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a  b  s  t  r  a  c  t

We  have  investigated  the effect  of two  different  self-assembled  monolayers  (SAMs)  on  electrical
characteristics  of  bilayer  graphene  (BLG)/n-Si  Schottky  diodes.  Novel  4′′bis(diphenylamino)-1,  1′:3′′-
terphenyl-5′ carboxylic  acids  (TPA)  and  4,4-di-9H-carbazol-9-yl-1,1′:3′1′-terphenyl-5′ carboxylic  acid
(CAR)  aromatic  SAMs  have  been  used  to modify  n-Si surfaces.  Cyclic  voltammetry  (CV)  and  Kelvin  probe
force  microscopy  (KPFM)  results  have  been  evaluated  to verify  the modification  of n-Si  surface.  The
current–voltage  (I–V)  characteristics  of  bare and  SAMs  modified  devices  show  rectification  behaviour
verifying  a Schottky  junction  at the  interface.  The  ideality  factors  (n) from  ln(I)–V  dependences  were
determined  as  2.13,  1.96  and  2.07  for BLG/n-Si,  BLG/TPA/n-Si  and  BLG/CAR/n-Si  Schottky  diodes,  respec-
tively.  In  addition,  Schottky  barrier  height  (SBH)  and  series  resistance  (Rs) of SAMs  modified  diodes  were

decreased  compared  to bare  diode  due  to the  formation  of a compatible  interface  between  graphene
and  Si  as  well  as �–� interaction  between  aromatic  SAMs  and  graphene.  The  CAR-based  device  exhibits
better  diode  characteristic  compared  to  the  TPA-based  device.  Computational  simulations  show  that
the  BLG/CAR  system  exhibits  smaller  energy-level-differences  than the  BLG/TPA,  which  supports  the

a low
experimental  findings  of 

. Introduction

Graphene is a one atom thick sheet of sp2 bonded carbon atoms
rranged in a honeycomb crystal lattice that can be thought of as
wo dimensional material [1]. Linear energy-wave vector relation
1,2], zero band gap and high charge carrier mobility [3] of graphene

ake it promising material for optoelectronic applications.
Understanding of metal-semiconductor Schottky junction is

ssential for the improvement of technological device applications.
n addition, owing to the unique properties and easy thin film
rocessing, graphene can be easily combined with semiconduct-
ng materials and formed graphene-semiconductor heterojunction.
he graphene-semiconductor based Schottky junction is one of the
evices which is used in many applications including barristors [4],

∗ Corresponding author.
E-mail address: hasanaydin@iyte.edu.tr (H. Aydin).
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169-4332/© 2017 Elsevier B.V. All rights reserved.
er  Schottky  barrier  and  series  resistance  in  BLG/CAR  diode.
©  2017  Elsevier  B.V.  All  rights  reserved.

solar cells [5], photodetectors [6] and sensors [7] and have been
studied on various semiconductor materials such as GaAs [8], SiC
[9], GaN [10] and Si [11]. Among these materials, Si is more con-
venient material as it is the non-toxic, rich in the nature, mostly
prefferred material in integrated electronics and has large built-in
field with graphene (Vbi = 0.55–0.75 V) [11].

Structural differences between the graphene and Si lead to
the formation of defects at the interface and limits the stabil-
ity and performance of the Schottky devices. Recent studies have
shown that, the graphene–Si Schottky junctions have focused on
effect of different annealing temperatures on electronic transport
behaviour [12–15] and determination of Schottky barrier height,
ideality factor and series resistance parameters from current-
voltage characteristic [16–18]. However, there is still lack of studies

on improving charge transfer between graphene–Si interface.

