21
EAsST EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 4.21-27 (2020) DOI:10.26565/2312-4334-2020-4-03

PACS: 73.63.—b; 73.90.+f; 85.35.Gv

QUANTUM PHYSICS BASED ANALYTICAL MODELING OF DRAIN CURRENT OF
SINGLE ELECTRON TRANSISTOR WITH ISLAND MADE OF ZIGZAG-TUNGSTEN
DISULFIDE NANORIBBON

Milan K. Bera

Assistant Professor, Department of Physics, Maharishi Markandeshwar (Deemed to be University)
Mullana, Ambala, Haryana, India
Corresponding Author: m.k.bera@mmumullana.org
Received September 23, 2020; accepted November 4, 2020

Among many emerging nanoelectronic devices, single-electron transistor (SET) is one of the frontier device architectures that can offer
high operating speed at an ultra-low power consumption. It exploits controlled electron tunneling to amplify current and retains its
scalability even on an atomic scale. A new island based SET device architecture is proposed which is made of monolayer tungsten
disulfide nanoribbon (WS2 NR) in zigzag pattern. The quantum physics based analytical model is developed in order to investigate the
tunneling drain current flowing through the proposed WS2 NR SET. It has been observed from the simulation study that the device
current did not struggle in the coulomb blockade region whereas outside this region drain current value gradually decreases for longer
nanoribbon likely due to formation of wider potential well in the island regime which helps to drop the rate of tunneling electrons.
KEYWORDS: Coulomb blockade, Nanoribbon, Single electron transistor, Tungsten Disulfide, Tunneling current

In digital integrated circuits, transistors operate in switching mode to change the desired logic voltage levels either
0 or 1. Downscaling of individual device size has been the driving force for improving the performance of ultra-large-
scale integrated circuits (ULSIs) [1-2]. In this regard, Metal-oxides semiconductor field-effect transistors (MOSFETs)
have been the most successful electronic devices for ULSI application. However, MOSFETs are now facing serious
challenges to continue downscaling owing to its fundamental physical limitations in the deep-submicron regime. In this
respect, single-electron transistors (SETs) are promising as emerging nanoscaled devices since these devices are scalable
even on an atomic scale. Meanwhile, SET are able to control individual movement of electron. Therefore, if SETs are
implemented in ULSI design, it will have the attributes of extremely high integration and low power consumption [2].

SET demonstrates unique switching characteristics utilizing quantum mechanically governed coulomb blockade and
single electron tunneling phenomena mediated via island regime [3-5]. Furthermore, room temperature operation is the
key for practical implementation of SET in ULSI. Although, the first experimentally demonstrated SET in 1987 was
operable only at ultra-low temperature ranges (1.1-4.2 K), however, it was improved later on for room temperature
operation by adopting silicon as island [6-7]. As soon as it was realized that the band structure and electrical properties
of the island materials are the key for room-temperature operation, SET made of new island materials such as two-
dimensional (2D) graphene have been demonstrated recently [8].

In this context, lower dimensional semiconductors particularly transition metal dichalcogenides (TMDs), as for
example, MoS,, MoSe>,WSe,, WS,, WS, efc. possess additional benefits due to atomically smooth and dangling-bond
free surface, charge carrier scattering or even thickness (hence bandgap) variation, thus, guarantees robust device
performances at room temperature [9-10].

Therefore, in this study, a new island material made of monolayer tungsten disulfide (WS;) nanoribbon in zigzag
pattern is proposed in SET design. Quantum physics based analytical modelling of tunneling current has been developed
in order to accurately predict the electrical performances of SET at room temperature via numerical simulations coded in
Matlab and Mathematica.

MODELING AND SIMULATION OF SINGLE ELECTRON TRANSISTOR WITH ISLAND
MADE OF MONOLAYER WS:-NANORIBBON
Fundamentals of SET operation with island

Single-electron transistor is governed by quantum mechanical tunneling effect. A single electron transistor is simply
constructed with an island sandwiched between two tunneling junctions formed at source and drain side. It is also
connected through a capacitor into the gate electrode as shown in Figure 1a below. SET can also be seen as a confined
box that has two separate junctions for the entrance and exit of a single electron. Now, according to the fundamentals of
quantum mechanics, the electrical conduction of any tunnel junction purely depends on how effectively the barrier
transmits the electronic waves. The electric current flow decreases exponentially with the barrier thickness.

