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Técnicas de

caracterizacion

Table 1.1. Experimental Methods in use for analysis of epitaxiai semicenductor

Enerzy Elcctron
Difiraction (RHEED)
Low Encrsy Electron
Difiraction (LEED)
Auger Electron
Spectrocopy (AES)
Secondary Ion

Mass Spectroscopy

(S1MS)

Rutherford Back-
scattering (RBS)

Nuclear Roaction
Aualysis (NRA)

Electron
Microscopy (LEM)

Seanning Electron
Microscopy (SEM)

Scanning Tunncling
Microscopy (STM)

crenity in-site References
x 1AL Joyee (L1
P. K. Larsen
and P. J. Dobsox: '1.10
x ML Henzler [1.217
AL P. Seah [1.22)
> x M. Grasserbauer
and I W, Werner {1.23°
> A. Benninghoven
destyuctive eral 1.2]
x . Picraux et al. [1.25]
x W. F. van dor Weg and
F. H. I’ M. Habraken [1.26]
x 1. Cerva, H. Oppholzer [1.27].
destructive H. Cerva [1.28], F. A Pouce
et al. {1.29], L. Reimer ;1.30}
% x D. E. Newbury et al. [1.31]
x x H.-J. Gimtherodt

and R. Wiesendanger [1.32)

Table 1.1. (continued}

Refercnces

Method ca-situ in-situ
Electron Paramagnetic x R. C. Newman 1.33]
Resonance (EPR)
Electrical x x R. A. Stradling
Characterisation dostructive and P. C. Klipstein {1.34]
{Hall effect. DLTS)
Photo Electron x M. Cardena
S$peciroscopy (PES) and L. Ley [1.36!
(XPs, SXPS, UPS) G. V. Marr [1.37
Extended X-Ray * x C. C. Koningsberger and
Absorption Fine R. Prius [1.33]
Structure {EXAFS)
Near-Ficld x 1. Betzig et al. '1.19
Optical Microscopy
Photoluminescence x E. C. Lightowlers ‘139
M. A. Herman ot al. 1.4
M. Tlegems [1.07
Elcctro-Photo- x D. E. Aspnes ‘111
refioctance F. H. Pollak {141
Raman spectroscopy N x M. Cardona [1.42]
Ellipsometry x x D. spnes 1120
1. B. Theeten {143
Far Tnfrared x x R. A. Stradling,
Spectroscopy (FIIR) P. C. Klipstein [1.34]
‘I Dumclow ct al. {1
Reflection Anisotropy x x D. E. Aspnes [1.12]
Spectroscopy (RAS)
X-Ray diffraction x A. Segmilller et al. [1.16).
A. Segmilller (118}
$. T. Picraux et al. [1.25]
P. F. Fewster [1.15
B. K. Tanner (1.17]
HRXRD-Conference [1.44]
X-Ray topography x Z. J. Radzimski
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Fig.1.1. Energy gap vs. cubic lattice constant of elemental group IV semiconduc
tors and of T11-V, II-VI and TV-VI compound semiconductors

VICENTE MUNOZ SANJOSE




- 'ﬁ' Analisis superficial y de la fase gaseosa

gas phase analysis

surface analysis

Fig. 1.2. Schematic setup of gasphase analysis and surface analysis in gasphase
epitaxial growth. Information needed: (i) Gasphase: Gas velocity, gas tempera-
ture, identification of molecules, concentration. (ii) Surface: structure, composition.
Methods for analysis: Elastic light scattering, absorption, Raman scattering, Co-
herent Anti-Stokes Raman Scattering (CARS), Spectroscopic Ellipsometry (SE),
Reflectance Anisotropy Spectroscopy (RAS), Second Harmonic Generation (SHG)
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Reflectometria

Fig.1.3. Schematic setup of reflectance anisotropy spectroscopy (RAS) experi-
ment. Interaction with: Anisotropic electronic surface states. Information on: Sur-
face reconstructions, oxidation/deoxidation, exchange reactions, growth rate, mor-
phology
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Elipsometria

1. Introduction

polarisation

lineshape

frequency

Fig. 1.4. Schematic setup of ellipsometry experiments on epitaxial layers. Inter-
action with: Electronic interband transitions (surface and bulk). Information on:

