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ABSTRACT

Silver sulphide (Ag,S) has been a subject of investigation over the years for possible applications in various opto-
electronics, electronics and industrial applications. Materials cost, abundance of the constituents el ements, and its
efficiency in use are fundamental propertiesin selecting materials for use as absorber or window layersin solar cell
devices, or other optoeectronic applications. This paper reviews recent published work on the subject of Ag,S
based solar cells and nano applications. The reasons for the sudden interest in the utilisation of Ag,S by the
scientific community for Ag,S solar cells and other applications are discussed; coupled with the crystallographic
and optoelectronic properties, including Ag,S crystalline structure, defect formation and metal composition. This
review paper focuses on Ag,S synthesis processes and device properties.
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INTRODUCTION

The sustainability of photovoltaics (PV) producti@yuires that research in the PV industry musidseed toward
the development of a new PV technology based omddnt and more environmentally acceptable elements.
Photovoltaics has been generally accepted as otteeahost promising options to produce renewabt gneen
electricity, with thin film PV a major stakehold&r cost reduction potentials. The use of silvephide thin films
for applications in various electronics, optoeleoics, and in the coating industry has been dstedd over the
years. Silver sulphide belongs to the chalcaigengroup (Ag belongs to 1-VI compound semdgtor
materials with monoclinic crystal structure). Thasiz requirements for a material to be utilisegasabsorber or
window layer for a heterojunction solar cell devime many and varied because of the dependenceatefria
properties on other parameters that ranges frommiatto bulk scale.For examplethe optical response of most
optoelectronic devices depends specifically onogtical properties of the constituent materials #isl will in turn,
give an insight on how effectively and efficienthese devices can utilise photons depending oappkcations. It
has been established [1] that the efficiency aflarscell amongst other factors is a function bbw many photons
the window layer can transmit to the absorber laylee number of photons the absorber layer is ldepaf
absorbing and effectively converting into electroole pairs, and the nature of the contacts. Amoith@ortant
fundamental factor for consideration in enhancheyefficiency of solar cells is the nature of teaductivity of the
absorber layer and the density of defects in thertdand or junction. P-type absorber layers arstijmpreferred in
thin film solar devices because the minority cardiéfusion length of electrons in a p-type semidoator is much
larger than that of the holes in a n-type semicotatu Presence of defects can adversely affecaltserption and
transport properties of the materials since theypatential recombination sites/traps, leading teduction in the
device performance. Silver sulphide has been safidBsutilised in solar cells as window/buffer kxg due to its
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excellent opto-electronic properties [2-3], coasing-5], sensors [6-10], atomic switches, photataves, and
resistive switches [11-15], infrared photograpty6][ thermoelectrical cells [17-18], optical imagi [19],
electronic devices [12-13, 20-22], solar cells-pZ3, photocatalytic applications [28-31], infrarddtectors [32],
photoconductors [33-34], electrochemical storagdls [35], laser recording media [36], and seénsit [37-38].
Research work by [23], indicate that /&gbased-solar cells with solar conversion efficjerc1.5% can be
achieved. Several research groups have reportethemphotoelectric and thermoelectric propertiéssitver
sulphide thin films [39-43]. In the literaturegnsiderable efforts on the synthesis and cheniaation of silver
sulphide to explore their potential applicatiomsve been reported, thus /8gthin films can be grown using
different low-cost but efficient deposition techu@s such as: spray pyrolysis [44-46], SILAR- susi&sionic
layer reaction and adsorption [23, 47-51], photadépn [52], thermal evaporation [53-56], microveaivradiation
assisted methods [57], solvothermal routes [58-8Bkmical bath deposition [2-3, 48, 60-74], hydeomal
synthesis [75-76], solution growth technique [77;8@ard template method [81], template free meth@2],
chemical synthesis [5, 57, 83-111] electrodepmsifi82, 112-126], sonochemical method [127-129]tagfal
method [130-132], gamma irradiation [133], aeraasdisted chemical vapour deposition [134-135], laudgation
method [136-137], pair cell method [138], chemigapour deposition [139-140], and reverse micro lsion
method [141].

Although several scholars have reported on thedbundance and high cost of silver, the use of sttveenhance
efficiency in different optoelectronic applicatioasd in the nanotechnology industries is very comniiohas been
established that the efficiency of some optoeledtralevices can be greatly enhanced through stweelitives
especially in quantum dot solar cells as sens#if&42-143]. Some research group [8], opined #mbngst all
other noble metals, the best localized surfacenpdasresonance response are mostly obtained frduer siano-
particles, thus making it potential candidate farious optoelectronic applications. The amphotedture of the
thin films of AgS have been established in the literature. It leas lbeported that silver sulphide thin films exhébi
p-conductivity type [55, 77], and n-conductivitype [3, 50, 68-69, 79, 107, 124, 144-145]. This ezak more
adaptable to different device designs.

In the literature, review work on silver sulphide\ery rare hence to the best of our knowledgs, ithithe first
review report on silver sulphide related deviced tiere is no doubt that this study will form a @ehensive and
fundamental basis for further research in applicatind utilisation of silver sulphide related apations.

