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ABSTRACT OF THE DISSERTATION 

 
Molecular Ink Processed Iron Pyrite Thin Films for Photovoltaics 

 
By 

 
Amanda Sue Weber 

 
Doctor of Philosophy in Chemistry 

 
University of California, Irvine, 2015 

 
Professor Matt Law, Chair 

 
 
 Thin-film photovoltaics (PV) have the potential to supply our future energy needs, 

but the dominant commercial thin film technologies rely on rare or toxic elements that may 

limit their capacity to scale to the terawatt levels of electricity generation needed to impact 

global energy demand. Iron pyrite (FeS2) is a promising, earth-abundant material that has a 

suitable band gap of 0.95 eV, a large optical absorption coefficient, and adequate carrier 

diffusion lengths for use in PV. Unfortunately pyrite solar cells have suffered from low open 

circuit voltages that hinder overall device performance. Developing high quality, phase pure 

pyrite thin films may be the key to overcoming these performance drawbacks.  

A solution-based process using elemental precursors dissolved in hydrazine has been 

previously developed at IBM for fabricating solar absorbers such as copper zinc tin 

selenide/sulfide (CZTS) and copper indium gallium selenide/sulfide (CIGS). Devices using 

these films have achieved 12.6% and 15.2% efficiencies respectively. In this dissertation, a 

hydrazine-free molecular ink that uses common organic solvents to dissolve elemental iron 

and sulfur is described for making pyrite thin films. 
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 To form pyrite thin films, the molecular ink is deposited onto molybdenum-coated 

glass and then annealed at temperatures between 350-500°C in both hydrogen sulfide and 

sulfur vapor atmospheres. Phase purity is confirmed using X-ray diffraction and Raman 

spectroscopy. Film morphology is examined with scanning electron microscopy. Elemental 

composition is analyzed using secondary ion mass spectrometry and FT-IR spectroscopy. 

Optical properties are measured using an integrating sphere attachment on a UV-VIS 

spectrometer. The electrical properties of the films are characterized by temperature-

dependent resistivity and qualitative thermopower to verify the carrier type.  

The resulting films are measured to be pure phase pyrite that consist of well-

connected grains between 50-200 nm in size and are free of pinholes.  Optical and electrical 

properties agree with those commonly cited in literature. Elemental analysis reveals low 

amounts of oxygen and carbon impurities, compared to other fabrication methods of pyrite 

used in the same laboratory. The initial results of using these films in p-n heterojunctions 

will be presented along with on-going strategies being researched to overcome new 

challenges. 
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Chapter 1 Introduction 

1.1 The importance of solar energy 

 Global warming, the state of gas prices, and urban pollution are all common headlines 

in the news in today’s society. Society’s reliance on fossil fuels has fed industrial 

development up to this point, but cannot continue to sustain a growing population that relies 

heavily on transportation, home amenities and technology on a day to day basis. Over the 

past 20-30 years, renewable energy has gained attention as an attractive source of energy 

for replacing fossil fuels. It would cut down foreign oil dependence, reduce greenhouse gas 

emissions, and reduce smog in highly populated areas. Many in the renewable energy market 

refer to the “terawatt challenge” which is a global scientific and industrial effort for carbon-

free energy to produce 30 TW of power by the year 2050. 1,2    

Renewable energy technologies that are being developed and used on a small scale 

basis include hydroelectric, wind turbines, biomass, geothermal, and solar electricity. 

Hydroelectric and wind power dependent greatly on geographic location which greatly 

limits their wide-scale deployment. In fact, it is believed that it is only realistic to expect 

approximately 10 TW of power from hydroelectric, wind, biomass and geothermal sources 

combined. 1  

 Solar power on the other hand could be suitable for large-scale deployment. The sun 

provides over 105 TW of power and global power consumption is currently about 15 TW. 1 

To put that in better perspective, the amount of solar energy that hits the earth in one hour 

is how much is used globally each year. 3 If devices only 10% efficient were installed covering 

the land areas marked in the map in Figure 1.1, the entire global power consumption could 

be met annually. 4 
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Figure 1.1 Solar world map. World map showing land area required to be covered by 10% 
solar devices to provide enough yearly energy production to meet global needs. 4 
 
 
 Despite how easy it sounds to generate enough solar power for the world, there are a 

number of reasons this is currently not happening even though many solar technologies have 

exceeded 10% efficiencies. First, many of these technologies use rare and toxic elements. 

Additionally, many successful technologies require vacuum based techniques for fabrication. 

These factors make solar power too expensive for wide-scale use to compete with fossil fuels. 

In order for solar power to truly take over as our primary power source, devices need to be 

cheaply fabricated both by processing and material requirements, have long lifespans, and 

be highly efficient. 
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1.2 How photovoltaics work 

 There are a variety of methods for utilizing solar radiation for energy. The focus of 

this thesis will be on p-n heterojunction devices. In a p-n heterojunction device using a 

substrate configuration, the back metal contact is deposited on glass, followed by the p-type 

light absorbing material, then the wide band-gap n-type material, followed by a transparent 

conducting oxide and evaporated metal top contacts. Figure 1.2 shows a summary of 

requirements for each layer in constructing a p-n heterojunction device. 5  

The absorber layer is very important since this layer is responsible for ideally all of 

the solar absorption. A few considerations must be met in order to be effective. First, many 

look to Shockley-Queisser theory which predicts the device performance of a material based 

on its band gap. To do this, several assumptions are made including first that all energy equal 

to or above the band gap is absorbed and always creates one electron-hole pair. Second, is 

that all carriers are thermalized to the band edges. Third, is that at short circuit conditions, 

all electron-hole pairs are collected. Finally, the theory also assumes that the only losses are 

due to spontaneous emission of photons by radiation recombination. 5,6 When all these 

assumptions are considered, the theoretical efficiency of a device can be determined as a 

function of the band gap. Two other important parameters that contribute to the efficiency, 

including the open-circuit voltage (Voc) and the short-circuit current (Jsc), can also be 

determined theoretically based on band gap. The graphs of these theoretically performance 

parameters are also shown in Figure 1.2. 6 The relationship for device efficiency (η) is: 

η=(VocJscFF)/Pin. The fill factor (FF) is a measure of how “square” (square as opposed to 

rounded or curved) the current voltage curve is for a device. The more square the curve, the 

higher the FF, and the better the device performs. The efficiency is also related to the power 
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input (Pin), which is related to the area of the device and the solar source used, which is the 

terrestrial air mass (AM1.5G) solar spectrum for certified device efficiencies. 

 

 

Figure 1.2 p-n heterojunction requirements and limits. a) General requirements for each 
layer in a solar p-n heterojunction device taken from reference (5). The quantity “α” in the 
table represents the absorption coefficient. b) Performance of solar devices as a function of 
band-gap taken from reference (6). 

 

Besides the band gap of the absorber layer as a consideration for effective solar 

devices there are other properties of the absorber layer that are important to a device’s 

performance. The absorption coefficient (α) of the material determines how much material 

is needed to absorb solar radiation. The lower the absorption, the more material that is 

needed which drives up material costs. The impurity doping, crystallinity, and morphology 
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are all factors that can also affect the absorber’s electrical properties. Organics and other 

impurities can also act as recombination centers and hinder electronic properties. Of course, 

intentional doping can enhance electrical properties as well if the mechanisms are well-

understood. Films with larger and columnar grains are preferable since grain boundaries 

can act as defects or trap centers for electron-hole pairs. 7,8 

 

1.3 State of the art in photovoltaics 

 Even though the power grid is not powered exclusively by renewable energies such 

as solar, there are still some technologies that are starting to provide some power to the grid. 

Shown in Figure 1.3 are the 2008 market shares of some commercially used photovoltaic 

technologies. 9 Additionally in Figure 1.3 is a graph of the best reported laboratory device 

efficiencies over the last ten years that was compiled by the National Renewable Energy 

Laboratory (NREL). The graph excludes the multi-junction cells since that is not in the scope 

of this dissertation. 10 Discussed in the following sections are the benefits of the technologies, 

but more importantly, the challenges still faced with these technologies and why they are 

not being used on a larger scale. 
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Figure 1.3 Commercial and best efficiency solar devices. a) 2008 market shares of 
various photovoltaic technologies taken from reference (9) and b) best research-cell 
efficiencies of single-junction devices compiled by NREL, reference (10). 
 
 
 Silicon is currently the most widely used solar photovoltaic material. It is the second 

most earth-abundant material in the earth’s crust, it is easy to dope and manipulate to suit 

many types of devices and it is very stable. Despite silicon’s elemental abundance, it is 

actually very expensive to manufacture at the quality level required for PV devices. 
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Additionally since silicon has a low absorption coefficient, solar panels need to be hundreds 

of microns thick in order to efficiently absorb solar radiation which also drive up costs 

dramatically. 3,11,12 Amorphous silicon (a-Si:H) has also been investigated as a solar material. 

It requires hydrogen doping to passivate the dangling bonds from the misaligned atoms and 

the layers can be thinner since the absorption is better than crystalline Si (c-Si). However, 

these devices degrade easily with illumination and they cannot effectively utilize the entire 

solar spectrum so most of the time this material is used in conjunction with other materials 

in devices. 1,3,13 

 Besides Si made solar devices, thin film technologies are also used commercially. One 

of these materials is cadmium telluride (CdTe). High quality material can be obtained using 

quick deposition methods. However, this material is not as well understood yet and the 

toxicity involved with Cd makes this material not ideal.3,7 Also, there is concern over the 

availability of Te, so overall CdTe does not seem well-suited to wide-scale development. 14,15 

Another popular thin film technology is copper indium gallium diselenide (CIGS). This 

material has the advantage of being able to be fabricated by a wide-variety of methods, both 

solution based and vacuum based. However it requires high-temperature processes and 

since it is made up of 4 elements, it can be challenging to form uniform materials without any 

phase separation or impurities. 3 There is also concern over the availability of indium in large 

amounts, so scale-up may prove difficult and expensive.14,15 All high-efficiency CIGS devices 

also utilize Cd in the n-type CdS layer, which is also of concern due to the toxicity mentioned 

earlier. 

 The ideal material for large-scale PV deployment needs to be earth abundant, easy to 

process, non-toxic and highly efficient in order to replace fossil fuel energy sources. As 
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discussed, no currently used technology meets all of these requirements and therefore is 

unlikely to be capable of providing large-scale, carbon-free energy. 

 

1.4 Iron pyrite for photovoltaics 

Even though fool’s gold turned out to be a bust for miners looking for real gold during 

the 1850s gold rush, fool’s gold, which is actually iron pyrite (FeS2) could be a “gold-mine” 

for solar photovoltaics. Iron pyrite (referred to as pyrite from now on) is a cheap, earth-

abundant material.11,16 It is commonly disposed of as mining waste in the United States.  A 

survey of 23 photovoltaic candidate materials evaluated their material extraction costs 

versus their electricity output potential based on use in a single junction device using the 

theoretical maximums predicted by the Shockley-Queisser limits. The results shown in 

Figure 1.4 indicate that pyrite is one of the most promising solar absorbing materials based 

on cost and theoretical performance.17 
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Figure 1.4 Costs versus performance of candidate PV materials. Material extraction cost 
index as a function of annual electricity potential for several candidate photovoltaic 
materials taken from reference (17). 
 
 

For photovoltaic applications, pyrite has a suitable indirect bandgap of 0.95 eV which 

gives it a theoretical maximum efficiency above 20%, according to the Shockley-Queisser 

limit shown in Figure 1.5.5,18,19 Pyrite also has a high absorption coefficient of >105 cm-1 for 

wavelengths above 1.3 eV.20–25 If it is assumed that there is no light scattering, a pyrite layer 

would only have to be about 37 nm thick to absorb 90% of incident light.18 Studies have also 

shown that pyrite has adequate hole carrier diffusion lengths of 100-1000 nm.26,27 Pyrite has 

been reported to be a p-type material in most thin film28–32 applications and n-type for single 
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crystals18,33. The reasoning for the difference in carrier type can be due impurity dopants 

that are introduced by the processing method or stoichiometry related doping (vacancies).20 

It has also been shown that pyrite contains an inversion layer with the surface being p-type 

and the bulk being n-type, so since the surface dominates more in thin films, thin films tend 

to show p-type conductivity.33 

 

 

Figure 1.5 Shockley-Queisser limit and reported efficiencies of PV materials. Plot of the 
Shockley-Queisser limit for semiconductor materials and the best reported efficiencies in 
comparison for various materials, including FeS2 pyrite taken from reference (5). 

 

Pyrite is a cubic crystal described as having a NaCl like crystal structure where iron 

atoms occupy the sodium sites and sulfur dimers occupy the chlorine sites. 20 There are a 

number of various other iron-sulfur crystalline phases. Marcasite is also FeS2 but has an 

orthorhombic crystal structure. It is thermodynamically a metastable state, but kinetic 

factors make it a common impurity in pyrite.34,35 Another common impurity is monoclinic 
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pyrrhotite, Fe1-xS (0<x<0.2), since pyrite readily decomposes to this phase at 743°C rather 

than melting.36 Pyrrhotite is metallic which makes it detrimental to electrical properties. 

Troilite is the iron monosulfide FeS that has a hexagonal crystal structure with a band gap of 

only 0.04 eV.37 Besides iron oxide contamination, these are the main impurities of concern 

when fabricating pyrite for solar photovoltaics.  

