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Abs\trnct 

Transparent low resistivity CdS films have been evaporateJ on p-Si and n-p Si 

monocrystaJlme substrates to forn: heterojunction solar ceIIs. Electrical and optical 

propertlles ar,~ mvestlgated by I-V, C-Y and quantum I~fficiency measurements. By 

comparing to conventlOnal n-p Si cells, It 15 found that CdS/n-p Si confignration has the 

advantage of homojunctlOn cells wlth a hlgh Voc, and the advantage of heterojunction 

cells with a high I.e The high Yoc is due to the electrical property dominati~n of the 

homojunction of thlS configuration and the high Isc IS due to more electron-hole pairs 

excited by hlgh energy photons at or near the homojunction of this configuration 

Effects of mterface states on he·terojunctions is also studled Frequency dIspersion 

on capacltance is observed on CdS/p-Si cells The disperûon is due to the lattice 

mlsmatch between CdS and Si which introduces high densities of mterface state. The 

denslties .of intl~rface state and' the relaxation time constant are calculated The cause of 

dispersIOn can be determined by domg capacltance measurements at low temperature so 

that trap lovel effect is eliminated No sigmficant dispersion is observed on CdS/n-p Si 

cells It further confirms the electrical property domination of the homojunction of the 

CdS/n··p Si cells: . 
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RÉsuMÉ 

Des films transparents et de basse resistlvité de CdS 01l1t été évaporés sur des 
substrats Si monocrystallin dopés n ou p pour &msi former des cellul~ls sot:ures à 
hétérojonctlOn Des mesures I-V, C-V et d'éfficaclté quantique 01l1t été tmtrt:pnses atin d,· 
détermmer le~ propriétés électriques et optiques Par rapport ~L< cellu\(!s solaire') 
conventIOnnelles de SI p et n, la configuration CdS/n-pSI a, d'une part. ('avanlage des. 
cellules à homojonctlOn, c'p.st-à-due un grand Voc' et d'autre part, un grand 1 .. , ce<:i 
représente l'avantage des cellules à hétéroJonctlon. La grandes valeur de V oc est due au 
faIt que les propnétés électnques de l'homojonctlOn dornment dans (;eUe configuratIon 
alors qu'une grande valelJfs de Ise est due à un nombre plus grand d(! paires électron-trou 
excités par les photons de haute énergIe dans la région de l'homojonctloll 

Les effets dus aux états d'mterface sur l'hétérojonctlOn ont aussI été étudiés tlne 
dispersIOn d..: fréquence sur la capacitance a été observée pour les celleules CdS/p-SI 
Cette dispersion est due au "mismatch" des paramètres de mailles du CdS/p-SI, :e qUI 
induit une assez grande densité d'États à l'mterface La densIté d'État à l'mterface am SI 
que le temps de relaxation ont été calculés Les phéno (\nes causant la dispersion 
peuvent être déterminés en faisant des mesures de capacltance à baisse tcmpélature afin 
d'éliminer les effets dûs aux étapes de piégeage Aucune dispersion signIficative n'a été 
observeé pour les celll!les CdS/n-pSi, confirmant ainsi que les propriétés électriques de 
l'homojonction des cellules CdS/n-pSi sont dominantes . 



• 

• 

• 

III 

Acknowledgements 

The author wi~hes to express his sincere gratitude to his supervisor, Dr. 1. Shih for 

hls guid~U1ce throughout this study. 

Spt:cial thanks are also due to Mr. 1. Foldvari and Mr. Y. Kwon for their technical 

assistanl;e. 

The author is specially grateful to his family for their encouragement during the 

studies . 



• 

• 

• 

IV 

Table of Contents 

Page 

Abstract 

Resume 

Acknowledgement 

Table of Contents 

II 

III 

IV 

Chapter 1 

Chapter 2 

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Solar Cell Theory .... .. 

Chapter 3 

3.1 

Expenmental Procedure .,. 

Homoj unction Solar Cell Fab, leation . . . . . . .. . 

3 

9 

. 9 

1 1 3.2 n+/n Silicon Wafer Preparation .... 

3.3 Determination of Junetion D(:pth . . ..................... 12 

3.4 CdS Evaporation . . . .. ...... .......... 12 

Chapter 4 Deviee Characterization .. ............... ..... ....... 16 

4.1 Current-Vol1age Measun!ments ........... . . . .. ...... .. 16 

4.2 Capaeitance 1vfeasureme:nts . . . . . . . . . . . . . 18 

4.2.1 Setup .... . . . . . . . . . . . . . .. ........ . ...... 18 

4.2.2 C-V Measurements .. .......... ............ 19 

4.2.3 C-F Measurements . . . . .. .. .................... .... /9 

4.24 C-F Characteristics of Homojunctions ............ .. . .... 19 

4.2.5 C-F Characteristics of Heterojunctions .............. 20 



v • 4.3 Quantum Efficiency .. , . . . . . . . . . . . . . . .. . ............. 22 

4.4 CharacterizatlOn of CdS Thin Film~ .. ..... . ........ . .. 23 

C'lapt€'r 5 Band Dlap'ram'i 36 

5 1 Parameters Needed to Construct 
a Band Dlagram .... .... " ............. 36 

52 Band Diagrams of HomojunctlOns ........................ 38 

5.3 Band Diagrams of HeteroJunctions ...................... 39 

5 4 Band Dlagrams of n+/n Junchons ...... .......... ... .. 41 

:5 5 Band Dlagrams of CdS/n-p Si Junctions . . . . . . . . . . . . . . . . . . . . 44 

Chapter t5 ResuIts and Discussion 53 

• 6 1 Introduction ........ , ....... . .................. 53 

6.2 Fabncation Conditions of Cells . . . .. .................... 53 

63.1 Band Diagrams of n-p Si Junctions ... ................... 55 

6.3.2 Performance Analysis of n-p Cells 56 

64 Band Dlagrams of CdS/n Si Junctions .................... 59 

6.5.1 Band Diagrams of CdS/p SI Junctions 62 

6 5.2 Performance Analysis of CdS/p Si Cells ................... 64 

6.6.1 Band Diagrams of CdS/n-p Si JunctlOns ................... , 67 

6.6.2 Performance Analysis of CdS/n-p Si Cells . . . . . . . . . . . . . . . . .. 68 

6.7 Series ReSistance of Ali Samples ........................ 70 

6.8 Effect of Interface States .............................. 70 

• Chapter 7 Con cl usions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 104 



• References 

VI 

App~ndices I-VII 

• 

• 



• 

• 

• 

Chapter 1 

Introduction 

Energy resources on earth are limitéd but the energy demand IS increasmg rapidly. 

Novel and rchable energy resocrces are bemg sought urgently One promising candidate 

is solar energy using dIrect conversion of photovoItale cells 

Nowadays, sorne small units hke caleulators or eomphcated units like satellItes are 

using rnonocrystalhne hornojunctlOn silicon cells as power sources. Cells wlth an 

efficlency towards 20% have been reported [1.1] However, compared to heterojunctions, 

homojunctlOns usuaJIy colleet less current because of surface recombmatIOn On the other 

hand. heterojUnctlOns yield low open cIrcuit voltage and often have large densities of 

interface state due to lattlce mismatch of the two materials A homojunction-

heteroj unetlOl1 configuration IS then studi ed in this work to see If thls configuratIOn has 

the advantages or dlsadvantages from each type of junction or it has sorne other 

interestlllg ch?ractenstl cs 

The semiconductor CdS is a weIl known window material and its preparation 

technologies are very weil developed [1.2, 1.3]. Monocrystalline silicon solar cells 

technologies are also weIl developed As a result, these materials are chosen to form a 

heterojunction-homojunctIOn cell, 1 e CdS on n-p SI eell The cell performance and band 

diagram are compared to the simple homojunction ~L1d heterojunction In order to have 

a better idea of the CdS/n junction of this structure, Isolated CdS/n-Si devices are made 
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and studJed as weil Moreover, interface state effect on the cells IS also studlcd 

CdS/SI heterOjUnctlOn has been mvestigated Slnce 1967 [1 4, l 'i] Bccausè of th~ 

improvement of the CdS films, cell with 11 3 % efficiency has becn obta111cd [1 {J, 1 7, 

1 8]. The performance of the cells reported In thls work may not be as gOûd as thûse 

reported previously However, the goal 15 to charactenze the SI homojunctlons, CdS/SI 

heterojunctlons and CdS/SI hetero-homojunctions and compare theIr performance 

The arrangement of the thesis is as follows Sorne solar cell thcones arc gIvcn 111 

Chapter 2. FabncatIon processe5 of the n-p Si substrates and CdS evaporatlon proces~cs 

are first glven ln chapter 3 P-n Junction theones and ail measuring mcthods to 

characterize junctions and CdS films are then de-scnbed in chapter 4 Procedures for band 

diagram construction for homOjUnctIOns, heterojunctlons and n-n junctlOns are presented 

in chapter 5. Ail experimental resuIts are analyzed and reportcd 111 chapter 6 FlIlally, 

main conclusions of the thesis are glven In chapter 7 

2 



• Chapter 2 

Solar Cell Theory 

A solar cell IS a photovoltalc device designed to con vert sunlight into electrical 

power and to dehv~r this power into a suitable load in an efficient manner Solar 

behaviour can conveniently be examined through three main parameters (Fig. 2 1)' the 

open circuit voltage Voe' whlch is the voltage output when the load impedence is much 

greater than the devlce Impedence, the short current Ise, which IS the current output when 

the load impedence is much smaller than the device impedence; and the "fill factor" 

• (F.F.), the ratio of the maximum power output to the product of Voe and Ise (the voltage 

and current for maximum output are known as V m and lm' respectively). These three 

parameters determine the efficiency and the circuit conditions to be used with the cell or 

an array of su ch cells. 

The open cIrcuit voltage of a p-n junction solar cell is directly related to the band 

gap of the semiconductor through the energy barrier height at the junction, it is often 

written as a functi, \r, )f the short circuit photocurrent, the dark current 10 of the junction, 

and the junction ideality factor n: 

voc=n( kT) In( I sc +1 ) .•...•..•••..•••.... (2.1) 
q Io 

n is an empirical factor which describes the disagreement between ideal 1-V p-n 

• junction characteristic and experimental one. For a "perfeet" junction, n is equal to 1 and 

3 



• Voc attains its highest value, whlle for larger values of n, 10 is larger in such a way that 

Voc is reduced. The logarithmic nature of the relation (equat:on (2.1» causes V oc to 

effectively saturate as a function of light intensity. The dark current loiS mainly 

determined by the band gap of the material and the temperature, 10 decreases and Voc 

consequently increases W1th increasmg band gap or decreasing temperature. 

-E 

Iooc.e -if . ................... (2.2) 

where Eg is the energy band gap of the semiconductor, k is the Boltzmann constant and 

T is the absolute temperature. 

