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Chapter 8

Graphene Based Hot-electron Transistor

Abstract

There is an ongoing research interest to explore the vertical transport properties of graphene
where very little is known. In this chapter we investigate the vertical transport across
graphene/Si (Gr/Si) interfaces, using a different device scheme based on hot electrons.
This reveals the characteristics of ballistic transport across such 2-dimensional (2D)
metal/semiconductor (M/S) Schottky interfaces as well as other transport characteristics
that are intrinsic to graphene. Devices are made from exfoliated and chemical vapour
deposited (CVD) graphene, with different fabrication methods. All devices are fabricated
on n-type Si(100) substrates with a doping level of 1015 cm−3 and a 300 nm layer of
SiO2 on top. Following the method of making graphene (Gr) suspended, we fabricated
non-suspended highly-rectifying (> 106) exfoliated-Gr/n-Si interface with negligible re-
verse leakage current. CVD-Gr/Si diodes are also fabricated by another approach using
PDMS stamp transfer of graphene onto a patterned substrate. Temperature dependent
I-V measurements are conducted to investigate the macroscopic Schottky barrier (SB)
parameters in between 80 K to 300 K for both kinds of diodes. The I-V measurement
reveals a decrease in barrier height and an increase in ideality factor (η) with decreas-
ing temperature because of the inhomogeneity in the diodes due to electron-hole puddles,
highly conducting graphene edge etc. Furthermore the perpendicular charge transport
at the interface of CVD-Gr/n-Si is investigated using Ballistic electron emission mi-
croscopy (BEEM). The BEEM current showed no scalability, i.e., the amount of injected
current (in the range of 1-10 nA) has little influence on the detected current contrary to
what is observed in normal M/S interfaces. In the reverse BEEM (R-BEEM) mode, holes
are collected when hot holes are injected which is also unusual for the conventional M/S
interfaces with n-type semiconductor.

8.1 Introduction and Motivation

Graphene, a mono-layer of carbon atoms, possess many fundamental physics prop-
erties in charge transport [1] as well as in spin-dependent transport [2] since its
isolation from bulk graphite by the method of mechanical exfoliation in 2004 [3].
Understanding of Schottky barrier between graphene and semiconductor is an on-
going research interest for a wide range of technological applications of graphene
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[4, 5, 6, 7]. In general, Schottky barrier is the building block of hot electron based
devices [8, 9, 10] such as spin valve transistor (SVT) [11], magnetic tunnel transis-
tor (MTT) [12], high speed logic etc., whereas Gr/Si interface is very unique due
to exceptional properties of the graphene. High optical transparency and electri-
cal conductivity of graphene makes it suitable for solar cell application [5], effi-
cient photodectors [13] and recently a Graphene-Barristor was demonstrated based
on tunable Schottky barrier across electrostatically gated Gr/Si interface [4]. Such
devices have mostly been realized by graphene obtained by chemical-vapour depo-
sition (CVD), which lacks in quality compared to the exfoliated graphene. Although
the exfoliated-Gr/Si Schottky diode was successfully fabricated [6], the rectification
(IFR/IRR ≈ 102: ratio between forward saturation current and reverse saturation
current) is reported to be very low with very large ideality factor, η ≈ 5 to 30. Such
a small value of rectification is mainly due to the fabrication method which causes
very high reverse leakage current and hence reduces the diode quality.

The research presented in this chapter will focus on the Schottky interfaces be-
tween exfoliated and CVD graphene with silicon. Schottky barriers allow a unidi-
rectional flow of electrons, forming the basis of a rectifying diode. Our final goal is
to examine the charge transport at the local scale at such Schottky interfaces between
graphene and silicon. A nanoscale precision can be reached by employing Ballistic
electron emission microscopy (BEEM). BEEM allows the injection of so called ‘hot
charge carriers’ with energies several eV above the Fermi level and with a confined
directionality. This confinement enables a precise study of the out-of-plane trans-
port properties of hot carriers in graphene and across Gr/Si interfaces.

Before such a study can be performed the Gr/Si interface needs to be fabricated
and characterized. This chapter will mainly focus on the fabrication of such inter-
faces using exfoliated graphene as well as CVD graphene and the characterization
using macroscopic I-V measurements at several temperatures from liquid nitrogen
temperature upto room temperature. At the end a short view will be given on the
first BEEM results across the CVD-Gr/n-Si interface. This thesis starts off with an
introduction on the electronic properties of graphene and then the results on macro-
scopic I-V measurements are presented and analysed. After that the first results on
the BEEM study performed on the Gr/n-Si interfaces are discussed.

8.2 Electronic properties of graphene

One of the reasons for the immense interest in graphene are its exceptional electronic
properties. To find out what gives rise to these particular properties we start by
looking at the lattice structure of graphene (Fig. 8.1a).
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Figure 8.1: (a) Graphene lattice with the lattice vectors a1 and a2. (b) The first Brillouin zone
with the reciprocal lattice vectors b1 and b2 and the high symmetry points K, K′, M and Γ.
(c) The Dirac cones are visible at the six corners of the Brillouin zone. The cones visualize the
valence and conduction band of graphene and touch at the corners of the Brillouin zone.

