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Low metal–graphene contact resistance is important in making high-performance graphene devices. In this work, we
demonstrate a lower specific contact resistivity of Au0.88Ge0.12/Ni/Au–graphene contact compared with Ti/Au and Ti/Pt/Au
contacts. The rapid thermal annealing process was optimized to improve AuGe/Ni/Au contact resistance. Results reveal
that both pre- and post-annealing processes are effective for reducing the contact resistance. The specific contact resistivity
decreases from 2.5× 10−4 to 7.8× 10−5 Ω·cm2 by pre-annealing at 300 ◦C for one hour, and continues to decrease to
9.5× 10−7 Ω·cm2 after post-annealing at 490 ◦C for 60 seconds. These approaches provide reliable means of lowering
contact resistance.
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1. Introduction
Graphene made by the chemical vapor deposition tech-

nique (CVD-graphene) has been used to make ever increas-
ing electronic devices.[1–7] Low metal–graphene contact re-
sistance plays an important role in making high-performance
graphene devices. Metal material, device processing, and
graphene pattern (top and edge contact configurations) are
three major factors determining the contact resistance.[8–11]

Device processing including graphene transfer and lithogra-
phy usually introduces contaminations such as polymethyl-
methacrylate (PMMA) and lithography resists. Various meth-
ods have been used, such as low-power O2 plasma treat-
ment, low density inductive coupled Ar plasma, and ultravi-
olet (UV)/O3 treatment to clean the graphene surface.[12–14]

Parameters should be tuned very carefully in order to avoid
the defects introduced by these methods. Thus thermal an-
nealing before and after metal deposition (pre-annealing and
post-annealing) is more frequently used to reduce the contact
resistance although the assumption that surface contamination
sandwiched between the metal–graphene contact is removed
during post-annealing is still controversial.[15–17]

In recent years, metal contacts Cu, Ag, Pd, and Au and
metal schemes contacts Ti/Au, Cr/Au, Ni/Au, and Ti/Pt/Au
have been studied.[8,10–12,18,19] Results reveal that Ti/Au and
Ti/Pt/Au can provide relatively low contact resistance after O2

plasma treatment, thermal annealing, or end- (or edge-) con-
tact configuration. In this paper, we first compared the specific

contact resistivities for Ti/Au, Ti/Pt/Au, and AuGe/Ni/Au top
contacts using the circular transmission line method (CTLM).
Then rapid thermal annealing (RTA) processes before and
after metal deposition (pre-annealing and post-annealing)
were studied for improving the metal–graphene contact re-
sistance. Results show that AuGe/Ni/Au–graphene contact
has the lowest specific contact resistivity among the Ti/Au–,
Ti/Pt/Au–, and AuGe/Ni/Au–graphene contacts. Finally, the
metal/graphene contact is discussed from the viewpoints of
chemisorption of metal on graphene, contact area, metal work
function, and surface contamination.

2. Experiments
Monolayer graphene sheets used in this work were grown

by the chemical vapor deposition (CVD) method on Cu foils
( Hefei Vigon Material Technology Company) and trans-
ferred onto 300 nm SiO2/Si substrates by the polymethyl-
methacrylate (PMMA) method in which 100 g CuSO4 +

500 mL HCl+ 500 mL H2O were used as the etching solu-
tion. In the circular transmission line method (CTLM) mea-
surements, circular patterns with an outer radius of 110 µm
and gap spacings of 5, 10, 15, 20, 25, and 30 µm were
adopted. CTLM patterns were fabricated by laser lithog-
raphy using LOR 20B and AZ5214 double layer photore-
sists which can produce a clean graphene surface follow-
ing the standard lithography process.[10] Then the metal
contacts Ti/Au (20/150 nm), Ti/Pt/Au (50/50/200 nm), and
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Au0.88Ge0.12/Ni/Au (35/10/200 nm) were deposited by an e-
beam evaporator. The optical image of the CTLM patterns is
shown in Fig. 1. Pre-annealing at 200 and 300 ◦C for 1 hour
in nitrogen atmosphere was conducted using a commercial
rapid thermal annealing system (RTA) to remove the resid-
ual PMMA on the graphene surface before the laser lithog-
raphy and metal deposition. Furthermore, RTA post-annealing
at 300–550 ◦C was performed to improve the metal/graphene
contacts. Then electrical characterizations were carried out in
air by a Keithley 4200 semiconductor parameter analyzer.

Fig. 1. Optical microscope image of the fabricated metal–graphene
CTLM patterns on 300 nm SiO2/Si substrate.

