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ABSTRACT A reliable method is proposed for measuring specific contact resistivity (pc) for graphene-
metal contacts, which is based on a contact end resistance measurement. We investigate the proposed
method with simulations and confirm that the sheet resistance under the metal contact (Rsx) plays an
important role, as it influences the potential barrier at the graphene-metal junction. Two different comple-
mentary metal-oxide-semiconductor—compatible aluminum-based contacts are investigated to demonstrate
the importance of the sheet resistance under the metal contact: the difference in Rgk arises from the
formation of insulating aluminum oxide (Al,O3) and aluminum carbide (Al4C3) interfacial layers, which
depends on the graphene pretreatment and process conditions. Auger electron spectroscopy and X-ray
photoelectron spectroscopy support electrical data. The method allows direct measurements of contact
parameters with one contact pair and enables small test structures. It is further more reliable than the
conventional transfer length method when the sheet resistance of the material under the contact is large.
The proposed method is thus ideal for geometrically small contacts where it minimizes measurement
errors and it can be applied in particular to study emerging devices and materials.

INDEX TERMS Graphene, electrical contacts, TLM.

I. INTRODUCTION

Low specific contact resistivity (pc) is one of the crucial
parameters for the integration of graphene into nanoelec-
tronic devices. Typical critical device dimensions are in the
range of 10 to 100 nm, so it is imperative that pc is extremely
small to fabricate high performance graphene-based devices.
The specific contact resistivity is derived from the graphene-
metal interfacial resistance, whereas the contact resistance
is a combination of graphene sheet resistance and specific
contact resistance. The specific contact resistivity (pc) of
typical metal silicides/silicon contacts are in the range of
1077 - 10783Qcm? [1]-[3]. However, unstable process con-
ditions may lead to the formation of interface oxides that
increase pc to the range of 107> - 107°Qcm? [4], [5]. In
graphene-metal junctions, in contrast, current tends to flow

primarily through the edge of the contact, i.e., the least
resistance path [6]. This is mainly the case for geometrically
large contacts, as in widely used test structures, because the
area of the contact can be neglected. For real world appli-
cations, contacts need to be much smaller and lower levels
of pc are required. The proposed method, based on TLM
and contact end resistance methods, is able to measure both
pc and Rc, which enables contact investigations in a more
general way, as Rc depends on the length of the contact.
Graphene technology is less mature and, as a consequence,
Rc has been found to vary widely at graphene-metal junc-
tions from kQ2um down to several tens of Qum [7]-[11].
The major intrinsic factor that results in high pc is the low
density of states (DOS) available in graphene under the metal
contact [12]. As a consequence, pc, depends on the Fermi
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FIGURE 1. (a) Schematic of the standard four terminal method for the extraction of contact resistance. (b) Schematic of contact end resistance method. If
the metal resistance can be neglected, the structure will yield the same result as in (a). This is a valid assumption in the case of graphene-metal contacts.
The origin in both images is marked with a red dot. (c) Schematic of the distributed resistor network describing the situation in (b). d) Schematic of the
resistor network in (c) when neglecting the metal resistance. The network becomes symmetric, resulting in an equivalent circuit diagram (e). Equivalent
circuit diagram like in (d): For symmetry reasons the resistors in the x-direction can be combined compared to (d).

level of the graphene under the metal contact [12], [13].
Another factor is the transport in the graphene under the
metal [14]. Finally, process and material aspects can influ-
ence pc if carbides or oxides form at the graphene-metal
junction [14], [15]. In the latter case, extracting pc by the
conventional transfer length method (TLM) or the Cross-
Bridge Kelvin Resistor (CBKR) method is prone to errors.
Therefore, we propose a technique for the direct measure-
ment of pc and the sheet resistance under the contact (Rsk)
for graphene-metal junctions on a single contact pair. This
has the advantage of a direct and fair comparison of Rgk
and pc, and can be fabricated with a self-aligned pro-
cess [15]. We demonstrate the technique with two specific
examples and utilize Auger electron spectroscopy (AES) and
X-Ray Photoelectron Spectroscopy (XPS) measurements to
characterize the materials at the contact area.

