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Abstract — Accurate device models and parameter extraction
methods are of utmost importance for characterizing graphene
field-effect transistors and for predicting their performance in
circuit applications. For DC characterization, accurate extraction
of the transconductance parameter (i.e., low-field mobility) and
series resistance is of particular importance. In this paper,
methods for extraction of these parameters will be discussed.

A first-order mobility degradation model that can be used to
separate information about mobility degradation and series
resistance for a set of graphene field-effect transistors will also be
discussed.
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|. INTRODUCTION

Admittedly, it might appear somewhat late to come with
advice on how to extract graphene field-effect transistor
(GFET) model parameters from current-voltage measurements
now more than ten years after the most widely used models
were published. Nevertheless, consistent parameter extraction
procedures are important, particularly when far-reaching
conclusions tend to be drawn based on the extracted parameter
values concerning charge-carrier mobility on the one hand, and
series and contact resistances on the other hand. Before
discussing the parameter extraction process, the model used to
describe the GFET transfer characteristic is reviewed.
Thereafter, important extraction procedures are applied to three
kinds of GFETs, i) ideal GFETs described by synthetic data
generated from the model, ii) top-gated GFETs based on
exfoliated graphene, and iii) top-gated GFETs based on
chemical vapor deposited (CVD) graphene.

Il. GFET MODELING

Graphene field-effect transistors are usually characterized
for series resistance and low-field mobility using the resistance
model proposed by Meric et al. [1] and adapted by Kim et al.
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[2]. This model is basically a four parameter model (k, Rg;
Vbirac, and V) that can be written

-1
Ry =R, +(k‘\/VG2SO +V; ) , )

where £ is the transconductance parameter, R.y the effective
series resistance including the sum of the contact and access
resistances (Rc), and the excess resistance caused by mobility
degradation due to the transversal field, Vgso the gate overdrive
voltage wrt to the minimum conductance point (Vpirac),

Voso =Vas =V,

Dirac

Vs /2, )

and V) is the residual gate voltage due to the existence of
residual charges [3]. As usual, Vs and Vps are the gate to source
and drain to source voltages, respectively. The resistance model
in (1) is based on a transversal field model

Et = \]VGZSO + I/02 /tox > (3)

where f,, is the thickness of the gate dielectric, and a lateral field
E, =V, —R.I,)/L, (4)

int

where Ip is the drain current, R¢ the series resistance, and L the
gate length. Assuming a first-order mobility degradation model
due to the transversal field as proposed in [4],

H= lu;) 27’ )
1+¢9«/VGSO +V;

where po is the low-field mobility, and 6 the mobility
degradation coefficient, the following current model is obtained
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Here k=(W/L)k" with k'=poC,, being the GFET process trans-
conductance parameter, /¥ the channel width, and C,y=g./fox the
capacitance per unit area of the gate dielectric (permittivity €,.).
The effective resistance R.;=Rc+0/k is the sum of the series
resistance Rc and the contribution 6/k to the channel resistance
caused by mobility degradation. So even if mobility degrada-
tion was not part of the original description of the model, a
model sometimes referred to as a “constant-mobility model”,
such information can in fact be found embedded in the effective
“series” resistance. As an aside, it might be interesting to note
that circuit designers already in the 1960°s added a series
resistance to the MOSFET equivalent circuit to model the field-
induced mobility degradation in the channel [5]. The modified
GFET resistance model now becomes

L 1
R s =R .+ 0+ ) (7

I/W(’ \] VG%SO + I/()2

channel resistance ~L

The observation of a series resistance Rc¢ independent of the
channel length, and a channel resistance proportional to the
channel length, makes it possible to separate the two
contributions to the effective resistance Ry from the slope and
y-intercept of an Ry vs. L plot.

