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PREFACE

The Proceedings publish the selected talks presetténe 3rd Winter Educational Seminar
which took place inFebruary Wednesday 1 - Saturday 4, 2012 in the Ski centeniHo
Domky, Rokytnice nad Jizerou, as a joint activifytwo departments of the Institute of
Physics AS CR, v. v. i. (FZU), i.e. Department &iimf Films and Nanostructures (26) and the
Department of Optical Materials (27). The seminasveorganized within the frame of the
CABIOM - Carbon-based Biomaterials and Biointerfadettp://cabiom.fzu.c3/ the Virtual
Research Center of the Institute of Physics AS @Ry. i.). The aim of the seminar is
promoting discussions about the scientific and awrptal difficulties young students
experience during their PhD. studies face to facether researchers and thus, to support
them during their work and build a natural bridgetvieen young researchers and senior
scientists.

The main subject of the given talks was the CVDodé@mn and material processing as well
as characterization of thin films. The discussiaese focused on material engineering, CVD
technologies, characterization of materials andriates, data processing and analysis, and
theoretical modeling. The attended researchers vemidkers referred about the scientific
results and they introduced some special methoeld instheir laboratories, mainly localized
at the Institute of Physics of the ASCR, v. v. i.

The number of participants at the 3iinter Educational Seminar was as follows: 7 senior
scientists from the Institute of Physics of the ASCv. v. i.,, 8 PhD. students and 2
undergraduate students. The seminar was attendegletlr by external guests coming from
the International Laser Centre in Bratislava amamfrSlovak University of Technology in
Bratislava with whom we closely collaborate in treeme of the agreements on international
cooperation in research & development in the fadfldanocrystalline diamond and diamond-
like carbon thin films, fundamental physic of mé&sy, manipulation and characterization of
semiconductor surfaces and their nanostructuresefisas development of novel analytic
techniques.

The 44 Winter Educational Seminar will take place at tame place in January 30- February
1, 2013, please seéttp://www.fzu.cz/~remes/Rokytnice/workshop.htnfbr detailed
information.

The seminar is open for PhD. students and the gratiwmate students working in the Institute
of Physics of the Academy of Sciences, v. v. i.wadl as for the invited guests. The
attendance to the seminar is free of charge forpdmticipants of the seminar under the
condition that they will give in English an oralkaabout their work or a topic that can be
interested for others.

Ing. Lenka Hd’dkova, Mgr. Zdetk Remes, PhD., Ing. Alexander Kromka, PhD. and RNDr
Martin Ledinsky, PhD.
in Prague September 20, 2012
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- O pohybu malych ¢astic

&
V{;{g‘éﬁ A. Einsteln rozptylenych ve stacionarni
k.--.-ﬂ

kapaliné, vyplyvajicim
z molekularni kinetické
teorie tepla,
Annalen derPhysik

17, 549 - 560

Experimentalni dukazy

« Jean Perrin 1909 - The Atoms (NC 1926)
« Max von Laue (1912) - difrakce Roentgenova zareni (NC 1914)

@ 4.2.2012 Fejfar Dotek atomu



Dnes muzeme atomy vidét primo:

Myslenka

G. Binnig, H. Rohrer,
Rev. Mod. Phys. 71 (1999) S324.

' 1"‘“ >
a
" |

\
™
o, I, A L

T

o

@ 4.2 2012 Fejfar Dotek atomu




Realizace

G. Binnig, H. Rohrer (Nobelova cena 1986)

@ 4.2.2012 Fejfar Dotek atomu

Scanning Tunneling Microscope,
tj. rastrovaci tunelovaci mikroskop

yo
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STM

scanning tunneling
microscopy

First atomic resolution
image of Si1(111)-7x7

@ 4.2.2012 Fejfar Dotek atomu
Atomarni schody na povrchu zlata

@ 4.2.2012 Fejfar Dotek atomu



Povrchova rekonstrukce
Si(111) 7x7

Atomie Resolotion Trnaging at 500 fA Tunneling Current
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@ 4.2.2012 Fejfar Dotek atomu Si[1 1] 77 reconsthuction

Sondz pro hrotové mikroskoEz

Podstatnou roli pro vysoké rozliSeni hraje ostrost
hrotu —W, Ptir (cca 20 nm)

70 nm ------

vzarek

@ 4.2.2012 Fejfar Dotek atomu
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Potrebna presnost  asogie: sejns vystons

rozliseni v nagich méiitkach:

Hrot - povrch 1 nm = 0,000.001 mm ] )
rozligeni 1 pm = 0,000.000.001 mm Eiffelovka rastrovana 1 mm
nad vozovkou Champs Elysées

< 7 s pfesnosti 0,001 mm.

0.GBOES mm

Ag(111)
@ 4.2.2012 Fejfar Dotek atomu

Skener

@ 4.2.2012 Fejfar Dotek atomu
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Laborator
AFM-STM

Omicron system:

- UHV (~10-"" mbar)

- LEED

- Auger

- hmotovy spektrometr
- iontoveé délo

- UHV naparovadio

Nase dodatky:
- PECVD (RF, VHF)
-STL

@ 4.2 2012 Fejfar Dotek atomu
AFM/STM VT-STM

@ 4.2.2012 Fejfar Dotek atomy
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Atomarni usporadani kiemiku v krystalu

Rovina (111)
v jednotkove burice

Silicon has the diamond crystal structure that can be
regarded as two interpenetrated f.c.c. lattices
displaced by 1/4 [111]

The cubic lattice constanta, = 5.43 A
The covalent radius of Siis 117 pm (1.17 A)
« The bond length is 2.34 A.

« Note that cube diagonal divided by 4: V3.0 (5.43)/4 =
2.35 A is twice the covalent radius, as it should be.

@ 4.2.2012 Fejfar Dotek atomu

Povrchova rekonstrukce kremiku

Povrch kremiku |
» adatom

Si(111)

7X7 structuur dimer

rest atoms

(1x1) bulk

DAS-model (Takayanagi / Tong) (Bron: FH)

@ 4.2.2012 Fejfar Dotek atomu
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SI(].].].)-?X? model|
_ 40 db — 19:
[110]
Faulted e Unfaulted ¥ 2 adatoms
, @ 6 rest atoms
. e @ 1 corner
corner . ,
hole .’” e K. Takayanagi ct

7 ;Dl al.. Surf. Sei.
' (1085)

(3.);.., =386 A
@ adatoms Ve

@ restatoms
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Princip ,barevneho STM

@ 4.2.2012 Fejfar Dotek atomu
STM v barvach

Surface of a 10 monolayer thick island of terbium (Tb) on
'W(110). The green region is the clean Th{0001) surface, while
the blue-violet region is an adsorbate induced reconstruction of
the Th{0001) surface. The adsorbates, possibly CO, result from
impurities from the evaporant, since the degassing (cleaning)
process of the Th evaporation-source had not been finished as
this sample was prepared.

120 nm x 120 nm topography

red=03V

green=1V

blue=18V

Crystallites or "islands” of GdFe2, prepared by simultanously evaporating
Gd and Fe onto the W(110) substrate and annealing at 430°C. The left
island is 2.8 nm thick. Amang the islands, the substrate is covered with a
monolayer of GdFe2. The GdFe2 monolayer exhibits a slightiy different
color than the GdFe2 of the islands, what means, that the electronic
structures are different. The reason is the monolayer being stressed by
the underlying W{110) substrate, with a continous stress release to the
thicker islands.

T5nmx 75 nm

10% topography+ 90% deviated topography at 0.1 v
Color-information:

three constant current topographical images at
red=01V
green=1V

blue=21V
4.2.2012 Fejfar Dotek atomu
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STM v barvach

Image size: 125 nm x 125 nm
Tunneling bias: red: 0.3V, green: 0.8V, blue: 12V

The rare earth metal i=bjum ( Th ) was evaporated onto a

W(110) single crysial as a thin film. The thickness of the film was

less than one single atomic layer. At this low coverage the Th atoms
arrange in parallel lines, so- called "supersiructures”, visible as stripes.
Areas with different distances of the monoatomic stripes are visible.
Since the electronic structure of the supersiructures depend on

this stripe distance, each superstructure exhibits a characteristic color
in this three color composite.

This is the main scieniific message of these images:

different colors mean different electronic structure!

About 4 monolayers of Th on W{110), annealed at 330°C. At these temper-
parameters, the islands mainky grow along the subsirate steps. Among the
islands, the substrate is covered with a monolayer of Th. The blue regions
are hydrogen being absorbed on top of the surface. Hydrogen is always
present in small amounts in the ultra-high vacuum chamber.

140 nm x 140 nm

15% topography+ 85% deviated topography at -0.3 v

current imaging funneling spectroscopy, obtained after the topography,
difdU images at:

red=01V

green=1V

blue=21V

@ 4.2.2012 Fejfar Dotek atomu
STM v barvach

450 nm x 450 nm, Tunneling bias: red: 0.3V, green: 1V, blue: 1.8 Y

Crystallite or “island” of the rare earth metal Terbium (Th)

grown on a Tungsten (W) single crystal in (110) orientation.

The rare earth metals are extremely sensitive to contamination,
for instance from a vacuum that is not good enough or from an
insufficient cleaning process of the eyaporant.

As this sample was prepared the cleaning process

that is cammied out by melting and degassing the Tb under high
vacuum, was not finished. This results in the formation of diverse
adsorbate induced reconstructions. Here they are visibie

mainly at the rim in blue.

Th terraces on W(110); during the evaporation process the substrate
temperature was lowered from 350 to 300 °C, resulting in the formation
of such step pyramid like structures, with each step being only one singie
atomic layer (0.28 nm) high. Beside hydrogen adsorbtion sites (blug) the
terraces exhibit two kind of regions of slightly different color, yellowish
and greenish. The difference is due to stacking faults that are present in
the Th{D001) surface.

Image-size: 200 nm x 150 nm

Image: 10% topography+ 90% deviated topography at-03 vV
Color-information: current imaging tunneling spectroscopy, obtained after
the topography, difdlU images at

red=0.1V

geen=1V

blue=21V
4.2.2012 Fejfar Dotek atomy

17



STM v barvach

The brown, small and large objects that look like stones are
islands of Gadolinium grown on tungsten.

Where the surface appears blue, hydrogen has been adsorbed
on it changing the surface electronic structure drastically.

The three color composite process was slightly different for this
image than for the other ones: The topographic image was
colonzed via three cument imaging speciroscopical images at
different bias voltages.

Gadolinium and iron were deposited on

the W(110) substrate. They form an alloy, GdFe2, visible as

the olive-green areas. A surplus of Gd results in the Gd superstructures,
(identical to the Tb supersiructures) visible as the blue striped areas.

L N

@ 4.2.2012 Fejfar Dotek atomu

Povrch
GaAs + Si

@ 4.2.2012 Fejfar Dotek atomu
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Chemie po krocich
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Kvantova
fata morgana

AFM laser beam

Atomic
Force
Microscopy

=

piezo scanner
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Study programme: Physics Tus

Specialization: Quantum opties and optoelectronics

Mgr. Jakub Holovsky

Silicon solar cells:
methods for experimental study and evaluation
of material parameters in advanced structures

Supervisor: RNDr. Milan Vanééek, CSc.

Institute of Physics,
Academy of Sciences of the Czech Republic, v. v. i.

* Motivation
* [ntroduction

+ Optical simulations
« Material characterization
« Dual-junction device characterization

* Conclusion
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Motivation:

solar energy: potential of cheap, decentralized, renewable source of energy

market potential J000GWp 20 2020 ——————34)

100 000
g mar i ventacs |Qamlng rate 20%
IR e (halves every 4 years)
5 w|
§ | 100
i o Tl
: il - N
= [ v et mttele e - Linear Fie 1670-2003
E 01 T g = Y | maar FE 197
"1 i’_- saeee tstesliel otloa e gl E b
(7 1 I e T -
W R WEa TR WS R Taiz VAR Wi AR W 200 o
o~
yoar 2
@ 104
=
annual growth 45% i
(doubles every 2 years) =
o
=
=1
@
A. Grubler, Energy Policy 38 (2010) 5174-5188 .
C. Breyer, Proceedings of 25™ EUPVSEC 5385-5408 1 Bl 1 i 1. : :
w1 10 w1 w it
Cumulative PV [MW]

Introduction:

electrical part: optical part:

p-i-n solar cell

flexible thin film
tandem a-Si:H/mc-Si:H
solar cell

reflectance

. I-V curve
201
< s M=9.4% _
g 104 V=086 V pe-SiiH polayer
£ 5] Fr=065 +—| pe-SizH i-layer
E L N E 5 o He=SiH n-layer
" z — Zn0
53
E o Jee=16.8 \ = Al back reflector
5 e mA/cm? N = back lamination
————
20

40 05 00 05 10
vltage (V)
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Introduction:

optical + electrical: optical absorption coefficient

Ol(hw<3eV) o< hm-_[N,,(E) N (E +hw) dE

(in dark. limit of T-0)

Band diagram of a-Si:H optical absorption coefficient
= ] -~ bolic ban
N i < 10° e L
\ ! g A
F ”. A I:E . convolution .’E_J 10°4
& A ' 3 £ 4  disorder
= - R Y B
2 3B+ g 2 10 (B8,
gl & gl o2 £ :
g z E_E \ e l)ﬁn I.Ié: § £ 10" C]_i_c2 §|£th|‘£|!!£
E /-\ b I= =] i efect states
Y C C-‘«,':L % 10°
£ * 2 05 10 15 20 25
Encrzy photon energy (¢V)

Np=1.2-2.5-10% - 0t (1.2V)
E. A. Davis, J. Non-Cryst. Solids, 1970,

Optical simulations — smooth layer

evaluation of absorption coefficient

«  Fresnel coefficients
«  multiple reflections (coherent / incoherent)

o + reducing interferences by A/T ratio
A_e"-1+R(1-e™) -y
n, T~ 1-R, k= Ay +A,

approximation

Ay _ Ry ~D(-Ry —e™ + Rya™)  4/RioRn si(8)sinkdrF57)

Tn (1— Ry )(1 - Ryz) " T Ry Y1 - Riy)

i =
BUT validity of this formula % 23F X — 25
depends on thickness! ': %/%/ e
—+iterative procedure E 0 / ;

20| @SiH -

10 1.5 2.0 25 an
photon energy (eV)

D. Ritter, K. Weiser, Opt. Commun. Vol 57, n.5 1986



Optical simulations — smooth multilayer

simulation of absorptance in multilayer f=2ad 1A
CMS
Ey” e wp B
- coherent part: -
p Eg_ « ‘ E. ) Mal ~ MI:
e sn omp o - aeSg - 'wsTTR,
M:S;J'Sl‘t‘sl{z'--- 'S:—l,n " .R.
. = _I Y M!_;Mn

o =My
M M
E:!—l _ ol oL oI E; " "
(_E;,i] = Sm—l.m ' S,, 'Sn—l,n : E; :> mutually coherent

absorption in a layer is a balance of intensities: I :%&[r{ﬁ"lz —|E‘|1J+ ZHm(E"E‘):l
. CMS
- incoherent part:  z,+ - e Iy .- )
- g Ty :|r,,, — Ry :|rﬂ|
I; s Iy (N

z ol b ol I M My
g M_So,:'sl'Sl.z'---‘sn_i,n R‘ﬁﬁ' e M,
Lo
i 1 7 1
F] -1 1 1 N =T =—
B =0l S B M,
: [I;‘_|] AM-LM M N-LN [I;’] 1

Optical simulations — roughness

Monte-Carlo simulation of absorptance in nanostructured films

fit of total reflectance fit of absorptance
i:: L::,:;‘ W FaE=a T :réna'k [T semvcade light Baem
) :;: ‘WW\——-‘ aif v | 2 f1 = glerct Qma.k::‘c
I e — 2 L] / g
1 1244 .ﬂﬂ"
13 L ot cal contacts

calculated absorption coefficients

Samples under study: (no.)
« Al foil + a-Si:H (1)
« Alfoil A®+8n0,+a-SitH (2A) mnsnes
+ Alfoil B*+8Sn0O, +a-Si:H (2B)

+ Corning glass + a-Si:H (0)
(measured standardly)

J. Holovsky et al., Physica Status Solidi A, Vol. 207, p. 578 (2010)



Material characterization

Fourier Transform Photocurrent Spectroscopy (FTPS)

Michelson’s interferometer J(@)=FT(Bw)-F(v)-D(v))
Red i t S
photocurrent baseline , filter, detector

moving mirror
source

3

beamspl. q
displacement & - -

filter + Jacquinot — Av ~ (fi#)? vs. (ff#) for grating spectrometer
+ Felgett — high speed. constant illumination conditions
— Felgett -+ dynamic limit on whole spectrum - filters

+ Nyqist - Av = (murror path length)!

= Nyqist - A;;= 4 x sampling step of movable mirror

— high frequency. A-dependent modulation £ ;.40.= 2V

v
v
detector hﬁ

A_Poruba etal. , 17th EU-PVSEC, pp. 2981-2984 (2001)

Complexity of FTPS

defects, disorder

lifetime and
mobility
distribution

optical absorption
coefficient

material
morphology

optical i
absorptance m:;:;'gtsrg::w
distribution

structure

modulated
photoconductivity /
photocurrent

refraction index

generated
free carriers
distribution

macroscopic
optical structure

modulation
frequency

modulated
illumination

J. Holovskv in: New it and FTIR ies. InTech. 2011
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Complexity of FTPS

defects, disorder

material l t

morphology

lifetime and
mobility
distribution

optical absorption
coefficient

optical
absorptance
distribution

macroscopic
electrical
structure

refraction index modulated
photoconductivity /

photocurrent

generated
free carriers
distribution

modulated .

illumination

macroscopic
optical structure

modulation
frequency

J. Holovskv in: New i and FTIR ies. InTech. 2011

FTPS: structure - opt. absorptance

distribution of optical absorptance

smooth layer on glass nanocrystallites in amorphous matrix
int
color

surface defects
= excess absorptance

picture: T. Mates, et al . Jounal of Physics: Conference Series 61 (2007) 790-794
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Complexity of FTPS

defects, disorder

material l t

morphology

lifetime and
mobility
distribution

optical absorption
coefficient

optical
absorptance
distribution

macroscopic
electrical
structure

refraction index modulated
photoconductivity /

photocurrent

generated
free carriers
macroscopic distribution
optical structure
modulation
modulated frequency

illumination

J. Holovskv in: New i and FTIR ies. InTech. 2011

FTPS: absorptance - carrier density

optical absorptance and conductive carriers density
& (hw < 3e¥) o hoo| Ny(E) No(E+hw) dE

05 10 15 20 25
photon energy (eV)

Band diagram of a-Si:H sphotoelecirical® absorption coefficient
N ‘,r"_ ) TA 105‘
\ { E
. VA ) =
: "" } 1 £ Urbach ed,
= | H £ o
e — { it ) 2 - Urbac| ge
5| B —'\—BIBQ—",’E £ convolution &g 10'
El 2 a L1 2 =
2 2| 2 o v [ E 2 9
E ToE) ANy 5-10'1- C,  defect states
g T CyL N
5 10°
:

-in ,photoelectrical” absorption coefficient transition C; is missing,

~transition Bl is maintained by thermalization under room temperature
— we can still calculate with Aphm as with Awﬁm and Np N 2-Np, |
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FTPS: absorptance - carrier density

frequency dependence of photocarrier density

O - ion of thermalization - probability. that electron
*®*" " will be thermally excited above the mobility edge in

phase with excitation frequency @is * :

) 1
=1 4 [2) o 22E
E _[l +(2) ={3F ]I
- free carrier generation is generally
frequency dependent:

Modulated Photocurrent Method *
showed noticeable effect at
frequencies around 1kHz

Conduction band

- problem

* K Abe, etal Philosophical Magazine B, Vol 58, No. 2, pp. 171-184 , 1988

FTPS: absorptance - carrier density

frequency dependence of photocarrier density
dual beam phtotocurrent (DBP) and FTPS

10?L —>—a-SiHDBP 35Hz6.2nA
—o—a-Si:H DBP 13Hz 6.2nA

I —o—a-Si:H DBP 69Hz 6.2nA
N a-Si:H DBP 380Hz 6.2nA
10" F =.=.a-Si:H DBP 2kHz 6.2nA

7 o a-SiHFTPS /3
§ », X aSiHFTPS WLB =
ru5 §
£=
o i
® 0 oLl & 1
o ol higher DBP frequencies
i | :
102 w 1 a-Si:H layer (2um) |
z 1 m 1 L : i 1 i
I

1 i
0.8 1.0 1i2 1.4 1.6 1.8

photon energy (eV)
J. Holovsky, J. Non-Cryst. Solids 354 (2008) 2167 — 2170
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Complexity of FTPS

defects, disorder

. . lifetime and
optical absorption mobility
coefficient material distribution
morphology

optical
absorptance
distribution

macroscopic
electrical
structure
modulated

photoconductivity /
photocurrent

refraction index

generated
free carriers
distribution

macroscopic
optical structure

modulation
frequency

modulated
illumination

FTPS: carrier density - lifetime

lifetime dependence on illumination

. £.G «—— mobility
photocurrent density: J , = et -G - U T
P ™~ lifetime
in dark illuminated

(] [ E "
Eg < tessessses
e —— Epp
BUT! ..the excess carriers change the position of quasi-Fermi levels

-+ traps/recombination centers changes — lifetime changes — |7 = T(AN)=T(G)
in classical spectroscopy: G=G () ~ T=T(x) !

- a) Dual Beam Photocurrent : additional G onst. > G(A) - T =const.

problem : no more ..in dark® - dependenton G__

- b) Constant Photocurrent Method : change G(}) to keep lp, constant + T = const.

—+ ¢) Fourier Transform Phot. Spectr. : M%hjgﬂm -+ T = const.

