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Abstract

Chemical doping of graphene is a key process for the modulation of its electronic properties and the design and
fabrication of graphene based nanoelectronic devices. Here, we study the adsorption of diluted concentrations of
nitric acid (HNO3) onto monolayer graphene/4H-SiC (0001) to induce a variation of the graphene work function
(WF). Raman spectroscopy indicates an increase in the defect density subsequent to the doping. Moreover,
ultraviolet photoemission spectroscopy (UPS) was utilized to quantify the WF shift. UPS data show that the WF
of the graphene layer decreased from 4.3 eV (pristine) down to 3.8 eV (30% HNO;) and then increased to 4.4
eV at 100% HNOs; concentration. These observations were confirmed using density functional theory (DFT)
calculations. This straightforward process allows a large WF modulation rendering the molecularly modified

graphene/4H-SiC(0001) a highly suitable electron or hole injection electrode.
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Introduction

Graphene is a 2D-material combining various outstanding properties in a single material, like quantum Hall
effect or massless Fermions among others 2. Its high mobility, optical transparency, along with flexibility, high
mechanical strength and environmental stability make it a very attractive material for a broad range of
applications® . Graphene can also be exploited for precise metrological applications, as it has been
demonstrated recently with exceptionally accurate measurements of the quantum Hall resistance quantization .
In order to implement the potential of such material into viable applications, large-scale wafers of high quality
graphene grown on insulating substrates are required for device integration * . Moreover, to achieve performant

devices, the electronic properties of the material must be modulated > ' !

. In that respect, the work function
(WF) is a remarkable property that can be tuned for various optoelectronic applications like transparent
electrodes for optoelectronic devices, or multiple tunnel heterostructures matching the energy offsets of
common transport materials, to achieve low and/or large charge injection barriers'”. To reach this goal, the
modification of the work function of graphene has to be obtained without damaging the overall characteristics of
the material. A possible approach to vary the WF is to modify the surface by depositing a monolayer of a
molecular donor or acceptor. Recent studies have demonstrated possible WF variations using as acceptor
materials tetrafluoro-tetracyanoquinodimethane (F4-TCNQ), gold colloids or metals '>'*" for example.
Although these methods have demonstrated WF modulation, they present major drawbacks. On one hand, the
transparency of graphene is reduced, which represents a strong limitation for optoelectronic applications where
graphene could play a role. On the other hand, these adsorbed elements create scattering interfaces that may
severely affect the transport properties of graphene. At last, deposition and temperature dependence are potential
limitations for the device fabrication process. Among the dominant graphene synthesis methods, chemical vapor
deposition (CVD) and epitaxy on SiC substrate are the leading technologies in terms of scale and properties. For
electronic applications, the growth of graphene by CVD on metals requires transferring the graphene onto an
insulating substrate. This last operation involves chemicals such as PMMA and copper etchant known to induce

a p-type doping of the material '°

. Although this approach allows the transfer of graphene on any functional
substrate, the electronic properties of the graphene sheet are altered by these manipulations. Furthermore,
epitaxial graphene on hexagonal silicon carbide (SiC) wafers presents homogeneous films with large areas and
high electron mobility '”. The SiC substrate is suitable for opto-electronic applications since it is transparent
over a very broad frequency spectrum. It has a large thermal conductivity, and is compatible with high-
frequency devices where losses due to residual conductivity of the substrate have to be minimized by using
insulating materials. We have recently demonstrated the WF modulation on trilayer graphene on SiC (0001)
using in-situ nitrogen flux'®. Furthermore, Das ef al have demonstrated that Nitric Acid (HNO/NA) on CVD
graphene is an efficient doping agent inducing p-type variation of the WF %,

In this work, we have monitored the structural and electronic modifications of epitaxial graphene for
different concentrations of diluted Nitric Acid (NA) 15 vol% (NA1S5), 30 vol% (NA30), 70 vol% (NA70) and
100% (NA100) of nitric acid (NA) solutions in deionized water (DI water) for 2min. The electronic properties of
the doped graphene samples were characterized by Raman spectroscopy. The changes in work function after NA
doping were measured using ultraviolet photoemission spectroscopy (UPS). Based on these observations, the

influence of NA doping on graphene work function is discussed. To highlight the effect of nitric acid doping,

these measurements were compared with the obtained values for pristine graphene. We demonstrate in the



present work that the NA doping permits the WF modulation with respect to the dilution. Indeed, the WF first
increases the electronic doping between 15 and 30 vol% (NA1S, NA30) and then decreases the electronic
doping between 70 and 100 vol% (NA70, NA100). This study on epitaxial graphene presents striking
differences compared to the work of Das et a/ on CVD graphene where only p-type work function shifts is
observed. We clearly demonstrate that both systems react differently to an identical chemical functionalization.

