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MOLECULAR BEAM EPITAXY (MBE)

MBE involves the generation of fluxes of constituent matrix and doping species 

(molecular beam) and their reaction at the (hot) substrate to form an ordered 

overlayer (epitaxy).
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Elemental or compound constituents are heated (if in the liquid or solid state) or 

introduced (if gaseous) to cause mass transfer from the flux generators to the 

substrate, via the vapor phase. 

To maintain the high purity and integrity of the deposit, stringent vacuum 

conditions are needed. MBE is essentially a line-of-sight technique from source 

to substrate, and the fluxes of constituents (and thus the composition of the 

material perpendicular to the growth direction) can be temporally modulated 

either by altering the evaporation/introduction conditions, or by physically 

interrupting the beam using rapid action mechanical shutters.

A key attribute of MBE is the precision with which the composition and doping 

of a structure can be tailored, such that atomically abrupt features can be 

produced. To achieve this level of control within realistic time spans, deposition 

rates centered around one atomic layer (a monolayer) per second are used. 

This places constraints on the operational temperatures of sources, and the 

speeds with which shutters are required to operate.

MOLECULAR BEAM EPITAXY (MBE)
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Example: MBE for fabricating GaAs and doped GaAs films
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MOLECULAR BEAM EPITAXY (MBE)
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MOLECULAR BEAM EPITAXY (MBE): importance of ultra-high vacuum (UHV conditions)
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Reflection high energy electron diffraction (RHEED)
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Reflection high energy electron diffraction (RHEED)



9



10



11

RHEED in oxide research – diffraction pattern

Surface analysis during crystal growth

http://comp.uark.edu/
Analysis of surface reconstruction

K. Iwaya et al., APEX 

3, 075701 (2010)

SrTiO3 film

Takayuki Harada
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Reflection high energy electron diffraction (RHEED) for in situ monitoring of the growth



13Thanks to Dr Wei Peng



100 nm

Reflection high energy electron diffraction (RHEED) for in situ monitoring of the growth
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SPUTTERING: one result of interaction of energetic ions  with surfaces

Ion - Surface Interactions

Critical to the analysis and design of sputtering processes is an understanding

of what happens when ions collide with surfaces. Some of the interactions that occur are shown 

schematically in Fig. 3-16. Each depends on the type of ion (mass, charge), the nature of surface 

atoms involved, and, importantly, on the ion energy. Several of these interactions have been 

capitalized upon in widely used thin-film processing, deposition, and characterization techniques: 

Ion implantation involves burial of ions under the target surface. Ion implantation of dopants such 

as B, P, As into Si wafers at ion energies ranging from tens to 100 keV is essential in the 

fabrication of devices in very large scale integrated (VLSI) circuits. Even higher energies are 

utilized to implant dopants into GaAs matrices. Ion fluxes, impingement times, and energies must 

be precisely controlled to yield desired doping levels and profiles. 

In contrast, ion-scattering spectroscopy techniques require that the incident ions be reemitted for 

measurement of energy loss. Rutherford backscattering (RBS) is the most important of these 

analytical methods and typically relies on 2-MeV He+ ions. Through measurement of the intensity 

of the scattered ion signal, it is possible to infer the thickness and composition of films as well as 

subsurface compound layers.



16

SPUTTERING used for thin films: dc sputtering, RF magnetron sputtering

A discharge is essentially a plasma- i.e., a partially ionized gas composed of ions, 

electrons, and neutral species that is electrically neutral when averaged over all the 

particles contained within. Moreover, the density of charged particles must be large 

enough compared with the dimensions of the plasma so that significant Coulombic

interaction occurs. This interaction enables the charged species to behave in a fluidlike

fashion and determines many of the plasma properties. The plasmas used in sputtering 

are called glow discharges.
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Sputtering sources often employ magnetrons that utilize strong electric and magnetic fields 

to confine charged plasma particles close to the surface of the sputter target. In a magnetic 

field electrons follow helical paths around magnetic field lines undergoing more ionizing 

collisions with gaseous neutrals near the target surface than would otherwise occur. (As the 

target material is depleted, a "racetrack" erosion profile may appear on the surface of the 

target.) The sputter gas is typically an inert gas such as argon. The extra argon ions 

created as a result of these collisions leads to a higher deposition rate. It also means that 

the plasma can be sustained at a lower pressure. The sputtered atoms are neutrally 

charged and so are unaffected by the magnetic trap. Charge build-up on insulating targets 

can be avoided with the use of RF sputtering where the sign of the anode-cathode bias is 

varied at a high rate (commonly 13.56 MHz). RF sputtering works well to produce highly 

insulating oxide films but with the added expense of RF power supplies and impedance 

matching networks. Stray magnetic fields leaking from ferromagnetic targets also disturb 

the sputtering process. Specially designed sputter guns with unusually strong permanent 

magnets must often be used in compensation.