According to the tight binding model the unit cell of the lattice contains two
atoms A and B, and is spanned by two lattice vectors [14, 15]:

a1 = a/2
〈

3,
√

3
〉

and a2 = a/2
〈

3,−
√

3
〉
, (8.1)

where a = 1.42 Å is the carbon-carbon distance. The reciprocal lattice vectors are
then given by:

b1 =
2π

3a

〈
1,
√

3
〉

and b2 =
2π

3a

〈
1,−
√

3
〉
. (8.2)

Figure 8.1(b) shows the constructed first Brillouin zone. It has the same hexag-
onal shape as the original lattice, only rotated by 45◦. Each of the six corners in the
Brillouin zone can be reduced to two points, K and K′. These points are called Dirac
points and their positions are given by:

K =
2π

3a

〈
1,

1√
3

〉
and K′ =

2π

3a

〈
1,− 1√

3

〉
. (8.3)
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Figure 8.1(c) shows the valence and conduction band of graphene. The bands
touch each other at the K and K′ points, hence there is no energy gap. This gives
graphene metallic properties. Following the tight binding approach we can calculate
the shape of the bands using [14, 15]:

E±(k) = ±t
√

3 + f(k)− t′f(k) (8.4)

f(k) = 2 cos
(√

3kya
)

+ 4 cos

(√
3

2
kya

)
cos

(
3

2
kxa

)
, (8.5)

where t (≈ 2.8 eV) is the nearest-neighbor hopping energy (hopping between differ-
ent sublattices), and t′ (0.02t . t′ . 0.2t [16]) is the next nearest-neighbor hopping
energy (hopping in the same sublattice). The plus and minus sign in eq. 8.4 denote
the conduction (π∗) and valence band (π) respectively. For finite values of t′ the
energy is asymmetric around E = 0.

The remarkable electronic properties of graphene arise from the linear dispersion
around the K points for |E| < 1 eV. The wave vector can be written as k = K + q,
with ||q|| � ||K||. The dispersion of charge carriers is linear and is given by:

E±(q) ≈ ±vF~ ||q|| (8.6)

where q is the momentum measured relatively to the Dirac points and vF is the
Fermi velocity, which is defined as vF = dE/dp = 3ta/2 and has a value of ∼
106 m/s.

8.3 Rectifying I-V measurements across exfoliated-Gr/
n-Si interface

Here we demonstrate a new approach to fabricate highly-rectifying exfoliated-Gr/Si
interfaces and investigate a systematic temperature dependence of the barrier height
and the ideality factor of the diodes. Such understanding can be further utilized
for future complex devices based on Gr/Si interfaces to improve their function-
ality which might not be possible to realize in standard metals on silicon diodes.
We have followed the method of making graphene suspended, i.e., we fabricate
non-suspended exfoliated-Gr/n-Si interface with negligible reverse leakage current
(<10−10 A, limited by the measurement set-up). The forward current is measured to
be >10−4 A at 1 V for a optimized diode with a larger linear region in ln(I)−V plot
giving rectification, IFR/IRR > 106. Further temperature dependent measurement
from liquid nitrogen temperature to RT of the forward diode characteristics reveal
that there are strong inhomogeneities at the Gr/Si interfaces which is expected due
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Figure 8.2: (a) The 2-probe device configuration for graphene resistance measurement with
respect to the varying back gate voltage. The graphene flake is exfoliated on a Si/SiO2 (300
nm) substrate followed by the deposition of Cr/Au contacts. (b) Sketch of the I-V measure-
ment on the Gr/n-Si(100) device after removing the SiO2 underneath of the graphene. (c)
Scanning electron micrograph (SEM) of a typical Schottky diode.

to the electron-hole puddles in the graphene and/or highly conducting edge states
of graphene.

8.3.1 Device fabrication

In our devices, the graphene flakes are exfoliated on top of a Si/SiO2 (300 nm) sub-
strate and the single layer is identified by both optical contrast and atomic force mi-
croscopy (AFM). Then by using electron beam lithography (EBL) we make the pat-
tern where we deposit Cr(6 nm)/Au(35 nm) contacts on both side of the graphene
flake. We have now measured the in plane graphene properties by measuring the
field effect of graphene resistance (local 2-probe) by applying a back-gate voltage,
VG to the Si substrate as shown in Fig. 8.2(a). Next we have done another EBL step
to open up a window in the PMMA resists in the place of graphene flake and then
dip the substrate into the buffered hydrofluoric acid (BHF) to remove the SiO2 un-
derneath the graphene and the interface between graphene and silicon is formed
as shown in Figs. 8.2(b) and 8.2(c). Figure 8.2(c) represents the scanning electron
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Figure 8.3: (a) Optical microscope pictures in green light of exfoliated graphene devices for
field effect measurements. Three flakes of different shape and sizes are contacted by Cr/Au.
(b) Square resistances of the graphene flakes are plotted against the gate voltage at RT.

microscopy image of a typical non-suspended Gr/Si interface looked at 70◦ angle
with respect to the surface of the substrate. The electrical I-V-T characterization is
performed with a Keithley 2410 Sourcemeter in dark, inside a variable temperature
cryostat.

