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Pre-growth Nitrogen preparation

Graphene was grown from a starting nitrogen-submonolayer covered SiC surface. Graphene

will grow at temperatures as low as 1100 ◦C on the (0001̄) (C-face) surface.1 However, the

best graphene is grown at higher temperatures (usually 1550 ◦C ) in a near equilibrium Si

flux that is sustained in the CSS furnace.2 In order to maintained a significant nitrogen

concentration during growth, we have adjusted the growth temperature to be slightly higher

than the desorption temperature of nitrogen on the bare SiC surface. The nitrogen coverage

as a function of temperature for C-face SiC is shown in Fig. 1.

FIG. 1. N1s and O1s XPS intensity vs temperature for a SiC C-face nitrogen-seeded surface.

The nitrogen on the C-face is stable up to at least 1400 ◦C . The apparent increase

in nitrogen above 1100 ◦C is due to an oxide attenuating the photoelectrons. This oxide

desorbs around 1100 ◦C .1 C-face graphene can grow as low as 1100 ◦C in UHV,1 but is

typically grown in the closed CSS furnace as 1550 ◦C .2 For these studies we have adjusted

the Si-leak rate in the CSS furnace to grow graphene at 1450 ◦C on the C-face of SiC. This

temperature is near the onset of the loss of surface nitrogen.

Nitrogen Site Assignments

After graphene growth the N 1s line resolves into two lines denoted as NS and NP as shown

in the insert in Fig. 1(d). Identification of the binding configuration and atomic site of

these lines is based on a large number of studies of bulk N-doped SiC and, more recently,

surface/interface assignments.
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As early as 1961 Electron Spin Resonance studies3 indicated that nitrogen occupies the

carbon site in bulk SiC. That is, the N is bound to four Si nearest neighbors and is an n-type

dopant. Numerous XPS studies of Si3N4 have reported N binding energy values in the 397-

398.7 range. A typical example is the work of Chourasia and Chopra4 who report a value of

397.8eV for CVD grown Si3N4 films. In a very extensive study of the SiO2/N/SiC (Si-face)

interface, Tochihhara and Shirasawa report a N 1s line position of 398.7ev (and a C 1s binding

energy for C in SiC of 283.9ev).5 This model includes N bound to Si atoms at a surface C

site where the Si-N bond length with N at a carbon site was determined to be very close to

the bond length in Si3N4. The model in Ref. [5] was supported by a large variety of data

including quantitative low energy electron diffraction, scanning tunneling microscopy, Auger

electron spectroscopy, surface x-ray diffraction, and first principle calculations. Additional

recent reports by Kosugi et al.6 using the same NO process described in this current work

report a N 1s binding energy of 398.2ev and note that the N is resistant to HF etching.

Similar results, particularly addressing the role of surface deposited N as a dopant are

reported by Liu et al.7

To calibrate these earlier studies with the work reported here, we use the binding energy

difference between the N 1s and C 1s in SiC, ∆EN-C. This is found to be ∆EN-C =115.0±0.2eV

in all cases, exactly what is measured in the studies reported here for the NS state of Fig.

1d of the main text. In short we assign the NS state to N at a C site, bonded to 3 or 4 Si

atoms at the SiC interface.

To identify the NP site, we have look at previous work on N-C bonds. There are relatively

few studies of C3N4
8 but in the cases reported, the energy difference ∆EN-C∼133.7±0.2eV

(where the carbon reference is to C in C3N4). In this work the experimental ∆EN-C for the

NP site is 133.3 eV. This strongly suggests that the NP site is nitrogen bonded to 3 carbon

atoms. We therefore suggest a model where ∼1.8 × 1014/cm2 NS atoms are substituted in

the C plane of the interface layer of SiC and ∼ 0.4 × 1014/cm2 NP atoms are bonded to

carbon providing the attachment between graphene and SiC.

Raman determination of nitrogen density or graphene finite domains

Raman is often used to estimate nitrogen density in graphene or to estimate finite domain

size of graphene sheets.9 In this system, these estimates do no work. Raman spectrum for the

nitrogenated graphene is shown in Fig. 2. The estimated domain size, La, is calculated from

the ratio of the G- and D-peak intensities by La = 2.4 × 10−10λ4(IG/ID), where λ = 532nm
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is the wavelength of the Raman laser.10,11 For the spectrum in Fig. 2, this give a domain

size of La ∼ 12nm. This is approximately 9 times the XPS estimated distance between

nitrogen defects and 5 times larger than the domain size measured by either ARPES or

STM. The primary reason for this is that the graphene band structure has been distorted

by the opening of a gap at the graphene K-point.

FIG. 2. The Raman spectrum of a 3-layer graphene film with 7 at% nitrogen as determined by

XPS and ellipsometry. The SiC background signal has been substracted.
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