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The optics of the surface plasmon resonance has been known for a long time. In the configuration 

multilayer, the optical coupling of a wave incident to collective oscillations of electrons along an 

interface between a metal and a dielectric is governed by the thickness of metal and gap layers. The 

surface Plasmon excitations excited by an electromagnetic wave in the visible band (λ= 633 nm). For 

the metal, in particular a frequency on their dielectric permittivity dependence and described by the 

Drude-Lorentz model and Using the effective-index approach and an explicit expression for the 

propagation constant of gap surface plasmon polaritons (G-SPPs) obtained for moderate gap widths. 

 
Keywords: Drude-Lorentz ; Surface Plasmon polariton ; Wave propagation ; Optical waveguides. 

PACS : 11.30.Cp; 73.20.Mf; 41.20.Jb; 42.82.Et.  

 

1. Introduction 

 

 Surface plasmon polaritons (SPP) are electromagnetic excitations propagating at the interface 

between a dielectric and a conductor (usually metal) material possessing opposite signs of the real part 

of their dielectric permittivities, evanescently confined in the perpendicular direction. These 

electromagnetic surface waves arise via the coupling of the electromagnetic fields to oscillations of the 

conductor’s electron plasma. Taking the wave equation as a starting point, this section describes the 

fundamentals of surface plasmon polaritons both in metal /dielectric multilayer structures (IMI and semi-

infinite MIM waveguides) [1, 2].  

The TM polarized SP mode is uniquely characterized by its magnetic field lying in the plane of the 

metal-insulator surface and perpendicular to the wave propagation direction. The metal commonly used 

to excite surface plasmon polaritons (SPPs) is silver (Ag) due to their remarkable optical properties 

described by the frequency dependent complex permittivity εm(ω) = εm
r (ω) + i εm

i (ω) in the Drude-

http://etn.siats.co.uk/
mailto:a_reda130@live.fr
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Lorentz model(εm
r < 0, |εm

r | ≫ εm
i ). Since the SPR is the resonance phenomenon corresponding to an 

energetic transfer from incident light to SPPs.  

The E7 [3, 4], nematic liquid crystals mixture contains cyanobiphenyl and cyanoterphenol components, 

at a specific composition, which possess relatively high birefringence and positive dielectric anisotropy. 

Due to these properties, it is widely used in polymer dispersed liquid crystals [5].  The specific 

composition is critical to ensure physical properties and characteristic of the liquid crystal. The specific 

composition is critical to ensure physical properties and characteristic of the liquid crystal. Even small 

changes can have pronounced effects on factors such as the nematic to isotropic transition, and glass 

transition temperatures. E7 is used as the dielectric εd in the temperature 25 c0 on MIM configuration. 

We wish to clarify that we are working under conditions of plasmon wave excite the surface polariton 

by an electromagnetic wave in the act of taking the negative real part of the dielectric permittivity of the 

metal. The characteristic parameters of the guide are the depth of propagation of electromagnetic waves 

in the metal medium, the permittivity of the metal and the middle of the opening, the dimensions (length 

and width) of the guide, the relationship of the dispersion depends mainly the effective index, and the 

cutoff frequency. In this work, we developed a geometry of the waveguides for confining propagating 

resonant modes. The main feature of the dimensions is the wavelength sub-length scale with respect to 

the wavelength λ of the excitation wave. In their simplest form, the light guides consist of layered 

material media. For that light energy can be propagated and confined through the guide, the indices of 

these media are recorded by optical usual conditions [19, 20]. 

2. The Drude-Lorentz model: 

Drude-Lorentz model often used for parameterization of the optical constants of metals. In 

addition to the conduction electrons, the Drude-Lorentz model takes into account the bound electrons. 

The interband transition of electrons from filled bands to the conduction band can significantly influence 

the optical response. In alkali metals, these transitions occur at high frequencies and provide only small 

corrections to the dielectric function in the optical domain. These metals are well described by the Drude 

model. On the other side, in noble metals a correction must be made to the dielectric function. It is due 

to transitions between the bands d and the conduction band s-p. The contribution of bound electrons to 

the dielectric function can be described by the Lorentz model. To the above Drude dielectric function, a 

Lorentzian term is added [23]: 

εDL(ω) = εD(ω) + εL(ω)                                                                           (𝟏) 

Vial et al. [13] suggested a single oscillator leading to a single Lorentzian additional term to well describe 

the permittivity of gold in the optical range compared with the classical Drude model. In this case, the 

relative dielectric function is [6]: 

εDL(ω) = 1 −
f0ωp

2

ω2 −  i ω Γ0
+ ∑  

fj ωp
2

Ωj
2 − ω2 + i ωΓj

                           (𝟐) 

k

j=1
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 Where wPthe plasma frequency, k is the number of oscillators with frequencyΩj, strengthfj, and life 

time1
Γj

⁄ . 

 

 

ωp = 9.01 f2 = 0.124 f4 = 0.840 

f0 = 0.845 Γ2 = 0.452 Γ4 = 0.916 

Γ0 = 0.0 48 Ω2 = 4.481 Ω4 = 9.083 

f1 = 0.065 f3 = 0.011 f5 = 5.646 

Γ1 = 3.886 Γ3 = 0.065 Γ5 = 2.419 

Ω1 = 0.816 Ω3 = 8.185 Ω5 = 20.29 

 

Table.1: Optimized parameters of the Drude–Lorentz model for Silver metal. [4], ωp, Ωj and Γj are in 

electron volts, fj has no units. 

 

In Figure 1 we have plotted the real and imaginary parts of the dielectric function of silver as tabulated 

in [6], as well as the description achieved using the DL model. The metal has a negative real 

component of the permittivity in the visible and infrared wavelengths but at shorter wavelengths εr 

becomes positive. 

 

 
Figure.1: The real and imaginary components of the permittivity of Ag 

 

 

3. Surface plasmons in MIM-Structure (Metal Gap): 

An important extension of the simple metalsurface is a three layer system sometimes also called 

heterostructure [7], where each of the layers has an infinite extension in two dimensions. Two basic 

heterostructures can be distinguished, a dielectric gap in a metal, or MIM (metal-insulator-metal) system 

and a metal film surrounded by two dielectrics, or IMI (insulator-metal-insulator) system [8, 9]. Dionne 

and colleagues [14] extended the investigation to SP’s propagation in a Ag-SiO2-Ag plasmonic (slot) 

waveguide and determined dispersion relation, energy density and localization for the symmetric and 

anti-symmetric gap plasmons with respect to the middle plane. One advantage of a MIM-structure is the 

strong confinement of the field in the dielectric, which is due to a small penetration depth (~ 20 nm) into 

the metal on each side of the gap. For the same structure propagation lengths of 10 μm are supported 

400 600 800 1000
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Wavelength, λ (nm)  

(nm) 

 

with localization of the field in the gap of ~20 nm. Dionne et al. [14, 15] also pointed out the additional 

benefit of those structures for simultaneous use with conventional electronic devices. We consider the 

gap is the E7 nematic liquid crystal.  

 

 

 

 

 

 
 

 

Figure. 2: The refractive index of the liquid crystal (E7) as a function of wavelength between 450-656 

nm [3]. 

 

Figure 2 shows the refractive index of E7 as a function of wavelength between 400 and 650 nm, whitch 

regractive index decrease with  increasing of wavelength. We consider the dielectric is the E7 nematic 

liquid crystal at T=25 c°. The complex dielectric function εd and the complex index of refraction n̂ are 

defined as [10]: 

εd = ε1 + i ε2 = n̂2 = (n + i k)2                                                                                    (𝟑) 

At T=25 c° and λ=633 nm, ne=1.7305, n0=1.5189, [3]. 

n̂ = n + i 0 = n =
ne+2 n0

3
= 1.58943 and εd = ε1 = n2 = 2.5263. 

In this section we consider two infinite metal planes separated by a gap filled with a E7 nematic liquid 

crystal in which a film plasmon propagates constitute a MIM [16, 17, 18, 19, 20, 21, 22] (metal-insulator-

metal) or simply a slot waveguide. We consider the SPP modes in the symmetric MIM configuration of 

a thin dielectric layer with the thickness w being sandwiched between two metal surfaces. When two 

identical SPP modes start overlapping with each other for small layer thicknesses. The dispersion relation 

for the metal gap can be written for the symmetric field distribution as [1, 11]. 

tanh(kz
(d)

 
w

2
) = −

εd kz
(m)

εm kz
(d)

  and   kz
(m,d)

= √β2 − ε(m,d) k0
2                                      (𝟒)        

Where β denotes the propagation constant of the fundamental gap surface plasmons polariton (GSPP) 

mode with the transverse field component Ez having the same sign across the gap, εm,d the permttivities 

500 550 600 650

1.56377

1.56377

1.56377

1.56377

Refractive index, n 
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of metal and insulator (E7). For sufficiently small gap widths (w→ 0), one can use the approximation 

tanh(x) ≈ x resulting in the following expression [1, 11]: 

β ≈ k0√εd + 0.5 (
α

k0
)

2

+ √(
α

k0
)

2

(εd −  εm +  0.25 (
α

k0
)

2

)                                   (𝟓)      

with α = −
2 εd

w  εm
 and k0 =

2 π

λ
 Here, k0 is the wave vector of incident light, λ is the  wavelength, 

α  represents the GSPP propagation constant in the limit of very narrow gaps (w→ 0). The imaginary 

part of the propagation constant is associated with the attenuation and propagation lenght of the surface 

plasmon in the direction of propagation.  The propagation constant is related to the effective index  neff, 

propagation length L and attenuation b [2, 12] as: 

neff =
Re(β)

k0
 , L =

1

2 Im(β)
 and  b =

0.2

ln (10)
 Im(β)                                                  (𝟔) 

where Re{} and Im{} denote the real and imaginary parts of a complex number, respectively; 

the attenuation b is in dBcm-1 if β is given in m-1. 

 

 
Figure.3: Schematic of MIM plasmonic waveguide. 

 

The schematic structure of the Ag–E7–Ag plasmonic waveguide (PW) is shown in Fig. 3. This 

waveguide consists of a low-index E7 stripe (nE7 = 1.58943) sandwiched between a rectangular a silver 

film (λ = 633 nm, εAg=-14.4688-i 1.09378[6].) The E7 stripe has dimensions of w nm width. The 

thickness of the silver film is taken as 150 nm largely to ensure that there are no effects of the silver film 

thickness on the plasmonic mode inside the E7 stripe. Coupling between the cavity resonator and input 

waveguide depends on the thickness of the metallic gap between the sketched pieces of Ag metal. 

