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Abstract: A 3-layer graded-bandgaplapcell with glass/FTQINS/CdS/CdTe/Au structure
has been fabricated using all-electrodepostie8, CdS and CdTe thin layers. The three
semiconductor layers were electrodepositesing a two-electrode system for process
simplification. The incorporation of a widgandgap amorphous ZnS as a buffer/window
layer to form glass/FTO/ZnS/CdS/CdTe/Au sotzll resulted in the formation of this
3-layer graded-bandgap devistucture. This has yieldambrresponding improvement in
all the solar cell parametergsulting in a conversioefficiency >10% under AM1.5
illumination conditions at room temperatureyguared to the 8.0% efficiency of a 2-layer
glass/FTO/CdS/CdTe/Au reference solar cell structure. These resultsnsieat® the
advantages of the multi-layer graded-bamdgavice architecture over the conventional
2-layer structure. In addition, they demonstthte effective application of the two-electrode
system as a simplifit@n to the conventional three-elamde system in the electrodeposition
of semiconductors with the elination of the reference electrode as a possible impurity source.
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1. Introduction

Progress in the development of high-efficiency Gtéésed solar cells has been very slow over the
past two decades. The record efficiency haslpareved from 15.8% in 1993 [1] to 16.5% in 2001 [2],
showing an improvement of less than 1% for sadbng time. However, as reported in 2014 General
Electric (GE) recently broke this stagnation by acinig\the highest recordegfficiency of 21% [3].
Following the slow growth [1,2], a mber of suggestions and ideas have been put forward to break this
trend and consequently improveetlefficiency of these devices more rapidly. Such ideas include
reduction of the thickness of the CdS window laieas low as 10-50 nm [4], application of new
window materials [5—8], use of buffityers [2,9], use of new back cant materials [8], implementation
of new device structures such as the multi-layeadegd-bandgap structure [6], combination of n-n
hetero-junction and Schottky cawct [10] as well as the usé p-i-n structures [11].

Reducing the thickness of the CdS window layerbieen proposed as a stegvards increasing the
efficiency of CdS/CdTe solar cells due to thghhabsorption coefficient of CdS [6,12]. A substantial
amount of light in the visible region of the solaesfpum is absorbed in the bulk of thick CdS layers
without reaching the CdTe absoripeaterial. As a result the chargarriers generated near the FTO/CdS
interface do not reach the depletiogion for effective separation and call®n in the external circuit.
This portion of the solar spectrum is therefore loestulting in a reduction in the short-circuit current
density. Reducing the thickness of CdS therefodeiaes the absadtipn of photons from the visible
region of the solar spectrum near the FTO/CdSfexde, thus allowing more photons from this region
to reach the absorber material for generation andotiolieof more charge carriers so as to improve the
short-circuit current density of the cell. The problem associated with thisiadeaver, is the complete
intermixing of the very thin CdS layevith CdTe during post-deposition CdCleat-treatment of the
CdS/CdTe structure which results in the presengentfoles and eventualtausing the CdTe layer to
come into direct contact with the transpareonducting oxide (TCO) front contact. This leads to
short-circuiting between CdTe and the TCO resulting in low fill factors and open-circaiteslf12].

It also leads to loss ofétactive junction between the CdS and Cdyeraassuming a p-n junction structure.

One way of preventing the shunting effect due torg then CdS layer is by using a buffer layer. This
is a relatively wider bandgap and resistive layer dégeen the TCO front contact layer before CdS to
solve this pinhole and shunting problem. The uskudffer layers such as ZnO [13], aluminium-doped
ZnO (Al-ZnO) [14], SnQ@[15] and zinc stannatZO) [2] have all been reported in the literature. This
approach helps to improve the fifldtor and open-circuit volg@ of the solar cell teome extent, but in
return can limit the short-circuit current density doi¢he additional seriesgistance introduced by the
resistive buffer layer and againtiis not transparent enough. lddition, the surface morphology of the
TCO front contact is of great importance. A vesygh TCO surface provides a non-uniform and spikey
substrate for the deposition of CdS or the butiger (especially in tectiques like electrodeposition
which involve an electric field) and this can addhe shunting problem when the thickness of the CdS
or buffer layer is thinned down to very low values.

Wau et al. have used cadmium stannate as a TCO rdluced roughness and resistivity as well as
improved transparency instead of the conventionadxide to achieve a high efficiency of 16.5% [2].
Alternative window materialhave also been applied in the efforminimize the window absorption loss.
Materials like ZnS [7], Zn©xS« [7], CchixZnsS [6,8] and ZrCdhixO [5] are among the alternative window
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layers that have beenasksin the place of CdFew papers can also baufa where the gded-bandgap
approach has been applied. This udels the implementation of glass/TCO/d«S/CdS/CdTe/metal
structures [6].

We hereby report the application of a multi-lageaded-bandgap approach [16] in fabricating a
CdTe-based solar cell to improve device perforveansing all-electrodeposited ZnS, CdS and CdTe
layers. The major highlights of the device structureideed in this work incide the use of an n-type
CdTe absorber layer instead oétbonventional p-type CdTe as wa#l n-type CdS and ZnS layers in
addition to the use of electrodeposition in growitighee semiconductor layers. tioing this, we expect
to see an improvement in all the solar cell parameg¢specially the short-cud current density of the
solar cell produced, unlike in the case with p-typ&@€&dConsequently, the resulting CdS/CdTe interface
is an n-n hetero-junction insteadtbé& conventional n-p hetero-junctidrhe ZnS/CdS interface is also an
n-n hetero-junction making all the imtaces to support the creation ohealthy internal electric field
within the entire thickness of the device when the detabrication is completed. In order to complete
the device structure, a large Schottky barrier isi¢abed at the n-CdTe/metadterface giving rise to
two n-n hetero-junctions tlarge Schottky barrier devices. Somerk on CdTe-based Schottky barrier
solar cells has been reported time literature 10,17,18] but glass/FTO/4AS/n-CdS/n-CdTe/Au
Schottky barrier-type solar k£ have not been reported.

