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A Physical Model of Contact Resistance in
Ti-Contacted Graphene-Based
Field Effect Transistors

Bin Wang
Denis Flandre

Abstract—The effect of device fabrication processing
conditions is often overlooked in the evaluation of the
contact resistance in metal-graphene contact. In this work,
we investigate the Ti—-graphene contact resistance theo-
retically and experimentally. A compact model has been
proposed to reveal and evaluate the role of different factors
in controlling the value of contact resistance. A layer of
oxidized Ti or polymer residues at the Ti—-graphene inter-
face has been considered to explain the reduced carrier
transmission probability through the interface. Experimen-
tal results report a low contact resistance as small as
271.45 Q@ -um and our model agrees with the measured
values. The proposed model explains the large variation
of the contact resistance reported in the literature up to
date and help to improve metal-graphene contact for future
applications.

Index Terms— Contact resistance, graphene, interfacial
layer, model.

|. INTRODUCTION

RAPHENE is considered to be a promising material for

future high-speed and high-frequency transistors due to
its superior electrical properties [1], [2]. However, the metal—
graphene contact resistance (R.) becomes the key bottleneck
limiting the device performance when the device dimension is
scaled down. Ti is widely used as an electrode in carbon-based
devices due to its excellent adhesion property. It has been
theorized to form chemical contact with graphene together
with other metals like Ni, Cr, Pd, etc., [3], [4]. Differing
from physical contact, chemical contact is expected to achieve
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low contact resistance due to the strong interaction between
chemisorbed metals and graphene. However, the up to date
reported measurement results of R, are inconsistent, varying
from 10>-10* Q. wm [5]-[9]. A systematic model is required to
reveal the factors in controlling the value of R,. Xia et al. [10]
proposed a model in which R, is dominated by two cascaded
carrier transport processes: initial carrier injection from metal
to graphene followed by the transport to the channel, with
probabilities 7,,, and T, respectively. However, the mech-
anism of T7,,, is ambiguous, and it has been theoretically
investigated that no tunneling barrier exists at ideal Pd or
Ti/graphene interfaces [11]. Chaves ef al. [12] proposed a
model dividing the contact resistance into two parts R,,, and
Rg,, where R, reflects the resistance of the metal-graphene
interface and R,, is the resistance due to the potential step
of the junction formed between the graphene under metal
and channel caused by the different doping level. However,
both models overlooked the effect of processing conditions
of the contact. In the general graphene device fabrication
process, resist residues remain on the surface of graphene even
after additional cleaning treatments such as UV-Ozone [13],
annealing [14], and oxygen plasma [15]. Ti has been found to
easily react with the residues to form oxidized islands on the
graphene. Furthermore, the residue oxygen in the evaporation
chamber enables the in situ oxidation of Ti [16]. Based
on X-ray photoelectron spectroscopy (XPS) measurements,
Freedy et al. [17] pointed out that the Ti oxide component is
dependent on the base pressure of the chamber and the depo-
sition rate. At a pressure of 1 x 10~ Torr and deposition rate
from 0.1 to 1 nm/s, 10% to 25% of Ti oxide has been measured
in 5 nm thick Ti deposited on graphene capped by Au layer.
Politou et al. [18] observed an oxide layer at Ti—graphene
interface using transmission electron microscopy (TEM) and
energy dispersive spectroscopy (EDS) characterizations. Fur-
thermore, the polymer residues are inevitable in the fabrication
process and may still exist at the Ti—graphene interface. The
interfacial layer between Ti and graphene may prevent orbital
hybridization and lower the carrier transmission probabil-
ity, ultimately increasing the contact resistance. Therefore,
the interfacial layer at Ti—graphene interface should be taken
into account for the contact resistance modeling.

In this article, we consider an ultrathin uniform interfacial
layer between metallic Ti and graphene. The carrier transmis-
sion probability through Ti/IL/graphene interfaces has been
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Fig. 1. Band diagram of the Ti/TiO4/graphene/SiO>/Si heterostructure.
U(x) is the potential profile in the oxidized Ti layer, Ugg, Uet, and Upo,
Up1 are the band edges of the electrons and holes, respectively.

Graphene

modeled. Combining the model of the transmission probability
through the potential step, a compact model for the contact
resistance is derived.

