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Device Operation

No gate voltage (v, = 0)
— Two back to back diodes both in reverse bias
— no current flow between source and drain when voltage
between source and drain is applied (v,5 >0)
There is a depletion region between the p (substrate) Gate electrode
and n* source and drain regions /
Apply a voltage on v, > 0 G

— Positive potential on gate node pushes free holes away
from the region underneath the gate and leave behind a
negatively charged carrier depletion region

« transistor in depletion mode 1 -

. < R
— As vgg increases, electrons start to gather at the surface | ~~—<——~
underneath the gate (onset of inversion) p-type substrate

Induced
n-type
channel

1

underneath the gate oxide with electrons supplied by the
n* source and drain regions

+ This induced region is called an inversion layer (or channel)
and forms when v;5 > some threshold voltage V, and
current can flow between S & D

Transistor is in inversion mode

When v is high enough, a n-type channel is induced Depletion region T
B

When VDS = 0, no current flows between source and drain
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Si00)REETFHARRE: 0.2m,

E,— & = 20meV

n oV, ~1~10)x10" cm ™

TR 10 em?*/V - s
BRI FIEHE [:40 ~ 120 nm

x~ 03, FHEMREE~ 03¢V
HFEYRE 0.067m,,n~2

n,~4x10" cm ™

EEBE: 10°~10cm?/V -5
KBS FYER Bl=10° ~10*nm
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Split gates and one-dimensional electron gases

Split gates
Surface E— oo

E- Substrate

This "split-gate technique' was pioneered by the Semiconductor Physics
Group at the Cavendish Laboratory of the University of Cambridge, in
England, in 1986, by Trevor Thornton and Professor Michael Pepper.
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3.EFHE/RMMN (Quantum Hall Effects (QHE) )

(D) E /RN A

Hall voltage

V7
resistivity

—(1)
RN,

current source

E. Hall, Am. J. Math. 2, 287 (1879)
=> Hall effect
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eE
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gi(E)=(t+E)ha)c+eE(lcky— mef) Landau §82%

[ (x—x0)2] ( )
(—ik,y) = 21 X — X
(x,y)=e e H [ ] a

c

X, = , i=0,1,2,3,.

In two-dimensional
systems, the Landau
energy levels are
completely seperate while
in three-dimensional
systems the spectrum is
continuous due to the
free movement of
electrons in the direction
of the magnetic field.
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K. von Klitzing, G. Dorda, and M. Pepper,
Phys. Rev. Lett. 45, 495 (1980)

for a sufficiently pure interface ( SI-MOSFET )
=> integer quantum Hall effect

The Nobel Prize in Physics 1985

K. von Klitzing (1943~)

for the discovery of the quantized Hall effect.
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Quantum Hall effect requires
1. Two-dimensional electron gas
2. Very low temperature (< 4 K)
3. Very strong magnetic field (~ 10 Tesla)

d=10nm
—ad

TENERGY

?ﬂ el subbands

E=E + ";mz" K= K+ Ky

E,-Eog> kT, T, Ef 2 DEG
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Why R, has to be exactly (h/e?)/n ?

The importance of
1.Landau level (- discrete levels)
2. Disorder and localization (= plateaus)

3. Hidden gauge symmetry (- quantization of R,)
(Laughlin, Phys. Rev. 23, 5632 (81))

www . kaoyancas . net



Energy

]—'F‘ﬂsitiﬂn

|""‘=. Ohmic contacts

Drain

www . kaoyancas . net

www . kaoyancas . net

Edge states

Landau levels

Potennal

When these levels are well
resolved, if a voltage is applied
between the ends of a sample,
the voltage drop between
voltage probes along the edge
of a sample can go to zero in
particular ranges of B, and the
Hall resistance becomes
extremely accurately quantised
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FIG. 26. Time dependence of the 1-1 standard resistors main- FIG. 27. Ratio Ry /Ry between the quantized Hall resistance

: L6F ) ket Ry and a wire resistor R as a function of time. The result is
tained at the difTerent watio ’ time dependent but independent of the Hall device used in the

expenment.

