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Abstract. Large-area graphene film doped with hetero-atoms is of great interest for a wide spectrum of nanoelectronics
applications, such as field effect devices, super capacitors, fuel cells among many others. Here, we report the structural and
electronic properties of nitrogen doped multilayer graphene on 4H-SiC (0001). The incorporation of nitrogen during the growth
causes an increase in the D band on the Raman signature indicating that the nitrogen is creating defects. The analysis of micro-
Raman mapping of G, D, 2D bands shows a predominantly trilayer graphene with a D band inherent to doping and
inhomogeneous dopant distribution at the step edges. Ultraviolet photoelectron spectroscopy (UPS) indicates an n type work
function (WF) of 4.1 eV. In addition, a top gate FET device was fabricated showing n-type I-V characteristic after the desorption
of oxygen with high electron and holes mobilities.

INTRODUCTION

Since its discovery, graphene has attracted tremendous interest for condensed physics and material science "">** To
date, researchers keep on optimizing synthesis technologies i.e. mechanical exfoliation, oxidation of graphite,
thermal decomposition of SiC?, liquid-phase exfoliation of graphite, chemical vapour deposition (CVD) ¢. CVD and
SiC graphene exhibit opto-electronic properties that could potentially outperform any alternative material and permit
its implementation into a wide spectrum of applications with devices like field effect transistors (FETs) 7, solar cells,
sensors. In particular triltroayer graphene attracts a lot of interest %%!°. The electronic bands structure of both stable
forms of trilayer graphene — i.e., Bernal (ABA) and rhombohedral (ABC) *, differ for the crystallographic stacking
of the individual carbon layers.Nevertheless to consider applications the electronic properties of synthesized
graphene still remain to be tailored to become competitive. For that purpose, a substantial part of the research effort
is devoted to develop doping strategies using III-V elements i.e. boron (B) and nitrogen (N) for p and n type
respectively 1213, However considering the structure of graphene, doping must be adapted to its technology.
Among the favoured approaches are the modulation of the electronic properties through in situ doping during
synthesis '#!> and charge transfer using hetero-interfaces e.g. nano colloids, polymers, self-assembly
monolayers'®!”. Regarding in situ doping strategy, one method consists of introducing nitrogen during the growth
process. A second approach consists of annealing the sample post growth under nitrogen atmosphere '°. Here, we
report on the preparation of large area N-doped multilayer graphene on 4H-SiC (0001). The N-doped graphene was
formed on SiC substrate at high temperature. Nitrogen species were incorporated spontaneously into the graphene
during the cooling of the sample at room temperature and under nitrogen flux. The N doped graphene were
characterized by Raman micro mapping spectroscopy and UPS spectroscopy.
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SAMPLE PREPARATION

The different samples of graphene studied in this work were produced via a two-step process starting with a
substrate of 4H-SiC (0001). Prior to graphitization, the substrate was hydrogen etched (100% H) at 1550 °C to
produce well-ordered atomic terraces of SiC. Subsequently, the SiC sample was heated to 1000 °C and then further
heated to 1525 °C in an Ar atmosphere. Samples were then cooled down for 5 min from 1525°C to room
temperature under a nitrogen flow of 500 sccm at 800 mbar. These samples are labelled as N-doped graphene. The
layers were then transferred ex-sifu from the growth chamber to Raman spectroscopy and UPS measurement
systems.

The Raman measurements were performed with a frequency-doubled NdYag laser operating at 532 nm as excitation
source with up to 20 mW continuous wave output power. The spectra were recorded through a 300 mm imaging
spectrometer equipped with both a 600 lines/mm and 1800 lines/mm grating, and a back-illuminated CCD. A 100x
dry and oil immersion objective with respectively a numerical aperture (NA) of 0.9 and 1.4, and a 50 um core
diameter multimode fiber acting as a pinhole were used to collect the Raman signal. The expected lateral spatial
resolution in the x-y plane can reach 150 nm (NA=1.4) and 250 nm (NA=0.9). A particular attention was paid to the
incident laser power density to avoid local heating effects that can induce a shift of the Raman peaks. The mapping
was collected using a piezoelectric stage with a spatial resolution of 250 nm.

