magia dwu
krysztatow

¥

Instytut Fizyki Doswiadczalnej,
Wydziat Fizyki Uniwersytetu Warszawskiego

Andrzéj Wysrhdek

Andrzej.Wysmolek@fuw.edu.pl



Grafen - pojedyncza warstwa grafitu...
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Podstawowy budulec dla struktur weglowych....



Struktura pasmowa grafenu
...zhana od lat: (P.R. Wallace, Phys. Rev. (1947))
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A.H. Castro Neto et al., Rev. Mod. Phys. (2009)



E. R. (ragazxa and L. Sossowsxn: Condnetion Band Stracture of Cdg 3 HgyyTe 113

phys. stat, sol, 20, 113 (1967)
i'“'r'l.:lhjﬁ-'l-.-‘t clgssification: 13.]; 22.4.3
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Materialy z zerowa przerwa energetyczna

grafen HgTe €

Fig. 4. — Zero gap band structure of the first stage. FIG. 1. Inverted band structure of HgTe.

J. Blinowski et al., Y. Guldner, ...M. Grynberg,...
J. Physique 41 (1980) 47-58 Phys. Rev. B 8, 3875 (1973)



Grafit przektadany (interkalowany)

Intercalation compounds of graphite 2 0.02
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Figure 1. Model for CgK according to Riudorfl and Schulz (1954) showing the stacking . Temperature (K) Temperature (K)
graphite layers (networks of small solid balls) and of potassium layers (networks of
large hollow balls). The graphite and intercalate layers are arranged in an TC=11 .5 K
AaAJAvAS stacking sequence, where A refers to the graphite layers and the Greek
T. E. Weller et al.

letters to the intercalate layers.

M. S. Dresselhaus and G. Dresselhaus Nature Physics 1, 39 - 41 (2005)

Advances in Physics, 51, 1 (2002) XC, for small ones (X = Li, Sr, Ba, Eu, Yb and Ca)

nadprzewodnictwo, baterie litowo-jonowe...



Reprinted from ““Proceedings of the Fifth Conference on Carbon”

PERGAMON PRESS
OXFORD . LONDON . NEW YORK . PARIS

SURFACE PROPERTIES OF EXTREMELY THIN GRAPHITE LAMELLAE

H. P. BoerMm, A. Crauss, G. FiscaeEr and U, HorMANN

Anorganisch-Chemisches Institut der Universitit, Heidelberg, Germany
{Manuscript received September 15, 1961)

Extremely thin lamellae of carbon were obtained either by deflagration of graphitic oxide on heating
or by reduction of graphitic oxide in alkaline suspension. These lamellae consist of very few carbon
layers as was estimated from the absorbance in the electron microscope. The crystallite dimensions
and the specific surface area also show the existence of very thin carbon sheets. The adsorption of
nitrogen, phenol and methylene blue was measured as well as the catalytic efficiency in the hydrogen
bromide synthesis. The reduction product had the maximum surface area while still in aqueous sus-
pension. On drying the lamellae showed & tendency to stick together with a corresponding decrease
of the specific surface area. Higher surface areas were measured by the ‘“wet’”’ methods in comparison
to the “dry” methods (e.g. N2 adsorption) because of partial redispersion of the lamellas. With the
deflagration product, in contrast, roughly identical surface values were obtained by all methods, in-

This observation confirms$he assumption that
the thinnest of the lamellae really consisted of
single carbon layers.




Surface Science 48 (1975) 463472
© North-Holland Publishing Company

LEED AND AUGER ELECTRON OBSERVATIONS
OF THE SiC (0001) SURFACE

A.J. VAN BOMMEL, J.E. CROMBEEN and A. VAN TOOREN
Fhilips Research Laboratories, Eindhoven, The Netherlands

Received 12 August 1974; revised manuscript received 21 October 1974

LEED and AES experiments of the SiC {0001 } crystal surfaces show that on heat-
treatment these surfaces are easily *‘covered™ with a layer of graphite by evaporation of
silicon. The graphite layer, which has a distinct crystallographic relation to the SiC crys-
tal, is monocrystalline on the Si-face and mostly polycrystalline on the C-face. A specu-
lation about the mechanism of the initial graphitization of the basal faces of SiC is given.