As soon as an electron tunnels through the junction, the tunnel capacitance is charged with a single electronic charge
and as a result tiny amount of potential is built up. This additional potential might be sufficient to prevent another electron
to tunnel through the junction. In this scenario, the resistance of the tunnel junction rises consistently, thereby coulomb
blockade condition arises which ultimately stops the flowing of current. When external bias is applied, the coulomb
blockade situation overcomes then electrons resume tunneling one by one from source to the island, hence, adding excess
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electrons to the island (see Figure 1b). A similar tunneling process will also occur from the island to the drain. Eventually,
single electron transistor monitors the flow of electronic charge between source and drain with the assistance of gate
electrode.
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Figure 1. Schematic structure with equivalent circuit of single electron transistor, (b) Coulomb-blockade condition with zero current,
(c) adequate drain-source bias voltage will assist to transfer of an electron across the barrier.

Basic structure of zigzag-WS:-nanoribbon
Monolayer WS, nanoribbon can be patterned into two different forms, one in armchair and other in zig-zag shape.
Zig-zag patterned WS, nanoribbon is composed of an inner layer of W metal atoms orderly positioned in triangular lattice.
It is sandwiched between two layers of chalcogen sulfide (S) atoms positioned on the triangular lattice of interchanging
hollow sites in a triangular prismatic style [11].
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Figure 2. Top view of lattice structure of monolayer WS in zig-zag pattern. Red and green spheres denote the metal (W) and
chalcogenide (S) atoms, respectively. The shaded area indicates the unit cell in zig-zag pattern. The position of lattice sites are
demarcated by coordinates (m, n).

The S-W-S layers are bonded by weak van der Waals forces. A schematic is shown in Figure 2. The unit cell
described as (m, n) indices is illustrated by shaded rectangular area.

Modeling of tunneling current flowing through the proposed WS: NR SET
As per discussion in earlier section, a single electron transistor is made of source, gate, and drain electrodes along
with an island which is located between source and drain but is not actually connected to them. It is shown schematically
in Figure 3. The basic operation of SET is controlled by quantum tunneling of electrons to amplify the current values. As
depicted in Figure 3, SET can be divided into three regions, corresponding to source, island and drain parts. The energy
as a function of position alongside SET is also demonstrated. The proposed WS, NR island of length L can be assumed
as a quantum well whose potential profile along the island is shown in Figure 3.
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Now, following the fundamentals of quantum mechanics in solving Schrédinger equations, the electronic wave
functions in various regions can be established as follows [03, 12]:

Reg — I: Y, = Ae¥* + Be™"* put 1y, - 0 when x - —oo, hence,B = 0 (D)

Reg — II:;; = Ce'ku* 4 pe~ikux )

Reg — IlI: v = Ee*mr* 4+ Fe~kumi* pyt s, » 0 when x > +o0, hence, e = 0 3)

where k; = k;;; = 2:128 and k;; = —“zmivo_s) , € (< 0) is the energy of electron, v, is potential well m; is the effective

mass of WS, NR, # is the reduced Planck’s constant. The negative value indicates bound electronic energy states.
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Figure 3. Schematic of proposed single electron transistor with island made of WSz nanoribbon. The biasing points at different
electrodes as well as potential profile along the device are also shown.

Now, as per boundary conditions, the wave functions and its first derivatives must be continuous for the
neighbouring regions at x = -L/2 and x = +L/2. Therefore, applying boundary conditions the above equations becomes:

—kjL _ kL ikprL

Ae 2 =Ce 2 +De 2 atx=-L/2, Y=y, )
—kiL ikjL ik L

AkIeTI = Cik,,e_% - Dik”e% atx = —L/2, (Z—d: = % ®)

ikyyL —ikyL =kl
Cez +De" 2 =Fe 2 atx=+L/2, Y; =Y, ©)

ikyL —ikyL kL
Cikue% — Dikje 2 = —Fkye ! atx = +L/2, % = d:fllzlc” @

Next, the electron transmission coefficients in WS; NR SET can be calculated as follows:
1 kZ 2k2

Towsnr(€) = o)l ®)

(cos (Lky)(—1+kH)ky—sin (L) ki (1+k%))2

The calculation details of the aforementioned equations can be found from Appendix.
Finally, the quantum current flowing through WS, NR SET can be easily estimated using Landauer formulae [03] as:

lowsng = fop(n)TQWSNR (&) [s=p(e) — fp-s(e))de 9

1
(e=¢5)
1+e kBT

function, ¢ is the Fermi energy level, ks is the Boltzmann constant and T is the temperature.

where e is the electronic charge, p(n) is the electron density, f(E) = is the Fermi-Dirac distribution

RESULTS AND DISCUSSION

The electrical characteristics of proposed WS, NR SET related to variation in nanoribbon length have been
investigated. The simulation results are shown in Figure 4.