Pyrite was heavily investigated for solar applications back in the 1980s and 1990s. 

The best performing device to date was made using a pyrite single crystal in a 

photoelectrochemical cell that achieved an efficiency of 2.8% with an open-circuit voltage 

(Voc) of 187 mV and a short-circuit current (Jsc) of 42 mA/cm2.12 Another approach used 

polycrystalline pyrite powder in screen-printed pyrite electrodes in a photoelectrochemical 

cell. With a hydrogen annealing treatment, they were able to achieve 3.3% efficiencies, 

although pyrrhotite was detected in the XRD analysis.38 Pyrite single crystals have also been 

used in Schottky devices using Pt, Au and Nb metals but poor diode behavior was attributed 

to defect levels in pyrite.39 Pyrite nanocrystals have been also used in organic-inorganic 

hybrid devices using poly(3-hexyl)thiophene (P3HT) to achieve an efficiency of 0.16% and 

0.03% in separate reports.40,41 A number of other reports have attempted to use pyrite in 

various device configurations, but with no success obtaining working devices, but often a 

photo response is observed.25,42 One important reason pyrite has historically suffered low 

device performances is due to the low Voc, which generally does not exceed about 200 mV. 

One reason for the low photovoltage could be due to phase impurities in the material, defect 

states, or trapping levels or problems with the surface.18,26 

 As briefly discussed, pyrite crystals has been fabricated by chemical vapor 

transport39,43 and flux growth.33,44 Thin films have been fabricated utilizing chemical vapor 
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deposition (CVD), 36,45–51 crushed up pyrite powder with added organic binders, 38  sulfurized 

iron  22,28,30–32,52–57 or iron oxide thin films,23 sputtering, 58–62 and evaporation. 63–65 Since one 

main focus for using pyrite in photovoltaics is the low-cost materials, low cost fabrication 

methods must also be investigated. Pyrite has been solution-processed by a variety of means 

including various shapes and sizes of nanocrystals, 25,37,40–42,66–72 spray pyrolysis, 29,73 

electrodeposition, 24,74  and sol-gel techniques. 75 The problem with many of these methods 

is that they contain many long-chain organics that may be hindering the electrical properties. 

Attempts at using inorganic ligands have been tried, but so far have not been successful at 

producing effective devices. Efforts have also been made at mixing pyrite nanocrystals with 

other materials so that way it can be used as a highly absorbing material and used in 

conjunction with a more successful electronic material to produce a better device. No major 

successes have been seen here either. 

 

1.5 The next step for pyrite and scope of the dissertation 

Many things remain uncertain about pyrite and its use in photovoltaic devices. To 

overcome pyrite’s challenges, many agree that studies need to work on improving the 

elemental and phase purity of the material. Ensuring proper stoichiometry and limiting the 

effect of other electrically active elements will help improve understanding of pyrite’s 

intrinsic properties. 12,20,26 To learn more about how pyrite fails, elementally pure and 

thoroughly characterized material needs to be made. After a full understanding of a 

synthesized film, modifications can be made to intentionally change the material and study 

the effects. 
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 The strategy employed in our group to better understand pyrite and gain insight into 

making pyrite “work” is to do thorough characterization and comparative studies of pyrite 

made by different processing means. Pyrite thin films have been made and thoroughly 

characterized by chemical vapor deposition (CVD) and a molecular ink process using 

pyridine solvent and iron acetylacetonate (Fe(acac)3) in air. 50,76 Periodically in this 

dissertation, films fabricated will be compared to the properties of the films made by the 

other two processing methods listed above. The goal of this project is to use molecular ink 

processing (described in more detail later) to fabricate pyrite thin films with less organics 

than films obtained by other fabrication processes. To do this, inks are made using elemental 

iron and sulfur dissolved in dimethyl sulfoxide and ethanolamine and all film processing is 

done air-free. The elemental purity of the process also leads to future studies in doping pyrite 

in a controlled fashion. This method of fabricating pyrite will be useful in determining if 

organic content has an effect on electrical properties or if these films will show any other 

material differences than films made by CVD or air-processed Fe(acac)3 made pyrite films.  

 First, experimental methods will be presented along with any relevant theory of the 

processing steps. Next, this thesis will present a novel way of making pyrite films using this 

molecular ink process method by using elemental iron for the first time in a solution-based 

process. A thorough discussion of the optimization of the fabrication will be presented. Next, 

an in-depth discussion of the film characterization will be presented including structural, 

crystallographic, elemental, optical, and electrical properties. These properties will be 

compared to those found in literature as well as CVD and Fe(acac)3 deposited pyrite. Next, 

initial attempts at making pyrite p-n heterojunction devices will be presented along with 
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challenges found in these attempts.  Lastly, efforts to address these challenges will be 

presented and discussed and subsequently conclusions reached will be stated. 

 

 

 

Chapter 2: Experimental Methods 

2.1 Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectroscopy was conducted on a Nicolet 6700 FTIR in transmission mode using 

films on double-side polished intrinsic Si substrates. Si substrates were cleaned by 

sonication for 60 s in acetone and isopropanol, followed by an IPA and Millipore water rinse 

and dried with a stream of air. Si substrates were then O2 plasma cleaned for 10 min at 100% 

power and then immediately brought into the glovebox for deposition. The molecular ink 

deposited film measured at room temperature was partially dried by vacuum before loading 

into the FTIR sample holder. Films for other processing steps (baking, H2S, and sulfur) 

contained 2-3 spin coated layers of ink. The solvent reference spectra (DMSO and ETA) were 

collected using an Attenuated Total Reflectance (ATR) attachment with a custom-made 

environmental chamber with flowing N2 to avoid moisture adsorption in the spectra of the 

anhydrous solvents.  

The far-IR region can be used to identify pyrite and marcasite vibrational modes. The 

lattice vibration modes for pyrite and marcasite are listed in Table 2.1. 77 Due to the lower 

crystalline symmetry of marcasite, peak shifting to lower frequencies, peak splitting and 

broadening are observed compared to the peaks of pyrite. Even though only three 

frequencies are listed for pyrite, group theory predicts there should be five IR-modes, but 
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literature reports these last couple of frequencies are close to 400 cm-1. 35,77–79 The observed 

frequencies in literature do have some variation from various reports and calculated values, 

but agree reasonably well.  

 
 
 
Table 2.1 Infrared frequencies reported for pyrite and marcasite. 77 

 υ1 (cm-1) υ2 (cm-1) υ3 (cm-1) υ4 (cm-1) υ5 (cm-1) υ6 (cm-1) 

Pyrite 300  350  400  

Marcasite 292 327 347 357 400 407 

 
 
 FT-IR is also used in this study to observe the modes from dimethyl sulfoxide and 

ethanolamine solvents used in the molecular inks. The vibrational modes in the IR are well-

known for both DMSO 80–83 and ETA. 84–88 For this study, it is helpful to know to reference 

spectra to check for solvent contamination and IR is used to examine the disappearance of 

the IR stretches as a sign that the organic solvents are removed (decomposed or volatized) 

from the films during the baking step of the processing. 

 

2.2 X-ray diffraction (XRD) 

X-ray diffraction was performed on three different instruments. For thin film analysis, 

XRD was done on either a Rigaku Ultima or Rigaku Smartlab diffractometer using 

monochromated Cu Kα radiation with an omega angle of 1 in parallel beam geometry. Full 

scans from 20-65 degrees were measured with a 0.02 degree step size at a rate of 0.1 

deg/min. Small region scans (4-5 degrees) were measured with a 0.02 degree step size at a 

slower rate of 0.02 deg/min. Most scans were done with an H5 slit size. 
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High-resolution synchrotron XRD data were collected in transmission geometry 

using a wavelength of 0.41 Å on beamline 11-BM of the Advanced Photon Source at Argonne 

National Laboratory. Seven 1 in2 films on intrinsic Si were H2S-annealed at 390°C (12 hr) 

followed by 550°C sulfur annealing (8 hr, 25 mg S). The films were then scratched off the Si 

substrate into a powder that was loaded into a 0.8 mm diameter capillary Kapton tube and 

mailed to the beamline for measurement. 

Table 2.2 shows the powder diffraction files (PDF) from the International Centre for 

Diffraction Data (ICDD) used for reference purposes. Most reference patterns used do not 

show the correct powder pattern intensity; they simply show the location of indexed peaks 

in the pattern.  

 
Table 2.2 PDFs used for referencing diffraction data. 
 

Crystal 
Structure 

Pyrite, FeS2 Marcasite, 
FeS2 

Molybdenite, 
MoS2 

Molybdenum, 
Mo 

Pyrrhotite, Fe1-xS 
(0>x>0.2) 

PDF 
Card# 

00-042-
1340 

01-075-
6904 

01-089-3040 01-071-4645 00-029-0723 

 
 

2.3 Raman spectroscopy 

Raman spectra were measured on an inVia Renishaw confocal microscope using a 50x 

objective lens and 532 nm laser wavelength at 5% power for 60-90 s.  

 The irreducible representations of pyrite’s point group, T6h, is described as: 

Гvib=Ag+Eg+3Tg+(2Au+2Eu)+6Tu. 

The IR-active modes are described by 5Tu and the silent modes are 2Au and 2Eu. The Raman 

active modes are the Ag, Eg, and 3Tg.18 The Ag describes the stretching vibration of the S2 

dumbbells in-phase with the crystal. The Eg is the librational mode where the S-S stretching 



 
 

17 
 

is perpendicular to the S-S bond axis. The Tg modes are various librational and stretching 

vibrations or combinations of the two. The calculated assignments of the vibrations are 379 

cm-1 (Ag), 343 cm-1 (Eg) and 435, 377, 350 cm-1 (Tg). 19,25,70,78,89,90 

 Raman is primarily used in this thesis to detect pyrite and the presence of marcasite, 

the orthorhombic phase of FeS2.  Group analysis predicts six Raman active modes for 

marcasite including two stretching motions from the Ag and B1g and four librational motions 

of the sulfur dumbbell units. Only five of these modes have been observed including  

386 cm-1 (Ag), 323 cm-1 (Ag), 377 cm-1 (B1g), 308 cm-1 (B2g) and 367 cm-1 (B3g). 78 The most 

dominant mode observed for the experiments shown is at 323 cm-1. 19,58   

 

2.4 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy was conducted on three different instruments 

including an FEI XL-30, FEI Quanta, and FEI Magellan 400 SEM operating at 5 kV and 50 pA. 

Cross-sectioned films were coated with ~1 nm of Au/Pd using a Polaron SC 7620 sputtering 

system prior to imaging. All images show scale-bars redrawn in Photoshop to improve 

clarity. 

 

2.5 Secondary ion mass spectrometry (SIMS) 

Secondary ion mass spectrometry (SIMS) was performed by Evans Analytical Group 

on a Cameca dynamic SIMS instrument using 14.5 keV Cs ions for anions (S, O, H, C, Si, Cl) 

and 8 keV O2 ions for cations (Na, K, Mg, Ca, Al, Cr, Mo). Atomic concentrations are accurate 

to within a factor of 5. Concentrations are not accurate within the substrates. The depth scale 
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was quantified by measuring the analysis craters with a stylus profilometer and confirmed 

by SEM imaging of the sectioned films.  

 

2.6 Optical Measurements 

UV-Vis absorption measurements were performed with a PerkinElmer Lambda 950 

spectrophotometer equipped with a 60 mm integrating sphere. Films of ∼125 nm thickness 

deposited on quartz were used for optical measurements. 

The absorption coefficient was calculated using the transmittance, reflectance and 

film thickness. The equation used was α=LN[(100-R)/T)]/d, where R and T are given as 

percentages and d is in units of cm. Tauc plots were used to extrapolate the optical band gap. 

Since pyrite has an indirect band gap, plots used the quantity of absorption coefficient 

multiplied by energy to the ½ power vs. energy. For direct band gaps, the exponent used 

would be 2 instead of ½. 

For small samples (1 cm), the integrating sphere size was too large to be fully covered. 

In this case, a custom-made sample holder was used with light optics to focus the beam to a 

smaller size. The sample holder was made of totally reflecting material that was precisely 

cut to fit the small sample properly. Comparisons were made with and without the sample 

holder to be sure no experimental errors were introduced. 

 

2.7 Electrical Measurements 

Variable-temperature resistivity measurements were acquired on an Ecopia HMS 

5000 Hall effect system using Van der Pauw geometry with ohmic contacts made by Ag paste. 

Qualitative thermopower measurements were completed by measuring the potential using 
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a multimeter across a sample straddled across two steel bars with a temperature difference 

of 280°C. The temperature difference was created by keeping one block at room temperature 

and the other block on a hot plate set to 300°C. In pyrite literature, the resistivity of thin films 

tend to be similar despite various processing methods and elemental purities. 36 The 

resistivities at room temperature range from about 0.1-8 Ω-cm. 21,22,29,30,44,46,53,63  

 

 

2.8 Materials 

Dimethyl sulfoxide (anhydrous, >99.9%), ethanolamine (>99.5%), potassium 

polysulfide (>42% K2S) and sodium sulfide nonahydrate (>99.99%) were purchased from 

Sigma-Aldrich, sulfur (99.9995%) and iron (99.998%) powders from Alfa Aesar, and H2S gas 

(99.3%) from Airgas. Acetone (Aldrich), isopropanol (BDH Chemicals, 99.5%), NOCHROMIX 

(Godax Laboratories), and sulfuric acid (Macron Fine Chemicals) were used for cleaning 

glass substrates. Most chemicals were used as received. To remove surface oxides and water, 

iron powder was purified by annealing at 300°C for 16 hours in flowing forming gas. The 

sulfur powder was degassed under vacuum at 140°C for 4 hr to remove any moisture. The 

sodium sulfide was degassed and dehydrated under vacuum at 300°C for 4 hours. All 

precursors used in the molecular ink were stored in an N2-filled glovebox. 