3. Results and discussion
Figure 2(a) shows the measured total resistance of each

circular as a function of ln(R/r) and the linear fitting for
AuGe/Ni/Au–graphene contact post-annealed at 490 ◦C for
15 min. In CTLM, the total resistance Rt between different
gap spacings is determined as follows:[20]
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where Rsh is the sheet resistance, R and r are the outer and in-
ner radii, and Lt = (ρc/Rsh)

1/2 is the transmission line length.
According to Eq. (1), Rt can be formulated as follows: Rt =

k ln(R/r)+ b, where k is the slope of the fitted line, b is the
intercept of the fitted line with the vertical axis
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Thus the general equation for specific contact resistivity (ρc)
calculation can be obtained by

ρc=
πR2b2

2k
. (3)

Figure 2(b) shows the ρc as a function of post-annealing
conditions for Ti/Au graphene and AuGe/Ni/Au graphene con-
tacts without pre-annealing. The ρc is 1.3× 10−3 Ω·cm2 for

Ti/Au contact before post-annealing. It reduces by 7.7% and
15.4% after post-annealing at 300 ◦C for 1 h and at 300 ◦C
for 1 min with 10 cycles, respectively, while it reduces by
93.8% after post-annealing at 490 ◦C for 15 min. The ρc for
AuGe/Ni/Au contact is slightly lower after post-annealing for
1 h at 300 ◦C and for 1 min at 300 ◦C with 10 cycles than the
value of 2.5× 10−5 Ω·cm2 without post-annealing, while it
decreases to 2.1×10−6 Ω·cm2 after post-annealing at 490 ◦C
for 15 min. These results demonstrate that the AuGe/Ni/Au
contact presents a lower ρc compared with the Ti/Au contact
and a higher post annealing temperature is more effective to
decrease the ρc.
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Fig. 2. (a) Resistance of each circular as a function of ln(R/r) and the
linear fitting for AuGe/Ni/Au–graphene contact post-annealed at 490 ◦C
for 15 min. (b) Post-annealing method effects on specific contact resis-
tivity (ρc) for Ti/Au and AuGe/Ni/Au contacts without pre-annealing.

Figure 3 shows the dependence of ρc on the post-
annealing temperature for Ti/Pt/Au– and AuGe/Ni/Au–
graphene contacts without pre-annealing. The ρc for
Ti/Pt/Au–graphene contact drops 89.7% from 3.0 ×
10−4 Ω·cm2 to 3.1×10−5 Ω·cm2 by post-annealing at 400 ◦C
for 15 min, and then it increases to 8.2× 10−5 Ω·cm2 after
post-annealing at 490 ◦C for 15 min. While for AuGe/Ni/Au

118101-2



Chin. Phys. B Vol. 25, No. 11 (2016) 118101

contact, the ρc is 2.1 × 10−6 Ω·cm2 after post-annealing at
490 ◦C for 15 min which is 2 orders of magnitude lower
than that without post-annealing, and it is lower than that for
Ti/Pt/Au contact post-annealed at 400 ◦C, suggesting a better
ohmic contact using AuGe/Ni/Au compared with Ti/Pt/Au.
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Fig. 3. Measured ρc for Ti/Pt/Au– and AuGe/Ni/Au–graphene contacts
post-annealed at various temperatures for 15 min.

Figure 4(a) shows the ρc versus post-annealing tem-
perature for AuGe/Ni/Au–graphene contacts without pre-
annealing and pre-annealed at 200 and 300 ◦C for 1 h. Before
post-annealing, the ρc of the contact without pre-annealing
is 2.5× 10−4 Ω·cm2, and it decreases significantly to 2.1×
10−6 Ω·cm2 when the contact was post-annealed at 490 ◦C
for 15 min. However, the ρc increases to 6.8× 10−6 Ω·cm2

when the contact was annealed at 550 ◦C for 15 min. The
contact pre-annealing at 200 and 300 ◦C for 1 h facilitates a
much more substantial drop in ρc compared with that with-
out pre-annealing, which results from the significant removal
of residues by a high temperature. Thus, the lowest ρc is
achieved when the contact is pre-annealed at 300 ◦C for 1 h
and post-annealed at 490 ◦C for 15 min. Further results of
the improved ρc by optimizing the post-annealing time are
shown in Fig. 4(b). The contact post-annealed at 490 ◦C for
60 s yields nearly a 98.8% reduction in ρc compared with the
contact without post-annealing. While further increasing in
the post-annealing time for the contact from 60 s to 900 s
leads to a gradual increase in ρc from 9.5× 10−7 Ω·cm2 to
2.1×10−6 Ω·cm2

A lot of work has been done to investigate the metal–
graphene contacts. Residues on graphene, the contact area pat-
tern of graphene under metal, and contact area between metal
and graphene can modify the contact resistance.[7,10,19] Fur-
thermore, doping of graphene by metal depends on the metal
species and chemisorption of metal on graphene because of
small equilibrium separations and large binding energies to-
gether contribute to the contact resistance.[11,21,22] The ρc for

