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In this paper, we have investigated the charge stability diagram and conductance dependence on source drain bias and
gate voltage of carbon nanotube based single electron transistor (SET) by using first principle calculations. All
calculations have been executed by using ATK-VNL simulation package based on density functional theory (DFT). We
have applied these calculations for carbon nanotube based SET; the nanotube has been placed just above the dielectric
(€0 = 10) in between the source and drain electrodes of gold. The single walled carbon nanotube has been used in SET,
which have ultra-small diameter and (4,0) configuration. The addition energy of the device has been calculated, which
can be defined as the difference between the electron affinity, and ionization energies. The calculated values of energies
have been found to be -10.17694 eV and -11.04034 eV for isolated phase and SET environment respectively. In
electrostatic environment, the results were showing the regularization of molecular energy levels and therefore the
addition energy reduced. The calculations for additional energies, variations of total energies to that of the gate voltages
and charge stability diagram (CSD) have also been done in this study.
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Carbon nanotubes have been known to show astonishing electrical properties; therefore could be used in electronic
industry as a future alternative for Silicon based devices. Over the last few decades, the advancement in the speed,
complexity and low power consumption of electronic devices, have been dramatically developed and achieved by
decreasing the device dimensions and evolving new device structures. Since the objective of modern technology is to
reduce the size of the devices; therefore the researchers as well as the engineers have been inclined towards Nano
electronics. In decreasing the size of the transistor, scaling has always played an important character to observe Moore’s
law [1]; but the decrement in the size of a device leads to the drooping of device. Drain-induced barrier lowering,
threshold voltage shift, leakage current, gate-induced drain lowering etc., are the effects, named as short channel effects,
which become prominently dominant when device size is decreased [2]. To reduce, these effects and to increase device
performance, the researchers have done many research and Single-electron transistors are one of them. A Single-
electron transistor [3-6] (SET) is an electronic tool system by which the flow of even a single electron can be governed.

Carbon nanotubes [7-9] are the nanostructures of high aspect ratio; also they used to show excellent electronic,
thermal, mechanical, structural properties [10] so could be used in electronic devices. Depending upon the type of
rolling, nanotubes may exhibit semiconducting or metallic nature. CNTs have been investigated since a very long time
and being used in electronic devices such as in field effect transistors (FETs) [11,12], but in FETs the flow of current
occurs due to the tunneling of many electrons through the junctions. While if instead of many electrons, the flow of
only single electron may cause the current flow, then the circuit power consumption and probability of high switching
can be achieved [13]. Low power consumption and sensitivity of SETs make it a good candidate for VLSI technologies
[14]. In spite of being the low temperature phenomenon, the room temperature fabrication of SETs has been executed
[15]. In this paper, we have studied the single walled carbon nanotube, of ultra-small diameter and zigzag type,
incorporated in the single electron transistor. In this study we had used the zigzag nanotube of ultra-small diameter (4,0)
in single electron transistor. The conductance as well as the charge stability diagram (CSD) of the device had been
studied.

THEORY, RESULTS AND DISCUSSION

In the present work, theoretical calculations based on Density Functional Theory (DFT) were done to calculate the
above said quantities. In order to do the calculations the single electron transistor was modeled by using density
functional theory based software Atomistic toolkit (ATK) [16] package by which all the modeling and the analysis of
the device had been carried out. Local Density Approximation (LDA) [17] was chosen as the exchange-correlation
function. The gate electrode thickness, gate-oxide (dielectric constant of material eo = 10) [18] thickness and the source-
drain width are considered to be 1A°, 3.8A° and 4A° in order to design the SET. Source/drain electrodes were taken as
metallic electrodes of 5.28 eV work function i.e., gold [19]. Normal components of electric field had been set to be zero
using Neumann boundary conditions for device analysis. Also, in the molecular energy spectrum the energy was set to
absolute energy. As in the Fig.1 (a) it can be seen that a single-electron transistor was assembled by placing an island in