[Il. PARAMETER EXTRACTION

In the previous section, some background information about
the model used to describe the GFET transfer characteristics
was presented. In this section, an extraction methodology for
obtaining the four GFET model parameters, &, Rep, Vpirae and
Vo, from experimental data will be discussed. Data from three
types of GFETs will be used to illustrate problems encountered
during the parameter extraction process, i) ideal GFETs
described by synthetic data generated from the model, ii) top-
gated GFETs based on exfoliated graphene, and iii) top-gated
GFETs based on CVD graphene.

The use of synthetic data for extracting the GFET model
parameters will provide a good start for reviewing the proposed
extraction process since such devices are ideal and their model
parameters already known.

Compared to the extraction of the corresponding MOSFET
parameters, k, Res, and threshold voltage V7, the fourth GFET
model parameter ¥, causes some additional problems. On the
other hand the Dirac voltage is well defined and easy to extract
from the minimum conduction point. The threshold voltage of
a MOSFET is not equally well defined.

For MOSFETs, the three-point extraction process is a quick
and simple process for extracting the three MOSFET model
parameters from three representative experimental data points
by solving a system of three linear equations [6][7]. Usually two
data points are chosen well into the linear region (Vgs>>V7) and
one data point close to the threshold voltage.

This direct extraction process was applied to synthetic
GFET data generated by the model using 4=25 mA/V?, R.;=40
Q, Vpirae=0, and five different residual voltages (0.1, 0.3, 0.5,
0.7, and 1.0 V). The five GFET synthetic transfer curves (Ip vs.
Vss) are shown in Fig. 1 (symbols). First, the three data points
used for parameter extraction were those obtained for gate

2.0
1.5
< 1
= 0V0=0.1V
o 0V0=0.3V
0.5 0V0=0.5V -
0V0=0.7 V
OV0=1.0V
0.0 :
-4 -2 0 2 4
Vaso (V)

Fig. 1. Synthetic I versus gate-source voltage data for five different residual
voltages (symbols), and the corresponding models using model parameters
obtained by using the 3-point extraction method.
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Fig. 2. Effective resistances and transconductance parameters extracted for the
five residual voltages using data from gate voltages —3.5, —3, —1 V (open
symbols) and from —3.5, =3, 0 V (filled symbols).
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Fig. 3. Synthetic Rps data vs. 1/N(V*+Vgs0?) with trendline yielding k=25.13
A/V? and effective resistance 39.5 Q (circles). Also shown is the same
resistance plotted vs. 1/Vgso assuming V=0 (squares).



voltages —3.5, -3, and —1 V (cross symbols in Fig. 1). The
values extracted for parameters &, R.y; and Vo, are shown in Fig.
2 (open symbols). As shown, the resistance is accurately
extracted to within a few per cent, while the values for £ and V5
are a somewhat off their nominal values. Furthermore, the
method did not always return the correct Dirac voltage.

For improving the model parameter extraction the third data
point was moved from Vgs=—1 to Vs =0 V with current set to
zero. The extracted parameter values are shown in Fig. 2
(closed symbols). The residual voltage was calculated by fitting
the model the minimum current at the Dirac point. The errors
in extracted values for parameters k& and R.y were reduced to
half; the extracted resistance being within 1 Q (2.5 %) and the
transconductance parameter within 15%. The models shown in
Fig. 1 (solid lines) obtained using these model parameter values
show good agreement with the synthetic data.

The second choice of experimental data for the extraction
i.e., assuming a known Dirac voltage and a negligible residual
voltage (Vo=0), is identical to selecting two resistance values in
the 1/Vgso plane and using the slope and y-intercept of the
trendline to separate & from Rz This is a well-known method
presented by de La Moneda et al. already in 1982 even if they
of course used more than two data points [8]. The disadvantage
of their method when it comes to MOSFETs is that the
threshold voltage has to be determined separately from the
other two parameters (k and Res), while in a method like the
three-point method all three parameters are extracted together.
However, for GFETs this is not a problem since the Dirac
voltage is well defined by the minimum conduction point. For
this reason, the method proposed by de La Moneda et al.
appears to be an appropriate method for separating GFET low-
field properties (k) from the effects of mobility degradation and
series resistance (R.p). Since the extracted model parameters (k,
Rep) generates a value for the residual voltage, an iterative
process can be applied, at least for ideal GFET devices, to
successively obtain improved model parameters from the
trendline of an Rps vs. 1/N(Ve? + Viso?) graph. Such graphs are
shown in Fig. 3 where the synthetic data points, initially
showing a nonlinear behavior vs. 1/ Vgso (Vo=0, squares), line
up almost perfectly vs. 1/N(Vo2+ Vso®) once appropriate values
for Vy are found (circles).