8.3.2 Field effect in exfoliated graphene

Prior to the SiO2 removal step, we did the in-plane electrical characterization of the
graphene flake using a standard lock-in technique. Figure 8.3(a) represents the op-
tical images of three such connected flakes named as device A, B, C respectively.
Graphene flakes are chosen in such a way that the distance between the two elec-
trodes are at least >2 µm for better stability of the diodes after Gr/Si interface fabri-
cation. In order to extract the mobility and carrier concentration, we have measured
the field effect of graphene resistance (R) with respect to the back gate voltage ap-
plied to the n-Si substrate as shown in Fig. 8.3(b) in two probe geometry. For all the
devices we have observed a strong hole-doping of graphene as the charge neutrality
point (CNP) appears in the positive gate voltage. This is very common for graphene
and it is believed that initial hole doping is because of water molecules on the hy-
drophilic SiO2 surface which is in between the substrate and the flake [17]. From
the measurements in Fig. 8.3(b) we can find the charge neutrality point (CNP) and
calculate the mobility of the electrons at the deflection point. The deflection point is
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Table 8.1: Extracted parameters from the field effect measurements in graphene from
Fig. 8.3(b)

Device CNP µ n

(V) (Vcm−2s−1) (cm−2)
A 25 2610 8.28×1011

B 36 5071 6.05×1011

C 8 9320 4.39×1011

where the derivative dR/dn is maximum. The charge density is given by:

n =
CG
q

(VG − VCNP ) = α(VG − VCNP ) (8.7)

where α = ε0ε/(qd) and is determined by the dielectric constant ε of the insulating
layer and its thickness d, finally ε0 is the vacuum permittivity and q the elementary
charge. Next the charge mobility can be calculated with as:

µ =
1

nqRsq
(8.8)

where the square resistance is defined as, Rsq = Rw/l, where R is the resistance of
the flake at a certain gate voltage andw and l are the width and length of the flake re-
spectively. A summary of the extracted results are shown in Table 8.1. Furthermore
we find that the extracted mobilities at the respective carrier densities are very typi-
cal for graphene on a SiO2 substrate.

8.3.3 Temperature dependent current voltage measurements

Figure 8.4(a) represents the atomic force microscopy (AFM) of surface topography
image (top panel) and also the simultaneously recorded amplitude mapping (bot-
tom panel) after removal of 300 nm SiO2 underneath of the graphene for the three
devices presented earlier. Images show that the flakes are clamped between the two
metal contacts with a part of them are touching the silicon and making the Gr/n-Si
interface without suspension and also without breaking the graphene in between
the two electrodes for electrode distance of >2 µm. From the AFM images, we have
seen that the Gr/Si interface is almost perfect for Diode-A and B but for Diode-C
a ∼14 nm inhomogeneous SiO2 in a shape of triangular hill (bright contrast in the
middle of the surface image) is seen. Although we have followed similar processing
steps to fabricate the diodes, we observed that the BHF etching step underneath the
graphene is strongly influenced by the hydrophilic property of SiO2 surface. Here
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Figure 8.4: (a) Atomic force microscopy image of the surface topography (top panel) and the
amplitude map (bottom panel) of the three diodes after removing the SiO2 underneath of
graphene. (b) Electrical I − V characterization of the diodes at room temperature just after
fabrication. The straight lines are fitted using the thermionic emission theory as described.

we make an analogy from the earlier measurement as follows, the SiO2 surface of
the Device-C is less hydrophilic than the Device-A and B as the CNP is closer to zero
for C than A, B. During the etching process, BHF goes underneath the flake (more
hydrophilic surface than the hydrophobic surface) and etches 300 nm thick SiO2

from top to bottom (for A, B) than removing the 1.5 µm SiO2 (flake width) from the
side of the flake (for C). This way we have fabricated two kinds of diodes similar
to M/S (Gr/Si) and M/I/S (Gr/SiO2/Si) interfaces. Figure 8.4(b) is the measured
I-V characteristics of the diodes plotted as ln|I| vs V in an ambient environment
(in dark) immediately after fabrication. At room temperature the zero bias Schot-
tky barrier height, φb0, and the ideality factor, η, are extracted for the three different
diodes using thermionic emission (TE) theory according to the following equation,

I ≈ A∗∗AT 2exp

(
− qφb0
kBT

)
exp

(
qV

ηkBT

)
(8.9)

where kB is the Boltzmann constant, A is the Gr/Si interface area, T is the temper-
ature, A∗∗ is the effective Richardson constant, considered to be 110 A cm−2 K−2

for the n-type Si(100) substrate which has doping concentration of Nd ≈ 1015 cm−3.
Extracted φb0 and η are listed in the Table 8.2.

