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1. Introduction

In a p-n junction photovoltaic (PV) cell, a photon of light produces an electron hole pair if
the energy of the photon is at least equal to the band gap of the material constituting the p-n
junction. The electrons and holes first diffuse toward the respective edge of the depletion re‐
gion, and then drift across the junction due to the built-in potential and are collected at the
electrodes. Thus, materials with long minority carrier life times and high carrier mobilities
are desired for high efficiency. Because electrons have higher mobility than the holes, a p-
type semiconductor is used as light absorber in a p-n junction solar cell.

The theoretical efficiency limit for an ideal homo-junction solar cell as calculated by Loferski
[1] is 23%, and this maximum efficiency falls in the vicinity of the absorbers with band gap
energy of 1.5 eV. A more justifiable theoretical efficiency limit that used atomic processes
was put forward by Shockley and Queisser [2] later in the sixties. According to this theoreti‐
cal efficiency limit, also known as the Shockley-Queisser limit, a maximum efficiency of 30%
for a band gap of 1.1 eV is possible (assuming only radiative recombination) if exposed to
the sunlight of global air mass 1.5.

The most recent data published in Progress in Photovoltaics [3] depict an efficiency of 25% for a
crystalline silicon (Si) solar cell measured under the global AM 1.5 spectrum at 25°C. This val‐
ue of efficiency approaches the theoretical value set by Shockley-Queisser limit. However, cou‐
pled with its low absorption cross section and high synthesis and processing cost, this first
generation crystalline Si- solar cell doesn’t show promise for a low cost, thin film PV device.

For thin film technologies, amorphous silicon-hydrogen alloy (a-Si) solar cells have exhibited
efficiencies in the 10-12% range [4] and are fabricated with low cost technology. However, deg‐
radation of the performance over time is a major issue associated with the a-Si solar cells. Re‐
cently, metal induced crystallization of a-Si is used to make thin film polycrystalline Si-solar
cell at relatively low temperature in an effort to reduce the processing cost [5], but fabrication
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of these devices is combined with high temperature chemical vapor deposition, which makes it
incompatible with roll-to-roll processing. Other emerging second generation solar cells are
thin film chalcogenides like CIGS (CuInGaSe2) and CdTe, which show terrestrial cell efficiency
of 20.3% and 16.5% respectively [6,7]. The scarcity, cost and toxicity associated with In, Ga, and
Cd elements present in these cells limit their sustainability in the future.

Thus wide spread applications of solar cells will require dramatic decrease in cost through
the use of non-toxic, inexpensive, and earth-abundant materials. The drawbacks in the
present PV materials motivate us to look for alternatives. Due to the low absorption cross
section, crystalline silicon requires thick layers, which will increase costs. Amorphous silicon
(a-Si) has a higher absorption cross section and low processing cost compared to its crystal‐
line counterpart, but it has stability problems. GaAs based solar cells have high efficiency,
but the arsenic toxicity and the substrate cost limit their use. CIGS thin film solar cells show
promise if the scarce and costly indium and gallium could be replaced by other elements.
The quaternary compound semiconductor CZTS (Cu2ZnSnS4) [8] possesses promising char‐
acteristic optical properties; band-gap energy of about 1.5 eV and large absorption coeffi‐
cient in the order of 104 cm−1. The highly efficient CdTe solar cell is promising, but has
obstacles such as cadmium toxicity, tellurium scarcity, and cost. While the results of re‐
search and commercialization of crystalline Si, GaAs, CIGS, CdTe, etc. cells are commenda‐
ble, a search for alternative materials is indispensable and necessary to achieve low cost,
light weight, and low toxicity arrays.

Property CZTS Zn3P2 FeS2

Band gap 1.5 eV [10] 1.5 eV [11] 0.95 eV [12]

Absorption Coeff. 104 cm-1 [10] 104 cm-1 [13] 3.3 x 105 cm-1 [12]

Electron diff. length n/a† 4 to 10 µm [11] 0.13 to 1 µm [12]

Dark resistivity (ρ) 1 to 39 x103 Ω.cm [14] 2.5 x 103 Ω.cm [15] 1.43 Ω.cm [16]

Carrier mobility (µ) 30 cm2/Vs [10] 450 cm2/Vs [17] 200 to 300 cm2/Vs [12]

Table 1. Figure of Merits of CZTS, Zn3P2 and FeS2 toward a PV cell compiled from the literature. †Although the exact
value of the electron diffusion length of CZTS is not available, the quantum efficiency (QE) spectra suggest a relatively
lower carrier diffusion length for this material.