http://en.wikipedia.org/wiki/Magnetron
http://en.wikipedia.org/wiki/Argon
http://en.wikipedia.org/wiki/Plasma_%28physics%29
http://en.wikipedia.org/wiki/ISM_band
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t~ 0.1 ms

t~ 2 ms

t~ 5 - 50ms

Substrate

Laser pulse, ~20 ns

time t= 0

Target

L= 3 - 10 cm

Pulsed-laser deposition schematics
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Pulsed-laser deposition assisted by reflective high energy electron 

diffraction (RHEED)

Animation of an experiment of growing superconductive films of YBCO on SrTiO3(100) 

by PLD and monitoring the growth by RHEED
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1. Laser ablation of the target
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LASER: Light amplification by stimulated emission of radiation

Laser light properties: 

 high spatial coherence → extreme focusing and directional irradiation

of high energy densities

 monochromaticity

 tunability

 controlled pulsed excitation → high temporal resolution; often makes it 

possible to overcome competing dissipative mechanisms within the 

particular system under investigation

Types of lasers (based on the active medium):

- solid state lasers:  ruby laser(Cr3+:Al2O3 ,694 nm), Nd3+: YAG (1.06 mm, 

but down to 266 nm by frequency multiplication in nonlinear crystals 

external to the laser cavity), semiconductor (diode) lasers (IR)

- gas lasers: CO2 laser (10.6 mm), HeNe (633 nm) , excimers (157 nm to 351 

nm), etc.

- dye (liquid solution) lasers (tunable wavelength)

The range of wavelengths for fabrication of thin films of complex oxide 

compounds by PLD lies between 200 nm and 400 nm.
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Energy levels of the active medium: Nd3+ doped- Y3Al5O12

(1 at. %, i.e. impurity concentration of 1.36 × 1020 cm−3)

A four levels system

Highest gain lasing at 1064 nm

It can work in continuous wave mode and by Q-switching

it can be made to operate in a pulsed regime (typically 

10-25 ns duration pulses)

The high-intensity pulses may be efficiently 

frequency doubled to generate laser light at 532 nm, 

or higher harmonics at 355 and 266 nm.

http://en.wikipedia.org/wiki/Second_harmonic_generation
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Excimer laser basics

Light output from an excimer laser derives from a molecular gain 

medium in which lasing action takes place between a bound upper 

electronic state and a repulsive or weakly bound ground electronic 

state:

-The excimer molecule (i.e., KrF*) dissociates rapidly, on the order 

of 10-13 s as it emits a photon during transition from upper state to 

ground state.

-High ratio of upper state lifetime to lower state lifetime somehow, 

a perfect laser medium, because the population inversion and 

therefore high gain are thus easily achieved

The excimer molecules are formed in a gasous mixture, such as Xe, 

HCl and Ne, in case of XeCl laser.

Pumping of the laser medium: avalanche electric discharge excitation, creating 

ionic and electronically excited species that react chemically and produce excimer 

molecules.

The kinetics and chemical reactions forming the excimer molecules are quite complex, 

involving many steps.
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Example for KrF excimer reactions:

(* denotes electronically excited species, X denotes a third body: He, Ne)

Kr + e-  Kr+, Kr*, Kr2
+

F2+ e- F +  F-

Kr+ + F- + X  KrF* + X (excimer stabilization by involvement of a third body)

Kr2
+ + F- KrF*+ Kr

Kr* + F2 KrF* + F

Once the excimer molecule is formed, it will decay via spontaneous emission 

and collisional deactivation molecule lifetime of ~2.5 ns

Output energies of several hundred mJ / laser pulse dictate an excimer

population density of 1015/cm3for lasing to occur, the formation rate of the 

ionic and excited precursors must be fast enough to produce excimers at a rate 

of several 1023 / cm3 / s. 