The short cirCUIt current Ise is determined by the spectrum of the light source and 

the spectral response (electron-hole pairs collected per incident photon) of the cell The 

• spectral response In tum depends on the optical absorption coefficient a, the Junctlon 

depth xJ' the width of the depletlon region W, the lifetimes and mobihtles on both sldes 

of the junction, the presence or absence of electnc fields on both sldes of the junction 

The band gap dependence enters through the absorption coefficient, wider band gap 

materials absorb less sunlight and have smaller short circuit currents than narrow band 

gap materials 

The fill factor (F.F.) is determined by the magnitude of the open circuit voltage, 

the value of n, and the series and shunt resistances ~ and ~h (the internai resistances in 

series and in parallel with the p-n Junction). The higher the Voc and Rsh, and the lower 

the n and ~, the larger the F F will be 

In Fig 2.2, when photons are incident with energy greater than the bandgap, 

• 4 
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absorption of the photons can take place and electrons can be raised in energy from the 

valence band to the conduction band. breaking electron-hole pairs. If the excess minority 

carriers (holes on the n-side and electrons on the p-side of the junction) are able to diffuse 

to the edges of the space charge region before they recombine, they are "SWI!pt" across 

the junction due to the electrical field in the depletio'1 region, giving rise to a 

photocurrent In a short circuit condition, the photocurrent is called short circuit current 

I.e. If a load is connect~d to the p-n junction, photovoltage is created In an open CIrcuit 

condition, charges built-up take place at both side of the junction leading to open circuit 

voltage Vo~ The polarity of the output voltage is the same as the forward bias direction 

of the device, but the photocurrent is opposite in direction to the forward bias current 

through the device in the dark . 

5 
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1 m ............................................................ . 

Vm Voc 

voltage M 

Fig. 2.1 Voltage and current output fram 
an illuminated solar cell. 
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Fig. 2.2(b) Direction of electrical current 
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Fig. 2.2(d) Photovoltage Vph generated 
when a loaa is connected ta 
the solar cell. 
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Chapter 3 

Experimental Procedures 

ln thls chapter, experimental proc~dures for the fabrication oÎ Si homojunctions, 

CdS/Si heterojunctions and CdS/S; hetero-homojunctions are described 

3.1 Homojunction Solar Cell Fabrication (n-p Si) 

The bask structure of a silicon solar cell is a p-type silicon wafer into which n­

type dopant is diffused. The pertinent deta;ls of the n and p-type wafer are listed in 

appendix 1 The reader who is interested in the details of each step in fabricating the cells 

can refer to the appendlces(I-IV) 

The general procedure of making the cells is given as follows: 

[1] A piece of p-type wafer is selected and hot point probe is used to confirm the 

warer conduction type 

[2] The resistlvity of the wafer is then determined by using a four point probe 

resistivity test instrument. 

[3] The wafer is put through the cleaning pr.)cess, i.e., the degreasing, etching, 

and decontamination stages [see Appendix Il 

[4] After the wafer is cleaned, a p+ layer is diffused into the back side of the 

wafer to obtain an ohmic contact between the wafer and the evaporated aluminum at the 

9 



• 

• 

• 

back 

The p+ layer can also avoid the type conversion at the back during n+ diffusion 

on the front. In order to aVOld the p+ dopant contamination on the front side of the 

wafer, a layer of silicon dioxide is grown before the p diffusion. The reader who IS 

interested in the details of wet oxidation process can refer to the appendlx V 

[5] After the wet oXldation process, a layer of Si02 is grown on th'! wafer. The 

back side of the wafer is th en etched usmg buffered HF tn rem ove the oXlde Then two 

drops of p+ dopant(borosilicafilm from Emulsltone Co) are apphed on the back side of 

the wafer. The wafer is spun at 3000 rpm for 15 seconds Then the wafer is put on a 

quartz boat and pushed into the center of the fumace slowly usmg a quartz rod. The 

diffusion temperature and time are 1 IOO°C and 15 to 30 minutes, respectively 

[6] After the p+ diffusion, the wafer is etched using the buffered HF to remove 

the excess dopant on the back slde and the slhcon dioxide formed on the front side 

[7] The wafer is doped with n-type dopant (phosphorosihcafilm from Emulsitone 

Co). This is done by placing the wafer with the shiny surface facmg up on a spinner, 

applying one or two drops of phosphorosilicafilm on the centre of the wafer and spmnmg 

immediately at 3000 rpm for 15 seconds Then the wafer is baked in a preheated oyen 

at 150°C for 20 minutes. 

[8} This is followed by diffusing the n-type dopant into the p-type wafer. The wafer 

is put in the center of the fumace similar to the p+ diffusion and dlffused for the required 

time and temperature. 

[9] After diffusion, the wafer is etched in the buffered HF solution to rem ove the 

10 
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excess dopant on the surface of the wafer and the silicon dioxide layer which is formed 

during the diffusion process 

[10] A layer of aluminum film (thickness about 1 um) is evaporated at the back 

slde of the wafer. The wafer is then treated at 500 Oc in nitrogen gas for 15 minutes 

The evaporated aluminum forms an ohmic contact to the p+ layer of the back of the 

wafer. 

[Il] In order to achieve low series resistance, an eight finger aluminum mask is 

used to make the front contact of a 1 cm2 cell. Tbe are a of the fingers is 0.19 cm2 and 

the active area of the cell is equal to 0 81 cm2
• A top view of the cells is in Fig. 3. L 

Alummurn form$ an ohmic contact to n-+ type Si semiconductor and no heat treatment is 

necessary . 

3.2 n+/n Silicon Wafer Preparation 

Since heavily doped n-typed wafer is not available, CdS is evaporated on the wafer 

in which an n+ layer is diffused The pertinent details of the n-type wafer is in Appendix 

J. Both CdS/n+ Si .and CdS/n Si structures are studled. 

The diffusior.: steps for the n+-n substrates are similar to that of the n-p Si cell 

fabrication. The only dlfferences are the type of the substrate and without p + back 

diffusion, since Wood's metal forms low resistance ohmic contact to n-type Si 

semiconductor. Wet oxidation is also not necessary . 

11 
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3.3 Determination of Junction Depth 

Since the junction is shallow (0.05 um - 02 um), angle lapping and staining of 

junction used in determination of the junction depth of a deep diffused silicon cell is 

practically impossible. The only way to determine the Junction depth is by theoretical 

approximation. 

The diffusivity, D, is given by [3.1): 

D=Doexp (- !;) .................... (3.1) 

where Do (3.85 cm2/sec) is the diffusivity ofphosphorus in silicon at zero temperature and 

En (3.66 eV) is the activation energy of phosphorus in silicon. The Gausslan 

approximation [3.2] is employed to calculate the approximate junction depths. 

3.4 CdS Evaporation 

To fabricate a heterojunction solar cell (CdS/p-Si or CdS/n-p Si), CdS ·evaporation 

is done prior to front aluminum evaporation. The CdS evaporation is carried out ln an 

Edwards model E306A vacuum evaporator. Cadmium sulphide powder with 2 % (by 

weight) indium sulphide is used for the evaporation. The background pressure of the 

system at the start of the evaporation is in the order of 10.6 Torr. Powder of CdS is 

loaded in fi tantalum boat which has a quartz-wool at the opening to prevent spattenng, 

I.e. the duect ejection of small parti cl es of CdS from the source. The s~mples are 

12 



• 

• 

• 

mounted on an AI substrate holder and heated to about 180°C before the evaporation . 

Smce the sublimation temperature of inàium is higher than that of cadmium sulphide, a 

shutter co vers the samples while the boat is heating up. As the temperature is higher than 

about 700°C, the shutter is open. If the samples are not covered by the shutter when the 

boat heats up, a thm layer of high resistlvlty cadmium sulphide is dep.:>sited on the 

samples prior to the In-doped low reSlstIvity one The heatmg process of the CdS 

evaporstlOn is in appendix VI. After the evaporation, the substrate holder is cooled by 

cIrculating water through the water feedthrough. The thickness of the CdS layer is about 

1 to 3 um. The reslstivlty is In the order of 10.3 to 10.4 ohm-cm and the Impurit'j 

concentration IS about 1019 cm·3
. A schematic diagram of the apparatus in the vacuum 

system is shown in Fig. 3.2 . 

13 



• 

n-Si .......... . 

• AI grid .... .. ... 

Fig. 3.1 

• 

1cm 

,ww~~~ 
~ 1>< 
~ li< 
~ 

~ 1cm 
~ 
k 
1>< lx 
r>< 
r>< lx 
k lx 
k tx 
r>< 
1><: lx 
1>< lx 
1>< lx 

The top view of a solar cell, the 
shaded aluminum grid has an 
area of D.19cm2. 

14 



• 

• 

• 

heater 

thermocouple 
\ 

\ 
\ 

substrat holQer 
\ 

e \ 

\ , , . . \ ......... ••••••• o. . ... , . . ...... ................... , \ , \ , , , . '(1 , , ( , , , 
le samp 

mask 
shutte 

" ....... 
, 

.. - .. - .............. 
, 

0 0 0 1 
'" --------- ------------ --

r ---- -----

tantalum bo at 
-" " , - -. " , , n n , , , -" , 

...... y ... v 
.--- -, 

• n ceram IC ---_ ---_. - -----c:::t:t=l 1 
v 

f-

r 

electric current 

bell jar 
. , , , , . , , , . 

1\ 
: 

: 

: 

f--

water in/out 

Fig. 3.2 The vacuum cham ber setup 
for CdS evaporation . 

15 



• Chapter 4 

Deviee Chamcterization 

4 1 Current-Voltage Measurements 

The current-voItage characteristics (1-V) of the cells are measured by using an HP 

model 4145A semiconductor parameter analyzer The open circUit voltage (Voe)' short 

CIrcuit current (lsJ, fill factor, ideality factor, series resistance, effiCleTl~y and the voltage 

shift between dark and illuminated conditions can be obta1l1ed A calibrated tungsten 

• lamp IS used to simulate AMI I1lummatlOn conditIOns 

The Voc and Ise are dIrectly obtained from the I-V charac~eristjc. The fill factor 

(F.F.) is calculated from the equation, 

VI 
F. F. = mm •••••••••••••••••••• 

VocIsc 
(4.1) 

where V m and lm are the voltage and current whlch yleld the maximum power The 

ideality factor, n, whlch can tell the forward current rnechanisms is obtamed by fittmg the 

measured 1-V values to the equation, 

I=Io [exp ( n~) -1] -Iph •••••••••••••••••••• (4.2) 

where Iph is the photocurrent and 10 is the saturation current. q is charge of an electron, 

• k is the BoItzmann's constant (8.62xl0·s eVfK), T is absolute temperature and V is the 
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• voltage across the device. The parameters ID and n are determined by fitting the 

experimental In(l) versus V dark charactenstic (lph=O) by the straight line, 

_ qV ( ) ln (I) -ln (Io) --k .................... 4.3 
n T 

The slope of the line and the intercept at V = 0 yield the values of n and 10' 

respectl vely 

The In(l) vs V curve of a junction is shown in Fig. 4.1. The ideality factor tells 

the quahty of the junctlOn For "perfect" junction, n is equal to 1 at any forward bias. 