Ideality factor, η, is a measured quantity which determines the quality of the
diode and can be written as,

η =
q

kBT

I
∂I
∂V

. (8.10)

For an ideal diode, η=1, represents purely TE process and according to the Schottky-
Mott relation, the expected barrier height can be the difference between graphene
work function (WGr) and electron affinity of Si (χ) i.e. WGr - χ = 4.8 - 4.05 = 0.75
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Table 8.2: Results of the fits to the measurements in Fig. 8.4(b)
Diode Gr/Si area φb0 η φbf

(µm2) (eV) (eV)
A 2.25 0.74 1.45 0.95
B 10.7 0.67 1.48 0.86
C 6.0 0.63 2.31 1.11

eV [5]. For one of our fabricated diode (A), we have seen a very close match to this
Schottky barrier hight with an ideality factor of 1.45. However, for most M/S inter-
faces in general, the SBH has a weak dependence on the metal work functions due to
the Fermi level pinning and the above relationship deviates from the experimental
results. Presence of a thin layer of unetched oxide, the improper termination of Si
surface can create interface dipoles, i.e interface states which pin the Fermi level and
provide more than unity ideality factor with a modified Schottky barrier of, φb0 =
WGr - χ + qVint, where Vint is the voltage drop due to interface dipoles which occurs
during the formation of Gr/n-Si interface. The measured Schottky barrier heights
of our diode-B, C are much lower than diode-A due to the difference in interface
states and dipoles. Although the graphene flakes are exfoliated from the same bulk
graphite, three devices have their own varying properties and none of the flakes
are identical. In a comparison between diode-B and C, diode-C is more non ideal
than diode-B because of the presence of inhomogeneous SiO2 and hence the barrier
height is lower for diode-C than diode-B. For all three diodes the reverse leakage
is surprisingly lower than the previous report on exfoliated Gr/n-Si diode [6] and
the order of rectification is much higher for diode-B and C. The forward saturation
current is limited by the forward series resistance for each diode. During I-V mea-
surement, current flows from the contact to the graphene, into the graphene and
then out-of-plane across the Gr/Si interface, hence the forward series resistance is
the combination of contact resistance, a part of in-plane graphene resistance and the
Gr/Si interface resistance. In a comparison, diode-A has less Gr/Si interface area
and relatively higher in-plane resistance than the diode-B and C which explains the
forward saturation current of diode-A to be much smaller than diode-B and C.

In addition, there can be other processes other than the TE which also modify
the barrier height and make the diode non-ideal (η>1). As the additional processes
there can be image force lowering, generation-recombination, thermionic field emis-
sion (TFE) and direct tunneling can effect the forward current as well as the reverse
leakage. For the n-Si substrate with doping concentration of 1015 cm−3, direct tun-
neling is highly unexpected as the calculated width of the depletion layer, Wd (>1
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Figure 8.5: (a) I-V characteristics for the diode B at various temperatures. (b) The Schottky
barrier heights and the ideality factors are extracted from (a) using TE-theory at different
temperatures. Similar measurements are plotted in (c) and (d) for diode C.

µm) is too large at room temperature. Further analysis of I-V characteristics of the
diodes at room temperature does not provide the detailed information of the charge
transport. Such effects can be better addressed in the temperature dependent mea-
surements.

The highly rectifying diodes-B and C are then loaded in the cryostat and cooled
down to liquid nitrogen temperature. The I-V characteristics of Gr/n-Si Schottky
diodes in the temperature range 80 - 300 K are shown in Figs. 8.5(a) and 8.5(c). The
forward bias ln(I)−V plots show clear linearity over several order of current for
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the entire temperature range. For both the diodes a gradual shift in the onset cur-
rent (∼ turn on voltage) is observed towards the higher voltage from ∼0.1 V (at
300 K) to ∼0.8 V (at 80 K). This is because of the thermal energy of electrons de-
creases with decreasing temperate from 26 meV (300 K) to 7 meV (80 K) and thus
the electrons require more energy (electric field) to overcome the barrier at lower
temperature. Also, at low temperature the electrons prefers to go through the lower
barrier height if there is a inhomogeneous distribution of the barrier and the effec-
tive barrier height decreases with decreasing temperature.

Now if we compare the forward resistance, one can see that the forward satura-
tion current for the diode-B is almost at the same level for all temperatures where
as for diode-C, the forward saturation current decreases with decreasing temper-
atures. As we have used the similar substrate, this change is due to the presence
of SiO2 at the interface in diode-C which become more resistive at low temperature
than diode-B. The values of zero bias barrier height and the ideality factor of the two
diodes are extracted by fitting the linear part of the forward current according to the
Eq. 8.9, for all temperatures and plotted as a function of temperature in Figs. 8.5(b)
and (d) for diode-B and diode-C respectively. The extracted ideality factor has been
found to increase, while the zero-bias barrier height decreases with decreasing tem-
perature in both cases. In addition we have seen a smooth change in both φb0 (from
0.67 eV to 0.34 eV) and η (from 1.56 to 3.67) for diode-B which is commonly observed
phenomena for Schottky diodes. For diode-C, we have measured an abrupt change
in both φb0 (from 0.64 eV to 0.41 eV) and η (from 1.99 to 4.68) which is because of
the competition between M/S and M/I/S kind of diodes due to inhomogeneous
interracial SiO2 layer. Current transport across the Gr/n-Si interface is tempera-
ture activated process, low temperature electrons will surmount the lower barrier
and therefore the current transport will be dominated by the low Schottky barrier
patches with greater non-ideality. With increasing temperature, more electrons will
have sufficient energy to surmount the higher barriers and the extracted effective
barrier will also be increased. There is no clear theoretical understanding to exactly
explain this dependence of φb0 and η with temperature other than considering the
inhomogeneous distribution of barrier heights across the Gr/n-Si interfaces [18].