= ,dark* conditions in FTPS are satisfied only if the IR filter is used
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Complexity of FTPS

defects, disorder

lifetime and
mobility
distribution

macroscopic
electrical
structure
modulated

photoconductivity /
photocurrent

optical absorption
coefficient

material
morphology

optical
absorptance
distribution

refraction index

generated
free carriers
distribution

macroscopic
optical structure

modulation
frequency

modulated
illumination

FTPS: structure - mobility lifetime

structural effects influencing mobility lifetime:

nanocrystallites in amorphous matrix

1,

a) microstructrual - grains

M T(grains) > L T(amorphous matrix)

b) surfaces, interfaces

every non passivated interface (surface)
represents strongly defective area with

strong recombination rate and low lifetime T \/

surface defects
= ,dead zones*
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Complexity of FTPS

defects, disorder

lifetime and
mobility
distribution

optical absorption
coefficient

material
morphology

optical
absorptance
distribution

macroscopic
electrical
structure

refraction index modulated
photoconductivity /

photocurrent

generated
free carriers
distribution

macroscopic
optical structure

modulation
frequency

modulated
illumination

FTPS: distributions = el. current

a) distribution of mobility, lifetime and generation
! THIN (<1pm) layer on glass, coplanar contacts:

1.0
Zost :
effect of surface defect states § ] L signalloss at
: high absorption
; o4k )
=eE-IGa’: -ut(z) d= § —o— optical A
Jn (@) () 5o o
Y Y 3.0
photon energy (eV)
y(=)
= 1 i non-vanishing
E_ 8 2 interferences
A —  due to surface
g y defects
10 15 20 25
photon energy (eV)

M. Vanédek. etal. . J. Appl. Phys. 78 (1995) 6203-6210
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FTPS: distributions = el. current

a) distribution of mobility, lifetime and generation

model representation:

band-to-band + bulk defects
e

generation:

surface defects mﬁ! e ol har O B
4 defect-to-band of bulk
10"y —— band-to-band of bulk

“}3] A,b’ﬁt\.\

mohility - lifetime:

8
=] el
g§ 10°] ,_/g 4
& 10'4 4 1
,O 0
g 10° 1
2 10" 1
2 .
@© T T T y
" " 1.0 15 20 25
d=Inm d=lnm photon energy (eV)

optically simulated as smooth multilayer on substrate - matrix approach

1. Holovsky etal., J. Non-Cryst. Solids, 2011, in press

FTPS: distributions = el. current

a) distribution of mobility, lifetime and generation

numerical fit of measured data: observed time evolution in defect density:

AIT(-)

3
s
s 10 * front woe
" Back sioe|
0* "
! bt = all the changes explained only by
" 10 15 20 25 effct of time evolution of surface states

phaoton energy (V)
J. Holovsky et al., J. Non-Cryst. Solids, 2011, in press



Complexity of FTPS

defects, disorder

. . lifetime and
optical absorption mobility
coefficient material distribution
morphology

optical
absorptance
distribution

macroscopic
electrical
structure
modulated

photoconductivity /
photocurrent

refraction index

generated
free carriers
distribution

macroscopic
optical structure

modulation
frequency

modulated
illumination

FTPS: distributions = el. current

b) effect of time dependence

continuity .aﬁ = l V-j R(n)

equation: o e 4——___ time dependent generation —
frequency dependence

approximation: [/, =eE-G-U-T

validity:
o amorphous silicon: | crystalline silicon:
lon/dt =o|
slow d s .
frequency: YES NO

i FTPS (mdn)

Vn=o| | @@er)=10'cm™| o2ev)=3-10°cm™

quasi-homogeneous
generation and m d=1um d =100
recombination: YES NO
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Dual-junction device characterization

Dual-junction device characterization

schematics of tandem solar cell

EQE(-) , @ (au)

001

400 500 €00 700 800 000 1000
wavelength (nm)

only terminal contact can be contacted




Dual-junction device characterization
measurement of |-V curves of individual sub-cells

selective bias light of variable intensity: ‘ @ = J/ EQE(bias light) |

, 11111 -
s I o (botlomy [ 1111 If’m--raummn . i
I LT -— 4.F
bottom I | as measured i
B Nk cell1v e T 8 1V oftop ccll ,
— OO ‘...'.‘.....
! 1 { ’
\ g v I-V curve shifted
by Voc of light
biased curve

Dual-junction device characterization
measurement of |-V curves of individual sub-cells

14 ’ ; T
01 s £
4 | ]
] ] /
— n
< -1 -. / h
E [] v_,.-.f'
E 2 _'_____\___...._A'_-—"""“-“ i. = aa -
e ]
3 4] direct contact |
= direct contact
) = new method
4] M * new method |
] - 2 —o— total 1V
—— R senal
N
0.0 05 1.0 1.5

voltage (V)

We only have to know individual values of open-circuit voltage (Ve) !

J. Holovsky et al., Solar Energy Materials and Solar Cells, 103, p. 128-133 (2012)



Dual-junction device characterization

measurement of V¢ of individual sub-cells

N measured voltage

S o6
g
g 04 top cell: bottom cell: r
o tue & ftrue
——nmesult ——result
B2 s i
# Voo X Voc
0o T T T
0.000 0.005 0.010 0.015

number of photons - e (Alcm®)

J. Holovsky et al., IEEE Journal of Photovoltaics, 2, 164-168, (2012)

Conclusion

Optical simulation
- absorptance / evaluation of absorption coefficient

- smooth / rough, single- / multi-layer
- Monte-Carlo / vector approach

Material characterization
- fundamentals of Fourier transrorm
- fundamentals of material (silicon)
- real structures: surface states, roughness, metal substrates

Characterization of dual-junction solar cells
- electrical and optical representation
- methods to access to individual parameters: FTPS, |-V




Study of nucleation and growth of diamond thin filnms

T. 124K"%, O. Babchenkd, M. Vargd? S. Potocky, M. Martorf, M. Vojs?, M. Domonkos
and A. Kromkd
!Institute of Physics AS CR, Cukrovarnicka 10, 16R&ha 6, Czech Republic
2Slovak University of Technology, FEI STU, llkovie@y 812 19 Bratislava, Slovakia
3Faculty of Nuclear Sciences and Physical Enginegr@iTU, Behova 7, 115 19 Praha,
Czech Republic

This study deals with the nucleation and growth@fD diamond films on Si
substrates. In nucleation part two different nuobea methods were studied: (i) the bias
enhanced nucleation (BEN) and (ii) ultrasonic segdin the case of BEN, (i) the nucleation
time and (ii) the influence of bias voltage weredstd. For ultrasonic seeding the effect of
different solutions of ultradisperzed detonatiomadiamond (UDD) powder with metal
particles on the nucleation efficiency and growtlogess was investigated (i.e. diamond
powder, nanosized Ni, microsized Co and Y metal gera). Moreover, the effect of
isopropyl alcohol and deionized water on the numeaefficiency was compared. In the third
part, it was focused on the self- and re-nucleapmtesses in different microwave power
deposition systems on non-treated (non-nucleatdastigies) in order to achieve more
information about nucleation process and plasmpasti@s. The content of G@r CH, in the
gas mixture and the pressure was varied.

In second main part of this study, the diamond fiirowth in various chemical vapour
deposition (CVD) systems was demonstrated: hami@nt CVD (HFCVD), focused
microwave plasma CVD (FMWP) and pulsed linear amdemicrowave plasma CVD
(PLAMWP). The growth process of micro- to nano- stafline diamond films, as low
temperature diamond growth (LTDG) and re-nucleapoocess was studied (including the
influence of Ar and MNaddition, the effect of increasing @é&nd CH). Systematic study was
realized also on the pressure, temperature andmyesire. The surface morphology of
diamond films was analysed by SEM microscopy aweir tthemical composition (8ys. sp
carbon bonds) by Raman spectroscopy. The surfaaistry was characterized by activation
energies.
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Hruska, M. Michalka for SEM measurements and Jmiesil and O. Rezek for technical
support.
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Introduction to nucleation of diamond films

¢ Pre-treatment of the substrate surface =—> to enhance the nucleation density
—> enhance the formation of diamond nuclei on non-diamond substrates

—> nucleation density on untreated non-diamond substrates 105> cm-2

Nucleation methods

Scratching Bombardment Coating Others
& Emission
Mechanical Ultrasonical Intermediate carbon Spin coating Transformation
treatment treatmen forming layer of seeding layer of polymer fibers

into diamond

lon bombardment Bias enhanced
W\ nucleation (BEN

Electron emission enhanced
nucleation (EEEN)

Izak T. et al., Study of nucleation and growth of diamond thin films 2
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BEN vs. ultrasonic seeding

Bias enhanced nucleation Ultrasonic seeding
+ high nucleation density >88m + high nucleation density 1a0cm?
— only conductive substrates + all type of substrate
— 2D geometry + 3D geometry
— complicated system (only HFCVD) + simple, fast method

_ . [~ < substrate holder

Gas shower / (

Plasma —

Tungsten filaments * +

ClH CH, cn-i CH,
cH,} CH*CH: |

Solution with
diamond powder

Substrate

Water

Substrate —

Substrate table —> '\ | d bath
Ultrasound bat|

lIzak T. et al., Study of nucleation and growth of diamond thin films 3

Nucleation — Experimental part

Ultrasonic seeding

Bias enhanced nucleation

Influence of solution Influence of mixture
Effect Effect « Deionized (DI) water « Diamond powder (DP)
e * Isopropyl alcohol » Combination of DP
with Ni, Co, Y

Izak T. et al., Study of nucleation and growth of diamond thin films 4



Bias Enhanced Nucleation

Effect of process time (at constant £ - 170V)

Ug=-170v

30 min

120 min

60 min

30 min

800 1000 1200 1400 1600 1800

no diamond clusters ~108 cm?,50 +100 nm ~107 cm?,100 +130 nm Raman shiftem

Effect of bias voltage (at constant t= 120 min)

t=120min

-120v -170V

D-;:eak
G-peak
— Si
E
z
g
8
£ c|220v
w-) b|-170V
a|-120v
0 1000 1200 1400 1600 1800
no diamond clusters ~107 cm?, 150 +200 nm ~107 cm2, 200 +400 nm Raman shift [cm ]

Izak T. et al., Study of nucleation and growth of diamond thin films 5

Ultrasonic Seeding

Isopropy! alcohol+DI water Deionized water Deionized water Deionized water Deionized water
nanodiamond (ND) powder ND powder ND powder+Ni ND powder+Co ND powder+Y

After nucleation (i.e. ultrasonic seeding)

After 10 min growth (i.e. high-lighting the nucleation centers)

Al N

Izak T. et al., Study of nucleation and growth of diamond thin films 6
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Self- and re-nucleation

Motivation:
* Diamond growth without any pre-treatment = useful for soft substrates

3 more information about growth p

& plasma character 3

* Study of self-nucleation

rocess

* Nucleation density == as high as possible —>

Definitions: Self-nucleation - nucleation (formation of diamond clusters) on non-treated
substrates

Re-nucleation - nucleation during the growth process (secondary nucleation)

(important for UNCD growth)

Experiments: (T A T YR By -
* Influence of CO,, CH,, pressure, temperature, etc. on self-nucleation
* Substrates: Si & SiO,
¢ Analysis methods: SEM microscope & Atlas software (statistical
distribution)

Izak T. et al., Study of nucleation and growth of diamond thin films 7

Self- and re-nucleation — Effect of CO,

10% CO,

2500
l 0% CO2 | —
5% CO2 |—— 20x10°
10% co2| [
I 20% CO2| | 153107

1,00

80% CO, 50110°

0%Co,

/, 10%CO,

20%CO,

01 02 03 04 05 06 07 08 09 10 11 12

Diameter of clusters [ ]

Effect of pressure:
0.07 mbar 0.1 mbar 0.2 mbar 2 mbar

Izak T. et al., Study of nucleation and growth of diamond thin films 8

Number of clusters [1/cm 7]
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Self- and re-nucleation — Effect of CH,

0.5% CH, 3% CH,

5% CH,

Nucleation density [cm ]
=
<,
L

0.5%CH4 1%CH4 3%CH4 5% CH4 10% CH4 5% CH, & 10% CO,
FMWP PLAMWP

lIzak T. et al., Study of nucleation and growth of diamond thin films

Introduction to diamond growth

* HPHT (high pressure — high temperature): 5-10 GPa, 2000°C
¢ CVD (chemical vapor deposition): hot filament, microwave plasma

Principle of CVD Bachmann triangle
¢
gasesin
H;
cH, H H,
H H, " diamond growth
2 CH, ’ reactants region
CH,
+ H H, CoHy co
_AONNINANK =
filament activation
CH
i, e Hy i & H 1-3% CH,4 / 6
U2 N, H in Hy ’ =
( flowand \ CH. e o >
\ reaction g H cH free radicals >~—
s —
———- diffusion layer no growth o
substrate
=1 T T T T UL
H 0.1 05 0.9 o

P.W. May, Phil. Trans. R. Soc. Lond. A 358 (2000), 473-
495

e Trend: low temperature & large area deposition

Izak T. et al., Study of nucleation and growth of diamond thin films

10
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Deposition systems

HF CVD FMWP PLAMWP
(Hot Filament CVD) (Focused MW Plasma) (Pulsed Linear Antenna MW Plasma)
Gas Inlet » 1 TTT . '[ Yocusm s..’u..m -
Vacuum Chamber. : =, :
Plasma \s‘ Quartz Bell Jar | = e _* -,

Linear antenna

Hot Filaments. Pyrometer Qi LB (conducton

mw
Ellipsoid Resonator \ P ‘Substrate Holder
Substrate holder- i - e

N heatale 700°C

MW Plasma Substrate o monta
Plasma
Substrate i -

Exhaust

Thermocouple
182

Water
Cooling

pumo. Gas et

+ Double-bias assisted + Microwave plasma + Large area deposition

system (BEN nucleation) (high quality diamond films) (20 x 30 cr)
+ Fast & cheap + Fast deposition + Cold plasma (low temperature
- Low quality (contamination - Focused plasma diamond deposition)

from filaments) (limited deposition area) + Wide range of application: (CNT
= Short lifetime of filaments - Hot plasma (deposition growth, low T plasma treatment...)
~ Not advisable to add oxygen + Fully compatible with industry

. temperature > 408C)

(refractory metals burn rapidly) - Low growth rate & relatively

- Limited deposition area expensive
Izak T. et al., Study of nucleation and growth of diamond thin films 11

From MCD to NCD

Effect of negative bias voltaggin HFCVD)

Effect of argon addition (in HFCVD)

8l Ar:6scem

- ’
Effect of methane addition(in FMWP)
0.5% CH, 10% CH,

Izak T. et al., Study of nucleation and growth of diamond thin films 12
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From MCD to NCD

Effect of methane addition(in FMWP)

diamond peak l G-band 204 1

] saturation
400 S22

304

200

Intensity [a.u]
AgiamondAnon-diamond
Growth rate [nm/h]

0.5%CH, ] 150

0 1100 1200 1300 1400 1500 1600 1700 1800 1900 0 1 2 3 4 5 6 7 8 9 W U o 1 2 3 4 5 6 7 8 9 10

Raman shift [em’!] Methane concentration [%]

0.5% CH,

Izak T. et al., Study of nucleation and growth of diamond thin films 13

From MCD to NCD

Effect of CO, addition (in PLAMWP)

A
/J Vel \,C0,10 %
et
o 0, 5%
€O, 0%

600 800 1000 1200 1400 1600 1800 2000

Intensity [a.u.]

-
Effect of pressure (in PLAMWP) 50
1.0 > | -=-0%cCo,
—e—5%CO, -
L,z K I —a-10%co, % =
0.1 mbar 2 mbar =: E J° —+-20%C0, £
s€ i 20 §
E% 0.4 .ly §
£§ 02 ’ 20 S
E e
0.0 I ~s
== Pressure[Pa]
—_— I
= /
-_ i

(Kromka et al., 22 Diamond Conference, 4-8 September 2010,
Garmisch-Partenkirchen, Germany)

Izak T. et al., Study of nucleation and growth of diamond thin films 14
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Low Temperature Diamond Growth

Motivation: Normally high deposition temp. (800-900 °C) =™ limitations in applications to
high melting materials

NCD on AF glass (~750°C)

Few hours after deposition Few days after deposition
Solution
Changed growth chemistry Developing of new plasma systems
—> Halogenated precursors - F, and Cl, (T,,, =370 °C) —> using of linear system instead
—> Oxygen containing precursors - CO/H,, CO/H,/0,, of focus plasma (cold plasma)

or CO,/CH, (T, =130°C)
—> Argon/nitrogen addition — mainly UNCD

Izak T. et al., Study of nucleation and growth of diamond thin films 15

= LTDG in Linear-antenna plasma MWCVD

2500 W

T, 450°C

1700 W

1500 nm

Source: Izak et al., Low temperature diamond growth by linear antenna plasma CVD over
large area, physica status solidi (b), 2012 (accepted paper)

Izak T. et al., Study of nucleation and growth of diamond thin films 16
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="Raman spectra & Activation energy

] 1200 W
T, ~250°C
diamond peak . 3
i ] 3] i
E El el :
2z 2 2 ]
] 2 H
g 2 s e LRERE
£ = £ ramn sy
r T T - ; T
800 1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800 2000 2200
" -1
Raman shift cm ] Raman shiftem™'] Raman shift [cm™']
Growth rate vs. Arrhenius plot
T T,[C]
s
. Substrate S — 700 650 600 550 500 450 400 350
40 4 4,0 T T
]
351 500C  600T 1 .
3,5 1
= ¥ 2500w ] 2500w E, = 6 keal/mol
E 254 4 3,04 4
£ z
o 204 — 1 E
g . £ 254 A 4
£ 157 1700W O]
B = 1700w
5 9 1 2,04 E, =3kealmol
A
A
54 A— 1200w
"
-— 154 A ]
0 T T T T T T T T T —
250 300 350 400 450 500 550 600 650 700 T T T y T

10 11 12 13 14 15 16

Temperature T _ [T] 1000/ T, [K™]

Source: Izak et al., Low temperature diamond growth by linear antenna plasma CVD over large area, physica status solidi (b), 2012 (accepted paper)

Izak T. et al., Study of nucleation and growth of diamond thin films 17

Applications of LTDG

Grazing angle reflectance (GAR) spectroscopy Attenuated total reflectance (ATR) spectroscopy with
under the Brewster’s angle diamond-coated ATR prism
Incident beam Reflected beam

NCD layer
NCD layer ATR prism /\/\/\/\/\/\
Al layer IR beam

(0. Babchenko et al., Deposition of nanocrystalline diamond films on

temperature sensitive substrates for infrared reflectance spectroscopy,

phys. stat. sol. (b), submitted) (Z. Remes et al, Using diamond-coated ATR prism for FTIR
spectroscopy of functionalized diamond nanoparticles, Diam. Relat.

(H. Kozak et al., Optical characterisation of organosilane-modified Mater., submitted)

nanocrystalline diamond films, Chem. Papers, 2011, 65(1), p. 36-41)

Izak T. et al., Study of nucleation and growth of diamond thin films 18
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to K. Hruska, M. Michalka for SEM measurements and J. Potmesil and O. Rezek for
technical support.
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Perspectives in Diamond Thin Film Technology

Alexander Kromka et al.
Institute of Physics, Academy of Sciences of tieelCRepublic, v.v.i.
Cukrovarnicka 10, Praha 6, 162 00, Czech Repukimnka@fzu.cz

Synthetic diamond thin films are routinely growneoworld not only for basic research but
also for industrial uses. At the Institute of Plegs{loP), diamond thin films are grown since
2002. The first installed deposition system is basemicrowave plasma enhanced chemical
vapor deposition (CVD) in hydrogen reach gas met{(#2% methane diluted in hydrogen).
This system is well suitable for fast growth of tiguality diamond films up to 5 cm in
diameter. The main advance of the system is cékayesonator which allows running stable
CVD process for several days at relatively highspuees (>200 mbar). Later on, in year 2008
was installed the linear antenna microwave plasiB® Gystem which work at much lower
pressures (<10 mbar). The main advantage of thesyis deposition over large area and
stable plasma for various gas mixtures (i.e. anggach, high methane content, etc.). Bothe
these CVD techniques can be classified as complemeprocesses which opens nvoel field
for basic research. For example, diamond filmsfiase grown by linear antenna microwave
plasma CVD process and after then they are hydedgdnn elippsoidal cavity microwave
CVD system. Similarly, experiments work well alsn opposite direction. Additional
advantage of linear antenna microwave plasma C\d2qss is so called cold plasma due to
low pressure. It means that thermal overloadinthefsubstrates from plasma is minimized.

In close cooperation of research groups at loReaalty Rezek’s group and Remes’s group,
we have optimized the CVD process for low tempeeataluminum, glass) and mechanically
soft substrates (thin gold layer, germanium, etn.gspecific cases, novel diamond nucleation
and seeding processes have been developed to seted for growth of ultra-thin diamond
film over soft substrates. These substrate-tredatmgmcess include polymer-based
composites and nanofibers. Within the presentedtudec technological steps as
nucleation/seeding process, the CVD growth anchpdastructuring are reviewed with respect
to experimental activities at the loP-Cukrovarniclain activities are formally under the
umbrella of CABIOM centre which is the virtual centon Carbon-based Biomaterials and
Biointefaces [fittp://cabiom.fzu.c3/ Mission of the center is addressing scientificd a
technological challenges of interfacing human caltsl organic molecules with advanced
carbon-based materials for bio-electronic and llwssr applications in health care,
environment, security, and more. Selected acts/iteanning at loP-Cukrovarnicka are
included in the present lecture. Technological pesg in the large area growth of diamond
films and carbon nanotubes by the modified linggem@na microwave plasma CVD system
are pointed out too. A challenging part, diamonerowvated mirrors or ATR prisms, are
shown as multifunction optical elements suitable fetection of adsorbed or grafted
molecules. Furthermore, combination of pulsed mience plasma with radiofrequency
substrate biasing results in growth of oriented €NVer large area is mentioned too.
Acknowledgement: This work was supported by the grants IAAXO001009GAAV) and
P108/12/G108 (GACR Excellence Center). We woule li& gratefully appreciate to many
researchers from the IoP, to K. Hruska and J. Lih@ra for SEM measurements, to O.
Rezek and J. Potmesil for technical support and. tBolackova for wet chemical treatment.
There were also scientific contributions from umptaduate and PhD. students. This work
was carried out in frame of the LNSM infrastructure
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% Why new materials? — not only NANO/BIO

Excellent intrinsic properties

transmittance, conductivity, toughness/elasticity ...

