Wide-gap Semiconducting Graphene from Nitrogen-seeded SiC
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All carbon electronics based on graphene has been an elusive goal. For more than a decade, the inabil-
ity to produce significant band-gaps in this material has prevented the development of semiconducting
graphene. While chemical functionalization was thought to be a route to semiconducting graphene, dis-
order in the chemical adsorbates, leading to low mobilities, have proved to be a hurdle in its production.
We demonstrate a new approach to produce semiconducting graphene that uses a small concentration
of covalently bonded surface nitrogen, not as a means to functionalize graphene, but instead as a way to
constrain and bend graphene. We demonstrate that a submonolayer concentration of nitrogen on SiC is
sufficient to pin epitaxial graphene to the SiC interface as it grows, causing the graphene to buckle. The
resulting 3-dimensional modulation of the graphene opens a band-gap greater than 0.7eV in the otherwise

continuous metallic graphene sheet.

PACS numbers: 73.22.Pr, 61.48.Gh, 79.60.-i

Keywords: Graphene, Graphite, SiC, Silicon carbide, Graphite thin film, dopants

The goal of developing all-carbon electronics requires the
ability to charge dope graphene and convert it between metal-
lic and wide band-gap semiconducting forms. While doping
graphene by adsorbates or more elaborate chemical means
has made rapid progress, "/ opening a band-gap in graphene
has been problematic. Two routes to wide-band-gap semi-
conducting graphene have been pioneered: electron confine-
ment and chemical functionalization. Electron confinement in
lithographically patterned narrow graphene ribbons has been
plagued by lithographic limits and edge disorder,*" although
recent results from sidewall grown graphene ribbon are show-
ing new progress that could lead to band-gaps larger than
0.6eV213 Functionalized graphene band-gaps can be pro-
duced by imposing a periodic potential in the graphene lattice
through ordered chemical adsorption#12 or ordered substitu-
tional impurities replacing carbon atoms1©

In this work we demonstrate a novel approach to band-gap
engineering in graphene using a nitrogen seeded SiC surface.
Rather than using chemical vapor deposition (CVD) in an
ammonia atmosphere or nitrogen plasmas to dope graphene
by post seeding the films with nitrogen>"7I7 we show that
a submonolayer concentration of nitrogen adsorbed on SiC
prior to graphene growth causes a large band-gap to open in
the subsequently grown, continuous graphene sheets. Using
X-ray photoemission spectroscopy (XPS), scanning tunneling
microscopy (STM), and angle resolved photoemission spec-
troscopy (ARPES), we show that a submonolayer concentra-
tion of bonded nitrogen at the graphene-SiC interface leads to
a 0.7eV semiconducting form of graphene.

The band-gap is not due to chemical functionalization since
the small concentrations used in these studies are expected to
have little effect on graphene’s electronic band structure 1618

Instead, STM topographs and dI/dV images, showing that
the graphene is buckled into folds with 1-2nm radii of curva-
ture, suggests two possible origins for the gap: either a quasi-
periodic strain® or electron localization in the 1-2 nm wide
buckled ribbons%? We note that buckled graphene is synony-
mously described as “folds”, “wrinkles”, and “pleats” in the
literature. We use these descriptions interchangeably in this
paper.

To produce this semiconducting form of graphene, we pre-
deposit nitrogen onto a SiC(0001) surface [see experimental
details and supplemental material]. After nitrogenation, there
is a strong N1s peak at 399.0eV [see Fig.[I[a)] that can be fit
to a broad pseudo-Voight function with a FWHM=1.4eV. The
N1s binding energy (BE) and the broad width of the peak are
consistent with a range of calculated sites that are likely due to
two- and three-coordinated nitrogen in substitutional carbon
sites that are bonded to interfacial silicon and carbon atoms
[see supplemental material]>!' In these studies the integrated
N1s XPS intensity corresponds to starting nitrogen concentra-
tion of ~0.3ML (~3.8x 10*cm~2 of N on the 4H-SiC(0001)
surface). As the XPS data of Fig.[l|will show, a large fraction
of this N remains at the SiC-graphene interface after graphene
growth at 1450 °C in the controlled silicon sublimation (CSS)
furnace [see supplemental material]>® We suggest a model
where a portion of the remaining nitrogen is not incorporated
into the graphene but instead pins the graphene to the SiC to
produce buckled semiconducting graphene with a finite band-
gap.