8.4 Macroscopic I-V measurements across CVD-Gr/ n-
Si interface

Apart from the devices of exfoliated graphene, also devices from chemical vapour
deposition (CVD) graphene are prepared. In the case of exfoliated graphene the
flake is first deposited onto the substrate and afterwards the SiO2 is etched with
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Figure 8.6: An optical image of the substrate (red) with CVD graphene on top (darker red)
and the circular patches are the device areas where the SiO2 has been etched (yellow on the
left, green on the right image). A detailed view of one of the holes can be seen on the right.
Note that CVD graphene does not cover the entire substrate and some areas contain multiple
layers of graphene.

BHF. For the CVD graphene based devices the SiO2 is etched with BHF and the
surface states are terminated by a 1% HF treatment. Within 5 minutes the CVD
graphene is then transferred on top of the entire substrate. For the CVD samples it
is expected that there are less surface states at the interface. CVD graphene can also
cover large areas so multiple diodes can be prepared on a single substrate.

8.4.1 Device fabrication

The substrates used for these devices are the same Si substrates as the ones used for
the exfoliated devices. However the first step consists of defining an etch pattern
of circular holes (4% PMMA and hard baked at 100◦C for 90 sec. after develop-
ment) and removing the SiO2 by dipping the sample in BHF for 9 minutes. Polymer
layer is then removed by using acetone and afterwards the sample is submerged
in 1% Hydrofluoric acid (HF) to terminate the dangling Si bonds. Next the sam-
ple is rinsed in DI water for 1 min to stop the etching and remove the remaining
chemicals. Within 5 minutes after the etching, the CVD graphene is deposited on
top of the substrate by PDMS stamp as shown in Fig. 8.6, minimizing the amount of
naturally grown SiO2 on the freshly exposed Si.

Once transfered, the graphene in between the different diode areas is discon-
nected by ion beam etching (see Fig. 8.7(a)). This is done with another EBL step
(3% PMMA) to define the grid pattern. The sample is then loaded into a vacuum
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Figure 8.7: (a) After the CVD graphene has been transferred the different diode areas (yellow
circles) are separated with ion beam etching. (b) A new layer of PMMA is spin coated on top
and the contact areas are defined and (c) a layer of 6 nm Ti and 35 nm of Au are evaporated
to form the contacts.

chamber for oxygen plasma etching. By exposing the uncovered parts (i.e. without
EBL resist) for 30 seconds with the plasma the graphene is etched layer by layer.
This time was selected to ensure also the multi layer graphene parts are etched com-
pletely. Next a new layer of 3% PMMA is spin coated on top of the old layer and
loaded into the EBL to define the contact areas and afterwards it is loaded into the
e-beam evaporator to deposit the metal contacts (Fig. 8.7(b) and (c)).

There are some advantages to the CVD graphene based devices: (1) the amount
of devices on the same substrate can be >10 and (2) all of them are made under
the exact same conditions. Drawbacks are the poor quality and coverage of the
graphene compared to exfoliated graphene (see Fig. 8.6).

8.4.2 Temperature dependent current voltage measurements

Figure 8.8(a) and (c) show the I-V characteristics of two diodes which are on the
same substrate. From these graphs the Schottky barrier heights (SBH or φb0) and
ideality factors (η) are extracted and plotted in Fig. 8.8(b) and (d). Also the values
are displayed in table 8.3. There are many differences between the two diodes, even
though they come from the same substrate. There are also huge differences between
the characteristics of exfoliated and CVD devices, which is understandable because



146 8. Graphene Based Hot-electron Transistor

-0,5 0,0 0,5 1,0 1,5
10-12

10-11

10-10

10-9

10-8

10-7

10-6

|C
u
rr

en
t|

 (
A
)

Applied Voltage (V)

 80K
 140K
 180K
 240K
 300K
 TEM fit

50 100 150 200 250 300
0,3

0,4

0,5

0,6

0,7

0,8

0,9

Temperature (K)

Sc
ho

ttk
y 

ba
rri

er
 h

ei
gh

t (
eV

)

2,5

3,0

3,5

4,0

4,5

5,0

5,5

6,0

6,5

Id
ea

lit
y 

fa
ct

or

-0,5 0,0 0,5 1,0 1,5
10-12

10-11

10-10

10-9

10-8

10-7

10-6

 

|C
u
rr

en
t|

 (
A
)

Applied Voltage (V)

 80K
 140K
 180K
 240K
 300K
 TEM fit

50 100 150 200 250 300

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

Temperature (K)

Sc
ho

ttk
y 

ba
rri

er
 h

ei
gh

t (
eV

)

2

3

4

5

6

Id
ea

lit
y 

fa
ct

or

Device CVD-A

Device CVD-B

a) b)

c) d)

Figure 8.8: (a) Temperature dependent I-V measurements of device CVD-A and (b) the ex-
tracted barrier heights and ideality factors at different temperatures, using the thermionic
emission model. (c) Same measurement done on a second diode which was located on the
same substrate (d) and the extracted parameters. The extracted φB and η are in Table 8.3.