Morphology

The nucleation and the growth mechanisms of graphene strongly rely on the SiC morphology studied by atomic
force microscopy (AFM). The AFM image was acquired on the same area scanned by micro Raman mapping.
Figure 1 displays the surface morphology measured by AFM. The AFM image shows topography with a high step
density of 10-15nm height and atomically flat terraces of 700 nm wide on average. We observe a good surface
coverage and very little step bunching across the scanned area owing growth temperature of 1525°C under argon
atmosphere. On the defect-free region of the sample, the terraces may extend undisturbed over 40um as can be seen
on the image.

5,0

FIGURE 1. AFM topography of epitaxial graphene sample.

RESULTS AND DISCUSSION

We performed UPS analysis to determine the shift in work function induced by N atoms and verify the nature of the
doping of graphene layers. UPS data were acquired several times from the overall sample and the averaged results
are shown in Figure 2. This shows the UPS spectra around the secondary electrons cut-off region of the pristine and
N-doped graphene. The position of the Fermi level was calibrated using a gold sample. The secondary electron cut-
off was determined by extrapolating two solid lines from the background and straight onset in the secondary electron
cut-off region of the spectra. WF is determined from the secondary electron cut-off as WF = h v —Eq,, where hv and
Ew are the photon energy of excitation light (He I discharge lamp, 21.2 eV) and the secondary electron cut-off
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energy, respectively. As a reference, we utilized a sample of pristine monolayer graphene but without N-doping, the
WF measured is 4.3 eV, similar values have been reported previously. As a result, we can conclude that the N-
doping process implemented in this work has demonstrated its effectiveness to shift to a minimum of 0.2 eV the WF
from 4.3 eV to 4.1 eV confirming the n-type nature of the material, figure 2.

L UPS L UPS

Intensity (a.u.)
Intensity (a.u.)

20

15 10 0 190 185 180 175 170 165 160 155 150
Binding energy (eV) Binding energy (eV)
FIGURE 2. UPS spectra of the N-doped graphene. Left panel shows global spectrum and right panel shows the
secondary electron cut-off and the Fermi level regions respectively to determine the work function (WF).

To investigate the electronic properties of the N-doped graphene, we have carried out coupled Raman micro-
mapping to AFM to record maps across a sample area of 20x20um?. Note that single spectrum acquired at one
location would not reflect the defect distribution across the sample as well as the N doping. The data reduction of the
overall spectra acquired on this area allows us to extract the most representative bands i.e. D, G, 2D shifts as well as
the Ip/lg ratios to provide information on disorder and defect distribution. Figure 3 displays the Raman signatures of
an N-doped samples showing incomplete growth in zone 1, figure 3.
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FIGURE 3. left) 2D band full width half maximum mapping showing 3 different zones. Multilayer (zone 2 and 3)
whereas zone 1 shows the contribution of the SiC substrate when graphene is missing. Right) spectra for the
various zones showing, D, G and 2D bands.

The epitaxial graphene grown here exhibits a G peak induced by the zone- center E», phonon close to 1570 cm™ and
a 2D peak corresponding to the overtone of the zone-boundary Aj, phonon at 2700 cm™' %19, All traces show the
main features of graphene as well as SiC in the 1100-3000 cm™' region. N-doped traces exhibit a D peak close to
1360 cm increasing with Ip/lg demonstrating the inhomogeneous defect distribution across the sample 2°. In
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addition, we observe a weak D’ peak at 1620 cm™ which is a signature of disorder on the N-doped sample also
induced by defects. We note that the G and 2D peaks intensity and FWHM vary across the sample. This indicates
the thickness inhomogenity as well as the disorder caused by the nitrogen incorporation.

