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The field-effect transistors (FETs) with a graphene-based p-n junction channel were 

fabricated using the patterned self-assembled monolayers (SAMs). The self-assembled 

3-aminopropyltriethoxysilane (APTES) monolayer deposited on SiO2/Si substrate was 

patterned by hydrogen plasma using selective coating poly-methylmethacrylate (PMMA) as 

mask. The APTES-SAMS on the SiO2 surface were patterned using selective coating of 

PMMA. The APTES-SAMs of the region uncovered with PMMA was removed by hydrogen 

plasma. The graphene synthesized by thermal chemical vapor deposition was transferred onto 

the patterned APTES-SAM/SiO2 substrate. Both p-type and n-type graphene on the patterned 

SAM/SiO2 substrate were fabricated. The graphene-based p-n junction was studied using 

Raman spectroscopy and X-ray photoelectron spectroscopy. To implement low voltage 

operation device, via ionic liquid (BmimPF6) gate dielectric material, graphene-based p-n 

junction field effect transistors was fabricated, showing two significant separated Dirac points 

as a signature for formation of a p-n junction in the graphene channel.
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I. Introduction

Graphene with a linear dispersion near the K point 

has excellent electrical mobility, mechanical strength, 

transmittance and flexibility [1-6]. Therefore, 

graphene is being highlighted in electronic devices 

[7-10]. Since graphene has no band gap and a small 

charge carrier density near the Fermi level, an 

engineering of the electrical properties of graphene 

would be required for multifaceted applications. As 

part of the engineering, various doping methods of 

graphene have been suggested to control the carrier 

type and concentration for band gap opening and 

Fermi level tuning [11-15].



Jumi Cho, Daesung Jung, Yooseok Kim, Wooseok Song, Prashanta Dhoj Adhikari, Ki-Seok An, and Chong-Yun Park

54  Appl. Sci. Conv. Technol. 24(3), 53-59 (2015)

Heteroatom doping and substitutional doping has 

been studied by many research groups. According to 

previous studies, when nitrogen doping into the 

graphene was implemented, such as introducing a 

nitrogen feedstock with the carbon source during 

graphene synthesis [16] or using nitrogen plasma 

after graphene growth [17], significant defects were 

generated inevitably and the mobility of graphene 

was deteriorated. On the other hand, chemical 

modifications using self-assembled monolayers 

(SAMs) of various molecules such as polyethyleneimine 

(PEI) and 3-aminopropyltriethoxysilane (APTES) have 

received considerable attention as a defect free 

approach [18].

Chemical modification methods doping the 

graphene would utilize charge transfer principle 

between graphene and modified substrate, which have 

physical contact mechanism usually. In the case of 

p-type doping, Electrons would be transferred from 

graphene to contact materials, on the contrary to 

this, n-type doping is the opposite case. In SAMs, a 

functional group in molecules gives important effect 

on graphene electrical properties. Especially, a 

molecule of APTES has amine group, this functional 

group would have create electron lone pair, which can 

give electron to graphene (n-type doping) [18]. In 

contrast, molecules with high electron affinity could 

accept electron from graphene, thus those molecules 

such as O2 and H2O were utilized for p-type doping 

of graphene [26].

In this study, we fabricated the graphene p-n 

junction field effect transistors (FETs) using a 

pre-patterned APTES-SAMs that were equally 

prepared on SiO2/Si wafer. In this structure, graphene 

contacted on bare SiO2/Si substrate has p-type 

characteristics and graphene contacted on APTES- 

SAMs has n-type characteristics. The electrical 

characteristics of the graphene p-n junction FETs 

showed two separated Dirac points with a large 

current difference.

II. Experimental Section

To synthesize graphene, 25 μm-thick Cu foil as a 

catalyst for graphene synthesis (Alfa Aesar, 99.8% 

purity) was located inside a thermal chemical vapor 

deposition (TCVD) chamber as a catalyst. H2 (100 

sccm) gas was introduced into the chamber during 

pre-annealing of the Cu substrate at 1050oC for 2 

hours to widen the grain size of the Cu catalyst and 

to reduce the surface roughness. Graphene was 

synthesized at 1050oC with introducing CH4 (5 sccm), 

Ar (100 sccm), and H2 (20 sccm) for 35 min. After the 

growth of graphene, the chamber was cooled to room 

temperature. Synthesized graphene was transferred 

onto the targeting substrate by a wet-transfer 

method using PMMA as a supporting layer [20]. 

In order to form a uniform NH2-terminated SAM on 

SiO2 (300 nm)/Si (001) substrates, the cleaned SiO2 

substrates were dipped into piranha solution 

composed of 80% H2SO4 and 20% H2O2 for 30 min. 

