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Abstract

Abstract

The main aim of the work presented in this thesis is t@lde lowcost multijunction graded
bandgap solar cells using electroplated semiconductors. The semiconductor materials explored
in this research are CdSe, ZnTe, CdS, CdMnTe and CdTe thin films. These layers were
characterised for their structural, compiasal, morphological, optical, and electrical features
using XRD, Raman spectroscopy, EDX, SEM, Vié spectroscopy, PEC cell ¢, I-V and

UPS measurement techniques respectively. The summary of the results depict that CdSe and
CdS semiconductors havextagonal crystal structures and are mainifype in electrical
conduction within the explored range of deposition potentials. The crystal structures of ZnTe
thin films are hexagonal and the electroplated ZnTe thin films have batidrptype electrical
conduction. In the literature, the electrical conductivity type of ZnTe thin films has been
reported to be 4ype. In this work, the developments otype ZnTe thin films have been
successfully achieved for the first time by using intrinsic doping. Afs® fabrication of m
homajunction diodes from intrinsically doped electroplated ZnTe layers have been developed
for the first time. Results from analytical techniques showed that CdTe and CdMnTe thin films
have cubic crystal structures and can existhaand ptype materials. The semiconductor
materials investigated in this work have been used for solar cells fabrication. Some of the device
structures explored are based om fmetergiunction solar cells fabricated from CdS/ZnTe
heterestructure and cohination of An hetergjunction plus large Schottky barrier-(#SB)

solar cells fabricated from CdS/CdTe hetstaucture. The highest efficiency obtained for the p

n junction solar cell with device structure glass/FT-Of5/pZnTe/Au was ~5.3% while the
highest efficiency reported in this work for-nSB solar cells with device structure
glass/FTO/ACdS/rCdTe/Au was ~7.6%. MuHjunction graded bandgap solar cells with
different device structures were also fabricated in this research work. The twampostaint

solar cells in this category arenm plus large Schottky barrier«rn+SB) solar cells fabricated

from glass/FTO/fZnS/nCdS/rCdTe/Au device structures anehp solar cells fabricated from
glass/FTO/ACdS/nCdTe/pCdTe/Au device structures. h& nn-p device structure is a
combination of onem hetergjunction and one4p homejunction interface. The experimental
investigations carried out on the effect of thickness -@dpe on nAn-p device structures
showed that thinner-@dTe layer of ~35 m is most appropriate to be used in the-m solar

cells device configuration. The highest efficiency obtained for tmepnsolar cell device
structures was ~10.9% while the highest efficiency obtained for-the+8B solar cell device

structures was 218%with an active area of ~0.031 &m
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Chapter 1 Introduction

Chapter 1 - Introduction

1.1Energy and its universal importance

According to the report by British Broadcasting Corporation (BBO) universal
demand for energy has risen ergflessly as a result of growth in population and
industrial development. According to the report, demand for energy has been predicted
to keep on rising by at least 50% by year 2030 as countries like India and China seek to
sustain their rapid economicayrth. The trend of increase of the listed energy sources
with the projected future demand is shown in Figure 1.1. As shown in Figure 1.1, about
80% of the global energy is being supplied by fossil fuels namely coal, oil and gas.
Fossil fuels are carbon c@ounds formed over a long period of time from the remains

of dead animal and plants. They have a time frame for them to be used up and are also

norrrenewable energy sources.

In the recent decades, a great concern has been raised over the negative engaeisth
emitted by burning of fossil fuels will have on the environment. These gases are known
as greenhouse gases and they include carbon dioxidg, (S&@hur dioxide (S&) and
methane (Cl). The accumulation of these gases in atmosphere leads toecthaatge

and causes global warming. Since the energy sources from fossil fuels cannot be
replenished after usage, there is therefore a cogent need to find an alternative energy

sources that is renewable.

Figure 1.1. Projected future demand for different energy sources. Note that

(*Other) includes geothermal, wind, heat, solar and s|dpn
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1.2 Energy sources

The sustenance of living things on the face of the Earth depends strongly on the
avaiability of energy sources. These energy sources can be classified as renewable and

nonrrenewable.
1.2.1Non-renewable energy sources

Nonrenewable energy resources cannot be replaced at the rate at which they are being
consumed. Fossil fuels such as coalderoil and natural gas are the main sources of
this nonrrenewable energy. When burnt, fossil fuels emit greenhouse gases causing
environmental pollution. The perpetual use of fossil fuels at the present rate is also
believed to contribute to global warmingcrease and cause severe changes in the
climate conditiong2]. Due to the negative impact the emitted gases from fossil fuels
are creating on the environment, it is therefore essential to look for a clean source of

energy which is environmental friendly, hence the need for solar energy.
1.2.2Renewable energ sources

Renewable energy sources are abundant in nature, clean, sustainable and
environmentally friendlyThe environmental friendliness is due to the fact that they do

not contribute to environmental pollution that comes as a result of greenhouse gases
emission into the atmosphere. Also, they do not contribute to global warming which has
been a huge concern to the entire populace. Some of the alternative renewable energy
resources are: hydropower, wind, biomass, biofuel, tidal, geothermal and sotgr. ener
Among all these renewable energy resources, solar energy happens to be the best energy
source since virtually all other renewable energy resources derive their source from

sunlight either directly or indirectlp].

1.3 Solar energy

Solar energy is the energy emitted by the Sun and its energy is distributed as shown in
the electromagnetic spectrum of the Sun. Solar technology can be classified as either
active or passive based on the manners they capture and transform energy. While
passive solar technology makes use of materials with good thermal characteristics and
positioning of buildings in such a way that it will be warmed by the Sun; active solar

technologies basically make use of concentrated solar power, solar thermal collectors

2
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and solar photovoltaid8]. Concentrated solar power generates energy by using lenses,
mirrors or reflectors to concentrate sunlight from a large area ostoad ared4].

Once the concentrated or focused light is converted to heat, it drives a steam turbine
connected to an electrical generator which geesra&lectricity[5]. Solar thermal
collecta (STC) absorbs sunlight and uses it to generate heat. The thermal energy
produced from the STC can be used for domestic hot water heating or space[Bgating
Solar photovoltaics (SPV) convert light energy from the Sun into electricity using thin

layers of semiconductor materigl§. The SPV are noiseless and produce clean energy.

The Sun's constituents are mainly hydrogen and rnelielements. The Sun's
composition by mass is ~71.0% H and 27.1% He. Less than 2.0 % of the mass of the
Sun belong to other various met§. The Sun whose temperature at the surface is
about 5728C happens to be the main source of solar radig@pnThe total power
produced by the Sun is ~3880°° W [10]; however, it is not all the energy from the

6XQ VRODU UDGLDWLRQ WKDW UHDFKHV WKH (DUWI
amount ofsolar radiation received. For example, when solar radiation travels through
the atmosphere, about 26% is scattered or reflected back to space by atmospheric
SDUWLFOHV DQG FORXGV a LV UHIOHFWHG EDFN WF
absorbed by oduds, atmospheric gases and particles while only ~51% is available at the
(DUWKTV VXUIDFH RI DOO WKH VXQOLJKW WKDPWWsSDVVH
analysis is shown in Figure 1.2.

Figure 1.2. Reflected and absorbed solar radiafibi.
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1.4 Solar spectrum

As previously discussed, the incoming radiation from the GGumbe harnessed using a

wide range of modernethnologies such as solar photovoltaics, solar thermal, solar
heating and so of8]. The radiation (light and heat) given out by the Sun to the Earth is

in form of electromagnetic waves which have different wavelengths. Radiations such as
ultraviolet, Xrays and visible light have short wavelengths while infrared radgtion
have longer wavelengths. The solar radiation spectrum shown in Figure 1.3 comprises
of electromagnigc radiation of various wavelengths. This spectrum can be divided into
WKUHH PDLQ SDUWV QDPHO\ L 8OWUDYLROHW UHJILF
approximately 5% of the irradiance}; (ii) Visible region with wavelength ranging from

400 nm to 70 nm, {this region contains approximately 43% of the irradiance} and (iii)
,QIUDUHG UHJLRQ ! QP ~"WKLV UHIJLRR,IBRQWDLQV

Using the solar thermal and photovoltaic technologies, the spectrum from the ultraviolet
region to the infrared end can be used for terrestrial energy applicgtin3 he solar
thermal technology is used in harnessing the solar energy found at the infrared region of
the solar spectrum while photovoltaic (PV) technology is used to harness the solar
energy at the UV and visible region of the s@pectrum. With the new PV technology
model of multilayer graded bandgap solar cell structures proposed by Dharmadasa in
2005[15,16], it is also possible for solar cells to harness the infrared radiation in the
solar spectrum via impurity PV effect and impact ionisation. In this repoain
emphasis is laid only on semiconductor materials which find useful applications in

photovoltaic solar energy conversion.

Figure 1.3. The energy spread in the solar spectfiz)13]
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1.5 Air mass

Air mass (AM) is the measure of how kgW WUDYHOV WKURXJK WKH (D
can also be defined as the path lengths through which sunlight takes within atmosphere
WR UHDFK WKH (DUWKYfV VXUIDFH :KHQ OLJKW SDVVI
intensity will attenuate due to absagm, reflection or scattering of sunlight by air
molecules, dust and cloufl] 7KH DYHUDJH VRODU HQHUJ\ IDOOLC
is known as AiMass 1.5 (AM1.5) radiation; this is illustrated in Figure 1.4. AM1.5 is

the airmass when the Sun moves at an angle of <482 the zenith[17]. This

radiation is defined as an insolation with corresponding power of about 10003Vm

100 mWecn¥ [18]; this value is used by the PV industry as Standard Test Condition
(STC) for terrestrial solar panels. The air mass 1.0 (AM1.0) is when the solar spectrum
has travelled through the atmosphere with normal incidence above the point on the
Eath or when the Sun is directly at its zenith above the point on the Earth. AM1.0 is
used in the tropical regions of the Earth to characterise solar cells; the incident power
per unit area corresponds to ~1040 Wfh9]. The air mass zero (AMO.0) is the solar
irradiance in space that is not affattey the atmosphere and it occurs when the Sun
stands on the zenith; this means there is no atmospheric presence between the solar cell
and Sun[17]. The AMO0.0 is used to characterise solar cells used in space power
applications like the mes on communication satellit¢$9]. The wer density of

AMO.0 light is about 1,367 Wih which is considered to be the solar consfan{19]

Figure 1.4. Path lengths taken by the solar spectrum through the atmosphere.
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1.6 Photovoltaic technology

Photovoltaic (PV) is the technologysed in generating electrical power by converting
WKH VRODU UDGLDWLRQ WKDW UHDFKHV WKH (DUWK
suitable semiconductor devices that exhibit the photovoltaic effect. It is not all
semiconductor devices that can be uagdolar cells; some may function well as good
diodes but may not exhibit excellent PV activity when measured under illumination
condition. Materials presently used for PV include: monocrystalline silicon,
polycrystalline silicon, amorphous silicon, cadmi telluride and copper indium
gallium diselenide (CIGS)20]. Four standard steps are involved in converting sunlight
energy into direct current. The first two steps involve using deitabmiconductor
materials that can absorb photons and convert the absorbed photons to-atdetron
pairs. The other steps have to do with effective separation of the oppositely charged
photogenerated charge carriers and collection of the pheteratedcharge carriers

via electrical contacts in an external cird@].

Photons which come directly from the Sun have different energies which correspond to
the various wavelengths of thelar spectrum. It is not all the photons which hit the
solar cells that are absorbed; some are transmitted while others are being reflected. The
useful photons are the absorbed ones and when these photons fall in the depletion
region of the solar cell, tgebreak bonds between the semiconductor atoms to create
free charge carriers. It is the quick separation of these jgeoterated charge carriers

and transference to the external circuit which generates useful electricity.

1.6.1Energy of photons

The solar radidon comprises of elementary particles called photons. A photon is the
qguantum of light (electromagnetic radiation) and is characterised by its BHaendych

is a function of frequency, The photon energy is related to frequency by the Equation
(1.1)[21].

(1.1)

Eis energy in Joules),h LV 30DQFNY{V FR Q¥ Vspapd\is frequenty in
Hz.

The photon energy can also be expressed in terms of its wavelengtis Equation

(1.1) becomes
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(1.2)

Wherec is the speed of light in rifsand is the wavelength in m.

When the wavelength is in nm and the values af and h are substituted using
appropriate units, then the photon energy can be obtained in electron volts (eV), which
is mostly used in PV solar cell calculations. Under this condition, Equation (1.2)

becomes
(1.3)

To expres the photon energy in Jouled),(the wavelength is expressed iim as
illustrated in Equation (1.4).

(1.4)

1.6.2Brief history of photovoltaic technology

The PV effect was first discovered by Edmund Becquerel, a French scientist in 1839
[22] when the silver chloride he placed in an acidic solution (electrolyte) generated
electric power while being connected to platinum electrodes. In the real sense, the
photovoltaic effect occurred at the junction formed between theyhatelectrode and
electrolyte. The first PV activity with a reasonable amount of electromotive force
(EMF) was reported by Ohl in 1940 through an experiment he did on silicon based p
junction device[23]. A major breakthrough happened in 1954 at Bell laboratory with
the development of the first 4.5% efficiency silicon solar cell by Daryl Chapin, Calvin
Souther Fuller and Gerald Pearson compared to the selenium cellsutigitfdifficult

to reach 0.5%424,25] Researchers at the Hoffman Electronics Corporation increased
this efficiency to about 14% in 1960. The oil crises from 19994 led to the search for

PV solar cell technology as an alternative energy resource for terrestrial use. During this
period, the main focus was on silicon semiconductor material; this is due to abundance
Rl UDZ PDWHULDOV IRU VLOLFRQ SURGXFWLRQ LQ V
accumulated on silicon. However, the cost of production of a silicon solar panel has
been onlte high side due to various production processes involved. To therefore reduce

the dollars/Watt ($/W) for a solar panel production and improve efficiency, researchers
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have focused on other semiconductor compounds such as the binary compound

semiconductorf20].

Using the production cost, photovoltaic technologies can be grouped into three main
generations. The first generation solar cells are the high efficiencies solar cells with high
cod of production. Examples are silicon (Si) and gallium arsenide (Gla#&sgd solar

cells. The recent reports published by Martin Green et[28] showed that
monocrystalline Si and thin film GaAs solar cells have efficiencies >25.6% a8t 28.
respectively at the laboratory scale level. The high cost of production for this generation
of solar cells makes their dollars/Watt to be higher than J&/&N Thin film solar cells

such as copper indium gallium diselenide (CIGS) and cadmium telluride (CdTe) belong
to the class of second generation solar cells. They are referred to as thin films because
they are products of semicanttor materials of thickness of few microns.

The second generation solar cells are-tmst and with a lower efficiency when
compared to the first generation solar cells. The-d¢ost of production of these solar
cells seem to be the major advantage sieaer materials and lesser cost of production
processes are involved; the main disadvantage however is their lower efficiency. The
US dollar/Watt for the second generation solar cells varies betweenrl(0@20$/W

[27]. The CIGS and CdTe solar cells have efficiencies >21.0% for lab scale devices.
Presently, the First Solar Company based in US has achieved the highest efficiency in
CdTe thin films both at lalscale and module levgR8]. Both the first and second
generation solar cells mentioned above are inorganic matbasés] solar cells.

The third generation solar cells are also-owst low efficiency solar cells. A very good
example is the dyeensitised solar cells (3¥s). The highest efficiency reported for
DSSCs in the solar cell efficiency tables (version 46) for lab scale devices is 11.9+0.4%
[26]. Organic photovoltaic (OPV) solar cell is another example of third generation solar
cells and it has thadvantage of lower costfrthan inorganic thin film solar cells due to
their lower processing temperatures and depodi#iéh Thehighest efficiency reported

for organic thin film solar cells at lab scale level is 11.0+0[36%. The US dollar/Watt

for the third generation solar cells varies between ¢0.50) $/W[27].
1.6.3Brief history of CdTe-based solar cell

One of the most recognised absorber materials frondl Ibinary compound

semiconductors that have long been used in the fabrication of lmirsdlar cells is

8
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cadmium telluride (CdTe). CdTe has a high optical absorption coefficienfscaid

[29] and a neaoptimum bandgap of 1.44 ejB80] for simple pn junction devices.
Mathers and Turner in 19281,32] gave the first report on the electrodeposition of
CdTe usig an aqueous and acidic solution of CdS®e(Q, and HSO, but the
emergence of CdTe as a viable electronic material came into existence in the year 1947
through Frerichs experimental wofRB3]. In the author's work, CdTe crystals were
synthesised in a kyogen atmosphere through the reaction of Cd and Te vapour. In
1954[34], Jenny and Bube carried out a research on #wtriglal conductivity type that

can be obtained in CdTe and the authors came to the conclusion thad ptype
electrical conduction are obtainable by extrinsically doping the CdTe with foreign
impurities. Not long after the discovery made by JennyBunoe [34], Kruger and de
Nobel[35] showed that achieving and ptype electrical conduction is not only limited

to extrinsic means of doping; they showed that by intrinsically varying th&@eCd
stoichiometry, n and ptype electrical conduan could equally be obtained. The
authors obtained-type with higher Cd ratio and-fype with higher Te ratio. In 1956,

the proposal to use CdTe as a semiconductor material for photovoltaic solar energy
conversion was made by Loferdl8i6]. In 1959, the first homojunction solar cell from
single crystal CdTe was made by Rappapdri; the reported conversion efficiency
was ~2% and this was made by diffusing In inttype CdTe crystals. Subsequent
works after this yielded efficiency >7988] and 10.59439] for p-n single crystal CdTe

homojunction cells.

Shortly after this in the early 1960s, the solar cell device structures shifted from
homopnction to heterojunction based devices. The first work relating to -Gd3ed
heterojunction solar cell was carried out by Cusp®] and made available to the
public domain in the year 1968usan0[40] achieved an efficiency of ~6% using the
device structure «€dTe/pCw,Te. This fabricated device suffered from stability with
time due to the diffusion of Cu into theGdTe layer andhis eventually lowered the

cell efficiency[41,42] The instability observed in the@dTe/pCu,Te device structure

and lack of transparenttgpe semiconductor as window layler the rCdTe absorber

thin films prompted the PV researchers to explore other device configurations utilising
p-CdTe as an absorber layer. The main task was to now find an approptype n
semiconductor as a suitable window layer 16@Te absorber lay. In 1964, Muller et

al. [43] reported the fabrication of solar cell fromQuS/pCdTe with aconversion

efficiency <5%. In their work, the authors evaporate@d$® thin films on a single

9
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crystal pCdTe layer. Yamaguchi et g#44] in the year 1977 reported the highest solar
cell efficiency of ~11.7% from a-@dTe single crystal and@dS thin film.