SAMs are a good choice for the modifying Si surface to pro-
vide compatible interface between graphene and Si, as well as
they enhance charge transfer from Si surface to graphene. Addi-

https://doi.org/10.1016/j.apsusc.2017.09.204
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.09.204&domain=pdf
mailto:hasanaydin@iyte.edu.tr
https://doi.org/10.1016/j.apsusc.2017.09.204
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Fig. 1. Chemical structure of TPA and CAR SAMs. (a) and (b) represent the states (left) and HOMO/LUMO charge densities (right upper/lower) for TPA and CAR molecules,
respectively.
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Fig. 2. Multi points Raman spectra o

ionally, SAMs are promising materials in organic electronics due
o the their flexibility in the chemical structure (choosing con-
enient donor and acceptor groups) [19], ability in changing the
hysical properties (such as absorbance spectrum, extinction coef-
cient and energy levels) [20], easy to synthesized and purified
19,20]. In recent studies, SAMs in graphene field effect transistors
ave been used as a seed layer in graphene-dielectric interface to

mprove device performance [21,22,23,24–30,35]. Common aim of
hese studies are to passivate dielectric surface with SAMs result-
ng in reducing charge traps at the graphene-dielectric interface,
imiting unintentional doping and increasing field effect mobility.

oreover, the theoretical calculation assisted experimental stud-
es on SAM systems were previously reported [31–33]. However,
o our knowledge, the SAMs based graphene Schottky junction has
ot been reported so far, except our previous work [34].

In this study, TPA and CAR aromatic SAMs were used to mod-
fy n-Si surface. In order to confirm the modification of SAMs, CV
nd KPFM measurements were performed on bare and SAMs mod-
fied n-Si surfaces. In addition, Raman Spectroscopy was used to
efine quality and number of graphene layers. Furthermore, elec-
rical characteristics of graphene based Schottky junctions were
nvestigated after the modification of n-Si substrates with TPA and

AR SAMs. The results show that SAMs modified devices exhibit
etter diode performance than bare device in terms of turn-on volt-
ge, barrier height and series resistance. The DFT based electronic
roperty and work function calculations of Si surface, single TPA
er graphene transferred on SiO2/Si.

and CAR molecules, and graphene also confirm the experimental
results.

2. Experimental and computational methodology

2.1. Preparation of SAMs

Commercial SiO2(300 nm)/n-Si (University Wafer) with resis-
tivity of � = 1–10 � cm substrates were cleaned in ultrasonic bath
for 10 min  in deionized water, acetone, ethanol and 2-proponal,
respectively. TPA and CAR aromatic small molecules with car-
boxylic acid were used as SAMs. SAMs with 1 mM concentration
were prepared at room temperature in dimethyl sulfoxide (DMSO).
SiO2(300 nm)/n-Si substrates were kept in DMSO-SAMs solution
for 24 h to be covered with TPA and CAR SAMs. The substrates were
then rinsed with DMSO to remove SAMs residues and dried in a
stream of N2 gas.

2.2. Graphene growth and transfer process

Cu foil (25 �m thick, 99.8 purity, Alfa Aesar) as catalyst-
substrate material, was  placed on a quartz glass in the atmospheric

pressure chemical vapor deposition (CVD) system. First of all, the Cu
foil was  heated up to 1073 ◦C under H2 (20 sccm) and Ar (200 sccm)
with a ramp of 30 ◦C min−1 then annealed under same temperature
and flow rates for 1 h. After annealing process, CH4 (10 sccm) was
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Fig. 3. (a) AFM image of graphene film transferred on SiO2/Si and (b) cross-section analysis of graphene films.
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Fig. 4. AFM morphology and height profile of scratch lithography

ntroduced into tube furnace for three minutes in order to obtain
raphene growth. Finally, the sample was left for rapid cooling
own to the room temperature in a gas flows of H2 (20 sccm) and
r (200 sccm). Microposit S1318 Photoresist (PR) was utilized as
upporting layer during the graphene transfer process. We  drop
asted on the graphene–Cu substrate and annealed overnight at
0 ◦C. Iron chloride (FeCl3) solution was used for Cu etching. As the
u foil fully etched away, graphene-PR was rinsed by deionized
ater to remove FeCl3 residue. After N2 drying, graphene-PR was