The Mobel Frize in Physics 2010
: Andre Geim, Konstantin Movoselow

£ The Hobel Prize in Physics 2010
Andre Geim

Konstantin MNovozelow

Photo: Sergeom, Wikimedia Commons Photo: University of Manchester, UE

Andre Geim Foonstantin Movoseloy

The Mobel Prize in Physics 2010 was awarded jointly to Andre Geim and
Konstantin Novoseloy *for groundbreaking experiments regarding the
two-dimensional material graphene®
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Height Angle Surface Mormal Clear Calculator

2.00 1.0 nA

0.5 nA

1.00 0-0 nA

Digital Instruments NanoScope

Scan size 2.000 nm
Scan rate 54.93 Hz
Numbher of samples 512
Image Data Current
Data scale 1.000 nA

grafitl.001



Metoda tasmy klejace;j -
badanie tego co zwykle Iadowato w koszu...

20 um

1 um

K. Novoselov, A. Geim et al. Science (2004) ptatki z kilku warstw,
rozmiary ~10 um



Two-dimensional gas of massless Dirac fermions in
graphene

K. S. Novoselov', A. K. Geim', S. V. Morozov®, D. Jiang', M. . Katsnelson?, I. V. Grigorieva', S. V. Dubonos?
& A. A. Firsov®

Anomalny kwantowy efekt Halla

) A T2
il
Pierwiastkowa zalezno$¢ 31 /|| et — 52
energii od pola magnetycznego! . | . ? o
—4 n (0 em™)|||-------pedoccmccnaaan — 3/2

Pyx (KQ)

K. Novoselov et al., Nature (2005)




Bezmasowe fermiony Diraca w poblizu punktow K, K’

k—k-K g:ig.‘ij‘
k—>k—K k‘\ Relacja dyspersyjna jak dla fotonu
y ~
L c— ¢ =c/300
Ep--- > K,

it' ~ ~ ~ ~
Sl o=(0,,0,,0,)

A ~ A - ~ A - /A - (0 1
H=co-p=hco-k=yo-k %= 0)
. . (0 —i)

,\O A’Y(kI_Zku) F2(r) _ . Fg(r) =i o)
v(ky+ik,) 0 EB(r) FB(r) (1o
RS

Rownianie Diraca dla bezmasowych fermionow!

A.H. Castro Neto et al., Rev. Mod. Phys. (2009)



Inne krysztaty dwuwymiarowe

Pojedyncze warstwy

grafit _ )
on Si/SiO, grafen ,duzy ptatek
NbSe, 2y
na Si/SiO,
MoS, Bi,Sr,CaCu,0,
na Si/SiO, Bi,SreC

K.S. Novoselov, et al., Two-dimensional atomic crystals, Proc. Natl Acad. Sci. USA, 102, 10451-10453 (2005)
K.S. Novoselov and A.K. Geim, The rise of graphene, Nature Materials, 6, 183, (2007)



Graphens
family

Krysztaty 2D

. _ Metallic chchalcogencs:
2D Samiconcudlin NbSe,, NbS., TaS,, TS, NiSe, and so on
3 ichalcoge -
chalcogenides MoS., WS, MoSe,, WSe, MoTe,, WTe,,
: and 90 on Layered semiconductors:
£ 2, GaSe, GaTe, InSe, BL,Se, and 50 on
Micas, Hydraxides:
BSCCO Mo, WO, Perovskite-type: NHOH,, Eu{OH), and 50 on
20 oxides = TLagb?ﬂcr- ':_:_:"'“;Fﬁg.ﬂr"lbﬁmv
. : O i
Layered TiQ,, MnO,, VO, e L et oot Ofthers
Cu oxides | TaQ,, RuQ, and so on —

A. K. Geim & I. V. Grigorieva, Nature 499, 419 (2013)

Jak badac¢ grubosc¢ warstw?