D g

Long-Time Stability
Sensitivity & Selectivity

Stability to Environment
mechanical / chemical / thermal / radiation .. *

Compatibility to Environment
biological!

Economical Availability

large area deposition (=mass production)
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@ Why Diamond? — defined surface

FZU

Property ‘ Diamond ‘ Comment ...
Surface termination ++t+t++ ‘ -H ‘ hydrophobic, conductive
-0 hydrophiiic, non-conductive
-NH,, -F,-ClI ... welcomed: molecule binding

O-termination ;:x";;)‘o

o E
ssMcc {j <“’j
Thiolfmudiﬁea
Hydrophobic o = 84° oA oL of

electrically conductive

chemical bonds

Hydrophilic a = 15°
electrically isolating

% Why Diamond? — extraordinary properties

proteomics, pharmacy
criminal databases
genomics —DNA
artificial tissue
NANO-tech

vibrating membranes
bridges, beams
actuators

Young. .- ----modified
y _modulus surface

biocompatibility

chemféal
inertness

chemical protection
heat sinks

wi(lé bandgap
optical dosimeters
substrates o ol “j("_‘}!ﬁp’afﬂllcy e emittors

cnn-dué’tivjt‘): diodes

optics

mechanical pr»utecti'_ﬂu e hrealdovasass

voltage

FET transistors

active biochips devices & sensors
nano-devices o
electrochemistry

basic physics
electronic devices
technology & analytic techniques

new phenomena related to NANO-world

active and passive elements
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% Nucleation and seeding

Mortet et al., DRM 14 (2005)
Preclikova et al., Opt. Lett.ers( 2010)

———1 > BEN

« bias enhanced nucleation
« ultrasonic seeding E‘éggnf:‘ni;“bra“e
* diamond-polymer composites

Si substrate
(carrier)

A) low UDD*

@ PVA polymer composite with lew and high Goncentsation of
UDD spn ‘primary palymer sTipes

ultrasonic seeding

Si0,/Si carrier
substrate

cavity-like
structure

RMS =5.5 nm
C: 485 at%

Ultra thin films!

Kromka et al., DRM 14 (2008)
Kromka et al., pss a 246 (2009) Kromka et al., Adv. Eng. Mat. 11 (2009)

% Diamond CVD growth
- Mortet et al., DRM 13 (2004)

.

' path of electrons at nanocrystaliine diamg
.

Potocky etal., DRM 16 (2007)

Potocky et al., pss a 203 (2006) o
[Far . seepeea ¥ 2008 pubiind oelime 7% December 2008
“ﬂ_lﬂ-— e e gl (IMIP) vaboin of vignst
cad s amat trom TPP [y
_g‘ e ke

Core, Bt Qirmgrnia 10

e — ! evolutionary selection
! 3 growth model
* growth at low Tg (400C) a— Snhumi,
« growth at high pressure (250 mbar)
« large area deposition (linear antenna) ;
Kromka et al., submitted to Vacuum

« selective area deposition (nanowires)

Vertical grewth

il

Latersi grmeh 250 NM wide
4.7 um long channel

20 cm in oneldeposition run

Babchenko etal., pssb (2010)
Babchenko etal., send to Vacuum




2 Diamond microwave CVD reactors

from methane (CH,) employing ,chemical vapor deposition* (CVD) in
microwave plasma discharge on arbitrary substrate

focused plasma reactor large area (linear plasma) reactor

[Kromka et al., CVD 14 (2008) 181] [Kromka et al., Vacuum (2010), in press]
1

% Diamond microwave CVD reactors

focused plasma reactor large area (linear plasma) reactor

£0D 80D 100D 1200 1400 1600 1800 2000)
Raman shift [ cm-1]

* Slow growth * Fast growth \|

* Nano-sized grains * Rough surface p
« Ultra-thin layers * Thick layers 12
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« etching & nanostructuring (nanorods)

N7
O O » surface treatments (O/H/F ...) S S /
~ C C

SAOS - 2 cells
Selective oxidation 2 days cultivation

% Diamond-related activities at FZU

Kalbacova et al., pss b 245 (2008)
Rezek et al., Sensors 9 (2009)
Michalikova et al., Vacuum 84 (2010)

Advanced Analytic Techniques

* probe microscopes (AFM/KFM)
« optical techniques (FTIR/PDS)
* microRaman spectroscopy

Inter-disciplinary oriented R&D

« surface & interface phenomena

« surface/bulk defects

« optical phenomena (femto-spectr.)

« molecules at diamond
« cell & tissue engineering

Novel Devices & Demonstrators

* piezorezistors as MEMS

* ISFETSs as biosensors

« IDTs as chemical or gas sensors

« passivation layer (Al/graphite/quartz)
« multilayer optical composites (BAR)

« heat spreaders

« Silicon-on-Diamond (SOD)

» waveguides & photonic crystals
* others

14
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% “Phenomena” at diamond surface

Inter-disciplinary oriented R&D
Osteoblastic cells plated on « surface & interface phenomena

H/O-diamond micropatterns + surface/bulk defects
« optical phenomena (femto-spectr.)

Rezek et al., Sensors 9 (2009) : ?e?llizltji!sessugtedr:gmggﬂng

green = actin fibers (cytoskeleton)
blue = nuclei 60 pm stripes

Cells strongly prefer diamond

surfaces with O-termination :
(hydrophilic) compared to H- > prefergnﬂal arrangement. of cells
termination (hydrophobic). into micro-arrays on O-diamond -

% Phenomena at diamond surface

model in agreement with general effect of hydrophobic/-philic surfaces on
proteins
cell assembly independent of diamond conductivity (B-doping)

Rezek et al., DRM 18 (2009)
Rezek et al., Sensors 9 (2009)

222 .

protein
core

AFM in solution

23232323232

protein core

H-diamond O-diamond
hydrophobic hydrophilic

=> proteins in different conformation due to different wetting properties, those
can be locally tailored by diamond surface atoms

Details on AFM measurements:  Dr. Egor Ukraintsev
16
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2  Phenomena at diamond surface

O-diamond H-diamond

osteoblasts (SAOS-2), cultured for 48 h

hydrophilic

e T

= human cell growth strongly influenced by diamond surface atoms

Kalbacova et al., pss b 244 (2007)
17

% Phenomena at diamond grains — Prof. Maly

—— c.w. laser
+ white light Inter-disciplinary oriented R&D
T~ « surface & interface phenomena
diamond 0.6 pm « surface/bulk defects
ng-::::s 550 um « optical phenomena (femto-spectr.)
* molecules at diamond
« cell & tissue engineering

Effect of laser irradiation on PL of NCD
membrane excited by femtosecond laser
pulses (405 nm, 80 fs, 82 MHz, mean power
density 6000 W.cm 2).

Vacuum pressure 7 Pa, room temperature.

PL Intensity [arb. u.]

=]
£ Black solid curve — unexposed sample, red
B dashed curve — sample irradiated by the
é excitation laser for 60 min.
=
T ' ' ' Preclikova et al., Optics Lett. 35 (2010)
500 600 700 800 Dzurnak et al., DRM 18 (2009)
Wavelength [nm]
Shift in interferences => change in thickness or in refractive index 18
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@ “Surfaces” studies - Dr. Rezek’s group

FZU
J. Cermak et al., DRM 19 (2010)

IS —FET devices gate Synthesis of PPy

polypyrrole |
growt BXfon EC
Au [ {
S, |

) . surface conductive layer

Rezek et al., Biosensors & Bioelectronics 26 (2010) I /V

Ellioset al., pss a 207 (2009) < 500 J ) -
E 400 <2
-?é 300 : S . .
£ 200 Goal — tailoring diamond properties
g 100 to meet specific requirements
£ 0 Kromka's grou
i P ( group)
0 2 4 6 8 101214 ,
Lateral Distance (um) DI’. Rezek S group

— M 4\ Z scale: 600 mV

= Tissue engineering
FZU

Ni mask: nano-rods
as the substrate

Ni mask: i solated
W nano-needles as the

Babchenko et al., pss b a 206 (2009) bstrate
Kalbacova et al., Acta Biomater. 5 (2009)




Flat side: RMS = 10+20 nm

@ Tissue engineering

FZU

= growth on FLAT or ROUGH surface

Silicon substrate (hierarchically structured)

Rough side: RMS = 300+500 nm

(defined NANO-topography over MICRO-flatness)

Si: RMS=<1 nm Si: RMS=500 nm

500 nm

20 nm

-

Fluorescent images of vinculin (red) present in SAOS-2 cells cultivated for 1 h 21

% Tissue engineering

Si: RMS=<1 nm Si: RMS=500 nm

48 h after seeding

MICRO

_NANO on NANO NANO on

n, os.oa., 1kV, 5mm, 5000x i ——5um 48h 500, 05.08.08, 1KV, 5mm, ——5pum ——
What about order of many extensions and in all directions (filopodia/
proteins? lamellipodia on the surface and protuberances and

“nanotubes” on the top of the cell)

Kromka et al., Adv. Eng. Mater. 11 (2009)

Kalbacova et al., Acta Biomater. 5 (2009) 22
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2. Novel Diamond Devices

Ball bonded
wires (30pm})

MBI Novel Devices & Demonstrators

' * piezorezistors as MEMS
 ISFETs as biosensors

« IDTs as chemical or gas sensors

« passivation layer (Al/graphite/quartz)
« multilayer optical composites (BAR)

Gold terminal board NCD piezoresistors
High stress area Mk s e - it * heat spreaders

- « Silicon-on-Diamond (SOD)

» waveguides & photonic crystals

* others

Fit TCR = 12.2x10* [1r°C)

osol
oNeD

Mises Stress: 0 11 22 34 45 MPa Fit TCR = -4.4x10* [1°C]

o 50 100 180 200
Kulha et al., Vacuum 84 (2010) e
Kulha et al., JVC (2010) 23

2 Novel Diamond Devices - FETs

FZU
Solution-gated field-effect Solid-state field-effect
transistors transistors

Gate insulation e

AFM image

s

gate area
28 pm?

t .
gating through liquid gg;:ﬁa gating through Al

i
-3 pH=10

0z

Isc [rA]

i uniform and continuous R
= - nanocrystalline morphology 0ot
o
Raman spectra So s oa oe o oe
i, "33 urs ! Ve ]
= Ware 08
s D20 sgeezan !
3 . efime -2 loamans
-2 £ o £ o
= & Y
E | 51520 an 7 oo :rmu-mwo.uﬂ
Gon Roo 1200 1533 1800
' X :
oo " diamond character Y Ve

VL [
]sensitivity to pH
. S ) ! .
Kozak et al., Sensor Letters 8 (2010) Clear transistors characteristics in SG- and SS-FETs ! ”



2 Novel Diamond Devices — chemical sensor

-
N
[

embeded-metal electrodes in
sensor device

H H_H

» Sensor realized on NCD
« Low surface conductivity

Advanced:
-surface area & sensor size

Ceramic -others (simplicity....)
10* ——9,5% CO,
140C cocl, off 196 ppm NH,
COCI, on —— 10 ppm COCI,
10°+ >
o 196 ppm NH, . aog%%ooﬁe %00
g ' H-terminated 10,
2 10°z 9,50 L
o i
[
38 i O-terminated Largest ASC
107 ] : ‘ for
NtSA o NtSA Phosgene !
107 ' | ' i ' |
0 100 200 300 400 500 700 Why?

Time [s]

Davydova et al., pss a 206 (2009)
Kromka et al., DRM 19 (2010)

2 Novel Diamond Devices — chemical sensor

FZU

Presence of phosgene

a) phosgene dissolves in water
COCl,+ H,0 > CO, + 2 HCI

b) CO, becomes an acid when it is mixed with H,O
CO, + 2 H,0 2> H,CO, + H,0 > H,0* + HCO;
c) HCl is a strong acid and dissociates completely in H,O

HCl + 2 H,0 - H,0* + CI
In Air

H,0 H,0 r—>
H,0 H,0 HO  __f
Metallizati

Diamond bulk: non-cunducting

I electron transfer

Davydova et al., JVC (2010)
Davydova et al., Vacuum (2012)

In Air including Phosgene

=y H,0 H,O ﬁ
y HO" HO |, o+ V,
3 + 3~ Hot . Metallization
2 H,0"

p-type surface conductivity

Diamond bulk: non-cunducting

26
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FZU
—~ STFTS it 1
280 nm FY38%% ?
- qsit-.t
< g '
..-101 2
aléssd by
i -bv"{ -
. “ 4
g’,.:..n gy
~AEsail b
Y R
= oc:-.‘ E’
e esetd
g s
d“ =% o
sl NCD
SEM image at angle: 45° nano-pillars . . .
> 9 g P AFM image: nano-pillars height 140 nm

~417'nm @220 nm, gap 100 nm

Complex nano-technology:
« CVD growth on quartz
« EBL at nano “scale”
« Plasma etching
« Metal evaporation
* etc.

Ondic et al., NanoACS (2010)

Enhanced
photoluminescence:
~10x

(green = red)

~ 280 nm

~11T nm

27

FZU

Diamond-related activities at FZU

Nucleation/seeding

« bias enhanced nucleation

« ultrasonic seeding

« diamond-polymer composites

Diamond microwave plasma CVD

* growth at low Tg (400C)

« growth at high pressure (250 mbar)

« large area deposition (linear antenna)

« selective area deposition (nanowires)

Plasma processing
« etching & nanostructuring (nanorods)
« surface treatments (O/H/F ...)

Advanced Analytic Techniques

« probe microscopes (AFM/KFM)
« optical techniques (FTIR/PDS)
* microRaman spectroscopy

Inter-disciplinary oriented R&D

« surface & interface phenomena

« surface/bulk defects

« optical phenomena (femto-spectr.)

* molecules at diamond
« cell & tissue engineering

Novel Devices & Demonstrators

« piezorezistors as MEMS

* ISFETSs as biosensors

« IDTs as chemical or gas sensors

« passivation layer (Al/graphite/quartz)
» multilayer optical composites (BAR)

* heat spreaders

« Silicon-on-Diamond (SOD)

e waveguides & photonic crystals
« others
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Acknowledgement to the “CABIOM” team

Laboratory of Diamond and Carbon Nano-Structures
Your partner in the carbon nano-world

diamond-silver chainlets
(jewelry segment)
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Luminiscencni spektroskopie
(Si nanokrystalt)

Katefina Klisova
Institute of Physics, Academy of Sciences of the Czech
Republic, Prague, Czech Republic

Luminiscence Si nanokrystali

* laser “na” kfemiku: nahrazeni (¢asti)
elektronickych spojt optickymi -> Si

 dalsSi mozZnost pouziti Si nanokrystalﬂ.

luminiscencni zobrazovani v bioaplikacich
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Proc laser?

e Light Amplification through Stimulated
Emission of Radiation

* stimulovana emise: populacni inverze

* laserové svétlo: ,jedna“ vinova délka, nizka
divergence svazku, vysoka koherence

Laser

e aktivni prostredi:
—silna luminiscence
—malé ztraty (napf. —rezonator pro konkrétni

rozptylem) vinovou délku

* rezonator
—malé ztraty

— populaéni inverze — ,vhodné” vyvazani svétla
opticky zisk

(VSL/SES)
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CB

Luminiscence

 elektroluminiscence (LED)

¢ katodoluminiscence (CRT obrazovky)

¢ chemiluminiscence (svétlusky,
plankton)

<

¢ triboluminiscence,
sonoluminiscence,...
* fotoluminiscence
— spektrum

> — doznivani

— kvantova ucinnost

Zariveé prechody

* Fermiho zlaté pravidlo
2T
P = f|<¢i|ﬂ|¢j)|25(Ei — Ej + hw)

Molekuly:

* HOMO + LUMO

Krystalické latky:
evalencni a vodivostni pas
eelektrony (diry) jsou

* hladiny + rovinné vin
ravdépodobnosti 3/
pr h 3 ¢r(7" ¢ang1(90a '19)
prechoau Fourierova transformace

reciproky (k) prostor, pasova
struktura

nanokrystaly ???
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Zarivé a nezdrivé prechody

15ns 1,4 500ps
>1,000 ns Ty, 3us

@)
o
2
@
2

E CB CB & s g

AW
NN TN

Zarivé a nezdrivé prechody

Cese | | s

1.5ns Tt 500 us
>1,000ns Ty 3pus h

1.498ns T 2.98 us T T1 Taon-r.
T ?}2‘1 P%p.?gd
ideal -3 Uy 7.
1 n 10 n= e, Tz

0.6 nreal 106

@)
o
2
=D
Q

w

2]

=

& 0.6 06 o
[S] L) (8] °
S oa 5 S 0.4 5
L]
- B
a 02 ‘. 0.2 *%e.,
L]
0.04 o ..°...oooooooo 0.0 .......“"°°.
0 2 4 6 8 10 0 5 10 15
time (ns) time (us)
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Si nanokrystaly

Qluminiscence Si nanokrystal(:
1991

Okvantova ucinnost 1-5 % (10
000x vic nez v objemovém
kfemiku)

Upotlaceni nezarivych

Co jsou nanokrystaly?

e nanocastice, nanokrystaly, kvantové tecky
e primér: 2.5-3 nm
—600 Si atoms, 6 mrizkovych konstant
e Bohrav polomér excitonu: objemovy kifemik 5

nm
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Kvantové omezeni

e kvantové jevy ,meéni“
chovani

 spektrum (vinova
délka, barva)
luminiscence je dana
velikosti nanokrystalu

EviDots: www .evidenttechcom

CB

\/\/J Oxidované Si nanokrystaly

e~ ™ * QY: 2-3%

E 600 e zariva doba
E 500 Zivota 100
g 400 l.ls

0 20 40 60 10 20 30 40 50
time (ns) time (us)

I=1 exp[— ﬂﬂ
T=74ypus
=05

@

macro PL intensity

0 10 20 30 40 50 60
time (us) 0

10 20 30 40 0 10 20 30 40
gate delay (us) gate delay (us)
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Vliv povrchu

1x1x1 cn?

20 nmpramer

3 nm pramer

pomer povrch/objem
(m2/cm?)

103

300

2000

e z oxidovanych nanokrystald
pripravujeme nanokrystaly
pasivované methylovymi

skupinami (-CH,)

» forma: koloidni disperze

* vyrazna zmeéna

l[uminiscencnich vlastnosti

500 600 700 800
wavelength (nm)

macro PL intensit

\‘|

0 10 20 t30 40 50 60

ime (us)
> QE 20 % => T4~ 10 ns
@ I=1Iyexp [— ﬂ
E l:‘ T=2ns
o
— ll‘!
oy
S K%
O
@®© ! = ‘ -
E0 5 10 15 20 25

time (ns)
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Pasova struktura a optické prechody

Gr(T)Pangl (0, V)

SiNC:OH  SiNC:CH,

~ W o (ca) AN
AT % HOMO (VB)
M R
— — : [0}
c
ke |2
_'"iﬁ; - &
real space - P. Hapala, P. Jelinek

Pasova struktura a optické prechody

e pasova strukturaiu
nanokrystalll ma
smysl, ale je nutné
brat v ivahu i
prostorovy prekryv

* zacina byt
,rozmazana“

150 meV
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Local photo conductivity mapping of
mixed phase silicon thin films

M. Ledinsky, A. Fejfar, A. Vetushka,
J. Stuchlik, B. Rezek and J. Kocka

Cukrovarnickéa 10, Prague 6, Czech Republic

WALN/ ¢/

g,

1901 " ‘Q-
€mie ved e

Institute of Physics, Academy of Sciences of the Czech Republic,

Outline:

1. Local conductivity mapping by AFM

2.Photo response of pc-Si:H at nm scale

3. Local photoconductivity excited by 442 nm laser

1) C-AFM

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 2/16
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Conductive AFM in UHV

Conductive
cantilever

Small
grains

glass

All results were measured
on 2x2 ym at -2 V B. Rezek et al.: Appl. Phys. Lett. 74, 1475-1477 (1999)
on the sample contact

Photoconductivity

Open questions remain -

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 3/16

first photo-response results

Measured on PIN diode (on the top pc-Si:H n-type layer)

us
——— c“mﬂ"—"-q-,— Dark-current with Zn0
[ [ Dark-current without Zn
. = D L oo i e —
-
<
&
g
@ s
£
e
- |
LLLER L LU LR Il () Cantilever without ZnO
pluss -1
= e Phota-current without Zof)
Light
Fiber Head - R,
18— L -
15 -1 S 5 1 15
Piezo Scanner \"'ﬂllﬂﬁ? lvl

(a} IV characteristics of a-Si solar cell

Gifu U.: M. Kawai et al.: Current Applied Physics 10, S392-S394 (2010)

« excitation from the bottom side is in practice not optimal
« this is not the first photo-conductive AFM measurement on pc-Si:H

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 4/16
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standard C-AFM

O BT 1200 nm

Why there is no photo-response?

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 5/16

C-AFM

1. Cantilever effectively
shadows the sample — dark
current is measured

2. AFM detection diode
illuminates the sample and
the white light intensity is
negligible in comparison with @
red AFM diode

measurement in constant

height mode —
the diode may be switched
(bottom contact)
off but no topography
ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 6/16
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C-AFM

standard C-AFM — constant force mode constant height mode

0 BT | 3pA (BN )00 nm| 0 T ] 5 pA

* response on white light and AFM diode illumination
» when the AFM diode is on, there is no response on white light
« all standard C-AFM results = Photoconductive local current maps

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 7/16

Conductive AFM in UHV

Conductive F
cantilever
(>

B. Rezek et al.: Appl. Phys. Lett. 74, 1475-1477 (1999)

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 8/16
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2) dark C-AFM

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 9/16

dark C-AFM

Real dark C-AFM Standard C-AFM

e

500 nm

O BT ] |pA ( EEEET100 pA

» ~100 x difference in photo/dark currents
» current through the grains in dark is homogenous

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 10/16
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dark C-AFM

dark |-V characteristics

0 BT 1pA

* easier interpretation
- * very good repeatability
10 8 6 4 5 o (no current decreasing —
U, [ V] typical for photo I-V)
g « small hysteresis in
a-Si:H (charge trapping)

Well defined dark conditions —
Let’s start with photo-current AFM

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 11/16

photo C-AFM

AFM diode

Y mnmmns %%87---| Local light excitation (in z
axis ~ 40 nm) and local
detection — given by the tip
diameter ~ 50 nm.
Excitation volume = 10° nm?3

(bottom contact)

Typical defect density in silicon thin film 107 cm3,
then in excitation volume ~ 10 defects only!!!

