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 The 2D crystal of sp2-bonded carbon atoms (graphene) is suitable for high-speed device 
applications owing to its excellent electronic properties and ultrathinness that suppresses the so-
called short-channel effects.  Unfortunately, however, graphene transistors have not exhibited 
high device performance as anticipated from their excellent electronic properties.  One of the 
main causes is a high susceptibility of electronic properties to surrounding interfaces.  Here, 
we show operando, i.e., bias-controlled, X-ray photoelectron nanospectroscopy on a transistor 
using epitaxial graphene on SiC as a channel.  The operando photoelectron nanospectroscopy 
revealed that two types of unfavorable doping occur at the interfaces with electrodes, which 
can deteriorate the device performance of graphene transistors.  Metals of source and drain 
electrodes are in direct contact with graphene.  An equilibration between graphene and the 
metal produces a wide charge transfer region owing to a limited density of states near the Dirac 
point of graphene.  The gate electric field permeates just outside the gate edge.  The permeated 
electric field induces carrier doping into graphene just outside the gate edge.  Thus, the 
operando photoelectron nanospectroscopy is proven useful in the science-based development of 
advanced devices.
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1. Introduction

 The ultrathin 2D crystal, graphene, possesses excellent electronic properties, such as the 
highest carrier mobility and saturation velocity of carriers in solids.(1–3)  Besides, the so-called 
short-channel effects are expected to be suppressed because of the ultrathinness of graphene.  
These promise high device performance of graphene-based devices.  Unfortunately, however, 
graphene-based devices, such as graphene field-effect transistors (GFETs), do not exhibit high 
device performance.(3)  One of the causes of the degraded device performance is parasitic 
resistances, such as contact resistances between graphene and source/drain and resistances 
in access regions, which are ungated regions of graphene between the gate and the source or 
drain electrode.(4)  These parasitic resistances become marked in GFETs, ironically because the 
channel resistance of graphene is much lower than those of conventional semiconductors, e.g., 
Si, owing to high carrier mobilities.  Therefore, controlling the interfaces is vital for realizing 
high-performance graphene-based devices.  For that purpose, it is necessary to understand the 
mechanism of how the interfaces modulate the electronic states of graphene.
 The microscopic investigation of the electronic states of devices is effective in 
understanding the modulation of electronic states at the interfaces.  We have developed X-ray 
spectromicroscopies, such as photoelectron nanospectroscopy for investigating valence 
bands(5,6) and X-ray absorption spectromicroscopy for conduction bands,(7,8) for the surfaces and 
interfaces of devices under bias applications, i.e., operando X-ray spectromicroscopies.  These 
operando spectromicroscopies enabled us to nanoscopically probe electronic states at surfaces 
and interfaces in advanced devices, such as GFETs and transistors(5,7) using 2D electron 
gas at an AlGaN/GaN interface (GaN-HEMT).(6)  The results obtained by these operando 
spectromicroscopies contribute to revealing the operation mechanisms of advanced devices.  
For instance, we quantitatively revealed the details of surface electron trapping in GaN-HEMT, 
which causes the operation instabilities of GaN-HEMT.(6)

 In this paper, we present the operando photoelectron nanospectroscopy study on the 
modulation of the electronic states of a graphene transistor near the electrodes due to the 
interface of graphene with the contact metal of the source or drain electrode and the permeation 
of the gate electric field.

2. Materials and Methods

 Epitaxial graphene was formed on Si-terminated SiC(0001) by annealing in Ar ambient at 
1873 K  for 10 min as a channel for GFET.(9–11)  The epitaxial graphene thus formed exhibits 
high quality.  This is because there is a negligible D band in a Raman spectrum.  The G’ band 
is narrow.  The full width at half maximum (FWHM) is 39 cm−1.  The FWHM indicates that 
epitaxial graphene is a high-quality monolayer.(9,10)  
 We have fabricated a transistor using epitaxial graphene on SiC(0001) as a channel [Fig. 
1(b)].  Figure 1(c) shows the drain current (Id) and transconductance vs gate bias (Vg) curves 
of a graphene transistor using epitaxial graphene on SiC as a channel (EG-GFET).  The Id–Vg 
curves clearly demonstrated the ambipolarity that arises from the zero bandgap of graphene.(1) 
The gate bias at the Id minimum, i.e., where the Fermi level (EF) coincides with the Dirac point, 
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is around ‒1 V.  This indicates that graphene is electron-doped.  The electron doping is due to 
electron transfer from a buffer layer, which is situated between epitaxial graphene and SiC.(9)  
The estimated carrier mobility is 1360 cm2/Vs.  
 Our operando photoelectron nanospectroscopy was done by using 3D nano-ESCA installed 
at BL07LSU at SPring-8.(5,6,12–14)  The spatial resolution is 70 nm, which is one of the highest 
resolutions of photoelectron spectroscopy in the world.  The 3D nano-ESCA manifested its 
power in the mechanistic studies for the advanced electronic devices(5,6) as well as complex 
surface structures of micro-electromechanical systems (MEMS).(13)

