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ABSTRACT 

In this thesis heterojunction formation of carbon nanotube (CNT) with silicon (Si) is 

studied to design new kind of solar cells. The nanoscale structure, high mobility and high 

physical and electrical properties of CNT can be used to improve the efficiency of solar 

cell. Here we analyzed i-n (CNT in i-side and Si in n-side) heterojunction solar cells. By 

varying the diameter of carbon nanotube (CNT), the bandgap can be varied according to 

our desired value. Here we vary the diameter of CNT around I nm to check the 

characteristics of this solar cell. To form heterojunction of CNT with Si we assumed 

CNT as intrinsic and an equation has been developed to find the band diagram. We 

calculated the ShOlt circuit current density (Jsc) by using the data for terrestrial solar 

irradiance with Air Mass 1.5. Calculation has been made assuming solar cell is ideal. To 

calculate Fill Factor and Efficiency for different diameter of CNTs. we have calculated 

the total current density and the open circuit voltage. MA TLAB software has been used 

for calculation. P- V curve is also plotted to find the maximum power point and from that 

fill factor (FF) and efficiency (17) is calculated. In this paper we show different open 

circLlit voltage. short circuit current, fill factor and efficiency for different diameter of 

CNT. All the parameters decrease with the decrement of diameters of CNT. In oLir model 

the best efficiency is 22.663% for of 1.92nm diameter of CNT. We compared the 

efficiency variation for different diameters of CNT and proposed a range of CNT 

diameter to design the CNT-Si heterojunction solar cells, in which range efficiency 

remains stable and higher. 

Department of Electrical and Electronic Engineering, East West University 



APPROVAL 

The thesis titled "Analysis of CNT -Si heterojunction solar cells" submitted by Md. 

Roqibul Hasan (2007-2-80-030) and Lasker Aminul Islam (2007-2-80-027), session 

summer, 2011, has been accepted satisfactory in partial fulfillment of the requirement of 

the degree of Bachelor of Science in Electrical and Electronic Engineering on August, 

2011. 

./:J.A .. ~ 2. • \ U. W \1 

Dr. Anisul Haque 

Professor and Chairperson 

Department of Electrical and Electronic Engineering 

East West University 

Dhaka-1212, Bangladesh. 

Department of Electrical and Electronic Engineering, East West University 
iii 



AUTHORIZATION PAGE 

We hereby declare that we are the sole authors of the thesis. We authorize East West 

University to lend this thesis to other institution or individuals for the purpose of 

scholarly research. 

P . HQJ)arn 

(Md. Roqibul Hasan) (Lasker Aminul Islam) 

We further authorize East West University to reproduce this thesis by photocopy or other 

means, in total or in part, at the request of other institutions or individuals for purpose of 

scholarly research. 

(Md. Roqibul Hasan) (Lasker Aminul Islam) 

Department of Electrical and Electronic Engineering, East West University 
IV 



TABLE OF CONTENTS 

ABSTRACT ................................................ .......................................... .............................. i 

ACKNOWLEDGEMENTS .......... ...... ........ ....................................................... .............. ii 

APPROVAL ..... .............. ............................ ........................................................ .............. iii 

AUTHORIZATION PAGE ........ .............. ...... ......... ....................................................... iv 

TABLE OF CONTENTS ..................................................................... .............. ................ v 

LIST OF FIGURES .. ... .............. ...................................... ...... .............. ............. .. ............ vii 

LIST OF TABLES ......... .......................................... ...................................................... viii 

CHAPTER 1 ..... .............. ....... ... .... ... ........... .... ......... ............. .... ... ....... ................ .............. .. 1 

Introduction ...... .............. .................................................................................................... 1 

1.1 Heterojunctions ....... .... .... .......... .......... ................................................... .. .................... 2 

1.2 Literature review ... .. ........... .... ........... .. ........................... .... ....................... ...... ............. 4 

1.3 Why use CNT in solar cell ... .... .... .... ...... . .. .. .. ...... ........................... .... .......... .... .. .. ........ 7 

1.4 Objective ........ ........ ....... .. .. ......... .. .... ............. ..... ............ ... ......... .. .... ........ ....... ....... ..... 8 

CHAPTER 2 ....................................................................................................................... 9 

CNT-Si Heterojunction ..................................................................................................... 9 

2.1 Model ...... ...... .. ....... .... ............ .. ...... .. ........... .......... ......... ..... ... .. ..... ........... ........ ... ........ 9 

2.2 Equations developed for the proposed model .... ....... .. .................. .. ............ .. ............ .. . 10 

CHAPTER 3 ..................................................................................................................... 14 

