Charge injection and detection

N semiconducting nanostructures




Electrostatic Force Microscopy. In dry atmosphere

» Principles of charge injection and detection

» Minimum detectable force gradient in a Brownian motion

» Electrostatic tip-sample interaction: the plane-plane approximation
» Method of charge estimation

» Limits of this model: numerical evidence of arepulsive force

Noen-linear dynamic force curves

» Coupling with the higher oscillating modes of the cantilever
» Analytical treatment of the cantilever motion
» Adding of the electrostatic interaction

Charging experiments on semiconducting nanestructures

» Charging the oxide layer
» S nanocrystals embedded in SIO,
» S nanostructures made by e-beam lithography
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EFV Detection ofi the Injected charges
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The EFM signal is sensitive to electrostatic
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Injection and detection ofi charges

Example of chargeinjectionon 7 nm of S\O, on S
Conditions: -10V/ 10s
Topography

mmm) EFM can distinguish the sign of the deposited charges

BUT the tip-sample force is always attractive!

EFM signal [ - (potential difference)?




— . .

EFlY) M echanics of the cantilever Single clamped beam
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==V Detection of aforce gradient
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=RVl Minimum detectable force gradient in abrownian motion
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=RV Minimum detectable force gradient in a brownian metion
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IMinimum detectable force gradient in a Brownian motion

One-dimensional, ssmple harmonic oscillator

Dissi pation-fluctuation theorem:
Finite Q1 = dissipative system = source of noise

White spectral density of the noise forcef :

Units: N2/Hz

Standard deviation of the force:

B= bandwidth of system

Vo B, @)




=t Minimum detectablie force gradient in a Brownian motion
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EFY] Modelling of the electrostatic tip-sample interaction
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Maodéelling of the electrastatic tip-sample interaction

Plot of the 2nd derivative of capacitance vs. tip-sample distance

10
Plane-plane
—— Sphere-plane
L Cone-plane
Truncated cone-plane
0.1 Cantilever
E
w 0,01
N
O 1E-3
1E-4
1E-5
1 10 100
z (nm)

» Contribution of cantilever is negligible.

» Area of plane capacitor is adapted to fit C”(z) of truncated cone-plane

at alift height of 200 nm.

mm> The simplest geometry is chosen: plane-plane capacitor
C"(z)=2¢,¢, 4
z




EFY] Modelling of the electrostatic tip-sample interaction
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The system is modelled as 2 plane capacitorsin series
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=] Minimum detectable charge at Vg, =0
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=] Method of charge estimation
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== Method of charge estimation
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=EV] Limits of the capacitor model
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Noen-linear dynamic force curves
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=r 1) Non-linear tip-sample interaction
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==V Analytical treatment of the movement of cantilever
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==V Analytical treatment of the movement of cantilever
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=)l Adding the electrostatic interaction
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=)l Adding the electrostatic interaction
lgjecticn Analytical curves
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==Vl Quantitative charge measurement with force curves
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i Application to carbon nanotubes (M. Paillet, Uni Montpellier)
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Charging experiments on semiconducting nanestructures

Objective: not quantify charges but investigate char?: .y nehaviors

» charging of i~ ,siaual structures

» char,

Tunnel oxide
SO, (2,5nm

Source

/

action of nanostructures

S nanocrystals

Drain

Si-nc non-volatile memory




=)l Charging experiments on semiconducting nanostructures
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==V Charging Insulators: the case off SIO,
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==Vl Charging Insulators: the case off SIO,
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Recording of the EFM signal

VIRGE TG

b)

elhial e
=Sl Eden

3 :
g EFM signal
g
Q-
Covulifeyio
e edes c)
lialyiiGel
TEZLTIEN 7 :
g Normalized
=l 6L GOSEI G £ '
fite e - EFM signal
£ ™

Crizrefiric)
SEIINEIIS

A
O
NS

Absence of lateral spreading of the charges

=i

(D=




==V Silicon nanocrystals embedded in SIO,
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f"'delflf"""“ > deposition of aSiO, layer (x < 2) by LP-CVD
B > annealing at 1000°C, 10 minutes
Simaion = precipitation of Si nanocrystalsin SiO, matrix
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=Yl Silicon nanocrystals embedded in SIO,
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L ow-density: Si-nanocrystals embedded in SIO,
Same charging conditions; -10V / 3 s

Disc’s diameter D (nm)
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Smaller electron cloud
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Evelution of the disc with the injection time
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=F) L ow-density Si-nanocrystals vs. SIO;, reference sample
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Cross-section Plane-view
Typical dimension: 3 nm

Density depends on x, varies from 3 x 10 to 1012 cm2
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==V Silicon nanocrystals embedded in SIO,
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=F) Silicon nanocrystals embedded in SIO,
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=B Silicon nanocrystals embedded in SO,
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=FiVl Sample E2: mechanism of charge spreading
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=FiVl Sample E2: mechanism of charge spreading
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=FIi Silicon nanestructures made by e-beamlithography
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==Ivi Propagation of the charges inside a ramified structure

o Thin-oxide sample

vin. Charging conditions: -10V / 10 s
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=Yl Trapping ofi charges in the top oxide
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Thin oxide (7 nm)
Charging conditions: -10V/ 10 s
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Homogeneous de-charging of the structure, although 7 nm of oxide
prevent direct tunneling mmm) De-charging mechanisms?

Strong repulsion between the electrons
(electronic density is high: ~1017 cmd)

Existence of a Wigner crystal

ordering of the € ectrons on a regular lattice?




=F)Y Silicon nanocrystals embedded in SO,
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Circular shape of injected charges that does not evolve in time
Estimation of one electron per nanocrystal




Electrostastic Force Microscopy In dry atmosphere:

v Powerful method to characterize electrical properties at the nanoscale
v’ Charge resolution: afew tens e ementary charges
v Analysis of the non-linear tip-sample interaction

Semiconducting nanostructures:

v" Reference SiO, sample shows low charge retention and low charge density
v" Collective behavior of Si-nanocrystals show 3 regimes:

= metallic
» intermediate: observable spreading
= confining

v Individual behavior of Si-nanostructures

Perspectives:;

Need for better resolution (charge, drift)
mmm) future experiments under vacuum, low temperatures
= single electron detection




For the experiments

S

_IEJ Henk-Jan Smilde
(?: Martin Stark
s Julien Pascal
:: Frederio Martin
a5 Charléne Alandi
n\ﬁ ) Emilie Dubard
ol Florence Marchi
A ( j
. Fabio Comin
André Barski
Jodl Chevrier

[For the samples

Denis Mariolle
Nicolas Buffet

Pierre Mur

9
=
S
=
2
2,
=
T~

CEA Grenoble/LETI
LEPES/LSP

ESRF

ESRF

ESRF

ESRF

UJF/ LEPES-CNRS

ESRF

CEA Grenoble/ DRFMC
ESRF/ UJF/ LEPES CNRS

CEA Grenoble/LETI
CEA Grenoble/LETI
CEA Grenoble/LETI




