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NnnaH

BO3MOXXHOCTU 9NEKTPOHHON CNEKTPOCKONUK
CkaHupytoLlasa 30HO0Bass MUKPOCKOMUA

[Tpumep nccnegoBaHUa HU3KOPA3MEPHbIX
CTPYKTYP C UCMNOJIb30OBAHMEM KOMMJIEKCa
MeToauk: rpadoeH/SIC/Si(001)

MIcTopunyecknm aKkcKypc

3akrntodyeHme



IANEeKTPOHHaA CNeKTpocKonuaA



BO3MOXHOCTU 35NTeKTPOHHOWN
CMEeKTPOCKOMUn

nccnegoBaHne aTOMHOM U 3NTIEKTPOHHOU CTPYKTYPbI
coefHEeHUN, NOBEPXHOCTEU U rpaHnL, pa3gena;

onpeaesieHne XMMnN4eCKoro coctaBa
MHOTFOKOMMOHEHTHbIX COeAUHEHUU;

n3yvyeHmne AMHamMmmnyieCcKkux nporLeccoB Ha NOBEpPXHOCTMU,

n3yyeHme B3aMMOCBSA3UN IJIEKTPOHHOMU U aTOMHO-
KpUCTansin4eCKou CTPYKTYpbl MOBEPXHOCTU N3y4aeMbliX
00BLEKTOB C UX CBOUCTBaAMMU



Mony4yeHue YUCTON NOBEPXHOCTH

OcHoOBHbIe MmeTOAbI
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OanH MoHocrnou agcopbarta
«NpUNMNaeT» K NOBEPXHOCTU
3a 1 ceKyHAy npu gaBneHuun
pP=1x10"° Topp.

Onsa nonyyeHns YUCTOMU
NOBEPXHOCTU N aHanu3a ee
CTPYKTYpbl AaBneHue B
Kamepe AO0JMKHO ObITbHEe
Bbilwe 1x10° Topp



MeTtoabl pU3NKKN NOBEPXHOCTHU
(cnucok danexo He NOJIOH)

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Oxe-3neKTpoHHas cnekTpockonus (AES) —  xumuueckuii cocmae nosepxHocmu

PoToanekTpoHHasa cnektTpockonusa (UPS, XPS) — anekmponHas cmpykmypa
108epPXHOCMU, COCMae

Oudppakuma meaneHHbIX 3f1eKTPOHOB (LEED) — uso6paxeHue o6pamrol

pewemku, yriopssdodyeHue
amomos rnoeepxHocmu

CnekTpockonusa nornoweHusa (EXAFS) — cmpyKmypa, opueHmauyusi
XUMUYeCKUX ceAa3eu
Kak npaeuno, Hem npsamMou uHghopmMayuu 06 amoMHOU cmpykmype
noeepxHocmu; ycpeoOHeHHaa uHghopMmayus no nnoujadu 30HOUPOeaHUA
ny4YKoM ¢hOMOHOE UNuU 3NeKMpPOHOE8, He8bICOKan NoKaNbHOCMb MemModoe

., o
g S
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MVIKpOCKOI'II/IFl MeAJ1EHHbIX 3JTIEKTPOHOB — npamas Busyanusaums noBepxHOCTH
C CYOMUKPOHHBLIM paspeLleHem

CKaHI/Ipy}OLLI,aS:l 30HOOBAA MUKPOCKOIWUA - uccrnedosarHue cmpykmypsi u

ceolicme r1o8epxHocmu ¢ amoMHbIM
paspeuweHuem



Ovdpakuma MeaneHHbIX 3NMEeKTPOHOB

Cxema 4-cetoyHoun yctaHoBKM IMI

OnoopecLeHTHbIM EH[JEIH\ amMa
JNeKTPOHHas nyLuka Si(111)-7%7
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_T_ompaxkeHHble om obpa3uya 3/1eKmpPOHbI
¢ aHepausimu 10--100 aB ¢gpopmupyrom

OupaKUUOHHYIO KaPMUHY Ha
¢griroopecyeHmMHoOM 3KpaHe




JJNIeKTPOHHaA CreKkTpocKonus

PeHTreHoBCcKas goTo- YnerpaduonetroBad
9JIEKTPOHHas doOTO3IEKTPOHHAS
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Cxema 3aneKkTpPpoOHHOro cneKkrpomeTpa
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ANeKTPOHHbLIU cnekTpomeTp ESCALAB-5C
HU3KoTeMnepaTypHbIM KPUOMaAHUNYSIATOPOM

ONMEKTPOHHbIN CNEKTPOMETP

ESCALAB-5 B UPTT PAH HVI3KOTeMI'IepaTyprII/I KPUOMaHUNNYJTATOP

16 15 14 13 2 M 10 98 7 6




KRATOS AXIS Ultra DLD

(UOTT PAH)
X-ray spectroscopy UPS spectroscopy
\
T
AES+SEM EEED

AES and XPS mapping



POTOINEeKTPOHHAA CNEKTPOCKONUA

Photon source

PES spectra
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@ Electron excitation

Atomic Spectra

The excitation can occur at different
degrees

@ low E tends to excite the outmost e-’s first

@ when excited with a high E (photon of
high v) an e can jump more than one
levels

@ even higher E can tear inner e”’s away
from nuclei

An e at its excited state is not stable and
tends to return its ground state

If an e” jumped more than one energy
levels because of absorption of a high E,
the process of the e returning to its
ground state may take several steps, -
l.e. to the nearest low energy level first
then down to next ...