 

2.9 Film deposition equipment and materials 

 For soda-lime glass (SL-glass) substrates, 1x3’’ microscope slides purchased from 

VWR were used. Slides were diced to either 1x1’’ or 1x1 cm size. Glass pieces were then 

soaked overnight in a No-Chromix solution. Slides were then rinsed and wiped clean with 
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absorbent wipes, followed by sonication in an isopropanol (IPA) and acetone mixture for 60 

s. Slides were then rinsed with IPA and Millipore water, followed by drying with filtered, 

compressed air. 

 Molybdenum (Mo) coated SL-glass substrates were purchased from LG Corporation. 

Mo layers were 500 nm thick on 3 mm glass substrates. For sputtered Mo-coated SL-glass 

used after gaining access to a sputtering system, pre-cleaned soda-lime glass was purchased 

and pre-diced from the supplier (Thin Film Devices). It was found that clean substrates were 

important for sputtering pinhole-free Mo layers. Using an AJA Sputtering system, another 

graduate student (Moritz Limpinsel) sputtered 700 nm thick Mo layers. Substrates were 

loaded into the sputter deposition chamber and evacuated to 1x10-7 Torr base pressure. 

They were then etched for 5 min in a plasma of 20 mTorr Ar and 20 mTorr O2, immediately 

followed by deposition using a 99.95% Mo target, powered by 180 W DC at a pressure of 2 

mTorr Ar. Substrates were kept at 100C during plasma etching and deposition. Final films 

were 700 nm thick and SEM images are shown in Figure 2.1. Mo-coated glass substrates were 

kept in a N2 glovebox until use. Substrates were then O2 plasma treated for 10 min at 100% 

power (Zepto model) prior to deposition in order to improve wettability of the ink to the 

substrate and to minimize deposition defects from the substrate surface. Following plasma 

treatment, substrates were immediately brought into the glovebox for ink deposition. 
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Figure 2.1. Mo-coated glass used for pyrite deposition. SEM a) planar and b) cross-
sectional images of sputtered Mo used for pyrite deposition and device work. 
 
 All ink processing and deposition was performed in a N2-filled glovebox. Precursors 

were weighed out to 0.001 g precision. Precursors were stored in a separate, “dry” glovebox 

that was free of solvent processing (same one used for sputtering). Solvents were measured 

out using sterile, disposable, polypropylene syringes with 18 G needles. A 1 mL syringe was 

used to measure out ethanolamine (ETA) and a 5 mL syringe was used to measure out 

dimethyl sulfoxide (DMSO). Stock solvent bottles were stored with the Sure Seal left intact 

to prevent atmospheric contamination. 20 mL quantities were extracted from the bottles and 

placed in separate vials for ink measurement and use. 20 mL soda-lime glass vials (Acme 

vials) were used as received. 1x3 mm Teflon-coated stir bars were used to stir the inks. They 

were cleaned in nitric acid and water before use. Vials were capped and placed on a stir plate 

set to a speed where a small vortex was observed in the solution. Vials were held in place by 

placing inside of glass candle holders to avoid moving off the stir plate over the night. Vials 

were stirred at room temperature.  

Before deposition, the ink was centrifuged (4400 rpm, 1.5 min) in 50 mL 

polypropylene centrifuge tubes (Corning Inc) to remove any agglomerates. Inks were 

deposited on prepared substrates using a 1 mL polyethylene Pasteur pipette. Substrates 
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were N2-dried immediately prior to deposition to minimize particles on the surface. The 

substrates were spincoated (1500-2000 rpm, 20s) and placed on a glass slide on top of a 

heated hotplate for a predetermined amount of time, after which the films were moved to 

the edge of the hotplate and allowed to cool down to room temperature once the hotplate 

was turned off. A glass slide was used to protect the hotplate from becoming contaminated 

with the molecular inks. Once completely cooled to room temperature, additional cycles of 

spincoating and baking were performed to achieve the desired thickness (300 nm for 

optimized films).  

 

2.10 Annealing equipment and setups 

 

Figure 2.2 Decomposition of pyrite and Fe-S phase diagram. a) Thermogravimetric 
analysis (TGA) of a pyrite natural crystal (blue), flux grown pyrite crystal (red), and a 
chemical vapor transport grown crystal (green). Pyrite decomposes around 500 °C rapidly 
to iron deficient pyrrhotite phases in the absence of a sulfur-rich environment. b) Fe-S phase 
diagram showing that sulfur-rich conditions are necessary at elevated tempeartures to form 
stoichiometric FeS2.91  
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Films could be not converted to pyrite by simple “hot plate” annealing since sulfur is 

too volatile to get the proper stoichiometry in a nitrogen environment. Figure 2.2 shows 

thermal decomposition of several samples of pyrite crystals in an inert environment. Around 

500°C, significant mass loss is attributed to sulfur loss resulting in the formation of 

pyrrhotite. Further temperature increases (above 600°C) leads to the formation of troilite 

(FeS). This behavior has also been studied in literature.92,93 Films needed to be annealed in a 

sulfur-rich environment in order to get stoichiometric FeS2, as shown in the phase diagram 

in Figure 2.2.18,91  

Two different methods of sulfur annealing were explored to convert the iron-sulfide 

baked films to pure phase pyrite. The first was using an H2S atmosphere. A rapid thermal 

processing (RTP) tube furnace purchased from MTI is equipped with three mass flow 

controllers (MFC) that can deliver argon, hydrogen, and hydrogen sulfide gases. To remove 

most H2S gas before it reaches the exhaust, the gas is diluted and mixed with flowing nitrogen 

gas before flowing through a carbon scrubbing media that is replaced as needed. To run the 

system, samples are placed face-up in a quartz plate sample holder which is mounted to the 

flange door of the furnace. Once the door is closed, the furnace is pumped down to at least 

30 mTorr before refilling to 10 Torr with Ar. Once pumped down to below 20 mTorr again, 

the system is filled to atmosphere with Ar (23.4 Torr on the convection gauge used). Once 

atmosphere is reached, the exhaust is opened to allow gas to continuously flow through the 

system. A pressure-relief valve is mounted on the line inside the exhaust cabinet as a safety 

measure to prevent over-pressurization. Next, the Ar MFC is closed and the H2S MFC is set to 

maximum flow (500 sccm). The H2S gas flows at this rate for at least 30 min to allow the gas 

to displace the Ar atmosphere. The flow rate is then reduced to 20 sccm and the temperature 
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program is started. Once the program finishes, the furnace is allowed to cool down to about 

60°C before turning off the H2S flow and setting the Ar flow to 500 sccm to purge out the 

furnace. The purging is performed for at least 2 hours before the furnace is slowly opened to 

remove the samples. When the furnace is not in use, it is kept under vacuum to minimize 

water contamination.  

It is important to point out the safety measures in place when using the H2S gas. H2S 

is a toxic and lethal gas (LC50 of 800 ppm in 5 min) and so special measures must be in place 

to prevent leaks and exposure. The entire furnace is stored inside a ventilated cabinet. 

Special AFLAS o-rings are used in the furnace that are suitable for use with H2S gas. Chilled 

water (14°C) is circulated at the flanges to prevent o-ring damage from heating. All gas tubing 

is double-walled stainless steel. The main gas cylinder is stored in a ventilated cabinet with 

a small access flap. The laboratory is equipped with a H2S gas monitoring system. Five 

separate sensors are placed around the laboratory that can detect 1 ppm of H2S gas. These 

sensors are calibrated every 3-4 months to ensure proper operation. Audible alarms are 

sounded if the concentration reaches 10 ppm. The main display also lights up and displays 

the detected concentration. This display is visible outside of the lab using a security camera 

system.  Any time the building exhaust shuts down, electricity goes out, or an alarm sounds, 

the delivery system is equipped with an automatic shut-off valve to the main cylinder. An 

easy-access shut-off switch is also located by each exit door to the lab. One sensor is located 

directly in the cabinet enclosure by the furnace and is capable of being moved to “sniff” for 

H2S any time the furnace is opened or the exhaust cabinet is opened. Any additional safety 

and use information can be found in our laboratory standard operating procedure (SOP) 
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document. Figure 2.3 shows the furnace setup with the safety gas monitor control and gas 

sensors. 

 

 

Figure 2.3 H2S delivery and safety system. A) H2S furnace setup with 1) tube furnace, 2) 
exhaust cabinet with H2 and H2S gas cylinders, 3) H2S safety gas monitor control, 4) vacuum 
pump, 5) exhaust lines. B) 3 mass flow controllers for 1) H2, 2) H2S and 3) Ar gases along 
with an Ar gas bypass valve (4) and convection pressure gauge (5). C) A close-up of H2S 
sensors located around the laboratory and next to the furnace to detect ppm levels of H2S. 
D) H2S gas wall mount control box 
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 H2S gas has been used to a small degree to form pyrite in high temperature annealing. 

One report annealed electrodeposited iron thin films (30 nm) in an H2S furnace and found 

that at least 3 h was needed and temperatures between 300-500°C were necessary. Below 

3h and 300°C, films would still be sulfur deficient (not enough time or energy to sulfurize the 

elemental iron). Above 500°C, the films would show pyrrhotite since pyrite would begin to 

decompose. They found annealing at 400°C for at least 6 hr to be optimal from a 

crystallographic stand point. Larger grain sizes were observed for higher temperatures.60 

Pyrite thin films deposited by the Fe(acac)3 inks were also annealed in H2S at temperatures 

close to 400°C.76 Other reports have used H2S to reactively sputter pyrite thin films8 or used 

H2S in a plasma94 form to anneal iron oxides to pyrite.  

The second method of sulfur atmosphere annealing is by direct vaporization of 

elemental sulfur. 4 foot long quartz tubing is cut in half and then to melt the tubing, a 

hydrogen-oxygen flame is used with proper eye wear to avoid damage from the brightness 

of the melting. The 2’ quartz piece is melted and separated in the middle to form 2 separate 

1’ long pieces that are only open on one end. The desired amount of sulfur powder is added 

along with substrates. Substrates must be smaller than 14 mm on a side to fit inside of the 

tube. The tube is then melted down to a 1-2 mm diameter capillary in the middle. The tube 

is then pumped on and purged with Ar a total of 3 times. Each time a vacuum of at least 30 

mTorr is reached. Then the tube is pumped down to below 30 mTorr at which the capillary 

is melted to enclose the 6‘’ piece of quartz tubing that contains the sulfur and samples. The 

final ampule is shown in Figure 2.4. These ampules are then placed in 9x6x9‘’ box furnaces 

with the capillary end facing the door. When the furnace cools down there is a temperature 

gradient with the cooler temperature being at the door. This allows the sulfur to condense 
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in the capillary and away from the sample surface, as shown in Figure 2.4. Tubes are opened 

by precutting the middle with a diamond saw. Then the tube can be opened by applying a 

torque pressure at the cut to snap it open. As long as the break is clean, there are no quartz 

particles that shatter onto the sample surface. The films are then cleaned with compressed 

air and stored in the N2-glovebox until used for characterization or tests. 

 For optimized annealing conditions (discussed in subsequent sections), 25 mg of 

sulfur powder is added to the quartz ampule. To determine the partial pressure of sulfur in 

the ampule, first the volume of the tube must be considered which is generally close to 0.023 

L (~15 cm*(0.7 cm)2*π). Using the mass of sulfur, the graph in Figure 2.4 is used to 

determine the amount of each species present at the annealing temperature, rather than 

assuming all species are S2 gas.95 Using this method, the calculated partial pressure of sulfur 

at 500°C for 25 mg used would be 0.34 atm. In comparison, by assuming all sulfur vaporizes 

as S2 gas, the pressure of sulfur would be calculated to be 1.08 atm, which overestimates that 

actual pressure. 
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Figure 2.4 Sulfur annealing. a) A quartz ampule after sulfur annealing. Sample is located at 
the flat end of the tube which is loaded towards the back of the box furnace. As the box 
furnace cools down, the smaller, tipped end is cooler since it is located closer to the furnace 
door. This causes the vaporized sulfur to condense away from the sample. b) A graph from 
reference (95) showing the mole fraction of different sulfur allotropes present in a saturated 
vapor vs. temperature. The numerical values presented by the different traces represent 
which sulfur allotrope is being presented as a function of temperature and mole fraction (i.e. 
2 = S2).Using this graph, the sulfur partial pressure is determined for annealing.  
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Chapter 3 Molecular inks used to fabricate pyrite thin films 

3.1 Introduction to molecular ink processing 

Being able to solution process solar materials is ideal due to its use of simpler, 

cheaper equipment and the ability to print or spray large wafers for large-scale operations. 

