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MoacHUTeNbHas 3anmcka

MporpaMMa BCTYMUTE/IbHOTO WCMbITAHUS B acnUpaHTypy MO aHrIMACKOMY A3blKy
paspabotaHa B COOTBETCTBUM C PefepasibHbIMU TOCYLAapPCTBEHHbIMU 06pa3oBaTe/lbHbIMM
CTaHfapTamMmu BbiCLLero obpa3oBaHus No nporpaMMam crelmanuTeTa Unm marmcTpaTypsl.

Llenb BCTYNUTENIbHOTO UCMbITaHUA — OMNPeAeNnnThb Yy NOCTYNarLWmnX YpoBeHb pa3BUTUS
KOMMYHVKaTMBHOW KOMMeTeHUnW. Moj KOMMYHUKATUBHON KOMMNETEHLMEN NOHMMAETCH yMeHve
COOTHOCUTb $3bIKOBble CpPEACTBA C KOHKPETHbIMW cpepamu, CUTyauusmu, YCOBUAMU U
3afja4yamy 00LLeHMs, paccMaTpuBaTh S3bIKOBOM MaTepuan Kak CpeACcTBO peann3alun peyeBoro
06LLEeHNS.

TpeboBaHUA K MOCTYNAKLLNM:

Ha BCTYNWUTENIbHOM MUCMbITaHWM NOCTYNaOLWMIA AO/MKEH NPOLEMOHCTPUPOBATL YMEHMe
MOMb30BaTbCA AHIIMACKMM N3bIKOM KaK CpeACTBOM KY/IbTYPHOrO M MpOGeccroHanbHOro
obweHus. TlocTynalowmnin - JO/MKEH  BnafeTb  oporpamyeckumm,  NeKCUYeCKUMN  ©
rpaMMaTnU4yecKMMM HOPMaMm aHTIMACKOro A3blKa U MpaBuIbHO KCNO/b30BaTh MX BO BCEX BUAAX
peyYeBoi fesTeNIbHOCTUW, NPeACTaB/IEHHbIX B chepe NPOecCHOHaIbHOTO: U HAYYHOr0 0OLLEHUS.

YuntbiBag NepcrnekTMBbl NPaKTUYECKONM W Hay4yHOW [eATeNbHOCTU  acnupaHToB,
Tpe6oBaHMSA K 3HAHUAM W YMEHUAM Ha BCTYNWUTENbHOM WCMbITaHUM OCYLLECTBAAOTCA B
COOTBETCTBUM C YPOBHEM ClieAYHOLLMX A3bIKOBbIX KOMMETEHLMIA:

[0BOpeHMe n ayaupoBaHWe - Ha BCTYMUTE/IbHOM WUCMbITAHUM NOCTYNAKOLWMNA [O/MKEH
nokasaTb BfafleHWe HEenoAroTOBMIEHHOW AManornM4yeckoi peybid B CUTyauum oguLManbHOro
o6LeHns B npefenax BY30BCKOW NpOrpamMMHOVA TemMaTuku. OLEHMBAETCA YMeHUe afeKBaTHO
BOCMPUHUMATb pPeYb M AaBaTb JSIOTMYECKM OOOCHOBaHHbIE Pa3BEPHYTbIE W KpaTKMe OTBeTbl Ha
BOMPOCHI 3K3ameHaTopa.

UTeHre —KOHTPONUPYIOTCA HaBblKM M3Yy4aroLlero U NpocMOTPOBOro YteHus. B nepsom
Clyyae NOCTYynawLlWuiA [JO/MKEH MPOAEMOHCTPUPOBATL YMEHUE 4UTaTb OPUTUHANIbHYHO
nnTepaTypy no crneuunasbHoCTW, MaKCUMaIbHO MOJIHO Y TOYHO MEePeBOAUTL €€ Ha PYCCKUiA A3bIK,
MoMb3ysAiCb CNOBAapéM W ONUPascb Ha NPOgecCUOHaNIbHble 3HAHWUA W HaBblKWU A3bIKOBOW WU
KOHTeKCTya/lbHOW forafku. [Mpu npocmMoTpoBOM /6ernom/ YTEHUU OLEHUBAETCS YMEHWEe B
TeYeHMe OrpaHNUYeHHOro BPEMEHW OnpefennTb KPyr paccMaTpuBaeMblX B TEKCTe BOMNPOCOB,
BbIIBUTb OCHOBHbIE TOJIOXKEHUS aBTOpa W MNepeBecTV TEeKCT Ha PYCCKUMA A3blK  6e3
npeABapuTeNnbHON MOATrOTOBKM, 6e3 cnoBapsi. Kak MUCbMEHHbIA, TaKk M YCTHbIA NepeBofbl
[O/MKHbI COOTBETCTBOBATL HOPMaM PYCCKOrO fi3blKa.