[I. ELECTROSTATICS

Oxidized Ti as the interfacial layer is first utilized
to illustrate our model. We consider three terminal
graphene field effect transistors (GFETs) with back gate
bias (Vy,) that the contact resistance at the drain side
and source side is equivalent. The band diagram of the
Ti/TiO/graphene/oxide/semiconductor heterostructure at the
drain side is shown in Fig. I. The conditions for energy
conservation and charge neutrality are given in the following
equations:

Wg - VVm + q¢c,m - qus + qETiOX TTiO,( =0 (1)
1
—c](ng — Vds) +qyppy —qys + EEg + qxsi
—qE\Tox — qu - q¢c,m =0 2)
Onet + O + Os + Qf =0. (3)

In (1), W,, (43 eV) and W, (4.5 eV) are workfunctions
of pure Ti and graphene, respectively. ¢.,, is the graphene
potential under metal corresponding to the difference between
the Fermi level and Dirac energies. Vy, is the drain—source
bias. Trio, is the thickness of the oxidized Ti due to the
processing and Etio, is the built-in electric field in the oxi-
dized Ti. In (2), wp, = kgTIn(N4/n;) with N4 the acceptor
doping concentration and »n; the intrinsic concentration of the
substrate. v is the surface potential, yg; is the silicon electron
affinity, E, is the silicon bandgap energy, E,, the electric field
in silicon oxide and T, is the thickness of the oxide (20 nm
in this work). In (3), Qpe is the overall net mobile charge
density given by Champlain [19]

. _ 2q(kBT)2 ¢c,m ¢c,m
Ohet = C](p - I’l) - W[Fl(kBT) _fl(_kBT):|.
“)

Here, p and n are the free carrier densities of holes and
electrons, ) is the first-order Fermi integral. kp and T are
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Fig. 2. Calculated graphene potential ¢ g and ¢¢,m as a function of gate
bias for different Ttiox and Tppma.-

the Boltzman constant and temperature, respectively. 7 is
the reduced Plank’s constant and vr ~ 1 x 10° m/s is the
Fermi velocity. Q,, = —é&oéTio, ETio, describes the charge per
unit area induced in the metal, where e1jo, is the relative
permittivity of TiOx and has been estimated to be 6.9 eV [16].
O is the fixed charge density representing any fixed charges
within graphene sheet [20]. Q; is the surface potential given
by Sze and Ng [21] in (5), with ¢g; the permittivity of silicon
substrate, Lp = ./ % the Debye length for holes and F (u)
is given in (6). 1 o andp ppo are the equilibrium concentrations
in the p-type substrate for electrons and holes, respectively

L 2ekpT Vs
0, = Slgn(%)TLD F(¢T) )
Flu) 2 \/(e*“ Fut )+ 2%y 1. (6
PO

Based on the equations above, ¢., is computed as a
function of gate bias and the thickness of TiOx. The graphene
potential assuming a layer of polymer residues has also been
obtained with the relative permittivity of polymer epyva = 3.
The potential of graphene in the channel ¢., can be obtained
in a similar way by simply setting Q,, = 0 in (3). Fig. 2
shows the gate dependence of ¢, and ¢.,. We assume
Q; is the same for the computation for both ¢.,, and ¢ .
In calculating @, ., two different thickness of TiOy (Trio, =
0.5 and 0.7 nm) are considered. The n-doping effect induced
by Ti has been observed, which is consistent with previous
studies. The different potential between the graphene under
metal and channel leads to the formation of potential step
with effective length (1) at contact edge.

I11. CALCULATION OF CONTACT RESISTANCE

The carrier transport processes at Ti-TiOx—graphene junc-
tion are presented in Fig. 3, with transmission probabilities
Ty and T,,. Graphene under the metal has limited conduction
modes. According to Landauer approach, contact resistance
(R.) is determined by T,,, T,, and the lowest conduction
modes of graphene under the metal or in the channel. The con-
tact resistance can be obtained by R, = 7 #/ 2¢°ToM, Where
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Fig. 3.  Schematic view of the carrier transport processes at the
Ti/graphene junction, with transmission probability Tmg and Tgg.

Tiotal = TngTeg/(1 — (1 = Te)(1 — Typ)) [22] the total carrier
transmission probability, M = min(|¢¢ ¢, [¢e.m|)Wg/mhoF is
the conduction modes, with graphene channel width W.

