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Size of Size of ZnOZnO clusters deposited on a substrate surfaceclusters deposited on a substrate surface
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ThirdThird--harmonic generation in a thin harmonic generation in a thin nanocrystallinenanocrystalline film of film of ZnOZnO

G. Petrov, V. Shcheslavskiy, V. Yakovlev,
I. Ozerov, E. Chelnokov, and W. Marine,
Applied Physics Letters, 83 (2003) 3993.Applied Physics Letters, 83 (2003) 3993.

Principles Principles of of nanocluster synthesis nanocluster synthesis 
byby pulsedpulsed laser ablationlaser ablation

CondensationCondensation
Chemical reactionsChemical reactions

Growth of Growth of NanoclustersNanoclusters
CoolingCooling

CrystallizationCrystallization

targettarget
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GAS:GAS:
-- Nature (reactive or inert)Nature (reactive or inert)
-- PressurePressure

•• Where andWhere and whenwhen are are thethe clusters clusters formedformed??
•• What isWhat is theirtheir aggregateaggregate state state 

during theduring the gasgas phase transport?phase transport?

200 300 400 500 600 700 800 900 M
S

 S
ig

na
l I

nt
en

si
ty

 (a
.u

.)

 Mass-to-Charge Ratio (a.m.u.)

 

Zn5O4
+

Zn4O3
+Zn2

+

7-7 10-7 11-1010-99-88-77-67-4
6-5

6-3

5-4

5-3
5-2

4-3

4-2
4-1

3-3

3-2
3-1

3-0
2-2

2-1

2-0
Ions
Fresh Surface
F ~ 0.7 J/cm2

200 300 400 500 600 700 800 900 M
S 

Si
gn

al
 In

te
ns

ity
 (a

.u
.)

 Mass-to-Charge Ratio (a.m.u.)

 

Zn5O4
+

Zn4O3
+Zn2

+

7-7 10-7 11-1010-99-88-77-67-4
6-5

6-3

5-4

5-35-2

4-3

4-2
4-1

3-3

3-2
3-1

3-0
2-2

2-1

2-0
Ions
Fresh Surface
F ~ 0.7 J/cm2

Small atomic clusters play a role of Small atomic clusters play a role of 
precursors for the gas phase precursors for the gas phase 
nucleation and growth of nucleation and growth of nanoclustersnanoclusters

MassMass--Spectra Spectra of of ZnO ZnO plume in Vacuumplume in Vacuum

PL Excitation: λ = 266 nm ; 
τ = 100 fs ; F = 300 µJ/cm2

Under Under fsfs excitation the thermal effects excitation the thermal effects 
of laser irradiation are strongly reducedof laser irradiation are strongly reduced
=> No evaporation=> No evaporation

Fragmentation of Fragmentation of gasgas--suspendedsuspended ZnO ZnO 
nanoclusters by ArF laser nanoclusters by ArF laser beambeam
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(a)

Zinc atoms are evaporated/desorbed from Zinc atoms are evaporated/desorbed from nanoclustersnanoclusters
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Condensation      Growth of Condensation      Growth of NanoclustersNanoclusters

Plume expansion - Poisson Adiabate

Saturated vapor adiabate 
- Clapeyron-Klausius eq.

PhotoluminescencePhotoluminescence
under under fsfs laser excitationlaser excitation

Light Absorption by Light Absorption by NanoclustersNanoclusters::
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((nanosecondnanosecond pulses):pulses):

Carrier concentration:Carrier concentration:

• ZnO nanoclustersZnO nanoclusters are formed and crystallized in the gas phaseare formed and crystallized in the gas phase
•• Photoluminescence from the gasPhotoluminescence from the gas--suspended suspended nanoclustersnanoclusters

corresponds to the corresponds to the radiative excitonradiative exciton recombinationrecombination
•• Under nanosecond laser excitation the clusters are heated by hotUnder nanosecond laser excitation the clusters are heated by hot

carrierscarriers
•• Under Under femtosecondfemtosecond excitation the emission from gasexcitation the emission from gas--suspended suspended ZnOZnO
clusters is comparable to that of high quality clusters is comparable to that of high quality nanocrystallinenanocrystalline filmsfilms
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High Resolution Transmission 
Electron Microscopy Image

RandomRandom laser laser effecteffect in ZnO nanostructured filmsin ZnO nanostructured films
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•• Pulsed laser ablation in a background gas atmosphere Pulsed laser ablation in a background gas atmosphere 
is a very efficient method of is a very efficient method of ZnO nanoclusterZnO nanocluster synthesissynthesis

•• NanocrystallineNanocrystalline ZnO ZnO films deposited by clusterfilms deposited by cluster--assisted assisted 
PLA show excellent optical propertiesPLA show excellent optical properties

ZnO nanocrystalline ZnO nanocrystalline films films grown grown by by 
reactive pulsedreactive pulsed laser laser depositiondeposition

Difficulties in film growth processDifficulties in film growth process
Problem: Oxygen is lost during the depositionProblem: Oxygen is lost during the deposition
Solution: Introduce oxygen atmosphereSolution: Introduce oxygen atmosphere
Problem: Excessive oxygen trapping into the filmsProblem: Excessive oxygen trapping into the films
Solution: Replace a part of oxygen by heliumSolution: Replace a part of oxygen by helium

((deposition in mixed atmospheredeposition in mixed atmosphere))

The role of the gases:The role of the gases:
Oxygen Oxygen –– stoichiometrystoichiometry improvingimproving
Helium Helium –– cooling & slowing down the  clusterscooling & slowing down the  clusters
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Controlled synthesis of nanostructured materials is an important challenge for 

numerous applications in different areas of nanoelectronics and photonics. Among the other 

semiconductors, zinc oxide is considered as one of the most promising materials for the 

realisation of light emitting diodes and non-linear optoelctronic devices. 

We present a method to synthesize ZnO nanoclusters and to deposit nanostructured 

films by pulsed laser ablation. The nanoclusters are condensed in the laser-induced plume, 

which is confined by an ambient gas. Even in vacuum, the small clusters have been detected 

by time-of-flight mass-spectrometry. The presence of the surrounding gas favors the synthesis 

and growth of the clusters. We observed very rich cluster populations and we demonstrated 

chemical reactions between the ablated particles and the ambient gas. The initial cluster ions 

play a role of condensation centers for the further cluster growth up to sizes of several 

nanometers. Under laser excitation, we have observed the photoluminescence (PL) of the gas-

suspended clusters. The PL spectra of the gas-suspended clusters showed a narrow band 

corresponding to the exciton recombination in the nanoclusters, which are already cooled 

down and crystallized. 

The PL spectra of the nanocrystalline films showed a strong exciton band and a weak 

defect-related band. These defects are due to local oxygen amount in the films and can be 

controlled by optimizing the deposition conditions and by post-growth laser annealing. The 

films have been annealed with laser fluences both, below and above the melting threshold in 

air and in hydrogen ambient. We show that annealing in air modifies the intensity and spectral 

position of defect emission band, and annealing in hydrogen ambient suppresses this 

emission. However, in both cases the intensity of UV light emission increases drastically. The 

effects of laser fluence and annealing ambient on the optical properties of the films will be 

discussed. 

We have shown a very high efficiency of the conversion of the femtosecond laser 

radiation to the third-harmonic in submicron-thick ZnO films. Finally, we report a very strong 

optical amplification and a laser effect due to the optical cavities formed by light scattering in 

the nanostructured films. 
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