KpuTepun oueHKnN

Ha BCTYMNMUTE/IbHOM UCMbITAaHNW OLUEHNBAKOTCA:

. 06beM 0CTaTOYHbIX 3HaHWI MO KypCY «/IHOCTpaHHbIN A3bIK»;
. YMeHWe MCMOo/b30BaTb TEOPETUYECKME 3HAHWA B MNPEASIOKEHHON peyeBoi
cUTYyauuu;

NMONHOTa OTBeTa, /IOTUKa B €ero W3/I0KEHWMW, YMeHUe YeTKO, FpamoTHO ¥ no
CYLLEeCTBY M3naratb CBOM MbIC/IN Ha MHOCTPAHHOM 13blKe.

OUEHKM «OTAIMYHO» 3aCNyXXMBaeT 3K3aMeHYeMblid, O06HapYy>XMBLUWUI BCECTOPOHHEE,
CUCTEMATNYECKOe M Ty6OKoe 3HaHWe y4yebHOro marepuana, yMeHue CBOOGOAHO BbIMNOHATH
3afjaHus, NpefyCcMOTPeHHble NPOrpaMMON, YCBOMBLUMIA  OCHOBHYH, W  3HaKOMbIA C
[OMOSTHUTENIbHOW NUTepaTypoid, peKOMeHA0BaHHOM NPOrpaMMOoii.



OUEHKM «XOpOLLO» 3aC/yXWBaeT 3K3aMeHYeMblil, O0OHapYXXMBLUWI/A MOMHbIE 3HAaHWS
y4yebHOro martepuvana, YCMnewHO BbIMOMHALWNA NPesyCMOTPEHHblE B Mporpamme 3afaHus,
YCBOMBLUWI/A OCHOBHYK /INTEPaTypy, PEKOMEHAOBaHHYK B nporpamme. OueHKa «XOPOLLO»
BbICTaBNSETCA  3K3aMeHyeMbIM, MOKa3aBLUMM CUCTEMaTUYECKWUA  XapakTep 3HaHWMIA  no
AUCUMNIMHE W CMOCO6HBIM K UX CaMOCTOATE/IbHOMY MOMOSIHEHWUIO U OGHOBNEHUIO B XOfe
fanbHeliwen yyebHol paboTsbl.

OUEeHKN «yA0BNeTBOPUTE/ILHO»  3aCNy)XXMBaeT 3K3amMeHyeMblil, 06HapYyXXUBLLWIA 3HaHUe
y4yebHOro Marepuana B 06beme, HEOOXOAMMOM ANs AanbHelLen yyebbl, CnpaBAsOWMnCcs ¢
BbIMOJIHEHMEM 33alaHuiA, NPefyCMOTPEHHbIX NMPOrPaMMOii, 3HAKOMbI C OCHOBHOW NUTEPaTypoi,
PEKOMEH/J0BaHHOW nporpaMmoii. OLueHKa «yA0BNEeTBOPUTENbHO» BbICTABNAETCSA 3K3aMEHYEMbIM,
[ONYCTMBLUMM MOrPeLIHOCTbL B OTBETE Ha 3K3aMeHe W MpW BbINONHEHUM 3K3aMeHaLMOHHbIX
3afaHnin, HoO 06nagaroWw MM HEOBXOAMMbIMY 3HAHWUAMUN AN UX YCTPaHEHUs Nojg PyKOBOACTBOM
npenogasaTens.

OueHKa «Heya0BNeTBOPUTE/IbHO» BbICTABMIAETCA 3K3aMeHYeMOMY, OOHapy>XMBLUEMY
npobenbl B 3HaHMAX OCHOBHOrO Yy4yeb6HOro Matepuana, [LOMYCTUBLUEMY MPUHLMNNANIbHbIE
ownbKM B BbIMNOMHEHUX  MPeAYCMOTPEHHbIX  MpOrpammoli  3afjaHuii. OueHKa
«HEY[J0BNIETBOPUTENIbHO» CTaBUTCH 3K3aMEeHYEMbIM, KOTOPble He MOTYT MPOLO/KUTL 00yyeHue
6e3 LONONHUTE/bHbIX 3aHATWIA N0 COOTBETCTBYIOLLEN AMUCLUNANHE
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MNMPNNOXEHUE 1
TekcT L

Formation of a Buffer Layer for Graphene on C-Face SiC {0001}

Graphene films prepared by heating the SiCpOOO 11O surface (the C-face of the
{0001} surface) in a Si-rich environment have been studied using low-energy
electron diffraction (LEED) and low-energy electron microscopy. Upon
graphitization, an interface with symmetry is observed

by in situ LEED. After oxidation, the interface displays

symmetry. Electron reflectivity measurements indicate that these interface
structures arise from a graphene-like “buffer layer” that forms between the
graphene and the SiC, similar to that observed on Si-face SiC. From a
dynamical LEED structure calculation for the oxidized C-face surface, it is
found to consist of a graphene layer sitting on top ofa silicate (SizCb) layer,
with the silicate layer having the well-known structure as previously studied
on bare SiCpOOOIIO surfaces. Based on this result, the structure ofthe interface
prior to oxidation is discussed.