The earlier research works carriedt an CdTebased solar cells mainly came from
single crystal gCdTe layer. The first polycrystalline CdS/CdTe heterojunction based
solar cells were demonstrated by Adirovich et[db] in the year 1969 using the
superstrate configuration while in 1972, Bonnet and Rabenhd&it reported te
fabrication of CdS/CdTe heterojunction based solar cells with a conversion efficiency
of 16% using the substrate configuration. The techniques used by Bonnet and
Rabenhorst[46] in developing CdTe and CdS thin films were chemical vapour
deposition and vacuum evaporation respectively. Since then, researchers working on
thin film solar cells have been using these two configurations in solar cells fabrication.
However, superstrate polycrystalline thin film CdS/CdTe heterojunction device
structures have received a notable research and development (R&D) awareness and the
highest solacell efficiency among the CdTeased solar cell configurations have been

achieved using the superstrate configurafk8)47]

Different techniques have also been used by various research groups and companies to
produce CdTased solar dis since inception. Among these many techniques, screen
printing [48], closedspace sublim&in [49] and electrodepositiofb0] have been used

to successively achieve solar cell effiacy of over 8%. Closed space sublimation
(CSS) was used by the research group at Kodak to achieve ~10% efficiency fer CdTe
based solar cells. The group was able to successfully optimise the temperature used in
CdTe deposition and the amount of Oxygenha tleposition chamber. The authors
grew the CdTe layers in a reactor which permitted controlled oxygen contents to be

incorporated into the deposition atmosphere during film gr¢4a8h

In 1984, Basol [51] reported the fabrication of electroplatedCdS/pCdTe
heterojunction solar cells with an efficiency of ~9.4%. The solar cell parameters
obtained by the author for an active cell area of 0.02am@ V. = 0.73V, Jc = 20
mAcm? and FF = 0.64. In the subsequent investigations carried out by Basol on CdTe
based solar cell fabricatiofp2], the author was able to achieve ~10.3% and 10.6%
efficiency for CdS/CdTe and CdS/HgCdbasel solar cells respectively. The energy
band diagram for a typicat@dS/pCdTe is shown in Figure 1.5

10
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Figure 1.5. Energy band diagram of a typicalnpjunction solar cell based orGdS
and pCdTe.

In the actualisation of these high efficiency cells, researchers have also shown that the
device structures and processing steps ahneroimportant factors to achieve high
efficiency solar cell§47,53,54] The incorporation of Cdglreatment as part of pest
deposition processing step for Cdbased device structures has significantly improved
the solar ell device performance. In the year 1991, Ringel ef54] reported the
influence of CdG treatment on solar cell fabricated from the device structure
glass/SNn@CdS/CdTe/ZnTe/Ni. The authors observed a tremendous increase from
1.3% to 8.6% for device structures treated without and @dL respectively. The
subsequent works carried out by Britt and Ferekides in the year 1993 in using CdCl
treatment on their solar cell device structures yielded an efficiency of J5&%The
progress in the CdS/Cddmsed solar cell was stagnated for ~8 years until Wu et al.
[57] broke the existing record by Brigind Ferekides in 2001. An efficiency of 16.5%
was achieved by Wu et aJ57,58] after using a high quality cadmium stannate
(CkSnQy) as the new transparent conducting oxide (TCO) taoepthe conventional
fluorine-doped tin oxide (FTO) and a modified device structure for the solar cell
fabrication. However, this increase after nearly a decade of research is marginal; and

increased only by ~0.7% which is within the fluctuation of measargs.

In 2002, a new model for Cdimased solar cell fabrication was proposed by
Dharmadasa et aJ59] as a means of further improving CdS/CdTedoiasolar cells.

The present PhD research is based on this new model. This new model consists of two
rectifying junctions connected in parallel; these are heterojunction and a large

Schottky barrier interface at the semiconductor/metal contact. -fhgeterojunction is

11
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basically from rRCdS/rCdTe interface while the Schottky barrier is formed at the n
CdTe/metal interface. The new model originated from the comprehensive works carried
out by the author on metal contacts to some selected semiconduators-¥f1 binary
compound family[60]. The energy band diagram of the proposed new model is
illustrated in Figure 1.6. Using this new model, the authors were able to fabricate solar
cell devices with an open circuit voltage,{/>600 mV, shorcircuit current density

(Js9 >60 mA cm? and fill factor (FF) values of ~0.60. These parameters under
illumination condition yielded an overall efficiency of ~18%. The result of the solar cell
efficiency fabricated by Dharmadasa et [&8P] showed that the proposed new model

has a great prospect over the singlejpnction model.

Figure 1.6. Energy band diagraraf the proposed&€dS/rCdTe (rn) heterojunction
device structure with a large Schottky barrier at the metal back contact. Note that the
defect levels responsible for Feriaivel pinning are shown as B Es.

One remarkable feature in this proposed madtie observed highgvalue. This value

was far greater than the reporteglidnit [61] for a single pn junction CdTe solar cell.

This huge difference can however be attributed to the tandeuorenof the device
configuration used by Dharmadasa et[&P]. Other important factors discussed by
Dharmadasa et a|59] in the new model are the presence of defect levelsQaTe

thin films. The defect levels were earlier observed in the authors' previous works on
metal/nCdTe interfacd60] and later applied to device fabrication. Due to the presence
of these defects, strong Fermi level pinning can take place without depending on the

12
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metal work function. The 5 defect levels experimentally identified are located in the
band gap at {0.40+0.04, E=0.65+0.02, E=0.73+0.02, E=0.96+0.04 and
Es=1.18+0.02 eV below the conduction band minimybs®,60] According to
Dharmadas#60], the position for Fermlievel pinning depends on the material history
and methods used in fabricating the metal contact. The material history may also have
to do with steps taken to process the semiconductor material most especially before
metallisation process. One of these ps®ing steps is the chemical treatments followed

by heating of the semiconductor material. The application of chemical treatments to the
top surface of the CdTe layer and htatment in air lead to: improvement in the
material crystallinity, reduction foseries resistance, removal of unwanted defects,

formation of larger grains and passivation of grain boundgs®62,63]

Another processing step is the etchiprocess which is normally carried out after
annealing. In this process, the oxides on the top surface of the CdTe layer are removed.
The types of etchants used can also determine where the Fermi level pinning actually
takes place. Dharmadafg0] explained that when the top surface etdTe is treated

with an acidic etchant, the acid attacks the Cd element preferentially thereby leaving the
surface as Teich while a basic etchant attacks the Te element preferentially and leave a
Cdrich surfaceCdrich CdTe surfaces are associated with defect levels at 0.96 eV and
1.18 eV while Terich CdTe surfaces are associated with defect levels at 0.65 eV and
0.73 eV below the conduction band minim{é4,65] The experimental work carried

out by Schulmeyer et al66] showed that CdTe with-type electrical conduction is
needed to produce high efficiency solar cell devices. Withri€d surface, CdTe
becomes fiype and the Fermi level pinnirgan be at defect levels 0.96 eV and 1.18

eV. With this pinning, a larger Schottky barrier height is produced at the interface and
this increases the slope of the band diagram and creates the required high internal
electric field across the device strugtubue to this band bending, a healthy depletion

region is formed across the device.

1.6.3.1Principle of operation of substrate and superstrate device configurations

Typical schematic diagrams of CdS/Celd@sed solar cells fabricated using superstrate
and subsate configurations are shown in Figures 1.8 (a) and 1.8 (b) respectively. In the
superstrate configuration, the initial deposition is always done on the glass superstrate
which acts as a support for the deposited layers. The first deposited layer isQhe TC
and this serves as the front contact. This is followed by sequential deposition of other

13
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semiconductor materials such as CdS window layer and CdTe absorber layer. The metal
contact (such as Au) is now evaporated on the CdTe absorber layer to servpdise pu

of a back contact; Figure 1.7 (a) illustrates Gébased solar cells using the superstrate
configuration. In the substrate configuration, the deposition starts from the back contact.
In this case, the CdTe layer is first deposited onto a conductbgjrate (for example,
Molybdenum foil) which acts as the back contact and this is successively followed by
CdS and TCO deposition. The TCO in this case acts as the front contact; this is
illustrated in Figure 1.7 (b). In both cases, light enters the sellagevices via the TCO

and CdS thin films. In the superstrate configuration, light has to pass through the glass
before getting to the CdS/CdTe interface unlike the substrate configuration where light

enters directly the CdS/CdTe junction without anyiobs/major obstruction.

Figure 1.7. Solar cell configurations used for CdTe thin film solar cells, (a) superstrate

and (b) substrate configurations.

1.7 Present challenges in CdTvased solar cell device structures

The efficiency of most solar cells fabricdtt'om heterojunction materials for example,

when using thin layers of CdS as window materials and CdTe as absorber materials
have been reported in numerous articles in the literatures to be adversely affected by
pinholes formation. To therefore minimisadastop these pinholes formation, wide
bandgap and high resistive buffer semiconductor layers have been suggested as some of

the means for preventing pinholes formatj6i]. The presence of pinholes in the thin
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film materials leads to creation of leakage paths and-sirottiting between the bkc

and front metal contacts and this adversely affect the solar cell performanetatéd
compounds such as ZnB8 #1], ZnS[72] and Zn.,SnO [73] have been suggested by
many researchers in the PV field as suitable buffer layers to stop the pinhole formation.
In this present work, ZnS with larger bajagh of ~3.70 eV and a thin layer of ZnTe with
modified bandgap of 2.60 eV have been used to serve the purpose of pinholes
minimisation and bandgap grading.

Some of the other present challenges involved in thin film solar cells fabrication have to
do with improving all the solar cell parameters which are shibcuit current density

(Js9, open circuit voltage\M,) and fill factor €F). The idea of using Cdglfor
treatment in CdTe thin films can be dated back to 1F4675] to improve device
parameters without full understanding. Since one of the main aims of this work is to
understand the Cdgltreatment and further improve the device parameters, other
chemical treatments such as Ga@have been introduced. The incorporation of GacCl
into the usual CdGltreatment emerged as a result of the experimental results reported

in and community by Sochinskii et a]76] in dissolving Te precipitates

with Ga. Since the midgap defects known as killer centres in CdTe originate from Te
richness[77], finding a possible means of reducing these defects wealde the
efficiency of the CdTdased solar cell device structures to improve. Therefore, since
Ga has the potential of removing these Te precipitates, the incorporation gfidacCl

the universal CdGltreatment has been proposed in this work to be aseteans of
surface treatment to improve the efficiency of Cdbbsed solar cells. In addition to the
chemical treatments, new device structures based on glasstEBS/rCdTe/p
CdTe/Au (rn-p device structure) have also been proposed as a means ofinggie

solar cell device parameters by moving towards ntayger graded bandgap devices.

1.8 Research Aim and Objectives

The main aim of this research work is to implement the existing ®d$ed solar cell
structures proposed by Dharmadasa e{5l] in 2002 using lowcost electroplating
technique with simplified fabrication process and to develop new device architectures
based on graded bandgap desidor CdTebased solar cell in order to enhance the
efficiency. The semiconductor materials used in this research for device fabrication are
CdSe, ZnTe, ZnS, CdS, CdTe and CdMnTe.
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Some of the works carried out in this research programme and reportedthrettis are
based on the device architectures reported by Echi@dduo test the reproducibility.
The work involved the use of multinction graded bandgap solar sekmploying
glass/FTO//ZnS/nCdS/rCdTe/Au device structure. By optimising the thickness of the
CdTe layer and incorporating GaCGhto the universal Cd@lchemical treatment,
improvement in the efficiency of the glass/FT&@mS/nCdS/rCdTe/Au have been
recorded compared to the previous work carried out by EcHédglu

Some of the new device structures developed are glass/ZIMPAINCAS/rCdTe/Au

and glass/FTOACAS/nCdTe/pCdTe/Au. The ZnTe work reported here follows the
comprehensive works carried out by Dig@&] and Fauzi79] on electroplated ZnTe
layers. In both authors work, they were able to report only the fabricatiprznTe

layers. In this present work, both and ptype ZnTe layers have been successfully
fabricated using intrinsic doping and these electroplated layers have been applied to
solar cell device making; this can be seen as an improvement over the warke
reported by the duo. A detailed work on the fabricatedna ptype ZnTe layers have

been reported by Olusola et g0].

This research work involves the use of electrodeposition technique to grow the selected
semiconductor materials. The following proceduage to be followed to actualise the

aim of the project:

(1) Obtaining suitable ranges for the deposition potential from-¥eurve of the

electrolyte by using cyclic voltammetry technique.

(i) The use of two electrode electrodeposition method far tfrowth of

semiconductor materials.

(i) The growth of some selected semiconductor materials by-césiv
electrodeposition technique. The materials electroplated in this research work are: CdSe,
ZnTe, CdS, CdTe and CdMnTe.

(iv)  Full material charactesation by employing a wide range of advanced analytical
technigues available at Materials and Engineering Research Institute, Sheffield Hallam
University. The analytical techniques used are: Photoelectrochemical {PEC} cell, UV
Vis spectroscopy, Xay diffraction {XRD}, Raman spectroscopy, Scanning electron
microscopy (SEM), Atomic force microscopy {AFM}, enerdispersive Xray analysis

(EDX), optical profilometry and ultraiolet photoemission spectroscopy (UPS).
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(v) Hybrid device fabrication using the m&onductor materials listed above. The
thin film solar cell device structures fabricated are: (a) glass/FOO8/rCdTe/back
contact, (b) glass/FTO/BNnS/nCdS/nCdTe/back contact, (c) glass/[FT&nTe/n
CdS/nCdTe/back contact, (d) glass/FT@DuS/rCdTe/p-CdTe/back contact, (e)
glass/FTO/ACdS/rCdTe/pZnTelback contact and (f) glass/FTaZdS/rCdTe/p
CdMnTe/back contact.

(vi) Development of the solar cell device structures to achieve highest possible
efficiency for terrestrial solar energy conversimnoptimising the processing steps.

(vi)  Assessment and efficiency evaluation of the final device structures using

currentvoltage (+V) and capacitance voltage-Q techniques.

1.9 Summary

The universal importance of energy and the need to explore amatilterenergy source

that is clean, abundant in supply and renewable have been briefly presented. Solar
energy seems to be the best source of renewable energy for terrestrial applications since
most of the otherenewable energy resources either haveextor indirect dependence

on sunlight. A brief history of photovoltaic technology and CdTe thin films was also
presented.The current challenges in CdTe thin films with the research aims and
objectives have also been discussed in this chapter.
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Chapter 2 - Semiconductor materials, solar cell interfaces and types of
solar cells

2.1 Introduction

The emphasis of this chapter is on semiconductor materials, their properties and
classifications based on extatrdopants addition and grouping using valence electrons
as seen in the periodic table. Various interfaces which exist in solar cell devices and the
physics behind them are also explored. A brief study of different types of solar cells
presently fabricatedt large scale level and the ones currently being researched on are

also discussed.

2.2 Solid materials

Solid materials can be generally grouped into three categories namely: conductors,
semiconductors and insulators. Energy bands also exist in these stdithlman the

form of valence band (VB) and conduction band (CB). The VB is the allowed energy
band that is filled with electrons while the CB is the empty energy band. In conductors
like metals, the valence band is partially filled with electrons angldiaerlap with the
conduction bandl]. This attribute makes the electron to freely move from the VB to
the CB even at zero Kelvin and without necessarily applying excitation energy either
from heat or lighsource. Conductors generally have low electrical resistivity due to the
presence of conduction electrons which contribute to the current flow. In conductors,

there exists very minute or no energy gap between the VB and the CB.

The valence band of semicomdors is filled with electrons, and with thermal agitations
even at room temperatuf® 2] or excitation by ligh{3], some of these electrons can be
excited to the conduction banél.small energy gap exists between the VB and CB of
semiconductor matet& For an insulating material, there exists a wider energy gap
between the VB and CB and this makes it difficult for electrons to be excited from the
VB to CB at room temperatuifd]. Thus insulators have mehigh resistance because
most of the electrons only occupy the available states in the VB and they are not
available for conduction. This therefore makes the VB to remain completely full and

CB to be totally empty.
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The classifications of these solid nréés can also be made based on the materials
resistivity and energy bandgap. The possible ranges for the resistivity and energy
bandgap of these three solid materials are indicated in Table 2.1.

Table 2.1. Classification of solid materials based on their electrical resistivities and

energy bandgap.
_ _ Electrical resistivities Energy bandgap
Solid materials
FP (eV)
Metals/semi metals ~10°%-10* "
Semiconductors ~10%-10° ~0.304.00
Insulators ~10°-10° .

2.3 Semiconductor materials

The range of resistivities of semiconductor materials libetween that of conductors

and insulators as shown in Table 2.1 and these values can be modified accordingly by
subjecting itto some external conditions. One of these conditions is temperature; this
can be in form of annealing temperature or measurement temperature. The resistivity of
most semiconductor materials decreases with increase in temperature. These materials
behave inopposite way to conductors whose resistivity increases as temperature
increaseg3]. As explained by Sharni&], bombarding the semiconductor materials by

a beam of light also causes a rapid decrease in its resistivity. Also, the resistivity of
semiconductor materials can be modified by systematically introducing very small
amount of impurities known adopants into the semiconductor. Due to the flexible
nature of the semiconductor materials, they find useful application in the fabrication of
solid state electronic devices.

2.3.1Classification of semiconductor materials based on dopants addition

Semiconductomaterials can be grouped into two categories based on dopants addition.
The ones made without the addition of any external dopants are called intrinsic
semiconductor materials while the others fabricated through the use of external impurity

atoms called doants are called extrinsic semiconductor materials.
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2.3.1.1Intrinsic and extrinsic semiconductor materials

A pure semiconductor formed without the incorporation of any external dopant
elements known as impurities are referred to as intrinsic materials. The sduatw's
formed by controlling the amounts of added impurity atoms are called extrinsic
materials. This addition changes the electrical properties of the material. The type of
external impurity atoms added will determine the electrical conductivity typetren
charge carrier that will be dominant in the semiconductor; this can either be holes in the
VB or electrons in the CB1]. In addition to the above, defects are also one of the
prevailing factors which etermine the pinning position of the Fermi level in a
semiconductor material. It should be noted that while electrons are thermally excited
from the valence band to the conduction band to improve conductivity in intrinsic
semiconductors, the conductivityf extrinsic semiconductors is improved with the
dopants additiof¥].

Taking for example silicon (Si) which is an elemental semiconductor with four valence
electrons; when eaatf the Si atoms share its four outermost electrons with other four
nearby Si atoms leading to formation of four covalent bonds, an intrinsic material is
formed as shown in Figure 2.1 (a). There are no free electrons available for conduction
in an intrinsc material because the atoms are tightly bonded to one another as illustrated
in Figure 2.1 (a). For the intrinsic Si semiconductor material, the Fermi level is located
halfway between the conduction band minimuna.(f and valence band maximum

(Evmax) @asshown in the energy band diagram of Figure 2.1 (b).