ransferred onto clean SAMs/SiO2/n-Si substrate and bare SiO2/n-
i substrate. Thereafter, substrates were baked at 110 ◦C in order
o provide better adhesion of graphene to the substrates. Finally,
R was removed in hot acetone to yield large area graphene on
AMs/SiO2/n-Si and SiO2/n-Si substrate. We  believe that during
he graphene transfer process, acetone does not dissolve the SAMs

olecules on the n-Si due to occurred chemical bonding between
AMs molecules and n-Si. Additionally, there is no degradation in
ny SAMs molecules because solvent of SAMs molecules is DMSO.
oreover, annealing of n-Si samples during the graphene transfer
mproves the SAM surface morphologies including increment of the
rdered domains and reduction of the number of vacancy islands
36].
ntact mode operation, (a) TPA and (b) CAR SAMs on n-Si surface.

2.3. Device fabrication and characterization

We  etched a part of SiO2 using mixture of H2O:HNO3:HF
(60:1:1.5) to prevent electrical shortening along the graphene layer.
Then, graphene transferred placed on etched SiO2/n-Si substrate
with regarding the surface colour changes between SiO2 and n-Si.
While chromium (Cr) and gold (Au) electrodes with a thickness
of 10 and 100 nm were deposited on graphene (Area = 10 mm2),
Aluminium (Al) was evaporated on Si to form ohmic contact using
thermal evaporation technique. Raman spectra of graphene trans-
ferred on SiO2/n-Si was  taken using Ar-ion gas laser operating
at 488 nm wavelength with 600 groove/mm grating under 100×
microscope objective (Trivista, Princeton Instruments). After high-
est occupied molecular orbital (HOMO) energy levels of TPA and
CAR molecules were determined by using CV (CH Instruments
model CHI660B). KPFM measurements were employed using con-
ductive TiN tip with curvature radius of 35 nm (NT-MDT). Finally,
we recorded current–voltage characteristics of graphene/n-Si and
graphene/SAMs/n-Si under dark condition using Keithley 2420

source meter.
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Fig. 6. Surface potential differences of bare n-Si and modified n-Si with TPA and
CAR SAMs.

Table 1
ID/G, I2D/G and FWHM values of bilayer graphene on selected points.

ID/G I2D/G FWHM,  cm−1

1 0.07 0.99 40
2 0.11 1.11 45
ig. 5. Cyclic voltammograms of bare n-Si and SAMs modified n-Si with TPA and
AR molecules.

.4. Computational methodology

Structural optimizations and electronic properties of TPA and
AR molecules, bilayer graphene, and Si substrate were calculated
y performing ab initio density functional theory (DFT) based calcu-

ations. The Vienna ab initio simulation package, VASP [37–39] was
sed and the Perdew–Burke–Ernzerhof (PBE) form of the general-

zed gradient approximation (GGA) [40] was adopted to describe
lectron exchange and correlation. The vdW type weak forces are
mportant for both SAMs systems and layered materials, hence the
dW interaction was considered in all calculations by using the
FT-D2 method of Grimme  [41,42].

The kinetic energy cut-off of the plane-wave basis set was  500 eV
n all calculations. The optimization of atomic positions was per-
ormed by minimizing the total energy hence the energy difference
etween sequential steps was taken 10−5 eV as a convergence cri-
erion in the structural relaxation. In addition, Gaussian smearing
actor of 0.01 eV was used for non-self-consistent calculations and
he pressures on the unit cell were decreased to a value less then
.0 kB in all three directions. Recent works of our group have shown
hat the DFT is powerful and reliable method to investigate the
tructural, electronic, and magnetic properties of SAM systems
32,33].

. Results and discussion

.1. TPA and CAR molecules

For structural and electronic properties of diode systems con-
isting of TPA and CAR molecules and bilayer graphene we
erformed DFT based calculations. At first the single TPA and CAR
olecules were investigated. Both molecules are structurally sim-

lar in which the head group of both molecules is carboxylic acid
nd the head-group and the spacers are linked by the terphenyl.
owever, the TPA and CAR have diphenylamino and carbazole as

 spacer, respectively. Although the molecules have similar struc-
ures, the electronic properties are different.