1l. TEST STRUCTURE AND SIMULATIONS
A simple model to investigate contacts is the “pc - Rspg
equivalent circuit” [16]. Rgy is the sheet resistance of the
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graphene outside the contact, i.e., without any interaction
with the contact material. When current flows from metal to
graphene or vice versa it encounters the resistances via pc
and Rgy, which can be explained by the transmission line
model, assuming one-dimensional current flow to the contact
interface. A typical electrical contact in semiconductor indus-
try is not defined as a two-dimensional contact between two
materials. Instead, it is a three dimensional structure that is
typically described as via in a dielectric layer. Nevertheless,
the main physics and chemistry at the interface can be stud-
ied and optimized without dielectrics and vias, as is the
case in this study. Hence we do not expect a different out-
come when using a via. At the graphene-metal junction, the
potential drop consists of three components

(a) Potential drop due to Ry (metal sheet resistance),
which is generally neglected.
Potential drop due to graphene-metal interfacial resis-
tance, i.e., a vertical component.
(c) Potential drop due to the channel resistance, i.e.,

a horizontal graphene component.

(b)
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FIGURE 2. (a) Simulated vertical current flow through the graphene-metal interface for Ryyetal = Rgraphene- The current distribution is

radial (b) Simulated current flow through the interface as described in Fig 1(b), i.e., for Ryyetal << Rgraphene. The current flow can be described by
a one-dimensional model. (c) Optical image of the contact resistance test structure. The structure can be used both for transfer length method
measurements to determine the contact resistance and for direct measurements of the specific contact resistivity.

Current density is non-uniformly distributed across the
contact area, due to the voltage drop in the graphene. The
voltage is highest at the contact edge and drops exponen-
tially with distance. The “1/e” distance of the voltage curve
from the front end (x = 0) of the contact is defined as
the transfer length Lt (eq. (1)) [3] [9]. In simple terms,
transfer length is an effective electrical length of the con-
tact. The metal-graphene contact can be either a line contact
or an areal contact depending on the Lt value. The ideal
situation would be in the case when L~Lt, which means
that almost the entire contact area is responsible for current
transmission (areal contact). The term “front contact resis-
tance” is in this context defined as the ratio of the voltage
drop across the interfacial layer at that edge of the contact
where the current density is greatest to the total current I
flowing through the contact. Similarly, end contact resis-
tance is defined as the ratio of the voltage drop across the
interfacial layer at the edge of the contact where the current
density is least to the total current I flowing through the
contact.

Various measurement techniques have been established
to measure interfacial contact resistance (pc), sheet resis-
tance under the metal contact (Rgg) and sheet resistance
of the graphene channel (Rsy) between source-drain contact
regions [10]-[15]. The method proposed in this work enables
the measurement of all relevant values (pc, Rsy, Rc) using
just one contact test structure [13], [23], [24]. In principle,
the test structure consists of line contacts with two contact
pads and a variation of the distance between the contacts. The
layout is derived from the standard transfer length method
proposed by Shockley [17]. The structure requires just two
contacts and allows measuring pc directly. The first step is
the measurement of R¢c by TLM or 4-point/2-point measure-
ments. In a second step, pc is directly measured using the
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contact end resistance measurement, which is similar to the
CBKR method [26], [27]. In the contact end resistance ver-
sion in Fig. 1(b), the semiconductor/graphene and the metal
lines are crossed and the current is forced to flow around
the corner. The CBKR method (generally) consists of forcing
a known current through the pads marked with I, and Iy
[Fig. 1(a)]. Voltage is measured between the pads marked
with V| and V;, which are positioned orthogonally to the
direction of the current flow. Dividing the voltage difference
V2 — V; by the forced electric current I yields the interfacial
resistance Ripterface. All contact related values can then be
extracted by the equation system after measuring the contact
resistance Rc and the interfacial resistance Ripgerface. (€q. (1)
and eq. (2), the mathematical derivation is included in the
supplementary information).