After graphene growth, the graphene C s peak develops
at 284.5 eV [see Fig. b)]. We note that both the Si 2p and
SiC Cls peaks shift 1.3 eV to lower binding energy once the
graphene forms [see Figs. EKa) and (c)]. This 1.3 eV shift
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FIG. 1. (a)-(c) XPS from SiC(0001) surface before and after graphene growth of a 3-layer graphene film. The pre- and post-growth nitrogen
coverage is 0.3ML and 0.2ML, respectively (a) N1s, (b) Cls, and (c) Si2p [hv =1486eV]. A 1.3 eV shift after graphene forms is shown in all
three spectra. The C-x peak at 286eV is from surface “adventitious carbon” contamination in the initial nitrogen-seeded surface 22 (d) and (e)
XPS spectra for an 8-layer graphene film grown from the pre-nitrogen SiC surface using photon energies of Av = 500,600,900eV photons.
(d) The N1s spectrum at the same photon energies as (e). Insert shows the 2-component fit to the N 1s peak. The purple, red and blue bars in

(d) mark the expected peak positions of pyrrolic, graphitic and pyridinic N-inclusions in graphene, respectively [see Fig.

117 () XPS of the

Cls spectrum for the same photon energies in (d). The insert in (e) shows the SiC portion of the Cls XPS spectra. (f) A comparison of the
trend in photoelectron intensity versus photoelectron kinetic energy from an 8-layer graphene sample. The SiC Cls, graphene Cls, and the
two N 1s XPS peaks are plotted. Absolute intensities have been scaled by arbitrary factors to highlight the energy trend for each peak.

is consistent with the known band bending on graphitized C-
face SiC 2425 After growth, the N1s peak is shifted by 1.5eV
to lower binding energy (a net shift of -0.2 eV) and the total
nitrogen concentration, as determined by XPS, reduces to ~
2.1x 104 / cm?, ~0.2ML [see Experimental Methods]. The
post growth N s peak can be fit with two narrow pseudo-
Voight peaks at 398.0 eV and 397.4eV (with FWHM of 0.8
and 0.9eV), labeled as Np and Ng, respectively [see the insert
in Fig. [[(d)]. It is important to note that there are no other
higher BE N 1s peaks in the spectrum that would normally
be associated with common nitrogen incorporation sites in the
graphene lattice [see Figs. IZI andd)]. In other words, little
if any nitrogen is incorporated into the graphene lattice.

The dominant N 1s peak at 397.4 eV is usually associ-
ated with N-SiC bonds. Specifically, nitrogen in carbon sites
bonded to silicon atoms at the SiC interface as shown in
Fig. a) [see supplemental material] 29 The weak Np peak at
398.9 eV (~20% of the total nitrogen coverage) is in the en-
ergy range associated with pyridinic nitrogen sites in graphene
[see Fig. a)], but can also be associated with other sp3
and sp? C-N bonds in carbon nitride films 28 However, photon
energy-dependent XPS measurements in Figs.Ekd),(e), and (f)
and STM images described below indicate that the Np is not
pyridinic nitrogen but is instead a second C-N compound at
the graphene-SiC interface that pins the graphene to the SiC
interface [see Fig. [B(a)].
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FIG. 2. (a) The three common nitrogen sites: quaternary (or

graphitic), pyridinic, and pyrrolic.

Figures d) and (e) show XPS spectra of N1s and Cl1s for
different photon energies. A photon energy of hv = 500eV
produces photoelectrons with the shortest mean free path and
is therefore the most surface sensitive. This is evident by the
weak SiC C Is peak in Fig. [I(e) that is attenuated by the
graphene above the surface. The Nls peak is similarly the
weakest at this energy indicating that most of the nitrogen is
near the graphene-SiC interface. We also note that the ratio
of the Ng and Np peak intensities is independent of photon
energy. This is demonstrated in Fig. [T(f) where the intensity
of the two peaks have essentially the same kinetic energy de-
pendence. Furthermore, a comparison of the Ng and Np peaks
measured at 7v =500eV for 3- and 8-layer graphene films,
shows that the relative XPS intensities for the two thicknesses
can be completely accounted for by the photoelectron attenu-
ation through the different number of graphene layers. These
two findings confirm that the Np peak is associated with a ni-
trogen site at the SiC-graphene interface and is not a pyridinic
nitrogen inclusion in graphene.

The XPS results shown in Fig. [[(a) make clear that while
a significant portion of the nitrogen desorbs during the high
temperature (1450 °C) growth, the remaining nitrogen is
maintained in a stable concentration of sites at the graphene-
SiC interface. This implies that any high energy substitutional
nitrogen sites that develop in the growing graphene film are
annealed out and remain bonded at more favorable sites at the
SiC interface. Assuming a uniform distribution of both the Ng
and Np sites, the average distance between nitrogen atoms is
~ 0.7nm for Nj sites and ~ 1.4nm for Np sites. A length scale
comparable to the Np average spacing will be seen again in
STM results from these same films and will be important in
understanding the measured band structure of this material.