In a recent study [9], a number of promising solar cell materials including CZTS, Zn3P2, and
FeS2 etc. were identified as materials with low extraction cost. It is estimated that the cost of
material extraction for CZTS, Zn3P2 and FeS2 is around 0.005 cents/W, 0.0007 cents/W and
0.000002 cents/W respectively. More encouraging is the fact that the constituent materials of
these absorbers are abundant in the earth’s crust. The light absorption cross sections for
CZTS, Zn3P2 and FeS2 are all greater than 104 cm-1 (Table 1), thus making thin film devices
practical. The band gaps are also in the optimum range for efficient photo-energy conver‐
sion. These three contenders will be discussed mainly in this review with some discussion
on other earth-abundant candidates such as tin sulfide (SnS).
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2. Copper zinc tin sulfide

2.1. Introduction

Thin film solar  cells  based on Cu(In,Ga)(S,Se)2  and CdTe have demonstrated significant
improvement in the last few years, and they are also being transferred to production lev‐
els  [18,19].  Out  of  these  two technologies,  CIGS based solar  cells  are  the  most  efficient
ones at  the laboratory level  and have demonstrated efficiencies in the range of 20% [6].
However, both CIGS and CdTe based thin film solar cells are hindered by potential envi‐
ronmental hazard issues [20] and scarcity issues associated with the constituent elements:
mainly Te, In, Ga, and to some extent, Se [20,21]. Recent research trends are moving to‐
wards finding alternatives based on earth-abundant and non-toxic elements.  An alterna‐
tive material Cu(Zn,Sn)(S,Se)2 is being explored these days by the thin film photovoltaics
community which contains earth-abundant materials like Zn and Sn. CZTS structure can
be derived from CuInS2 chalcopyrite structure by replacing one-half of the constituent in‐
dium atoms by zinc and other half by tin. The resulting bandgap varies in the range of
0.8 eV for a selenide structure to 1.5 eV for a sulfide structure [22]. Copper-Zinc-Tin Sul‐
fide or Cu2ZnSnS4 (CZTS) has a nearly ideal direct bandgap (1.5 eV) to absorb the most of
the visible  solar  spectrum as well  as  a  high absorption coefficient  (104  cm-1).  CZTS film
contains  neither  rare  metals  nor  toxic  materials,  and  combined  with  the  cadmium-free
buffer layer, we can expect solar cells with complete non-toxicity.

Figure 1. Schematic of the complete CZTSeS solar cell.

Several preparation methods have been reported in literature for preparation of CZTS solar
cells [23]. These are physical vapor methods such as sulfurization of e-beam evaporated
metallic layers and sputtered layers [24,25], RF magnetron sputtering [26], co-evaporation
[27], hybrid sputtering [28]. Chemical methods involve sulfurization of electrochemically
deposited metallic precursors [29], photochemical deposition [30], sol-gel sulfurization
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methods [31], sol-gel spin-coated deposition [32] and spray pyrolysis [33,34]. In addition,
there are syntheses based on solution methods [35,36].

Ever since Nakazawa reported the photovoltaic effect in a heterodiode of CZTS in 1988 [37],
research in CZTS field has come a long way. The current highest efficiency for solution-
processed CZTSeS based solar cells is 10.1% [38]. The efficiency for pure CZTS based solar
cells that use the vacuum based approach is reported to be 8.4% [39]. The Schematic of a
CZTSeS solar cell is as shown in Fig.1.

2.2. Crystal Structure

CIGSeS based films are mostly crystallized with a chalcopyrite structure [40], while CZTSeS
based films exhibit either a Kesterite type of crystal structure or Stannite structure [41]. Be‐
cause XRD peaks for Kesterite structure are similar to Stannite structure, it is difficult to dis‐
tinguish between them unless other measurement techniques, such as neutron diffraction or
Raman spectroscopy, are also employed. All three crystal structures are shown in Fig. 2 in
order to understand the similarity and difference between them. It is also quite likely that
both Kesterite and Stannite structures co-exist simultaneously because there is not much of
energy difference for these structures to achieve/attain a stable state [41].

Figure 2. Chalcopyrite, Kesterite and Stannite crystal structures.