   

 

 

 

 

 

 

 

 

 

 

 

Silver                                                                      

E7              W 
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Width,  w (nm) 

 

Width,  w (nm) 

 

Width,  w (nm) 

 

Propagation length, Lp (µm) 

 

Attenuation, b (dB cm-1) 

   ×106 

 

 

4. Results and discussion  
 

a)  

 
 

 

 

 

b)  

 

 
 

 

 

c)  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.4: The effective index neff, propagation length Lp, and the attenuation b, as functions of width 

of the gap of the E7 w for λ=633 nm (MIM plasmonic waveguides Ag/E7/Ag,εd = 2.5363 and silver 

metalεAg = −14.4688 − i 1.09378.) 
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Figure. 4 shows the mode effective index neff and the propagation length Lp and the attenuation 

b of SPP mode as functions of the thickness w of the E7 stripe, where the width w of the E7 was chosen 

as 633 nm. The effective index, propagation length and attenuation could be acquired by numerically 

solving Eq. (4). We observed that increasing the width of the E7 stripe reduces the mode effective index 

and the attenuation and increases the propagation length. However, for E7 thinner than 400 nm, the 

fundamental mode turns progressively into a plasmonic wave that propagates along the interface (neff 

=1.61), leading to poor vertical confinement. 

 

 

The SPP dispersion curves for Ag-E7-Ag MIM structures with various E7 layer thickness are illustrated 

in fig. 5 calculated with the OptiFDTD [24].  The result show decreasing film thickness and the MIM 

symmetric mode exhibits a cut-off for core films. 

 
  Figure.5: Geometry and charachteristic tangential magnetic field profile Hy for the seme-infinite 

MIM wave guide core insulator thickness w. The propagate along the positive Z direction. 

 

a)                                                                        b)  
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Figure.6: (a) Surface plasmon magnetic field profile of silver-E7-silver guide (λ=633nm, 2w=0.1 µm), 

and (b) the transmission spectrum. 

 

 

In figure 6, in (a) the magnetic field profile is presented in the plane (x, z) for λ=633 nm (in vacuum) 

and for a symmetric MIM configuration with permittivities εd = 2.5363 and εAg = −14.4688 −

i 1.09378. Thus, the transverse magnetic field Hy(x), which is continuous at the interface,  the gap 

plasmons can be excited in phase, hence the magnetic field component Hy is symmetric  with respect to 

the middle of the gap. As the operation wavelength increases, the delocalization of the two peaks of the 

SPP mode in the two metal-dielectric interfaces causes more power be concentrated in the E7-core of 

the gap waveguide. In (b),shows the transmission as a function of the wavelength, calculated with the 

OptiFDTD [24] method for the optimized gap distance of 50 nm and length l = 100. It is observed that 

the maximum of the transmission is 0,7 µm. 

5. Conclusion  

  The optics of the surface plasmon resonance has been known since long. In this paper, we 

discuss the use of a metal-insulator-metal (MIM) structure to generate plasmon surface polaritons. In a 

first step, we study the influence of the gap thickness on the resonance SPP. In a second step, we present 

the analytical results of the effective index, attenuation and propagation length as a function of 

wavelength for disposal which are excited by an electromagnetic wave in the visible band (λ=633 nm). 

We take the gap for E7 whitch is the nematic liquid crystals mixture. For metal, we took a particular 

frequency dependence on their dielectric permittivity Ag (). We finally find the basic characteristics 

for SPP.  Based on the results, we have shown that the guide modes depend on its shape (dimensions). 

This dependence provides a means to control the propagation length depending on the thickness. 
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Full Adder (FA) is an important component not only in arithmetic circuits, but also in designing 

and development in all types of processors. The performance parameter of the one bit full adder 

has been implemented to increase the speed of the system. In this paper two Carbon Nano Tube 

Field Effect Transistor (CNTFET) based level restorers are introduced to the sum circuit of the 

branch-based logic and pass transistor (BBL-PT) full adder. The proposed level restorers 

eliminate the existence of voltage step which is presented in the conventional full adder [1]. 

T.V.Rao et. al proposed level restorer circuits that have used +1.2 V supply rail voltage [2]. By 

using these level restorers we could able to achieve good delay performance. The proposed 1-

BIT full adder is graded high as it has less power consumption with the conventional 1-BIT 

full adders. The performance of the proposed CNTFET based BBL-PT FA with new level 

restorer structures are examined using Cadence with 32 nm CNTFET technology files with a 

supply rail voltage of +0.8 V.   

 

Keywords: CNTFET; Branch-based logic; Pass transistor logic. 

 

1. INTRODUCTION 

 

Adders are supposed to be an important components in each and every processor architecture. 

Generally, intensive research has been carried out to implement adders in different 

architectures, configurations, layouts, design styles and design methodologies. All these are 

implemented with the main purpose of improving adder speed and energy efficiency. Its speed 

mainly depends upon the delay, power consumption and power delay product. There also exist 

some conventional full adder structures and one amongst them is CMOS logic with 28 

transistors and the other is PTL logic with 26 transistors.  From this there arises large input 

capacitance but it cannot provide high speed operation. Another FA is Complimentary Pass 

Transistor Logic (CPL) with 32 transistors, but due to possessing a large number of internal 

http://etn.siats.co.uk/
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nodes and static inverters, it consumes a lot of power while it acquires high speed and full 

swing design [1-6]. 

 In this paper Pass Transistor Logic (PTL) is used to sum and branch based logic (BBL) 

to carry. There are many advantages in using this logic. It has simpler characterization and no 

diffusion interruption; moreover, it has a common drain for two branches with less number of 

contacts. The style in this design is mostly used to decrease parasitic capacitances [7-9].  From 

this, it achieves low power and also advantageous to acquire high speed. The major 

disadvantage is the voltage step that exists [1] to correct it; we can also use level restorers for 

the same purpose. In this paper this logic is implemented by using CNTFETs because of their 

advantages. It has more benefits while compared to the traditional MOSFET silicon based 

structure. CNTFETs have better control over channel formation. It has high electron mobility, 

high electron density and high transconductance when compared to traditional MOSFETs. 

Moreover, its threshold voltage and sub threshold slope is better than traditional MOSFETs 

[10-19]. 

 Carbon Nano Tube (CNT) has gained popularity in the past few years for its tiny 

dimensions, special morphologies and also its potential implementing application in many 

emerging technologies. One of the examples of emerging technologies is cutting edge with in 

nanotechnology. It is capable of high efficiency and used in a wide range of applications in 

many streams of science and technology. CNTFETs consumes less power and proves much 

faster than the existing silicon based FETs [20]. 

 A tube shaped material is a carbon nano-tube which is fabricated from carbon. By using 

the nanometer scale its diameter can be measured. These are fabricated from the graphite layer. 

Then the graphite sheet forms into a rolled up continuous, unbroken hexagonal mesh. These 

are the members of the fullerene family. These are long and hollow structures which appear to 

be containing one atom thick sheet of carbon called graphene [21]. Fig. 1(a) presents the 

schematic of cross sectional view and Fig. 1(b) top view CNTFET [22], [23]. 

 

 

 

 

 

 

 

 

 

 
(a)   Cross sectional view 

 

 

 

 

 

 

 

 
 

(b) Top view 

Figure. 1: Schematic diagram of CNFET device. 
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 CNTFETs are the next alternatives to the MOSFETs. These are said to be the molecular 

devices which prevent the fundamental silicon restriction in the ballistic transport. One of the 

CNTFET feature is their geometry that depends on threshold voltage. CNTFETS provides 

more advantages rather than silicon based technologies [24], [25].  

 These are four terminal devices comprising of a nano-tubes acting as conducting 

channel, linking the source and drain contacts. According to the operation CNTFETs can be 

divided into two categories. They are Schottky Barrier CNTFET (SB-CNTFET) shown in Fig 

2.(a) and MOSFET-like FET shown in Fig 2.(b) [26-30]. The conductivity of the Schottky 

Barrier CNTFET is regulated through the majority carriers tunneling over the Schottky barriers 

on the terminal contacts. The SB-CNFET on-current is achieved through the contact resistance. 

The Schottky Barriers placed at source/drain contacts are owing to the Fermi-level positioning 

of the metal and semiconductor interface. The height plus width of the Schottky Barriers, and 

consequently the conductivity, are tuned by the gate electrostatically. SB-CNFET presents the 

ambipolar conveying style. MOSFET like CNFET, exhibits the unipolar behavior by 

concealing either electron (p-CNTFET) or hole (n-CNTFET) transport with extrinsic source 

and drain.   

The threshold voltage of a CNTFET is gauged by (1)  

 

)(/436.02/ nmDeEV CNTbgth                                                                                           (1) 

 

 where Ebg is the energy band gap of carbon nano-tube, e is the charge of electron, DCNT 

is the carbon nano-tube diameter and n and m are the chirality of the CNT. It can be seen from 

(1) that the threshold voltage of a CNTFET is inversely related to the diameter of its nano-

tubes, which is computed by (2)  

 

mnnm.dDCNT  2207830                                                                                         (2) 

 

 

 

 

 

 

 

Figure. 2: (a) SB-CNFET (b) MOS-CNFET 

 

CNTFETs operating principle and device structure is similar to CMOS. Although 

CNTFETs have proved experimentally that they have excellent current capabilities. At 32 nm 

feature size it has been proved that at a single device level its presence effects the related 

process. CNTFETs have a different band structure which causes ballistic operation. So, there 

is a possibility of acquiring when compared to other nanotechnologies. So, it might be the 

reason that it has been used in high frequency and low voltage application devices. In CNFETS 

they have been classified into p-FET and n-FET devices and these devices are of the same size 

and have the same mobility. The current driving capability of transistor in sizing of complex 

circuits is also the same. To turn ON a CNTFET device, it requires a minimum threshold 

voltage and this voltage can be adjusted by changing the chiralities of CNT’s. It makes the 

device more flexible when compared to the MOSFET. To achieve the required performance, it 

has to be operated under low voltage [31-41]. 
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The remaining section of this paper is arranged as follows. Firstly, the proposed adders 

structure followed by its implementation and then its simulated results, finally it has ended up 

in conclusion. 

 

 

 

  

2. Proposed circuits and operation 

 

A full adder is a combination of its 3-inputs. The relation between the input and output 

can be expressed as 

inininin CBACBACBAABC  Sum                                                                                     (3) 

inin A.CB.CA.B Carry                                                                                                          (4) 

In this circuit by using minimum number of transistors and their intra connections; we 

can attain the low power consumption. Using the unsophisticated characterization makes the 

circuit very advantageous. This can be achived by branch based logic. It has many utilities that 

can be considered. It overcomes the diffusion capacitance that occurs in the circuit. So, by 

stepping in its foot prints it is found more advantageous in attaining low power and high speed.  