Energy

energy

n=4

n=3

n=2

n=1




P®3C cneKkTpbl OCTOBHbLIX YPOBHEN

N(E)/E

C1s
Orbital=s
|1=0
s=+/-1/2
|s=1/2
| 25'90 ' 2é8 | 2é4 | 25';0 ' 2}6

Binding Energy (eV) S - cocTosiHUSA



N(E)/E

P®3C cneKkTpbl OCTOBHbLIX YPOBHEN

Orbital=p
=1
S=+/-1/2
Is=1/2,3/2

|
|
Peak Area 1

965 955 945 935 925

Binding Energy (eV
J SA P - COCTOAHMSA



N(E)/E

P®3C cneKkTpbl OCTOBHbLIX YPOBHEN

Ag 3d
3d3/2

3,5

Y

3ds/2

|

PeakAreaZ
378 374 370 366 362
Binding Energy (eV)

Orbital=d
|=2
s=+/-1/2
|s=3/2,5/2

d - cocToaAHUA



N(E)/E

P®3C cneKkTpbl OCTOBHbLIX YPOBHEN

Au 4f

|
1
Peak Area 3

4fs)p

91 87

Binding Energy (eV)

At7/0
Orbital=f
|=3
s=+/-1/2
|s=5/2,7/2
| 4 | | 1
83 79
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P®3C cnekTpbl MHOFOKOMMNOHEHTHbIX

coeaAnNHEeEHUUHN
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OnpeaeneHue 3NTIMEHTHOro cocraBsa no
P®3C cnexktpam: cnnas Cu-Ni

120

Cu 2 Peak Rel. Atomic
u<zp Area Sens. Conc
100 Mct-eV/sec %
Ni 2.65 4.044 49
Cu 3.65 5.321 51
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Mo UHMeHCcU8HOCMSIM JIUHUU U ce4YeHUsIM ¢pomouoHu3ayuu
MO)XHO ornpedennumb KOHUeHmpauuu 3J1IeMeHmoe 6
MHO20KOMMNOHEHMHbLIX COeOUHEeHUSIX



XMUYECKUUN CABUT CMEKTPOB OCTOBHbIX
YpPOBHeW: okcud kpemHusi Ha Si(001)

| I | R I I | I I

Few atomic layers
of oxide—Si (001)

Charge transfer, e-- e- coulomb integral:
Shift = qSiKSin,Si3p2:

N i W s G - s
[ 020 (F)@s5 (. ) — @2, (7, )03, (T )AV, AV,
2

1

Si**

...........

Few atomic layers
of oxide—Si (011)

No. of photoelectrons from the silicon 2p level

1 L 1 | i | I 1 i
-7 6 -5 4-3-2-1 01 2 3
Himpsel et al., Phys. Rev. B 38, 6086 ('g8) Relative energy (in electron-volts)




Xumumnyeckuum casur PPIC cnekTpoB Si 2p B
pa3fI4HbIX COeANHEeHUNAX

Compound Zp Binding Energy (eV)

Type
08 101 104

Silicides N
Silicon e
Carbides e

Nitrides

Silicones

Silicates |

Silica e

3Hepaemu4ecKul cosua crnekmpoe O0CMOBHbLIX ypo8Hel Moxem
docmuz2amb HECKOJIbKUX 3B, Ymo no3eoJsisiem
udeHmuguyuposamb XuMu4eckue coeoOUHeHuUs



Xumunyeckmm caur POIC cnektpoB C 1s B
pa3fMyHbIX COeANHEHUAX

Functional Binding Energy

Group (eV)
hydrocarbon C-H, C-C 285.0
amine C-N 286.0
alcohol, ether C-O-H, C-0O-C 286.5
Cl bound to C C-ClI 286.5
F bound to C C-F 287.8
carbony! C=0 288.0

3Hepz2emu4YecKuli c0sua CrieKmpoe8 0CMOBHbIX YpPOB8HelU MoXxem
docmu2amb HECKOJIbKUX 3B, ymo no3eosissem
udeHmudghuyuposampb XumMu4yeckue coeOUHeHUsl!



MeTannopraHmyeckue
KOMNNEeKCbl HA OCHOBE NOPPUPUHOB

[ToprpUHbI — MOSEKYNAPHbIE KOMMIEKChl AN HAHOTEXHOMOMUN:
PelwweHne npobnembl ynpaBnsemMoro ooTocuHTe3a;
CosgaHune 3rieMeHTOB U YCTPOMCTB Ha OCHOBE OTAESbHbIX MOMNEKYIT

NTTepbueBblie MeTanmoKoMMnieKchbl
5,10,15,20-TeTpakuc(4’-asmgoreTpa- TeTpadeHunnopdupurHa:
dpTopdeHnn) nopdupuH cnesa Yb(acac)TPPBrg BUA cBepxy; crnpasa
Yb(acac)TPP Bug cboky



ONeKTPoOHHaA CTpykTypa N Is cocToaHun
B METanNopraHu4eCcKux nnexHKax
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ONEeKTPOHHaA CTpyKTypa C IS cocToaHUN
B METanNopraHu4eCcKux nnexHKax

o F : ; E
Al (mono) 1486.69 eV Ci1sin TPP
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MukpoaHanus3 n KapTupoBaHue

Small area analysis and XPS Imaging

Photoelectrons Aperture of
T f Analyvzer lens

-~ Sample
|

Spot size determined by the analyser

Both monochromated and dual anode
X-ray sources can be used

Photoelectrons Aperture of
Analvzer lens

- Sample
I

Spot size determined by the x-ray beam



P®3C kapTnpoBaHue

XPS Elemental Map of ITO circular patterns

Cr

In/Sn
feature

20 pm

20 pm



AHanu3 pacnpepneneHns 3yieMeHTOB
no rnyouHe

Si 2p region

b o
— Si (elemental)

l II e Bindi Enzzgy {2V} e glﬁ e ]B? ing Enexzy (f»
-l Carbon {
/ . | Si(carbide)
= con
| SiO,

