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a b s t r a c t

Graphene Field Effect Transistors (GFETs) are active electronic components which exploit the modu-
lation of charge carriers in a graphene channel for a wide variety of applications such as electronic
switching, amplification and biosensing. Herein describes a new software package SCRAMBLE, written
in Python and developed with a graphical user interface, to speed up the routine processing of
multiple back-gated electrical measurements from GFETs. For forward and reverse sweeps, SCRAMBLE
automatically determines the Dirac points, positions of maximum transconductance and calculates the
field effect mobilities for electrons and holes.

© 2021 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Code metadata

Current code version v1.0
Permanent link to code/repository used of this code version https://github.com/ElsevierSoftwareX/SOFTX-D-20-00068
Code Ocean compute capsule N/A
Legal Code Licence MIT
Code versioning system used git
Software code languages, tools, and services used Python.
Compilation requirements, operating environments & dependencies Python modules requiring installation:

1. Pandas
2. NumPy
3. Matplotlib 3.2.2
4. tkinter

If available Link to developer documentation/manual https://github.com/phukeo/SCRAMBLE/blob/master/README.md
Support email for questions benjamin.odriscoll@plymouth.ac.uk;

1. Motivation and significance

Graphene field effect transistors (GFETs) are realised by con-
ecting a graphene channel between metallic source and drain
lectrodes, operating in either a top- or back-gated configuration.
urrent is passed through the conducting graphene channel when
voltage drop is created across the device electrodes. Modulating
he charge density in the channel of GFETs is achieved by the
pplication of an external voltage to the gate terminal inducing
arriers by field-effect [1] (Fig. 1A).
The fundamental electrical characterisation for GFETs is the

SD − VG gated sweep. During this measurement, the source–
rain voltage (VSD) is maintained constant and the current (ISD)

E-mail address: benjamin.odriscoll@plymouth.ac.uk.

through the graphene channel is recorded whilst the gate ter-
minal voltage (VG) is swept forward from one value VGMin to
VGMax and then back again from VGMax to VGMin (Fig. 1B). During
this ISD − VG gated sweep measurement, charge carriers in the
graphene channel are modulated by the applied electric field,
changing the conductive properties of the GFET [1]. The positions
of minimum conductance, referred to as Dirac points (VDF and
VDR in Fig. 1B) correspond to locations where the Fermi level is
at the intersection between the conduction and valence bands,
which describes where the availability of the electron and hole
charge carriers respectively are at their minimum [2]. Analysis
of the Dirac points and transfer curve characteristics provides
information on the doping and mobility of the GFET under test
[2,3]. Additional information related to the graphene surface and
interface charges can be obtained by comparing the forward and
ttps://doi.org/10.1016/j.softx.2021.100757
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Fig. 1. (A) Typical GFET schematic showing experimental setup for an ISD − VG measurement, (B) Representative ISD − VG data showing the difference in the Dirac
oints for forward and reverse sweeps.

everse sweep characteristics as hysteretic behaviour is observed
Fig. 1B) [4].

Large amounts of information can be elucidated from a sin-
le ISD − VG sweep measurement relating to a host of sensing
haracteristics related to the device under test. Usually, multiple
epeats under different environmental conditions, with different
unctionalisation regimes are conducted resulting in significant
mounts of data to process, analyse and visualise.
SCRAMBLE has been developed to provide a platform with an

asy-to-use graphical user interface (GUI) that allows researchers
f all software skill levels to swiftly and accurately monitor key
arameters relating to GFETs in large datasets, allowing them
o make data driven conclusions relating to their devices. Since
FET devices are used across a plethora of different research areas
ncluding medical diagnostics [5,6], food adulteration testing [7,8]
nd novel electronic component design such as logic gates [9] and
ogic inverters [10], SCRAMBLE could have a substantial impact
cross a wide range of exciting fields of study. This software
ackage will support researchers working in the field of GFETs by
nabling them to rapidly and accurately process datasets. SCRAM-
LE automates all aspects of data manipulation, transforming
aw data frommeasurement equipment into useful visualisations,
hereby complex parameters (such as Dirac points and mobility
alues) are calculated and determined at the click of a single
utton, thus eliminating human error. In addition, as SCRAMBLE’s
ource code remains open and adaptable, users with different
haracterisation procedures and equipment can easily customise
he software to their exact purposes.

