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We all learnt in kindergarten...
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Applying in Molecular Electronics...

Tunnelling through a molecular barrier... IB = constant
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1. Phys. Chem. C 2013, 117, 11367=11376

G3203 EGaln

B=0.30 At
B~0.29 A1

B =0.66 Al

B (A™)
0.44 + 0.04
0.42 + 0.08

the Ph-SAM and Py-SAM Series
trend molecules
full series Ph-SAM
Py-SAM
odd only P1, PP1, PPP1, PPP3

Molecular
Bridge

Linking
Group

me O
s NC
Naph-s Naph-NC
s NC
Anth-S Anth-NC

Resistance ()

Pyl, PyP1, PyPP1, PyPP3
P1, PP1, PPP1

Pyl, PyP1, PyPP1
PPP1, PPP2, PPP3
PyPP1, PyPP2, PyPPP3

047 + 0.04
0.40 + 0.07
046 + 0.07
032 £ 017
0.56 + 041
036 £ 041

Table 1. Values of § and J,, for Subsets and Combinations of

Jo (A/ cm’]
1.18 + 1.44
246 + 3.00
145 + 143
235 +£ 277
1.32 + 1.85
1.11 + 6.00
nd.
nd.

107

108

104

® Oligoacene-NC (f = 0.45/4)
o Oligoacene-S (B =0.51/R)

1 1 1

Average tip radius = 50 nm

1 1 1

2 4 6

8 10 12

Molecular Length (&)

J. AM. CHEM. SOC. 2006, 128, 4970—-4971
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J. Phys. Chem. C 2016, 120, 20437=20445
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Literature examples
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Common Assumption!

Glas_sicauy
Uo Y region B = constant
E
particle energy ¢
— ¢ = constant
—
d
«  So there should be fermi-pinning SO q[) would Change!

o 1.e., (Eyomorumo - Erermi) = CONstant

I(d) = 1,e P4

o hybridization between the molecule and the
electrodes

J. Phys. Chem. Lett. 9, 9, 2394-2403



https://pubs-acs-org.proxy-ub.rug.nl/action/showCitFormats?doi=10.1021/acs.jpclett.8b00575
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Goals!

« Exclude the effect of Fermi pinning
- Understand the influence of barrier height on current
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Why Oligothiophene?

1504 T
R R B atior_y 9
N/ = W s \\J H 75
_ 3T1DT
3T10T AT1DT < -
_-?5- 0 0s i 5
10.1021/nl050860j AN=22 mV
As0l__ : : . .
40 05 00 0.5 1.0 =
Voq (V) =
-0 " . "
400 i 100
3 \ T2
&7 ~SH EHsES T TR 2242 3, H 572 kil
10
< M\ s .. 13 <. | m\/ 310 A V=125 mV
\ < \ / '7‘- ] 10° T
= i oo TBT o] 2 0 02 01 0 0 E
¢ 205 V_ (V) V) =
s s M
. D

=300 -300 -100 0 100 200 300

1. Gate, 2. Contacts, 3. SAM 4.8 —
©) insula:or drai: wl:re/s . Y W, (mi) Wy (V)
c Cr .
Al i A > o ction g' Figure 3. Typical /-V curves measured on molecular junctions.
Sio, \ < Au ' l ] T=42K.
: ) 02 L0V _ (V) 03
3a 02 ovwm 02 04 DOI: 10.1103/PhysRevLett.88.226801
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SH SH SH SH
n=10 12 14 16

in Tunneling Dist
Constant Barrier H

Single Rectangular Barrier
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Shape of potential barriers
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Shape of potential barriers
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O b servation - Al kan eth 10 ] S Ag™/Cn//[EGaln Ag™/Cn//EGaln
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4.6
: : 1 === UPS — =
Shape of potential barriers 487 e DFT
5.0
-5,2-: o o
Made NO sense! g-54- -
T1C4 > T4C4 > T3C4 i
601
« Two Barrier Model taking into account: 624 ® = |[Ecermi-Enomol
1. increasing barrier width 64] =
2. decreasing barrier height T1c4  Toc4a  Taca  Taca