CNT-Si Heterojunction Solar Cells ................................................................................ 14 

3. 1 Solar Cell Basics .. .. .. .. .. .... .. .... .... ... ...... ...... ....... .... ... .. ...... .............. .. .... .. ......... ..... ..... .. 14 

3.2 Solar Spectrum .. ... ........... ... ........ .. .... ... .. ...... ....... .......... ... .. ......... .. ............ .. ........... .... 16 

3.3 Short Circuit Current Density CJ 'c) ... .... .. .. .... ........ ...... ......... ..... .... .. ...... .. ... .. ...... .. ........ 17 

3.4 J-V Characteristi cs .. ........... .. ......... ... ....... ... .... .... ... ........ ...... ....... .... ... ... ..... ....... ....... ... 19 

3.5 Open Circuit Voltage (Vod .. .. .. .. .. .. .... .. .. .. ...... ........ ... .. .. .. ...... .... ........... .. ...... .. .. .. .. .. ... 20 

3.6 Efficiency ......................................................... ............. .... .......... .... .......... ... ........... .. 21 

CHAPTER 4 ..................................................................................................................... 24 

4.1 Results and Discussion ......................................................................................... 24 

Department of Electrical and Electronic Engineering, East West Uni versity 
v 



CHAPTER 5 ..................................................................................................................... 32 

Conclusions ....................................................................................................................... 32 

5.1 Sunllnary ......................... ............................................... .. ............. ... . .. ...................... 32 

5.2 Suggestion for future work ................. ........... ....... . .. '" ............... ................................. 33 

References ......................................................................................................................... 34 

Department of E lectrical and El ectronic Eng ineerin g, Eas t West Uni yersi t) 
VI 



LIST OF FIGURES 

Figure 01.1: Heterojunction formation (a) Before contact (b) After contact. ..................... 3 

Figure 02.1: Electron and hole separation in CNT -Si heterojunction ................................. 9 

Figure 02.2: Band diagram ofCNT-Si heterojunction model ........................................... 12 

Figure 03.1: The photovoltaic effect in a solar cell .......................................................... 14 

Figure 03.2 : p-n junction solar cell with resistive load .................................................... 15 

Figure 03.3: Wavelength vs spectral irradiance at AM 1.5 and showing the absorption re-

gion ofCNT and Si separately ........................................................................................... 16 

Figure 03.4: Equivalent circuit of ideal solar cell... ........................................................... 20 

Figure 03.5: J-V and P-V curves showing Voc, Jsc, maximum power point, Jrn and Vrn .... 22 

Figure 04.1: Energy band diagram of CNT-Si heterojunction for 1.92nm diameter of 

CNT .................................................................................................................................. 24 

Figure 04.2: The J-V and P-V curves for 1.92nm diameter ofCNT ................................. 25 

Figure 04.3: Energy band diagram ofCNT-Si heterojunction for 1.45nm diameter of 

CNT ................................................................................................................................... 25 

Figure 04.4: The J-V and P-V curves for 1.45nm diameter of CNT. ................................ 26 

Figure 04.5: Energy band diagram ofCNT-Si heterojunction for 0.98nm diameter of 

CNT ......................................................................................................................... .......... 26 

Figure 04.6: The J-V and P-V curves for 0.98nm diameter of CNT ................................. 27 

Figure 04.7: The plot of diameter ofCNT vs efficiency ................................................... 31 

Department of Electrical and Electronic Engineering, East West University 
Vll 



LIST OF TABLES 

Table 01: The current density and open circuit voltage with different diameters of 

CNT .................................................................................................... 29 

Table 02: The Pmp, Ymp, Jmp, FF and 17 with different diameters of 

CNT .................................................................................................................................... 30 

Department of Electrical and Electronic Engineering, East West University 
viii 



CHAPTER! 

Introduction 

Limited conventional resources of energy production such as fossil and nuclear fuels and 

the association of their negative environmental effect forced the researchers to introduce 

renewable energy resources that are environmentally friendly. The conversion of sunlight 

into electricity using photovoltaics (PY) is a very attractive way to produce renewable 

energy. At the very beginning of the solar cell research, introduction of the new kind of 

solar cell was the major issue. But recently cost effectiveness as well as efficiency 

increment has become a major research goal of the researchers around the world. 