. Software description

The main components of SCRAMBLE’s GUI are shown in Fig. 2.
he front panel is split into the left hand side control panel
nd the visualisation screen. The control panel contains several
nputs and controls that allows the user to import raw .csv files,
ustomise the dimensions and parameters of their devices, select
SD − VG sweep(s) of choice, average, plot and also export data.
he visualisation screen displays the interactive charts once the
‘Process Data’’ button is pressed.

.1. Software architecture

The source code for SCRAMBLE is written in Python, and is
plit across two modules, ‘‘scrambleGUI’’ and ‘‘scrambleFUN’’ as
epicted in Fig. 3. The ‘‘scrambleGUI’’ module handles all aspects
f the GUI including buttons, inputs and charts by implementing

code from the tKinter library [11]. The ‘‘scrambleFUN’’ module
is where the computation of parameters is performed. Here,
data is imported, manipulated and analysed according to specific
functions. Other open source libraries involved in this software
package include os, NumPy [12], Pandas [13] and Matplotlib [14].

The user begins by loading in the raw .csv files from folders
of their choice corresponding to the multiple ISD − VG data
acquisitions using the ‘‘Open Folder’’ button within the ‘‘Data
Selection’’ frame. An algorithm selects only the two data columns
of interest (ISD vs. VG) and ignores the metadata situated in the
header rows. The names of the imported files are printed in the
list-box within the GUI and the data is held in memory. Note that
the ‘‘Open. BOD’’ button should be used on previously exported
data to prevent unnecessary computational effort, which reduces
re-import times for large datasets.

Next, the user must update the inputs of the ‘‘Device Param-
eters’’ frame (Fig. 2) according to the details/dimensions of their
GFETs. Here, ‘‘A’’ is the source–drain voltage VSD in mV, ‘‘B’’ is
the device length in µm, ‘‘C’’ is the device width in µm (Fig. 1A),
‘‘D’’ is the dielectric thickness tox in nm and ‘‘E’’ is the dielectric
constant εr in Fm−1.

The user then decides which of the imported ISD − VG sweeps
they wish to evaluate, by selecting one or more of the labelled
names in the ‘‘Data List’’ frame. Next, the user must decide
whether they want the data visualised as either current or re-
sistance against VG. If the user selects the ‘‘Resistance’’ option
then both the resistance in ohms (�) and the sheet resistance in
Ohms/square (�/□) will be displayed in the ‘‘Sweep Visualisa-
tion’’ frame, on the left hand and right hand y-axis respectively.
The sheet resistance of 2D materials is described in more detail
here [15]. Note that for the remainder of this contribution it is
assumed that the user has selected the ‘‘Current’’ option.

To begin the core algorithm the user then presses the ‘‘Process
Data’’ button, which commences the workflow depicted in Fig. 3
to determine and calculate the characterisation parameters. For
each of the ISD − VG sweeps selected the following parame-
ters are determined for both the forward and reverse sweeps;
current/voltage values of Dirac Points, current value at VG= 0,
current/voltage values of maximum transconductance points and
the electron and hole mobilities.

For each of these parameters, the forward and reverse values
are plotted on the same chart with the difference between them
highlighted by a colour coded line which determines whether
or not the forward (black) or reverse (red) occurred at a greater
value. Positions corresponding to the Dirac points and maximum
transconductance are overlaid onto the ‘‘Sweep Visualisation’’
chart (Fig. 2).
2
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Fig. 2. SCRAMBLE GUI showing the control panel with input parameters and visualisation screen where data is represented in various charts. A comparison between
weeping VG between −/+ 80 V (red) and −/+ 90 V (yellow) is shown. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 3. SCRAMBLE software architecture overview showing two modular compo-
nents to the package along with the data input and output locations. Raw data
is pulled into the scrambleFUN.py module where it is manipulated based on the
input parameters from the control panel handled by the scrambleGUI.py module.
A NumPy DataFrame is constructed and updates the ‘‘Data List’’ for the user to
choose which measurements they wish to visualise. The processing pathways for
averaging, plotting and exporting data are shown with the appropriate arrows.
The file types exported by SCRAMBLE are shown under the appropriate button
name.