Figure 2.1.Typical diagrams illustrating (a) covalent bond formation in intrinsic silicon
crystal lattice and (b) energy band diagram of an intrinsic semiconductor material with

emphasis on Fermi level position.
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The conduction bandepresents the energy levels that are not occupied by electrons
while the valence band is the energy levels occupied by electrons. The energy gap
between the &ninand Emax i referred to as the bandgap. The bandgap signifies the
minimum energy (in eV)hat must be overcome for electrons to be thermally excited
from the VB to the CB. The valence electrons located beneath thgdte represented

by closed circle in Figure 2.2. The opened circle below thg.Erepresent the
vacancies (holes) created afedectrons have been excited from the VB to the CB. The

closed circles above the g, represent the excited electrons from the VB.

If one of the valence electrons of an intrinsic semiconductor material receives adequate
energy as shown in Figure 2.2,(&r instance, by bombarding it with light; it can be
released from the covalent bond and migrate inside the crystal. This loose electron can
then add to the electrical current flow through the material when an electric field is
applied. A continuous bonabdment of the semiconductor with more light gives rise to
excitation of more electrons from the VB to the CB. The more the free electrons
available for conduction, the greater will be the magnitude of electrical current
generated provided the conductidactrons and holes recombine at the external circuit
and not within the semiconductor. If all the electrons in the valence band of an intrinsic
material are now excited as illustrated in Figure 2.2 (b), the total number of electrons
excited into the CB willeave an equal number of holes in the VB thereby making the
concentration of holes in the VB)(to be equal to the concentration of electransr{

the CB. This mean® = p = n;, wheren; is the intrinsic carrier concentrati¢a).

Figure 2.2. Typical energy band diagrams of an intrinsic semiconductor material
illustrating the excitation of (a) one electron and (b) all electrons from valence band to

conduction band after bombardment of the atoms with light.
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The addition of external imyity atoms to the intrinsic material is known as doping. If
the intrinsic Si material is doped with pentavalent atoms such as amti(Bb) as
shown in Figure 2.3 Jafour out of the five valence electrons in the Sb atoms are
involved in forming covalenbonds with the four neighbouring Si atoms. The remaining
one negativehcharged electron which does not take part in covalent bond formation
becomes free and available for conduction; this conduction electron is now donated to
the lattice and available rfeelectrical conductiorf2]. The antimony atom is therefore
called a donor atom due tcsitbility to donate a free electron for conduction. The
introduction of donor atoms (impurities) into the Si material changes its properties to an
extrinsic material. Therefore, this type of extrinsic material H#ype in electrical
conduction. The Fermlevel for ntype materials is positioned towards thenk as
shown in Figure 2.3 (b). Other pentavalent atoms which can act as donot@®rase

nitrogen (N), phosphorus (P) and arsenic (As).

Figure 2.3. Typical diagrams illustrating (a) covalent bond formation between silicon
(Si) and antimony (Sb) atoms, and (b) energy band diagramtygfensemiconductor

material with emphasis on Fermi level position.

On the other hand,ophing the intrinsic Si material with trivalent atoms such as gallium
(Ga) creates a vacancy which needs to be filled up with an extra electron as illustrated in
Figure 2.4 (a). Thus additional one electron is needed from an external atom to complete
the covalent bond formation. This feature makes Ga and other trivalent atoms such as
boron (B), aluminium (Al) and indium (In) to become an acceptor atom to Si. This type
of extrinsic material is fype in electrical conduction. The Fermi level position fer p

type material is located towards thgng as shown in Figure 2.4 (b).
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Figure 2.4. Typical diagrams illustrating (a) covalent bond formation between silicon
(Si) and gallium (Ga) atoms, and (b) energy band diagramtgpe semiconductor

material with emphasis on Fermi level position.

2.3.2Classification d semiconductor materials based on elemental composition

It is imperative to fabricate the right semiconductor materials that can be used for solar
to-electric energy conversion. The development of these materials can be achieved by
selecting the right ements that can be used for this purpose from the periodic table.
Based on the elements that constitute semiconductor materials, they be can classified as
elemental, binary, ternary and quaternary compound semiconductors. The elements used
in the productia of these semiconductor materials can be obtained from group | to
group VII of the periodic tabl¢5]. Elemental semiconductors are crystals formed by
single element materials. Common exaaspbf elemental semiconductors are obtained
from group IV of the periodic table and these include: carbon (C), silicon (Si) and
germanium (Ge). Binary compound semiconductors are formed from the chemical
reactions which take place between two elementsarBicompound semiconductors

can be further classified as\ll and Ill-V depending on the group of the element in the
periodic table. For example, the chemical reactions between one element such as Cd
from group Il and another element such as Te from grdlipproduce IHVI
semiconductor known as cadmium telluride (CdTe). Likewise, the chemical reactions
between gallium elements from group Ill and arsenic from group V produdé llI
semiconductor known as gallium arsenide (GaAs). Other examplesvbfahd Ill-V

binary compound semiconductors can be found in Table 2.2. The productions of ternary
and quaternary compound semiconductors take place when three and four elements

chemically react with one another respectively. Table 2.2 also shows some common
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exampes of these types of semiconductors. The semiconductor materials used in this

Semiconductor materials, solar cell interfaces and types of solar cells

research work belong to the\Wl and ternary compound family.

Table 2.2. A brief summary of semiconductor groups based on elexheainposition.

Semiconductor group

Common examples of semiconductors

Elemental semiconductor from group |

C, Si, Ge

[1-VI binary compound semiconductors

CdSe, CdS, CdTe, ZnTe, ZnS, ZnO,

[11-V binary compound semiconductors

GaAs, GaP, GaN, InAs, InP |As, AIP

Ternary compound semiconductors

CdMnTe, CdHguxTe, AkGaiAS

Quaternary compound semiconductors

CwZnSnSe, CulnGaS€CIGS)

2.4 Types of junctions/interfaces in solar cell devices

In electronic devices such as solar cells, junctionscaeated when two or more
semiconductor materials are brought together in such a way that there is an intimate
contact between them. This interface is essential because it determines the electric field
strength and how the charge carriers created witlens#miconductor materials are
effectively separated and transferred to the external circuit for current generation. The
formation of this interface can also happen if a direct contact is made between the
semiconductor and metal or insulator. This sectiol lve focused on the different

interfaces that exist in electronic devices, especially in solar cells.
2.4.1Homo-junction and Hetero-junction

In forming hetergunction device structures, two different semiconductor materials
having different energy bandgap® goined together. The interface formed between the
two different materials is referred to as hetgnoction interface. A good example of
heteroejunction interface is when a@dTe thin film is deposited on-@dS layer6,7].

One of the advantages of using two or more different semiconductors in the device
structure is the absorption of different regions of tharsgpectrumin homajunction
device structures, two similar materials are joined together and-huion interface

is formed between them. A typical example of hguomaction interface is when atype

Si layer is formed on an-type Si wafer[8]. In both cases, materials with same or
different electrical conductivity types may be used. For instance, the fiatetmn and

homajunction interface may be-p, p-i-n, p-p and nn interface. Also, the interface at
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the hetergunction and homgunction structures can also be eseled by varying the

doping concentration of any of the semiconductor partners forming the intgiface
2.4.2p-n junction

The theory of g junction form the basic foundation to umstand the principle of
operation of semiconductor devicgy. A p-n junction device isa 2terminal device
formed when an 4{type semiconductor comes into intimate contact with-gpp
semiconductor. As shown in Figure 2.5 (a), diffusion of holes from tlypgomaterial

to the ntype material and electron diffusion from theype to ptype material take
place simultaneously due to the difference in holes and electrons concentrations
between the two semiconductd®$. The diffusion of electrons from theside to the p

side leads to creation of negatiaharged ions at the p region. In a similar way, the
diffusion of holes from gide to nside leads to creation of positively charged ions at
the nregion of the semiconductor. The creations of positive and negative charge ions
which are opposite to eadther produce an electric field at thenpnterface. As these
positive and negative ions build up onamd psides respectively as illustrated in Figure
2.5 (b), they form a barrier which prevents further diffusion of holes and electrons from

p- and r materials respectively. The created barrier is what forms-thanferface.

Figure 2.5. Typical schematic diagrams illustrating (a) electrons and holes diffusion
and (b) the famation of barrier which prevents further diffusion of holes and electrons.

The region between the created barriers is the depletion region with Width,

The region between the builp positive and negative ions is called the sgd@Ege or
depletion rgion (W) as indicated in Figure 2.5 (b). The name depletion region arises

from the fact that the region is depleted of both electrons and holes. The electric field
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produced within this region prevents the holes and electrons from further diff@sion
The energy band diagram of a typicah punction device is described in Figure 2.6. The
depletion width V) here represents the region where the band bending takesXyace.
and X, are the distances by which the depleti@gion extends into -pand ntype
semiconductors respectively. Homogeneous pnction will be produced if one
material is used in fabricating the gnd r: layers while heterogeneousngunction will

be produced if different semiconductor materials wged in fabricating the-pand r

layers.

Figure 2.6. Energy band diagram of a typicalnpjunction device structure. Note that
the band bending between thegmd nrsemicondutor material is the depletion region,
WEXo+ X,

2.4.30ne-sided p-n junction

Onesided pn junctionmay be fabricated by heavily doping one layer and moderately
doping the other hetefjonction or homegunction partner. Kabra et al[10]
demonstrated the fabrication of esiéed rectifying fip junction diode fabricated from

n-Si and pZnO heterogeneous materiaeveral articles in the literature have reported
investigations relating to abrupt junctiofis2,11,12] Examples of heterpunction and
homaojunction onesided interface are’p, p'n, n'n and pp. Figure 2.7 (a) illustrates

the energy band diagram of a diode with-sited abrupt Tp junction fabricated from
n-CdS and gZznTe semiconductors while Figure 2.7 (b) shows the energy band diagram

of abrupt fip junction diode fabricated fromZnTe and pZnTe materials.
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Figure 2.7. Energy band diagrams of abruptpjunction (a) onesided p hetere
junction diode fabricated from@dS and pZnTe semiconductors and (b) esieled rip

homojunction diode fabricated fromAnTe and pZnTe semiconductors.

2.4.4p-i-n interface

p-i-n junction is produced when an insulating or intrinsic semiconductor thin film is
inserted between a-pand r semconductor material. In practical situations, it is
difficult to fabricate itype layer; however-pand rsemiconductor materials with high
resistivity can serve the purpose oflayer sandwiched between the p and n
semiconductors. The principle of operatiof pi-n interface is similar to that of-p
junction. Figure 2.8 shows the energy band diagram ofi-a device structure. The
Fermi levels of the pand r layers are aligned through théayer to produce a strong
and healthy electric field throughtine intrinsic materigl5]. The main merit of having
this type of structure is its ability to produce a high potential barrierwhich
approaches the energy bandgap lné semiconductor materials used in thémp
structurg[5]. With high B, the probability of obtaining a large open circuit voltaggXV
is possible. MeyerEL3] successfully demonstrated the fahtion of this ri-p junction

in solar cell fabrication by using@dsS, tCdTe and gZnTe layers.
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Figure 2.8. Energy band diagram ofipn diode illustrating the possibility of obtaining
high potential barrier heightig) almost equal to the semiconductor bandgap (E

2.4.5n-n and p-p interfaces

The fabrication of m and pp heteo-junctions fabricated from Ge/Si was reported by
Oldham[14]. Figures 2.9 (a) and 2.9 (b) demonstrate typical energy band diagrams of
n-n and pp semiconductors fabricated from two different materials of same thicknesses
respectively while Figures 2.10 (a) and 2.10 (b) illustrate typical enemngyy diagrams

of n-n and pp semiconductors fabricated from same semiconductor materials having
equal thicknesses respectively. Two or moreinterfaces can be combined together to

produce multjunction graded bandgap solar cells as discussed in S8ctién

Figure 2.9. Typical energy band diagrams of (ahrand (b) pp hetergjunctions.

Figure 2.10. Typical energy band diagrams of (ahrand (b) pp homaojunctions.
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2.4.6Metal-Semiconductor (MS) interface

The MS interface is formed when a metal and a semiconductor are brought into direct
contact with each other. One of the usefulness of the MS interface is the formation of
electrical contacts which are used tllect the photegenerated charge carriers and
transport them through an external cird@}. Two MS interfaces namely ohmic and
rectifying contacts are needed in an electronic device nspscally, in a solar cell

depending on their design.

2.4.6.10hmic contacts formation

Ohmic contact is a nerectifying interface with linear currenbltage (V)
characteristics behaving according to Ohms law. There are two ways of making ohmic
contacts to thesemiconductor material. The first method involves the formation of no
potential barrier between the semiconductor and the metal while in the second method, a

barrier formation can take place. In the first method, a metal with a lower (or higher)
work funcion than the electron affinity of n-type (or ptype) semiconductor is

being used. In this situation, there would be no formation of-bujitotential barrier

height, (thatis, Wi ” 9 DQG WKLV ZRXOG HQDEOH FXUUHQW

metal and the semiconductor.

For instance, when an ohmic contact is made betweey@ersemiconductor and metal
( ) as shown in Figure 2.11, an alignment of Fermi lleia&es place at

equilibrium by the transfer of electrons from the metal 4ype semiconductofl5].

Figure 2.11. Energy band diagrams illustrating the ohmic contact formation between

metal and rtype semiconductor (a) before joining the at@nd semiconductor and (b)

at equilibrium position after making contact. Note thatis the work function of the-n

type semiconductor while is the electron affinity of the-type semiconductor.
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Figures 2.11 (a)rad 2.11(b) show the energy levels before and after making metal
contacts to the type material respectively. This transfer makes the surface of-the n
semiconductor to become more n in electrical condudtignand this lifts up the
electron energies of the semiconductor relative to the metal at thermal equilib&lm
If the M/S interface is forward biased, electrons flowing from the semiconductor to the

metal do not encounter barrier. Likewise, if the M/S interface is reverse biased, a small
barrier height of exists for electrons flowing from the metal into the

semiconductor. Since the created barrier is small under the reverse bias condition,

electrons can still flow through from the metal into the semiconductor.

The energy level before making olemcontact for p-type material IS

illustrated in Figure 2.12 (a). After contact making (Figure 2.12 (b)), electrons flow
from the conduction band of thesemiconductor into the metal so as to attain thermal
equilibrium and this pragces more holes in the semiconductor. The large densities of
holes at the surface therefore make the semiconductor surface to be more p in electrical
conduction. When forward biased, holes produced in tiypg semiconductor can

easily tunnel through intthe metal from the semiconductor. Sinaedepletion region
is formed in the M/S interface when , the movement of holes can take place

from semiconductor to metal and vice verShe above description is for ideal case
when there areo surface states at the M/S interface. This ideal situation was also

observed when making ohmic contacts e@gle as described in Section 8.5.5.

Figure 2.12. Energy band diagms illustrating the ohmic contact formation between
metal and gype semiconductor (a) before joining the metal and semiconductor and (b)

at equilibrium position after making contact. Note thatis the work function of the-p

type senconductor while is the electron affinity of the-fype semiconductor.
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However in practical situations, the presence of surface states at the semiconductor can
cause Fermi level pinning to take place thereby making®V and indepettent of the
metal work function. When this happens, the ohmic response becombseazonn one

or both bias regions.

The second alternative method is to heavily dope the semiconductor that is directly
adjacent to the metfil5]. In this type of situation even if a potential barrier is created
as a result of the methaeing used {for example, using a metal of higher (or lower) work
function to the rtype (or ptype) semiconductor}, the heavy doping creates a very
narrow depletion width. With this narrow width, tunnelling becomes the main means of
transporting current aoss the Schottky barrier and this allows flow of current in both
directions with linear response to the applied fl&§. A practical example of this was

also observed in the degenerat€ds thin film described in Chapter 7.

2.4.6.2Rectifying contacts formation

The formation of rectifying contacts also known as Schottky contacts occur when a
metal with higherwork function, is brought into intimate contact with-type
semicaductor materials having a lower work function, . To form rectifying contacts

on ptype semiconductor, metal with lowesork function is coated on {ype
semiconductor materials having higher work function,. In both cases of-nand p

type, charge transfer takes place until there is an alignment of Fermi level at equilibrium
[15].

In n-type material where, ; the Fermi level of the semiconductor is higher than

the Fermi level of the metal before evaporating the metal contact on the semiconductor
as shownn Figure 2.13 (a). This means that the electron energy of the semiconductor is
higher. To equalise the two Fermi levels, the electron energy of the semiconductor must
be lowered relative to the mefdl5]. To achieve this, electrons have to flow from the

CB of the semiconductor to the metal. Figure 2.13 (b) illustrdtesenergy band
diagram after the FL of both semiconductor and metal have been aligned.
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Figure 2.13. Energy band diagrams illustrating the Schottky contact formation between
metd and ntype semiconductor (a) before joining the metal and semiconductor and (b)

at equilibrium position after making contact.

The flow of electrons from the semiconductor to the metal leads to a decrease in the
electron concentration. This decrease |I@mbe Fermi level and bends the edge of the
conduction band near the interface up. The flow of electrons to the metal will induce a
negative charge on the metal and a positive charge of ionised donors on the
semiconductor near the interface. For this catls® region of semiconductor near the
metal interface where band bending takes place becomes depleted of mobile electrons.
The presence of negative charges at the surface of the metal and positive charges at the
semiconductor region near the metal integfareate an electric field at the interface.

The builtin potential in eV () which prevents further diffusion of electrons from

conduction band of-semiconductor to metal is given as,

(2.1)

The potetial barrier height () which prevents electron in metal from diffusing into

the semiconductor conduction band is

(2.2)

Where s the electron affinity of the semiconductor measuredhfthe vacuum level

to the conduction band edge of the semiconductor.
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The Schottky barrier formation ontgpe material where is shown in Figure

2.14. The energy band diagrams before and after metal coating on-tyipe p
semicondutor are summarised in Figures 2.14 (a) and 2.14 (b) respectively.

Figure 2.14. Energy band diagrams illustrating the Schottky contact formation between
metal and gype semicondctor (a) before joining the metal and semiconductor and (b)

at equilibrium position after making contact.

