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The interface resistance at metal/semiconductor junctions has been

a key issue for decades. The control of this resistance is dependent on

the possibility to tune the Schottky barrier height. However, Fermi

level pinning in these systems forbids a total control over interface

resistance. The introduction of 2D crystals between semiconductor

surfaces and metals may be an interesting route towards this goal. In

this work, we study the influence of the introduction of a graphene

monolayer between a metal and silicon on the Schottky barrier height.

We used X-ray photoemission spectroscopy to rule out the presence

of oxides at the interface, the absence of pinning of the Fermi level and

the strong reduction of the Schottky barrier height. We then per-

formed a multiscale transport analysis to determine the transport

mechanism. The consistency in the measured barrier height at

different scales confirms the good quality of our junctions and the role

of graphene in the drastic reduction of the barrier height.

Introduction

Metal/Si (M/Si) junctions are one of the most important inter-

faces for Si-based devices. Drastic reduction of the contact

resistivity at M/Si interfaces is necessary for next generation

CMOS technology. The contact resistivity is directly determined

by the height and width of the Schottky barrier formed at the M/

Si interface. For n-type silicon, the reduction of interface resis-

tance can be achieved by the reduction of the barrier width i.e.

by the reduction of the space charge region width via heavy

doping. However, as devices are scaled down, leakage current

and dopant prole control becomes increasingly difficult.

Moreover, doping techniques such as implantation and diffu-

sion require high temperatures in the 1000 �C range which may

be incompatible with some processes like MEMS integration.

Au–Sb alloys may form ohmic contacts with Si at a lower

temperature of around 360 �C.

For the Schottky barrier height (SBH), reduction is more

difficult because of the pinning of the Fermi level (FL) at

approximately midgap in Si.1 Attempts to alleviate FL pinning

in semiconductors have been made in the past by the intro-

duction of a thin insulating barrier2,3 or surface passivation.4 A

new and promising route towards this goal is the introduction

of a 2D crystal between M and Si. As they are ultimately thin,

2D crystals would reduce the resistance increase due to insu-

lator barriers and tune the work function.5,6 Graphene (G),

a one-atom-thick layer of carbon in a honeycomb crystal

lattice, avoids the formation of undesired interface states and/

or metal induced states at the Si surface.7,8 Moreover, the work

function of graphene can be modulated by doping with various

metals.9,10 Several experimental results show that, unlike other

metals, the Fermi level pinning can be alleviated with gra-

phene on Si.11,12 The literature on M/G/Si shows a variety of

results. When heavily doped Si is used, the G layer acts as an

almost transparent tunnel barrier which makes it a promising

candidate for spin ltering for example.13–15 For lower doped

Si, a reduced interface resistance or SBH has been observed for

M/G/Si compared to M/Si.5,11,16 On the other hand, other

groups report no inuence of the G layer at all but with a large

variation between the measured SBHs7,17 for similar stacks.

Similar to what can be found for G/Si Schottky contacts,

a number of different characterisation techniques, transport

models and sample preparation methods make the compar-

ison between different results difficult. For that reason, we

present here a multiscale analysis of a Au/G/Si:H junction

studied with different techniques in order to give a consistent

description of the band alignments and determine the trans-

port mechanism.
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We used X-ray photoemission spectroscopy (XPS) to study

the formation of Au/G/Si contacts. Core level peak positions

were used to determine the energy band alignment. Capaci-

tance–voltage (C–V) and current–voltage (J–V) measurements

and conductive-probe atomic force microscopy (CP-AFM) were

then used to determine the apparent electronic SBH, transport

mechanism and contact homogeneity. Using these multiscale

techniques, we demonstrate the absence of FL pinning and

strong reduction of the SBH induced by the insertion of

monolayer graphene between Au and hydrogen-passivated

silicon (Si:H).