However, this is not the case ln real pan Junction. For small forward bias, the generation 

recombinatlOn current in the space charge reglon is dominant and the ideality factor IS 

equal to 2. For intermediate forward bias, the low level injection current takes over and 

• the IdealIty factor is equal to 1 For larger forward bias, the high level injection current 

causes an increase in recombinatlOn and generation mechanisms that changes the ideality 

factor to 2 The In(l) vs V curve bends downward as the forward voltage increase further 

because of the senes reslstanee effeet 

Built-m potenhal, Vbl, IS the potcnhal across the depletion region of the device 

at thermal equlllbnum The voltage shlft, whieh is ilIustrated in Fig. 4.2., at 1=0 between 

dark and Illuminated conditions shows if there are high density of interface states at the 

junction When the cell is Illuminated, the interface states will charge up at the Junction 

As a result, the electric field near the junction and the band bending are changed. As 

long as the cell is being illuminated, the interface state is still charged and the band 

• bending is different from that in dark condition. Therefore, the V bl of dark condition is 
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different from that of illuminated condition. The shift can be as large as 0.2 V. For 

homojunctions, the voltage shift usually is less than 0.1 V. 

The shift of Vbl can be positive or negative and it depends on the type of mterface 

states, i.e. acceptor or donor like interface states. In Fig. 4 3. there are acceptor Iike 

interface states at p SI de of a n-p junctlOn. As they charge up negatively under 

illumination, the electric field increases near the junctlOn and this causes the V bl to 

increase On the other hand, if the interface states are donor like su ch as the ones shown 

m Fig. 4.4, they charge up positively under illumination and the electric field will 

decrease near the junction In this case, the V bl is smaJler than that in a dark conditIOn 

4.2 Capacitance Measurements 

4.2.1 Setup 

lunction characteristics are obtained by measuring the complex impedence at 

frequencies in the range from 50 Hz to 2 MHz and at dc bias voltage from -0.8 V to 02 

V. The dc bias voltage is monitored by an HP model 3478A multimeter The sam pie is 

mounted in a cryostat which can be cooled down to liqUid mtrogen temperature or 

warmed up to 500 K. The required temperature range for the measurements of Si devices 

is from 200 K to 400 K. The capacitance of the cells is measured using an HP model 

4192A impedence analyzer which is controlled by an IBM-PC computer. Ali the data is 

stored in a diskette. A schematic diagram of the apparatus is shown in Fig. 45. 
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4.2.2 C-V Measurements 

The capacitance vs voltage (C-V) measurements at high frequency (100 kHz) give 

the Yb)' substrate impurity concentration and depletion width. These are important 

parameters to construct experimental band diagrams. Details of the band diagram are 

described in chapter 5. 

4.2.3 C-F Measurements 

The capacitance vs frequellcy (C-F) measurements at different bias voltages can 

obtain information on interface states and/or trap levels near the junctions. This method 

is used by many researchers and proven to give reasonable results [4.1, 4.2]. 

4.2.4 C-F Characteristics of Homojunctions 

The interface state densities in homojunction celIs are expected to be low «109 

eV·Jcm·2
), therefore the capacitance values are ideally unchanged throughout the frequency 

(f) range (see section 4.2.5 for explanation). However, a slight drop on capacitance is 

usually se en at high frequency (-1 MHz). This change is not due to the interface states, 

but is due to series resistance, R" according to the following equation [4.3], 
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• C 
Cm=~--~~----:-I""""""" •.••• (4.4) 

(RSG+l) 2+ (WRSC) 2 

where Cm is the measured value, C is the actual diode capacitance, G is the actual diode 

shunt conductance, Rs is the series resistance and w is the angular frequency. 

4.2.5 C-F Characteristic!> of Heterojunctions 

A model of a heterojunction (CdS/p-Si) with the presence of interface states is 

given in Fig. 4.3. When a hias voltage is applied to a heterojunction, the occupancy of 

the interface states will follow the variation of the hias voltage across the depletion 

region. The small aItemating signal will then cause changes in the interface states dcnsity 

• at the Fermi level if it can respond to the frequency of the apphed signal. The measured 

capacitance usually decreases as the frequency is increased. This can he mterpreted as 

the failuTe of interface states to respond to the higher frequency. The capacitance can 

therefore be expressed as the sum of the depletion region capacitance and the contribution 

(:f the interface states according to the following equation [4.1, 4.2, 4.4) 

C· 
C=Cd+ [1+(~)2] .•...•...•....••••.. (4.5) 

where Cd' the capacitance at high frequencies, is the capacitance of the depletion region, 

CIS is the contribution to the capacitance due to interface states. At low frequencies, the 

measured capacitance is equa! the sum of Cd and CI& t is the characteristic time of the 

relaxation process associated with interface states and w is the angular frequency (27tf) . 
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In a typical measurement, the capacitance per unit are a vs frequency curve is like Fig. 4.6. 

Cd is obtamed at high frequency and Cla is equal to the capacitance at low frequency 

minus Cd' The density of interface states NIS can be related to Cas per cm2 by the 

following equatlon [41,4.2,44], 

N. (V) = Cjs (V) •••• • • • • • • • • • • • • • • • • (4 • 6 ) 
~B q 

where q is the coulomb charge of one electron and CIS and ~~IS are dependent on bias 

voltages 

If either interface states or trap levels affect the capacitance vs frequency 

measurements, the mid-section of the curve is approximately a straight line. If more than 

one frequency dispersion factor exists, multiple values for t are expected and more than 

one straight lirle sectIon can be drawn . 

To find t [4.5], on each straight line section, two different points are chosen, (C1.Q 

and (Cp 9. Then a second line is sketched from [(C1-Cd),(27tfY(Ct Cd)] and [(CJ-

Cd),(27t~)2(CJ-Cd)] to fit the points Finally, the square root of the slope of the second line 

IS t. A detailed caIculation of an example is in appendix VII. 

The time constants of interface states are relatively smaller than that of trap levels 

[4.5]. In presence ofmterface states W1th a high density, the deionization of the level that 

interacts wlth the Fermi level will take place involving a great quantity of other levels and 

will perhaps take place by tunnelling (illustrated in Fig. 4.7(a» through the energy levels 

created by the interfacial states rather than by the usua) thermal band to band emission 

(illustrated in Fig. 4.'T(b», thus justifying the lack of temperature dependence of the 
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• relaxation time constant and capacitance values. From these two facts, the nature of the 

mechanism causmg the frequency dispersion of capacitance can be known 

Finally, the frequency dispersion of capacltance is less significant as the Junchon 

is reverse biased. The probable interpretatlOn is that with a wider depletlon layer, the 

edge of the space charge regions in both side of the semiconductors are further away from 

the interface states so that the influence to capacitance measurements is dimimshed [4 6]. 

4.3 Quantum Efficiency 

Quantum efficiency or photo-response is the actual number of carn ers collected 

per incident photon at each wavelength The photo-response of the cells is calculated by 

• the r&tio of the numbers of input photons to the cells and generated charge carriers from 

the cells. A Beckman model 2400 Monochromater with a halogen hght source are used 

A silicon detector is used to monitor numbers of mput photons. The spectrum concerned 

IS from 0.5 um to 1.1 um. The quantum efficiency (Q.E.) can be calculated using the 

following equatlon, 

Q. E. = J ce11 / Jdete;tor ••••••••••.••••••••• (4.7) 
q R* u 

where Jcell and Jdeuclor are the current generated form the cell and the detector pei unit area 

(A/cm2
), respectively R IS the r!~sponsivity (A/W) and hu is the energy per photon at 

each frequency. The experimental setup is shown in Fig 48(a) 

The currents generated from the cells are measured directly by the HP model 
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4145A semiconductor analy zer since it is capable of measuring currents in the order of 

10-9 A. The voltage bias effect on the ~ells from the resistor during measurements can 

then be avoided 

In addition, by looking at the variation of photoresponse, one can tell if it is a one­

sided junction, n-p junction or back to back n-type junction, etc. Detailed explanation is 

given in section 5.4. 

4.4 Characterization of Cadmium Sulphide Thin Films 

The CdS film is deposited on a piece of glass and the sheet resistance of the film 

is found by using four point probe method The resistivity of the CdS films used for 

heterojunction cells is about 10.3 to 10.4 ohm-cm. Moveover, the optical transmission of 

the film as a function of wavelength is measured and shown in Fig. 4.7. A typical 

transmissIOn rate of a CdS film is shown in Fig 4.9. The same optical arrangement for 

quantum efficiency measurements is used in Fig 4.8(b). The light reaching the silicon 

detector through a plain glass is compared to that through a glass with CdS film. 

The film thickness is estimated using interference of Iight in the thin film [4.7]. 

When visible light with a wavelength from 0.4 um to 0.8 um is incident on the sUlface 

of a film, interaction of two or more rays causes the intensity of the Iight to increase or 

to decrease in a specific direction [4.8]. 

As shown in Fig 4.10. when an incident light reaches the top surface of the thin 

film, it will be partially reflected and partially refracted. When the refracted light reaches 
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the bottom surface, it is partially reflected to the top surface and is refracted again. For 

a transparent material, the intensity of the reflected light usually is much lower than the 

refracted light. Therefore, it is sufficient to consider only the interference of the t'irst two 

reflected rays. 

The difference in the optical path Al of the interacting Itght beams is: 

Al=(OCtOC1)n-OF= 2t*n_2t*tanB*sinA .. ....•.....•...••.. (4.S: 
cosB 

Here n is the refractive index of the film, and n=sinA/sinB, 

2t sinA . f11= --r--2t*tanB*s~nA ................. ... (4.9) 
cosB slnB 

f11=2t*n*cosB=2ty'n 2 -sin2A .....• ......•.....•. (4.10) 

Since the phase of the light reflected from the top surface will change by n, 

Alef=l-~ .. ....••.....•...... (4.11) 

when Aler=2KïJ2 or L\J=(2K + 1 )'JJ2, the maximum interference will occur 

By knowing K, Â., A and n, the thickness t can be obtained 

.Ta. t= ....... 1 •••••• 1 ••••• (4.12) 
2y'n 2 -sin2A 

where K is number of rings, À is the wavelength of the incident light (red Iight = 0.7 um), 

n is the refractive index of the film and A is the incident angle of light which is equal to 

zero. During the measurements, the sampi es are placed under white light or a microscope 

illuminator and the number of interference rings is counted. Usually, red interference 
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rings are :hosen for the calculation because they can be clearly seen under white light 

The wavelength of red light is about 0.7 um and the refractive index of CdS is about 1.2. 

Therefore, from equation (4.12), each ring corresponds to about 0.3 urn. In addition, the 

mobility of the carriers and impurity concentration of the film are obtained by Hall Effect 

measurements . 