Through this chemical reaction of SiO2 substrates 

with solution mixed H2SO4 and H2O2, organic 

contaminants on the SiO2 surface were removed and 

hydroxyl groups (-OH) were formed on the SiO2 

substrates. After rinsing the substrates several times 

with distilled water, the SiO2 substrate was reacted in 

20 ml of toluene with 10 mM APTES solution to 

introduce -NH2 end groups under a nitrogen 

atmosphere for 1 hour. After the APTES was formed 

on SiO2 substrates, residual APTES molecules, which 

were just stacked up on APTES monolayer without 

covalent bonding with hydroxyl group of substrate, 

was removed by baking the substrate at 120oC for 20 

min, ultrasonication for 2 min, washing with toluene, 

and drying under vacuum [19].

The structural characterizations of SAMs/SiO2 and 

graphene/SAMs/SiO2 samples were analyzed by optical 

microscopy, atomic force microscopy (AFM, Seiko, 

SPM400), and Raman spectroscopy (Renishaw, RM1000 

inVia, excitation wavelength: 514 nm). X-ray 
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Figure 1. (a) XPS survey spectra (inset: chemical formula of APTES), (b) C 1s, (c) N 1s, (d) Si 2p core level spectra
for SiO2 (black), graphene/SiO2 (green), SAMs/SiO2 (blue) and graphene/SAMs/SiO2 (red). AFM images
of (e) the graphene/SiO2 substrate and (f) the graphene/SAMs/SiO2 substrate. The insets show optical 
microscopy images of (e) the graphene/SiO2 substrate and (f) the graphene/SAMs/SiO2 substrate (scale
bar=25 μm).

photoelectron spectroscopy (XPS, VGMICROTECH, 

ESCA 2000, monochromatic Al Kα radiation (hν

=1486.6 eV)) was used to determine the surface 

chemical composition. After fabrication of the 

graphene p-n junction FETs, electrical transport 

properties were measured using BmimPF6 as a gate 

dielectric material. 

III. Results and Discussion

After formation of the SAMs on SiO2 substrate, the 

chemical composition of the sample was examined by 

XPS (Fig. 1(a)∼(d)). The survey spectra showed atomic 

percent of 38.1% (silicon) and 69.1% (oxygen) for the 

bare SiO2 substrate. Carbon, nitrogen, and oxygen 

originated from APTES were detected after the 

formation of SAMs on SiO2 substrate. Binding energy 

of the C 1s core level at 285.9 eV is identical with one 

from CH2 component of APTES molecules. 

The N 1s core level spectra showed a peak at 

binding energy of 400 eV from the free amine of 

APTES, and a shoulder at 401.9 eV from the 

protonated amine. Fig. 1(d) shows silicon peaks at 

103.6 and 104 eV. The peak at 103.6 eV came from the 

SiO2 substrate. It should be that peak at 104 eV 

derived from the silicon in APTES [21-23]. 

Surface morphologies of the graphene transferred 

onto bare SiO2 and SAMs substrates were examined 

using AFM (Fig. 1(e), (f)). There was no significant 

difference between graphene/SiO2 and graphene/ 

SAMs/SiO2 in RMS roughness of 0.87 nm and 0.83 

nm, respectively. It reveals that SAMs was formed on 

the SiO2 substrate along the surface morphology. The 

optical microscope images of the inset in Fig. 1(f) 

show uniform surfaces of the graphene/SAMs/SiO2 

samples, indicating that the SAMs was formed 

uniformly over a large area.
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Figure 2. (a) Raman spectrum of Si. (b) Raman spectra
of graphene/SiO2 (green) and graphene/
SAMs/SiO2 (red).

Figure 3. Schematic illustrations of the fabrication process for the graphene p-n junction FET.

Fig. 1(a)∼(d) also shows the XPS spectra of the 

graphene/SiO2 (green), SAMs/SiO2 (blue) and 

graphene/SAMs/SiO2 (red). Fig. 1(b) shows the C 1s 

spectra for graphene/SAMs/SiO2 (red line), SAMs/ 

SiO2 (blue line), and graphene/ SiO2 (green line). C 1s 

peak from the SAMs/SiO2 appeared at 285.5 eV, 

which would be originated from CH2 group of APTES. 

For the graphene/SiO2 sample, C 1s peak from C-C 

bonding of graphene was observed at 284.5 eV, in the 

contrast, C 1s peak for graphene/SAMs/SiO2 sample 

was observed at 285.5 eV, which is the result of the 

superposition of the graphene and APTES C 1s XPS 

spectra. It is well consistent with the previous result [23].

Fig. 1(c) shows N 1s core level spectra recorded 

from three samples. There are two peaks at binding 

energy of 400 eV from free amine and 401.9 eV from 

the protonated amine. The intensities from free amine 

drastically decreased with transferring graphene onto 

the SAMs/SiO2. The peak positions of both components 

shifted to higher binding energy after transferring 

graphene onto the SAMs/SiO2 sample. These phenomena 

presumably originated from charge transfer interactions 

between graphene and amine groups [24], which are 

coincided with the Raman analysis and electrical 

characteristics results. 

