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Q3How to distinguish a single layer regions in 2D flakes? 

CVD graphene grown on Ni and Cu, Raman

Exfoliated
WS2,
luminescence



Fabrication of Thin Films (2D fragments of nanostructures)

Part 3  

•Atomically flat supports (etching, polishing, termination)

• Exfoliation of ‘van der Waals’ thin films

• Chemical vapor deposition (CVD) (graphene; what else can be deposited)

• Epitaxial films (molecular beam epitaxy (MBE), atomic layer deposition (ALD))

Part 4

• Physical vapor deposition (thermal, laser, magnetron; growth control and 

monitoring)

• Wet deposition (electroless)

• Wet deposition (electrochemical)

Parts 3-4, Outline



Thermal sputtering (evaporation)

Vacuum, < 10-8 bar:
- to avoid impurities,
- to avoid collisions

pump

«boat» 4 for
evaporating
material 3

«boat» is fabricated
from W, Ta, or Mo
(very high melting
temperatures)

chamber

Pressure 
measurement
device

5, 6 are current 
collectors; 1 – 10 A 
to heat and melt 
material 3

quartz 
microbalancesupport

holder

flap

Equilibrium vapor pressure, examples
for gold and titanium; typical values for 
evaporation are ~10-5–10-1 Torr (~10-8–
10-4 bar)

evaporation rate:

If PV~RT; Q – evaporation enthalpy

atomic
mass



Thermal sputtering, distribution along the support surface

film thickness:

for point source:

density

Point source

Flat sourceExample:
2x2 cm2 support
d accuracy 2.5%
H ~ 90 mm



Quartz crystal microbalance: monitoring of deposition rate

quartz

metal

metal

The acoustic wavelength is longer after film deposition, 

due to the greater thickness, resulting in lower resonant 

frequency compared to bare quartz crystal.

Sauerbrey equation:

Change of
the resonant
frequency

Quartz crystal
resonant
frequency

Film
mass

Shear 
modulus

Surface
area Density



Thermal sputtering, Bi on mica (111)

Thin Solid Films 516 (2008) 3411–3415

Compare with the data for
Bi wires, Pts 1-2, p.13:

qualitative changes started
from 45 nm wire diameter.



E-beam deposition

Heating is local,
melted material does not
contact “boat” material 

Plasma Sources Sci. Technol. 31 (2022) No 083001

~ 10 keV, 
current ~ 1 -2 A

Molecular beam epitaxy (MBE)

Vacuum < 10-12 bar

Diaphragms are applied to decrease 
the solid angle



Pulsed laser deposition (PLD)

Materials Sci. Eng. R 
68 (2010) 89

ns laser pulse

~ 10 nm layer is heated

evaporation of clusters,
not only atoms, is possible
(laser ablation)

SrO-AlO2,
insulating

LaO-TiO2,
n-type 
conductivity

Nature 427 (2004) 423

Deposition of 
LaAlO3 on SrTiO3



Magnetron (plasma) sputtering

support

anode

plasma

electrons

evaporated atoms

Ar atoms

Ar ions
electric field
magnetic field

10-6 – 10-3 bar Ar

cathode

300 – 1000 V

Ion beam assisted deposition

Plasma Sources Sci. Technol. 

31 (2022) No 083001



thermal

magnetron
pulsed laser

ion beam

cathodic
arc

Comparison of various physical vapor
deposition techniques

Island growth,             Layer-by-layer growth,     Islands on monolayer,
Volmer–Weber Frank–VanderMerwe Stranski–Krastanov

Nucleation 
and growth:

Lattice 
commensuration:
(depends also
on the 
temperature)



Electrochemical series (or Volta series); data of EMF measurements

Wet deposition techniques: electroless (chemical) deposition (plating)

Potential, V

(SHE)

0 Сu2+/CuH3PO3/H3PO2

hypophosphite (-0.5 V)

HBO3/HBH4

borohydride (-1.25 V)

Ni2+/Ni
Reducing agents

(examples):

H+/H2

O2/H2O

i i i i

i i

dG SdT Vdp dN F z dN = − + + + 
Electrochemical 
free energy

Δ𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑚𝑒𝑡𝑎𝑙 𝜑 = 𝜑𝑚𝑒𝑡𝑎𝑙 − 𝜑𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =

𝜇𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 𝜇𝑚𝑒𝑡𝑎𝑙

𝑧𝐹

At constant temperature and pressure, under equilibrium:



Electroless deposition, reactions

Reducing agent,
dimethylamine borane

oxidation

reduction

target reactions
Reagent, citrate 
complex of copper

By-side reaction

By-side product
(oxide)

J. Mater. Chem.
14 (2004) 976

Reaction rate depends
on concentrations and
on reaction free energy
(difference of equilibrium
potentials for half-reactions)

Ascorbic 
acid:

Hydrazine N2H4

Hydroxylamine NH2OH
Hypophosphite (PO2)3-

J. Electrochem. Soc. 142 (1995) 2250

copper

gold



ACS Appl. Mater. Interfaces 
1 (2009) 4

Cu resonators on paper 

Electroless deposition: sensibilization of glass, polymers, and other hydrophobic surfaces

poly(dimethylsiloxane) 

Langmuir 12 (1996) 1375

Typical sensibilization agents are
tin, palladium and gold. 