MATERIALS AND METHODS

This research work was carried out using a liteeahased conceptual approach, thus the author etrapsively
reviewed the literature of silver sulphide thimf8 independent of the deposition techniques. Tuysinvestigates
the limitations of silver sulphides in applicatiosf some optoelectronic devices with special emghasi

crystallographic properties, defects formation araterial synthesis.

RESULTS AND DISCUSSION

Silver sulphide (AgS) is an important chalcogenide compound WwHias been investigated for its numerous
applications and widely believed to belong to ¢neup of the 1-VI compound semiconductor materwith
monoclinic crystal structure. The three major talystructure are; monoclinic or acanthiter-f¢rm), body
centered cubic or argentitg-form), and a high temperature face-centered c(bform). Using chemical bath
deposited AgS thin films, some authofd46] obtainedsingle phase layers that crystallized in the dgsntrystal
structure. Reports [125, 138, 147-149indicatethat the stability of silver sulfide depends omperature hence it
occurs as mixed ionic and electronic conductor at280 °C while the stable temperature regime of the three
allotropic forms area (monoclinic phase stable up 142°C), B (bcc phase stable frod¥2°C to 600°C), andy

(fcc phase stable abo@®0°C). Other research groups [35, 150-151], also repbesthe three allotropic forms
are stable at different temperature rangeAn,S (monoclinic, stable up to 178), p-Ag,S (bcc, 178C - 600°C),

and y-Ag,S (fcc, > 600C). However different research groups [74], arsR]1noted that silver sulphide presents
two main allotropic crystallographic modificatiomapnoclinic acanthiteafAg,S) and cubic modification argentite
(B-Ag»S). The ionic nature of silver sulphide thin filmss also reported by other research groups [Bésearch
work by Sharma and Chang [152], further observeti ttie argentite form exhibits quasi-metallic bebgwa factor
that makes it less favourable for semiconductotiegions.
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In the literature [153], it has been noted thategroducible sample preparation techniques thatyweld thin films
of desired stoichiometry is critical in the study the conductance and switching propertieA@S thin films.
Silver sulphide thin films have been establishedexhibit p-type and n-type conductivity independeftthe
deposition technique. However it is yet not cleatigted on the possible reasons responsible fovahation. For
instance, it has been reported that the kéststitecture allows for several types of point defegtich make
discrete energy levels appear, allowing p-type dgpn késterite thin films while for certain chapgoites (CIGS
copper indium gallium diselenides), it is influeddey stoichiometric variations [154]. The ionictue of AgS
films have been earlier mentioned. Other authos&]lidentified Schottky and Frenkel defects as the major
types of point defects that occurs in ionigstals. Defects such as interstitials and va@nisi ionic solids,
move by hopping transport mechanism instead of #ikedransport phenomena. It is generally knohat t~renkel
defects are formed by the displacement tfieeithe anion or cation from the latticeesto an interstitial
site, and mostly occurs as Frenkel defects (digpf@nt of a cation to the interstitial sibg) Anti-Frenkel
defects (displacement of an anion to the intéabtiite) [156]. Research done by [22], indicatest the cationic
Frenkel defect formation is commonly found in silVelides and chalcogenides. The report of Smysb] arlier
attributed this to the fact that silver cation tias unique property of not acting like a rigid sgghand this allows it
to deform and move through interstitial sites iargstal. Further, charge recombination has beeu @t the cause
of the low efficiency of quantum dot solar cell&]2 Although some scholars [22] argue that thesietpdefects
enhances wider utilization of silver sulphidesridustrial applications such as in film photograghg| cells, and as
catalytic agents, defects are known to be detriaidotthe efficiency of solar cell devices.

The intrinsic property of a material is one of tim@st important and fundamental criterion for séteciof such
material for use in device applications. Theseudel energy bandgap, optical absorption coefficielgictron and
hole mobility, minority carrier diffusion lengthrefractive index, electrical conductivity and carrconcentrations
among others. Reports in the literature of siludplside thin films exhibits some degree of discrepain some of
these properties as indicated in Table 1. Tableowvghat the nature of the optical transition inesi sulphide films
are either direct or indirect transitions. The gydyand gap obtained from experimental data isrteddo be within
the range of 0.8 eV to 2.3 eV, implying that silsulphide films can be used as absorber or wirldgers in solar
cell devices, optical filters, infra-red dector;.e The energy band gap values are mostly deffived absorbance
measurement. However, some authors [157], workethe ab-initio calculation of A& and reported an energy
bandgap of 0.06 eV. Research work by [158], ingdathat absorbance measurements are not suitable f
extracting the bandgap values since the absorptefficient derived from spectrophotometric datattain films is
determined by defect absorption and by measuremeriracy limitations amongst other factors. Thécap
absorption coefficient is reported to be of thegai@cm™ to 1Fecm™ [46, 144], implying that thin layers can be
used as absorber layers (as photons are absoumsltol the junction interface) in solar cell desicdowever the
solar conversion efficiency of silver sulphide ldselar cells is still very low (< 3%). The photdteic parameters
of silver sulphide based devices as contained irent literature reports are summarised in Tabl€H& low solar
conversion efficiency could be attributed to thelevidiscrepancy in the calculated theoretical enbegdgap value
with those from the experimental reports as obgkmehis study. The donor density of silver suffghis reported
to be 5.63 x 18§ cmi® [124], effective carrier mobility of 5 cfir*s™ - 10 cnfV s [74], carrier lifetime of 0.1 ps
[64], room temperature conductivity in the orderl6f° (Q cm) ™ [74, 144] and the electrical resistivity in the gan
10* ohm-cm — 1Dohm-cm [68].