As shown in Fig. 1, the calculated energy difference between
he HOMO and LUMO states for the TPA and CAR molecules are
.17 and 2.33 eV within GGA, respectively. The level of HOMO and
UMO states are also shown in Fig. 1. For both molecules the HOMO
tate charge densities are localized on the spacer part, on the other
and, the LUMO state charge densities are appeared on head-group.

n addition, the work functions are calculated to be 4.58 and 4.98 eV

or the TPA and CAR molecules, respectively. Such a large difference
etween similar molecules can be correlated with the deeper Fermi

evel of CAR molecule because of having strong C C bonds instead
f C H bonds at carbazole part.
3 0.13 1.02 45
4 0.08 1.01 41

In addition, considering the experimental synthesis procedure
one may expect formation of defective and misoriented domains
of TPA and CAR SAMs and therefore the slight differences between
the experiment and DFT results in the workfunction are acceptable.

3.2. Surface characterization

Raman spectra indicate typical appearance of transferred
graphene on SiO2/Si including D (1367 cm−1), G (1589 cm−1) and
2D bands (2711 cm−1), respectively (see Fig. 2). The G band is the
first Raman peak related to C C stretching of sp2 carbon. The 2D
band is the second order graphene peak and the D band provides
information about the sp3 bonds revealing amount of disorder in
graphene. Intensity ratio of 2D/G and D/G have been utilized to
determine the number of graphene layers and defect content of
graphene (see Table 1). Both intensity ratios and full width half
maximum (FWHM) of 2D peak confirm the existence of BLG grown
on SiO2/n-Si [43,44].

Sheet resistance measurement of transferred graphene on
SiO2/Si was performed using van der Pauws method to investi-
gate quality of the graphene. In this method, while the current
was measured on two  isolated contacts, the voltage is determined
on opposing two  contacts. Eight measurements were performed
around sample and the average sheet resistance of graphene was
found to be 298 �/sq. This value is in good agreement for CVD
grown bilayer graphene as reported in literature [45,46].

AFM image and height profile analysis of graphene film trans-
ferred on SiO2/Si are shown in Fig. 3. Some wrinkle was observed in
AFM image owing to the difference thermal expansion coefficient
between Cu surface and graphene film during the cooling process.
In addition to this, thickness of bilayer graphene film was measured
as 1.2 nm which is comparable value as reported in literature [47].

Fig. 4 demonstrates AFM images of TPA and CAR SAMs on n-
Si substrates. A scratch lithography in contact mode operations
were performed on the TPA and CAR SAM on n-Si surfaces with-

out scratch the substrates. TPA molecules formed uniformly on the
surface. However, coverage of the CAR molecules is different as
compared to TPA molecules. There are some agglomerations of CAR
molecules on the surface. Thicknesses of TPA and CAR molecules
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Fig. 7. Device structure of BLG/n-Si, BLG/TPA/n-Si and BLG/CAR/n-Si.
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Table 2
Major Schottky diodes parameters; the ideality factor, n; the series resistance, Rs;
the  Turn-on voltage, VT; and the Schottky barrier height, �SBH .

n Rs (k�) VT (V) �sbh (eV)

n-Si/BLG 2.13 5.96 0.7 0.54
ig. 8. (a) I–V characteristic and (b) ln(I)–V plot of bare and SAMs modified Schottky
evices.

ere obtained from height profile as shown in Fig. 3a and b and
easured as 0.8 and 1.0 nm,  respectively.
Fig. 5 indicates electrochemical property of bare TPA and CAR

olecules on n-Si surface was investigated by CV measurement
n anodic region. Reversible oxidation peaks are obtained from CV
oltammogram as 0.31 and 0.40 V for TPA and CAR SAMs. The vari-
tion in potential compare to bare n-Si reveals the carboxylic acid
roup anchored to n-Si surface. Additionally, HOMO levels of TPA
nd CAR molecules are determined from the onset of oxidation
otential from the CV data using the below relation [48],

HOMO = −e(Eox − EFer + 4.8) (1)

here Eox is the oxidation peak and EFer is the ferrocene energy
hich is 0.4 V. The HOMO level values of TPA and CAR molecules
ere obtained to be 4.71 and 4.8 eV, respectively. The trend in the
OMO level of TPA and CAR molecules is consistent with DFT cal-

ulations.