It is noteworthy that changes in WS, nanoribbon length does not have significant influences in the coulomb blockade
region (i.e. nearby zero voltage). It can be farther evident from Figure 5 as the current value near zero bias does not
struggle rather increases almost linearly. However, it has a direct impact on the SET current values particularly for applied
bias (V) outside the coulomb blockade regime. Meanwhile, the drain current, I reduces moderately when nanoribbon
lengths are varied from ~0.546 nm to ~2.002 nm. The physical phenomena of these behaviours could be interpreted as a
consequence of formation of longer potential well in the island owing to increase in nanoribbon length.
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Because of wider potential well formation between source-drain, the tunneling of electrons decreases, hence, the
value of current drops significantly. The influence of operating temperatures on SET current flow have also been
investigated. The temperature variation in /4 vs. Vg characteristics of WS> NR SET is shown in Figure 6. It can be easily
seen from the figure that as temperature rises the tunneling current value increases mainly due to temperature dependent
electron occupancy as per Fermi-Dirac distribution such that more electrons are available for tunneling. In addition, carrier

freez-out effect may also affect the flow of current at lower temperature particularly at 4K [13].
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Figure 4. The simulated output characteristics (/us vs Vas) of proposed zigzag-WS2 NR SET with various nanoribbon length but keeping

gate voltage constant at 1 mV.
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Figure 6. The output characteristics (lus vs Vas) of armchair-WS; nanoribbon SET at room temperature (300 K) with varying gate

voltage in the range of 1-9 mV.
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On the other hand, in order to evaluate the gate controllability of the proposed single electron transistor, the
simulations were performed on 1.341 nm long zigzag-WS; nanoribbon with applied gate voltage varies from 1-9 mV as
can be seen from Figures 7.

Again, it can be noticed that there is no significant influence of coulomb blockade during applied gate bias, rather
normal device characteristics have been observed.
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Figure 7. The gate control on the output characteristics (1us vs Vas) of single electron transistor with WSz nanoribbon in zigzag pattern
is shown.

CONCLUSIONS

In the present study, a new island material based on monolayer tungsten disulphide (WS,) nanoribbon is proposed
to design single electron transistor. Quantum physics based analytical model is developed to simulate the quantum current
behaviour of proposed single electron transistor at room temperature. It has been observed that the variation of WS,
nanoribbon length either does not have any significant influence on the coulomb blockade region. Instead, the values of
SET current decreases slowly just outside of the coulomb blockade region presumably due to formation of longer potential
well in the island, whereby deteriorating the rate of electron tunneling. In addition, variation in operating temperature
from 4-300 K drastically improve the tunneling current mainly due to increase in electron occupancy so that more
electrons can tunnel through. On the other hand, the gate controllability have also been investigated which exhibits
reasonable device performances at room temperature without any trouble of coulomb blockade. Therefore, the proposed
single electron transistor utilizing WS, nanoribbon in zigzag pattern as an island material might be potentially useful by
embedding and integrating into advanced ULSI circuit design.

APPENDICES
Solution of Schrodinger equations with boundary conditions
Applying fundamentals of quantum mechanics, Schrodinger equations in all the regions of WS, NR SET can be
established as follows [12]:

Reg—I: = 2o &1 here £ < 0 & v(x) = 0 1
eg—I = =05 = &Y, (wheree v(x) =0) 1
—h? d®yy
Reg —II: = o oz T v(x)Y;; = EY;; (Wheree < 0&v(x) = —vg) 2)
e
_hZ dZ
Reg —III: = E% = Ey,, (wheree < 0&v(x) = 0) 3)

The general solution of Schrédinger equation established in region-I (i.e. source side of SET) can be obtained as follows:
Reg — I:1); = Ae*1* + Be~ki* 4)

But according to basic postulates in quantum mechanics, the wave functions must be finite, continuous and single
valued to form a wave packet, however, when x — —oo, 1]y, = oo that is the probability of finding the electron will
be infinity, therefore, in order to have finite probability, ¥;i; = 0 at x - —oo, which requires to set B= 0.
Meanwhile, at region-II, (i.e. island side of SET), the solution becomes:

Reg —_ [[ lp” = Ceikllx + De—ik11x (5)
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Similarly, at region-III (i.e. drain side of SET), the solution of the Schrédinger equation can be easily obtained as
follows:

Reg — lI: Yy = Eekiux 4 Fe~kuix ©)

Again, Yy = +00 when x — 400, hence, in order to have a finite probability of finding electrons in region-1II, F

must be zero. In the above equations, k; = k;;; = —“2:188 and k;; = —Vzmil(v(’_s) , where € (< 0) is the energy of electron,

. . . . ho.
v is potential well m; is the effective mass of WS, NR, A = 7 i the reduced Planck’s constant.