Rc = v/ pcRsk (D
+/ PRk 1 @)
W sinh —A

Rgk

R interface =

In the proposed contact end resistance design, in analogy
to the conventional CBKR method, two contacts are used
to measure Vi and V;. The advantage of this design is the
self-aligning character of this structure, where the channel
and the contact just have to cross each other perpendicu-
larly. A simple estimation demonstrates this advantage: if
we assume the width of the channel and the metallization to
be 1 pm, and further the misalignment to be 1 pwm in x and
y directions, the conventional CBKR structure will not work.
The structure proposed in this work [Fig. 1(b)] would still
work without error. The resistor network corresponding to the
schematic of the proposed structure is shown in [Fig. 1(c)].
Here, the situation is changed from a 2D problem to a 3D
problem. The interface resistance Rynerface can be split into
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FIGURE 3. (a) The error of the specific contact resistance measurement depends on the metal sheet resistance and the transfer length. In general it
should be noted that the error can be manipulated by the experiment/experimenter. By choosing a small L the ratio Ly/L gets larger and a lager ratio
leads to a smaller error. As L is the contact length this parameter can be manipulated by the mask set. (b) The error in the resistance depends strongly on
the alignment error for the CBKR structure. Whereas the contact end resistance measurement (CER) is not affected by alignment errors.

infinitely small resistors Rjj. In the case of negligible metal
resistance [Fig. 1(d)] the situation can be simplified because
of the symmetry in x-direction. In the case of graphene,
neglecting the metal resistance Ry is a valid assumption as
the sheet resistance of graphene is much higher than that of
the metal, i.e., Rsh >> Rym. Thus, all R can be combined
in the y dimension:

3)

N
> Rj=R
j=0

The situation is now nearly identical to the conven-
tional CBKR method and pc can be measured with the
help of the set of equations discussed above. We evaluated
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this hypothesis with simulations using the LTspice V code.
First, the resistor network in [Fig. 1(c)] was implemented
in LTspice and the resistor values were varied to investi-
gate the current flow path. The results of the simulations
for two cases (R = Ry and Ry << Rgy) are shown in
[Fig. 2(a) and (b)]. The electric current is evaluated directly
at the interface, representing only the part in z-direction, i.e.,
the orange components in Fig. 1. If the metal resistance is in
the range of the graphene sheet resistance, the current flow
path has a circular/round/edge shape [Fig. 2(a)]. In this case,
the current density maximum is located at the edge where
the current has to pass through fewer resistors. The situation
changes for metal resistances much lower than the graphene
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resistance (Fig. 2(b), where the situation becomes symmetric
and equations 1 to 2 can be used. In Figs. 3(a) and 3(b), the
calculated error trends for this structure are shown. Metal is
considered as a perfect conductor due to high charge carrier
concentration (10*2 cm™3). Graphene is a semi metal due
to the lack of a band gap and the charge carrier concentra-
tion lies in the range of (1010 ~ 10'2 ¢m~2). Therefore the
assumption of neglecting the metal resistance is valid.

IIl. EXPERIMENT

The proposed method was demonstrated by applying it to
Al-graphene contacts, as shown in the optical micrograph in
[Fig. 2(c)]. We would like to stress again, that it is favor-
able for experiments on graphene and other two-dimensional
material flakes, as it can be applied to just one contact
pair, whereas TLM and CBKR would require two flakes to
measure pc and Rgk, adding to the variability of experi-
ments. We chose aluminum as the contact metal because
it is CMOS compatible and also because the formation
of a parasitic interfacial aluminum oxide (Al,O3) can be
controlled through process conditions, i.e., the presence of
oxygen and/or water.

The devices were fabricated on 280 nm SiOj-coated Si
wafers. Single-layer graphene flakes were exfoliated from
pure pyrolytic graphite by the adhesive tape method [28].
Two outer metal contacts per device were defined by elec-
tron beam (e-beam) lithography and chrome/gold (15/65 nm)
thermal evaporation and lift-off. Subsequently, graphene
channels (1 pm wide and 10 pwm long) were defined in a sec-
ond e-beam step and structured using oxygen (O;) reactive
ion etching, followed by solvent resist stripping with ace-
tone. The areas for the Al contacts were defined afterwards,
again by e-beam lithography. 80 nm thick aluminum con-
tacts were deposited by thermal evaporation. One sample
(“wet”) was dipped into deionized (DI) water for 5 min-
utes, and aluminum (Al) was then thermally evaporated at
a pressure of ~3 - 107> mbar (pumping time ~25 min).
The other sample (“dry”) was not exposed to a DI-water
dip, but instead kept in vacuum in the deposition chamber
for 24 hours and heated in vacuum at 100°C for 10 min
immediately before thermal evaporation of Al at a pressure
of ~ 4.107° mbar. The metal deposition was performed in
a Tectra Mini-Coater thermal/e-beam evaporation tool. The
first procedure is expected to result in a significantly higher
amount of adsorbed water at the SiOp / graphene / metal
interfaces. During deposition, aluminum comes into contact
with these adsorbed water molecules and is expected to form
Al>O3, which increases the pc, similar to such layers in Al/Si
interfaces [4], [S]. The details of the fabrication process are
shown schematically in Fig. 4.