2.3. Electronic properties

The band-gap is the most important property of a photovoltaic material and near-optimum
band-gap value around 1.5 eV is supposed to be ideal for effective photon absorption and
photo-generation. CZTSe phase has a band-gap of 0.8 eV, while CZTS phase has a band-gap
value of 1.5 eV [22]. The band-gap can be engineered between these two values by adding
sulfur to CZTSe phase. The doping behavior in Kesterite is also controlled by intrinsic dop‐
ing similar to their chalcopyrite counterparts. The p-type behavior of CZTSeS phase is con‐
trolled by CuZn or CuSn antisite donor defects, or this may also result due to direct creation of
copper vacancy and compensation for ZnCu antisite and the S vacancy [41].
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2.4. Phase stability

Similar to CIGSeS thin films, CZTSeS phase also has a narrow region of phase stability in
which the device quality phase can be synthesized without any adverse effect of secondary
phases. In fact, the phase stability region is even narrower as compared to chalcopyrites,
thus making single phase device quality CZTSeS synthesis more difficult [42]. Solid state
CZTS can also be synthesized through reactions between ZnS, Cu2S,and SnS2. As can be seen
in the phase diagram in Fig. 3, there is very narrow region where CZTS is stable and secon‐
dary phases are very easy to form. Copper-poor and zinc-rich composition has been found
to be ideal so far to obtain efficient devices from CZTS films [8].

Figure 3. Ternary phase diagram of the Cu2S-ZnS-SnS2 system. (Reprinted from [42] with permission from Elsevier).

2.5. Synthesis techniques

2.5.1. Vacuum based approaches ( sputtering/evaporation)

The synthesis techniques are both vacuum-based processes and non-vacuum based proc‐
esses.  Dr.  Katagiri’s  group  has  pioneered  vacuum-based  approaches  [8,22,24,43].  Their
first report on E-B evaporated precursors followed by sulfurization yielded an efficiency
of  0.66%  [24].  With  modification  of  fabrication  process,  the  conversion  efficiency  was
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gradually increased in their successive reports. It was observed that longer time and tem‐
perature cycles were detrimental for the performance of the CZTS films: hence, by adjust‐
ing the time and temperature cycles, Katagiri et al reported an efficiency of 2.62% in their
next  report  [14].  After  overcoming  the  problem  of  residual  gases  in  the  sulfurization
chamber, the efficiency number rose to 5.45% [44].

This group has also contributed towards sputtered CZTS films followed by sulfurization
[43] and reported an efficiency of 6.7%. They observed that soaking the CZTS layer on the
Mo coated sodalime glass in deionized water leads to significant improvement in the device
performance. Recently, they also reported 6.48% efficiency using CZTS compound target
and a simple single sputtering step [45].

In 2010, IBM group reported an efficiency of 6.8% by using co-evaporated film of Cu, Zn, Sn
and S sources followed by reactive annealing [46]. The best efficiency so far for pure sulfide
phase CZTS is 8.4% [39], as noted in the IBM group report for evaporated CZTS films. Also,
they recently reported an efficiency for pure selenide phase using co-evaporation is 8.9%
[47]. An NREL group reports the best efficiency for pure selenide phase CZTSe as 9.15%
[48]. The highest reported efficiency using vacuum based techniques is 9.3% [49], which is
for mixed CZTSeS phase using co-sputtering of compound targets followed by annealing at
a higher temperature. This report is by an industrial research group ( AQT Solar ).

Some other notable recent reports on vacuum based approaches are as follows:

1. In the quest to obtain Cd-free devices, the researchers at Solar Frontier, Japan recently
demonstrated an efficiency of 6.3% for In-based hetero-junction partners and 5.8% for
Zn-based hetero-junction partners [50].

2. The same group in Japan reports > 8% efficiency on CZTS sub-module [51]. Another in‐
teresting and note-worthy contribution here is that the absorber thickness is reported to
be just 600 nm.

3. Salomé et al demonstrate that incorporation of H2 is beneficial for preventing Zn loss
during the sulfurization [52].

4. Shin et al mention that stacking of precursors has a role in getting single-phase final
CZTS compound and reducing the secondary phases [53].