KPFM measurements were performed on bare n-Si and SAMs
odified n-Si to prove modification of TPA and CAR SAMs. Fig. 6a

hows cantilever oscillation amplitude (Mag) vs bias voltage. When
n-Si/TPA/BLG 1.96 5.54 0.4 0.46
n-Si/CAR/BLG 2.07 4.32 0.3 0.32

Mag  signal is close to zero due to feedback in the SPM system, inter-
action force between tip and samples becomes zero. At this zero
interaction-amplitude, applied dc voltage to the tip equals to the
measured SP of the samples. The SP of bare n-Si and modified n-Si
with TPA and CAR SAMs are found as 1.16, 1.43 and 1.51 V, respec-
tively. The variation in SP values indicate surface modification of
n-Si surface with TPA and CAR SAMs. In addition, the difference
of SP values between TPA and CAR SAMs arises from the excess
carbazol groups in CAR molecular structure leading to enhance
electron density of n-Si surface with respect to the TPA SAMs.

Device structure of bare and SAMs modified diodes and bond-
ing mechanism between carboxylic acid based SAMs and n-Si with
native oxide are schematically illustrated in Fig. 7.

3.3. Current–voltage behaviour of Schottky diodes

Driving current capability of Schottky diodes is superior to typi-
cal p-n junctions. Therefore, high current, low voltage and rectifying
behaviour are desired device properties for the Schottky diode
applications. The I–V characteristics of BLG/n-Si and BLG/SAMs(TPA
and CAR)/n-Si diodes are shown in Fig. 8a. Three devices exhibit rec-
tification characteristic verifying Schottky junction formation at the
BLG/n-Si interface. Additionally, reducing impurities and improv-
ing junction between BLG and n-Si interface due to the presence
of SAMs, result with the lower turn-on voltage (VT) with respect to
the bare device (see Table 2). This implies that SAMs based diodes
provide relatively less power wasted in comparison to the bare
diode. Moreover, Schottky diode with TPA-SAMs device decreases
reverse leakage whereas CAR based device exhibits high reverse
leakage current. This might be attributed to agglomerations of CAR
molecules on the surface as shown in AFM morphology (see Fig. 4b).

The I–V characteristic of Schottky diode can be described by
thermionic emission and the Rs should be included due to the resis-
tance of semiconductor, metal and contact with the relation [49]

I = AA∗T2 exp
(

−q�b

kT

)  [
exp

(
q(V − IRs)

nkT

)
− 1

]
(2)

where A is the effective contact area, A* is the Richardson constant

(∼112 A cm−2 K−2 for n-Si), T is the absolute temperature, �b is the
barrier height, k is the Boltzmann constant, q is the electronic charge
and n is the ideality factor.
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Fig. 10 shows values of Schottky barrier height, series resis-
ig. 9. (a) dV/d ln(I) vs I and (b) H(I) vs I plots of bare and SAMs modified Schottky
evices.

If Eq. (2). is rearranged,

 = n
kT

q
ln

(
I

AA∗T2

)
+ IRs + n�b (3)

When Eq. (3) is differentiated with respect to I,

dV

d ln(I)
= n

kT

q
+ IRs (4)

Using Eq. (2), n is determined from the slope of the linear
egion of ln(I)–V curve as indicated in Fig. 8b. The ideality fac-
ors of bare Schottky diode and SAMs modified Schottky diodes
ith TPA and CAR are calculated to be 2.13, 1.96 and 2.07, respec-

ively (see Table 2). The variation of ideality factors in such devices
s attributed to presence of SAMs between graphene and n-Si
eading to additional interface states at the graphene–Si junction.
urther, depending on difference in device fabrication, quality of
raphene–Si heterojunction and data derivation in the fitting pro-
edure, the ideality factor can be varied [10,11,13,15,50].