Recently researchers have introduced CNT as a potential material to improve efficiency 

and cost effectiveness and research is still on going to improve the efficiency. A strong 

optoelectronic property of the CNT makes it a strong candidate of basic building block of 

PY devices. On the other hand about 85% solar cells are based on Si substrate. Research 

shows that CNT forms heterojunctions with Si to form solar cells and convert photon into 

electricity very efficiently. 
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1.1 Heterojunctions 

A heterojunction is formed when two semiconductors with different bandgaps are 

brought together. Heterojunctions form essential constituents of many electronic and 

optoelectronic devices. Anderson rule is mostly use to make a model of heterojunction 

between two materials. 

The two semiconductors are assumed to have different band gaps, Eg , different 

permitivities, cs, different work function, cjJ and different electron affinities, x. Work 

function and electron affinity are defined as energy required to remove an electron from 

the Fermi level EF and from the bottom of the conduction band Ee, respectively, to a 

position just outside the material (vacuum level). 

For example, let's assume bandgap of material 2 is greater than bandgap of material 1 

(Eg2>Eg1). The band diagram of the ideal heterojunction will form like Figure Ol.l. 
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Figure 01.1: Heteroj unction formation (a) Before contact (b) After contact. 

Here, 

Xl and Xz are the electron affinities, ¢1 and ¢z are the work functions, ECl and Ee2 are 

the conduction bands, EV1 and EV2 are the valance bands, Eg1 and Eg2 are the bandgaps of 

p-type and n-type material respectively.!lEc and !lEv are the band offset of conduction 

and valence band respectively. !lEF! and !lEn are the distance from the Fermi level to 

the conduction band ofp-type and n-type material respectively. 
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According to Anderson model, the conduction band offset, tJ.Ec is given by, 

(1.1 ) 

Then the valence band offset is given by, 

(1.2) 

Built in potential is given by, 

(1.3) 

Then the corresponding depletion layer thicknesses in the p-region and n-region can be 

found from solving the poissons equation given as, 

(1.4 ) 

1.2 Literature review 

Since the introduction of photovoltaic (PY) effect by Bequerral in 1839, this technology 

has come a long way. Since the early 1990's a lot of researchs has been carried out on 

solar cells [11. Despite different PY cell technologies being explored, over 85% of the 

current production is based on the well-established silicon wafer technology. 
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The efficiency of most commercially available solar cells are about 15%-20% [21 even 

though the theoretical calculation shows 30% efficiency. Thus novel structured silicon 

solar cells with high efficiency are certainly of major importance for PY technology. 

Recently, there have been a series of investigations on Carbon Nanotubes (CNTs) as a 

potential material that can be used in solar cells and other PY applications [3-9J. This 

means that CNT is a material that has already begun its interaction with Si, which 

indicates that there is a strong probability of succeeding in integrating CNT into solar cell 

technology. 

In 2007 Yi Jia et.al. reported their work, where they fabricated thin-film solar cells with 

double-walled carbon nanotubes (DWNT) as energy conversion materials l3J. Here 

nanotubes serve as both photogenerated sites and charge carrier collection/transport layer. 

To favor charge separation and extract electrons (through n-Si) and holes (through 

nanotubes) they create high-density p-n hetrojunctions between nanotubes and n-Si. The 

large carrier density and high mobility ofDWNTs ensure much enhanced current density 

and power efficiency of solar cells compared to extensively studied polymer-nanotube 

composition structures. They achieved about 1% efficiency with this solar cell. 

Yi Jia et.al. improved their cell efficiencies to about 5-7%, reported in 2008 [4]. In this 

work they used chemical vapor deposition (CYD) to grow spiderweb-like DWNT films 

in which nanotubes are highly interconnected. Where as in their previous work they 

achieved I % cell efficiency, they deposited vertical nanotube arrays directly on silicon 

substrates to form nanotube-Si heterojunction solar cell. 
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Li. et.a\. reported solar cell based on high-density p-n Heterojunction between single wall 

carbon nanotubes (SWCNTs) and a n-type silicon wafer [5J. 1n their model they have got 

more than 45% conversion efficiency through adjusting the Fermi level and increasing 

the carrier concentration and mobility with chemical modification of the SWCNT coating 

films. Electron-hole pairs are optically excited in the numerous heterojunctions formed 

between SWCNTs thin coating and n-type silicon substrate. 

In 20 I 0, another research group [6] reported photovoltaic devices based on S WNTs and n-

silicon heterojunctions fabricated by a spray deposition process. They provide direct 

evidence that nanotubes serve as an active photosensing material involved directly in the 

photon absorption process as well as contributing to charge separation, transport and 

collection. 

Zhang et.al reported in 20 10 [7] that, they demonstrated carbon nanotube network on Si 

solar cell for photovoltaic enhancement. Single walled carbon nanotube (SWNT) 

networks were directly assembled onto the surface of n-p junction silicon solar cell for 

trapping incident photons and assisting electron ic transportation at the interface of si I icon 

solar cells. They have got 3.92% higher efficiency with assembling SWNT than that of 

silicon cell without SWNT. 