 

2.1. CNTFET based proposed full-adder structure-I 

 

The main disadvantage in this full adder is that it gives the weak output in the pass 

transistors. This cannot be accomplished by giving feedback to pull up as p-CNTFET transistor 

to sum block. To overcome this situation, it has to be made to supply sufficient drive in its 

subsequent stages. When a voltage step exists in the output node by 0 → 1 transition it can be 

used. This voltage drop and the delay that occurred in the level restores can be used to renew 

the weak logic ‘1’ level. For the effected voltage step ON and OFF timings might not be equal. 

So to overcome this, the proposed adder should contain level restorers. 

 

 

 

 

 

 

 

 

 

 

 

 
 

(a)                                                                   (b)           

 

Figure. 3: CNTFET based full adder with level restorer structure-I (within the dashed circle). 

 

Here, in the circuit shown in Fig 3(a), it posses’ n-CNTFET transistors from T1 to T6. 

While coming to the level restorer circuit, T7 CNTFET where its gate is connected to the 

supply. For this n-channel transistor is always in ON condition. There exists only a p-CNTFET 
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(Q1) which acts as a pull up for the network. So this type of methodology gives us high voltage 

gain. 

When the voltage at node “Sout” is < Vdd/2, the n-CNTFETs (T8) in the restorer will not 

reach switching threshold and therefore turned OFF. The resultant output of T7 and T8 

CNTFETs is logic ‘1’. This logic ‘1’ is the input to the pull-up p-CNTFETs (Q1) and then pull-

up Q1 is turned OFF. The node “Sout” is charged with an effective drive current that equals the 

current of the n-CNTFETs network.   

When the voltage at node “Sout” reaches to Vdd/2, the n-CNTFETs (T8) in the restorer 

is turned ON. Then, the p-CNTFETs (Q1)  is turned ON and the effective drive current charging 

the capacitance at node “Sout” becomes the sum of the current flowing through the n-CNTFETs 

network and the pull-up p-CNTFETs (Q1) currents. 

2.2. CNTFET based proposed full-adder sum structure-II 

 

In the second proposed CNTFET full adder sum circuit is shown in Fig. 4 and the carry 

circuit is shown in Fig. 3(b). When logic ‘1’ is applied to the input of n-CNTFET network T1 

to T6 shown in Fig. 2, then the logic ‘1’ is passed through the n-CNTFET network, the node 

“Sout” is to be charged to a weak logic ‘1’. When the voltage at node “Sout” is < Vdd/2, the n-

CNTFET (T7) in the level restorer is turned OFF, the p-CNTFET (Q3) is always in ON 

condition irrespective of the applied input; then the output of inverter becomes logic ‘0’. The 

output of the T7 and Q3 CNTFETs is logic ‘0’, it is applied to the input of pull-up p-CNTFET 

(Q2), then the pull-up p-CNTFET (Q2) is turned ON, and the node “Sout” is charged with an 

effective drive current that equals the current of the n-CNTFET network. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4: CNTFET based proposed full adder sum circuit level restorer structure-II (within 

the dashed circle). 

 

When the voltage at node “Sout” reaches to Vdd/2, the n-CNTFET (T7) in the level 

restorer is turned ON, then the p-CNTFET (Q3) is always in ON condition irrespective of its 

applied input; then the output of inverter is logic ‘1’. The output of the T7 and Q3 CNTFETs is 

logic ‘1’, it is applied to the input of pull-up p-CNTFET (Q2), then the pull-up p-CNTFET (Q2) 

is turned OFF, and the node “Sout” is charged with an effective drive current that equals the 

current of the n-CNTFET network. The carry circuit shown in Fig 3(b) is the same for both of 

the proposed full adders. In carry circuit complimentary logic is used where it can be classified 

as N-CNTFETs and P-CNTFETs. It is composed of branch based logic where all the transistors 

are connected in series. Finally, the expression can be obtained by using the k-maps.  
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inCBA  Sum                                                                                                                      (5) 

B).(ACA.B Carry in                                                                                                             (6) 

 

3. Simulation Results 
 

The proposed 1-BIT CNTFET based full adders with modified level restorers are 

simulated by using Spectre Cadence with 32 nm CNTFET technology files [28]. The circuits 

simulated on Cadence tool have been carried out with supply voltage Vdd= +0.8 V and 

frequency of f = 100 MHz. The design parameters and chirality values of Fig. 3 and Fig. 4 

CNTFETS are shown in the Table. 1 below.  

 
 

Table 1: 32 nm Stanford Model Technology Parameters. 
 

 Chiralities of Fig. 3 and Fig. 4 

S.No CNTFETS Chiralities 

1.  Q1, Q2, Q3 (11, 0) 

2.  T1 – T22 (19, 0) 

3.  Physical Channel Length 32 nm 

4.  Oxide thickness 4 nm 

5.  Dielectric Constatnt 16 

6.  Power Supply 0.8 V 

7.  Threshold Voltage 0.49 
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Figure. 5: Simulated input & output waveforms of full adder with level restorer structure-I of 

Fig. 3. 
 

 

The simulated input and output waveforms of the proposed adders Fig. 3 and 4 are 

shown as above in Fig. 5 and Fig. 6. The simulated total power consumption of Fig. 3 is 0.1395 

µw and Fig. 4 is 0.142 µW. 

In the BBL-PT full adder, there existed a voltage step in the sum output waveform 

during 0 → 1 transition [1] and the same was eliminated in the T.V. Rao et. al proposed full 

adder designs using current sink inverter and current source inverter with the supply rail voltage 

of +1.2 V [2]. The voltage step in BBL-PT is due to the delay needed by the level restorer to 

restore the weak logic ‘1’ level. The proposed level restorers shown in Fig. 3(a) and Fig. 4 does 

not require delay to restore the weak logic ‘1’ level. In Fig. 3 and 4, the inputs (A, B & C) 

applied for all possible combinations i.e. 000 to 111.  

In the Table. 2 shown as under the candidate’s design has been compared with the 

supply voltages and the proposed circuits also proved consuming less power. 

 

 

 
 

Figure. 6. Simulated input & output waveforms of full adder with level restorer structure-II 

of Fig. 4. 

 

 

Table 2: Comparison of earlier published full adder circuits with supply rail voltage  

 
Reference number Type of transistors used Supply voltage (V) 

I. Hassoune et. al [1] MOSFETs +1.2 

T. V. Rao et. al [2] MOSFETs +1.2 
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D.Radhakrishnan [3] MOSFETs +3 

D. Datta et. al [4] MOSFETs +2.5 

Y. S. Mehrabani et. al [5] CNTFETs +0.9 

S. R. Prasad et. al [6] CNTFETs +0.9 

Proposed circuits Fig. 3(a) 

and 4 

CNTFETs +0.8 

 

 

5. Conclusion  

 

In this paper, two CNTFET based BBL-PT full adders with level restorers are 

presented. Two new circuits decrease the existing diffusion capacitances and also eliminate the 

voltage step. The designed full adder circuits attain less power consumption when compared to 

the traditional MOSFET. Hence, these circuits can be implemented in many applications such 

as ripple carry adder, multipliers, ALUs etc. 
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The spectral properties of liquid and matrix sample of Rhodamine 6G (R6G) were evaluated. 

The acetone an used as a solvent and epoxy as host. The study for different concentration (5*10-

6, 1*10-5, 5*10-5, 1*10-4 and 5*10-4 M/L) show that the absorption peak be will agree with Beer-

Lambert law. And there are a blue shift the absorption curves and Red shift in fluorescence 

curves with the concentration increase. The quantum efficiency for liquid were larger than the 

solid matrix. Also the stock shift increase the concentration in both liquid and solid samples. 
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Rhodamine dyes are fluorophores that belong to the family of xanthenes along with 

fluorescein and eosin dyes [1]. Rhodamine 6G dye is commonly used as an active medium in 

tunable lasers due to its high fluorescence quantum yield [2], and also they have broad reaching 

applications due to their photostability, high absorption coefficients and excellent fluorescence 

quantum yields [3]. Where the quantum efficiency is one of the most important optical 

properties of fluorescent materials and it is the essential parameter in determining the lasing 

characteristics of the active laser medium [4]. By using Rhodamine dye in solid state is as a 

medium is effective helped solve a lot of problems such as such as toxicity and flammability 

and they are compact, versatile and easy to operate and maintain [5]. Organic polymers used as 

host materials for dye lasers provide an alternative to the conventional liquid dye laser [6], one 

of important of polymer is epoxy risen, where epoxy resin belongs to the principal polymer 

under the term thermosetting resins, which covers a wide range of cross-linking polymers 

including unsaturated polyester resins, phenol-formaldehyde resins, and amino resins. 

Thermosetting polymers form an infusible and insoluble mass of heating, due to the formation 

of a covalently cross-linked and thermally stable network structure [7]. Epoxy resin is two 

component, the first called basis (Risen) and the second sclerosing (hardener), together when 

mixing the certain percentage produces severe adhesion compound, it’s used as adhesive or 

mixed with other substances [8]. Rhodamines dye have various applications in many scientific 

branches, where used as laser dyes, fluorescence standards (for quantum yield and polarization), 

pigments and as fluorescent probes to characterize the surface of polymer nanoparticles, fluidity 

of lipid membranes as well as in the detection of polymer-bio conjugates, studies of adsorption 

of oligonucleotides on latexes, studies of structure and dynamics of micelles, single-molecule 

imaging and imaging in living cells [9]. 

The Quantum efficiency is the ratio of the number of emitted photons of the number of 

absorbed photons (or the fluorescence quantum yield is the fraction of excited molecules that 

return to the ground state S0 with emission of fluorescence photons) [10, 11]. 

 

qFM =
Number of photon emitted

Number of photon obsorption
                                                                                                (3) 

 And also the radiation lifetime can be calculated using relation as follows: 

KFM = 2.88 ∗ 10−9n2ν̅2 ∫ ∈ (ν̅)d ν̅                                                                            (4) 
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Where, n is refractive index of a medium, ύ is wave number at the maximum absorption, 

and ∫ε(ύ)d ύ is the area under the absorption spectrum curve as a function of the wave number. 