Unfortunately, solution-processed materials typically do not perform as well as vacuum 

deposited materials. In the last 5 years or so however a solution processing method referred 

to as “molecular ink processing” has been successful at producing solar materials performing 

at competitive efficiencies to their vacuum based counterparts. This method was first 

brought to light by a group at IBM who dissolved metal chalcogenides in hydrazine solvent 

in inert atmospheres and spincoating the resulting ink onto desired substrates. Using excess 

chalcogen (S, Se, Te) improves the solubility of the metals or metal chalcogenides used. By 

simply baking the film on a hotplate, this removes the hydrazine solvent and crystallizes the 

material. Repeating the spincoating and baking cycles a number of times results in a film of 

a desired thickness. 

This method is attractive because there is a high degree of control over the starting 

composition and purity content. Also, dopants can be easily introduced by dissolving directly 

in the ink. This method is advantageous over nanocrystal syntheses since no solution 

heating, precursor injections, nanocrystal washing, or ligand exchanges are needed. The 

molecular ink method is free of undesired organics from ligands since hydrazine 

decomposes relatively easily and elemental precursors are soluble in the solvent. 

Using hydrazine as a solvent, a number metal chalcogenide thin films have been 

successfully made using molecular inks including SnSe2-xSx, In2Se3, GeS2, GeSe2, Cu2S, Sb2Se3, 

Sb2Te3, CuInSe2,  (Cu(In1-xGax)Se2, CuInTe2, Ga2Se3, KSb5S8, and ZnTe.96,97  
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Figure 3.1 Hydrazine molecular ink summary. a) Flow chart showing the process used to 
make hydrazine inks for CIGS devices.96 SEM cross-sectional images of the b) 15.2% CIGS98 
and c) 12.6% CZTS9999 devices that utilize the hydrazine molecular ink deposition method. 
 

Cu(In,Ga)(S,Se)2 (CIGS) films made by this technique have been shown to be further 

improved by antimony (Sb) doping in the ink, which enhances grain growth.100 The best 

hydrazine molecular ink CIGS device using Sb doping to date has reached an efficiency of 

15.2%.98 Best overall CIGS devices are just above 20%, which is one reason the molecular 

ink approach has received interest. Another promising absorber layer that has shown 

success with the hydrazine molecular inks is Cu2ZnSnSxSe4-x (CZTS) based devices where this 

process has produced the world-record device for this material of 12.6%.99 A summary of 

the hydrazine ink method and results are shown in Figure 3.1. 
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The most obvious drawback to this method is the use of toxic and explosive 

hydrazine. Despite the advantageous of being a solution-based processed, the use of 

hydrazine drastically hinders its applications on an industrial level. Efforts have been made 

to reduce the use of hydrazine in the processing by first making a hydrazinium based 

precursor that can then be dissolved in a more friendly solvent mixture such as dimethyl 

sulfoxide and ethanolamine, but these films are not as efficient in devices and have smaller 

grain sizes.101–103 Another attempt was to make the inks with hydrazine diluted with 50% 

water that contained a proprietary additive. The ink shelf life of the ink improved, but the 

device efficiencies were only 85% of those made with pure hydrazine.104 Despite this 

improvement, it would be more ideal to avoid the use of hydrazine in the entire process.  

 Efforts to replace hydrazine in the CIGS and CZTS inks have been attempted but with 

no level of success competitive with the hydrazine solvent. Figure 3.2 shows for CIGS 

materials the increasing efficiencies over time for the hydrazine inks and for non-hydrazine 

inks.105 Similar results are observed for CZTS materials. The problems with other solvent 

attempts tend to be that in order to increase the viscosity for spincoating, binders need to be 

added to the ink which increases the carbon content. Organics and any other impurities can 

hinder the electronic properties of absorbing materials and impede grain growth. Others 

have tried to use solvents or precursors that have bulky organic chains to increase the 

viscosity, but this causes cracking when trying to thermally decompose them from the 

films.105–108 
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Figure 3.2 Best efficiencies by year of CIGS devices made with different ink 
approaches.105  
 
 
 For iron pyrite, only a few molecular ink approaches have been attempted. One was 

using pyridine as a solvent and iron acetylacetonate (Fe(acac)3) with elemental sulfur. Films 

were never tested in devices, but showed similar resistivities to those typically reported for 

pyrite thin films and contained large amounts of oxygen since the process involved baking 

the films in air.76 These films were produced in the same laboratory and will be compared to 

the molecular ink films later in this dissertation. Hydrazine based inks using elemental iron 

and sulfur were also attempted for making pyrite thin films. Characterized films showed the 

films to be pure pyrite with a dense morphology, but reproducibility problems with the inks 

have hindered their ability to be produced for devices. Further work needs to be completed 

to fully see the potential for these films.109 Another report used iron acetate dissolved in 
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ethanol and used ethanolamine to increase the viscosity. The films were converted to iron 

oxide by baking in air and sulfurized at atmospheric pressure to form pyrite. Devices were 

fabricated, but no photoresponse was observed. These approaches seem to be the only ink 

approaches to fabricating pyrite thin films that do not use nanoparticles, electrodeposition 

or spray pyrolysis.107   

 To summarize, molecular inks have been widely used to fabricate a number of 

materials include CIGS, CZTS and to some degree iron pyrite. There are a number of other 

materials that have been made using inks, but not all materials were covered here. Inks are 

an attractive solution-based processing method due to the high-degree of control over 

starting composition, no required synthesis, and scalable implications for industry. 

However, it can be challenging to find the ideal ink composition. Hydrazine is very suitable 

for making high-quality, low-impurity films, but is unattractive for wide-scale use due to its 

toxicity. On the other hand, environmental friendly solvents can be difficult to solubilize 

elemental precursors and the organics and impurities can make the films not perform well 

in devices. Much works remains in perfecting the properties of films produced by this 

method and maintaining an acceptable level of safety and environmental health. 

 

3.2 Finding a proper solvent for molecular inks for pyrite 

 One goal of the molecular ink project in the beginning was to use elemental iron and 

sulfur and find a suitable solvent or solvent mixture that was of low toxicity and would 

dissolve the precursors. Amines are known to dissolve sulfur, so first a number of different 

amine solvents were tested. First, small amounts of sulfur were dissolved in ethylenediamine 

forming a dark green solution. Then small amounts of iron powder were added to see if iron 
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would dissolve. Butylamine was also tested in the same fashion, except when the sulfur 

dissolved the solution turned a deep red. Elemental iron was not soluble in either of these 

two sulfur-solvent solutions. FeI2 was also tried as an iron precursor to see if it would be 

more soluble in the mixture. A yellow vapor evolved once added and the solution turned 

brown. The viscosity of the solutions was too low for spincoating, but showed some 

improvement with prolonged stirring. 

FeI2 was also added to CS2 to see if that alone could make an ink, but the solution 

turned purple and the viscosity was not suitable for making thin films. Next FeI2 was 

dissolved in butylamine and then added to CS2. The solution turned black and viscosity 

improved with prolonged stirring. Films were spincoated from this solution onto fluorine-

doped tin oxide (FTO) substrates. Films were spotty and not well-adhered to the substrate. 

Dropcasting had more promising results with baking the films at 300°C, but the films were 

not uniform and very transparent, indicating too thin of a film. Methanol (MeOH) was also 

considered as a solvent choice where 0.25 g of FeI2 and 0.3 mL of (NH4)2S was added to 2 mL 

of MeOH to make a 5:1 S to Fe solution. The solution was very viscous, but clumpy. Lowering 

the sulfur to iron ratio also resulted in very viscous and clumpy inks. 

Dimethyl sulfoxide (DMSO) and ethanolamine (ETA) mixtures were found by the 

same authors of the hydrazine inks to have good wettability on silicon substrates. This 

mixture was also used to dissolve hydrazinium precursors in order to be more industrial 

friendly.101–103 This mixture was also fortunately found to be suitable for dissolving 

elemental iron and sulfur. Initial trials to find the proper mixture varied the ratios of the two 

solvents along with various ratios of S:Fe. Initial trials were also performed out in air, so once 

some promising mixtures were obtained, anhydrous solvents were purchased and further 
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experiments were done inside the N2-glovebox. In the beginning, some recipes either made 

the viscosity too low or created clumpy, non-uniform solutions. A summary of the ink 

optimization trials is shown in Table 3.1. Based on repeating the promising trials inside of 

the glovebox, the mixture chosen and used for the remainder of the study was a 6.5:1 ratio 

of DMSO:ETA using 1 M sulfur and 0.33 M Fe. 

 
Table 3.1 Various ink mixtures tested using DMSO, ETA, elemental iron, and elemental 
sulfur. Ratios of solvents are given as volume ratios. Concentration is calculated based on 
total volume for the trial. Ratios of sulfur to iron are given as molar ratios. Rows that are 
highlighted were the most promising trials. For all trials, the sulfur is added first and stirred 
overnight (~ 12 hr), followed by addition of iron and overnight stirring. All trials done are at 
room temperature outside of the glove box. 
 

Ratio DMSO:ETA, 
total volume 

[S] 
(M) 

[Fe] 
(M) 

Ratio 
S:Fe 

0:1, 1 mL 0.3 0.1 3:1 
1:0, 1 mL 0.3 0 3:0 
1:1, 1 mL 0.3 0.1 3:1 
1:1, 2 mL 1 0.33 3:1 
1:3, 1 mL 0.3 0.1 3:1 
3:1, 1 mL 0.3 0.1 3:1 
3:1, 2 mL 1 0.33 3:1 
7:1, 2 mL 0.95 0.32 3:1 
7:1, 2 mL 0.95 0.1898 5:1 
7:1, 2 mL 2.575 0.8585 3:1 
7:1, 2 mL 2.575 1.29 2:1 
5:1, 2 mL 1.4 0.695 2:1 
5:1, 2 mL 1.4 0.463 3:1 
5:1, 2 mL 1 0.33 3:1 
5:1, 2 mL 1 0.5 2:1 
6:1, 2 mL 1.44 0.720 2:1 
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3.3 Properties of the iron-sulfide inks 

 As mentioned previously, DMSO and ETA have good wettability to substrates which 

is ideal for spincoating. Additionally, each solvent plays a role in the ink mixture. Sulfur is 

soluble in ETA, but not in DMSO. When sulfur dissolves in ETA, polysulfide amines form 

which have a deep red color and affect the viscosity of the solution. DMSO dissolves the 

polysulfide amines which in turn allows more sulfur to become soluble in the ETA.110,111  

As the ink stirs, the sulfide chains can vary in length. This variable is important when 

adding the elemental iron. If the iron is added too early to the ink, the ink can become too 

viscous to use and can contain large agglomerates that cause macroscopic defects on 

spincoated films. If iron is added too late, the iron will not fully dissolve in the ink and the 

ink will have a very low viscosity. The iron most likely complexes with the polysulfides. 

These complexes can vary based on the sulfur chain lengths at the time of iron addition. The 

appropriate time for adding iron varies from 3-8 hr after sulfur addition due to the sensitivity 

the viscosity has to this step. The size of the sulfur powder particles can vary and can change 

the dissolution rate of sulfur, also affecting when iron should be added. 

Throughout the study, a number of other factors seemed to have an impact on the 

final ink viscosity. By minimizing these factors, the inks became more reproducible. The 

precursor purity seems to play a role. Utilizing the same precursor from the same vendor 

helps along with how the precursors are stored. Precursors were stored in a dry glovebox 

(no chemical use) to minimize any solvent adsorption or contamination. The Sure Seals on 

the anhydrous solvents were kept intact to minimize any water or solvent contamination. 

Inks needed to be stirred at room temperature. Any fluctuation in temperature (>30°C) 

would result in low viscosity inks. Even with these factors in mind, the timing for iron 
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addition was fine-tuned periodically in the time range specified to optimize the solubility of 

the precursors and viscosity of the resulting ink. 

Once the iron is added, the inks consistently take 20-24 hr before they are ready for 

spincoating. Generally inks are used within 24 hr for the best quality films. After several days, 

inks become less viscous and begin to crash out agglomerates which makes them unsuitable 

for deposition. The ink was scaled up to a final volume of 5 mL, up from 2 mL in the initial 

tests. However, it was found the further volume increases could not yield a viscous and 

uniform ink. The interaction of the species in the ink must change with increasing volumes 

due to the difference with stirring. A 5 mL ink was found to be sufficient to coat either four 

1x1’’ substrates or equivalently sixteen 1x1 cm substrates with 3 layers each. 

 

3.4 Baking of the molecular ink deposited films 

 Immediately after spincoating, films are baked on a hotplate to remove DMSO and 

ETA solvents. Initially, films were baked at 200°C, since this temperature is above the boiling 

point of both solvents. Using Fourier-transform infrared spectroscopy (FTIR), it was shown 

however that higher temperatures were needed to remove all the solvent. It was found that 

at least 260°C was necessary to observe a flatline in the FTIR data in both the far and mid-IR 

regions. This flatlining suggests that the solvents are either volatilized or decomposed from 

the films. This data provided initial evidence of removing organics from the films. Optimized 

films ended up being baked at 300-320°C for 3 min, which will be discussed in later sections.  

