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Formation of Ni-graphite intercalation compounds on SiC

K. Robbie,* S. T. Jemander, N. Lin, C. Hallin, R. Erlandsson, G. V. Hansson, and L. D. Madsen
Department of Physics, Linko¨ping University, S-581 83, Linko¨ping, Sweden

~Received 19 March 2001; published 18 September 2001!

We report the observation, by scanning tunneling microscopy~STM!, scanning electron microscopy~SEM!,
Auger electron spectroscopy~AES!, and atomic force microscopy~AFM!, of a graphite intercalation com-
pound~GIC! formed by a new mechanism. Ni films with a nominal thickness of 2.5 monolayers were sputter
deposited onto single-crystal 6H-SiC~0001! substrates heated to 600 °C in an ultrahigh-vacuum STM system.
When the substrates are annealed to 800–1000 °C, the formation of islands is observed by STM. The islands
were;0.3 mm in diameter,;30 nm high, and separated by 5mm from each other, with an exceptionally flat
top with a peculiar ‘‘stitched’’ surface structure. A second type of island,;1.5 mm in diameter,;10 nm high,
and separated by;10 mm from each other, was observed by AFM and SEM. Microspot AES showed that the
first islands are composed of Ni and C, while the second islands are composed of Ni, C, and Si. AES line shape
studies showed that the C in both types of islands is graphitically bound. AES line shape analysis of the carbon
in the substrate~SiC! verified carbidic binding. From comparisons to the literature, we believe that the first
islands are a new type of GIC. An indexing of Ni on the top graphite sheets is presented for each anneal
temperature.

DOI: 10.1103/PhysRevB.64.155401 PACS number~s!: 81.05.Tp, 81.05.Zx, 68.37.Ef, 81.10.Jt
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I. INTRODUCTION

Graphite intercalation compounds~GICs! form when a
chemical species penetrates~intercalates! into the galleries
between sheets of graphite.1 The intercalating species can b
elemental~Li, Na, K, Rb, etc.!, molecular ~NiCl2, MoF6,
CuCl2, etc.!, or binary or ternary combinations~KHgC4,
etc.!. GICs have been studied extensively both experim
tally and theoretically2 with a wide range of techniques, an
have shown a remarkable range of physical properties. M
GICs are superconducting even though neither the interca
nor graphite are superconducting alone,1 and the magnetic
catalytic, and other properties of GICs differ significan
from those of the intercalating material in bulk.3,4,5 The abil-
ity to alter the properties of graphite, and of the intercal
material, by the formation of GICs makes them technolo
cally interesting for a range of applications including, f
example, magnetic storage, hard coatings, and optical m
rials. Also, quasi-two-dimensionality or even on
dimensionality makes them scientifically interesting
model systems for the study of solid-state physics and ch
istry.

There has been significant scientific investigation of G
formation in the last 20 years, resulting in the discovery
more than 100 phases, fabricated with a variety of synth
methods.6 GICs are most commonly fabricated by liquid
gas phase reaction of the intercalation species with a pr
isting graphite host, typically highly oriented pyrolyti
graphite~HOPG!, at elevated temperature~;500 °C! for ex-
tended periods of time~;20 days!. Modifications of the
standard process can involve, for example, alternate inte
ant chemistries~halogens, halides, hydroxides, metal oxid
etc.! and/or high pressure. Because most GICs are forme
diffusion of the intercalant species between preexisting l
ers of graphite, kinetic limitations preclude the fabrication
GICs with a large number of potentially interesting interc
ants, e.g., most transition metals and semiconductors. W
0163-1829/2001/64~15!/155401~11!/$20.00 64 1554
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some of these materials can be carried into the graphite
as a molecular species~e.g., NiCl2! and then chemically re-
duced, this process always leaves a significant amount o
carrier species within the GIC~e.g., NiCl2.13C11.3!,

3,7 and can
lead to the formation of clusters of intercalant atoms.8 Re-
cently, Grigorianet al.9 reported a chemical vapor depositio
~CVD! technique where graphite is grown from a hydroc
bon vapor in the presence of the desired intercalation spe
vapor~Se in this case!. Their technique is promising and ma
lead to GICs with previously unobtainable intercalants.
terestingly, in relation to this work, their technique emplo
the ‘‘catalytic action of a transition metal~e.g., Ni! substrate’’
to encourage graphite growth. Finally, two reports in the
erature exist of a GIC fabricated using vacuum thin-fi
deposition techniques. In one, a La-GIC is described, form
by annealing thin films of La, which were vacuum evap
rated onto HOPG.10 In the second, ultraviolet photoemissio
spectroscopy and high-resolution electron energy-loss s
troscopy analysis was used to study the interaction of
evaporated onto a highly graphitized SiC surface.11 Observed
changes in work function and electron energy-loss spe
suggest initial intercalation of Cs into the uppermost graph
layers before the formation of a metallic surface layer.