Szkolny konkurs
fotograficzny

,Ciekawe zjawisko fizyczne,
reakcja chemiczna”

hastem ,,Chemia jest ny
¥ wszedzie”
. | miejsce
« Jacek Ptonka
b, _ klasa la gimnazjum
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Obecnosc grafenu modyfikuje interferencje!

(a) Graphite Si0, Silicon

A —

400 450 500 550
A (nm)

S. Roddaro et al. Nano Lett., 7, 2707 (2007)

600 650




Porownanie: mikroskop optyczny
- mikroskop sit atomowych (AFM)

10 T T T T I T T T T I T T T T I T T T T I Ll T T L
oL —— profil 1 Pomiary AFM |
. —— profil 2 |
~ 8F —— profil 3 =
% . [ o= profil 4 1
g I
S 6 gomapowierzchnia A -
= ptatka h-BN
p—
o 5t N N Y AV AT .
8 i 1.43 nm 226 nm | A
.Aé 4 (2 warstwy) (3 warstwy)|
§ g LT R mom e
2 -
1
0 | | | 1 |
ZASADA DZIAL.ANIA MIKROSKOPU SIt. ATOMOWYCH 0 1 2 3 4 5

pryzmat

Odlegtos¢ (mikrometry)

Ptatki disiarczku molibdenu
(MoS2) na azotku boru (BN)

petla
sprzezenia
zwrotnego
-

komputer

K. Nogajewski (2018)
Wydziat Fizyki, NHMF Grenoble




Efekt Ramana

I ', Foton

I rozproszony

E

0

Foton
padajacy

AE=E,—E

Nieelastyczne rozpraszanie swiatta

Energia pozostawiona przez foton w materii rowna jest réoznicy
energii fotonu padajacego i rozproszonego




Od grafitu do grafenu

Raman shift (cm'1)

514nm 633 nm C

graphite

10 layers

5 layers

2 layers

=
0

1 layer

2600 2700 2800

2600 2700 2800
Raman shift (cm'1) Raman shift (cm'1)

A.C. Ferrari et al.Phys. Rev. Lett. 97, 187401 (2006)



Liczenie warstw MoS,

exc. 532 nm g A1g
T=300K E 2d
|

|

Intensity (arb. u.)

Raman shift (cm™)

Ewa tacinska (2017)
Wydziat Fizyki UW




Wroémy do grafenu...

wysoka ruchliwosé elektronow (200000 cm?/Vs)
duza gestosé krytyczna pradu ~108 A/cm?
bardzo wysokie przewodnictwo cieplne

bardzo duza wytrzymatoS¢ mechaniczna

przezroczystosc...

Wspaniaty materiat!



, Tradycyjna” metoda otrzymywania grafenu...

Wygrzewanie SiC
T (>1400°C); wysoka proznia

SiC

Kilka, kilkadziesiat warstw
weglowych

van Bommel et al., Surface Science 1975
Oshima et al., J. Phys. Cond. Matt. 1997
Forbeaux et al., PRB 1998

Berger et al., J. Phys. Chem. 2004, Science 2006 JIALF
I
< Tl >

e RO - 4
L —

2006/2007




Uktad scalony z tranzystorem z grafenu...

IF OUT (frF - fLo) Metal
Level 3 _ Inductor Inductor

Gate bias (DC)

i

LOIN (fLo) +
Drain bias (DC)

RF IN (fge)

Yu-Ming Lin et al., Wafer-Scale Graphene Integrated Circuit

10 JUNE 2011 VOL 332 SCIENCE

Brak przerwy energetycznej — problem dla grafenowej
elektroniki cyfrowe,;...