In conclusion, the suggested two-step extraction method
based on an initial procedure using the 3-point method for
obtaining preliminary model parameter values followed by a
second step validating the extracted model parameters using
Rps vs. 1N(Ve* + Veso®) plots was shown to accurately return
the parameters used to generate the synthetic data. In the next
two subsections, the proposed extraction process will be
applied to top-gated GFETs fabricated both on exfoliated
graphene and on CVD graphene.

A. Top-gated GFETs on exfoliated graphene

In this subsection, the device under test is a 2x10 um wide,
1 pm long, top-gated GFET fabricated on exfoliated graphene,
the measured transfer characteristic of which is shown in Fig. 4
[3]. The immediately obvious difference between this device
and the synthetic devices discussed above is that it is not
symmetrical about the Dirac point. This can be explained by the
different contact resistances for holes and electrons. However,
parameter extraction can still be performed the same way as
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Fig. 4. Graph showing an experimental transfer characteristic of a top-gated
GFET on exfoliated graphene (symbols) and the model (solid line) with model
parameters obtained from the three cross-marked data points for the hole and
electron sides, respectively. Experimental data from [3].
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Fig. 5. Graph showing experimental Rps vs. 1/N(Vo*+Vgso?) for a top-gated
GFET on exfoliated graphene.
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Fig. 6. Graph showing Ip=Vps/(Rps-Rs) vs. Vgso for a top-gated GFET on
exfoliated graphene.



previously described if performed separately for holes and
electrons. This is also shown in Fig. 4 where the model was
fitted to experimental data using the model parameters obtained
using the three data points indicated by cross symbols. The
behavior of this top-gated GFET on exfoliated graphene is very
close to ideal, particularly for holes being the charge carriers.
This was confirmed by the linearity of the Rps vs. I/N(Vo2 +
Veso®) graphs in Fig. 5. The extracted effective resistances are
41 Q and 54 Q for Vgso<O and Vgso>0, respectively. As
indicated by the almost parallel trendlines, the hole and electron
low-field mobilities are almost identical. One way to validate
the extracted model parameter values is to replot the transfer
characteristic with the effective resistance subtracted. This is
shown in Fig. 6, where the trendlines return the same values for
model parameter k£ as the values derived from the trendline
slopes in Fig. 5.

B. Top-gated GFETs on CVD graphene

Finally, let us apply the parameter extraction process to top-
gated GFETs on chemical vapor deposition (CVD) graphene.
These devices are more complicated to model because of the
inhomogenouos properties of CVD graphene. This becomes
immediately obvious when comparing the performance of the
individual fingers of a dual-channel GFET. Not only can the
Dirac point differ between the two channels, but also the other
model parameters can vary between channels and probably also
along channels.

Fig. 7 shows the experimentally obtained resistance curves
of two top-gated GFETs on CVD graphene published in [9]. As
described in [9], both devices were fabricated on CVD
graphene transferred to SiO,/Si substrates, the only difference
being one of the devices having an Al,Os interfacial layer for
increasing the charge-carrier saturation velocity due to the
higher optical phonon energy of Al,O; compared to that of
Si0,. Fig. 8 shows the experimental data for the same two
devices replotted as drain current versus the gate overdrive
voltage Vgso together with the models obtained by using the
extraction process described above. The main difference
between devices concerns the effective resistances being 19 Q
and 11 Q for the devices with and without the Al,Os interfacial
layer, respectively. However, the transconductance parameters
are almost the same for both devices, which is illustrated by Fig.
9 showing the transfer characteristics replotted with the
effective resistances subtracted. When comparing the top-gated
GFETs on CVD graphene with the one on exfoliated graphene
from the previous subsection, the different channel geometries
must be taken into account. While the process transconductance
parameter for the GFET on exfoliated graphene is £=0.83
mA/V?, it is about 0.67 mA/V? for the two GFETs on CVD
graphene.

