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Background and Objectives: One of the common methods for measuring the
contact resistance of graphene sheets is the transfer length or transmission line
method (TLM). Apart from the contact resistance, TLM gives the resistance of the
channel sheet and the effective transfer length of the measured samples.
Furthermore, the implementation of TLM is simple. To analyze this method, one
can use circuit modeling (CM).

Methods: An important parameter of TLM is the contact resistance between the
metal electrode and the graphene channel. To compare this parameter with other
measures, it is normalized by multiplying it by the channel width. In this research,
for TLM analysis, all the components of the structure including electrodes,
graphene channel, and metal-graphene contact are modeled in a circuit.

Results: PSpice and MATLAB are integrated for TLM circuit modeling. The metal
electrodes and the graphene channel are modeled based on the values of the
resistances measured in the laboratory using the van der Pauw method and the
resistances reported in the article in ohms per square. Moreover, the metal-
graphene contact resistance is considered based on the values reported in the
literature in ohms-micrometers.

Conclusion: The modeling results show that, in addition to the effective transfer
length, the effective transfer width can be defined on a contact, according to the
dimensions of the structure. Therefore, the channel width is a vague characteristic
of the TLM measurement, which plays a very important role in measuring contact
resistance. Furthermore, the contact resistance and the resistance of the channel
sheet are independent of each other and of the distance between the contacts. If
defects in the graphene channel are randomly distributed along the channel
between the contacts, they do not have a significant impact on the contact
resistance, while they increase the resistance of the graphene sheet provided that
they do not disrupt the channel. Indeed, for a 10% defect (or 90% coverage along
the channel), the resistance of the sheet increases by 16%. In addition, by using
this modeling, parameters such as the distribution of the contact current, the
sources of errors, and their influence in determining the contact resistance and
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resistance of the channel sheet are investigated.
oo

Introduction

Contact resistance is one of the main limiting factors in
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the performance of short-channel graphene-based
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transistors [1]. The performance of an RF transistor is
characterized by two parameters, the cut-off frequency
(fr) and the maximum oscillation frequency (fmax), Which
respectively represent the frequencies at which the
current and power gain are unity and modulated by the
gate; the cutoff frequency is obtained in (1), [2], [3], [4].

fT _ gm

B 27ng (1)

where Cg is the gate capacitance, and gm is the
conductivity. As a geometric parameter of field-effect
transistors, the cutoff frequency has an inverse
relationship with the square of the gate length and is
almost independent of the width of the transistor. [2].
Nevertheless, better performance is observed in
graphene transistors with much longer gate lengths,
compared to Si and elements in groups 3 and 5 of the
periodic table. Moreover, higher values of -cutoff
frequency have been reported for graphene transistors.
Another important parameter in the RF transistors is fmax,
which is indicated in (2) [5].
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" (05 (Re +Ry)+27fRC) @

where gp is the channel conductivity, Rc is the gate
resistance, and Rsp is the drain-source resistance. Some
studies have demonstrated that there is a significant
difference between the values of fr and fmax values in
graphene RF transistors. To increase fr, the carrier
mobility should be increased [5], and three factors should
be investigated and optimized: 1- the defects that depend
on the growth process in graphene, 2- the impurities that
cause scattering at the interface between the gate
dielectric and graphene channel, and 3- contact
resistance [3].

The frequency performance of graphene is limited by
two factors, that is, the mobility of carrier in the graphene
channel and the contact resistance of graphene-metal.
The mobility of carrier in devices with a large channel
length is dominant relation to the contact resistance.
However, when the length of the channel is reduced, the
role of the contact resistance in improving the speed of
the device becomes critical and dominant [6]. Therefore,
to improve the performance of graphene devices at high
frequencies, the contact resistance in short-channel
devices should be reduced as much as possible because
the increase in contact resistance reduces the cutoff
frequency [7], [8], [9]. A very important point is to
characterize the metal-graphene contact resistance that
can be made in several ways one of which is the TLM
measurement [10], [11], [12], [13], [14]. In this method,
important parameters, such as transmission length,
contact resistance, and channel sheet resistance, are
obtained [15], [16], [17], [18]. Then, each of the

mentioned parameters is varied under the influence of
different factors, such as contamination of the metal-
graphene interface, defects or the presence of pollution
particles in the graphene channel [19], and metal-
graphene geometry, especially at the interface [20].