 In this work we used R6G dye were dissolved in acetone solvent and R6G dye doped 

epoxy resin polymer for different concentration (5x10-6, 1x10-5, 5x10-5, 1x10-4, and 5x10-4 

mol/l) and study spectral properties of it. This research is a continuation of work at the Energy 

Research Center. 

 

2. Experimental part 

 

R6G dye will Molecular formula  (C28H31N2O3Cl), molar mass (479.02 g/mole), 

supplied by HiMedia Laboratories Pvt company. Ltd. India and it’s the structure shown in figure 

(2). 

 

Figure (1): The structure of Rhodamine 6G. 

 

Acetone (systematically named propanone) has the formula (CH3COCH3), refractive 

index about (1.361) at temperature 17 C0, purity (99 %), molecular weight (58.08 g.mol−1). The 

Spectrophotometer T60 supplied from the English company (Insrtrumrnts)  was used to 

measure the absorption spectra of liquid  samples, This device operates within the range of the 

visible and ultraviolet region where contains lamp of execution, and the emission spectrum 

taken by using (Spectrofluorometer-model SL174, Elico). Refractive index is taken by using a 

refractometer (Bellingham and Stanley Ltd, Tunbridgewells, AR4, England). 

 

3. Results and didcussion 

 

From figures (2,3), the peak of absorption spectra of R6G dye solution and solid state 

increase with concentrations increasing and these agreements with Beer – Lambert Law. And  

 

also shifted the peak of absorption toward to a short wavelength (blue shift) with 

increase the concentration for both sample solution and solid sample, where with increasing 
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dye concentration, there is an increase in dimer concentration which it has shorter wavelength 

than monomers [12]. It has noted that the Stokes shift of the solid sample is less than that in the 

liquid sample, the Stokes shift of the dye molecule in the solid matrix depends on the difference 

in the dipole moments between the ground state and the excited state of the dye molecules [13]. 

The quantum yield of the R6G dye in the solid sample is lower than that in the liquid simple, 

where decrease in the quantum yield  can be due to the reabsorption and reemission processes 

[13]. From Table 1 and 2 shows the absorption, fluorescence peaks, stock shift, quantum 

efficiency, lifetime of radiation and fluorescence for R6G dye in solid state and liquid state. It 

is observed, The peaks of the fluorescence spectrum of liquid sample and solid sample shifted 

to a long wavelength (red shift) with increase the concentration, because of energy loss in the 

excited state due to vibrational relaxation [14]. The quantum efficiency for both solid and liquid 

sample decreased as the dye concentrations were increased because of the decrease the 

probability of non-radiative transition (Inter System Crossing  (I.S.C) and Internal Conversion  

(I.C). Figure (4)  shows the plot of (αhν)2 vs photon energy (hν) obtained by extrapolating the 

straight line portion of the curves at α=0 [15],  Where we noted, decrease slight of energy gap 

with increased concentration of sample, this due to the creation of the site levels in forbidden 

energy gap [16]. Also, the values of energy gap of solid matrix and liquid samples are 

convergent, as shown in the table (3). The results are in agreement with researches works 

[17,18]. 

 

Table 1: Shows the stock shift, The quantum efficiency of fluorescence, the 

radioactive and fluorescence lifetime  of R6G dye solution . 

 

C (M/L) 

Absorption 

λmax (nm) 

Fluorescence 

λmax (nm) 

Stock Shift 

 (nm) 

qEF % 

𝝉𝑭𝒎 

(nsec) 

𝝉𝑭 

(nsec) 

5*10-6 525 551 26 98. 53 1.41 1.39 

1*10-5 525 555 30 97.55 3.71 3.62 

5*10-5 525 555 30 71.70 13.84 9.93 

1*10-4 525 560 35 51.24 21.2 10.87 

5*10-4 495 570 75 33.27 58.41 19.43 
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Table 2: Shows the stock shift, The quantum efficiency of fluorescence, the 

radioactive and fluorescence lifetime  of R6G dye doped epoxy. 

 

C (M/L) 

Absorption 

λmax (nm) 

Fluorescence 

λmax (nm) 

Stock Shift 

(nm) 
qEF % 

𝝉𝑭𝒎 

(nsec) 

𝝉𝑭 

(nsec) 

5*10-6 540 555 15 95 6.22 5.95 

1*10-5 540 560 20 84 6.65 5.61 

5*10-5 540 563 23 82 10.64 8.82 

1*10-4 540 565 25 78 13.26 10.38 

5*10-4 435 565 30 75 16.6 12.52 

 

Table 3: Energy gab of R6G dye solution and R6G dye matrix. 

 

C (L/M) Eg (ev) Liquid Eg (ev) Solid 

5*10-6 2.27 2.24 

1*10-5 2.27 2.36 

5*10-5 2.26 2.35 

1*10-4 2.245 2.33 

5*10-4 2.2 2.32 

 

               

         

              Acetone solvent                                                         R6G dye solution (C=5*10 -6) 
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          R6G dye solution (C=1*10-5)                                        R6G dye solution (C=5*10-5) 

 

                      

     R6G dye solution (C=1*10-4)                               R6G dye solution (C=5*10-4) 

 

Figure (2): The fluorescence and absorption spectra for R6G dye solution dissolved in 

acetone. 
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                         Epoxy resin                                            R6G dye solid (C=5*10-6) 

 

                

                  R6G dye solid (C=1*10-5)                                   R6G dye solid (C=5*10-5) 

 

      

        R6G dye solid (C=1*10-4)                                    R6G dye solid (C=5*10-4) 

 

Figure (3): The fluorescence and absorption spectra for R6G dye doped epoxy resin. 
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R6G dye solution                                                     R6G dye solid 

 

Figure (4): Energy gab of R6G dye solution and R6G dye matrix. 

 

4. Conclusions 

The study of the Rhodamine 6G dye solutions and solid in the acetone solvent with 

increase concentration could conclude: Shifted the fluorescence spectrum of Rhodamine 6G 

dye toward the longer wavelength (red shift) but the liquid simple has shifted a larger than from 

solid samples. Increase in the relative intensity of the absorption with increase the 

concentration. Increase both the fluorescence lifetime and radiative lifetime, and also it has 

observed the fluorescence lifetime is small as compared to a radiative lifetime. Decrease the 

overlap between the absorption spectrum and the fluorescence of due to increase of stokes shift 

with increases concentration of the dye and stock shift of liquid larger than of solid. The 

quantum efficiency of the dye decreases when the dye concentration increases, and the liquid 

simple have a quantum efficiency larger than of solid simple. 
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Multi-junction architecture is an attractive method to overcome the efficiency limit of single-

junction photovoltaic solar cells. Series-connected multi-junction polymer solar cells (PSCs) 

have attracted much attention during the past decade. In this study, single and double layer 

polymer solar cells were fabricated incorporating copper oxide and zinc oxide nanoparticles 

(CuO and ZnO NPs) in the active layers. Thermal annealing treatment was applied to the single 

and double junction devices at 200oC to optimize the nanoscale morphology. The single layer 

device produced 2.963% power conversion efficiency and it was reduced to 1.102% in the 

double junction solar cell. However, the enhanced morphological and optoelectronic properties 

attained by applying thermal annealing, slightly increased the power conversion efficiency. 

Meanwhile, the external quantum efficiency (EQE) increased from 32.4% to 37%, showing an 

enhancement of 12.4% with the thermal annealing treatment. 

 

 

Keywords: ZnO nanoparticles; CuO nanoparticles; UV-visible spectroscopy. 

 

PACS: 81.05.Fb; 88.05.Gh; 32.30.Jc. 

 

1. INTRODUCTION 

 

Photovoltaic (PV) polymer solar cells (PSCs), which are based on solution-processed 

conjugated polymer donor and fullerene derivative acceptor materials, have attracted much 

attention in recent years due to their advantages of easy fabrication, simple device structure, 

low cost, light weight, and capability to be fabricated into flexible devices [1-5]. At present 

http://etn.siats.co.uk/
mailto:wannina2@uwm.edu
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time, 10% power conversion efficiency (PCE) is reached [6, 7] for a single-junction solar cell. 

To compete with the conventional inorganic cells, the power conversion efficiencies of the 

organic devices should be increased. Compared to inorganic solar cells, polymer solar cells 

(PSCs) usually have insufficient light absorption due to the thin active layer which is restricted 

by the short exciton diffusion length and low carrier mobility [8, 9]. These factors limit the 

maximum thickness of the active layer for light absorption. Efficient conversion of solar energy 

requires the compounds to absorb strongly in the visible region of the spectrum. To increase 

the absorption band within the solar spectrum, multi-junction solar cells are employed and thus 

increase the power conversion efficiency. The multi-junction solar cells are capable of reducing 

the sub-bandgap transmission loss of photons, which is the major loss mechanism in solar cells 

[10, 11]. 

 

 

Many researchers worked on enhancing the PCE of polymer based solar cells by fabricating 

multi junction solar cells and the PCE has reached more than 10% in organic tandem cells. This 

efficiency is approximately close to the efficiency of a single-junction organic cell, indicating 

that progress in the field of multi-junction organic solar cells is still possible. To improve the 

optical absorption of the solar energy by organic solar cells, materials with a wide absorption 

band should be designed, or different narrow-band absorbers have to be incorporated in 

multiple junctions [12, 13]. When two (or more) donor materials with non-overlapping 

absorption spectra are utilized in a multi-junction solar cell, a broader range of the solar 

spectrum can be achieved. Many approaches for organic multiple junction solar cells have been 

reported in the past years, depending on the materials used for the active layer and the proper 

separation or recombination layer. Hadipour et al [14] reported 0.57% power conversion 

efficiency for polymer tandem solar cell consisting of two subcells with two different materials. 

Kim et al [15] demonstrated a 6.5% PCE for double junction tandem structure. Also, 

nanoparticles of metals and transition metals oxides are an important class of semiconductors 

having applications in multiple technical fields like solar energy transformation [16, 17]. In our 

previously reported work, copper oxide nanoparticles (CuO NPs) were successfully 

incorporated into the P3HT/ PC70BM active layer. The PCE was increased in single layer PSCs 

due to enhanced carrier generation ability of P3HT/PCBM/CuO NPs thin films [18, 19]. 

Therefore, CuO NPs could be used to increase the PCE in double junction solar cell devices as 

well. 
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In this study, we are demonstrating a low bandgap organic material design for double 

junction PSCs. The performance parameters of the best single and double layer solar cell 

devices are compared and presented in this paper. Also, we will discuss the synthesis process, 

and the requirements for characterization of single- and multi- junction polymer solar cells. 