Wet deposition techniques: electrochemical (galvanic) deposition 

Potential, V

(SHE)

0

Сu2+/Cu

Ni2+/Ni

H+/H2

Сu2+(solution bulk) → Сu2+(electrode surface) → Cu

diffusion

+ 2 e

No stirring 
(slow natural convection)

Stirring (forced convection)

Equilibrium
potential

Cathodic 
(reduction)

Anodic 
(oxidation)

Electrolytes (bath) are designed for many metals
to suppress hydrogen evolution

Reaction rate depends
on concentration and
electrode potential



Parallel process: hydrogen evolution

Electrochimica Acta 58 (2011) 25

Electrochemical deposition of alloys 

Potential, V

(SHE)

0

Сu2+/Cu

Ni2+/Ni

H+/H2

Co2+/CoFe2+/Fe

More ‘noble’ metal is depositing faster, but
reaches the  limiting diffusion current at less
negative potential



Electrochemical deposition of bimetallic superlattices: dual bath

J. Electrochem. Soc. 141 (1994) 230



Electrochemical deposition of bimetallic superlattices: single bath

Cu:Ni ratio in the bath is 1:100

J. Electrochem. Soc. 135 (1988) 1218

2-3 nm thick layers in Cu/NiCu/Cu/….
Total thickness is 15 m.

Potential, V

(SHE)
0

Сu2+/CuNi2+/Ni

Satellite reflections appear in XRD pattern,
which indicate superlattice formation.



Electrochemical deposition of binary compounds

Science 247 (1990) 444
Appl. Phys. Lett. 63 (1993) 1501

2Tl+ + 6OH- - 4e = Tl2O3 + 3H2O

Pb2+ + 4OH- - 2e = PbO2 + 2H2O
anodic deposition

2Cu2+ + 2OH- + 2e = Cu2O + H2O
cathodic deposition

PbO2/Tl2O3  superlattice

Cd2+ + (SeO3)2- + 3 H2O + 6e = CdSe + 6OH-

Cu2O on Si
epitaxial
(Au sublayer)

ACS Appl. Mater. Interf. 
8 (2016) 15828



IBM Res. Devel. 49 (2005) No 1

DAMASCENE process of
copper deposition, 

three additives:

- ‘catalyst’

- suppressor

- ‘leveler’ (adsorbing species,
also named ‘brighteners’)

If diffusion of suppressor into
narrow regions is slow, metal
is in time to grow inside.
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Inverted opals (templated electrodeposition)



22

Faraday Discus. 125 (2004) 117



Electroless vs. electrochemical deposition (plating)      

Any support                           Only conducting supports

Simple configuration            Cell and contacts are necessary

Both are controlled by concentrations and temperature

Additional control by potential/current

Monitoring based on Faraday Law

Wet deposition vs. physical vapor deposition

Much lower temperatures

No damage by high-energy
species

No contact with corrosive media

All real technologies combine wet and dry
technological steps



Nanoelectronics

- spintronics 

- cryoelectronics (superconductor junctions and digital logics)

- single electron devices (SETs)

- elements of organic electronics

Quantum computing

- superconductor qubits

- spin-based qubits 

- electromagnetic traps for atoms and ions

- single electron qubits

Nanoelectronic emitters and detectors

- semiconductor light diodes

- single photon detectors (semiconductor, superconductor)

- emitters of electrons based on nm-size materials

- SQUID detectors

- SET-electrometers

Photonics and non-linear optics

- photonic crystals (filters)

- quantum micro resonators

- nanoplasmonics

- photonic integrated circuits

- single-photon sources

Tentative list of devices, which step-by-step 
technology we can discuss  at the end of this 
course (Nov 24, 2023). 

Please, send me your suggestions 
galina.tsirlina@nanocenter.si

on or  before Nov 9.

We shall vote for device the most interesting 
for the audience on Nov 10.

You can suggest something else as well,
in frames of nanotechnology definition. 

REMINDER
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2D material: books and reviews on sputtering and chemical/electrochemical deposition
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