Films cannot be simply baked at an extremely high temperature for a long period of 

time to remove organics because this would result in significant sulfur loss as well. The idea 

is to remove all of the organics while retaining most of the sulfur in the film. This is important 
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because it has been shown in literature that it can be difficult to form stoichiometric FeS2 

from an elemental iron film. Figure 3.3 shows FT-IR data for both the mid and far IR regions 

after each processing step. First, the reference spectra for the solvents are shown (DMSO and 

ETA). Next, the ink film without any heating is shown, which resembles the IR spectra of the 

DMSO and ETA superimposed, with DMSO stretches being more prominent since it 

dominates the composition of the ink. The N2-baked spectra shows the flatlining in both 

regions when films are baked at 300°C (optimized temperature). 

 
Figure 3.3 FT-IR spectroscopy of molecular ink deposited films after various 
processing steps. a) Mid and b) far-IR regions showing organic groups contained in the 
films. DMSO (purple) and ETA (gray) references were collected using an ATR attachment in 
an N2-environemental chamber to avoid water adsorption. The films were deposited on dsp 
Si with 2-3 layers of spincoating. The “ink film” (green) was only spincoated and vacuum 
dried (no heating). The N2 baked film (yellow) was baked on a hotplate at 300°C for 3 min. 
H2S films (blue) were annealed at 390°C for 12 hr and sulfur films (red) were annealed at 
550°C for 8 hr with sulfur powder. 
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An additional benefit to using FT-IR to characterize the films is that once the films are 

annealed in a sulfur-rich environment, it can also be used to supplement the phase 

characterization of the films. Figure 3.3 also shows the films after H2S annealing at 390°C 

for 12 hr. While the mid-IR region remains mostly unchanged, the far-IR region shows 

characteristic pyrite stretches with arrows indicating small peaks resulting from a marcasite 

impurity. Additional sulfur annealing eliminates these marcasite impurities and show only 

the pyrite stretches in the far-IR region. Additional phase characterization and more in-

depth discussion on annealing treatments will be discussed in subsequent sections.  

As shown in Figure 3.4, after baking, the films are gray to black in color and highly 

reflective. High-quality films are free of macroscopic spots and cracking. The baked films 

were characterized by x-ray diffraction to see if the starting films were crystalline and what 

phases they consisted of. The XRD pattern shows some peaks, which indicates some 

crystallinity, but the broadness of the peaks makes the identification of specific iron sulfide 

phases difficult.  
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Figure 3.4 Baked films on glass. a) XRD of a hotplate baked (300°C, 3 min) film on glass. 
No specific phase was identified for this pattern since the broad, low-signal peaks made 
precise identification difficult. b) Photograph of baked films on 1x1 cm glass. The lighting in 
the background shows that the films are highly-reflective and smooth. 
  

3.5 Thin films deposited on soda-lime glass substrates 

3.5.1 Introduction for the importance of the sodium in soda-lime glass 

 Soda-lime glass (SL-glass) is commonly used as a substrate for depositing the Mo back 

contact for Cu(In,Ga)Se2 (CIGS) and Cu2ZnSn(S,Se)4 (CZTS) devices. In fact, CIGS devices have 

exceeded 20% efficiencies by utilizing SL-glass substrates in the devices.112 SL-glass contains 

large amounts of sodium, which is thought to have a number of benefits in CIGS and CZTS 

films. The sodium reaches the absorber layer by diffusing out of the glass, through the Mo 

layer and into the films during high temperature annealing processes.  

 One benefit observed from sodium in some experiments is enhanced grain growth. 

To isolate the role of sodium from other possible elements in SL-glass, a number of studies 
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have used either evaporated NaF layers or NaCl solution treatments to observe grain 

growth.113–115 The trend of grain growth has been observed in both CIGS and CZTS films. 

Another benefit observed has been the reduction of the formation of secondary phases in 

CIGS materials.115 Most importantly, sodium has nearly always shown enhanced device 

performances over devices that utilize sodium barriers such as alumina or sodium free 

substrates like metal foils or quartz.115 

 The role of sodium is still not clear to many researchers. Some theories include that 

sodium passivates grain boundaries, where most sodium has been detected using techniques 

such as EDS and SIMS. Another theory is that sodium forms intermediate phases that act as 

a flux for grain growth. Despite the lack of a clear answer for how or why sodium improves 

these materials, it is hard to refute the observed benefits seen from using sodium sources 

such as SL-glass in devices.  

 Many of these effects have also been observed for pyrite in our lab.50,76 Sodium has 

been shown to help promote the conversion of marcasite to pyrite, seen by comparing films 

on quartz to SL-glass. Sodium also promotes grain growth in pyrite films. No effects have 

been observed yet on the electrical properties like the benefits seen in other materials. Due 

to the observed benefits of SL-glass in CIGS, CZTS and pyrite, it was a natural choice as a 

beginning substrate for testing. SL-glass is low-cost and useful for initial phase and 

morphology characterization. It was also ideal for optical and electrical studies as well. SL-

glass can then be used in the same manner as CIGS or CZTS devices by sputtering Mo on top 

as a metal back contact. 
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3.5.2 Characterization of films deposited on soda-lime glass 

To reiterate, films were spincoated with the optimal ink mixture including 6.5:1 

DMSO:ETA having a total volume of 5 mL with 1 M S and 0.3 M Fe. Sulfur was added first and 

iron was added after stirring for 3-8 hr. After 20-24 hr of stirring, inks were centrifuged to 

remove any agglomerates before spincoating. Spincoating was performed at 1500-2000 rpm 

for 30 s with a 2-3 s ramp. 

Films were baked at 200°C for 5 min for initial trials (before higher temperatures 

were found to be needed) and sulfur annealed with 25 mg of S at various temperatures for 6 

hr. XRD patterns were collected to first characterize phase purity. It was initially found that 

for films on soda-lime glass, 400°C for 6 hours was not sufficient for forming pure phase 

pyrite, but 450°C and above showed pure pyrite by XRD as shown in Figure 3.5. Additionally, 

there is a significant difference seen in the morphology viewed by SEM in Figure 3.5. Films 

annealed at higher temperatures exhibit larger grain sizes between 50-500 nm in size. For 

films annealed at only 400°C, the grains are not well-defined and look to be sub-10 nm in 

size. 
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Figure 3.5 Sulfur annealed films on SL-glass. The XRD patterns on the left show the phase 
characterization of films after 6 hr of sulfur annealing (25 mg S) at various temperatures. 
The patterns are indexed to the pyrite phase (Miller indices in black) and prominent 
marcasite peaks (red Miller indices). At 400°C, the XRD patterns show a small marcasite 
impurity. At 450°C, only pyrite phase is detected. At 550°C, still only pyrite phase is detected 
and the peaks become more narrow indicating larger grain sizes and better crystallinity. The 
images on the right show SEM top downs of the corresponding films at 400°C and 550°C 
sulfur annealing conditions. 

 
 
The next set of annealing experiments was to vary the amount of sulfur during 

annealing. In Figure 3.6 are planar SEM images of samples annealed at 540°C for 6 hr with 

sulfur amounts from 5 to 60 mg. It was found that too much sulfur caused grain separation 

and non-uniform grain growth. For unknown reasons, using too little sulfur also caused grain 

separation and non-uniformity in the grain size. Using between 10-25 mg (~0.14-0.36 atm) 

consistently gave the best morphology for multiple temperatures and annealing times. For 
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the remainder of the project, all sulfur annealing was completed using 25 mg of sulfur in the 

quartz ampules. 

 

 

Figure 3.6 Planar SEM images of pyrite films after annealing with varying amounts of 
sulfur vapor. All films were annealed for 6 hr at 540°C. Images are labeled in the top left 
corner with the corresponding amount of sulfur that was added to the quartz ampule.  
 
 

Although sulfur annealing provided films that were phase pure, the morphology 

needed to be better optimized. After sulfur annealing the films were dull looking and would 

not pass the “scotch tape test”, which is when scotch tape is pressed onto the film and torn 

off to see if the film remains well-adhered to the substrate. The dull-looking appearance can 

be most likely attributed to a high surface roughness, which is not ideal for fabricating solar 

devices. A rough film can make sputtering additional layers in the device difficult to form a 

continuous layer which can cause shorting problems. Also, shorting can be caused from films 

that scratch easily off from the substrate.  

In hopes of improving the morphology of the molecular ink pyrite films, a furnace 

equipped with flowing H2S gas was used to anneal films in a new type of sulfur atmosphere. 
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Initial annealing tests revealed shiny samples with very few surface defects. For the first few 

tests, annealing was done at temperatures used for sulfur annealing (between 450-550°C). 

It was found that for 1 µm thick samples, 500°C resulted in the formation of pyrrhotite. Since 

450°C showed pure pyrite for a 1 µm thick sample, this temperature was used to see if pure 

pyrite could be obtained for varying thicknesses. It was found that for thinner films, 

pyrrhotite could be more easily formed, indicated by the XRD patterns shown in Figure 3.7. 

Since this means it could be possible that for thicker layers to have small amounts of 

pyrrhotite that are not detectable by XRD, the temperatures for annealing were decreased. 

Even for 400°C some pyrrhotite could be detected for films around 100 nm thick. After 

referring to literature, these results confirm previous results of pyrrhotite formation at these 

annealing conditions. These tests revealed that thickness is important along with annealing 

temperature for forming phase pure pyrite in an H2S environment.  

The other thing of note is the difference in morphology that was observed for H2S 

annealed films as opposed to sulfur annealed films. For sulfur annealed films, grains are large 

and well-defined. For H2S annealed films as seen in Figure 3.7, grains are smaller and more 

interconnected and the films appear more dense and compact with a smoother surface than 

sulfur annealed films. For the time being, samples were being independently optimized for 

either H2S annealing or sulfur annealing. 
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Figure 3.7 H2S annealed films on SL-glass. On the left shows the XRD patterns of films 
annealed at 450°C for 1 hr. Shown are patterns from a 300 nm and 500 nm thick sample 
along with reference patterns for pyrrhotite (Fe1-xS) and pyrite. On the right are 
corresponding planar and cross-sectional images of the films.  
 

 To prevent pyrrhotite formation but minimize marcasite impurities, films were 

annealed at 390°C for 12 hr. A new problem was then observed in films deposited on SL-

glass. Figure 3.8 shows a film with wire growth protruding out of the film. Using EDS on 

these growths, it was confirmed that sodium diffusion was the cause since the growths 

contained more sodium than the surrounding film. This can be seen by examining the 

relative heights of the elements in each scan. In the scan over the wire, the heights of Na and 

Fe (for example) are roughly the same, whereas in the second scan over the film the height 

of the Na peak is lower than the Fe peak.  
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Figure 3.8 SEM and EDS spectra of H2S annealed films on SL-glass at 390°C for 12hr. 
The colored boxes on the left image correspond to the spots examined by EDS, which are 
shown in the corresponding colored boxes on the right. The cross-sectional SEM image also 
shows the wire protrusion from the film surface after annealing. 
  

Since the goal is to have smooth, uniform films the annealing conditions had to be 

altered for films on SL-glass to avoid excessive sodium diffusion that leads to the formation 

of these wires. By adjusting the time profile to a slower ramp rate and shorter dwell time at 

a lower temperature, this eliminated the wire growth problem while maximizing the amount 

of pyrite to marcasite conversion. After many attempted heating programs, no set of 

conditions were found to consistently obtain pure pyrite without inducing the wire growth 

or forming pyrrhotite. These conditions only provided the maximum amount of pyrite over 

marcasite, with no detectable sulfur-deficient phases. 

Since no H2S conditions were found to completely eliminate the marcasite impurity 

and sulfur annealing could not provide adequate morphology and film integrity, it made 

sense to try sulfur annealing after H2S annealing to see if the combination would have any 

better results. Using the H2S conditions found to avoid wire formation, but maximize pyrite 
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content (30s to 150°C, 6hr to 350°C and 6hr at 350°C) films were then also annealed in sulfur. 

XRD and SEM images were collected after each step to observe the changes taking place. 

Since the film is already mostly pyrite, the amount of time needed for sulfur annealing was 

found to be less. In just 2 hours at 475°C, films were pure pyrite with adequate morphology 

and phase pure pyrite. The results are shown in Figure 3.9. 

 

 
 
Figure 3.9 Optimized pyrite films on SL-glass after H2S and sulfur annealing. a) XRD 
patterns of mixed marcasite and pyrite phase films after H2S annealing at 350°C (30s to 
150°C, 6hr to 350°C, and 6hr dwell) and pure pyrite films after sulfur annealing at 475°C 
(25mg S for 2 hr). To the right are high-resolution scans in regions of the XRD pattern where 
the most dominant marcasite peak is located showing the disappearance of the marcasite 
after sulfur annealing. b) Corresponding planar and cross-sectional SEM images of films after 
H2S annealing and c) sulfur annealing. 
  