25 



• 

• 

• 

In(l) 

, , 

Rs 

n"'1 

... slope=q/(nkn 

,.. n"'2 , , , , , , , , , , 

lo~~----------------~~ 

v 

Fig. 4.1 Forward bais deviations from 
the ideal of a PN junction . 

26 
, \ 

' . 



• 

• 

• 

.... iIIuminated 

1 ............... .. 
s 

Fig. 4.2(a) I-V Characteristics of ideal 
p-n junction solar cell without 
voltage shift . 

1 .................... .. 
S : 

voltage shift 

Fig.4.2(b) I-V Characteristics of actual 
p-n junction solar cell with 
voltage shift . 

27 



• 

• 

• 

-_-.../ 

c 
'---Jr---

Fig. 4.3(a) 

charge density 

~l 

1 - x --

-

Fig.4.3(b) 

electrlc field 

x 

Fig.4.3(c) 

Fig.4.3 The band diagram (a), charge 
distribution ~b~ and electric field 
distribution c. of a iunctiotn with 
acceptor IIK ntertace sta es . 

28 



• 

• 

• 

( 

________ r--
Fig.4.4(a) 

charge density 

Fig.4.4(b) 

electric field 

x 

Fig.4.4(c) 

Fig. 4.4 The band dia ram (a), charge 
distribution ~ë and erectric field 
distribu.tior) c of a junction with 
donor like ln rface states. 

29 



• 

• 

• 

IEEE488 Bus 

~ 

1 

IBM -PC , 

1 \ 

1 

~-

HP-3478A 
Multimeter 

1 

HP-4192 A 
~-Impedenc 

Analyzer 

~--Cryostat 

. .c::::J~- -Sample .... o.. . 
Ot ............. '. 

Il 
1 1 ~ .. - Regulato 

III 
1 

liquid Nitrogen BIO-RAD 
Temperature 
Programmer 

Fig. 4.5 Capacitance measurement setup . 

30 

e 

r 



• 

-"E 
~ 
U-
S 
ns e ns 

."1:: c: 

• ::l 
1 ... 

8-
8 c: 
.~ 
ns 
Q. 

l3 

• 

70 
65 
60 
55 
50 
45 
40 
35 
30 
25 
20 
15 
10 

10 100 

" ... 
......... 9iI:: 

- .. oe!- .. .,. - - -;j. - -:>It - - * ---t+:- - -

1,000 10,000 

frequency in log scale 
Hz 

100,000 1,000,000 

Fig. 4.6 Capacitance per unit area vs frequency 
of a typical CdS/p Si heterojunction cell. 

31 



• 

• 

• 

n p 

/;------- Ec 

-----~~----- E F 

Ev 
energy levels created 

h h by inte rface states 

e= 

.. ........................... L. ..................... : 
Fig. 4.7(a) Electron-hale pair recombin­

ation through energy levels 
created by interface states. 

e e 
Ec 

e e-hI 
EF 
Ev ( e-h h 

~ h electron-hole piar 

Fig. 4.7(b) Electron-hale pair recombin­
ation through band ta band 
emissian . 

32 



• 

• 

• 

light source D 
monochromater :::::::::::.[J: : : : : :~ - <;> 

monOChrOm-light i 
1 HP semiconductor analyzer 

sam pie or calibrated detector 

Fig. 4.8(a) Experimental arrangement for 
quantum efficiency measure-
ment. 

light source D 
monochromater :::::.:::: .. ~ []:::: : -Q _0 

monochrOm-light i 
HP semiconductor analyzer 

plain glass or CdS on glass 

calibrated detector 

Fig. 4.8(b) Experimental arrangement for 
optical transmission measure­
ment. 

33 



• 

c: 
0 .-
Cf) 

.~ 
E 
Cf) 
c: 
e ..... 

• 

• 

1 ~--------------------------~ 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

o~--~----~--~----~--~----~ 

0.5 0.6 0.7 0.8 0.9 1 1.1 

wavelength (um) 

Fig. 4.9 Results of optical transmission of 
a CdS film used for heterojunction 
cells . 

34 



• 

• 

• 

t 

1·. :':' O 
:. 

1\ ! \ 
1 \ :' ~ . '. 
l ':. 
l ': 
1 : 
F-"\ 
1 :. 
1 B \ : 
1 

T 

o 
'. " .. . . 

: ! : . 
. : ': 

CdS 

Fig. 4.10 Interference of light in t: ie 
CdS thin film . 

3S 



• Chapter 5 

Band Diagrams 

Band diagrams of n-p Si, CdS/p Si • CdS/n Si, and CdS/n-p Si cells are 

constructed in this chapter and the diagrams will be compared to the experimental results 

5.1 Parameters Needed to Construct a Band Diagram 

The ratio of the depletion widths at two si des of the junction IS inversely 

• proportional to the ratio of the its doping concentratIOns, i.e., 

X n-Si , CdS oc Np-Si ( ) __ ....:;;..-=-- . • . . . . . • • . . . • . • . . . .. 5 . 1 
x p - Si Nn-si , CdS 

where x is the depletion width and N is the doping concentration. In this work, the n-p 

homojunctions are assumed to be one-sided junction since the heavily doped diffused 

layers (1019 cm"3) are shallow. The CdS on Si cells are also one-sided junction since the 

doping concentration of CdS (10 19 cm"3) is much greater than that of Si (lOIS cm'~) If the 

depletion region is predominantly on one slde (i.e. on Si si de), the relationship between 

junction capacitance and applied voltage is, 

Vb·-V-kT 
~ ................... . (5.2) 1 2 -- q 

• where V is the applied voltage, V bl is the built-in potential of the device, A IS the junction 
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• area, & is the permittivity of the Si and N is the net density of donors or acceptors in the 

Si. By plotting (l/C2
) vs V and extrapolating the straight line portion to its intercept with 

the abscissa, one obtains an apparent V bl' 

kT V=Vbi-- . ........•••.....• l' (5.3) 
q 

Since kT/q is equal to 0.025 eV which is small at room temperature, it is safe to say that, 

V=Vbi ' .................•. (5.4) 

In addition, the density of the dopants can be obtained from the slope, i.e., 

N= - (_2_) ( dd ...!..) -1 •••••••••••••••••••• (5. 5) 
qA 2e V C2 

For the case of heterojunction cells, the plot usually consisted of two regions, one 

• from slight reverse to forward bias (shallow region, near the depletion region), and the 

other from slight reverse to large reverse bias (deep region). The reason for this is that 

the bias voltage affected the charging of the interface states which altered the junction 

barrier This phenomenon will not occur in a homojunction solar cell which has less 

interface states «109 eV· lcm-2
). As a result, extrapolating the large reverse bias region 

will deduce the V bl Wlth less interface state charging effect. On the other hand, the slight 

reverse to forward region will deduce the doping concentration near the junction with 

interface state charging effect In order to construct an ideal band diagram, the large 

reverse region is considered. Afterwards, the band dlagram with interface states will be 

considered. 

• Again, it has been mentioned at the end of the C-F measurements section (section 
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• 4.2.5) that as the bias voltage becornes more forward, the effect of Interface states on 

capacitance value is larger Therefore, the slope at large reverse bias is chosen in order 

to obtain the bulk irnpurity concentration. 

5.2 Band Diagrams of Hornojunctions 

For the case of n-p Si cell. since there is a shallow n+ layer, which is about 0 05 

to 0.2 urn, on top of the p wafer, the n-p Si cell can be considered as a one-sided 

junction. i e. the V bl and the depletion width, xJ' are in the p side The xJ can be deduced 

from the value of capacitance at zero bias. 

• 
KEo ( ) x j = C(OV) *area .................... 5.6 

here Eo is the perrnittivity of free space (8 85xl0·'4 Fern"), K is the dielectric constant of 

Si (11.8) and C(OV) is the capacitance at zero bias. 

The diffusion is approxirnated by Gaussian distribution [3.2] and the profile is 

shown in Fig. 5.1. If the diffused layer is shallow and the dopant concentration is much 

greater than that of the back ground concentration, it is sare to assume that the JunctlOl1 

is abrupt and the concentratIOn of the diffused layer IS equal to the dopant concentration 

For the concentratIOn larger than about 1018 cm·l
, a degenerate semic:onductor is 

expected and the Fermi level can he 3pproximately located at the conduction band edge. 

For a substrate with the concentration of the n+ layer less than 10"1 cm,l, the location of 

the Fermi level is found by the equation, 
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• EF-Ej n=njexp ( kT ) ...•••.••••...•••... (5.7) 

where nt is the intrinsic carrier concentration of Si (-1010 cm-3 at room temperature), n is 

the carrier concentration of the semiconductor, EF and Et are the Fermi level and mid-Ievel 

of band gap, respectively. kT is the thermal energy (-0025 eVat room temperature). 

The theoretical V bl and depletion width, xJ' for the homojunction can be computed 

by the equations, 

_ kT NDNA ( Vbi--ln(--) ....... 1 ••• l' ••••••• 5.8) 
q nl 

• where ND and NA are the total numbers of donor and acceptor (atoms/cm l
), respectively. 

5.3 Band Diagrams of Heterojunctions 

Anderson model [5.1] i5 employed for heterojunction band diagram construction. 

A sample energy-band diagram of n-p heterojunction at equilibrium is shown in Fig 

5.2(a) with a and cil equal to electron affinities and work functions, respectively. Since 

there are band discontinuities !il heterojunctions, more equations are involved than 

homojunction. For CdS/p Si cells, C-V measurements on the cells obtain most of the 

parameters, such as EF, V bl, NA and xf Hall Effect measurements r.an yield impurity 
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• concentration of CdS. Since CdS side is degenerated, it is assumed that the Fermi level 

is at the conduction band edge. A CdS/p-Si heterojunction band diagram model based 

on Anderson model is shown in Fig. 5.2(b), it is obvious that, 

AEc=Egs;-qVbi - (Ep -Ev) .................... (5.10) 
• Si $1 

or simply, 

4 Ec=XCdS-XSi ••••••.••••.••••••.• (5.11) 

where 

)
_ Nv 

(EF -Ev: -kT*ln- .................... (5.12) 
S1 S1 N 

where Nv is the effective density of valence band states and is equal to 

• of the effective mass of hole to the rest mass of electron By the Anderson model, &E
L 

is also simply &1.. 

The difference between the work functions is the total Vbl whlch is equal to 

VI+V2. VI and V2 are the contact potentials at the n and p si des, respectively The 

distribution of this volta3e on each side of the semiconductor is mversely proportlOnal to 

its concentration, i.e 

v1 _ NA2E2 - - . , ................. . (5.13) 
V2 ND1 E1 

where El and NOl are the dielectric constant and impurity concentration of semiconductor 

1. 8 2 and NA2 are the ones of semiconductor 2 . 
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• The measured Vbl can be compared to the theoretical value. The measured xJ can 

be compared to the theoretical value from the equation, 

X S1= 

where ES1 and E,dS are the dielectric constants of Si and CdS, respectively. NAS1 and Nncds 

are the impumy concentrations at the Si and CdS sides 

Since the doping concentratIon of CdS is 4 decades larger than that of Si, by 

equations (5 13) and (5 14), it is obvious that the amount of band bending V and depletion 

width are negliglble at the heavIly doped side (CdS) compared to the Si side. Therefore, 

an isotype .:unction IS assumed. 