Si substrate

28



[loBepXHOCTHasA YyBCTBUTENbHOCTb

1(2)=l,exp(-z/l) *°

5

Mean Free Path (nm

HnuHa ceob600HO020 rnpobeza

Au

Electron Mean Free Path

Age

e o Ag
Mo Be

5

10 50 100 500 1000 2000

Electron Kinetic Energy (eV)



N3meHeHne noBepXHOCTHOM
YyBCTBUTESNIbHOCTU B 3KCNepumMeHTe

Electron inelastic attenuation length in solids—the “universal curve”

Changing angle:
NsmeHeHue yena 1st way to vary surface sensitivity

50—

e
=]

Inelastic Mean Free Path (A)
[ %]
Lo}

N3meHeHuUe aHep2uu KkeaHmMoea

Photoemission is a surface sensitive experiment

_ Graphite

20F

10

[ Graphite
t & Cale. IMFPs

[ —— Mod. Bethe Eq. Fit
[ — — TPP-2M

L o Lesiak et al.
e« Tanuma et al.

Electron Energy (eV)

Inelastic Mean Free Path (A)
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= A Typical XPS
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Electron Energy (V)
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Changing photon energy:
2nd way to vary surface sensitivity



MCTOYHMKN CUHXPOTPOHHOIO U3Ny4YeHUs

DESY, Hamburg ___BE_S{SY, Berlin BESSY Berlln |
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Max Lab Lund

U3MEeHsieMasi SHepcUs (pOIﬂOHOB,’

8bICOKasdA UHMEeHCU8HOCMb,

8bICOKOe 3Hep2emu4YecKoe paspeuwieHue



Surface core level shifts of Si(111)7x7

surface sensitive

Si{111)7x7 v = 140 eV
o oo bulk sensitive
Si(111) 0.585eV |
Si 2p, ©=0°
hv=110eV
side view 2 T=120K
‘®
(Waeeesessecss IR
= = 0.25¢
@ o pedestal atom (36)
% @ adatom (12)
- @ restatom (6)
N oi dimer atom (18) g ——l

Relative binding energy (eV)

—I~—H|“'-—.-|.

2 1 0 -1 -2
Relative Binding Energy (eV)

G. Le Lay, V.Yu. Aristov et al.,

Phys. Rev. B 50 (1994) 14277 -
S1 - shakeup, S2 — adatoms, S3 - pedestal

atoms, S4 — dimer atoms, S5 - rest atoms




Y®IC c yrnoBbIM pa3pelieHuem
(ARPES)

hy | 5 rs Electron detector
€

photon source energy analyser

hv

Momentum

I 1
sample \: ,
/\ ) UHV - Ultra High Vacuum
N (p <1077 mbar) J

U3mepsisi N(E) Onst anekmpoHoe, ebisiemarow,ux nood passiuvdHbiMu
yasiamMu K nogepxHocmu, MOXXHO nocmpoumspb 3aeucumocmu E(K)

Energy



Busyanusayua noBepxHOCTHU



Mukpockonua meaneHHbIX 3NIeKTPOHOB

LVJ aﬂel{TpOH Has nylWwkKa
g

<::C!|3:> NvHaa an. nywku
<= JIMH3a koHaeHcopa
<:t.‘> BcrnomorarensbHas nnHaa

@ ObvekTMBHaA NMH3a

i\
Maccus P ra N &
npuam [] ><;_E—+ %/‘“;@E[I OBpasey

/

KowTpactupylowas  |j
avadparma = MepenaToyHas N1H3a

N
<= [MppaKuyoHHas NvH3a

[NpoeKuroHHaa nuHaa 1

[MpoeKuMoHHaa nuHaa 2

l ] 3kpaH
(MUKpOKaHanbHas nnacTiHa)

(LEEM)

OIEeKTPOHbI HU3KNX aHeprun (oo 100 aB)
nagaroT Ha UccrieqyemMmyro nNoBepxHOCTb,
OTPa)KEHHbIE ANEKTPOHbI NCMOSb3YTCS
ans opMnUpoBaHMSA N300paxeHus.

[pocTpaHCTBEHHOE paspeLleHne
OOCTUraeT AecATKOB HAHOMETPOB.

KoHTpacT obycrnoBneH nameHeHnem
oTpaxkaTeribHON cNOCOOHOCTUN U3-3a
pas3nnuuns B CTPYKTYpe NOBEPXHOCTM.

Si(111), 7x7—1x1 transition




CkaHupyowue 30HAO0BbLIEe MeTOAb!
uccneaoBaHua n moauduKauum NOBEepPXHOCTHU
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STM AFM NSOM



CkaHupyouwan 30HAOBaA MUKPOCKONUA

Scanning Probe Microcopy
* Scanning Tunneling Microscopv(STM): topography, local DOS
* Atomic Force Microscopy (AFM): topography, force measurement
* Lateral Force Microscopy (LFM): friction
* Magnetic Force Microscopy (MFM): magnetism
* Electrostatic Force Microscopy (EFM): charge distribution
* Nearfield Scanning Optical Microscopy (NSOM): optical properties
* Scanning Capacitance Microscopy (SCM): dielectric constant, doping
* Scanning Thermal Microscopy (SThM): temperature
* Ballistic Electron Emission Microscopy (BEEM): interface structure
* Spin-polarized STM (SP-STM): spin structure
* Scanning Electro-chemical Microscopy (SECM): electrochmistry
* Scanning Tunneling Potentiometry (SPM): potential surface

* Photon Emission STM (PESTM): chemical identification



Cuvunbl n B3aumopneunctesna B C3M

Interactions used for Imaging in SPM

(a) Tunneling

TOK I~exp(kd) (d) Capacitance eMKOCTb
(STM) g Q,(d} ~1/d (SCM)
CUusbl (b) E?l{;es _ (e) Thermal gradient

) —~various . =
(AFM, MFM) \ (ﬂf?;')l.f]““ TepMUYECKUI
\Ti‘ fields rPAOMER
ONTNYECKMNIA w‘" telds (SThM)
CUrHan Resolution limits
(NSOM) *The property probed
*The probe size




The principle of STM

Tunnel Tip

=TIP.