Raman spectroscopy was also used to provide further evidence of marcasite removal 

after sulfur annealing. Since Raman spectroscopy can only measure small areas at a time, 

sometimes the spectra would show pure pyrite by mistake when the sample contained 

marcasite. Mapping of a large area provided the clarity needed to see marcasite, as shown in 

Figure 3.10. After sulfur annealing, the mapping would show all black pixels indicating no 

marcasite (not shown in the figure). 
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Figure 3.10 Raman mapping of an H2S annealed film on SL-glass. a) Raman mapping of 
a 50x50 µm area of a sample deposited on soda-lime glass annealed in H2S at 350°C. The 
mapping shows the peak area of the 323 cm-1 peak, which is indicative of marcaiste. Black 
pixels indicate no peak and lighter colored pixels (yellow being the lightest) indicate larger 
peak areas. b) Raman spectra of the indicate pixles from the map. Pixel 1 is yellow and from 
the zoomed in inset, the peak at 323 cm-1 can be clearly seen. Pixel 2 is black and from the 
inset, the peak at 323 cm-1 is non-existent. The asterik is an instrumental artifact.  
 
 
3.5.3. Characterization of films deposited on Mo-coated soda-lime glass  

Next, since films on glass are only useful for electrical and optical characterization 

(which will be covered later on), optimizing films on molybdenum coated glass was begun 

since this would be the actual form used in devices. On Mo, it was found that the marcasite 

content actually increased when using the same annealing conditions. Initially, substrates 

with about 500 nm of Mo coated on soda-lime glass (SL-glass) obtained from LG Corp. were 

used. Using the same conditions used for glass, Figure 3.11 shows an enhanced marcasite 

peak in the XRD pattern. This is due to the fact that the sodium from the SL-glass has to 

diffuse through the Mo layer before reaching the pyrite. As stated previously, Na is needed 

to help promote grain growth and pyrite phase conversion from marcasite. This being said, 
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the annealing conditions could be at higher temperatures for longer since wire formation is 

less likely due to the delayed sodium diffusion through the Mo layer. 

 

 

Figure 3.11 H2S annealed film on LG Mo compared to SL-glass. XRD pattern of a small 
region showing a film deposited on LG Mo (red) and SLG (purple). The vertical line shows 
the primary marcasite peak. At the same annealing conditions in H2S, films on Mo have a 
larger marcasite peak than films on SLG.  

 

Increasing the H2S annealing temperature to 400°C allowed the marcasite content to 

be reduced to an amount more comparable to the samples on glass. After sulfur annealing at 

475°C, the films were pure pyrite. The XRD and SEM data for these films are shown in Figure 

3.12. 
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Figure 3.12 Films deposited on LG Mo. a) The top is an XRD pattern of the film after sulfur 
annealing at 475°C for 2 hr to give a pure pyrite film. The bottom is a high resolution XRD 
pattern of the film after H2S annealing at 400°C and sulfur annealing. The pattern is shown 
on a log scale to enhance the clarity of the marcasite peak before and after sulfur annealing 
(peak at 25.9 degrees). b) Planar and cross-sectional SEM of the corresponding film after H2S 
annealing. The sulfur annealed film is not shown. 
 
 
 In an effort to try and eliminate the marcasite after H2S annealing, substrate 

treatments were attempted. One idea was to pre-heat the LG Mo on a hotplate to promote 

sodium diffusion to the surface before films were deposited. With better sodium 

incorporation there might be more pyrite conversion. Additionally, substrates were pre-

treated in H2S to form an initial MoS2 layer and promote sodium diffusion to see if this would 
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improve films. None of these treatments reduced the marcasite content by any notable 

amount, and the morphology was worsened by these treatments. The sodium diffusion might 

be non-uniform which if preheated and brought to the substrate surface, will cause the 

deposition to be less uniform. 

 Next, the lab began sputtering Mo layers in-house, rather than purchasing from LG. 

Due to slight variations in the Mo morphology and sodium content in different glasses, this 

required a quick re-optimization. They were still sputtered on sodium containing glass (pre-

cleaned glass from Thin Film Devices Inc.).  

As seen in previous images, another aspect that needed improvement regarding the 

films was the porosity. All films show some level of porosity or void space which will 

undoubtedly impact the device performance. With thick enough films (beyond one layer), 

these voids are not pinholes. Initial experiments for improving the density of the films 

included adding additional sulfur to the inks since sulfur was thought to improve grain 

connectivity in the hydrazine films. The inks turned out poorly for the tests and did not result 

in good films. Solvent annealing was tried using DMSO in an enclosed jar heated to <100°C, 

but the film redissolved and no improvements were seen. Drying the spincoated films in 

vacuum was attempted, but the observed void space actually increased.  

 Ultimately, void space was reduced after further optimizing the baking conditions. 

Fast heating to a higher temperature helps improve the morphology. Beyond 300-320°C, 

cracking was observed. Trials with fast ramps followed by slow ramps to higher 

temperatures saw no further improvements. Figure 3.13 shows the SEM images of the 

baking trials for films deposited on SL-glass, and the differences in porosity were also 

observed similarly for films on sputtered Mo. 
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Figure 3.13 Baking trials for films on SL-glass. SEM planar images of molecular ink films 
deposited on soda-lime glass baked at various temperatures. “Fast” indicates the hotplate 
was set to the corresponding temperature before placing the film on the plate. “Slow” 
indicates film was placed on the hotplate at room temperature and then the plate 
temperature was set. 
 
 
 Repeated tests revealed the optimized baking conditions for films on Mo were 320°C 

for 3 minutes. Films on glass cracked more easily, so the baking conditions used were 300°C 

for 3 min. The optimized H2S annealing conditions for Mo coated SL-glass were a 30 min 

ramp to 390°C and a 12 hr dwell time. Films on Mo were sulfur annealed at 500°C for 2 hr. 

Figure 3.14 shows the SEM planar and cross-sectional images of films deposited on Mo after 

both annealing steps as well as the corresponding XRD patterns. After H2S annealing, no 

MoS2 layer is observed in the XRD pattern or SEM cross-sectional image. However, after 

sulfur annealing a MoS2 layer is clearly observed in both the SEM and XRD pattern. At the 

conditions used, enough Mo is left unsulfurized in order to suffice as a back contact for 

devices.  
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Figure 3.14 Films deposited on Mo coated SL-glass. Planar and cross-sectional SEM 
images of films deposited on Mo-coated soda-lime glass after a) H2S annealing at 390°C for 
12hr (30 min ramp) and b) sulfur annealing at 500°C for 2 hr (1 hr ramp) with 25 mg of 
sulfur. c) XRD patterns of the corresponding films after both annealing steps. After sulfur 
annealing, there is no detectable marcasite in the films however there is detectable MoS2.  
 

3.6 Films deposited on alkali-free glass 

3.6.1 Introduction to other methods of sodium/alkali incorporation 

 One problem preventing the films from being fabricated into devices was the 

robustness of the films. All films on soda-lime glass were easily scratched or sometimes 

flaked off completely after sulfur annealing. With the poor adhesion of the film, devices 

would surely short-circuit and not perform well if this problem could not be solved. The 

suspected culprit was the sodium diffusion from the SL-glass into the film (and through the 

Mo layer). Although this is not a specific problem encountered in literature, many agree that 

being able to control the amount of sodium diffusion is important. Excess sodium has been 

shown to hinder device performance in CIGS devices.116 Some reports try to control sodium 

diffusion by optimizing the Mo layer to allow diffusion in a controlled fashion.117 It can be 

challenging though to optimize the Mo layer to be a proper channel to sodium diffusion along 
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with optimizing adhesion properties between the glass and Mo and Mo with the film. The 

number of variables to optimize proves to be difficult as many have reported solely on Mo 

layer optimization.117–120 

 Some have looked into alternative ways to incorporate sodium and avoid the use of 

SL-glass. The benefits of this idea is that it is unclear if other impurities in SL-glass might 

have a negative effect on devices and other methods might prove to make sodium 

distribution more uniform and reproducible.  One idea is to sputter Mo layers using a Na-

doped Mo target.121,122 The problem here is that the diffusion of sodium still relies on the Mo 

microstructure and this can be difficult to optimize. Another method is method is to 

evaporate a layer of NaF as a sodium source.114,121,122 Using this method can also cause 

adhesion problems and could introduce unwanted fluorine into films. 

 Another interesting approach is introducing sodium during high-temperature 

annealing in the gas phase. One report sulfur annealed CZTS films with small amounts of 

NaOH, KOH or Ca(OH)2 to try and find out the individual effects of each alkali that can be 

found in SL-glass. No effect was seen from the Ca, but both Na and K treatments showed 

enhanced grain growth, similar to effects seen from SL-glass.123 This approach was inspiring 

for an alternative method of incorporating sodium into pyrite thin films to see if the 

problems of film robustness could be solved. 
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3.6.2 Films deposited on alkali free glass and sodium incorporation via gas phase 

Films were deposited on alkali-free glass (AF-glass) and the same baking and H2S 

annealing conditions were used to make the films. Films were first examined on glass 

without sputtered Mo. Since the glass used here does not contain appreciable amounts of 

sodium, annealing in only sulfur is not enough to fully convert from marcasite to pyrite 

unless high temperatures (550°C) and long times (8 hr) are used. These conditions are not 

practical for films deposited on Mo because these conditions would cause the entire Mo layer 

to sulfurize making it unusable for a device back contact. This means sodium needs to be 

incorporated in a new way. As discussed in the introduction, reports have shown that alkalis 

can be volatilized in the gas phase and incorporated into films in this way. Trials using alkali 

precursors in the quartz ampules used for sulfur annealing were attempted. NaOH and Na2S 

were attempted first using several mg of powder added to the tube along with the typical 25 

mg of sulfur power. It was found that at these amounts, there would be significant 

condensation on the films and visible phase impurities by XRD, which can be seen in Figure 

3.15. However, it was apparent that the alkali did promote pyrite conversion and grain 

growth, in comparison to films annealed at the same conditions using only sulfur. 
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Figure 3.15 Films on alkali-free glass after sulfur annealing with sodium. a) Small 
region XRD patterns of films after sulfur annealing at 500°C for 2 hr with only sulfur (yellow), 
with sulfur and 2 mg NaOH (red) and with sulfur and 2 mg Na2S (green). The marcasite peak 
is referenced with the vertical, blue bar. A dashed line provides a guide for the eye to observe 
that the other patterns do not contain marcasite, but have other phase impurities from the 
sodium precursor used. The purple pattern line shows the Na2S film after rinsing with 
millipore water. The water rinse removes the sodium containing impurity. b) SEM planar 
images of the corresponding films after annealing. A high and low magnification image is 
included for each annealing treatment. 
 
 
 Further experiments showed that by using less alkali, the condensation could be 

prevented. Also, the films needed to be somewhat close to the alkali source otherwise 

incorporation was less and marcasite could be detected. Na2S was chosen as an alkali source 

in order to avoid unintentional oxygen incorporation from NaOH. In order to measure out 

microgram quantities, the powder was dissolved in MeOH and added in precise quantities to 

the tube. The MeOH was removed by vacuum and then sulfur powder and films were added 

to the quartz tubes. Films were placed approximately 3 cm from the bottom of the tube in 

order to be close enough for sodium incorporation, but far enough away to avoid Na2S 

condensation. Figure 3.16 below shows the dependence on Na2S quantity added to the tube 

by XRD. 100 µg was chosen to ensure consistent grain growth and phase purity every time. 
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Figure 3.16 XRD of Na2S annealed films on AF-glass. XRD patterns of films on AF-glass 
after sulfur annealing with varying amounts of Na2S. The XRD patterns show only the region 
with the most prominent marcasite peak to show the effect on marcasite to pyrite conversion 
with varying amounts of Na2S added to the quartz ampule. The graph shows corresponding 
films after just H2S annealing (green) and after sulfur annealing with 0.1 µg (yellow), 1 µg 
(blue), 10 µg (red) and 100 µg (light blue) of Na2S added to the annealing tube. The marcasite 
peak is not detectable by XRD for the 10 and 100 µg annealed samples. 
 

 Using the alkali-free glass (AF-glass) and new sulfur annealing conditions, SEM and 

XRD data were collected for optimal films, shown in Figure 3.17. There are noticeable 

differences between this data on AF-glass and the data collected for films deposited on SL-

glass. First, after H2S annealing, the grain sizes are smaller since there is no sodium 

incorporation at this stage. Additionally, the XRD pattern shows a significantly higher 

marcasite impurity for the same reason. Using 100 µg of Na2S powder along with the typical 

25 mg of sulfur powder for sulfur annealing results in similar morphology to the films on SL-

glass. The sulfur annealing temperature used was 500°C for 2 hr instead of 475°C since there 

is less sodium. The XRD pattern also indicates all the marcasite is removed for this 
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conditions. The films were also more robust and passed the “scotch tape test” unlike films 

that were annealed on SL-glass.  

 

 
 
Figure 3.17 Films on AF-glass after H2S and sulfur annealing with Na2S. SEM planar and 
cross-sectional images after a) H2S annealing at 350°C (6 hr ramp, 6 hr dwell) and b) sulfur 
annealing with 100 µg Na2S at 500°C for 2 hr. c) XRD patterns of corresponding films shown.  
 

 It was also found that annealing with potassium polysulfide (K2Sx) had similar effects 

on the growth of pyrite as sodium did. A comparison can be seen in Figure 3.18 where 100 

µg of K2Sx with sulfur, 100 µg of Na2S with sulfur and a film with only sulfur were annealed 

at 500°C for 2 hr. All films were deposited on AF-glass. The two films with alkalis look very 

similar and have enhanced grain growth compared to the film with no alkalis during 

annealing. The Raman spectra also compare the corresponding films showing that without 

alkali, the films still contain marcasite but with alkalis, either Na or K, the films appear to be 

pure pyrite. The XRD pattern also shows the complete conversion of marcasite to pyrite after 

annealing with potassium. Even though potassium appears to have the same effects as 
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sodium, annealing with sodium sulfide remained the “optimal” condition for easy 

comparison, but in the future there might be a benefit for using one over the other when the 

mechanism for the benefits of using alkalis is better understood. 

