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High resolution x-ray analysis of the nano-structures
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Introduction of Synchrotron Radiation
Introduction of X-ray scattering
Application of SR x-ray scattering -
Strain field and Compositional distribution of InGaAs quantum dots — iso-strain scattering and
Resonant X-ray Scattering

Structure determination of nano-thick HfO, epi-layers =

Structure and composition determination of Y,0, doped HfO,-thin films~ < Bt -

Epitaxial stablization of h-Gd,O, on GaN (0001) and Thicl C Tndent strue
B 2

transformation ‘_

How does synchrotron radiation source work?

The synchrotron produces light by accelerating electrons almost to the speed of light.
Magnets put the electrons into circular paths. As the electrons turn, photons (little
packets) of light are given off. The infrared, UV, and X-rays are sent down pipes called
beamlines, to work areas where scientists run their experiments. The components of a
synchrotron include an electron gun 7 =+ #, linear accelerator 4% 4v :# %, a circular
booster ring 3 it & (to increase the speed of the electrons), storage ring #& i % (to re-
circulate electrons), beamlines £ # 42, and end stations ¥ % k.
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eedferan Angular distribution of the radiation emitted by an

electron moving along a circular obit (dashed line)
at a speed (a) much smaller than and (b) close to
the speed of light.
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The Properties of Synchrotron Radiation

* High Intensity & brightness
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* Wide range of continuous Spectrum . . .
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* Pulsed-time Structure (NSRRC)
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Taiwan Light Source (TLS)
1.5GeV, 120 m, 360 mA 3 GeV, 518.4 m, 500 mA

Taiwan Photon Source (TPS)

Full capacity: 48 ports




Brightness comparison of TLS and TPS

The X-ray spectrum (photon energy 8 keV~70 keV) :

the brilliance of bending magnet increases by >102,
the brilliance of bending IDs increases by 4~6 orders of mag.
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Wave
Amplitude 4
Three key components of a wave: Wavelength A (period in space)
Period 7 (period in time)
Phase ¢ = (kx-wt+d¢,)
x t
plane wave: A= 4,cos2x (E - ;) wave vector k = 2771

angular frequency w = 24/t

a snap shot of wave
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X-ray
X-ray: a from of electromagnetic wave with sinusoidally vibrating electric
and magnetic fields moving through space. (S0 is visible light)

speed of light ¢ = 299,792,458 m/sec ~ 3x108 m/sec (= % in vacuum)
Energy E = hc/A = hw

E
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plane wave: E(x,7) = E, e7itkv-ol)

3 key factors: wave vector (energy), amplitude, phase

Crystal: a repeated (periodic) array of atoms
f f ’? ‘f: .7 . 7 .7 convolution
HELEE Ty

crystal lattice ® basis
(periodic array of atoms) (periodicity) (motif)
space group lattice point group
(230) (14) (32)

A crystal structure consists of identical copies of the same physical unit, called
the basis, located at all the points of a lattice.

A lattice is defined as an array of equivalent points in 1, 2 or 3 dimensions. The
environment of an atom placed on any one of these lattice points would be
identical to that placed on any other lattice point. Therefore the lattice locates
equivalent positions and shows the translational symmetry. The actual positions
of’atoms or'molecules, however, is not provided.




The crystal can be viewed as being made up of sets of parallel planes

lattice O (01)

o—~e——e—3p (02

(1/m 1/n): mand n are the intersections along a, and a,

A lattice can be described by sets of parallel planes.

Each set of parallel planes can be uniquely described by its
» d-spacing : the distance between adjacent planes
» orientation of plane normal

A lattice can be described by sets of parallel planes
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intersection along a;: 1

. . 1 4) plane
intersection along a,: Y4 (14)p

low index planes: more dense, more widely spaced
high index planes: less dense, more closely spaced




lattice points in reciprocal space

lattice planes in real space
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Effect due to Lattice Constant Change
(Strain Effect)

2ma;’ ?.n:a,' ! momentum
transfer Q
27[(&2-1' a.l-l) 2 R-l




Diffraction Pattern of A Row of Atoms

Domain size <= Peak width
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Scherrer equation L =0.9 A/(Bcos 6y)

(Elastic) X-ray Scattering

scattering vector
q q= l;f ~k,
q =4rsin(g)/n

E; = E; i.e. \;=); (elastic scattering)
wave vector k = 2n/A; |k |=k| Kk




Condition for Bragg reflection

Real space
Bragg Law 2dsind= A4

Path Difference L = 2d,,, sin6
Constructive interference: L = nA

phase difference =k L

dsind A\ 4 sing

]
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Reciprocal space

227 sing = 2%
hkl
A . ~ 2T A~ =
q=—”sm€q——ﬂ-n=th,
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Texture - Pole figures

With fixed |g|, measure the diffraction intensity while rotating the sample
orientation over a hemisphere. === Spatial distribution of orientations.