• The theoretical band diagrams ofn-p Si and CdS/p-Si are in Fig. 5.3(a) and 5.3(b), 

respectively 

5.4 Band Diagrams of n+/n Junctions 

For CdS/n Si cells, a rough idea of how the Ec and Ev bend at two si des has to 

be known prior to C-V measurements in order to understand the 1/C2 vs V curve and 

extract data from it. By using the specifications of the lmpurity concentration of the n 

wafer and calculating that of the CdS film using Hall effect measurements, the 

approximate ratio of the depletion widths at two sides can be obtained, 
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• X CdS NSi --=-- ................... . (5.15) 
X Si NCdS 

If xCds/xs.«1. ~his n+/n junction can be approximate as a Schottky junction and V t,.. 

experimental NA> Xs. cao be obtained from C-V measurements If the ratio IS wlthin the 

order of 0.1 to 10, the band bending at the CdS side is comparable io that of n-Si slde 

Two possible cases are shown in Fig. 54 For the case ID Fig. 5 4(a), the C-": curve IS 

similar to that of n-p homojunctions or CdS/p-Si heterojunctions and the measurement 

will give Vb• and depleuon width. However, for the case in Fig. 5 4(b), the C-V curve 

consists of two stralght line sections (Fig 5 5) with oppo'iite slope and the extrapolatIOn 

of the hnes to their intercepts W1th the abscissa will give the two V b. at the CdS and n-SI 

sides. X CdS and Xs. can be obtained from the intercepts of the 110 ~s at c=o and then use 

• equation (5.6). 

Moreover, photoresponse results also show how the band bendings are If 

XCds/xs.«l or xCds/xs.-1 with the band diagram as shown in Fig. 5 4(a), the polarity of the 

photocurrent will not change because the electnc field at the depletion is umdlfectlonal. 

On the other hand, if the band bending is like Fig. 5.4(b), the polanty will sWltch 

somewhere near the photon energy equal to the energy gap of semiconductor which is 

facing the incident light. When the photon energy is larger than that of the Illuminated 

semiconductor energy gap, electron-hole pairs are excited and the carriers are swept by 

the electric field at the illuminated side, on the other hand, if the photon energy is less 

than that of the illuminated semiconductor energy side, the photons are transparent to this 

semiconductor and no carriers are generated at this side The electric field at this side 
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plays no role When the photons reach the smaller energy gap semiconductor side, 

electron-hole pairs are excited and carriers are generated. These carriers are swept by the 

electric field at this slde and since the polarity of the electric field at thls side is opposite 

to that of the Illuminated si de (opposite band bending). the carriers are swept in an 

opposite direction TherefNe, the polarity of the current is switched. The is illustrated 

ln FIg 56 

If the electron affimties, X, of SI and CdS are taken as 4 eV and 4.5 eV [5.3), the 

only way to cause the conductIOn band of CdS to bend up in Fig. 5 4(b) is the Fermi level 

of SI located at least 0 5 eV below the conductIOn band edge. However, the substrate 

impurity concentration is roughly 1015 cm-3 and the FermI level is about 0.2 eV below the 

conduction band Some reports show the result of having the band diagram of Fig. 5.4(b) 

with Fermi level of Si less than 0.5 eV from the conduction band edge [5.4). The only 

reason to explain this phenomenon is X for both semiconductors are different at the 

junction The operational dc..fimtlOn of the electron affinity is that it is the amount of 

work needed to remove an electron from the bottom of the conduction band of a solid, 

just inside the solid, to a point outside the solid beyond the range of the Imab~ force 

ThIS makes electron affinity data vulnerable to surface polarization effects and interface 

states, etc. In the presence of high density of interface state5, X can be very different 

from the reported values [5.5]. 
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5.5 Band Diagrams of CdS/n-p Si Junctions 

Since there are two band bendmgs in this structure, sorne predictions of the band 

diagrams are made here and these diagrams will be venfied ln next chapter The band 

diagram of CdS/n-p Si is predicted by combinmg the n-p SI and the CdS/n+ SI JunctlOn5 

Wlth the n-Iayer highly doped, the band diagrams may look hke Fig 5 7 Fig 5 7(a) 15 

constructed followed the Anderson model, Fig 5 7(b) is possible Ifts are dlfferent from 

reported values. On the other han d, wlth n-Iayer lightly doped, the band dlagram may 

look like Fig. 5.8(a) without interface state effect and tlllS prediction IS bascd on the 

Anderson model Fig 5.8(b) IS a prediction wlth mterface state effect5 and probably 15 

the best band diagram for this CdS/n-p Si ce)) since no "splke" on the band dlagram 
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concentration (cm-i 

dopant 
concentration 

Cs 

background 
concentration 

surface junction 

distance from the surface (um) 

Fig. 5.1 The diffusion profile approximated 
by Gaussian distribution . 
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}. 1<;. 2 Ent'r~\'-hand ll1agram of ,,-p hl'frwJulH:tlOll al 

rqulhhrJum. 

Fig. 5.2(a) Energy band diagram of n-p 
heterojunction at equilibrium. 

(R.L.Anderson, Solid-State Electronlcs Pergamon Press, 5, P.342 Fig. 1,1962) 

vacuum .------.,.--

Xs. 

XCdS 

E 
9Si 

.......... ~. ----"-----

E 
9 CdS 

Fig. 5.2(b) Energy band diagram of 
CdS/p-Si heterojunction. 
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n-Si p-Si 
~------ vacuum 

1 level 
------' 

Ec 

_----If 
Fig. 5.3(a) The band diagram of n/p Si cell. 

p-Si ac m ~ __ ..a....-___ V uu 
____ --..JI level 

CdS 

Ec 

Fig. 5,3(b) l'he band diagram of CdS/p Si calI. 
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\_--

l--

vacuum 
level 

Ev 

Fig. 5.4{a) Ideal n + ln band diagram (CdS/n Si) . 

--Â ____ _ 

1:--

vacuum 
level 

Fig.5.4{b) Band diagram of an n+/n junction 
with interface state effect. 
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../ ....•............... 

Vb, 
I Si 

o Vb, 
ICdS voltage M 

CdS n-Si 

A-

l 
+ 

Fig.5.5 A 1/C2 vs V measurement of an 
n-n heterojunction with n-Si as 
positive side and CdS as 
negative side . 
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, /_---- vacuum 
----~ level 

_}--...LC __ _ 

Fig.5.7(a) Band diagram without interface 
states at the CdS/n junction. 

vacuum __ J----- level 

____ ~A_~C ______ _ 

-----.J;--Î 
Fig. 5.7(b) Band diagram with interface 

at the CdS/n junction. 

note: The middle n layers are heavily doped 
in both figures . 
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CdS n-Si p-Si 

_I~f 
Fig. 5.8(a) Possible band diagram of a 

CdS/n-p Si cell. 

CdS n-Si p-Si 

__ f _____ r 

Fig. 5.8(b) Possible band diagram of a 
CdS/n-p Si cell. 

note: The m iddle n layers are lightly doped 
in both figures . 
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Chapter 6 

Results and Discussion 

6.1 Introduction 

First of ail, n-p Si cells are studied and the band diagrams are given. Then, 

CdS/n-Si cells and CdS/p-Si cells are anaJyzed, and the resuJts arc compared to that of 

CdS/n-p Si cells. Effects of interfacial state are considered at the final section 

The performance of different cells are compared using a simulated AMI light 

source. However, the spectrum and intensity of this light source are different from the 

real AMI condition. Therefore, the following resuJts of cells performance can be used 

to compare among themselves only and this is not necessary the real performance under 

AMI. 

6.2 Fabrication Conditions of Cells 

Fourteen sampi es of n-p Si, CdS/n-Si, CdS/n-p Si and CdS/p-Si cells are examined 

and the fabrication conditions are listed in Table 6.1: 
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Sample No. 

p-type 162 

p-type 168 

p-type 1638 

164b 165c , 

p-type 169' 

170b 171 c , 

n-type 173 

n-type 175 

p-type 1781 

166b 167c , 

n-type 180 

note: 

Table 6.1 Fabrication conditions of Si substrates 
for CdS/Si cell fabrication 

DIffusion Condition 

10 minutes at 850"C 

E:J ~~Mdllr. N = 1 x 1019cm-3 • 
p .. b •• 
AI __ 

10 minutes at 900°C 
Il homojunc1lon devtcl 

N =5xlOI7cm-3 

• 

10 mmutes at 850°C 

C U',d • N =lxl019cm-3 
". IIR:Md Ioyot 5 
p .. b .... 

AI_ ........ 10 minutes at 900°C 
CdS/S1 hltllo-homojuncllon dlvIce 

N =5xlO I7cm-3 

• 

10 minutes at 850°C 

= 
U'~. n.~oedloyot N =1 x 1019cm-3 
" .. , ........ 1 

Wool'elll~ 10 minutes at 900°C 
CdS/n+ SI junc1lo., devlce 

N =5xl017cm-3 
s 

C 
AI grld no dIffusion 
CcIII~. 

...... _-
AI __ 

Cc8/P-81 ""eroJunctlon d.lllee 

CJ 
~d no diffusion 

I~. 

" .. , ...... AI __ 

CdS/noSI hltll'ojunctlon devlol 

(i) properties of the p-type and n-type wafers are listed in appendix 1. 

(ii) the superscripts a, b and c are corresponding to three different CdS evaporations on 
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the sampi es . 

a : No=4.7xl018 cm,3, thickness=1.8 um, p=2.2xl0'2 ohm-cm 

b : NI)=8.6xl0 18 cm·3, thickness=2.4 um, p=3.4xlO,3 ohm-cm 

c : No=9.5xl018 cm·3, thickness=2.4 um. p=6.8xl0·3 ohm-cm 

(iit) a picture of CdS fiim of b evaporation is taken by scanning electron microscope 

(S.E M.) and is shown in Fig. 6.1. 

(iV) thejunction depth ofsample 162 is 0.010 um, 168 is 0.018 um. 