the processing is different on both devices and the quality of CVD is not as good
as exoliated graphene. For device CVD-A the SBH increases linearly with increas-
ing temperature and the η decreases almost linearly with increasing temperature.
This is different from the exfoliated devices which displays a more or less exponen-
tial behaviour. Device CVD-B shows a slightly different behaviour than CVD-A.
The SBH and ideality factor behave more like the exfoliated devices (i.e. exponen-
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Table 8.3: Extracted Schottky barrier height φb0 and ideality factor η before the samples are
annealed. CVD-A CVD-B

T (K) φb0 (eV) η φb0 (eV) η

80 0.39 5.64 0.36 5.85
100 0.46 4.86 0.46 4.55
120 0.51 4.74 0.62 3.02
140 0.53 5.20 0.68 2.84
160 0.61 4.29 0.77 2.50
180 0.62 4.91 0.86 2.19
210 0.70 4.32 0.93 2.09
240 0.80 3.23 0.82 2.94
270 0.85 2.99 0.85 3.08
300 0.90 3.42 0.86 3.38

tial increase and decrease of both parameters), except around 230K where there is a
sudden change in both parameters. The SBH for both devices at RT are comparable,
but are higher than the SBH for exfoliated devices. A reason for this might be that
because of the lesser number of surface states caused by the H-termination. Fur-
thermore the extracted SBH also depend on the active area of the diode. Certainly
in the case of CVD graphene it can be hard to measure the exact areas (with AFM
for example), because it is not always clear if the sheet is connected everywhere and
thus if the entire sheet contributes in the conduction.

Thermal annealing of the Diodes

Because of the inconsistent behaviour and in order to improve the device quality the
substrate containing the two diodes CVD-A and CVD-B are annealed overnight at
150◦C. The results are displayed in Fig. 8.9 and in Table 8.4. The SBH and ideality
factor now show a more or less linear behaviour with temperature. Furthermore the
sudden change in both parameters around 230K disappeared after the annealing.
Also the ideality factors at room temperature of both devices are decreased, while
the SBH remained more or less constant. This means that the diode now behave
more like an ideal diode, i.e. the electron transport behaves more according to the
thermionic emission model. Also the turn on voltage (from 0 V) of the forward
current flow at RT is higher before annealing (0.4 V versus 0.25 V), indicating that
the annealing process made it easier for the current to pass the barrier at lower
biases. At lower temperatures the change does not really show a trend and exhibits
large error bars (especially device CVD-B), because of the lesser number of data
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Figure 8.9: These figures show the results after the samples are annealed overnight at 150◦C.
(a) Temperature dependent I-V measurements of device CVD-A and (b) the extracted barrier
heights and ideality factors at different temperatures, using the thermionic emission model.
(c) Same measurement done on device CVD-B which is located on the same substrate (d) and
the extracted parameters.

points through which the fit is conducted.

There are many differences between the devices made with CVD graphene and
exfoliated graphene. As mentioned earlier, the device fabrication is different for
both devices and thus can cause differences in I-V characteristics. Also the quality
of the CVD is lower, in terms of homogeneity and mobility. Furthermore, due to the
growth process of CVD graphene, the graphene sheet consists of grains or patches
which are stitched together. The grain boundaries can act as possible scatter centers.
Also the CVD graphene contains wrinkles (which are determined by the rough-
ness of the Cu substrate on which the graphene is grown) which might prevent
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Table 8.4: Extracted Schottky barrier height φb0 and ideality factor η after the sample was
annealed. CVD-A CVD-B

T (K) φb0 (eV) η φb0 (eV) η

80 0.36 6.50 0.46 3.63
100 0.44 5.00 0.47 3.93
140 0.54 4.44 0.60 3.27
180 0.62 4.28 0.68 3.09
240 0.81 2.99 0.76 3.13
300 0.92 1.83 0.83 2.53

the graphene from making intimate contact with the Si. Finally the CVD graphene
transfers are of very low quality, as seen on the optical images. The determination
of the active area of the diode can be hard in the case of CVD graphene, because it
is not always clear if the sheet is connected everywhere and thus if the entire sheet
contributes in the conduction. This might also be a reason for the spread in bar-
rier heights for CVD-graphene on silicon. The forward currents for CVD graphene
based devices is lower compared to that of exfoliated devices. This might be due to
the fact that the low quality of the CVD graphene sheet causes more series resistance
in the diodes. The annealing process lowered the ideality factors of both CVD de-
vices, to values which are comparable to the exfoliated devices. Due to the removal
of dopants, the diode now behaves more close to the ideal diode.

8.5 Nanoscale hot carrier transport across Gr (CVD)/ n-
Si interface

As mentioned in the previous chapter, the variation of both the SBH and the ide-
ality factor with temperature can be explained by assuming that we have a inho-
mogeneous SBH, containing patches with a different SBH than its surrounding. To
get a grasp upon the shape and size of these patches Ballistic electron emission mi-
croscopy (BEEM) is employed to investigate the SBH at the nanoscale. Furthermore,
because of the energy and momentum criteria of this measurement technique, the
out of plane hot carrier transport characteristics can be determined. BEEM stud-
ies are conducted only on CVD-Gr/n-Si samples, as the diode area of exfoliated
graphene samples is too small to find by the STM tip.

