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Second Lecture

« Interesting electronic properties of Molecules =  Chemical structure

Molecular Wires
Switches and storage elements working principles proved in solution
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Molecular Conduction: Qualitative Picture

Two Basic Ingredients:

Energy Diagram showing the molecular levels
relative to the electrochemical potential of
electrodes

Potential Profile across the molecule due to
the applied bias.

M. F. Goffman =

Strong Coupling to Metallic Electrodes (T")

Chemically bonded
Isolated Molecule

-

Local Density of States

Broadening of the energy levels (I"
Discrete Energy Levels mmmp d 9 )
M0— Mdn Fractional charge transfer

Which is the location pi with respect to HOMO-LUMO levels?
M. F. Goffman =




Location of the Fermi Energy

UPS Experiments (UV Photo Electron Spectroscopy )
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UPS Experiment on Self-assembled Monolayer on Au
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Energy Diagram

At equilibrium (V=0)

HL=Hr

E

But how are p, and p, disposed with respect to the molecular levels?

= Potential profile inside the molecule
M. F. Goffman ceo

Potential Profile

-V/2 V/2

1 L

V/2

.-—m/ Ve (1) i

To the lowest approximation Molecular Levels shift "rigidly" by e(V,,,(r))

Let us denote this average potential as:

(AV,y(r))=-V/2+nV  with 0<n<1

Potential Profile

-V/2

Taking the molecular levels as our reference, the electrochemical potential of electrodes are shifted by
M. =He —meV HR:HF+(1—Tl)eV
This voltage division factor has a profound effect on Current-Voltage Characteristics
M. F. Goffman =




Energy Level Diagram (n=0)

n=0 = Molecular levels remain fixed to p

Hr
LUMO LUMO
H M eV
R ] S eV - ____I_'____ —_—
— =N — =
V>0 = HOMO Conduction V<0 = LUMO Conduction

I-V Characteristics can look asymmetric
Positive branch (V>0) and Negative branch (V<0) involve different Molecular levels

M. F. Goffman =

Energy Level Diagram (n=1/2)

n=1/2 = Molecular levels shift with respect to u, by half the applied bias

LUMO

Conduction takes place through the nearest molecular level
(HOMO in this case) for either bias polarity.

M. F. Goffman =3




Toy Model

Toy Moldel: single level ¢ (HOMO or LUMO) that incorporates relevant ingredients:
(1) Location of & with respect to .
(2) Broadening I',I'; due to contacts (I'=I"|+Iy)
(3) Potential Profile
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Discrete One-Level Model

I, Iy
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Current as a "balancing act"
fle—h) <(N)<f(e—)
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Discrete One-Level Model
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The net flux across left junction will be

I, = e(Inflow, — Outflow, ) = e%((N) —f(e—w))

M. F. Goffman ceo
Discrete One-Level Model
r, Iy
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The net flux across right junction will be Ty ( 02
[\ 0.1 .
€ IJR 0.0 E
r A
IR:eT(<N>_f(S_pR)) —_— o b

00 05 107

f
M. F. Goffman o




Discrete One-Level Model

At the steady state I, +I;=0 (no charge accumulation in the molecule)
r r
I+ = eTR(<N>— fe—tg))+ eﬁ((N) —f(e—pp))=0

<N> _ If(e—p )+ Def (e —g)
I +Iy

The current through the metal-molecule-metal structure will be

e Il

I=IR =_IL —Hﬁ(f(g—uL)_f(g—”R))

M. F. Goffman =

One-level Model: Current (I) vs. Voltage (V)
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Let us take into account Broadening T of the level
M. F. Goffman =3




Broadening I

We replace the discrete level by a Lorentzian density of states:

By -
—_— * mlJ_R Ds: (E)Z (E _ 8)2 + (1_/2)2
— pes —

Expression of the current will be modified

,Ew rLrR
1= ID“(E)FL+FR

—o

I:f(E_“L)_f(E_“R):IdE

We could write in the Landauer-Biittiker form

I- z;;zT(E)[f(E —1)-f(E-p)]dE  where T(E)= 24D, (E)

rLFR
I +Iy

What is the maximum conductance of a single level molecule?