The interfacial nitrogen preparation method used here
causes a band-gap to open in the graphene @ bands. We
demonstrate this using high resolution ARPES measurements
of the graphene films taken at the graphene K-point, which
is rotated 30° from the SiC K-point. Figure f[a) shows the
typical band dispersion perpendicular to the I'K direction at
the graphene K-point from a clean 3-layer graphene film. As

the ARPES shows, pristine 3-layer C-face graphene consists
of the linear 7-bands (Dirac cones) with little or no doping %*
The graphene band structure of a 3-layer film grown from a
0.2ML interface nitrogen content is dramatically different as
seen in Fig. [(b) and (c). When interfacial nitrogen is present,
a band-gap develops. Figure [4[d) shows energy distribution
curves (EDC) through the K-point at k, = 0 from (a), (b),
and (c). The EDC for the clean surface is peaked near the
Er (the small intensity at 0.5eV is from a faint cone from
the layer below rotated relative to the top layer, typical of C-
face graphene) =Y Unlike the pristine graphene, the peak in the
EDCs from the nitrogen-seeded samples are shifted to higher
binding energies indicating a valence band maximum corre-
sponding to an energy gap. Figure[d(d) shows that the 3-layer
nitrogen-seeded sample has a gap energy of at least 0.7eV (de-
pending on the position of the conduction band minimum),
while the 8-layer graphene film has a smaller gap of 0.45 eV
(a 4-layer film, not shown, confirms this trend). Carbon 1s
core level spectra from clean and from all the nitrogen-seeded
samples show that the valence band spectra cannot be due to
a simple shift of the graphene Dirac cone to higher BE caused
by band bending changes in the different samples. We also
note that the effective Fermi velocity (¥F) is reduced, consis-
tent with the opening of a band-gap. Both the 3- and 8-layer
samples have ¥ =0.840.05x 10%m/sec .

For both 3- and 8-layer films, the valence band maximum
edge and the Ak-width of the 7 bands are broader in the
nitrogen-seeded sample compared to pristine graphene. The
momentum broadening is seen more clearly in momentum
distribution curves (MDC) taken at E — Er = —1.5eV [ see
Fig. fe)]. A fit to the MDC with two Lorentzians gives a
FWHM Ak ~ 0.25A~! (independent of layer thickness). A
large part of the energy broadening in the EDCs and mo-
mentum broadening in the MDCs is due to the corrugation
of the graphene surface [the corrugation is demonstrated in
STM results presented below]. Small modulations in the local
graphene height cause a local angular variation in the surface
normal. Since the surface normal determines the orientation
of the graphene Brillouin zone, the corrugated surface leads to
local k, and ky, shifts in the K-point. This leads to an ARPES
image that is an area average of a distribution of parabolic cuts
through Dirac cones from local tilted graphene that results in
an E- and k-broadened ARPES spectrum. The corrugations
in the graphene explain part of the broad intensity distribution
between the valence band maximum and Er. A more detailed
STM analysis suggest how the gap forms and why the EDC
distribution is broad.

STM images of the nitrogenated graphene show that the
films are not flat like typical C-face graphene films*! Figures
Bla) and (b) show the highly buckled topography. A close
up view of the buckled regions in Fig. [5[c) show that it is
made up of folded, intact graphene. Note that there are no
indications of nitrogen inclusions like those seen in CVD and
plasma created nitrogen.”2 The folds are ~ Inm (no more
than 2nm) high and 2-4nm wide giving a radius of curvature
of 1-2nm. These folds meander and can extend up to 25nm
but are typically Snm long. At higher magnification one sees
the honeycomb structure over a fold indicating they are part of
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FIG. 3. (a), (b) and (c) Schematics showing how graphene layers grow from nitrogen-seeded SiC. (a) shows that most of the nitrogen is bonded
to Si atoms (magenta) in carbons sites, Ng, sites. The remaining interfacial nitrogen, Np, is bonded to both the SiC carbon atoms (green) and
the graphene, pinning it to the SiC. As the SiC recedes and the graphene grows, nitrogen remains at the SiC interface. (b) and (c) both show

that the buckling amplitude in layers farther from the surface is reduced as strain is relieved.
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FIG. 4. (a), (b) and (c) are the _ARPES band structure near the K-point of (a) clean 3-layer graphene (T=100K), (b) §-layer graphene grown
with a 0.2ML nitrogen SiC(0001) surface (T=300K), and (c) 8-layer graphene grown from a 0.2ML nitrogen SiC(0001) surface (T=300K). k,
is perpendicular to the I'K direction. (d) Energy distribution curves (EDC) through the Dirac point in (a), (b) and (c) show the 0.7eV gap for