When GICs have been studied by scanning tunneling
croscopy ~STM!, a large number of interesting structure
were observed. The lattice formed by the intercalant atom
molecules disrupts the normal physical and electronic str
ture of the host graphite, resulting in various observed
fects. Anselmettiet al.,12,13,14 Lang et al.,15,16 and Miyake
et al.17 observed (232), ()34), ()3A13), and ()
3)) hexagonal and nonhexagonal superlattice structu
including one-dimensional~1D! phases which appear to b
very similar to those presented in this work. These obser
structures are explained as arising from the ordering of
intercalating metal atoms situated either on top of, or with
the first gallery below, the topmost graphite sheet. O
©2001 The American Physical Society01-1
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K. ROBBIE et al. PHYSICAL REVIEW B 64 155401
et al.18 showed that the CuCl2 intercalant superstructure i
imaged when the STM tip is positively biased with respec
the sample and that the overlying topmost graphite laye
imaged when the STM tip is negatively biased. On
dimensional structures were attributed to either char
density-wave~CDW! effects15–17 or to depletion of alkali
metal from subsurface galleries of the GIC.13,14

A recent theoretical treatment of graphite intercalatio2

illucidates some of the key concepts of the work presente
this paper. Taking a graphite lattice with 6 layers of 2
atoms each, and using molecular dynamics simulation, or
ing of initially random intercalant atoms into one
dimensional chains and two-dimensional clusters is obse
over time. An empirical potential function is employed th
treats both thesp2 bonding between the carbon atoms in t
graphite layers and the van der Waals and repulsive fo
that hold the graphite layers together, yet separated. Ti
binding molecular dynamics simulations show initially ra
dom intercalant atoms~carbon in this case! diffusing and
forming 1D and 2D ordered clusters. This demonstrates
theoretical feasibility of intercalant compounds similar
that seen in the present paper, without an alkali meta
metal compound~chloride, bromide, etc.! intercalant. It also
presents a discussion of a potential function between
graphite sheets that leads to the formation of ordered lay
as is observed in our work.

Because of the importance of Ni as a catalyst for met
nation of CO (CO13H25CH41H2O), the Ni-C and Ni-
graphite system has been extensively studied,19–24 and the
growth of graphite overlayers on Ni is well described, i
cluding with STM analysis. No indication of the formatio
of Ni-GICs was found in this literature, however. We belie
this is because methenation occurs at lower temperat
than those used in this work. No reports were found t
employed the temperature regime used in this study~800–
1000 °C!. Investigation of the metallurgical literature als
yielded no mention of Ni-GICs. From these studies, there
few Ni-C binary alloys: a low-temperature nickel carbid
metastable phase, Ni3C, exists, but decomposes abo
400 °C. Above 400 °C, the highest observed C conten
about 7 at. %~at 1300 °C! in solid solution in Ni.25

In this work, thin layers of Ni were sputter deposited on
single-crystal SiC substrates at elevated temperat
~600 °C!. After annealing to higher temperatures~800–
1000 °C!, the formation of small islands of Ni-GICs was ob
served. To the best of our knowledge, this is the first rep
of a pure transition metal GIC.26,27,5,7,3