The Fig. 2(b) shows Raman spectra of the 

graphene/SiO2 and graphene/SAMs/SiO2. The G-band 

of graphene/SiO2 and graphene/SAMs/SiO2 appeared 

at 1590 cm-1 and 1582 cm-1, and the 2D-band were at 

2692 cm-1 and 2684 cm-1, respectively. The G-band 
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Figure 4. (a) A schematic diagram of the graphene p-n junction FET. (b) Transfer characteristics of the graphene
p-n junction devices with a graphene channel on SAMs/SiO2. The black, red, blue and green line correspond
to room temperature, 100oC for 1 min, 200oC for 1 min, and 100oC for 3 h, respectively.

and 2D-band for graphene/SAMs/SiO2 were red- 

shifted, indicating n-type doping effect of graphene 

[25] caused by charge transfer from the SAMs 

molecules to the graphene [12,19].

Fig. 3 shows a schematic illustration of the 

fabrication process for the graphene p-n junction 

FETs using patterned SAMs. First, the APTES/SiO2 

substrate was prepared by the SAMs technique, as 

detailed in the experimental section, and then the 

APTES layer was patterned using pre-deposition of 

PMMA patterns as masks and hydrogen plasma 

etching. Using a wet-transfer method, graphene was 

transferred onto patterned SAMs/SiO2 substrate as a 

channel, and then indium was deposited as the source 

and drain electrodes. 

In contrast with other groups, to implement low 

voltage operating device, the graphene p-n junction 

FETs was fabricated by ionic liquid as the gate di-

electric material. Because ionic liquid of BmimPF6 has 

high dielectric constant over 40, the device with ion 

liquid can indicate significant variation although the 

applied field is small as compared with other gate di-

electric materials used in solid state device.

Electrical measurements were performed as depicted 

in Fig. 4(a). The current-voltage curve shows two 

Dirac points near +8.4 V and 0 V (Fig. 4(b), black 

line), respectively. It is substantially decreased 

voltage as compared with other two groups [19,23], 

meaning that this device could be operated in low 

voltage. The Dirac point at +8.4 V is originated from 

p-type doping effect of graphene/SiO2 region caused 

by adsorption of water and oxygen molecules under 

the atmosphere [26]. Second Dirac point could be 

derived from n-type graphene formed by charge 

transfer from SAMs to graphene in the 

graphene/SAMs/SiO2 region. Dirac point of the 

n-type graphene seems to be observed at ∼0 V due 

to charge compensation resulting from adsorption of 

water and oxygen molecules on the graphene on 

SAMs/SiO2 region of substrate. It showed that the 

reactivity increases for n-doped graphene and is 

negligible for p-doped graphene. According to the 

previous research [27], it would be possible to 

modulate the reactivity of basal plane of graphene 

based on substrate-induced electron transfer theory. 

Two separate Dirac points with a large current 

difference between them is a signature for formation 

of a p-n junction in the graphene channel [28].
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To confirm the n-type doping effect by 

APTES-SAMs certainly, one sample was annealed at 

each temperature of 100 and 200oC for 1 min in order 

to desorb water and oxygen and then measured at 

room temperature after cooling. The red and blue 

lines of Fig. 4(b) correspond to the annealed results 

of 100 and 200oC for 1 min, respectively. Although the 

current was decreased and shifted slightly as anneal-

ing temperature increase, the variation was not ob-

vious, thus the annealing time for temperature of 

200oC augmented. As a result for augmented anneal-

ing time, because of n-type doping effect of the 

sample annealed for 3 h, the Dirac point was sig-

nificantly shifted by 0.63 V from -0.7 V to -7 V, 

meaning increment of electron concentration corre-

sponding to 2.1×1013 cm-2 by formula (1), n is the 

carrier density (number/cm-2), Cg is the capacitance 

of gate dielectrics, Vg - VDirac is the charge neu-

trality point shift.

n=
Cg(Vg-VDirac)

(1)
e

This concentration of electron carrier is larger 

value than other concentrations reported up to now 

[19,23,29]. It seemed that the ionic liquid could have 

more strong force to induce the charge carrier than 

general solid state dielectric materials because of in-

tensely high dielectric constant of it. 

IV. Conclusion

In this study, we fabricated a graphene p-n junc-

tion field effect transistor with ion liquid gate di-

electric material for low voltage operating device by 

patterning NH2-terminated SAMs on SiO2, followed 

by transferring graphene onto the patterned SAMs. 

The doping effect of SAMs with graphene was con-

firmed using XPS and Raman spectroscopy. As a re-

sult, p-type doped graphene on SiO2 substrate was 

formed by the presence of water and oxygen mole-

cules, and n-type doped graphene on SAMs was 

formed by amine groups from the SAMs. After the 

fabrication of graphene- based p-n junction FETs, a 

transfer curve was measured to investigate the elec-

trical properties of the sample. Consequently, the 

observation of two separate Dirac points indicated the 

existence of a graphene p-n junction and this device 

could be employed as low voltage operating device. 
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