The conventional superstrate or substrate configuranostly used in thin film solar cell devices dess reported
in the literature for silver sulphide based solelt devices. Most silver sulphide based solar calbs common as
guantum dot solar cells with few variations in #rehitecture. However the solar conversion efficieis still very
low in both cases as shown in Table 2. Chen andartiers [25], reported that an inclusion of a Z@ambination
barrier layer between Tidanotubes and A§ quantum dots, reduced the charge recombinatid@iS quantum
dot sensitized solar cells and hence increasezl ctimversion efficiency of the A§-sensitized Ti@nanotubes.
Jadhav et al. [2], reported a very low efficierafy 0.002 % in their investigations and atttdzliit to the
presence of interface states, nanocrystalline gz of AgS films and high series resistance of the filisthe
literature, various scholars have reported thagelagrain size are known to be among the criticatofa that
determines high efficiency in thin film solar celtglependent of the deposition techniques [154, 168].
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Table 1: Some Optical Constants of Silver Sulphide

No. Energy bandgap Refractive indexNature of Transition Ref.

1 0.9eV- 1.05e\ Direct [74]

2 22eV Not given [77]
3 lleVv Direct [55]
4 1.0e\v Direct [64]

5 156 eV 2.52 Direct [71]
6 1.78 eV - 2.09 eV Direct [63]
7 1.95e\ [110]
8 1.05eV Direct [134]
9 2.09 eV Direct [3]
10 1.85eV Indirect [124]
11 2.17eV-2.09eV Direct [47]
12 1.33eV Direct [135]
13  0.06 eV [157]
14 13eV Direct [159]
15 23eV Indirect [159]
16 1.76 eV Direct [111]
17 171 eV Indirect [160]
18 114 eV 2.38-2.81 Direct [46]
19 0.96 eV Indirect [54]
20 12 eV Direct [126]
21  1.07eV 1.44-3.18 Direct [144]
22 11le\-l4deV 0.¢2.2 Direct [72]
23  0.8-09eV [161]
24 115eV Direct [162]
2E  0.91e\ Indirec [162]

The film thickness of silver sulphide thin filmscaeding to current reports [46, 62, 68, 78, 1175,1464] are

mostly in the order of few microns or nanoscaldds been established that the absorber layemisskshould be
large enough to provide substantial grain size iniuist be several times the average optical absarfgngth for

solar photons in order to reduce the loss of phmerated carriers [1, 165-167]. Further, the desotayer

thickness must be large enough to absorb mosteoinitident radiation and to support the contactagd. Large

grain sizes generally lead to reduced grain boueslgreduced density of short circuit paths) taéase the solar
conversion efficiency of solar cell devices.

XPS studies by Krylova [153] and Hota et al., [1&8BJl not give a clear account on the heterojunctiand
alignments but the former only confirmed a formatmf silver sulfide on the polypropylene surfacehna sheet
resistance in the range 3X¥tnt to 3.5 M/cn?.

Table 2: Photovoltaic parameters of AgS-based solar cells

No. Isc (mAlcnf) FF  Voc(V) n (%) Rs@Q) RshQ) Ref.

1 0.080 0.085 0325 0002 291 709 2]

2 0.27 1.1 [124]

3 0.28 [25]

4 1.54 1.70 [23]

5 13.7 0.49 [169]
CONCLUSION

The major aim of this is review is to create afplah to identify the fundamental steps that wilhance increased
efficiency in AgS based solar cells and in other optoelectroniestednics, and in solar thermal applications;
through identification of the major setbacks limgithe efficiency of AgS based-devices as reported in the
literature. The low solar conversion efficiency &éadson the current literature report is attributed the wide
difference between the theoretical value and tipeemental value of the energy bandgap, and theviwe of the
absorber layer thickness and small grain sizesebtgrthe energy bandgap is reported to be indibd¢tl24, 159-
160, 162, 170] while some research groups also stieet energy bandgap as summarised in Table fuantum-
dot solar cells, the efficiency of quantum dot silvsulphide based-solar cells are mostly limited dharge
recombination amongst other factors. However ssfoksise of AgS nanoparticles in different applications is
common in the literature, and this strongly suggleat though silver sulphide is not possibly a gabdorber layer
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for applications in photovoltaic solar cell devigedieu of the small crystallites/grain sizesisitquite beneficial in
other applications.
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