7 _FRONT ATOM

| o< (V /d)p, p, exp(—Agp"’d)
A=1.025 (eV)12A-1,
V - bias voltage,
¢ - barrier height (~4 eV),
d - tip-sample distance,
ps and p, — density of electron
states of the sample and tip

d,—d,=0.1nm=1,/1, ~10

bonee 90% TyHHeNbLHOro Toka MOXET NMpoTeKkaTb Yepes OANH aTOM Ha
ocTpue umebl. MpocTpaHcTBeHHOE pa3pelueHne meHee 1 A.



INEeKTPOHHbLIN cnekTpoMmeTp RIBER
LAS-3000 n RT STM GPI-300

(MOTT PAH)
LAS-30 IBER)

-
.
-
.
.
-~
-
-
-
-
-
-
-
F

UHV STM
300 K, p<6x10-11 Torr



CTM-3akcnepumMeHT ¢ uCnonb3oBaHUEM
MOHOKpuUucTannuyeckoro soHaa W[001]

(a) W[001] tip

SEM image of a W[001] tip

03nA L e 7 07nA |

(a) bright field TEM image of a W[001] tip; : 6 | 7708 )

(c,d) dark field images of the apex showing (&) model and STM images measured at certain tunneling
{110} (c) and {100} (d) planes parameters; (b) gap resistance dependence at U=-35 mV

A. Chaika et al., Sci. Rep. 4, 3742 (2014) A. Chaika et al., EPL 92 (2010) 46003



CTM-3akcnepuMMeHT C UCNONb30BaHUEM

MOHOKpucTannuyeckoro sonHgaa W[001]
SEM image of a W[001] tip

4
( STM experiments on HOPG DFT

\\@ d (a) WJ[001] tip (C)
| arY
R

\

TEM images of the apex

DOS (states/eV)

" 04 -02 00 02 04
E-E_(eV)

e -~ A. Chaika et al.,

Dark field TEM images show that EPL 92 (2010) 46003;
the tip apex is grained by {110} Appl. Surf. Sci. 267 (2013) 219

(c) and {100} (d) planes Sei"RepideBil 44 (2014



PDOS for constrained and fully relaxed
W-graphite systems, DFT calculations

PDOS of the W[001] tip atom
w__constrainghL ZEY

0.0 mfbom=H:m8:-8. .4 0.0

0.8 1.75A 04k

o R L e, . :
0.0 . —%- - 0.0

0.4 F 275} Z component of the total force
; [Z on the W[001] tip atom

distance, Angstrom
Intensity of the d - peak near E,
as a function of tunneling gap
: . - 6 8 10
E-E¢(eV) E-E¢(eV) W-C core-core distance, Angstrom

(a,b) PDOS of the W[001] tip atom interacting with the surface atom calculated
for constrained (a) and fully-relaxed slabs (b) at different tip-surface distances.
(c) The total force on the tip atom as a function of the tip-sample distance and
(d) the height of the d,> peak near the Fermi level.

The tip d,. orbital is suppressed at d<3 A, the d,, orbital dominates at d=2-2.5A.
X and Y axes in calculations and experiments coincided with the {001} directions.



CpaBHeHUue AaHHbLIX CTM nu ACM

AFM experiments on HOPG with
polycrystalline tungsten tips

S AL
LA

Explanation: direct imaging orbital
structure of the front tip atom for
three different apex orientations

E | | B C

S. Hembacher, F. J. Giessibl, J.
Mannhart, Science 305, 380 (2004)

STM experiments with unchanged

single crystalline W[001] tip

Explanation: direct imaging of the
WI[001] tip atom electronic structure
modified by tip-sample interaction

W[001] tip i B, B

7 x »z
X .\"-I"‘
-
Y oo 2 L 7
~ y S S
>
Bos| 258 R
% 5 //‘N\-i
LN ea
2, 5
BooF —; ; . 3
a
osl 4928
1 * o, T #
A P -
T~ 00k ‘ ‘‘‘‘‘‘ =
04 02 00 02 0

24p 2>
96 '4 graphite(0001) surface

A. Chaika et al., EPL 92 (2010) 46003;
Appl. Surf. Sci. 267 (2013) 219
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Direct Observation of Surface Chemical Order by Scanning Tunneling Microscopy

M. Schmid, H. Stadler, and P. Varga

fnstitui fiir Allgemeine Physik, Technische Universitat Wien, A-1040 Wien, Austria
(Received 4 August 1992)

two chemical species in a metal alloy, Special tunneling conditions, which we attribute to an adsorbate
at the STM tip, cause a difference in corrugation between Pt and Ni atoms of 0.3 A, The STM data re-

veal chemical short-range order at the surface, Which| is in agreement with embedded atom simulations

and can be understood as small domains of an L | ordred phase.