3. Results and Discussion

 EG-GFET has two types of contact with electrodes.  One is the contact of metal with 
epitaxial graphene for the source or drain electrode.  The other is the contact of gate dielectrics 
with epitaxial graphene for the gate electrode.  Here, we present the studies on the modulation 
of electronic states concerning the contact of metal and the permeated electric field of the gate 
electrode in separate subsections.

Fig. 1. (Color online) (a) Raman spectra of epitaxial graphene on the Si-terminated SiC(0001) before and after 
graphitization, and difference spectra. (b) Electrical characterization of EG-GFET. (c) Id–Vg curves of EG-FGET.

(a)

(b) (c)
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3.1 Metal contact

 The contact of epitaxial graphene on SiC with metals for the source or drain electrode is 
anticipated to bring about charge transfer at epitaxial graphene and the metals.  This is because 
we demonstrated the interfacial charge transfer region between the exfoliated graphene and the 
metal for the source and drain in a transistor using the exfoliated graphene as a channel.(15)

 In fact, our photoelectron nanospectroscopy revealed that the charge transfer region is 
formed also at the interface between the electrode metal and the epitaxial graphene on SiC, as 
shown in Fig. 2.  Figure 2(a) shows a typical spatially resolved C 1s spectrum of graphene, taken 
by our photoelectron nanospectroscopy.  The spectrum consists of three peaks.(13,16)  The main 
peak at ~284.7 eV is due to graphene, whereas the peaks at ~284.0 and ~285.7 eV are ascribable 
to SiC and a buffer layer, which is a precursor of graphene and is partially bound to SiC.(13,16)  
The binding energy of the main peak, i.e., the energy difference between the Fermi energy 
(EF) and C 1s core level of graphene, gives us information on the electronic state of epitaxial 
graphene on SiC.  For instance, the carrier doping in graphene is inferred from the binding 
energy.  The binding energy of electrically neutral graphite, which is regarded as the nondoped 
graphene, is 284.42 eV.(17)  The binding of energy of the epitaxial graphene is larger than that 
of the nondoped graphene.  It is natural to conclude that the epitaxial graphene is electron-
doped.  The electron doping is consistent with our electrical characterization of EG-GFET [Fig. 
1(c)], and also with a previous study involving angle-resolved photoelectron spectroscopy.  The 
electron doping is ascribable to the presence of the buffer layer that causes the electron transfer 
to graphene.(18)  Near the metal contact, the binding energy of the graphene peak decreased over 
1 µm, as shown in Fig. 2(b).  The binding energy of the graphene peak is the energy difference 
between the C 1s core level and EF.  The observed decrease near the metal contact means that 

Fig. 2. (Color online) (a) Typical C 1s spectrum of epitaxial graphene on the Si-terminated SiC(0001) and (b) 
spatial change in the binding energy of the graphene peak near the source electrode.

(a) (b)
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the EF of graphene decreased near the metal contact.  Hole doping into graphene from the 
contact metal is plausible because the work function of Ni used as a contact metal (5.2 eV) is 
larger than that of graphene (4.5 eV).  It is thus clarified that graphene is hole-doped by the 
presence of the contact metal in EG-FET, as in the case of the transistor using the exfoliated 
graphene as the channel.(15)