 

 
 
Figure 3.18 Films on AF-glass comparing sulfur annealing of potassium, sodium and 
no alkalis. a) SEM top down images of sulfur annealed films with sulfur only or sulfur along 
with an alkali powder, either 100 µg Na2S or 100 µg K2Sx. All films were annealed at the same 
conditions (500°C, 2hr). b) Raman spectra of the corresponding films along with the spectra 
for an H2S annealed film (blue) for comparison when examining the conversion of marcasite 
to pyrite. c) XRD pattern of the corresponding H2S annealed film and after sulfur annealing 
with potassium polysulfide. 
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3.6.3 Films deposited on Mo-coated alkali free glass and sodium incorporation via gas 

phase 

 Similarly, this new method of sodium incorporation was tested on films deposited on 

Mo-coated alkali-free glass (AF-glass) and the corresponding SEM images and XRD patterns 

are shown in Figure 3.19. The marcasite peak is smaller for the Mo films as opposed to the 

films deposited directly on glass simply because the H2S annealing temperatures and times 

are longer (390°C, 12 hr). As hoped, using the new method of sodium incorporation made 

the films more robust and they no longer flaked off of the substrate after annealing. 

 

 

Figure 3.19 Optimized films deposited on Mo-coated AF-glass. SEM planar and cross-
sectional images after a) H2S annealing at 390°C (12 hr) and b) sulfur annealing with 100 µg 
Na2S at 500°C (2 hr). c) Corresponding XRD patterns of the films after both annealing 
treatments. d) Optical image of films after H2S annealing. 
 
 
 As shown before, Raman spectroscopy is also used to further verify the phase purity 

since it is more sensitive to marcasite than XRD. Figure 3.20 shows films deposited on Mo-



 
 

62 
 

coated AF-glass after H2S and sulfur annealing with Na2S (from now on this will be referred 

to simply as “sulfur annealing”). As a final check of phase purity, high resolution XRD was 

completed at the Advanced Photon Lightsource using a synchrotron x-ray source. This is a 

highly sensitive technique that would be more likely to detect small iron deficient phases, 

amorphous phases or other impurities. Films deposited on intrinsic silicon were scraped off 

into a powder and loaded into a capillary tube for measurement. Silicon was used as a 

substrate to avoid measuring any amorphous phases that could be caused from the glass 

substrate. In Figure 3.20 shows the XRD pattern obtained for this sample. The gray trace 

shows the background pattern from the Kapton capillary tube. This measurement was 

sensitive enough to detect residual elemental sulfur, which is never detected on the 

diffractometers used with Cu x-ray radiation. Residual Si can also be detected, which 

correlates to the substrate used. No other phases were detected by this method. 
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Figure 3.20 Phase characterization of pyrite films. a) Films on Mo-coated AF-glass 
measured by Raman spectroscopy both after H2S and sulfur annealing (with Na2S). The peak 
at 325 cm-1 indicates marcasite, which is no longer present after sulfur annealing. b) 
Synchrotron XRD pattern of pyrite films deposited on intrinsic silicon that were scraped off 
in a powder. Films were annealed in the same way as films on Mo except instead of using 
Na2S during sulfur annealing, films were annealed at 550°C for 8 h in sulfur only. This was to 
avoid any complications in phase identification. All peaks are indexed to pyrite. The gray 
trace is the background from the Kapton capillary tube used to hold the powder sample. 
Silicon (green) and sulfur (blue) reference lines are also shown. 
 
 

3.7 Elemental purity by SIMS 

 One primary goal of these molecular ink films that utilize elemental iron and sulfur, 

is that the bulk of the film would contain far less organic impurities than other processed 

films and might therefore have more favorable electrical properties for devices. Two films 

were analyzed for their elemental purity by secondary ion mass spectrometry, the results of 

which are shown in Figure 3.21. One film was deposited on intrinsic silicon, baked and H2S 

annealed as normal, and was sulfur annealed at harsh annealing conditions (550°C, 8 hr) to 

avoid the use of sodium for obtaining pure pyrite films. This sample was analyzed to 

determine the elemental impurities introduced solely from the ink processing and would 
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contain negligible impurities from the substrate. The other sample analyzed was a film 

deposited on Mo-coated glass and annealed in mild conditions (500°C, 3 hr) containing Na2S. 

This sample is important since it is the starting sample for device fabrication so a thorough 

understanding of the elements in the film are necessary for studying any properties from the 

devices. The results of depth profiling from the film surface down to the substrate are shown 

in Figure 3.20. Elements that were scanned for include oxygen, carbon, nitrogen and 

hydrogen. Other elements scanned for were picked due to known impurities in the glass or 

precursors including potassium, sodium, aluminum, magnesium, calcium, chromium, and 

chlorine. Other impurities were not expected and were not scanned for due to cost 

constraints. 

 First a discussion of the impurity content and possible sources will be discussed for 

each sample analyzed and then a comparison between CVD and Fe(acac)3 made pyrite films 

will be discussed. The major impurity content in the films on intrinsic Si were found to 

include hydrogen (1075 ppm), oxygen (204 ppm), carbon (155 ppm), chromium (20 ppm), 

and calcium (10 ppm). Potassium, sodium, aluminum, chlorine and magnesium were all 

detectable below 10 ppm in the film. The uncertainty of the measurements was within a 

factor of 3 for the metals and a factor of 5 for the organic substituents. The exact source of 

the hydrogen impurity is unclear. This could be a result from the baking of the films in an 

oxygen-free environment and not completely removing the hydrogen contained in the 

solvent. Some level of oxygen and carbon impurity is not surprising since the films 

periodically are exposed to ambient air during transfer between processing steps. 

Additionally, these levels may be unavoidable due to the use of organic solvents for the ink. 

Chromium is a known impurity in the iron precursor, as indicated in the certificate of 
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analysis (see Appendix A). Chlorine is surprising to detect, but was also surprisingly found 

in low levels in CVD produced films as well.50 

Now, for the films on Mo-coated AF-glass, the carbon and hydrogen content of the ink 

film on Mo is essentially unchanged from the film on Si. This means that these elements are 

introduced from the solvent and/or precursors and are not completely removed after baking 

or possibly that the annealing steps determine the carbon and hydrogen content. The oxygen 

content is higher (2440 ppm vs. 205 ppm) for films on Mo, most likely due to the Mo being 

deposited on top of a glass substrate where oxygen could leech into the films during 

processing. The high sodium content (1300 ppm) found on the films deposited on Mo is 

almost certainly from the Na2S that is used during sulfur annealing. The film analyzed by 

SIMS that was deposited on Si was only annealed in sulfur to help eliminate other variables 

in determining the purity of the films from the ink process. All other elements scanned for 

had the same content in the films on Mo as they did on Si. 
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Figure 3.21 SIMS analysis of molecular ink deposited pyrite films on Mo-coated glass 
and Si. The graphs show depth profiling of various elements searched for in the films using 
SIMS. On the left are the results from the film on Mo-coated glass and on the right are the 
results from the film coated on intrinsic Si. The SEM images in the middle are cross-sections 
of each sample with arrows pointing to which profile is represented for each sample. The 
layers are color-coded to help visualize where in sample each element is located (film bulk 
vs substrate). The Mo sample layers from top to bottom include pyrite (FeS2), MoS2, Mo, and 
glass. The Si sample is simply pyrite on top of Si. 

 

Comparing the elemental composition of the films on intrinsic Si can allow better 

comparison between different processing methods in lab including the films made by 

chemical vapor deposition (CVD) and pyridine inks with Fe(acac)3. By this comparison, films 

fabricated using the molecular inks had almost an order of magnitude less oxygen than the 

other films and 4 times less carbon than Fe(acac)3 films and almost 2 orders of magnitude 

less than CVD films.50,76 Table 3.1 summarizes the comparisons discussed between 
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molecular ink films on Mo-coated glass versus intrinsic silicon and the comparisons between 

films on intrinsic silicon for the different pyrite processing methods including molecular 

inks, Fe(acac)3 inks, and CVD films. 

 

Table 3.2 A comparison of the molecular ink films on Mo vs. Si and CVD and Fe(acac)3 
produced pyrite films on Si. All impurities are given in ppm concentrations. Reported 
values are derived from the bulk of the films when the concentrations of impurity elements 
stabilize (usually around 100 nm into the film). Values from the Fe(acac)3 and CVD films are 
from references.50,76 
 

Impurity 
(ppm) 

Ink 
Mo/AF-
glass 

Ink 
Si 

Fe(acac)3 
Mo/Si 

CVD 
Si 

oxygen 2440 204 1750 1990 

potassium 1 1 50 2 

sodium 1300 5 165 20 

carbon 205 155 900 8610 

hydrogen 1130 1075 20-100 1530 

aluminum <1 <1 165 100 

calcium 4 10 2-6 30 

 
 

3.8 Optical properties 

The optical properties of the molecular ink pyrite films were measured using a 

spectrophotometer equipped with an integrating sphere. Relatively thin films (~100 nm) 

were prepared on quartz substrates so that light could transmit through the film and allow 

for more accurate determination of the absorption coefficient. Reflectance and 

transmittance data was collected for films after only H2S annealing and then collected after 

subsequent annealing in Na2S and sulfur at 500°C for 3 hr. To check for any optical effects 

caused from the Na2S, films annealed in H2S and successively with only sulfur (no Na2S) at 

550°C for 8 hr were also measured. As previously mentioned, annealing in H2S alone results 
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in mixed phase films. The films subsequently annealed with Na2S (typical “sulfur-annealed”) 

or with just sulfur (higher temperature and longer annealing time), both result in pure phase 

pyrite films. 

The raw data (reflectance, transmittance) of a sulfur-annealed film is shown in Figure 

3.22. The calculated absorptance from this data is also shown. Figure 3.22 also shows the 

absorption coefficient of all three annealing conditions. All three films show absorption 

coefficients in the range of 105 cm-1, which is typical for pyrite. The increased absorption 

coefficient in H2S annealed films (5x105 cm-1 vs. 3x105 cm-1) may be due to more accurate 

determination of the thickness prior to sulfur annealing. After sulfurization, the grains in the 

thin films grow in size which might make the films less continuous and cause an inaccurate 

determination of the absorption coefficient. The Tauc plots in Figure 3.22 show the 

estimated optical band gaps for all three samples are in the range of 0.83-0.90 eV, which 

aligns with what has been found in previously made pyrite films. The absorption tail is also 

seen for these films, which has been seen for previous films as well. In order to better 

understand the tail, more experiments would have to be done in order to see if the tail can 

be manipulated or removed to better understand the cause.  
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Figure 3.22 Optical properties of the pyrite films. a) Reflectance, transmittance and 
absorptance data from a 100 nm pyrite sample on quartz annealed with 100 µg Na2S and 25 
mg sulfur at 500 °C for 3hr. b) Calculated absorption coefficient of pyrite samples after H2S 
annealing and subsequent annealing in either only sulfur or sulfur with sodium sulfide. c) 
Tauc plots showing the approximate direct optical band gaps (dotted lines) for all three 
samples. 
 

3.9 Electrical Properties 

The temperature dependence of the in-plane resistivity of FeS2 films on alkali-free 

glass both before and after sulfur annealing was measured. Sulfur annealing resulted in an 

increase in the film resistivity, consistent with previous results from our group.50,76 The 

resistivity of sulfur-annealed films is less than 1 Ω-cm at 300 K (room temperature) and ~8 

Ω-cm at 80 K. The inset plot of Figure 3.23 shows an Arrhenius fit of the data to find the 

activation energy and also a fit to the Werner model to find the average barrier height.124 

Without a wider temperature range, justifying one electrical fit over the other is difficult. 

Many in literature have debated on the transport mechanisms dominant in pyrite, but no 

solid agreement has been made. The Werner fit is also appropriate because it accounts for 

the curvature observed in the Arrhenius plot. It is used to model polycrystalline films. 

Qualitative thermopower measurements showed all films to be p-type. Since these results 
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mirror what many others have observed for the electrical behavior of pyrite, this data further 

confirms that electrical properties are more likely determined by some intrinsic property or 

the surface of pyrite, rather than the processing conditions and impurity load in the bulk. 

 

Figure 3.23 Temperature-dependent resistivity of pyrite films. Temperature dependent 
resistivity taken from 80-350 K on H2S annealed films (blue squares) and sulfur-annealed 
films (red circles) using Van der Pauw geometry. The inset shows the same data plotted on 
an Arrhenius plot showing the activation energy fits (linear fit) and the Werner model fit 
(average barrier height energy). 
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Chapter 4 Initial p-n heterojunction results and film 

modifications 

4.1 Device strategy introduction 

 Pyrite films were optimized for deposition on Mo-coated glass for use in solar devices. 

Mo was chosen as a back-contact due to its success as a metal contact in CIGS and CZTS 

devices. The strategy initially was to model the device construction of the devices used with 

these other solar absorbing materials. One difference was that instead of using CdS as an n-

type layer, ZnS was sputtered instead. ZnS is non-toxic and earth-abundant compared to CdS, 

which aligns better with the goals of making pyrite devices. 

