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Abstract:  

Pyrite nanocrystals are currently considered as a promising material for large scale photovol-

taic applications due to their non-toxicity and large abundance. While scalable synthetic 

routes for phase-pure and shape controlled colloidal pyrite nanocrystals have been reported, 

their use in solar cells has been hampered by the detrimental effects of their surface defects. 

Here, we report a systematic study of optical and electronic properties of pyrite nanocrystal 

thin films employing a series of different ligands varying both the anchor and bridging group. 

The effect of the ligands on the optical and electronic properties is investigated by UV-

vis/NIR absorption spectroscopy, current voltage characteristic measurements and surface 

photovoltage spectroscopy. We find that the optical absorption is mainly determined by the 

anchor group. The absorption onset in the thin films shifts up to ~100 meV to the red. This is 

attributed to changes in the dielectric environment induced by different anchors. The conduc-

tivity and photoconductivity, on the other hand, are determined by combined effects of anchor 

and bridging group, which modify the effective hopping barrier. Employing different ligands, 

the differential conductance varies over four orders of magnitude. The largest redshift and 

differential conductance are observed for ammonium sulfides and thiolated aromatic linkers. 

Pyridine and long chain amines, on the other hand, lead to smaller modifications. Our findings 

highlight the importance of surface functionalization and interparticle electronic coupling in 

the use of pyrite nanocrystals for photovoltaic devices. 
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1. Introduction 

Large scale utilization of renewable energy sources is essential to overcome the adverse ef-

fects of greenhouse gas emissions and to avoid problems associated with long term storage of 

nuclear waste and the limited supply of fossil fuels available. An essential criterion for select-

ing materials for such large scale applications is that they should be non-toxic and earth abun-

dant, i.e. cheap.[1] In the area of solar cells this has led to renewed interest in materials such as 

pyrite or copper sulfide.[2-13] While pyrite has been studied as a solar cell material extensively 

in the 1980s the more recent studies focus on colloidal nanocrystals.[14-18] Colloidal nanocrys-

tals hold the promise to combine the ease of solution processing with the advantages of inor-

ganic semiconductors such as low exciton binding energy and high charge carrier mobility. At 

the same time, if the nanocrystal dimensions are small enough (i.e. below the exciton Bohr 

radius), quantum confinement effects can be used to tune the electronic and optical properties 

of the material over a wide range.[19-21] 

Purely inorganic solar cells based on copper sulfide and silicon nanocrystals have already 

been reported.[11,22] Pyrite, on the other hand, has proven to be more challenging. There are 

only few reports of operating solar cells containing pyrite nanocrystals: hybrid system (i.e. 

combination with organic polymers) and dye sensitized solar cell with a pyrite nanocrystal 

based counter electrode.[23,24] The first challenge is the large number of crystal phases for iron 

sulfides, which makes it more difficult to prepare phase pure pyrite nanocrystals.[25] Success-

ful reports of phase pure pyrite include hydrothermal and hot injection methods as well as 

synthesis from metal organic clusters. [6-8,23,26-28] Recently, we reported a scalable hot injection 

based procedure allowing for shape control of phase pure pyrite nanocrystals.[2] The second 

challenge for preparing photovoltaic devices from pyrite nanocrystals is the role of surface 

defects in particular sulfur vacancies.[3,29] While the precise mechanism involving the surface 

defects are still under debate their negative impact is amplified in nanocrystal based devices 
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due to the large surface area of the nanocrystals. Possible effects of the sulfur vacancies being 

discussed for the poor performance of pyrite nanocrystal solar cells include Fermi level pin-

ning, and increased metal-like conductivity.[25,30] A well-established strategy to minimize ef-

fects of surface states or defects is their passivation with ligands. Therefore, the effects of in-

situ ligand exchange/removal have recently attracted interest.[31,32] With respect to solar cells, 

such ligands should allow for intimate contact of pyrite nanocrystals in the thin films to ena-

ble sufficient electronic coupling for charge transport. 

Here, we present a systematic study of the optical and electronic properties of pyrite nano-

crystal thin films employing a series of ligands with different anchoring and bridging groups. 

The optical and electronic properties of the thin films are investigated with UV-VIS/NIR 

spectroscopy, current-voltage characteristics (I-V-curves) and surface photovoltage (SPV) 

spectroscopy. We find that the chemical nature of anchor groups leads shifts in the optical 

absorption edge of up to ~100 meV. The conductivity and photoconductivity in turn is deter-

mined by combined effects of anchoring and bridging groups of the ligands. Employing dif-

ferent anchor groups and both aliphatic and aromatic bridging groups, the differential con-

ductance can be tuned over four orders of magnitude. 