II. EXPERIMENT

Ni films of varying thicknesses were sputter deposit
within an ultrahigh-vacuum~UHV! STM system, onto
single-crystal 6H-SiC~0001! substrates heated to 600 °C
The substrates were then heated to 1000 °C with STM im
ing performed at three temperature steps.Ex situ analysis
included microspot Auger electron spectroscopy~AES! and
AES line shape studies, scanning electron microsc
~SEM!, and atomic force microscopy~AFM!.
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The UHV-STM instrument used in this work is describe
in detail in Ref. 28. It routinely achieves atomic resolutio
with its high-stability scanning tunneling microscope with
a UHV chamber @with a base pressure less than
310211Torr (731029 Pa)#. Attached to the main chambe
is a sample preparation chamber with a 2.5-cm-diam spu
gun and a base pressure of 5310210Torr (731028 Pa).
Substrates are;8310 mm2 in size with a thickness of 300
mm that are clamped into Ta or Mo holders. Heating is p
formed resistively with a large current passing through
substrate. The STM piezoelectric scanners were calibrate
scanning the Si~111! 737 and SiC~0001! )3) surfaces.
Scanning tips were prepared by electrochemically etch
tungsten wires.

The substrates used for this study were single-crystal
SiC ~0001! pieces cleaved fromn-type substrates from Cre
Research Inc.29 They were nominally on axis~specified less
than 0.5° off-cut! and measured by x-ray diffraction to b
0.16° off. The wafer was cleaved into pieces to fit the ST
sample holder. The pieces were then cleaned with the foll
ing steps: NH31H2O21H2O ~1:1:5! near boiling for 5 min;
rinse in de-ionized~DI! H2O; HCl1H2O21H2O ~1:1:6! near
boiling for 5 min; rinse in DI, HF1H2O ~1:5! for 1 min; N2
drying. They were then hydrogen etched in a hotwall CV
reactor at;1500 °C for 30 min to remove about 200 nm
SiC, thereby eliminating polishing scratches and resulting
large atomically flat terraces separated by single unit-
steps.30–32 The substrates were then stored under h
vacuum until they were loaded into the STM chamber. On
within the chamber, they were heated to 950 °C for 2 min
remove any surface impurities. They were cooled and
aged both with low-energy electron diffraction~LEED! and
STM, confirming a)3)R30° surface of clean SiC. A
filled-state STM image of the cleaned, H2 etched, and heated
surface is shown in Fig. 1~a!. Four large terraces,;150 nm
wide, are observed, separated by single 6H-SiC unit-
steps of 1.5 nm. Higher-resolution scans~not shown! reveal
that the terraces exhibit the)3)R30° reconstruction, with
some surface defects. These observations are in agree
with previous studies of H2-etched 6H-SiC.30–32

Ni was deposited onto the substrates by dc magne
sputtering at 2 W in 5 mTorr~670 mPa! of Ar gas. The
deposition rate was calibrated periodically by measuring
thickness, by glancing angle x-ray diffraction, of test film
deposited onto unheated oxidized Si substrates. While a
riety of film deposition temperatures were used in the lar
study of nickel-silicide formation of which this paper is on
part, all samples described herein were heated to 600 °C
ing deposition and were coated with Ni to a nominal thic
ness of 0.4 nm@approximately 2.5 monolayers~ML !#. The
substrate temperature was measured with an infrared pyr
eter @Minolta Co. ~Ref. 33!# with an emissivity set to 0.83
looking through a glass viewport into the vacuum syste
Temperature variation across the sample was;30 °C when a
substrate was heated to 1000 °C, with a large area of unif
temperature in the center bordered by cooler areas toward
Ta/Mo holder clips. After deposition, each sample w
cooled and imaged in the STM. Heat treatments were m
at 800, 900, and 1000 °C for 2 min followed by cooling
1-2



FORMATION OF Ni-GRAPHITE INTERCALATION . . . PHYSICAL REVIEW B64 155401
FIG. 1. ~a! STM image of the clean SiC substrate after H2 etching (VT52.73 V, 100 pA),~b! after deposition of 2.5 ML of Ni at 600 °C
(VT53.0 V, 162 pA),~c! after anneal to 800 °C (VT52.45 V, 180 pA),~d! after anneal to 900 °C (VT52.18 V, 200 pA),~e! 434 mm2 AFM
image, with 40 nm vertical scale, after anneal to 1000 °C, and~f! line profile cross sections indicated in images~c!–~e!.
155401-3
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K. ROBBIE et al. PHYSICAL REVIEW B 64 155401
approximately 100 °C/s when the resistive heating w
turned off.