Experimental details

Single layer graphene realized by chemical vapor deposition on

copper was purchased from Graphenea©. A 200 nm polymethyl

methacrylate (PMMA) layer was then deposited on top. Aer

PMMA coating, copper was etched in a FeCl3 solution until no

metallic copper could be seen and the oating PMMA/graphene

was rinsed several times in deionized water. Graphene was then

transferred onto a Si substrate with a resistivity of 1–10 U cm. Si

was degreased in acetone and isopropyl alcohol followed by 30

minutes of UV/ozone cleaning leading to the formation of a thin

SiO2 layer of about 1 nm (see the ESI†). The oating PMMA/

graphene was deposited onto the oxidized silicon and le to dry

for 30 minutes at 50 �C followed by 15 minutes at 135 �C. Aer

removal of PMMA in acetone, the samples were introduced into

an Ultra High Vacuum (UHV) chamber where they were

annealed at 300 �C for 3 hours to remove resist residues. The

samples were then taken out of the UHV chamber for a nal

oxide etch in 2% hydrouoric acid (HF) before re-introduction

into the UHV chamber. Au was then sequentially deposited at

room temperature by molecular beam epitaxy with an effusion

cell at a rate of 0.2–0.4 Å min�1 for submonolayer thicknesses

and 1–2 Å min�1 otherwise. The Si 2p and C 1s core levels were

monitored as a function of gold thickness. Metal deposition and

photoemission measurements were performed in a multi-

chamber UHV system with base pressures below 2 � 10�10

mbar. XPS measurements at normal emission were performed

at room temperature using a Mg Ka (1253.6 eV) source. The

kinetic energy of the emitted electrons has been measured by

employing a hemispherical analyzer (Omicron EA125) with

a ve channel detection system. The total energy resolution was

0.80 eV. The Au 4f7/2 peak position from a thick gold sample,

assumed to be 84.00 eV BE,18 was taken as a reference in order to

position the Fermi level (FL). For the determination of the SBHs

and Si band bending, we assumed an energy difference of 98.74

eV between the valence band maximum of Si and the Si 2p3/2
core level (ref. 19) and a room temperature bandgap energy of

1.12 eV for Si. For current–voltage and capacitance–voltage

transport measurements, the same procedure was used for

graphene transfer. The Si substrates were heavily doped on the

back side prior to G transfer in order to make good ohmic

contacts. Aer HF etch and introduction into a UHV, 30 nm

thick metal contacts with diameters ranging from 150 to 500 mm

were deposited under a shadow mask. Graphene between the

metal contacts was then oxidized with a UV/ozone step.

Transport measurements were carried out with a Keithley DC

current sourcemeter. The capacitance–voltage (C–V) measure-

ments were carried out using a HP4284 LCR meter with a sinu-

soidal voltage amplitude of 20 mV and a frequency between 20

and 1 MHz. The electrical local characterization of the sample

has been performed using a Bruker NanoScope 8.0 atomic force

microscope (AFM) equipped with a specic electrical measure-

ment module called “Resiscope”.20 The method combines the

nanometric scale resolution of the AFM and the real time

electrical measurement of the ResiScope allowing resistance

measurements over a ten decade range (104 to 1014 U) under the

dynamic conditions of AFM imaging. In this experimental

conguration, the AFM p++-diamond conductive tip scans over

the surface of the sample in contact mode and under

a controlled and constant normal force. Thanks to the polari-

zation of the sample, the ResiScope analyzes the current across

the tip in order to give, for each point of the surface scanned,

a value of resistance. So, it is possible to build point by point

a map of local electrical resistance parallel to a topography

map.21

Results and discussion

Fig. 1a shows the experimental spectrum of the C 1s core level

for single layer graphene (G) on n-type Si(001):H. We introduced

four components to obtain a reasonable t of the experimental

curve. The main component located at 284.71� 0.05 eV binding

energy (BE) corresponds to C–C sp2 bonds. A component

located at 0.7 eV higher BE is attributed to sp3 carbons.22,23 Two

more components at 2.4 eV and 4.2 eV higher BE (C1 and C2 in

the gure) are assigned to contributions of carbon atoms from

PMMA residues,23,24 and the intensity of these components is

reduced by UHV annealing. The doping concentration in gra-

phene can be determined by the difference in the C 1s–sp2 peak

position between monolayer graphene and Highly Oriented

Pyrolytic Graphite (HOPG). Lin et al.25 observed that the C 1s

core level of undoped suspended graphene is shied by 0.4 eV

toward higher BE compared to the bulk component of multi-

layer graphene (MLG). Assuming a similar C 1s BE between

freshly pealed HOPG and the bulk component of MLG, it was

found that the Dirac point is located at 0.25 � 0.05 eV above the

FL for G transferred on Si(001):H surfaces indicating p-type

doping of graphene with a typical hole carrier density of 4.6 �

1012 cm�2.