The above descriptions are applicable for Schottky diodes that are free of surface and
interface states. Equation (2.1) is therefore valid for i@ealottky diodes. In practical
applications, the Schottky diodes do not obey this ideal equation due to presence of
defects at the surface/interface. This is why potential barrier is most of the times not
dependent on the metal work function. In the idesk¢ band bending takes place when
metal contact is made on the semiconductor but in practical applications, it is possible to
have band bending prior to metallisation. This band bending can be explained in terms
of surface states which may arise from fation of thin layer of oxide films or
dangling bonds at the semiconductor surfd€3. The surface states can be donor states
which release an electron to become positive; this donor stet¢he Fermi level close

to the conduction band. It can also be acceptor states which obtain an electron to
become negative and pins Fermi level close to valence band. Mostly, the dangling
bonds which arise from incomplete bondifigp] always dominate and for antype
semiconductor material, the surface will attairsipee charge; this makes the band to

bend upwards near the semiconductor surface before metallisation.
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As explained by Streetman and BanefjEs], surface states are common in compound
semiconductors due to the presence of interfacial layer. The effect of these states are
mostly felt when two different compound se@amductors are grown on each other. Due

to the lattice mismatch between the two compound semiconductor materials at the
interface, defects also known as surface states may be introduced. The introduction of
these defects if not properly controlled may grabout a poor performance in solar cell
efficiency since they actively determine the position at which the Fermi level pins.
Details of these defects as described by Dharmadasa[&fJahave been discussed in
Section 1.6.3. Thus, the interfacial layer introduces defect states into thgy ener
bandgap of semiconductor which pins the Fermi level at a particular pddifipri~or
instance, a group of interface states sited at ~0.35 eV below the conduction band
minimum of rCdTe will pin the FL at the surface of@dTe and the potential barrier
height of the Schottky will depend on the surface states pirefiegt instead of the

metal work function.

In this situation, the Schottky potential barrier becomes:
(2.3)

Eg is the bandgap of the semiconductor and (shown in Figure 2.15) is a neutral level

which exsts between the surface Fermi level and the surface valence band energy.

Figure 2.15. Energy band diagram of Schottky interface with surface states. The surface
states denotedly red lines at the M/S interface helps in pinning the FL at the M/S

interface giving rise to a Schottky barrier.

From Equations (2.2) and (2.3), it can be deduced that the M/S interface can be

determined using the work function tife metal and interface or surface states present

at the semiconductor bandg@p. In the same way, th¥,; solely depends on the
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semiconductor properties and not on metal work function when there is qgreskn
interface states. From Figure 2.15, the following equations can be deducetyper n

semiconductors.

(2.4)

(2.5)

where (2.6)

2.7)

Putting Equations (2.5), (2.6) and (2.7) into Equation (2.4)

(2.8)

(2.9)

Equation (2.9) shows that equally depends on the semiconductor properties and

independent on etal work function.

2.4.6.3Current transport mechanisms in Schottky diodes

As explained by Dharmadasa et [dl7], when a solar cell is exposed to sunlight, it is
synonymous to forward biasing while solar cells being kept in the dark are equivalent to
zero biasing of the diode. For this reason, tinection of electron flow under dark and
light conditions differs and they are illustrated in Figure 2.16. In the same way, when a
metal/semiconductor junction is reverse biased, the flow of electrons differs from when
it is forward biased. The various cent transport mechanisms that take place in metal
semiconductor contact when forward biased under dark are highlighted below and
described diagrammatically in Figure 2.16 [(E),18]. Figure 2.16 (b) also describes the
direction of electron flow when M/S junction is forward biased under illumination.

Brief details of some of the current transport mechanisms are discussed in Chapter 3.

(1) Thermionic emission of electrons (majority carrier) from the semiconductor over

the barrier into the metal contact.
(i) Electron tunnelling from the semiconductor into the metal through the barrier.

(i)  Recombination of electrons and holes withie tiepletion region.
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(iv)  Thermionic emission of holes (minority carrier) from the metal into the

semiconductor.

Transport mechanism (i) is dominant for Schottky diodes with moderately doped
semiconductor while transport mechanism (ii) is dominant for Mi{&face with an
heavily doped semiconductddl]. The basic processesiy) discussed above for
current transport mechanism equally holds for metal to semiconductor current flow

when reverse biased under dark condition.

Figure 2.16. (a) Basic current transport mechanisms for flow of electrons in metal
semiconductor junction when forward biased under dark condition. (b) Direction of
electron flow when the Schottky junction is illuminated with light. Note this is the

same direction in which electrons also flow when reverse biased under dark condition.

2.4.7Metal-insulator-semiconductor interfaces

The potential barrier heighti) obtained at f interface is larger than those of M/S
interface. Therefore, the builh potential ¥/,,;)) and opercircuit voltage Vo) are higher

in p-n junction than in M/S junction. One way of increasing o values close to the
energy bandgapalue is by incorporating a thin, insulating layer of ~10 nm at the
semiconductor surface before depositing the metal coffadtigure 2.17 (a) shows the
formation of ks at the interface between metal and semicondu€tue. insertion of the
insulating layer Itlayer) between the metal contact and semiconductor give rise to
metatinsulatorsemiconductor (MIS) structure as shown in Figure 2.17 (b).{lager

can be intentionally introduced by growing a very thin insulating layer. Organic
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materials can be depositedldayer between the metal and semiconductor to form MIS
structure. This wademonstrated by Mabrook et f19] when the authors used organic

thin films as insulating lays to fabricate MIS organic memory devices. Tiayer can

also be obtained by oxidising the top surface of the semiconductor[RBjerThe
presence of thelayer between the metal and the semiconductor eliminate interaction at
the interface thus leading to removal of ageing effects at the back metal phtabis
phenomenon guarantees an increase in the lifetime of the solar cell structure. Another
advantage of the MIS structure is the extension of electric field into the semiconductor
surface as a resulf band bending increase which occurs at the MIS intefia&¢ The
incorporation of a thin insulating layer between the metal and semiconductor have been
used in enhancing the illuminating characteristics of metal contacts to semiconductors
like GaP and Cdf1].

Figure 2.17. Typical energy band diagrams otype semiconductor illustrating (a) the
formation of potential barrier height at metal/semiconductor (MS) interface and (b) the
improvement of the potential barrier height as a resfuhisertion of an insulating layer
(I-layer) inbetween the metal and semiconductor.

2.5 Types of solar cells

Solar cells can be made from organic materials (for example polymer) or inorganic
materials (for example, Si, GaAs, CdTe, CZTS). Solar cells fabdcabm organic
materials are called organic solar cells while the ones produced from inorganic materials
are called inorganic solar cells. When both organic and inorganic materials are used in
solar cell production, the result is a hybrid solar cell. Adyexample of hybrid solar

cell is perovskite. The focus of this section will be on some solar cells that are presently
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in use on a large scale basis and the ones that are currently being researched into for

future industrial commercialisation.
2.5.1Inorganic solar cells

Inorganic solar cells (IOSCs) are classes of PV devices which make use of inorganic
materials to absorb photons which break bonds between atoms and create-letdetron
pairs that are useful for electricity generation. Examples of inorganic cglla are Si

based solar cells, IV based solar cells such as GaAs and chalcogdrsided solar

cells. Chalcogenidbased solar cells are solar cells which contain a minimum of one
group VI element. Group VI elements are called chalcogens and theyxggen (O),
sulphur (S), selenium (Se) and tellurium (Te). Examples of these solar cells are copper
indium diselenide (CIS), copper indium gallium diselenide (CIGS), copper zinc tin
sulphide (CZTS) and cadmium telluride (CdTe). The research presented thetsis is
focused on inorganic solar cells primarily Cdia@sed solar cells. A brief history of

CdTebased solar cells was given in Chapter 1.
2.5.20rganic solar cells

Organic solar cell (OSC) is a group of photovoltaic device which uses organic
moleculesto absorb photons and transport charge to produce electric current using the
photovoltaic principle. Kearns and Calv[@2] first observed thePV behaviour of
organic compounds in the 1950s. A good example of OSC is polymer based solar cells.
Based on types of junctions available in organic solar cells (OSCs), they can be
categorised as single layer, bilayer, discrete heterojunction, bulk joetdion, graded
heterojunction and continuous junction. The simplest form of OSC is the single layer
and they are fabricated by sandwiching a layer of organic materiblstween two
different electrodef23]. The metallic conductors used for the electrodes are ITO which
serves as the anode and Al or Mg which serves as the cathode. For the bilayer OSC, two
layers namely electron acceptor and electron donor acwsgdred between the two
different conducting electrodes. Examples of donor and acceptor materials are-poly (2
methoxy(5- ethylhexyloxy}1,4-phenylenevinylene) (MEHPPV) and PhenyC61-

butyric acid methyl ester (PCBM) respectively. The schematic diagsamsing the

basic structure of a single layer and bilayer OSC are shown in Figures 2.18 (a) and 2.18
(b) respectively.
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The OSC differ from inorganic solar cell in some regards. For instance in OSC, the
electric field is created as a result of the diffeemnm the work function between the

two electrodes while in inorganic solar cells for examplemjpnction solar cell, the
electric field is created as a result of the barrier created between the diffused holes and
electrons at the interface. The ternsewnce and conduction bands used in inorganic
electronics are referred to as HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) respectively in organic electrd@¢s The
bandgap is the energy separa between the HOMO and LUMO energy leveélsSCs

are cost effective when used in PV applications, their main demerits lie in low stability

and efficiency when compared to inorganic PV cells.

Figure 2.18. Schematic diagrams of organic solar cell (a) single layer organic solar cell

and (b) bilayer organic solar cell.

2.5.3Hybrid solar cell (Perovskite solar cell)

A perovskite solar cell is a hybrid solar cell fabricated frarganicinorganic halide

based material. This solar cell derives its name from the Russian mineralogist known as
L.A. Perovski. The perovskite technology originates from the solid state dye sensitised
solar cell (ssDSSR5]. Both ssDSSC and perovskite have the same device structure,
the main difference is in the light absorber taylm ssDSSC, the light absorber is
photoactive mesoporous oxide with coated dye molecules; (@d dye) while in
perovskite, the light absorber layer is perovskite. With the incorporation of a new light
absorber material in the solid state sensitisearswll, the power conversion efficiency
(PCE) has increased from 11.9% in ssDSSC to 22.1% in percbsigesl solar cell

[26]. The schemati diagrams of ssDSSC and perovskite are illustrated in Figures 2.19
(a) and 2.19 (b) respectively.
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The perovskite solar cells are processed from solution and they have crystal structure of
the form ABX; where A and B are larger and smaller cations resdgt[27]. The

larger cation is an organlzased material while the smaller cations are inorgbased
materids such as tin (Sn) and lead (Pb). X is the anion mainly from oxygen, nitrogen,
carbon, or halogenf25]. An example of absorber material used in perovskite is
methylammonium lead trihalide (GNH3PbX3) where A is (CHNHS3), B is Pb and X is
halogen such as Cl or Br atom. The contents of halides used determine the optical

bandgap anthis value can range between 1.50 and 2\30

Perovskites have the advantage of very low cost of production and rapid improvements
have been seen in the solar cell efficiency of perovskites from 2009, t¢28atehe

world record efficiency of this solar cell as reported by researchers fRIGTHUNIST

group in South Korea is 22.1986,29]. The current issue that needs to be addressed
with the perovskite technology is the instability of thevide fabricated from
perovskites at high relative humidity. It is highly believed that once the instability issue
is resolved, the material has the potential of being commercialised on a large scale
production for PV application.

Figure 2.19. Schematic diagrams of (a) solid state dye sensitised solar cell (ssDSSC)

and (b) perovskitdased solar cell.

2.5.4Multi -junction graded bandgap solar cells

The use of multjunction graded bandgap (MJGB) device structuimssolar cell
application is important in harvesting photons from various parts of the solar spectrum.

Some of the experimental works reported on solar cell device structures in Chapter 9 of
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this thesis are based on this type of device structure. These dtructures are made

up of different semiconductors having various energy bandgaps and arranged in a way
that photons from different parts of the spectrum can be effectively absorbed to enhance
the output shortircuit current density. The full MJGB ko cell structure was proposed

by Dharmadasa et 4B0] in 2005 and it was experimentally tested with GaAs/AlGaAs
using MOVPE growth technique and the obtained results showed a working [8idel

One of the focuses of this present research work is to develop the MJGB structures

using lowcost electroplated semiconductors most esggdiaim [1-VI family.

Figures 2.20 (a) and 2.20 (b) demonstrate the two possible ways of designing the MJGB
device structures as proposed by Dharmadasa ¢30B1] . In Figure 2.20 (a), the
starting window layer is a wide bandgajpype semiconductor material while in Figure
2.20 (b), the starting window material is a wide bandg&ypea layer. In both cases, the

last lyer is a narrow bandgap layer. Starting from the front contact towards the back
contact, both device structures show a gradual reduction in bandgafEdrdm Egp.

The device structure in Figure 2.20 (a) has the advantage of a higher potential barrier
height over the one in Figure 2.20 (b). With highigr it is possible to obtain high&f.

value. However, the device structure in Figure 2.20 (b) has been used in this work for

solar cell fabrication due to the availability of electroplated materials.

Figure 2.20. Energy band diagrams of new designs for graded bandgap solar cells
proposed by Dharmada$a0] with (a) a ptype window material and (b) antype
window material. Redrawn frof30,31]

As light moves through the device structure, absorption of phdédes place starting

from the ultraviolet (UV) region through the visible (Vis) and then finally to the

infrared (IR) end of the solar spectrum. MJG&ar cells are designed in such a way

that the high energy photons (UV and Vis) are absorbed by the wide bandgap

semiconductor deposited first on the conducting substrate. The narrow bandgap thin
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films deposited afterwards absorb the low energy photorkeainfrared end of the
spectrum. This absorption process is essential so as to reduce thermalisati¢BZffect
Thermalisation effects do occur when high energy photons are absorbed by low energy
bandgap semiconductors; when this occurs, heat is produced within the deviceestructu
and this eventually lowers the solar cell parameters and the life span. Thermalisation
effect in PV solar system is like an overload effect in induction motors of an electrical
system.

The MJGB also make use of impact ionisation and impurity PV effestduce R&G
process, increase phegenerated charge carriers, separate and transport the generated
carriers to external circuit before they recombine in the device stru¢gjre
Considerig Figure 2.20 (a), when high energy photons are absorbed at the front of the
solar cell, they break bonds between the atoms and excite electrons from the VB to the
CB. When this happens, they create electron and hole pairs which are separated to the
back ad front contacts respectively. The quick separation is initiated by the presence of
strong internal electric field in the solar cell structure. The strongibugliectric field is
represented by the steep slope produced as a result of the deviceesttasign. High
kinetic energy (KE) is gained by the electrons accelerating towards the back contact.
The electrons moving with high KE transfers its momentum to the atoms located at the
rear end of the device and break the bonds between these atommakbsgsa photon
which produce electrons with initial high KE to create two eleehole pairs. This

mechanism is referred to as baoneband impact ionisation.

As explained by Dharmadasa et [@2], the transmission of infrared photons towards

the rear of the solar cell take placeaa®sult of their low photon energy. These photons
can equally break bonds between atoms and excite electrons from CB to VB due to low
bandgap materials towards the back. In the same vein, heat from the surroundings or
infrared radiation can break bondetWween atoms and create electhmbe pairs.
However, most of the far infrared photons do not possess sufficient energy to directly
promote the excited electrons to the CB but the energy is adequate to promote the
excited electrons to one of the defecteisviocated below the CB. As earlier explained,
there is presence of defects at the M/S interface and these defects can be very useful if
well controlled. Some of these defects may be introduced during post deposition
treatment process like etching or cgrigrowth while others may be introduced during

growth. The ones introduced during growth are mainly native defects.
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The holes created are quickly transported to the front ohmic contact and this does not
therefore permit the trapped electrons at the ddéésells to fall back and recombine

with the hole. Further absorption of infrared radiation can create another eleckeon

pair (EHP) and the newly excited electron can push the initial excited electrons at one of
the defect levels to the CB. Aside theee high KE electrons accelerating down the
slope can also promote the trapped electrons in defect levels to the CB. This mechanism
of operation is referred to as impurity PV effect. The combination of impact ionisation
and impurity PV effect can improwhe device parameters of the fabricated solar cell

showing avalanche of electrons created during this process.

2.6 Summary

In this chapter, solid materials and the different categories in which they exist have been
briefly presented. Semiconductor materialsehaeen classified into two major groups
based on dopants addition and elemental composition. Brief discussions have also been
made on the various interfaces which exist in an electronic device. Some of the current
transport mechanisms taking place in riisganiconductor interfaces were discussed,

and highlights of some types of solar cells were also given. Since the thesis work was
focused on development of graded bandgap devices, the new designs were presented to

show their advantages over thayer solarcell device structures.
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Chapter 3- Techniques for materials growth, materials and device
characterisation

3.1 Introduction

The development of thin films can be achieved using physical methods such as
sputtering, evaporation, epitaxial growth, thermal or chemical methods such asathem
vapour deposition (CVD), metal organic chemical vapour deposition (MOCVD),
chemical bath deposition (CBD), electrodeposition (ED) and polymer assisted
deposition (PAD). Before the thin film deposition, it is of utmost importance to prepare
the substrie on which the thin films would be grown. After the thin films development,

it is essential to study their material and electronic properties. This chapter focuses on
electrodeposition technique as the main growth technique used in this research work

andsome of the analytical technigues used in material and device characterisation.

3.2 Substrate selection and preparation

The deposition technique used in this work requires the usage of conducting substrates
to grow the thin film material. For this reason, théstrate needs to be well prepared
before being used in the electrolytic bath. Failure to thoroughly clean the substrate may
introduce impurities to the bath in ppm level and this may eventually affect the overall
efficiency of the solar cell. Apart frommpurity introduction into the bath, uniform
deposition of thin film may not be obtained on the substrate. Thisunbormity is a
problem in thin film deposition because it causes the doping concentration of the
deposited layers to vary from one point doother on the thin film. Some of the
properties of the conducting substrates are that it must have low resistance and be
transparent. Due to their transparent nature, they are often referred to as transparent
conducting oxide (TCO). The most widely us&é@€O are fluorinedoped tin oxide

(FTO) and indiuradoped tin oxide (ITO). IT&oated glasses have low thermal stability

when used as a TCO substrifeand they are more expensive than Fd@ated glass.

In this work, FTQcoated glasses have been used as conducting substrates due to their
numerous advantages over ITO. Some of the merits offered by FTO are its stability
under atmospheric conditions and high temperature, mechanical hardness, high

tolerance to pysical abrasion and chemical inertng2 TCOs generally have low
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resistivities. The resistivities of the FTO substrates are selected basedroshéet
resistance. In this work, FF¢ RDWHG JODVVHV ZLWK VKHHW UHVLYV
purchased from Sigmaldrich have been used. The substrates were cut into the desired
dimension before cleaning. The cleaning was first done in ultrasonicmedintaining

soap solution for 15 minutes. A further rinsing action usingodesed water was

carried out on the glass/FTO substrates after completing the ultrasonic cleaning. The
surfaces were finally rinsed in organic solvents (methanol and acetas)edvin de

ionised water and dried with nitrogen gas flow before being applied as the working
electrode in the ED seip.