Finally in 20 II Yi Jia et.a/. again reported [8] their improved efficiency. This time they 

improved their efficiency from 7% to 13.8% by Silicon-Carbon Nanotube Hetrojunction 

Solar Cells by Acid Doping. 
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1.3 Why use CNT in solar cell 

The 10 nanoscale structure, high mobility, and excellent physical and electronic 

properties of carbon nanotubes offer great promise in the development of high-efficiency 

solar cells l3J. Using CNT with solar cells, it creates multiple heterojunctions with Si 

based solar cells, adds more band gaps, which enables the solar cells to capture a wider 

spectrum of incident radiation. 

On the other hand CNTs are highly transparent that allows them to replace glass layer 

due to their excellent conducting capability. CNTs can be combined with silicon to form 

heterojunction solar cells with modest efficiencies and high air stability. CNTs can be 

simply coated onto silicon wafers to form heterojunction solar cells. The manufacturing 

process is simple and scalable [4) and it does not require to separate metallic and 

semiconducting nanotubes. 

In CNT -Si heterojunction solar cells CNT serves as an active photosensing material 

involved directly in the photon absorption process as well as contributing to charge 

separation, transport and collection. 

CNTs have high carner mobility and can be interconnected into two-dimensional 

networks with tunable electrical and optical properties [9). Si-CNT structure holds several 

advantages and potentially could lead to low-cost and high-efficiency solar cells 

compared with p-n junction Si modules. 
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1.4 Objective 

The objective of this thesis is to analyze the CNT-Si heterojunction solar cells. A model 

of i-n heterojunction to study the band diagram of CNT -Si heterojunction and observe the 

band formation for different diameters of CNT will be developed. In this model 

semiconducting CNT is used because it is easy to change the bandgap by changing only 

diameter of CNT. The main purpose of changing of diameter of CNT is to ensure more 

efficient absorption of photons. The J-V and P-V characteristic wi II also be analyzed to 

calculate the efficiency of the solar cell and to compare the efficiency for different 

diameters of CNT. We develop MATLAB code to analyze the behavior of heterojunction 

between CNT-Si. Short circuit current density for both regions will be found by 

integrating the appropriate region of photon energy that a i-n heterojunction solar cell can 

absorb. Quantum Efficiency (QE) will be included in the calculation of the ShOl1 circuit 

current density. Other solar cells parameters will be calculated to compare the efficiency 

of the solar cells for different diameter of the CNT. It is expected to propose a better 

range of CNT diameter to design better efficiency CNT -Si heterojunction solar cells. 
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CHAPTER2 

CNT-Si Heterojunction 

2.1 Model 

Heterojunction formation of CNT with silicon (Si) has been analyzed. Assuming CNT is 

intrinsic type material and Si is n-type material heterojunction is formed. For simplicity 

of calculation we assumed that band bending in intrinsic type CNT is linear and 

calculation is made according to the following procedure. Electron and hole separation of 

CNT-Si heterojunction is shown in figure 02.1. 

Electron accumulation Depleted ionized impurity 

~ / 
':it. II 

- + 

- + 

(NT Ii) - T 

Si In) 

+ 

-

- -+-

x=o 

Figure 02.1: Electron and hole separation in CNT-Si heterojunction. 
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2.2 Equations developed for the proposed model 

We calculated the excess electron of intrinsic CNT by integrating accumulated electrons 

in the range - Xi to O. So the excess electron per unit area of accumulation region 

becomes, 

Where, n(x) is the accumulation electron concentration in the range of - Xi to o. 

Here, 

<J>(x) 

n(x) = nie !ill 

ni = Intrinsic carrier concentration in intrinsic CNT region. 

<1>(x) = Band bending in intrinsic CNT region. 

KBT <1>t = Thermal voltage, (- = 0.026 V at room temperature). 
q 

(2.1 ) 

(2.2) 

tJ>(x) is assumed to vary linearly within the accumulation regIOn, USing boundary 

condition, <1>( -xa = 0, <D(x) can be expressed as, 

<1>(x)=<1>j ( 1 + :J 
Here. 

cb j is the barrier height of the intrinsic region shown in Figure 02.2. 
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the equation of excess electrons becomes 

lX=O <l>i(l+X) 
n = n·e<l>t Xi dx S I 

x=-x, 

(2.4) 

B. in tegratin g the equation (2.4) we found the total excess electron of the intrinsic 

~=I n. 

