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ABSTRACT 

A study has been made of certain features of the fabrication of a Se-CdO 

photovoltaic eeU having a layer structure usuaUy of the form Al-Bi-Se-CdO-metal. 

It was found that increasing the substrate tell1perature during the selenium 

deposition between 80 and 140°C increased the illuminated short circuit current 

density in the celle This clearly demonstrated the necessity of having well

crystallized selenium, as opposed to amorphous selenium, as the active absorber 

layer in this ceU. The CdO layer was normaUy deposited by d.c. reactive 

sputtering from a cadmium target in an ambient of argon plus residual air and, as 

a result of optimizing experiments, a conversion efficiency of about 2% was 

obtained under an illumination of 100 m Wem-z. The CdO layer was also 

deposited by r .f. magnetron sputtering from a CdO target. This produced 

satisfactory cells but with lower shunt resistance values than in the d.c. sputtered 

devict's. It was found that the electrical resistivity of the CdO layer was decreased 

with increase of r.f. power and with deerease of sputtering pressure. Exploratory 

Se-CdO cells were also fabricated on glass substrates using d.c. reactive 

sputtering. By connecting these electrieally in series, a photovoltaic panel was 

constructed and incorporated as the power source in a small poeket calculator, 

which was found to function satisfactorily under indoor lighting. An inverted 

structure of the form CdO-Se-metal was also fabricated and shown to fonction as a 

photovoltaie device. 
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RESUME 

Nous avons examiné certaines caractéristiques du procédé de fabrication 

d'une cellule photovoltaïque de Se-CdO comportant une structure de couche de 

type Al-Bi-Se-CdO-métal. On a découvert qu'entre 80° et 100°C, l'augmentation 

de la température du substrat pendant la déposition du sélénium faisait augmenter 

la densité du courant du court-circuit sous éclairage daus la cellule. On a ainsi 

clairement démontré que la couche absorbante de la cellule doit se composer de 

sélénium bien cristallisé et non de sélénium amorphe. La couche de CdO a été 

normalement déposée par pulvérisation réactive en courant continu à partir d'une 

cible de cadmium et en présence d'argon et d'un peu d'air résidu~!. Les 

expériences d'optimisation ont permis d'obtenir un rendement de conversion de 2% 

sous éclairage de 100 mWcm-2• La couche de CdO a été également déposée par 

pulvérisation magnetron à haute fréquence à partir d'une cible de CdO. On a ainsi 

obtenu des cellules satisfaisantes, qui présentent des valeurs de résistance shunt 

plus faibles qu'avec le procédé de pulvérisation en courant continu. On a constaté 

que la résistivité électrique de la couche de CdO diminuait en fonction de 

l'augmentation de la puissance à haute fréquence et de la diminution de la pression 

de pulvérisation. Des cellules préliminaires de Se-CdO ont également été 

fabriquées sur des substrats de verre par pulvérisation réactive en courant 

continu. En reliant ces cellules en série, on a pu construire un panneau 

photovoltaique qui a été incorporé à une calculatrice de poche comme 

alimentation. Cette calculatrice a fonctionné de façon satisfaisante sous éclairage 

artificiel. Nous avons aussi fabriqué une structure inversée de CdO-Se-métal; 

cette nouvelle structure s'est comportée comme un dispositif photovoltaïque. 
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Chapter 1 

INTRODUCTION 

1 

The Se-CdO photovoltaic ceU has been used for more than hall a century in 

the fiel<! of photometry, mainly because it exhibits a spectral response closely 

resembling that of the human eye. However, while these commercial Se-CdO cells 

are satisfactory for the measurement of lower light lev:ls, their conversion 

efficiency at higher illumination is somewhat pocr. Hence, such photometry cells 

are not serious contenders for high power photovoltaic applications, such as solar 

cells. Never-the-less, in a theoretically perfect selenium homojunction, the short 

circuit current density Ose) is estimated to be around 18 mAcm-2 (from the energy 

gap of selenium of about 1.85 eV), which is about one order of magnitude larger 

than that observed in the commercial eells. While homojunctions are not possible 

in selenium because n-type conduction has not been observed in tbis material, 

heterojunetions such as Se-CdO structures can be fabrieated. Hence, if the output 

of the Se-CdO cell could be increased beyond that of the existing commercial 

photometry cell, it would seem possible that these devices could have potential use 

in low power applications, possibly in the area of consumer electronics products, 

such as in poeket calculators and watches. Furthermore, from an economic point 

of view, the Se-CdO ceU would appear to be competitive, since the fabrication 

steps mainly involve simple low temperature processes and also the raw materials 

are readily available. 

While the Se-CdO photometry ce Ils were fabricated for many years, it was 

ooly in 1950 that the first detailed study on these structures was published. Preston 

[1] reported the fabrication of Se-CdO cells with the CdO layer deposited by d.c. 

reactive sputtering on a crystallized selenium film. The sputtering from a cadmium 
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target was carried out in a low pressure ambient of argon with a trace of residual 

air, intentionally left in the chamber. By adopting the same basic fabrication 

technique used by Preston [1], work was initiated in this laboratory in an attempt 

to improve the Se-CdO cell by optimizing the mllny fabrication variables which 

affect its performance [2,3,4]. As a result of this work, ceUs were fabricated with 

an increase in j.c well beyond that of the commercial photometry ceUs. The basic 

cell structure employed in the se studies consisted cf an aluminum base, as the 

substrate, on which a layer of bismuth was first evaporated. A layer of crystaUine 

selenium was then deposited by evaporation on to the bismuth and followed by the 

deposition of four CdO areas on to the selenium layer using d.c. reactive 

sputtering. Wood's allQy contacts were then deposited on to the CdO for external 

connections. In recent work, Go [5] studied in detail the important paramelers 

affecting the stoichiometry of the CdO film and found that sputtering pressure, 

sputtering current and gas flow rate intluenced the CdO film stoichiometry in much 

the same manner, by controlling the deposition rate. This is because in the redctive 

sputtering process used, the stoichiometry of the deposited CdO depends on the 

transition time of the oxygen and. cadmium atoms and hence on their ratc of 

arrivaI at the substrate. An optimum set of conditions was therefore needed to 

obtain the right film stoichiometry to ensure tbat the CdO film was sufficiently 

transparent without having too high an electricaI resistivity, leading to high series 

resistance. 

White the deposition conditions of the CdO layer were investigated in some 

depth in previous work, no detaUed studies were carried out to optimize the 

deposition parameters of the underlying selenium layer. This layer is especiaUy 

important, since it is here that most of photogeneration of the electron-hole pairs 

takes place. However, some previously unpublished isolated results indicated that 

cell performance improved when higher substrate temperature was used for the 
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selenium deposition. The substrate temperature is expected to affect the 

crystallinity and hence the electrical conductivity of the selenium layer and thus, it 

would seem to he important to control this parameter. Aceordingly, as the first 

part of this thesis, experiments were carried out in which a number of Se-CdO 

ce lis were fabricated under nominally similar conditions but with the selenium 

deposited at different substrate temperatures. The range of temperatures employed 

was between 80 and 14QOC, so chosen to cover the transition of the selenium film 

from the amorphous to the crystalline phase. 

While the method of d.c. reactive sputtering, employed in fabricating the Se

CdO eells in tbis laboratory, is satisfactory for the deposition of the CdO, there 

are other methods that can be utilized for depositing this layer. For example, 

Shaw and Ghosh [6] employed a radio frequency (r.f.) reactive sputtering 

technique to deposit the CdO in a slightly different Se-CdO structure and reported 

conversion efficiencies much higher than those observed in selenium photometry 

cells. Arising from this, it was considered worthwhile to explore the use of r.f. 

sputtering and to compare it with the d.c. reactive sputtering method for depositing 

the CdO film. The r.f. sputtering technique has some apparent advantages over 

d.c. sputtering, mainly because of the lower working pressures involved. This 

reduces the contamination in the deposited film and yields a greater film density. 

Since r.t. ~'Puttering was never employed in this laboratory to deposit the CdO 

layer, a preliminary investigation of this method was considered to be of special 

interest. Accordingly, a study was carried out as a part of this thesis, where CdO 

was fust deposited on glass substrates using r .f. magnetron sputtering from a CdO 

target. Fol1owing this, Se-CdO samples were then fabricated with this Methode 

The sputtering param~ters varied in this investigation were sputtering pressure, 

sputtering power and deposition time, and as will be seen later, some interesting 

results were obtained in these experiments. 
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While optimization of the fabrication parameters i)f the Se-CdO eell was not 

eompleted in the present work, it was never-the-less thought timely to test the 

feasibility of making a photovoltaie panel of series-connected cells, to power a 

small poeket calculator. The series intereonnection of cells is necessary beeause 

the illuminated open circuit voltage (V oc) of an individual cell is rather small. 

Accordingly, efforts were directed at constructing such a panel, wbich requires an 

insulating substrate, in contrast to the aluminum substrate used in the individual 

researeh eells. Several preliminary panels were made and tested and this work is 

described in the thesis. In an explora tory vein, an inverted cell panel was also 

fabricated, where in tbis case the sequence of layer depositions was reversed. 

It should be pointed out that, sinee most of the work in this thesis was 

experimental and frequently of a preliminary and exploratOlI nature, detailed 

analyses of the photovoltaic charaeteristics of cells are not given. 

The organization of this the sis is as follows. Firstly, chapter 2 gives a basic 

review of sputtering as used in thin film deposition. This is foUowed, in chapter 3, 

by a description of the measurement techniques employed in tbis study. Chapter 4 

presents the results of the effect of substrate tempe rature during selenium 

deposition on ceU performance and in chapter S, preliminary results, obtained with 

r.f. magnetron sputtering of the CdO layer, are reported. Exploratory work on the 

Se-CdO photovoltaic panels is presented in chapter 6, followed by a discussion of 

aU the results in chapter 7. FinaUy, in chapter 8, a summary is given of the 

conclusions drawn from this work, as well as a list of possible future studies. 
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Chapter 2 

OVERVIEW OF SPU'I'I'ERING 

2.1 INTRODUCTION 

5 

Sputtering is a versatile process for the deposition of elemental and 

compound thin film materials on a variety of substrates. The growing popularity 

of this technique stems mainly from its applicability to a wide range of industrial 

needs. While thin film sputtering emerged in a major way only in the last three to 

four decades, the concept of sputtering was known for more than a century. The 

phenomenon was first observed by Sir W. R. Grove [7] as early as 1852, during 

experiments on the electrical conductivity of gases, where he referred to the 

process as cathodic disintegration. Later, in 1908, for the fust time, J. Stark [8] 

proposed that the cathodic disintegration was due to the release of atoms through 

momentum-transfer by the bombarding particles. In 1921, Sir J.J. Thomson [9] 

dubbed the process "spluttering" but the "1" was dropped in a scientific paper 

published two years later. Sputtering was used as early as 1877 to coat reflectors 

with metallic films. The method employed then was d.c. (direct corrent) 

sputtering. While this technique was satisfactory for the deposition of metallic 

layers, another method, known as r.f. (radio frequency) sputtering, was developed 

for the deposition of insulating films. Thus, the use of sputtering was expanded to 

a wide range of non-conducting materials. With improvement in vacuum 

technology in the last two to three decades, sputtering became a more refined 

process, allowing for the deposition of large-area, high-purity films of improved 

reproducibility . 

At present, sputtering is used in a number of applications such as in the 
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fabrication of integrated circuits and hybrid microelectronic components. It is also 

used in the deposition of protective coatings for industrial and commercial 

products as well as in ornamental applications. The universality of tbis process in 

film deposition has made it a valu able tool for research purposes as welle It is 

therefore, the object of this chapter to review the basic technique of sputtering as 

employed in thin film deposition. The emphasis of this chapter is on the important 

deposition parameters affecting the properties of the sputtered film. This is 

especially helpful in respect of work done in this thesis. 

2.2 GLOW OISCHARGE 

The phenomenon of glow discharge plays an important role in sputtering, 

since it is the environment in which the film deposition takes place. Therefore, it is 

of interest to review the basic characteristics of a glow discharge. 

When a sufficiently large voltage is applied between two electrodes, in a low 

pressure chamber, the gaseous atoms are iooized by a small amount of residual 

electrons present in the gas, arising from cosmic rays for example. The resulting 

positive ions are then accelarated by the electric field to strike the cathode (the 

negative electrode) and release more electrons as weIl as some atoms from the 

cathode surface. The atoms then travel by diffusion to deposit on to fixtures inside 

the chamber. At the cathode, the electrons released by ionic bombardment are 

repelled by the negative potential towards the anode, where in transit, they make 

more ionizing collisions with the gas atoms creating ion-electron pairs. When the 

electrons emitted from the cathode create enough ions in the gas to release the 

same number of electrons, the discharge becomes self .. sustaining. 

While the structure of the classical vacuum-tube glow discharge exhibits 

i 
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about seveD different zones (10], the structure of the discharge normally observed 

in sputtering shows orly two distinct regions. A glowing region (known as the 

negative glow) extends ûom the anode to a short distance away ûom the cathode, 

and a glow-Iess region, called the Crookes dark space, extends ûom the end 

of the negative glow to the surface of the cathode. The dark space is a region of 

positive ionic charge, attracted by the negative poteDtial at the cathode and across 

which most of the applied voltage appears. The width of this region is 

approximated to be the me an distaDce travelled by an electron ûom the cathode 

before it makes aD ionizing collision [11]. This distaDce is about five to ten times 

the actuai mean free path of the electrons, which includes elastic collisions as well. 

The larger negative glow region is for the most part electrically neutrai, although 

separate ions and electrons are present. The glow in tbis region is caused by some 

electron-atom collisions that result in the excitatioD of the atoms which then 

release the excess energy in the fonn of radiation, giving rise to the characteristic 

glow. In glow rlischarge sputtering, the atoms released from the sudace of the 

cathode form the source of material used for the deposition of the film. 

2.3 DIODE d.c. SPUTI'ERING 

WheD it is desired to sputter a thin film of a metallic substance, the diode 

d.c. sputtering technique is a simple method to use. A solid target of the same 

material to be sputtered is prepared and placed in a vacuum chamber at the 

cathode position. A substrate to support the film to be deposited, is placed at the 

aDode, and a suit able gas, such as argon is passed through the chamber at a 

specific J:-ressure. By applying a negative bias to the cathode, positive argon ions 

bombard the target and cause the ejection of atoms or Molecules ûom its surface, 

which then diffuse towards the substrate to deposit as a thin film. 
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During sputtering, the deposition of the film is influenced by many factors. 

The more important parameters affecting the propertie~ of the deposited film are 

the sputtering power, the sputtering (chamber) pressure, the target-to-substrate 

separation and the temperature of the target and substrate during sputtering. The 

effects of these parameters are now briefly discussed. 

(a) Sputtering Power 

The sputtering power can be taken as the cathode potential times the 

sputtering current, the latter being proportional to the flux of ions at the target 

surface. Since the sputtering yield, which is the number of atoms ejected per 

incident ion, increases ooly slightly with target voltage in the energy range used in 

sputtering, the discharge current is a more important parameter for determining 

the deposition rate [12]. Because of this, it is better to sputter at high current and 

low voltage (rather than low corre nt and high voltage) to make more efficient use 

of the power supplied. As will be described later, this may be achieved by using a 

magnetic field which enhances the ionization process in the gas. 

(b) Sputtering Pressure 

Another parameter that affects the deposition of the film is the sputtering 

pressure. At a constant power input, increasing the sputtering pressure increases 

the ion density in the chamber and therefore, also the discharge current. At lower 

pressure, the deposition rate increases linearly with increasing pressure due to the 

increase in the discharge current [12]. However, at higher pressure, although the 

ion density increases further, the rate of deposition of the film decreases due to 

the scattering of the sputtered material by gas atoms [13]. In fact, at a pressure as 

high as 130 mTorr, alm.ost half of the sputtered material diffuses back to the target 

[14]. Since a minimum. sputtering pressure is needed to sustain the glow discharge, 
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oo1y a small operating pressure range between a few mTorr to about 100 mTorr 

cau be employed in sputtering. The optimum pressure in this range yielding the 

greatest deposition rate must be empirically detennined for each application. 

