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 We propose a method for fabricating high-performance epitaxial graphene field-effect 
transistors (EG-FETs), involving a microwave-annealing-treated solution-based Al2O3 (MWA-
treated sol-Al2O3) layer as a gate dielectric.  The MWA process substantially preserves the 
pristine properties of EG with minimal hole doping and strain induction.  The MWA-treated 
sol-Al2O3 showed a surface roughness of ~0.33 nm, a dielectric constant of 7.5, and a leakage 
current of 8.7 × 10−6 A/cm2.  The transconductance of the MWA-based EG-FET presents an 
enhanced field effect mobility by a factor of about 8 compared with the EG-FET with a natural 
oxide of Al.  

1. Introduction

 Graphene is a promising material for sensing applications owing to its extremely high carrier 
mobility, exceptional surface-to-volume ratio, and low contact resistance.  Among various 
graphene formation methods, that of epitaxial graphene (EG) proceeds via the sublimation of Si 
atoms from the surface of SiC substrates and provides a practical technology in that it enables a 
uniform formation of monolayer graphene over a large area and requires no transferring process 
onto insulating substrates for the fabrication of devices.(1–3)  
 An ion-sensitive field-effect transistor (IS-FET) is a representative electrochemical 
sensor device that converts a chemical signal into an electrical signal.(4,5)  In the IS-FET, the 
formation of a high-quality gate oxide is essential for obtaining a high sensitivity.  The epitaxial 
graphene field-effect transistor (EG-FET) is no exception.  One of the challenges in EG-based 
sensor fabrication, however, is to establish a reliable process for gate dielectric formation 
that overcomes such difficulties as the hydrophobic nature of graphene,(6) induced damage 
during plasma processing,(7) and the onset of strain and doping during the high-temperature 
annealing process.(8)  In this respect, the choice of the right dielectric material and a damage-
free deposition technique for that material are the keys to the realization of EG-based sensor 
applications.  
 The solution-based (sol–gel) process is attractive in that gate dielectrics with a simple, low-
temperature, low-cost, defect-free, and large-area-compatible process can be fabricated.(9,10)  
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In this process, thermal annealing at temperatures above 400 ℃ is required to eliminate the 
solvent and absorb the moisture from air to oxidize the metal precursor.  When applied to 
graphene, however, this high temperature treatment can cause unwanted hole doping and strain.  
In order to overcome these limitations, we have succeeded in forming high-quality solution-
based Al2O3 on EG grown on Si-face SiC by introducing the microwave annealing (MWA) 
process.  Because of the dielectric heating of the substrate, MWA generates heat from inside of 
the substrate.  This unique heating property allows extremely high heating efficiencies, ramp 
rates, and in-plane uniformities,(11,12) which contribute to the minimization of the annealing 
time and the suppression of the generation of hole doping in graphene.
 In this study, we investigated how MWA improved the electrical properties of EG-FETs with 
solution-based Al2O3 gate dielectrics.  The dielectric properties were evaluated by fabricating a 
capacitor.  As the unique properties of MWA, we found that the MWA-treated sol-Al2O3 shows 
a high dielectric constant, a low leakage current, and a small surface roughness without the 
generation of defects, doping, or strain in graphene.  Moreover, we found that the formation of a 
high-quality gate dielectric contributed greatly to the improvement of transconductance and the 
reduction of the subthreshold swing of EG-FETs.  

2. Materials and Methods

2.1 Direct formation of sol-Al2O3 on EG surface

 Epitaxial graphene was grown on a p-type doped (resistivity > 1.0 × 109 Ωcm), C-face 
6H-SiC(000-1) substrate (II-VI Inc).  After chemical cleaning, we graphitized its surface under 
Ar atmosphere at 1420 ℃ for 5 min.  The Al2O3 precursor solution was prepared by dissolving 
aluminum isopropoxide (Kojundo Chemical Laboratory) in xylene together with a stabilizer 
solution and a thinner solution (Al2O3 precursor:thinner = 1:1).  The formation process of 
the sol-Al2O3 layer is similar to the photoresist coating process.  After spin coating of the 
prepared solution, the sample was immediately baked with a hot plate at 120 ℃ for 2 min.  To 
remove organics and residual chemicals in the film, O2 plasma treatment at 30 W for 2 min 
was subsequently conducted.(13)  MWA was conducted using a conventional microwave oven 
with a fixed frequency of 2.45 GHz under the output powers of 500 and 1000 W.  Microwave 
irradiation was conducted for 1 min and repeated several times with at least a 5 min interval in 
between.  Under this condition, the temperature of the sample easily rises to 500 ℃ within 1 
min at 1000 W [Fig. 1(a)].  The heating ability of MWA is mainly determined by the dielectric 
loss of the material, the efficiency to convert electromagnetic energy into thermal energy.(14,15)  
The dielectric loss of SiC increases with the doping concentration,(16) and it is actually possible 
to achieve temperatures at and above 1700 ℃ by using highly doped 4H-SiC substrates 
implanted with Al+ and P+ ions.(17)  In this study, however, the need for the use of a highly 
resistive SiC substrate for EG-FET fabrication limits the maximum achievable temperature 
at 600 ℃.  This temperature is still sufficiently high as we will see later.  We also prepared 
two reference samples: one with a natural oxide layer of Al (~3 nm) and the other with a sol-
Al2O3 layer fabricated by conventional postdeposition annealing (PDA) at 250 ℃ for 2 h.  The 
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damage, doping, and strain of the EG before and after sol-Al2O3 formation were characterized 
by Raman scattering spectroscopy (λ = 514 nm).  The surface roughness and the chemical 
composition of the sol-Al2O3 layer were characterized by atomic force microscopy (AFM) and 
X-ray photoelectron spectroscopy (XPS), respectively.