3.3 Electrodeposition growth technique

Electrodeposition is a nevacuum growth technique used in depositing metallic and
semiconductingoatings on top of an electrically conductive substrate such as[Bjetal
This growth technique offers a lot of advantages among which are:imgdattaterial
waste during and after growth, providing an enabling environment to grow thin films
with small and large areas (scalability), loast, ease of intrinsic and extrinsic doping,
self-purification of electrolytic bath, bandgap tunability andmafacturability,low
temperature growth and the ability to control the film thickness by varying the
deposition time and potentid#,5]. The scalability of this technique was proven by BP
Solar when they manufactured 0.924 solar panels with efficiency of ~10.64j.

Electrodeposition can be categorised into different groups based on the power supply
source and the ovking electrode being used. With respect to the power supply source,
electrodeposition can be potentiostatic or galvanostatic. In potentiostatic deposition,
direct current at fixed voltage is used while in galvanostatic deposition, the power
source is a idect current at constant currefit]. Potentiostatic electrodeposition has
been used in this work to carry out electroplating work. Depending on which electrode
is used as the working electrode (WE) in electroplating technique, the growth of thin
films can be achieved using cathodic amubdic means of deposition. In cathodic
electrodeposition, the cathode electrode serves as the working electrode while in anodic
electrodeposition; the anode serves as the working electrode. The electrodeposition of
thin films take place on the working eteode and for this reason, the conducting

substrate which function as the WE must not react chemically with the elecf@jlyte
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As explained by &ndey[7], the cathodic depositiohas gained a wide popularity in
electrodeposition growth technique because it produces stoichiometric thin films with
good adherence to the substrate and most of the metal ions are cations (positive ions);
while in anodic deposition, the thin films foroché&ave poor adhesion and stoichiometry.

In this research work, cathodic electrodeposition has been used to carry out the growth
of thin films. The components making up the electrodeposition system are: electrolytes,
electrodes (anode which is a countecetele, cathode which functions as the working
electrode and reference electrode), power supply, electric heater with a magnetic stirrer.
The electrodeposition system can belgets a tweelectrode or threelectrode system.

In this work, tweelectrode gstem was used to carry out the electroplating of
semiconductor thin films. The main difference between these two is that n two
electrode setip, two electrodes namely anode and cathode are used while in three
electrode setip, a third electrode known asreference electrode is introduced. The use

of the third reference electrode has been avoided in this research to prevent possible
leakage of unwanted group 1A and 1B ions like" Amd K from Ag/AgCl and
saturated calomel electrode (SCE) into the elbdicobath most especially CdTe
electrolyte which is used in electroplating the main solar cell absorber layer being
studied in this work. The Agand K’ are classified as-fype dopants to CdTe thin films

and since the main research interest is focuseélaniroplating ACdTe thin films as
absorber layer, the leakage of these ions into the bath can cause compensation to take
place thus leading to a high resistive material which can adversely affect the solar cell
device efficiency. The deterioration infiefency of CdTebased solar cells after being
contaminated with A and C§* ions have been reported by Denni§éh

Figure 3.1 shows the sahatic diagram of the twelectrode setip in electrodeposition
technique. The bath contains an electrolyte comprising of metal ions (for instance,
ZnSQ, for the deposition of Zn). The conducting surface (cathode) is usually immersed

in an electrolyte solign containing salt of the metal ions. As illustrated in Figure 3.1,

the cathode and anode electrodes are connected to negative and positive terminals of the
power source respectively. When a direct current maintained at constant voltage from
the power suply flows through the electrolyte, the anions and cations of metal salts
move toward the anode and cathode respectively and may be coated on the electrodes
after charge transfer reaction has taken plage This type of electrodeposition is
referred to as cathodic electrodeposition.
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Figure 3.1. Electrodeposition saip for a simplifiel 2-electrode system.

In the cathodic electrodeposition, the salts of metal ions which carry positive charges
(cations) are attracted towards the cathode. In this process, the positive metallic ions
will gain electrons from the cathode and will reduce to the metallic form aglatsa

film on the glass/FTO substrate which is used as the working eled®pdén the

anodic electrodeposition, the anions are attracted towards the anode, donate one or more
electrons to the anode and finally form a deposit in the form of a solid thin film on the
FTO substrate attached to theoda. This process in which the anions donate electrons

to the working anode electrode is referred to as oxidation.

The electrodeposition technique works on the principle of electrolysis which was
discovered by Michael Faraday in 1834]. The two laws postulated by Faraday relate

the mass of the electrodeposited material to the deposition current density and atomic
weight of the material. The first law states thaite mass of a substance deposited

liberated at any electrode is directly proportional to the quantity of electrical charge passing
WKURXJK WKH HOHFWURO\WH~" whdaHhe/$amB @neoudtof citf§eOdD L Q V
passed through the electrolytes, the mass of the substanceseatkpodiberated is
proportional to its respective chemical equivalent weight. The chemical equivalent
weight is the ratio of molecular weight to the valence number of ions (electrons
transferred per ion).

The first law can be expressed mathematically as
m=Z2Q (3.2)

WhereZ is a constant known as chemical equivalent weight.
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The chemical equivalent weight from the second law can be expressed mathematically

as shown in Equation (3.2)

(3.2)
Combining Equations (3.1) arfd.2) together

(3.3)

wherem is the mass of material in gram formed on an electr@Qdes the effective
electric charge in Coulomb that passes through there@lthe Faraday's constant with
value 96,485 Cmdi, M is themolecular weight of the material in griiplz is valence
number of ions and is the number of electrons transferred in the chemical reaction for
the formation of 1 mol of substanicegcn®.

Faraday's equation can further be modified to calculate tieknt#ss of the

electrodeposited material as shown in Equation (3.4).
(3.4)

WhereT is the thickness of the material in cimis the average deposition current in
Ampere,A is the surface area of the coated matedids, current density in Acrif, t is

the deposition time in seconds anis$ the density of the deposited material in gcm

3.4 Cyclic Voltammetry

Before electroplating the various semiconductor materials and studying their individual
properties, iis essential to determine the range of cathodic potential suitable for their
deposition. The tool used for this purpose is known as cyclic voltamiidiyyln this
process, a range of cathodic potentials are scanned, for instance from 0 to 2,000 mV
between the electrodes immersed inside the electrolyte, using a computerised
potentostat at a constant sweep rate. The currents through the electrolyte are monitored
as the voltages between electrodes are changed. The currents corresponding to each
scanned potential are plotted and the results give a cyclic voltammogram. Cyclic
voltammaram can therefore be described as the cux@iige characteristics that
describes the conduction of electrical current through the electrolyte as a function of
applied potentia[12]. The potential is usually scanned in both forward and reverse
direction so as to determine the approximate voltage in wtiiehdeposition and
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dissolution of the electroplated layers take place. This technique has been used in this
work to investigate suitable regions of deposition potential to electroplate thin films that
are near stoichiometric. The power source used inwhik is GIllAC computerised
potentiostat (ACM instrument) and the scanning was carried out at a sweep rate of 180

mVmin™.

3.5 Techniques used for material characterisation

The material properties of the semiconductors developed in this work have been studied
using some basic analytical techniques such as photoelectrochemical (PEC) cell
measurement for investigating the electrical conductivity type of the semiconductor
material, optical absorption technique for studying the optical properties of the material,
X-ray diffraction (XRD) and Raman spectroscopy for evaluating the material structural
properties, scanning electron microscopy (SEM) technique for determining the material
morphological properties, energy dispersiveray analytical (EDX) technique for
andysing the compositional properties of the material, Widet photoelectron
spectroscopy (UPS) for studying the position of the Fermi level in semiconductor
materials and direct current (DC) conductivity measurement technique for resistivity
determinabn. This section will be focused on the analytical techniques used in this

research work.
3.5.1Photoelectrochemical cell measurement

Photoelectrochemical (PEC) cell measurement is a quick and easy technigue used in the
determination of electrical conductivitype of semiconductors. The technique involves

a semiconductor and electrolyte with interface creation between them. The interface
formed between the semiconductor and electrolyte is very similar to the junction
formation between semiconductors and metiaht is M/S interface also known as
Schottky barrier. As explained in sgbction 2.4.6.2 of Chapter 2, both semiconductors
and metals have different Fermi energy levels in their energy bandgap before making
contacts with each other. In the same mannectmlytes also have an energy level
known as Erepox While the Fermi level position KLP) of the semiconductor remains

Er. This B can be [, or Er, depending on whether the semiconductor material is n, or

p-type respectively.
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By immersing the semicondiar inside the electrolyte, electron transfer takes place
between the two until equilibrium is achieved. At equilibrium, there is an alignment of
the Fermi level of the semiconductor with the redox energy level of electrolyte
according to Equation (3.5his alignment do take place under dark condition as shown

in Figure 3.2 (b) for both-rand ptype materials.

(3.5)

As illustrated in Figure 3.2 (b), band bending takes place at the region of the
semiconductor which is nedhe semiconductor/electrolyte (S/E) interfdd@]. The

band bending direction can either be upward or downward depending on the initial
Fermi €') level position of the seiconductor[14]. If the semiconductor material
under investigation is-type, bandends upwards. For atppe semiconductor material,
band bends downwards as illustrated in Figure 3.2 (b).

Figure 3.2. Band diagram formation between semiconductor and electrolyte (a) before
the semiconductor makes contact with the electrolyte, (b) after the semiconductor makes
contact with the electrolyte under dark condition and ft&y ahe semiconductor makes

contact with the electrolyte under illumination condition.

Under illumination condition, photons with energy greater than the bandgap are

absorbed in the semiconductor region and this leads to generation of elexdtqrairs.
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Once created, the electrons and holes no longer maintain equilibrium and this shifts the
Fermi level towards the initial Fermi level of the semiconductor to create a new Fermi
level under illumination denoted asEr (this can either beEr, or "Erp) as siown in

Figure 3.2 (c). When this shift occurs, there is a decrease in the band bending. The
SRWHQWLDO FKDQJH GO( HI[S[W3ftherefade tareqpbixdd Wi R Q
difference in the shift of the Fermi energy level measured under dark and light

conditions per unit charge,
(3.6)

As illustrated in Figure 3.3, the sap for the PEC cell measurement consists of
glass/FTO/semiconductofof unknown conductivity type) which serves as the
semiconducting electrode, a graphite electrode which is used as the counter electrode
and electrolyte prepared from 0.10 M JSz0; in 20 ml of deionised water. The two
electrodes are immersed in the @egal electrolyte and connected to a DC voltmeter.
The potential between the two electrodes are measured under both dark and illuminated
conditions. The PEC signal or open circuit voltage produced by the solid/liquid junction
is obtained by taking the diffence between the potential measured under dark and
illumination conditions. Before using the PEC cell -gpt to carry out further
measurement, it is usually first calibrated with a known semiconductor {RdSh
before measuring uknown semiconductors. HE sign of the PEC signal helps in
determining the electrical conduction type of the electrodeposited materials while the
magnitude of the PEC signal is a factor of the doping concentration of the
semiconductor material under t¢s5]. When the PEC signal produces zero PEC signal,

it signifies that the material can be insulating, intrinsic or metallic.
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Figure 3.3. Typical schematic diagram of the experimental-ugetfor PEC cell

measurement.

3.5.2UV-Vis Spectrophotometry

The bandgap of semiconductor materials and other optical properties such as %
transmittance can be obtained usiqgical absorption technique. The basic equipment
used in this technique is known as Ultravielésible spectrophotometer commonly
known as UWVis spectrophotometer. The WVis spectrophotometer measures the
absorption, % transmittance and reflectancéha near UV and visible region of the
electromagnetic spectrum. The range of the wavelengths for the near UV and visible
region are ~(20@00) nm and ~(40000) nm respectively. Cary 50 scan UV/Vis
spectrophotometer has been used in this research wachkrty out all the optical

absorption measurements.

The basic components which make up the-\J¥ spectrophotometer as illustrated in
Figure 3.4 are: light sources (UV and Vis.), monochromator also known as wavelength

selector, sample container, detectod asignal processor with reado{t6]. Light
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sources ©gch as deuterium and hydrogen lamps which emit radiation within the range
(160-375) nm can be used as light source for UV radiation. For visible and near infrared
radiation, tungsten filament or halogen lamps can be used since it can emit radiation
within the range (35@500) nm wavelength. The radiations emitted by these light
sources also extend into the UV region; for this reason, they are mostly used in

spectrophotometers.

Figure 3.4. A typical schematic diagram showing the basic components of ¥igV

spectrophotometer.

A monochromator consists of an entrance slit, a collimating lens, a dispersing device
such as a prism, a focusing lens and an gitit The emitted light which consists of
radiation having more than one single wavelength (that is, polychromatic radiation)
passes through an entrance slit into a monochromator. In a spectrophotometer, a beam
of monochromatic radiation is provided touithinate a material and the ratio of
intensity of incoming photons to the outgoing ones is measured. The beam is assembled
together via a collimating lens and then strikes the reflection prism (dispersing device)
at an angle. The prism eventually splits bgam into its wavelengths. By rotating the
prism, the output radiation which has a specified wavelength leaves the monochromator
through the exit slit and is directed towards the material under test. Depending on the
thickness of solid materials under ttesome of the intensity of a beam of
monochromatic light is absorbed while others are transmitted as shown in Figure 3.5.
The intensity of transmitted light)(is related to the intensity of incident light)(by
Equation (3.7).

(3.7)
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Wherex is the thickness of the semiconductor and it represents the distance into which
light travels through in the semiconductor materialis a constant and it is the
PDWHULDOYYV DEVRUSWLRQ FrRélat whithHizWwhatdrisV aksethg H U P
light as light passes through it.

Figure 3.5. Typical schematic diagram illustrating the light intensity befdge ¢nd

after absorptionly.

The transmittanceT] of the material is defined by the ratio of the transmitted light
intensity to the intensity of thimcident monochromatic light as expressed in Equation
(3.8)

(3.8)

Equation (3.9) relates the absorbance (A) and transmittance with eacfl@ther

(3.9)

permits easy calculation of absorbance from the data of %

transmittance.

The transmitted light is detected by pimlibde which functions as a detector in this
case. The detector converts monochromatic light radiation into electrical signal which

is sent as input to the signal processor. The signal processor amplifies the signal,
processes it and passes the processggthl to a display unit such as computene
spectrophotometer measures the absorbance and other optical properties as a function of
wavelength. By plotting the square of absorba®éedgainst the energy of photam/,

the bandgap can be estimatedelxyrapolating the straight line portion of the absorption

curve to the photon energy axis. Also, the bandgap can be obtained by plotting
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versus and extrapolating the straight line portion of the versus

absorption curve to the photon energy axis.

7KH UHODWLRQVKLS EHWZHHQ WKH DEVRUSWLRQ F
VHPLFRQGXFWRU PDWHULDO WKH LQFLGHQW SKRWRQ

is expressed by Tauc relation in Equation (3[18).

(3.10)

Whereh LV 30D QFN TV kAt \canvdda@t\Wwf dpopdiionality which depends on
the refractive index of the sample.

3.5.3X-ray diffraction (XRD)

X-ray diffraction (XRD) technique is a natestructive and nenortact method used in
identifying the crystal structures and phases present in crystalline materials. It also gives
information on the materials crystallite sizes, atomic planes, lattice spacing, preferred
orientation and intensity of the individual peakganted from the XRD measurement.

This technique was discovered in 1912 Mwax von Laue when hebserved that
crystalline materials behave aglBnensional diffraction gratings for-¥ay wavelength

in a similar manner to that of plane spacing in a cryatite[19]. As shown in Figure

3.6, the samples to be tested are put inside the sample holder stationed between the X
ray tube and Xay detector. The Xay tube generates therdys which are filtered to

yield monochromatic radiation. These rays are assembled together through a collimator
and made to pass through a slit. These slits have different dimensions based on the
opening created in them. The slit dimension may range from (1/32 to 2) mm. The
interaction between the monochromatic rays after passing through the slits and the
sample is known as interference. Thaay tube gradually moves so as to focus the rays

on the sample under investigation and this movement leads to changes in the incident

angles.

The operational principle of XRD is established on doastructive interference of
monochromatic Xrays and a crystalline sample:rXy is an electromagnetic radiation
having wavelength ranging between (@a0) A while a crystal is a regular array of
atons. The wavelength range of therXy is similar to the distances between atoms in a
crystal and this is why it is easy forrdys to be diffracted by the crystal structyi23).

When the Xrays strike the crystal atoms, they are scattered by the electrons in the
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atoms and this resulis the production of secondary spherical waves that emanate from
the electron. This type of scattering is known as elastic scattering and the electron which
causes the scattering is referred to as the scatterer.

Figure 3.6. Typical XRD equipment illustrating the three main sudmpartments.

The reflection of incoming rays by electron in the atom gives rise to diffracted rays. In
some instances, the scattered rays cancel one ean(ithstructive interference) or
support one another (constructive interference). The interaction between the inecident X
UD\V KDYLQJ ZDYHOHQJWK PHDVXUHG LQ $QJVWL
investigation produces constructive interference and diffraetgsl when conditions of

interaction fulfil Braggs law stated in Equation (3.11).
(3.12)

Where d is the inteDWRPLF VSDFLQJ Q LV D SRVLWLYH LQWH.

the incident or diffracted Xays beam and thegomic plane.

The Braggs law is derived from Figure 3.7. The occurrence of constructive interference
produces a peak in intensity. The diffractedays are then detected and processed by
the X-ray detectorThe detector finally converts the processeda)( signal to a count

rate before sending it as an input signal to a computerised device from where XRD

spectrum (the output) is obtained.
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Figure 3.7. Schematic oBragg's analysis showing the production of diffracted rays as

incident rays interact with atoms inside the solid crystals.

The XRD patterns in this work were obtained by plotting the XRD count rate vaesus t
position of angles. Information about the crystallite size of the samples being measured
can be obtained from the data extracted from XRD instrument after measurement by
using the Scherrer formula stated in Equation (3.H®wever, the Scherrer equatio

has limitation since it cannot be used to estimate crystallite sizes more than 100 nm
[21].

(3.12)

"KHUH LMUWKHAD;YHOHQJIJWK PHDVXUHG LQ c LV ):+0 P
is the Bragg's angle measured in degree. Fhpaging permits easy identification of
sample since each material has a distinspacing value which can be compared with

the standard -@pacing value reported in the JCPDS reference file. One other important
parameter obtained from the XRD measurement is the full width at half maximum
(FWHM). This parameter alongside other parameters stated in Equation (3.12) is used
in gettirg the crystallite size (D) of the measured sample XRD spectra in this work
ZHUH REWDLQHG XVLQJ 3KLOLSV 3: ISHUW 33U
PRQRFKURPDWRU RI ZDYHOHQJWK  -70 . The duffertvalidd U D Q

tension of the Xray generator were set to 40 mA and 40 kV respectively.