(c) Target-to-Substrate Separation 

The third important parameter that influences the deposition of the film is 

the target-to-substrate separation. If this distance is less than the width of the dark 

space, then essentially no deposition oceurs. Therefore, the target-to-substrate 

separation must be made larger, preferably twice the dark space width to obtain 

improved uniformity. In fact, for a given sputtering pressure and geometry, an 

optimum separation exists that yields the best spacial film uniformity [15]. Beyond 

the dark space, increasing the target-to-substrate separation decreases the 

deposition rate of the sputtered film. Furthermore, with inerease of this distance, 

the amount of gas incorporated into the growing film decreases [16] and also the 

amount of heat dissipated at the substrate by secondary eleetron bombardment is 

reduced [12]. 

(d) Target and Substrate Temperature 

The deposition of the film is also affected by the temperature of the target 

and substrate durlng sputtering. In sputter deposition, it is estimated that ooly 

about 1% of the total input power results in the ejection of atoms. As mueh as 

75% appears as heat dissipated in the target by the ion bombardment. The 

remaining 24% is dissipated at the substrate through the bombardment of 

secondary electrons [12]. The substrate temperature is known to affect the 

crystallization of the sputtered film [17], as weil as its rate of deposition. For 

ex ample in the case of germanium [18], it was found tbat inereasing the substrate 

temperature decreases the deposition rate of the film. Similar results have also 
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been observed for other materials [18]. In target heating, as the target temperature 

rises, the sputtering rate is increased [19]. Therefore, it i5 important to control the 

temperature of both target and substrate during deposition. The target is usually 

water-cooled to minimize structural damage that may arise due to the excessive 

heating. However, while substrate cooling is also possible, it is sometimes 

desirable to deposit the film at a properly controlled temperature to promote 

epitaxial film growth for example. Aecording to Chopra [20], when using 

sputtering, the eritical substrate temperature needed for epitaxy is reduced as 

compared to evaporation. This is attributed to the higher kinetic energy and hence 

higher mobility of the sputtered atoms, compared to evaporated atoms. A review 

by Mattox and MacDonald [21] appears to support the above argument. However, 

a second school of thought seems to contradict the above statement, where it is 

elaimed that at the pressures employed in sputtering, most of the sputtered atoms 

are thermalized by collisions with the "cold" gas atoms and therefore arrive at the 

substrate with a lower mean kinetic energy than that of atoms evaporated from a 

hot source in the vacuum [17,22]. 

2.4 DIODE r .f. SPUITERING 

If a metallic target is replaced by an insulating target in d.c. sputtering, the 

discharge will no longer be sustained. This is because positive charge build-up at 

the target surface decelerates the arriving ions, resulting in a reduced emission of 

secondary electrons and hence the termination of the discharge. One way to 

overcome trus is to applyan a.c. (altemating current) signal to the target, so that 

in the fust half of the cycle, the target is bombarded with positive ions and in the 

second hall with electrons that neutralize the charge build-up. The termination of 

the discharge often occurs so quicldy (of the order of 1 ~sec), 50 that if a low 
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ûequency a.c. signal (e.g. 60 Hz) is used, the discharge will be off for the most 

part of the haU cycle. Therefore, voltage signais in the higher radio frequency 

range (S to 30 MHz) are employed. 

The way in which sputtering takes place in a discharge with an r .f. excitation 

is as follows. If the r.f. signal is applied between two electrodes of equal area, a 

dark space develops near each electrode and both are sputtered in alternating 

cycles. However, if it is desired to sputter in one direction ooly, then the electrode 

to be sputtered must be of smaller area. This causes the voltage drop across the 

smaller electrode dark space to become much larger than that across the larger 

electrode dark space [23]. Furthermore, a capacitor must be connected in series 

with the r .f. power supply to support the difference in potential between the two 

electrodes. The polarity of the voltage at each electrode is negative with respect 

to the discharge [24] but the sm aller electrode aquires a larger negative potential. 

Thus, this electrode acts as the target (cathode) which is sputtered by the positive 

ions. If the target to be sputtered is an insulator, then the capacitor is no longer 

necessary. In practice, the substrate is placed at the larger electrode, which is 

grounded thereby, making it the larger area. Film deposition is then carried out 

much like d.c. sputtering. 

In using r.f. sputtering, certain advantages are obtained. For instance, at the 

higher frequency range, the ionization efficiency of the electrons oscillating in the 

discharge is increased so that there is less dependence on secondary electrons to 

sustain the discharge. Thus at a given power, it is possible to operate at lower 

pressure. This is advantageous since films sputtered at lower pressure are less 

porous and hence more dense [17]. In addition, at such pressures, the scattering of 

the sputtered material by the gas atoms is reduced [13] and hence, higher 

deposition rates are possible. Another advantage with r .f. sputtering is that the 
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heat dissipated at the substrate by secondary electrons is about hall that dissipated 

in the case of d.e. sputtering [25]. 

2.5 REACTIVE SPUlTERING 

Reactive sputtering is a technique employed for the deposition of certain 

compound thin films through a reaction between the sputtered mate rial and the gas 

used inside the chamber. The formation of oxide and nitride thin films are 

common examples. Normally, a small quantity of the reactive gas (e.g. oxygen or 

nitrogen) is mixed with argon and used for sputtering with a metal target. The 

actual reaction may take place either at the target surface or the substrate surface. 

When the reactive gas partial pressure is low and the sputtering rate of the target 

is bigh, virtually aU of the reaetion and subsequent film formation occurs at the 

substrate. In this case, the stoiehiometry of the film is determined by the relative 

rates of arrivai of the sputtered mate ria! and the reactive gas atoms at the 

substrate [26]. However, if the gas partial pressure is increased beyond a eritieal 

value (in the case of oxygen for ex~mple), the reaetion shifts to the target. In tbis 

case, the film is deposited by sputtering a compound layer from the target surface 

[27]. A strong decrease in the deposition rate of the film is usually associated with 

tbis shift, and thus, it is more desirable to use a lower partial pressure for the 

reactive gas for a reasonable deposition rate. Reactive sputtering can be employed 

with both d.c. and r .f. deposition methods, where it may a150 be used (in the case 

of r.f. sputtering) to restore the stoicbiometry of films deposited from a compound 

target. 
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2.6 MAGNETRON SPUITERING 

In a convention al d.c. supported glow discharge, the degree of ionization is 

somewhat small, of the order of lo-t. Hence, it would seem desirable to increase 

the iomzation efficiency in the discharge. One way to do tbis is to force the 

secondary electrons to make more collisions in the gas phase, by travelling a 

longer distance, 50 that the probability of an ionizing collision is increased. This 

can be accomplished, for instance, by using a magnetic field from a permanent 

magnet placed inside the chamber. One example is the planar magnetron 

sputtering arrangement in wbich a flat, two-piece magnet is placed undemeath the 

target. In tbis case, the lines of magnetic flux confine the electrons to helical 

paths near to the target surface. This increases the effective mean free path of the 

electrons so that more electrons are able to ionize the gas atoms and hence obtain 

a greater discharge current. 

In comparison with conventional sputtering systems, a magnetron system 

generally yields a higher deposition rate of films. For example, in the case of 

copper, the erosion efficiency of the target, which is the amount of material 

sputtered per unit input power, was reported to be about tbrec: times greater in 

pianar magnetron sputtering than in conventional sputtering [28]. Furthermore, 

with magnetron sputtering) the amount of heat dissipated at the substrate is 

reduced, since Most of the secondary electrons are trappecl by the magnetic field 

in the vicinity of the target [25]. Currently, Many magnetron sputtering 

arrai>gements are utilized in both d.c. and r .f. systems to obtain enhanced film 

deposition. 
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Chapter 3 

MEASUREMENT TECHNIQUES 

3.1 INTRODUCTION 

In this thesis, resuIts will be presented on Many Se-CdO cell structures 

fabricated in different ways, under different conditions and as separate ceUs or in 

small panels. However, the evaluating measurements on the devices were aU made 

in the same manner. Accordingly, it is convenient to describe the measurement 

techniques at the outset and this is do ne in the present chapter. Specifically, 

measurements of illuminated and dark current density-voltage U-V) characteristics 

and of photoresponse were carried out on cell structures to evaluate their 

performance. Measurements were also done to evaluate the selenium and CdO 

layers of the cell and the se were selenium film thickness, Se-CdO ceU inter-stripe 

resistance and CdO film thickness and resistivity. A description of each 

measurement procedure is now given. 

3.2 MEASUREMENT OF CELL CHARACTERISTICS 

(0) Illuminated j-V Characteristics 

Measurement of the illuminated current density-voltage characteristics of the 

cells was done using the circuit set-up shown in Fig.3.1. A solar simulator (Kratos 

model LH-150/1), fitted with an AMI filter was employed to provide 100 mWcm-2 

of direct illumination. The output characteristics of the cell, registered on an X-y 

recorder (Hewlett Packard model 7035B), were obtained by manually changing a 

variable load Iesistor connected across the cell, as shown in the circuit. The 
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current was determined by measuring the voltage across a 100 ohm series sensing 

resistor; tbis voltage was measured at the Y terminaIs of the recorder. The voltage 

across the sample was measured via the X terminaIs of the recorder. The value of 

1()() ohm for the sensing resistor was chosen small enough to yield near short-circuit 

conditions for the cell with the load resistor set to zero but large enough to give 

resonable accuracy. The position of the sample in the divergent light beam from 

the simulator was adjusted to AMI as determined using a Solarex reference cell 

calibrated to yield 124.4 mV under AMI conditions at room temperature. 

(b) Dark j-V Characteristics 

While the dark j-V characteristics could also be measured in principle using 

an X-Y recorder, tbis was found to be inadequate for the measurement of very 

sm ail currents at lower voltage. Accordingly, a point-by-point method was 

employed using a multi-range voltmeter and ammeter. The set-up is shown in 

Fig.3.2. A Farnell d.c. power supply, together with a potentiometer, was used to 

provide the voltage bias to the ceU in the range between 0 to 1.5 V. The polarity of 

the voltage source was changed to provide both forward and reverse bias. The 

current through the cell and the voltage across it were measured using a Keithley 

model 480 picoammeter and a Keithley model 610C electrometer respectively. The 

measurement was carried out while the cell was covered with a piece of dark 

clotho 

(c) Photoresponse 

The response of the ceUs to different wavelengths of the optical spectrum 

was measured I1Sing the arrangement of Fig.3.3. A monochromator (Beckman 

model 2400) was used to generate the spectrum of wavelengths between 400 and 

800 Dm !rom a white light source (Oriel 100 W halogen lamp). Each wavelength 
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was selected by setting the dial, which controlled the rotation of the prism inside 

the monochromator. The opening of the exit slit of the monochromator was fixed 

at 1.5 mm. The response of the sam pie to incident monochromatic light was taken 

to be the short circuit current from the sample as measured with the Keithley 

model 480 picoammeter. This instrument was used in a sufficiently sensitive range 

to measure the current but one where the terminal resistance was low enough to 

consider the current to be a "short circuit" value. This measurement was again 

done in a point-by-point manner. In order to be able to calculate the 

photoresponse of the cell, the current of a calibrated silicon detector (United 

Detector Technology model 95289) was measured in the same spectral range. The 

photoresponse PSe-CIO of the cells was then calculated at a given wavelength using 

th.e following formula: 

where 

ISe-CIO is the current generated by the Se-CdO cell, 

ASe-CdO is the area of the Se-CdO cell, 

I Si is the current generated by the silicon detector, 

As, is the area of the silicon detector (0.2 cm2). 

The detector photoresponse PSI at different wavelengths was taken from a 

calibrated responsivity curve of the silicon detector, supplied by the manufacturer. 

3.3 MEASUREMENT OF LAYER CHARACTERISTICS 

(a) Selenium Film Thickness 

The thickness of the selenium film was determined for each sample by 

chipping off a small piece of the film using a sharp rasor blade and erecting it 
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edgewise on a glass slide edge using some grease. The edge of the selenium film 

was then viewed through a microscope with an eye-piece having fiduciary lines of 

predetermined separation. By simultaneously comparing the film edge with the line 

separation, the thickness of the selenium layer was obtained. 

(b) Se-CdO Cellinter-stripe Resistance 

A measure of the resistance of the CdO areas deposited on the selenium film 

was obtained in the following manner. A Keithley model 169 digital multimeter 

was used for this purpose. The meter was simply connected to the pair of contact

stripes on the same CdO area and the resistance value (Rst) registered. The 

resistance was measured on three different ranges to ensure consistency in the 

readings. 

(c) CdO Film Thickness 

(i) Films in cells 

The thickness of CdO films in the Se-CdO ceUs was estimated from the 

inherent interference colours of tlie film. By viewing the CdO film under a 

microscope, the order of the interference colour at the central region was 

determined. The thickness was then calculated from the following relation 

2nd-N>', where n is the refractive index of CdO (2.49), d is the CdO film 

thickness, N and À are the order and wavelength of the colour at the central 

region respectively. 

(ii)Films on glass substrates 

The thickness of the CdO film sputtered on glass substrates was determined 

by a Dektak surface profile measuring instrument. An abrupt edge was created in 

the central region of the film by using hydrochloric acid as an etchant. The 
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technique used by the Oektak profiler is one in which the displacement of a stylus, 

that traces the surface topology of the film, is detected and converted into an 

electrical signal. The films were placed on a moving base below the stylus and a 

trace of the edge profile was registered by the instrument on ch art paper. The 

CdO film thickness was then simply derived from the trace. 

(d) CdO Film Resistivity 

The electrical resistivity of CdO films deposited on the insulating glass 

substrates was measured using the four-point probe method. By measuring both 

current (1) and voltage (V), and using the thickness (t) as derived from the Dektak 

unit, the resistivity of the film p was calculated from the formula given by 

p = 4.53(V II) t. During the measurements, it was verified that for zero current, 

the voltage was zero, and further that it reversed yielding the same magnitude, 

when 1 was reversed. The current used in the measurement was maximized 

without causing short circuits' in the CdO film. 
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Chapter 4 

EFFECT OF SUBSTRATE TEMPERATURE 

ON Se-CdO CELLS 

4.1 INTRODUCTION 

21 

As mentioned in chapter 1, the convention al Se-CdO research cell involves a 

number of fabrication parameters which must be optimized to exploit the full 

potential of this device. Although many of these parameters were investigated in 

previous work [2,3,4,5], the effeet on cell characteristics of substrate temperature 

during the deposition of the selenium film was not very clear. Therefore, as a part 

of the present work, a detailed study of the effect of tbis parameter on cell 

performance was carried out and this is the subject of the present chapter. 

Aecordingly, a number of eells were fabricated under otherwise similar conditions 

but with the selenium deposited at different substrate temperatures ranging from 80 

to 140°C. This temperature range covers the transition point of selenium from the 

amorphous state to the crystalline state and, as will be seen later, some very 

important results were obtained in tl:is respect. 

The Se-CdO samples were prepared by first evaporating a layer of bismuth 

on a meehanically-roughend cylindrical pieee of aluminum. A layer of selenium 

was then evaporated on to the bismuth, followed by depositing four CdO areas on 

to the selenium film using d.c. reactive sputtering. Wood's alloy stripes were then 

evaporated on to the four CdO areas (cells) to define contacts and copper wires 

attached for external connections. Fig.4.1(a) shows a schematic diagram of the 

Se-CdO research sample, indicating the four CdO cells deposited on the common 

substrate. Fig4.1(b) shows the numbering scheme of these cells with respect to the 
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base contact. These numbers will be referred to later. The fabrication dotails of all 

of the devices made are given in Table 4.1. 

4.2 SAMPLE PREPARATION 

This section describes the fabrication of the Se-CdO cells prepared with 

different substrate temperatures. 