63.1 Band Diagrams of n-p Si Junctions 

From the C-V measurements (Fig. 6.2), the V bl' impurity concentrations and 

depletion widths of sample 162 and 168 by using equations (5.3)-(5.6) are listed in the 

foHowing table: 

Table 6.2 Experimental parameters of n-p Si cells. 

samph~ no. Vbl substrate impurity depletion 

(V) concentration( cm·3
) width(um) 

162 0.75 3.8xiJ15 0.52 

168 062 4.2xl015 0.42 

By using equations (5.8), (5.9) and (5.l3), the theoretical values are (NA=lxl0Is 

cm'] is used): 
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Table 6.3 Theoretical parameters of n-p Si cells 

sample no. Ybl depletion width 

(Y) (um) 

162 0.72 0.5 

168 0.65 045 

The locations of the Fermi level of sampI es 162 and 168 are obtained by using 

equation (5.7) and are indicated in the band diagrams of 162 and 168 in Fig 6.3 Data 

in Table 6.2 is used. If the energy band gap of Si is assumed to be 1 1 eV, the values 

of Vbl + (EF-EJp,sl + (Ec-EF)n,sl of the experimental data are less than 0.06 eV away from 

LI eV. As a resuIt, the experimental data is used to construct the band diagrams and 

these are the n-p band diagrams for n-p side of CdS/n-p sampI es. 

The diffused junction depths are calculated by using equation (3.1) and the val ues 

are less than 0.015 um, so the junction depth contribution to the depletion width in either 

the experimental or theoretical results can be neglected 

6.3.2 Performance Analysis of n-p Cells 

The I-V characteristics and quantum efficiencies are shown in Fig. 6.4, which 

consists dark and iIIummated I-V, and in Fig. 6.5, respectively. Parameters of the n-p 

cells are listed in the following table with Tl representing the efficiencles at AM) . 
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• Table 6.4 Performance of the n-p Si cells . 

Sample Voc Jse FF Vsh1ft Rs n " 
No. (V) (mA/cm2

) (V) (0) (%) 

162 0.47 1052 055 0.045 4 2.7 3.4 

]68 048 12.62 0.56 0.05 4 2.5 4.2 

The performance of a Radio Shack commercial silicon solar cell IS 10 the 

following Table 6.5: 

Table 6.5 
The performance of a commercial ceJl. 

• Voc Ise " 
(V) (mA) (%) 

0.53 3i 13.6 

The Voe values of both ceJls are satisfactory since the wafer is thick (-500 um) so 

that the Voc cannot be Improved by back surface field which is generated by a diffused 

p+ layer at the back of the p-SI wafer. Fig. 6.6 shows an energy band diagram of a back 

surface field device If W p is comparable to or less than the diffusion length (minority 

camer diffusion length of p-Si IS about 100 um) of carriers in region l, then sorne of the 

electrons that would have been lost at the back surface cross the p-n junction boundary 

mstead, enhancing the short circuit current. Since the loss of electrons at the back si de 
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is reduced, the dark current 10 is lowered. By equation (2.1), Voc is improved . 

The currents are considerably small cornpared to the best Si cells because of the 

relatively large series resistance and insufficlency of fine fingers on the front slde The 

effects of P.s on the performance of cells are shown in Fig 6 7 [6 1] Ideal so)ar ccII 

series reslstances are below 1 rocm2 The mam effects of series resistance to the 

performance of solar cells are that Rs decreases the photocurrent generatad by the cclls 

and lowers the fill factors The hlgh senes resistances of the two cells can be redllccd 

by modIfying the front grid contacts, i.e more fine Imes The Ideal wldth of the each 

finger is about 50 um to 100 um and the dIstance between fingers is about 100 um More 

current can also be collected at this configuration However, simple metal evaporatlOn 

cannot give thls fine line contact For thls purpose, photolIthography is needcd 

However, it cannot be used on CdS-Si cells smce the CdS layers wIll be affected dllnng 

photoresist process and etching For experimental purpose, m order to compare the 

performance of the cells with and without CdS layers, the evaporated elght finger front 

grid contacts are used. In addItion, a "dead" layer, which is a thm reglOn adjacent to the 

front surface with very short lifetlme resulting of the dIffUSIOn process, extends over a 

fraction of the dlffused top region may form and cause the recombinatIon of electron holc 

pairs or carriers loss near the surfaces If recombmatlOn mechamsm IS dominant, n IS 

greater than 1 (-2, see section 4.1) ThIS IS also the reason for large values of ideality 

factors. The voltage shifts are sma)) m both cells and it is expected from homoJunction 

ceUs since densities of mterfaclal states are low . 
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6.4 Band Diagrams of CdS/n-Si Junctions 

For the case of n-n junctions, the 1-V characteristics have to be considered tirst 

before gOlng to C-V measurements because the injected currents may reach 1 or 2 mA 

in a few millivolt forward or reverse bias When one tries to bias the cell to -0 5 V for 

C-V measurements a huge current may be created. The reasons why high currents are 

aVOIded are because it reduces the cells shunt resistance and the values of capacitance 

measurements are not accurate In addition, such hlgh current may damage the cells 

The samples 173, 175 and 180 are fabricated in a form CdS/n Si and their dark 

and dlummated I-V curves are ln Fig 6.8. Since sample 173 and 180 have large current 

at reverse blas, there tS no pOint to carry out C-V measurernent on these two samples 

The C-V charactenstlcs tS obtatned only for the sample 175. The properties of the cells 

are listed ln Table 6.1 The slmilarity of the three cells is that they ail have a highly 

doped CdS layer and the only dlfference is the impurity concentrations on the substrate 

surfaces 

Sample No 

173 

175 

180 

Table 6.5 
Substrate surface impurity concentrations 

of the CdS/n Si cells 

Substrate surface doping concentration 

(cm"3) 

lxI019 

5x 1017 

IxlO1S 
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By looking at Fig. 6.8, the CdS/n-Si junctions are not like Fig. 5 4(a) but Fig . 

5.4(b) in Olapter 5 and thls is similar to the result of SI-Ge (62) in Fig 56. An I-V 

characteristic of a simple back to back diode is plotted in Fig. 6.9 and it is similar to any 

of the I-V in Fig 68 However, they are not the same. Fig 68 is I-V of sampI es of 

heterojunctions and because of the dIfferent electron affinitles of the matenals and doplllg 

concentrations, the 1-V characteristlcs behave dlfferently from a simple back to back 

diode. Moreover, heterojunctlOns may glve photovoltage and current [54, 62] Thcsc 

ceUs configurations are simIlar to n-Ge - n-SI cells [6.2] Moreover, the C -V 

measurements of sample 175 III Fig 6 10 further confirm the shape of the bcnding 

However, no impurity concentration or bUlIt-in potentlal mformatlOn can be extracted 

from the curve smce only a short curve is acqUlred 

Equation (5.18) can be used to approxlmate the depletlOn widths of three non 

junction sampI es, since the sample 173 is heavily doped on both sides and the depletlon 

widths are expected to be very narrow The samples 175 and 180 can be approxlmatcd 

as metal-semlconductor contacts 

Sample No. 

CdS side (um) 

Si side (um) 

Table 6.6 
Approxlmate depletlOn widths 

of the three non sampI es 

173 175 

0.006 0002 

0005 0.03 
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note 

(I) Es, and ECd, are takcn as Il 8 and 85, respectlvely 

(II) X" and XCd~ are taken as 4 eV and 4.5 eV, respectlvely. 

(IIi) Vb,'s are taken as t:.X mInUS (Ec-EF) on the SI side. 

(IV) Vh, of sample 175 is 034 V, sample 180 IS 0 18 V and sample 173 IS 0.5 V shared 

by both sldes 

By usmg the above data, the band dlagrams of the three n-n samples are 

construeted and shown on Fig 6 Il The depletJOn wldth on both sides of sample 173 

IS so small and can be neglected When the depletlon wlelth is small, carners can tunnel 

throllgh the barncr For samples 175 and 180, as the sampI es are blased to forward, 

Schottky JlInctlon behavlOur effeet IS observed The samples are lIke a Schottky Junctlon 

wlth SI as n side Therefore, when positive voltage IS appIJed wlth respect to SI slde, 

rectlfylllg effect IS observed The sample 180 also shows rectlfymg behavIOur but it turns 

on at a lower voltage ThiS IS because the barner helght on the Si slde je; smaller than 

that of sample 175 The hlgh leakage current is due to the sm ail depletlOn wldth caused 

by reverse blas and tunnellll1g takes place 

The band dlagrams 111 Fig 6 11 are conflrmed by the three sets of J-V curves of 

the samples 173, 175 and 178, the C-V curve of the sample 175 and the mode) of n-Ge -

n-SI [62] shown ln Fig 56 No photoresponse IS obtamed from the three samples The 

possIble reason IS that the space charge reglons are too narrow and thls causes inadequacy 

of carners collection For the sample 173, there is no considerable spaee charge reglOn 

to colleet electron hole pairs For the sampI es 175 and 180, sllght photoresponses are 
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• observed only at reverse bias, i.e. further bend down the conduction band edge of Si sides 

and it causes the eleetric field to inerease 

Sinee dlffused substrates is used to slmulate heavily doped n-type wafer, another 

barrier between the diffused layer and the original lxlO '5 cm>] substrate is formed 

However, the effect of this barrier does not show on the I-V measurements. The sample 

173 c1early IS a back-to-back n junction with comparable impunty concentration on both 

si des, the second barrier of the sample 175 is only 0 16 eV so that its effeet is neglJgiblc 

6.5.1 Band Diagrams of CdS/p-Si Junetions 

The procedure to construct CdS/p-Si band dlagrams is similar to that of n-p SI 

• From C-V measurements shown ln Fig. 6 12, the experimental data for sampI es 166, 167 

and 178 are listed in the following table 

Table 6.7 
Experimental parameters of CdS/p-Si cells. 

Sample No. V bl Substrate Impunty depletlOn 

(V) coneen tratl on( em >3) wldth(um) 

166 0.45 39xlO'5 04 

167 0.5 4.4xl0 ls 04 

178 0.6 5.lxl0 '5 041 
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• However, by using equations (5.10) to (5.14), the theoretical Vbl values, which is 

obtained by knowing -ilic and the location of EF on the Si side, and depletion widths are 

different from the experimental values, 

Table 6.8 
Theoretical parameters of CdS/p Si cells. 

sample no Vbl depletion width 

(V) (um) 

166 0.31 0.32 

167 032 0.31 

178 033 0.29 

• note . ~c (or AX, assuming Anderson model) is 0 5 eV, energy gap of Si is assumed to 

1.1 eV, EF-Ey on the SI side of the sample 166 is 0.29 eV, 167 is 0.28 eV, 178 is 0.27 

eV. 

The experimental Voc are larger than expected. The only reason is that /lX (or -ilic) 

is different from the reported data [5.3] due to interface states at the junction. The 

explanation is in section 5.4. Based on the experimental data, Al of the three CdS/p SI 

cells are hsted ID the followmg table : 
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Table 6.9 • Experimental Al of the CdS/p-Si cells. 

sample no Vbl EF-EV Al 

(V) (eV) (eV) 

166 0.45 0.29 0.36 

167 0.5 0.28 032 

178 0.6 0.27 0.23 

The band diagrams are based on the experimental data are shown an Fig. 6 13. 