 The charge transfer occurred owing to the equilibration between graphene and the contact 
metal.  The limited density of states near the Dirac point, where the conduction band minimum 
touches the valence band top of graphene, makes the charge transfer region wider,(15,19) whereas 
a charge transfer region to equilibrate is within 0.1 nm in the case of metal–metal contact 
because of a high density of states.  The charge transfer region was semiquantitatively evaluated 
according to a previous theory within the framework of the Thomas-Fermi model using density 
functional calculations.(20)  According to the previous theory, the spatial distribution of potential 
graphene at the interface with the contact metal is expressed as
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Here, ∆E is the boundary potential constant derived from the work functions calculated for the 
close-packed surface of the metal electrode and for graphene.  ls = 8.10 × 10−2 × κ/∆E indicates 
a scaling length, where κ is an effective dielectric constant in a graphene device structure.(21) 
Our experimental data were fitted by using Eq. (1), as shown in the solid line in Fig. 2(b).  As a 
result, we obtained the following values: ∆E = 0.29 eV, κ = 60, and ls = 16 nm.  The obtained ∆E 
is almost the same as that obtained in the case of the exfoliated graphene in contact with Ni.(15)  
Thus, the obtained ∆E is reasonable.  On the other hand, the obtained κ is larger than that (~16) 
estimated for the exfoliated graphene on SiO2 in contact with Ni in the same manner.  There 
are two possible reasons for the difference in κ.  One is a higher dielectric constant of SiC than 
that of SiO2.  The other reason is the presence of polar materials, such as water molecules and 
hydroxyl groups, at the interfaces surrounding graphene.  The charge transfer region can affect 
the device performance of EG-GFET because it can vary the access resistance of EG-GFET.

3.2	 Permeated	gate	field

 The gate bias application through the gate dielectrics is the heart of the transistor operation.  
We newly found by using our operando photoelectron nanospectroscopy that the permeation 
of the electric field formed during gate bias application changes the carrier concentration in 
graphene just outside the gate edge, as shown in Fig. 3.  Figure 3(a) shows that the binding 
energy of graphene decreases just outside the gate edge.  This indicates the decreased amount of 
electron doping near the gate edge.  Besides, the observed decrease does not depend on the gate 
bias.
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 The decrease in electron density is considered to be due to the permeated electric field.  The 
main role of the applied gate bias is to vary the carrier concentration in graphene lying just 
beneath the gate dielectrics by producing an electric field normal to the surface.  However, in 
fact, the gate electric field is permeated slightly.  Part of the electric line of force near the gate 
edge extends to graphene outside the gate electrode, as schematically shown in Fig. 3(b).  This 
permeated electric field changes the density of doped electrons in graphene just outside the gate 
edge.  For a quantitative examination of our idea, we roughly calculated a spatial variation in 
the binding energy of graphene from the gate to source electrodes, as shown in Fig. 3(c).  In the 
calculation, we assumed electron doping of 5 × 1012 cm−2 in graphene before applying the gate 
bias.  
 In this calculation, 0.96 µF/cm2 was used for the gate oxide (Al2O3) capacitance (Cox).  
Cox was estimated by 5 nm for the thickness of Al2O3:5 nm and 5.4 for the relative dielectric 
constant.  The simulated binding energy away from the gate electrode, i.e., the region not 
subject to the gate bias, is consistent with the experimental data.  The potential distribution of 
graphene under the applied gate bias was calculated by using the device simulator Atlas, which 
has been used for determining device characteristics.(6)  Then, the spatial distribution of the 

Fig. 3. (Color online)  (a) Spatial change in the binding energy of the graphene peak near the source electrode, 
(b) schematics of doping by the stray gate field, and (c) calculations of the spatial changes in binding energies at the 
gate biases of 0.5 and –0.5 V.

(a)

(b) (c)



Sensors and Materials, Vol. 31, No. 7 (2019) 2309

binding energy was calculated by using the calculated potential that determines EF [Fig. 3(c)].  
As a result, the calculation reproduces the observed change in the binding energy of graphene 
just near the gate edge.  Furthermore, the calculation supports the experimental fact that the 
change in binding energy is independent of the gate bias.  Thus, we conclude that the stray gate 
electric field induces the doping just near the gate edge.

4. Conclusions

 Our operando photoelectron nanospectroscopy demonstrated that unintentional doping 
due to the contact with metal and the stray gate electric field occurs in EG-GFET.  This 
finding will serve as the key for high-performance EG-GFET.  We believe that operando 
X-ray spectromicroscopy is surely useful for clarifying the operation mechanisms of advanced 
electronic and MEMS devices.
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