To better understand the transmission line method,
TLM circuit modeling can be used. In this method,
choosing geometric and physical values in appropriate
ranges for metal-graphene contact helps to determine
the limitations of the measurement method and provide
correction coefficients for the measured values. In 2014,
Vincenzi Giancarlo et al. investigated the contact current
crowding or current transfer length (L:) in circuit diagrams
[21]. furthermore, in 2015, Zhang Peng et al. investigated
the contact current crowding and its relationship with
specific contact resistance. These authors demonstrated
that the transfer length increases with the increase in the
specific contact resistance [22]. In 2017, Gonzalez-Diaz et
al. also used a sample with a sheet resistance of 1 kQ/o
(1kilo ohm/square) in a circuit model and evaluated the
sources of error caused by finite size contacts in the van
der Pauw measurement method [23]. The structure of
TLM includes metal electrodes and a channel between
them. The distances between the electrodes, or, the
length of the channel, increase in an ascending manner.
In TLM, by measuring the resistance between adjacent
electrodes and plotting a graph of the obtained values,
according to the distances between the contacts, the
importance of contact resistance, transfer length, and
sheet resistance are obtained. In practice, the TLM
measurement method is used for graphene, as shown in
Fig. 1. The measurement accuracy increases by increasing
the number of contacts and changing the dimensions.

Fig. 1: Schematic of TLM measurement method.

The simple and one-dimensional circuit model of metal-
graphene contact has been discussed in Refs. [24], [25],
[26], [27] are shown in Fig. 2. As it is evident, these
articles have only referred to the current distribution
under the contact or the effective transfer length of the
electrode.

In the present study, for the first time, the circuit model
of the metal-graphene contact, in other words, the TLM
method is simulated in three dimensions. Using the
mentioned model, sources of error, current distribution
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under the contact, and an estimate of the effective
transfer length and its relationship with the dimensions of
the structure are discussed and analyzed. Also, the
accuracy or inaccuracy of the model is analyzed. In
addition to the mentioned cases, for the first time, the
effective width of the channel is also checked,
representing the part of the width of the graphene
channel where the maximum amount of current enters it.
The current entering the graphene channel from the
metal electrode, instead of uniformly covering the entire
channel, the part of the channel closer to the current
source contributes more to the current flow. In other
words, the electric current chooses the shortest path to
pass.

Pe 1/
L. = (Zey/2
T (Rsh)

X=0

R,

Fig. 2: One-dimensional circuit model of metal-graphene
contact.

Results and Discussion

The transfer length method includes metal electrodes,
the substrate, the channel between the electrodes, and
the contact resistance between them. A network of
electrical resistances models the graphene sheet and
metal electrodes in a circuit form. To model the graphene
channel and metal contacts, a square unit cell is
considered whose dimensions are the same as those of
the graphene channel and metal electrodes. Then, each
unit cell of metal contacts and graphene channel is
modeled independent of the dimensions of the unit cell,
using four resistors with values of 2Rshm and 2Rshg,
respectively (see Fig. 3). In this model, the resistances of
the channel and metal sheet (Rshm and Rsha) are expressed
in ohm/square.

Table 1: TLM modeling parameters

Measurement parameters Unit Values
Contact length (L¢) pum 1
Channel width (w) pum 5

Contact distances (d) pum 1,2,3,4,5,6
Channel sheet resistance (Rshg)  Q/O 500
Metal sheet resistance (Rshm) Q/o 5
Contact resistance (Rc) Q.um 200

ZRshm
(Q/=) i8ia)

AA
v
AA
W

Fig. 3: Circuit schematic of metal electrode and graphene
channel.