©S. Chauhan, A.S. Verma, 2020



https://orcid.org/0000-0002-7055-8574
https://orcid.org/0000-0001-8223-7658
https://doi.org/10.26565/2312-4334-2020-2-13

137
An Ab Initio Calculations of Single-Electron Transistor Based Single Walled Carbon... EEJP. 2 (2020)

between the two electrodes named as source (left) and drain (right) respectively. The island is isolated from the third
electrode (gate), source and drain electrodes by an ultra-thin dielectric material. The third terminal gate is capacitively
coupled to the conducting island. Two junctions source-material and material-drain have been observed which are
necessary to be crossed in order to maintain the current flow in the device. The source was kept at higher potential as
compared to the drain electrode. An electron will tunnel from the source to the material until or unless its energy
becomes equal to the coulomb’s energy and till then electron will be trapped onto the barrier [20-23]. This phenomenon
of trapping the electron is called as the coulomb blockade by which the flow of electron can be controlled. Gate voltage
is the main key controller of SET.
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Figure 1. (a) Structure of conventional Single Electron Transistor, (b) the modeled structure
of CNT (4,0) based Single Electron Transistor

Using the DFT based ATK-VNL simulation package we have optimized CNT (4,0), which was the basic need in
order to design SET. From the optimized structure, CNT was modeled in the SET configuration using the software with
local density approximations (LDA). The modeled structure has been shown in Fig.1 (b) in which the nanotube was
kept just above the dielectric material, which was connected to gate electrode, and metallic electrodes surround the
system.

After the completion of the modeling the structure, the SET configuration was used to calculate charge stability
diagram (CSD), also against the gate voltage the variation of total energies have been observed. First, we have
calculated the total energies in isolated state and then for SET environment for individual charge states (0, 1, 2,-1,-2)
that are required to calculate the charging energies i.e. electron affinity (E,) and ionization energy (E;). Both of these
can be defined as the amount of energy required adding one electron to the molecule and the amount of energy required
to eliminate one electron from the molecule respectively.

In the equation form these can be written as:

Er=E'-E and E=E"'-E

Where E is the energy of the molecule in neutral state, E' is the energy of the molecule when one electron is
added to the molecule, and E™' is the energy of the molecule after the elimination of one electron.

The energies have been calculated in both the configurations and shown in the table 1. It has been found that there
is a reduction in electron affinity (E,) and in ionization energy (E;) in SET environment, which may due to the
stabilization of charges due to electrostatic surrounding. This reduction enhances the switching property of device since
as the energies become lower; the switching speed as well as the conductance will be improved. By addition energy the
conductance improvement can be further explained since E,4q = Eo - Ej; shown in table 2. It is clear that in SET
environment the addition energy is lower; which is indicating the better stability of the system.

Table 1
Calculated values of electron affinity and ionization energies in isolated and in SET configuration
Energy (eV) Isolated (eV) SET (eV)
E" 9.86443 8.08661
E; 6.65266 6.36309
E," -0.45897 -2.92933
Ea -3.52428 -4.67725

For distinct charge states the variation of total energies with respect to gate voltage has shown in Fig. 2(a); in
which different color map shows different charge states i.e. blue (-2), green (-1), red (0), turquoise (1), and violet (2).
Figure 2(a) shows that the system has minimum energy in its neutral state i.e. in 0 charge state. Since minimum energy
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expresses the stability of the system so the system is stable in its neutral state. Also it can be seen from the figure that
when the negative bias is applied then positive states are getting stable and when the positive bias is applied then the
negative charge states are getting stable. This indicates that whenever the gate is positively biased then an electron is
attracted towards CNT and making it negatively charged as a result the LUMO level of CNT appears to be lower than
that of electrode’s Fermi level. While on the other hand, when the gate is negatively biased then an electron is
eliminated from the CNT and making it positively charged and HOMO level of CNT appears to be above the
electrode’s Fermi level.

