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We all learnt in kindergarten…

Tunnelling through a rectangular barrier…
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𝐼(𝑑) = 𝐼0𝑒
−β𝑑

We all learnt in kindergarten…

Tunnelling through a rectangular barrier…

d

𝛽 = constant 

𝛽 = 𝑘 ϕ

ϕ
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𝐼(𝑑) = 𝐼0𝑒
−β𝑑

Applying in Molecular Electronics…

Tunnelling through a molecular barrier… 𝛽 = constant 

𝛽 = 𝑘 ϕ

ϕ

Metal Metal

molecule

d
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Literature examples

𝛽 = constant 
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Literature examples

β ~ 0

J. Am. Chem. Soc. 2016, 138, 2078−2081

J. Am. Chem. Soc. 2016, 138, 10630−10635
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Common Claim!

𝛽 = constant 

d

ϕ
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Common Assumption!
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Common Assumption!

𝛽 = constant 

→ 𝜙 = constant 

But we know Eg changes!
d

ϕ

𝐼(𝑑) = 𝐼0𝑒
−β𝑑
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Common Assumption!

𝛽 = constant 

→ 𝜙 = constant 

So 𝜙 would change!
d

ϕ

𝐼(𝑑) = 𝐼0𝑒
−β𝑑

• So there should be fermi-pinning

o i.e., (EHOMO/LUMO - EFermi) = constant 

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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Target system

Oligothiophene series
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Why Oligothiophene?
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Why Oligothiophene?

Phys. Rev. B 75, 245407
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Target system

Oligothiophene series 

(alkanes for reference)
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Observation - Alkanethiols
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Shape of potential barriers

d (nm)

ϕ (eV)

C10

Single Rectangular Barrier

𝐼(𝑑) = 𝐼0𝑒
−β𝑑 (𝛽 = constant)
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Shape of potential barriers

d (nm)

ϕ (eV)

C10

C12

Single Rectangular Barrier
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Shape of potential barriers
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𝐼(𝑑) = 𝐼0𝑒
−β𝑑 (𝛽 = constant)
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Shape of potential barriers

d (nm)

ϕ (eV)

C10
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C16

Single Rectangular Barrier

𝐼(𝑑) = 𝐼0𝑒
−β𝑑 (𝛽 = constant)
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Observation - Alkanethiols

Made sense!
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Made NO sense!

Observation - Oligothiophenes
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Made NO sense!

T1C4 > T4C4 > T3C4 > T2C4

Observation - Oligothiophenes
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Shape of potential barriers

d (nm)

ϕ (eV)

C4

T1
T2

T3
T4

Φ = |EFermi-EHOMO|

Made NO sense!

T1C4 > T4C4 > T3C4 > T2C4

• Two Barrier Model taking into account:

1. increasing barrier width

2. decreasing 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
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Known dependence of bandgap on molecular length

› Δ∞ would be the value of bandgap of an infinite polymer

𝐸𝑔 𝑑 = Δ∞ +
α

𝑑

ChemPhysChem 2008, 9, 1416 – 1424
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Shape of potential barriers

d (nm)

ϕ (eV)

C4

T1
T2

T3
T4

𝜙 𝐿𝑇 = Δ∞ +
α

𝐿𝑇

𝑳𝑻 (nm)
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𝑘𝑝 =
2𝑚𝑒

ℏ2
(𝐸 − 𝑉𝑝)

Solving 2-Barrier Model

Calculating transmission:

𝑉3 𝐿𝑇 = Δ∞+
α

𝐿𝑇

𝑇 𝐸 =
𝐽4, 𝑡𝑟𝑎𝑛𝑠
𝐽1

=
|𝐴4|

2

|𝐴1|
2

A4A1
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Calculating transmission:
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Solving 2-Barrier Model

Calculating transmission:

› The exact curvature and the trend depends on the values of parameters 𝜟∞ and 𝜶.
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I-V and NDC Simulations
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1) Simulating CP AFM I-V curves (DFT)

Experimental….

› T4C4 > (T3C4 ~ T1C4) > T2C4
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1) Simulating CP AFM I-V curves (DFT)

› Single-molecular DFT calculations closer to CP AFM

› Input: T(E) from DFT on single-molecular junctions

𝐼 𝑉 =
2𝑒

ℎ
𝑐 න

𝐸
𝐹
−𝑒𝑉/2

𝐸
𝐹
+𝑒𝑉/2

𝑇 𝐸 . 𝑑𝐸 (Chem. Soc. Rev.2015,44, 875–888)
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1) Simulating CP AFM I-V curves (DFT)
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𝐼 𝑉 =
2𝑒

ℎ
𝑐 න

𝐸
𝐹
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𝐸
𝐹
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𝑇 𝐸 . 𝑑𝐸

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

eV

(Chem. Soc. Rev.2015,44, 875–888)
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1) Simulating CP AFM I-V curves (DFT)

› Single-molecular DFT calculations closer to CP AFM

› Input: T(E) from DFT on single-molecular junctions

𝐼 𝑉 =
2𝑒

ℎ
𝑐 න

𝐸
𝐹
−𝑒𝑉/2

𝐸
𝐹
+𝑒𝑉/2

𝑇 𝐸 . 𝑑𝐸

› 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) eV

(Chem. Soc. Rev.2015,44, 875–888)
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1) Simulating CP AFM I-V curves (DFT)
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2) Simulating Normalised Differential Conductance (NDC)

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

› EGaIn measurements show bumps closing-in in the NDC curves as we go from
T1C4 to T4C4
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2) Simulating Normalised Differential Conductance (NDC)

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

› EGaIn 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)/(I/V)

› Input: DOS from DFT

DOS: Gaussian Fits to discrete energy levels of gas-phase single molecules

› Input: T(E) from STM equation

𝑇 𝐸, 𝑒𝑉 = 𝑒
−2𝑑

2𝑚
ℏ2

𝜙−𝐸+
𝑒𝑉
2

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

𝐼 𝑉 = 𝑐 න
𝐸
𝐹
−𝑒𝑉/2

𝐸
𝐹
+𝑒𝑉/2

𝑇 𝐸, 𝑒𝑉 . 𝐷𝑂𝑆 𝐸 . 𝑑𝐸

› 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)

𝐼 𝑉 = 𝑐 න
𝐸
𝐹
−𝑒𝑉/2

𝐸
𝐹
+𝑒𝑉/2

𝑇 𝐸, 𝑒𝑉 . 𝐷𝑂𝑆 𝐸 . 𝑑𝐸

› 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 = (dI/dV)/(I/V)
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n

E (eV)

EF

π-DOS of Tn

(n = 1 - 4)

DOS of Ag

substrate

Alkylthiol

∞-vacuum

barrier (SC4H8)

EF +
𝒆𝑽

𝟐

DOS of

EGaIn

I(V)

van der Waals

HOMO

LUMO

ρt(E)

s

ρs(E)

EF −

𝒆𝑽

𝟐

Input 1: DOS(E) from DFT Gaussian fits

Input 2: 𝑇 𝐸, 𝑒𝑉 = 𝑒
−2𝑑

2𝑚

ℏ2
𝜙−𝐸+

𝑒𝑉

2

𝐼 𝑉 = 𝑐න
𝐸
𝐹
−𝑒𝑉/2

𝐸
𝐹
+𝑒𝑉/2

𝑇 𝐸, 𝑒𝑉 . 𝐷𝑂𝑆 𝐸 . 𝑑𝐸

2) Simulating Normalised Differential Conductance (NDC)
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2) Simulating Normalised Differential Conductance (NDC)
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Thank you for your attention!