2.2 Fabrication of metal-oxide-semiconductor (MOS) capacitor and EG-FETs

 To evaluate the electrical characteristics of Al2O3 films, we fabricated MOS capacitors 
on n-type (100) Si wafers with an e-beam-evaporated Ti/Au (5 nm/50 nm) layer as a metal 
electrode.  We also fabricated self-aligned EG-FETs using a T-shaped metal gate.  After the 
patterning of the channel region and the source/drain region, the T-shaped metal gate was 
fabricated by a selective metal undercut technique.  First, a stack of a thin sol-Al2O3 layer and 
a thick Al film was formed on the substrate.  The thicknesses of the sol-Al2O3 and Al metal 
were 10 and 150 nm, respectively.  After patterning the gate region (gate length = 1 μm) by EB 
lithography, a Ti/Au (10 nm/150 nm) gate metal was deposited using an EB evaporator.  Finally, 
the stack of sol-Al2O3 and Al layers was selectively etched using boiling phosphoric acid at 
100 ℃.  The Ti/Au metal acted as a hard mask during the wet etching, and the sol-Al2O3/Al 
layer underneath the Ti/Au was selectively etched.  Figure 1(b) shows the SEM image of the 
T-shaped metal gate structure formed by the selective metal undercut technique.  The access 
length is about 300 nm and the gate length and the access length can be controlled by adjusting 
the etching time.  The electrical characteristics of these MOS capacitors were obtained with a 
semiconductor parameter analyzer (Agilent B1500).

Fig. 1. (Color online) (a) Temperature of the SiC substrate as a function of the microwave irradiation power 
applied for 1 min.  (b) SEM image of the T-shaped metal gate formed by a selective metal undercut technique.

(a) (b)
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3. Results and Discussion

3.1 Raman spectrum of EG before and after MWA

 First, the damage caused by MWA on the EG properties was examined by Raman scattering 
spectroscopy.  Figure 2(a) shows the Raman spectra of EG grown on C-face SiC under various 
MWA conditions.  Under all MWA conditions, the EG essentially preserves its pristine qualities 
as evidenced by the absence of the defect-related D-bands at around 1350 cm−1.  This indicates 
that the present microwave irradiation causes no significant damage in graphene.  
 The Raman spectrum also provides important information on the doping and strain of EG 
in its G- and G’-band positions.(18)  Figures 2(b) and 2(c) show the histograms of the G- and 
G’-band positions, respectively.  The orange line in Fig. 2(b) corresponds to the sol-Al2O3 
film formed by PDA on EG.  A substantial blue shift is observed in this case in the G-band 
position while the G’-band position does not change.  This indicates the onset of hole doping, 
which can be ascribed to the insufficient decomposition and elimination of the C-, O- and 
H-bearing fragments in the film as well as to the subsequent oxygen penetration into EG.  In 
sharp contrast, no such doping is observed for EG capped with MWA-treated Al2O3 films.  This 
suppression is understood to be due to our controlled use of MWA in this experiment.  SiC is 
known to be one of the most efficient microwave absorbers ever tested,(19) and the temperature 
of the MWA-heated SiC can easily rise to ~600 ℃ in a few minutes.  

3.2 Surface morphology of MWA-treated sol-Al2O3

 The surface roughness is also a key parameter that determines the carrier scattering and 
carrier mobility in EG-FETs.  Figure 3 shows the AFM images of (a) EG on C-face SiC, (b) the 
natural oxide layer of Al, and (c) the sol-Al2O3 layer fabricated by iterations of 1 min MWA at 

Fig. 2. (Color online) (a) Raman scattering spectra of EG after MWA, and histograms of the (b) G- and (c) G’-band 
positions of Raman scattering spectroscopy under various annealing conditions after the formation of the sol-Al2O3 
layer.  One data point corresponds to one pixel (0.2 × 0.2 μm2) in micro-Raman mapping.