 

2. Experimental methods 

2.1 Materials 

Active layer materials, P3HT and PC70BM were purchased from Rieke Metals and 

SES Research; respectively. Nanoparticles of ZnO (18 nm diameter) and CuO (35-50nm 

diameter) were purchased from nanocs.com. PEDOT/PSS mixed in distilled water was 

obtained from Sigma Aldrich and it was mixed with an equal amount of distilled water. Glass 

substrates measuring 24 x 80 x 1.2 mm (12 Ω/cm2) with an ITO conductive layer of 25-100 nm 

were purchased from nanocs.com.  Aluminium coils with a diameter of 0.15 mm were 

purchased from Ted-Pella, Inc. (tedpella.com). All processing and characterization work of the 

PSC devices were conducted under same experimental conditions. 

 

 2.2 Solar Cells Fabrication 

The double junction cells were processed according to the following method. The 

conductive glass substrates were ultrasonically cleaned with ammonium hydroxide, hydrogen 

peroxide, distilled water, methyl alcohol, and isopropyl alcohol; successively. The fabrication 

of double junction solar cells was done in a N2 filled glove box. The ZnO nanoparticles were 

dispersed in pure ethanol to make a solution with a concentration of 20 mg ml-1. The P3HT-

PC70BM blend was obtained by diluting same amounts of regioregular P3HT and PC70BM 

(10 mg each) with 2ml of chlorobenzene (C6H5Cl) and mixing for 14 hours at 60oC. CuO NPs 

were dispersed in 2ml of C6H5Cl and were added to the mixture, so that the weight ratios of 

P3HT/PCBM/CuO-NPs in the final blend was 10:10:0.6 mg. 

The solar cell devices were spun coated in a glove box filled with N2 atmosphere. A 40 

nm-thick PEDOT/PSS layer, which serves as a thin hole-transport layer, was spun coated at a 

rotational velocity of 4000 rpm, followed by heating at 120°C for 20 minutes in air. When the 

temperature of the samples reached the ambient temperature, the blends with P3HT:PC70BM: 

CuO NPs active layer and ZnO solution were spun coated for two minutes at 1000 rpm and 

2000 rpm; respectively. The second PEDOT:PSS layer was applied on the ZnO NPs layer and 
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annealed at 120 oC for 10 min. Then the second subcell active layer of P3HT/PC70BM (1:1) 

solution was then spin-casted at 1000 rpm on top of the ZnO layer, the thickness of this layer 

is about 100–120 nm.  

Single junction solar cells were fabricated using same materials and method. After 

fabricating the PEDOT/PSS layer with a thickness of 40 nm on the ITO substrate, the sample 

is baked at 120 °C for 15 minutes. This serves as a thin hole-transport layer. Once the sample 

cooled to room temperature, a hybrid solution containing P3HT/PC70BM/CuO NPs was 

deposited by spin-coating at 1000 rpm for one minute, which leads to a film thickness of about 

100-150 nm. The purpose of this layer is to serve as the active layer. Thermal annealing was 

performed on both single and double junction devices, after Al electrode deposition, inside an 

inert oven at 200oC for 30 minutes. The structures of the fabricated solar cell devices are 

schematically presented in Figure 1. 

 

2.3 Solar Cells Characterization 

 

 The current density–voltage (J-V) characterization was carried out for all double 

junction PSCs using a UV solar simulator with an AM 1.5G filter and a lamp intensity of 100 

mW/cm2. A source meter (Keithley 2400) was used to obtain the J-V measurements. Device 

parameters such as short circuit current (Jsc), open circuit voltage (Voc), fill factor (FF) and 

power conversion efficiency (PCE) were recorded under ambient conditions. A 

quantum efficiency measurement kit (Newport-425) embedded in the solar cell simulator was 

used to obtain EQE values. A PerkinElmer LAMBDA 650 spectrophotometer was used to 

obtain the optical properties of cells containing varying amounts of ZnO NPs. Agilent 5420 

atomic force microscope (AFM) was used to analyze the surface morphology of the devices. 

Pico Image Basics and Gwyddion software were used to determine the root mean square 

surface roughness (σrms). 
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Figure 1: Schematic representation of: (a) single layer PSC (b) double layer PSC 

  

 

 

 3. Results and Discussion 

 

In a double-junction tandem cell, the high energy photons of the incident light are 

harvested in the front subcell i.e., back subcell operates under suppressed light conditions. 

Therefore, higher photocurrent density is needed for this sub cell to avoid the current-limiting 

[20, 21]. The photovoltaic parameters; such as short-circuit current density (Jsc), open-circuit 

voltage (Voc), fill factor and power conversion efficiency; which is defined as the ratio of the 

products of Voc, Jsc and FF to the total incident power density are shown in Table 1.  

 

 

 

 

Table 1: Device parameters of single and double layer solar cells 

Sample Jsc(A/cm2) Voc(V) FF(%) RS (Ω/cm2) PCE(%) 

Single layer device 6.484 0.673 68.00 16 2.963 
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Figure 2: J-V characteristics of single and double layer polymer solar cells 

 

Figure 2 shows the photocurrent density–voltage (J-V) curves measured under standard 

AM1.5 solar illumination. The best single junction solar cell exhibited the highest PCE of 

2.963%. The device provide a high short-circuit current density (Jsc) of 6.484 mA cm−2 and a 

concomitantly high EQE.  In addition, the fill factor (FF = 0.68) is also high, indicating efficient 

charge carrier collection, even at low electric fields over the absorber layer. After thermal 

annealing, Jsc increased to 9.149 mA/cm2, and FF remained almost the same. As a result, PCE 

increased to 3.701%, leading to a 24% enhancement in the cells containing 0.6 mg of CuO NPs. 

 

Single layer device 

(after annealing) 
9.149 0.610 67.31 12 3.701 

Double layer device 2.702 0.658 63.35 53 1.102 

Double layer device 

(after annealing) 
3.470 0.660 64.76 45 1.463 
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Figure 3: EQE of the single and double solar cells 

 

However, in the J-V characteristic of the optimum double-junction device, the short 

circuit current density was decreased to 2.702 mA/cm2 which accounts for a 58% decrement. 

The lower current density decreased the power conversion efficiency (PCE) to 1.102%; in 

addition the fill factor deceased from 68.00% to 63.35% with 6.8% decrement. The 

performance parameters of the double-junction device after annealing revealed an 

improvement in Jsc to 3.47 mA/cm2 with a 22% increment. This enhanced short circuit current 

density proportionally improved PCE from 1.102% to 1.463%.  Following a similar trend, the 

fill factor increased from 63.35 to 64.76% after the annealing treatment. The thermal annealing 

treatment contributed for about 24% increase in PCE as a result of slightly improved Jsc and 

FF. The open circuit voltage (Voc) is controlled by the energetic relationship between the donor 

and the acceptor. The energy difference between the highest occupied molecular orbit (HOMO) 

of the donor and the lowest unoccupied molecular orbit (LUMO) of the acceptor is known to 

most closely and linearly correlate with the Voc[22, 23]. However, Voc did not change 

significantly in both the single and double layer devices. 

External quantum efficiency (EQE) measurements were performed to investigate the 

spectral response of the optimum double layer device as well as the best single layer solar cell. 

The EQE or the incident photon to current conversion efficiencies (IPCE) measurements 

describe the ratio between the incident photons on the solar cell from the input source, and the 

generated free charge carriers by the solar cell. As shown in Figure 3, the peak intensity of the 

EQE curve of the double layer cell is decreased compared to the single layer solar cell. The 
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corresponding EQE measurements (peak values) were observed at 54% and 32.4% for the 

double layer and single layer solar cells; respectively. However, after annealing the peak values 

of the EQE for the double layer and single layer solar cell increased to 37% and 61% in the 

wavelength range from 350nm to 700nm respectively. 

The major factors responsible for a lower EQE and PCE could be attributed to the 

increased series resistance (RS) and reduced optical absorption. The series resistance (RS) 

increased from 16 Ω cm2 (single layer device) to 53 Ω cm2 (double layer device), as shown in 

the Table 1. It is well known that the RS directly influences the fill factor (FF) [24, 25]. 

Therefore, it can be concluded that the reduced FF could be due to the increased RS. The optical 

absorption of the double layer device followed a similar trend. The UV-Vis spectra are shown 

in Figure 4. 

 

 

 

 

 

 

 

 

 

Figure 4: Optical absorption spectra of single and double solar cells 

 

In order to minimize the thermalization losses, multi-junction polymer solar cells use a large 

bandgap material as the front absorber. The front cells generally harvest high-energy photons. 

In addition, small bandgap absorbers are used for the back layer to absorb low-energy photons. 

CuO NPs remarkably enhance the optical absorption properties of P3HT/PC70BM thin films 

in the solar cell devices [26, 27]. However, the lower photo absorption could be due to the 

increased thermalization losses at the front cell. Franeker et al. [28] state that the poor device 

performance of P3HT:PCBM cells can be observed when ZnO was coated on top of P3HT: 

PCBM due to the crystallization of P3HT which changes the morphology of the upper ZnO 

film and other top layers. 

The results from EQE concur with the results obtained from UV-Vis.  It is clear that the 

absorption of P3HT:PC70BM/CuO NPs cell in the range of 420 nm to 600 nm are enhanced 
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after thermal annealing. The improvement of EQE can be attributed to the increased hole and 

electron polaron motilities, charge collection at the electrodes, and photon absorption. The 

photon absorption coefficient describes the photon absorption capacity of the thin films. The 

optical absorption coefficient, band gap, and the thickness of the photoactive layer are the major 

determinants of photon absorption yield.  Furthermore, in double layer solar cell, optical 

absorption was enhanced by incorporating CuO NPs in the front cell of the device. Assembling 

a ZnO electron transport layer inside the device provides extremely high electron transporting 

facility to the electrodes. Compared to the electron mobility in TiOx thin films (1.7 x 10-4 cm2 

V-1 s-1) [29], the ZnO NPs layers have higher electron mobility (6.6x 10-2 cm2 V-1 s-1) [30]. 