Energy gaps versus temperature, strain and chemical composition, layer thickness

with submonolaver sensitivity, laver dielectric functions
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Raman

scattered

*light

frequency
polarisation
spectral width
intensity

Pig. 1.5. Schemat J nan g e m

Interaction with: (i) Lattice vibrations: optical and acoustical phonons, local vi-
brations. (ii) Electronic excitations: plasmons, single particle excitations, impurity
states. Information on: (i) Structural properties: crystalline quality, orientation,
strain. (ii) Chemical properties: composition, reacted phases at interfaces. (iii) Elec-
tronic properties: impurities, free carriers, potential barriers

up of Raman scattering experiments on epitaxial layers.
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Espectroscopia del infrarrojo lejano

3
linearly polarised Ep
@
radiation \& //ref[echon
intensity versus

photon energy

transmissicn

Fig.1.6. Schematic setup of far infrared SpeCtroscopy experiments on epitaxial
layer systems. Interaction with: (i) Lattice vibrations: optical phonons, local vibra-
tions. (ii) Electronic excitations: free carriers, impurity states. Information on: (i)
Structural properties: crystalline quality, layer thickness. (ii) Vibronic properties:
frequency and damping of TO phonons and of local modes. (iii) Electronic prop-
erties: binding energy and concentration of impurities, free carriers concentration
and damping, low dimensional effects like subband energies, minibands, impurities

in gquantum wells.
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Fig. 1.7. Schematic setup of High Resolution X-Ray Diffraction (HRXRD) of epi-
taxial layers with primary and sccondary monochromators indicated. Experimental
observation: Bragg intensity for different scans through reciprocal space. Informa-
tion on: (i) Geometry: crystal structure, film thickness, superlattice periods, tilt
and terracing. (ii) Strain: elastic strain and relief, distortions, interfacial strain,
inhomogenity. (iii) Crystalline perfection: mosaic spread, interface roughness, in-

terdiffusion
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Figura 13.14. Fenomenos de interaccion de los rayos X con la mareria.
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Tecnicas de rayos X
I
[

]
Espectroscopicas| | Difractométricas
I
[

]
Emision
|
fluorescencia
fotoelectrones

Absorcion
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Técnicas de absorcion de Rayos X

* Radiografia (Microrradiografia).
— Microrradiografia de contacto.
— Microscopia de rayos X de proyeccion.
* Absorciometria de rayos X.

— Absorcién de rayos X policrométicos.
— Absorcidn de rayos X monocromaticos.

— Absorciometria de rayos X en la discontinuidad de absorcion.
= EXAFS (Espectroscopia de la estructura fina de absorcion de rayos X).

— XANES (Espectroscopia de la estructura fina de absorcion de rayos X en la zona
mas proxima a la discontinuidad).

VICENTE MUNOZ SANJOSE
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Técnicas de emision de Rayos X

]

ia).

{b).

Técnicas basadas en el Efecto Fotoeléctrico. (Excitaciéon con rayos X).

(al). Estudian el espectro de fluorescencia de rayos X emitido:

* Espectrometria de fluorescencia de rayos X (XRFS).
— de dispersién de longitudes de onda.
— de dispersién de energias.
* Espectroscopia de rayos X (X-Ray Spectroscopy).
— Espectroscopia de rayos X blandos (Soft X-Ray Spectroscopy).

(a2). Estudian los electrones (fotoelectrones) emitidos:

* Espectroscopia de clectrones para el analisis quimico (ESCA).
[Espectroscopia de fotoelectrones de rayos X (XPS)].
* Espectroscopia de electrones Auger (AES).

Técnicas basadas en la emision de rayos X primarios.

*

Excitacién con iones (protones y particulas alfa principalmente):

— Espectroscopia de emisién de rayos X producidos por particulas (PIXE o
PIXEA).

Excitacidon con eclectrones:
— Microsonda de electrones.
— Microscopia electrénica (de transmisién y barrido).

VICENTE MUNOZ SANJOSE

13



T

P
a}t
ﬂ &
7, +
Wb wah

]

(LN

R

- AT
AT

£ =
L

Clase de
radiacién (A)

Rayos X

Caracteristicas de la muestra
Estacionaria/movil

Métodos generales de difraccion de

Nombre de
la Técnica

Policromatica

Monocromatica

Monocromatica

Monocristal estacionario

Monocristal mévil. (Con movimiento
de rotacién total o parcial, o de pre-
cesion, alrededor de ejes conveniente-
mente elegidos. Pelicula fotografica,
o contador, estacionaria o moévil).