 It is also important to point out that the devices were constructed by another 

graduate student, Moritz Limpinsel. Pyrite films were produced and handed over to Moritz 

where they were then sputtered with the corresponding materials and top-contact metals 

were evaporated. Next, he tested and analyzed all the devices. The same was done for devices 

using chemical vapor deposited pyrite film. All results for comparisons for devices, various 

trials attempted, and further details should be referred to in his dissertation (to be later 

published). 

 

4.2 Device initial results and challenges 

 Once films were optimized on Mo-coated alkali-free glass, they were used to begin 

testing in p-n heterojunction devices. A summary of initial results are shown in Figure 4.1. 

The best working device showed an open-circuit voltage around 600 mV and a short-circuit 

current of about 3 µA/cm2 using AMG1.5 solar radiation as a source, as shown in the figure. 
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Figure 4.1 also shows the device layout where each film produces four active areas for 

testing. The SEM images in the figure are from the best performing device. The grain sizes at 

the top of the film are large and well-packed. Most of the Mo layer appears to be sulfurized, 

but there was still about 100 nm of unsulfurized Mo left for contacting the device. 

 

 

Figure 4.1 Summary of champion device results from ink deposited pyrite films. a) 
Current-voltage curve of the device under no illumination (purple) and under the solar 
simulator which produces the AMG1.5 spectrum of light (yellow). The inset shows the area 
of interest zoomed in that is used for determining the open-circuit voltage and short-circuit 
currents. b) An illustrated representation of how the device layers are deposited along with 
a top-down image of what the device should look like. Image was produced by a fellow 
graduate student, Moritz Limpinsel. c) SEM cross-sectional image of the finished device and 
e) shows an optical image of a finished film (with four active areas). d) SEM top down and f) 
cross-sectional image of the film before any other layers are deposited.  
 
 

For some time, devices were consistently registering at 400-500 mV with currents in 

the single digit µA/cm2 range. These results were puzzling since typically in literature the 

currents are higher (mA/cm2 range) and the voltages are lower (typical max around 200 

mV). There were also a number of additional problems encountered. First problem was that 
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the diode rectification of the devices were fairly low. Also, the consistency of devices was too 

erratic to do any comparative treatments or studies to learn how to improve or change the 

devices.  

Additionally, the MoS2 layer turns out to be more problematic than predicted. MoS2 is 

a known lubricant and its soft, melding properties make contacting devices difficult without 

punching through the layers and short-circuiting the device. Unfortunately, with the 

approach used to obtain pure phase pyrite, this layer formation is unavoidable. The other 

large factor that was making reproducibility difficult was that it was discovered that 

sputtering ZnS in the same way each time is challenging. The exact same stoichiometry might 

not be achieved in every run which may greatly affect the devices.  

To address these issues a number of different strategies were developed, which will 

be discussed in subsequent sections in more detail. First, to address the soft MoS2 layer, one 

idea is to find a way to avoid the sulfurization step all together. H2S annealing does not 

produce a significant MoS2 layer, so the idea is to find a way to produce pure phase pyrite 

after this annealing step alone. Since alkalis such as sodium and potassium help promote 

grain growth and the conversion of marcasite to pyrite, if they were better incorporated in 

the inks from the start, pure phase films with ideal morphology might be achieved after H2S 

annealing. These results will be shown next. 

Additionally, since ZnS seemed to be problematic to reproduce, it seemed logical to 

try chemical bath deposition (CBD) of CdS since this technique used in CIGS and CZTS 

devices. CBD deposition can slightly differ from surface to surface, so this was optimized for 

pyrite films, which will be shown in a later section. 

 



 
 

74 
 

 

4.3 Alkali ink addition 

 Back in the introduction it was mentioned that one primary advantage to molecular 

ink processing is the ease of doping by simply adding soluble elements or precursors directly 

to the ink in precise amounts. Motivated by the undesirable formation of MoS2 during sulfur 

annealing and the benefit of eliminating unnecessary processing steps, adding alkalis 

directly to the molecular inks was investigated. The idea is that by introducing alkalis in the 

inks, the amount of alkali can be strictly controlled to avoid excessive pyrite nucleation 

causing rough films and films might be pure phase pyrite with adequate grain growth after 

H2S annealing thereby eliminating the need for an additional sulfur annealing step. 

 The idea of incorporating alkalis, specifically sodium, in the solution phase has 

recently gained interested as an alternative and possibly better method of incorporating 

sodium in CZTS materials. One important advantage of incorporating sodium in the solution-

phase is that high-temperature annealing can be possibly avoided which allows for flexible 

substrates to be better used. One report synthesized CZTS nanocrystals and injected sodium 

trifluoroacetate into the synthesis. Using these nanocrystals in devices, they compared 

sodium incorporated nanocrystals to non-sodium ones and found both the charge carrier 

concentration and minority carrier lifetimes increased for sodium films, which enhanced 

overall device performances for the sodium CZTS nanocrystals.125 Sodium has also been 

introduced in sol-gel precursor solutions and an ink approach for CZTS using NaOH or 

sodium diethyldithiocarbamate trihydrate. All the reports saw similar enhancements in 

device performance as well as enhanced grain growth.126–128 
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Initially to try and use this idea to incorporate sodium in the iron-sulfide molecular 

inks, sodium acetylacetonate was used as a possible sodium source. The addition of sodium 

acetylacetonate seemed to reduce the marcasite content in films however had a negative 

impact on the morphology by creating more void space. Perhaps the relative bulkiness of the 

Na(acac) created more void space during baking of the films. The next step was to try the 

addition of Na2S into the inks. It was found that Na2S was not very soluble in the inks and the 

texture of the powder was seen on the wet films during spincoating.  

 Finally, it was found that potassium polysulfide (KSx) was soluble in both DMSO and 

ETA. Initial results showed that adding too much KSx resulted in impurity phases detectable 

by both XRD and Raman. Additionally, a residue layer on the films was visible by SEM. By 

XRD additional x-ray peaks appear to be related to iron potassium sulfide phases, but it was 

difficult to determine the exact phases in the film. The intimate contact of potassium with 

iron in the inks seems to favor the formation of impurity phases more so than when 

annealing a mixed phase film in the presence of potassium vapor. It was finally found that by 

adding smaller amounts (1 mM), impurity phases were no longer detected and no surface 

layer was seen by SEM. Figure 4.2 shows that it appears that after H2S annealing, the 

potassium does aid in some additional grain growth as opposed to having no alkali added in 

the ink. XRD and Raman also both show reduced marcasite content. After sulfur annealing 

the KSx films, the films appear to be phase pure pyrite by XRD. However, in this small dose, 

it is not enough to completely remove the marcasite or induce grain growth to the same 

extent as sulfur annealing. These are recent developments in efforts to improve the inks. 

Other impurity elements may prove more beneficial in phase purity and grain growth. 
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Figure 4.2 Characterization of pyrite films made by 1 mM of KSx added to inks. a) SEM 
planar images comparing films made using unaltered inks vs. inks with 1 mM of KSx. Images 
also show the films after both H2S annealing and sulfur annealing (no Na2S used). b) XRD 
patterns of the 1 mM KSx films after H2S annealing and sulfur annealing. c) High-resolution 
XRD pattern showing the diference in marcasite content after H2S annealing between 1 mM 
KSx ink films and unaltered ink films. 
 
 

4.4 Chemical bath deposition of CdS 

 Chemical bath deposition (CBD) is commonly used to deposit cadmium sulfide (CdS) 

n-type layers in CIGS and CZTS devices. All record devices deposit CdS using this procedure 

as opposed to sputtering the material. It is thought that during the bath deposition, the bath 

also acts as an etchant for removing surface oxides and improving the interface between CdS 

and the absorber layer. There are many ways to deposit CdS using CBD. Variables include 

deposition temperature and time, sulfur and cadmium precursors, and pH of the bath. Using 

a recipe based on one used by NREL, CBD of CdS was optimized for pyrite thin films.129 Since 

initial device results were not exceptional, one idea was to mimic the successes of CIGS and 

CZTS structures. 

 The bath was prepared by first heating a water bath to 60°C where the beaker 

containing the CBD bath would be placed. The heated water bath allows the temperature in 

the CBD bath to be more uniform and minimize the formation of agglomerated CdS particles 



 
 

77 
 

on the surface. In the CBD beaker 68 mL of Millipore water, 12.2 mL of concentrated NH4OH, 

10.2 mL of 0.015 M CdSO4, and the films to be deposited on were added. Films were placed 

vertically in shallow, cut slits in a Teflon disk. Lastly, 8.5 mL of 0.75 M thiourea was added to 

the CBD bath and the beaker was then placed in the pre-heated water bath and the timer was 

started. A watch glass covered the beaker to minimize the evaporation of water or ammonia 

during the deposition which would cause the pH to vary over time and change the 

concentrations of the precursors. The bath would have a light, translucent yellow color after 

about 4 min.  At about 10 min, the CBD bath would reach 60°C. Over time, the chemical bath 

becomes more opaque and a darker yellow. If left over a long period of time, the solution 

eventually turns orange. Following 20-30 min of bath deposition, the samples would be 

removed and sonicated in warm Millipore water to remove unreacted bath precursors. A 

final rinse with Millipore water was then performed and the samples were dried with 

compressed air. CdS layers would be approximately 50-60 nm thick and were free of pin-

holes or cracking as shown in Figure 4.3. 

 

 

Figure 4.3 Chemical bath deposition of CdS on pyrite. a) SEM top down and b) cross-
section of chemical bath deposited CdS on chemical vapor deposited pyrite on Mo-coated 
glass. c) Low-magnification planar SEM image of the film showing no large aggregates of CdS 
as a result of the deposition process. 
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 So far no promising device results have been obtained as a result of deposited CdS 

layers using CBD. However much needs to be optimized in regards to device fabrication so 

this method might still prove to be beneficial in pyrite devices. An additional consideration 

might be given to the use of CBD deposited Zn(O,S). Since initial results did show that ZnS 

can work with pyrite films, utilizing CBD instead of sputtering might have some added 

benefits to the interface. One drawback however is that it is not possible to deposit oxygen-

free ZnS using CBD in the same way that ZnS can be sputtered.  

 

4.5 Future work 

 In order for pyrite devices to work, many parameters need to be fully understood, 

well-controlled, and optimized. First, devices need to reach a state where they are 

reproducible such that optimization of the device can be carried through. Optimization is 

nearly impossible if the devices are not reproducible since the effects of changing different 

device parameters cannot be trusted. Once devices are reproducible, each layer of the device 

will have to be optimized. Using the model from CIGS and CZTS devices is a good start, but 

the parameters may need to change to work optimally for pyrite. Once each layer is 

optimized to produce the best device, chemical or annealing treatments can be carried out 

to observe further improvements. Many other technologies use treatments to achieve their 

champion device results.  

 As mentioned in the introduction, another area of concern for pyrite is the surface. 

Performing various surface treatments to alter the electronic properties and improve the 

interface may be necessary for successful devices.20 To learn more about the surface, 

theoretical and experimental work may need to be used in unison for a full understanding. 
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Very little work has been done on this matter, which may prove to be the turning point for 

making pyrite successful. 

 Finally, the inks shown here could be further optimized. One main advantage for this 

process is the possibility of doping the ink. The alkali addition to the inks is just the beginning 

of a number of experiments that could be done. As mentioned in the introduction, antimony 

has a large effect on CIGS grain growth when added to their inks. There may very well be an 

element that would greatly benefit pyrite’s growth as well. Doping can also be used to 

improve the electrical properties also. There could also be other solvents that could be tested 

to see if the drying behavior of the films is improved to remove the voids seen in the films. 

Also, trying to eliminate both sulfur annealing steps would be beneficial for processing time. 

Certain ink modifications could help in achieving this.  

 

Conclusions 

A new molecular ink to fabricate pyrite thin films has been developed. Figure 5.1 

shows a summary of the new molecular ink process for fabricating pyrite thin films. 

Elemental iron and sulfur dissolved in a mixture of DMSO and ETA provides a simple, 

scalable, low-toxicity ink for making pyrite thin films that are phase pure by XRD and Raman 

spectroscopy. The fully annealed films consist of 50-200 nm sized grains that are 300 nm 

thick. Elemental analysis shows these films have a lower overall carbon and oxygen content 

than previously made pyrite films in this lab which will help make them more suitable for 

device studies in the future. Using Na2S during annealing has opened up the possibility of 

future film treatments via gas phase introduction. These treatments could help improve the 

electrical and structural properties of the films. Using KSx during sulfur annealing has also 
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shown the benefits of grain growth and pyrite phase conversion similar to those using Na2S. 

Optical and electrical properties of these films agree with previously published results on 

pyrite thin films. Additionally, this solution-based process also allows for the ease of 

introducing dopants in a controlled manner through direct addition to the ink. Using KSx in 

the ink is just one example of the possibilities that can be explored for enhancing and 

controlling the properties of pyrite. Future work will be aimed at studying the films in device 

stacks and ink doping to improve their electrical behavior for devices. 

 

 
 
Figure 5.1 Summary of molecular ink process for fabricating pyrite thin films. 
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