(2.5) 

'1 Oil S equation is solved to calculate the distance that the depletion region extends into 

. e n-type Si material, Xn 

I t:r". 

- = Barrier height ofn-type Si region. 

~:; = Permittivity of Silicon. 

= Donor concentration (cm- 3 ). 

= Electron charge. 
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CNT Si 

x n 

Figure 02.2: Band diagram ofCNT-Si heterojunction model. 

From the physics ofheterojunction band diagram built voltage, Vbi can be expressed as, 

(2 .7) 

Charge equality condition of accumulation and depletion region can be expressed as, 

Rearranging equation (2.7) we can write, 

From equation (2.8) we found, 
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far <Pi and <Pd are the unknown parameters of equations (2.9) and (2.10). By solving 

~ lrion (2.9) and equation (2.10) in MA TLAB using numerical analysis, value of <Pi and 

can be found. 

::~tric flux density at just right side of x=O is equal to electric flux density at just left 

' '':' of the x=O which can be mathematically expressed as, 

(2.11) 

~re . E(O-) is electric field at just left side of x=O, which is found by differentiating 

_ t1J lion (2.3) at x=O. Which yields, 

(2.12) 

~d E(O+) is the electric field at just right side of the x=O, which can be found by 

_ t1 r ntiating the band bending equation ofn-type region at x=O. We found the band 

~ ~ ndi ng equation of n-type region by solving poissons equation as, 

So the electric filed E(O+) becomes, 

from equation (2.3), 

1>(X) = q Nd [xxn _ X2] 
ESi 2 

E(O+) = _ qNdXn 
ESi 

X. = ECNTcf>i 

l qNdXn 

Department of Electrical and Electronic Engineering, East West University 
13 

(2.13) 

(2.14) 

(2.15) 



CHAPTER3 

C~T-Si Heterojunction Solar Cells 

3.1 Solar Cell Basics 

~Iar cell directly converts light energy to electrical energy and it produces current and 

'\Dltage to generate electric power. Light is made up of packets of energy, called photons. 

The energy of the photons excite electrons up to higher energy levels where they are free 

&J move. Normally, when light is absorbed by matter, photons are given up to excite 

cf,ectrons to higher energy states within the material, but the excited electrons quickly 

Idax back to their ground state [101. In a photovoltaic device (semiconductor) a built-in 

.1S~ mmetry pulls the excited electrons away before they can relax, and feeds them to an 

;!xlemal circuit. The energy of the excited electrons generates a potential difference or 

ci'IXtromotive force (e.m.f.). This force drives the electrons through a load in the external 

.:ir.:uit to do electrical work. Figure 03.) shows the photovoltaic effect in a solar cell. 

This PV cells are made of at least two layers of semi-conductor material. 

P-type~ 

Junc tion 
THype, 

Sunlight 
Load 

h 

Figure 03.1: The Photovoltaic effect in a solar cell. 

Hole f low 
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~ light hits the cell, all photons of the light are not absorbed by the material. If the 

=-~ of photon is less than the bandgap (energy) of the material of the solar cell, that 

• n cannot be absorbed by the material of the solar cell. That photon can be absorbed 

lite material, whose energy is equal or greater than the bandgap (energy). So certain 

_ I ngths of light are able to ionize the atoms in the material. Then an internal field 

ed by the junction separates some of the positive charges (holes) from the negative 

_~ _ (electrons) within the photovoltaic device. This generated electron hole pair 

__ " - electricity. The generated electrons are collected by the electrode connected to the 

n and serve the power to the load. 

r 03.2 shows a solar cell circuit with resistive load [Ill. Here incident photon 

ination can create electron-hole pairs in the space charge region that will be swept 

. producing the photo current IL in the reverse -bias direction. The photocurrent IL 

a voltage drop across the resistive load which forward biases the p-n junction. 

~ forward bias voltage produces a forward bias current h as indicated in the Figure 

"_ The photocurrent is always in the reverse-bias direction and the net solar cell 

1" is also in the reverse bias direction [Ill. 

hv 

t-fie ld 

1- P .. I[ n 

I ... V -

I R I 

Figure 03.2: p-n junction solar cell with resistive Imid. 
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Solar Spectrum 

_ solar spectrum changes throughout the day and with location. Standard reference 

-. are defined to allow the performance comparison of photovoltaic devices from 

_r m manufacturers and research laboratories. The air mass 1.5 (AM 1.5) global 

_ ·um is designed for flat plate modules and has an integrated power of 100 m W /cm2
• 

... 03.3 shows solar spectrum at AM 1.5 and showing the absorption region of CNT 

Si separately. 