Conductance Quantum

T T
T(E)=2nD, (E LR - LR
( ) T L( )rL+FR (E—8)2+(FL+FR)2/4

4r,r .
Tmax=T(E=¢)= LR = 4 with x =T /T,
(rL+rR) X+1/x+2
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One-level Model: Current (I) vs. Voltage (V)

40 pL:pF+‘e‘V/2
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Potential Profile

The potential profile V,,,(r) will be obtained by solving

l
a v Vior (r)) =€an/ g, Poisson's Equation

WZL—” 4—1 'V/Z.L—’| | -] |‘ﬁ_
=) L

A solution can be visualized in terms of a capacitance circuit model:
eAn=C, -((1)+V/2)+CR -(¢—V/2)
An=N-f(s-p.) : change in the number of electrons @ equilibrium

The potential U that raises the position of the level is

U:e¢=An+CRCCL~eV

Charging Energy E._ ‘ Solution of V - (s,lv Vi (1)) = 0‘

10



Self Consistent Solution

Iterative Procedure for calculating N and U self-consistently

g > e=g+Eay 'A(N4_4£(5°4_HF)1)21L 3 —>| D.(E)—>D (E-U(N))
U(N)
N:TDE(E_U(N))FL-f(Efulllz:r—ll::f(E*PR)dE

{

L

1= [, (- U() FL () (e )

R

M. F. Goffman
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One-level Model: Current (I) vs. Voltage (V)

T(uA)
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IV asymmetric

U

Coupling asymmetry + charging
I, =0.2ev TI,=0.1eV

V<0

Positively charges the molecule
= shift ¢ down

M. F. Goffman
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Summary

When T : E,,, transport can be described using a "self-consistent field" method

Asymmetric IVs = asymmetric coupling + charging effect (E. )
even if transport is associated with a single level (symmetric molecule)

HOMO conduction = I is lower for positive bias on the stronger contact

LUMO conduction = I is higher for positive bias on the stronger contact

e I increases when ¢ is crossed at V~2(pg-¢)

e [ increases over a voltage width I'+kgT

L(pA)

» I dragged out by charging E_

-30
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Realistic Models

Non-Equilibrium Green's Function (NEGF) Formalism

Let us rewritte the previous eq. in terms of a Green Function G(E)

1
G(E)=E7z+il"/2

Then the density of states will be proportional to the so called Spectral function defined as
. A(E
A(E)=i(G(E)-G(E)) = D(E)- #
T
The mean number of excess electrons N and the current can be written as

N:%sz (\G(E)\2 T, f(E-1)+[GE) T, -f(E*IJz))

I:L:IodE 0, [G(E) (FE-1) - F(E-1,))

M. F. Goffman =3
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NEGF Formalism

For a multilevel Molecule (n levels) all quantities are replaced by a corresponding matrix (n x n')

e - [H] Hamiltonian Matrix

r - [r] Broadenning Matrix

D(E) — [A(E)/2r]  Spectral Function

N > [p] Density Matrix

u - [V Self — consistent
Potential

B 1

1 _ .
G(E)_m — G(E):m r=|[2—z]

Device

H : Molecule + surface atoms

> : Coupling to bulk contacts

U : appropriate functional

A pedagogical tutorial: S. Datta, Nanotechnology 15, S433 (2004).
M. F. Goffman ceo

Pause II

M. F. Goffman =3
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Experiments on Molecular Wires

Well coupled to electrodes (at least one of them)

M. F. Goffman Ce:]
Molecular Wires
L Lonm
S Large delocalized n systems

A) How conductance depends on the length L

2\ W/ of the wire?

B) How conductance depends on the binding

b @Ir«/@%r@)ﬂ group of the wire?
-0-0 -
==
How conductance depends on the
) & * of the wire?

Conductance is a property of the Metal-Molecule-Metal structure




How one can measure transport properties
of molecular wires?

1) STM: Scanning Tunneling Microscope

2) Break-junctions

Mechanically controlled
Electronmigration-induced

3) Shadow evaporation on
Self-assembled Monolayers (SAMs)

M. F. Goffman =

MBE: Molecular "Beaker" Epitaxy

Tip |

\
N
*

; p Aul)

Solution W

~ \ — SSSSSSSSS
L -~ ) ( ’ ) Molecules Au (111)
Adsorption
STM Image
\_ J

@ \ Organization
L’tzlllllllllllfj

M. F. Goffman =3




A) How conductance depends on L?