After determining the dimensions of the channel and
metal electrodes, they are modeled using PSpice
according to Fig. 4. This figure shows Ni metal electrodes
with a sheet resistance of 5 Q/o corresponding to 20 nm
of the metal, which is measured using the van der Pauw
method. Also, the sheet resistance of monolayer
graphene, with a thickness of 0.34nm, is considered 500
Q/o. This value is based on the values obtained from the
van der Pauw measurement method carried out on the
CVD graphene transferred on a SiO2/Si substrate in the
laboratory. In addition, the contact resistance at the
metal-graphene interface is modeled with a value of 200
Q.um according to the literature (e.g., see Refs. [18], [28],
[29], [30], [31] that report values in the range of 100-2500
Q.um). In this case, the normalized contact resistance
values per micron are used. As shown in Fig. 4, the
dimensions of metal contacts and graphene channels are
small, so the expansion of the mentioned structure using
PSpice is very time-consuming and challenging. Then, for
more flexibility and the ability to change the system of
TLM, the netlist related to the resistances of metal
electrodes, graphene channel, and contact resistances,
along with the contacts between them, was produced by
MATLAB. The generated netlist was executed in PSpice,
and its results were checked.

contact resistance

Fig. 4: Circuit modeling of the metal electrode, graphene
channel, and contact resistance.
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Finally, the TLM diagram was plotted, as shown in Fig.
5. This figure's results confirm the model's correctness.
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Fig. 5: TLM measurement diagram for graphene in circuit
modeling mode.

Another parameter evaluated in this study is the
transfer length of the metal electrode. To extract this
parameter and show the current distribution under the
contact, the dimensions in Table 1, with a 2 um increase
in the electrode length, a 10 um increase in the channel
width, and a channel length of 1 um, were considered.
Then, the results of the current distribution under the
contact were obtained, as shown in Fig. 6. The horizontal
and vertical axes represent the length of the metal
electrode and the width of the channel, respectively.
Here, the current distribution under the contact and the
effective length of the metal electrode are involved in the
transfer.

contant current map

-

40

Width (yen)
(- ]

20

05 0

2 15 1
Length (um)
Fig. 6: Current distribution from the metal electrode to the
graphene channel. The maximum current is transferred along
less than 1 um of the metal electrode.

A. Effect of Channel Width on the Accuracy of Measuring
Contact Resistance and Channel Sheet Resistance

After examining the transfer length parameter, the

effect of channel width (w) on the measurement of
contact resistance and sheet resistance was investigated
for a fixed channel length. In this case, the modeling
based on the TLM measurement method was used for
different widths of the graphene sheet, and the results
are shown in Table 2. These results indicated that from
one point on, if the entire width of the channel is applied
to normalize contact resistance, the measurement error
increases, and contact resistance becomes more
significant than the desired value in the modeling. It was
found that by increasing the, instead of the entire width
of the channel, only a part of it participates in the current
transfer. In other words, a part of the channel width
significantly contributes to the current transfer. The
reason for this phenomenon can be the resistance of the
metal sheet on the graphene channel, which depends on
the type of metal and the sheet thickness. To solve this
problem, the graphene channel's width and,
consequently the electrode's dimensions should be
reduced as much as possible so that the passing current
has a shorter path to flow. Also, the thickness of the metal
sheet should be such that its resistance is low. suppose
the resistance of the metal electrode and channel width
is small, instead of taking a shorter path for entering the
channel. In that case, the current can flow throughout the
metal electrode and then enter the channel uniformly. In
this case, the effective width of the channel is equal to the
width of the channel.