5. Chalapathy and co-workers demonstrate an efficiency of 4.59% using ZnSn (60:40at%)
alloy target [54].

2.5.2. Electrodeposition

Electro-deposition is of particular interest for the thin film photovoltaics community due to
the advantages it offers: low cost, environment friendly, large area deposition, room temper‐
ature growth, and less or almost no wastage of materials. CIGS technology based on electro-
deposition has already been commercialized [55]. There are numerous reports on electro-
deposition of CZTS as well [29,56,57]. Most of the reported efficiencies are in the range of 3%
to 4% for electro-deposited CZTS films [57-59].
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Some other notable recent reports on electro-deposited CZTS films are as follows:

1. Li et al recently demonstrated 1.7% efficiency in CZTSe films prepared by co-electro-
deposition [60].

2. Mali et al used a successive ionic layer adsorption and reaction (SILAR) method for
CZTS films. In this method, a substrate is immersed into separately placed cations and
anions. This particular electro-chemical method is used for making uniform and large
area thin films [61].

2.5.3. Spray pyrolysis

Spray pyrolysis is a versatile as well as a low-cost technique that has been used to deposit
semiconductor films. In this process, a thin film is deposited by spraying a solution on a hot
surface. The constituents react to form a chemical compound. The chemical reactants are se‐
lected such that the products other than the desired compound are volatile at the tempera‐
ture of deposition [62]. There have been early reports of sprayed CZTS films [33].

Some other notable recent reports on sprayed CZTS films are as follows:

1. Prabhakar et al prepared CZTS films using ultrasonic spray pyrolysis and observed that
sodium plays an important role in CZTS films as well [63]. This observation similar to
CIGS films and the role of sodium in CIGS films is well known. The authors observed
that sodium enhanced (112) orientation and grain size of the CZTS films also increased
the hole carrier concentration.

2. In  another  report,  authors  prepared CZTS films  using  two different  tin  precursors:
stannous as well  as stannic chloride [64].  They observed that crystallinity and grain
size  as  well  as  carrier  concentration and mobility  values  were  better  for  films  pre‐
pared using stannic chloride.

2.5.4. Solution based methods

Direct liquid deposition or ‘ink’ based approaches are attractive due to their compatibility
with high volume manufacturing techniques such as printing. It is a low-cost scalable route
for the thin film solar technology. One of the popular approaches is to prepare precursors
using sol-gel method, then sulfurize it, and deposit on substrate using spin-coating [65]. The
micro-particles of CZTS have also been prepared using ball milling, sintering type of proc‐
esses and later screen printed on flexible substrates [66]. There are various other reports us‐
ing colloidal nanoparticles [67], Photochemical deposition [30] etc.

The researchers at IBM in their recent publication have reported the highest record effi‐
ciency by any process so far for CZTSeS as 10.1% [38]. The J-V curve of this record sam‐
ple and cross-sectin of the CZTSeS film is as shown in Fig. 4.  Here metal chalcogenides
were dissolved in  hydrazine solution and later  spin-coated on glass-substrates  followed
by a heat-treatment at 540°C.

Some other notable recent reports on solution/ink based CZTS films are as follows:
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1. Using band-gap engineering with Germanium, researchers at Purdue University have
achieved an efficiency of 8.4%. They have utilized nanoparticles of CZTSeS on Moly-
coated glass substrates [68].

2. The researchers at DuPont have demonstrated an efficiency of 8.5% [69]. They use bina‐
ry and ternary chalcogenide nanocrystals produced by simple colloidal syntheses.

Figure 4. J–V characteristics of the record 10.1% sample at AM1.5G simulated illumination along-with CZTSSe film
cross-section (Reprinted from[38] with permission from John Wiley and Sons).

2.6. Current status

The laboratory level efficiencies are more than 10% [38] and there are some recent reports
of sub-module efficiencies of more than 8% [51].  However,  the technology still  needs to
go a long way before it can be commercialized. The complex phase diagram and material
properties impose most of  the challenges.  Also,  the narrow stoichiometry window for a
stable  CZTS phase requires  a  robust  control  on composition.  The processing window is
even narrower compared to their CIGS counterparts. The volatile nature of some compo‐
nents,  such  as  tin  sulfide  and  zinc,  impedes  further  challenges  for  traditional  vacuum-
based  processing  approaches  which  require  high  sulfurization/selenization  temperatures
after precursor deposition. The secondary phases formed are difficult to detect with con‐
ventional techniques such as XRD due to the overlapping peaks with pure CZTS phase.
The interface properties with hetero-junction partners need to be studied well. However,
the initial results in last few years look quite promising.