Figure 8.10(a) shows a schematic view of the measurement setup which is used.
For direct BEEM as shown in Fig. 8.10(b), hot electrons are injected into the CVD
graphene from the STM tip which is in direct contact with the Si. Some electrons
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Figure 8.10: a) Schematic cross sectional view of a BEEM measurement on a CVD-Si sample
with the corresponding contacts. The black arrow indicates the STM tip from where electrons
are injected into the sample. b) BEEM and c) R-BEEM on a graphene-Si interface. Electrons
are denoted by • and holes by ◦.

travel ballistically through the graphene and are collected in the conduction band of
the semiconductor. Then the thermalized electrons travel to the back contact where
they are collected as the BEEM current, IB . Energy schematic of reverse-BEEM is
shown in Fig. 8.10(c) for CVD-Gr/n-Si device and the process is discussed in more
details in the experimental section.

8.5.1 BEEM experiments on Gr (CVD)/n-Si(100) device

Figure 8.11(a) shows the forward BEEM currents at different STM tip positions on
the sample measured at room temperature (RT). The measured BEEM current (IB)
is plotted with respect to the applied tip bias, VT . Each displayed spectrum is an
average of several measurements taken at the same location. There is a spread in
the BEEM current at different locations, which might be due to the fact that CVD
graphene is highly inhomogeneous compared to exfoliated graphene. The inset
shows the square root of the BEEM current versus the tip bias for one such tip posi-
tion, where the linear part has been fitted using the Bell-Kaiser model. A Schottky
barrier height (SBH) of 0.93± 0.02 eV is obtained, which is in close agreement to the
values found from the macroscopic I-V measurements of the CVD-Gr/n-Si samples
at RT.

In Fig. 8.11(b), the reverse BEEM current is plotted against the tip bias. The only
difference between forward and reverse BEEM (R-BEEM) is that for the latter case
the STM tip is positively biased. R-BEEM on normal metals as discussed in chapter
4 and 5; secondary hot electrons are created by Auger-like scattering and collected as
collector current in the n-type Si although hot holes are injected. This does not seem
to be the case for graphene, where an electron current is drawn from the graphene
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Figure 8.11: a) The forward BEEM current versus the tip voltage (VT ), taken at different STM
tip locations. The inset shows a square root of the BEEM current versus VT to extract the
Schottky barrier for one such tip location. b) The reverse BEEM current versus the tip voltage
similarly recorded for positive tip bias at several STM tip locations.

which originates from the conduction band of the SC. This process is illustrated in
Fig. 8.10(c).

In reverse BEEM experiment, STM tip injects holes which create e-h pairs by
scattering with electrons close to the Fermi level, similar to Auger scattering. These
electrons created by scattering can then surmount the Schottky barrier at the Gr/Si
interface. However atEF (at CNP) there are no electron or hole states for an injected
hot hole to scatter with for the formation of such scattered products (e-h pairs). The
injected hot holes will then move forward due to the applied electric field and will
thus reach the Gr/Si interface. This is further assisted by the fact that one expects
negligible (inelastic) scattering of the hot holes in one monolayer of graphene. The
transmitted hot holes reaching the M/S interface will reach the valence band region
and a hole current sets in by the process of recombination inside the semiconductor.
This leads to the collection of holes in reverse BEEM contrary to what has been
observed in any conventional M/S interface. Collection of hot holes in the R-BEEM
with n-Si reveals that the Auger-like process is less efficient in graphene at these
energies.

Weak dependence on current scaling

Figure 8.12(a) and (b) show the forward and reverse BEEM at two different tunnel-
ing currents. It is striking that there seems to be very little influence on the collected
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Figure 8.12: a) Forward BEEM versus tunneling bias at different tunneling currents, IT . b)
Reverse BEEM current at different tunneling currents. Measurements are conducted at RT
and each plot represents an average of several spectra.

BEEM current, while more electrons are injected into the system without increasing
the energy.

For the hot massless Dirac Fermions transport across Gr/Si interface, conven-
tional BEEM theory might not hold. As graphene is a 2D material, we do ex-
pect a much higher BEEM current due to the negligible scattering across the one
monolayer thickness. However, experimentally obtained BEEM transmission across
Gr/Si interface surprises us where a much larger transmission was expected. To un-
derstand this we look into the properties of graphene. 2D graphene has an unique
property, i.e., defined location of momentum, k at the 6 corners of the Brillouin zone
in the x, y plane and is linearly related with energy E. In BEEM experiments for hot
electrons to be collected into the semiconductor (SC) they should follow the conser-
vation of k‖. In the case of Gr/Si we do observe IB but whether the collected hot
electrons follows the necessary criteria of energy and momentum at the interface as
in BEEM with conventional M/S interface cannot be specified. The basic premise of
BEEM theory (scaling with tunnel current etc.) and hot electron collection is based
on these two criteria. Graphene is a 2D material in which kz wave vectors might not
exist and this indicates that scaling of IB with IT (as in conventional BEEM theory)
might not be strictly valid. However, increasing energy (E) could allow the hot elec-
trons to flow into the semiconductor above a certain barrier. The necessary E and k,
requirements for hot electron transmission from graphene to Si for BEEM studies, is
not clear.