18-

• 5 

• A 

~ · 2 .. 
E 

~ 1 • u 
c • :v 
~ 0.8 

~ 
U 
Z. 0.6 

Jl 
." 

0.4 

02 

Q 
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, 827 
Y 0 984 

500 1000 

: Absorption region of Si 

! Absorption region of CNT 

\ 
I', X: 1740 : 

X'1128 r· Y: 0 1682 

I Y 009922 ' 

--TJ 
1500 2000 

Wa\€length(nm) 
2500 3000 3500 

figure 03.3: Wavelength vs spectral irradiance at AM 1.5 and showing the absorption 

region of CNT and Si separately. 
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Short Circuit Current Density (Jsc) 

- circuit current density is the current per unit area under the illumination of sunlight. 

- circuit current density can be written as, 

lse = fA~h P(A)QE(A)d(A) (3.1 ) 

- Wavelength of the photon (nm). 

- Number of photon I m2sec . 

.. )= Quantum efficiency. 

a Ah are the lower and higher limits of the photon wave length to be integrated to 

the current density of particular range of solar spectrum. 

. can be derived as equation (3.2), 

= Spectral irradiance (W/m2nm). 

- = Plank's constant. 

Speed of light (Constant). 

peA) = A2F 
he 
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'TJ efficiency (Q.E.) is a measurement of how efficiently electron-hole pairs are 

... : d in PV devices by the incident of photons. It may be given either as a function 

. ..: ength or as energy. If all photon energies are converted into electrical energy the 

efficiency is unity. The quantum efficiency for photons with energy below the 

_ gap is zero. 

can be defined as the ratio between the materials bandgap energy in which photons 

aorbs to the incident photon energy of the solar cell. 

_ QE given as the ratio of bandgap energy of the material to the photon energy, 

QE(E) = ~ 
Ep 

= Bandgap energy. 

- = Variable photon energy. 

_r;;. is inversely related to the wavelength as, 

wavelength becomes, 

E = he 
A 

A = he 
E 
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cOiciency as a function of wavelength (il.) can be written as, 

photon wavelength. 

_ .. =- ~ of bandgap energy. 

QE(il.) = Ap 
A 

(3 .6) 

- circuit current density can be found for the CNT and Si individually, from the 

- ~ for the terrestrial solar spectrum for AM 1.5, by integrating over appropriate 

wavelength. 

J-V Characteristics 

current density (1), load voltage (V) relationship can be expressed as, 

J = Jsc - Jdark(V) (3.7) 

JIlluIc(V) is the dark current density produced when load is present and a potential 

(V) develops across the terminals of the cell. This potential difference 

. ... _ a current which acts in the opposite direction to the photocurrent, and the net 

. is reduced from its short circuit current. 
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ideal diode the dark current density varies like 

(3.8) 

is a constant known as reverse saturation current, is Boltzmann's constant 

T is temperature in Kelvin. Normally value of is varied from 10-10 mA/cm2 to 

mA/cm2 for a typical CNT-Si heterojunction solar cell [4). We assumed 10-10 

_ : for our calculation. 

1 alent circuit for a typical ideal solar cell can be shown as Figure 03.4. 

Incident 

Photons 

J 

J dark: 

Figure 03.4: Equivalent circuit of ideal solar cell. 

+ 
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Open Circuit Voltage (V oc) 

. the contacts are isolated, the potential difference has its maximum value, which is 

as open circuit voltage(Vac). This is equivalent to the condition when the dark 

I:. and short circuit photocurrent exactly cancel out. For the ideal diode, Voc can be 

;:"" as, 

v; = kaT In (lsc + 1) 
oc q 10 (3.10) 

. .I· ion (3.10) shows that Voc increases logarithm ically with light intensity. 

Efficiency 

. _ operating region of the solar cell is in the range from 0 to Voe, in which the cell 

r:, power. The power density of the cell is given by 

P =JV (3.11 ) 

reaches a maximum at the cell's operating point or maximum power point. This occurs 

some voltage Vm with a corresponding current density, 1m shown in Figure 03.5. 
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Load Voltage 

~ . - : J-V and P-V curves showing Voe, Jsc, maximum power point, J m and Ym. 

of the maximum power from the solar cell to the product of Voc and Jsc is known as 

factor (FF), graphically the FF is a measure of the "squareness" of the solar cell J-V 

_ and is also the area of the largest rectangle which will fit in the J-V curve. The FF 

:ral d in Figure 03.5. FF is expressed as, 

an ideal solar cell, FF= 1. 