All three semiconductors used in this deviceravgrown using electrodeposition in a simple
two-electrode system as mentioned earlier. The decision to use the two-elegitedeis the authors’
research group, instead of the conventional three-electrode system, ensues principally from the
experimentally proven fact that ions like Agnd Na& drastically reduce the conversion efficiency of
CdS/CdTe solar cells [19], thereforeavireference electrodes are used, &ul K (like Na") contained
in the reference electrodes could leak into the GiEfmsition electrolyte and cause detrimental effects
in the CdTe-based solar cells prodd [19-22]. This is because thesas, and in general, ions of
groups 1A and 1B elements, are knawrbe p-type dopants of CdTedausually cause degradation in
n-CdTe-based solar cells througklf-compensation [19]. Quiteecently, a group from NREL has
achieved efficiencies of 10.9%é 11.7% for electrodeposited ClGSasccells usinga two-electrode
system [23,24] and the authorstbis present paper have also mbe produced up to 12% efficient
solar cells using this technigue [25]. Results ofeleetrodeposition process, materials characterization,
as well as device fabrication and assessmetiteo€dTe-based multi-layer graded-bandgap solar cells
are presented in this paper.

2. Experimental Details

ZnS layers were electrodeposited framaqueous electrolyte containing 0.3 M Zn&id 0.03 M
(NH4)25203 in 800 mL of de-ionized water. Both chexaiis were analyticaleagent grade purchased
from Sigma Aldrich (Dorset, UK)Electropurification of the Zn@was carried out for 48 h prior to the
addition of (NH)2S:03 in order to remove any possible imjpyrions present in the solution. Finally,
the pH of the electrolyte contang both precursors was adjusted.00 + 0.02. The temperature of the
electrolyte was 30.0 + 2.0 °C. Uniform and transpa#nt layers were cathodically deposited on
cleaned glass/FTO substrates using a simpleetectrode deposition system at a cathodic potential of
1550 mV established using a cyclic voltammogram need with a computezed Gill AC potentiostat
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(ACM instruments, Cumbria, UK). The same potestad was used in all electrodeposition processes
reported in this paper. The glass/FTO working etefgr(substrate) was cleaned successively with soap
solution in an ultrasonic bath, thenth acetone, and methanol. De-ioed water was used to rinse the
substrate in-between the chemicals mentionedahbde was a high-purity graphite rod. The deposited
layers using an average dejios current density of ~65A.cm 2 and deposition time of 60 min have
thickness of ~290 nm. These were tlaemealed in air at 350 °C for 10 min. Further details of the bath
preparation, substrate preparatielectrodeposition and characterisataf the ZnS layers are reported

in a recent publication [22].

The electrolyte for CdS deposition contained 0.3 M C¢€4.999%) and 0.03 M N&0s (analytical
grade) in 800 mL of deionizedvater. Both chemicals were purchased from Sigma Aldrich.
Electropurification of CdGlwas not carried out in this case agsult of its high purity. The pH of the
electrolyte was adjusted to 1.80 + 0.02 and thposition temperature was 85.0 + 2.0 °C. CdS layers
were electrodeposited on cleaned glass/FTOandlass/FTO/ZnS substest The deposition times
were 45 min and 15 min respectively for depositiorglarss/FTO and glass/FTO/ZnS with an average
deposition current density of ~200A-cm™ in both cases. Prior to éhdeposition of CdS, the
glass/FTO/ZnS substrates were cleaned with amethand deionised watefhe deposition of CdS
layers was also done using a two-electrode systeacathodic deposition potential of 1450 mV also
established using a cyclic voltarogram recorded for this electrolyte as reported elsewhere [21].
The working electrode for the cyclic voltammetry process was cleaned glass/FIEQheranode was
a high-purity graphite rod. Full dets of the electrodeposition andaracterisation of CdS thin films
using the two-electrode systemtime authors’ group, is reportedsewhere [21]. The deposited CdS
layers were annealed in air atpbsre at 400 °C for 20 min after Cd@eatment. The Cd€treatment
was done by dipping the glass/FTO&and glass/FTO/ZnS/CdS layers in a saturated aqueous solution
of CdCk and allowing them to dry in warm air. Ti@&S deposited on glass/FTO had a thickness
~600 nm while that deposited on @AsTO/ZnS had a thickness ~300 rirhis therefore bngs the total
thickness of the ZnS/CdS bi-layer~590 nm comparable to théG0 nm of CdS grown on glass/FTO.
All thicknesses were estimated using [Eands equation as reported elsewhere [22].