The Rs can be defined as the combination of contact resistance
etween graphene and Si, resistivity of graphene and Si and resis-
ance of connecting wires [13]. Values of Rs of bare and SAMs

odified devices are determined from the slope of the dV/d ln(I)
s I plot as shown in Fig. 9a. The calculated Rs values, listed in
able 2, are about 5.96, 5.54 and 4.32 k� for BLG/n-Si, BLG/TPA/n-Si
nd BLG/CAR/n-Si diodes, respectively. Rs value of graphene/n-Si
iode is comparable as reported for similar work [7]. Addition-
lly, it is clear that Rs of SAMs modified diodes with TPA and
AR are decreased as compare to bare device owing to improv-

ng BLG/n-Si interface. Furthermore, Rs difference between TPA and
AR could be explained by the barrier height difference of BLG/TPA

nd BLG/CAR. The barrier height difference of BLG-CAR is lower
han that of BLG/TPA, resulting in facilitating charge injection and
owering series resistance.
Fig. 10. Values of Schottky barrier height, series resistance and ideality factor as a
function of air-exposure times up to 7 days.

In order to determine SBH, function H(I) can be defined as

H(I) = V − n
kT

q
ln

(
I

AA∗T2

)
= IRs + n�b (5)

Using Eq. (5), SBH can be obtained from the intercept of the
linear region of H(I) vs I plot as shown in Fig. 9b. The estimated SBH
of BLG/n-Si diode is about 0.54 eV which is comparable value for
CVD grown graphene as reported in the literature [15]. The SBH of
SAMs modified devices with TPA and CAR are calculated as 0.46 and
0.32 eV, respectively. The variation in SBH values can be explained
by the different energy level of TPA and CAR SAMs. The energy
barrier difference between CAR and BLG is less than the between
TPA and BLG.
tance and ideality factor as a function of air-exposure times up
to 7 days. For all devices, although the values of Schottky barrier
heights and ideality factors are quite stable and they are not altered
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Fig. 11. The band alignments of the Si, graphene, TPA a

ignificantly. Series resistances increase gradually with increasing
ir exposure times due to adsorbed molecules (H2O and O2) on
he graphene which give rise to degradation devices, resulting high
eries resistance at the interface.

As shown in Fig. 11, the CAR molecule possesses lower Schottky
arrier (1.63 eV) than the TPA molecule (1.87 eV) with the differ-
nce of 240 meV. It is necessary to note that effects such as defective
urfaces, misaligned molecules, and the PR residues lead to differ-
nces between calculated and measured barrier values. When we
onsider the similar synthesis procedure, such effects are also sim-
lar cumulatively for the both TPA and CAR molecules. To sum up
heoretical calculations is in good agreement with the experimen-
ally observed Schottky device characteristics.

. Conclusions

In this work, we investigated electrical characteristics of bare
nd SAMs modified CVD grown BLG/n-Si Schottky diodes. Our
esults reveal that: (i) novel TPA and CAR SAMs can be used to
mprove graphene–Si interface, (ii) CV and KPFM confirm surface

odification of n-Si surface with TPA and CAR molecules, (iii)
aman spectroscopy verifies high quality BLG on SiO2/Si, (iv) the

–V characteristics of bare and SAMs modified diodes show recti-
cation behaviour confirming Schottky formation at the interface,
v) SAMs modified devices exhibit better diode characteristic in
erms of turn-on voltage, Rs and SBH, (vi) the variation in device
erformance between TPA and CAR based diodes is related to lower
nergy barrier difference of CAR/BLG system as compared to that
f TPA/BLG, resulting in reduction of turn-on voltage, SBH and Rs,
vii) theoretical calculations also verify that better Schottky device
haracteristics of SAMs of CAR/BLG are directly related to the order
f HOMO-LUMO levels in energy space that leads to a lower energy
arrier than TPA/BLG interface. Apparently, our results show that
obust characteristics, structural stability and lower Schottky bar-
iers of SAM/graphene-based interfaces hold promise for novel
ltra-thin optoelectronic devices.
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