H1990 “Eig, HFHMFME: iz = 25812 .806 Q(FEE~ 2x107%)
e
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N (b) RS BRIl &

VOLUME 45, NUMBER 6 PHYSICAL REVIEW LETTERS 11 Avcust 1080

New Method for High-Accuracy Determination of the Fine-Structure Constant
Based on Quantized Hall Resistance

K. v. Klitzing
Frysikalisches mstitul dev Universildl Witveburg, D-8700 Wirghurg, Federal Republic of Gevmany, and
Hochfeld -Magnellabor des Max -Flanck -Insiituts fiily Festhorperforschung, F-38042 Grenoble, France

and

G, Dorda
Forschungslaboratorien der Siemens AG, D-8000 Minchen, Fedeval Republic of Germany

and

M. Pepper
Cavendish Labovatory, Cambridge CB3Z0HE, United Kingdom
(Received 30 May 1830}

e Measurements of the Hall voltage of o two-dimensional electron gas, reallzed with a
gilicon motal-axida-samiconductor fleld-affoct trangistor, show that the Hall resistance
at particular, experimentially well=defined surface carrier concentrations has fixed values

2hc8 which depend only on the fine-gtructure constant and apeed of light, and ig inzengitive to
0 the geometey of the device. Preliminary datn are reported,

(94

a”'(g. Hall) = 137.0359979(32) (0.024 ppm),
experiment a Yacl) = 137.0359770(77) (0.056 ppm),
ar_’(.hfm,,) = 137.03601082(524) (0.039 ppm).

theory a '{a.) = 137.03599944(57) (0.0042 ppm).

(Kinoshita, Phys. Rev. Lett. 1995)
www . kaoyancas.net
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Q)Y HE T E /RN

19824, ££ 5, H.L. Stomer R EAF 7 HETFHHERF G, —F/G,
R.B.LaughlinE T T —MNERE, N BEFE/RBING H T RTFHREE.
D. C. Tsui, H. L. Stormer, and A. G. Gossard, Phys. Rev. Lett. 48, 1559 (1982)

for an extremely pure interface ( GaAs/AlGaAs heterojunction ) where electrons

could move ballistically => fractional quantum Hall effect
R.B.Laughlin, Phys. Rev. Lett. 50, No.18 (1983)
T ; G

160,44 The Nobel Prize in Physics 1998

| for their discovery of a new form of quantum

fluid with fractionally charged excitations.

Robert B. Laughlin(1950) Horst L. Stormer(1949) DANIEL C. TSUI(1939)

VREE [ TEREEREINE § B T
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<110>

Magnetic Field (Tesla)

1
ﬁI‘St V=n later V= ﬁnally 7 -
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Laughlin 15 7 m=3, m=5FiX— R EEE, KIELXT M
FEETFCDWHIREEEK. X—IRSHATHETE/RS, 5
Laughlins, 4% B 2032 M T R B8 5 3B 5501/3, 1/58F, X8 ?{ﬁ
BFEOR, WOk SRR BBRR, #ERL T B AT N 80(1/3, 1/5). B
M LaughlinZs 2 —/M AN 0] R 48 B & F AR RS,

v=1/3 FQHE F. &KIRNRPE KL HIHET, HEANK
VBT B AT R, REETRURIGE L.
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. THEBER AN TEEBERIIE.
2. JLRZER)R, #ERLTHIZH R BT RIEH.
3. ARGEN T LRI EEA EX.
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CF BEEL .
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Composite Particles

Consider B to be quantizedin units of @

It is energetically favorable to place a @, onto an electron

'y A 4 A ‘T
b A | A

A

because it reduces the (Coulomb) interaction between electrons

(due to the increase of correlation)

New particles become weak

www . kaoyancas . net
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Metamorphosis

Flux Quartym

METAMORPHOSIS OF INTERACTING ELECTRONS INTO FREE
COMPOSITE FERMIONS

Jainendra k. Jain

www . kaoyancas . net
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Statistics of these new particles

Y- -Y Y-V VY —--Y

Statistics depends on the number of @,

[f one attaches 2 p @, we have a fermi statistic.

= Composite Fermions

www . kaoyancas . net
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The FQHE becomes an IQHE

CFs experience the reduced magnetic field

Lowest Landau
level (v =1)

B*=B=Wp@yWN,/L’).