IT™VE

,Prawdziwa epitaksja” —
polski pomyst na grafen

(dr W. Strupinski, ITME)

kontrola transportu masy
* mniejsze naprezenia warstw
* mhiejsza wrazliwos¢ na stopnie na podtozach
* lepsza kontrola grubosci
- kompatybilnos¢ z technologia SiC



NAN
ETTERS pubs.acs.org/Nanolett

Graphene Epitaxy by Chemical Vapor Deposition on SiC

W. thpluskl*' K. (rrodeclu 2 A Wysmolek, R. ‘itepnlewskj T. ‘izkopekz' P. E. Gaskell,> A. Griineis,™
D. Haberer," R. Bozek,” J. Krupk:l and J. M. Baranowski"”
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Grafen ,roll-to-rol

Graphene on
polymer support Released
polymer support

/ Polymer support

" Target substrate
Graphene on Cu foil gel su

Graphene on target

Screen
printer

NATURE NANOTECHNOLOGY

Bae et al. NATURE NANOTECHNOLOGY 5,574 (2010)




Bae et al. NATURE NANOTECHNOLOGY 5,574 (2010)



Before (Steel)

3.0x10™

2.0x10™"

1.0x10 ™ 4

Corrosion Rate (m/s)

ol
<
i

)

G/Steel
M. Zhu et al. ACS Appl.

Before (G/Steel)

Table 1. Corrosion Current (I_,,), Corrosion Potential

Pokrycia antykorozyjne

Korozja - USA — straty

After (G/Steel)

(E.or), Corrosion Rate (R,,,,), and Corrosion Reduction

Times“

steel
G/steel
Cu

G/Cu

Ni

G/Ni

Ni NF
G/Ni NF
CuNi NF
G/CuNi NF
Cu NF
G/Cu NF

ICO[’[‘ (A/sz) ECU]T (V)

541 x107°
625 % 107°
5.61 x 107°
6.64 X 107°
578 % 10°°
6.95 x 1077
5.88 X 107°
6.86 X 1077
5.01 % 107
6.15 % 107°
801 3 10
6.35x 107°

0.188
0.167
0.210
0.176
0.215
0.191
0211
0.187
0.193
0.179
0.185
0.173

Reon (m/s)

175 x 1071
202 x 107
75 ¥ o
243 % 107*
6.65x 107"
322w 1070
622x 107"
335x 1070
4.85 x 1071
290 % 107
415 x 1071
298 x 1071

reduction times

8.6

154

20.6

18.6

16.6

135

“Deduced by extrapolating the Tafel anodic and cathodic linear parts

until they intersect as straight lines.

Mater. Interfaces, 2016, 8 (1), pp 502-510



Efektywnosc powtok grafenowych

I..(A/em*) E..(V) R..(m/s) reduction times

steel 541 X 107> 0.188 1.75 x 107"
G/steel 6.25 X 107° 0.167 2.02x 107" 8.6
Cu 5.61 X 107> 0.210 3.75 x 1071
G/Cu 6.64 X 107> 0.176 242 x 1074 15.4
Ni 5.78 X 107° 0.215 6.65 X 1071
G/Ni 6.95 X 1077 0.191 3922 ¥ 1072 20.6
Ni NF 5.88 X 107° 0.211 622 x 107"
G/Ni NF 6.86 X 1077 0.187 3.35x 1070 18.6
CuNi NF 5.01 X 107> 0.193 4.85 x 1071
G/CuNiNF  6.15 X 107> 0.179 292 x 1071 16.6
Cu NF 511 x107° 0.185 4.15x 1075
G/Cu NF 6.35 X 107> 0.173 298 x 107" 13.9

M. Zhu et al. ACS Appl. Mater. Interfaces, 2016, 8 (1), pp 502-510



Rozwarstwianie grafitu...

e
m Expansion Solvothermal
D —— R i

m H—

Eﬁmc:.atmn

Functionalized

Graphite  Graphite Oxide Graphene

=
?34nm 071nm_ N
e “é.l
HNO,
H,SO, -
KCIO;, S. Stankovich et al., Carbon 45 1558(2007)

96 Hours

Y. Hernandez et al., Nature nanotechnology 3, 563 (2008)
W. Quian et al., Nano Res 2, 706 (2009)

A. Ciesielski and P. Samori, Chem. Soc. Rev. 43, 381 (2014)



Grafit z kopalni...