It should be noted that there might also be other adsorbed
chemicals that can influence the graphene, e.g., airborne
volatile organic compounds (VOCs). A longer pumping time
reduces also the level of these adsorbed molecules.

The presence of an interfacial oxide was experimentally
investigated by AES. Since the interpretation of AES results
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graphene Au-contacts

Al-contacts

FIGURE 4. Schematic of the fabrication process. (a) Exfoliated graphene is
transferred onto 280nm Si0,. (b) Source-drain contacts were defined by
e-beam lithography and Stack of Chrome/Gold (15nm/65nm) was
deposited by evaporation tool followed by a lift-off process. (c) The
graphene channel is patterned using oxygen plasma RIE (Reactive lon
Etching) tool. d) In the final step e-beam lithography was carried out in
order to define source-drain contact pads and subsequently aluminum (Al)
was deposited.

is difficult on monoatomic graphene layers, specific sam-
ples were prepared on thicker graphene (graphite) flakes by
the wet and the dry deposition method. While this enables
improved imaging in the AES, the surface chemistry behav-
ior can be assumed identical to graphene. AES spectra were
recorded on a PHI 700 spectrometer using 10 kV primary
electron energy and 10 nA electron current with charge
compensation by low-energy Art ions. Depth profiling was
done with 500 eV Ar™ ions resulting in a sputter rate of
8 nm/min SiO; equivalent [Fig. 5(a) and Fig. 5(b)]. The
large chemical shift in the Auger electron spectrum between
Al and Al,O3 allows to clearly differentiate between the
two materials. Increased Al,O3 and O concentrations at
the sample surface, originating from the native oxide on
aluminum, reveal significantly increased oxide formation at
the Al/graphene interface of the non-annealed “wet” sample
[Fig. 5(a)] compared to the “dry” sample [Fig. 5(b)]

Both types of graphene/aluminum contacts were electri-
cally analyzed according to the proposed method with an
EG&G 7260 DSP Lock-in Amplifier at ambient conditions.
The I-V curves were linear in the measured region. All mea-
surements were taken at the charge neutrality point (CNP).
The interface resistance Riypterface in the case of the “wet”
sample is 95 k2, whereas the “dry” sample shows a value
of 7 k2. We attribute the significant increase in the con-
tact resistance to the Al,O3 formation at the graphene-metal
interface in the “wet” sample, as indicated by AES data.
The TLM measurements of the Rc were only conclusive for
the “dry” sample. The values for the “wet” sample vary too
much for a meaningful interpretation due to Al,Os forma-
tion. An Rc value of 22 + 0.2 k2 was found for the dry
sample.

223



ELECTRON DEVICES SOCIETY

KONIG et al.: ACCURATE GRAPHENE-METAL JUNCTION CHARACTERIZATION

a) °rt T T T T T T

Atomic Concentration (%)

Sputter Time (min)

Atomic Concentration (%)

3 i
(1] 1 2 3 4 5 6 7
Sputter Time (min)

c)

Intensity / kCounts
-] -] =] »
8§ 8 & 8

®
I
-

6
s

g

79 78 77 76 75

74 73 72 71 70 69 68

Binding energy / eV

2
s @
& 3

:

Intensity / Counts
»n
[
N

287 286 285

284 283 282 281

Binding Energy / eV

FIGURE 5. (a) Auger depth profile through an Al coated graphite sample under “wet” conditions. At the Al/graphite interface (sputter-time of 3 min) the
oxygen concentration increases. Furthermore, Al, 05 formation is indicated by the peak shift of the Al signal at the interface to the graphite. The Al,05 at
the top surface indicates the native oxide. (c) and (d) XPS spectra taken at the Al/C interface of a “dry” sample. (c) The Al2p signal reveals three species

Al, Al 03 and Al;C5 (d) The C1s signal supports the existence of Al;Cs.