As gold is sequentially deposited on the G/Si sample, the

position of the C 1s core level gradually shis towards lower BE.

This is assigned to gradual p-doping induced by charge transfer

from Si to Au.9 Fig. 2 shows the energy difference between the

Fermi level and the Dirac point in graphene as well as the SBH

of Si as a function of Au coverage. The Fermi level shis from

�0.25 � 0.05 eV from the Dirac point before to �0.38 � 0.05 eV

aer a 3 nm thick Au layer deposition (the negative sign indi-

cates p-type doping).

The top curve in Fig. 1b shows the Si 2p core level for G/Si:H.

An almost complete removal of SiO2 through the graphene layer

is observed aer the HF treatment. When present, the remain-

ing silicon oxide thickness deduced from the ratio of Si4+

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 3372–3378 | 3373
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(located at 3.75 eV from the Si 2p3/2 peak) to Si-bulk compo-

nents26 is estimated to be less than about 0.1 nm. The BE

position of the Si 2p3/2 core level leads to a SBH of 0.06� 0.05 eV

(see the ESI† for SBH determination). For the bare Si:H surface

the BE position corresponds to a SBH of 0.30 � 0.05 eV for

a similar doping concentration.

A large discrepancy can be found in the literature for the G/Si

SBH (from 0.32 to 0.89 eV (ref. 11 and 27–35)). Nevertheless, the

SBH of our SLG/Si:H junctions determined by XPS is very low.

Most results from the literature showing a higher SBH were

obtained by transport measurements. In this case, hot spots due

to defects or ripples may dominate the electrical transport

through the junction and may reect the electrical properties of

only a small proportion of the junction surface. Other param-

eters such as the efficiency of hydrogen passivation, the residual

silicon oxide under the graphene sheet or the graphene transfer

quality may differ from sample to sample. In contrast, the

photoemission experiment gives an averaged value of the SBH

at a macroscopic scale and is widely insensitive to microscopic

defects. Nevertheless, other reasons may explain the difference

between our results and those of the literature as we will see in

the next paragraph.

In the simple Schottky–Mott model, the SBH fB is the

difference between the work function of graphene WG and the

electronic affinity of the SC cSi:

fB ¼ WG � cSi

The commonly used work function of graphene is 4.54 eV

and the electronic affinity of Si is 4.05 eV. This would give rise to

a fB of 0.49 eV, much larger than our measured SBH of 0.06 eV.

However, for CVD graphene deposited via the PMMA assisted

method, the work function was measured by Lin et al. to be WG

¼ 4.3 eV, lower than the commonly used 4.54 eV because of

resist contamination and structural defects induced during wet

transfer.36 This would lead to an expected SBH of 0.25 eV.

Fig. 2 Schottky barrier height of Si and energy difference between the
Dirac point and the Fermi level in the graphene layer as a function of Au
coverage.

Fig. 1 (a) C 1s core level spectra of G/Si:H before and after 3 nm Au deposition. The C 1s level of HOPG is also shown. (b) Si 2p core level spectra
of Si:H and G/Si:H before and after 3 nm Au deposition.

3374 | Nanoscale Adv., 2019, 1, 3372–3378 This journal is © The Royal Society of Chemistry 2019
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Moreover, a reduction of the SBH is expected for Si:H because of

an electric dipole H�dq
–Si+dq at the Si surface. A reduction of

0.21 eV was measured for Pb/n-Si:H compared to Pb/n-Si.37 A

similar 0.21 eV reduction would lead to a SBH of 0.04 eV. This

value is very close to the SBH we measure here. Our particularly

low barrier may therefore be explained by the low work function

of wet transferred CVD-graphene and the surface dipole. A

better graphene quality and the absence of hydrogen passiv-

ation are expected to lead to a larger SBH.