The CdTe deposition electype contained 1 M CdS0(99.0%) and 1 mM Te£(99.999%) in
800 mL of de-ionized water. laddition to these were 1mM CdGind 1 mM CdEkboth with 99.999%
purity for n-type doping of CdTe layers. All chemgatere purchased from Sigma Aldrich. Prior to the
addition of TeQ@ and the dopants, the aguesotution containing only CdSQvas electro-purified for
48 h using a two-electrode system and at a catlpadential slightly lower than the reduction potential
of Cd*. To do this, a cyclic voltammogm was recorded using the two-electrode system, to determine
the reduction potential of € The working electrode (cathode) this was also a cleaned glass/FTO
substrate while the anode this time, was a high-purity platinum plate. ThewksJirst dissolved in
H2SQOs and then added into the batlteathe electro-purification of CdSCand the pH of the electrolyte
adjusted to 2.00 £ 0.02. Anotherltaanmogram was recorded to determine the approximate cathodic
deposition potential range for CdTe. Finally, 1 mM Cd&id 1 mM CdEkwere added to the bath, the
pH adjusted again to 2.00 £ 0.02 and another nwitagram recorded. From the set of voltammograms
obtained, the approximatathodic deposition potential range 16dTe was obtained. All the cyclic
voltammetry and CdTe depositiomere carried out at a tempearsg¢ of 85.0 £ 2.0 °C. The cyclic
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voltammogram of the final deposition electrolyte for CdTe is shown in Figure 1 and was obtaimeed in t
cathodic potential rangedm 0 mV to 2300 mV.
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Figure 1. Two-electrode cyclic voltammogram &dTe deposition aqueous electrolyte
containing 1.0 M CdS©® 1 mM TeQ, 1 mM CdCt and 1 mM CdEk

In the forward sweep (expanded iretimset), Figure 1 shows that begins to depaisfirst on the

cathode at a cathodic voltage of ~220 mV (since Beah@ore positive standarelduction potential of

°=+0.593 V, than Cd with E° #0.403 [26]). The deposition curremé¢nsity increases as the applied
cathodic voltage increases. At pok{cathodic voltage of ~1600 mV thi respect to pitinum anode),
the co-deposition of Cd begins to take place. Current density again continues to increasplieith ap
cathodic potential. Around point B (~2028V), more stoichiometric Cik is formed with maximum
current density of ~0.27 mA-cih(270 -Acm?). Beyond this point, Cd-rich CdTe begins to form, and
far away from this point, electrolysis of water irethlectrolyte begins to tal@ace with evolution of
hydrogen at the cathode. The fact thatwith more positive E° vadudeposits before Cd with more
negative E° value, follows the normatmd in cathodic electrodeposition [27].

In the reverse sweep, the stripping off of Cd begintake place first around a cathodic voltage of
1840 mV as indicated by the crossing of the curdamisity-voltage curve ia the negative current
density axis. In the cathodic voltage range fiemound 960 mV to 670 mV, ¢hstripping of Cd would
have been completed with deposition rate and stgpgate balancing each other out. From the cathodic
voltage of 670 mV downwards, the stripping of Te fribi@ substrate takes place even more rapidly than
that of Cd as shown by the increasing stripping cdidensity. The implication of the reverse sweep is
that, below the cathodic voltage of ~1840 m\g thsulting CdTe layer is deficient in Qde(, highly
Te-rich). In the authors’ researajroup, electrodepostion of CdTayers is carefily done with
Cd-richness, as this encourages n-type conductiviBdd®e and helps in obtaiy large Schottky barrier
heights [28] as well as better solar cells [29,30]. Further details of the two-electaiderclfammetry
of CdTe deposition electrolyte can be found elsawl{31]. After depositingnd characterizing few
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CdTe samples on glass/FTO substrates, the final cathodic deposition poter@fidTe was taken as

2038 mV. CdTe thin layers with thickness of ~1. "M@ were then deposited on annealed glass/FTO/CdS
and glass/FTO/ZnS/CdS substrates previously cleangdmethanol and de-ionised water. Typical
deposition time for the CdTe used in this work was 4 h, with an average deposition current density of
~176 A.cm ™. These two parameters have been set wperience and the plesition current density

is largely dependent on the concentration of Te idhénelectrolyte and on the stirring rate which was
kept moderate. The resulting glass/FTO/CdS/Cdhd glass/FTO/ZnS/CdS/CdTe structures were
afterwards dipped in a saturated amugesolution containing high-purity CdGind CdE, dried in warm

air and then annealed at 450fa€ 15 min in air atmosphere.

To complete the solar cell fabrication, the annealed glass/FTO/n-CdS/n-Cdyer 2tructure and
glass/FTO/n-ZnS/n-CdS/n-CdTe 3-layer structure were etched for 5 s in aqueous solution of 1.0 g of
K2Cr207 acidified with 10 mL of dilute E5Os in 10 mL of deionised waterinsed in deionized water
and then etched in a warm solution containing 0.5 g each of NaOH a8gbdlan 50 mL of deionised
water for 2 min. This was followed binsing with deionized water agand drying in a stream of nitrogen
gas. High-purity gold metal was theacuum-evaporated at a pressure of Fé onto the etched CdTe
surfaces to form a Schottky barrier at the n-CdTeffterfaces. The thickness of the gold contacts was
~100 nm each with diameter of 2 mm. The etching proceduredukere helps to pithe Fermi level of
the CdTe very close to the valence band to ertberéabrication of larg Schottky barriers [28].

Photoelctrochemical cell (PEC) measurements wseel to confirm the electrical conductivity type
of all the semiconductor layers prior to and afiest-deposition annealing foee device fabrication.
Details of the PEC measurements can be foundvetse [32]. Optical absption and transmittance
measurements on the various depoditéa film layers were carriedut using a Carry 50 Scan UV-VIS
spectrophotometer (Varian, Meurne, Australia) in order tdetermine their energy bandgaps. X-Ray
diffraction measurements were carried out usingXdPert Pro diffractometer (Philips Analytical,
Almelo, The Netherlands) with Cukexcitation wavelength of 1.54@6 Scanning electron microscopy
(SEM) images of the variousemiconductor layers wembtained using FEI-SEM NOVA NANO
(Eindhoven, The Netherlands) equipment. A corapméd 619 Electrometdlltimeter (Keithley
Instruments Inc., OH, USA) was used to measureudhent-voltage (I-V) characteristics of the resulting
solar cells using a solar simulator with light imééty corrected to a power density of 100 mW€&m
(AM1.5). The results of the matats characterisation and device asseent are presented and discussed
in the next section.