Experimental method:

With a given, 26, a series of ¢ scans is performed at regularly incremented y values.

Ag/NaCl(001)
<220> pole figure

Ag: fcc structure

[001] 54 || [001] ey
[100]a II [100] e

|q1= |G g0l = 21/d 50




Texture - Pole figures

Pole figures show the stereographic projection of the locations where a
selected crystallographic plane, defined by its interplanar distance d value, is
in a reflection position.

To define the orientation of a crystal, we usually specify the directions of a
crystallographic plane, such as the (001) plane of a cubic system.

r =R tan(y/2)
X =rcos ¢
Y =rsin ¢

» K

Texture - Pole figures (epitaxial)

With fixed |¢|, measure the diffraction intensity while rotating the sample
orientation over a hemisphere. === Spatial distribution of orientations.

Ag/NaCl(001) Ag{220} pole figure

|g|=2m/d,5q

(-220)
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Azimuthal Scans (Epitaxial Relationship)
With fixed |¢, rotate sample against surface normal or crystalline

cubic-on-cubic growth
01)

10f I —f;lm (101)I
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(001) % iZ;"J" \ I R bt
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0 5IO 1(I)0 léO 2(IJO 2&110 3(I)O 3%0
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) S 2 In-plane 45° rotation, i.e.
~ al ' ‘ <100>fi|m “ <110>sub
Texture — pole figure (preferred orientation)
ZnO/Si(111) Si cubic a :5431A (0001)Zno ” (111)s|
ZnO Waurtzite (hexagonal)
ag’
, ‘ iy -
2 [112],

[110],

Columnar growth, no fixed in-plane orientation




Texture - Pole figures

For a powder sample, you will see a uniform intensity distribution over
the entire sphere. Each angular position corresponds to a crystalline.

Y
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Pole figure bears the information about crystalline orientation and symmetry
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Example 1:
Strain field and compositional distribution of
InGaAs quantum dots




Nano Materials Definition: 1 nm < size < 100 nm

Bulk Ge QD

Sander Tans G. Medeiros-Rebeiro

Delft University of Technology Hewlett-Packard Labs.
3D 2D 1D 0D
bulk semiconductor ~ quantum well quantum wire quantum dot

self-assembled semiconductor quantum structures
Size, Strain, Shape, Composition ===ssp Energy levels & physical properties

Elastic Strain Relaxation during the S-K Growth
(2-D followed by 3-D)

Uniformly Strained Coherently Strained Dislocation Relaxed
Layer Islands Islands

increasing coverage




“Coherently Strained” Quantum Materials
Fabricated by Heteroepitaxial Growth

coherent (dislocation free) dots/wires
grown via the S-K mode

narrow size distribution
preferred shape
correlated spatial distribution

Issues of Interest sensitive to the details of growth condition

Application: uniform size, high density, regular arrangement
Fundamental: to understand and control the formation of quantum dots

Nucleation phase (growth kinetics)
Growth of islands (energetic balance)
Ostwald ripening

strain relaxation, chemical intermixing, inter-dot interaction, surface energy

Uncapped In, :Ga, sAs Quantum Dots

Grown by MEE AFM image

Iny 5Gag sAs SML/ Ga (4x2)
grown @ 520°C 0.1MLY/s.

iy

GaAs buffer layer 200 nm
GaAs (001)

a5 = 6.0583A

mismatch = 7.2 %
Agaas = 5.65325A

n ~ 5.3x1019 ¢cm

J. Cryst. Growth, 175/176, 777 (1997).




Scattering geometry of Grazing Incidence X-ray Scattering

k;: incident wave vector.