Ti/Au, Ti/Pt/Au and AuGe/Ni/Au contacts shown in Figs. 2(b)
and 3 all decrease after post-annealing at high temperatures,
which is mainly due to the formations of strong bonding such
as the TiC and GeC at the metal/graphene interface and the
increased effective contact area between metal and graphene.
Because Ti and Ge atoms are both chemisorbed on graphene
and the effective contact area varies with the post-annealing
temperature.[19,23–25] The work function of Ti (4.35 eV) is
lower than that of graphene (4.5 eV), thus charge transfer oc-
curs between the Ti and graphene to align the Fermi levels.
This results in n-type doping of the graphene.[23] While Ge
is the 4 p element that is embedded more easily in the sp2 C
framework which suggests a substantial further enhancement
of n-type doping of graphene layers.[27] This may result in the
relatively low ρc for AuGe/Ni/Au contact compared with that
of Ti/Au and Ti/Pt/Au contacts.
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Fig. 4. Measured ρc as a function of (a) post-annealing temperature
and (b) post-annealing time for AuGe/Ni/Au–graphene contact pre-
annealed at 300 ◦C for 1 h.

In Fig. 3, the lowest ρc for the Ti/Pt/Au–graphene con-
tact is obtained at 400 ◦C, since the Au penetrates through the
Pt diffusion barrier and may lead to an enhanced Au–Ti inter-
matallic reaction and rapid formation of the α and β TiAu
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phases with increasing annealing temperature.[28] This may
lead to outward diffusion of Ti from graphene. As shown in
Fig. 5, the Au surface is smoother after increasing the anneal-
ing temperature from 350 ◦C to 400 ◦C, while the surface mor-
phology degrades dramatically after annealing at 460 ◦C and
490 ◦C, which is indicative of the interdiffusion and reaction
of the Au cap layer with the Pt and Ti.

AuGe/Ni/Au shows different alloyed properties com-
pared with Ti/Pt/Au contact. As Ni3Ge is firstly alloyed af-
ter annealing at low temperature, upon heating, Ni and Ge are
outdiffused from Ni3Ge.[24] Thus, more GeC strong bonding
which leads to low ρc can form with increasing annealing tem-
perature. As shown in Fig. 6, the AuGe/Ni/Au contact surface
is smoother as a result of increasing the annealing temperature
from 400 ◦C to 460 ◦C, then pitting takes place after further
increasing the annealing temperature from 490 ◦C to 550 ◦C.

The variation of contact resistivity with alloy temperature for
AuGe/Ni/Au was found to depend on the presence of these
pittings.[24] Small dense pittings produce a lower contact re-
sistivity, while big sparse pittings produce a higher contact
resistivity. Thus, ρc decreases with increasing the annealing
temperature from 460 ◦C to 490 ◦C, then it increases with in-
creasing the annealing temperature to 550 ◦C. Annealing time
is another parameter in the annealing process that affects the
contact resistivity. Increasing annealing time may decrease
the percentage of the Ge–graphene interface covered by GeC,
since more Au and Ni may diffuse to the metal–graphene in-
terface. Also increasing the annealing time can coarsen the
pittings.[24] The reasons mentioned above can all lead to an
increase in contact resistivity with long annealing time. Here
the optimized annealing time for the AuGe/Ni/Au–graphene
contact is 60 s.

(a) (b) (c) (d)

5.00 mm 5.00 mm 5.00 mm 5.00 mm

Fig. 5. SEM image of alloyed Ti/Pt/Au contact surface after annealing at (a) 350 ◦C, (b) 400 ◦C, (c) 460 ◦C, and (d) 490 ◦C for 15 min.
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Fig. 6. SEM image of alloyed AuGe/Ni/Au contact surface after annealing at (a) 400 ◦C, (b) 460 ◦C, (c) 490 ◦C, and (d) 550 ◦C for
15 min.

4. Conclusion

In summary, by employing the AuGe/Ni/Au contact, the
lower specific contact resistivity with graphene is obtained
after thermal annealing compared with that of Ti/Au and
Ti/Pt/Au contacts fabricated using the same process. It is
necessary to pre-anneal the AuGe/Ni/Au–graphene contact at
300 ◦C for 1 h and post-anneal it at 490 ◦C for 60 s to obtain
a specific contact resistivity of 9.5×10−7 Ω·cm2. Experimen-
tal results indicate that AuGe/Ni/Au is a very good candidate
for the ohmic contact metal with graphene. Low specific con-
tact resistivity to graphene achieved by AuGe/Ni/Au and the
annealing process may be combined with an edge-contact and

therefore lays a foundation for further progress in graphene
device performance.
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