(a) Aluminum Substrale Preparation 

The Se-CdO cells were fabricated on a cylindrical aluminum substrate (stud) 

about 2 cm in diameter and about 1 cm in thickness. Besides acting as the 

positive electrode of the cell, the substrate also provided structural support for the 

different cell layers. In order to allow for better adhesion between these layers 

and the substrate, the surface of the aluminum stud was mechanically roughend by 

hand, using a piece of sand paper (Canada Sand Papers, grit # 400), under 

running water for a few minutes and then dried using "Kimwipe" brand tissues. The 

aluminum surface was then rinsed with propanol and dried in a nitrogen gas 

stream, so as to mioimize surface contaminaÛon. This treatment produced a rather 

clean and smooth aluminum surface, yet grooved enough to obtain good adhesion 

of subsequent layers. 

(b) Bismuth Evaporation 

Due to the poor sticking between selenium and aluminum at higher 

temperatures, a layer of bismuth was introduced between the two to improve the 

adhesion of the selenium film to the substrate. Immediately after substrate 

lapping, four aluminum substrates were located in & special mounting block and 

placed inside the chamber of a vacuum system (Edwards model 6E4), with a 6 
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inch-diameter bell jar. Bismuth pellets (about 3 to 4) were then placed in a self

constructed molybdenum boat, located about 7 cm below the aluminum stud 

surfaces. The coating system and the schematic evaporation arrangement are 

shown in Figs.4.2(a) and (b). 

Aiter 15 minutes of vacuum pumping to a pressure of we11 below 10-4 Torr, 

the bismuth was evaporated at a current of 40 A for 5 minutes. Following this 

evaporation, the samples were allowed to cool down for about 15 minutes before 

introducing air into the chamber. 

(c) Selenium Evaporation 

The selenium layer is one of two primary layers contributing to photovoltaic 

action in the Se-CdO cell. Being a vital componeot, selenium was evaporated with 

extra care, so as to eosure proper control over film depositioo as weil as 

maintaining contamination to a minimum. TIie evaporation was done for four 

samples at a time in a 12-inch bell jar vacuum system (Edwards model E12E3) 

immediately following the bismuth deposition. The samples were mounted in a 

special graphite holder supported inside the chamber by its own heating element. 

The holder was then properly positioned, such that it was 7 cm directly above a 

heated graphite crucible filled with selenium pellets. Inside the chamber one 

thermocouple was inserted in a tiny hole in the exterior side of the graphite sam pie 

holder and a second thermocouple was located in a similar hole in the graphite 

crucible. Propanol-soaked "kimwipe" tissues were then used to clean up oil-based 

contaminants from certain parts of the chamber. The selenium evaporation 

apparatus and the schematic arrangement inside the chamber are shown in 

Figs.4.3(a) and (b) 

After the system was pumped down to a pressure of about 1()-6 Torr (in 2 to 
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3 hours) , the desired substrate temperature was selected on a tempe rature 

controller (Omega, model 1622-O-J). This controller rJaintained a specifie 

temperature by continuousiy adjusting the duty cycle of a heating element such that 

the thermocouple-monitored tempe rature matched that of the set point. The 

temperature of the sample was allowed to stabilize for about one hour and then, 

with the shutter closed (i.e. covering the samples), the tempe rature of the crucible 

was raised using a second temperature controller (Marcland). The source 

temperature was increased to about 245°C (above the selenium melting point of 

211°C) and allowed to stabilize for 20 minutes. This was followed by opening the 

shutter and exposing the sampl~s to the selenium vapor. The evapoaration time 

was taken as the duration between the opening and closing of the shutter. 

After the evaporation was completed, the shutter was closed to obstruct 

further selenium deposition. This was followed by lowering the source and 

substrate temperatures. The substrate temperature was decreased at a rate of 

about 2°C per minute, 50 as to prevent the selenium film from peeling-off. This 

effect can be caused by the difference in the contraction rates between selenium 

and aluminum, wbich produces large stresses in the selenium film. After the 

temperature of the samples dropped to near room temperature, air was admitted 

ioto the chamber and the samples were removed. 

(d) CdO Reactive d.c. Sputtering 

The CdO layer was deposited on the selenium film by reactive d.c. sputtering 

using the residual air method. In tbis method, a cadmium target is used but 

because of a small amount of air deliberately left in the chamber, the sputtered 

cadmium reacts with the residual oxygen to deposit a CdO film. A second 

Edwards vacuum system (model E12E3), shown in Fig.4.4(a), was utilized for tbis 

purpose. The sputtering arrangement inside the chamber is shown in Fig.4.4(b). 
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Following the selenium deposition, each sample was mounted on a custom-made 

holder (shown schematically in Fig.4.4(b», which was fitted with a masking 

assembly. An aluminum mask with four circular openings (Fig.4.6, mask number 

1) was inserted into the assembly and brought into contact with the selenium 

surface of the sample. The holder, with its sample and mask, was then placed 

inside the chamber and located vertically above a cadmium target. The height of 

the holder was adjusted such that the surface of the sample was about 1.3 cm 

above the cadmium target (cathode). The chamber was then pumped down to an 

initial pressure of about 10 mTorr. At tbis pressure, the high vacuum valve was 

then closed and argon was introduced into the chamber via an inlet needle valve. 

As the pressure rose towards 75 mTorr, the high vacuum valve was re-opened and 

the chamber pressure was controlled with the opening of the gas inlet valve only. 

At a valve setting of about 80 units, a pressure of 75 mTorr was established. The 

sample was sputtered for 3 minutes at a current of 20 mA sllpplied from a high 

voltage power source, with a cathode potential of about - 700 volt. As the 3-minute 

run was completed, air was allowed into the system and after 5 minutes at 

atmospheric pressure the chamber was pumped down again to 10 mTorr. 

Sputtering was then carried out for another 3 minutes at 75 mTorr and 20 mA and 

this process was repeated for 10 cycles yielding a total sputtering time of 30 

minutes. At the end of the tenth cycle the holder, WÎth the sample inside, was 

removed from the chamber. 

(e) Wood'" Al/oy Evaporation and Soldering of Leads 

Wood's alloy was used ta malte contact stripes on each of the four CdO 

areas of the sample (FigA.l(a». This Metal is an alloy made up of 50% bismuth, 

25% lead, 12.5% tin and 12.5% cadmium, having a melting point of about 71°C. 

The evaporation was done using the same system employed for the bismuth 
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deposition (Edwards model 6FA) with the same type of boat. Mask number 2 

(Fig.4.6) was inserted into the mask holder to define a pair of stripes per CdO 

area of the sample. A small piece of Wood's met al was placed in a boat and the 

holder was located inside the chamber such that the boat was S cm directly below 

the surface of the sample. The arrangement is shown schematically in Fig.4.S. The 

chamber was then pumped down to a pressure well below 10"4 Torr, followed by 

an evaporation of 5 to 10 minutes at a current of about 40 A. After completion, 

the holder was taken out of the chamber and the sample removed. 

After completing the deposition of all the layers, the sample was inserted 

into a custom-made plastic disk and secured with a screw, which also served as 

the positive electrode of the four cells on the sample. Thin copper wires were then 

soldered onto each of the eight Wood's alloy stripes on the cells. The other ends 

of the wires were soldered to eight screws fixed in the plastic casing, each screw 

acting as a negative electrode. The cells were then complete and ready to be 

tested. Fig.4.7 shows one of the four Se-CdO cells in a sample, where the CdO 

appears as a reddish disk on top of a yellowish-golden selenium film. The 

interference colours are clearly seen at the periphery of the CdO disk. Two wires 

are also seen soldered to the Wood's metal stripes on the CdO layer. 

4.3 EXPERIMENTAL RESUL TS 

This section presents the results of the effect of substrate temperature on cell 

characteristics. A number of tests were carried out on the cells to evaluate their 

performance. The cells were tested in terms of their illuminated j-V 

characteristics, dark j-V characteristics, photoresponse and selenium film 

morphology. The results of these tests are given below. 

, 
1 , 
l 
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(a) Effect on lIIuminated j-V Characteristics 

In this section, results for eells under an illumination of lOO mWcm-2 

simulated solar irradiation are presented. Fig.4.8 shows representative corves of 

illuminated corrent density against voltage, for cells fabrieated at eight different 

substrate temperatures. The general trend is se en to be an increase in the output 

power of the cells with increasing substrate temperature. 'Ibis increase is more 

evident at temperatures below 110°C. At higher temperature however, beyond 

about 1200C, the increase in cell performance seems to be less definite. CeUs at 

lower substrate temperatures, such as 80 and 90°C were also fabricated but are 

not shown since the short circuit current densities were less than 0.1 p.Acm-2• The 

highest observed current density in a cell was 8.9 mAcm-2, obtained at a substrate 

temperature of 1400C (not shown). The variations of short circuit current density 

j.e and open circuit voltage Voe with substrate temperature are also shown 

separately in Figs.4.9 and 4.10 respectively. The figures show a rather sharp 

increase in both j.e and Voe within a small temperature range between 80 and 

l000C and, while Voe remained more or less constant beyond 110°C, j,e continued 

to show progressive increase with temperature. 

Fig.4.11 shows the illuminated characteristics of the four cells of sample 

SH-24, which was fabricated at a substrate temperature of 95°C. The figure aiso 

shows a plan view of sample SH-24, where two regions can be distinguished on the 

selenium film. One of the regions appears to be more crystallized than the other, 

as evidenced by a higher density of localized crystallization regions. It is seen that 

the two eells fabricated on the more crystallized side, produced larger values for 

both j.e and Voc than those on the less crystallized side. 

Fig.4.12 shows the illuminated j-V charaeteristics of ceU SH-l4-4 tested 

under both simulated AMl illumination and actual solar irradiation. The latter 
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was carried out on October S, 1987 at 1:20pm in Montreal. Il is seen tbat 

although the actual solar illumination conditions were less th an AMl, the i.e value 

of the cell was aoout 7.4 mAcm-z, which is slightly less than the value of around 

8.7 mAcm-1 obtained under simulated illumination at 100 mWcm-2. The open 

circuit voltage however, remained more or less unchanged near 0.52 V. 

(b) Effect on Dark j-V Characteristics 

Fig.4.13 shows typical dark forward characteristics of nine samples 

fabricated at eight different substrate temperatures. It can be seen that at higher 

voltage, the forward current increased with increasing substrate temperature. The 

increase is more evident at temperatures below lOO°C. This can also be seen in 

Fig.4.l4, where the forward corrent at 1.0 volt is plotted against substrate 

temperature. In this figure, it can be seen that between BO and loo°C, the curve 

increased sharply with increasing temperature. Beyond 110°C however the current 

continued to increase but at a much lower rate up to a temperature of 140°C. 

(c) Effect on Photoresponse 

The photoresponse (also known as spectral response) of cells fabricated at 

substrate temperatures between 9S and l40°C is given in Fig.4.1S. While the trend 

is not very definite it seems that, in general, the photoresponse of cells increases 

with increasing substrate temperature. Il also appears that the peak photoresponse 

of the cells shifts to longer wavelengths with increase of substrate temperature. 

Both effects are more apparent in Fig.4.l6 wbere the photoresponse of four of the 

cells fabricated at the substrate tempe ratures 80, 90, 100 and 140°C is shown. In 

tbis figure, it can be se en that the change in photoresponse between the 

temperatures 90 and 100°C is much greater than the change between 100 and 
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(d) Entel on Selenium Morphology 

A photograph of the surface of a selenium film grown at a substrate 

temperature of 120°C is shown in Fig.4.17 (sec Table 4.1, sample SH-l8). The 

appearance of the selenium layer in tbis photograph is in fact representative of 

films deposited at substrate temperatures between 110 and 140°C. The film shown 

is a polycrystalline one and not amorphous, even though the grain boundaries are 

not quite apparent at a tirst glance. Careful examination of the film however, 

reveals the boundaries as faint and tiny dark twisting lines in the selenium film. 

At a lower substrate temperature, grain boundaries became more apparent. 

Fig.4.l8 shows three regions of a selenium film grown at a substrate temperature 

of lOooC. In tbis temperature range, two types of grains can be distinguished. One 

has a "crater-like" appearance and is slightly larger than the other type, which 

appears to be smoother. The density of the two types of grains seems to vary 

across the selenium film, as can be seen in Figs.4.l8 (a), (b) and (c). Region (a) 

seems to be more dominated by sm aller grains, while region (c) seems more 

dominated by the larger ones. A similar variation in grain density across the 

selenium film cao also be seen in Fig.4.19, where three rcgions of a selenium film 

grown at a substrate temperature of 95°C are shown. Here, it is se en that the 
. 

smaller grains are heavily packed in regioD (a), while only few of them appear in 

region (c). In fact, region (c) is largely made up of amorphous selenium. This 

semi-amorphous region is actually part of a circular shadow of amorphous 

selenium, which appeared on the four aluminum studs during evaporation, 

refiecting an image of the cNcible opening. This phenomenon was only observed 

during the evaporation run at 95°C. At a lower substrate temperature the grain 

density dropped even further, as indicated in Fig.4.20 showing a selenium film 

grown at a substrate temperature of 9QOC. Here, the film is more or less 
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amorphous except for a few grains scattered here and there. However, the 

selenium film became entirely amorphous at 80°C (not shown). 

Fig.4.21 shows a top view of two Se-CdO ceUs one with a 100°C crystalline 

selenium film (a) and the other with an 80°C amorphous selenium layer. The CdO 

films in the two cells were sputtered under similar conditions at a sputtering 

current, pressure and time of 20 mA, 75 mTorr and 10x3 min. respectively. A 

view of the edge of each CdO film shows its interference pattern to yield a third 

order green colour, indicating a film thickness of about 0.33 J.lm in the two cells. 

The interesting observation here is that in the case of the crystalline selenium film, 

its surface topology did not appear to change after the CdO deposition as 

compared to the amolphous, 80°C selenium film. In the latter, it was evident that 

the sputtering action had altered the morphology of selenium surface layer as 

evidenced by the drastif: difference in appearance between selenium underneath 

the CdO and that with no CdO on top. 

4.4 DISCUSSION 

A discussion of the results of section 4.3 is now presented and explanations 

are offered, where possible. It should be mentioned that, unless otherwise stated, 

the interpretations offered are largely tentative and other explanations may 

emerge with future work. 

Over the range of selenium substrra.e temperatures of 80 to 140°C it was 

found that the higher the temperature, the better the output of the ceU. By 

examining the performance of the cells fabricated at lower substrate temperatures, 

it was evident that photovoltaic action using amorphous selenium was quite smalI 

and hence rather difficult to detect. '!bus to obtain reasonable photovoltaic output 
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in the Se-C;dO structures, crystalline selenium is needed. This was clearly shown in 

the sample fabricated at 95°C, which was well crystallized on one side and less 

crystallized on the other. In this sample, the weil crystallized side showed the 

better photovoltaic performance. The reason for the variation in crystallinity is no 

doubt due to a smail transverse temperature gradient across the substrate during 

deposition. 

Samples fabricated at higber substrate temperatures (ail with a well 

crystallized selenium film), exhibited increasing photovoltaic output with increasing 

temperature and, in the cells preparerl at 1400C, the conversion efficiency was 

found to be up to about 2%. The improvement in the illuminated j-V 

characteristics with increasing substrate temperature is perhaps partly due to a 

reduction in the series resistance of the cell, which is reflected by the increase in 

short circuit current density. However, the improvement in the open circuit voltage 

cannot be due to this but could possibly be attributed to an actual increase in the 

generated photocurrent of the eell. Higher substrate temperature could increase 

the diffusion length of the minority charge carriers (electrons in p-type selenium), 

and hence increase the photocurrent generated by the cell. 

The reduction in the series resistance of the cell with increasing substrate 

temperature is evident in the dark j-V characteristics, where it was seen that at a 

forward bias of 1.0 volt, the current density clearly increased with temperature. 

The initial sharp rise in the current between 80 and lOO°C could be caused by the 

continuous increase in the crystallization of the selenium film, which in turn results 

in a reduction in the series resistance. However, beyond 100°C, where the 

crystallization of the selenium film is believed to be largely complete, the reduction 

in series resistance is thought to be due to increased hole mobility. This could, for 

instance, be caused by a reduction in the concentration of trapping centers in the 
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selenium film. 