After the final STM imaging, the samples were remov
from the STM chamber forex situ SEM, AES, and AFM
analyses. SEM and AES analyses were performed in a
Scientific34 Microlab 310-F system which has a field
emission electron gun and is capable of high-spat
resolution AES. The electron beam energy used was 10
and the system base pressure was below 131029 Torr (1.3
31027 Pa). SEM analysis was performed with seconda
electron detection. AES scans of a large range of the elec
energy spectrum were performed on the two types of
served islands, and on the substrate, to determine chem
composition and state. Spatial resolution was limited due
slight specimen drift, and spots smaller than 200 nm squ
could not be analyzed reliably. High-energy-resolution lin
shape analysis was performed on the carbonKVV Auger line
at 270 eV to determine bonding type~graphitic or carbidic!.
AFM imaging was also performed on the samples after
moval from the STM chamber. A Digital Instruments35

Nanoscope IIIa microscope was used in tapping mode, w
a silicon cantilever tip. Post acquisition processing of
STM, AFM, and SEM images presented was performed
increase contrast and clarity when needed.36 Line profiles
presented were acquired before any image processing
represent raw data.

III. ANALYSIS

The clean SiC surface before any Ni deposition is sho
in a filled-state STM image in Fig. 1~a!. Four 6H-SiC single-
unit-cell steps of 1.5 nm cross the image. The)3)R30°
reconstruction covered most of the surface, as expected
clean SiC surface heated to 950 °C.37,38 No evidence of
636 or 535 reconstructions were observed, indicative
the onset of surface graphitization of SiC surfaces hea
above 1050 °C,37,38 supporting the accuracy of the temper
ture measurements performed with the infrared pyrome
At the annealing temperature used~950 °C!, the SiC surface
is expected to be at its cleanest, with no hydrocarbon
oxygen contamination. At higher temperatures, Si deple
begins and eventually~above 1200 °C! graphite forms on the
surface.38

After depositing 2.5 ML of Ni at 600 °C, the surfac
roughened, as shown in the STM image of Fig. 1~b!. A sur-
face, typical of low-temperature metal deposition,39 appeared
with regions;5 nm in diameter. The composition of th
surface is not known, but Madsenet al.39 showed that Ni
deposited at lower temperatures will react with SiC to form
nickel silicide (Ni31Si12) when annealed to 600 °C. The fa
of the carbon has not been adequately resolved and rem
an open problem for the reliability of nickel silicide contac
to SiC electronic devices.40 Many larger scans of up to 2.
mm square were conducted on the as-deposited film, an
other features were observed.

When the sample was heated to 800 °C for 2 min,
formation of islands was observed by STM. Figure 1~c!
shows a filled-state STM image of a number of these islan
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The islands are typically;100–250 nm in diameter an
20–30 nm high, with flat tops and sharp sidewalls@line pro-
file a-a8 in Fig. 1~f!#. They appear to be randomly distrib
uted across the substrate without preferential location on
edges or terraces. After heating to 900 °C, similar islan
were observed, Fig. 1~d!, and the line profileb-b8 in Fig.
1~f! has similar dimensions.

When samples heated to 1000 °C were imaged by ST
islands similar to those observed at 800 °C and 900 °C w
observed; however, imaging by AFM and SEM revealed t
distinct island types. As all samples were annealed
1000 °C before removal from the STM chamber, AFM ima
ing of 800 °C and 900 °C heated samples was not poss
The first type of island~type 1! corresponds to the island
observed by STM. Type-2 islands are larger in diameter
shorter than type-1 islands. Figure 1~e! is an AFM scan
showing both types of islands, and the marked line pro
c-c8 is shown in Fig. 1~f!. The large-diameter low island in
the center is a type-2 island, and the two tall islands with
tops are type 1; the three smaller-diameter tall islands
possibly type-1 islands in earlier stages of formation. Af
the 1000 °C anneal, the type-1 islands have increased in
to ;500 nm in diameter and to;30 nm in height. Type-2
islands are typically;1.5mm in diameter and;10 nm high,
and while type-2 islands were not observed by STM, it
likely that they were missed since the largest scan poss
with the STM is a 2.532.5mm2 region, and type-2 islands
have typically;10 mm separation.