Non-scalability of collector current with the injection current can also be inter-
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Figure 8.13: a) Forward BEEM versus tunnelling bias at different tunnelling currents, IT . b)
Reverse BEEM current at different tunnelling currents. Measurements are done at RT and
each plot represents an average of several spectra.

preted by the hot electron scattering in graphene. In graphene, the hot electron
scattering processes are relatively slower than the base transfer time. Thus, injected
hot electrons will scattered with the other injected hot or not completely relaxed
electrons and as a result there will be no scalability in the tunnel current (range of 1
to 10 nA). More details of the time scales of the hot electron scattering processes in
graphene can be found from other recent experiments as in Ref. [19, 20, 21, 22, 23].

8.5.2 BEEM experiments on Au/Gr(CVD)/n-Si(100) device

Further, we have carried out the BEEM experiment in a device structure of Au/Gr-
(CVD)/n-Si(100). Presence of a thin layer of 10 nm Au confirms the injection of
hot electrons into Au as well as in graphene. The experimental results are shown
in Fig. 8.13. Scalability of the BEEM currents are again verified by changing the
tunnel current in the range from 3 to 9 nA for both forward and reverse BEEM ex-
periment. Absence of scalability confirms the transport of massless Dirac Fermions
from graphene to the Si across the interface as observed previously. Reverse BEEM
transmission confirms the collection of holes which we found to be another com-
mon characteristic of the transport of massless Dirac Fermions across the interface.
However, we have observed several differences in the experimental results for the
Au/Gr- (CVD)/n-Si device than the Gr(CVD)/n-Si device. The forward BEEM cur-
rent is now much reduced than the previous observation with a much lower onset
around 0.14 ± 0.02 eV. The reverse BEEM current is measured to be as high as ∼1
nA at 1.6 V tip bias for the injection current in between 3 to 9 nA. The onset for the
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non zero R-BEEM current is found to be around 0.49 ± 0.02 eV.
Deposition of a thin Au layer on graphene causes it to be hole doped [24]. Hole

doping helps to reduce the in-built electric field across the Gr/n-Si interface. Thus a
non zero BEEM current can be obtained at much lower tip bias voltage. In presence
of the 10 nm Au and Au/Gr interface, directly injected hot electrons get scattered
and the transmission decreases than without the Au layer. In presence of Au, there
can be two channels for the hot electron transmission into the n-Si viz., above the
Au/n-Si barrier and through the Au/Gr/n-Si barrier. Au/n-Si has a Schottky bar-
rier height of 0.8 eV and this is what we exactly observe as the two distinct regions
of hot electron transport which is below and above 0.8 eV. On the other hand, for
the hot hole collection in reverse BEEM, the lower barrier height of 0.3 eV for Au di-
rectly with the valence band of Si will have additional advantages. Apart from the
tail of the injected hot hole distribution causing recombination as in Gr/n-Si, now
the top part of the distribution will also contribute. So more number of ballistic hot
holes of lower energy will be directly injected into the valence band of the Si and
as a result the hole current will be now much higher as we have seen in the case of
reverse BEEM.

8.6 Conclusion and Outlook

Graphene/Si interface is considered to be another model Schottky interface because
of the thermal stability and chemically inertness of the two-dimensional (2D) struc-
ture of graphene as the metallic electrode. So far for the Schottky diodes between
several metals and semiconductors, the metal layer has to be couple of mono-layer
thick for conduction and it involves high vacuum deposition system for the fabri-
cation where the interface bonding is much stronger. The charge carriers in such
systems are described by the Schrödinger equation with an effective electron mass
m∗ (for metals as free electron mass). However the formation of Gr/Si interface is
at an ambient condition for both exfoliated and CVD graphene and makes a stable
bonding between carbon (C) and Si. The charge carriers in graphene are massless
Dirac fermions and are described by the Dirac equation with a Fermi velocity VF
≈ 106 m/s. After formation of the interface between graphene and n-Si, electrons
move from the Si to the sp2 hybridized state of the C atoms and in thermal equilib-
rium the Fermi level of both of them matched to provide a rectifying barrier. The
screening length in graphite is about ≈ 0.5 nm, thus for a graphene/Si interface, the
induced electric field in the graphene side is virtually unscreened which is unlike
the case for a standard metal semiconductor interface and provide new insight in
the transport process across the interface.
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In addition to the macroscopic measurements, nanoscale BEEM measurements
are conducted in order to study ballistic transport of hot carriers and to investigate
the SBH at the CVD-Gr/n-Si interfaces. The results are different from conventional
BEEM experiments on a regular M/S interface. The BEEM current showed no scal-
ability (within 1 to 10 nA) and upon reversal of the applied bias (reverse BEEM, or
R-BEEM), electrons are extracted from the conduction band of the semiconductor.
It is unclear whether the necessary E and k requirements for hot electron transport
also hold for a Gr/Si interface. In case of R-BEEM, it is believed that a hole current
is generated by the process of recombination inside the semiconductor. Such sin-
gle layer thinnest metal (graphene) base diode can further be investigated for the
completeness of understanding of Schottky barrier and its applications.
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