3. Results and Discussion

The results of the PEC measurements show @hahe three semiconductdayers have n-type
electrical conductivity beforenal after post-deposition heat-treatrherior to device fabrication.
Determination of the conductivity typ@f semiconductors is a very craicstep in device fabrication in
order to know and understand the attevice structure and the regudtenergy band diagram of the
devices fabricated. This helps ta#&yconfusion in interpreting and agsaing the resultsf such devices.

The results of optical absorption measurementshi® electrodeposited ZnS, CdS and CdTe layers
are presented in Figure 2a—c, respectively. Thedgshow that the electrodeposited ZnS, CdS and
CdTe layers have energy bandgaps of 3.70242 eV and 1.45 eV, respectively. The ZnS optical
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response displays interference fringes as reporedqusly [22] with very low absorbance compared
to CdS layer for approximately equal thicknesses. This makes ZnS a suitable candidate for use a:
effective buffer/window layer in CdTe-baseultilayer graded bandgap solar cells.
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Figure 2. Square of absorbance FAvs. photon energy for annealed layers af ZnS,
(b) CdS and@) CdTe.

It is important to note what baens to the ZnS/CdS/CdTe stuwret in the anndiag process.
This structure was annealed at a tempeeadf 450 °C for 15 min in air after CdCGt CdF treatment.
Interdiffusion of S and Te due to thisraaling results in the formation of Gd®:1ix intermediate
material at the CdS/CdTe interfadéhis intermediate material expected to have a bandgap between
those of CdS and CdTe, thus causing a gradibgmagap between CdS and CdTe. Also interdiffusion
of Zn and Cd between ZnS and CdS results in the formation of the intermediate mateTidl x3rat
the ZnS/CdS interface. €hoverall result is a grading, closer the hetero-junctius, in the energy
bandgap of the ZnS/CdS/CdTe sture. Figure 3a,b, respectivehow a schematic of the device
structure and the resulting energy band diagrathefglass/FTO/n-ZnS/n-&dn-CdTe/Au solar cell.
The large Schottkyarrier height @) at the n-CdTe/metal junctiocreates the majaequired band
bending (depletion region) that provides strong teledield for separatn of photo-generated
electron-hole pairs as soon as tleeg created in the device. Theosig electric field and a healthy
depletion region help to impose highlocity on the photo-generatedatfe carriers resulting in high
current density. Due to the prevalent Fermi lggi@aning phenomenon in CdTe, these devices are
processed so as to have the Fermi level pinngdokese to the top of the valence band [25,28].

The n-n hetero-junctions at n-ZnS/n-CdS an€dS/n-CdTe interfaces may or may not form
rectifying junctions depending on the manner in whigytare formed and the degree of inter-diffusion
between the elements of the two semiconductavslved in each case [33] especially during the
post-deposition heat treatment. However, the difle@an the bandgaps of theaterials contributes to
improvement in the slope of the energy band diagvanth represents the built-electric field. If these
interfaces become rectifying eventyathe depletion regions formed rather become complementary to
the main depletion region at theQuwTe/Au interface. This gives rige a fully depleted device with
electric field throughout the entithickness of the device for eftae separation and collection of
photo-generated charge carriers.
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Figure 3. (a) Schematic of the glass/FTO/n-ZnS2aS/n-CdTe/Au graded bandgap device
and b) Energy band diagram of the glass/FiZhS/n-CdS/n-CdTe/Au graded bandgap
solar cell structure showing puarity PV effect through defetdvels in the bandgap of CdTe
(not drawn to scale).

With this situation in place therefore, charggriers generated in CdS and ZnS by high-energy
photons are not lost but are ratbellected and they therefore cobtite to the photo-generated current
density in the solar cell. The inteptimg at the n-n hetero-interfacesaddition helps to provide a graded
hetero-junction instead of an abrupt one. This in,thelps to create a smooth potential gradient based
on the difference in the energy bandgaps of the two adjacent semiconductors involved in each case, fo
the acceleration of photo-generated geararriers towards tiedectrical contacts. As a result, this device
structure is regarded as a gradehdgap structure inithwork. The device isherefore capable of
absorbing photons from the ultraleb to the near infrared region tfie solar spectrum, improving
photo-generated carrier collectiominimising thermalisation and éhefore introducing a cooling
effect to the device. This is because, the shape of the band diagram helps to provide fairly continuous
slope of the bandgap of the device and a wideetiepl region throughout the device. All this has the
advantage of enhancing the acceleration of photorgttecharge carriers towards the metal contacts
for collection into an external circuit. The wiee therefore forms a combination of two n-n
hetero-junctions and a large Schottky barrier stmectwith a resultant healthy depletion region.
It should be noted thalhese graded-type Schottkgrrier structures are gable of producing potential
barrier heights (~1.20 eVyreater than or comparable tonpjunction devices. By constructing
metal-insulator-semiconductor (MIS) type contactsrieaheights greater &m the bandgap of CdTe
can be produced. The glass/FTO/n-CdS/n-CdTeAlayer solar cell is also similar to the
glass/FTO/n-ZnS/n-CdS/n-CdTe/Au 3-layer counterpart in structure aisddlsas a control experiment
in this work to compare the advantages of tteelgd bandgap architecture with ZnS as wide bandgap
buffer/window layer.
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Figure 4a—c shows the X-ray diffraction patteofighe electrodeposited ZnS, CdS and CdTe thin
layers, respectively. The ZnS laygrere armophous and therefore dat show any relevant diffraction
peaks. All the peaks present in the diffractiottgra belong to the underlying polycrystalline FTO
substrate. This amorphous nature of ZnS is vieagedn advantage in the sense that it provides a more
uniform coverage of the FTO substrate by ZnS witlgapis between the graise that the next layer
(polycrystalline CdS) will not come into directrtact with the FTO front contact through any possible
gaps between ZnS grains. This issue is an impoota@tsince the electrodefitien process is electric
field-driven. In line with the laws of electrostatitsese fields will naturallyend to concentrate on sharp
spikey points on the substrate and encourage préfdrancleation and colunam growth of grains,
especially when compared to the case of electradebsiques. As mentionedrlier, one major problem
encountered in solar cell fabricatiés that of the presence of tkeugh and spikey surfaces on the
transparent conducting oxide substrate usually us&dratelectrical contact. This often causes uneven
coverage of this substrate by tihén window material such as Cd®aving uncovered spikey portions
of the substrate. This eventually creates shumgaths in the solar cell when CdTe is deposited on the
window layer, resulting to loss of fill factor. Fiis reason therefore, tlaemophous ZnS layer, whose
small grains spread out lateralydaclosed-up together (gakown later in the SEMnage), also acts as
a buffer layer in addition to its function as a windmaterial since it can effectively prevent CdS grains
from coming into direct contaevith the FTO front contact.
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Figure 4. X-ray diffraction patterns of electrodeposited) (amorphous ZnS;
(b) polycrystalline CdS and) highly oriented CdTe thin Yeers on glass/FTO substrates.