A larger area AFM scan showing both types of islan
clearly is shown in Fig. 2~a!. There are;100 type-1 and 25
type-2 islands in this image, giving densities of;0.13 and
;0.03 islands permm2, respectively. The height scaling o
Fig. 2~a! has been chosen to demonstrate two features:~i!
the steps in the SiC surface which vary somewhat in ori
tation, as explained by Ramachandranet al.32 and ~ii ! the
existence of large-diameter depressions around type-2
lands. These depressions are typically;3–4mm in diameter,
;1–2 nm deep, and are not necessarily centered on
type-2 islands, which they contain. Depressio
were observed around most, but not all, type-2 islan
~Type-1 islands were never observed to be surrounded
depressions.! The depressions are seen more clearly in
perspective view AFM image in Fig. 2~b! where there are
eight type-2 islands, three with clear depressions, and
type-1 islands. The relationship between the two types
islands was investigated extensively with AFM without d
covery of a clear correlation. Most islands, of both type
appeared to exist independently of any other island. Th
were some instances, however, when type-1 and type-2
lands coexisted. The large type-2 island in Fig. 2~c! appears
to have three type-1 islands in contact with it or growi
from it. Another arrangement observed was that of a typ
island and a type-2 island in close proximity with a sm
‘‘neck’’ of material joining them @see Fig. 1~e!#. The two
type-2 islands on the right side of Fig. 2~b! both have this
geometry. It must be stressed, however, that this is a ra
Most type-2 islands imaged with AFM had smooth tops a
there was no indication of type-1 islands nearby.
1-4
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FORMATION OF Ni-GRAPHITE INTERCALATION . . . PHYSICAL REVIEW B64 155401
The composition of these islands observed by AF
SEM, and STM was determined using microspot AES ana
sis. Figure 3~a! is a SEM image showing the two island typ
as well as the depressions surrounding type-2 islands. Ty

FIG. 2. ~a! 26330mm2 AFM scan after anneal to 1000 °C
showing two island types,~b! 20320mm2 AFM perspective view,
with 40 nm vertical scale, showing islands and depressions, an~c!
232 mm2 AFM perspective view, with 40 nm vertical scale, show
ing both island types.
15540
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islands appear as bright spots, while type-2 islands app
dark. While this is the opposite of the AFM images of Fig.
it is unsurprising as AFM and SEM measure different thin
~topographical height and secondary electron yield, resp
tively!. The depressions around the type-2 islands are ima
by SEM as a light area around the dark islands. AES spe
were taken on many islands and substrate locations
found to be consistent, and representative spectra are sh
in Fig. 3~b!, corresponding to the marked locations on t
SEM image. Each spectra is composed of two parts: a
rect mode showing a kinetic energy spectrum from 100
2000 eV and a first-derivative mode showing a high-ener
resolution section of the spectrum around the carbonKVV
peak at 270 eV. From these spectra we deduce
following: type-1 islands are composed of primarily C a
Ni with only a trace of Si; type-2 islands contain C, Ni, an
Si; and the area without islands contains C and Si with o
a trace of Ni. Additionally, type-1 islands show significant
more contamination with O than the other two areas. T
size of the type-1 islands was at the limit of the spac
resolution of the AES system, and therefore some of the
and C signal may have come from the substrate.

As the height difference of the depressions surround
type-2 islands was on the order of 1 nm, it is somew
surprising that there was significant contrast observed
SEM @Fig. 3~a!#. Strong variation in secondary electron yie
usually arises from variation in conduction electro
density;41 however, AES analysis, performed inside and o
side the depressions surrounding type-2 islands, reveale
appreciable difference, neither in composition nor in the st
of the carbon, silicon, or nickel bonding. As the seconda
electron detector used for SEM imaging samples prima
very-low-energy electrons~,10 eV, which come from very
near the surface,,1 nm!,41 and AES spectra were taken
higher energies~.250 eV, which can come from further int
the bulk,;3 nm!,41 this suggests that a compositional diffe
ence may exist in a very thin layer on the surface. As the S
substrate has a low conductance~and a low conduction elec
tron density!, while nickel silicides have a relatively high
conductance~and a high conduction electron density!, the
existence of a thin~,1 nm! nickel silicide layer outside the
depressions, and its absence inside, could explain the
served secondary electron contrast, while allowing for
lack of variation in composition observed by AES. This
consistent with the thickness of the Ni film, 0.4 nm, initial
deposited on the SiC substrate. Future AES analysis of l
energy Auger peaks might be helpful in resolving this.