(a) (b) (c)
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1000 W for 5 times.  The EG grown on C-face SiC shows graphene’s pleatlike characteristics [Fig. 
3(a)].  After the formation of a natural oxide of the Al layer, the surface consists of graphene’s 
pleats as well as of Al clusters, giving an average RMS surface roughness as large as 1.34 nm 
[Fig. 3(b)].  This rugged surface morphology is a major cause of the degradation of EG-FET 
performance.  The solution-processed Al2O3 samples, on the other hand, show a flat surface 
morphology without Al clusters.  The RMS surface roughness of the MWA-treated sol-Al2O3 
[Fig. 3(c)] sample was significantly reduced to 0.33 nm.  This minimized surface roughness of 
the MWA-treated sol-Al2O3 layer is ideal for fabricating high-performance EG-FETs.

3.3 XPS analysis of MWA-treated sol-Al2O3

 To evaluate the chemical composition of the Al2O3 films, we conducted an XPS analysis.  
Figure 4 shows the O1s and Al2p peaks of the natural oxide of Al, the sol-Al2O3 fabricated 
with PDA, and the sol-Al2O3 fabricated with MWA.  The O1s peak can be deconvoluted into 
three Gaussian components.  The component with a low binding energy (M-OLow) at ~530 eV 
originates from the oxygen atoms fully oxidizing the Al atoms.  The second component (M-OMiddle) 
centered at ~532 eV is attributed to the oxygen atoms in the Al2O3 lattice accompanied by 
oxygen vacancies.  The high-binding-energy component (M-OHigh) above 534 eV is associated 
with the oxygen atoms next to C- and H-bearing fragments.(20,21)  A large portion of the oxygen-
vacancy-related M-Omiddle peak in the O1s spectrum, as well as the additional Al metal peak 
in the Al2p spectrum of the natural oxide of the Al sample, indicates that the predeposited Al 
layer is not fully oxidized just after the deposition.  In sharp contrast, the PDA-treated sol-Al2O3 
has a single Al2p peak at ~75 eV, suggesting the formation of a more fully oxidized film.  This 
film, however, still preserves the Ohigh peak in O1s with a very high intensity and a wide energy 

Fig. 3. (Color online) AFM images of the samples after the formation of (a) EG on C-face SiC, (b) the natural 
oxide layer of Al, and (c) the sol-Al2O3 layer after iterations of 1 min MWA at 1000 W for 5 times.  The RMS values 
were extracted from the area within the white square in each image.

(a) (b) (c)
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distribution.  Since this peak is associated with the presence of loosely bound oxygen ligands, 
such as –CO3, H2O, and O2 molecules on the surface of the Al2O3 film,(22) PDA is shown to be 
insufficient in fully eliminating such residual fragments.  The MWA-treated Al2O3, on the other 
hand, can greatly reduce the M-OHigh peak within only 5 min of treatment.  This indicates that 
MWA can effectively eliminate the residual C- and H-bearing fragments.

3.4 Electrical characteristics of MWA-treated sol-Al2O3

 To evaluate the electrical properties of the sol-Al2O3 layers, we measured the leakage current 
density versus the electric field [Fig. 5(a)] and the capacitance–voltage characteristics [Figs. 

(a)

(b)

Fig. 4. (Color online) XPS spectra of (a) O1s and (b) Al2p peaks after the formation of the natural oxide layer of 
Al and the sol-Al2O3 layer with PDA at 250 °C for 2 h, and the sol-Al2O3 layer after iterations of 1 min MWA at 
1000 W for 5 times.
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5(b) and 5(c)].  The natural oxide of the Al layer shows a high leakage current density of 1.6 × 
10−2 A/cm2 at 1 MV/cm.  It is, however, significantly reduced to 4.29 × 10−5 A/cm2 in PDA-
treated Al2O3 or further to 1.0 × 10−5 A/cm2 in MWA-treated Al2O3.  This improvement is due 
to the formation of high-quality Al2O3 layers by the solution process, as well as the effective 
elimination of the residual C- and H-bearing fragments by MWA.  Figures 4(b) and 4(c) show 
the C–V curve after MWA at 500 and 1000 W, respectively.  The time evolution of the dielectric 
constant, a good measure of the quality of the sol-Al2O3 layer, is also shown in Table 1.  The 
dielectric constants of the natural oxide (~3 nm) and PDA-treated sol-Al2O3 (~10 nm) layers are 
around 5.34 and 6.35, respectively.  These values are too small to be applied to gate dielectrics 
for practical EG-FETs.  The MWA-treated sol-Al2O3 layer, on the other hand, shows a dielectric 
constant as high as ~7.53 (1000 W, 1 min, 5 times).  For the MWA at 500 W, improvements in 
the capacitance and the dielectric constant are mediocre.  This behavior represents the process 
by which an unstable sol-Al2O3 film changes into a high-quality one upon applying MWA.  The 
capacitance and the dielectric constant under 1000 W microwave exposure saturate in only ~1 
min.  These excellent properties of the MWA-treated sol-Al2O3 are ascribed to the volumetric 
self-heating of MWA, which minimizes the heat loss during the process.  As a result, we 
conclude that MWA is very effective for the formation of a high-quality sol-Al2O3 layer on EG.