Table 2: Effective widths obtained for different channel widths

Channel effective Model Measured
width channel contact contact
(w, pm) width resistance resistance

(Wes, pm) (Re.w, Q.um)  (Re.w, Q.um)
5 4,94 200 202.5
6 5.6 200 214.35
7 5.98 200 234.15
8 6.3 200 254
9 6.52 200 276.3
10 6.7 200 299

To show the current distribution across the width of
the channel, the dimensions of the contacts and the
channel were considered according to Table 3. The results
in terms of different widths (w) are shown in Fig. 7. From
this figure, for a width greater than 20 um, the uniformity
of the current distribution across the width of the channel
starts to change. Also, this issue was investigated, for
different values of the metal sheet resistance, and it was
shown that the values of metal sheet resistance, which
depend on the thickness of the metal sheet, affect the
mentioned results. Therefore, if the structure dimensions
are not carefully considered, an error can occur in the
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normalized values of the metal-graphene contact
resistance.

Table 3: Parameters for plotting the effective width of the
channel

Width (um)

Width (um)

Measurement Unit Values
parameters
Lc pm 2
w pm 20, 30, 40, 50
d pum 10
Rshe Q/o 500
Rshm Q/o 5
Rc Q.um 200
a  Contact current map (A) 3 b30 Contact current map (mA) e

W ow b

N

Length (um)

25

20
15,

1

Length (um)

Fig. 7: Current distribution from the metal to the graphene
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Fig. 8: TLM measurement diagram for distances of (a) 1, 2, 3, 4,
5, 6 and (b) 10, 15, 20, 25, 30, and 35 microns between

electrodes.
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Fig. 9: TLM measurement diagram for 10% defects in the
channel and inter-contact distances of 10, 16, 20, 26, 30, and
36 um; channel sheet resistance has increased by 16%.

When the graphene channel defect is 20%, the contact
resistance is almost unchanged, but the channel sheet
resistance increases by 32% (Fig. 10). Therefore, it can be
concluded that if the defect is spread throughout the
graphene sheet or the area between the electrodes
(provided that it does not interrupt the channel), then the
contact resistance remains almost constant while the

channel. (a) The channel width is 20 um. (b) The channel width
is 30 um. (c) The channel width is 40 um. (d) The channel width
is 50 pum.

B. Effect of Distances Between Contacts and Channel
Defects on Measuring Channel Sheet and Contact
Resistances

The TLM measurement method was modeled to
investigate the effect of the distances between electrodes
or the length of the channel in the measurement of
contact resistance. The results were plotted for different
distances between the contacts. In this case, the channel
is uniform and homogeneous. According to Fig. 8, the
contact and channel sheet resistance values are the same
for different channel dimensions.

However, when 10% of defects are considered for the
graphene channel, the TLM measurement diagram (Fig. 9)
shows that the contact resistance decreases by a few
percent compared to the defect-free state, which is not
very noticeable, while the channel sheet resistance
increases by 16%.
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channel sheet resistance increases.
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Fig. 10: TLM measurement diagram for 20% defects in channel
and inter-contact distances of 10, 16, 20, 26, 30, and 36 um;
channel sheet resistance has increased by 32%.

C. Effect of Error in Measuring Distances Between
Electrodes on Contact Resistance and Channel Sheet
Resistance

Other parameters affecting the TLM measurement
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results are relative errors in measuring the distances
between contacts and their resistances. Therefore, the
TLM diagram was plotted by assuming an error of 5% in
the measurement of distances between the contacts for
contact distances of 10, 15, 20, 25, 30, and 35
micrometers. According to Fig. 11, the error in measuring
of distances between the contacts does not affect the
value of the contact resistance, but it changes the channel
sheet resistance.

a b
4000||Equation |y=a +b*x 4000 |Equation | y=a+b*x
3500 InTercept 81+0.001 - 3500 Intercept 81+0 )
Slope 105 +£0.006 Slope 95.218+0
3000 3000 -
£ . £
52500 5.2500 "
o o
2000 " 2000 .
1500 " 1500
1000| * 1000, *
10 15 20 25 30 35 10 15 20 25 30 35 40
L (um) L (um)

Fig. 11: TLM diagram for 5% error in measuring the distances
between contacts for distances of (a) 9.5, 14.25, 19, 23.75,
28.5, 33.25 and (b) 10/5, 15/75, 21, 26/25, 31/5, 36/75
microns.