From “Pulsed laser 

deposition of thin Films” by 

D. B Chrisey & G. K. Huber
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Excimer Wavelegth (nm)

F2 157 (7.9 eV)

ArF 193

KrCl 222

KrF (highest gain) 248    (i.e., hn= 5 eV)

XeCl 308                  (4 eV)

XeF 351

High outputs in excess of 1Joule/pulse  may be nowadays achived                                   

Pulse repetition rates of up to several hundred Hertz with energies of 500 mJ/pulse 

Excimer lasers 
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Lasers - used to pattern/process solid surfaces

- used to fabricate thin films by condensing on a 

substrate the material that is ablated from a target 

under the action of laser light (solid or liquid)-

pulsed-laser deposition. 

Laser ablation is a particulary suitable and powerful tool in 

micropatterning of hard, brittle, and heat sensitive materials or

biological materials- “PHOTONS ARE CLEAN”→ surgery tool, 

see for instance eye surgery LASIK (laser-assisted in situ

keratomileusis- corneea reshaping )

Pulsed-laser ablation (PLA): material removal caused by short 

high-intensity laser pulses, taking usually place far from 

equilibrium; may be based on thermal and non-thermal 

microscopic mechanisms

http://en.wikipedia.org/wiki/Laser
http://en.wikipedia.org/wiki/In_situ
http://en.wikipedia.org/wiki/Keratomileusis
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Laser ablation for thin film growth has many advantages:

• The energy (laser) source is outside the vacuum chamber and the 

photons are "clean".

• Almost any condensed matter can be ablated.

• The pulsed nature of PLD means that film growth rates may be 

controlled to any desired amount.

• The amount of vaporized source material is localized only to about that 

area defined by the laser focus.

• Under optimal conditions, the ratios of the elemental components of 

the bulk and the film are the same, even for very complex compositions.

• The kinetic energies of the ablated species arriving at the substrate lie 

mainly in a range that promotes surface mobility while avoiding bulk 

displacements.

• The ability to produce species with electronic states far from chemical 

equilibrium opens up the potential to produce novel or metastable 

materials that would be unattainable under thermal conditions.

Reviews of Modern Physics, Vol. 72, pg. 315-328, 2000 
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PLD also has fundamental drawbacks:

• The production of ejecta (particulates) during the ablation 

process

• Impurities in the target material → transfered to the film

• Crystallographic defects in the film caused by 

bombardment by high kinetic energy ablation particles

• Inhomogeneous flux and angular energy distribution within 

the ablation plume

Reviews of Modern Physics, Vol. 72, pg. 315-328, 2000 
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CONDUCTION BAND

VALENCE BAND

Interband Defect Coherent 

two-photon
Intraband

hn
Eg

tT

Schematic of different types of electronic excitations in a 

(crystalline) solid (primary interactions between light and matter are always 

non-thermal, namely elementary excitations):                                                                                                                      

-straight lines indicate absorption or emission of photons with different 

energies, hn ;    oscillating lines indicate non-radiative processes

- interband transitions for hn ≥ Eg: electron-hole pairs are generated; band-

gap excitations are located in the near infrared (NIR) and visible (VIS) for 

semiconductors and in the ultraviolet (UV) for insulators                                         

- defect-, impurity- and surface states permit sub-bandgap excitations with 

hn < Eg
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Laser light-induced thermal processes

Thermalization of the excitation energy described by the relaxation time tT.

For a thermal process, tT<< tR, where tR characterizes the initial processing 

step or the inverse excitation rate (depending which is smaller)→ if tT<< tR

the detailed excitation mechanisms become irrelevant and the laser can be 

considered simply as a HEAT SOURCE.

In spite of their thermal character, LASER-DRIVEN thermophysical and 

thermochemical processes may be quite different from those initiated by a 

conventional heat source:

 the laser-induced temperature rise can be localized in space and time → 

T>104 K can be induced in a small volume that is defined by the focused 

laser beam

 with short, high-intensity laser pulses, heating rates up to 1015 K/s can be 

achieved

 selective excitation of a particular species (e.g., in a gas mixture)

 laser heating may change the optical properties of the medium 

and thereby introduce non-linearities in the interaction process.
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Laser light

Material excitation

Temperature rise
Thermal + 

non-thermal 

excitations

Direct bond 

breaking

Volume 

changes

Stresses

Defects

Ablation

Plasma formation

(Pulsed)-laser ablation (FEEDBACK) mechanisms

Ablation can be based on thermal activation only (left path), on direct bond breaking 

(photochemical ablation; right path), or on a combination of both (photophysical 

ablation; intermediate path).