So far, some examples of successful parameter extraction
resulting in good model fit to experimental data have been
given. However, not all GFET devices on CVD graphene are
that easy to characterize, but rather leave you in doubt on how
to best perform the parameter extraction. One such example is
shown in Fig. 10 for a top-gated GFET on CVD graphene
transferred to a diamond substrate [10]. Here, a model has been
fitted to the experimentally obtained resistance curve using
model parameters from [10]. While the model fit shown in Fig.
10 appears acceptable to the eye, a replot of the current model,
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Fig. 7. Graph showing experimental transfer characteristics of two top-gated
GFETs on CVD graphene fabricated with and without the Al,Os interfacial
layer used to increase charge-carrier saturation velocity. Inset shows schematic
representation of the GFET layout. Experimental data from [9].
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Fig. 8. Graph showing models fitted to the same experimental data as in Fig. 7
replotted as drain current vs. gate overdrive voltage.
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Fig. 9. Graph showing Ip=Vps/(Rps-R.p) vs. gate overdrive voltage validating
almost identical transconductance parameters.



using the same model parameters, fitted to drain current data
instead of using resistance data, reveals how the extraction
process appears to have failed capturing the transconductance
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Fig. 10. Model fitted to experimental Rps=Vps/Ip data for a top-gated GFET on
diamond substrate [10].
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Fig. 11. Model (solid line) using the same parameters as in Fig. 10 fitted to drain
current data (symbols). Also shown is the model obtained using parameters
extracted from the three high-lighted data points (dashed line).
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Fig. 12. Effective resistance and process transconductance parameter vs. gate
length for a set of top-gated GFETSs on exfoliated graphene.

parameter (read low-field mobility). Fig. 11 also shows an
alternative model obtained by direct extraction using three data
point. The use of these alternative model parameters, returns a
model showing excellent field-effect behavior of the GFET
device. However, this model does not capture the correct Dirac
voltage. There is a considerable difference between the trans-
conductance parameters obtained by the two methods, 25.8 vs.
15.8 mA/V2.

The need for extracting correct values for parameters k and
R is important not only for extracting the low-field mobility
from parameter k, but also for separating the two effects
contributing to the effective resistance i.e., the series resistance
between the GFET and its external pads, and the mobility
degradation due to the transversal field as modeled by equation
(5). One such attempt is shown in Fig. 12 where the effective
resistance Ry has been plotted as a function of the gate length
for a set of 15 um wide GFETs on CVD graphene with the same
process transconductance parameter (read low-field mobility).
This graph indicates a series resistance of 27 Q and a mobility
degradation coefficient 0 of 0.19 V! for this set of devices.

IV. CONCLUSIONS

In conclusion, a two-step GFET parameter extraction process
has been proposed and evaluated for robustness and reliability.
The 3-point direct extraction method was shown to be a simple
tool for rapid extraction of the model parameters by solving a
system of linear equations provided that data points are
properly selected. For improved accuracy, the trendline of an
Rps vs. 1/Vgso graph efficiently separates the effective resis-
tance from the transconductance parameter. A plot of the drain
current with the influence of the effective resistance subtracted
i.e., a plot of Vps/(Rps -Rep) Vs. Vs, should return a linear
dependence on Vs for Vigso>>V, with the same transconduc-
tance parameter. This also validates that a first-order
dependence of the low-field mobility on the transversal field
can be derived from the effective resistance.
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