3. Zinc phosphide (Zn3P2)

3.1. Introduction

With rise in the prices and non-abundance of the materials such as indium and gallium cur‐
rent research trends in thin film solar cells have been moving toward development of earth-
abundant solar cell materials that can be synthesized using low-cost processes. Also, zinc-
based hetero-junction partners are preferred over toxic cadmium based compounds such as
Cadmium sulfide [70]. Zinc phosphide (Zn3P2) is an important optoelectronic material,
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which also has applications in lithium ion batteries [71]. It is an important semiconductor
from the II-V group, and is used for optoelectronic applications [13,72-74]. Zinc phosphide
exhibits favorable optoelectronic properties, such as direct bandgap of 1.5 eV, which corre‐
sponds to the optimum solar energy conversion range [74-77]. Zinc phosphide has a large
optical absorption coefficient of >104 cm-1, hence it can be positively used as a p-type absorb‐
er [78]. Also, due to its long minority diffusion length of ~10 µm, high current collection effi‐
ciency can be yielded. Zinc, as well as phosphorous, is abundant in the earth’s crust. This
makes their cost-effective development quite feasible when it comes to large scale produc‐
tion [73,79]. Zinc phosphide is a tetragonal p-type low cost material with lattice constants of
a = b =8.097 Å and c=11.45 Å [17] and has all the right characteristics for photo conversion.
Zn3P2 is synthesized most of times with a p-type conductivity [80].

3.2. Early efforts

Thin film solar cell devices using Zn3P2 have been fabricated using Schottky contacts, p-n
semiconductor hetero-junctions [81] or liquid contacts [82]. Zinc phosphide was explored
extensively in the early eighties and nineties [11,78,80,83,84]. With a Schottky diode, an effi‐
ciency as high as 6% was demonstrated [78]. Zinc phosphide homo-junctions have been dif‐
ficult to make. However, even a zinc phosphide hetero-junction solar cell has not been
successful with an efficiency range around 2% [11,85,86].

The researchers at the Institute of Energy Conversion were leaders in the early eighties in
exploring Zn3P2 [78,80,83,87,88]. They demonstrated the effect of Mg doping and also fabri‐
cated Schottky barrier solar cells [78,88]. They also successfully made hetero-junction solar
cells using ZnO as a hetero-junction partner [11].

Another interesting study is by Misiewicz et al [89]. They made various metal contacts (Au,
Ag, Sb, Al, Mg) with Zn3P2 and measured current-voltage characteristics. It was observed
that Ag and Sb made the best ohmic contacts, while Au, Mg and Al exhibited rectifying
properties. Mg was found to be the most useful for making Schottky barriers.

3.3. Synthesis technqiues

Some of the synthesis techniques to grow Zn3P2 are summarized below :

3.3.1. Vapor transport

Catalano et al [90] report synthesis of Zn3P2 by vapor transport using perforated capsule
technique. Crystals were grown in silica tubes placed mid-way in a capsule immediately
ahead of Zn3P2 charge. When heated at a high temperature (900°C), effusion of zinc and
phospherous out of the inner growth capsule resulted in the condensation of Zn3P2 on the
walls of outer tube’s cooler portion.A similar vapor transport technique has been reported
by Wang et al [91] for growing single crystal Zn3P2.

3.3.2. Evaporation

Deiss et al report synthesis of Zn3P2 thin film by direct evaporation of Zn3P2 on glass sub‐
strates in a vacuum chamber at 750°C [92]. The films deposited on a cold substrate were re‐
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ported as amorphous, while the films deposited on a heated sunstrate (>300°C) were
reported as crystalline. In a similar technique, Murali et al report that films grown with
source-substrate distance < 3 cm were crystalline in nature [93].

3.3.3. Metal organic chemical vapor deposition (MOCVD)

Kakishita et al report a low-pressure MOCVD system with dimethylzinc (DMZ) and diluted
phosphine (PH3) as reactant gas [72]. Phosphine was cracked at 800°C and Zn3P2 films were
grown on ZnSe single crystal substrates at a growth temperature of 290-410°C. Hermann et
al report use of diethlzinc (DEZ) as a zinc precursor [15].

3.3.4. Electrodeposition

Soliman et al [94] report electrodepositon of Zn3P2 with SnO2 coated glass as working elec‐
trode and the aqueous solution containing different concentrations of both ZnCl2, ZnSO4

and Na2PO3. The pH was adjusted at 2.5 by adding H2SO4. It was observed that Zn3P2was
obtained, and the degree of crystallinity increased with higher Zn/P molar ratio. There is a
recent report similar to that of Soliman et al, reporting electrodeposition of Zn3P2 [95].