65



Chapter 3  Techniques for materials growth, materials and device characterisation

3.5.4Raman spectroscopy technique

The Raman spectroscopy technique is a quick anedastructive metbd to analyse
semiconductor material qualities such as homogeneity, surface conditions and
microcrystallinity [22]. This technique can be used for quantitative and qualitative
analysis of samples. Quantitative and qualitative analysis are carried out by measuring
intensity and frequency of scattered radiations respectj28ly The technique is used

as fingerprint for quick identification of unknown materials by panng the material

under test with standard reference spectra.

It is a scattering technique which is based on Raman Effect. The principle of operation
is based on inelastic scattering of monochromatic light most especially laser beam. The
monochromaticight acts as the incident radiation to the sample under investigation.
When samples are illuminated with monochromatic laser light at a certain frequency,
the molecules in the sample interact with the laser light and begin to vibrate which
eventually leadso emission of scattered light with different frequency. The shift in the
frequency between incident and scattered light is known as Raman shift or Raman
Effect. This shift provides information about the rotational, vibrational, frequency levels
and other low-frequency modes in the material. The inelastic scattering is a
phenomenon generally used when the frequency of monochromatic incident photons
differs in value from the frequency of scattered radiation upon interaction with the
sample. The emitted stated light is detected by photon detector in computerised
Raman setip equipment, analysed and displayed as Raman spectrum on the computer
visual display unit. The Raman spectra reported in this thesis were obtained using a
Renishaw Raman microscope wih4 nm argon ion laser source and a chameled

device (CCD) detector.

3.5.5Scanning electron microscopy technique

Scanning electron microscopy (SEM) is an analytical technique used in studying the
morphology of thin film materials. It is an electron mgrope which scans sample
under investigation with focused beam of electrons to produce images in a vacuum
system using high accelerating voltage. The first microscope with high magnification
was invented in 1937 by Manfred von Ardenf#]. Figure 3.8 shows a typical
schematic diagram of SEM equipm¢®b]. The SEM instrument consists of five basic

components namely: electron source, column contaisiegtromagnetic lenses via
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which electrons travel down, sample chamber, electron detector and computer with

visual display unit (VDU) to view the scanned images.

Figure 3.8. Typical schematic diagram of scanning electron microscope. Redrawn from
[25].

Tungsten filamentLanthanum hexaboride (LgBor Cerium hexaboride (CeBsolid

state crygal and field emission gun (FEG) are the three main types of electron sources
used in SEM instrumerj26]. Electrons are produced at the source (for instance, the
electron gun shown in Figure 3.8 ) sited at the upper part of the column by thermionic
heating at very high voltage ranging from ~5 kV to ~30 kV. The voltage range may vary
from one instument to the other. The produced electrons accelerate through the column
and passes through the set of condenser lenses and apertures to generate a focused ray

of electrons which strike the surface of sample mounted on a stage in the sample
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chamber. Themain function of these lenses is to focus the beam of electrons as it
travels from the electron source to the sample chamber down the column. The scan coils
which are located above the objective lens controls the position at which the electron
beam hits th sample and it also allows the beam to be scanned across the area of the
sample surface in a raster wgdb]. An interaction therefore takes place between the
electrors and atoms in the sample to produce numerous signals in the form of secondary
electrons, backscattered electrons, auger electrons and characteresfg] 27]. These
signals which comprise of informati@bout the surface topography and composition of

the material being tested are collected by detector to produce images which can be

viewed on a computer VDU.

The basic signals being used for image production are the secondary electrons (SE) and
backscattexd electrons (BSE). The secondary electrons are usuallyerengy
electrons generated via ejection of electrons from the surface of sample atoms and they
are detected by the secondary electron detector (§H)) The SED can be used to
detect the surface morphology of the sample since secondary electrons are low energy
electrons created near the surface and not at tdepth of the samplg5]. One
disadvantage of the SE is that it can be affected by noise which can lower the quality of
the SE imageR28].

On the other hand, the backscattered electrons are higher egleagsons which
originate from a notable depth within the material (sample) andres#iently
backscattered by the sample atoribe backscattered electrons are generated when
there is an interaction between the incident beams of electron and the rafcéus

atom in a sample. When this interaction takes place, the primary electron may scatter in
any direction with minimal energy loss. Some of the scattered electrons are then
directed back out of the sample to produce back scattered electrons whitlerare t
detected by backscattered electron detectors (BSED). The BSE does not give valuable
facts about the sample topography; rather, they give compositional information on
samples with higher atomic numbers; this is because atoms having higher atomic
numberseasily backscatter. The greater the atomic number of an atom, the higher will
be the positive charge of the atom's nucleus and the greater the tendency for an
interaction producing BSE to occy8]. Threetypes of signals produced by the
primary electron beam are illustrated in Figure 3.9 with respect to their depth of

generation from within the sample.
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Figure 3.9. Typical diagramillustrating the production of three different signals within
the specimen volume as a result of sargdéetron interaction. Note the different
sections of the specimen volume where characteristicayX, secondary and

backscattered electrons emerge from

Some other important factors which should be taken note of when carrying out the
morphological measurement using SEM technique are accelerating voltage and the
electron spot size. The accelerating voltage alongside with sample thickness determines
the deth to which electron beam will penetrate through when it strikes the sample. The
electron spot size coupled with the volume of interaction between the sample and
electron beam determine the maximum resolution obtainable in SEM measurement.

Some SEM instmnents have a resolution in the rang&Q) nm[26].

The SEM micrographs reported in this Wwowere obtained using thEEI Nova
NanoSEM 20t the Materials and Engineering Research Institute (MERI) of Sheffield
Hallam University, Sheffield, United Kingdom. This instrument has an accelerating
voltage of up to 30 kV and resolution of up to 1 nm. dpecial preparation was made

for the samples used in the SEM analysis except that the samples were thoroughly
washed with methanol, rinsed in-gmised water and dried in a nitrogen gas flow
before being transferred to the SEM vacuum system. Also, piiet has been used to
electrically connect the metallic sample holder and glass/FTO on which the thin film is
deposited on. The essence of this connection is to prevent charging effects which take
place between the sample holder and thin films grownTdd/glass since the glass is a

nonconductive material. Charging effects do take place orcooductive materials
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during scanning in a vacuum system and this may introduce error during image

scanning.
3.5.6Energy Dispersive Spectroscopy (EDS)

Energy dispersivepectroscopy (EDS) or energy dispersiveay analysis (EDX) is a
technique used to analyse the composition of atoms present in a sample both
qualitatively and quantitatively. It can be used to detect the elements present in the
periodic table. EDS instment can be found in most SEM equipment as gpsuibor as

an attachment to the main SEM instrument. One of the limitations of this equipment is
that it gives information mainly on the atomic composition and not molecular
composition of the sampl¢27]. As earlier explained in SEM technique, the interaction

of high energy electron beam with samples generate signals ssebaaslary electrons

(SE), backscattered electrons (BSE), auger electrons and ehistactX-rays [27].

While the SEM makes use of SE and BSE, the EDX uses characteristys X

The characteristic Xays are produced when high energy electron beam knocks out of
the atom an inner shell edtron and the vacant site being generated as a result of
ejection of inner shell electron is being occupied with outer shell electron; this is
illustrated in Figure 3.10. The ejected electron becomes ionised and the atom becomes
unstable due to the eleatr vacancy generation. To stabilise this atom, electron from
outer shell has to move into the inner shell to fill the vacancy. When this transition
happens, there is a release of excess energy which corresponds to the difference in
energy between the twdalls. The excess energy is therefore emitted as -agy X
photon. The emitted Xays have wavelength which depends on the characteristics of
atoms inside the sample, hence the name characteristays}9]. The emitted Xrays

are named based on the shell where the first vacancy occurs and the shell where
electrons transit from to occupy the vacancy. As shown in Figure 3.10, if the first
vaancy takes place in the-ghell and electrons transit from L shell to fill the vacancy

in K shell, the Xray emitted is referred to as KK-ray. On the other way round, if
electrons transit from M shell to occupy the vacancy in K shell, the emitiey Mill

be referred to as KX-ray[28].
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Figure 3.10. lllustration of three atomic shells (K, L, M) with emphasis on ejection of
electron from inner shell leading to vacancy generation and filling of the vacancy from
an outer shell. Note that therdy nomenclature amamed based on the shell where the

first vacancy occurs and the shell where electrons move from to occupy the vacancy.

Since EDX detection system is part of SEM equipment, the principle of operation is
similar. Figure 3.11 shows the schematic diagram of@X Estrument. For EDX, the
detector used is made up of semiconducting silicon crystal with diffused lithium atoms,
Si(Li) which has to be placed in line of sight of the sample singayX cannot be
deflected. The distance of the detector to the sampl@lgive as small as possible, say

20 mm or less from the samg9]. Both SEM and EDX use the same electron source
but in EDX, the charactsstic X-ray being emitted from the sample is fed into thea}(
detector. The detector is usually kept in a cryostat so as to cool it with liquid nitrogen to
enable it attain cryogenic temperaty8®]. The detector converts the-rdy signal to
voltage signals. The voltage signal is passed to a pulse processor which amplifies and
measure the signal before sending it to reliannel analyser (MCA). The MCA
converts the ampléd/measured voltage signal into a digital form suitable for display as

a plot of histogram of intensity versus energy in keV on computer system. In this work,
EDX detector attached to a FEI Nova NanoSEM 200 has been used to carry out the

compositional angsis. Aztec software was used in performing the EDX analysis.
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Figure 3.11. Experimental setip of the EDX spectrometer.

3.5.7Ultra -violet photoelectron spectroscopy (UPS)

The UPS $ an analytical technique that can be used in studying the electronic band
structure of solid material81]. The work functionof a material, Fermi level of thin

film semiconductor surfaces and position of valence band maximumy([Ean also be
determined using this techniq@2]. In this research work, UPS technique has been
used to investigate theLP of some of the electroplated semiconductor materials. By
knowing the FLP of the material, the electrical conductivity type can thus be
determined. This technique is to further complement the PEC cell measurement
technique being used in this work to determine the electrical conductivity type. The
UPS operation is bad on the fundamental principle of photoelectric effect proposed by
Albert Einstein in 1905Photoelectric effect is a phenomenon which explains how
electrons are ejected from a material surface when photons (light) shine on it. The
ejected electrons areswally referred to as photoelectrons. When the energy of the
incident photon K{v) is greater than the material workfunction (W), the ejected
photoelectron will then have kinetic enerdy)(given by Equation (3.1333].

(3.13)

The kinetic energy of photoelectrons produced by samples after absorbing UV photons
can therefore be measured by UPS technique. The basic components making up a UV
system are: U\photon source, electron detector, an ultrahigh vacuum system and a
computer display system. An ultrahigh vacuum systet®® Torr) is required in UPS
experiment to prevent attenuation of emitted electrons. A helium discharge lamp with

two energies of Hé photon at ~21.2 eV and Hephoton at ~40.4 eV can serve the

purpose of the UV photon source. Generally, the UV radiation has energy ranging
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between 1015 eV [34] to excite photoelectrons in the valence band to vacuum. level
The interactions of the UV photons are however restricted to the valence band due to
their low energy. In UPS, when the ident photons interact with atoms in the sample,

the atoms are ionised leading to the emission of low energy photoelectrons. This low
energy creates a platform to study surface properties and band structure of the material.
Hence, The UPS is a highly suréasensitive technique because the path length for the
ejected electrons from the sample is of few angstroms. The interference between energy
of the emitted electrons and valence electrons is however a major disadvantage in this
techniqug31].

The UPS measurements in this work were carried out by our collaborator at the Conn
Centre for Renewable Energy Research at University afisidle, USA. The
equipment used for this work was VG Scientific MultiLab 3000 thigh surface
analysis system. This system was supported with differenpaltyped He cold cathode
capillary discharge UV lamp and CLAM4 hemispherical electron energlysamaA
resonance line H& with photon energy of ~21.22 eV and base chamber pressure of
~10° Torr was used for the samples excitation. Due to the possibility of having noise
interference in the system at low kinetic energy, the UPS measurements wiee car
out using a negative bias voltage of 18 V to prevent any form of distortions in the
instrument. Gold films were sputtered onto half of the samples used in this experiment
while the other half of the sample was not sputtered with gold. This methad dlie

Fermi level of the Au and CdTe film to be aligned. The measurement ¢iLthavas

done from the Hd FL edge of the samples coated with Au. The Au sputtered area was
connected to the sample stage using Ag paste for proper biasing and to pregng char

effect.
3.5.8Direct current (DC) conductivity measurement

The concept of Ohms law has been used in the DC conductivity measurement to
determine the electrical resistivity and conductivity of the semiconductor materials. To
carry out this measurement, mstawhich form two ohmic contacts to the
semiconductor have to be carefully selected. In this technique, varying DC voltages are
applied across the two semiconductor terminals and the corresponding DC current that
flows through the semiconductor materiad aneasured using an ammeter. A Keithley

2401 sourcemeter has been used in this work to carry out the DC conductivity
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measurements. A basic schematic diagram illustrating current flow as the voltage is

being varied is illustrated in Figure 3.12.

Figure 3.12 A basic schematic circuit diagram illustrating current flow in

semiconductor as the voltage is being varied.

When the set of measured currents and their corresponding vodeggdotted as
shown in Figure 3.13, a linear graph which obeys Ohms law by passing through the

origin is obtained.

Figure 3.13. Typical IV characteristics illustrating thénear relationship between
direct current and voltage in accordance to Ohms law. Note that the slope gives the

conductance of the semiconductor materials.
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The inverse of the slope oM characteristics in Figure 3.13 gives the resistance, R of

the semicaductor as shown in Equation (3.14).

(3.14)

whereL, A and are the thickness (cm), cressctional area (cfj and resistivity

FP RI WKH VHPLFRQGXFWRU PDWHULDO UHVSHFWLYH

The material resistivity can then be obtained bgnranging Equation (3.14) as
(3.15)

The conductivity, of the semiconductor matafimeasured in ‘cm)* or (Scm™) is

determined by finding the inverse of in Equation (3.15).

3.6 Analytical techniques for device characterisation

After materials growth and characterisation, the next stage is to use the developed
seniconductor materials for electronic device fabrication. Diode is the basic building
block of any electronic device and solar cells are basically diodes when measured under
dark condition. The basic techniques used for the diode and solar cell chart@mterisa

are currentvoltage (}V) and capacitanceoltage (GV) techniques. With the
application of external bias say frorh.0 V to +1.0 V, the current and capacitance
signals can be measured. This section discusses the two basic techniques used in this
reearch work for device characterisation; they are: cuwehage (}V) and

capacitanceroltage (GV) analytical techniques.
3.6.1 -V characteristics of a typical thin film solar cell

The main characteristic of the solar cell is called thvedurve. Figure 34 (a) shows

the equivalent circuit of solar cell using a single diode model. An ideal diode is
expected to have a zero series resistaRged] and infinite shunt resistancBsf:’ )

[35]. The solar cell in Figure 3.14 is represented by diode syBbBbr these types of
diodes with infiniteRs, the Rs, behaves like an open circuit as shown in Figure 3.14 (b)

andthis makes virtually all the currents coming from the light source to flow mainly
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through the diode (solar cell) instead of going through both the solar cell and shunt
resistor. In this case, an alternative path for current flow is avoided with the medenc
infinite Ry, For this reason, the total current at the output will be maximum. ARlgw
(Figure 3.14 (a)), current is lost to the shunt which ultimately leads to reduction in open
circuit voltage and fill factor. LovRs, are due to defects that seiin the material during
growth and they cause power los§&8]. The lowRs, provides alternative path for the
current generated from photons to flow. According to Kirchhoff's law, the total
generated current from photons divides into tiy@ndl,. 11 goes through the solar cell

representetly diode,D while I, goes through the shunt path.

The series resistance on the other hand reduces the FF, although high v&uesnof
also lead to reduction in the shartcuit current density37,38] Low Rsy and highRs
leads to a gradual reduction i (shape of the IV curyewhich ultimately affects the
power output of the solar cell. K = 0, there would be no voltage drop before the load.
Figure 3.14 (c) indicates an ideal diode situation whereRthéends towards infinity

andR tends to zero.

Figure 3.14. Typical schematic diagram showing the equivalent circuit of a solar cell
using a single diode model.

It is important to measure the solar cell parameters under dark and illumination
conditions so as to fully charadtss the diode and photwltaic parameters. Under the
dark condition, the diode parameters are obtained from thknkegy and lineatinear
characteristics. The parameters obtained from Log | vs V curve are: rectification factor

(RF), ideality factor ), reverse saturation currem)( potential barrier height ; from

the linearlinear FV curve, the series resistancBs)(and shunt resistancdis) are
obtained. Under illumination condition, the electronic parameters obtained pe: o
circuit voltage Vo), short circuit current densitydg), fill factor (FF), conversion
efficiency (), series resistance and shunt resistance. The device parameters were
obtained using Keithley 2401 sourcemeter with an embedded DC voltage source and

AML1.5 solar simulator.

76



Chapter 3  Techniques for materials growth, materials and device characterisation

3.6.1.1 |-V characteristics of solar cell under dark condition

Under dark condition, the solar cell behaves like a diode either because of a rectifying
Schottky junction formed between antype semiconducting material and a metal
contact o because of junction formation between theand ptype semiconducting
materials. The -V characteristic of a Schottky type diode under dark condition is
described by Equation (3.1835,39]

(3.16)
Or

(3.17)
where (3.18)

Wherelp is the forward current in darks is the reverse saturation currel@rived from
the extrapolation of the intercept of Log | at V =\0is the forward bias voltage, is
the ideality or junction quality factorS is the surface area of theelg A is the
Richardson constang,is the electronic charge (1.6X¥0C), T is the room temperature
measured in Kelvin = 300 K arkds the Boltzmann constant = 1.38f0K™.

is the barrier height at the device interface aauu loe deduced from Equation (3.19)

oncelsis determined from the intercept of thedagear IV curve.

(3.19)

The Richardson constant for the semiconductor having effective maissgiven by
Equation (30) [40].