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 13/16
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photo C-AFM

Nose type cantilever — tip may be blocked at the grain
boundary — line artifacts in local current maps and topo

standard C-AFM — constant force mode constant height mode

0 BT 1200 pA () BN (300 nm |0 T 1300 pA

Very good agreement with results measured by standard cantilever.

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 14/16

photo C-AFM

AFM diode + 442 nm laser 442 nm laser + AFM diode

S 211 R 5 o

a1 ol
o

S s
©

> >
N N
ol a1
o o
o (@)
© ©
> >

» clear photo-response with AFM diode on
* low photocurrent for illumination by laser only — high absorption
* I(laser+diode)/I(laser) — diffusion length rough estimation — 300 nm

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 15/16
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1. Results of standard
C-AFM measurement is
always local
photocurrent map.

2. Dark currents maps show
the same pc-Si:H / a-Si:H
contrast. Dark |-V
characteristics are well
reproducible.

0 M| [ pA

Summary

3. Local current is determined by
absorption depth for 442nm HeCd
laser illumination. Charge carriers
diffusion length was estimated to ~
300 nm.

160 B measured by C-AFM
e calculated by hp-FEM

140

120+
100+
80+

Current [ fA ]

60
40
20

T T T T T T T T T T T T T
0 100 200 300 400 500 600 700
Grain diameter [ nm ]

thickness = 900 nm,

grain apex half angle = 20°

tip radius = 20 nm
Conductivities:

X [um ] a-Si: 10 S/cm, pc-Si: 10 S/cm,

. -9
A. Fejfar et al., Phys. Status Solidi (a) 207, 582-586 (2010). Surface layer: inm, 3*10® Sfcm
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photo C-AFM

Cross-section of local photocurrent maps

600 -

—— AFM diode

—— laser x5
< 400+
o
T
SCJ 200 -
=
O

XO
0+
0 1 2
position [ pm] e

0 — 50 pA

For 442 nm illumination — no change in the current level from grain to grain —
- highly conductive layer on the top of the layer — parallel resistance of all grains

ICANS 24 Nara M.Ledinsky et al. Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM 18/21

Diffusion length estimation

! i

liaser ll(laser+diode) ~ 1/50

~ — -diLf] ~ ~ a4
IIaser ll(laser+diode) IDIFF/IO_IO*e IIO 1/50 ~ e

L =d/4 ~ 300 nm

Local dark and photo conductivity mapping of mixed phase silicon thin films by AFM

ICANS 24 Nara M.Ledinsky et al.
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@Eyzikélni Ustav

Akademie véd CR, v. v.i.

SEM and AFM at FZU AVCR, v.v.i.

3rd Winter Educational Seminar
Rokytnice nad Jizerou 2012, February 1 - 4

Jitka Libertinova
Stépan Stehlik

Bohuslav Rezek

Scanning Electron Microscopy (SEM) Atomic Force Microscopy (AFM)

YINT-MDT

MIRA3 LMH

The combination of high magnification, Scanning Probe Microscopy gives an
large depth of focus, high resolution, and opportunity to carry out studies of spatial,

ease of sample observation makes the physical and chemical properties of
SEM one of the most heavily used objects with the typical dimensions of less

instruments in research areas today. than a few nanometers. Owing to its

multifunctionality, availability and
simplicity, AFM has become one of the
most prevailing “tools for
nanotechnology” nowadays.
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The MIRA3 LMH FEG-SEM by TESCAN is a third generation of MIRA series of high
resolution scanning electron microscopes equipped with a high brightness Schottky
Field Emission gun.

Specification of selected parameters:

Electron Gun High brightness Schottky Emitter
Resolution (In-Beam SE) 1 nm at 30 kV
2 nm at 3 kV
Resolution (SE-ET) 1.2 nm at 30kV 3 nm at 30kV (W) 2nm
at 30kV (LaB6) 25
nm at 3 kV 8 nm at 3kV (W) 5 nm at 30kV (LaB6)
Resolution (BSE) 2.0 nm at 30 kV
Magnification 3.5x to 1,000,000x
Accelerating Voltage 200 V to 30 kV
Probe Current 2 pAto 100 nA
High vacuum mode <9x10-3Pa

Condciiye | ~=
f “amples g "L s
' o ‘ 9» ?» ‘ '

-

- - S > 3
EMMAG: 50.0kx  WD: 446 mm x MIRA3 TESCAN|
Det: SE SM: RESOLUTION 1 ym Det: SE SM: RESOLUTION (20 ym

SEM MAG: 253 x WD: 5.03 mm MIRA3 TESC/
Det: SE SM: RESOLUTION 200 pm

View flold: 66.7 ym _ Date{m/dly): 08/03/11 Fyzikainl Ustav AV CR View fold: 858 ym _ Date(mialy): 08/03/11 Fyzikaini Ustav AV CR

'SEM MAG: 206 x. ‘WD: 4.59 mm MIRA3 TESC/
Det: sE SM: RESOLUTION 200 pm
View feld: 1.05 mm Fyzikaini Ustav AV CR

-
miRa3 TESCANl SEMMAG: 250k« WD: 6.23mm MIRA3 TESCAN|

Det: SE SM: RESOLUTION 500 m Det: SE SM: RESOLUTION (20 pm

few field: 2.15 ym Fyzikaini Ustav AV CR View field: 86.7 ym _Date{m/dly): 06/06/11 Fyzikaini Ustav AV CR
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SE In-Beam SE

SEMMAG: 80.0kx  WD: 3.60 mm n‘l:u:'rssclm : | I | LS oDy NCD particles on Au
Det: SE

SEMHV: 50KV 500 nm
View fleld: 2.71 ym _ Date{midly): 12/01/11 Fyzikalni Ustav AV CR Fyzikainl Ustav AV CR

4 Ny A8,
SEMMAG: 500k WD:260mm wiRA3 TESCAN] SEMMAG:50.0kx  WD: 261 mm G ETY  NCD layer on Au and
Det: & SEMHV: 50KV 1 pm DotiinBeam | SEMAV:SOKV 1 ceramic
View field: 4.33 ym _Date(m/dly): 01/02112 Fyzikalni Ustav AV CR View field: 4.34 ym Date(m/dly): 01/02/12 Fyzikalni Ustav AV CR

SE BSE

SEMMAG: 8.97)kx  WD: 10.01 mm MIRA3 TESCAN|
SM: RESOLUTION 10 ym Det: BSE SM: RESOLUTION 5 ym
View field: 37.3 ym _ Date{m/dly): 08/03/11 View field: 24.2 ym Fyzikaini Ustav AV CR

s Images courtesy of
R Y W 1001 mem a3 Tescan Marie Kratka

Det: SE SM: RESOLUTION 200 ym i SM: RESOLUTION 200 ym
View fleld: 800 ym _ Date(m/dly): 08/03/11 X Fyzikain! Ustav AV CR
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7
SEMMAG: 5.80kx  WD:4.92mm

Det: SE SM: RESOLUTION 10 pm
View field: 37.3 ym _ Date(midly): 08/03/11 Fyzikaini Ustav AV CR

Counts

AFM NTEGRA Prima by NT-MDT is a multifunctional device for performing the most
typical tasks in the field of Scanning Probe Microscopy.

Air, liquids and controlled environment (low vacuum, nitrogen, controlled humidity, heating stage)

Inair & liquid : AFM (contact + semi-contact + non-contact) / Lateral Force Microscopy / Phase
Imaging/ Force Modulation/ Adhesion Force Imaging/ Lithography

In air only : STM/ | Electrostatic Force Microscopy/ Scanning
Capacitance Microscopy/ Kelvin Probe Microscopy/ Spreading Resistance Imaging/ Lithography

Scanning by the sample, scanning by the probe and dual-scanning

Scanning by sample
Scanning by probe

100x100x10 um
100x100x10 um

Less than 1x1x1lum

Up to 200x200x20 um (DualScanTMmaode)
Low noise

Low thermal drift

Modular concept

Topography

Z scale=1um

40

30

Counts
2 3 4 5 6 7 8 9

=
66.4 nm

100 200 300 400 500 600 700 800 900 0 01 02 03 04 05 06 07 08 09 1.0
nm pm

100.3 nm

20

10
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100

Topography

60 80

Counts (a.u.)
40

o
N
o
0 50 100 150 200 250
Height (nm)
0.5um Z scale=250nm
Lz = RMS roughness = 39 + 2 nm
Lx =96 nm
g o 7 1*7 7 \,,‘\u |
SEMMAG: 500k | WD: 488 mm MiRAS TESCAN e 1=}
Det:sE  sw:RESOLUTION fym ‘ S
View leld: .33 ym _Dato(miayy: 0610911 Fyzkain Ustav AV CR

\J o
~ D
5
nz \ > <
J € )
il 28
A ™ £~
/ <)
(@]

50

95 100 105 110 115 120
Phase (deg)

PR

0.5um Z scale=20deg
RMS phase =4.3 + 0.2°

Kelvin Probe
Microscopy

UDD-H nanoparticles on Au, Sitip (example)

0.5 Um == 7 scale=60nm 0.5 um =—— 7 scale=80mV

Au droplets on H-terminated NCD

0.5 um === Z scale=500nm 0.5um

scale=300mV Images courtesy of
Stépan Stehlik
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Lithography

= 10_pm 10_pm
Z scale: 100 nm Zscale: 1.2V Z scale: 2.2 ym Zscale: 2.5V

AFM topography on negatively charged areas (a) before and (d) after nanoparticle assembly. (b,e)
Corresponding KFM potential maps. (c) Optical microscope image of the charged cross after assembly.

Zscale:50 nm  Z scale: 1.2V

AFM topography on positively charged areas (a) before and (d) after nanoparticle assembly. (b,e)
Corresponding KFM potential maps. (c) Optical microscope image of the charged cross after assembly.

Images courtesy of
Elisseos Verveniotis

In liquid (PBS solution)

Y
3 '
L

s { S
= 1um  Z scale =100nm

AFM morphologies of human cell on linear-antenna NCD: a) cell with filopodia extensions on H-NCD, b) area after
the cell removal on H-NCD, c) detail on the filopodia on O-NCD with higher cell density. The inset images show
AFM phase.

Images courtesy of
Egor Ukraintsev
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Martin Miller

Department of Thin films

Insitute of Physics
Academy of Sciences of the Czech Republic

Prague, Czech Republic

Ptiprava podlozek

Kfemik monokrystalicky (i, n*, p*)
= (I-:'.; = kr: I

Coming C705%

o Citénip
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Vakuové naparovani

Pfiprava kovovych kontaktd Al Ti o Av (Ag. Cr. Ni, ..)
Litograficky vyrobené kovové planZety -> masky pro
napafovani kontaktl uréitych tvarl r’
Vakuum: p < 10-*Pa

turbomolekularni turbina + pfedCerpani

Zahfivani W lodicky (dratu) prichodem el. proudu,
vyparovani atomd kovu, piimocary pohyb atomd
kovu od W lodicky, kendenzace na povrchu vzorku
Tloukfka naparené vrstvy ~ 1/12

X
— %
5 i
/
\ /
\\ {.r"
\ /
\\ /
h \
\ L
\\ ’t}:c{) 3
/ [x) 2
\ / l—lij
A
soo —t— zdroj

Vakuové naprasovani

Phiprava vrstev slitin kov0 nebo smési vice Iatek se stejnym stechiometrickym sloZenim
jako zdrojového materialu (ITO)

Pfiprava tenkych vrstev kovl s vysokou teplotou tani (Pt, Pd)

Ibytkové vakuum p < 103 Pq, inerini plyn (Ar) -=> ~1 Pa

lonty argonu jsou v elekirickém
poli urychleny smérem k
povrchu terée, z néhoi vyrdZeji
atomy, které se nasledné
dostanou na povrch
naprasovaného vzorku, kde
vytvareji tenkou vrstvu.,
Reaktivni naprasovani -
reakce atomu kovu s kyslikem
(Zn ->In0)

Vy&i energie atomu kovu
(~1-10 eV) neZ pfi napafovani
(~0,1 eV) -> lepsi piilnavost
atomU k podloZc
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PECVD Laboratory

Process chamber: two parallel electrodes, one connec

>ted to RF generator,
second with substrate holder, substrate temperature 180 - 250 °C,

f=13.56 MHz

Decomposition of SiH,, B,H, and PH; in a glow discharge -> chemisorption of Si,
B and P on surface of sample

Plasma: source gas molecules, radicals Si,H,, hydrogen radicals, ions,..
Adsorpfion of radicals at substrate surface, hydrogen removing, cross linking
with neighboring silicon atoms -> film growth

L] substrate holder |
plagma R
ik QS
| ]
L
Deposdan chambar
1
L;C‘.U
00 .
-
§ Lo
w ,& !
=0
2 a E L u pH] b 1
Cancentmbion of Siline n Hydrogen [%)] A I
180
A
200°C, 7093 e
. 4 "
o 7 3% SHane in H.J/' ‘/i
”
= a-Si:H
o 200°C, 25Pa
100% Silane
a-SicH
50°C, 95Pa
100%: Silane
»oo e = o [T L1z 16 140 1 00 220
Depotition time
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Influence of Gold Catalytic
Layer on Growth of Silicon
Nanowires

- Martin Muller!, Dat Phuoc Duong?, The Ha Stuchlikova’, Jiri
Stuchlik!, Martin_Ledinsky!, Antonin Fejfar !, Jan Kocka', J.
) Cervenka', S. Bakardjieva'

NInstitute of Physics,
Academy of Sciences, Prague, Czech Republic

2 Institute of Chemical Technology,
Vietnam Academy of Science and Technology. HCM City, Viet Nam

Silicon nanowires by PECDV

P el » Cleaning of Corning subsirate in Piranha H,$0 :H,0_:H,0

r-‘W"“'J-_- Vacum evaporation of 99,99% Au wire from tungsten boat

Heating in vacuum chamber for 15 min at 350°C

-
[ TE 2
-

il PECVD of Silicon under conditions for a-Si deposition
comns MMM (V.S growin)

pressure of 100 Pa with a dilution 2 sccm sitane in 10 scem hydrogen

o PP} e o RF power0.13W cm?, frequency 13.56 MHz.
s ceemne et
“"”‘"‘9“ o Absorption of Siin metal pariicles
D <4, © Saturation -> nucleation site for crystallization
AUST - e o 1D growth

Si nanowire - L

BB e 0y £ < ik,

AUSIT- - o o

Sinanowine.
a-Si-..
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Silicon nanowires

K}
=
=
£
3
=

Mixed crystalline and R
amorphous silicon
composition at whole
| —— Position A, 785 nm laser. Llayer of Si nanowires
—— Position A, 442 nm laser\ &
| —— Position B, 785 nm laser
5000 -
4000 - _
] Crystalline silicon ]
20001 composition at upper
< part of Si nanowires
2000
. B J
1000 ~
0 1 442 nm
300 350 400 450 500 550

Raman shift (cm")

Silicon nanowires

Polycrystalline

Crystaliing

4,
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Conclusion

* Increase in the size of gold particles with increasing
thin film thickness

« Decrease in the diameter of nanowires at their base
with increasing thin film thickness

o 2.1 nm gold thin film -> 70 nm average diameter of
nanowires

o 3.9 nm gold layer -> 54 nm average diameter of nanowires
o 4.9 nm and 8.2 nm gold layer -> 45 nm average diameter

» The layer of Si nanowires has a mixed crystalline and
amorphous silicon composition
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SUNS-V,. METHOD

of IV Curve Measurement
of Photovoltaic Cell

Vlastimil Pic, Petr Pikna 1/2012
. . *\Qmiﬂy%
IV characteristic R K
measurement

- FV cell sample

- IV characteristic of FV cell

- Current measurement method of IV
- SUNS-Voc method

24/10/2012 2
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FV cell sample R

Poly-Si thin film solar cell
p+ 100 nm - Anode

p 1500 nm
n+ 100 nm - Cathode
SiN 200 nm

Borosilicate glass substrate
14x14x 3 mm

24/10/2012 3

. . \\@LNLU;/%
Diode in the Dark LBL
A — |

Without illumination, a solar cell has the same
Y electrical characteristics as a large diode

qV
1=l [EXP (m) - 1]

24/10/2012 4
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Diode under lllumination

FV cell is a source

24/10/2012

24/10/2012

Without illumination

Light

[exP (rfk ) B 1] - ’LI

I =

Diode — Source

" Light
P he Light

v @ »

I Since the cell is generating power the
convention is to invert the current axis.

S

0,
emia vea O
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Light Intensity A
6 -+
n 1000 Wim?
-
4 mw__ ——
< A N
*_; 5 600 Wim? -
2 400 Wim?
==
. 200 Wi ==
100 Wrm? _?' -.
° o 5 10 ;5 20 25 30 35 Qﬁ’ chT

v
IPV - RP
R responsivity, P lightintensity
Non-linearity less than 1 % over 6-9 decades for Si diode

1

24/10/2012 @ Dy Dy 2R, v -
Iy 1py Iy,

1000 Wim?

I, >>1,+1,

o = N W

Graf logaritmické funkce log x @ Dy D,y R, V
1 1

'111J0/1 273745 6 7 8 9 10

99



WRLNL
S,

Current-Voltage Method “.2.

iy
Light const L
Light

_ﬂ
o ri

" @ ¥ [ Y

Y

Direct measurement of voltage and current (V and 1)
Standard Testing Conditions: 25C, 1000 W.m*?, AM = 1.5

1000 W.m2 =1 SUN

24/10/2012 9
AN/ ¢/
W59
Current-Voltage Method = “.2.”
“%emra yad
maximum power
oint R
|73 PAREY | e L
6T> Dy D¥ é‘h v
-“‘|' Iy Ipy *1&.
[ PR \  P+IR, \
> - V+IR
I=I,-I,|e"™ —1]—10,{9 Ta ] | :
ph = R
\ J sh
A, A, - diode ideality factors, I, I, - dark saturation currents
R, - senes resistance, R, - shunt resistance

Direct measurement of voltage and current (Vo and lgc)

Max. gained power = |,,.V,

24/10/2012 10
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\\@LNLJ%
IV Curve by Suns-V,. Method “.2."

Wafer-based solar cell — metallized ,
common Current IV measurement

= Metallized thin film solar cell
e, (CSG Solar sample)

‘Crater’  “Groove’ ‘Dimple’

Textured glass
4Light In

Thin film solar cell (in production)
no metallization —

— high series resistance of the contact

— current IV measurement brings error

n+

= " Borosllicate 6lass
24/10/2012 )
WALNL g
%

Suns-V,, Method B

Current — Voltage method : Direct measurement of V and | (R1)
at const test conditions 25€C, 1000 W.m=2, AM =1.5

SUNS-V,. method : Direct measurement of V and Light (P])
at constant test conditions 25C, AM =15

P A Light
Light §

@ Flash Light
i

24/10/2012 12
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\‘(\ELNLU

Su ns-V,. Method o N

o © f\\?

600 Wim?®

I A

3

400 Wim®

2

100 Wi,

0 5 10 15 20 25 30 35 -l- U IV
ocC

Ve = f(Light Intensity )
lsc at 1 SUN (ie. 1000W/m?)

24/10/2012 13
WL
Suns Vo Method .3
1.2

F’
~

=]
=]

=
=
-
Open-circuit voltage (V)

=
[=-]
PEFETL LN
=
wn

Light intensity (Suns)
=]
(=]

0.3
04
0.2
0.2 0.1
0.0 mebtsa B 0
0.000 0.010 0.020
Time (s)

Light intensity decreases gradually =~ — Quasi-steady-
24/10/2012 state 14
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\LN/ 7

RO <%,
Suns-V,, Method R

‘mie v

I=l,.(1 - Light intensity)

I .. short circuit current, input parameter measured by
other method

12p4 ;07
| 40
1 SUN i = Isc
=10 106> ,.E 35 | A/Suns-\«’“
£ | 2 g Eff=21.3%
= 0.5 2 30 e
008 18 E o FF=0.835
2 0.4 2 E 25 IV curve
‘w 0.6 S = w20 - Eff =20.8%
3 N 033 g FF = 0.816
2 ] el = 15
=04t I\, B =
- 1 D.Z\E g 10
_g’ 1 @ I
202 B 0.1 2 554
o — 1
e [/ L Voc
0.0 + A
0.010 0.020 0.0 0.25 0.5 0.75
Time (s) Voltage (V)
Current density . (1- Light Intensity )
24/10/2012 15
WALNT ¢

Suns-V,. Method 3

ie vé:

Searched |V characteristic
I=f(V, P=1000W/m?)

Measured input values
P=fy(t) @)
V=f,(t) ->t=f,(V)

Math equation Eq.
I = Isc(1-P) (3)
Only input parameter
measured by Substituting (1) and (2) into (3)
other method
P=f1(f,1(V))
I = Isc(1-f,(f,(V))) -> 1= f,(V, 1 SUN)
24/10/2012 16
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Suns-V,. Method

lllumination at Reference Cell and Test Cell Voc

24/10/2012

Comercial Suns-V . SetUp

Flash Light

Measured

FV cell

24/10/2012

2
at

=)
=

@

3
"

10000
—_
w gy,
c N_
3 1000 -
=
@ 0100
c
@ \
=
E .. W
E oo —a—Light h=nsity I ‘*-\
i=J —e—Open-Orut Voige
-
0.001

2

2
i

cell Voltage (volts)

@

o

0.00E+00 200E02 400502 6.00E-03 S00E02 1.00E02 1.20E02 1.90E0Z 1.80EDZ

Time (sec)

Pseudo Light IV Curve without the Effect of Rs

004

e
]

o
B

o
8

a
2
o

e
2

Current (Afgmz)
g

=3
g

=

—
//

0.033

Power Density (W/cm2)

o
]

010 0.20 0.30 0.40 0.50 0.60

Voltage (V)

g

m

hoa e

‘Mie ved
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\‘(\BLMQ
&
4 3

«*%

Comercial Suns-V,. SetUp “.2..