FF = fmVm 
fscVoc 

(3.12) 

_ _ ~ y, 11 of solar cells is calculated as the ratio between the generated maxImum 

_", Pm generated by a solar cell and the incident power, Pin. 
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~i Jen t power is equal to the irradiance of AMl.S spectrum, normalized to 

m::. 1J is determined from the J-V curve (Figure 03.5) by following equation (3.12), 

(3.) 3) 

irradiance of AM 1.5 spectrum can be calculated from the spectral power 

_ . Sell.) by equation (3.13) from the data, 

Pin = fooo S(A) d(A) = f; F(A)A d(A) (3.14) 

(3.14) is for ideal case. We assumed 100% absorption of photons and no 

four quantities: Jsc, Voc, FF and 1J are the key performance characteristics of a solar 

which are defined for particular illumination condition. 
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PTER4 

u Its and Discussion 

.lti n have been made with the variation of CNT diameter from around 1 nm to 

The chirality of the CNT has been chosen such that it satisfies the semiconductive 

ior of the CNT. Energy band diagrams, J-V characteristics and P-V characteristics 

devices are given by changing the diameter of the semiconducting CNT. 
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gure 04.1: Energy band diagram ofCNT-Si heterojunction for] .92nm diameter of 
CNT. 
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plot the energy band diagrams we assumed that CNT as intrinsic semiconductor 

. ria l and Si as n-type material. The bandgap of the semi conductive CNTs are 

ulated from the equation (4.1). 

E - 0.8 
9 - d 

re,Eg is the energy band gap ofCNT in eV. 

is the diameter of CNT in nanometer. 
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"ye chosen the diameters of 1.92nm, ] .74nm, 1.6nm, lA5nm, 1.32nm, 1.20nm, 

. 1.04nm, and 0.985nm. The energy band gaps are found sequentially for the 

diameters as OA17eV, OA60eV, 0.500eV, 0.553eV, 0.610eV, 0.668eV, 0.713eV, 

- e\". 0.8] 2eV respectively. The band diagrams shows that t.Ec remains constant for 

:'1 l rs because electron affinity (X) is constant for the CNT which is, 4A5eV and 

ria l solar irradiation for AM1.5G with irradiance 100m W/cm2 data is used to 

_t the short circuit current density, Jsc . To cab.Jlate Jsc, we assumed a range of 

energy which is divided in two regions. First region is the energy equals to 

:_ of the CNT to energy equals to bandgap of the Si (1.12eV) as shown in Figure 

C~T absorbs the photon energy in this range. 

region is the energy equals to the bandgap of the Silicon, Eg(Si) to Eg(Si) 

T as shown in Figure 03.3. Silicon (Si) absorbs the photon energy in this range. 

current density, lsc and open circuit voltage, Voc found with the variation of the 

diameter by using equations (3.1) and (3.10) is given in Table 01. 
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",T Short Circuit Current Density, Jsc (mA/cmL) Open Circuit 

~ t r(nm) 
isc(cnt) 

I 
isc(Si) Jsc = isc(cnt) + isc(Si) 

Voltage, V oc 

I (mA/cm2) (mA/cm2) (mA/cm2) (Voltage) 

f---' 
I -

1.92 24.4459 14.2688 
I 

38.7148 0.6937 

---
1.74 24.4107 14.2688 38.6795 l 0.6937 

I - -
1.60 24.3988 14.2688 38.6676 0.6937 

I 
1- 1.45 -- -

23.4469 14.2688 I 37.7158 0.6931 

I-~ I -- -
1.32 22.2269 14.2688 36.4957 0.6922 

1.20 21.9186 I 14.2688 36.] 874 0.6920 -

I-
I - --- -- -

1.12 21.5671 I 14.2688 35.8359 0.6917 

1.04 I 16.7665 14.2688 
1---- -_.-

31.0353 0.6880 

I 
0.98 

! 
12.6241 14.2688 26.8929 0.6843 

-

01: The current density and open circuit voltage with different diameters of CNT. 

~ result (Table 01) shows that the short circuit current density decreases with the 

~rl!ment of the diameter of the CNT. Open circuit voltage is slightly decreased with the 

.. rl!ment of the CNT diameter. But there is no change in the short circuit current of n-

.: (Si) because the bandgap ofp-side is unchanged. 

Department ofElcclrical and Electronic Engineering, East West University 
29 



Fill Factor (FF) and the efficiency (ry) are also calculated by using equation (3 .12) 

.13) with the variation of the diameter of the CNT . 