GIRSM k: scattered wave vector. GISAXS
q~(HKDO) q : scattering vector. q~0
Strain sensitive a;: incident angle Strain independent
strain profile a;: outgoing angle shape
composition spatial correlation

Penetration depth vs. incident angle o or q
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Grazing Incidence Small Angle X-ray Scattering (GISr,]AXS)

interference peak

1E-44

| (arb. unit)

-0.05 o.bo1 0.05
beam stopper  direct beam B
* inter-dot spacing ~ 48 nm
» symmetric profile & azimuthal invariant
* isotropic distribution & m-symmetric shape

Reconstruct Quantum Dots Structure from
Reciprocal Space Map (RSM)
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Iso-strain slab:

mensity |

\

\L- R region of constant lateral lattice parameter a,

‘," \ For given G = (HKO), x-ray scazttered by a slab
\ > with a, distributes around ¢, =~V H? +K? .

2na;' 2ra;t momentum a
transter Q

27 (8,1 a,h) > R large a, < small g,

PRB 63, 35318 (2001) by I. Kegel ef al.
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Shape and Strain Distribution of In, ;Ga,sAs QDs

G&AS(O40) R=2.78/FWHM

(follwoing the sin(x)/x law) |
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Shape and Strain Distribution of In,;Ga, sAs QDs

misfit (%)
0.00 0.01 0.02 0.03 004 005 006 0.07

4 6 8 10 12 14 16 18 20 22
R (nm)

(m) height Zand (®) misfit vs. radius R measured along [040]

Misfit = (3eyp - Agans)/@canss WHETE agaas denotes the lattice parameter of bulk GaAs




Composition of Iso-Strain Region

Structure factor is a simple linear combination of atomic scattering
factors and atomic percentage of consisting elements

2

InGa, ,As: FCC structure " (0) = x(9,)fn + (0= x(9,)) fou + o
Ga, In: (0,0,0), As: (1/4,1/4,1/4) 1 @) fo A A= x(0) S — S
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In concentration x

Ratio of intensity around (400) and (200) < In concentration

disadvantages: multiple values
additional contribution from interference

GaAs(020)

1e.a] —o- E=10.2 keV I ies

1E-4 § 1E-44

I (arb. unit)
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Anomalous X-ray Scattering
Atomic scattering factor f(q,E)=fy(q) + [ (E)t if (E)=f,+if,
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Chemical composition and/or electronic states

Simulated Spectra of the (200) and (400) Reflections of the InGaAs

1 1

0] @00) GaKledge o0 Lo
. =05
narrower dip . “ .
shift to larger E :
= 71 } L7
5
S 64 L6
\:; x=0.3
. S 54 ‘ 5
dip g
E 41 L4
3 x=0.2
3 \ I3
peak

ld.O 16.2 ld.4 1d.6 16.8 16.0 16.2 16.4 ld.6 ld.8
E (keV) E (keV)
weak reflection: H + K+ L =4n+2 strong reflection: H+ K+ L =4n

Fooo =X fr, +(A=%) foa= fus Froo =X fr, +(A=2%) fou + f s




Resonant X-ray Scattering around GaAs(020)

[(Q.E.x) =|F(Q.E.x) LP(Q,E)A(Q, E)

F(Q.E.x) =[|F(QE.x)

2 exp[—(x — x")% / Ax? Ty’

R (nm)

(®) In concentration and (O0) radius R vs. height Z
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Compositional Distribution
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44 7 . .
x increases monotonically
= with Z
~ 2 -
x << 0.5 at the base
x > 0.5 near the top
0- i
4 6 8 10 12 14 16 18 20 22




Elastic Energy

Taking both strain and composition into account

-1 5
6
54 4
Eoop = 2u[(I+V/1-V)] &7
4 - shear modulus - ]
v poisson’s ratio €
& strain (in-plane) 21 ]
14 4
0_ |

0 20 3 40 5 6 70 8
X (%)
(a) elastic energy and (o) In concentration x vs. height Z

J. Y. Tsao, Materials Fundamentals of Molecular Beam Epitaxy (1993)

Conclusions (InGaAs QDs)

» X-ray Scattering is a powerful technique of characterizing the strain, shape,
composition and spatial correlation of In, ;Ga,sAs QDs.

* Progressive lattice relaxation accompanied by severe variation in chemical
composition as a function of height was observed. Beside the increase of lattice
parameter, an enhancement in intermixing is a major mechanism to minimize the
total energy.

* In concentration near the top of the dot is higher than the nominal composition.
In surface segregation has additional contribution in reducing the system total
energy and stabilizing the structure of self-assembled QDs.

 Grazing incidence resonant X-ray scattering is a powerful technique for
composition characterization, especially for systems with strongly correlated

surface morphology.