(3.20)

is the effective mass of charge carriers and it varies from one semiconductor

material to the other. For atppe semiconductor, is denoted as ; while forann
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type semiconductor, is repesented as . For instance, the effective electron mass
of CdTe, is 0.1m, [41], is the effective electron mass forQuS,

is the effective hole mass foranTe,m, = 9.1 x 10°** kg is the rest mass
of electron anch = 6.626 x 106° cntkgs'is WKH 30D QFN {1V RicRa@isow D Q W
constant for free electrons inCGdTe using has been estimated from

Equation (3.20) to be 12.0 Acfi{ 2.

when voltages applied externally across the diode is greateotregual

W R P9 9nV) [42]. Therefore Equation (3.1 €an be reduced to

(3.21)
Taking the In of Equation (3.21)
(3.22)
Rearranging Equation (3.22) to resemble a straight line equatromx +C
(3.23)
From Equation (3.23), a plot of against V gives a slope, m of and
intercept of as shown in Figure 3.15. Equation (3.23) is thus very useful in

analysing te |V data measured under dark condition for a PV device. The ideality
factor f) of the diode can be calculated from the slope of the forward curve \tsle

found from the intercept on the axis.
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Figure 3.15. Typical loglinear FV characteristic of diode under dark condition. The
curves representing the forward current and reverse current have been indicated. Also,
the intercept of the line of best tangem the Log | axis is useful to determine the

saturation current.

From Figure 3.15, slope = (3.24)

where

(3.25)
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From Equatio (3.24)

(3.26)

Equation (3.25) is used to calculat@hen logy (1) is plotted against while Equation
(3.26) is applicable in finding value when In 1) is plotted againsV. The ideality
factor ) helps in determining the type of current transport that takes place over the
potential barrier height. For example, in an ideal diode, current is transported mainly
through thermionic emission of electronseov¥he potential barrier and this make®
become 1.0040,43] If n = 2.00, it means the current flow through Schottky junction
takes place through recombination and generation (R&G) mechanisms within the
device. Under this situation, the depletion region and the junction are full of R&G
centreq35]. In real situatio when working with practical electronic devices, the value
of n can vary between 1.00 and 2.B!]; this implies that both thermionic emission

with R&G process do take place in parallel.

The rectification factor (R) is an important diode parameter that helps in determining
the quality of a rectifying diode. It is the ratio of forward current to reverse current at a
specified voltage. A RF of ~20Gs adequate for application in some electronic devices
such as diodesnd solar cell§35]. The lineaflinear FV characteristics of diode
illustrated in Figure 3.16 can be used to determineRth&, threshold voltage\fy),
breakdown voltageMgp). As arlier explained, an ideal diode must have Zgowvhile

for a solar cell to be efficient, the value of tRemust be kept to the barest minimum
value. High value oRs may be due to resistance contribution from the oxide layer
formed at the interface tveeen the metal and semicondudus], bulk resistance of the
backmetal contacf44,46] and usage of a highly resistive semiconductor. The value of

Rsh in a diode denotes the presence of current leakage paths in the diode. As shown in

80



Chapter 3  Techniques for materials growth, materials and device characterisation

Figure 3.16 Rs is determined by takinthe slope of the-V curve at the high end of the
forward FV curve while the slope taken at the high reverse end of-Yheurve gives

The threshold voltage or the tuom voltage is the minimum voltage required to turn on

a diode[39] and the value varies from one semiconductor material to the [dth&19].

The Vr must be overcome for diodes to be able to conduct in forward direction.
Breakdown voltage occurs in the reverse bias region of the diode and it happens when a
large reverse current flows through the diode. Under ideal situation, large caments
supposed to flow through the diode when forward biased because diode is a
unidirectional device which allows currents to pass through it in only one direction. Due
to this unique feature, currents are not allowed to flow through an ideal diode when
reverse biased. However, since most fabricated diodes are not ideal in their electronic
behaviour, they can permit negligible or small amount of currents called reverse
saturation current to flow through. But when high voltage which results to high field is
applied to the diode, a large reverse current flows through -thgupction thereby
causing the diodes to breakdo{@9].

Figure 3.16. Determination of breakdown voltage, threshold voltage, series and shunt
resistance from typical linedinear FV characteristics of a diode under dark condition.
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3.6.1.21-V characteristics of solar cell under illumination @ndition

It is important to be acquainted with what happens to solar cells under illumination
condition. When a solar cell is illuminated as shown in Figure 3.17 (a), it behaves as a
diode with current source parallel to the diode junction as illustrat&igure 3.17 (b)

[39]. The current generated from the solar cell after shining bghtt is known as
photogenerated currents. Under illumination condition, the equivalent circuit of an
ideal solar cell has zero;Bnd infinite Ry,

Figure 3.17. (a) Ideal solar cell under illumination and (b) Equivalent circuit of ideal

solar cell under illumination after representing the effect of photons with current source.

The resultant currenti) of the ideal solar celinder illumination as deduced from
Figure 3.17 (b) is given by Equation (3.239].

(3.27)

The direction of the photgenerated currentdy) is opposite to the direction of diode
forward current in dark as indicated by the negative sign in Equation (3.27).
Substituting Equation (3.17) into Equation (3.2i8lds Equation (3.28).

(3.28)

The three important parameters that determine the efficieRaf Golar cell are open
circuit voltage Vo), shortcircuit current densityJ and fill factor £F). TheV,.is the
potential measured when current does not flow in the external circuit; that is when the
current,l. in Equation (3.28) becomes zerchig can be obtained directly from Figure
3.18 atl =0 where the-V curve intercept the »axis. The shostircuit current [s) is
photogenerated current that flows through the cell when the voltage across the two
electrical contacts is zero or when thwo contacts are shecircuited. I can be

obtained directly from Figure 3.18 ¥t0 where the-V curve intercept the Mxis.

82



Chapter 3  Techniques for materials growth, materials and device characterisation

Figure 3.18. A typical |-V characteristic of solar demeasured under dark ¢

illuminated conditions.

The third parameter of a solar cell is the fill facteF) and it is the fraction of electrical
power that can be extracted from the solar €dflalso gives the squareness of thé |
curve of the solar cell as shown in Figure 3.18 and it is defined as the ratio of the
maximum power outputPmax to the product ol and Vo as expressed in Equatio

(3.29).

(3.29)

The conversion efficiencyl of the solar cell which explains the overall performance
of the solar cell is defined as the ratio of the maximum power oupyy) (o the total

incident power ;) according to Equation (3.3(39].

(3.30)

The conversion efficiency in terms &, Isc and FF can be obtained by combining

Equations (3.2Pand (3.30).
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(3.31)

where is the solar power incident on a unit area under the standard
AML.5 illumination condition.

For a unit area of the solar cell, the short circuit currepis replaced byhe short
circuit current densitysc as stated in Equation (3.32). Conventionally, the undsab

expressed in mActh

(3.32)
Thus, Equation (3.31) becomes

(3.33)

3.6.2Capacitancevoltage (GV) technique

Electronic parameters of thin film semiconductor devices such as depletion capacitance
at zero bias@,), the doping concentration of the acceptdis) @nd donorsNp) can be

found using GV technique. Other quantities which can be deduced fteminitially
obtained parameters of-\C plot are: the diffusion potentiaM;), energy difference
between the Fermi levelEf) and the bottom of the conduction band edgie ( G ( ¢ (

+Eg), the energy difference between the Fermi let) @nd the top of the valence

band edgely 0 ( f &Ey) and the depletion widtiN). The GV measurements can

be carried out at room temperature or temperatures either below or alfemeall. the
experimental results discussed in this thesis, CV measurements were carried out at room
temperature and bias voltage-tfO to +1.0 V. CV measurements are also better carried
out at a higher frequency (say 1 MHz) to reduce defect interfer@heeis because at

low frequency, presence of defects in the material does affect the measured capacitance

due to contribution from defects.

Equation (3.34)50] is applicable for a qm junction diodewhere we have both the
acceptors and donors. The doping density (N) of tiypa semiconductor andtgpe
semiconductor can be estimated from the junction capacitance shown in Equation
(3.35). While applying Equation (3.35) to device structures fabricated ntype
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semiconductor, the doping density) (becomes a donor concentratidih{N») while N

also becomes acceptor concentratibia-Np) for device structures fabricated from p
type semiconductdf7].

For a onesided pn junction diode, Equation 3.34 can be further modified to relemb
Equation (3.36) and (3.37) depending on the application. Far pupction diode where

Na ( Np, the doping density\N becomesNp; in this case, Equation (3.34) can be
simplified to Equation (3.36). Likewis® becomesN, if Np ( Na (np) as shown in
Equation (3.37). These various applications thus allow Equation (3.34) to be modified
accordingly.Using Equation (3.35), a graph of’@ersus V is plotted to estimate the
value ofN, and the buitin potential ¥4;) can be obtained from the intersection 6 C
versus V curve on bias voltage axis. A graph Gfv@rsus V is called MotSchottky

plot, which finds application in metal semiconductor (MS) devices anesmi@el pn
junction diodeg50].

Under an ideal situation, a plot of°Gversus V is supposed to give a linear graph as
shown in Figure3.19 (a). However, the presence of surface states,, tamplsnon
uniformity of doping in the semiconductor material makee MottSchottky plots to
deviate from linearity as illustrated in Figure 3.19 [bp1]. The MottSchottky plots
presented in Chapters 4, 5, 7, 8 and 9 of this thesis deviate from lireaditthese
could be attributed to factors suak surface states and nemiformity of doping in the
electroplated semiconductors used in this research. The deviation from linearity thus
implies that the theory developed for a simple depletion region is not fully applicable

for more complex systems.

Figure 3.19. Mott-Schottky plots of nand ptype semiconductors (a) for an ideal diode

and (b) nondeal diode due to presence of surface states and defects.

(3.34)
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(3.35)
if Na ( No {p'n} (3.36)
if No ( Na {n*p} (3.37)

In the above equation®R is the reverse bias voltagé,; is the builtin potential,eis the
charge on electror; is the measurkcapacitance in Fara&), Qis the permittivity of
semiconductor and is the area of the-p junction diodeNa is the acceptor density (or
the concentration of free holes at room temperatureNand the donor density (or the

concentration of freelectrons at room temperature).
The effective width \(V) of the depletion region of fabricated Schottky diodes -or p
junction diodes can be estimated from Equation (3.38).

(3.38)

Where is the relative prmittivity of the material ( is 10.2 for CdSe, 8.9 for CdS,

8.9 for ZnS[52], 10.4 for ZnTg53] and 11.0 for CdTé41]), is the permittivity of

vacuum,A is the diode are& is the measured capacitance at zero biasVésl the
depletion width. For a fully deped device, the depletion width is almost equal to
thickness of the thin film. The depletion region forms the heart of a basic electronic
device; this is where electric field is being created as a result of separation of positive

and negative space charges

The depletion widthy can also be expressed as shown in Equation (B139)

(3.39)

(3.40)

(3.41)
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WhereX, andX, are tte distances by which the depletion region extends into-thadg

n-type semiconductors respectively.

Equation (3.40) is applicable tdmjunction diodes where the doping concentration in

the nregion is much greater than that of theegion (Np >> N,). In n'p junction

diodes, % << Xp; therefore the total depletion widthy § ;. In the same way,

Equation (3.41) can be used to determine the depletion widthin janction diodes

where the doping concentration in theggion is much greater than tladtthe nregion

(Na >> Np) [43]. In p'n junction diodes, X<< X,; therefore the total depletion width,
8§ n

Having determinedV andX, from Equation (3.38) and (3.40) respectively,can then

be found by using Equation (3.39). Foprjunction diodes where the concentration of
holes in the valence band (acceptor density) is determined from theSktuittky plots,
the donor densityNp) can then be estimated by substituting known valuég ahdVy;

into Equation (3.41). As earlier discussed, Equation (3.38) can be used iatoaicihe
total depletion width for the -p junction diode by using the depletion capacitance
obtained from €V plot. The estimated result from Equation (3.38) can only correspond
to that obtainable from Equation (3.39) if the rigfgtvalue is used. They; is found by
extrapolating theMott-Schottky curve to the bias voltage axisGf=0. [39]. The Vp,

can therefore be accurately determined if @ (F?) axis of the MotSchottky plot
starts from the origin. Alternatively, thé,; can be theoretically determined by applying
Eqn. (3.51).

The effective density of states depends on txaipre and the nature of semiconductor
material and this makes the value to vary from one semiconductor material to the other.
The concept of effective mass is useful in modelling the temperature dependbiace of

this allows Equations (3.42) and (3.48)ate used over a range of temperat{86$

The effective density of states in thendoction band edge of semiconductor is given by

(3.42)

Where is the effective electron mass ofype semiconductor, g+ 9.1 x 10** kg is

the rest mass of electron and h = 6.626 ®°ti’kgs’isthe SODQFNYJV FRQVWDQ\

The effective density of states in the valence band edge of semiconductor is given by
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(3.43)

Where s the effective hole mass oftppe semiconductor.

The FermiDirac probability tinction of electrons occupying the donor state is given by
[50]

(3.44)

WhereEc is the lowest energy of the conduction baBgd,s the Fermi level and is

called a degenergidactor 12.00 for donor atoms and4.00 for acceptor atomgl4,54].

From Equation (3.44), (3.45)

Equation (3.45) is therefore a very useful relaship to determine the position of Fermi
level in a degeneratetype semiconductor. For nategenerate semiconductors where
the doping density is less than the effective density of states, the degeneracy factor,

the FermiDirac function is not beingonsidered. Therefore Equation (3.44) reduces to,

(3.46)

Equation (3.46) is an approximation of the Fefmac function and is mostly applied

to determine the Fermi level position of a riegenerate -type semiconductor. It
should be noted that if all impurity atoms are ionised. For a rdegenerate -p

type semiconductor, Equation (3.46) can beritten as,

(3.47)

Er-Ev LV WKH GLIIHUH @Fbétweén tHeQRemhd levell and the top of the
valence band anglis the holeconcentration
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For a pn junction diode, the electric field in the semiconductor at the interface is

given by,

(3.48)

For Schottky diodes fabricated fromtype and gtype semiconductors, the electric
fields in the semiconductor at the M/S interface are given by Equations (3.49) and
(3.50) respectively. Equations (3.49) and (3.50) are also applicabléntangl rip
junction diodes respectivelg9].

(3.49)

(3.50)

As explained by Sze and N89], most of the buiin potentid and depletion region are
inside the lightly doped region of the esieled pn junction diode. Therefore, the
magnitude of the buiin potential for onesided junction diode can be estimated using
Equation (3.51)39,49]

(3.51)

3.7 Summary

Substrates selection and preparation, and the basic electrodeposition growth technique
used in this work have been discussed. Also, some of the analytical techniques for
material characterisation have been briefly explained. The end result of every material
being investigated and analysed with the characterisation techniques is to employ them
in device fabrication. For this reason, brief explanations have been given omothe t
basic techniques used in this work for device characterisation; the two analytical

techniques areV and GV measurement techniques.
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Chapter 4 - Growth and characterisation of CdSe thin films
4.1 Introduction

CdSe § a welknown IVI semiconductor that can crystallise in either wurtzite
(hexagonal) or the zinc blende (cubic) structure. It is a direct bandgap semiconductor
material which is used in op#lectronic devices, lighemitting diodes (LEDSs), field
effecttransistors (FETS), biosensors, biomedical imaging and solar cells fabridgtion
CdSe is an #type semiconductor with a bandgap of ~1.80 eV in the wurtzite crystal
phase and ~1.71 eV the zinc blende phag@,3]. According to Béhmler et aJ3], the

energy bandgap values are dependent on the crystal phase of the thin films. The
deposition of CdSe thin filhas been achieved using different growth methods such as
pulsed laser depositigd], thermal vacuum evaporatigh], chemical bath deposition
(CBD) [4,6], spray pyrolysi$7] and electrodepositioj@ H.0].

This chapter describes the cathodic electrodeposition of CdSe thin films condai€l

glass substrates using tvetectrode system and aqueous acidic electrolyte. The material
properties of EBCdSe layers were studied using some of the analytical techniques
discussed in Chapter 3. The effects of pH variation of the CdSe electrolyte on its
optcelectronic properties have also been explored. The electronic qualities of the
electrodeposited CdSe layers were tested using the device structure glass/FTO/n
CdSe/metal contact and the results are reported in this thesis. Overall, the aim of this
work isto study the material and electronic properties of CdSe thin films under different
deposition conditions so as to know the areas where it can best be applied in terms of

electronic device fabrication.

4.2 Preparation of CdSe electrolytic bath

The precursorsaed for the growth of CdSe thin films were 0.3M Cd&l Cd" source

and 0.003M Se@as S& source in 400 ml of dmnised water. All chemicals used for
electrodeposition were analytical reagent grade of purity 5N (99.999%) from Sigma
Aldrich. The growthtemperature and pH of the bath used for the optimisation of the
growth voltage were approximately @D and 2.20+0.02 respectively. The pH of the
bath was adjusted accordingly by adding ammonia or HCI solution. The 2.20+£0.02 pH
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was the initial pH used for dSe characterisation before optimising the pH to grow a
nearly stoichiometric CdSe layer for electronic device application. The glass/FTO used
in this work was TE€E ZLWK D VKHHW UHVLVWDQFH RI a Y ¢

CdSe was carried out in potéstatic mode using a@ectrode system sep.

4.3 Voltage optimisation and growth of CdSe thin films

In this section, some analytical techniques used in determining suitable cathodic
deposition potentials range for the growth of nearly stoichiometrieCaj&rs and for
material characterisations have been explored. To obtain a suitable deposition potential
for the CdSe layers, other preparative parameters such as the growth temperature, pH
and growth time @) were kept constant at &D, 2.20+0.02 and ¥e minutes

respectively.
4.3.1Cyclic voltammogram

A suitable voltage range to grow nearly stoichiometric CdSe thin films was obtained
using cyclic voltammogram. A range of cathodic potentials from 0 to 2000 mV was
applied through the electrodes immersed inelleetrolyte at a sweep rate of 3 mVaec
The initial pH of the solution and deposition tengiare was maintained at 2.2D682

and ~80C respectively. Cyclic voltammograms were obtained for the electrochemical
reactions in solutions of 0.3M Cdg€l10.003M SeQ and mixture of 0.3M CdGl+
0.003M SeQ@ each in 400 ml of deonised water to determine the approximate

deposition voltages for Cd, Se and CdSe respectively.

4.3.1.1Cyclic voltammogram of 0.3M CdCh

0.3M CdC} was prepared using 400 ml of-amised water ah the pH of the first
solution was measured to be 3.79+0.02 at room temperature; this pbduaged to
2.2040.02 by the addition of HCI solution. The first voltammogram of the €dCl
solution as shown in Figure 4.1 was taken to help in determining that@btat which

the Cd deposition and dissolution take place. From Figure 4.1, the first hump appears at
a cathodic potential of ~910 mV; this shows that Cd begins to deposit at this potential.
In the reverse direction of the curve, the transition poioinfithe positive current
density axis to the negative is ~1440 mV; this voltage is an indication of the potential at
which Cd dissolution begins to dominate. In fact, at ~1440 mV, equal amounts of Cd

deposition and dissolution take place and hence theaasolrrent becomes zero. The
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reduction of C&" to Cd on the surface of FTO electrode takes place according to

Equation (4.1), and the current flow is in the forward direction. However, the
dissolution of Cd takes place according to Equation (4.2) andutrent produced is in
the opposite direction.