SCRAMBLE’s source code has been left fully adaptable so that
the customisation of data import from different Semiconduc-
tor Device Analysers (SDAs) and templates along with defining
user specific default values for GFET details/dimensions is easily
achieved (Listing 1). Further details on the customisation and
practical use of SCRAMBLE are given in the online README.md.

2.2. Software functionalities

As the ISD −VG sweeps consist of a forward and reverse direc-
tion, the first part of the data manipulation involves splitting the
data into these directions. Then, by selecting the minimum cur-
rent value and its corresponding index for the back-gate voltage,
the position of the Dirac points are determined.

The transconductance (gm = ∂ ISD/∂VG) is computed using
the ‘‘gradient’’ function from the ‘‘NumPy’’ Python module [12].
The maximum transconductance values and their corresponding
positions in current and voltage space are then determined.

The mobility is described by hole and electron conduction,
referring to which charge carrier is the majority contributor to
the current through the graphene channel at a particular VG. At
the Dirac point, the voltage of minimum conductance, the Fermi
level sits at the intercept between the valence (majority hole) and
conduction (majority electron) bands. Conduction in regions be-
low (above) the Dirac point voltage show majority hole (electron)
charge carrier contributions [2]. Therefore, once the Dirac points
have been identified, they are used to split the raw data into the
regions which describe hole and electron conduction.

The field effect mobility is calculated using the direct transcon-
ductance method (DTM) described in more detail in [16]. This
method relates the mobility of the device with the transconduc-
tance using Eq. (1).

µDTM = gm
L

WVSDCG
(1)

where µDTM is the field effect mobility, gm is the transconduc-
tance, L, W are the length and width of the device respectively,
VSD is the source–drain voltage with CG = εrε0/tox describing
the back-gate capacitance, where εr is the relative permittivity,
ε0 is the permittivity of free space and tox is the thickness of the
insulating layer [16].
3
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DTM does not factor in contributions from the contact resis-
ance and therefore always estimates a value lower than the real
obility. This method was chosen as its accuracy has shown to

ncrease for larger channel sizes (>6 µm) which resemble the
imensions of the GFETs used in our own work [16].
The mobility data is plotted in three charts in SCRAMBLE.

irstly, the mobility at each point across the ISD − VG sweep is
lotted with the majority charge carrier at each point determined
y the vertical or horizontal bars corresponding to hole and
lectron charge carriers respectively. Next, histograms detailing
he frequency of binned mobility values for the hole and electron
harge carriers are given.
SCRAMBLE offers the option to average multiple ISD − VG

weeps together. This is achieved by firstly selecting the ISD −VG
weeps from the ‘‘Data List’’ and then pressing the ‘‘Average’’
utton. The newly created ISD −VG sweep is appended to the list
ith the name formed of the entry in the ‘‘User Input’’ and ‘‘AVE’’
oncatenated to the end to signify that it has been processed
ithin SCRAMBLE. This can then be selected for evaluation as
reviously discussed.
The individual charts shown in Fig. 2 can be manipulated with

heir individual navigation toolbars allowing panning, zooming
nd the configuration of subplots. Pressing the ‘‘Save’’ icon allows
he user to export the plots in various formats such as Portable
etwork Graphics (PNG), Scalable Vector Graphics (SVG) and Raw
GBA bitmap to name a few.
The raw data and calculated parameters for ISD − VG sweeps

can be exported from SCRAMBLE using the ‘‘Export Selected’’
button which performs this on the data highlighted in the ‘‘Data
List’’. This action produces three text files (.bod); one with the
raw ISD−VG data, one with the calculated mobility values and one
with the determined parameters. These are labelled accordingly
by concatenating the input of ‘‘User Input’’ entry box with ‘‘Data’’,
‘‘Mobilities’’ and ‘‘Parameters’’ respectively. Note that using the
‘‘Export All’’ button exports only the raw ISD−VG data for all data
within the ‘‘Data List’’ – it does not export calculated results.

Fig. 4. Sweep Visualisation Plot for devices A1, A2 and A3, with inset showing
an anomalous step in the current between −39 V and −41 V indicated
by the left pointing unfilled triangle for A3, corresponding to the maximum
transconductance for the reverse sweep.