Composite-fermion
Fermi sea

s 8 B*z0

< %g =
i«
° i

Composite-fermion
Landau levels
' =3,r=3/7

re

FQHE — IQHE
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Finally

B*=B—p®,(N,/L)

' 2 N /I?
V{:(NL/L)(I) _( e )

B 9 Ver = |B*| (I)('J:> Vez'

- D:Ver €N
peneet | |

This explains everything.
Example: p=2,

Ver =4 =

Ole Q|Ww | wI—
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FIFH— 455 M5B C.L. Kane and M.P.A. Fisher, Shot in
the Arm for FractionakChasige, Nature 389, 119 (1997).
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Room-Temperature Quantum Hall Effect in Graphene

Pl: Philip Kim, Department of Physics, Columbia Universty
Supported by NSF (No. DMR-03-52738 and No. CHE-0117752), NYSTAR
DOE (No. DE-AIO2-04ER46133 and No. DE-FG02-05ER46215), and Keck Foundation

The Quantum Hall effect (QHE) is one
example of a quantum phenomenon that
occurs on a truly macroscopic scale. The
signature of QHE is the quantization
plateaus in the Hall resistance (Rxy) and
vanishing magnetoresistance (Rxx) in a
magnetic field. The QHE, exclusive to two-
dimensional metals, has led to the
establishment of a new metrological
standard, the resistance quantum,h/ez, that
contains only fundamental constant. As with
many other quantum phenomena, the
observation of the QHE usually requires low
temperatures (previously reported highest
temperature was 30 K). In graphene, a
single atomic layer of graphite, however, we
have observed a well-defined QHE at room
temperature owing to the unusual electronic
band structure and the relativistic nature of
the charge carriers of graphene.

Vy(v)

Figure: Magnetoresistance (Rxx) and Hall resistance (Rxy) of
graphene as a function of the back gate voltage (Vg) in a
magnetic field of B=45 T at room temperature.

Novoselov, K.S.; Jiang, Z.; Zhang, Y.; Morozov, S.V.;
Stormer, H.L.; Zeitler, U.; Maan, J.C.; Boebinger, G.S.;
Kim, P. and Geim, A.K., Science, 315 (5817), 1379 (2007).

Qi}) (COLUMBIA [ JN'MEREITF¥-net

IM THE CITY OF NEW YORE




www . kaoyancas . net

4.2 THEARRTHIHR

EZMHTHHR: FoE EZF>F

HEXMHZE. mAITNEEELN

—HIE R, TOOB, BRERLF, AMFEKER, THE
R R?

HERRTRFZEN B HELR 0 (=

N=1, M2, =4 Isinght! (1) (Z45)
N=3, LA, W —ZkHeisenbergifi#y “

N=2: FZ2EAZE, HIGHKERF,
Kosterlitz—Thouless (K-T) #HZ  AHAME S 040 5

e é(T)(‘_‘éit)

www . kaoyancas . net



www . kaoyancas . net

FSEEHHEn=2 —H RS-
BReX-VEA, —4EEmA. 48R g 1EE

KET, BRFRBMEREEERBEPIER. MHERRSTH

e, “HEX-VEREFREMHBMENBERMPKER GEK

%ﬁg,ﬁmm,ut&ﬁﬁgﬁmﬁﬁmmmﬁ RAMEH
y. \‘?

19704E: Brezinskii$@H iREERT AR BT N B ZE 42 AH 2R B AR
(Z. Eksp. Tev. Fiz. , 59, 907 (1970))
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Two dimensional helium

Since helium is attracted to almost anything”, it will form a
2D film. *except for Cs

Most long-range order is forbidden in 2D (Mermin-Wagner
theorem), e.g. BEC not allowed for T>(0 because the system
is susceptible to long-range phase decoherence.

However, it does become a superfluid.
The transition is called the Kosterlitz-Thouless transition.

Superfluid-normal fluid transition is caused by vortex-anti-
vortex unbinding.
C - &

KT predicts algebraic decay of single particle density matrix

T

n(r) — n, (%)”S
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2d helium energetics

* In contrast to 3D the
energy is a smooth
function of temperature.

L L I B B

N T T T T T T

w
o

Bump in C, above the
transition.

transition (only an
essential singularity)
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FIG. 1. Peierls distortion in a one-dime l metal with a
half-filled band: (a) undistorted me t I; (b ) sulato
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