The electrodeposited CdS layers are polycrystaitineature with hexagonatructure as shown in
Figure 4b. This stucture matches tieference JCPDS file no. 01-075-25%he prefered orientation of
the structure is in the <002> directivith the corresponding XRD peak at 2 26.3°. However, the
(002) peak was not used for estting the crystallite size since it iogides with an FTO peak. As a
result, the next higher peak which is the (101) peak atZB.1° was used for this purpose. The estimated
crystallite sizes usg Scherrer equation were ~21 nm and 63efore and after annealing respectively.
The d-spacing obtained for the anneaadple was 3.186 A. The correspondingafid d-spacing for
the reference file are 28.2° and 3.164 A respectivelg.ifitrease in crystallisize after annealing with
CdCk treatment shows the improvement of the cryseljnality of the layer by this annealing process.
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Figure 4c shows that tletectrodeposited CdTe isghly oriented in the <111direction with a cubic
structure. The (111) peak appears at an angle of28.6° and with d-spacing of 3.758 A, matching the
reference file no 00-015-0770 with 2 23.8° and d = 3.742 A. The estited crystallite size for this
layer was 55.4 nm both before and after annealing with CeCdRE treatment. The lack of crystallite
size increase after annealing is suprising. Howeveran be attributed teither saturation in the
crystallite size due to the large thickness reached (~j@r due to limitation of the Scherrer equation
in addition to limitation of the software used foe tiliffraction peak analysis on the XRD system. In any
case, the highly oriented (111) dé@tion peak of this material is yeimpressive and is indicative of
the structural quality of thislectrodeposited semiconductor.

Figure 5a—c shows the opticalsabption of glass/FT@hS/CdS bi-layer, its transmittance after
annealing and the transmittancegtdss/FTO/CdSiespectively. The glass/FTO/ZnS/CdS structure was
annealed at 400 °C for 20 min after Cg@eatment. The underlying glass/FTO/ZnS was previously
annealed at 350 °C for 10 min asntiened earlier. This second aaling causes the interdifussion of
Zn and Cd across the ZnS/CdS heferaction as was mentioned earlier.
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Figure 5. (a) Optical absorption of annealgthss/FTO/ZnS/CdS bi-layeh)transmittance
of annealed glass/FT@DAS/CdS bi-layer anct) transmittance of glass/FTO/CdS layer.

A blue shift corresponding to antencement in the transmissiohhigher energy photons in the
wavelength range 312-500 nm is obvious in Figurgvbbn compared with Figure 5c. This will have
the overall effect of allowing moreigher energy photons into the Cddlesorber layer for creation of
more charge carriers and therefore improving theqaustent and overall performance of the resulting
solar cell. Overall, the different material layers ednsorb photons from different regions of the solar
spectrum to create photo-generated charge caameldhese will collectively combine to improve the
photocurrent produced by the solar cell. This resudtdeen observed in the sotzll fabricated using
the ZnS/CdS/CdTe structure in comparison with tisatg only CdS/CdTe structure, which is the main
focus of this paper in addition to the succesfulliappon of electrodeposition technique in fabricating
these device structures.

Figure 6a—c shows the scanning electron micpdwgaf the electrodeposited ZnS, CdS and CdTe
layers, respectively. Figure 6a sh®¥nS with uniform coverage ofelglass/FTO substrate without any
visible pinholes at the magnification of 60,000xdisEhis is a good sign as mentioned earlier for the
growth of CdS. The estimated sizes of the granesin the range 208—417 nm. In Figure 6b, the nature
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of CdS growth is revealed. The cigtites and therefore the grainsiteto grow in an upward direction
perpendicular to the substrate, leaving some bapseen them [34]. This can pose serious problems in
solar cell fabrication when CdS is deposited direotlythe FTO. The estimated grain sizes are in the
167-375 nm range. These observed CdS grains actually consist of groups of crystallites that
agglomerated together. CdTe dalbtes can go through these gapstween the grains and tend to
deposit on the uncovered (exposed) portions of FTO wheer th no buffer layer, since this is the path

of least resistance. This in turn causes short-cirguitise device resulting mainiy loss of fill factor

and low open-circuit voltage.