While the photoresponse measurements were only preliminary, they 

confirmed a maximum response for the ce Ils at a wavelength of about 550 Dm for 

selenium crystallized in the temperature range of 100 to 140°C. For samples 

prepared at the lower tempe ratures of 80 and 90°C, the maximum response 

occurred at a shorter wavelength of around 450 om. The much reduced response 

in this temperature range is speculated to be due to the larger density of trapping 

centers in the selenium film, which can reduce the photocurrent generated in the 

cell. 

Ouring the deposition of the selenium film at the substrate tempe ratures of 95 

and 100°C, crystalline "grains" were observed of two types, larger "grains" and 

smaller ones. It is speculated that the larger grains arose from eartier nucleation 

during the deposition stage of the selenium film. The smaller grains however, were 

assumed to have been nucleated at a later stage, possibly during the long cooling

down period after selenium evaporation. However, this speculation has yet to be 

tested experimentally. 
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Fig.4.2 (a) Photograph of Edwards vacuum system (model 6E4, 6-inch 
bell jar) used for bismuth and Wood's alloyevaporations. 
(b) Schematic diagram of the arrangement used inside the bell jar 
for bismuth evaporation. 
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FigA.3 (a)Photograph of Edwards vacuum system (model E12E3, 12-inch 
heU jar) used for selenium evaporation. 
(b) Schematic diagram of the arrangement used inside the chamber. 
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Fig.4.4 (a) Photograph of second Edwards vacuum system (model E12E37 
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(b) A schematic diagram of the arrangement used inside the chamber. 
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Fig.4.7 View looking down on a single Se-CdO cell. 
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Fig.4.17 Surface view of a selenium film deposited 
at a substrate temperature of 1200C. 
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Fig.4.18 Surface view of three regions of a selenium 
film deposited at a substrate temperature of 100°C. 

~
aJ Region made up of mostly smaller grains. 
b Region where both smaller and larger srains coyer comparable areas 
c Region dominated by mostly larger grams. 
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FigA.19 Surface view of three regions of a selenium 
film deposited at a substrate temperature of 95°C. 

!a} Region showin~ high degree of crystallization. 
b Region of partIal crystallization. 
c Region of little crystallization. 
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Fig.4.20 Surface view of a selenium film deposited at a substrate 
temperature of 9()oC, showing very little crystallization. 
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Fig.4.21 A comparison between two selenium films 
after CdO sputtering under similar conditions. 
(a) A weil crystallized selenium (lOOoC) 
(b)An amorphous selenium film (800C). 
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Chapter 5 

PRELIMINARY STUDIES ON R.F. SPUTI'ERED 
Se-CdO CELLS 

5.1 INTRODUCTION 

53 

As indicated in chapter 1, the deposition of the CdO layer in the Se-CdO 

cells can also be accompli shed by r .f. magnetron sputtering, in contrast to the d.c. 

reactive sputtering method, described in chapter 4. In principle, r.f. sputtering 

ûom an oxide target in an argon ambient, should yield a fixed film stoichiometry, 

since no reaction between cadmium and oxygen is apparently involved at fust 

thought. Furthermore, with lower sputterlng pressures inherent in r .f. magnetron 

systems, the deposited CdO film would be expected to be of both greater purity 

and density. 

Cells were therefore prepared using this deposition technique and 

accordingly in this chapter the fabrication and results of sueh eeUs ure described. 

Since the fabrication of the Se-CdO eells involved many parameters in the 

deposition of the selenium and CdO layers, the present work with r.f. sputtering 

must be eonsidered as only a first step in utilizing this technique. 

In order to obtain better control of the sputtering conditions, CdO 

depositions were fust carried out on glass slide substrates and then on selenium in 

eell structures. In the case of the glass samples, the parameters varied were 

sputtering power and sputtering pressure. Table 5.1 gives the details of their 

fabrication. In the case of the cells, the r .f. sputtering parallleters examined were 

sputtering pressure and deposition time. No power variation results for the eells 

are presented, sinee only limited experiments were done with ehanging this 
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parameter. It should aIso be mentioned that attempts were not made to vary the 

composition of the CdO target so as to obtain different film properties. The 

fabrication conditions of the r.f. sputtered cells are given in Tables 5.2(a) and (b). 

5.2 SAMPLE PREPARATION 

In this section, the fabrication of the glass slide samples as well as the Se-

CdO cells by the r.f. sputtering technique is presented. A description of the 

preparation of the CdO powder targets employed, is also given. 

(a) R.f. Sputtering Apparalus 

In this study, the deposition of the CdO films was carried out in a Varian r.f. 

planar magnetron sputtering system having a 12-inch diameter beU jar and an M4 

diffusion pump. The system employed a V.S.Gun II sputtering source WÎth a 5-cm 

diameter, water cooled, target assembly. The source also cQntaÏDed a built-in, 

ring-shaped, permanent magnet situated below the target mounting plate. A d.c. 

converter and r.f. generator unit (V.S.loc. model RF-500MB) supplied the source 

with r.f. power at 13.56 MHz, through a matching network. The peak output 

capability of the power supply was rated at 500 watts. Fig.5.1 shows a photograph 

of this system. 

(b) CdO Powder Target Preparation 

In contrast to the met allie cadmium target used in the d.c. reactive 

sputtering method (chapter 4), a cadmium oxide powder target was employed for 

the r .f. sputtering case. A totaI of three experimental targets were prepared 

whereby the CdO powder material was mechanically compressed ioto a more 

condensed state so as to improve the uniformity and reproducibility of the 
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deposited CdO films. Fig.5.2 shows a schematic of the target material in its S-cm 

aluminum tray. 

In fabricating the tirst target, denoted by target A, the CdO powder was 

poured into the aluminum tray using a spatula and hand-pressed gently with a flat 

weight, so as to produce a level target surface. For target B, the CdO in the 

aluminum tray was compressed at a much higher pressure (about 3 tons per square 

inch) using a mechanical stainless steel press. In the case of target C, the CdO 

powder was fust machine-pressed in the absence of the aluminum tray and then 

smtered in air at 900°C for about 1 hour. After cooling down, the CdO disk now 

slightly smalIer in size, was placed in the aluminum tray ready for use. An attempt 

was also made to bond the CdO disk to a circular aluminum plate using silver 

epoxy resin but tbis was not successful. It should be noted here that, after 

sintering, the CdO appeared somewhat darker in colour, which could have been 

due to a change in its stoichiometry. 

In depositing the films on glass substrates, target A was used for samples Z-l 

to Z-9 and Z-17 to Z-28 (Table 5.1), while target C was employed for samples 

Z-29 to z-47. In th, case of the Se-CdO celIs, target B was utilized for alI the 

devices. In general, targets were sputter-cleaned (etched) to establish an 

equilibrium surface layer before any actual depositions were made. 

(c) CdO Depositions on Glass Substrates 

The r.f. sputteling of CdO on glass substrates was done in the following 

fashion. After placing the target in position within the chamber, the glass substrate 

was pre-cleaned with propanol so as to remove any oil-based contaminants from 

its surface and was then mounted a few centimeters above the target on a special 

holder (see Fig.S.3). With the apparatus set in place, the vacuum chamber was 
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pump~d down to a pressure of about 2x1Q-6 Torr and the r.f. generator switched 

on. Following an indication on the console that the power supply was ready, high 

purity argon was introduced ioto the chamber, via an inlet valve, which was 

adjusted to maintain the desired pressure. The r.f. excitation was then initiated at 

the required power setting, iostantaneously producing a plasma discharge (of 

purple-magenta colour) between the source and the substrate. The sputtering was 

carried out for a period of 30 minutes after which the excitation was turned off. 

The argon gas and high vacuum valves were then closed, air was let into the 

chamber and the samples removed. 

It is notee! here that during the deposition of glass-substrate samples Z-l to 

Z-9 and Z-17 Ito Z-2B, the sputtering for 30 minutes was done in a continuous 

fashion, while in the case of samples Z-29 to Z-47, the sputtering process was 

carried out iotel'mittently. In this case, 3-minute sputtering periods separated by 

5-minute intervals (keepiog the sample io the argon ambient) were repeated for a 

total deposition dme of 30 minutes. 

(d) CdO Deposition in Cells 

The CdO de position in the r .f. sputtered cells was done in much the same 

fashion as describe,d above for the glass-substrate samples. However, continuous 

sputtering was usee! for ail of the cells. A special stainless steel holder, shown in 

Fig.S.4, was employed to support the aluminum stud substrate in each case using 

mask number 1 (Fig.4.6, chapter 4) to defioe the four CdO areas (cells) on the 

selenium layer. Table 5.2 (b) gives the CdO deposition conditions for ail the 

devices made. 
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(e) Other Cell Fabrication Dttails 

The structure of the r .f. sputtered cells was the same as that described in 

chapter 4. The preparation of the aluminum stud substrate was the same. The 

bismuth evaporation was also unchanged, except that a Cooke vacuum system 

model CV301FR was used for most of the depositions (see Table S.2(a». In the 

case of the selenium evaporation however, tne graphite source crucible used for 

ceUs in chapter 4 was replaced with either a molybdenum boat (Fig.S.S(a» or a 

stainless steel crucible (Fig.S.S(b». The latter was used for samples Z-74 to Z-77, 

while the molybdenum boat was employed for samples Z-78 to Z-82 (see Table 

5.2(a». Furthermore, in the case of samples Z-78, Z-79 and Z·82, the selenium 

was deposited at a much higher rate, with the substrate maintained at an elevated 

temperature (Table 5.2(a», such that the deposited film was initially amorphous. 

The selenium film was allowed to crystallize for a period of about 10 minutes 

before decreasing the substrate temperature. This was mainly done to obtain 

thicker selenium films with shorter evaporation times. 

5.3 EXPERIMENTAL RESULTS 

In tbis section, resuIts are first presented on CdO films deposited on glass 

substrates and then on the Se-CdO cells. 

(a) CdO Films Deposited on Glass 

(i) Effeet of sputtering pressure 

The effect of sputtering pressure on the thickness and resistivity of the CdO 

films is shown in Figs.S.6 and 5.7 respectively. In Fig.5.6, it is seen that for 

samples Z-38 to Z-47 prepared with the sintered target C (soUd symbols), the 
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thickness of the CdO film first increased and then decreased with increasing 

sputtering pressure, exhibiting a maximum at around 2 to 10 mTorr. For the other 

two sets of samples Z-6 to Z-9 (electrode separation Scm) and Z-23 to Z-28 

(separation 4cm) prepared with the hand-pressed target A (open symbols), the 

trend seems to be somewhat similar but rather suppressed. In Fig.S.7, where film 

resistivity is plotted against sputtering pressure, the general trend is seen to be a 

monotonic increase of CdO resistivity with increasing sputtering pressure. In these 

results, target preparation did not seem to show a strong effect. 

(ii) Effect of sputtering power 

Results of CdO films sputtered at different power settings are shown in 

Figs.S.8 and 5.9. In Fig.S.S, a plot of CdO film thickness against power setting is 

shown. Here it is se en that the film thickness in general increased linearly with 

increasing sputtering power. In the case of samples prepared with the sintered 

target C (solid symbols), the slope of the increase is noted to be much greater th an 

that for the samples fabricated with the hand-pressed target A (open symbols). In 

Fig.S.9, a plot of CdO resistivity agah\st power level is shown. It can ue se en here 

that, with increasing sputtering power from about 10 to 40 watts, a rather sharp 

drop in film resistivity was exhibited. Beyond 40 watts however, the lower film 

resistivity was essentially unchanged at least up to 100 watts. The average 

resistivity in tbis region for the films deposited with target C was about twice that 

of the films sputtered with target A. 

(b) R.f. Sputlered Se-CdO Cells 

(i) Uniformity of CdO de positions 

Experiments were carried out to verify the reproducibility of resuIts from one 

run to the next under the same nominal fabrication conditions. Accordingly, Se-



59 

CdO sample Z-82 was prepared with four CdO areas successively deposited on a 

common selenium substrate using the same nominal sputtering parameters. The 

illustrated characteristics of these four cells are shown in Fig.5.lO. It is seen that 

the first deposited ceU Ylelded the largest jsc and Voc values of aU four cells. The 

subsequent depositions showed lower jsc values but essen.ially no systematic 

change in the second, third and fourth deposiLions. However, Voc generally 

decreased from run to ron. 

Arising from this result, six CdO are as were successIVely deposited on a 

glass substrate (not shown) under the same conditions (40 W, 30 min., 7 mTorr 

and 5 cm). Ali six areas showed about the same transparency with a third order 

red interference col our , indicating essentially no change in thickness from area to 

area. Upon measurinp, the resistance of each of the areas, using two probes about 

1 cm apart, it was found however, that the resistance monotolllcally decreased by 

about one arder of magnitude from the first to the sixth deposition. This mn-to-run 

resistance decrease, however, was not investigated further at this stage but must be 

considered when changes in fabrication parameters are examined. 

Since in the case of sample Z-82, the change between the first and second 

depositions was not large, it was not taken into account in the experiments to be 

described in the next section, concerning sputtering pressure and deposltion time, 

where there were. only two successive depositions made per stud sample. 

(ii) Effeel of sputlering pressure 

Representative characteristics, measured under an illumination of 100 

mWcm·2, of two sets of samples prepared at different sputtering pressures, are 

shown in Figs.5.11(a) and (b). It is seen, in both figures, that while jsc showed no 

clear trend, the open circuit va" at lower pressure was much reduced 

1 
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compared to that at higher pressure. This is better seen in Fig.S.12, where a plot 

of j.e and Voe agaïnst sputtering pressure is shown. Here it is seen that j.e s(,ems to 

show an initial decrease with pressure between 1 and 2 mTorr, followed by an 

increase to a maximum i.e value of about 4 mAcm-% at 6S mTorr, beyond which a 

sharp faU in i.e was observed. In the case of Voc however, the general trend 

seems to be an increllse in open circuit voltage with increasing sputtering pressure. 

Figs.S.13(a) and (b) show representative dark j-V characteristics of the same 

two sets of samples described above. Here it is observed that at lower pressure", 

the lines are markedly curved with current density values much lar,ger than those 

observed in the d.c. reactively sputtered cell (sample SH-14), shown for 

comparison by the dashed lines in both figures. Furthermore, current at a given 

voltage generally decreased with sputtering pressure, particuiarly at lower voltage. 

Fig.S.14 shows plots against pressure of the three quantities: inter-stripe 

resistance R,t , CdO film thickness t, and their product Rst.t . Here it is seen that 

Rst showed an increase of about one arder of magnitude with inGreasing sputtering 

pressure between 1 and 110 mTorr. The film thickness t, however, was seen to 

increase up ta a maximum between pressures of about 2 and 10 mTorr and then ta 

decrease at higher pressure, much like the trend observed for the glass samples in 

Fig.S.6. It is interesting to note here that the thickness of the CdO film peaks in 

about the same range of 2 to 10 mTorr for both the glass samples and the Se-CdO 

cells (Figs.5.6 and 5.14) even though the deposition conditions were somewhat 

different. Despite the maximum in film thickness observed with sputtering 

pressure, the product Rat.t, whieh is proportional to the electrical resistivity of the 

CdO film, exhibited a monotonie increase with increasing sputtering pressure. This 

may be compared with the much larger increase of resistivity seen in the glass 

substrate samples over the same pressure range (Fig.S.7). 

1 
1. 

1 
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(iii) E/feet of de position lime 

ln Fig.S.1S, four representative curves of illuminated characteristics for cells 

fabricated WÏth different sputtering times, are shown. As indicated in the figure, 

cell performance increased WÏth increasing sputtering time from 1S to 60 minutes. 

However, for the l20-minute deposition run, j.e for the cells was reduced. These 

results are shown more clearly in Fig.5.16, where a plot of both j.e and Voe against 

sputtering pressure is given. It is seen here that while Voe increases with increasing 

deposition time and appears to saturate, j,c increases to a maximum and then falls 

off. 