PLAs steps:                             

- optical excitation                      

- energy dissipation                    

- decomposition and 

removal of material
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Pulsed-laser ablation: 

- removal of material by irradiating a target with laser pulses

- widely supresses the dissipation of the excitation energy beyond 

the volume that is ablated during the pulse: 

this holds if the thickness of the layer ablated per pulse, Dh, is of 

the order of the heat penetration depth, lT≈ 2(Dtl)
1/2, or the optical 

penetration depth, la= a -1, depending on which is larger, i.e.

Dh ≈ max(lT, la) (*)

Nota bene: because of the fast heating and cooling rates achieved 

with pulsed lasers, material damage or material segregation in 

multicomponent systems can be often ignored even in cases 

where the ablated layer thickness is considerably smaller than the 

value obtained from (*).

Photothermal process: Pulsed-laser ablation
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Laser ablation used for pulsed-laser deposition

Dh ≈ max(lT, la)     

is well fulfilled with many materials, such as most oxides, for UV-laser light 

and nanosecond-long  laser pulses (excimer lasers).

However, with certain materials, due to their high thermal conductivity, ns laser pulses 

are too long for high-quality and high-resolution surface patterning (metals, many 

semiconductors, thin films of high TC superconductors, etc.) The above relation can 

be fulfilled only with picosecond- and femtosecond-long laser pulses.

Pulsed-laser ablation (PLA) can be used to fabricate thin films by condensing 

on a suitable substrate surface the material that is ablated from a (solid or 

liquid) target.

PLA can be used for the growth of stoichiometric multicomponent thin films if

congruent ablation regime is achieved, avoiding material segregation, in 

multicomponent systems.

Incongruent ablation (for insufficient energy densities of the laser radiation on the 

target): e.g., due to preferential evaporation of the elements with lower vaporization 

temperatures and enthalpies, or higher vapor pressures of certain elements  in the 

laser-irradiated multicomponent target surface-segregation can occur.
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Laser parameters to be optimized* for PLD purposes:

 Wavelength (few mm to 157 nm)

 Pulse duration (tens of ns to tens of fs)

 Laser energy density on the target (fluence)

 Laser spot: size and shape

 Pulse repetition rate (0.1 Hz to  few kHz)

Limited choices of laser 

systems, especially for 

commercial PLD set-ups

Tunable!

* Proper choice of laser parameters is of great importance, since they 

determine the type and relative concentrations, the degree of ionization, 

and the spatial and temporal distributions of species leaving the target 

surface.
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Threshold laser fluence for (congruent) ablation

Fluence (laser energy density), F:

F= energy (J) / laser spot area on the target surface (cm2)

- Below threshold or near- threshold ablation regime: for F<Fth, 

small quantities of neutral and ionized species become detectable 

with the most sensitive diagnostics; the amount of the emitted 

species is highly nonlinear with F and repeated irradiation of the 

surface at these F does not, however, produce a measureable 

ablation pit photodesorption chiefly takes place

-Threshold for laser ablation, Fth: for many materials, significant 

removal rates begin at high temperatures (in the irradiated volume), 

which, in turn, necessitate high laser energy densities; this fact can 

be used to define a Fth (i.e., the energy density in J/cm2 at which 

measurable material removal takes place)

- However, a more relevant threshold value for thin film fabrication 

by PLD is that for congruent (stoichiometric) ablation.



Threshold laser fluence for stoichiometric ablation

~ 0.75 J/cm2   

Laser Processing and Chemistry, by Dieter Bäuerle, Springer 2000

Ex. 1: YBCO stoichiometric ablation
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Ex.2: PLD growth of epitaxial La0.7Sr0.3MnO3 films on SrTiO3(100) substrates

0.64 J/cm2

0.35 J/cm2

0.35 J/cm2 results in films with 

best properties

T= 850 C

~10-3 mbarO2

L= 5 cm

KrF laser 

4 Hz

E= 35 mJ

Varied the 

spot size→ 

varied 

fluence, but 

not only…
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KrF laser, E= 25 mJ - 200 mJ, L= 4.4- 5.3 cm, T= 670 °C, 10-2 - 1 mbar O2

6.7 J/cm2
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Ceramic 

stoichiometric 

SrTiO3 target!