With Au sequentially deposited, the Schottky barrier forms

and the position of the bulk Si 2p component gradually shis

towards lower BE. For the uncovered sample, a 0.39 eV shi of

the Si 2p core level is observed aer 3 nm Au deposition giving

rise to a nal SBH of 0.66 � 0.05 eV, slightly lower than the 0.75

� 0.04 eV measured by Grupp and Taleb-Ibrahimi.38 Several Si

2p components are needed to t the Si 2p peak for the Au/Si

sample. These peaks are attributed to surface components

induced by Si diffusion through Au and subsequent oxidation.39

For the graphene-covered sample, the position of the bulk Si

2p component gradually shis towards lower binding energy

aer 3 nm Au deposition giving rise to a nal SBH of 0.23� 0.05

eV, as shown in Fig. 2. This SBH is stable aer 5 Å Au deposition.

No reaction component is needed to t the Si 2p core level. This

result indicates that graphene is an efficient barrier against

metal diffusion as already pointed out by several groups.7,8,40

The evolution of the SBH and doping concentration in the

graphene layer as a function of Au coverage is presented in

Fig. 2. As the FL in graphene shows a downshi of 0.13 � 0.05

eV from the Dirac point with increasing gold coverage, the SBH

shows an almost similar upshi of 0.17 � 0.05 eV. These vari-

ations demonstrate the absence of pinning at the G/Si:H

interface.

Capacitance–voltage (C–V) and current density–voltage (J–V)

measurements were carried out to conrm the XPS results and

determine the transport mechanism. A voltage bias across the

Schottky barrier is able to modulate the depletion region width

w and to change the charge located at the junction, making it

behave as a parallel plate capacitor. When a small AC voltage dV

is added to the reverse DC bias (V < 0), the junction shows

a capacitive behavior with capacitance per unit area expressed

as C ¼

�

�

�

�

dQd

dV

�

�

�

�

¼
3s

w
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q3sND

2
�

4i � V �
kbT

q

�

v

u

u

u

t

where 3s is the dielec-

tric constant of Si, ND is the doping concentration, 4i is the

surface potential, V is the applied voltage, q is the electronic

charge, kB is the Boltzmann constant and T is the temperature.

A plot of 1/C2 versus V should therefore be a straight line with

the slope being 2/q3sND and the intercept being proportional to

4i � kT/q. The built in potential 4i is related to the SBH as

fB ¼ 4i þ kT ln

�

NC

ND

�

Fig. 3a shows the 1/C2 versus V plot obtained at 1 MHz for

different temperatures. The curves show straight parallel lines

for V < 0. This is indicative of good quality Schottky junctions

with a low density of interface states41 and a doping concen-

tration independent of temperature. Fig. 3b shows the SBH fB

deduced from these measurements as a function of tempera-

ture from 0.30 eV at 250 K down to 0.25 eV at 330 K. These

results are in good agreement with the SBH deduced from XPS.

Fig. 4a shows the measured I–V characteristics between 220

K and 320 K. Non-linear rectifying behavior was observed for all

the devices indicating thermionic emission (TE) dominated

transport over the barrier. A signicant increase in reverse

current density was observed as the temperature raised from

220 K to 320 K. This is consistent with the reduction of the

effective barrier height observed from C–V in Fig. 3b. The

forward bias current density shows temperature dependence as

well. The I–V characteristic of a Au contact on Si outside the G-

covered area at 300 K is also shown for comparison.

The zero-bias Schottky barrier height,f0
B, and the ideality

factor n at room temperature (RT) can be extracted using (TE)

theory according to the following equation:

J ¼ A**T2exp

�

�qf0
B

kBT

��

exp

�

qV

nkBT

�

� 1

�

¼ J0

�

exp

�

qV

nkBT

�

� 1

�

(1)

where J is the current density, q is the electronic charge, kB is the

Boltzmann constant, T is the temperature, and A** is the

Fig. 3 (a) 1/C2
vs. V plot at 1 MHz for a Au/G/Si:H junction between 250 K and 330 K. (b) Schottky barrier height deduced from the capacitance–

voltage measurements as a function of temperature.
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Richardson constant. A** ¼ 1.12 � 106 A m�2 K�2 for n-type

Si(100) for intimate metal/Si contacts. However, many parame-

ters can inuence the true A** value such as barrier inhomo-

geneity, effective surface area, quality of the interface, etc. We

should stress that the zero bias SBH deduced from J–V

measurements is strongly dependent on the choice of A**. It is

therefore necessary to determine the effective Richardson

constant with a plot of ln(Js/T
2) versus q/kBT as shown in Fig. 4b,

where Js is the reverse saturation current density.