3-layer films that reduces to 0.4eV for 8-layer films. () MDC made

at BE=-1.5 eV from the Dirac cone in (b) (circles). A double Gaussian

peak fit (red line) is shown. (f) Raman spectra from a nitrogen grown 3-layer graphene film after subtracting the contribution from the SiC. N

concentration is 0.2ML.

a continuous graphene sheet and not isolated graphene grains.
Figure[5[d) shows an STM topographic image of a region with
several folds. A dI/dV image of a small region between folds
in Fig. [5(e) shows a continuous density of states pattern con-
firming that the graphene is continuous.

It is important to point out that the 2-4nm width of these

folds is consistent with the 0.25A" Ak broadening of the
ARPES spectrum in Figs. Ekb) and (c). Since Ak in ARPES
is inversely proportional to the average coherent domain size
(Ak =2m /L), we can estimate the ordered graphene regions
to be ~ 2.5nm. In addition to the scale of the finite size do-
mains measured by ARPES, the mean separation between Np
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FIG. 5. (a) 50 x 50nm?® STM image of a 3-layer graphene film grown from a 0.2ML nitrogen-seeded SiC(0001) surface (bias voltage,
Vg =0.1V). The image shows a pattern of folds. (b) A dI/dV image of (a) (V3 =0.1V). (c) A topographic image of a fold showing the
graphene lattice (Vp=0.1V). (d) A 10x 10nm view of the graphene folds. (e) and (f) are magnified dI/dV images of folded graphene in (d).
The image in (e) shows that the graphene is continuous over the folds and in the valleys. (f) shows that the tops of the folds are bright in the
dI/dV image indicating a high density of states expected in strained graphene.

nitrogen atoms, as determined by XPS, is 1.4nm; only slightly
smaller than the width of the folds determined by STM. Ra-
man spectra from the graphene show broad G- and 2D-peaks
typical of multilayer C-face graphene [see Fig. @{f)]. How-
ever, the large D-peak is an indication of significant sp> bonds,
consistent with the Np XPS peak associated with graphene-N
bonds. However, quantitative Raman does not allow us to es-
timate the number of such bonds. In fact a typical estimate of
the graphene domain size, using the Raman G- and D- peak
ratio, over estimates the actual fold size by an order of magni-
tude [see supplement].

That fact that three different techniques measure similar
length scales is not a coincidence. A model consistent with
these results is shown in Fig.[3] During the high temperature
growth, Si evaporates leaving a carbon rich surface with ni-
trogen impurities. As the graphene layer crystalizes from this
film at high temperature, nitrogen atoms in high energy inter-
stitial graphene sites are expelled from the growing graphene
layer. Some of these nitrogen desorb while the others re-bind
to the SiC as either Ng or Np nitrogen [see Fig. Eka)]. The
interfacial nitrogen atoms (Np) act as pinning sites that lock
the graphene to the SiC. These sp> bonded C-N-SiC sites con-
strain the graphene to a length scale related to the starting ni-

trogen concentration. Since the nitrogen constrained graphene
is no longer commensurate with the SiC, a strain develops in
the film that forces the graphene to buckle. These folds are
similar to the differential thermal expansion induced strain
pleats normally observed in epitaxial graphene,@ although the
folds in this study are much smaller in both length and width.
Unlike the pleats, the length scale between folds is now set by
the strain field induced by the interfacial nitrogen concentra-
tion. As the next graphene layer forms, Si evaporation causes
the SiC interface to recede along with the interfacial nitrogen
as shown in Figs. B[b) and (c). This is again consistent with
the XPS results that show the same post growth interfacial ni-
trogen concentration whether or not 4- or 8-layers of graphene
are grown from the same starting nitrogen concentration. As
each new graphene layer forms the process is repeated. This
leaves a stack of mw-bonded graphene layers with only the last
layer nitrogen bonded to the SiC. The buckling period remains
determined by the nitrogen concentration and not the number
of layers (confirmed by the layer independent ARPES broad-
ening). As Fig. [3] shows, the buckling amplitude is expected
to reduce in layers farther from the SiC as previously shown
by STM 33

It is these folds that are responsible for the energy gap



and not nitrogen impurities in the graphene. Because of the
short electron mean free path, the ARPES only measures the
graphene band structure in the top 2-3 layers where the XPS
shows no measurable nitrogen concentration. This means that
the ARPES measured band-gap must be due to the folds in the
graphene. Specifically, the size of the ARPES measured gap
and its dependence on the layer thickness point to a finite size
effect gap caused by either strain confined domain boundaries
or by a quasi periodic strain field.