( We present the first STM study which allows clear)
discrimination of two chemical species in a metal alloy.
Special tunneling conditions, whuch we attribute to an

adsorbate at the STM tip, cause a difference iIn
corrugation between Pt and Ni atoms of 0.3 A

( We present the first scanning tunneling microscopy (STM) study which allows clear discrimination of

\. J
® Pt
© Ni
FIG. 1. STM constant current topographs of the (111) sur-
fuce of a PtzsMNiss single crystal. Tunneling voltage/current and
sample treatment: (a) 0.5 mV/7 nA, thoroughly cleaned; (b) 5
mV/16 nA, less cleaning. Image sizes are 100 Ax70 A and 125 FIG. 3. Atomic arrangement on the (111) surface caleulated
A=100 A. Both images have been slightly high-pass filtered; by Monte Carlo simulations with embedded atom potentials,

Bulk composition is assumed as 37% Pt and 63% Ni; tempera-

image (b} has been distorted to correct for drift and creep of
ture is 420 K.

the STM.



CnuH-nonapusoBaHHan MUKPOCKONUA
Spin Polarized STM

R. Wiesendanger, parallel configuration antiparallel configuration

Rev. Mod. Phys. 81 (2009) 1495
(a) (b) tip__>§ §| sample tip” >4 4| sample

diidU- signal [nANV]

0.0
sample bias [V]

n(E)In,(E) n.(E)In,(E) n.(E)I n (E) n.(E)I n,(E)
tip sample tip sample

(U )CXZI [] e up umplc cos(ﬁzlip’ﬁzsamplc)]

FIG. 5. (Color) Principle of spin-polarized scanning tunneling
microscopy (SP-STM): the spin-polarized tunneling current
flowing between a magnetic tip and a magnetic sample de-
pends on the relative alignment of the local magnetization of
tip and sample as well as on the spin polarization of the elec-
tronic states of tip and sample contributing to the tunneling
current.

Tonorpadusi MarHUTHbLIN
KOHTpacT
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MaHnunynupoBaHue aTtToMaMu Xxenesa
Ha NOBEPXHOCTU Meaun

«K8aHIMaoeble Kopariribl»

M.F. Crommie, C.P. Lutz, D.M.
Eigler,

Nature 363 (1993) 524-527

Imaging standing waves in a
2-Dimensional electron-gas




BeckoHTakTHan ACM ¢ aTOMHbLIM ®
cyb6aTOMHbLIM pa3pelieHuem

First atomic resolution in UHV conditions,

M. A. Lantz et al.,
Phys. Rev. Lett. 84, 2642 (2000)

First subatomic resolution in SPM
Si(001) tip over Si(111)7x7

Fu(z) (nN}), Ie(z) (nA)
da (TR ] =1 ] - b LIV




XuMmunueckana naeHTudpukauuna
aToMoB ¢ nomMmouwbio ACM
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Atom counts

o

Atom counts
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Y. Sugimoto et al., Nature 446 (2007) 64-67



C/Si(001)
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Graphene

2D honeycomb lattice of carbon atoms

atomic-scale rippling in free-standing form
(A. Fasolino, J. Los, M. Katsnelson, Nature Mater. 6 (2007) 858)

linear dispersion at the K-points,
(P. Wallace, 1947; J. McClure, 1957)

high carrier mobility i%} DK E ~ VK|
Quantum Hall effect at RT O F
(K. Novoselov et al., Science 306 (2004) 666, ...) = }
0 0 a ¢ S ‘ "(,__r:ﬂl:IJ
Nobel Prize in Physics 2010 l —>:
ki /K/\ T

Andrei Geim, Konstantin Novoselov



Graphene fabrication

Exfoliation
high quality graphene for basic research

Synthesis on single-crystalline three-fold symmetrical
substrates:

: K. Novoselov et al.,
(@) metallic surfaces Science 306 (2004) 666

Ni(111), Ru(0001), Ir(111), ...

first works on metal graphitization — H. Lyon, G. Somorjai et al.,
Phys. Rev. Lett. 15 (1965) 491; J. Chem. Phys. 46 (1967) 2539;
monolayer graphene- A.Tontegode, Prog. Surf. Sci. 38 (1991) 201 §

strong interaction with the substrate,
substrate conductivity

(b) semiconductors

hexagonal SiC — A. J. van Bommel et al.,
Surf. Sci. 48 (1975) 463-472

suitable for electronics

‘graphéﬁem(m)
PRL 102, 056808 (2009)

graphene/6H-SiC(0001)
JAP 92, 2479 (2002)



Graphene synthesis on a-SiC in vacuum

Ultrathin Epitaxial Graphite: 2D Electron Gas Properties and a Route toward
Graphene-based Nanoelectronics

Claire Berger,” Zhimin Song, Tianbo Li, Xuebin Li, Asmerom Y. Ogbazghi, Rui Feng,
Zhenting Dai, Alexei N. Marchenkov, Edward H. Conrad, Phillip N. First, and
Walt A. de Heer*

School of Physics, Georgia Institite of Technology, Atlanta, Georgia 30332-0430

Received: October 7, 2004

J. Phys. Chem. B, Vol. 108, No. 52, 2004

dl/dV (nA/V)
o
2
=3

0.5 0.0 0.5
Sample bias (V)