The small derivative spectra displayed above the car
AES peak in Fig. 3~b! show the difference in the bonding o
carbon in the islands compared to that in the SiC substr
No difference was observed in lineshape between type-1
type-2 islands, but there was a marked difference betw
the lineshape observed from the carbon in the islands ve
the carbon in the substrate. Figure 4 shows this in m
detail. The spectra are first-derivative spectra centered on
carbonKVV peak at 270 eV. The lineshape is dependent
the local chemical environment~bonding! of the carbon from
which the Auger electrons originate. The upper spectra
1-5
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FIG. 3. ~a! SEM image show-
ing both island types and depres
sions and~b! microspot AES spec-
tra of both island types and o
uncoated substrate. Insets abo
the carbon peaks are first
derivative high energy-resolution
scans of the carbonKVV peak at
270 eV. The small peak~marked•!
on the top spectrum~type-1 is-
land!, between Ni and Si in en-
ergy, arose when the electro
beam was moved slightly, during
the AES scan, to compensate fo
drift.
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Figs. 4~a! and 4~b! are from Amoddeoet al.42 and corre-
spond to nickel carbide and graphite, respectively; the lo
spectra were measured beside the islands~a!, and on the
islands~b!, respectively. Because of the high spatial reso
tion required to image the islands, small apertures w
needed in the electron column, resulting in a low beam c
rent and making it difficult to obtain high energy resolutio
As a result, our measured spectra are not as detailed as
of Amoddeoet al. However, it is clear that the carbon bon
ing within the islands is ‘‘graphitic’’ as opposed to that in th
silicon carbide substrate where it is ‘‘carbidic.’’ While ine
gas ion sputtered depth profiles might seem a logical ana
technique to employ to further the analysis of these islan
ion-induced carbide formation occurs quite readily in ma
carbon-metal systems,43 making this analysis problematic.

In summary, type-2 islands are composed of Ni, graph
cally bound C, and Si, are typically;1.5 mm in diameter
and ;10 nm high, and are surrounded by noncentered
pressions 3–4mm in diameter and;1 nm deep. As these

FIG. 4. Auger lineshapes of carbonKVV peak at 270 eV.~a!
‘‘Carbidic’’ carbon from nickel carbide~top! and SiC substrate be
tween islands~bottom! and ~b! ‘‘graphitic’’ carbon from graphite
overlayer on nickel~top! and type-1 and type-2 islands~bottom!.
15540
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islands were not observed within the STM system, the te
perature at which they formed is unknown—all samp
were annealed to 1000 °C before removal from the STM.
what mechanism could form such islands? What mechan
could result in a depression surrounding an island? Wit
the accuracy of the AFM measurements, the volume of
type-2 islands is approximately equal to the volume of
surrounding depressions, suggesting that the depression
have formed when existing material melted to create a liq
droplet and became the type-2 island when quenched. Ni
on SiC usually forms nickel silicides when annealed to h
temperatures, Ni2Si above 770 °C,39 but because we lack
x-ray diffraction or other analysis results to determine t
silicide phase and as the phase formation may differ beca
the Ni was deposited onto heated substrates, it is not kn
with certainty if Ni2Si was the phase formed. Carbon, whi
is known to be liberated by the silicide formation process39

may exist as disordered, but graphitically bound, precipita
throughout the nickel silicide layer and the type-2 islan
Studies of the ternary Ni-Si-C system in bulk show, in
isothermal section at 1150 °C, a liquid phase which ex
over a large range of composition from about Ni0.45Si0.55 to
Ni0.65Si0.35 with C content up to about 10%.44,45 This liquid
phase coexists with solid SiC and Ni2Si. There are a large
number of nickel silicides seen in bulk25 with a large range
of melting temperatures. Ni-rich phases Ni3Si, Ni31Si12, and
Ni2Si have high melting temperatures 1170, 1242, a
1306 °C, respectively, but both NiSi and NiSi2 have melting
temperatures of;965 °C, similar to that required to suppo
the hypothesis that type-2 islands are formed by the mel
of silicide regions. Interestingly, only Ni-rich phases we
observed in the detailed synchrotron XRD study within situ
annealing, performed by Madsenet al.,39 of nickel silicide
formation for Ni initially deposited at low temperatures on
SiC.