M. F. Goffman =

Conductive AFM on Self-Assembled Monolayers

Sakaguchi et al., APL 2001

(a)
i <
* :
. (@ b
am S RS S B L
271 06 08 10 12 14 16 18
m eé ; Molecular Length / nm
Measured
(d)
A y=0.41A"1 for oligothiophene
N 2™ y=1.08 A1 for alkanethiol
. Theory
HEME . v=0.33A" for oligothiophene
7=1.0 At for alkanethiol
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Single Molecule Measurements : statistical approach

L Venkataraman et al., NanolLett. 6, 458,(2006)
Au
— Diamine terminated

Alkane molecule {— Dithiol terminated
— Diisonitrile terminated

(Gp)

Counts

Caonductance
=}
=
1

0.0001 Ll !

1 nm

0.001  0.01 0.1 1
Conductance (Gy)

DFT calculations support the scenario of the junction shown.
M. F. Goffman =

Single Molecule Measurements : statistical approach

L Venkataraman et al., NanolLett. 6, 458,(2006)
Amino-terminated molecules: alkane diamine

a )iz 2
@ g .f
3 —Fit G = g™
= (]
§ p=091+0.03
0%k
o
@
g
S10*F
=
[ ' i 2 r
\ =] ] ]
N=8 7 6 5 4 32 5105(b)..i..i|i
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DFT calculations support the scenario of the junction shown.

The exponential behavior = histogram peak = single molecule conductance

M. F. Goffman =3
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Explanation

M. P. Samanta et al., PRB 53, R7626 (1996).

v/2

I

=
o
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<

3
= 2
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109, TRANSMISSION)
- o
) o

FERMI ENERGY (eV)

At low voltages ;. is far from HOMO and/or LUMO = Tunneling Transmission
M. F. Goffman =

B) How conductance depends on
the binding group of the molecular wire?

M. F. Goffman =3
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Influence of the binding group of electroactive molecules

o~ e X =Sor

Theoretical studies

Conaductance of molecular wires: Influence of Molecular alligator clips for single molecule electronics.
molecule-electrode binding. S.N. Yaliraki, M. Kemp, Studies of group 16 and isonitriles interfaced with Au
and M.A. Ratner, contacts. J.M. Seminario, A.G. Zacarias, and J.M. Tour
J. Am. Chem. Soc. 121(14), 3428 (1999) J. Am. Chem. Soc. 121(2), 411 (1999)
U

U

Experiments are needed

X=S =T3

CH,COX X
X=5e =

M. F. Goffman @
Influence of the binding group: Se vs S

Investigation of T3 and Se3

T3 CH,COS \S/ ) \S/ SCOCH,
S

Sea CH,COSe \S/ [ ) \S/ SeCOCH,
S

“Identical” HOMOs quite similar IPs

n W\ﬁ_,ﬁ Se3 6.50 eV

T3 6.52 eV

M. F. Goffman =3




Sample Preparation

; p Aul

Insertion

Ts‘%f'etrj(?e’(} Solution
~ PN Insulating Molecules Conducti
LV)(\,J L;\(\;J onductng

Adsorption
e
@ { Organization
L"%///////////’J

M. F. Goffman =

Molecular structure - transport properties relationship

STM tip crcos —¢ ) 5 scocr,

v ;
--------- s [}

CH,COSe
: \_/

Iy I)rl)rf i S
////// Se,

SeCOCH,

s
\_/

L. Patrone et al, Chem. Phys.281(2002)325
PRL 91(03) 096802

M. F. Goffman =3
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Molecular structure - transport properties relationship

s\ S
CH,COS —¢ ) U SCOCH,
STM ti
I p T3
-------------- "l' - CH,COSe { S/ () { S/ SeCOCH,
e )
PPPPPIP)
A S€

L. Patrone et al, Chem. Phys.281(2002)325
PRL 91(03) 096802

= T
h

M. F. Goffman

Molecular structure - transport properties relationship

s s
CH,COS SCOCH,
: \_/ \_/ ?