• 6.5.2 Performance Analysis of CdS/p Si Cells 

The 1-V characteristics and quantum efficiencies for samples 166, 167 and 178 are 

shown in Fig. 6.14 and Fig. 6.15, respectively. The performances of the CdS/p-S. cells 

are listed in the following table : 
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Sample V oc 

No (V) 

166 039 

167 034 

178 0.32 

Table 6.10 
Performance of the CdS/p-SI cells. 

J,e FF V.h•rl 

(mA/cm:') (V) 

15 8 044 003 

167 054 008 

157 064 003 

Rs n 11 

(0) (%) 

4 4 3 4 

6 2 3 8 

4 l 3 47 

note The area of the sample 178 is 06 cm2 rather than 1 cm2 for sampI es 166 and 167, 

the photoclirrent generated IS less 

The Voe of the three samples are reasonable for heterojunction cells because It IS 

smaller than that of homojllnctlon The reason IS that V". of a heteroJlInctlOn is smaller 

than that of a homo]lInctlOn and Yb. IS proportional to Voc The higher currents compared 

to n-p homo] ul1ctlOns are due to that hlgh energy photons can be absorbed withlll or very 

near the depletlon reglon of the cells, leadmg to good hlgh photo-response Moreover, 

slllce the wlIldow layer (CdS) IS a wlde energy gap matenal, photons with energy lower 

than the b.lI1d gap of CdS (2 4 eY) is transparent to thls layer, callsmg less electron-hole 

pairs exclted 111 thls layer, so that less carriers are generated near the surface and therefore 

electron-hole pair recombmatlon loss due to surface recombmation is reduced The 

lifetlllle of carriers in a heavJly doped semlconductor (CdS here) IS smaller and hlgher rate 
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• electron-hole pair recombination is expected On the other hand, since extra photons 111 

the energy range between 24 eV and 1 1 eV (band gap of SI) reach the space charge 

region, high photocurrents are expected The voltage shlfts are considerably small It 

implies that the densities of interface states may be relatively low to cause a notlceable 

shift This will be analyzed in section 67 Comparing to Fig 6.5, the quantum 

efficiencles of CdS/p-Si in Fig 6.15 show a sharp-rise near the CdS band gap encrgy 

The band gap of CdS is 2.4 eV, 

À = 1.24 ................ , 1 •• (6.1) 
Eg 

Â., the wavelength correspondmg to 2.4 eV, is called the cut off wavelength of CdS, I.e 

photons with wavelengths longer than thls value are transparent to CdS In this case, Â. 

• is equal to 520 nm. Only the photons with wavelength longer than 520 nm can reach the 

space charge region on the Si side and excite electron-hole pairs. The photons with 

wavelength shorter than 520 nm are absorbed and lost in the CdS side The 

photoresponses are also relatively high compared to that of n-p cells 

The senes resistances ofthese CdS/p-Si cells are not expected to be as high as that 

of homojunctio'ls since the low reslstlvlty CdS film gives a better contact to the cells 

between aluminum and silicon compared to aluminum duect on top of Silicon in the case 

of homojunctions. As a result, the series resistances of the homojunction and 

heterojunction cells are from the back contact. 
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• 6.6.] Band Diagrams of CdS/n-p Si Junctions 

The C-V charactenstics in Fig. 6.16 of the four CdS/n-p Si cells are similar to that 

of n-p cells. If one assumes they are n-p homojunctions, they have the following 

characteristics, 

Table 6.11 
Experimental parameters of CdS/n-p Si cells. 

Sample No. VbJV) substrate impurity depletion 

concentration( cm-3
) width(um) 

164 07 4.7xl01s 0.44 

• 170 07 4.7xlO1S 0.46 

165 0.7 4.3xl01s 0.47 

171 07 3.3xlO1S 0.53 

Because of the similanty of the C-V characteristics of n-p and CdS/n-p Si cells, 

it suggests that the n-p SI Junction of the CdS/n-p Si cells will dominate the electrical 

propel1ies The only dlfferences are a slightly higher substrate impurity concentre.tions 

and a slightly smaller Vb• for the CdS/n-p Si cells. As a result, the CdS layer acts as an 

electrode and affects only the optical properties. 

The experimental data extracted from C-V measurements agrees with the 
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• theoretical values. The theoretical values are given in Table 6.1% . 

Table 6.12 
Theoretieal parameters of CdS/n-p Si cells. 

Sample No. Vbl(V) Depletlon Width(um) 

164 0.73 0.45 

170 0.65 0.42 

165 0.73 047 

171 0.65 051 

• From the 1-V charaeteristles in Fig 6 17, a sImple n-p junetion is expected. This 

faet further eonfirms that the CdS layer and the Junetlon formed between the layer and 

the n+ diffused region do not exhlbit any sigmfieant effeet on top of the n-p 

homojunetion. As a result, band dlagrams of the CdS/n-p SI cells are slmply the CdS/n-Si 

linked to the n-p Si cells diagrams The n-p junetion of the CdS/n-p cells parameters arc 

from the homojunetion measurerr.ents and the final band diagrams are shown an Fig. 6 ] 8 

note : samples 163 and 169 have simllar result. 

66.2 Performance Analysis of CdS/n-p Si Cells 

The I-V characteristics and quantum efficiencies for the cells are shown in Fig . 
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6.17 and Fig. 6.19, respectively. The performances of the cells are listed in the following 

table 

Sample V oe 

No (V) 

164 051 

170 0.51 

165 0.51 

171 0.50 

Table 6.13 
Performance of CdS/n-p Si cells. 

Jse FF. V sh1fi 

(mA/cm2
) (V) 

16.3 057 0.05 

15.1 0.69 0.03 

15.7 0.72 0.02 

15 065 0.02 

Rs n 11 

(n) (%) 

5 2.2 5.8 

3 2.2 6.5 

4 1.8 7.1 

5 3.3 5.7 

There are two advantages from this cell configuration. First, it provides large Voc 

hke a homojunction cell, second, it provides large Jse like a heterojunction cell, i.e. it 

provides the same amount of current as a CdS/p-Si cell. The large V C>c cornes from the 

n-p homojunction which dominates the electrical properties. The large Jse cornes from the 

fact that high energy photons are allowed to go through the CdS layer and excite electrons 

and holes at or l'Iear the space charge region of the homojunction so that more carriers can 

be collected This is shown in the quantum efficiencles in Fig. 6.19. Compared to the 

homojunction, high energy photons excite less electron-hole pairs on the surface so that 

surface recombination or "dead" layer effect is reduced in the CdS/n-p configuration. By 
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combining the advantages of the homojunction and heterojunction, the CdS/n-p 

configuration gives higher efficiencies. 

6.7 Series Resistance of Ail Samples 

As mentioned at the end of section 6.5.2, the series resistance IS from the back 

contact. By improving the quahty of the back contact, series resistance can be lowered 

and higher photocurrent and better fill factor are expected On the other hand, by 

improving the front Al gnd, more current ean be collected. 

6.8 Effeet of Interface States 

No frequency dispersion on capacitance is observed in homoJunctions. The C-F 

results of samples 162 and 168 are shown in Fig. 6.20. On the other hand, CdS/p SI 

heterojunction cells have significant dispersion on C-F measurements and It IS expected 

because of the high denslties of interface states caused by lattice mismatch of CdS and 

(100)Si. The C-F curves of samples 166 and 167 are shown in Fig 6 21 The densitles 

of interface state and time constants for different bias voltages are calculated as III 

appendix VII and the results are hsted in the following tables 
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Bias Voltage 

(V) 

01 

0 

-02 

Bias Voltage 

(V) 

01 

0 

Table 6.14 
Density of interface state and time constant 

of the CdS/p Si heterojunction (sample 166). 

t from line section. Interfacial state density 

in Fig. 5 18(a) (eV' l cm'2) 

(sec) 

a to b : 1.6xlO·5 6.SxlO 1O 

c to d : 1. 2x 10.5 6.9xl01o 

e to f : 3.lx 10,5 5.3xl010 

Table 6.15 
Density of interface state and time constant 

of the CdS/p Si heterojunction (sample 167). 

t from line sectIOn. Interfacial State 

ID Fig. 5 18(b) Density 

(sec) (eV' l cm'2) 

a to b : 2.1xIO·4 3.6xl0 1O 

c to d . 4.9xl0,5 2.7xl01o 

Both samples show interface state effects as evident from C-F measurements. 

The interface state density of the sample 167 is shghtly lower than that of the sample 166 
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so that sample 167 has a higher photocurrent and smaller n factor. However, the interface 

state densities of both samp1es are relatively small (usually 1011 to 1011 eV·lcm·~ for 

heterojunctions with large lattice mismatch) so that voltage ShlftS between dark and 

iIluminated conditions are not slgnificant The time constants of the sample 167 at 0 1 

V and 0 V bias voltages are larger than that of sample 166. No conclusIOn can be made 

on the exact origin of the frequency dispersIons at this moment Howeve r , the efrect of 

trap levels IS more sensitive to temperature, i e it can be inhlbited at low temperature 

At a low temperature of 200 K, C-F measurements are made on sampi es 166 and 167 and 

the results are shown ln Fig. 6 22. The data deduced from the measurements are IIstcd 

in the following two tables. 

Bias Voltage 

(V) 

0.1 

0 

Table 6.16 
Density of interface state and time constant 
of the CdS/p SI heteroJunctlOn (sample 166) 

at 200 K 

't from line section. Interfacial State 

in Fig. 5.19(a) Density 

(sec) (eV· Jcm·2
) 

a to b : 1 1 x 1 0.4 80xl0 JO 

c to d : 9.5xlO·5 5 9x 1 010 
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Bias Voltage 

(V) 

0.1 

0 

Table 6.17 
Density of interface state and time constant 
of the CdS/p Si heterojunction (sample 167) 

at 200 K. 

t from line section .. Interfacial State 

in Fig. 5.19(b) Density 

(sec) (eV·1cm·2) 

a to b : 3.3xl0·s 1.4xlO IO 

c to d : 1.5xIO·s 8.lxl09 

The capacitance values are relatively lowered at low temperatures because of the 

wldening of depletion region caused by freezed out of carriers. However, if the frequency 

dispersion on capacltance is dominant by interface states, the shape of the C-F curve and 

the dispersIOn only change very littl e [4.6]. Sample 166 has same frequency dispersions 

at 0 V and 0.1 V bias at room temperature and 200 K. Since the C-F curves are different 

at dlfferent temperatures, both trap level and interface state mechanisms are present. By 

assuming the inhabitation of trap level at low temperature, only interface state caused 

dispersion is shown in the C-F curve The time constants show an increase with the 

decrease in temperature [4.6]. Sample 167 also shows very slight dispersion at 200 K and 

it suggests that the dispersion is dominated by trap level. By carrying out C-V 

measurement on sample 166 at low frequency (1000 Hz), the real band diagram 

information can be extracted from the curve in Fig. 6.23 . 
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Sample 

166 

Table 6.18 
Experimental parameters of sample 166 

at 1000 Hz. 