Hence, ZnO structure gives high momentum to the moving electrons towards the cathode, thus 

enhancing the exciton dissociation rate. Thermal annealing introduces higher crystallinity and 

smaller crystallite size in the thin film, thus leading to better electron mobility. The annealing 

treatment of P3HT near the glass transition rearranges the molecular ordering of the internal 

microstructure [31, 32]. This leads to an increase in the extent of carrier diffusion of P3HT 

polymer across the PCBM phase, thus improving Jsc in the photovoltaic performance. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: AFM images of active layers with (a) P3HT:PC70BM film before annealing, (b) 

P3HT:PC70BM/CuO NPs film before annealing, (c) P3HT:PC70BM film after annealing, (d) 

P3HT:PC70BM/CuO NPs film after annealing 

 

The AFM surface images of the active layer of both sub cells (P3HT:PC70BM/CuO 

NPs and P3HT:PC70BM), before and after thermal annealing, are shown in Figure 5. The AFM 
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roughness values of the P3HT/PC70BM/CuO NPs films and P3HT/PC70BM layer have 

increased after thermal annealing. The measured root-mean-square roughness (σrms) value of 

the P3HT/PC70BM/CuO NPs layer was 0.32nm, and it increased to 0.84nm after the annealing 

treatment. The σrms value of the P3HT/PC70BM layer was 0.12nm and it increased to 34nm 

after the annealing treatment. An increase in surface roughness allows more space for P3HT 

crystallites to form; thereby increasing crystallinity. This can be attributed to increased nano-

scale phase separation between the crystalline P3HT and the PC70BM acceptor with thermal 

annealing [33]. Furthermore; these roughened surfaces provide better interfacial contact 

between the layers and hence enhance the charge mobility between the thin films. 

 

4. Conclusions 

 

In this study, CuO NPs incorporated single and double layer solar cells were fabricated. 

The power conversion efficiency (PCE) of the single and double-junction polymer−fullerene 

solar cells ranged between 2.963% and 1.102%, respectively. However, after thermal annealing 

of the double junction device, the PCE increased from 1.102% to 1.463% due to enhanced 

P3HT crystallinity and increased nano-scale phase separation between the crystalline P3HT 

and the PC70BM acceptor domains. The EQE spectra followed a similar trend; the peak value 

of EQE decreased in the double junction device and it increased after thermal annealing. The 

series resistance (RS) remarkably increased in the double junction device and the optical 

absorption decreased in comparison with the single junction device. However, after annealing 

treatment, the series resistance decreased and the optical absorption slightly increased. AFM 

analysis shows an increase in the surface roughness of the active layers of single and double 

junction devices after thermal annealing, which resulted in a larger interface area between the 

mutual layers. 
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The emerging nano scaled electronic devices are Carbon Nanotubes (CNT), Silicon nanowires 

(SINW), nano CMOS switches etc. In Nano CMOS switches, the devices can be interconnected 

to build the nano scaled CMOS circuit. In this nano CMOS circuit, faults occur at three levels, 

such as gate level, circuit level and switch level. This paper focusses on the switch level faults 

of stuck-open or stuck-off and stuck-short or stuck-on that frequently occurs in CMOS switches. 

To overcome the switch level faults and to increase the reliability, the fault tolerant technique 

known as the Quadded Transistor (QT) structure is used. An analytical model has been 

formulated to determine the probability of failure by analyzing the stuck open and stuck short 

faults. Also, the model has been formulated by implementing QT structure for the single CMOS 

NAND2 gate. By the use of analytical formulations, the results has been simulated for the 

occurrence of minimum to maximum number of defective transistors in CMOS logic circuit. 

 

Keywords: : Nano CMOS; Fault; Reliability. 

PACS: 85.35-p; 91.55Jk; 88.50gj. 
 

 

1. Introduction 
Recent advances in CMOS Scaling technology has reduced the SiO2 layer thickness 

below 2nm. The major causes for the reduction in oxide layer thickness include increase in gate 

leakage currents, increase in poly-silicon gate depletion, gate dopant penetration into the 

channel, reliability issues and stand by power consumption [1]. When the transition of CMOS 

technology changes from one generation to the next, the channel doping concentration is 

increased and the SiO2 layer thickness is reduced which results in reduction in gate channel 

length. A large number of variations in different parameters of the MOSFET have been tried to 

enhance the performance. From that, the most prominent parameter variation is the reduction of 

http://etn.siats.co.uk/
mailto:manimekalai7@gmail.com
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gate channel length in the nanometer regime [2]. When the scaling of CMOS devices enters 

nanometer regime, there exist higher manufacturing defect rates in the order of 10-1 to 10-3
 units 

which has lower reliability [3]. The reliability issues in nano scaled CMOS devices can be 

sequentially classified as defects, faults, error and failure. This occurs due to environmental 

factors such as temperature, humidity, electric field etc. In general, a defect is defined as any 

physical imperfection which does not satisfy specified requirements. A fault is a critical defect 

which affects the functional performance of the circuit. An error is a manifestation of a fault. A 

failure is an event i.e inoperable state due to the occurrence of defect, fault and error.  

Natasa Miskov [4] has defined the kinds of faults as permanent, transient and intermittent 

faults. Permanent faults remain stable until a repair or replacement is undertaken. Transient 

faults occur for a short period of time. Intermittent faults occur first which eventually tends to 

be permanent.  The fault tolerant design methodologies are essentially required for any nano 

scaled system/circuit to improve the reliability. This can be achieved by introducing redundancy 

[5]. There are three forms of redundancies namely time, information and space. In time 

redundancy computations are repeated during specific period of time. In information 

redundancy, the number of bit errors in a data can be detected, coded and, corrected by the use 

of error-detection and error-correction codes [6]. Finally, space redundancy is normally based 

on the number of devices or gate combinations arranged in a system. This space redundancy 

usually developed at three different levels in the digital system such as circuit, gate and transistor 

level redundancy.   

The circuit level redundant technique [7] namely Triple Modular Redundancy (TMR) 

can be widely used in mission-critical applications where system safety and reliability is 

essential. The TMR triplicates the circuit/system and the outputs of the three modules are voted 

through a majority voter. Thus, TMR technique can tolerate any single defect or fault that occur 

in one of the triplicated modules of circuit/system. Tejinder singh et. al [8] used the Triple 

Modular Redundancy (TMR) to tolerate the manufacturing defects. They designed and analysed 

the 4-bit Arithmetic and Logic unit (ALU) circuit using CMOS 180nm process technology for 

fault tolerant computing structures, that estimates the power consumption which results for all 

the arithmetic and logical operations. 

M.Stanisavljevic et.al [9-11] has analysed the gate level redundancy for the performance 

of the circuit in terms of reliability. They derived the optimal size of redundant units (number of 

chips) for several gate level fault-tolerant techniques such as R-Fold Modualar Redundancy 

(RMR), Cascaded RMR, Distributed R-fold Modular Redundancy (DRMR) etc . Walid Ibrahim 

et. al [12] developed a Bayesian based  EDA tool called GREDA that estimates the accurate 

reliability of any CMOS gate. This tool considers the gate’s topology, the input vectors, 

reliability of the individual devices and noise margins to calculate the Gate Failure Probability 

(PFgate) more accurately. They also proposed [13] the optimum sizing method to optimize the 

trade-off between reliability and the power–area–delay parameters with several transistor sizing 

options. They have shown the improvement of the reliabilities in terms of factors of INV as 105, 

NAND2 as 10 and NOR-2 as 1010 . 

The transistor level redundancy are introduced by adding transistors in the CMOS logic 

circuit. Some of the transistor level redundant techniques are Quadded Transistor Structure, 

Stacking Technique etc [14]. Jie Han et.al [15] proposed a novel fault tolerant technique known 

as Quadded Logic Quadded Transistor (QLQT) technique. In this technique, Quadded Transistor 

(QT) is implemented at the output layer of the circuit, while Quadded Logic (QL) is implemented 

for the circuit other than the output layer. The errors in the output layers of a circuit cannot be 

corrected by QL, but QT’s can correct the errors at the last two output layers. They evaluated 

the QLQT technique using stochastic computational models and proved that the QLQT 
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technique performs the best in terms of reliability compared to other fault tolerant techniques 

such as triple modular redundancy (TMR) and triple interwoven redundancy (TIR).  

A.H.Elmaleh et.al [16] has analysed a defect tolerant technique Quadded Transistor (QT) 

Structure for tolerating the transistor level defects such as stuck-open, stuck-short and bridging 

defects. They demonstrated the experimental results for ISCAS benchmark circuits by 

implementing the QT technique. This provides less circuit failure probability and high defect 

tolerance. Also they compared the results with other techniques such as Quadded Logic at the 

gate level and TMR at the unit level. Philip Schiefer et. al [17] used Quadded Logic Cell (QLC) 

structure as a fault tolerant technique for stuck-at faults. They proposed the dual transistor 

redundant NAND GATE for performing a comparative assessment of the stuck-at fault resilence 

for the non-redundant and redundant NAND gate. The simulation results for Stuck-at High 

(SAH) and Stuck- at Low (SAL) faults for redundant NAND gate shows that the fault rate falls 

to 8.3% in comparison to the 25% for non-redundant gate. It has been proved that this transistor 

level redundancy have higher fault tolerance than the redundancy at the circuit or gate level. 

This paper investigates two types of switch level faults namely stuck-open and stuck-

short that frequently occurs in CMOS switches. A fault tolerant design is applied for CMOS 

logic circuit by adding transistor level redundancy to improve the reliability of the CMOS logic 

circuit. 

The objectives of this paper are stated as follows: 

 To increase the transistor level redundancy that tolerates permanent faults of stuck- open 

and stuck-short for CMOS NAND2 logic circuit. 

 To tolerate the stuck-open and stuck-short faults, the Quadded Transistor (QT) Structure 

should be used to improve the reliability. 

 The circuit failure probability should be measured by the reliability of CMOS NAND2 

logic circuit by considering various factors such as the input vectors, the transistor type 

and the transistor’s topology. 

 The analysis of the reliability and the fault tolerance level of NAND2 logic circuit should 

be determined through several simulation runs using circuit failure probability of CMOS 

NAND2 logic circuit.   

      This paper is organized as follows.  In section 2, the analysis of stuck-open and stuck-short 

faults are described with the fault tolerant technique. Also the analytical formulation are 

modelled to determine the circuit failure probability of a CMOS NAND2 gate. In section 3, the 

proposed NAND2 circuit is configured, followed by the application of analytical model to 

analyse reliability and fault tolerance. In section 4, simulation results are discussed. Finally, the 

conclusion is given in section 5. 