C. Berger et al.,
J. Phys. Chem. B 108, 19912 (2004)

week ending

PRL 103, 226803 (2009) PHYSICAL REVIEW LETTERS 27 NOVEMBER 2009

First Direct Observation of a Nearly Ideal Graphene Band Structure

M. Sprinkle." D. Siegel,” Y. Hu,' J. Hicks," A. Tejeda,™ A. Taleb-Ibrahimi.” P. Le Fevre,' F. Bertran,” S. Vizzini,®’
H. Enriquez,®" §. Chiang,*® P. Soukiassian,™’ C. Berger,"” W. A_ de Heer," A. Lanzara,” and E. H. Conrad’
"The Georgia Institute of Technology, Atlanta, Georgia 303320430, USA
}.{.)qmrmrrm of Physics, University of California, Berkeley, California 94720, USA
and Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, Caltfornia 94720, USA
*Istitut Jean Lamowr, CNRS-Université de Naney-UPV-Meiz, 54506 Vandoeuvre les Naney, France
ASynchrotron SOLEIL, L'Orme des Merisiers, Saint-Aubin, 91192 Gif sur Yvette, France
*URI CNRS/Synchrotron SOLEIL, Saint-Aubin, 91192 Gif sur Yvette, France
SCommissariata I'Energie Atomigue, SIMA, DSM-1RAMIS-SPCSI, Saclay, 91191 Gif sur Yvette, France
"Département de Physique, Université de Paris-Sud, 91405 Orsay. France
SDepartment of Physics, University of California-Davis, California 95616-8677, USA
PCNRS/Institur Néel, BP166, 38042 Grenoble, France
(Received 29 July 2009; published 24 November 2009)
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M. Sprinkle et al.,
Phys. Rev. Lett. 103, 226803 (2009)

Nearly perfect linear dispersions at the K-points even for multilayer
graphene on the SiC(000-1) but
substrates are very expensive for mass production



Fabrication of SiC wafers

a-SiC

a-SiC boules (ingots):

|

a-SiC wafers:

relatively small size;
expensive (~2000 $ each);
high quality

B-SiC

300 mm R l

SIC epilayer [ 1 pm
0.5 mm

T

cubic-SiC/Si wafers:

R

large size wafers;

cheap and commercially available;
compatible with Si technologies



SiC(001) surface reconstructions

pemmep  Silicon + anneal @ 950°C

@ Deposition of Si atoms onto
preliminary cleaned
SiIC(001) surface

Silicom - rich
surface 2x2

TR
AP
.:.::...'.;.’o..:.
e -.‘.".‘l.'.
[ e ....
R -"- _
sd o S )
R0 Silicon atomic lines
eyt ety . <
) ...o.
L L
@i |

8x2, 5x2, Tx2,

@ Sublimation of deposited Si
atoms by annealing in UHV
(p<1x101° Torr)

(2n+1)x2

Silicon terminated
surface c(4x2)

2x1

@ Fabrication of various
silicon- and carbon-rich
reconstructions with
Increasing temperatures

Carbon terminated
surface c{2x2)

llllllllllllllllllllllllllllllllllll

Carbon - rich
surface 1xl
V. Derycke et al., Surf. Sci. 446 (2000) L101;
V. Derycke et al., Phys. Rev. Lett. 81 (1998) 5868; : ¢t :
F_ Semond et a|1 Phys Rev Lett 77 (1997) 2013’ ------------------------------------------------------------------------------------
V. Aristov et al., Phys. Rev. Lett. 79 (1997) 3700; adapted from
P. Soukiassian et al., Phys. Rev. Lett. 78 (1997) 907; P. Soukiassian and H. Enriquez,

L. Douillard et al., Surf. Sci. 401 (1998) L395. J. Phys.: Condens. Matter 16 (2004) 1611



SIC(001) surface transformation
during heating in UHV

C 1s core level spectra

Intensity (cts)
Current (A) 6x10 4 2 0

@0z te e v s——— v were measured in-situ in a
snapshot mode
(1s/spectrum) during the
w sample heating using the
Argus spectrometer at
L I U 600 i PETRA Il (DESY,
- e Hamburg);
E e iz LEED and STM data were
S T — : 0 obtained using the RT STM
: oo GPI-300 after successive
Tl L] — S | - heating the same SiC(001)
N sample
L e O LS
IEENEER- . il 3 Graphitization of SiC(001)

300 600 900 1200 288 286 284 282 280
Temperature ( °C)

at t>1300°C

Binding Energy [eV]

A.N. Chaika, V. Y. Aristov, O.V. Molodtsova,

Progress in Materials Science 89 (2017) 1-30



S

.

iC(001)

C18 ’ *  hv=330eV

*  hv=450eV

0
290 288 286 284 282 280
Binding Energy (eV)
h 3ML GR/SiC(001)/Si wafer 3
: g = 1
é %l l l /Area
g 3
" ;. 1 L 1 1 1 "
- - . 0 1 2 3 4 5 6 7
oy gy oyl o o gy g g g o g s A gy o g g Energy (eV)
Nano Research 6 (2013) 562-570 |
LEED patterns from 1.5 yum surface areas (e,f) are rotated _
by 90° and consist of 12 non-equidistant spots Z
LEED pattern from 5 um area (d) reveal 12 double spots ~ R
The reflectivity spectra (h) prove uniform 3 ML thickness NEXAFS

Dark-field images in (b) and (c) show the APD boundaries

280

1 L 1
285 290 295 300

Photon Energy [eV]



Explanation of the 12 double spots In

graphene/SiC(001) LEED patterns

According to micro-LEED and STM data the domains are preferentially

rotated by *13.5° from two orthogonal <110> directions



Two systems of rotated domains in
graphene/SiIC(001)

vertical na

o i
Wi A -

noribbons horizontal na

Bpiien

noribbons

Gaug|
%
05

u-LEED

h8:20:22:718 Exp=0.200s,Avr=64,5Cy=0

prtart Yoltage=51.9¥ - Objective=1590.0mi
=] ’ Gauge #1=8.06e-010Torr

Sample Temp.=-3.0C

substrate spots and 12 double
spots from graphene overlayer
12 double spots are caused by
superposition of two LEED
patterns produced by two
systems of domains rotated by
+13.5° from the [110] and [1-10]
directions