These observations are supported by density functional theory calculations (DFT).

Experimental section

The graphene was grown on semi-insulating SiC(0001) substrates '’

. The SiC sample was then
heated to 1000 °C in a UHV chamber and further heated to 1525 °C in an Ar atmosphere to favor the formation
of large and homogeneous graphene layer. The substrate was then cooled down from 1525°C to room

ternperaturelg’22

. The samples were subsequently transferred ex sifu from the growth chamber to the AFM
microscopy, Raman spectroscopy and UPS measurement systems.

The morphology of the nitrogen doped epitaxial graphene was studied after growth by atomic force microscopy
(AFM). The Raman measurements were carried out 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 objective with respective numerical aperture of 0.9 and 1.4, and a 50-pm core
diameter multimode fiber acting as a pinhole, were used to collect the signal. The expected lateral spatial
resolution in the x-y plane can reach 150 nm (num app=1.4) and 250 nm (num app=0.9). A particular attention
was paid to the incident laser power density to prevent local heating effects that may induce a shift of the Raman
peaks. UPS measurements for the study of the work function have been performed using a PHI 5000

Versaprobe spectrometer (Physical Electronics) operating at a base pressure of 10 mbar, using a He I

discharge lamp (hv =21.2 eV).

Results and discussion

The typical morphology of the graphene sample is displayed in the AFM images of Figure 1. The step
direction and terrace width were determined by the incidental misorientation of the substrate surface with
respect to the crystallographic (0001) plane. The surface is highly uniform over a large scale with atomically
flat, 3 wm large terraces and 1.8 nm high steps. On defect-free areas of the sample, the terraces typically extend
undisturbed over 50 um in length. In AFM phase mode (Figurel (b)), the homogenous contrast indicates the
thickness homogeneity, that corresponds to a graphene monolayer.

Figure 2 displays the typical spectra over the range 1200-3000 cm™ of the pristine graphene and NA
doped graphene samples >. For each sample, to reduce the possible errors affecting the peaks positions and the
intensity due to local inhomogeneity, we collected the average Raman spectra over an area of 1um?, before
(pristine) and after the doping. We observed the main features of graphene as well as the second-order Raman
signal that originates from the SiC substrate visible between 1200 and 3000 cm™. Graphene contributes to
Raman spectra with three main peaks: i) D band at ~1350 cm™ (defect induced mode), ii) G band at ~1590 cm’
(in-plane vibrational mode) and, iii) the 2D band (two-phonon mode) at ~2700 cm™ ***. The pristine sample

does not present any noticeable D band indicating a low density of defects and a high crystalline phase i.e. Ip/Ig



ratio ~0.13. On the other hand, all NA doped samples exhibit a higher intensity D band. The Ip/Ig ratio increases
from ~ 0.13 for the pristine sample to an average of 2.5 for doped samples confirming the alteration of the
structure after NA dip. In addition, we note the appearance of a (G+D) band ~2950 cm™' caused by the disorder-
induced feature in sp’ carbon associated with defects. The 2D band full width half-maximum (FWHM)
increases from 35 cm™ for the pristine sample to an average of 42 cm™ for NA15, NA30 and NA70, and raised
to 50 cm™ for the maximum doping for NA100. These Raman shifts clearly indicate a doping effect induced by
the NA dip at various concentrations. The bending of the graphene sheet at the kinks of the terraces induces
local physical stress on the carbon atoms of the graphene layer that results in an increase in the chemical
reactivity of these atoms, and then we can suppose that the incorporation of dopants occurs at the edges states of
the epitaxial graphene ***".