 

2. Development of Analytical Model for Fault Tolerance and Reliability  

     Improvement 

 

2.1 Stuck-open and Stuck-short faults 

     In this paper, we analyzed the transistor level permanent faults such as stuck-open and stuck-

short for CMOS NAND2 logic gates. If a transistor never conducts i.e stuck-off, it is stuck- open 

fault. If a transistor (either PMOS or NMOS) always conducts i.e stuck-on, even  
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Figure. 1: (a): Switch showing the Stuck-open fault i.e the transistor will be 

disconnected from the circuit and (b): Switch showing the Stuck-short fault i.e 

short between Source (S) and Drain (D) terminals 

 

     when the input is not given, it is stuck-short fault. Stuck-open or stuck off faults can be 

emulated by disconnecting the transistor from the circuit as shown in Fig.1 (a) which means 

connecting the gate (G) terminal to a logic 0 for NMOS transistor and logic 1 for PMOS 

transistor. Stuck-short faults can be emulated by a short between the source (S) and drain (D) 

terminals of the transistor is shown in Fig.1 (b) So that, the gate terminal of the transistor will be 

disconnected and it will be directly connected to logic 1 for NMOS transistor or logic 0 for 

PMOS transistor. 

 

2.2. Quadded Transistor (QT) Structure 

 

Fault tolerance is the property that enables a system/circuit to continue operating 

properly even in the event of failure of (or one or more faults within) some of its components. 

Fault tolerance is important because of the expected low reliability of nano scaled devices, and 

also due to the effects of noise on their performance as well as very low supply voltage levels. 

Fault tolerant designs can be developed at five level of abstraction, i.e., behavioral, functional, 

structural, switch, and geometric levels. This paper proposes switch level fault tolerant technique 

known as Quadded Transistor (QT) Structure. 

 

 
 

Figure. 2: (a) : A Transistor with input A which is logic ‘0’ or ‘1’ and (b) : 

Quadded Transistor (QT) Structure in which a single transistor is replaced by 

four transistors with the same input A 

 

In a Quadded Transistor (QT) structure, a single transistor is replaced by four transistors. 

A transistor with input A shown in Fig.2 (a) is replaced by four number of transistors with the 
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same input A in a Quadded Transistor structure which is shown in Fig.2 (b). The QT structure 

output is logically equivalent to (A+A)(A+A) which in turn is equivalent to A. It means that the 

output of QT will not change the logic behavior of the single transistor. Therefore, if any single 

transistor fault (stuck-open or stuck-short) occur in QT structure, it can be tolerated by adding 

fault tolerant technique. Also, it should be observed that double stuck open faults can be tolerated 

as long as they do not occur in any two parallel transistors T1&T2 or T3&T4. Double stuck short 

faults can be tolerated as long as they do not occur in two series transistors T1&T3, T1&T4, 

T2&T3 or T2&T4. Thus, the fault tolerance could be improved by implementing this quadded 

transistor structure.    

 

 

2.3 Proposed Analytical model 

 

For the analysis of reliability for CMOS transistor level circuits, it is essential to evaluate the 

circuit failure probability with respect to the number of defective transistors. Two types of 

transistor faults such as stuck-opens and stuck-shorts are analysed sequentially for normal 

CMOS NAND2 gate that consists of two PMOS transistors connected in parallel and two NMOS 

transistors connected in series, as shown in Fig.3 (a). We formulated an equation to determine 

the probability of failure for CMOS NAND2 gate with the given transistor defect probability P. 

Fig.3 (b) shows the fault tolerant design for CMOS NAND2 gate when added the QT technique. 

 

 
         

Figure. 3: (a):  CMOS equivalent circuit of 2 input NAND Gate with two inputs A 

and B and (b): CMOS equivalent circuit of NAND2 Quadded Transistor Structure 

in which four transistors are replaced by four number of QT structures. 

 

If stuck-open and stuck-short faults occur in NANO CMOS logic circuits, then there will be  

four states of output such as logic 0, logic 1, unknown X and floating Z as shown in Table 1. 

Both unknown X and floating Z outputs are considered as output errors which lead to failure of 

the circuit. This assumption has been taken to determine the circuit failure probability.  

 

        

 

 



50 

Exp. Theo. NANOTECHOLOGY 2 (2018)  45 - 60 

 

Table 1. Output states of CMOS Switching Devices. 

PMOS 

Network 

NMOS 

Network 

Outp

ut 

Off Off Z 

Off On 0 

On Off 1 

On On X 

 

Therefore, the total circuit failure probability with respect to the stuck-open and stuck-short 

fault is the sum of the probabilities of failure when having one, two, three and four defects.  

 

 Pf (1) :  If we assume that there is only one defective transistor in CMOS NAND2 gate 

i.e., if either stuck-open (SOP) or stuck-short (SS) fault occur in any one of the four 

transistors either P1 or P2 or N1 or N2 in CMOS NAND2 gate.  

Table 2. Output Error Analysis for One Defective Transistor 

     Fault free NAND2 

gate 

P1 P2 N1 N2 

A B O/P SO

P 

S

S 

SO

P 

S

S 

SO

P 

S

S 

SO

P 

S

S 

0  0 1 1 1 1 1 1 1 1 1 

0  1 1 Z 1 1 1 1 X 1 1 

1  0 1 1 1 Z 1 1 1 1 X 

1  1 0 0 X 0 X Z 0 Z 0 

Total output errors 1 1 1 1 1 1 1 1 

 

 

Table 2 shows that the circuit produces only one output error out of four input vectors (00, 01, 

10 & 11) with one defective transistor. Therefore the probability of failure can be defined as, 

Pf (1) = 
1

4
( 

4
1

 ) P3 (1 – P) = P3 – P4                                             (1) 

 Pf (2) : If there are two defective transistors due to stuck-open and stuck-short faults, then 

there are four possible pairs of faults for six possible combinations of defective transistors 

(P1P2, N1N2 etc.).  
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Table 3. Output Error Analysis for Two Defective Transistors 

Fault free NAND2 gate P1 P2 P1 N1 

A B O/P       P1      P2  O/P         P1    N1   O/P 

0  0 1 SOP SOP Z SOP SOP 1 

SOP   SS 1 SOP   SS 1 

 SS    SOP 1  SS    SOP 1 

SS     SS 1 SS     SS 1 

0  1 1 SOP SOP Z SOP SOP Z 

SOP   SS 1 SOP   SS 0 

SS    SOP 1 SS    SOP 1 

SS     SS 1 SS     SS Z 

1  0 1 SOP SOP Z SOP SOP 1 

SOP   SS 1 SOP   SS 1 

SS    SOP 1 SS    SOP 1 

SS     SS 1 SS     SS 1 

1  1 0 SOP   SOP 0 SOP SOP X 

SOP   SS X SOP   SS 0 

SS    SOP X SS    SOP 1 

SS     SS X SS     SS Z 

Total output errors 6 6 

 

From the 6 possible combinations of two defective transistors, analysis of two combinations 

such as P1P2 and P1N1 are shown in Table 3. It shows that, out of 16 (4X4) possible combinations 

(4 for each input vector) , these stuck-short and stuck-open pairs of faults produces 6 output 

errors and therefore the probability of failure with two defective transistors can be defined as, 

Pf (2) = 
6

16
( 

4
2

 ) P2 (1 – P)2 = 
9

4
 P2 (1 – P)2                                                               (2) 

 Pf(3): If three transistors are defective, then there are eight possible combinations of Stuck-

open and Stuck-short faults occur for four combinations of defective transistors such as 

P1P2N1, P1P2N2, P1N1N2 and P2N1N2 for each input vector (00, 01, 10 and 11). Out of these 

four combinations, analysis of defective transistor combination of P2N1N2 and P1N1N2 is 

shown in Table 4. 
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Table 4. Output Error Analysis for Three Defective Transistors 

Fault free NAND2 gate P2N1N2 P1N1N2 

A B O/P P2 N1 N2 O/P P1 N1 N2 O/P  

0 0 1 SOP SOP SOP 1 SOP SOP SOP 1  

SOP SOP SS 1 SOP SOP SS 1  

SOP SS SOP 1 SOP SS SOP 1  

SOP SS SS Z SOP SS SS Z  

SS SOP SOP 1 SS SOP SOP 1  

SS SOP SS 1 SS SOP SS 1  

SS SS SOP 1 SS SS SOP 1  

SS SS SS Z SS SS SS Z  

0 1 1 SOP SOP SOP 1 SOP SOP SOP X  

SOP SOP SS 1 SOP SOP SS 0  

SOP SS SOP 1 SOP SS SOP X  

SOP SS SS Z SOP SS SS 0  

SS SOP SOP 1 SS SOP SOP 1  

SS SOP SS 1 SS SOP SS 1  

SS SS SOP 1 SS SS SOP 1  

SS SS SS Z SS SS SS Z  

1 0 1 SOP SOP SOP Z SOP SOP SOP 1 

SOP SOP SS Z SOP SOP SS 1 

SOP SS SOP Z SOP SS SOP 1 

SOP SS SS 0 SOP SS SS X 

SS SOP SOP 1 SS SOP SOP 1 

SS SOP SS 1 SS SOP SS 1 

SS SS SOP 1 SS SS SOP 1 

SS SS SS X SS SS SS X 
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1 1 0 SOP SOP SOP Z SOP SOP SOP Z 

SOP SOP SS Z SOP SOP SS Z 

SOP SS SOP Z SOP SS SOP Z 

SOP SS SS 0 SOP SS SS 0 

SS SOP SOP 1 SS SOP SOP 1 

SS SOP SS 1 SS SOP SS 1 

SS SS SOP 1 SS SS SOP 1 

SS SS SS X SS SS SS Z 

Total output errors 16  16   

 

From the Table 4, it is analysed that, out of 32 (8x4) possible combinations (4 for each input 

vector), these SOP and SS faults produce 16 output errors and therefore the probability of failure 

for three defective transistors can be defined as,  

Pf (3)  = 
16

32
( 

4
3

 ) P (1 – P)3 = 2P (1 – P)3                                 (3) 

 Pf (4) : If all the four transistors are defective, then there will always be an output error and  

the respective probability of failure can be defined as, 

Pf (4) = ( 
4
4

 ) P4 = P4                                               (4) 

Therefore, the total circuit failure probability of non-redundant CMOS NAND2 gate 

(PfNAND2) can be determined by the summation as, 

PFNAND2  =  ∑ 𝑃𝑓(𝑖)4
𝑖=1                                              (5) 

Using Eq. (1) to (4), the circuit failure probability for non-redundant CMOS NAND2 

gate is derived as,  

PFNAND2 = 
5

4
 [𝑃4 − 3𝑃2] + 

3

2
 𝑃3 + 2 𝑃                       (6)      

In this paper, we proposed a transistor level redundant technique known as Quadded 

Transistor structure, which is based on the formulation of the probability of failure for one 

quadded structure (PFQT) as,   

PFQT = 
3

2
 𝑃2 -  

1

2
 𝑃3                         (7)    

Therefore, the circuit failure probability for N number of Quadded Transistor structures 

(PFNQ) can be approximated by the binomial distribution as, 

PFNQ = ∑ (
𝑁
𝑖

) 𝑃𝐹𝑄𝑇
𝑖 (1 − 𝑃𝐹𝑄𝑇)𝑁−𝑖𝑁

𝑖=1                          (8) 

When the fault tolerant QT technique is introduced for CMOS NAND2 gate, 4 number 

of  quadded structures are added, therefore the probability of failure for the redundant CMOS 

NAND2 logic circuit (PFNand2QT) can be estimated by, 

PFNand2QT = ∑ (
4
𝑖

) 𝑃𝐹𝑄𝑇
𝑖 (1 − 𝑃𝐹𝑄𝑇)4−𝑖4

𝑖=1                          (9) 
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3. Application of Proposed Model for Reliability and Fault tolerance  

 

The proposed NAND2 circuit shown in Fig.4 consist of three blocks of NAND2 gates 

which is arranged in the sequence of gn
2 : gn : gn

0
  where gn can be considered as the number of 

inputs for nand gate. In this circuit the value of gn is 2 as NAND gates consist of 2 inputs. 