Fig.S .17 shows the variation with sputtering time of the inter-stripe resistance 

R,t, CdO film thickness t , theu product R,t.t and the dark forV/ard resistance Ret 

(from dark j-V curve at 1 volt). It is seen that WÏth increasing sputtering time, the 

CdO film tbickness increased mODotonically as expected. However, while both Rat 

and R.t.t initially decreased, a slight increase was observed for the larger 

deposition time of 120 minutes. The trend observed for Rd was less obvious, 

although it suggests a general decrease WÏth deposition time. 

(iv) Accidentai change of cell eharacteristics 

During dark current-voltage measurements on cell Z-81-2, when 0.7 volts was 

applied in the reverse direction, a sudden decrease of current was observed. On 

remeasuring the dark and illuminated j-V characteristics, it was clear that a 

dramatic change in the device had taken place. Fig.S.1B shows the illuminated j-V 

curves both before and after tbis event (solid lines). It is se en that, while j.c was 

increased by some 50%, Voc was more than doubled. Fig.S .19 shows the dark 

characteristics of this cell before and after the change (solid Unes). Here it is 

noted that the current before the change was large and typical of ceUs WÏth low 
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shunt resistance. After the change however, the dark j-V characteristic showed 

lower current at sm aller voltage much like normal ceUs with an ideality factor of 

about n-2. 

S.4 DISCUSSION 

Results obtained on both glass-substrate and Se-CdO samples prepared by 

the r .f. sputtering method are now discussed. 

(a) Uniformity of CdO Depositions 

It was seen earlier in the successively deposited CdO films that, despite 

keeping the external fabrication parameters constant, the charcteristics of the 

films on glass and in cells changed from run to run. The decrease of resistance 

observed in the glass samples, may have been caused by either a change in the 

stoichiometry of the target surface with sputtering time or to progressive target 

heating. The latter effect is considered the more likely. While the target was 

water-cooled, as mentioned in section 5.2(a), it is still possible for the surface 

tempe rature to rise with continuous use over a period of time. This would mcrease 

the deposition rate of the CdO and render the deposited film oxygen-deficient and 

hence more conducting, if cadmium and oxygen atoms were sputtered separately. 

In the case of the ce Ils in sample Z-81, the decrease in Voc with order of 

deposition could arise !rom the lower resistance CdO sputtered at a higher rate, 

penetrating thinner regions or weak spots in the selenium. 

(b) Effecl of Spullering Pressure 

Despite sputtering from a fixed composition CdO target in a non-reactive 

ambient of argon, it was seen that with increasing sputtering pressure, both the 
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resistivity of the glass-substrate CdO films and the R.t.t product in the Se-CdO 

ecUs increased signîficantly. This surprising result is somewhat similar to the effect 

found in d.c. reactive sputtering, where at higher pressure, the lower deposition 

rate provided a longer lime for the reaction between cadmium and oxygen to take 

place, resulting in higher resistivity, stoichiometric CdO films. Thus, the question 

is raised whether in r.f. sputtering from a nominal CdO target, atoms of cadmium 

and oxygen are released separately, as already aUuded to in (a) above. li so, then 

the de position rate would also play a role in influencing the stoichiometry of the 

deposited CdO film. 

An alternative explanation for the apparent increase in resistivity with 

pressure is an increase in film porosity, but this would also Mean a substantial 

increase of CdO film thickness, which was not observed. The general increase of 

Voc with sputtering pressure is consistent with the decrease of dark current at 

lower voltage, resulting from increased shunt resistanc~, which in torn could arise 

from the increase of CdO resistivity with pressure. 

Comparison of the dark j-V charaeteristics between d.c. reactively sputtered 

and r .f. magnetron sputtered eells, shows the latter to be more curved and to yield 

more current at a given voltage. In terms of the simple circuit model of the 

Appendix, the differences would seem to imply lower shunt and lower series 

rcsistances for the r.f. sputtered cells. If tbis trend is coofirmed in future work, it 

would appear that the CdO is more condueting and hence more oxygen-deficient 

with r.f. sputtering. This could explain the lower RI values (see Appendix) 

observed but not directly the reduced Rab values. The latter may suggest that in r .f. 

sputtering, greater penetration of the CdO film via pin holes or locatized weak 

spots in the selenium occurs. 

The variation of film thickness with pressure suggests an optimum operating 
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range of 2 to 10 mTorr , where the deposition rate is greatest. The reduced 

thickness at lower pressure is believed to be due to less efficient ion coUec\ion by 

the cathode, white at higher pressure, the faU in thickness is attributed to a 

reduced me an free path of the sputtered atoms, resulting in a lower de position rate 

[29]. 

(c) Effect of Deposition Time 

The trends observed for both j,e and Voc: with deposition time were similar to 

those observed in cells prepared by d.c. reactive sputtering [5]. The initial rise in 

jsc: with time is attributed to increased thickness of the CdO film, resulting in 

decreased series resistanee in the cells. On the other band, the deerease of j,e at 

the longer deposition time is no doubt due to reduced film transparency resulting 

from the greater CdO thickness. The monotonie increase of Voc: with lime 18 

probably due to an increa'Se of shunt resistance with increasing film thickness. 

In princip le , increasing sputterlng time shoulci increase film thickness but 

should not affect its stoichiometry. Hence, the apparent initial decrease in the 

product Rst.t and subsequent slight increase with lime is not understood. However, 

as mentioned earlier, tbis may be an effect introdueed by target heating whereby 

with continued sputtering, the resistivity of the deposited film is decreased. It is 

aIso possible that at longer deposition times, the subsequent rise in resistivity is 

due to increased substrate beating ruising from continued electron and ion 

bombardment. This rise in temperature could affect the crystallinity of the 

selenium surface layer and hence ils conductivity. 

(d) Effect of Sputtering Power 

In depositing the CdO films on glass substrates, it was seen that, in general, 

the film thickness increased linearly with increasing sputtering power. This effect is 
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understandable, since sputtering power is proportion al to the current Oow (of the 

argon ions) between the sample and the cathode, if the cathode potential is 

constant. Thus, the higher the sputtering power, the larger the number of ions 

striking the target surface and hence the larger the deposition rate, which in tum 

leads to a thicker CdO film. By comparing the films in sets of samples deposited 

with the two different targets A and C, it was seen that the thicknesses of films 

deposited with the sintered target C were about three times greater than those of 

samples prepared with the hand-pressed target A. This greater deposition rate is 

not surprising, since for the sintered denser target C, a greater sputterlng yield 

would be expected. Accordingly, as is commonly accepted, sintered targets are to 

be preferred for efficient film deposition. 

Th.e electrical resistivity of the CdO films deposited at different power levels 

showed a rather unexpected strong initial decrease with increasing sputtering 

power from 10 to 40 watts. Beyond this range however, the resistivity seemed more 

or less independent of power level. This decrease in resisth~ty implies that at 

higher sputtering power, the stoichiometry of the sputtered film was decreased. 

This could arise from the increase of de position rate with power, as indicated in 

Fig.5.B. The stoichiometry decrease could be explained if again it is assumed that 

the cadmium and oxygen atoms are sputtered separately from the target. In this 

case, time is required for the atom to recombine at the substrate. Hence as the 

deposition rate is increased, there is insufficient time for the recombination to take 

place completely and the resulting CdO is oxygen deficient and therefore more 

conducting. 

(f) Deviee Performance Change 

The change in the characteristics of cell Ut-2, shown in Figs.5.t8 and 5.19 

as a result of the application of a reverse voltage, can qualitatively be explained 
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by an increase in shunt resistance, resulting possibly from the "burning out" of a 

localized short circuit across the active junction. An attempt was therefore made 

to fit the curves of Figs.5.1S and 5.19 using the simple equivalent circuit model of 

the Appendix. The dashed and dotted lines in Fig.5.IS represent such fits, where 

the parameters involved are stated for the two illuminated curves. The values of 

jph and n in equation A.2 were taken ta be 2.S mAcm-2 and 2 respectively. It is 

noted that the obtained area shunt resistance (Rsh) values increased tram 80 ohm 

cm1 before the event ta in.finity after it. However, the values of jo and R. needed 

for the fitting were different from one curve to the other. The parameters for the 

fitted curve A in Fig.S.1B before the event were also found to fit approximatly the 

corresponding dark j-V curve in Fig.S.19. However the parameters for the curve B 

after the event did not at aIl fit the experimental dark j-V curve very weIl in 

Fig.5.19. This part of the disagreement is attributed to the simplicity of the 

equivalent circuit model used. 
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TllbleS.l 

( R.I. Spattend CdO .. GD GluI Sabltntes 

Spun,,,,,, COndi1101U 1 
Film Characrenntu 

SGmplll p-
l 

hw.· TlIN S.p. S T7tk1r..6 RuUlMiy 1 Ord", C%ur' 

(wcut) (,"To,,) (1ftUI) (cm) ()ml) (1fT" olIM cm) 

Z-l 10 5 JO 5 0.05 18700.0 thEn yellow , 
Z-2 20 5 JO 5 0.10 J600.0 lS d yellow 
Z-J 40 5 JO 5 0.25 J.1 3r green 
Z-4 80 5 JO 5 0.60 4.0 5th green 
Z-5 100 5 JO 5 0.70 3.2 5th red 

Z-6 40 0.5 JO 5 0.14 3.2 ;lnd green 
Z-7 40 1 JO 5 0.22 3.6 2nd yellow 
Z-8 40 la 30 5 0.16 42.0 lst red 
Z-9 40 45 JO 5 0.02 6J.0 thin yellow , 

Z-17 10 1 JO 4 0.07 IJ1.0 lst ye110w 
Z-18 20 1 JO 4 0.15 6.5 2nd olue 
Z-19 30 1 JO 4 0.21 2.3 3rd green 
Z-20 40 1 JO 4 0.J5 2.6 3rd red 
Z-21 60 1 JO 4 0.J5 2.4 3rd red 
Z-22 70 1 JO 4 0.42 3.1 4th green 

Z-2J 40 0.5 JO 4 0.J5 3.7 3rd red 
Z-;14 40 0.75 JO 4 0.40 3.3 3rd red 
Z-25 40 1 JO 4 0.J5 2.9 3rd red 
Z-26 40 5 30 4 0.J75 3.2 3rd red 
Z-27 40 la JO 4 0.375 12.0 3rd green 
Z-28 40 50 30 4 0.16 28.0 ;lnd blue 

Z-29 10 1 10z3 3 0.255 861.0 3rd green 
Z-30 20 1 10z3 3 O.U 45.4 4th green 
Z-Jl 30 1 10z3 3 0.663 10.4 
Z-32 40 1 10z3 3 0.87 5.8 
Z-33 50 1 10z3 3 1.09 5.0 
Z-34 60 1 10z3 3 1.11 7.8 
Z-35 70 , 10z3 3 1. 24 6.5 
Z-36 80 1 10z3 3 1.55 8.1 
Z-37 80 1 10z3 3 1.4 5.8 

Z-38 60 1 10z3 3 0.78 7.8 
Z-39 60 1.5 10z3 3 0.98 5.7 
Z-40 60 :2 10z3 3 1.3 3.0 
Z-41 60 5 10x3 3 1.5 5.8 

Z-42 60 0.7 10x3 3 0.56 15.0 5th CJreen 
Z-43 60 1 10z3 3 0.92 8.0 
Z-U 60 2 10x3 3 1.45 12.1 
Z-45 60 7 10z3 3 1. 34 10.9 
Z-46 60 10 10z3 3 1.48 9.5 

2nd yellow Z-4'/ 60 100 10z3 3 0.22 1164.0 

-
l, ..... z, •• z,16_ ... 1O...., ...... 0I •. "-el ........................ ............................... -- s, ,..... __ ........ faIIIL 

2 ...... Z,l. z.t .. Z,17 10 z.3I_ ..... 6. ............ __ ~ .. DoIIM---. 
............ __ -..,., ...... z.at1Oz.n -............. th ccqs ........... 7 .... ......,. __ ........ ,.. .... 
.... C(_T ... ~ ....... U). ...... .......... " 

( La.. ..... ( ........ · s _)01" J ..................... .,.. ...... ..... ............... 
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Bismuth EvGpOltltion 

s.m,Ie PeU. 11me Sep. CurTI. • S,S1• 

(mbI) (QII) (amp) 

Z-74 5 2 8 60 Coo 

1-75 5 2 8 60 Coo 

Z-76 5 2 8 60 Coo 

Z-77 5 2 8 60 Coo 

Z-78 3 3 6 40 Edw 

1-79 3 3 6 40 Edw 

Z-80 4 5 8 50 Coo 

Z-81 .. 5 8 50 Coo 

Z-82 3 5 6 40 Edw 

• ...... , .....,._.,..... ...... 6E4. 

Cao. CoaU _.,.....0411 CVlOIFR 

2. s..--W-_QI ... ......, ... 

~-~----- --~ --------"- ---- --

Table 5.2(a) 

Bismuth and Selenium DepositiOD Cooditioos 

01 r .1. Sputtered Se-CdO Cens 

Selemum Evaporation Remalks 
3 s 

2 Sub.u. 4 Source 
Thiel. Tinte Sep. Temp. CUrTI. Temp. 

(mUa) (cm) (t') (QIn,) (\') (pm) 

60 8 140 250 20 

60 8 140 250 20 

60 8 140 250 20 

90 9 140 240 12 

5 8 150 4.0 40 ·FIub-btc· icleaiwD evaporalioo. 

5 8 150 4.0 40 "FIash-likc" Se evaporlÛOll. 

la 8 140 2.2 30 

10 8 140 2.2 30 

5 8 150 4.0 35 ·FIub-btc· Sc cvaporauoa. 

t;~. 

J Tc.paal .... 0( .... ...... al ............. _ . S T ...... _.01 ........................... --
.. ...... _ ................... z..741D z..77. 

4 . ....., cun.- al Il''-'' ... ....., ... -.-. lU -....1A ....... .....,.... ~ ...... _u .•. 
.... .................... z...,. .. z..a 

~ 
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Z-74 1,2 
J,4 

Z-75 1,2 
J,4 

Z-76 1,2 
3,4 

Z-77 1,2 
3,. 

Z-78 3,4 
1,2 

Z-79 J,4 
1,2 

Z-80 3,4 
1,2 

Z-81 1,2 
3,4 

Z-82 4,1,2,3 

Table 5.1(b) 

R.f. SputteriDa Coaditioas of Se-CdO CeDs 

20 
20 

20 
20 

100 
80 

60 
40 

40 
40 

40 
40 

40 
40 

40 
40 

40 

Prw.' 
(ntTo".) 

5 
5 

5 
5 

5 
5 

5 
5 

1 
2 

7 
65 

1.2 
2 

7 
110 

7 

CdO r.f. SP",,,rinl
9 

Ortler Colour 10 

30 2acS b1ue 0.19 
60 2ncS rad 0.28 

15 lat red 0.14 
120 4th green 0.425 

15 JrcS red 0.4:2 
15 JrcS green O. J3 

15 2°cS ye110w 0.24 
15 2acS b1ue 0.19 

30 2nd green 0.2 
30 Jrd red 0.42 

30 JrcS red 0.42 
30 2nd . ye110w 0.23 

30 2nd green 0.2 
30 )rd ye110w 0.35 

30 3rcS rad 0.42 
30 2nd ye110w 0.24 

30 3M rad 0.46 

Rlmarlu 

Gooclcell 
performaDce. 

ReuoubIe celll. 
Fairly loocI cella. 

Fairly loocI cella. 
Re&IOIIIbl. cella. 

POOl' c:eIII poli. 
due roSem. 

Reladvlly poor 
cellt. 

Fairtyp. 
cel1J. 

Re1atively poor 
cel1J. 

ShUDt effect (2). 
Reelue ... isc 

UmfOnlllly ap. 

6.S. ...... ~ ................. ....... 9.' _.111 ......... 2.5_': bis ............. ..... 
.. --.. .... c .............. ......... 

1 LI.,-. ............. .,.. .... 
n. FlIa~_ ....... _ ... -· 

,. "'--01 ................. . 
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Fig.5.1 Photograph of the Varian r.f. magnetron 
sputtering system employed for CdO deposition. 

e. 