INTRODUCTION

Graphene, a single sheet of spz-bonded carbon

arranged in a honeycomb lattice, has potential for

use in novel electronic devices due to its unusual

electronic properties,i-s Formation of graphene on

SiC has been intensively studied for the past several

years, since graphene formed in that way can have

large areas suitable for device and circuit fabrication,

s There are two inequivalent faces of SiC{0001}:

the (0001) face, which is known as the Si-face, and

the p000_1HO face, known as the C-face. On both of

these surfaces, on heating to temperatures of about



1200_C, Si atoms preferentially sublimate from the
surface, leaving behind excess C atoms that selfassemble
into graphene. On the Si-face, a number of

groups have succeeded in forming single-layer
graphene, with good reproducibility between
groups.sbIn contrast, for the C-face, a number of
studies have revealed the formation of islands of
graphene instead of a uniform single layer.?-?

For graphene on SiC, it has been demonstrated

that new graphene layers are formed not on top of
existing ones but rather at the interfacebetween
existing graphene layers and the underlying substrate.
10Hence, the starting surface of SiC and the

later interface structure between the graphene film

and the SiC substrate play a crucial role for subsequent
graphene formation. The graphene-SiC

interface is now quite well understood for the

Si-face: the interface consists ofa C-rich layer having
symmetry (denoted 6for short), which is covalently bonded to the underlying
SiC substrate.io.ii This interface on the Si-face acts

as an electronic “buffer” layer between the graphene
films and SiC substrate and provides a template for
subsequent graphene formation. 12Here, by the

term “buffer layer,” we mean a layer that has nearly
the same structure as graphene, but is covalently
bonded to the underlying material and therefore has
different electronic structure than graphene; 2 This
Si-face buffer layer has been observed by several

groups from samples prepared under various conditions.3
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In our prior work, we prepared graphene on the

C-face of SiC in Si-rich environments, utilizing either

disilane at pressure of_10_4Torr or cryogenically

purified neon at 1-atm pressure. We find that, when

graphene is prepared in these conditions, a new

interface structure with symmetry

is produced. 14-ie After subsequent oxidation of

the surface by mild heating in the presence of oxygen,

the structure transforms to one with

symmetry. We have previously argued that both the

structures are indicative of a graphene-like buffer layer

that terminates the SiC crystal;is.i6That is, with

additional graphene formation on the surface, this

buffer layer is present at the interface between the

graphene and the SiC, just as occurs for the Si-face

surface.

In this work, we discuss the formation and

structure of the C-face buffer layer, providing new

results to illustrate its characteristics. First, we

summarize prior results for LEED patterns and

low-energy electron reflectivity (LEER) spectra of

the buffer layer. Both types of data were presented

in our prior work, but a complete understanding of

the LEER spectra in particular was not available at

that time. We subsequently developed a first-principles

method for computing such spectra,n.is and

based on that we can now provide a more rigorous



interpretation of those spectra. Following that
presentation, we then describe a

quantitative LEED structure determination for the
observed surface (i.e., the C-face buffer following
oxidation), revealing that its structure consists of a
graphene layer on top of a SizCbssilicate layer.

Based on that result, we discuss the structure ofthe
C-face buffer layer prior to the oxidation.

This paper is organized as follows. In “ Experimental
and Theoretical Methods” section, we present
details of our experimental and computational
methods. “ Structural Models, LEED Patterns, and
LEER Spectra” section describes our results from
experimental LEED and LEER observations,
including presentation of structural models and definition
ofthe notation we use to refer to specific

layers of the structures.

TekcT 3.

EXPERIMENTAL AND THEORETICAL
METHODS

Experiments were performed on nominally

on-axis, n-type 6H-SiC or semi-insulating 4H-SiC
wafers purchased form Cree Corp., with no apparent
differences between results for the two types of
wafer. The wafers were cut into 1cm 9 1cm samples.
To remove polishing damage, the samples were

heated in either 1 atm of hydrogen at 1600_C for



3 min or 59 10_sTorr of disilane at 850_C for

5 min. In the same chamber, graphene was formed

by heating in 59 10sTorr of disilane. Characterization

by LEED was performed in situ in a connected

ultrahigh-vacuum (UHV) chamber.

For quantitative LEED analysis, diffraction spot

intensities were measured at different energies in

the range of 100 eV to 300 eV. For the SiC surface of

specific termination, a single domain with only one

orientation would give rise to a threefold-symmetric

LEED pattern in which the (10) and (01) spots have

different intensity spectra. Since sixfold-symmetric

LEED patterns were in fact observed, both possible

domains with different orientations, i.e., rotated by

60_ with respect to each other, are present on the

surface. Spot intensities from two rotational domains

were averaged, and the resulting 1(E) spectra were

compared with theoretical LEED calculations to

retrieve details of the atomic arrangement of the

interface structure. The theoretical 1(E) was calculated

by full dynamical LEED calculations, and

optimization was carried out by tensor LEED, using

the calculation package from Blum et aboThe

Pendry R-factor, RR2iwas used for comparison

between experimental and calculated 1(E) spectra.

Figure 1shows structural models for the two surfaces

that are the topic ofthis paper: a graphene-like

buffer layer on C-face SiC, and the same buffer layer

on a surface which has been oxidized.