Atomic scale rippling of graphene/SiC(001)

AL T T T A AAAL

Al X ALl L Ty ol
Random distortions of the carbon bonds in trilayer graphene on SiC(001)

agree with the theory developed for single layer graphene
(A. Fasolino, J. Los, M. Katsnelson, Nature Mater. 6, 858 (2007))



ARPES studies of graphene/SiC(001)

Binding Energy (eV)

0
= | L2 S
2 "2
O 7 L O T
= c
L A L6 W A
[®)] 3 ()]
= c -
© L8 5
£ 1 | € T
r 10m 7
: 12
Nano Research 6 (2013) 562-570 Koo

24 Dirac cones in accordance with the rotated domain structure,
nearly ideal linear dispersions, no shift of the Dirac points,



Atomic chains on SiC(001)-c(2x2) and

Directions of the
nanodomain boundaries
between rotated graphene
domains (b) coincide with
preferential directions of
carbon atomic chains on
SiC(001)-c(2x%2) (a)

5iC(001)3x2 2°-off )

w

Can we control domain
boundary using vicinal
(stepped) substrate? Y,




STM, LEEM, ARPES characterization of
graphene grown on SiC(001) 2°-off

|.1-|.EED ARPES map

Binding Energy (eV)

>
©)
S—" =
>
o
—
)
c J
I
[@)
=
T A
=
m

(2°-, 4°-0off) samples; LEEM and STM data support one
preferential direction of the boundaries on the vicinal samples



Introducing energy band gap using
graphene nanoribbons

k endi
PRI 98, 206805 (2007) PHYSICAL REVIEW LETTERS 18 MAY 2007

metal electrodes Energy Band-Gap Engineering of Graphene Nanoribbons

Melinda Y. Han,! Barbaros Ozyilmaz,? Yuanbo Zhang,? and Philip Kim?

' Department of Ag)p];‘ed Physics and Applied Mathematics, Columbia University, New York, New York 10027, USA
Department of Physics, Columbia University. New York, New York 10027, USA
(Received 21 February 2007; published 16 May 2007)

We investigate electronic transport in lithographically patterned graphene ribbon structures where the
lateral confinement of charge carriers creates an energy gap near the charge neutrality point. Individual
graphene layers are contacted with metal electrodes and patterned into ribbons of varying widths and
different crystallographic orientations. The temperature dependent conductance measurements show
larger energy gaps opening for narrower ribbons. The sizes of these energy gaps are investigated by
measuring the conductance in the nonlinear response regime at low temperatures. We find that the energy
gap scales inversely with the ribbon width, thus demonstrating the ability to engineer the band gap of
graphene nanostructures by lithographic processes.

(a) =y I
Q ' 5 ¢ !
S 2 conduction .
e ] PR b 7 100 ¥ [
8 LIkl F *
3 ) ) el & S— A
8 |y, Valanco FIG. 3 (color lonlme). (a) Schema?lc ’>\ r ) ’ )
o) D energy band diagram of a GNR with r 30 60 90
& —p— bias voltage V), applied. The current / =) I 6 (degree)
;’ 5 is controlled by both source-drain bias ! 10 =
V, and gate voltage V,. (b)-(d) The €3] E &
03 differential conductance (dI/dV,) of E v X g [
(e) three representative GNRs from set P4 [ o | ~
. with W = 22, 36, and 48 nm as a func- | * T
- tion of V, and V, measured at T = <
S 02 1.6 K. The light (dark) color indicates 1 . !
g high (low) conductance as designated by 0 920
W=36 nm = the color map. The horizontal arrows W (nm)
- ‘qu represent V), = Egp/e. (¢) Egh vs W
0.1f obtainle(l f“’f“ similar analysis as (b)- FIG. 4 (color online). Egqy, vs W for the 6 device sets consid
(@), with a linear fit of the data. ered in this study: four (P1-P4) of the parallel type and two (D1,
D2) with varying orientation. The inset shows Eg, vs relative
W=48nm 2 7 o
0.0 L_otiie= angle 6 for the device sets D1 and D2. Dashed lines in the inset
20 40 60

show the value of E,
Egpp vs W.

sp s predicted by the empirical scaling of



Transport gap opening in nanostructured
graphene on vicinal SiC(001)

4-probe transport measurements NB between rotated
(current perpendicular to domain boundaries) domains

b | —300k

a b —
°'°4> ;g i 1.0} — 250K
—— 200K
0.02f — 100K —— 150K
T 0.00} sl

0.0

1 2 00 02 04 06 08 1.0
V(V)

SiC[110]
g

10 ; ; _ _ ;
45 1.0 -05 00 05 1.0 15
vv)

Han-Chun Wu et al., ACS Nano, 2015



Transport measurements along
nanodomain boundaries

-V measurements

b 0.2

10K

-

0.1F

-0.2 ! +

-0.5 0.0 0.5

vV (V)

No transport gap at current parallel to nanodomain boundaries even at 10 K.



Possible explanation: Transport gap opening
In polycrystaline graphene with
asymmetrically rotated domains

LETTERS nature oo “eesscat
PUBLISHED ONLINE:22 AUGUST 2010 | DOI:10.1038/NMAT2830 ma_terlals . 2
Electronic transport in polycrystalline graphene 1 td [
Oleg V. Yazyev'2* and Steven G. Louie?* X RA
| b 9
4 0
|
|
21 T , T(z. 1) 3
|
2,0
d
(500 3 z




Asymmetrically rotated nanodomains

/% o~
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Graphene lattices in neighboring domains are rotated by 17° clockwise
(Grg) and 10° anticlockwise (Gr|) relative to the nanodomain boundaries



Current density distribution in graphene

containing one boundary: Calculations
J

V. 02V 03V 05V 08V 1.0V
Han-Chun Wu et al., Nat. Commun. 8 (2017) 14453
Current distribution at different voltages calculated from first principles.
The simulations indicate the presence of the transport gap and high
current density along NB.