Molecule

TnC4

’\/\/E_\>
7

SH
n=1

Oligothiophenesulj
Increase in Tunneling Distance (d)

) d (n m) Decrease in Barrier Height (¢)
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Shape of potential barriers
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Shape of potential barriers
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Shape of potential barriers o
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Shape of potential barriers
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a)

E,(d) = A +

3.0+
2.5 /

d 1.0 |

0.5

> A* would be the value of bandgap of an infinite polymer

t-PP

p-PP 7
OPE |
OPV |
PF
ct-PA
t-PA

4 Pn 0V %0

1 . ] " 1
0.00 0.04 0.08 0.12 0.16

| / Length of molecule (A)

ChemPhysChem 2008, 9, 1416 — 1424
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Shape of potential barriers
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Solving 2-Barrier Model

2
Wp(2) = Ay 1 Byt (g <z<z,). k= |7 (E-VD)
p\< p p p—1 pJ- P \ h?
dv,(z d Z
Vp(2p) = Wp+1(2p), and Volzp) = V1 p)-
dz dz
A
o . electrode alkyl aromatic  electrode
LT © 1 2 3 4
Calculating transmission:
A 2 VE VB
T(E) — ]4 J4 trans _ | 4|2
A —>| v 0
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Calculating transmission:

Vi(ly) = A + Lﬁ

T

Energy Barrier (eV)
w

SC,Hg T1C4 T2C4 T3C4 T4C4
P { o A

0,06
0,05
0,04
10,03
(0,02
0,01

L 0.00

0,5 1,0 1,5 2,0
Molecular Length (nm)

Transmission

T(E) — ]4,trans —

J4

4,
A, °

|2
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Solving 2-Barrier Model

Calculating transmission:
> The exact curvature and the trend depends on the values of parameters 4% and a.

Vy(ly) = A= + =

T

T3C4

T(E) — ]4,trans —

T4C4

Energy Barrier (eV)
w

-1

h n n e e e n e

SC,H, TiC4 T2C4
T T H| T T T

0,06
0,05
0,04
10,03
(0,02
0,01
10,00

0,

0,5 1,0 1,5
Molecular Length (nm)

Transmission
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14,7
2
], |4, ]
. Ag'°/TnC4//[EGaln
Oligothiophenes

\..,J-"'" E
T—=—+10v T3C4
--@---10V e
-4- +0.5V
--9- 05V

10 12 14 16 18 20 | 22
Molecular Length (A)
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[-V and NDC Simulations
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1) Simulating CP AFM [-V curves (DFT) 10

g 51
Experimental.... = |=
o [ 45 40 05 00 05 10 15
-
e T 1 C4
e T2C4 ||
e T3C4
T,Cq4 ——T4C4
_—1,5 -10 -05 0,0 0,5 1,0 1,5
Potential (V)
CP-AFM
-7 1 Oligothiophenes x
=g . i
ey _8-
< ) i‘.:'\ - " Taca
> TIC4 S N L&
SH SH ° ., T LLeTE
— =104 4 -* T3C4
n=1 2 ——1.5V
T ; Sy ) —dee--15V
Ollgoth~ 114 T2C4 -A-1.0V
Increase in Tunneling Distance (d) . . . . . '.'.' - -1 0 v
- Decrease in Barrier Height (¢) 1l0 1l2 1I4 1l6 1l8 2l0 22

Molecular Length (A)



26-03-2020 | 40

1) Simulating CP AFM [-V curves (DFT)

21.34A

E%

> Single-molecular DFT calculations closer to CP AFM
> Input: T(E) from DFT on single-molecular junctions

2¢  (E-tev/2
I[(V)=—c f T(E).dE (Chem. Soc. Rev.2015,44, 875-888)
h E,—eV/2

Transmission

- — T4C4
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21.34A

1) Simulating CP AFM I-V curves (DFT) E% ﬁ?