Vb.(V) EF-Ey(eV) 

0.38 0.28 

llx(eV) 

044 

Ail four CdS/n-p SI cells show very small frequency dispersions in Fig 6.24 and 

Fig. 6.25 either at room temperature or 200 K because of the electrical properties 

domination of the n-p homojunction over the CdS/n heterojunction As a result, interface 

state has no effect on this cell configuratIOn . 
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~--CdS 

~--Si 

Fig. 6.1 A SEM photograph showing a 
CdS film on SI substrate . 
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Fig. 6.2 C-V characteristics of sample 162. 
(n/p homojunction cell) 
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Fig. 6.3(a) Band diagram of the n/p Si cell. 
(#162) 

. ____ vacuum ____ -JI level 

......... , ............................. ,.".------- Ec 

Fig. 6.3(b) Band daigram of the n/p Si cell. 
(#168) 
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Chapter 7 

Conclusions 

Different kmds of heterojunetions formed by CdS and monocrystalline silicon are 

studied and sorne important conclusions are summarized below. 

(1) Smgle crystal Si hornojunction cells provide larger Voe than that of CdS/p-Si 

heterojunction eells, however, heterojunetions provide larger Ise than that ofhomojunctions 

beeause of the wlde band gap window material CdS. 

(2) By adding an n-dlffused layer between the CdS and the p-Si substrate, the 

advantages of homojunetions and heterojunctions are combined, i.e. The CdS/n-p Si 

configuratIon generates high Ise and Voc. 

(3) In order to study CùS/n-p Si band diagrams, CdS/n-Si junctions are studied. 

CdS (No=lxIOI9 cm-3
) on n-Si (No=IxIOI9 cm-3

) forms a back to back n junction whieh 

bends up Using n-Si with a lower doping (No=5xlOI7 and lxlOl5 cm-3
), a Schottky 

j unction behaviour is ooserved. 

(4) No photoeurrent at 0 V bias volta~e on the three CdS/n-Si devices. Small 

phutocurrents are obtained at reverse bias which suggests that the eleetric fields of the 

three n-n junetions are too weak to colleet photogenerated carriers. 

(5) The C-V and I-V characteristies of CdS/n-p Si cells are similar to that of 

homojunctions. It suggests that the homojunction of the CdS/n-p Si cell dominates ail of 

the el ectri cal properties. The CdS layer acts as an electrode and only affects optical 
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properties of the tell. 

(6) Effects of interface states on heterojunctions are studied using the C-F method 

CdS/p-Si cells show significant frequency dispersion on capacitanc~ because of the lattice 

mismatch between CdS and Si (The crystal structure of CdS is wurtzite and that of Si is 

diamond. (OOOI)CdS on (1 Il)Si has a 7 % lattice misrnatch (OOOI)CdS and (lOO)Si do 

not match at ail) CdS/n-p Si cells show very sllght disperSIOn and agam it confirms the 

electrical property domination of the homojunction of the structure. The time constants 

and densities of interface state are calculated 

(7) By assuming the inhabitation of tl-te trap level mechanism at low temperatures, 

if the C-F curves at low and room temperatures show the same dispersion, i e. same 

values of Cg and line sections, the cause of the frequency dispersion is interface states 

only. However, if the two curves have same Cg but dlfferent line sections, the dispersion 

is caused by interface states and trap levels. Finally, if Cil is smaller at low temperature, 

the dispersion is caused by trap level (Jnly The causes of the dispersions of the two 

heterojunctions examined in t'lis work are different Trap levels and interface states cause 

the dispersion on sample 166 while only trap levels cause the dispersion on sample 167 

(8) 1.le densities of interface state are relatlvely low, therefore the voltage shlfts 

between dark and illumination conditions are sm ail It suggests the changes of band 

ben ding between the two conditions are less severe 

(9) The nature of the interface states are acceptor-like since the capacitances are 

larger at low frequencies. It suggests that the apparent depletion width on the p-side 

becomes narrower because the space charge region contains more rJegative charges when 
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the acceptor-like interface states charge up . 

Again, the IIght source used to test the cells performance has different spectrum 

and intenslt'j from that of real AMI condition. The performance of the cells reported in 

this work is not necessary the performance under AMI. However, performance 

companson among different cell configurations can be done. 

By addmg a thm n-dlffused layer between the window mat~rial and the p substrate, 

the advantages of the homoJunction and heterojunction are combined. The larger Voc is 

caused by the Vbl at the homojunction. The larger Ilc is obtained because high energy 

photons can pass through the wide band gap window material and reach the depletion 

reglOn of the homojunction. The photons are collected more efficiently and the "dead" 

layer or surface recombination effect is less severe because less photons are absorbed at 

the surface Moreover, the interface state effect on CdS/p-Si heterojunctions does not 

afft:ct the performance of the CdS/n-p SI cell. 

The addition of the thin n-diffused layer between the window material and the p­

substrate is proven to be helpful in increasing the performance of the cells. Moreover, 

cells wlth a better performance can be made by using this cell configuration. For 

example, a sputtered low resistivity ZnO layer can be added on top of the CdS layer or 

directly on an n/p Si in order to allow photons with ev en greater energy reach the n-p 

depletion region . 
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Appendix 1 

Pemnent dttails of the p-type wafer 

DOPANT: BORON 

RESISTIVITY : 1.5-5 ohm-cm 

THICKNESS . 20 mil 

ORIENTATION: (100) 

DIAMETER : 4 inches 

MANUFACTURER: Monsanto 

Pertinent details of the n-type wafer 

DOPANT:PHOSPHORUS 

RESISTIVITY : 1-10 ohm-cm 

ORIENTATION: (Ill) 

DIAMETER : 2 inches 

MANUFACTURER: Pensilco 
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Oeaning Steps 

1. Degreasing step 

(a) Boil in trichloroethylene (TCE) for about 8 minutes, setting 6 on the hot plate. 

(b) Immerse in acetone for about 15 minutes. Rinse with deionised-distilled water (D.l. 

water) 

2. Etching step 

Etch for abouÎ 5 mm utes in buffered HF solution which is (49% HF solution) : (40g 

NH4F + 60ml H20) = 1 : 7. To stop etching, dilute the HF solution with D.I. water. 

Rinse with D.I. water. 

3. Decontamination step 

(a) Boil in a solution of H20 : H20 2 : NH40H mixed in the ratio 35ml : 10ml : 5ml at 

high temperature setting of the hot plate for about 8 minutes. Rinse with D.1. water. 

(b) Boil in a solution of H20 : H 20 2 : HCI mixed m the ratio 35ml . lOml : 5ml at high 

temperature of the hot plate for 8 mmutes. Rmse with D.I. water, then dry the wafer by 

using the spinner which is set at 5000 rpm for 20 seconds . 
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Appendix n 

Doping 

1. Place the clean wafer on the spinner. 

2. Set the speed of the spinner at 3000 rpm for 15 seconds 

3. Switch on the vacuum pump, this wIll hold the wafer on the spinner whlle it IS 

spmmng. 

4. Drop one or two drops of n-type dopant (phosphoroslllcafilm) to the shiny surface of 

the wafer from a pipette. Note: for p+ doping, p-type dopant (borosihcafilm) is used 

instead. 

5. Bake the wafer in a preheated oven at 150°C for 15 minutes . 

Appendix m 

Diffusion 

1. Set the temperature of the fumace at 850°C. 

2. Set the gas flow : N2 at 2 litres/minute 

O2 at 1 litre/minute. 

3. Place the wafer in a quartz boat and push the boat with a quartz rod lOto the center of 

the fumace at a rate of 25mm every mmute. 

4. Leave the boat in the f ... mace for the required time . 
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5 After diffusion, remove the boat slowly in the same way as it is inserted into the 

furnace. 

Appendix IV 

Aluminum evapol'ation 

The major steps of evaporating the aluminum metal are as follow: 

]. Clean the bell jar, the chamber base, the mask holder and the microglass with absolute 

ethyl alcohol 

2 Choose proper form of mask pattern (e.g. grid pattern) and place the mask on the mask 

holder 

3. With the tungsten wire held by the filament holder, place 9 pieces of bent aluminum 

wlre. 

4. With proper form of masking plate, place the diffused wafer on top of the mask and 

cover it with a piece of microgl:iss 

5 Pla<.e the bell Jar in position 

6. Vacuum the bell Jar 

7. Apply the current to melt the metal. 

8 Wait for ] 5 minutes before exposing the wafer to air . 
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Appendix V 

Wet oxidation 

1. Clean the wafer as In appendlx 1 

2. Set the temperature to 1100°C. 

3. Set the gas flow : O2 at 1 htre/minute 

4. The oxygen flows through a cylmder which contains 0 1. water. The cyhnder IS 

Immersed in a large beaker which contams tap water The beaker is heated by a hot 

plate 

5 Put the wafer in the quartz boat and push it slowly at 25mm/minute untIl it reachcs the 

center of the furnace . 

6. Leave the wafer in the furnace for 2 hours. The thickness of the oxide wIll be about 

O.3um. 

7. Pull it out at the speed as push it in 

Note: the setup is shown in Fig (A 1) 
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Appendix VI 

CdS evaporation procedul1!s 

1. Set up the vacuum as ID Fig. 3.2 of chapter 3. Pump it down to 10.6 Torr 

2. Switch on the substrate heater which is controlled by a temperature controllcr 

Wait until the temperature reaches 180°C. 

3 The evaporation steps are as follow. 

(i) Shutter close 

current dial at 70 

3 minutes 

(ii) Shutter open 

current dial at 70 

5 minutes 

(iii)Shutter open 

current dial at 95 

10 minutes 

As the bowl heating up, tap water is running through the end of the bowl holder 

(location H in Fig.(l) in Chapter 1) to cool it down. The deterioration of the 0-

ring is avoided. 

4. After the evaporation steps. the substrate holder is cooled by tap water. 

s. Wait untll the holder reaches room temperature. Take out the s:tmples . 
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• Appendix VB 

The following is a demonstration of how to calculate the time constant and density 

of interface states of a typical heterojunction device. 

From the diagram, the capacitance per unit area at high frequency, Cd' is 13 5nF 

and the one at low frequency, Cd + CIS ' is 65nF. Therefore, the approximate imerfacial 

state density, N, is, 

A straight line is drawn between two points on the curve and the values are (100 

Hz, 60.6 nFcmo2) and (1000 Hz, 21.3 nFcrno2). Since Cd is 13.5 nFern·2
, by using the 

• equations, the new values of the two points are, 

60.6 -13.5=47 . ln Fcm-2 

(21t *100Hz) 2*47 • 1nFcm-2 =lB594334. 69nFcm-2 s-2 

21.3 -13.5 =7. BnFcm-2 

The sI ope of this line is, 

47.1-7 • B 2-1 36 10 -7 ~ 
307931657.3 -18594334.69 s -. x s 

116 • The time constant, t, is equal to the square root of 1.36xIoo's2 which is O.369ms . 