(@) (b) ©

Figure 6. Scanning electron micrographs of electrodepositad amorphous ZnS;
(b) polycrystalline CdS ana) highly oriented CdTe thin layers.

A possible way of preventing this ising a buffer layer (such as Zimthis case) or by making the
CdS crystallites and grains grow latly and fatter insteadf growing as vertidéy oriented rods, so
that they can close up the gaps when they touchaheh. Growing thick CdS layers helps to achieve
this but at the same time this increases the ligtdrgibion near the surface©fS and drastically reduces
the amount of photons that reach the depletionorefpr creation of electron-hole pairs due to the
position of the depletion region. CdTe tends to getso in upward direction as columns. However,
due to the large thickness growmugamared to CdS, the grains touelch other towards the surface of
the layer and tend to close up the gaps between them so that the micrograph shows no visible pinhole
or gaps between the grains as shawFigure 6¢c. What is seen theyed are clusters of tightly-packed
grains with these clusters of gnaitouching each otheFhe grains are also mea up of tightly-packed
smaller crystallites. The estimatgdain sizes (or clusters) indtire 6¢ are in the 217-870 nm range.
Figure 7a,b shows the Logk.V graphs under dark conditionsrfthe glass/FTO/ZnS/CdS/CdTe/Au
3-layer graded-bandgap solar aatid glass/FTO/CdS/CdTe/Au 2¢&x solar cell, respectively.
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Figure 7. Logl vs. voltage under dark conditions foa)(glass/FTO/ZnS/CdS/CdTe/Au
3-layer solar cell andb] glass/FTO/CdS/CdTelA2-layer solar cell.

Each of the figures is a combination of Loglfor both forward and reverse bias conditions.
The diode parameters under dark condition (such as barrier h&ghteality factor,n, rectification
factor,R.F, and reverse saturation current denslty,are obtained from #se graphs. The Schottky
barrier heights estimated for the two devistuctures were >1.13 eV and >1.10 eV for
glass/FTO/ZnS/CdS/CdTe/Au andags/FTO/CAS/CdTe/Au devices, respectively. These values most
likely represent the average valuesabfthe barrier junctions present in the devices. The diode ideality
factors obtained were respectively 2.37 and 2.54 [a@hge ideality factor values in excess of 2.00
indicate the possible presence djthseries resistance, a contribution from tummgland the presence
of high concentration of recombination and geteracentres in the devicstructures and these
underestimate the potential bariteights of the devices. Thede rectification factoR.F.= (IF/Ir)v=1]
of each solar cell was obtainedthe ratio of the forward currenlt, to the reverse curreng, at the
maximum bias voltage of 1.0 V. The rectificatiiactors obtained for the two solar cells weré“#nd
10*%, respectively, for glass/FTO/ZnS/CdS/CdTe/and glass/FTO/CdS/CdTe/Au solar cells. The
intercept of the straightline portion of the forward cur@nthe Logl axis is us€d calculate the reverse
saturation current density of the soladseising the cell active area of ~0.031%cithe large Schottky
barrier heights¥ >1.10 eV and the higrectification factorsR.F. >10* obtained for both solar cell
structures indicate how strong the electric field in the depletionegifor effective separation of
photo-generated charge carrierBhis high field actually imposes high drift velocity on the
photo-generated charge carriers, and due to theguiglity of the electrodepded materials (columnar
nature of CdS and CdTe grains), tleiads to high short-circuit curreténsities observed for the devices.
Table 1 summarises the devicergraeters of the two solar cedtructures both under dark and
illumination conditionsThese results represent those of the tiegices for each device structure among
several attempts. The rest of the devices generally éfficiencies less tha0% and are therefore not
presented here for brevity. Lowifieiencies could ariselue to existece of shunting paths through
pinholes and detrimental defects via recombinatléigure 8a,b also shows the linear-linear dark
current density-voltage (J-V) curves for theagd/FTO/ZnS/CdS/CdTe/Au 3-layer solar cell and
glass/FTO/CdS/CdTe/Au 2-layer solar cell structurespectively. From these graphs, the dark series
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and shunt resistances of the devicas be obtained. The graphs also show the good diode rectifying
property of the cells under dark condition as a complirteeRigure 7. The shapes of the forward curves
show that the glass/FTO/CdS/CdTe/2dayer solar cell (Figurgb) suffers fronhigh dark series resistance
compared to the glass/FTO/Z&ES/CdTe/Au 3-layer solar cell.
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Figure 8. Linear-linear dark current density-voltage graph for

(@) glass/FTO/ZnS/CdS/CdTelA 3-layer solar cell andb) glass/FTO/CdS/CdTe/Au
2-layer solar cell, under forward and reverse bias conditions.

Table 1. Summary of device parameters for the solar cell structures for comparison.

Measurement Device Glass/FTO/ZnS/CdS/CdTe/Au  Glass/FTO/CdS/CdTe/Au
Condition Parameter 3-Layer Solar Cell 2-Layer Solar Cell
R.F. §(I/lr)v=1 1004 10+t
n 2.37 2.54
Dark ) ) )
Jo (A-cm??) 8.0x 10 1.0x 10"
¥% (eV) >1.13 >1.10
Dark C-V Ng-Na (cm®) 8.1x 10 2.5%x 101
Rs( ) 175 316
Ren( ) 3825 4574
luminated (aM 1.5) (M) 640 630
Jsc (MA-cm ™) 40.8 38.5
FF 0.40 0.33
(%) 10.4 8.0

For comparison Figure 9a,b shows the lidesar |-V charactestics of the best
glass/FTO/ZnS/CdS/CdTe/Au 3-layer graded-bandgdar cell and glass/EI/CdS/CdTe/Au 2-layer
solar cell under AM 1.5 illumination conditions at room temperature, respectivelyestk of using
ZnS as the buffer/window layer isréctly reflected in the improveligh short-circuit current density
(Jso as well as improvedpen-circuit voltage \oc), fill factor (FF) and ultimately, the conversion
efficiency () of the 3-layer graded-bandgap device, caragd to the glass/FTO/CdS/CdTe/Au 2-layer
device as shown in Figure 9a,b. The device paemmeinder AM1.5 illumination conditions are also
summarised in Table 1.
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The measuretoc values of 640 mV and 630 mV are notlage as expectedd are indicative of
the presence of leakage paths which is also ewidete low fill factor values obtained. The O
values can also arise due to low-purity chemicals used to deposit some semiconductors in this work.