Table 2
Calculated values of addition energies in both the environments
Energy (eV) Isolated (eV) SET (eV)
Eadd -10.17694 -11.01594
E'add -10.3234 -11.01594
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Figure 2. (a) Variation of total energies with gate voltage for different charge states [blue (-2), green (-1), red (0), turquoise (1), and
violet (2)] for a CNT_SET. (b) Charge Stability Diagram (CSD) for CNT_SET. CSD shows different number of charge states for
different bias with blue (0), light blue (1), green (2), orange (3) and red (4).

Charge stability diagram (CSD) has been plotted for the investigation of conductance and shown in fig. 2(b). CSD
explains the dependence of conductance on the source drain and gate voltage. In this diagram the charging energy of
CNT in SET surroundings is plotted for different gate voltages. A particular number of energy levels i.e. charge states
are present there for a fixed value of source-drain and gate voltage. Different energy levels are represented by a coding
of different colors i.e. blue (0), light blue (1), green (2), orange (3) and red (4) in CSD and conductance depends upon
the number of charge states in bias window. As much as the width of the central dark region decreases, less the charging
energy will be needed to bring SET into conduction state. From the figure, it is clear that the central dark blue region is
not much broad therefore the device will be needed less energy to bring SET in conduction state and the device can act
as a fast switching device.

CONCLUSIONS
The present work validates the application of Density Functional Theory (DFT) to calculate the properties of
carbon nanotube (CNT) based single electron transistor (SET) in Coulomb blockade regime. Single-electron transistor
with island CNT of (4,0) configuration had been modeled and simulated. It shows better stability and higher
conductance. With the help of Charge stability diagram (CSD) and variation of total energies with respect of gate
voltages at different charge states the system shows high conductance.
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MOYATKOBI PO3PAXYHKH OJHOEJEKTPOHHOI'O TPAH3UCTOPA HA OCHOBI OJJHOCTIHHO{
BYTJIEHIEBOI HAHOTPYBKH YJIBTPAMAJIOT'O JIAMETPY
Cpamxa Yayxan, Axkaii Cinr Bepma
Disuunuil paxynomem, banacmxani Biovsnim, Padoxcacmxan, 304022, Inois

V wiit cTaTTi MM JOCHTIPKYBAIM JiiarpaMy CTaOLIBHOCTI 3apsity 1 3aJeXKHICTh NMPOBITHOCTI BiJ 3CyBy BUTOKY 1 Halpyrd Ha 3aTBOpI
onHoenekTporHoro Tpansucropa (SET) Ha OCHOBI ByriieeBHX HaHOTPYOOK, BUKOPUCTOBYIOUM MEPBOMpIiHLinHUEe o0uncieHHs. Bei
PO3paxyHKH BHKOHaHi 3 BUKOpucTaHHsIM naketa MozenmoBanHs ATK-VNL, 3acHoBanoro Ha Teopii ¢pynkuionana miasnocti (DFT).
Mu 3actocyBaiau ui pospaxynku mis SET Ha ocHOBI ByrieueBux HaHOTpyOok. HanorpyOka Oyna moMilleHa TpOXH BHIIE
nienextpuka (Eo = 10) Mk 30J0THX €JIeKTpOAiB BUTOKY i cToKy. ¥ SET BHKOpHCTOBYBasacsi OMHOCTIHHA BYyTJeLeBa HAaHOTPYOKa,
sika Mae HaaManux aiametp i (4,0) korpirypamiro. byma po3paxoBana 1oJaTkoBa €HEpPrisl MPUCTPOIO, KA MOKE OyTH BH3HAYCHA SK
PI3HHIIT MIX CHOPITHEHICTIO JI0 €JIEKTPOHY 1 eHeprieio ioHizamii. BcraHOBIEHO, 0 PO3paxoBaHi 3HAUCHHS CHEPrid CKIagaloTh -
10,17694 eB i -11,04034 eB mis i3omsoBaHoM0 (a3u i SET-cepemoBuia BilIOBIAHO. Y eNEKTPOCTATUYIHOTO CEPEIOBHII PE3YIbTaTH
MOKa3aJl PeryJisipu3aLilo piBHIB MOJICKYJISIPHOI €Heprii i, 0TKe, JOAaTKOBa €Hepris 3MeHIIyBaiacs.. Po3paxyHKH JUisi 1OJaTKOBUX
SHeprii, Bapialiii MOBHUX €Heprii 10 Hanpyr 3aTBopa i xiarpamu cradinbHoCTi 3apsay (CSD) Takox Oynn BUKOHaHI.