v

India 14%

Brazil 7%

MNorth Korea 3%

Canada 2%
Sri Larka 1%
QOther 3%

-‘_‘_-_-___-__—-'-'-

Swiatowe wydobycie
1,1 min ton rocznie (2012)
Najwieksze ztoza — Turcja

http://www.eaglegraphite.com



Anoda w bateriach litowo-jonowych

BASF
DIMLER

Lithiu

metal oxide

Graphite

https://electrek.co/2017/11/17/new-tesla-roadster-halo/

https://engineering.purdue.edu/ViPER/research.html




Szybkie tadowanie — roztadownie

Ni foam

1I||H|HH|HIHII |I|Il|l|||ll1
10

Separator

Pojemnos¢ kondensatora ptaskiego:
C=eg,S/d

bardzo mate d (izolujgca elektryczna

warstwa podwadjna), duza efektywna

powierzchnia S grafenu
Figure 4 | In a supercapacitor device two high-surface-area graphene-base
electrodes (blue and purple hexagonal planes) are separated by a membran
(yellow). Upon charging, anions (white and blue merged spheres) and cation

Yan Wang et al. J. Phys.Chem. C 113, 13103 (2009), (red spheres) of the electrolyte accumulate at the vicinity of the graphene
surface. The ions are electrically isolated from the carbon material by the

K. Novoselov et al. Nature 490, 193 (201 2) electrochemical double layer that is serving as a molecular dielectric.



Kompozyty

Rama wazy mniej niz 1 kg! Nanorurki stuzg
do wzmacniania samochodoéw, kije golfowe,
rakiety tenisowe....
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Grafenowe gabki do efektywnego usuwania
zanieczyszczen z wody

" |
) oA
Fig. 3 The adsorption and desorption of rhodamine B in GS. (a) and (b)
A GS in rhodamine B solution (a) at the beginning and (b) for 180 min.

(¢) and (d) The same GS adsorbed with rhodamine B in ethanol for (c)
2 min and (d) 10 min.

Jinping Zhao et al. J. Mater. Chem. 22, 20197 (2012)



Gabki grafenowe + funkcjonalizacja

After reaction> DI water
AR
TCGS.

g0 100
S = S
ot < 8o
m -
a - TCGS a
= —a— Thrombin £
g ;
3,40' 6401
2 g

204 [
o 20.-
L T

0+ 8 I l
0 60 120 180 240 CGS TCGS Thrombin
Time (s)

Colloids and Surfaces B: Biointerfaces 161, 27 (2018) Efekt synergii !



Niedostatek stodkiej wody
- problem globalny

Grafen pomoze?

(b

Na“¢|-

Figure 1. Hydrogenated (a) and hydroxylated (b) graphene pores, and

(c) side view of the computational system investigated in this work.

Odwrotna Osmoza (RO- Reverse osmosis)
(RO) obecnie najefektywniejszy sposob odsalania
wody morskiej wymaga ( dostepne komercyjnie
instalacjach)

ok. 1.8 kWh/m?3 (w 1990 r ~5 kWh/m3).

Nano Letters

: . = 0 Hydroxylatec
100%
. graphene
Seawater RO Hydrogenated
Brackish RO oraphene
90% N iltrati -

High-flux RO

Salt rejection (%)
3
®

MFI Zeolite
70%
60%
50% T T r Y
0.00001 0.0001 0.001 0.01 0.1 1 10 100 1000

Water Permeability (L/cm2/day/MPa)

Figure 8. Performance chart for functionalized nanoporous graphene
versus existing technologies. The graphene nanopores examined in this
work could reject salt ions with a water permeability 2—3 orders of
magnitude higher than commercial RO. The data for RO and MFI
zeolites is adapted from Pendergast et al®

dx.doi.org/10.1021/n13012853 | Nano Lett. 2012, 12, 3602—3608




De-en Jiang,*" Valentino A. Cooper.** and Sheng Dait

FYVEYNY

Efektywna separacja gazow

NANO
LETTERS
Porous Graphene as the Ultimate L
Membrane for Gas Separation 4019-2024