. total input power, Pin = 100m W/cm2. Result is shown in the Table 02 

Maximum Voltage at Current densit~ at Fill Factor, Efficiency, 
m) power point maximum maximum power FF(in %) 11 (in %) 

density, P mp power point point. 
(w/cm2) Vmp(V) imp(mA cm:::) 

22.67 0.6 6 _2.663 

22.6- 0.60 6 ~ - , - -+ . "' 96 _2. 4-

8 .. U99 22.6:;9 

2_ .06 060, - . -.. ' -

2 1.32 0.60- . .... 8- . 129 21.5 6 .... 1 -

---
0.6061 3~. 86 84 .... 79 2 1.129 

0.6066 3~A8 84 . .774 20.914 

0.6012 29.93 84.272 17.99' 

15.51 .... - I 84.248 I ... -04 _ ... 

Table 02: The Pmp • Y-:_ .1-::-- FF and 11 "ith different diameters ofCNT. 

From the above result (Table 02 I it can be said that the maximum power point density 

and the short circuit current de-n5i~ at maximum power point decreases with the 

decrement of the diameter of the C",T. The voltage at maximum power point is slightly 
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;ed with changing CNT diameter. But it is negligible for all practical purposes. Fill 

- and efficiency also decreases with the decrement of the CNT diameter. 

efficiency is almost constant and maximum from around 1.5nm to 2nm diameter of 

which is shown in figure 04.7. Then the efficiency decreases with decrement of the 

t r ofCNT as shown in figure 04.7. So diameter ofCNT from 1.5nm to 2nm is best 

our CNT-Si heterojunction solar cells. 
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Figure 04.7: The plot of diameter of CNT vs efficiency . 
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CHAPTERS 

Conclusions 

5.1 Summary 

In our work we have studied the CNT-Si heterojunction solar cells. We have analyzed the 

band diagram of CNT -Si Heterojunction using the parameters of the CNT. For this model 

we assumed CNT as intrinsic semiconductor material and Si as n-type material. The band 

bending of intrinsic region was unknown to us. We assumed the band bending of intrinsic 

CNT to be linear and developed an equation to plot the band diagram of i-n 

heterojunction. To observe the band diagram of CNT-Si heterojunction for different 

diameters of semiconducting CNT, we have shown the band diagram for CNT diameter 

of 1.92nm, 1.45nm and 0.98nm. We have also calculated the solar cell parameters for the 

different diameters of the CNT. To calculate the solar cell parameters we have used the 

terrestrial irradiance data for AM1.5 with average input power density of 100mWcm-2. 

We have included Quantum efficiency to calculate the short circuit current density. To 

find the current density in CNT side we have assumed that CNT can absorb photon have 

energy ranges from energy equals to CNT bandgap to Si bandgap and integrated over 

these region. And Si can absorb the photon have energy ranges from Si bandgap energy. 

Eg(Si) to EiSi)+ 1.5KB T and again integrated over this region to find the current density 

at Si. Then we compared the calculated result for varying 1nm-2nm of the CNT diameter 

and found that with the decrements of the CNT diameter total current density also 

decreases. In FF slight change has been observed and efficiency is also decreased with 

the CNT diameter. Efficiency remains almost about 23% for the CNT diameter 1.92nm, 
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1.74nm, 1.60nm, and 1.45nm. Then efficiency decreases notably with the decrement of 

the CNT diameter. So we can conclude that the solar cell will be more efficient if the 

diameter of CNT is chosen around the 2nm. 

5.2 Suggestion for future work 

In our work we have make some assumptions to make our calculation easy. To calculate 

the band bending of the intrinsic CNT we have assumed that band bending is linear. In 

future actual band bending of the intrinsic CNT can be analyzed to determine more 

appropriate band diagram of CNT-Si heterojunction. We studied i-n CNT-Si 

heterojunction solar cell instead of p-n heterojunction solar cell. In future p-n 

heterojunction solar cells can be studied. In CNT region of the heterojunction a quantum 

well has been introduced which confines the electrons. We did not consider the quantum 

mechanical effect of that region. In future quantum mechanical effect can be introduced 

to understand the behavior of confined electron in the quantum well of CNT region. We 

have assumed that all electron hole pair generated by the light contributes to the current 

generation and neglected the recombination of electrons. In future recombination of 

electron can be included to calculate the total current. To analyze J-V characteristics of 

the solar cell , we have assumed that there is small impact of biasing effect of the bias 

voltage in CNT-Si heterojunction and built in potential remains constant. In future 

biasing effect can also be included in the calculation of J-V characteristics of the solar 

cells. All of our calculations are made by assuming that solar cell is ideal and we didn ' t 

introduce the effect of series and shunt resistance in the load side. In future this resistive 

effect can be included to analyze the non ideal heterojunction solar cells. 
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