Type-1 islands, however, were extensively studied
STM in UHV. The tops of the islands were found to b
atomically flat with height variations of,0.1 nm, and the
sidewalls were very steep. When observing sharp featu
with STM or AFM, the observed steepness is always limit
by the sharpness of the STM or AFM tip. The sharpest
1-6



FORMATION OF Ni-GRAPHITE INTERCALATION . . . PHYSICAL REVIEW B64 155401
FIG. 5. STM images of tops of type-1 islands after annealing to~a! 800 °C (VT52.45 V, 180 pA),~b! 900 °C (VT52.18 V, 200 pA),~c!
1000 °C (VT51.0 V, 340 pA), and~d! line profile cross sections indicated in images~a!–~c!.
155401-7
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served sidewall rose at 60 ° from the substrate surface,
this could easily be limited by the shape of the STM tip a
the true sidewall could be steeper.

While there was little change in the overall shape
type-1 islands with heat treatments~Fig. 1!, the atomic-scale
structure, observed by STM, of the flat tops of the islan
varied considerably with annealing temperature and scan
parameters~tip state and bias voltage!. Figure 5~a! shows an
STM image of one of these structures observed on the to
an island after annealing to 800 °C. Line profiles connect
the marked points are shown in Fig. 5~d!. The structure is
ordered with a period~along g-g8! of 1.760.2 nm and is
composed of rows (d-d8) with a period of 0.7260.05 nm.
After heating to 900 °C, Fig. 5~b! was observed, again with
1D ordering with a period along the rows (h-h8) and (i - i 8)
of 0.7760.05 nm and 0.7560.05 nm, respectively. Acros
the rows the spacing alternates between large and small,
a period (j - j 8) of 1.560.2 nm. As the (j - j 8) line is at an
angle of 75° relative to the rows, the distance between ro
is sin ~75°! multiplied by 1.5 nm or 1.4 nm. Finally, afte
heating to 1000 °C the image shown in Fig. 5~c! was found.
This structure also has a 1D ordered structure, but the
spacing (o-o8) and (p-p8) increased to 3.760.2 nm and
3.860.2 nm, respectively. Along the rows, the periodic
varied with location, with profiles (k-k8), (l - l 8), and
(m-m8) having periods of 0.6660.05, 1.360.2, and 0.7
60.05 nm, respectively.

The structure observed after annealing to 1000 °C sho
in Fig. 5~c!, has what appears to be a tip-reconstruction ev
about one-third of the way down from the top of the imag
As tunneling conditions can change with the reconstruct
of the atoms on the tip of the STM, it is interesting to no
the effect of the reconstruction on the imaging of the surfa
The structure remains quite similar, but the corrugation~ob-
served height variation! of the 3.7-nm period structure
changes dramatically. Before the tip reconstruction, the c
rugation along (o-o8) is ;40 pm, and after the tip recon
struction, the corrugation along (p-p8) is ;70 pm.

From examination of these observed structures and c
parisons to the GIC literature,16,12,17,15,13,14we propose sur-
face structures which reproduce the basic symmetries
periodicities observed on the type-1 islands. Figure 6~a!
shows the region within the marked box in Fig. 5~b! ~900 °C!
enlarged and overlaid with 400 atoms of a Ni intercala
layer in graphite. The arrangement of overlaid Ni atoms
taken from the schematic shown in Fig. 6~b!, drawn at the
same scale. The locations of Ni atoms are marked with sm
black dots on white circles in the composite@Fig. 6~a!# and
as black disks, drawn at the ionic bonding diameter of N
bulk ~0.32 nm!, in the schematic@Fig. 6~b!#. The structure
has a nonprimitive, rectangularu27 14

3 0 u unit cell and a com-
position of NiC21. @All unit cells described here are given i
matrix notation and use unit vectors along thea1 and a2
directions marked in the lower-right corner of Fi
6~b!.# The composition stated corresponds to a single
layer of Ni and graphite. The fit of the structure to the sch
matic model is superb, accurately reproducing both the p
odicity and symmetry of the observed structure over a la
scale. A primitiveu22 7

3 0u unit cell is also shown in the sche
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matic @Fig. 6~b!# as it is more visually obvious than the o
thogonalu27 14

3 0 u cell. The 75° angle of this nonorthogona
cell is marked in both the STM image and the schematic
comparison. It is also marked in the larger scale image, F
5~b!. Combined with the AES analysis of the islands th
shows them to be composed of graphite and Ni, this str
tural match is convincing evidence of the formation of
Ni-GIC.