We observe that, for the NA1S5 sample the position of the G-band before and after doping is within the
resolution of the Raman system i.e. ~ 1 cm™. However, there is a red shift of 14 cm™ in the position of the 2D-
band assigned to an n-type doping. The defect induced D band also increases with respect to the pristine sample
as expected for doped samples. For this sample, the D band intensity was not changed, mainly because the spot
size of the confocal Raman was smaller than the size of the terraces affected by the edges of epitaxial graphene,
thus inducing a D-band intensity even before doping. In the case of NA30 sample, we note a significant red shift
for both the G-band and the 2D-band positions, of 8 and 19 cm™ respectively, showing a strong n-type doping
behavior **. The D-band also shows a prominent intensity increment after doping with NA30, which is due to
the sp’-activation by nitrogen intercalation in the conjugated sp” network of graphene. Note that the epitaxial
graphene is intrinsically #-doped due the charge transfer occurring from the SiC substrate through the interface
layer *. This point will be further discussed in the UPS section. NA70 sample does not present a relevant shift
in the G-band position. However, the red shift of the 2D-band is reduced to 6 cm™, denoting a reduced n-type
doping effect as opposed to NA15 and NA30. NA100 shows a different behavior as the G-band position remains
stable but the 2D band exhibits a blue shift of 11 cm™ indicating p-type like doping **. We believe that this
effect at high NA concentrations results from a balance between two different simultaneous effects, i.e. p and n-

type doping from physisorption of the molecules and nitrogenation reactions near the terraces, respectively.

To evaluate the electronic quality of our graphene layers, we determined the carrier mobility of the pristine and
NA100% doped graphene using van der Pauw measurements at room temperature. The electron density in
several areas of these samples was typically 9 x 10'> cm™?and 6 x 10'* cm™ respectively, with a macroscopically
averaged electron mobility inferred from the Hall voltage estimated at about 2500 cm*/(Vs) and 1700 cm?/(Vs)
respectively. We have measured in previous works the electronic properties on such a monolayer graphene
using the same growth mechanism with hydrogen, nitrogen introduced in-situ and ammonia (liquid or vapor) as
doping media '®**. The measurements showed outstanding properties including quantum Hall effect and the
high mobility reached up to 11000 cm2.V"'s™ at 1.7K for carrier density ~10'> cm2. The lowest mobility
achieved was 1400 cm2.V™"'.s" at 300K'". Note that Giines e al '* achieved a sheet resistance of 100Q/0] using
HNO; doping on CVD graphene. These data clearly indicate that although doping alters to some extent the
lattice of graphene, it does not render the material electronically poor. The orders of magnitude are sufficient for

many mainstream applications where contacts are required °',**,



For that purpose and to complete the picture of the electronic properties of doped monolayer epitaxial
graphene, we performed UPS measurements in order to monitor the WF as function of the NA concentration.
The UPS spectra around the secondary electron threshold region of the graphene layer treated by NA solutions
are shown in Figure 3(a). The secondary electron threshold was determined by extrapolation between the
background and straight solid lines in the secondary electron threshold region of the UPS spectra. The work

function was determined from the secondary electron threshold using the equation ® = hv — Ey,, where hv and
Ey, are the photon energy of excitation light (He I discharge lamp, 21.2 eV) and the secondary electron