Figure 4(a,b,c,d) displays the G, 2D band as well as the FWHM of the 2D band mappings and the Ip/Ig ratio
mapping. . Figure 4(a,b) shows the G and 2D shifts mappings acquired over the same area as the AFM image, figure
3(a). for both bands, we observe shifts across the sample that can be related to the doping as well as the biaxial strain
21, At this stage considering the complex growth mechanism of N-doped graphene on 4H-SiC (0001), it is difficult
to conclude on charge transfer just analyzing the Raman signatures. Indeed, the interface layer intrinsic to the
growth on SiC substrate has a strong contribution to the Raman signature between 1200-1600 cm and the
subsequent analysis is particularly complex. Nevertheless, the doping nature has already been revealed by the
aforementioned UPS measurements. Still the presence of both G and 2D bands across the overall area indicates that
graphene has been grown everywhere in this sample. Figure 4(c) displays the FWHM of the 2D band. The FWHM
varies from 24 cm™ up to 100cm™ clearly indicating the presence of monolayer graphene and a predominent trilayer
graphene with FWHM ~80 ¢cm!. Figure 4(d) displays the variation across the sample of the Ip/Ig ratio. This ratio
indicates the inhomogeneous doping and defect distribution. Here we observe that the Ip/Ig ratio ranges from very
low value to as high as 1.744. Dark areas reflect low Ip/Ig ratio on the map indicating a smaller defect density.
Although, the pattern follows regular stripes, the defect density and therefore the dopant distribution is clearly non

uniform.
1607 rel. 1/cm 2730 rel. 1/cm
1586 rel. 1/cm 2870 rel. 1iem
: L e « ¥
VAR AL \ LA
f".%‘-* \ \"‘\-"t\"i\ A\
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1

FIGURE 4. a) G band Raman shift mapping over the area scanned with AFM. The SiC contribution affects the
picture but graphene is present all over the area, b) 2D band Raman Shift mapping showing homogenous picture as
opposed to the G band, c¢) 2D band FWHM mapping indicating the presence of mono to multilayer graphene. (d)
In/lIg mapping taken on the same area scanned by AFM.

At last a top gate FET device was fabricated by optical lithography and 7nm thick aluminum oxide (Al,O3) gate
oxide. Al top gate was deposited by e-beam evaporation. The device was tested at room temperature. Figure 5 shows
I-V characteristics indicating ambipolar transistor effect. We first acquired the I-V before pumping down (red trace).
As oxygen has been adsorbed on the graphene surface, the Vp is located at ~3V typically p-type and the electron
hole mobilities seem low as indicted by the small I-V slopes. However once the device is pumped down to 10 mbar
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the Vp shifts down to -1V and the device clearly reveals the n-type doping character of N incorporation of the
graphene 2. Graphene exposed to air tends to be p-type doped due to its interaction with the H,O/O, so pumping
break those bonding and brings graphene back to its intrinsic Vpirac 2% This top gate FET exhibits interesting room
temperature mobilities of 1350 cm?/Vs and 850 cm?/Vs for hole and electron respectively.

7.0

— after pumping

6.5} —— before pumping

4
lgs (¥10° A)

FIGURE 5. I-V characteristics of top gate graphene FET. The red curve shows the I-V before pumping whereas the black curve
shows the I-V after oxygen desorption revealing the n-type nature of the graphene with a VD located at -1V.

CONCLUSION

In summary, we have investigated a non-destructive doping approach to insert nitrogen into predominantly
trilayer graphene on SiC substrate. The nitrogen incorporation into the graphene network reduces the work function
from 4.4 eV for the pristine graphene to 4.1 eV for the N-doped graphene as observed by UPS. The Raman
mappings show a correlation between graphene areas and defect distribution which appear to be inhomogeneous
from the Ip/Ig ratio. A top gate FET device was fabricated showing n-type I-V characteristic after the desorption of
oxygen.
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