KrF laser (30 ns pulse), 

5 Hz, L= 3.5 cm

Fth~ 1.3 J/cm2   
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Target surface modification by cumulative laser 

irradiation and ejection of particulates

From “Pulsed laser 

deposition of thin films” by 

D. B Chrisey & G. K. Huber
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Pb deficiency in the cone tip!

PbZr0.53Ti0.47O3 (PZT) ceramic target 

Irradiation at PLD fluence levels: cone formation
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Cone formation on ablated YBCO targets

Pulsed laser deposition of thin films

by D. B Chrisey & G. K. Huber



43

Effects of surface modification on pulsed-laser deposition:

1. On film composition: surprisingly, target surface modification has 

benign effects, target preconditioning (preablation) is however 

necessary!

2. On film deposition rate: quite affected!
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One of the solutions against droplets/particulates in PLD films:                 

See more in Laser Processing and Chemistry, by Dieter Bäuerle, Springer 2000
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2. Plasma expansion and propagation



47

Based on the nature of interaction of the laser beam with the target and the 

evaporated material, the pulsed-laser ablation process can be classified into 

three separate regimes: 

- interaction of the laser beam with the bulk target, 

- plasma formation, heating, and initial three-dimensional isothermal 

expansion, and then adiabatic expansion and

- deposition of thin films.

The three-dimensional expansion of this plasma gives rise to the

characteristic spatial thickness and compositional variations observed in 

laser-deposited thin films of multicomponent systems. 

The forward-directed nature of the laser evaporation process has been found 

to result from anisotropic expansion velocities of the atomic species which are 

controlled by the dimensions of the expanding plasma.
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Interaction of the laser beam with the evaporated material from the target material

Absorption coefficient of the laser-induced plasma, aP:

Z- avearge charge of the 

plasma components 

ni- ion density 

n- frequency of the laser light

The primary absorption 

mechanism for a plasma is 

the electtron-ion collisons; 

the absorption occurs by an 

inverse bremsstrahlung 

process, which involves the 

absorption of a photon by a 

free electron.

The laser energy is highly 

absorbed if aP X is large, 

where X is the dimension 

perpendicular to the target 

of the expanding plasma.R. K. Singh and J. Narayan, Phys. Rev. B 41, 8843, 1990
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Where X0, Y0, Z0 are the initial 

dimensions of the plasma                       

at t= t (laser pulse duration)

Influence of laser spot size and shape

Assuming adiabatic plasma expansion 

and no spatial temperature gradients 

after the laser pulse ends:

R. K. Singh and J. Narayan, Phys. Rev. B 41, 8843, 1990

g - adiabatic exponent of the vapor



50



51



52



53

Typical conditions for 

epitaxial film growth by 

PLD (at ambient 

pressures as high as 

200 mTorr) involve a 

large number of gas 

phase collisions of the 

ablated material 

between the target and 

the substrate, reducing 

both the ion fraction 

and the kinetic energy 

of the evaporated 

material → near-

thermal energies of the 

species arriving at the 

substrate!

Thermal 

deposition
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What is unique about the way in which film growth proceeds 

when the vapor-generation and vapor-transport mechanisms 

involve pulsed-laser ablation?

• HIGHLY NON-EQUILIBRIUM and thus NONTHERMAL nature of  pulsed-

laser deposition makes it  one of only a few techniques that is able to transfer 

chemically complex material congruently from the bulk target to the growing 

thin film.

• PULSED nature of the FLUX of ATOMS (of the order of 1020 atoms cm-2 s-2) 

and associated SUPERSATURATION of the vapor above the substrate 

surface promote the initial dense nucleation of small two-dimensional 

islands, which help promote two-dimensional film growth.

• Nonthermal interaction of ENERGETIC incident atoms (up to 1000 eV) with 

the surface (occurs on the picosecond time scale) and it is followed by 

thermal diffusion processes on the time scale of seconds.

Pulsed laser vaporization and deposition, P. R. Willmott and J. R. Huber, 

Reviews of Modern Physics, Vol. 72, pg. 315-328, 2000 
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