Pico-Inside

« Computing Inside a Single Molecule
using
Atomic Scale Technologies »

Can a single molecule compute by itself ?
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Unit 1

o Intramolecular Architecture
Pico-Inside

Option 1. An intramolecular semi-classical XOR gate
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The XOR logic surface

ideal response
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Option 2: Quantum Hamiltonian computing
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2 adder optimisation
HO><H(0)] ‘_,,ﬂ: by (0,1) input 3D Restricted Bloch sphere
B A9 Generated by |¢(0)> & |OUTPUT> states

f .1\_“
.-’- s,-l~ —_
I

==

N | Pico-Inside
[6(0)><¢(O)| [ . s== (O 1) input

[6(0)><0(0)| (1,1) input

N = 5 quantum states
hypersphere of dimension 24
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Molecule 12 adder
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Source

196 Molecular orbitals

5 are « computing »

Molecule OR, AND, NOR, XOR, CNOT have been optimized




Surface implantation?

Pico-Inside
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NaCl

KBr
Mica
Si02
Nanostencil Au/KBr KBr pits
Metal — Surf. Prep.—> Surf. Sci.

Insulator —m8 —
Mesa?

|

Atom & molecular manipulation

Semi-conductor —Metal __ SUt . surf. sci
Mesa? « Passivation »
S nm 4 Probes I
Mo0S2 Au/Mos2 | NaCl/Cu(111)
Si(100)X Insh
Mos2 Si(100)X
~ ~ / MoS2

Surf. Leak. Current SIC
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Unit 2
Single molecule(s) on surface
LT-UHV-STM & LT-NC-UHV-AFM




Single molecules on NaCl/Cu(111): Indigo

STM image Calculation

Indigo molecule

» Orbitals are resolved
Good agreement with calculations at the extremities of the molecule, but less in the centre
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u-'j | Ultra-thin KBr islands on InSb(001)

Pico-Inside

New low
temperature phase
of InSb(001) surface

Images taken at 77 K
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iy Adsorption of hexaphenyl on P1.3 Orsay
I CaF, striped phase

<
S
o
©
>
0
o
I

"
>

= Single hexaphenyl molecules can be aligned and
positioned along insulating CaF, stripes on Si(100)
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NC-AFM the perylene derivative on rutile TiO,(110)

rutile TiO,(110)
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Unit 3
Atomic scale technology for surface interconnects
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1st step: ultraflat nano-island
on a semi-conductor surface




Growth and self-assembling of nanostructures on
semiconductor

Au deposition

Evaporation
source

InSb(001)
substrate
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UHV-STM construction of a planar 4 nano-contacts on MoS2

before after
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2nd step: Atomic to nanoscale interconnects




Manipulating a single H on Si(100)H

n-doped Si(100) Top view
Low temperature-STM (5 K)
-1.7V 69pA

00 O+
@‘ Q Si Dangling
O

Bond

e Surface voltage pulse of +2.5V:
Desorption of the H atom
= Creation of a Si dangling bond
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Side view %._, @ H
N\, ® Si




Manipulating a single H on Si(100)H

n-doped Si(100) Top view
Low temperature-STM (5 K)
-1.7V 69pA

00 O+
@‘ Q Si Dangling
O

Bond

Desorption of the H atom
= Creation of a Si dangling bond

4 nm e Surface voltage pulse of -2.5V:
= H-atom lateral displacement

The H-atom lateral displacement is reversible
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Interconnects from the nano to the macroscale?

3rd step:



= i =8E2 .
Mag = 204.12 K X 100nm EHT = 2.00 kv Signal A = SE. Date :

I WD= 7mm Photo No. = 1956 Time

EHT = 10.00 kv

Current 400pA
141

Omicron 4 probes UHV 50 K + SEM Gemini (10 KeV, 400 pA)




Fine Navigation under the SEM

642 WyOmicron
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Two target islands
(green)

Reference islands
(yellow) marked for
visual identification

Omicron




Fine Navigation
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Two tips on target
islands

Electrical contact,
5nm indentation

Transport measure-
ment between two
NERLE




Surface Transport Measurement between two islands

e 2-point measurements
between tips on is-
lands and substrate

» Higher conductance
for islands due to
larger contact area

Current (uA)

Tip PS1 to Tip PS3
floating sample

Voltage (V)
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Theory of surface interconnect using N-ESQC
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N-ESQC test

NATOM | NDIMOL NATOM | NDIMOL |Virtual Mem SolverTim-:-
atoms orhitals dimensions| maximum Gb Res MemGh (9) Time(s)
| % | 38 |[172] 1000 | 200 | 19 | 0074 | 10 | € |
| 28 | 86 | 27 | 1000 | 2200 | 2 | 018 | B4 | T |
| 48 | 1560 [ 368 | 1000 | 200 | 21 | 0242 | 1607 | 18 |
| 6% | 24% | 467 | 1000 | 3000 | 34 | 056 | 6@ | 15 |
| o912 | 3»04 | 56| 160 | 500 | 65 | 1 | 1989 | 143 |
| 1236 | 474 | 663 | 160 | 500 | 71 | 18 | 45186 | 20 |
| 1608 | 626 | 761 | 180 | €00 | 101 | 31 | 108412 | 289 |
| 2008 | 7860 | 86 | 2100 | 700 | 143 | 54 | 2066 | 415 |
| 246 | %% [958 | 250 | 1000 | 208 [ 73 | 44000 | 50 |

;
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Theory of surface atomic scale circuit electronic transport

Energy (Lv)




Unit 4
The Chemistry




The Helicene series for interconnects

Hetero-helicenes extended helicenes

' JoI JoI JoX JoI JeI

NaCl contact molecule
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A semi-classical OR gate based on tunnel exponential decay
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Molecule OR Polyaromatic Hydrocarbons

Bis(pinacolato)diboro
PdCl,dppf (5 mol%),

KOAc (2 equiv), DMF, O
85(C, 16 h 6

H,N Br (pin)B

CuBr;, tBuONO,

MeCN, 65iC, 2 h
s -

(0
(70%) ca. 100%

sev;

\ 7
OO

A LD PdCl,dppf (5 mol%),
_ u Na,CO; (5 equiv),
(pin)B H,Oltoluene, A, 5 h

(12%)
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Molecular templates for the formation
of atomic nanostructures

[110]

Science 296, 328 (2002)
Molecular moulding
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First molecule (A) : bis(diaminotriazine)lander

Br Br
diphenylether, MW

® J ol

Br Br

2 (> 2 (>

Dicyandiamide, KOH H,N NH
CuCN, NMP, MW
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http://www.cemes.fr/
http://www.cnrs.fr/

Unit 5
Theory of molecule on surface
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STM calculations Molecule on a metallic surface

Molecule A

26 Ax 30 A 22 Ax 16 A
ESQC image Experiment
(Aarhus)

Molecule A
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AFM calculations

Atomic-scale contrast obtained with vVAFM

MgO tip Mg-terminated tip O-terminated tip
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Large molecule:

Full geometry optimisation
using the new ASED+
semi-empirical method

& STM constant current v VAV v,
STV Images RIS ISR
5 D T D T

Small molecule: o S
Full geometry optimisation ‘ 59:90:0:0:0-0::
using the new DFT :

technique
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