3.5 Electrical characteristics of EG-FETs with MWA-treated sol-Al2O3

 Figure 6 shows the drain current and transconductance as functions of the gate voltage 
for the EG-FETs with (a) natural oxide of Al and (b) MWA-treated sol-Al2O3.  Table 2 shows 
the electrical characteristics of both devices obtained from the figure.  The EG-FET with the 
natural oxide of Al shows a p-type ambipolar conduction behavior with the Dirac voltage (VDirac) 

Fig. 5. (Color online) PDA- and MWA-treated Al2O3 films.  (a) Leakage current characteristics, and capacitance-
voltage characteristics under the MWA condition at (b) 500 and (c) 1000 W.

(a) (b) (c)
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of 1.1 V.  For the EG-FET with MWA-treated sol-Al2O3, on the other hand, VDirac is slightly 
shifted toward a higher voltage of 1.95 V.  This suggests that the EG after the formation of the 
MWA-treated sol-Al2O3 becomes slightly p-type-doped mostly owing to the oxygen doping.  
Generally, oxygen doping increases the impurity scattering, which causes the degradation of 
transconductance.(20)  The hole transconductance (gm) of the EG-FET with MWA-treated sol-
Al2O3, however, increased from 0.9 to 3.8 μS/mm.  The field-effect mobility also increased by 
a factor of 8 from that of the EG-FET with the natural oxide of Al.  The subthreshold swing 
(SS) also significantly decreased from 587 to 71 V/dec, which suggests the improvement of the 
interface state between the graphene and the gate oxide.(24)  The reason why these transport 
properties were not greatly affected by oxygen doping is open to future studies.  Despite these 

Fig. 6. (Color online) Drain current and transconductance characteristics of (a) EG-FET with natural oxide of Al 
and (b) EG-FET with MWA-treated sol-Al2O3.

Table 2
Electrical characteristics EG-FET with the natural oxide of Al and MWA-treated sol-Al2O3.

VDirac (V) Igate (nA) SS 
(V/dec)

gm (µS/mm) µFE (cm2/Vs)
Electron Hole Electron Hole

Oxi-Al2O3  1.1  0.03 587 0.4 0.9 1.2 2.1
MWA-treated sol-Al2O3  1.95  0.4 71 4.3 3.8 9.7 8.6

(a) (b)

Table 1
Dielectric constants of samples treated under various annealing conditions.

Oxi-Al PDA-treated 
sol-Al2O3

1 min MWA-treated sol-Al2O3
500 W
1 time

500 W
3 times

500 W
5 times

1000 W
1 time

1000 W
3 times

1000 W
5 times

Dielectric constant 5.34 6.35 0.003 3.19 7.07 6.48 7.02 7.53
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improvements, the field-effect mobility itself is not as high as previously reported values.(25)  
This degradation can be attributed to the large access length as well as to the non-optimized 
fabrication processes.  Further improvements can be expected by optimizing the device 
fabrication process such as the self-align process and the preparation of a high-quality solution.

4. Conclusions

 We demonstrated that the formation of a damage-free, high-quality Al2O3 dielectric layer is 
possible on EG by using a solution-based coating combined with MWA.  The heavy hole doping 
observed in the conventional PDA-based sol-Al2O3 is due to the substantial number of oxygen 
molecules absorbed from air.  Although the process temperature of MWA was estimated to be 
as high as ~500 ℃, the unique heating mechanism of MWA allowed the pristine properties of 
graphene to be retained after the process.  Furthermore, the dielectric properties, such as the 
surface roughness, chemical stoichiometry, and electrical performance, were all improved in the 
proposed MWA-treated sol-Al2O3.  As a result, the transconductance and field-effect mobility 
characteristics were remarkably improved by about 8 times compared with those of EG-FET 
with a natural oxide of Al.  Therefore, we believe that these results provide important insights 
for the betterment of EG-FET-based sensor applications.  
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