3.3.5. Chemical reflux technique

Recently our group has successfully synthesized Zn3P2 using chemical reflux technique
[96,97]. The zinc-coated glass substrate is placed on the top of a fritted glass, which is sor‐
rounded by trioctylphosphine (TOP) liquid. The entire vessel is heated while vapors of TOP
are refluxed back to the bottom of the glass vessel by a condenser connected at the top of the
vessel. The glass vessel is heated to 350°C for two to four hours, and then slowly cooled to
room temperature. It was observed that zinc phosphide can be successfully synthesized us‐
ing this simple chemical route in both nano-wire and thin film forms depending on the ex‐
posure mechanism of the phosphorous precursor with the zinc-deposited substrates.

3.4. Current status

Recently Kimball et al have studied the effect of magnesium doping on Zn3P2 thin films
[98,99]. Our group has recently demonstrated that zinc phosphide can be successfully syn‐
thesized in both nano-wire and thin film forms [96,97]. Efforts are ongoing to improve the
photovoltaic properties using various hetero-junction partner options.

4. Iron disulfide ( FeS2)

4.1. Introduction

Pyrite (FeS2) is a non-toxic material and is abundant on earth, and has a potential to be an
inexpensive and sustainable alternative for achieving low-cost and high-efficiency solar cells
due both to its environmental compatibility and its optimal optical properties for efficient
energy conversion. Its energy band gap of 0.95 eV and optical absorption coefficient of the
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order of 105 cm-1 are in the optimal range for efficient conversion of sunlight into electricity
[12,100]. A saturation current of 40 to 50 mA/cm2 for a thickness between 0.2 µm to 1 µm is
possible for pyrite [101]. In addition, a carrier mobility of 200 cm2/Vs and sufficiently high
minority carrier lifetimes makes pyrite highly favorable for photovoltaic application [102]. It
has been calculated that theoretical conversion efficiency close to 30% is possible because its
band gap is quite close to silicon.

Iron pyrite, like other metal chalcogenides, received considerable attention after the photo‐
electrochemical solar cells using FeS2 single crystal electrodes in contact with iodide/tri-io‐
dide (I−/I3 −) redox electrolyte exhibited a quantum efficiency close to 100% across a n-FeS2/(I
− /I3 −) interface [103-105]. However, a solar conversion efficiency of this photochemical cell
was only 2.8% when illuminated under AM 1.5. The open circuit voltage (Voc) was 187 mV.
This value of Voc is lower than the theoretical value of about 500 mV [106]. The low photo-
potential is attributed to the strong pinning of the Fermi level caused by surface states [105]
as well as bulk defects caused by the sulphur deficiency [107].

It should be noted that numerous iron sulphides exist in nature with unique properties de‐
pending on different iron (Fe) and sulphur (S) stoichiometric ratios and different crystal
structures. Thus creating a phase pure iron pyrite is a challenge. Orthorhombic marcasite
FeS2 and hexagonal troilite FeS are both common iron sulfur phases, but because they have
much smaller band gaps (0.34 eV for marcasite and 0.04 eV for troilite), even trace amounts
would significantly diminish the photovoltaic properties of the pyrite [108]. So, examining
the preparation of pyrite by using various techniques is important.

4.2. Synthesis techniques

Some of the experimental techniques used to grow pyrite are summarized below:

4.2.1. Chemical vapor transport (CVT)

This technique involves high crystal growth with halogens, such as Br2 and Cl2, and poly‐
crystalline FeS2 sealed in an ampoule [109]. This process produced cubic crystals with (111)
and (100) faces up to 5 mm edge length. However, the growth process was too long (10
days) and was performed at high temperature (~1000°C). At elevated temperatures, segrega‐
tion of sulphur and iron species is unavoidable.

4.2.2. Metal organic chemical vapor depositon (MOCVD)

Iron source, such as iron penta-carbonyl [Fe (CO)5], and sulphur sources such as sulphur
and H2S gas, are used in this technique [102]. The advantage of this technique is that the
growth temperature is low (150°C) and the growth process is fast.

4.2.3. Spray pyrolysis

Chemical spray pyrolysis is used to grow FeS2 using thiourea and FeCl2 [110]. Chlorine con‐
tamination, slow growth, non-uniformity, reduced repeatability are some issues associated
with this technique.
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4.2.4. Chemical methods

A recent synthesis approach to grow a single phase FeS2 nanoparticle is carried out by dif‐
ferent groups using hydrothermal process [108,111]. Wadia and his group show single
phase growth of FeS2 nanoparticles. On the other hand, colloidal FeS2 nano-crystal ink by
using a hot-injection method has been synthesized by many groups [112-116]. These proc‐
esses are encouraging in that these are low temperature processes and variation in particle
sizes allows the manipulation of band gap, which will help to absorb a broader spectrum of
sunlight. To translate these nanocrystals into a form of a compact thin film layer is a chal‐
lenge [113,116,117].