Flash Light

- Electrical Diagram
AR

Reference cell 5 Ohm resistor

Light \\’: ]r Ref cell CHO ref light output to Data Acquisition
{ Linear from 0 to 0.5 V)
Z

for Suns-Voc

4x 100Mohm, 10pF, 12bit 5MSis

Probe contact to data
acquisition CH1

Chuck ‘ ‘
. e
v
Chuck contact to
FV Cell data acquisition
Thermostat

24/10/2012

SUNS-Voc Experimental Setup “.2..

Electrical Diagram for Suns-Voc at FzU

Reference cell

. +10v
Light
Y

CHO ref light output to Data Acquisition

(Linearfrom 0 to 8.5 V) [1 USB Digital Osciloskop

1k Ohm resistor
Probe contact to data

acquisition CH1

National Instruments
NI-6111 AID card

\

PC

\’\’\/ ) /:7;
S

2x 1Mohm, 20pF, 14bit 100MS/is

CS328A

UsB ¢

il

[T
Chuck PC

Chuck contact to
| data acquisition
" — —U—-f UsB
X-axe move Velleman /0 board
Z-axe move —
Flash Light ignition KE0sS

24/10/2012

20
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RN/ ¢7p
@(‘, » ‘\?ﬁ
e aed O

SUNS-Voc Experimental Setup <.2.

Light intensity DC-DC 5V/35V

Motor Z-axe

Light intensity measurement tip

sensor

Motor X-axe

FV cell voltage
Poly-Si thin film
FV cell

X N ’\Q\U\QZ
SUNS Voc at FzU - parameters <.2.”

Reference cell : Light intensity ~0.005 - 7 SUNS (7000 W/i
Output: 0-8.5V
Supply: 12V-36V

The following can be controlled from Local control board and via PC

Flash light ignition
Measurement tip motion: X-axe 16mm track, 184um step
Z-axe 10mm track, analog control

24/10/2012 22
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24/10/2012
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Potential for nanotechnology approaches in the praaction of
crystalline and thin film silicon solar cells

Ale$ Poruba, Radim Bmka, PavelCech, Pavlina Binkova, Jii Hladik, Igor Mudra
and JaromiRehak
Solartec, s.r.o., Televizni 2618, 756 61 RoznavRedhoSim

Increasing the solar cell conversion efficiencyetbgr with reducing their

production cost are the trends of the last yeanstwaire necessary for the near

future grid parity of “the energy from the sun”.i§tpaper deals mainly with the

first part of trends, i.e., with enhanced cell @dhcy while keeping the

production cost nearly the same or even lower takito account the potential

for the implementation of nanotechnologies in botbnocrystalline and thin

film silicon devices.
Continuous progress in decreasing the final price fothe energy produced from
photovoltaic is based on reduction of the productio cost of solar cells, keeping the high
production yield as well as on enhancing the celffeciency. Standard c-Si cell production
sequence with screen-printed metallization. Usuallyp or 6” mono or multi-crystalline
silicon p-type wafers are used as the substrates.
Individual steps can be realized as the batch dinenprocesses, where in-line procedures are
preferred for the multicrystalline silicon solarllcgroduction. For the final product —
photovoltaic (PV) module — solar cells are soldenetlo the strings (mostly serial
interconnection) and are encapsulated into thevsigahdstructure glass - EVA foil — solar cell —
EVA foil — Tedlar foil.
Contrary to “bulk silicon* PV structures thin fili8i solar cells (based on either p-i-n single
amorphous silicon cell or tandem structure amorphewmicrocrystalline solar cells) are grown
directly on glass (sometimes “plastic”) substrategered with TCO - Transparent Conductive
Oxide (ZnO or Sn0O2) making the electric contadh®thin p+ silicon layer. After the PE CVD
deposition of all individual silicon layers (bora@mped, undoped and phosphorus doped) back
contact is usually formed as non-transparent bytepog aluminium or silver (sometimes as
the double layer thin TCO + metal). Subdivisiontleé whole active area into the individual
cells and their material interconnection (to ineedhe generated voltage) is realized using
various laser scribing steps before and after PP @kbcesses.
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Approaches toward industrial cells with

>20% efficiency (in Solartec)

Ale$ Poruba, Radim Bafinka, Pavel Cech,
Pavlina Bafinkova, Jifi Hladik, Igor Mudron and
Jaromir Rehak

Outline

* Production sequence of standard c-Si solar
cells on p-type substrates

» Standard and advanced characterization of
wafers and solar cell structures

» Modeling the cell performance by PC1D

» The way how to exceed the cell efficiency
of 20%
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Standard production steps in c¢-Si technology

- saw damage etching

- surface texturing

- n-type (P) diffusion

- (Si0,H)S

- Ag/Al(+Al) print BS

- Ag screenprint FS

- paste sintration

- edge 1solation (1f

not done before)

- measuring and sorting

Alkaline texturing (equipment)

* dose process (50-100 Si
wafers)

» mixture of NaOH (KOH)

4.
qEl
+ 1sopropylalcohol - ﬁ'
2

* temperature 70-80°C

* processing time = 30min %

* purity of the Si surface
plays an important role for
homogeneous nucleation of
pyramids and their growth
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+ Si wafers on quartz boats (in a quartz tube)
* process time = 60-90min

* clean room
» source gasses S1H2C12 and NH3
e p . . _POCI2 <
» source of phosphorus - POCI3 (,.dry* pumping system)

PR emperature 820-950°C . S
* diffusion temperature 820-9: » deposition temperature = 800°C

Screenprinting the metallic pastes and

sintration (paste co-firing)

Screenprinting semiautomatic Infrared belt furnace
machine from Baccini (6 independent zones)
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Standard and advanced characterization

. op_ttcal microscope P pr———— «» sheet _reststance
(oblique light) texturization by 4-point probe
« opti x « concentration profile
optical reflectance RCA wafer ceaning (SIMS. SRP Eg\l]
« SEM or AFM . LT T T
Standard homogeneous | | §
emitter (50 /0) i
: ;
I PSG removal 3 »°
- !
——mm==| W LP cvD or PE CVD SiNx e e
- colour” of SiW after deposition (75 nm —
deposition Screen printing » |-V curve measure-
the metallic pastes ment (sun simulator)
I =
50 75 100 125nm iR paste coTig) R o
 d, n measurement sintration g ol somenn \‘
(ellipsometer — polished — 1. H
Si wafers only) | Edge":’da""" T EEl ‘;
5 - i i
- total optical reflectance | Cell testing and sorting I i B

Another types of solar cell
characterization
* Dark I-V curve measurement (various temperatures)
* Quantum efficiency (Jsc=f(1))
* LBIC (Light Beam Induced Current)
* Photoluminiscence
* Electroluminiscence (microplasma)

* Noise diagnostics

» Suns-Voc™ method (pseudo I-V curve measurement)
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Example of LBIC results (405, 830nm)

Each characterization method contributes to the
detection of “problems”

BUT

they are not able to identify the cause and origin

v

* necessity of ,,step by step* moni-
toring of some ,,typical® parameter

* (minority) carrier lifetime (or carrier diffusion
length) 1s the most important parameters
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Diffusion length and carrier lifetime

1000 L:(D-T)U-S / /

Diffusion length (um)

/ D=30 c_mlsz
100/ I T T W

1E-6 1E-5 1E-4 1E-3
Bulk lifetime (s)

Lifetime measurement by MW PCD and
QSSPC

4 20 = v

Principle of methods — measurement of carrier concentration
decay (in time) after their pulse light generation
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Surface recombination as a specific problem

for the bulk lifetime measurement

—

ket e illant dbjurae ptik

H-5] bulk lfetime:
—c=1s
=1ms
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measured lifetime (s)

surface recombination velocity (cm/s)

Modelling by PC lD program
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Modeling the solar cell performance (PC1D)

Parameters of solar cells and their impact on performance:

« carrier lifetime (1-300 ps)

* recombination velocity at the rear side (1000-10 cm/s)

* bulk resistivity of the silicon wafer (1 or 3 Q.cm)

« sheet resistivity of the n+ layer (50-90 €/sq.) (depends on
the surface concentration and depth of doped layer)

« recombination velocity at the front side (103-10* cm/s)

« optical reflectance (surface texturing and ARC coating)

« thickness of the silicon wafer (240-180 pm)

EQE (%)

EQE (%)

PC1D - external quantum efficiency

—8— =300 gs (S(bs}=100 em/s)
—e=1 = 100 ps (S(bs}=100 ems)
30 ps (S(bs}=100 cmis)
10 ps (S(bs}=100 cmis)
+—1 =3 ps (S(bs}=100 omis)
—4—v =1 ps (S(bs}=100 cmis)

-

400 600 800

wavelength (nm)

-

—s—Rsh = 500/sq. (S(fs)=1E5 emis)
—e—Rsh = 700/sq. (S{fs}=1E5 cmis)
—4—Rsh = 700/sq. (S{fs)=3E4 cm/s)
—v=Rsh = 700/sq. (S(fs}=1E4 emis)

»—Rsh = B0nsq. (S{fs}=1E4 cmvs)

400 800 800

wavelength (nm)

EQE (%)

EQE (%)

—#—S{b5)=1000 cm/s (r = 100 ps)
== 5(bs =300 cm/s (x = 100 ps)
——S{bs}=100 em/s (== 100 ps)
—¥—S{bs)=3D oms ( = 100 s)
S{bs)=10 cm/s (x = 100 ps)

400 800 800

wavelength (nm)

frout

resistivity 3 Ohm.cm
—#— ¢ =300 us (S{bs)=100 crs)
—8— 1 =30 ps (S{bs}=100 cm/s)
i1 =3 s (S(bs}100 cmis)

resistivity 1 Ohm.cm
- 4= 1 =300 s (S{bs)=100 cm's)
“+# =30 s (S(bs)=100 cens)

= #r ¢ =3 us (S{bs)=100 cmis)

400 800 800

wavelength (nm)
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Modeling the solar cell performance (PC1D)
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PCI1D — influence of internal reflectivity

80
Rsh = 80 sq.
] Sifs) = 10" emis
£ resistivity p =2 0.cm
g 40} === Rint=(FS 75,70, BS 50,70%)
o —s— Rint=(FS 50,50, BS 50,50%)

efficiency (%)

Voc (mV)

‘other parameters:
L 1=10ps
S(bs) = 1000 cmy's

s~ Rint=(FS 0,0, BS 0,0%)
—v—Rint=(FS 75,75, BS 75,75%)

“— Rint=(FS 92,92, BS 92,92%)
—a—Rint=(FS 100,100, BS 100,100%)

‘other parameters:
=100 ps

t S(bs) = 100 cmés
Rsh =80 nisq.
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g resistivity p =2 0.cm
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—&—Rint=(FS 0,0, BS 0,0%)
+— Rint=(FS 92,92, BS 92,92%)
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achieve the efficiency >20%

Starting parameters:

=100ps, Sbs=100 cm/s,

Sfs=3000 cm/s, bulk
resistivity 20.cm,
Rsh=80€Y/sq., internal

reflectivity 70%
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process "enhancement”
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The most important parameters and how to
achieve and keep their high quality values

1. Carrier lifetime (gettering techniques, clean rooms
for the high temperature processes as well as for the

etching/cleaning/drying lines)

2. Front surface recombination (structures with
selective emitter + double layer ARC)

3. Back surface recombination and internal reflectance
(rear surface morphology modification together
with dielectric surface passivation and local point
contacts - advanced light trapping structure)

Surface morphology modification by APPCE
(Atmospheric Pressure Plasma Chemical
Etching) — EU project N2P

plasma gas
purge gaswaste gasetch gas '_ etch gas waste gaspurge gas

B \ / 7 49
o)
—_— 4 __stchzone »
}
bt heated substrate reactor /
AUrGE  holder with waler purge

SFg (1 sim) SFg + O, (141 sim)

Optimal pyramid angle at the rear surface 135 ° (optical modeling)
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Conclusion

+ Standard solar cell structure with Al back contact -

limitation of the cell performance to the value below
19% (due to limited quality of BSF formation as well
as rather low internal reflectivity)

The only way how to surpass the efficiency of 20% for
p-type c-Si material:

» Advanced light trapping scheme - the rear side with
dielectric passivation (layer with fixed negative charge
or BS boron diffusion)

* Selective emitter structure (as a single diffusion
process) with double layer ARC (S102 + SiNx)

Note

PCI1D modeling was done taken into account:

* 10 % losses (4-6% for front side metallization
shadowing effect and 4% reflectivity of the free
glass interface after encapsulation)

* “Constant” reflectivity of the front side (structure
of random pyramids with the single layer
antireflective coating)

Thank you
for your aftention

é- 2 "\-“1 o
\ ‘. i
: ﬁd f
—

U Ili’
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Optical properties of thin NCD films

Zderek Remes, Alexander Kromka
Fyzikalni Ustav A¥R, v. v. i., Cukrovarnicka 10, Praha@mes@fzu.cz

Institute of Physics (FZU) of the Academy of Sciesof the Czech Republic is a public
research institute, oriented on the fundamental apglied research in physics. The
Department of the Optical Materials has a long-tesperience with characterization of the
optical and opto-electrical properties of thin firstarted in 1983 with a M. Vanecek’s paper
Density of the gap states in undoped and doped gl®eharge a-Si:H Solar Energy
Materials 8 (1983) 411. Today, the Department ofti€@p Materials focuses on the
technology of preparation and processing of thik lamd thin film materials for optical
applications using Bridgman method, MW plasma enbdnchemical vapor deposition,
hydrothermal growth, reactive ion etching and plasgrafting. Among the investigated
materials we mention for example scintillation ¢ays and glasses, ZnO nanorods and
nanocolumns or nanocrystalline diamond (NCD) layéiisese materials and other ones
obtained in the framework of external collaborasiorare characterized by the
radioluminescence, photoluminescence, time-resghedoluminescence with ns resolution,
photothermal deflection spectroscopy (PDS), photect spectroscopy and Fourier
transform infrared spectroscopy (FTIR). Other chemazation methods available are electron
paramagnetic resonance (EPR), electron spectrosmagythermal analysis of properties of
solids - conventional Differential Scanning Caloetny (DSC) and the Temperature-
Modulated DSC.

Mgr. Zdenek Remes, PhD. is a permanent contraeareer at the Department of Optical
Materials of the Institute of Physics. He is exgreced in optical properties of thin films
with H-index 16, number of the published paper&6d citations 589. Z. Remes defended his
Ph.D. in 1999 in solid state physics and matega&rse at the Faculty of Mathematics and
Physics of the Charles University in Prague. Astygimc he had been working abroad in
several internationally reckon laboratories in diseh semiconductor research such as the
Institute for materials research (IMO), Hasselt\wénsity, Belgium; the Solid State Institute,
Technion - Israel Institute of Technology, Haifadaie CEA/Saclay France. He has been
responsible recently for several national and m@Bonal projects, including the cooperation
with the Institut Néel - CNRS, Grenoble, Francepvak Technical University, Bratislava,
Slovakia; East China Normal University, ShanghaR.®f China, Institute of Semiconductor
Physics Siberian Branch of Russian Academy of $eignNovosibirsk, Russia and the
Institute of Automation and Control Processes effflar Eastern Branch of Russian Academy
of Sciences in Vladivostok.

In this presentation we summarized the selectedalptharacterization methods available at
the Department of the Optical Materials which anéable for characterization of the thin
nanodiamond layers.

We acknowledge the project P108/11/0794 (GACR).

121



@ Rokytnice nad Jizerou 2012

FZ U B CABIOM cabiom.fzu.cz

i aterials and Bic

Optical properties of thin NCD
films

Zdenék Remes, Alexander
Kromka

Fyzikalni astav AVCR,v.v.i., Praha

Optical spectroscopy team

Mgr. Zdenék Remes, PhD.

- team leader, supervisor, project manager

Mgr. Halyna Kozak, Ph.D.
- ATR, GAR FTIR, DLS, SEM, AFM, sample preparation

Mgr. Jakub Holovsky, PhD.
- FTPS, IR microscopy, PDS

Ing. Lenka Hod'akova
- FTIR spectroscopy, T&R spectrocopy, photoluminescence,

interference refractometry

FZU
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Equipment

Mid IR FTIR Nicolet Nexus 400-4000/cm, N2
purged

- T&R, ATR, GAR, angle resolved R

Near IR FTIR Nicolet Nexus 20000-2000/cm
- FTPS, step scan FTPS

Photothermal deflection spectroscopy (PDS)
250-3000 nm Zdenék Remes - 2012

Laboratories

D17: air conditioning

— Photocurrent spectroscopy (CPM, FTPS)
— el. measurements

—FTIR

D301: UV-NIR, ozone exhaust

— Photo-thermal spectroscopy (PDS)

- Stea dy State P L Zden&k Remes - 2012
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New Laboratory of Infrared
Spectroscopy

“Clean room”, air conditioning

flow box (soft chemistry)

N2 purged FTIR 400-4000/cm : T&R, ATR, GAR

IR microscope extended to visible
— Magnification 10x

— Space resolution @150, 100 and 50 um

Zdenék Remes - 2012

Photothermal deflection
spectroscop

*M1-2: mirrors
*B1-2: beamsplitters
oL: laser

*D1-5: detectors
eL1-4:lens

*V videocamera

*S sample

«150W Xe or 150W halogen lamp
*Sample in transparent liquid
«Spectral range 250-3000 nm

Zdenék Remes - 2012
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U-Spectrometer & microscope

DPC:
«200-1000 nm
«30 W UV bias
eac 1-50 Hz

Micro-Transmittance:
«300-1100 nm
*@20-1000 um

Photoluminescence:
*SSL 200mW, 532 nm
«400-1600nm

*Res. 2,4,8,16,32 nm
*APL Si, InGaAs
«100-1000 Hz

ac Electrolumin.:
*0-500 V

*0-80 mA

*0-20 Hz, TTL
«400-1600 nm

Zdenék Remes - 2012

Thin film optics - Motivation
* We investigate

— Optical quality = low optical absorption and low
scattering in UV

— Electronic quality = high mobility, long lifetime of
photoexcited carriers

— Color centers

* Achieved by: optimized growth conditions

post-processing

* Defect characterization by Zdenek Remes:
— Transmittance & Reflectance spectra (T&R)
— Photothermal Deflection Spectroscopy (PDS)
— Dual beam photocurrent Spectroscopy (DBPS)
— Fourier Transform. infrared spectroscopy (FTIR)
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Reflectance interferometry

0.5+
2012-01-30/NCD on glass
0.4+ 60 nm
—=—100 nm
—e— 380 nm
o 034
(8]
c
IS
3]
[}
5 0.2
14
0.1+
0.0 T T T T T T T T T T T T T 1

05 1.0 15 20 25

3.0 35 4.0 45 5.0

Photon energy(eV)

Zdenék Remes - 2012

Optical absorptance and scattering spectra

NCD on quartz immersed in CCI4..
d=814nm, rms roughness =33nm,
100+ n=2.35+ 0.02/A2, A in ym

80_- Uﬁ\‘iﬂ\ ¥e :

=604 —e—T
E\O/ —+=R °
NI 100%-T-R & .
F 40 PDS

" LC

Photon Energy (eV)

Z. Remes, presented at Diamond 2009 - the 20th EaroBonference on 01

Diamond, Diamond- Like Materials, Carbon Nanotulzesl Nitrides,
6-10 September 2009 in Athens, Greece

NCD on glass in transparent liquid

Multireflections and interferences
=> film thickness

Surface scattering => roughness

Fitting T&R using scalar scattering theory,
Exponential Cauchy:

n=n, +n,;/A? & k=k,exp(k,/A)

100%-T-R is scattering not A

Optical A from PDS normalized by LC

1004

A (%)

* LC

o 1 2 3 4 s
Photon Energy (eV)

Zdenék Remes - 2012
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Dual Beam Photocurrent Spectroscopy (DBPS)

DBPS= continuous UV illumination to keep
100 ; ; ; ; ; 180 mobility-lifetime product constant + amplitude
modulated photocurrent spectrum in UV-VIS-NIR.
20 Typical intrinsic, oxidized NCD/glass DC ~ 1-10pA
(provided by focused 30W D2 lamp), AC ~ 10-1000fA
® at 500V, 10Hz, 150W Xe lamp
B Photothermal methods : total optical
absorption dominated by non-diamond content
in and between grains and “black spots”
0 => sensitive to the “the worst part of the

—=—PDS sample”
—a—PC

POS phase m  Photocurrent: only the absorption processes
phase 4. generating free carriers in the valence or
0.01 . ; | : : 180 ;
conduction band
=> sensitive to

Photon Energy (eV) e #1: non—optlmlzed“}\lh%B?%ﬁgg‘gt of the sample”

e H#2: optimized deposition

* #3: optimized deposition, post-deposition
etching of residual non-diamond
containation in boiling H,So, + KNO,

e #4: the same as #3 after anneal at 4502C =>
NCD stable up to 450°C

e However: We see ,,apparent” opt.
absorption, influenced by light scattering

=
o
I

-
!

Phase(deg)

o
o
L

PDS (%) & photocurrent (a.u.)

)

1

+1000 4

m

=

(=}

o
L

=
o
1

optical absorption coefficient (¢

01 IR [1] Z Remes, DOI:10.1016/j.diamond.2009.02.007
[2] Z Remes, DOI: 10.1002/pssa.200982211
Photon Energy (eV) Zdenék Reme$ - 2012

CONCLUSIONS

eInterference fringes => the thickness of the thin layers
*Optical absorption in thin nanocrystalline layers
edominated by grain boundaries
*Monitored by T&R, PDS
*Photosensitivity of thin nanocrystalline layers
*Electronic quality
* localized defect states inside grains

emonitored by the DBP, CPM, FTPS

Zdenék Remes$ - 2012
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Stem cells — open opportunities

Institute of Experimental Medicine AS CR, v.v.i.