Nevertheless, the wave functions must be continuous for any quantum mechanical system, thus, boundary conditions
play important roles to unite the otherwise separated waves at the boundary region. Following boundary conditions, the
wave functions and its first order derivatives must be continuous at the boundary of the neighbouring region which yields
following equations:

Ae kit/2 = Ce~ikul/2 4 peikul/2 (gt x = —L/2, P; = Py)) ™)
Akye™1H2 = Cikye it/ — Dik; elknt/? (at x = —L/2, St =220 ®)
Cetkul/2 4 pe=tkul/2 = Fe=kil/2 (gt x = +L/2, Yy = Pyp;) )
Cikjetvut/z — Dik,,e_“;”L = —Fk,,,e# (atx = +L/2, % = %) (10)

Calculation of transmission coefficient
Now, the coefficients of the abovementioned equations from 7-10 can be obtained utilizing transfer matrix method
[3,12]. From the x = -L/2 boundary condition, equations 7 & 8 can be written in matrix form as:

A\ _ C
 (2) = () o
(A Z i (€ I _ -1
. (B) =M (D),whereM = MM, (12)
_Lk; _iLky iLky
where M, =( € _ZLﬁ 0) and My, =( € _ziLk” € ziLk”> and M; ! is the inverse of M; matrix.
kiez 0 ikje 2z —ike 2

. . d . . .
In a similar way, continuity of 1(x) and % at x = +L/2 gives the matrix equation as:

C E
M () = Ma () (13)
CY_ yu(E I _ -1
(D) =M (F),where M = MM, (14)
iLkyp _iLky
e 2 e 2
where M = ( iLky iLk”) and
ik”eT —ik,,e_ 2
_Lk;
M, = (0 € ZLk1> and Mj;} is the inverse of M;;; matrix.
0 —kie =2
Combining Egs. 11 and 13 gives an equation of the form:
A\ _ E — vl
(5)=m(;).M=mm (15)

where the 2x2 matrix is the product of two matrices of Eqs. 12 and 14. Then, the transmission coefficient can be obtained
from the component of transfer matrix (M) as:

2

(16)

1
T = |—
QWSNR ML,

The parameters used for the numerical simulation for WS, NR are listed in Table.
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Table.
Parameters used in the modelling of tunneling current flowing through single electron transistor
with island made of WS, nanoribbon

Symbol Parameters Value [unit]

a Lattice constant 3.153 (A)

(4 Angle between W-S bond 0.71 (rad)
z—m; Effective mass of electron (armchair nanoribbon) 0.309 my®
zZ—mg Effective mass of electron (zigzag nanoribbon) 0.412 my®

T Temperature 4-300 K

E, Band gap 1.55eV

h Reduced Planck’s constant 6.5821x10"1% eV.s

ks Boltzmann constant 8.6 x103 eV.K!

3 Electron rest mass
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KBAHTOBOMEXAHIYHE AHAJITUYHE MOJEJIOBAHHSI CTPYMY CTOKY OJHOEJEKTPOHHOI'O
TPAH3MCTOPA 3 3ATBOPOM I3 3UI'3ATONOAIBHOI HAHOCTPIYKHU JUCYJIb®ITY BOJIb®PAMY
Mianan K. Bepa
Jloyenm xagheopu ¢izuxu Maxapiwi Mapranoeweap (s88axcacmuvcs yHigepcumemom)