Polvo policristalino (existen simulta-
neamente todas las posibles orienta-
ciones en los cristalitos).

Laue.

Cristal giratorio

Cristal oscilatorio
Weissenberg
Buerger-precesién
Difractémetro de monocris-
tales

Céamaras de polvo de:
— pelicula plana

— pelicula cilindrica
— focalizacion
Difractémetro de polvo

VICENTE MUNOZ SANJOSE
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Rayos X

Capas delgadas
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Rayos X

Capas delgadas
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X Pert-MRD: High Resolution For rocking
curve measurements on perfect epitaxial
layers.

Rayos X

Capas delgadas

~

4-crystal Bartels monochromator
Ge (440) or Ge (220)

X-ray tube
{point focus)

Detector

Perfect epitaxial layer

‘ High resolution

VICENTE MUNOZ SANJOSE
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Rayos X

Capas delgadas

X-ray tube
(point focus)

B+

Channel- cut  Detect
Ge(220)analyzer o | o

ATeSoE
Topography film

Lattice
mismatched layer

A-crystal Barlels munu:hromamr

X Pert-MRD: Triple Axis Adding the

triple-b e ch lcut Ge(220) analy
crystal turns the X'Pert-MRD into a
triple-axis diffractometer. The acceptance
angle of the detector (28 resolution) is
limited to 12 arc-seconds. This makes it
possible to separate lattice strain effects —
i, R hce
e g

High resolution
triple-axis diffraction
space map. Partially
relaxed Ga .y In, As
on Gads.
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Rayos X

Capas delgadas
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’ Thin layers .
Amorphous, polycrystalline

and single crystal layers

X'Pert-MRIY. Glancing incidence
diffraction and reflectrometry The line
focus optics allow measurement of the phase
composition of thin films. With the incident
beam attenuator, ultra-high dynamic range

performed to study layer thickness, interface
quality and density.

Rayos X

Capas delgadas

Flat graphite

X-ray tube mumchromimr
(line focus) Parqllel-pim/ 4

collimator // o2
Attsinuatnr | A0-003%
| . | Thin layer(s)
Divergence
slit

S|

VICENTE MUNOZ SANJOSE

Detector

Reflectivity
measurement of a
300 nm Siy N, layer
on GaAs, showing
more than seven
orders of magnitude
in the dynamic range.
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Rayos X

Capas delgadas

Curved graphite
monochromator
X-ray tube Detector
(line focus)
Random polycrystalline layers N Receiving slit
and bulle samples Soller slits

Anti-scatter slit

Divergence slit

Polycrystalline sample

X'Pert-MRD: Phase analysis The 0/20 Bragg Brantano

line-focus programmable optics allow for measurement on a

high quality standard phase analysis randomly orientated
P DBhas, Sed. crystalline sample

P f
quantitative analysis, line profile analysis, containing three pbases.

Rietveld analysis, etc., are all possible.

EEEH]

3Ly
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SEM
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Haz de electranes

Bremszstrahlung

Electrones
dispersados
* clisticaments

Electrones Rayos ¥ caracteristicos
dispersados
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Haz de electrones @
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Electrdn Auger
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Intensidad

Energia
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Interaccidn de electrones
con la materia
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Perfiles de concentracion
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Imagen de electrones
secundarios
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TEM
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wa 14, Efectos que se pueden deteciar cuando un haz de electrones primarios

de alia encrgia incide sobre una muestra de espesor m.
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Column of a TEM

The cylindrical vessel at the top contains the electron
gun (indicated by the green line). The specimen stage
or goniometer is found halfway down the column (the
red line). The location of the electron lenses is
indicated by the blue lines on the left (we'll look at
lenses in more detail further on). The vacuum system
is found throughout the column

VICENTE MUNOZ SANJOSE

43



P AT

éﬁbﬂ Methods in TEM

L

*Bright field : the standard method of recording TEM images.
Diffraction : a difficult to understand but very useful method
for getting information about crystals.

*Dark field : a second often-used imaging method.
*High-resolution TEM imaging : (too) simply stated, a way of
'seeing atoms'.

*Analysis : providing the chemical composition of the material
we are looking at.