CdO 

[~ Al 

I~ Sem ~ 

Fig.5.2 Schematic diagram of the CdO 
target used for rJ. sputtering. 
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Gun) 

"Gun 

Fig.5.3 Scbematic diagram of the arrangement inside 
the vacuum chamber of the r .f. sputtel'ÏDB system. 

Stoinless 
steel 
holder 

fi' 

Al stud 
substrate 

Fig.S.4 Schematic diagram of the stainless steel 
stud holder used in r.f. sputtering. 
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Fig.S.S Schematic diagrams of (a) the molybdenum 
boat and (b) the stainless steel crucible used for 
the selenium evaporation. 
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Chapter 6 

EXPLORATORY Se-CdO PHOTOVOLTAIC PANELS 

6.1 INTRODUCTION 

The Se-CdO eeU, as indicated in chapter 1, would appear to have potential 

for powering small consumer electronics products, such as calculators and 

watches. These products are frequently used under anificial indoor lighting, whose 

wavelength spectrum is just about the same as that for the photoresponse of the 

Se-CdO celle 

Since the electronics of a modern poeket calculator requires about 1.5 volts 

for effective functioning and the Se..cdO ceU yields an open circuit voltage of only 

about 0.5 volt (under high illumination levels), it is evident that a number of these 

ceUs must be electrically connected in series in order to supply the voltage level 

requued. Therefore, the structure of the research ceUs studied in chapters 4 and 5 

were not suit able , since in these devices the four cells were deposited on a 

common aluminum substrate and hence they could not be electrically connnected 

in series. 

Accordingly, in tbis chapter, experiments are described to fabricate small 

panels, in which the ce lis were deposited on an insulating substrate and then 

connected in series. It should be emphasized here that this work is very 

preliminary and represents a study to demonstrate sim ply the feasibility of such 

structures. The panels fabricated were therefore far !rom optimal but yielded 

enough results to point the way towards better techniques. 

In order to make a working panel, several technological problems had to be 
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overcome. Some of these were difficulties in depositing crystalline selenium films 

onto the glass substrate, due to weak adhesion, low sticking of the selenium to the 

substrate and Don-uniformity in characteristics from cell-to-cell across the panel. 

There were also difficulties in first isolating the eells on the panel from one 

another and th,en connecting them satisfactorily in series. The methods used to 

sunnount these difficulties were simply first-time solutions and therefore, as 

already mentioned, the panels fabricated were under-optimized devices. 

Basically two types of panel structure were attempted. In one structure, 

apart from the substrate, the deposition of the cell layers was done in the 

conventional way - that is with a film sequence of bismuth, selenium and then CdO 

(window layer). This structure is referred to as the normal structure and is 

illustrated schematically in Fig.6.1(a). In another cell structure, referred to as the 

inverted structure, the sequence was CdO (window layer), selenium and then 

bismuth, with illumination through a transparent substrate, as illustrated in 

Fig.6.1(b). The fabrication and results are first presented for the normal structures 

and then for the inverted devices. The fabrication conditions are given in Table 6.1 

for eighteen normal panels and in Table 6.3 for four inverted panels. 

6.2 PREPARATION OF NORMAL PANELS 

As indicated in Table 6.1, eighteen normal structures were fabricated and, in 

this section, their preparation is now described. In these structures, seven 

different configurations were us~d, which are illustrated in Figs.6.2 and 6.3. The 

three configurations A, B and C in Fig.6.2 will be described in greater detail, since 

they yielded better panels than the other configurations. The deposition processes 

for the panel cells were essentially the same as those used for the aluminum stud 

cells and therefore only those processes that were done differently will be 
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described here. 

One of the differences in the fabrication procedures involved the set of four 

masks, shown in Fig.6.4, used in preparing the panel cells. These masks were 

employed in defining the areas of de position on the substrate for the various 

materials, as indicated in the figure. The fabrication steps are described below. 

(a) Substrate Preparation 

Since in a panel for a pocket calculator, the cells, as already mentioned, 

must be electrically connnected in series to obtain the required voltage (about 1.5 

volt), it was necessary to use an electrically insulating substrate, in contrast to the 

conducting substrate used in the aluminum stud research cells. A microscope glass 

slide was found to be a convenient choice for the panel substrate, even though its 

transparency was DOt needed for the se normal structures (see Fig.6.t(a». The 

glass slide was prepared for the depo!uuons in the following way (Fig.6.5(a) and 

(b». It was first immersed in acetone for about 2 to 3 minutes to remove organic 

contaminants. Then one side of the glass slide was mechanically roughend by hand 

using Emery paper (gril #600). This was done on a flat plate to ensure abrasive 

uniformity, for a period of about 10 minutes until the glass was just translucent. 

The roughening of the glass was necessary to ensure adhesion of the deposited 

materials. 

In order to minimize the spreading of glass dust into the atmosphere, as well 

as to increase the abrasive action, waler (de-ionized) was used to wet the sand 

paper during the roughening process. Following this step, the glass slide was rinsed 

thoroughly with de-ionized water and then dried with soft tissues (Kimwipe brand). 

The glass slide was then ready for the first deposition step, involving the bismuth 

layer. 
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(b) Bismuth Deposition 

In tbis step, mask number 4, shown in Fig.6.4(b), was used to define eight 

bismuth areas on the substrate. Immediately aftel roughening the glass slide, it was 

mounted in a vacuum coating system (usually Edwards model 6E4, see Table 6.1) 

with the mask adjacent to the roughend side. Then bismuth was deposited on that 

side of the substrate, as described earlier for the stud cells in chapter 4, with the 

conditions indicated in Table 6.1 for the eighteen panels (see Fig.6.S(c». The 

bismuth evaporation step was repeated for those panels having configurations A 

and B with the same mask sbifted in position in order to elongate the bismuth 

areas. 

(c) Selenium Deposition 

Following the bismuth costing, the deposition of the selenium was carried out 

by evaporation (see Fig.6.5(d», in essentially the same fashion as that for the 

aluminum stud cells, as described in chapter 4. However, the graphite substrate 

holder used for the research cells was replaced with a larger steel block holder, 

shown in Fig. 6. 6, to support the larger panel substrates. The original graphite 

source crucible was also replaced with either a molybdenum boat or stainless steel 

crucible, shown eartier in Fig.5 .S( a) and (b) respectively. The selenium 

evaporation parameters are given for the panels in Table 6.1. 

ln the case of panels with configuration A, the same mask number 4 used for 

the bismuth layer, was again employed for the selenium deposition. For panels 

with configurations B and C however, the selenium was deposited with mask 

number S which, il May be noted, had larger apertures than mask number 4. 
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(d) CdO Deposition 

Following the selenium deposition, the CdO are as were sputt~red using the 

same residual air technique, employed for the aluminum stud research cells, 

described earlier in chapter 4. The sputtering parameters were also nominally the 

same with 30 minutes of sputtering time, 20mA of sputtering current and a 

pressure of 75 mTorr. However, th~ mounting holder of the substrates was 

different because of the larger dimensions of the panel structures. This holder 

(Fig.6.7) consisted of an 8-cm diameter cylindrical stainless steel block attached to 

a similar but longer aluminum block. The latter was intended to dissipate the heat 

away from the substrate during sputtering. 

For panels with configuration A, mask number 3 was used to define the 

CdO areas, while for panels with configurations Band C, mask number S was 

employed again but displaced with respect to the selenium areas, as shown in 

Fig.6.2. Since this same mask was also used to define the selenium areas, it was 

important to clean the mask thoroughly to remove any residual selenium before 

using it in CdO sputtering. 

It should be explained here that the lateral overlap of the CdO with the 

selenium, depicted in Fig.6.2, for configurations Band C, occurred naturally. It 

is due to the fact that deposited areas by sputtering are always larger than those 

obtained by evaporation using the same mask. 

(e) Wood's Alloy Deposition and lnterconnecis 

After the ce lis in the panels were sputtered, Wood's alloy contacts were 

evaporated onto the CdO and bismuth layers of each cell as small dots (see 

Fig.6.S(f) to form. the front and back contacts respectively. The evaporation was 

done in the same manner as was described previously in chapter 4, except mask 
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number 6 was used, shawn in Fig.6.4. For panels with configuration C, the tbird 

dot on each cell was obtained by a second Wood's alloy evaporation. 

The series connection of most of the cells was accomplished by soldering a 

tbin strand of copper wil'e from the Wood's metal contact(s) on the CdO of one 

cell to the single contact on the bismuth area of the next cell. Wood's metal solder 

was used entirely in tbis operation. 

(f) Panels With Configurations D, E, F and G 

Preparational details for panels made with configurations D, E, F and G 

(Fig. 6.3) will not be presented, since they yielded poorer pedormance compared 

with cells having the configurations A, Band C. Nevertheless, some features of 

the former configurations are worth pointing out. In configuration D, a metal 

stripe (Wood's alloy or aluminum) was deposited on the CdO to coUect the current 

instead of the dot contacts. In configuration E, the stripe contact was also used to 

interconnect the cells in the panel, whereas in configuration F, the cell-to-cell 

interconnection was done by side-shifting the bismuth, selenium and CdO areas 

successively such that the CdO of one cell overlapped with the bismuth of the 

neighbouring cell. These contact geometries would seem to offer more efficient 

current collection than the dot contacts and wire interconnects normally used. 

Attempts were also made to isolate cells on a panel by post-fabrication scribing 

(configuration G) instead of using masks. The techniques used in configurations 

D, E, F and G were unsuccessful but their further development should not be ruled 

out in future work. 

(g) Photolithographie Experiments 

Attempts were made to utilize photolithography, employing chemical 

etchants, in isolating the cells on the glass slides, instead of using metal masks. 
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These attempts were not successful due to difficulties in finding the proper 

selective etchants for the CdO, selenium and bismuth materials involved. 

Therefore, further details of this work are not described. Nevertheless, it is use fui 

to record in Table 6.2 the etchants used along with their effect 00 the different cell 

materials. 

6.3 EXPERIMENTAL RESULTS ON NORMAL PANELS 

Measurements were made on Most of the panels giveo in Table 6.1. The 

panels were primarily characterized in terms of their illuminated current density -

voltage curves as a measure of their performance. However, results of just six Se

CdO panels, which were of special interest, are presented in this section. 

(a) Performance of Panel Cells 

Among the six samples, panel Z-68 gave the best overall output, whose 

illuminated characteristics are shown in Fig.6.8(a) and (b). The figure shows 

curves for aIl eight ceUs of this panel under an illumination of 100 mWcm-2 It is 

se en that the open circuit voltage showed little variation from cell to cell, with an 

average value of about 0.42 volt. However, the short circuit current density seemed 

to exhibit a somewhat greater variation from cell to cell, with values ranging from 

2.25 up to 3.0 mAcm-2 It can also be seen that the cells located Dear the center of 

the panel yielded lower short circuit currents than those ceUs on either side. The 

illuminated characteristics of one cell of panel Z-68 (ceU number 2) are given in 

Fig.6.9, where a schemaric cross section of the ceU is aiso shown. Here it is se en 

that the front surface contact A produced a short circuit current about twice that 

of contact B, which was located at the edge of the ceU, where there was no 

underlying bismuth. The characteristic of contact B thus seems to suggest higher 
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series resistance than contact A. By contrast, the open circuit voltages of the two 

contacts were Dot significantly different. 

(b) Overall Panel Performance 

Figure 6.10 shows the illuminated characteristics, measured under an 

illumination of about 20 mWcm-z, of Se-CdO panel Z-68 and a commmerciai panel 

(of unknown material but assulDed to be amorphous silicon). The commercial 

panel consisted of four series-connected cells with a total area of about 3.6 cm2, 

while the total area of the 8-cell Se-CdO panel Z-68 was around 4.8 cm2• It can 

be se en that, although the short circuit CUIre nt of panel Z-68 was about one third 

that of the commercial panel, its open circuit voltage was only about 15% less. 

Fig.6.11 shows a commercial pocket calculator with its original solar pi J.el 

(whose characteristics are shown in Fig.6.10) replaced with the Se-CdO panel 

Z-68. The calculator with the Se-CdO panel was fouûd to operate satisfactorily, 

despite its lower performance compared with that of the original panel. The colour 

variation from the center to the edge of panel Z-68, seen clearly in the photograph 

of Fig.6.11, represents a thickness variation in the CdO film. 

(c) Glass Substrate Cells versus Aluminum Stud Cells 

Figure 6.12 shows a comparison of the illuminated characteristics of glass 

substrate panel cells with a single characteristic of an aluminum stud cell of the 

type treated in chapter 4. The figure shows the curves for one of the best 

aluminum stud cells (cell SH-14-4) together with one of the best and one of the 

poorest glass substrate cells (Z-51-4 and Z-57-7 respectively). The da shed line 

represents an average corve for the glass substrate cells.It is seen that the cell 

Z-S1-4 showed a short circuit corrent density of about half that of the aluminum 

stud cell; the fill factor was also not as large but the open circuit voltage was only 
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slightly less than that of the research cell. To be noted also is the large range of 

performance variation among the glass substrate panel cells. 

(d) Uniformity of CdO Film 

As already seen in Fig.6.11, the CdO film exhibited a thickness variation 

from the center of the panel towards its edges. This variation is believed to he duc 

to the geometry of the sputtcring arrangement. An attempt was therefore made to 

achieve a more uniform CdO film thickness by sputtering a lesser numbcr of cells 

at a given time. Panel Z-59 was therefore fabricated by ficst depositing only four 

cells on the left hand side of the substrate, with the other four selenium areas 

screened out; then the process was repeated immediately for the second four cells 

on the right hand side. The illuminated characteristics of both the tirst four and 

the second four cells are shown in Figs.6.13(a) and (b) respectively. It is seen that 

the cells produced by the second CdO deposition exhibited somewhat poorer 

performance than those produced by the first, even though the sputterlng 

parameters were nominally the same for both runs. 

Arising from 'Chis result, an experiment was carried out whereby three groups 

of CdO areas were deposited successively on glass. The time interval between the 

first and second depositions was about 1S minutes, while that be,ween the second 

and third depositions was &round 3 hours. fig.6.14 shows a photograph of the 

substrate alter the tmee depositions. As can be seen, both the first and third 

deposited areas appeared much lighter in colour than the those deposited in the 

second run. In measuring the resistance of each of the areas, using two probes 

aboul 1 cm apart, it is was found that the average resistance of the tirst and third 

deposits was about 425 and 625 ohms repectively, while that for the darker areas, 

produced in the second deposition, was only about 68 ohms. 
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(e) Uniformity of Selenium Film 

In Fig. 6.15, the illuminated characteristics of six cells of panel Z-S8 are 

shown. The figure also shows the relative position of the se cells with respect to the 

stainless steel source crucible used during the selenium evaporation. Here, it is 

seen that the performance of each cell improved with increase of distance of the 

cell position along the paneJ ûom the center line of the crucible opening. However, 

at the extret,e le ft hand edge of the glass substrate, "black" selenium was found to 

be deposited. This form of selenium, from previous work[30], appears to he 

detrimental to good cell performance and hence, complete cells were not made in 

this region. The thickness of the selenium film was found to decrease 

monotonically with distance along the substrate in going from area 5 to area 1 in 

Fig.6.15. 

(f) Elleet of Cell Short Circuit 

The effect of a short circuit between the ûont and back Metal contacts of a 

cell in a panel is shown in Figs.6.16 and 6.17. In panel Z-60 the Wood's alloy dots 

were se en clearly to have penetrated completely through the CdO and selenium 

layers to the bismuth layer, as viewed from the glass substrate side. 