Deriving a structural model for the structures observ
after annealing at 800 and 1000 °C was more problem
due to observed larger period one-dimensional oscillatio

FIG. 6. ~a! STM image from marked box in Fig. 5~b! ~900 °C!
with overlaid Ni-GIC lattice from~b!. White circles around black
dots are the locations of Ni atoms.~b! Schematic of the Ni-GIC
lattice—solid disks are Ni atoms drawn at the ionic bond diame
of Ni in bulk ~0.32 nm!, and hexagons are graphite.
1-8



e to

ten-
en
left

and

er
n
he
atic

-
n

ures
ying

FORMATION OF Ni-GRAPHITE INTERCALATION . . . PHYSICAL REVIEW B64 155401
FIG. 7. STM images of type-1 islands after annealing to~a!
900 °C and~b! 1000 °C~VT522.0 V, 250 pA) showing large pe
riod 1D corrugations.~d! line profile cross sections indicated i
images~a!, ~b!.
15540
These oscillations are briefly discussed above in referenc
the tip reconstruction event in Fig. 5~c!. The oscillations
were observed at all temperatures and varied with tip po
tial and shape. Observations relating to this work are giv
below; however, a detailed explanation of these effects is
as a future study. Figures 7~a! and 7~b! show images ob-
served after annealing to 900 and 1000 °C, respectively,
show this corrugation effect strongly. Figure 7~a!, taken with
another tip bias, appears to differ greatly from the oth
900 °C scan@Fig. 5~b!#, but examination of the line scans i
Figs. 5~d! and 7~c! reveals that both 900 °C scans exhibit t
same periodicities and symmetries. With the only system

FIG. 8. Surface construction of Ni on graphite~a! at 800 °C
from marked box in Fig. 5 and~b! at 1000 °C from marked box in
Fig. 7~b!. Insets are schematics of the proposed surface struct
where solid circles are Ni atoms and hexagons are the underl
graphite.
1-9
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difference between the two scans being the tip potential r
tive to the surface, we believe that this variation in observ
corrugation arises from differences in the imaging of a s
face graphite sheet. This result is similar to that observed
Olk et al.18 where a CuCl2 intercalant superstructure was im
aged when the STM tip was positively biased with respec
the sample, and the overlying topmost graphite layer w
imaged when the STM tip was negatively biased. The ori
of the corrugation in the topmost graphite layer may be
pographic~strain-induced buckling or subsurface orderin!
or may be variation in electronic states, such as a cha
density wave.15–17

While the corrugation of the topmost graphite makes
difficult to conclusively deduce intercalant lattice structur
in the 800 and 1000 °C islands, examination of the symme
and periodicity of the line profile sections given in Figs. 5~d!
and 7~c! allows a reasonable hypothesis to be proposed.
ure 8~a! is an enlarged view of the marked box in Fig. 5~a!
overlaid with a Ni intercalant structure for 800 °C. The ins
is a schematic of the structure. The structure has au22 4

3 0u
unit cell and a composition of NiC24. The match of this
structure to the observed STM image is not as obvious
that shown in Fig. 6, but does accurately reproduce the
served periodicity and symmetry. The proposed 1000
structure, Fig. 8~b! has au23 6

2 0u unit cell and a composition
of NiC12.
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IV. CONCLUSIONS

When 2.5 ML nominal thickness Ni films were deposit
onto single-crystal 6H-SiC~0001! substrates, at 600 °C, an
subsequently annealed to 800–1000 °C, a new nickel gra
ite intercalation compound was observed. Studies with S
reveal islands of the Ni-GIC with flat tops exhibiting an o
dered structure of Ni on graphite, and indexed patterns
proposed for three structures observed at 800, 900,
1000 °C. This is the first known report of a Ni-graphite pha
with significant C content and without residual constituen
such as chlorine, from a chemical intercalation process.

A second island type was also observed, and descri
that formed when nickel silicide regions formed on the S
substrate, then melted during high-temperature annea
Comparisons to studies of bulk nickel silicides suggest t
the NiSi phase formed, possibly stimulated by the Si-r
surface remaining after the growth of the described Ni-G
The formation of Si-rich nickel silicides has important tec
nological implications for contact formation to SiC as
could result in a reduction in contact resistivity.
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