The probability of carrier transmission through the poten-
tial step (T,,) with effective length (1) is given by
Cayssol et al. [23]

sinh(m Ax ) sinh (7 Ak~ T)
Toe =1—— — = (7
sinh(z Ax~)sinh(z Ax )

where k% = q(Pe. —¢C,,,,)/th+ak§+bk;", with a, b = £1.
The relationship between the longitudinal momentum (k,) and
the transverse momentum (k,) can be expressed by

K = sen(ge)y (gdei /0F) —I2 i=mg.  (®)
The density of states (DOS) broadening effect should also
be considered for the modeling of the contact resistance.
It has been theoretically investigated that the coupling strength
between Ti and graphene is strong. However, the presence
of the interfacial layer at Ti/graphene interface could inhibit
the orbital hybridization and weakens the coupling, thus
preserving the band structure of the graphene under metal.
Therefore, the broadening of graphene in the channel is
assumed to be inhomogeneous. We use Gaussian function
G(x,t) = exp(—x2/t?)/(twr'/?) to model the broadening
effect for graphene under metal and in the channel. R, can

be ultimately expressed as

q2 o]
~! = — dE]G(qu—
—00

c 2% q¢m;tg)

o kg
x| dEGaE: ~abta) [ Ttk ©)
Y —kp
where t, = lwp(v/27 ng) with ng the minimum carrier concen-
tration in the graphene channel, #,, is the broadening energy of
graphene under the metal, kr = min|@c g, Pcmlg/hvF is the
Fermi momentum.

The carrier transmission T, through Ti-TiOx—graphene
interfaces is dependent on the tunneling mechanism and has
been modeled based on quantum-mechanical tunneling theory.
Taking the random disorder potential of the graphene under
the metal into account, different tunneling mechanisms occur
due to the change of the barrier shape at the Ti/TiOx/graphene
interface. Electron tunneling and hole tunneling dominate the
current when E; < 0 and E; > 0, respectively. Using the
Wentzel- Kramers—Brillouin approximation (WKB), the tun-
neling probability 7,,, of the electrons and holes with Fermi
energy can be expressed as [21] (10), shown at the bottom of
the page, where Atio, = ETio, Ttio,, Tio, 1s the thickness of
the oxidized Ti layer. The band edges qU.o, qU.1, and qUpo,
qUy, are given by

UeO = Xe+qE1
Uet = xe +qE1 — qlArio, |
Uno = xn — qE

(1)

Xe = W, — xio, is the barrier height of undoped graphene.
Given that the workfunction (W,,) of Ti is 4.3 eV and (yTio,)
is the electron affinity of the oxidized Ti. We assume y. = y;
in our model. m, and my, are the effective mass of TiOy.

According to our model, the contact resistance is dependent
on several parameters. The value and definition of the para-
meters that we used to calculate the contact resistance is listed
in Table I.

Figs. 4 and 5 show the calculated contact resistance as
a function of gate bias for different values of 7, and 4,
respectively. Two peaks are observed when the broadening
energy ,, < 0.3 eV, one corresponding to the minimum DOS
of graphene in the channel (¢, , = 0) and the other locates in
the p—n-junction regime corresponding to the minimum DOS

Unt = xn — qE1 — q|Atio,

(O8]

7| ETio, |

7(@0) )

Ox

o (Uno)? )

—42qm, ((er)% - (Uel)%)),

ﬂ((wo)z — (Un)? ))

qlAtio,| — xe < E1 <0

—Xe < qE1 < q|ATtio,| — e

10
0 <qEi < yn — qlATio, | (10

Xn — qlAtio. | <qE1 < xi

qEy < —y. or qE; > y
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TABLE |
PARAMETERS FOR CONTACT RESISTANCE CALCULATION
Symbol Definition Value
tm Broadening energy of the | 0.2 eV, 0.3 eV, 0.4 eV
grpahene under the metal
A Length fo the potential | 0 nm, 2 nm, 4 nm
step
Trio, Thickness of the oxidized | 0.5 nm, 0.7 nm
Ti
Tpyrma | Thickness of the PMMA | 0.5 nm, 0.7 nm
residues
XTiOy Electron affinity of the ox- | 3.9 eV, 4.0 eV, 4.1 eV [24] [25]
idized Ti
xpMmMA |Electron affinity of the P- [ 3.9 eV, 4.0 eV [26], 4.1 eV
MMA residues
ETiO, Relative permittivity of | 6.9
the oxidized Ti
epmma |Relative permittivity of | 3 [27]
the PMMA residues
Me Electron effective mass in | 0.5mq, 1.0mg, 2mg
oxidized Ti or PMMA
residues
mp Hole effective mass in|0.5mg, 1.0mg, 2mg
oxidized Ti or PMMA
residues

my is the free electron mass

4.0 : . : . .
—t =020¢eV
m
30l —t =030eV |
5 t =040eV
m

2.0

1.0

Contact Resistance, R (k€2-um)