threshold energy, respectively. Figure 3(b) shows the work function of graphene pristine and HNO; doped
graphene. Decomposition of HNO; molecules takes place upon the interaction with the graphene layer where
the active edge-state electrons play a catalytic role. While the HNOj concentration increases, the amount of
species physisorbed onto the graphene layer increases. The work function of pristine graphene layer is 4.3 eV as
reported by different groups ****. Subsequently, the work function decreases from 4.3 eV to 4.1 eV after doping
with 15% NA. The WF further decreases to 3.8 eV with 30% NA. Note that this reduction implies an n-type
doping that is consistent with the variation observed on the Raman spectra on Figure 2, suggesting an increase
of the nitrogen content between pristine and 30% NA. Beyond 30% NA, the WF increases first to 4.05¢V at
70% NA and reaches 4.41 eV for pure NA. For the latter we also observed a blue shift on the Raman spectrum
of NA100 confirming a p-type doping that compensates the initial n-type nature of the sample. The changes of
the Fermi level position with the NA concentration is illustrated in Figure 3 (b). Our results clearly indicate that
for low NA concentration, the nitrogenation reduces the WF towards the n-type doping as the nitrogen content
(donor) increases in the sample”. This is in contrast to the observation of Das et al where the WF presents a
monotonic increase as a function of NA%. Note that the graphene utilized here is initially n-type due to a
residual doping from the SiC substrate. We believe that the first HNO; molecules dissociate and saturate all
available defects sites or steps edges. This induces a nitrogen doped graphene layer (NA15% and NA30%) and
therefore decreases the WF*>. On the other hand, beyond NA30%, the HNO; can physisorb on the surface
inducing a p-type doping, lowering the Fermi level and as a result increasing the WF. This was confirmed by ab
initio calculations describing the electronic structure of graphene on SiC as well as the interaction with the
HNO; molecules were performed using a very efficient DFT localized orbital molecular dynamic technique
(FIREBALL)*®. Numerical localized orbital basis sets of sp> for C, N, O and Si, and s for H were used with
spatial cutoff radii (in atomic units) s =4.5,p=4.5(C),s=4.2,p=42(N),s=3.3,p=3.8(0),s=48,p=54
(Si) and s = 4.1 (H)". In this study we have considered supercells of 5 ML SiC(0001), with a zero-layer
graphene and a AB stacked graphene plane on top. The lateral size roughly corresponds to a 4x4 unit cell of
graphene. The bottom layer is saturated with hydrogen atoms. On top of the supercell, we have set from 1 to 4
HNO; molecules per unit cell to observe the graphene doping evolution with the molecular concentration, as
represented in Figures 4 (a), (b) and (c). The geometry of those systems has then been relaxed at 0 K, using a
sample of 32 k-points in the surface Brillouin zone, as previously used in similar calculations’®, maintaining the
last three bottom layers in bulk positions. The equilibrium configuration is obtained when forces are less than
0.01 eV/A. The final distances between the molecules and the graphene plane have been determined using the
well-known LCAO-S* + vdW formalism™®,*,*! which specifically takes into account van der Waals interaction
in the frame of DFT. Finally, a set of 300 special k points along the '-K-M path has been used for the band

structure calculations on the optimized geometries. These calculations aim at reproducing the physisorbed



process leading to a p-doping, as we did not model the graphene terraces. Results of the band structure
calculations are represented in Figures 4 (d), (e) and (f), corresponding to one, two or four deposited HNO;
molecules. We can observe a variation of the graphene doping from -350 meV for one molecule (which
represents already a p-type doping with respect to the pristine situation at -400 meV), to -180 meV for two and
until +190 meV for four molecules. Consequently, the calculations also confirm a p-type doping for the

physisorption process in good agreement with the WF variation recorded experimentally.

Conclusions

We have investigated the doping strength of nitric acid on monolayer graphene grown on SiC (0001). The
Raman measurements confirm the doping induced by various concentration of nitric acid and indicate the
incorporation of atoms into the graphene lattice. The UPS measurements showed that n-type and p-type doping
are competitive processes and the work function of graphene layer can be continuously tuned from 4.3 eV to 4.4
eV with a minimum of 3.8 eV upon depositing the molecular acceptor HNOj3. This observation is supported by
DFT calculations considering the physisorption of HNO; molecules. This simple approach allows the
modulation of WF and could permit the design of tuneable electrodes to improve the carrier injection as well as

band gap-engineered heterostructures.
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Figures captions:

Figure 1: (a) and (b) AFM topography and phase of pristine graphene sample.

Figure 2: Raman spectra of pristine, NA15, NA30, NA70 and NA100 samples. D peak magnitude appears with
NA concentration indicating the creation of defects due to nitrogen incorporation. (G+D) band indicate a similar
effect. Raman shifts indicated by arrows evidence the doping trends. The presence of the G and 2D bands across

the overall area indicates homogenous growth of graphene.

Figure 3: (a) UPS data for pristine, NA30, NA70 and NA100 samples indicating the WF shift as a function of

nitric acid concentration. (b) Illustration of the Fermi level shift in the graphene Dirac cones.



Figure 4: (a), (b), and (c) atomic structures used for the calculations, considering one graphene layer on top of a
SiC(0001) surface with graphene buffer layer, and one, two and four HNO; molecules respectively, (d), (¢) and
(), corresponding band structures showing the evolution of the graphene doping from n to p-type. The graphene

Dirac cone is highlighted in red for the three configurations.
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