KJIFOUYOBI CJIOBA: oaHoctiHHa ByrjieneBa HaHOTpyOka, oxHoenekTporuuii tpausuctop (SET), crnopiiHEeHICTh A0 €IeKTPOHY,
eHepris ioHi3auii, JogaTtkoBa eHepris, aiarpama crabinsHocri 3apsay (CSD).

HAYAJIbHBIE PACYETBI OJHORJIEKTPOHHOI'O TPAH3UCTOPA HA OCHOBE OJTHOCTEHHOM
YIJIEPOIHOM HAHOTPYEKH YJIBTPAMAJIOI'O TAAMETPA
Cpanxa Yayxan, Amzkaii Cunrx Bepma
Quszuueckuil paxyremem, banacmxanu Budvanum, Padaxcacmxan, 304022, Hnous

B oT0if cTaThe MBI HCCIENOBANM JHarpaMMmy CTaOWIBHOCTH 3apsia ¥ 3aBHCHMOCTb HPOBOJMMOCTH OT CMELICHUsS HCTOKAa U
HampsDKEHHS Ha 3aTBOpe OXHOAIEKTpoHHoro Tpausucropa (SET) Ha ocHOBe yriaepomHbIX HAHOTPYOOK, HCHONB3Ys
MIEPBONIPUHIMITHBIC BBIYHUCIICHHU. Bce pacdeTs! BHIIOIHEHBI ¢ UCTIONb30BaHHEeM MakeTa Monenuposanuss ATK-VNL, ocHoBaHHOrO Ha
teopun ¢ynkunonana mwiotHoctd (DFT). Mer nmpumennim otu pacuetsl 11t SET Ha ocHOBe yriaepoaHsIx HaHOTPYOOK. HanoTpyOka
Obula ToMeIleHa 4yThb BbIlle AudIeKTpuka (Eo = 10) Mexmy 30JI0THIX 3JIEeKTpolxoB HcToka M croka. B SET ucnomp3oBanachk
OIHOCTCHHAs yIJIepOAHAs HAHOTpyOKa, KOTOpas HMeeT cBepxMmanblii auamerp u (4,0) xondurypammio. bBeuma paccumrana
J00aBOYHAsT PHEPIUsl yCTPOHCTBA, KOTOpasi MOXET OBITH ONpeJelieHa KaK pa3sHUIA MEXIY CPOACTBOM K DJIEKTPOHY M 3Heprueit
HMOHM3AIMU. Y CTaHOBJIEHO, YTO PACcCUMTAHHBIE 3HAYeHUs dHepruil cocrasiusior -10,17694 5B u -11,04034 5B ais uzonupoBaHHOU
¢a3b1 u SET-cpesibl COOTBETCTBEHHO. B aekTpocTaTiyeckoi cpeze pesy IbTaThl HOKa3al PeryJisipi3aliio ypoOBHEH MOJIEKYJIIPHOI
SHEPrHU U, CIEA0BATENIbHO, 100aBOYHAs SHEPIHsl yMEHbIIanach. PacueTs! i 100aBOYHBIX SHEPruld, BApHALMil TTOJIHBIX YHEPIUil K
HaNpsDKEHUAM 3aTBOpa M AMarpaMMsl cTabuiabHocTH 3apsaaa (CSD) takke ObUTH BBITTOTHEHBL.

KJIFOYEBBIE CJIOBA: onHOCTeHHas! yriiepogHas HaHOTpyOKa, oIHOAIeKTpoHHbIH Tpausuctop (SET), cpoacTBO K 3MEKTpoHY,
SHEPTusl HOHU3AIMH, 100aBOYHAs SHEPrys, [uarpamMma crabuiabHocty 3apsaa (CSD).