1
1
|
1
] !
0 50 5 10

15
V)

bg_VDirac

Fig. 4. Calculated contact resistance (R;) as a function of gate bias for
different values of t,. Fixed parameters used in calculation: A = 1 nm,
ty =0.2 eV, Trio, = 0.7 nm.

of graphene under metal (¢, = 0). The accurate position of
the second peak is found to be dependent on A. In addition,
when T,, > 0.3 eV, the second peak vanishes. The potential
step can be very sharp (A < 10 nm) [28] due to the thin
thickness of the silicon oxide we used in this work. The
contact resistance increases with the increase of A in the
p—n-junction regime. In the n—n and p—p regions, the contact
resistance is independent of A due to Klein tunneling [29].
Moreover, the contact resistance increases extensively with a
slight decrease of f,, according to Fig. 4. Figs. 6 and 7 show
the calculated contact resistance as a function of gate bias for
different values of electron affinity and effective mass. It is
clear that the contact resistance is inversely proportional to
both electron affinity and effective mass. A similar result could
be obtained for polymethyl methacrylate (PMMA) residues as
the interfacial layer.

N
=

—A=0nm (TiOx)
—A=1nm (TiOX)
s A=2nm (TiOX)
I — = A=0nm (PMMA)|
{ = =A=1nm(PMMA)
L~ — A =2nm (PMMA)

g
o

C
~

*
o

g
<

Contact Resistance, R (k€2-um)
5

Fig. 5. Calculated contact resistance (R;) with oxidized Ti or PMMA
residues as a function of gate bias for different lengths of the potential
step (\). Fixed parameters used in calculation: t, = 0.2 eV, t; =0.2 eV,
Ttio, = 0.7 nm. X = 0 indicates Tgg = 1.

1.5 T T T T r

—XTiOX: 39eV

=40eV

—Xtio

C

Contact Resistance, R (k§2-um)

1 1 1 1

-0 55 0 5 1015
V)

0.0
-15
ng-VDirac

Fig. 6. Calculated contact resistance (R;) with as a function of gate
bias for different electron affinity of the oxidized Ti. Fixed parameters in
calculation: A =1 nm, t, = 0.4 eV, tg = 0.2 eV, Tyio, = 0.7 nm.

IV. MODEL ASSESSMENT

In order to validate our model, GFETSs has been fabricated.
The monolayer graphene was grown on copper foil by Chem-
ical Vapor Deposition [30], the copper foil has been clean by
diluted hydrochloric acid solution and deionized (DI) water
to avoid any impurities before the graphene synthesis. After
the graphene growth, 200-nm-thick PMMA was spin-coated
onto the graphene/copper stack followed by 12 h drying in
the ambient condition. The copper was etched by diluted
mixed acid solution (H,O, + HCL) and rinsed in DI water
five times. The PMMA/graphene film was transferred onto
a highly p-doped silicon substrate (N4 ~ 2 x 10" cm™)
with 20-nm-thick silicon oxide. The silicon wafer has been
cleaned by the Radio Corporation of America (RCA) method
in advance and the oxide was grown in the dry oxidation
method. The PMMA was removed by immersion in warm
acetone for 30 min. After drying in the ambiance for another
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bias for different effective mass of the oxidized Ti. Parameters used in
calculation: A =1 nm, t,, = 0.4 eV, {; = 0.2 eV, Ttio, = 0.7 nm.
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V,=10mV
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T T

Soucre-Drain Current, | " (uA)

\Y
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Fig. 8. Averaged source—drain current for all devices corresponding to
each channel length as a function of gate bias at Vys = 10 mV.

bg_VDirac

12 h, the wafer was baked at 150 °C for 15 min to evaporate
the trapped water underneath graphene, which improved the
adhesion of graphene to the substrate. The graphene channel
was patterned by ebeam lithography. The channel width W
is 5 um and the length varies from 2 to 14 um, in steps
of 2 um. After graphene channel patterning, Ti/Au (5/95 nm)
was deposited by e-beam evaporation with a chamber base
pressure of 4 x 1077 mbar and a deposition rate of 0.1 nm/s.
No annealing was performed for our devices. 5 nm of Ti is
thick enough to be considered as Ti-contact with graphene [4].
The thick Au was deposited to reduce the series resistance of
the electrode and avoid further oxidation of Ti in the ambiance.