[\

S

Se,

s s
CH,COSe SeCOCH
: \_/ \_/ :

L. Patrone et al, Chem. Phys.281(2002)325
PRL 91(03) 096802

the conductance of the molecular junction

M. F. Goffman

The apparent height is a (relative) measure of

cea




S vs Se: Experimental comparison

STM on T3 and Se3 Molecules inserted in a dodecanethiol Matrix

STM tip L. Patrone et al,

' Chem. Phys. 281(2002)325

sy
Gy 3\

Topng -

28 nm T3,Vt = +0.78V, It = 10.7pA M. F. Goffman

S vs Se: Experimental comparison

Vt=+0.78V 6

1t=3.5pA
4] \\_ o "
1 T3 (s
.‘\.(\)_/
1]
, Se3 > T3

‘1 0 1
Tunneling bias (V)

Apparent height (&)
©

Number of molecules (a.u.)

Se3

01234567 891011
Apparent height (A)

give rise to a more efficient transport than S

M. F. Goffman
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Current-Voltage characteristic

)

= Se3
T3
LUMO  HOMO
,=:EF‘EH0M0
—_ eV
- 2(Er-Eomo)
Position of the HOMO level/ Fermi level
(Er-Eromo) * T3 > (Ep-Eiomo) & Se3
M. F. Goffman =
Position of the HOMO / Fermi level
UPS (UV Photoelectron Spectroscopy)
1 monolayer adsorbed onto gold
| Au/Se?; = 121 ﬁ“ﬁgs
T 15 Au/T3 —Au
g 15 AE § 1.0 A
[&] ]
; :
g’_ % 0.8
0 1.0 e
c >
§ ¢8 0.6 ’ : . .
] 2 ol T\ '
= 0.5 2 i
= (%) [
2 S 024 o
g \/\4\“ g ]
00 Excitation: He Il, hv_ = 40.8 eV L 0.0 %jﬁ’\'—'f .
: 20 1‘5 1‘0 5 0 1.5 1.0. 9.5 0.0 -05 -1.0 -15
Binding energy-p_ (eV) Binding energy-y_ (eV)
’ T3 " Er -Euomo > B -Eromo
M. F. Goffman =3
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How conductance depends on the
of the wire?

M. F. Goffman

ceo

C) Comparaison of backbone conductance

Tabie 1. Molecular Structures, Caksulated HOMO-LUMO Gap
(Ey). Calculated {Ges) and Measured {Gram) Relative Junction
Conduclance at 0.5V

eompound molecular structure B V) Gt Gaut
on ACBICH,) A
OFE LS R R
e
OV Ll e E1 kL a6
[
MO siy-functional decry
|, B Viat 0.5V nommal-

Kushmeric, Ratner et al JACS 2003

OPV > OPE OPV vs Othiophene?

M. F. Goffman
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C) Influence of the conjugated body: T3 vs OPVn

CH,COS \\_57/\—3& SCOCH,  T; (15.6 A)

T el
&
@
) e g
noco 4 ] 3
AOPVS 2
L E
s
I
8
E
5
Z 01 78 9 1011

23456
Apparent height (A)

ounts per secand
g

CH,cOs — L ) )
3 4\\_/h\ (

{)— scocH, OPV, (12.67A)

o

:“ \ ot R —
. 54' opv2
8 Vt=+078V
3 It=19pA
g
 1s 10 03 a0 a3 a0 ; 4 2 A
Binding anargy/E, (V) E '
Z 0123456789100
Apparent height (&)
) — OPV,(19.04 A
OPV2:HOMO - Ep~0.7ev ~ CHCOS — /o al )

OPV3: HOMO - E;~ 0.35-0.7 eV /— SCOcH

— OPVs are more conducting than Othiophene

Single Molecule Measurements : statistical approach

Biphenyl junction conductance as a function of molecular twist angle.
L Venkataraman et a/., Science 442, 904(2006)

a b T T T T
0 “Th '
4 E “.Ta
2 < > O g . S1ol .. .
& ' ) E 8 .
5 £ & 3 5
] £ 8 5 N
E 3 Sos| 1.
g °F
8 Q Sl 8l
0.0 ] 1 1 ]
1.0 08 06 04 02 00
Conductance (Gg) Cos?

The conductance for the series decreases with increasing twist angle in
agreement with theoretical calculation

M. F. Goffman =3
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Which is the IV characteristic

of a Metal-single molecule-Metal device?