4.2.5. Sulfurization of iron oxides

Sulphurization of iron oxides (Fe3O4 or Fe2O3) is predicted by Gibbs free energy phase dia‐
gram to give FeS2 films [118]. Smestad et. al, sulphurized Fe3O4 or Fe2O3 using gaseous sul‐
phur at 350°C. However, they didn‘t observe a good photovoltaic behavior from the
photochemical cells made by using the FeS2 films grown this way. One of the main reasons
attributed to the poor photocurrent and voltage is the presence of micro-pinholes, which led
to a short circuit in the photogenerated current and effectively shunted the pyrite cell. Re‐
cently, defect-free pyrite thin films were synthesized from iron oxide by using non-toxic and
a more controllable organic precursor such as Di-tert butyl disulfide (TBDS) [119].

4.2.6. Sulfurization of iron

It is also claimed by another group that iron oxide route is not necessary to grow pyrite [12].
They used iron film and sulphurized it under nitrogen flux. But their films had a presence of
an amorphous phase, which caused an indirect transion at 1.31 eV incompatible with the
strong absorption of FeS2

4.3. Issues to be addressed for an optimal FeS2 cell

Low open circuit (Voc) in pyrite solar cell is attributed to sulphur deficiency among other
reasons [120]. A correlation between S deficiency and the transport parameters of pyrite was
found, indicating that high quality intrinsic material can be prepared when the S/Fe ratio is
close to the stoichiometric value of 2 [121]. In addition to the intrinsic material property, a
device design would also affect Voc.

4.3.1. Influence of cell design on Voc

The electrical and optical properties of FeS2 are promising for an efficient photovoltaic ac‐
tion,  but  the  conversion  efficiency  of  the  FeS2  cell  is  not  impressive:  1% with  Schottky
type solar  cells  [101]  and 2.8% with  photochemical  cells.  Cells  fabricated with  Schottky
contacts exhibited short circuit  currents (Jsc)  below 10 mA/cm2  and open circuit  voltages
(Voc) below 20 mV. However, quantum efficiencies of 90% and above and high photo-cur‐
rent  density  observed in  the  latter  type  of  the  cell  indicate  the  potential  of  an  efficient
pyrite based solar cell. The reason for the low efficiency was due to low open circuit volt‐
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age of about 200 mV. The interfacial chemistry of the p-n junction plays a role in dictat‐
ing the open circuit voltage. A solar cell  structure with a wide band gap window layer,
such as ZnS, may improve the open circuit voltage.

4.3.2. Stoichiometry of FeS2

The ratio of Fe and S is extremely important to obtain a defect-free FeS2 phase. It is neces‐
sary that the homogeneity range should be within 1%. It was shown in pyrite grown by
MOCVD that whenever a stoichiometry is such that the composition of S is less than 2, a
phase mixture of pyrite and pyrrhotite (FeS) existed. The band gap of pyrrhotite phase is
0.04 eV, which greatly diminishes the photovoltaic action. Thus reaffirmation of the pyrite
stoichiometry is important.

4.3.3. Influence of doping on Voc

A recent work on simulation of p-n type FeS2 homo-junction diffusion limited solar cells
showed that efficiencies around 20% are possible [101] by assuming that at low doping den‐
sity Shockley–Read–Hall (SRH) recombination [122,123] limits the carrier life time, or in oth‐
er words, the cell efficiency. Altermatt et. al [101] simulated a case where the carrier life time
(t) limits only Voc, e.g. a cell with d = 1 µm and t = 100 ns. The optimally obtainable photo-
current in pyrite under AM 1.5G illumination is about 50 mA/cm2. The achievable efficiency
level then was 18.5% (13.5%) in a highly (lowly) doped cell. There is trade-off between the
carrier life time and open circuit voltage. For a high density of carriers, the voltage across
the junction increases, which may create a higher Voc provided the recombination of the gen‐
erated carriers is prevented. This is possible with the low carrier density (thus low dopant
induced defects) case where the carrier life time is longer. Thus a subtle balance between Voc

and excess carrier life time should be sought by carefully choosing the right dopant density.
It was observed in Cobalt doped FeS2 that by manipulating the carrier concentration, the
grain barrier height can be changed, which in turn will change the photo-voltage [124].