Fig.6.16 shows the illuminated characteristics of the eight cells of panel Z-60, 

where it is seen that the overall performance of the cells was much reduced. The 

dark current density - voltage characteristic of cell z-60-5, shown in Fig.6.17, was 

clearly linear and non-rectifying. Thus, despite the short circuits, the illuminated 

characteristics of the cells, while smalI, were still measurable. 
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6.4 PREPARATION OF INVERTED PANELS 

Four panels of the ioverted structure type (Fig.6.l(b)) were prepared, with 

their fabrication conditions given in Table 6.3. The configurations of these four 

panels are shown in Fig.6.18. The preparation of panels Z-S2, Z·70 and l-72, 

with the configuratk _'S H, 1 and ] respectively, will only be described in this 

section. Panel Z-S4 will not be described, since its configuration K is almost 

identical to configuration H and no results are presented on it, in any case. 

The panels were fabricated in a similar manner to that used for the normal 

structure panels cxcept that an inverse sequence of deposition was employed. The 

fust deposition was for the window maleriaJ (CdO or cadmium), followed by the 

selenium layer, a metal contact film (Wood's metal, bismuth or (llatinum) and then 

Wood's alloy contal::ts. Masks 3, Sand 6 (shown in Fig.6.4) were used in these 

steps. 

(a) Substrate Preparation 

In choosing a substrate for the inverted panels, it is clear that a transparent 

material must he employed, sinee the tight must pass through the substrate to be 

incident on the CdO layer, which is deposited tirst. Hence microscope südes were 

again used as the substrates for these inverted structures. 

In preparlng the substrates for the panels of configw;ations 1 and 1 (panels 

Z-70 and Z-72 respectively), the glass slide was given the same abrasive treatment 

as that used for the normal structure panels deSfJj,~d cartier. Howevcr, for panel 
-"-, 

Z-S2 of configuration H, the stide was used as suppüed~ that is with a smooth 

polished surface. 
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(b) Window Ma/trial Dtpositi;Jn 

Two different materials, CdO and cadmium, were employed for the window 

layer in these inverted panels. Panels Z-S2 and Z-70 (configs. H and 1) were 

fabricated with a CdO window layer, whlle panel Z-72 (config. J) utilized a thin 

cadmium film instead. 

For panels Z-S2 and Z-70, the deposition of the CdO layer was cal'ried out in 

an identical fashion to that used for the normal panels. In the case of panel Z-S2, 

the CdO was deposited over the entire substrate area with no mask used. However 

for panel Z-70, mask number 5 was employed. Furthermore, in tbis panel, a 

cadmium-rich CdO layer was deposiled at the end of the sputtering run, in an 

attempt to improve the sticking of the selenium film to tbis layer (see Table 6.3). 

In the case of panel Z-72, the deposition of the thin cadmium film was done 

by evaporation (see again Table 6.3) using the Cacke vacuum system (model 

CV301FR). These cadmium areas, defined using mask number S, were deposited 

with an evaporation time short enough to produce a film sufficiently thin so that 

light could pass through it and reach the active region in the selenium. 

(c) Selenium Deposition 

In fabricating the inverted panels, the deposition of the selenium was the 

most difficult. In many evaporation attempts (not shown in Table 6.3) the selenium 

was evaporated with th" substrate present but no actual deposit was seen on the 

CdO. 

Despite this apparent difficulty, the selenium film was successfuUy deposited 

on the CdO (with no mask used) in panel Z-S2 but the improved sticking is not 

understood in this case, especially since a smooth glass substrate was used. In tbis 
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particular puel, the substrate holder clamp scteened the selenium away from a 

small strip of CdO on which the contacts were made (config. H in Fig.6.18). 

In the case of the other two invettt:d panels, Z-70 and Z-72, the selenium 

was satisfactorily deposited, possibly because the exposed sudace layers on the 

substratcs were cadmium-rich CdO and cadmium respectively. The deposition for 

panel Z-70 was done using mask number S, which was shlfted in position with 

respect to the CdO areas to aUow fOt the contacts, as shown in configuration 1 in 

Fig.6.18. In the case of panel Z-72, the deposition of the selenium was done 

somewhat differently. Here the evaporation was carried out at a higher rate with 

the substrate maintained at a temperature of about 120°C. This resulted initiaUy in 

an amorphous selenium film, which was then aUowed to crystallize at 12!)OC for a 

period of about IS to 20 minutes under vacuum. This process was ooly done to see 

how it would compare with the in situ crystallization process normally used during 

deposition. 

(d) Metal Contact Deposition 

ln the inverted panels, three alternative metals were used as the contact to 

the selenium, namely Wood's aUoy, bismuth or platinum. Wood's aUoy was a 

convenient choice because of its low melting point, bismuth was used as the back 

contact matenal in the stud ceUs and platinum has a high electronic work function. 

In panel Z-S2, Wood's alloy was evaporated onto the selenium in the form of 

a wide stripe across the panel (see config. H in Fig.6.18) as described earlier. For 

panel Z-70 (config. 1), bismuth was evaporated onto the selenium using mask 

number 3. Here the evaporation was again done as outlined for the aluminum stud 

ceU except that the Cooke vacuum system was used (see Table 6.3). In panel 'Z-72 

(config. J), platinum was deposited by evaporation, using mask number 3, in an 

." 
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Edwards E306A coating system. Here it was necessary to evaporate the platinum 

in a rapid ~flash evaporation-like" manner to avoid alloying from taking place 

between the platinum strands and the tungsten filament. 

(e) Wood's Alloy Contacls and lnterconnects 

Using mask number 6, Wood's alloy dot contacts were deposited by 

evaporation on ail the panels. In each panel, the cells were soldered separately 

(using thin copper strands) for electrical measurements. Since in panel Z-S2, no 

masks were used to define cells, two areas were isolated as separate devices using 

scribing action, which was done prior to soldering. 

6.S EXPERIMENTAL RESULTS ON INVERTED PANELS 

In this section, test results are presented on the inverted panels Z-S2, Z-70 

and Z-72. Measurement of illuminated as weil as dark characteristics of cells in 

the se panels was made to evaluate their performance. It should be noted again 

however, that these results are pr.eliminary and by no means reflect the full 

potential of the inverted structures. 

(a) Glass-CdO-Se-Bi lnverled Panels 

In Fig.6.19, the illuminated characteristics of the two cells of panel Z-S2 are 

shown. It is seen that, despite non-optimal fabrication conditions, the two cells did 

yield measurable values of open circuit voltage and short circuit current density, 

amounting to about 0.22 volt and 1.25 mAcm·2 respectively. 

The illuminated and dark characteristics of cells of panel Z-70 are shown in 

Fig.6.20 and 6.21 respectively. The inset in both figures shows a cross sectional 

view of a single cell of the pan~l. It is seen in f'ig.6.20, that the characteristics, 
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under an illumination of 100 mWcm-2, for aU eight cells showed rather low 

photovoltaic output in tenns of both Voc and j.c The dark characteristic of cell 

number 6 of tbis panel is shown in Fig.6.21. Here, it is seen that the dark current 

density at a forward bias voltage of 1 volt of around 0.2 mAcm-z is rather small 

compared to values observed in aluminum stud cells_ Furthennore, the rectification 

ratio at bigher voltages, beyond about 0.5 volt is also seen to he smaU. It is 

interesting to note that, at voltages below about 0.5 volt, the "reverse" current was 

found to exceed the "forward" current. This observation might suggest the 

occurrence c.f quantum mechanieal tunnelling in this voltage range. 

(b) Glass-Cd-Se-Ptlnverted Panel 

In Fig.6.22, curves for the eight cells of panel Z-72, under an illumination of 

100 mWcm-2, are shown. Here it is seen that tbis non-conventional Cd-Se-Pt 

structure produced an output larger than those of the two inverted panels using 

CdO. It is also seen that, in this panel, the performance of the cells generally 

decreased with cell position in going away from the center of the panel. The dark 

characteristics of ceUs 1 and 4 of tbis panel are given in Fig.6.23. Here, it is 

observed that in ceU number 4, at 1.0 volt, the forward current and rectification 

ratio were greater than those in cell number 1. The lower forward dark current in 

ceU 1 at 1.0 volt suggests bigher series resistance than in cell 4. This is consistent 

with the lower illuminated jsc value of ceU1, shown in Fig.6.22. 

6.6 DISCUSSION 

In tbis section a discussion of the results on the panels is given, together with 

possible explanations of the effects observed. The discussion will fust focus on the 

normal structures and then on the inverted ones. 
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(a) Normal Structures 

Since the development oÎ the Se-CdO panels, described in tbis chapter, was 

still in its early stages, an antiretlection coating llnd an efficient current collecting 

metal grid were not incorporated into the fabrications of the ceUs. The reason for 

tbis was to keep the structures as simple as possible and to minimize the number 

of fabrication parameters. 

One of the better panels made was the normal structure Z-68, which 

produced sufficient power to operate a commercial calculator, even under low 

illumination levels, which is an encouraging outcome at tbis stage. Furthermore, 

even though the panel cells were not optimized, the performance of one of the 

better glass cells was only about half that of one of the best aluminum stud cells. 

The lower performance of the panel cells is not surprising, since the optimized 

conditions for the aluminum stud ceUs may not apply to cells depositeù on glass. 

ln view of tbis and the fact that panel Z--68 had a performance of only about 

one third that of the original calculator panel, it would seem that a Se-CdO panel 

can indeed he fabricated with a performance about equal to that of the 

commercial panel. In fabricating these panels, a number of configurations were 

employed, of whiçh the three configurations A, Band C were described in some 

detail. Of these, configuration C is preferred from a technological point of view, 

since short circuits through the selenium film were more readüy detectable by 

virtue of having the two contacts. From a performance viewpoint however, 

configurations A and B are preferred due to their larger bismuth areas. 

The results on panel Z-S8, and to a lesser extent on panel Z-68, show that 

cell performance increased with decrease of selenium thickness, arising from eeU 

position - that is the distance of an individual cell along the substrate from the 

! 
1 
j 

1 



103 

source projection point. It is suspected that this effect is not due to a sm aller film 

thickness per se but to a lower deposition rate. In this case, the better performance 

could arise from larger selenium grains. However, tbis was not able to be verified 

during microscopic observation of the cells. 

In the results of cell Z-59, where two groups of CdO are as were deposited in 

successive runs, and in the experiment where CdO areas were deposited 

successively on a glass substrate, it was clear that the second deposition in both 

cases was affected by the immediately previous one. However, in the case of the 

glass slide experiment, when the depositions were separated by a period of about 

three hours, instead of .:ifteen minutes, the memory of the first deposition was 

essentially lost. This memory effect is believed to be associated with the target. 

One possibility is that its surface oxidation condition from one run to the next is 

affected, but another, more likely cause is excessive heating. Thus, what may 

happen is that, because of insufficient cooling, the target tempe rature rises durlng 

the first sputterlng run and tbis higher tempe rature results in a faster de position 

during the second run [19]. Arising from tbis highe ' deposition rate, the CdO film 

is deficient in oxygen and is consequently less transparent, as is observed 

experimentally. 

In panel Z-60, the observed short circuits through the selenium film were 

caused possibly by hot clusters of Wood's alloy arising from rapid evaporation. 

Despite the fact that the Wood's aUoy dots actually penetrated right through the 

selenium film reaching the bismuth layer, the cells in the panel still yielded a smaH 

but measurable output. It is interesting to note that the slopes of both the dark and 

illuminated j-V characteritics of ceU 5 of this panel yielded the same resistance 

value of about 80 ohms, which, in fact, can be regarded as the sum of the shunt 

and series resistances of the cell through the Wood's alloy short circuit. 
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The series interconnections of the cells in panels with configurations A, B 

and C were accomplished using thin copper wires and Wood's a110y solder. While 

this is a somewhat crude method, it was employed here only because of its 

simplicity. However, in configurations E and F, other means of interconnection 

were attempted, and although the se were not initially successful, they are still 

viable alternatives to direct soldering. 

(b) lnverled Structures 

80 far as is known, the inverted Se-CdO photovoltaic structures fabricated in 

the present work represent the first time that such a device has been reported. 

Less work was done on inverted panels than on the normal structures, largely due 

to fabrication difficulties. However, the inverted structure does offer some 

possible advantages over the normal one. Firstly, the layers are deposited in the 

order of decreasing melting point, so that it is possible to have the CdO 

maintained above the melting point of selenium (217°C) during its deposition. A 

second advantage is tuat the transparent substrate can also act as a protective 

cover for the cell. The substrate, with a lower refractive index than CdO, can also 

decrease somewhat the overall retlectance loss, and the inverted cells did indeed 

appear to be süghtly darker than the normal cells. 

Despite these potenial benefits, the inverted structures yielded a lower 

performance than the nonnal structures. This was due in part, in the case of the 

three inverted panels where CdO was used, to series resistance arising from the 

absence of current collecting stripes on the CdO. In case of panel Z-72, where 

cadmium was used instead of CdO, the performance was better, presumably due 

to the higher conductance of tbis layer. Il is possible in this panel that CdSe might 

have formed between the selenium and the cadmium. 
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In the case of panel Z-70, the improved sticking between the selenium film 

and the CdO layer May have been due to the fact that cadmium-rich CdO was 

used as an interfacial layer between the two. In panel Z-72, where the window 

layer was only metallic cadmium, there was no sticking problem what-so-ever and 

hence this tends to support the above conclusion. The cadmium-rich CdO panel 

Z-70 was also unique in exhibiting a dark "reverse" current in excess of its 

"forward" current at 10wl.r voltages, which is characteristic of quantum mechanical 

tunnelling. Possibly, in this case, cadmium diffused into the selenium, causing it to 

have a very high acceptor concentration near the junction. However, the fact that 

panel Z-72 did not show such tunnelling effects could be due to the shorter 

deposition time for the selenium or to the back contact of platinum used instead of 

bismuth. 

The decrease of cell performance with distance away from the center of the 

substrate in panel Z-72 appears, nom the dark characteristics, to be due to both 

high series and low shunt resistance in cell 1 compared with cell 4 for example. 

The illuminated characteristics indicate mainly higher series resistance in the outer 

cells. While the low shunt resistance could be due to sm aIl localized short circuits 

in the selenium, no visible evidence of this was apparent. 
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Table 6.2 

Summuy 01 Cbemlcal Etc'" Resulta 

Solution 
Materiau Trtattd 

Bi Se CdO Resist 
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H2S04 • 0 • • 0 
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HCI • 0 • • 0 

Buffered HF 0 0 • 0 • 
HF 0 0 • 0 • 
HN03 + HCI • 0 • • 0 

HN03 + H2S04 (hot) • • • • 0 

CH3COOH 0 0 ala ala 0 

NH40H 0 0 • 0 0 

C~ 0 0 ala oIa 0 

C~ + HCI 0 0 ala oIa 0 

CHCl3 0 0 0 oIa 0 

Acetone 0 0 0 • 0 

Trichloroethylene 0 0 0 • 0 

• EtcIIiDa actioa. 1. Sbipiey aeplive pbotoralat. 

o No etchilll obNrved. 2. PIIher Scieadlc microlCOpe ..... IOde. 

DIa Re.IIa liai _m""" 
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Fig.6.11 Photograph showing the Se-CdO panel Z-68 
installed in a commercial pocket calculator. 
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Chapter 7 

OVERALL DISCUSSION OF RESULTS 

This chapter gives an overall discussion of the results obtained on the 

different Se-CdO structures studied in tbis thesis. 

7.1 EFFECT OF SUBSTRATE TEMPERATURE 

In the study carried out on the effect of substrate temperature during 

selenium deposition on ceU characteristics in chapter 4, it is clear that crystalline 

selenium is essential for good photovoltaic performance. Amorphous selenium 

films, obtained at lower substrate temperatures, such as at 80 and 90°C, yielded 

barely detectable photovoltaic action, with values of jse of less than 0.1 JjAcm·2 

and Voc values well below 1 œV under 100 mWcm-2 illumination. Thus, 

amorphous selenium is completely unsuii.able for photovoltaic devices. It was 

found that with increasing substrate temperature, at least up to 140°C, both jse and 

Voe increased. The tempcrature limit of 140°C was determined by the le

evaporation of selenium from the substrate, which otherwise would cause the 

selenium film to be too thin for use in ceUs, giving rise to short circuits or low 

shunt resistance values. The initial strong increasc of jse with substrate temperature 

in the range of 80 to lOOoe is due to the amorphous to crystalline transition in the 

selenium layer. However, the slower progressive increase from about 110 to 140°C 

is more difficult to explain. It is possible that tbis increase is due to an increase in 

the selenium grain size with temperature, although this could not be discerned 

from microscope observations of the films. The observed increase of dark forward 

current at 1.0 volt with temperature indicates a decrease of series resistance. This, 
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in turn, would lead to an increase in the illuminated j.e but would not cause Voc to 

increase. In fact, no discernible increase in Voe was observed at higher 

temperature. An alternative explanation is an increase in the electron diffusion 

length with temperature but this would yield an increase in Voc as well as in j.e. 