M. F. Goffman =

Conducting AFM on Alkanedithiol on a alkanethiol matrix

Force (nN)

Single Molecule Measurements

\ )
' : ! 40 . A
/ Tip 10
4 1
ereer ey 30 10
: 0r g 10°
=l
_ 1ot 8"
=9 - ‘G-o
£ =3
5 of S ;
31y A ] Vg7 o7 o5 08 1o
=20 4 Tip bias (V)
Metallic substrate 0 Shisss ]
10 : ; g
0 05 00 05 10
Tip bias (V)
s C 700,
_6 600
14 500
£2
Z 0 400
£ goen] 200
! N ¢ Al 200
e % a i) Joo
24 -20-16-12 8 4 0 4 8 ol
: A0 05 00 05 10 012345
Distance moved (nm) Tip bias (V) Current divisar X

M. F. Goffman

X.D. Cui et al., Science 2001.

cea
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Single Molecule Measurements : statistical approach

Conductance histograms with STM .. 7o, science 2003.
Room temperature & molecules in solution (1mM) - PO b e
1001

H

g o e
= Yo = 009126,
L 040 t;fi‘fﬁ 2 =i
g 1+ == ':,: c <2001
& ;-\' Fl 8 ¥ ¥
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I peiser e
o B
Heg
20 - P a0
£ Al € <,
B 0w -+ =] = 0
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6 am -] 0 8 it
am - - I.'. 401 M ¥
] » ,
§ 3 c
@ oo 280 o o N=10
L -— 0g0 001 002 003
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P
:
&
-+
-

G (2e3h)

The conductance of the most probable
structure can be estimated

10 08 00 05 1.0
Vbiastv)

M. F. Goffman
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Contacting Single Molecules

Mechanically Controlled break-junctions

Advantages
High stability
accuracy 8l/Az~105 sl
Freshly exposed metal surfaces —
Drawbacks

No image of contacted molecules

No gating T' Az

M. F. Goffman

}

J. M. van Ruitenbeek et al Rev. Sci. Instrum. 67 (1995) 108

cea
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Mechanically Controlled break-junctions (MCBJs)

Experimental procedure

M. F. Goffman =

MCBJs Results on Different Molecules (@300K)

M. A. Reed et al, Science 278 (1997) 252 Kergueris et al PRB 59(1999)12505
1.0 . . : . . 1.6
. s

e 0.4 Y __ 05 1257
S 02 8 z 2
..,:‘, ) H0.125 _g £ 00 08 E
g -0.2 ] |5 g
o 4 o =

-0.4 38 -0.5 0.4 5

- 0

06 2 0 2 4 10 00

Voltage (V) ’ 1 0 1

Reichert et al PRL 88(2002)176804

o (@)

L s o
2 vV o4

Single Molecule IV characteristics ?
M. F. Goffman =3




Probably Yes

e "Lock-in" behavior

 Similar molecules (length, binding groups) with different spatial
symmetry gives corresponding behavior on IVs

e modeling consistent with a single molecule

NEGF Formalism calculation

T T T T
5 {a)
[
L3 235
]
i 2] =
! = 4 g
' oy 0 3 -
: V) v 15
. | A nE Sl —
05 [] 05 v o1 T— 1+
+ k) ‘ a
L Qapdlgenn®
4 ns
@ = =
fc: 75 S / 0 i_
E -
05
0ns
-1
0z _I] rJI IS 1 .t
hias voltage (V)
J. Heurich et al., PRL 88, 256803 (2002). M. F. Goffman

ceo

Conclusions for Molecular Wires

At low Voltage Bias

G=0al/V|, ,=Gepal "

Contact

A) Exponential dependence on L is confirmed.

B) The role of the binding group has been decoupled from that of the rest of
the molecule:
yields a better molecule-metal coupling efficiency than S since the Fermi
level is nearer to the HOMO level.

®) Phenylene-Vinylene (OPV) is more efficient than thiophene as backbone.

Ivs
Single Molecule 1V characteristics can be measured.

Qualitative agreement between experiments and theory

M. F. Goffman

cea
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2. Diodes

Aviram & Ratner Theoretical Proposal (1974)

Acceptor

Acceptor Donor
V>0
V< 0 ~iflmm——

Rectifying behavior: expected from asymmetry of the D-A structure
M. F. Goffman

The Langmuir-Blodgett technique

Special design of the molecule

éﬁ Hydrophobic part
Single Molecular Film formation Transfer to a solid substrate
a Solution molécules

T
E

M. F. Goffman
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2. Diodes

. . . Metzger et al.,JACS 119, 10455 (1997).
Experimental Realization

nw-m......._
00003 |-
z
E o000z [
00001
2 1 hw:e"’ 1 2
Some differences )
Aviram & Ratner Metzeger et al
Spacer: c-saturated Spacer: n-conjugated

aliphatic chain (donor side)

Is Rectification due to the Aviram & Ratner mechanism ?