(4.1)

Cd: &G+2¢ (4.2)

‘- 7

2 A ~910 mV, ~1440 m

500 1,000 1,500 2,000

Current Density (mAcm)

Cathodic Potential (mV)

Figure 4.1. A typical cyclic voltammogram of electrolyte containing 0.3M of CdCl
aqueous solution (pH = 2.2002, T = 86C).

4.3.1.2Cyclic voltammogram of 0.003M Se@

A cyclic voltammogram of 0.003M SeQof aqueous solution is shown in Figure 4.2
and the corresponding chemical reaction is described in Equation (4.3). In the forward
curve (Figure (a) at the inset of Figure 4.2), the first hump appears at a cathodic
potential ~178 mVthis voltage is an indication of the potential at which Se deposition
begins. According to Pawar et dll1], this reduction peak is as a result of the
irreversible reaction shown in Equation (4.8 dissolution begins to dominate at ~589

mV (this is shown in Figure (b) at the @if Figure 4.2).
SeQ+H,2 : ©SeQ (4.3)

H,SeQ+4H" +4¢€ :6H  © (4.4)
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Figure 4.2. A typical cyclic voltammogram of electrolyte containing 0.003M of $eO
aqueous sotion (pH = 2.208.02 and T = 8{C).

4.3.1.3Cyclic voltammogram of mixture of 0.3M CdClL + 0.003M SeQ

Figure 4.3 shows the cyclic voltammogram measured for glass/FTO electrode in an
agueous solution containing a mixture of 0.3M Gdid 0.003M Se® It is also vorth

noting that the minimum standard reduction potential for electrolysis of water molecules
is about 1230 m\[12]. The discharging of most active H atorat the cathode while
CdSe is forming is an excellent buift method to passivate defects in the CdSe layer.
However, if B bubbles are formed at the cathode, it could have a detrimental effect of
delamination of the semiconducting layer. The redox piae(E’) of Se and Cd are
+0.74 and-0.40 V respectively13]. From the redox potential values, Se shows a more
positive redox potential than Cd; for thisason, Se is therefore expected to deposit
before Cd.

The forward curve illustrated at the inset of Figure 4.3 (Figure (a)) shows that Se begins
to deposit at ~440 mV while Figure (b) at the inset of Figure 4.3 shows that Cd begins
to deposit at ~1080 mV.he sudden rise in deposition current at 1080 mV to 1800 mV

shows the beginning of reaction between Cd and Se to form CdSe. In this region, the

layer formed is a mixture of CdSe and elemental Se thus giving rise toichS&dSe
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layer. Beyond 1800 mV, sharp rise is noticed in the deposition current. This leads to a
gradual decrease in the amount of elemental Se because more Cd is incorporated into
the CdSe layer. As the growth voltage further increases, the amount of elemental Se in
the CdSe layer gradily reduces thus giving rise to stoichiometric formation of CdSe
layer in the voltage range between 1900 to 2000 mV. Beyond 2000 mV, formation of
&G GHQGULWHY ZDV REVHUYHG 7KH &G GHQGULWHYV
mV, the CdSe layer formad a Cdrich material.

400 Zz— 1,600 2,000

Current Density (mAcm)
(@)

Cathodic Potential (mV)

Figure 4.3. Cyclic voltammogram of electrolyte containing a mixture of 0.3 M of
CdChL+0.003 M of Se@aqueous solutions (pH =2.20+0.02 and T%50 (Insets show

the transition voltges).

The formation of CdSe thin film is according to the following overall reactions:

CdCh.H,2 : &%+ 2CI +H,0 (4.5)
SeQ+H,2 : ©SeQ (4.6)
H,SeQ + 4H* + 6¢€ : 6 H + 3H,0 (4.7

Reaction for the formation of CdSe on FTO sudistimay be due to Equation (4.8).

Cf*+S¢ : &G6H (4.8)
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As seen from Figures 4.1 and 4.2, Cd begins to deposit at around 910 mV while Se
begins to deposit at around 178 mV under the experimental conditions used in this
work. The shift in the radttion potential of both Cd and Se from ~910 mV and 178 mV
(Figures 4.1 and 4.2) to ~1080 mV and 440 mV (Figures (b) and (a) at the inset of
Figure 4.3) respectively may be due to the chemical reaction that takes place to form
CdSe. Comparing the potentat which both Cd and Se begin to deposit, it can be seen
that Se deposits first before Cd as seen from the cyclic voltammogram. The theoretical
redox potential value can be used to determine which of the elements deposit first;
however, its shortcoming ithat it cannot be used to determine the approximate
potential at which the compound is formed. This is why cyclic voltammetry was used to
determine which of the elements deposit first and the suitable potential range to grow

CdSe compound.
4 .3.2Structural characterisation

X-ray diffraction (XRD) and Raman spectroscopy techniques were used to study the
structural behaviour of electroplated CdSe thin films in botdegp®sited and heat

treated states.

4.3.2.1X-ray diffraction (XRD) studies

Samples of CdSe layers wegsown in the voltage range between 1900 mV and 2000
mV in order to examine their structural properties and to identify material phases. This
allows preliminary optimisation of growth voltagegy Y0 produce near stoichiometric
CdSe. Typical XRD patterns fassdeposited (AD) CdSe as a function of &e shown

in Figure 4.4 (a) while Figure 4.4 (b) shows the XRD patterns oftheated (HT)

CdSe in air at 351 for 15 minutes. The XRD peaks show that thegrasvn and
annealed CdSe films are polycrystallimenature having hexagonal structure with the
preferred orientation along (002) plane. Other peaks that correspond to (103) and (112)
planes were also observed with lower peak intensities. The XRD results show that CdSe
layers grow best in the cathodic \aije range between 1966 and 1974 mV. A
continuous increase in peak intensity was observed as the cathodic deposition voltage
increases from 1960 to 1972 mV. A further increase in the voltage led to a decrease in
the peak intensity indicating decrease instajlinity in this V4 region. The XRD results

also show that the highest intensity of the (002) peak occurs at a cathodic potential of
1972 mV for both AD and HFCdSe samples (see Figure 4.5). Therefore, in this work,
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Vg of 1972 mV was selected as theioptm potential for electrodeposition of CdSe

thin films.

Figure 4.4. XRD spectra of electroplated CdSe layers grown at the cathodic potentials
ranging from 1966 mV to 1974 mV for (a)-dseposited CdSe layers, and (b) heat

treated CdSe layers at 3&0for 15 minutes in air.

Figure 4.5 shas how the intensity of the (002) peak varies with the cathodic potential
for both AD- and HT-CdSe. This result also explains how the crystallinity of the CdSe
layers is improved when subjected to heat treatment. The peak intensities of-the HT
CdSe are garally higher than those of the ADdSe. This is because, increase in
temperature also increases the grain size of the CdSe layers thereby leading to a

corresponding improvement in crystallinity.
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Figure 4.5. Variation of (002) peak intensity as a function of growth voltage for AD

and HT-CdSe layers.

The observed -@pacing values (Table 4.1) from XRD results are compared with the
standard values reported in JCPDS data,reafee code '6D77-2307' and both are
found to be in good agreement. The crystallite sizes of theahD HT-CdSe grown at

1972 mV for 20 minutes were determined using Scherrer's equation stated in Equation
(3.12) of Chapter 3. The Scherrer's relationgsful in calculating the crystallite size

(D) of a polycrystalline thin film material by using the results obtained from XRD
analysis[10]. The calculated crystallite sizes for ARnd HTCdSe thin films using

(002) peak were ~33 and 63 nm respectivefbl& 4.1 shows the comparison between
the peak intensity and FWHM of ADand HTCdSe layers obtained from XRD
measurements. After annealing, the intensity increases and the FWHM values decrease
indicating the improvement of crystallinity of the materiatcArding to the Scherrer's
equation, a reduction in FWHM ) leads to an increase in the crystallite size and hence,

a corresponding increase in grain size. Thus, the higher the crystallite sizes of a thin

film material, the better its crystallinity.

Table 4.1. Summary of XRD measurement results for-Add HFCdSe layers.
Sample Peak Intensity 2 theta d-spacing FWHM, FWHM, D
(degrees)  (A) (degrees) (Rad.) (nm)
AD-CdSe 1626 ~26.00 ~3.44 0.260 0.0045 33.3
HT-CdSe 2944 ~26.00 ~3.45 0.130 0.0023 63.0
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4.3.2.2Raman spectroscopy measurements

An alternative technique that can be used to determine the extent to which a thin film
material is crystallised is Raman spectroscopy. Using the Raman instrument, an
extenakd spectrum for the ADand HT-CdSe layers was collected at room temperature
using a 50% laser power (~15 mW) and 100x objectives in the Raman microscope for
10 seconds. Initially, a 100% laser power (~30 mW) was used in the experiment but
after switchingto white light, it was observed that a section of the sample exposed to
the beam was already damaged. For this reason, the laser power was reduced to 50%.
Thus, the 50% laser power was able to reduce the heating effect of the laser beam
thereby preventinginy change on the layer which could lead to loss or reduction of
crystallinity. Curve fitting was also performed on the spectra using a combination of
Lorentzian/Gaussain mathematical function to obtain parameters such as peak position,
peak intensity angheak width also known as full width at half maximum (FWHM).
Figure 4.6 shows two visible Raman peaks for-ADd HT CdSe layers at 268G for

10 minutes in air. These peaks are Raman longitudinal optical (LO) vibration mode at
wave numbers 206 cfrand 4% cmi’ for 1LO and 2LO peaks respectively.

6000 -
1LO
5000 -
S 4000 -
xe)
& 3000 -
>
2
S 2000 A
=
1000 -
0

100 20IO 300 400 500 600 700 800

Raman Shift (crm)

Figure 4.6. Raman spectra of ateposited and heateated CdSe thin films at 28D for

10 minutes in air.
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The wave numbers obtained in this experimenetalmost similar to that obtained by
Brioude et al[14] after using an ecitation wavelength of 514.5 nm from an argon
krypton laser power. Both ADand HT CdSe thin films reveal clear peaks at 1LO and
2LO with no shift in the peak positions. Table 4.2 shows the parameters obtained after
performing curve fitting on the spectrBhe result shows that HCdSe layers possess a
better crystallinity than the ADCdSe layers due to reduced FWHM and higher peak
intensity as observed in both 1LO and 2LO Raman peaks.

Table 4.2. Raman paraeters obtained by curve fitting of the CdSe spectra.

Raman parameters As- deposited Heattreated
1LO 2LO 1LO 2LO

Raman peak position (Cthn 206 414 206 414
Peak intensity (arb. unit) 3002 428 3171 450
FWHM (cmi?) 18.7 30.6 17.7 30.5

4.3.30ptical absorption studies

The optical absorption measurements of the®&I$e layers were carried out in order to
estimate the optical energy bandgap,)(ETypical optical absorption graphs for
estimation of energy bandgap of both A&hd HT-CdSe layers grown at 1972 nare

shown in Figure 4.7(a); the graph was obtained by plotting the square of absorbance
(A> DV D IXQFWLRQ RI WKH SKRWRQ HQHUJ\ Ka 7K
extrapolating the straight line portion to the photon energy axis (at absorbabiceis
illustrated in Figure 4.7 (a), a reduction took place in thafter annealing in air. The
decrease in Fafter heatreatment in air shows that the material crystallinity impdove
after heatreatment[15]. The spectrum of absorption curve for H€TSe layer also
exhibits a sharper absorption edge than-@@i5e. This is an indication that the
concentration of defects in the HIdSe layers have been redug€]. The E values

were also obtained for both Aldnd HTFCdSe layers deposited between 1966 mil an
1976 mV. The obtained energy bandgap values are plotted in Figure 4.7(b) as a function
of cathodic potentials. In general, thgv&alues for ADCdSe layers are higher than HT
CdSe layers with respect to each growth voltage. The highemaldes suggesthe
formation of smaller grains in AICdSe while the lower £values observed in HT

CdSe layers signify the development of smaller grains into larger grains after annealing

[17]. A further explanation of the transformation of smalleains to larger ones is
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given in section 4.3.5 of this chapter. In summary, the results shown in Figure 4.7
denote that the energy bandgap of the annealed CdSe at a cathodic voltage of 1972 mV
tends to be closer to the bandgap of bulk CdSe in the vudgistal phase. This value

was reported by Bohmler et al. to be ~1.80[8V

2.0 - (@) 2.03 - (b)
= S
c L
=]
g1 & 1.92 -
< 2
B10- s
S >
K] © 1.81 4
S e
£ 0.5 A L
<
170 T T 1
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14 19 24 29 34
Photon Energy (eV) Cathodic Potential (mV)

Figure 4.7. (a) Typical optical absorption graphs for CdSe layers growd®t2 mV
and (b) Variation of theypical energy bandgaps as a function of cathodic deposition
potentials.

4.3.4Photoelectrochemical (PEC) cell measurements styd

Figure 4.8 illustrates the PEC signals for both-Adhd HT-CdSe layers grown at
different growth voltages (Y.

80 Cathodic Potential (mV)

< 1964 1968 1972 1976
S
= -100 -
©
c
2
90 -120
O
w
o

-140

-160 -

Figure 4.8. Typical PEC signals for CdSe/electrolytic junctions as a function of growth

voltage, indicating ftype electrical conduction.
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The PEC signals show that both AD and HT samples of CdSe layers grown in the
voltage range of 1966 mV to 1976 mV ar¢ype in electrical conduction. The results
also show a crossing / overlapping of the PEf@as for both AD and HT-CdSe layers

at a cathodic potential of 1972 mV. This may be an indication ofo¥ growing

stoichiometric CdSe layers.
4.3.5Morphological analysis of CdSe

Scanning electron microscopy (SEM) was used to investigate the surface ragyphol

the range of the grain sizes and the average thickness of CdSe layers grown on FTO
substrates. SEM is a useful tool to study morphology of thin filihg Figure 4.9 (a)

shows that the surface of ADdSe film is uniformly covered by large numbers of
grains without pinholes. Ehobtained micrographs of ADdSe layers reveal compact

films of regular morphology.

Figure 4.9. SEM images of CdSe thin films grown on FTO substrateg, at-¥972 mV
and t = 30 mins. Surface morphology of (a) ALdSe and (b) CdSe heatated at
380°C for 30 minutes in air.

Figure 4.9 (b) shows the presence ofhples on the surface of the HOdSe films;

these pinholes are due to sublimation of excess Se element in the CdSe layer that arises
as a result of the high annealing temperature ofG&@r longer duration of 30 minutes.

This pinhole formation may algwovide an indication of Se precipitation during growth

of CdSe layers. Figures 4.10 (a) and 4.10 (b) show the SEM images-adndiCHT

CdSe grown at a shorter duration of five minutes. In Figure 4.10 (a), the grain size of
the AD-CdSe layer ranges from 2@ 320 nm while in Figure 4.10 (b), the grain size of
HT-CdSe layer ranges from 72 to 360 nm. The minimum and maximum grain sizes of

HT-CdSe are greater than those of the-B88Se. This increase in grain size may be
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attributed to the annealing parametdesmperature and time) used. Both images show

that the whole surface of the substrate is more compact together with absence of

pinholes. The SEM crossection illustrated in Figure 4.11 gives the average film
thickness of CdSe layer as 156 nm comparablé thié theoretical value of 154 nm
ZKLFK ZzDV FDOFXODWHG XVLQJ )DUDGD\YfVY ODZV RI HO

in Chapter 3. The thickness of Si@nd FTO from Figure 4.11 are ~18 nm and ~196 nm
respectively.

Figure 4.10. SEM images of CdSe thin films grown on FTO substrate gt V1972
mV for ty; = 5 mins. (a) Surface morphology of ADdSe with grain size ranging from

27 to 320 nm and (b) Surface morphology of-BdSe at 25 for 10 minués in air
with grain size ranging from 72 to 360 nm.

ICdSe

Tglass $Sio,

FTO

Figure 4.11. Typical crosssection of CdSe thin films grown on FTO substrate and heat

treated at 250C for 10 minutes in air (é/: -1972 mV and¢= 5 mins.) (Courtesy: G.J.

Russel microscopy center at University of Durham, UK)
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4.3.6 Atomic force microscopy (AFM)

Figure 4.12 shows AFM pictures of annealed CdSe depositeattaidic potential of

1972 mV on glass/FTO substrates. The AFM images reveal the presence of large and
dense agglomeration of small grains with good cemerdffert. The layers produce
pinholes free material suitable for buffer, window and absorber materials in thin film

solar cells.

Figure 4.12. Typical AFM images of annealed E©dSe grown at1972 mV on
glass/FTO substrate (Courtesy: Institute of Organic Catalysis and Electrochemistry,

Almaty, Kazakhstan).

4.3.7Thickness of EDCdSe layers

A fore knowledge of thickess of thin film materials is important before device
fabrication. This is essential because thickness affects device performance most
especially in thin film solar cells. CdSe can be used as-gpenbuffer, window or
absorber layer in thin film solarelts by selecting its thickness appropriately. In this
study, different thicknesses of cadmium selenide were obtained by using deposition
times in the range (330) minutes at a constant deposition potential of 1972 mV. The
measured thicknesses obtaineg using Microfocus Optical Thickness Profilometer
measurement system was compared with the theoretical estimate obtained using
)DUDGD\ V ODZV RI HOHFWURGHSRVLWLRQ DV LOOXVW
the theoretical thickness estimatiorgigen by Equation (4.91L8].

(4.9)
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where T is the thickness of the CdSe film in dns average deposition current density

in Acm? FLV )DUDGD\YV F R @u)MIs@e/ depositio®time in seconds, M

is the moleclar weight of CdSe (191.37 gm®l n is the number of electrons
transferred in the reaction for the formation of 1 mole of CdSe (n = 6 as given by
Equations (4.5), (4.6), (4.7) and (4.8) ahid the density of CdSe (5.82 g&n

Figure 4.13 shows that the thickness of -80Se increases as the deposition time
increases. The results show an approximate linear variation of thickness with deposition
time for the experimental graph while in theoretical curve, a nelmear response is
observed. This noehinear behaviour may be due to variation of current density with
deposition time during growth period. As shown in Figure 4.13, the thickness-of ED
CdSe layer grown for 15 minutes shows a vaké DSSUR[LPDWHO\ P
when measured using the thickness profilometer while the theoretical estimate using
)DUDGD\ V HTXDWLRQ JDYH DQ DSSUR[LPDWH YDOXH F
between the theoretical estimate and measured valudendye to the fact that not all

the electronic charges used in the theoretical estimate are actually involved in the
deposition of CdSe. Part of these electronic charges flow through the electrolyte to take
part in the electrolysis of water; hence, theesbsd thic