Nataliya Romanyuk PhD
February 3, 2012

Blastocyst 4
(100-200 cells) g e

Pancreatic

L
: !V:/ islet cells
ps

What stem cells are? Their main features

What kind of stem cells we know?

Methods to obtain stem cells

Stem cells open
opportunities for
biomedicine and
fundamental science

® Progress in stem cell
therapy
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Stem cells  are cells found in all multicellular organisms,
that can differentiate into diverse specialized
cell types (potency) and can self-renew to
produce more stem cells ( )

single cell possess the capacity to create
more stem cells

Self-renew  the ability to go through numerous cycles of
cell division while maintaining the
undifferentiated state (asymmetric division)

Potency the capacity to differentiate into specialized
cell types

Research into stem cells grew out of findings by Ernest A. McCulloch
and James E.Till at the University of Toronto in the 1960s

POtenCy Blastocyst
Totipotent o A e
Oocyte (% ‘f 4 A
@\ - — % 00,028 — Human Fetus
k i
Sperm * A
Pluripotent Pluri ... multipotent
p Inni:lﬁgstsecnetlls stem Ceﬁs...
Multipotent s, @*
Circulatory System Ji'\\ Q‘ Immune System
Nervous System
Unipotent ‘
Unipotent
Maturation
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Multipotent stem cells T Fetal stem cells

Adult/stem cells ... D
3

from bone marrow, umbilical cord
blood, placenta, adipose tissue,
olfactory mucosa cells, nervous

tissue mammary gland, testicles....

How to make them work???

Multipotent stem cells

Advantages

Some of them can be easy
obtained, but....

Safe from tumor formation
No ethical issues

Possible obtaining and
transplantation to the same
person (autologous
transplantation)

Disadvantages

...iIn small number

Difficult for cultivation,
have a very short life time

Lower proliferative and
differentiative potential then
pluripotent stem cells have
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However, multipotent stem cells are
broadly using in research and even in a few

clinical trails
Leukemia treatment Big progress
Wound healing
Stroke ??7??

Spinal cord injury  Altogether 65 people took part in this

x study (35 with complete lesion)
Some studies are already running
longer then 5 years....

Cells not capable of growing into a whole organism
but able to differentiate into any cell type in the body

Pluripotent stem cells

— T

Embryonic stem cells Induced pluripotent
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Human Embryonic Stem (hES) Cells

(Thompson et al, 1998)

wwwicencemagorg SCIENCE VOL 282 & NOVEMBER 1998
REPORTS

Embryonic Stem Cell Lines
Derived from Human
Blastocysts

James A, Thomson,* Joseph ltskovitz-Eldor, Sander §. Shapiro,
Michelle A. Waknitz, Jennifer | Swiergiel, Vivienne 5. Marshall,
Jefirey M. jones

Science

Early embryo — blastocyst
(human 4-5 days, mouse 3.5 days)
~donated for research purposes — written consent

*no monetary compensation

Blastocyst = trophectoderm + ICM (embryoblast)

* Removal of zona pellucida (pronase treatment)
« Isolation of ICM by immunosurgery
« Placing ICM onto a feeder layer of MEFs (CF-1)

« Culture in appropriate media
(DMEM/F-12 with KO-SR and FGF-2)
» Hoping for the attachment of the ICM
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Observation of significant outgrowth
of putative hESCs

The first passage — mechanical disaggregation

- SSEA-1 SSEA-3 SSEA-4

TRA-1-60

- *-

pictures are kindly provide by Dr Ales Hampl

Derivation of hESC is not a 100% successful process

Totipotent
Morula

Pluripotent

10 morulas 88 blastocysts
100% 100%
\ 4 \4
83 isolated ICMs (?)
94%
\4
1 attached morula 57 attached ICMs
10% 69%
\4 \4
No hES cell line 14 hES cell lines
0% 24.6%
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International Stem Cell Initiative -3 hesciines

. « 17 laboratories
(International Stem Cell Forum — Prof. Peter Andrews) 71 countries

Centre for Stem Cell Biology & UK Stem Cell Bank I

UK The Czech Sweden Finland
EEEE Netherlands Republic EEEE [T 1]
anER " U L]

USA Canada Israel Australia Japan
L] =R ===. [ 1|}

Bob Crimi

Legislative

The International Society for Stem Cell Research ~ (ISSCR) provides a
survey on regulations regarding the therapeutic use of stem cells
worldwide (www.ISSCR.org) and recently approved Guidelines for the
Clinical Translation of Stem Cells  (December 3, 2008).

In the European Union , the Directive 2004/23/EC of the European
Parliament and of The Council (called ‘Tissue and Ce lIs Directive’, from
March 31, 2004) and Commissions Directives (i.e., 20 06/17/EC and
2006/86/EC) regulate standards of quality and safet y for the donation,
procurement, testing, processing, preservation, stor age and
distribution of human tissues and cells.

In most countries, the derivation and use of human E S cellsis
controlled by specific guidelines or by law. For in stance, in the Czech
Republic , 1st legislative act about the use of ES (277/2006 Sb ) regulates
the import and use of pluripotent human ES cells in ba sic research.
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Induction of Pluripotent Stem Cells .
from Adult Human Fibroblasts efficiency
by Defined Factors

Kazutoshi Takahashi," Koji Tanabe,! Mari Ohnuki,' Megumi Narita,'-* Tomoko Ichisaka,' Kiichiro Tomoda,*
and Shinya Yamanaka™.234.*

1Department of Stem Gell Biclogy, Instituta for Frontier Medical Sciances, Kyoto University, Kyolo 606-8507, Japan
2CREST, Japan i Agarncy, K hi 332-0012, Japan

3Gladstona Institute of Cardiovasculer Disease, San Francisco, GA 94158, USA

“Institute for Integrated Gell-Material Sciances, Kyoto University, Kyoto 606-8507, Japan

*Comespandence: yamanakalfrontier kysto-u.ac.jp

DOI 10.1016/.c8l.2007.11.019
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;"’,T o34 i

0%
ugxm
52

NANOG

/R
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Fibroblast Induced pluripote
stem cell

Pluripotent Stem Cells open opportunities

Food for thought

Promise for biomedicine *Mechanism(s) of self-renewal ?
*Mechanism(s) of differentiation
-Replacement therapy arrest — the cancer paradigm ?
*Drug development *Symmetric/asymmetric division ?
*Disease modeling «Cell cycle checkpoint(s) ?
*Toxicity testing

*Mechanisms of differentiation ?
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Replacement therapy

Potential uses of

Stem cells
Stroke Baldness
Traumatic brain injury - -
Learning defects Blindness
Alzheimer's disease '

fi

Parkinson's disease Deanes
o Amyotrophic lateral-
Misging . sclerosis

Wound healing o i
yocardia

I?c-na n:arrl::: infarction
ransplantation
{currently established) M

dystrophy
Diabetes

]

Osteoarthritis
Rheumatoid arthritis

F. Ny B Multiple sites:
Crohn's disease Cancers

nature
biotechnology

Cardiomyocytes derived from human embryonic stem
cells in pro-survival factors enhance function of infarcted
rat hearts

Michael A Laflamme’2, Kent Y Chen'"34, Anna V Naumova'*), Veronica Muskhel
Sarah K Dupras"?, Hans Reine; 2, Chunhui Xu®, Moham s
Chris O'Sullivan®, Lila Collins®, ong Chen®, Elina Minami'?, Edw Sill, S i Ueno'?,
Chun Yuan', Joseph Gold® & Charles E Murry'?

, James A Fugate!2,

Cantion + PSC
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Stem CrLLS

EmryoNic Stem CeLLs \

Generation of Insulin-Producing Islet-Like Clusters from Human
Embryonic Stem Cells

JIANJIE JIANG," MELINDA AU," KUANGHUI LU,* ALANA ESHPETER,” GREGORY KORBUTT,” GREG FISK,"

ANISH S. MAJUMDAR"

C-peptide

Stem CruLs

Empryonic Stem CeLLs

Efficient Differentiation of Functional Hepatocytes from Human
Embryonic Stem Cells

SADHANA AGARWAL, KATHERINE L. HOLTON, ROBERT LANZA

A T8

T0.

hAlb secretion ug/mi

Pancreas

Expression
of islet-
specific
hormones
in hESC-
derived
budding
islet-like
clusters

Liver

Human
embryonic
stem cell
(hESC)-
derived
hepatic
cells
exhibit
hepatocyte
-like
functions
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Neural differentiation: two main stages

Stage |l
Itsykson P. et al., 2005,
Mol Cell Neurosci
_ o _ motor
poly-D-lysine and laminin-coated dishes
poly-D-lysine and fibronectin for glial linage) neurons
T & 04 /0.0® Itsykson P. et al., 2005,
Itsykson P. etal., 2005, Mol Cell Neurosci Mol Cell Neurosci

Spinal cord injury

in vitro rat balloon compression
differentiation lesion model
into motor
neurons | 2 4

behavioral testing
during 2 months after
SPC-01 transplantation
or

iIMR90-NPs

immuno histochemical

analysis of grafts
2 and 4 months after
transplantation

. and morphometrical
transplantation of a cell

suspension into SCI 7 days
after induction

superface-C0133+€024

FACS analysis
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Stabilization Principles of III-V Semiconductor Surfaces

0. Romanyuk
Institute of Physics, Academy of Sciences of the Czech Republic, Prague

Outline

III-V semiconductor reconstructions

» Surface reconstruction principles

Surface structure of GaSb

» Temperature effects

Surface structure analysis of GaN
» GaN(000-1) (1x1) structure analysis by LEED I-V curves

» Optical properties by REELS and DFT calculations

Biocompatibility of semiconductors
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ITI-V compound semiconductors

1 2 3 4 5 6 7 8 910 1 12 13 4 15 16 17 18 | Zinc blende Wurtzite
s Group — 2
] — 7]
[ Periodic Table s fival va fna via [He
2 [ [ea of the Elements A D o
T G G A G
$|Na|Mgfus ve ve vis wis —wme— 15 usf{AL|Si|P |S [CI]Ar

3 Bl N G N

] £
|k |ca|se|Ti|v Mn|Fe [Co|Ni |Cu|Znll Ga] Ge| As | Se [ Br | Kr

A
Y
o y

Joahc

&}
Cr
37 |38 |39 |40 |41 [42 |48 49 [ [ [ [ QB9 f50 57 [2 [ [
S|Rb |Sr| Y [Zr |[Nb|Mo|Tc |Ru|Rh|Pd|Ag|Cdll In | SniSb|Te || | Xe & - - /
O A U S i o 3 G 2 ——%
6 |Cs|Ba|*La|Hf |Ta|W |Re|Os|Ir | Pt |Au|Hg| TI | Pb| Bi | Po| At | Rn \(—‘\'
87 |88 [89 104|105 [106 [107 [108 [109 [110 |111 [1%: 113
7 [ Fr [Ba|+Ac| Bf | Ha[Sg | Bh | Hs | Mt |Ds [Uuu|uubluut
GaP, GaAs, GaSb... BN, AIN, GaN...

6 A A A
< drecigan Lattice constants and optical properties vary

spooo™ oindirectgap 4 250 for different III-Vs
- <
S 300 © .
% 4 & I1I-V band gaps cover from infrared
2, 40 &  to unltraviolet wavelength
5 500 5
§ 2 700 i Varity of applications: LED, lasers,

1 1000 microelectronic devices, etc.

2000
0 4000
4 45 5 55 6 6.5 7

lattice constant (A)

Zinc blende surfaces

Crystal Faces

* Dangling bonds appear on truncated bulk crystal

* Surface energy is energy needed to cut bond to make a surface
e Surface energy is reduced by atomic rearrangement on a surface (re-bonding)
=) Atomic reconstruction has electronic nature
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STM images of GaAs surfaces

Scanning tunneling microscope image of Structure model of GaAs(001)-(2x4) surface
GaAs(001)-(2x4) surface

Top view

Side view

TR AR

Structure model of GaAs(001)-c(4x4)-a

A, Ohtake / Surface Science Reports 63(2008) 29537

GaAs(001)-c(4x4) surface

(d) Three Ga-As dimer {c:) model.

Principles of surface reconstruction

Minimization of the surface free energy is a driving force of reconstruction

e The surface structure observed will be the lowest free-energy structure kinetically accessible

under the preparation conditions.
e III-V surfaces tend to be autocompensated: accumulate no charge on a surface

e III-V surfaces tend to be semiconducting: to occupy VB states and empty CB states

=> Bonds do rehybridizate and on a surface within a few atomic layers.

Surface motifs for (001) face

dangling bonds homodimers heterodimers

sp3 sp?
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Electron counting model (ECM)

Electronic configuration of GaSb

ENEEEEE NN HEEE u
L] s
([ [ [ ]] m
5
m
DDIDD § DIIDD §
mmm o mmm 4
m
33 (LY 51
X1 | | o X1 0 | K | ||
Use the controls to display ground m Use the controls to display ground
state electronic configurations state electronic configurations
n=1 ©® WehFlements 1 © WebElements

III-V covalent bond forms by sharing valence electrons:

3 electrons (III) and 5 electrons (V)

Electron counting

e There are 4 bonds per atom
e Group III elements - cations: 3/4 electrons per bond

e Group V elements - anions: 5/4 electrons per bond

M.D. Pashley, PRB 40 (1989) 10418
ECM states:
Within a surface unit cell
Cation electronic states = anion states

Partial Charge
Bond I11-V 0
Bond IlI-111 -0.5
Bond V-V 0.5
DB il 0.75
DB V -0.75
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Partial charge counting: GaAs(001)-c(4x4)

(d) Three Ga-As dimer (er) model.

As-Gadimer

Unoccupied As

0.75

0.75 -Q.75 -0.75

Partial Charge

Bond IlI-V 0

Bond IlI-111 -0.5

Bond V-V 0.5

DB Il 0.75

DB V -0.75
Outline

le -1.5e

Structure consist of

3 dimes: 3*1 =3
2 unocc. As: 2*¥(-1.5) = - 3

In total, 0 e

ITI-V semiconductor reconstructions

Surface reconstruction principles

Surface structure analysis of GaSb

- Temperature effects
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GaSb(111)A reconstructions

A.Proessdorf et.al., PRB 83, (2011) 155317

7.:

GaSh(111)4 (2+/3 x 24/3)

10'F

10° |

{
v
(12x1) \ @23 |

260 280 300 320 340 360 380 400 420 440 GaSb(111)A (2v/3 x 2¢/3) + (2 x 2) reconstruction

FIG. 5. Surface reconstruction phase-transition diagram for the
GaShi1111A surface with Shy flux plotted vs substrate temperature
measured by a thermocouple,

GaSb(111)A structure models

Structure models

a) (2x2)-000 b) (2x2) 100 & -5
R = trimer
! : : nd
L AS o -sb,2"ML o o
b o -Ga2 :ML Model building principles:
T
e 23 ! O ex2-o SSEITML L 5v3 unit cell size is fixed
______ [110] A
. N ”‘P’V\?) (from experiment).
> ’ x;igo' (fo1] « All models obey electron counting
model (ECM)
o ZB 303-1- £)243-213L ‘) 2 3_313[ MD. Pashley, PRB 40 (1989) 10418.
@ N * Stoichiometry is varied: Sb-
&( *&\Fg%’ &V‘?’ % g trimers, Sb substitution sites, Ga-
RN vacancies.
wﬁ 123T 23-033T

et \l‘\\\\ e NN ,:' x o
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Computational details

Total energy calculation within DFT

Local density approximation (LDA) for the exchange-
correlation energy functional

Norm-conserving pseudopotentials, FHI-LDA
2V3 unit cell is used for all calculations

forces less than 10* Ha/Bohr

Surface formation energy
AYA = Epor — (nsp — nGa) Dfisy — nispligirs,

—Hf < /J,Sb—/.tgl;,lk <0

FEiot - total energy of slab

n - number of atoms

/i - the chemical potential
H; - the heat of formation

ABINIT code is used
www abinit.org

Relative surface formation energy

-1.36

-1.40

S1.44 Lo

Ay, eV /(1x1)

-1.48F

-0.6 -0.4 -0.2 0.0
Ga-rich Aug /Hyp Sb-rich

Stable structures

¢) (2x2)-101

- (2x2) models are stable in ground state

- Energy of the 2V3 structures is higher (>12 meV/1x1)

Why a 2V3 diffraction pattern is observed for GaSb(111)A ? |
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Phase probability at elevated temperature

Partition function:
Ay A
Z = E Z-i = E g; exp | — TABLE I: Symmetry-determined degeneracy factor g, two-
i i

kBT dimensional space group number No., number of symmetry

operations o,

and energy differences AT' = Avyio1 — A%
Degener‘acy fGCTOf‘ (meV/(1 x 1)) relative to the energy of the (2 x 2)-101 struc-
ture for the different structure models. Model notations refer
gi = fznzml to notations in Fig. 1.
= o, Model No. (6,) g; AI'|Model No. (0,) g AI
fl (1X1)/ ! @x2) 1@©) (1) o[n2s 3@ G_1»
. d)(2x2) 14(6) 4_19|g)2/3 3(2) 36 I8
Phase concentration: ) 2V3 15 (6) h2v3  3(2) 36 22
c; = Zi/Z7 1€ 8 ) 2v3 156) 12 52| )23 3(2) 36 34
1 T=400 °C
(2x2)-000 5(2x2)
(2x2)-101 37~ Y
.1 . . Rk
30 2{3-213T g is higher for larger surface unit cells
2 203-123L and with low symmetry
0.01 1
7 (2x2)-011
. L/ 203-123T
P . -0.6 -0.4 -0.2 0.0
Ga-rich Aug /Hy

Total 2V3 concentration is about 30%
Romanyuk et. al., PRB 82, (2010) 125315

Phase probability at elevated temperature

Apy = 0.3 Total Total
! (2x2) 2V3x2/3)-R30°
1 -
T =
2323
0.1t
’G
%
ke
0.01 s T
-
— -
/
200 300 400 500
T['C]

Romanyuk et. al., PRB 82, (2010) 125315
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Experimental confirmation

» Temperature dependence of RHEED
intensities is measured.

* cooling and heating with step 0.05° / sec
at Sb-rich conditions

* 2V3 rod: (1/6,1/6), (2/6, 2/6), (4/6, 4/6)

* (2x2)+2V3 rod: (3/6, 3/6)

| I(@V3)/I(@x2+2V3) |

(2x2) phase concentration
decreases in comparison with
2V3 phase concentration

Entropic contributions

0.25

Romanyuk et. al., PRB 82, (2010) 125315

«Temperature effects

» GaSb(111)A 2v3 phases are stabilized by
configurational entropy at elevated

temperatures.

* Size and symmetry of the surface unit cell
determine degeneracy factor g

» The larger unit cell with a lower symmetry is
favored by the configurational entropy.
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Outline

ITI-V semiconductor reconstructions

Surface reconstruction principles

Surface structure analysis of GaSb

Temperature effects

Surface structure analysis of GaN

Photoelectron spectroscopy laboratory

ADES 400- photoelectron spectrometer with hemisphericalyaeal

Equipment

- X-ray lamp XR50 (SPECS), XPS

- UV lamp UVL-Hi (VG Microtech), UPS

-electron gun EGG-3101 (Kimball Physics),

-EPES, REELS, LEED

- lon gun: AG2 (VG Scientific), IQE 12/38
(SPECS)

- mass spectrometer, Prisma (Pfeiffer-Balzers)

- manipulator. x,y,z, polar and

azimuth angles

- evaporation cell EFM 3 (Omicron)
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GaN samples from Kyma

Wurtzite

GaN is technologically important material for optoelectronics (LEDs,
laser).

In-plane a and out-of-plane c lattice constants are different.
There is strong spontaneous polarization field due to differenct

lengths of ionic covalent bonds. This decreases afficiency of the
devices.