0fs % oo | 161fsy S| 2a4fs
ke %

&

Figure 2. Structure of porous graphene models: (a) pore-10, (b) pore-
11, (c) pore-12, (d) pore-13, (e) pore —16, (f) pore-19, (g) pore-22, (h)
pore-27, and (i) pore-32; each model is named according to the number
of drilled atoms from the graphene sheet. Graphene is represented by
yellow hexagons, and the pore shape is colored red; the drilled carbon
% : 1000 atoms of g;}ag??_firge are shown by t:fmspalent gray balls.

pore-22 pore-32

org-19 o
pore-27

Figure 5. Snapshots of H, diffusing through the nitrogen-func- 3000 -
tionalized pore from first principles molecular dynamics simulations

. i R . 2500 pore-32
at 600 K. The passing-through H; molecule is highlighted in dark pore-13
. 2000
gray. pore-27
1500 - =
= ore-22
é 1000 pore-13 ; A
a — . P ——Hydrogen ——Nitrogen
E pore- z

. Jiang, et al., Nano Letters 9, 4019 (2009) | |
. Du et al. ,J. Phys. Chem. C B115, 23261 (2011) #sporeilss 65 75 &5 95 105 s 12

pore-area/(A2)

L



Grafen absorbuje swiatto | przewodzi prad !

-
o
o

T=(14+"mo)2

o = e’/hc =1/137,036 !

bilayer

0 25 50
distance (um) Nair et al., Science 320, 1308 (2008)
Swietny materiat na przezroczyste elektrody
(ekrany dotykowe, wyswietlacze...)

light transmittance (%)
3 &




Zwalczanie nowotworow...

a
Z 10.00 | —e—Control l?-mo |
2 ——Laseronly §
§ 800 1 & NGS-PEG only % 80 -
g 6.00 1 ~#—NGS-PEG + Laser .
g g —o— Untreated
e o ; ol —— Laser only
% 2.00 € 20- 8- NGS-PEG only
2 = —8— NGS-PEG + Laser
o© 0.00 + T *—9 *— 0 ' :
0 5 10 15 0 20 40 =
Days Days
No Laser Laser Irradiated
No NGS-
PEG
NGS-PEG
Injected

DOI: 10.1021/nl100996u | Nano Letf. 2010, 10, 3318—-3323



Nowe materiaty 2D w walce z rakiem

_____

elm:trnsta[m |:/ -y
“interaction

[y 1 & 1
LY

Chemotherapy

Photothermal therapy L__

ACS Appl. Mater. Interfaces, 2018, 10 (10), pp 8436—8442



Grafen jako nosnik lekow...

|

Figure 5 | Manipulating the hydrophilic-lipophilic properties of graphene
(blue hexagonal planes) through chemical modification would allow
interactions with biological membranes (purple-white doublelayer), such as
drug delivery into the interior of a cell (blue region).

Li et al, PNAS (2013)



Zawijanie bakteril

Preparation of ria cultur
Synthesis of GO via modified Sparation ot bactenc t-u »
. (S. aureus and R. opacus) in
Hummer’s method . .
nutrient media

R. opacus S. aureus

Mixing in VFD

Bacterial cells wrapped
with GO sheets

M. H. Wahid et al. RSC Adv., 2015,5, 37424-37430



Zawijanie bakteril

£l As-prepared GO suspension
B GO suspension reduced by melatonin

—
[ R R N B B |

- F
N

P oy o T

“— No active bacterium

aggregated GO)

AFM image of
within the aggreg:
reduced by melatonin

i I
.
o
wal™

0 00501 05 1 5
Graphene content (mg/mL)

o

Ratio of active bacteria
(untrapped within the

O. Akhavan et al. J. Phys. Chem. B, 2011, 115 (19), pp 6279-6288



Badanie sygnatow bioelekirycznych
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Memrystor — nowy element podstawowy

Bottom Bottom Bottom Bottom
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Nanotechnol Rev 2016; 5(3): 311-329

Nano Lett. 2017, 17, 6783-6789
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Grafenowe elastyczne ukfady memrystywne
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Baterie stoneczne