The extraction value of Lt is 0.3 ywm. This value indicates
that the conventional simplification of assuming L >> L is
not valid. Therefore, (1) has to be modified with the length
dependency:

~/Rsk pc
Z

In order to calculate the sheet resistance under the metal
contact (Rsk), the value of pc, Rc and Lk were calculated

R th = )
C e
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with the equation shown above. From (4) and (2), an Rgk of
38 k/0 has been extracted, which is dramatically higher
than the graphene channel resistance of 1150 /0. A value
of 1.1 -107* Qcm? was found for pc. A schematic of
the different measurement configurations is shown in the
supplementary information (Fig. S2).

To make sure that this high graphene sheet resistance
under the contact is not just an error introduced by the
measurement method, XPS was carried out to understand
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the chemical nature of the graphene-metal junction. In
particular, the stacks were investigated with regards to alu-
minum carbide formation (Al4C3). We again used a thicker
graphite flake to investigate a “dry” sample in an ULVAC-
PHI VersaProbe II using monochromatized Al-K, radiation
and an analyzer pass energy of 29 eV. Charge compensa-
tion was achieved by simultaneous electron and low-energy
Ar" ion irradiation. Sputter depth profiling was done using
250 eV Ar" ions. After each sputter cycle, detail spec-
tra were recorded. After completing the depth profile, the
Al2p and Cls spectra recorded directly from the interface
between Al and graphite were analyzed [Fig. 5(e) and (f)].
The presence of three compounds at the interface between
aluminum and graphene can clearly be identified. Their XPS
peaks can be assigned to metallic Aluminum, aluminum
oxide and aluminum carbide. The chemical shifts of both
the Al2p and Cls signals correspond quite well with liter-
ature data, which report binding energies of 282.2 eV for
Cls in Al4C3 and 73.4 eV for Al 2p in Al4Cz, 72.6 eV
for Al 2p in metallic Al, 74.6 eV for Al 2p in Al,O3, and
284.5 eV for C 1s in graphitic carbon. Thus, XPS measure-
ments clearly support the model of a carbide formation at the
graphene-aluminum interface. The carbide formation leads
to chemical bonding between the graphene and the metal
and reduces the charge carrier density. This explains the
increase of the graphene sheet resistance under the metal, as
extracted by the proposed method. Results from other groups
on graphene with 30 to 100 nm thick Al top gate structures
showed the formation of a few nm thick Al,O3 interface
layer between graphene and aluminum after exposure to air
due to oxygen diffusion into the structure. However, in these
experiments no additional water desorption steps prior to Al
deposition were reported [29], [30]. In this work, in the case
of the “dry” sample, adsorbed water was mostly removed by
extended pumping and heating prior to the aluminum deposi-
tion allowing the formation of Al4C3 in an oxygen-deficient
environment. In contrast, in an oxygen-rich environment the
formation of Al,O3 is thermodynamically favored (enthalpy
of formation: —209 kJ/mol for Al4C3; and —1676 kJ/mol for
Al»O3). Once Al4C3 is formed at the contact interface, the
subsequent formation of a passivating Al,O3 layer is kinet-
ically hindered. In addition, the lower density of adsorbed
water molecules serving as nucleation sites for aluminum
deposition could lead to a lower grain boundary density
thus reducing oxygen diffusion through the aluminum film.

IV. CONCLUSION

We demonstrated measurements of the specific contact
resistivity (pc) of graphene-metal contacts. This method
is derived from a TLM and contact end resistance mea-
surement, utilizing simplified “crossed” contacts instead of
rectangular contacts (CBKR). One of the advantages of this
method is that it allows the use of small contacts, because
the test structure has a self-aligning character. Furthermore
it is possible to measure all relevant contact parameters
in one contact pair. Two different samples were analyzed,
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a “wet” sample with a high amount of Al,O3 at the inter-
face and a “dry” one where carbide formation occurred.
A significant difference in Ryperface Was found between the
two samples. In the “dry” sample we measured a Rypgerface
of 7kQ2. The “wet” sample in contrast shows a Riypeerface
value of 95 kQ. The specific contact resistivity extracted
was pc = 1.1-107* Qcm?. In the “dry” sample, AES
and XPS analyses revealed interfacial aluminum carbide that
strongly increased Rgk. Splitting Rc in pc and Rgk the
method is highly suitable for investigating electrical con-
tacts to the growing range of two-dimensional materials.
This work should serve to investigate and understand the
large differences for graphene (and 2D material) - metal
contacts using the same contact material.
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