal structure, the form of the tensors (i.e. which
elements are zero and which are non-zero) can be deduced from
symmetry arguments. (See Smith, Janak, and Adler, Chapter 4.)

The transport tensors can be readily computed by solving the

Boltzmann Transport Equation (BTE).

Lundstrom ECE-656 F09
23



magnetic fields

_ _ Magnetic fields introduce
£ = p; (B) Ji+S; (B)ﬁjT off-diagonal elements,
which lead to effects like

JQ = 7, (g)Jj — K¢ (g)(;j-r the Hall effect.

The B-field transport tensors can be computed by solving the
Boltzmann Transport Equation (BTE).
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dealing with small magnetic fields

£=p;(B)J,

+£— BB +...
2 0B, 0B,

_I__
oB,

Pij (|§) = P + P By + P BB, ..

cubic semiconductors

'0 If = 'O 05’] IO Ijkl (p aaoaa ,0 aoff p apof '0 05,3,305)

Pik = Pi€iix = PoMrEik (alternating unit tensor)
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alternating unit tensor

p//k /01 Itk IOO:qu//k

C=ExB
C=[. . .]=%(&B,-£B,)+.
X y 2
£, £ £
B, B, B,
C = ¢, B, i = +1(/, J, k cyclic)
C-s B =-1(/, j, k anti-cyclic)
X k= J

— o F B+e F,B, = 0(otherwise)
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Example: “Hall effect”

y 1 +VH—

current in x-direction:

X

B-field in z-direction:

—

B=Bz

Hall voltage measured
in the y-direction:

m V, <0 (n-type)

n-type semiconductor

—

B=BzZ

The Hall effect was discovered by Edwin Hall in 1879 and is widely used to
characterize electronic materials. It also finds use magnetic field sensors.



Example: Hall effect

E,=pyd;+pudiBi+..+50,T 0;7=0 (isothermal)

£ = pod;i+ pipd ;B

Ik J

f /00 + 1018 JXBZ

z-y: O_pl‘]XBZ
Z,
J B =R, ==p=—Polly =~

(Ry: Hall coefficient)

(cubic semiconductor)

“measures” the carrier
density

Hy

— H
ngu, (—q)n

(Hall factor, 1 <ry, < 2)



Hall effect

<>

—

B=BzZ

n-type semiconductor

RH = f;’ — r.H
J,B, (—q)n
1<r,<2

(depends on the energy
dependence of the dominant
scattering processes)

The Hall effect was discovered by Edwin Hall in 1879 and is widely used to
characterize electronic materials. It also finds use magnetic field sensors.



Integer quantum Hall effect

250 T T / T T T T 10
: / . Quantum
200 .::%WE DA L Hall effect
- I - "’ i
Hall effect isol %F,VX : 1,
= I Lv j 6 E
:::mu i HH . . P =
I 10
12 N . .
sof 2 Longitudinal
- \ /] magneto-
=40 resistance
IC FIELD (T)
Fig. 1. Recording of Vg and F, versus magnetic field for a GaAs
device cooled to 1.2 K. The current is 25.5 uA.

M.E. Cage, R.F. Dziuba, and B.F. Field, “A Test of the Quantum Hall Effect as a
Resistance Standard,” IEEE Trans. Instrumentation and Measurement,” VVol. IM-
34, pp. 301-303, 1985


Presenter
Presentation Notes
1985 Noble  Prize for integer quantum Hall 
(1998 Noble  Prize for fractional quantum Hall effect/


for more Information

1) Lundstrom, Fundamentals of Carrier Transport, 2"9 Ed.
Cambridge Univ. Press, 2000, Ch. 4

2) A.C. Smith, J.F. Janak, and R.B. Adler, Electronic
Conduction in Solids, McGraw-Hill, New York, 1967
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