Mynnana, Ambana, Xap'aua, Inois
Cepen 0aratbOX HOBHX HAaHOEGJIEKTPOHHUX IMPUCTPOIB OXHOENEKTpOoHHUH Tpan3uctop (SET) € onHielo 3 TpaHUYHUX apXiTEKTyp
NPHUCTPOIB, SIKA MOXKE 3alpONOHYBATH BHUCOKY pOOOYYy IIBHIKICT IPHU HAJHU3BKOMY CHEPrOCIOXKHMBaHHI. BiH BHKOPHCTOBYE
KOHTPOJIbOBAaHE SJICKTPOHHE TYHETIOBAHHS [UIs TOCHIICHHS CTPyMY i 30epirae cBoro MacIiTaboBaHICTh HABiTh B aTOMHOMY MacuITali.
3anpornoHOBaHO HOBY apxitekTypy npuctpoto SET Ha OCHOBI 3aTBOpy, SIKMH BHKOHAHMI 3 OJHOIIApPOBOI 3Mr3aronofioHol
HaHOCTpIukN qucynboiny Bonbppamy (WS2 NR). AHanmiTHuHa MoJieb, 3aCHOBaHA HA KBAHTOBOMEXAHIYHOMY MiAXOJi, po3podiieHa
JUISL TOCTIJUKEHHS TYHEIBHOTO TOKY CTOKY, IIO IIpoTikae yepe3 3anpornoHoBanuii WSz NR SET. I3 cumyssmiiiHoro pocmimkeHHs 0yi1o
MIOMIYCHO, III0 CTPYM HPHUCTPOIO HE MPOTiKae y 00JacTi KyJOHIBChKOI OJIOKaaHM, TOAL SIK 3a MeaMHU IIi€l 001acTi 3HaUCHHS CTPyMy
CTOKY NOCTYIIOBO 3MEHIIYETHCS LIS JOBIIUX HAHOCTPIYOK, HMOBIPHO, Yepe3 (OPMYBaHHS IHPIIOTO HOTSHIIIITHOTO KaHAY Y peXXuMi

3aTBOPY, L0 I0MOMArae 3HU3UTH IBUAKICTh TYHEIBHUX EJICKTPOHIB.
KJIFOUYOBI CJIOBA: kynoHiBcbka 0oKama, HaHOCTPivKa, OJHOCICKTPOHHUI TPaH3HCTOp, AMCYNbGiN Bonbhpamy, TyHEIbHUI
CTpyM

KBAHTOBOMEXAHUYECKOE AHAJIMTUYECKOE MOAEJIUPOBAHUE TOKA CTOKA OJJHOQJIEKTPOHHOI'O
TPAH3UCTOPA C 3ATBOPOM U3 3UT'3ATOOBPA3HOM HAHOJEHTBI JUCYJb®UJIA BOJIb®PAMA
Mmuanan K. Bapa
Hoyenm xageoper pusuxu Maxapuwu Mapranoewsap (cuumaemcs yHugepcumemom)

Mynnana, Ambana, Xapvana, Unous
Cpenu MHOTHMX HOBBIX HAHOZJEKTPOHHBIX YCTPOWMCTB OIHORJEKTPOHHBIM Tpan3uctop (SET) sBasercs omHOW W3 IMpenenbHBIX
apPXUTEKTYp YCTPOMCTB, KOTOpask MOXKET MPEUIOKUTh BBICOKYIO pabOvyr0 CKOPOCTh IPU CBEPXHH3KOM 3Hepromnorpebdiennn. OH
HCTIONIb3YET KOHTPOINPYEMOE SJIEKTPOHHOE TYHHEIMPOBAHUE JUISl YCHJIICHHS TOKA M COXPaHSET CBOIO MacIITaOMpyeMOCTh Jaxe B
atoMHOM MaciuTabe. [Ipennoxena HoBas apxuTektypa ycrpoiictBa SET Ha ocHOBe 3aTBOpa, KOTOPBIN BBIMOJIHEH U3 OJJHOCIOWHON
3WUr3arooOpas3Hoil HaHOIEHTHI ucyIbduna Boabppama (WS2 NR). AnamnTHdeckas MoJelb, OCHOBaHHAs HA KBAHTOBO-MEXaHHIECKOM
MOAX0Ae, pa3paboTaHHas IS MCCIIENOBAaHHS TYHHEIBHOTO TOKa CTOKA, IpoTeKaromero depes3 npemtoxkenHsrid WSz NR SET. B
MOJIETTBHBIX HCCIEIOBAHHA OBUIO 3aMEUeHO, YTO TOK YCTPOMCTBA HE MPOTEKAeT B OOIACTH KyJIOHOBCKOHM ONOKapl, TOrJa Kak 3a
IIpe/ieNIaMH 3TOH 00JIacTH 3HaYEeHHE TOKA CTOKA IMTOCTEHEHHO YMEHBIIACTCSI AT ATTMHHBIX HAHOJIEHT, BEPOATHO, uepe3 (hopMUpOBaHHE

GoJiee IIMPOKOTO MOTEHIIMANBLHOTO KaHalla B PEKHUME 3aTBOPA, YTO TIOMOTAET CHU3UTh CKOPOCTh TYHHEIBHBIX JIEKTPOHOB.
KJIIOUEBBIE CJIOBA: xynoHoBcKast 6J10ka/ia, HAHOJIEHTA, OTHOAIEKTPOHHBIH TPaH3UCTOP, AUCYIIb(OUL BoIb(pama, TyHHEIbHBIN
TOK