Measurements were performed in the vacuum at room
temperature with V;; = 10 mV. The back gate voltage was
swept from —9 to 9 V to avoid the breakdown of the thin
silicon oxide. More than five arrays of GFETs were measured,
Dirac voltages (¢, = 0) locate around 3 V £ 0.5 V, which
indicates the p-type doping of the graphene channel possibly
due to the H,O, O, or metallic residues adsorbed on the

Calculated contact resistance (R;) with as a function of gate

20 T T T T T T T
* ng vDirac 10v
15F ° ng_VDirac: 0V
8 _ =
2 ng VDirac v
— Linear fit
10t

Total Resistance, R i (k€2)

PvS
P a2 »

0 2 4 6 8 10 12 14 16
Channel Length (um)

Fig. 9. Deriving contact resistance using TLM at Vpg — Vpjrac = —10 V
(p-doped), 0 V (undoped), 5 V (n-doped).
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g 12F TTiOX: 0.7 nm, me,mh=1m0, XTiOX: 4.0eV i
mo Lok _TPMMA= 0.5 nm, mc,mh=2m0, XpMMA™ 4.0eV |
8" . TPMMA: 0.7 nm, me,mh=2mo, XpMMAC 4.0eV
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Fig. 10. Measured and Calculated contact resistance (R;) as a function
of gate bias with different parameters of TiOx and PMMA residues. Fixed
parameters in calculation: A = 1 nm, t, = 0.4 eV, {; = 0.2 eV.

graphene after the transfer. We used the averaged values of
all the devices corresponding to each channel length to extract
the contact resistance by transmission line method.

The averaged source—drain current I;; of each chan-
nel length as a function of gate bias is presented in
Fig. 8. The minimum carrier density (np) of graphene
channel was extracted using the quasi-static model pro-
posed by Haddad er al. [20] and has been approximated
to be 1x 10'?-1.5x 10'> cm™3. Three typical fitting results
are presented in Fig. 9, the symbols denote the mea-
sured source—drain resistance Ry, and lines are the fitting
curves. The fitted contact resistance R, is 282.17 Q -um,
783.95 Q -pm and 271.45 Q -um at gate biases of Vj, —
Wirae = —10, 0, 5 V, respectively, with fitting confidence
of 95%. Fig. 10 shows the extracted and calculated contact
resistance with different properties of the oxidized Ti layer
and the PMMA residues. The main peak at Dirac voltage has
been obviously observed, while the second peak corresponding
to the Dirac point of the graphene underneath the metal
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Fig. 11. Reported and calculated contact resistance (R;) as a function of
gate bias with different properties of the interfacial layer. The parameters
corresponding to each curve are shown below. Red curve: Trip, =
0.6 nm, fg=0.167eV, X\ = 2 nm, me = mp = 1mg, XTio, = 4.0 eV. Green
Curve: Ttio, =0.5nm, {; =0.2 eV, A =1 nm, me = 0.5my, mp = 2mg,
xTioy = 3.9 eV. Blue curve: Tpyma = 0.6 nm, t; = 0.167 eV, A =2 nm,
me = 0.5mg, mp = 2mg, xT1i0,, = 3.9 eV. Yellow curve: Tppma = 0.5 nm,
ty=0.2eV, \=2nm, me = mp = 1mo, XTio, = 3.9 eV. Fixed parameters
in calculation: t,, = 0.4 eV, t; = 0.167 eV.

vanishes, indicating a large value of #,, (> 0.3 eV). The weak
peak at around Ve, — Vpijae = —2.5 V may be due to the
fitting error from the contact resistance extraction by TLM
method. For both TiO, and PMMA residues, we have obtained
well-fitted calculation results with proper properties of the
interfacial layer. We also benchmarked our model against
the experimental data reported by Xia ef al. [10] which is
shown in Fig. 11, 90-nm-thick silicon oxide was used in their
experiment. Our model also fits the reported data well in the
p—p and p—n regimes.

V. CONCLUSION

In conclusion, the contact resistance of Ti—graphene con-
tact has been investigated theoretically and experimentally.
A low value of 271.45 Q -um of contact resistance at
room temperature was obtained. Based on quantum tunneling
theory, we have presented a physical model of the contact
resistance considering an interfacial layer including oxidized
Ti and PMMA residues at the Ti—graphene interface. The
transmission possibility through Ti-IL—graphene stack has
been modeled and applied into the simulation of the graphene
contact resistance. This study indicates the contact resistance
is highly dependent on the properties of the interfacial layer.
Our model is able to explain and evaluate the graphene contact
resistance in realistic processing conditions.
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