The boundary between folds is a highly strained region
of graphene that could confine the graphene wave functions
to the flat portion of the fold. The confinement band-gap
expected for a graphene ribbon with width w=1—-2 nm is
E ~1eV-nm/w=1.0—0.5 eV;2"“% which is close to the value
measured. The fact that a distribution of confined folds are
part of a continuous sheet of graphene would also explain
the ARPES intensity seen within the gap. A model of bent
graphene confined by flat graphene sheets predicts a signifi-
cant density gap due to boundary resonant states 1% The finite
size model also explains the smaller gap in thicker graphene
films even though the domain size is the same. As the num-
ber of layers increases the amplitude of the buckles is reduced
so that the strain at the bends is also reduced. This makes
the confinement boundary less well defined and effectively in-
creases the confined region, thus reducing the band-gap. Also,
because there is a distribution of fold widths in the film, we
would expect that the area averaged ARPES would have a dis-
tribution of band-gaps. This would account for the intensity
between the top of the valance band and Er seen in Fig. d{d).

Periodic strain fields are also expected to open a band-
gap.? The folds are strained and show the typical increased
density of states expected for strained folds. Figure[5[e) shows
a dI/dV image of several fold ridges. The ridge becomes
bright at their apex indicating a high density of states that
is predicted in strained graphene”* and observed in STM on
graphene nano-bubbles” While the nitrogen induced folds
are not strictly periodic, the folds have an average separation
of about 2-4 nm. This is a very small period that has the po-
tential to open a large gap. Whether strain or electron confine-
ment (or both) are responsible for the observed gap remains to
be determined.

We have shown that a partial nitrogen monolayer, pre-
grown on the SiC(0001) surface, can be used to form an un-
dulating graphene layer with a band-gap ~ 0.7eV. The nitro-
gen binds the growing graphene to the SiC interface forming
1-2nm high ridges in the graphene. There is no nitrogen in-
tercalation between graphene sheets nor is there evidence of
nitrogen inclusions that can reduce graphene’s mobility 25
Because the initial nitrogen-carbon bond is stable to very high
temperatures, the pre-grown layer can be patterned to pro-
duce locally strained graphene. This semiconducting form
of graphene would then be seamlessly connected to metal-
lic graphene grown from the non-nitrogenated SiC. It offers
a potential way to produce all graphene semiconductor-metal
junctions.
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I. EXPERIMENTAL METHOD

The substrates used in these studies were n-doped (nitro-
gen) 4H-SiC. All the graphitized samples were grown in a
closed RF induction furnace using the Confined Silicon Sub-
limation (CSS) method as described below% The samples
were transported in air before introduction into either the
XPS, STM, or the ARPES UHV chamber. ARPES and pho-
ton energy dependent XPS measurements were made at the
Cassiopée beamline at the SOLEIL synchrotron in Gif sur
Yvette. The high resolution Cassiopée beamline has a reso-
lution E/AE ~ 70000 at 100 eV and 25000 for lower ener-
gies. The detector is a +15° acceptance Scienta R4000 detec-

tor with resolution AE < ImeV and Ak~ 0.01/&_1 at hw =36
eV. The total measured instrument resolution is AE < 12meV.

To produce the initial nitrogen surface layers the SiC
substrates were RCA cleaned. The samples were loaded
into a 900 °C furnace under a 500 sccm Ar flow and
heated to 1175 °C over a lhr ramp. The sample is then
kept at 1175 °C for 2 hrs (for a 0.3ML nitrogen coverage)
with a 500sccm NO flow#” The sample is then cooled to
900 °C under a 500 sccm Ar flow and unloaded from furnace.
Oxide grown through this anneal is removed by HF immedi-
ately before graphene growth. These C-face nitrogen-seeded
surfaces were then heated in a closed graphite crucible in an
RF vacuum furnace to 1450 °C to produce the graphene films.
This growth temperature is slightly higher that the desorption
temperature of nitrogen as discussed in the supplement.

The nitrogen coverage, Ny, is estimated from the ratio of
the N 1s to Si 2p intensities Ny = ;ﬂ?ngil, where Iy and
Ig; are the N 1s and Si 2p XPS intfelnsﬁies, oy and Oy; are

the photoionization cross sections of N and Si 42 ng;=4.8 x
10?2 /cm? is atomic density of Si in SiC. For this work, we use
a mean free path in SiC of A =2.2nm at 1486¢V.
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