According to the sequence ratio, block III is configured by four (22) number of NAND2 gates, 

block II consist of two (21) NAND2 gates followed by single (20) NAND2 gate in block I. The 

inputs are A and B for IIIrd block NAND gates. X1, X2, X3, X4 and Y1,Y2 are the inputs for 

block II and block I respectively whereas these are the intermediate outputs for the total circuit 

configuration.  

 

 
 

Figure.4: NAND2 Logic Circuit consist of 3 blocks of 2 input NAND gates with 

inputs A and B and the output C 

 

The output of the proposed circuit is same as the single two input NAND gate. This 

circuit configuration can be extended to 5 blocks or 7 blocks which could be arranged in the 

sequence of  gn
4

 : gn
3:  gn

2 : gn : gn
0

  or gn
6:gn

5:gn
4
 : gn

3:  gn
2 : gn : gn

0 respectively. 

For the reliability and fault tolerance analysis, the number of defective transistors that 

occur due to transistor faults are sequentially injected from minimum to maximum number of 

transistors configured in the circuit.  

 

 

Table 4.  Reliability analysis for Block I (no. of transistors n=4) 

Parameters Valu

es 

   

No. of defective Transistors (n) 1 2 3 4 

Transistor defect probability (P) 0.25 0.5 0.75 1 

Probability of Failure without QT 

(PFNAND2) 

0.293 0.328 0.418 1 

Reliability for non-redundant 

circuit.(R) 

0.706 0.671 0.581 0 
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Probability of failure with 

QT(PFNAND2QT) 

0.262 0.277 0.372 1 

Reliability for redundant circuit 

(RQT) 

0.737 0.723 0.627 0 

Percentage of fault tolerance (FT) 3.14 5.11 4.67 0 

 

The probability of failure for non-redundant (without QT) and redundant (with QT) 

circuit has been calculated by the Eq. (6) and (9) respectively which are derived from the 

previous section. The transistor defect probability P is assumed as the percentage of defects in 

the circuit.  The analysis for block I which consists of single NAND2 gate is shown in Table 4. 

Therefore, the reliability for non-redundant (R) and redundant (RQT) circuit is given by, 

R = 1 - PFNAND2            (10) 

RQT = 1 - PFNAND2QT                       (11) 

It can be observed from Table 4, that the maximum reliability obtained by using Eq. (11) 

for one CMOS NAND2 gate with QT is 0.737. That is increased from the reliability value of 

0.706 without QT using Eq. (10) for one defective transistor. It shows the improvement in 

reliability for the redundant circuit. Using the probability of circuit failure as a measurement, 

the percentage of fault tolerance (FT) is estimated as,  

 

FT = (PFNAND2 – PFNAND2QT) * 100                                          (12) 

     It can also be observed that 5.11% of fault tolerance level which was obtained using Eq. (12) 

by adding the transistor level redundancy with two defective transistors.  

 

Table 5. Reliability analysis for Block II with Block I (no. of transistors n=12) 

 

Parameters Values 

No. of defective  

Transistors (n) 
1 2 3 . . 7 8 . . 11 12 

Transistor defect probability (P)  0.08 0.16 0.25 . . 0.58 0.66 . . 0.92 1 

Probability of  

Failure without QT (PFNAND2) 
0.14 0.23 0.29 . . 0.33 0.36 . . 0.72 1 

Reliability for non-redundant circuit. 

(R) 
0.85 0.76 0.71 . . 0.67 0.64 . . 0.27 0 

Probability of failure with QT 

(PFNAND2QT) 
0.10 0.06 0.06 . . 0.11 0.14 . . 0.34 1 

Reliability for redundant circuit. 

(RQT) 
0.89 0.93 0.94 . . 0.89 0.86 . . 0.65 0 

Percentage of fault tolerance (FT) 3.28 16.89 23.1 . . 22.17 21.90 . . 37.4 0 

Table 5, shows the analysis of reliability and fault tolerance for block II combined with block I. 

From Table 5, it is observed that, when adding QT technique for CMOS NAND2 circuit which 
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consist of 12 transistors, the reliability is increased from 0.71 to 0.94 for three defective 

transistors. Also, it can be observed from Table 5, that 37.4% of maximum fault tolerance level 

is obtained for 11 defective transistors. 

 

Table 6. Reliability Analysis for Total NAND2 circuit (No. of Transistors n=28) 

Parameters Values  

No. of defective 

Transistors(n) 
1 2 . . 9 . 18 19 . . 26 27 28 

Transistor defect 

probability(P) 
0.03 0.07 . . 0.32 . 0.64 0.67 . . 0.93 0.96 1 

Probability of 

Failure without 

QT(PFNAND2) 

0.06 0.12 . . 0.32 . 0.34 0.36 . . 0.75 0.86 1 

Reliability for non-

redundant circuit.(R) 
0.93 0.87 . . 0.68 . 0.65 0.63 . . 0.24 0.13 0 

Probability of failure 

with QT(PFNAND2QT) 
0.05 0.02 . . 0.01 . 0.04 0.05 . . 0.23 0.34 1 

Reliability for 

redundant 

circuit(RQT) 

0.94 0.98 . . 0.99 . 0.96 0.95 . . 0.77 0.66 0 

Percentage of fault 

tolerance (FT) 
1.64 10.69 . . 31.09 . 30.85 31.61 . . 52.5 52.8 0 

 

Table 6, shows the analysis of reliability and fault tolerance for the total NAND2 logic 

circuit. When introducing the QT technique for CMOS NAND2 circuit which consist of 28 

transistors, the reliability is increased from 0.68 to 0.99 with nine defective transistors as shown 

in Table 6. Also, it is observed from Table 6, that the maximum fault tolerance level of 52.8% 

was achieved for the proposed redundant CMOS NAND2 logic circuit.  

 

4. Simulation and Discussion 

   

MATLAB tool is used to simulate the probability of circuit failure with respect to the 

transistor defect probability P. The transistor defect probability P is assumed as the percentage 

of defects that occur in the circuit. So this can be estimated by the number of defective transistors 

(n) in the CMOS NAND2 logic circuit. Therefore the input parameter for the simulation is the 

number of defective transistors (n) which is sequentially injected from minimum to maximum 

value in the CMOS NAND2 logic circuit. And also Eq. (6) and (9) are used for the calculation 

of probability of failure for non-redundant and redundant CMOS NAND2 logic circuit from the 

approximation of binomial distribution. 

Analysis shows the comparison of circuit failure probability for non-redundant and 

redundant QT model versus the transistor defect probability P for one, two and three blocks of 

CMOS NAND2 logic gates which was described in the previous section. 
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Figure. 5:  Comparison of Probability of Circuit Failure for non-redundant and 

redundant single CMOS NAND2 gate with respect to the Transistor Defect 

Probability P 

 

Fig. 5 shows the analysis of probabilities of failure for redundant and non-redundant 

single 2 input NAND gate which consist of four transistors. The lower probability of failure is 

been obtained as 0.3 for non-redundant NAND2 gate whereas for redundant NAND2 gate is 0.26 

with one defective transistor. The maximum difference between the probability of failure for 

redundant and non-redundant NAND2 gate is been obtained as 0.051 with two defective 

transistors. That results the maximum fault tolerance level as 5.11%.  

Fig. 6 shows the analysis of probabilities of failure for redundant and non-redundant 

NAND2 logic circuit which consist of 3 NAND2 gates i.e. 12 number of transistors. The lower 

probability of failure is been obtained as 0.14 for non-redundant NAND2 gate whereas for 

redundant NAND2 gate is 0.1 with one defective transistor. The analysis shows that, the 

maximum difference between the probability of failure for redundant and non-redundant 

NAND2 gate is been obtained as 0.37 with 11 defective transistors. That results the maximum 

fault tolerance level as 37%.  

 
 

Figure. 6:  Comparison of Probability of Circuit Failure for non-redundant and 

redundant three number of CMOS NAND2 gates with respect to the Transistor 

Defect Probability P 
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Figure. 7:  Comparison of Probability of Circuit Failure for the total non-

redundant and redundant CMOS NAND2 logic circuit with respect to the 

Transistor Defect Probability P 

 

Fig.7 shows the analysis of probabilities of failure for redundant and non-redundant 

NAND2 logic circuit which consist of 7 NAND2 gates i.e. 28 number of transistors. The lower 

probability of failure is been obtained as 0.06 for non-redundant NAND2 gate whereas for 

redundant NAND2 gate is 0.05 with one defective transistor. The analysis shows that, the 

maximum difference between the probability of failure for redundant and non-redundant 

NAND2 gate is been obtained as 0.52 with 27 defective transistors. That results the maximum 

fault tolerance level 52%.  

 

5. Conclusion 

 In this paper, the circuit failure probability is determined and the formulation is 

approximated by the use of binomial distribution for two input CMOS NAND gate. It is based 

on adding redundancy at the transistor level with respect to the permanent faults such as stuck- 

open and stuck-short that occurs frequently in NANO scaled CMOS device. The proposed fault 

tolerant technique provides less circuit failure probability and higher reliability when redundancy 

is added at the transistor level. For the proposed circuit (regardless of the gate’s topology), with 

QT technique, the simulation results shows the improvement of the fault tolerance. The circuit 

failure probability with respect to the transistor defect probability for redundant circuit are 

reduced when compared to non-redundant CMOS NAND2 gates. The results shows that fault 

tolerance has achieved through transistor level redundancy by 52% for the total circuit 

configuration. 
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