In zincblende crystals, all bond lengths and angles are similar ->

BN, AN, GaN... total dipol moment vanishes.

c-plane
(0001)

Polarization field could be reduced for non-polar and

semipolar GaN faces

Boule GaN Wire-saw slicing Boule GaN
10 mm 10 mm

a-plane
(1120)

GaN nonpolar and semi-polar surfaces

Collaboration with Kyma Tech. (USA) in 2010-2011

Non-polar facets Semipolar facets

e)

(11-20)-plane (1-100)-plane (10-13)-plane (11-22)-plane (10-11)-plane

Theoretical support

Angle-Resolving Electron Spectrometer (ADES-400) Ab initio DFT

Band structures, DOS
Surface preparation: etching, ion sputtering, annealing PED, LEED intensities

Surface analysis: Optical response:
Quantitative LEED, REELS, UPS, XPS, PED dielectric function, optical constants
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Quantitative LEED analysis of GaN(000-1)

6aN(000-1) - polar surface

¢ Crystal was chemically cleaned

* Annealed in NH; at 1000 °C, 107 Torr

» LEED intensity-voltage (I-V) curves were measured from

130 - 500 eV

surface

c-plane
(0001)

a-plane
(1120)

Structure models:
+ The bare GaN(0001), (000-1) models

- Adlayer of N (Ga) on top of (0001) or (000-1)

Quantitative LEED analysis of GaN(000-1)

R, reliability factors

 Intensity, [arb. units]

0 200 300 400 500
E eV

| Structure violates ECM |

a) Side view

Domain A

b) Top view

Domain A

Interlayer distances Vibrational amplitudes
Model Rp Model Rp iJ dij, A Atom u A
(0001) 021 £0.04 (0001) 0.61 £0.10 12 0.52+0.11 (0.37) No 0.20+0.1
(0001)-N 0.35+0.06 (0001)-N 0.66 +£0.11 23 1.95+£0.04 (2.04) Gas 0.14£0.05
(0001)-Ga. 0.39+£007 (0001)-Ga 0.81 £0.14 34 0.64 +£0.03 (0.64) Ni 0.11+0.06
Gay, 0.10£0.07

0. Romanyuk, et.al., Surf.Sci. (2012)
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Electronic band

structure of GaN(000-1) (1x1)

12

E,eVv

Density of states

by N dangling bond

f) GaN bulk g) GaN(0007) (1x1)
— pLDOS surface, N, 2p
— DOS surface
8 —DOS bulk
4
0 g
S i |
: : LM
= 4 ’. | R
170
— 164 — o Il N
S S % X a JL /\W \‘ J‘"‘Fuﬁ
i i
Surface state on a top of valence band is formed i ’.l | ,Hu‘,‘Lm I "\f
P Il ﬂ& [
[f | It |t i
l'i‘ J‘w‘l,"“\"" \ .l‘;"‘:“*“"‘:‘
a a A | Py
UV ' UYL I VI
e DB occupation 34 electrons / bond = ® e |
-16 -12 -8 -4 0 4 8 12

e 2p orbital may be saturated by H

e LEED I-V is not sensitive to detect H
e To fulfill ECM, 2x2 cell is needed (3 H

atoms and 1 N dangling bond)

Optical properties measurements

E-E ,[eV]

REELS measurements

REELS geometry

REELS spectra from GaN(000-1) (1x1)

b) (0001), E,=1000 oV

e

k| < /analyzer

Intensity, [arb.units]

56"

30—

900 920 940 960 980 1000

Dielectric function by DFT

i) GaN bulk

25 Im(—
i) — DFT

2.0/ — REELS

1.5 H

1.0{ o k// |

0.5 p i

0_0<<:¢/’4 ~m

Energy loss function, ELF

48 1216 20 24 28 32 36
Energy loss, [eV]

Kinetic enetgy, [eV]

Optical constants by REELS:

N e

04 8 121620 24 78 32 36

(000-1), (10-13), disord. GaN

b) 27,

2l

%075 20 25 30|

{1} MU SAI I I I N 0
47871216 20 24 28'32 36

12{9)

0 4 8 1216 20 24 28 32 36
Energy loss, [eV]

48 1216 20 24 28 32 36
Energy loss, [eV]

0. Romanyuk, etal., J.Appl.Phys. 110 (2011) 043507
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Outline

ITI-V semiconductor reconstructions

Surface reconstruction principles

Surface structure analysis of GaSb

Temperature effects

Surface structure analysis of GaN

Biocompatibility of semiconductors

Biocompatibility of semiconductors.
Literature review

Goals:
e Control over physiological activities in the body by chips

e To find biocompatible materials with a potential to interact
with biological systems on molecular scale

e Biocompatible electrodes are required
¢ Biocompatibility -> long term implants

e To implement signal transmission between microelectronics
and biological systems

Analogies with biological systems:
e Electrical circuit in material word -> neural network in
biological systems

e Neural cells are electroactive -> potentially could be interacted
and governed by chips
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Biocompatibility of semiconductors.
Literature review

Neuronal transistor in gloved hand Neuron silicon chip.

Electrolyte
e

Current
Dain
Substrate

IENCEDhOtOLIBRAR

Y. Cui, et.al, Sci 2001, 293, 1289
This chip contains the first two-way communication link to be . el B

established between a living nerve cell and a silicon chip. The

breakthrough, made by German biophysicist Peter

Fromherz (Max Planck Ins. of Biochem.), in 1995. No Adv. Mater. 2009, 21, 33704004
electric current flows across the junction. Instead, the chip

induces a charge inside the cell, which makes it “fire”.

Si wafers
Literature review
Cell

interface

Si is toxic for biological systems and surfaces need to be
biofunctionalized to promote a cell adhesion substrate

Coating the surface with bioactive molecules such as
polylysin or laminin, plasma treatment.

Types of interaction with cells:

e Electrical: current, contacts

e Optical: photostimulation by light

[203] T C. Pappas, W. M. S. Wickramanyake, E. Jan, M. Motamedi, M.
Brodwick, N. A. Kotov, Nano Lett. 2007, 7, 513.

Figure 9. A) A SEM image of an engineered neural network. The dashed circles mark the ng ht_lnduced aCtIOI'\ pOtentIa|S

polylysine islands used to define the network. B) Each of the cell clusters contains hundreds of
cells and extends between 1and 8 bundles. C-F) Multiple staining of two interconnected clusters.
) DAPI, cell nuclei. D) NFM, the bundle connecting them is composed of axons and dendrites.
E) MAP2, neurons. F) red, axons; green, dendrites; blue, cell body. The yellow color arises from
coincidence of green and red fluorescence (from [336]). G) Neuronal network made from 76
neurons growing on the matrix of standard 64 electrodes. Adapted with permission from [377b).
Copyright 1994, Academic Press. G a N

Adv. Mater. 2009, 21, 3370-4004

Lasers LED
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GaN wafers
Literature review

ey Gallium nitride is biocompatible and non-toxic before and after
g functionalization with peptides

Scott A. Jewett *!, Matthew S. Makowski*!, Benjamin Andrews ¢, Michael J. Manfra®,
Albena Ivanisevic “*

Assessment of GaN chips for culturing cerebellar granule neurons
Biomaterials . ® rws s s
Tai-Horng Young™, Chi-Ruei Chen
Biomaterials 27 (2006) 33613367

Neurons networks were found
more dense on GaN that on Si
substrates

GaN substrate is more suitable for
cell growth than Si

©) )

Fig. 3. Photomicrographs of cerebellar granule neurons cultured on (2) t-type GaN, (b) p-type GaN, (¢) Si and (d) TCPS after 6 days in culture (scale
bar = 100 pm).

. non-polar

. semipolar

e Surface atomic structure study

e Electronic structure study

Potential substrates for
optoelectronic devices with high efficiency

e Surface functionalization mechanism
study on a microscopic level

[10-13] e Absorption O, H, NH, molecules

el
oS
oG

¢ Absorption organic molecules
(glycin: C,H;NO,)
as a part of biocompatibility research
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Conclusions

» The surface structure observed will be the lowest free-energy structure
kinetically accessible under the preparation conditions.

» Surface structure of III-V semiconductors (zincblende) obey ECM:
number of anion electronic states have to be equil to the number of cation
electronic states.

» Configurational entropy play a crucial role espessially for the phases with
a small energy difference but with different unit cell size. The larger unit
cell with a lower symmetry is favored by the configurational entropy.

» Polar GaN(000-1) was studied by LEED I-V curves technique and DFT
calculations. We determined a surface polarity, atomic structure and
optical properties of the GaN surface.

» GaN is perspective semiconductor for biological applications. Non-polar
and semipolar surfaces provide variety of structural properties that have to
be analyzed in the nearest future.
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Measurement of the magnetic
=) hysteresis and Barkhausen noice at
FZU controlable magnetic conditions

N
Oleksandr Stupakov

Institute of Physics ASCR, Na Slovancep,
Prague, Czech republic

Magnetic measurements

BIM=f(H) -

Inductive method dH/dt# 0 o6

Faraday's law:
U, 4 =—nldid/dt =—nSdB/dt

—— nis number of induction windings
@ is magnetic flux,
Sis sample cross-section,
B is magnetic induction
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Magnetic field determination

Technical way —
current field method
H, = NI/Im
N is number of magnetizing
windings,

| is magnetization current,
I, is effective magnetic path

- demagnetization factor M

Electrical steels

are the most important magnetic materials
produced today (efficient flux multipliers).

* Grain oriented (GO) steels -3% Si-Fe
alloys with grain orientation and very low
power loss and high permeability in rolling
direction (high anisotropy — transformers).

» Non-oriented (NO) steels have similar
magnetic properties
in all directions
(motors, generators,
alternators, ballasts,
small transformers)

158



Electrical steels

* Norman P. Gosq1906—77), inventor and researcher from Ohio,
USA, in 1935 he patented a heat treatment methodtein grain-
oriented electrical steeb protected technology

* Lamination coating = to increase electrical resistance between
laminations, reducing eddy currents, to providéstaace to
corrosion= introduced stress improves the magnetic properties.
* Laser scribing, amorphous/nanocrystalline ribbon

* 50 Hz sinusoidal magnetization, hysteresis loss

Typical EI Lamination Pair

Single Sheet
Tester (SST)

Standard techniques

Epstein

1) Epstein frame: > century M
d old, high accuracy-
expensive, time
consuming

2) Single Sheet Tester: EU
initiative to simplify the
technique= no exact SST (92)
coincidence but good
linear correlation wittz :
Epstein data> 5
different “design” |
sources of field T
determination ermor Jo e e e e o

each polar
the bars: 1 at
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Cumbersome quasi-closed circuits of both standastduments
are required for high repeatability of the res@fteasurement
error is 2—3%, bad contact can lead to 5-10% kertloey keep

« the induction waveform of the sinusoidal shapadnordance
with standard requirement and application condgion

* the current field method valid (field is proported to current)
Problems:

* Different “design” sources of field determinaticror= No
exact match between Epstein and SST datslow replacement
of the outdated Epstein with SST in practice.

» Standard procedures cannot be adapted for contgomline
testing on a production line.

SST with H-coll

Tangential field sensor
(flat H-coil sensor)

U,, = -n@d/dt = - nSy, [WH/dt

* 0.5x25x25 mm, 400 turns
of 0 0.05 mm wire=
sensitivity of ~3uV (A/m)~t
» complexity of preparation
and calibration

* large size

e accurate integration of a
weak induced voltage
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Compensation field method

Rogowski—Chattock potentiometer evaluates a magnibfitiee
magnetization imperfectiop> An analog feedback loop supplies
a correction current to additional magnetizatioiisca order to
minimize the potentiometer signat It adjusts the magnetization

process to the ideal RCP
condition of the closed [ T RS S e e R
magnetic circuit, when ?/-f*\*‘ | .i/\roue
the current field method __JEE : @}:J” | e
can be applied e
) 7 e — RD
(Czech Technical  Zee = |b:_w_'[ I
University, Prof. |
V.Havli¢ek, end of 80s) i

Portable SST
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Rotational SST

RD
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126)). 053 =
3 Shaihading St
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Barkhausen noise (BN)

Discovered by German physicist /B
Heinrich Barkhausen in 1919
loudspeaker connected to the
induction coil showed acoustic noise
= first experimental verification of
ferromagnetic domains postulated
theoretically (discrete irreversible

changes of magnetic moments)

=V

%

BN AMpIRUGEL Y )
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Introduction: drawbacks of Brk -

ok |

Microcomputer Based DSP Barkhausen Noise Analyzer

»Main problem is high instability of

BN technique with respect to An advanced multi-parame_ter
. . Barkhausen Noise Analyzer
experimental conditions /
arameters and sensor unit desig | e © A
p i
. g . = B Analyze depth using frequency
© this problem is usually solved it & 4+« « _tens @ e
a technical way: the measuremer s i SR
. . ——— o B witch freely between real-time
system is adapted to a certain modes e SR
industrial task to provide relatively I g e
stable results for a specific /

experimental configuration.

% There is a lack of general
understanding and interpretatiol
of the BN effect= physical
research should be done?

Introduction: nature of BN

»BN is assumed to provide a complex Hysteresis measurements
surfacemicro-magnetic response
»>and to contain more information thau M

macroscopic hysteresis data
% the challenge is to read and to / ;
interpret the micro-magnetic BN dat: / H

—=BN is of stochastic nature so only tk i
average properties are reproducible : :

=BN provides qualitatively similaigN envelope | M~ RMS value
response to magnetic hysteresis

measurements, but level of the BN a_*__*'_._H

signal is not normalized to any

physically based value, such as a

magnetic induction. Barkhausen noise measurements
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Experiment F fg = ==

» Surface field measuremet
extrapolation of tangential M
field profile (H; ~ I, Hg,,,

H,,; field shielding) e

» Magnetization condition e
control (induction wavefor
for hysteresis testing,
surface field — BN)

—  » Three stage control: B,
amplitude, H.,, symmetry
and the B(t)/H(t) waveforr

» BN surface pancake coll

Scheme of measurement setup
(shown sizes are in mm).

Digital feedback for B(t) control

1 Vgen' Vo [<= Vgen B, T

D - - - - 1ststep - sin 0%%0, &
— last step

T T
10, / 2
/
1
AY . ’/
. B=>

- ----1ststep
last - si

Magnetization voltages,y, (left axis) and measured magnetic
inductions B (right axis) at the first and the last iteiat steps
of the digital feedback algorithm, respectively.Prpieiof the

Vgenre-sampling isillustrated by arrows (electrical steel)
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Digital feedback for B(t) control

I => T
24 J(t) control LS 04
- --- without ,* & )
ol with ! .,.'“ 0.2 /fl
' ! ' H, Alim
. t, ms L ,

00 5 i 25 50 75
20 I' ’
) it J(t) control

<= Vgen(t) 0.2 /0.2 - - - - without
“413(t) control // with

-------- withou F-0.4 04l +  sine
64 with .

(Left) Same waveforms of \(t) (left axis) and magnetization

J(t) (right axis) for the measurements of amorphiison in

solenoid. (Right) The corresponding hysteresis laopasured
with and without the J(t) waveform control.

Stability with air gap

n’
- =
" s

[ g

Typical hysteresis loops of a NO steel measuretidgtandard SST
and the single-yoke setup with different air gapsuastions of the
extrapolated H,, (left figure) and the current Hright figure) fields.
The inset shows the B{l) and B(H,, ) loops.

165



Stability with air gap

WJ/nf NO,Bmax: 1.25 T,Hext
B(t) control: -®- -with- =--withou
250 R e
ce-M---R------ K- === “R---K------&
200
NO,B =1T
150m— - Hexti.i ?sur_ Hi_
———3 { —8 { ]
GO,B, =125 TH,,
100. B(t) control:--#---with -—-#--withou
& * & $ : = 2
0 2 4 6 8 10
Air gap, mm

B.T GO,B,,=125TH,,
B(t) control:--#-- with -#--withou
12 P .k -
B - B |
s
0 —————s——v——
NO,B =125T [NOB  =1T
0.6 H,,e B control:| —m— H_,
--®-- with —e— Hg,
-~ =~ without H.
0.3 !
0 2 4 6 ) 10
Air gap, mm

Stability of the hysteresis loss W (left figuregl dne remanent
induction B (right figure) with the air gap for typical NO and@
steels and different experimental conditions.

Correlations with SST

W, J/nt

Hext» B() control
k2
4004 = with, R=0.9995SD=2.00! e
y=-10.98 + 1.030%
< withoutR=0.9995SD=2.4
0o Y =161 + 1.%23 P
~ 7
+» 7
o
2 A it () control
> g ® Hg,,R=0.99985D=1.52
’ --y=-146+1.01&
1004 ¢ H,,R=0.99885D=4.65
y=4.17 +1.348
100 200 300 400
SSTW, Jinf

H; , with B(t) control

0% o R=0.5065D=0.08 ==
08 y=-0.402+0.92& | ¥ |
)L
0.7
- o6 Hext» B(®) control
= 7] = with, R=0.97685D=0.0131 £
0 55 y=-0.092 +1.113&
< WithoutR=0.9385D=0.02]-4 .
0.4+ y=-0.045 + 1.0478& o
- e
0.34 A = %
0.2 : . .
0.7 0.8 0.9
SSTB,, T

Relations of the hysteresis loss W (left figure) e remanent
induction B (right figure) with the correspondent SST paramefer

the NO steels and,B,= 1 T. The error bars are evaluated as the
standard error of two identical tests from the opposample sides.
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Correlations with SST

500+

4004

e

S 3004

2004

100+

——y=-10.98+1.030&
R=0.9995;SD-2.003
----y=-19.5+1.02&
R=0.9998,SD=2.267

NO,B__= «
' “max
0 1‘;
e 1257
12| |GOBmar "
A 1257 M
= < 157 s
0 104 I,*I
Y ——y=-0.09+1.11%
0.8 ’ R=0.9768;SD=0.0131
' - -~ y=0.18+1.13&
R=0.972;SD=0.02695

100 200 300 400

SSTW, J/nt

500

08 10 12 14
SSTB, T

Relations of the hysteresis loss W (left figure) e remanent
induction B (right figure) with the corresponding SST paramster
for both steel series and induction amplitudeg,Brhe curves are

shown for the K field method with the B(t) waveform control.

BN coil lift-off

Ugny BV

BN coil lift-off
——0mm
--=-3mm
® 3 mmx5

I S

BN caoil lift-off

—— 0 mm

JUgn T, 1V

Left: Typical BN envelopes of a NO steel versus thgnetic
induction B. The circular symbols present the datathe 3 mm lift-
off scaled up to 5 times. Right: The correspondBhgloops (time
integrals of the BN envelope) versus Fhe hysteresis loop with
normalized induction axis is also shown for comgauni.
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BN coll lift-off, yoke gap

o
0

100 Bmax: 1T
06 —=—H
< : 90 Bar 1.25 TH,
S 04 80 B(t) sine control
©° -~ with
o 70 without
I 0.2 .
I - --x-- with, BHH|
P4 5
= 60
CC 50;;-';"”' '"""'.'4::::';“':‘,‘_‘
SRS RF XXX XL R W
0.2 404 : * : * e
0 2 4 6 8
— BN coil lift-off, mm Yoke-sample gap, mm

Left: Normalized relative changes of BN (t&ft scale) and BN rms
values, U, (right scale) with BN coil lift-off. Right: Variatns of
BN H, with the gap between the yoke and the sample.

BN H, = BH H_-W correlations

120] o 1oo] * COBrarL25T H
" R0 6235015, 1 - o c151 -
Loo |1ty =562+ 0.4% ol y=2am0108 /}Y .-
e £ R=0945:5D=1.27 e
3 >
= ey o % 60 * NO,B,=1T
T g z —y=2.24+0.28
&5 Y P ¢ HeRF09985D=1.3¢ @ | R=0.996:SD= 1.848
a7 - - --fity =1.73 + 0.99&% * NO,B, 71257
aw| =
- * My RE0.9975D=1.7 o L - - -y=5.006+0.21%
T - fity = 2.58 + 0.98% R=0.9985SD= 1.213
20 40 60 8 100 120 100 200 300 400
H, A/m W, J/ni

Relations of BN KHwith the hysteresis coercivity Kleft fig.) and
losses W (right fig.) measured in the single yakafiguration. In the
left fig. the data for the NO steels and three fiekthods are shown;

in the right fig. the H,,data are shown for the both steels angd B
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BN H, = BH H_-W correlations

1004
80/
£
<
% 60
T
z wol * NOB,_=1T
4+ NO,B,,7 1.25T
ol 2 Ly =1.24+1.035
5 R=0.9968SD= 1.74
20 40 60 80 100
_— SSTH,, Alm

1rR=0

.8936;SD=1.73

y=-15.5+0.26

* NO,B=1T
——y=-1.015+0.298
R=0.9968SD= 1.633

¢ NO,B, 71251
L - - -y=0.778+0.22%
R=0.9981SD= 1.397

100

ZbO 300 400
SSTW, J/nf

Relations of BN Hwith the SST coercive force, Heft figure) and
the SST hysteresis losses W (right figure). Thefield data are
shown for the NO and the GO steels measured at ffezeatit B,

Conclusions

> The physically based measurements with control loé t
induction waveform and simultaneous direct deteatnom of
the magnetic field provide stable results with aceptable

linear correlation to the standard SST data.

> Simultaneouslocal measurements of surface field and BN
signal stabilize the BN coercivity. It shows higlalstity to
variations of the experimental conditions and gjrdimear

correlations to the hysteresis coercive force asdds.

—— > Practical implementation requires a low-noise figdshsor with

the sensitive area up to several cm in size.

> The linear correlation with SST data is non perfeoe slopes
are close to unit, but the offsets are non-zerodependent on

the tested magnetic parameter and the inductiorhitauh.
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PHOTONIC STRUCTURES AND THEIR PREPARATION
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Abstract

Photonic crystals are periodically structured eteobgnetic media, generally
possessing photonic band gaps: ranges of frequanekich light cannot propagate through
the structure. This periodicity, which length scal@roportional to the wavelength of light in
the band gap, is the electromagnetic analoguecoysialline atomic lattice, where the latter
acts on the electron wavefunction to produce thali@r band gaps of semiconductors, and so
on, in solid-state physics [1]. Several examplesogjanisms and structures possessing
photonic crystals and iridescence are visible eduad us (Morpho didius, Pavo cristatus,
Chrysochroa vittata, Chrysina resplendens, ...) [2].

Photonic crystals are attractive optical materiatscontrolling and manipulating the
flow of light. One dimensional photonic crystale aiready in widespread use in the form of
thin film optics with applications ranging from loand high reflection coatings on lenses and
mirrors to color changing paints and inks. Highenehsional photonic crystals are of great
interest for both fundamental and applied reseaesid the two dimensional ones are
beginning to find commercial applications. The tficommercial products involving two-
dimensionally periodic photonic crystals are algeadailable in the form of photonic crystal
fibers, which use a microscale structure to conligiet with radically different characteristics
compared to conventional optical fiber for applicas in nonlinear devices and guiding
exotic wavelengths. The three-dimensional count&spare still far from commercialization
but offer additional features possibly leading ewrdevice concepts (e.g. optical computers),
when some technological aspects such as manufatilyrand principal difficulties such as
disorder are under control [3]. In 1996, Thomasussamade the first demonstration of a two-
dimensional photonic crystal at optical wavelend830—-900 nm) [4].

Present contribution deals with the preparatiortwad-dimensional photonic crystal
(2D-PhC) on a nanocrystalline diamond film [5]. Bi@nd is a material with excellent optical
properties and therefore its applicability in phots can be expected [6]. In addition
diamond-based materials exhibit an unique comtmnabf physical properties, such as
extreme hardness, high acoustic velocity, high katean field, high thermal conductivity,
and many others [7]. Hence diamond can support bjfical power and high electrical
current and can serve as a matrix for various Igiiirces, such as quantum dots. The
photoluminescence efficiency of the embedded Igghirce can be enhanced by periodical
nanopatterning of diamond layer if the PhC dimemsiare carefully modeled.