However, this explanation could apply to the lower temperature range, where the 

amorphous to crystalline transition occurs. 

While, at the lower temperature range of 9S to 100°C, the crystallized 

regions ln the selenium were clearly visible and weil defined, it was difficult to see 

the individusl grains in films deposited at the higher temperatures between 110 and 

140°C. The nucleation for the selenium crystallization resulted in two sizes of 

crystallization "cells" (which could be spherulites), with one cell about twice the 

diameter of the other. It is speculated that the larger ones \Vere nucleated during 

evaporation and the sm aller ones at a later stage, possibly during the period of 

cooling down to room temperature. However, further experiments are needed to 

de termine if this is truely the case. 

7.2 CELLS FABRICATED WITH r.f. SPU'ITERING 

Concerning the results obtained in chapter 5 with r .f. sputtering, it would 

seem that this is a viable metbod for depositing the CdO layer in the Se-CdO cells. 

The overall efficiency of cells prepared by this technique was somewhat lower than 

that of cells fabricated by d.c. reactive sputtering. It should be pointed out, 

however, that the work in chapter 5 represents the first time this technique was 

seriously used in preparing the cells and consequently the deposition conditions 

were not optimized. 
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The r.f. sputtering parameters investigated were sputtering pressure, 

sputtering power and deposition time. The effect of pressure was most interesting 

in that the stoichiometry of the deposited CdO film was affected in a way similar 

to that observed in reactive d.c. sputtering. Thus, with increasing sputtering 

pressure, the CdO resistivity increased monotonically in both the films on glass 

and in cells. This effect could account for the observed increase in Voc in cells 

with increasing sputtering pressure. Since the stoichiometry of the target mate riaL 

was presumably fixed and no oxygen was being supplied externally, it is inferred 

that the sputtering action removes atoms or Molecules of cadmium and oxygen 

separately from the target, which then recombine at the substrate surface. In this 

case, the deposition rate at the substrate, being controlled by pressure, would 

affect the degrt'e of stoichiometry of the growing CdO film, as in d.c. reactive 

sputtering. ResuHs obtained on sputtering power also tend to confirm tbis 

explanation, since Bt very low power settings, much higher resistivity CdO was 

obtained. This could be due to the greatly reduced deposition rate at the lower 

sputtering current, whereby there is greater time for the oxygen and cadmium to 

recombine to produce more stoichiometric and thus, higher resistivity, CdO. 

Concerning sputtering lime, the tbickness of the deposited CdO film was 

confirmed to increase approximatIy linearly with increasing sputtering time, except 

for an initial period of sorne fifteen minutes. Here, the rate was greater, possibly 

due to the fresh condition of the target surface. 

Evidence of an effect of deposition history was obtained in cells and in films 

deposited on glass. The effect was a decrease in the electrical resistivity of the 

CdO after continuous sputtering, although the CdO thicknesses were essentially 

unchanged. While this could be due to an increase in the cadmium to oxygen ratio 

in the CdO target surface, a more likely cause would seem to be target heating. 

Despite the fact that the target backing plate was water-cooled, the temperature of 
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the target surface may still rise if the cooling rate is insufficient. However, further 

experiments are needed to determine if tbis is so. 

The sputtering yield was greatly increased in using a sintered target over one 

prepared by band-pressing, as evidenced by a greater CdO film thickness in a 

given time. The CdO film thickness was found to increase essentially linearly with 

power setting, so that this parameter can be used to control film thickness for 

power levels above about 40 W, where the film resistivity was only weakly 

dependent on power. The observed initial increase in film thickness with increase 

of pressure is due to increased ionÏzation of the argon atoms resulting in an 

increase in the proportion of the se ions in the bombarding beam. The subsequent 

faU of thickness with pressure is due to the reduced mean free path of the 

sputtered particles and hence to a lower deposition rate. In the present work, the 

maximum thickness was obtained in the pressure range of 2 to 10 mTorr and 

therefore tbis would be a preferred region to carry out the CdO depositions unless 

stoichiometry control with different pressures is also needed. 

The effect of inter-electrode spacing on the r.f. sputtered Se-CdO cells may 

also be important but it was not investigated in the present work. However, some 

preliminary runs were carried out with CdO depositions on glass[30), which 

showed that deposition rate decreased with increasing separation, while film 

resistivity was more or less unaffected. 

7.3 Se-CdO PHOTOVOLTAIC PANELS 

In the exploratory work done on the Se-CdO panel structures, the results 

obtained were quite encouraging. For the fust time in tbis laboratory, a 

photovoltaic panel was fabricated, employing eight series-connected Se-CdO cells 
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of the normal type, wbich was found to operate satisfactorily in a small pocket 

calculator. The Se..cdO panel was comparable in size to the original "solar panel" 

used in the calculator, which was believed to employ amorphous silicon. While 

the short circuit current density of the Se-CdO panel was about one third that of 

the commercial solar panel, the open circuit voltage was only about 15% less. 

Since the j.c value in the aluminum stud research cell was about twice that of the 

panel celI, there is every reason to believe that once the glass-substrate cells are 

optimized, a Se-CdO based panel can be developed with a performance equal to 

that of present-day commercial panels employed in calculators. 

Besides optimization of the sputtering conditions of the glass-substrate panel 

cells, an evident improvement in the se structures would be the addition of an 

efficient current collecting grid to replace the dot contacts used. Attempts to 

deposit Wood's alloy and aluminum stripes on to the CdO were somewhat 

unsuccessful, since the large ratio of length to thickness in these stripes resulted in 

high series resistance in the cells and hence reduced performance. Therefore, it is 

necessary to ensure that the current collecting grid is sufficiently tbick so that ceU 

current is not unduly reduced. In relation to the selenium film, improvement is also 

needed to minimize structural defects in tbis layer, which are possibly due to the 

difference in expansion coefficients between selenium and glass. 

So far as the author is aware, the present work is the first time photovoltaic 

action has been reported in an inverted Se-CdO structure, although some similar 

structures were described in the Japanese literature [31,32]. In tbis study, the 

performance of the inverted cells was below that of the normal panel ceUs in 

respect of both j.c and Voc. This was more evident in the panels fabricated with a 

CdO window layer. In these cells, the reduction in j.c is likely to be due to the 

absence of central metal contacts or stripes on the CdO film, resulting in high 
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series resistance. Thus, inverted structures with such stripes need to be fabricated 

to evaluate properly their potential. In the case of the panel with CduSe-Pt ceUs, 

where the cadmium metal acted as the window layer, the performance was the 

best among the inverted structures. These ceUs are aIl the more interesting because 

of the lower transparency of cadmium compared with CdO. Furthermore, in this 

structure, there were no problems with ad he sion of the selenium layer to the 

cadmium film, whereas much difficulty was encountered in depositing selenium 

onto CdO. Better sticking however, was obtained in the ceUs where Cd-rich CdO 

was used. The reason for the generally reduced Voc values in the inverted 

structures compared to those of the normal panel structures is possibly because the 

selenium thicknesses in the latter were about twice those in the inverted ceUs. 

Notwithstanding, the lower performance of the inverted cells, they would 

seem to offer potentially greater advantages over the regular cells. For instance, 

the CdO layer can be sputtered or heat-treated at a tempe rature higher than the 

melting point of selenium, since it is the fust layer deposited. Furthermore, the 

glass substrate with a lower index of refraction than CdO, can reduce the overall 

reflectance loss in the ceUs without an additional anti-reflection coating. At the 

same time, the glass May also serve as a protective coyer of the CdO layer and 

hence reduce any agiog process in the cells due to atmospheric exposure. 
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Chapter 8 

CONCLUSIONS AND FUTURE WORK 

8.1 CONCLUSIONS 

The main conclusions of the present work are summarized as follows: 

136 

1. A Se-CdO cell with a conversion efficiency of at least 2%, under simulated 

solar illumination of 100 mWcm-z, can be fabricated. While this efficiency is not 

large compared with that of existing solar cells, it is larger than has previously 

been reported for this type of cell. 

2. The illuminated short circuit current density can be increased in these 

structures by increasing the substrate temperature during the selenium deposition. 

The increase is strong between about 80 and 100°C but is slower beyond this 

temperature range, at least up to 140°C. The open circuit voltage aIso increases 

rapidly at lower temperature but is more or less unchanged above about 110°C. 

3. In depositing selenium as a layer for the cells, two sizes of crystallization region 

occur at lower substrate temperatures, suggesting nucleation at two different times. 

4. Depositing the CdO layer in the Se-CdO cells by r .f. magnetron sputtering 

from a CdO target, is an alternative method to the d.c. reactive sputtering 

technique normally employed. However _ insufficient results were obtained for a 

full evaluation of of this technique. 

s. The CdO films deposited by r .f. sputtering yield lower shunt resistance in the 

eells than films prepared by d.c. reactive sputtering. The electrical resistivity of 

films r.f. sputtered on to glass substrates decreases with increase of sputtering 
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power and increases with increase of sputtering pressure. This can be understood 

if atoms of cadmium and oxygen are sputtered separately from the target before 

recombining at the substrate. 

6. A photovoltaic panel consisting of series-connected Se-CdO eeUs of the normal 

type can be fabricated to operate satisfactorily as the power source of a small 

pocket calculator. With sufficient optimization in the fabrication procedure, 

photovoltaic performance equal to that of present-day amorphous silicon panels 

under room light should be attainable. 

7. The feasibility of an inverted cell structure, where the incident light passes 

through a transparent substrate, has been demonstrated. Such a device has 

potential advantages over the normal type structure. 

8.2 FUTURE WORK 

To improve the Se-CdO cells, much work needs to be done. Some of the 

more obvious areas for the next pha~e of studies are as follows. 

(a) Selenium Film Deposition 

1. The selenium film should be deposited at substrate tempe ratures bigher than 

1400C to obtaÏIl a greater jsc value. In order to accomplish tbis, methods should be 

explored to rninimize or overcome the re-evaporation of selenium from the 

substrate at bigher temperature. For instance, the selenium May be deposited at a 

lower temperature and then annealed afterwards beyond 140°C in argon at 

atmospheric pressure. Alternatively, if the selenium can be deposited on a smooth 

substrate with sufficient adhesion, then the resultant thinner film deposited above 

1400C may still yield sufficient shunt resistance to maintain Voc and obtain 
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increased j.e at the same time. 

2. In the present studies, the selenium used contained about 70 ppm of chlorine. 

While previous work has indicated some conflicting results obtained with chlorine 

doping (33,34), it is clear tbat tms element has an important effect on device 

performance. Aecordingly, experiments are needed to determine the optimum 

level of chlorine doping yielding the best eells. 

3. If increased chlorine in the selenium is confirmed to increase performance, 

eells should be fabrieated where the selenium is deposited in two layers; the fust 

should be strongly doped with chlorine to reduce the back contact resistance and 

the second layer should be undoped or slightly doped to increase the shunt 

resistance in the cells and hence increase Voc' 

4. Experiments should be made to investigate the origin of the two sizes of 

crystalline regions observed at lower temperatures. For example, the selenium 

could be deposited at a substrate temperature of 100°C und then cooled rapidly to 

observe if the smaller type of grain is absent. If so, then this would suggest that 

nucleation also occurs during the cooling-down period. 

S. As a more exploratory idea, it may be interesting to determine if selenium can 

he deposited by sputtering. If 50, such a film might show better adhesion to the 

substrate and possibly serve as a suit able base on which a second layer could be 

deposited by evaporation. 

(b) CdO Film Deposition 

6. While the residual air method was used with d.c. reactive sputtering in this 

thesis to deposit the CdO layer, future studies should employ the mixed gas 

technique. This is a simpler method to use and it May yield improved 
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performance in the cells. 

7. Attempts should be made to control the temperature of both the target surface 

and the substrate surface during sputtering. This can be done by employing new 

water cooling arrangements or by varying the length of the sputtering periods and 

the intervals between them. 

8. Studies should be made to de termine how far the sputtering history of the target 

affects the deposited CdO film. While some effects may he due to target 

temperature, other effects may arise from the chemical and physical state of the 

target surface. 

9. The orientation and crystallinity of the deposited CdO may have an effect on 

cell performance and hence the se film properties should be detcrmined by X-ray 

diffraction. 

10. Reactive r .f. sputtering of the CdO in the cells should be investigated using 

either a cadmium or cadmium oxide target in the presence of mixtures of argon 

and oxygene 

11. R.f. sputtering from a target consisting of a mixture of CdO and In203 should 

be studied to examine how indium-doping of the CdO compares with deviations 

from stoichiometry to control the resistivity of the deposited window layer in cells. 

12. Using r.f. sputtering for depositing the CdO, studies should be carried out of 

the effects of power level and inter-electrode spacing on cell performance. 
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(c) Normal and Inverted Panels 

13. In respect of panels employing normal Se-CdO eeUs in series, efforts should 

he made to improve the ceU-to-ceU uniformity by appropriate changes in the 

deposition conditions of both the selenium and the CdO layers. In addition, the 

deposition parameters of the se two layers should be optimized for the glass 

substrate panels. 

14. Further improvement in the performance of the normal eeUs may he possible 

by using a thicker layer of bismuth for the back contact to reduee the series 

resistance. The effectiveness of having a bismuth oxide film undemeath the 

bismuth layer to improve adhesion, should also be investigated. 

15. Further work should he done on the inverted structures to improve their 

performance. In order to reduce series resistance in the ceUs, a metal grid or 

stripes should be deposited on the glass substrate prior to CdO deposition. 

Furthermore, if adhesion can he improved, a thicker layer of selenium should be 

depositcd than was possible in present samples to increase the shunt resistanee. 

Possibly, a very thin film of tellurium between the CdO and selenium May be 

helpful to promote adhesion between the two layers. 

16. Metal stripes of sufficient thickness should be used for cell-to-cell 

interconnections between panel cells to replace the soldered wites. 
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Appendix 

CURRENT DENSITY-VOLTAGE RELATION 

INCELLS 

The photovoltaic junction cell under illumination, cao be represented by the 
simple equivalent circuit model [35] shown in Fig.A.t. Here, jplu R, and R", 
represent the photogenerated cunent density, area series resistaoce and area shunt 
resistance in the cell respectively. The output current density j is therefore given 
by: 

j=Î pit -j &M -Î6It/Ul' ' 

The diode cunent density is given by: 

where n, k, q aod T are the ideality factor, the Boltzmann constant, the electronic 
charge and the absolute temperature respectively. The shunt current density is 
given by: 

V+'R , (1 6) 
l ,It,.",= --r- ' 

61t 

Therefore, by substitution into the lirst equation we obtain: 

q(V+jRI 
---!!. V+'R 

" '( illeT 1) ( 1 6) 
1=lpIt-/o ' - - ~ 

,It 
(A.1) 

whlch is the equation describing the illuminated j-V characteristics of a 
photovoltaic cell. The corrent density-voltage characteristics in an lE ' .... 

cell is given by equatiDn A.t with i". set to zero. However, for the dut 
chuacteristics it is customary to express the cunent as positive when enterlng the 
diode iD the forward direction. Thus, in this case the forward cunent dcnsity il is 
given by: 

f(V-jR) v- 'R 
, '( illeT 1) ( '1 ') 
1;=/0' - + ~ 

. ,It 
(A.2) 

+ 

v 
i,. 

Fis.A.I Simple equivaleDt circuit modeI of a pbotovoltaic p-n juactioD ceU 
includiDa paruitic 1'UÎItaDCeI. 
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