4.3.4. Fermi level pinning at the surface

Low photo-voltage in a pyrite solar cell is dependent upon its surface structure. Ultravio‐
let  photoemission  spectroscopy  (UPS)  measurements  carried  out  in  Cobalt  doped  FeS2

showed that the Fermi level at the surface is pinned [125], implying high density of sur‐
face. Thus controlling the dopant density with a high level of precision is critical. In a sit‐
uation where surface defects are unavoidable, application of a resistive thin layer, such as
n-type i-ZnO, could be helpful.

4.4. Recent progress in FeS2 solar cell device

Recently Ganta et. al fabricated solid state based FeS2 thin film solar cell using CdS as an n-
type layer [116]. The super-strate type cell structure was glass/FTO/CdS/FeS2/Ag/Cr. FeS2

layer was formed by drop casting the FeS2 nanoparticle ink directly onto the CdS layer at
room temperature. The efficiency for CdS/FeS2 cell was 0.03%. The low efficiency was due to
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the low short-circuit current. The open-circuit voltage was high, which is large compared to
a previously reported value of 200 mV [106].

Although the circuit current was low at 0.01 mA/cm2, an open-circuit voltage of 565 mV was
observed. Residual organic components present in the nanoparticle-film could be a reason
for low short-circuit current. A compact film with the organic residues removed can be ex‐
pected to improve the short-circuit current and the cell efficiency.

Figure 5. Dark and light I-Vcurves of the FeS2 super-strate solar cell.

5. Other earth-abundant candidates

In a recent study, a number of materials were screened based on their abundance and non-
toxicity, and semiconducting compounds composed of these identified materials were listed
[126]. The authors found that even if binary compounds are focused, there are a good num‐
ber of alternatives. Once semiconducting properties such as ideal band-gap and minority
carrier diffusion length are considered, the next step is the processing capability. Obtaining
the right phase without any defects is crucial. The next step is to identify ideal hetero-juction
partner with right band-alignment as well as chemical and mechanical compatibility. Sever‐
al other earth-abundant candidates are being researched these days.

Tin Sulfide (SnS) is metal chalcogenide semiconductor material from the IV-VI group. It has a
near optimum direct bandgap of ~ 1.3 eV [127] and also a good absorption co-efficient (105 cm
−1) [128]. Elements such as tin and sulfur are abundantly available. Tin sulfide has been synthe‐
sized using a variety of techniques such as sputtering [127], evaporation [129], electrodeposi‐
tion [130] as well as chemical routes [131]. The highest reported efficiency to date is 1.3% [132].

Cu2FeSnS4 (CFTS) with Stannite structure can also be a viable alternative and there are some
recent reports of growing CFTS nanocrystals [133,134]. The bandgap of CFTS was found to
be ~ 1.28 eV with p-type conductivity [134].

In  a  recent  study,  Fernandes  et  al  identified  ternary  sulfides  Cu2SnS3  and  Cu3SnS4  as
good alternatives [135].  The estimated bandgap values are between 1 to 1.6  eV and ab‐
sorption coefficient 104 cm−1.
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Cu2S is another interesting material that was extensively researched in the eighties. Howev‐
er, performance degradation due to copper diffusion led this technology to be abandoned.
Cu2S has a bandgap of 1.2 eV [136]. The highest reported efficiency was 9.1% [137]. Recently
this material has again received attention and innovative approaches, such as nanocrystals,
are being implemented to overcome the issues encountered in the past [138].

6. Conclusion

One of the important p-type absorber CZTSe(S) has reached a laboratory level efficiency of
more than 10% and has matured to a stage where it can be seriously considered for commer‐
cialization. Complex phase diagram and narrow stoichilometry window for CZTS remains a
challenge; in addition, interface properties with suitable hetero-junction partners need to be
understood better. However, despite these challenges, CZTS is the most promising material
synthesized using earth-abundant constituents. Other materials discussed in detail in this
review are Zn3P2 and FeS2. These two materials also show considerable promise, despite
their current low lab-level efficiency values. Apart from these, there are several other pro‐
mosing materials synthesized using earth-abundant constutuents, such as SnS, CFTS and
Cu2SnS3, and these potentially can be used in solar cells due to their photovoltaic properties.
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