A major weakness of these solar cells is the vamyfith factor values, ad their improvement is a
major challenge. Again, the observed remarkable Hight-ircuit current densés are not consistently
observed and the devices tend to degrade after fsksvand even days in some cases. This raises
stability and reproducibility issuesnd poses great challenges to thsearch at present. However,
to ensure that the observed high values are genuine,dhdiodes producing themvere isolated by
carefully removing the CdTe maia around them and repeating the 1-V measurements. The high
short-circuit current remains indicating that #esbservations are not due to collections from the
periphery of the device. Work ia progress to optimise the matds growth and device fabrication
steps in order to improve the stélyiland reproducibility, as well as tledficiencies of these devices by
improving the fill factors and the open-circuit voltages further.
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Figure 9. I-V characteristics ofd) glass/FTO/ZnS/CdS/CdTelA3-layer graded bandgap
solar cell andlf) glass/FTO/CdS/CdTe/Au 2-layerlao cell under AM 1.5 illumination
conditions at room temperature.

It is important at this poirtb comment on the unusual higl alues observed fdhese devices as
shown in Table 1 and Figure 9. To do this, we reéhalkexistence of several native defect/impurity levels
within the energy bandgap of CdTe which &r®wn to cause Fermi level pinning phenomenon at
CdTe/metal interfaces [28,32,35]. Twb such impurity levels have been shown in the energy band
diagram in Figure 3b for illustration. The presencthete defect levels coupledth the position of the
depletion region and the overall skag the energy band diagram oésie devices (sdaegure 3b) work
together to make room for these observed bighalues. It is therefore pobée in these solar cells for
photons with energy lower than tleeergy bandgap of CdTe create useful ettron-hole pairs that
contribute to photo-generaeurrent. These infrared photons whican come both from the incident
solar radiation and the heat enengyhe surroundings of the solardlcean promote electrons from the
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valence band to the nearest impurity/defect level tea€dTe/metal junction diie device. As soon as
this happens, the hole created in the valence bawtlguirifts towards the Au back metal contact by
the strong electric field in this remi due to the existence of the dsg@n region in this area of the
device. As a result, the electron promoted to tHeatdevel has no room faelaxing back into the
valence band to recombine wittethole. It can then be succesgmeromoted to the conduction band
by other infrared photons through thadder” of defect levels to etribute to photo-generated current.
This is impurity photovoltaic effect taking placeRV devices with the right conditions. Alternatively,
this electron can be “knocked out” from the deflesl directly into tle conduction band by another
electron accelerating down the band structure towhelfont contact, from the high Schottky barrier
height (ns ~1.20 eV) existing at the n-CdTe/Au interfacaiform of impact ionisation. In other words
these two phenomena (imjityrphotovoltaic effect and impact i@dtion) can combini@ one device to
give rise to high short-circuit current density as is observdtiandevices presented this paper.
This is possible due to the position of the majepletion region in the device (near the n-CdTe/Au
interface) and the overall shapetioé band diagram of the devices. Full description of next generation
solar cells based on graded bandgap devices, ancdisons for observinggh current densities are
reported in [36].

These effects may not be as easy in a p-n juncyiea-device structure, primarily due to the position
of the depletion region. In this casdectrons can equally be promotedavailable defect levels near
the p-CdTe/metal ohmic contact. However, due &ekistence of tat band condition’in this region
(since the depletion region is at the n-CdS/p-CdTe junction), the hole created in the valence band cannc
easily drift towards the back metadrdact since there is no electriel@ in this region. As a result,
both this hole and the electron promoted to theadevel are within each other’s reach for easy
recombination. Also the type of impact ionisation digsxl above (within the CdTe material) is difficult
to happen in the p-n junction-type solar cell fax #ame reason. If however the p-n junction device is
fully depleted with its depleatin region extending throughbthe entire thickres of the CdTe, these
effects may also be observed. The design of the deviaeges used in the soleells described in this
paper and in [36] are thereéoof significant importance.