Three different nanodomain boundaries

Bent layer, no line defect Line defect, ripples near boundary

d N s e
PoWeWaWeWne!
9?00?0900 % %% %

(a,b) STM images of a boundary between
nanodomains with the same graphene
lattice orientation (our experiments).

(c,d) Electron microscopy image (c) and a
model of domain boundary (d) presented by
J.-H. Chen et al. in Phys. Rev. B 89,
121407(R) (2014).

In all cases thereis a nm-scale rippling near nanodomain boundaries




Role of atomic scale rippling at
nanodomain boundaries

STM experiment Calculations
a name Armchair | Zigzag
\ . ribbon ribbon
According to STM, the
structure

radii of curvature of the - P
ripples near domain
boundaries are in the o
range of 2—5 nm.
Defect Without Without
type line defect | line defect

~

r27em  ACCOrding to calculations,
m\m{ transport gap can be

' observed even without line
A\~__R=3.0nm 4 Band
:\" defects (symmetrically or ucture

RN TR =
-| H=0.44n E H=0.33nm

asymmetrically rotated
domains). Ripples can be .
=5 responsible  for  the TR L,
=3.43 nm - ' £ 7| L
. transport gap opening. HWJFII (LN
Nat. Commun. 8 (2017) 14453 H-C. Wu, C.-R. Chang et als,

to be published



Magnetoresistance in B, and |-V
characterization of graphene/SiC(001)

—~ 4r
X
o
= 5|
.7 ' T=150K
0 8t .
- 0 50 100 150 200 250 300 0.05 0.10 0.15 0.20 0.25 0.30 0.35

T (K) T2 (1K)

— 100K

InR (InQ)
@
N

8.1t

8.0 s - s . s s . - - 0= s s s s
0.150 0152 0154 0.156 004 002 000 002 0.04 004 -002 000 002 0.04

1T (1/K1/3 ) | (mA) | (MA)

Positive in-plane MR ~ B at low and MR ~ B2 at high magnetic fields.
Switch from 2D to 1D hopping conductivity at T<150 K.

H.-C. Wu et al., Nat. Commun. 8 (2017) 14453



MR and transport properties of graphene
on SiC(001) containing 1-2 boundaries

- 10 K
—300K

1510 5 0 5 10 15
B (T)

9.5¢ Experimental Data ~ 7.0F Experimental Data
....... Fitted Data | --—----- Fitted Data

InR (InQ2)
(0]
(6}

8.0}

Low temperature 6.2r High temperature

"510 045 020 025 030 015 0.16 017 0.18 0.19
1T (1/K™?) 1T (1K'™)

MR and transport properties in nano-gap contact are qualitatively the
same as in micrometer-scale device



Charge (d) and spin density (e) distribution
near nanodomain boundaries: Calculations
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Above 150 K electrons with particular spin direction are
accumulated near nanodomain boundaries field because of

Zeeman splitting; at low temperature positive MR arises from NBs.

H.-C. Wu et al., Nature Communications (2017)



HeMHOro ucropuu



UcTopunyeckmnm akCcKypc

1887 — oTkpbITHE poToadpdekra (PE): Ilepy,

1895 —oTKpbITME X-ny4yen: B.PeHTreH
1901 — npucyxgeHa Hobenesckas npemus (the
FIRST) Nobel prize.

1905 — Teopus potoadbdekta A.QNHLUTENH.
1921 —npucyxaeHa Hobenesckas npemuss Nobel prize.

H. Hertz

Karl M. G. Siegbahn, (1886 — 1978) Sweden npucyxaeHa
Hobenesckas npemusa 1924 3a nccrnegoBaHus rno X-ray
CMNEKTPOCKOMUM.

Kai M. Siegbahn (SON!) (1918 - ). NpuUcy>XageHa

W.C. Roentgen HobeneBckasi npemMunst B 1981 sa pa3suTue MeTo0B
3NEKTPOHHOWN CNEKTPOCKOMUM BbICOKOTO paspeLLeHus

1950’s — huge progress in instrumentation:
- increasing the resolution of the photoelectron energy analysers,
- design of X-ray sources.
- application for surface analysis (hamed ESCA) by K. Siegbahn
A. Einstein and co-workers
- also now - the discovery of the PE in gases (Turner and co-
workers) and the development of the UPS (Spicer and
co-workers) Kai M. Siegbahn

1960: occurrence of commercial XPS instruments.



Gerhardt Ertl (1936-)
npucyxaneHa Hobenesckasa npemus
2007 Nobel prize in chemistry:

"for his studies of chemical
processes on solid surfaces”
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PoxaeHune 30HAOBOW MUKPOCKONUK

1971r. - Russell Young W3obpaxeHne andpakunoHHOM
pewweTkn Npnbop — Topografiner (Phys. Rev. Lett. V. 27, N

14,1971, P. 922-924)

———

R. Young, J. Ward, F. Scire,
Rev. Sci. Instrum. 43, 999 (1972)



1986r. — HobeneBckaa npemua (Heinrich
Rohrer and Gerd K. Binnig)

Binnig n Rohrer. lNateHT Ha n3obpeteHne CkaHupylouie20 myHHeNnbHo20
mukpockona nogaH Aug. 10, 1982 (Priority Sept. 20, 1979)

Si(111)-7x7

G. Binnig, H. Rohrer, PRL, 1983
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