VICENTE MUNOZ SANJOSE

44



Dark field

Bright field

VICENTE MUNOZ SANJOSE




Diffraction
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Ejemplo de microscopia TEM
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High-resolution TEM imaging

High-resolution image of silicon displaying dumbbells
(pairs of silicon atom columns). The distance between
the atom columns in a dumbbell is 0.14 nanometres. The
real structure is drawn in colour (the green lines are used

to highlight the arrangement and have no direct
meaning).
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Analysis
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rug = 0.35 nm
parece que tambi
direccion meyad i
los clusters son mucho
mas pequefios que en
la muestra CTGA30a-
b
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1 Deflection signal
Z-piezo position

Detiection signal

Figure. Atomic force microscopy (AFM) operation modes and instrumentation. (a) Contact
mode, using the cantitaver deffection as feedback signal. (b) Oscillation mode, using the
oscillation amplitude as a feedback signal. (c) Oscillation mode, monitoring the phase
difference between the driving force and cantifever oscillation. (d) Experimental setup for
an atomic force microscope. A computer is used to controf the movemnents of the sample
and cantilever and store data on the surface contours measured. The instrument is
operated with the sample adsorbed on a solid support {e.g., mica) in a buffer solution
under ambient conditions. () Scanning electron microscopy image of an AFM cantilever
and pyramidal tip. The contact-mode cantilever used for biological applications is a
rectanguiar or trianguiar blade, typically - 0.4-0.8 um thick, 100—-200 p.m fong, and
20-40 m wide. The pyramidal tip has a spherical end with a radius as smalf as 10 nm.
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Xyz-piezo
scanner

}

High-voitage
amgplifier

O —— Feedback

A

Figure 1. The basic components of scanning probe microscopy (SPM) are shown for the case
of scanning tunneling microscopy (STM): xyz-piezo scanners move the probing tip across
the sample surface. The tunneling current, Iy, is used, in the case of STM, as the input
signal to the feedback loop. The oulput signal of the feedback is amplified and then fed to
the z-piezo to control the distance between the probe tip and the sample. Other scanning
probe microscopes send different signals to the feedback loop, derived from interactions
such as force (scanning force microscopy, magnetic force microscopy) or light (scanning
near-field optical microscopy).
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Scanning Probe Microscopy in Materials Science

Table I: Various

Probe Mi py (SPM)

Name(s) of Technique

Scanning tunneling
microscopy

Atomic force
microscopy

or

Scanning force
mieroscopy
Friction force
microscopy

or

Lateral force
mieroscopy

Magretic force
microscopy

Electric force
microscopy

Scanning Kelvin
probe microscopy

Scanning
capacitance
micrescopy

Near-field scanning
optical microscopy
or

Scanning near-field
oplical microscopy

Acronym(s}
ST™

AFM, SFM

FFM. LFM

SKPM

NSOM. SNOM

Mode of Operation

What is Measured?

Tunnebng current controls lating
feedback loop.

Cantilever-spring deflection
controls zregulating feedback
loop.

Cantilever-spring deflection
controls zregulating feedback
loop while torsional defiection
of spring is displayed.

Deflection of cantilever spring
caused by magnetic forces between
magnetized tip and surface

controls zregulating feedback loap.
Deflection of cantilever spring
caused by electrostatic forces
between tip and surface controls
Zregulating feedback loop,
Capaciive force is measured
between oscillating tip and surtaces
while the sample voltage is varied unti
the electrostatc field is compensated,
Capacitance is measured

between oscillating tip and surfaces
while scanning a biased tip above
the sample surface.

An optical fiber with a small aperture
is scanned in very close proximity to
the sample, and the transmitted or
reflected light is detected andfor
analyzed spectroscopically.
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e le imaging of morp!
{indirectly). o location of orbitals at particular
energy levels. When tunneling voltage is varied,
the measured current yields a spectrum. This
variation of the techniaue is called scanning
tunneling spectroscopy (STS) and yields
information on both fe and empty states of
the sample’s band structure
Nanoscale measurements of surface
morphology, matenals properties. and forces
between tip (which may e fuactonalized) and
surface

Friction can be measurea ane differentiated on a
nanometer scale. When this 1s ~elated to the
surface chermistry. this is often referred 1o as
chemical force microscopy (CFM 1. and fips are
often surlace-treated in order tc enhance
contrast.

Magnetic field gradient above a sample.

Eectric field gradient or surface potential above
a sample

Map of surface contact potential difference

Map of surface capacitance.

Optical images of a surface with resolution of
~100 nm: oplical images of smaller ernitting
species. such as single fluorescent molecules.
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