Answer: No!
M. F. Goffman @
Which is the Rectification Mechanism
Aviram & Ratner Metzeger et al
Spacer: c-saturated Spacer: rn-conjugated
U

Donor and Acceptor molecular orbitals remain localized

Acceptor Donor

DFT calculation: HOMO and LUMO delocalized

M. F. Goffman =3
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Rectification Mechanism: Asymmetric Coupling

. . . . Metzger et a/,JACS 119, 10455 (1997).
aliphatic chain (donor side) = I'y = T,

V2 I

-V/2

Potential Profile

As a first approximation 1 - 0.1

n=—
2{1 + SJ
80"7[

Asymmetric Coupling can be used for fabricating Diodes.
M. F. Goffman =

Using asymmetric coupling for Diode function

Two step fabrication: N. Lenfant et a/,, Nanoletters 3, 741 (2003).

Self-assembly of alkyl chains
n-conjugated groups

Control measurement on Alkyl chains

Al Al
< g 0
= _
<
2
>
‘7) (CHihs (CHyp)
c
(]
T
g g
g } I / i \O,ZFO’ \O,FO’
o e n-doped Silicon n-doped Silicon

-1.0 -0.5 0.0 0.5 1.0

Voltage (V)
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2. Diodes and NDR

N. P. Guisinger et a/, Nanoletters 4, 55 (2004)

TEMPO on n*-Si(100)
aso

i

o0
o450

TEMPO on p*-Si(100)
10 =
i 15
| /| k| NDR behavior: due to resonance conditions
R — | The NDR bias varies by as much as 1 V from experiment to experiment
E * s *°| LUMO level is in fact near the vacuum level = not able to shift into

resonance
M. F. Goffman =

Origin of NDR

J. L. Pitters and R. A. Wolkow, Nanolett. 6, 390 (2006)

1V spectroscopy shows NDR-like peaks due to
Molecular arrangements

-4 -3 -2 -1
Voltage (V) M. F. Goffman =




3. Switches

At least two different stable states < different conductance (high /low)

Q-0 - 6 »O

Reduction-Oxidation  qyjier at al,, Science 285, 391 (1999)
(Redox) process Collier at al., Science 289, 11721 (2000)
D. R. Stewart at al., NanolLett. 4, 133 (2004)

. R
/= <~ R/\/\/

R Conformation Change
=
\ / \ light-triggered / \
R™ s s R _uv— R™ s S R
Open form A : 600 nm Closed form
—_—
Recent review: Masahiro Irie, Chem. Rev.100, 1685 (2000).

M. F. Goffman =

Light-triggered Switches

Courtesy of D. Duli¢ and S.J. van der Molen

Typically
3
Switches in Toluene ~open
2.5 —closed
c
S Closed
46_ 154
-
o
. B
QO
<
0.5
Open
0 ——"
250 350 450 550 650 750 850
A (nm)

Does it work in a solid state device ?
M. F. Goffman =
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Breakjunction experiment

D. Duli¢ et a/, PRL 91,207402 (2003).

(a) Closed state o,
{ .

S, »"? 3\ 8, -5
- {S‘I g U .

M) e <400 nm “ SO0 =k, <7040 nm

L R[TEY]

A R o n o=
\

by Open state /\IJ
"\

5.5 j_gﬂ 5. .

SN

No switching back !?

One way Photochromism

I[nA]
L R
I

1 N
1.0 -0.5 0.0 0.5 1.0

Why closing is gu Sd?
y closing gq@,@ﬁ@
of®
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Final Remarks

¢ Conductance properties of single molecules can be probed. However
reproducibility and stability remains a challenge.

» More experiments are needed in order to refine theory and more
theoretical calculation are needed to design interesting experiments
(feedback!).

 Molecular Diodes can be obtained using asymmetric coupling.

¢ Molecular Electronics on silicon can be a way of fabricating hybrid
devices taking profit of the powerful infrastructure of the silicon-based
IC industry — Resonant tunneling devices.

e Light Triggered switches are promising molecules. Tuning of the
coupling between the active part and the electrodes are needed to get
reversible operation.

M. F. Goffman
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