Kosuzume, Japan — 50 kK\%*

Geneva, Switzerland — 100 kW
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Wydajnosc¢ ogniw stonecznych
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LETTERS

PUBLISHED ONLINE: 22 DECEMBER 2013 | DOI: 10.1038/NPHOTON.2013.341

natre )
photonics

Perovskite solar cells employing organic

charge-transport layers

Olga Malinkiewicz!, Aswani Yella?, Yong Hui Lee?, Guillermo Minguez Espallargas', Michael Graetzel?,

Mohammad K. Nazeeruddin?* and Henk J. Bolink'*
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Perowskitowe ogniwa stoneczne
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Inne materiaty 2D

Pojedyncze warstwy

grafit _ )
on Si/SiO, graten ”dU?Y ptatek
NbSe, 2y
na Si/SiO,
MoS, Bi,Sr,CaCu,0,
na Si/SiO, Bi,SreC

K.S. Novoselov, et al., Two-dimensional atomic crystals,
Proc. Natl Acad. Sci. USA, 102, 10451-10453 (2005)
K.S. Novoselov and A.K. Geim,

The rise of graphene, Nature Materials, 6, 183, (2007)




Niezwykte zachowanie emisji MoS,

Energy (eV)
175 1.7 165 16 155 15 145

1.4

1.35

(e) ———————F————

5L
|emam——————

M

Intensity (a.u.)

3L

T N

X350

Bulk II"'M'.II
N

X30

X10

X3

i/\

T T T
700 750 800 850

Wavelength (nm)

T
900

950

H. Terrones et al. Scientific Reports 4, 4215 (2014)
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MoS, ma przerwe energetyczng!

Scotch tape method
works!

654

New technologies are needed! Top gate voltage V;, (V)
B. Radisavljevic et al., Nature naotechnology (2011)



Nowe struktury Van der Waalsa

Graphene hBM :
family Graphens ‘white grap . BCM Fluorographenea Graphene oxide
_ _ Matallic g haltogenades.
20 wﬁgﬁ"m NbSe,, NbS,, TaS,, TiS,, NiSe, and so on
i ¥ I'E |dE$.
chalcogenides MoS., WS, MoSe,, WSe, MaTe,. WTe.,
Zr3,, ZrSe, and s0 on Layered samiconductons:
: GaSe, GaTe, InSe, BL,Se, and 50 on

2D oxides

Micas,
BSCCO Mol WO, Perovskite-type:
L0, CaSi NGO,
o Ga,Ta,TiO,, and 5o on
Layered | TiO,MnO, V0, |t TeTe w0
Cu oxides | TaQ,, AuQ, and s0 on

Hydroxices:

MN{OH],, EwiOH), and so on

L hers

A. K. Geim & I. V. Grigorieva, Nature 499, 419 (2013)




Nano-LEGO

A. K. Geim & I. V. Grigorieva, Nature 499, 419 (2013)



Nano-Lego - przyktad

graphene
WSe,
graphene

Oscylacje —
,odcisk palca’
grafenu!

gV

Platek WSe,

Struktura przygotowana
w University of Manchester

i~

J. Binder et al., Nano Letters 17, 1425 (2017) ~ °



Grafen i inne materiaty 2D — nowe mozliwosci!

d ey
http://www.2dmaterialsmag.com
/flexible-graphene/

http://blog.idroidusa.com/



Epitaksja: Pracownia MOVPE (Wydziat Fizyki UW)

mgr K. Pakuta, opieka prof. Roman Stepniewski



Mapa ramanowska
R. Stepniewski (2018)

Krzysztof Pakuta (2014)




Epitaksja z wigzek molekularnych (MBE)
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Dr hab. Wojciech Pacuski i studenci ©




Figure ES2: Historical timeline and duration of innovation for all technologies reviewed
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Leonardo da Vinci i jego idee

Latajgcej maszyny...
https://en.wikipedia.org/wiki/

Bez pomystow nie ma postepu!




Na kogo mozna liczyc?
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Przysztosc¢ grafenu i innych materiatow 2D?

Przysztosc zalezy od nas®©