Modeling of the photonic crystals dimensions waseddy RSoft DiffractMOD
software. The NCD films were grown by microwave gna-assisted chemical vapor
deposition (CVD) using an ellipsoidal cavity restumgAixtron P6, GmbH). Before the CVD
growth, high quality quartz substrates (UQG, Uitrag0x10x1 mni) were cleaned in
isopropyl alcohol and dried by a nitrogen gun. Theey were seeded in a liquid suspension
of ultradispersed detonation diamond (UDD) powdé&hwan average size @i 5-10 nm in
diameter (NanoAmando, New Metals and Chemicals Catg., Kyobashi) using an
ultrasonic treatment procedure for 40 min. The N@ibs were grown in hydrogen (99%)
and methane (1%) based gas mixture. The CVD propasameters were as follows:
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microwave power 2.5 kW, total gas pressure 50 nabarthe substrate temperature 570 °C.
2D-PhC was fabricated as follows: the NCD films evaroated with electron sensitive
polymer (PMMA, 100-120 nm in thickness). The PMMAlymer was nanopatterned by
electron beam lithography (EBL) using-LINE system” (Raith GmbH) forming the base
matrix with regularly repeated openings ordered iatsquare lattice with a various lattice
constants. Then, Au layer of 70 nm thickness waaperated and processed by lift-off
strategy to form a masking matrix. Plasma etchipngising capacitively coupled RF-plasma
in a CR/O, gas mixture (Phantom LT RIE System, Trion Techgg)ded to formation of
geometrically ordered nanopillars (PhC structurigh the surface area of 1x1 im

The diamond character of flms was investigatedRenishaw InVia Reflex Raman
spectrometer with the excitation wavelength 442 mhe surface morphology and grain size
of deposited diamond films were investigated bynsgagy electron microscopy (SEM,
e_LINE writer, Raith GmbH). Atomic force microscof&FM) images were taken in tapping
mode using silicon tip Multi75Al. The film thicknesvas evaluated from the interference
fringes in the reflectance spectra measured irbl@sand near infrared region using the IR-
Plan Advantage Spectra-Tech microscope (spaceutesol10@m) equipped with 20W
tungsten halogen lamp as a light source, BWTEK BIZEL TE Cooled CCD array
spectrometer (spectral range 400 — 1000 nm) anohanercial software for modeling the
optical properties of thin films (FilmWizard).

Photonic properties of the PhC sample were prolyatuminating the PhC along the
I'-X direction with the collimated white light incide at the angle varying from 0 to 25°
where 0 is the angle normal to the sample plane.tidnsmitted light was then collected by
an optical fiber. The incident light interacts withe periodicity and in case the phase-
matching condition is fulfilled it can couple intihe leaky modes of the PhC which is
revealed in the transmission spectra by the deeypnmai at the spectral positions of leaky
modes. The photonic band diagrams of leaky modewstior the S- and P-polarized light
were created by converting the angle-resolved mngsson spectra into a 2D map of
transmission efficiency. Photonic bands can berlgieacognized originating at tHe-point at
different wavelengths which depends on the dimerssiof the PhC. The agreement of the
experiment with a simulation was verified.

In summary we described the preparation of diammased PhC structures and
showed that by engineering dimensions of the PleGplectral position of the resonances can
be tuned.
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Photonic structures in nature

http:/fwww viewsfromscience. comy/docu i d_ph jics_pa htmi
1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 3 1. Introduction

Photonic structures in technology

Periodic in Periodic in Periodicin
one direction two directions three directions

2D photonic crystals
& Ph. Crystal fibres

Bragg reflectors Silica crystals

1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 4 1. Introduction
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Requirements for photonic crystals

SET 1
--“- 5 .
h (nm) 137 T b2 .
d (nm) 206 206 206 J J wh
a(nm) 343 343 343
Di d
ﬁh {m) 40 60 120 iamon
uQeG glass
SET 2
a - lattice constant
hinm A d - diameter of nanopillar
d (nm) 200 200 200 wh — nanopillar height
a(nm] 390 B30 || 385
wh(hm) 100 100 55
1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 5 1. Introduction

Diamond film deposition

Deposition conditions — AIXTRON P6

Substrate Time Pressure | H;(scem) | CHy(scocm) | Ratio H;:CH (%) | Power (W) | Temperature
(min) [mbar) {°C)
uae a0 50 300 3 1 2500 570

TTrT
l_ - LI |
Quurte Belldar . ﬂ{* .
Pyroimeter “ \
Ell ol Hesomaion % Y i\
= ]
MW Plasma i, ‘IL ) '
Subsirang i [
. _\_\\: - /

Photo image of Aixtron P6

!

Fump uu.l et

Schematic view of MWCVD ellipsoidal cavity reactor Aixtron P6

1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 6 2. Experimental part
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Sample characterization

HCDTMHIRE
.

5 o 4, f i
E h 1 B
= I
£ A -
g bt

“' -“‘.l \J || ooy

g ~

. v 149 '.'I'.I. g III.\' L% '\'I'.".l :'.'I'.I. e ) () o 5!m m'm én ﬂll'l
Raman shift e bty
Raman spectra Reflectance and absorptance spectra

12 TR Hoiahs

EI R T

I
nm

=
i .0 L5 0 2 EC RE AL AESO
it

SEM image AFM image

1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 7 2. Experimental part

Electron Beam Lithography

- NCD film coated with electron sensitive
polymer (PMMA — circa 110 nm in thickness)

- forming the base matrix with regularly
repeated openings

- ordering into a square lattice with a lattice
constant based on requirements

- EBL processing — not easy to estimate process
parameters for achieving required diameters
(mainly depends on layer roughness and lattice
constant)

SET 1 SET 2

EBL using “e-LiNE system” (Raith GmbH)

Required-d (nm) 206 206 Required-d (nm) 200 200
EBL [pAs/dot) 0,05 0,06 0,07 EBL {pAs/dot) 0,1 0,08 0,09
EBL-d (nm) 165 200 230 ‘EBL-d {(nm) 215 | 2200 | 210

1-4.2.2012 The 3rd Rokytnice scientific and educational workshop &8 2. Experimental part

176



Electron Beam Lithography examples
%ET 1— samf_:ile o )

1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 9 2. Experimental part

Masking — metal evaporation — lift off

- gold layer of 70 nm thickness was evaporated and processed by lift-off strategy to form a
masking matrix

SET 1

Required - d (nm)
EBL-d (nm) 165 200 230
Au mask - d (nm) 100 130 130

SET 2

Required - d (nm)

EBL-d (nm) 215 220 210
Au mask - d (nm) 130 150 130
1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 10 2. Experimental part
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Au masking matrix
SET 1-sample A

SET 2 — sample A

1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 11 2. Expenimental part

Etching process

- plasma etching by using capacitively coupled RF-plasma in a CF,/0, gas mixture led to
formation of geometrically ordered nanopillars
- Phantom LT RIE System, Trion Technology

Required - wh {nm) 120
Etched - wh (nm) 45 60 120
Required - d {(nm) 206 206 206
SET 1
EBL-d (nm) 165 200 230
Au mask - d (nm) 100 130 130
Etched - d (nm) 150 160 190
Required - wh (nm) 100
Etched - wh (nm) 100 130 55
Required - d (nm) 200 200 200
SET 2
EBL-d (nm) 215 220 210
Au mask -d (nm) 130 150 130
Etched - d (nm) 165 175 155
1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 12 2. Experimental part
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After etching process
SET 1 — sample C with Au

SET 2 —sample A

1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 13 2. Experimental part

PhC transmission - SET 1 sample A

e

E
s 3
angle ANy
S polarization, GX P polarization, GX
1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 14 3. Results
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PhC transmission - SET 1 sample B

wawaeengt
wavelargth

angie.
S polarization, GX P polarization, GX
1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 15 3. Results

PhC transmission -SET 1 sample C

wavelsngth

o 5 o0 1= Frail

angle
S polarization, GX P polarization, GX
1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 16 3. Results
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Summary

- relatively good optimized diamond growth rate (requirement of film thickness)

- satisfactory diamond quality (film analysis)

- problems with EBL estimation (required diameter)

- metal evaporation and RIE etching — different diameter of the columns

- RIE etching should be improved (roughness)

- after all the samples were fine and work (PhC transmission)

- various diameter and height of diamond columns shift the active light wavelenght

- reflectance measurements show optical losses in diamond

1-4.2.2012 The 3rd Rokytnice scientific and educational workshop 17 4, Summary
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Jifi Hejtmanek, Karel Knizek,...

Physical properties & Technology of materials
Characterization &  Thermoelectric modules

&

Fan

Physical properties & Technology of materials

Characterization & Thermoelectric modules
QUTLINE
Introducti tivati

| Ihemoelectricity

182



| Thermoelectricity for Energy Generation |
*material research of oxide ceramic materials with thermoelectric prospects

+large Seebeck coefficient « low electrical resistivity p and thermal conductivity A
-maximize Figure of merit ZT

DR Seebeckefect AV=asT [

Electrical reslsﬂvuyo' net/m* Lepmer

Division

[
LSRG SR ORs

et L baary
Caeowam ted

0TIk

« electrically conductive oxides B thermoelectric materials for
high temperature applications

synthesis _
:  composition r_.lﬂbm
's"” pebates ;
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Thermoelectricity

-Thermoelectrlc conversmn of energy -
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*Electrical snergy may be reversibly converted Into thermal energy and vice versa
by thres thermaslectric sffects,

rThermoselectile effects, .., the Seebeck effect, Peltler effect and Thomson effect
are named after the person who flrst ahserved or predicted them.

sChronology.

+1821; Seebeck observes compass needle deflect near loop formed by dissimllar
conductors,

+1835-1838: Peltier discovers Feltier effect and Lenz utilizes it to reversibly freeze water
& melt lce,

'-13'35-18'5_0_: Very little interest in thermoelectricity during the “era of slectromagnetism.”
+1861; Thomsen predicts the existence of the Thomsen sffect,

Seebeck Effect (Thermopower)

* In 1821, Thomas Seebeck found that an electric current
would flow continuously in a closed circuit made up of two
dissimilar metals, if the junctions of the metals were
maintained at two different temperatures.

a) Tc T“ b) TC Tn
N/ /D
| Open circuit Closed circuit
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Peltier Effect

» In 1834, a French watchmaker and part time physicist,
Jean Peltier found that an electrical current would
produce a temperature gradient at the junction of two
dissimilar metals.

M < 0 ; Negative Peltier coefficient

right to left.

Explanation of Thermopower in metals
(Band Structure View Point)

Key role of Fermi-Dirac equilibrium 1
distribution £ E) =

for the probability of electron -
occupation of energy 1+exp| —F
level E at temperature T kBT _

Effect of Temperature
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Thermopower in metals (sand structure view Point)
Thermopower:

» From energy dependent
conductivity.

» Mott formula:

kT

Thermopower in metals

-system dimensionality

- _:r‘-kix{xcx)*ahp(s)]“'
3 L n 2 I
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Thermopower in non-metals

) g:;:ucﬂon ) ?;:g"‘ﬂ"“

Seebeck effect : value at 300 K

)
101 E__E'
5 Insulators .
. Tnsclator
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Thermopower-temperature dependence

0= 200 400 600 800 1000
PR I S ey e a2

metal S~y~ 50 mJ mol”" K

Energy Transport
Thermal conductivity

Focus on = heat transfer

Heat Transfer Mechanisms:
Conduction
* Radiation

L]
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Thermal Conductivity of Solids
Solids transmit thermal energy by two modes:

u elastic vibrations of the lattice moving through the crystal in
the form of waves '

Thermal Conductivity of Solids

:'.u,‘.
s %
I - 1
- Moriols o
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0000 £ 4y ' —rr T . e
= 3
1000 — =

LEL|

._l

£ |

LG
reonparature.

Electrical resistivity
in metals, semimetals, half-metals, semiconductors and insulators
Band diagram

ng domain
Ey : Fermi energy
Eg: gap
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Many thanks for your attention....

Do not hesitate to ask any questions...
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Ladislav Fekete, FZU AVCR

Terahertzova spektroskopia

Terahetrz range

I | ] I | ] I | ] I I T T i I I
F"?,."t':)m1o5 10° 107 16¢® 10° 10" 10" 10% 10™ 10" 10" 10'® 10" 10" 10" 107
Microwaves THz Infrared £ Ultraviolet  X-rays and y

2
Wavelength o 5, -
m  10° 10% 10" 10° 107107 107 40~ 10°10° 107 107° 107 107107

Radiation Radio- and
TV-waves

N S Y [ Y Y N [ Y O
L A
e

s J
A
z Electronics Optics p

Time-domain terahertz spectroscopy

1THz < 1ps < 33 cm' <3 0.3 mm < 48 K <> 4.1 meV

Possible detection of the electric field AMPLITUDE => complex N, ¢, &
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THz pulses

Electric field [arb.u.]
o - ) w

[
-

Amplitude

Time [ps]

Time evolution
of the electric field

0 i " " " "
0o 05 1 15 2 25
Frequency [THz]
FT Spectrum of the THz
pulses

Metoédy v THz oblasti: 100 GHz — 3 THz

Frekvencéna

Metoda Vikon oblast’ Meranie Fazovi citlivost’
Synchmtm_l_il.:lgmy le_ Py = 10w 0.1—30 THz oblast, mozna, ale nepouziva
urychlovaé, Maximilny - 1 MW bk opRarons sa
003-12THz frekvencni oblasf,
Backward wave ; :
ke iy 300 mW - lmW 1-40 cm! ) cw Interferometricky
200 GHz ladenie Monochr.
. . 0.1-3THz i ¢
Time-domain THz Primemy - 0,7 uyW = Easova domgm, )
spectroscopy Maximilny-23kW | 2100 palo Awcnie Titiezenis
. 0.7-300 THz tasova doména, S o
: Pommu'ansfm:lpy 1uW 20— 10000 co? | kontinuilne Ziareni nmma,al:anepomva
CW: 03uW (10K) 1-65 THz Pulzné, CW,
QCL Pulz.: Max. — 300pW 200 GHz . Monochr., —
CW: 1.6W (300KE) ladenie | grexvencns oblast
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Experimental setup

Verds | =T Beam DL quadeant diode
. splitier | |
IS = 1

DL,

?
70%; beam
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o E Seleil-Babinet

" ::.-m‘rwn Aaror
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D D,
smehll

1]

1 A defeet . I
\ —
cllipscidal .-
P Tor ‘beam i

- splier = > -l

Susmsmsmsnsnunsnanansnamnd

=
vactum he Wallaston prism

[
1.0
n g.
"
w1

(TTTITRTRIRTTTITLT (11
B
smfearunn aEmmmy

MIRA: 800 nm, 50 — 80 fs, Spectral bandwidth 15 — 40 nm, Repetition rate 76 MHz.
Energy per pulse 8 nJ. Photons per pulse~3.5x10!%, Average power 650 mW, Pulse
peak power 140 kW

ODIN: Pump laser 527-DP Nd:YLF 12 W, 800 nm. 40 fs.Spectral bandwidth 15 —
30 nm, Repetition rate 1 kHz, Energy per pulsel mJ, Photons per

pulse~4x1015, Average power 1 W, Pulse peak power 25 GW

TOPAS: travelling-wave optical tric amplifier of super-fluorescence, Tuning
range240 — 3000 nm, Pulse lmgtia-g{‘;]g. Energy per pulsel — 100 uJ
(depending on the output wavelength)

Experimental setup

1. ZnTe Emitor

2. THz puls

3. Sample

Optical excitation puls
Transmited THz puls
Sampling optical puls

ZnTe Elektrooptic detektor

A on A TR

Vacuum box

+ Cryostat: temperature range 5 — 300 K

« High temperature cell (furnace): temperature range 300 — 1000 K
+ Subpicosecond resolution

« 700 ps pump-probe delay maximum range

+  Excitatation ranage 240 — 3000 nm
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Optical rectification

Non linear crystal 06

Amplituda

Lyl o o ®;+ @, Frequency

THz puls Optical puls Optical puls
(0.3 mm, 1 THz) (800 nm, 375 THz) (400 nm, 750 THz)

Electrooptic sampling

Nonlinear crystal Pockels effect

* instantaneous
change of the
refractive index
=> birefringence

¥ THz puls
—

optical puls

—
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Terahertz spectroscopy

+ Steady-state spectroscopy — experiment

Blectrt Seld (a.u)
=]

2t
-2 L] 4

2
Time: (ps)

8
[=
5
S
@

» Steady-state spectroscopy — data analysis

Spectra Transmittance Refractive index

Terahertz spectroscopy

+ Transient spectroscopy — experiment

-
i

2w

Electr: feid (8.u)

» Transient spectroscopy — data analysis

Spectra Transient transmittance Transient conductivity
0z 18 ‘s [
i “

- —— Ground state 018 12 =08 ) 3 {04
Bl A\ TR N i B PP
i Al 008 (;; g Soals “~Jo2 3
oo/ Lo £ a2l doa =

o 1 2 3 % 1 2 e % 1 2 L

Frequency (THz) Frequency (THz) Frequency (THz)
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Basic terms

Conductivity Susceptibility
6 (w) Z(w)
ney () na(w)
Charge density * mobility Carrier density * polarizability

Refractive index N: describes propagation of
electromagnetic waves in matters

N(@)=Vé =1+ 7 = 1-6 /(iee,)

Optical-pump THz-probe experiments I.B

i
32 }J\
2 !
w h Y
L g,
! %‘”“'Er‘.:;:\-_—._:-;;
B B ok o A
] 1 2 a 12
Frequency (THY) 4 02 a4 0 1 2 3 4 0 30 50
T [ps] T [ps]

+ Casovy priebeh THz elektrického pol'a —(FT)—> komplexné THz spektrum

+ Neexcitovny (nedopovany) polovodi¢ — priehPadny

+ Fotoexcitovany polovodi¢ — vol'ne/lokalizované nosice
— komplexna spektrilna odozva — AN(w), Ae(w)., Ao(w) Voflaé noside
— pokles intenzity — doba Zivota nosi¢ov (‘rp) SR
— Ao=-imgyAe (Ae-Re = disperzia systému)

(AG -Re = straty — at 0 = DC vodivost’)

— Dynamika Ao(T;) . Ae(Ts),

* 2D data v (0,w,) priestore pre ultrarychlu

(<1ps) dynamiku
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Free carriers Bound charge carriers Bound charge carriers

— Drude model — oscillator model — relaxator model
3 12F 3
—— Real
ot —— mmaginary Al e
1+ = 4r =1
£ 5 § I
£o — &, S, —_—
s 2 g
3 L A % —
AR =Rl Real = Real
—— Imaginary — Imaginary
2+ e o 2+
3 e a2t : —_ 3 ) .
o 1 2 3 o 1 2 3 0 1 2
Frequency (THz) Frequency (THz) Frequency (THz)
— 10!
n=10" cm . GRI0 ot n=16x102 cm>

m = mass of electron
T= 100 fs (solid lines),
20 s (dotted lines)

m = mass of proton m = mass of proton

= (500 fs)! T=(10 fs)!

Silicon: carriers response

+ Si crystal (bulk material)

* Microcrystalline silicon

1500 i, 80
4 A
1000 - }._ lt- 200 fs
-, 40 I
=, o
~ S00f nay = & nas
» : . > «  imagiary
i i
et = Real =
* 5001 iy
= Imaginary ol
-1000
o s L . ' -80 L L L N
15000 D4 DB 12 16 2 0 04 08 12 16 2
Frequency (THz) Frequency (THz)
— Drude behavior — localized carriers
(typical free charge carriers)
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THz in astronomy

*  Generally, in millimeter and submillimeter region, molecules like OH. O3. HCL
ClO.HOCI, BrO, HNO3, N20, HCN, CH3CN, volcanic SO, CO, CH30H. H30+,
charged molecule composed of carbon and fluorine - the CF+ ion. hydrogen and
deuterium (H2D+), water molecule and many others have their fingerprints and can
be traced. Besides spec-troscopic research of the universe the detected THz radiation
is used to study formation of new stars from clumps in molecular clouds or other
objects like galaxies at approximately-250 degrees Celsius temperature,

Tarantula Nebula. Herschel telescope: red
at 250 pm and green at 100 and 160 pm.
The warmest spots appear in blue, 24- and

70- pm from Spitzer. Canis Majoris, Herschel Telescope

THz tomografia a zobrazovanie

* Materialy neabsorbujici THz zafeni
— plastické hmoty
— keramiky
— skla
+ Materialy silné absorbujici THz zafeni
— kovy
_ ‘roda Senidus
*  Vznik kontrastu: rozdil THz indexti lomu

+ Neskodnost THz zafeni

Penetration depth in -2 THz in tranamissicn geometry

“ liquid water Resolution ~ 4 mm (
§ e ' 2em @2GHz
: “ 160 um @ 100 GHz
3 }‘ 81 um 300 GHz
Sl pm @ a
F / 45 ym @ 1 THz (
ol : \ 1Bum @3 THz

1Ty

from J. Xu et al., J. Chem. - E—

Phys. 24, 036101, 2006
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THz tomografia a zobrazovanie

m:%{;.-l)

Pozname index lomu a absorbeiu n + ik
Urtime hribku 4.

Opticky obraz Terahertzovy obraz (rez) Terahertzovy obraz

1 [ B. Ferguson and X.-C.

sk et pass) Zhang, Nature Mat. 1, 20
i - (2002)
i, < A

af ﬂ =l

—— Rfirmmce
4 [] i 0 5
Time (pr)

WVisible image Terahertz image of
ofhumantooth  cavity in huran tooth

Terahertzovy obraz nadoru
bazalnich buniek

V. P. Wallace et al.. British J.
Dermatol. 151, 424 (2004)

Terahertzovy obraz zubného kazu

TeraView Ltd.
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THz tomografia a zobrazovanie

Trojrozmerné terahertzové
zobrazovanie povrchov a viutra tabliet

c Costance i Setate D o

THz tomografia a zobrazovanie

Opticky a terah vy obraz vodoznaku bank
Terahertzovy a opticky obraz polovodicového

B. B. Hu and M. C. Nuss, Opt. Lett. 20, 1716 (1993)

mapa koncentricie nosi¢ov, silna koncentacia
THz pol'a AFM hrotom 40 nm (3/3000)
priestorové rozliSenie na 2.54 THz.

N Lert, 2008, 8(11),

w',‘ .y eI

™

, J.A. Hubert, Nano

Q. Chen and X.-C. Zhang, Appl.
Phys. Lett. 74, 3435 (1999)
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THz spektroskopia

Explosive detection

TeraView

Diskusia

VL

' '
o ? ‘.) ]

‘)

Dakujem za pozornost’

2 !

o=

o ==

‘)
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