3. Illustrative examples

The influence of applying conventional annealing at a temper-
ature of 215 ◦C for 30 mins on a GFET device is demonstrated
in this section to exhibit the main functionalities of SCRAMBLE.
The fabrication details of the GFET used in this work can be
found in [5]. In this work, three ISD −VG sweeps were performed
before (A1, A2 and A3) and after (B1, B2 and B3) the annealing
process was conducted. The three raw ISD − VG sweeps before
the annealing treatment are shown in Fig. 4. In this plot, the
positions of the forward and reverse (right and left) Dirac points
and maximum transconductance points (filled and unfilled) are
illustrated by suitable triangles. It is clear from the anomalous
step clearly highlighted by SCRAMBLE at ISD at −40 V that the
A3 measurement should be excluded from future analysis.

Averaging and then plotting suitable values for before (A1 and
A2) and after (B1, B2 and B3) the annealing process is completed
next in order to evaluate the parameter change caused by the
heating process. A summary of some of the salient charts are
given in Fig. 5.
4
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Fig. 5. (A) Visualisation screen showing the sweep characteristics for the pristine
and annealed data with inset showing the corresponding mobility values. For
the forward and reverse sweeps (B) shows the current values at VG = 0 and (C)
hows the current values for the Dirac points.

Using SCRAMBLE, it is swiftly shown that the annealing pro-
ess has shifted the Dirac points to higher VG and ISD values,
ncreased the current value through the GFET at all points and
ncreased the hole (electron) mobilities in the graphene channel
y three (two) times (Fig. 5A). The colour coded lines and text
ssociated with the markers allow for swift conclusions to be
ade about how this process has influenced the relative positions
f the forward and reverse sweeps (Fig. 5B and C). For example,
he current values for VDF and VDR swap from being higher for
DF at the pristine stage to being higher for VDR at the annealing

stage, indicated by the black and red text and bars respectively.
All outputted data is given in the supplementary material.

Prior to SCRAMBLE’s inception, the end-to-end processing of
similar amounts of data would have taken several hours to con-
duct from collection to visualisation, with several hundred stages
to manually complete offering several opportunities for the user
to introduce error into the calculations. SCRAMBLE allows users
to rapidly compare results maximising time elsewhere and has
proved to be an essential tool for sharing critical results such as
those shown in Fig. 5 with others in our group.

4. Impact

The primary impact of using SCRAMBLE on a daily basis has
been the speed at which raw data is converted into informed
decisions about next steps in an investigation. Specifically, key
artefacts accurately calculated and clearly visualised by SCRAM-
BLE, that had previously been overlooked, have directed research
into new routes of exploration for our group such as examining
the effect of sweep velocity on GFET characteristics. SCRAMBLE
eliminates the delay between acquiring, processing and visual-
ising data as this is all completed in a few automated stages
within the package. This means that valuable investigatory time
can be applied to further the group’s knowledge on how different
functionalisation processes impact GFET properties or alterna-
tively into improving experimental design. Data exported from
SCRAMBLE is fully compatible with other software processing
packages, such as Origin, SigmaPlot and Excel, which eases the

SCRAMBLE is expected to contribute to any research group
working on direct current measurements of GFETs. However,
since Python is rapidly growing in popularity across many diverse
fields of applications (AI/machine learning, Big Data etc.) it is en-
visaged that the software will be readily refined to suit a plethora
of specific applications which involve field effect transistors, in
general.

SCRAMBLE has been used in our research group by Ph.D.
students for analysis purposes and also as a demonstration tool
for Masters students whereby key parameters relating to GFET
devices can be clearly visualised and explained. The software also
enables students to cover more material during laboratory ses-
sions, due to time saved from processing data, thereby assisting
such students in gaining an enhanced understanding of the field.
Its use as a training tool in this aspect facilitates the continuous
progression of postgraduate students into the group which will
secure the future of this research.

5. Conclusions

SCRAMBLE is software package which processes raw back-
gated field effect sweep measurement data from GFETs into com-
parable metrics to support researchers to characterise devices in
a reproducible manner. It is an easy to use platform, suitable
for researchers with limited software skills, which provides key
data insights relating to GFETs such as Dirac points and mobility
calculations, visualised over several charts and output tables. The
combination of SCRAMBLE’s simple GUI along with its open and
fully customisable source code will make this software package
attractive to a large audience of researchers who are developing
GFET technologies for a myriad of different applications thus
facilitating the discovery of new and exciting avenues for future
enquiry.
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