D. Effect of Error in Measuring the Resistance Between
Contacts on Metal-Graphene Contact Resistance and
Graphene Sheet Resistance

In this case, assuming an error of 5% in measuring the
resistance between the electrodes, the contact and
channel sheet resistance values show a 5% error (see Fig.
12). If the error rate is added to the measured resistance
values between the electrodes, these parameters
increase by 5%. Otherwise, the same amount of error is
obtained again for contact and channel sheet resistance,
with the difference that their values are reduced this
time.

a b
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3500 = " .
Intercept 77+0 o 3500] | ntercep 85+0
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E = ]
£ " £ 2500
L ch
L ]
* 2000 * * 2000
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Fig. 12: TLM measurement diagram for 5% error in measuring
the resistance between metal electrodes. The error percentage
has (a) been summed with and (b) subtracted from the actual
value of the measured resistances.

E. Proposing TLM Structure and Providing Channel Width
Correction Coefficients

It was considered that the normalized resistance of the
contact depends on the dimensions of the TLM structure
and the channel width. Therefore, a structure with

specific dimensions and appropriate correction
coefficients was presented. In this structure, the metal
sheet resistance was considered 3 Q/o, obtained using
the van der Pauw measurement method for a thickness of
30 nm of Ni metal sheet. Other characteristics of the
structure are shown in Table 4.

Table 4: Modeling parameters of the proposed TLM structure

Measurement Unit Values
Parameters

Lc pm 2

w pum 20, 30, 40, 50
d pum 10
Rsha Q/o 500
Rshm Q/o 5

Re Q.pm 200

By comparing the values obtained from the
measurement diagram with the values from modeling,
the correction coefficients are determined according to
Table 5. These coefficients are obtained by dividing the
modeling contact resistance by the measured contact
resistance.

Table 5: Correction coefficients for measured contact resistance

Modeling Modeling Measured Correction
contact channel contact coefficients
resistance width resistance
(Q.pm) (um) (Q.pm)
100 10 166.5 0.601
200 10 264.2 0.760
300 10 363.5 0.825
400 10 466 0.859
500 10 576.5 0.867
Conclusion

In this article, for the first time, circuit modeling of the
TLM method has been done, and by using this modeling,
parameters such as current distribution under the
contact, effective transfer length, error sources, and; their
influence in determining the contact resistance and
channel sheet resistance have been investigated. The
modeling showed that the maximum current is
transferred in a length of fewer than 1 um of the metal
electrode. Most importantly, it has been shown for the
first time that in addition to the effective transfer length,
the effective channel width, which plays a vital role in
determining the normalized contact resistance and
channel sheet resistance, is an ambiguous aspect of the
TLM measurement method that has not been mentioned
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so far. It was found that by increasing the width of the
channel, only a part of it participates in the current
transfer. In other words, a part of the channel width
significantly contributes to the current transfer. The
reason for this phenomenon can be the resistance of the
metal sheet on the graphene channel, which depends on
the type of metal and the sheet thickness. In addition, it
was shown that the measurement of the contact and
channel sheet resistance are independent of each other
and the distances between electrodes. Furthermore, the
contact resistance is almost constant for the defects in the
graphene channel, but the channel sheet resistance
increases. The effect of the error in measuring the
distances/resistances between the contacts on the
contact resistance and channel sheet resistance was
investigated. The error in the measurement of spaces
between the contacts does not affect the value of the
contact resistance, but it changes the channel sheet
resistance. However, the error in measuring the
resistance between the electrodes causes the values of
the contact resistance and the channel sheet resistance
to change by the same amount of error.
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