This plot is well tted with a straight line between 260 and

320 K. The deviation from linearity below 260 K indicates

a temperature dependent barrier height. The slope of such

a plot gives fB ¼ 0.27 eV, the effective SBH which is consistent

with the barrier height of 0.23 eV measured by XPS and 0.28 eV

by C–V at room temperature. The intercept gives an effective

Richardson constant A** of 19 A m�2 K�2, 5 orders of magni-

tude lower than the expected A** for Si(001). Most reports on G/

Si Schottky barriers show similarly low Richardson

constants.42–45 This was attributed to the nite density of states

in graphene and 2D massless Dirac fermion characteristics of

its carriers29 or to inhomogeneous SBHs due to potential uc-

tuations at the interface.

For the latter case, these uctuations are described through

the Werner model46 which correlates the mean fCV(T) and the

apparent barrier f0
B(T):

f0
BðTÞ ¼ fCVðTÞ �

qss
2

2kBT
(2)

where ss is the standard deviation from the mean barrier

height, fCV(T) is the mean barrier height i.e. the SBH deduced

from CV measurements and f
0
B(T) is the apparent SBH calcu-

lated from eqn (1) with the A** deduced from the Richardson

plot. f0
B(T) � fCV(T) is plotted as shown in Fig. 4c as a function

of
q

2kBT
and gives a standard deviation of ss ¼ 100 meV.

Experimental conrmation of this model was realized with

conductive-probe atomic force microscopy (CP-AFM). Fig. 5a

shows an AFM scan of the edge of a 30 nm Au contact at the

interface between uncovered and G-covered Si. CP-AFM

mapping of the same area is shown in Fig. 5b. Four different

interfaces can be seen in this picture at a bias voltage of –2 V: G/

Si, Si, Au/G/Si and Au/Si. Note that the regions unprotected by

gold were oxidized with a UV/ozone step. The Au/Si contact

shows a large homogeneous local resistance in the 1013 U range

Fig. 4 (a) Current–voltagemeasurements between 220 K and 320 K for Au/G/Si:H. The room temperature I–V characteristic of a Au/Si contact is
also shown. (b) Richardson plot of the Au/G/Si:H junction and (c) determination of the standard deviation from the mean barrier height.

Fig. 5 (a) AFM close-up showing the four regions, (b) ResiScopemapping at the interface between uncovered and G covered Si under 30 nm Au,
and (c) resistance distribution in the Au/G/Si area.
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(see the resistance histograms in ESI Fig. S3†) probably due to

both the large SBH expected for Au/Si Schottky contacts and the

diffusion of Si through the Au layer plus subsequent oxidation

at the surface. When the graphene layer is present at the

interface between Au and Si, we observe a strong reduction of

local resistance consistent with the low SBH observed by XPS,

C–V and J–V. Most of the surface shows a local resistance in the

104 to 106 U range with small areas of larger resistance in the

1010 U range. These local high resistive spots of �1010 U are

related to the topography and are therefore attributed to resist

residues. If we consider the local resistance to be dominated by

the SBH at the interface, these measurements conrm that the

Au/G/Si SBH is low and inhomogeneous with a Gaussian

distribution centered at 104 U, our detection limit.

Conclusions

We studied Au/G/Si heterojunctions by different techniques so

as to determine their interface physico-chemistry, band align-

ments, homogeneity and electrical transport characteristics. We

observed by XPS successful Si oxide removal aer graphene

transfer and an absence of intermixing between Si and Au. XPS

was also used to determine the band alignments: for G/Si:H, the

Si SBH is close to zero and the progressive increase of graphene

p-doping by Au induces a similar progressive increase of the Si

SBH which means that FL pinning was alleviated at the surface.

Multiscale transport techniques conrmed the SBH value of Au/

G/Si:H in the 0.25 eV range at room temperature and identied

thermionic emission as the dominant transport process. The

Richardson constant was very low compared to the expected

value for ideal Metal/Si Schottky junctions. This low value was

attributed to an inhomogeneous SBH as conrmed by CP-AFM

imaging. These results show that, in order to form a low resis-

tance contact between Si and graphene, an appropriate choice

of metal is necessary. This metal should induce n-type doping of

the graphene sheet in order to further reduce the SBH on the Si

side and to form a low resistance contact with graphene.
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