Although the authors have not beetedab carry out measurementxblas quantum efficiency (QE)
and responsivity as a means of confirming the erpantal evidence of impurity photovoltaic effect and
impact ionisation in these solar celisese effects have been expenia#ly confirmed in a recent work
on GaAs/AlGaAs graded bandgap solar cellslippbd by the authors’ group [32,36—38]. These
publications also higlghted a major technical deficienayf QE measurement [37]. Whereas
responsivity measurements revedleel photocurrent generation by ptvag with energy lower than the
bandgap of GaAs, QE measuremearusid not reveal this effect. Also a recent unpublished work on the
GaAs/AlGaAs graded bandgap solar cells by the astlypoup has produced solar cells with internal
photon-to-current conversion efficien (IPCE) as high as 140% [3&howing experimental evidence
of impact ionisation. In the present work reported is plaper, the device structures have been designed
to incorporate these two effects as described earlier. However, the reason for not having carried ou
responsivity measurements (preferably) on thesecegwhas to do with thesue of poor stability and
reproducibility of these devices at present. Onceetigssies are resolved, the authors anticipate carrying
out these measurements in laboratories where the two techniques are availableisSiouklttake some
time, the authors are reporting their atvagions on these devices at present.
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The capacitance-voltagéC-V) relationship of the gladsrO/zZnS/CdS/CdT&u 3-layer and
glass/FTO/CdS/CdTe/Au 2-layer \dees at a frequency of 1 MHare shown in Figure 10a,b,
respectively, and the corresponding Mott-Schottky plots of theseeteare shown in Figure 11a,b.
For the glass/FTO/ZnS/CdS/CdTe/Au structufggure 10a shows that the depletion capacitance
gradually increasesdm reverse bias off1.0 V to forward bias. The depletion capacitance measured for
this device at zero applied bias w&s-151 pF. For the glass/[FTO/CdS/CdTe/Au device, the capacitance
remains constant under reverse bias condition anchdégiincrease with forward bias as shown in
Figure 10b. The rate of increase in capacitancearfdatward bias for the two devices under study in
Figure 10 is essentially the sanide depletion capacitance obtalrfer the glass/FTO/CdS/CdTe/Au
device wasCo~179 pF. These capacitance values suggasthhb glass/FTO/ZnS/CdS/CdTe/Au 3-layer
graded-bandgap solar cell has a wider depletion region compared to the glass/FCOTEedsI
2-layer solar cell. However, Figure 10b shows thattheyer device is fully depleted even at zero bias
and the depletion region width beaes smaller than the thickness of tievice at forward bias. This
seeming contradiction can be dueiriterface states espeltyain the case of the 3-layer device with
more interfaces as well as due to the differencespihg concentrations in the absorber material layers.
In addition, the unusual complex desiarchitecture (n-n heterojuranti + Schottky junction) can give
rise to this situation, making the J-V and C-V chteastics deviate significdly from those of usual
simple p-n junction oBchottky junction devices.
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Figure 10. Capacitance-Voltage plot @ frequency of 1 MHz fora) glass/FTO/ZnS/
CdS/CdTe/Au 3-layer device and) (glass/FTO/CdS/CdTe/Au 2-layer device.

In Figure 11a,b the Mott-Schottky plots for the tdevice structures are presented. Both figures
display a slow response of £/@ith applied reverse bias voltadr the glass/FTO/ZnS/CdS/ CdTe/Au
device in Figure 11a, éne is a more rapid op in the value of 02 as forward bias increases from 0 V
to ~0.35 V than in the reverb@s. Beyond 0.35 V forward biasCkremains fairly constant. The doping
concentration of electrons estimated fiigure 11a for this device structure WéasNa~8.1 x 1¢*cm'®,

In the glass/FTO/CdS/CdTe/Au device struetim Figure 11b, there isonstant drop in ©7 with
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forward bias and the doping concentration of electrons estimated for this device structure was
Ng-Na~2.5 x 18° cm'®. As reported in the literature, solar cellsh efficiencies greater than 10% show
doping concentrations ithe region of 5 x 16-1 x 16° [32]. Our estimated vaés are in this region.
Mott-Schottky plots are however, atited by other factors such agumally existing insulating layers

and various interface states, andrtéfore cannot be used to accusatstimate diffusion voltage and
hence potential barrier heigiMore so, the complenature of the device struges reported in this paper

can result in significant déation of the C-V and 02V responses from those of simple structures. This
may account for the observed large binlpotentials of the two devices as seen in Figure 11 and perhaps
the instability observed in the devices at present.
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Figure 11. Dark 1£2? vs.V plots at 1 MHz for §) glass/FTO/ZnS/CdS/CdTe/Au 3-layer
device andlf) glass/FTO/CdS/CdTe/Au 2-layer devee a function of DC bias voltage.

4. Conclusions

The use of a low-cost, scalable and manufactumblegrodeposition techniquer the deposition of
device-grade thin film semiconductors for fiahtion of glass/FTO/Z8/CdS/CdTe/Au 3-layer
graded-bandgap photovoltaic solar cell and g¥S/CdS/CdTe/Au 2-layesolar cell has been
demonstrated. A simplification dhe electrodeposition process ugitwo-electrode system is an
interesting feature of this proggas has been shown. The 3-layer graded bandgap solar cell structure has
been implemented as a means of improving thacdeparameters and ultimately the conversion
efficiency of the CdTe-based solar cells,ngs ZnS, CdS and CdTe, all of which are II-VI
semiconductors. This device stru&uras produced a solar energy asion efficiency of 10.4% with
charge carrier concenation of ~8.1 x 18 cm'® in comparison with glass/FTO/CdS/CdTe/Au 2-layer
solar cell with efficiencyf 8.0% and a charge carrieoncentration of ~2.5 x ¥0cm'®. These doping
concentrations and the associatagacitance values obtained for thwe solar cell dewies suggest that
the 3-layer graded-band gap device has a wider and hence a healthier depletion region compared to tt
2-layer device. A major differen@@tween conventional CdTe-basethsoells and the devices reported
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in this paper is the use of n-type CdTe insteathefp-type CdTe normally used in CdTe-based solar
cells. This work therefore demonstrates the succefdjutation of CdTe-based solar cells combining

n-n hetero-junctions and adge Schottky contact, diffent from the conventiohp-n junction structure.

In this work all the three semiconductor layers were confirmed as n-type before they were used in the
device structures. The major challenges in thesedgware their poor stability and reproducibility which

the authors are working hard to addresshéuigh the frequency of obation of the highlsc devices

is increasing, establishing consistent and repradieicievices may however take some time due to the
complexities involved in this subject.
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