> Single-molecular DFT calculations closer to CP AFM
> Input: T(E) from DFT on single-molecular junctions

2¢  (E-tev/2
I[(V)=—c f T(E).dE (Chem. Soc. Rev.2015,44, 875-888)
h E,—eV/2

> Integrating the area under the curve for an energy range of eV for every value of V

109 F | | | |

Transmission

. —— T4C4
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1) Simulating CP AFM [-V curves (DFT)

J

> Single-molecular DFT calculations closer to CP AFM
> Input: T(E) from DFT on single-molecular junctions

2¢  (E-tev/2
I[(V)=—c f T(E).dE (Chem. Soc. Rev.2015,44, 875-888)
h E,—eV/2

> Integrating the area under the curve for an energy range of eV for every value of V
. Ef = -4.7eV
. T(E) already contains molecules’ DOS
. Small constant (0.0001) added to T(E)

Transmission

| — T4C4
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1) Simulating CP AFM [-V curves (DFT)
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2) Simulating Normalised Differential Conductance (NDC)

Experiments

- N w £ (6}

-1.0 =05 0.0 0.5 1.0 =10 =05 0.0 0.5 : -1.0 =0.5 0.0 0.5 g -1.0 =05 0.0 0.5 10 -15 -10 =05 0.0 0.5 1.0 1.5

Potential (V) Potential (V) Potential (V) Potential (V) Potential (V)
NDC = (dI/dV)/(I/V)

> EGaln measurements show bumps closing-in in the NDC curves as we go from
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2) Simulating Normalised Differential Conductance (NDC)

NDC = (d1I/dV)/(1/V)

> EGaln NDC curves for aliphatic and
conjugated molecules, otherwise do
not show any bumps
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2) Simulating Normalised Differential Conductance (NDC)

NDC = (dI/dV)/(1/V)

> Input: DOS from DFT
DOS: Gaussian Fits to discrete energy levels of gas-phase single molecules

> Input: T(E) from STM equation

2m eV
T(E,eV)=¢ ° w(#E7)

d is barrier width, ¢ is work function
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2) Simulating Normalised Differential Conductance (NDC)

E teV/2
(V) =c j T(E,eV).DOS(E).dE
E.—eV/2

> Integrating the area under the curve for an energy range of eV for every value of V
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2) Simulating Normalised Differential Conductance (NDC)

E teV/2
(V) =c j T(E,eV).DOS(E).dE
E.—eV/2

> Integrating the area under the curve for an energy range of eV for every value of V
. Ef =-4.7 eV
. Small constant (0.005) added to DOS(E), so that it is not zero anywhere
. Tunnelling barrier only comprises of the alkyl part

NDC = (d1/dV)/(I1/V)
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2) Simulating Normalised Differential Conductance (NDC)

(+)

van der Waals

Input 1: DOS(E) from DFT Gaussian fits

E (eV) -~
- d 2_71; - ﬂ \
Input 2: T(E,eV) =e 2N (¢ E+2)

E, +eV /2 eV
[(V) = cf T(E,eV).DOS(E).dE EF"'7

E.—eV/2 £ eV

______ F-2

fl\l,(gétg ﬂ mw-DOS of T, DOS of

barrier (SC,Hg) (n=1-4) EGaln

|\ J |\

Y
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2) Simulating Normalised Differential Conductance (NDC)

A) Experiments

NDC

-1.0 =05 0.0 0.5 1.0 =10 =05 0.0 0.5 : -1.0 =05 0.0 0.5 g -1.0 =05 0.0 0.5 10 -15 -0 =05 00 0.5 1.0 1.5

Potential (V) Potential (V) Potential (V) Potential (V) Potential (V)

B) Simulations

C10 T1C4 T2C4
0005 Qoos Qoos Qoos

-0,5 0,0 0,5 1,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

Potentlal (V) Potentlal (V) Potentlal (V) Potential (V) Potential (V)



Thank you for your attention!
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