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Why X-ray scattering with grazing incidence in materials science?

In the opto-electonic industry, the goal is to fabricate  devices of allways maller dimensions, with novel structures / features, etc.
Nanostructures in implanted semiconductors, or on thin wafers (Si, GaAs with nanometer sized islands from Ge, InAs on it), offer 
technologically interesting applications: if nanocrystals have dimensions of the de Boglie wavelength of the electron, energy levels 
become quantisized, and correspondingly e.g. sharp photoluminescence lines are found. Such “quantum dot” systems are promising 
candidates for novel device applications like optoelectronic switches, photodiodes, lasers, etc.
For adequate performance, a macroscopic number of quantum dots with a high degree of structural homogeneity is needed. Since 
opto-electronic properties of quantum dots depend mainly on strain, size, size distribution and ordering, it becomes essential to 
characterize these quantities as a function of the growth parameters. Furthermore, a precise control of growth parameters such as 
substrate temperature, deposition rate and substrate miscut is necessary to grow coherently strained small islands with remarkable 
structural and optoelectronic properties. 

Work in this direction has been done using e.g. atomic force microscopy. With it a large variety of different shapes has been found 
(e.g. faceted pyramids, hut clusters, dome-like structures, …). 
Disadvantage: - Small sampling statistics -> size distribution and ordering effects can hardly be discovered

- Strain cannot be detected
- Buried dots are not accessible

X-ray scattering:
- Averages over macroscopic areas, but still yields microscopic information
- Is intrinsically sensitive to strain
- In case of grazing incidence techniques, structural information can be obtained with depth resolution.

Conventional large angle X-ray scattering methods: the signal from a single quantum dot layer on a substrate is typically 10-6 times 
weaker than the scattering from the substrate. This intensity ratio can be improved if grazing incidence techniques are applied: the 
penetration depth of X-rays can be restricted to about 10 nm, thus probing only the sample volume in which the quantum dots occur. 
Since the absolute number of atoms in the dots is small, the use of highly brilliant synchrotron sources is mandatory for these 
techniques.















quantum confinement of excitons,
increase of the energy gap

• variable length optical absorbers

• high-speed non-linear optical switches

• photoluminiscence with variabel wavelength  by 
changing particle size    ( -> quantum dot laser)

• formation of nanoparticles in dielectrics and non-
absorbing materials

CdS

BUT: working devices will depend on a precise 
control of size and density of an ensemble of 
Quantum Dots (QD)

II-VI semi-conductors Nanostructures :  what for ?



Amorphous SiO2

Schematic of the ion implantation technique for NC production

(a) Host material implanted with equal 
doses of group II and VI ions

(b) Supersaturated solid  solution
formed in the near  surface region
(c) nucleation of precipitates,
precipitates grow on the expense of 
incoming ion flux

d) during high-T annealing II-VI 
nanoparticles are being synthesized and 
in the process of Ostwald ripening
agglomerating in discrete, isolated QD’s
of varying size



GISAXS pattern formation

2D GISAXS pattern

Λ = 2π/qm, Λ = average nanocrystals distance -
obtained from interference peak, qmax

Rg = radius of gyration 
⇒ D =average cluster diameter
obtained from slope of linear region of 
I(q) versus q2

Incident beam
Scattering by particles in substrate
Coherent scattering from surface
Incoherent surface scattering
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Synthesis and growth of Synthesis and growth of CdSCdS Quantum Dots in SiOQuantum Dots in SiO22

studied by GISAXSstudied by GISAXS
GISAXS-pattern

Concentration 5.3 exp 21/cm3

Concentration 2.0 exp 21/cm3

Isotropical distribution of spherical 
QDs with average diameter 8.8 nm, 
and with average distance of 10.8 nm

Intensity profiles

Isotropical distribution of 
spherical QDs with smaller 
average diameter and distance
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LMA approximation, and DWBA formalism -> scattered intensity is:

U.V. Desnica, P. Dubcek, I.D. Desnica-Frankovic, M. Buljan, S. Bernstorff and C.W. White, J.Appl.Cryst. 36, 443-446 (2003)



Scattering from embedded particles:
Local Monodisperse Approximation - LMA

-system is approximated by monodisperse subsystems, weighted by the size distribution
-positions of the particles are completely correlated with their sizes
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T(αi) and T(αf) - Fresnell transmission coefficients for angle of incidence αi and exit αf

P(q,D) - form factor of a homogeneous sphere of diameter D, (D=2R); 
S(q,Dhs,ηhs) - structure factor (ηhs - volume fraction and diameter of the hard spheres)
N(w,D) - Gaussian size distribution function

Itotal = ILMA + Isurface

Surface scattering:
Distorted Wave Born Approximation -
DWBA



bimodal size distribution of particles – 1D GISAXS and TEM

closely spaced population of large particles with 
narrow size distribution RG≈ 50 -60 nmnm

shoulder - second group of smaller particles of 
broader size distribution RG ≈ 5-7 nm

(CdSe in SiO2, +0% Cd, 800 oC in Ar+H2)

depth profiling by small increase of the 
incidence angle (0.02o step)

Size distribution for  ZnSe nanocrystals in SiO2 after annealing at 1000 oC, 30s, Ar. 
Sample was implanted with 33% surplus Cd. Among large particles positioned at 
approx. 100nm, there is also a band of small particles with diameters below 10 nm

Cross-sectional TEM image:



high correlation between the film and glass surface 
interference patterns in the specular plane (Φ=0) 
enables precise film thickness determination

concentric rings around the direct beam direction correspond to inner structure of the  film

GISAXS on thin Ti02 FILMS ON GLASS SUBSTRATE

P. Dubcek, A. Turkovic, B. Etlinger, O. Milat, M. Lucic-Lavcevic, S. Bernstorff and H. Amenitsch

2. Example:



3. Example:





4. Example:





SUMMARY

There are several methods of X-ray scattering:

XRD -> - average strain
- average composition
- average chemical composition

SAXS -> - shape, size, distribution and distances of structures in 
amorphous or partly ordered sample systems (bulk informations)

XRR -> - surface and interfaces
- roughness
- correlations
- layer thicknesses

GISAXS -> - shape, size, distribution and distances (lateral correlations) of 
nanostructures on surfaces, interfaces and thin films

GID -> - crystalline properties of coherent quantum dots
- in-plane strain
- depth dependent strain
- composition


