2. Results and Discussion 

The main part of the paper is organized as follows. We first introduce the investigated lig-

ands and discuss the film formation and ligand exchange process. We then address the effects 

of the length of the bridging groups for amine based ligands and finally compare different 

anchor groups and their impact on the optical and electronic properties of the thin films. 

2.1. Ligand Exchange 

Figure 1 displays the ligands investigated in this study. As synthesized pyrite nanocrystals 

are functionalized with oleylamine (OLA) as ligands. The ligands can be divided into five 

groups: first, amines, with bridging groups of different length, including OLA (as prepared), 

ethylenediamine (EDA), octylamine (OA) and dodecylamine. Second, thiols with aromatic 
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and aliphatic bridges including ethanedithiol (EDT), benzenedithiol (BDT), 1,8-octanedithiol 

(ODT). Third, organic acids including acetic and decanoic acid (A- and D-acid, respectively). 

Fourth, pyridine and, fifth, ammonium sulfide. The latter, has been shown to effectively re-

moved ligands and from metal sulfides on the nanocrystal surfaces.[31] Ligand exchange was 

performed in spin coated films of ~200 nm thickness. Thicker films were prepared via itera-

tive cycles of spin coating and ligand exchange (for details see methods section). OLA was 

chosen as the initial ligand since it is known to be readily displaced by other ligands.[5,33,36] In 

addition, using the same initial ligand in all experiments assures a fair comparison between 

the different ligands. 

Figure 2 displays FT-IR and Raman spectra of as prepared films (OLA functionalization) 

and representative spectra for each anchor group after ligand exchange (i.e. amine, thiol, acid, 

pyridine and ammonium sulfide).[34] FT-IR spectroscopy is routinely used to monitor ligand 

exchange on semiconductor nanocrystals both in solution and the solid state.[9,35-37] The FT-IR 

spectra show the region of the antisymmetric (2955 and 2921 cm–1) and symmetric (2850 cm–

1) C-H stretch vibrations of the aliphatic alkyl chains.[38] OLA contains the longest alkyl 

chains while D-acid, DA, EDT, PD and (NH4)2S contain much shorter or no alkyl chains at 

all. Therefore, the reduced intensity/suppression of IR absorption in this region after the lig-

and exchange provides evidence for the successful replacement of the initial OLA ligands. 

Careful analysis of the FT-IR spectra reveals that, with the exception of D-acid, more than 

80% of the ligands have been exchanged (for details see supporting information). Ligands 

with one amine function are likely to adsorb through monodentate bonding of the amine with 

Cd2+, while thiols may form direct Cd-S bonds or adsorb in sulphur vacancies.[39] Thus, thiols 

may in fact reduce the surface defect density. Since such reduction in surface defect states 

cannot be expected for the other ligands, we expect to also observe differences in the electron-

ic and optical properties. The shorter amine based ligands are believed to replace the long 

chain OLA due to the lower entropic losses upon adsorption.[40] 
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The Raman spectra focus on the low wave number region where the characteristic Raman 

bands of pyrite are found at ~340 cm-1, 380 cm-1 and 430 cm-1.[41,42] The lack of observable 

differences between the samples before and after ligand exchange demonstrates the phase 

stability of the pyrite nanocrystal thin films during the ligand exchange. 

Figure 3 displays SEM micrographs of thin films with one cycle of spin coating before 

(Figure 3A), and after ligand exchange with DA, EDT and (NH4)2S (Figure 3B-D). Figure 3E 

and F shows a top view and cross sectional image of a thin film with 3 cycles of spin coating 

and ligand exchange with (NH4)2S. The SEM images provide additional evidence and more 

detailed insight into the successful ligand exchange process. The spin coated films of as pre-

pared pyrite nanocrystals appear smooth and crack free (Figure 3A). After the ligand ex-

change the films display holes and cracks. This is due to the shorter ligands replacing the 

comparably long OLA leading to a partial collapse of the smooth film structure. This effect 

apparently becomes stronger for shorter ligands (Figure 3B-D; a quantitative analysis of this 

effect is given in the supporting information). Additionally, in the case of linkers with two 

anchor groups cross linking of different nanocrystals increases the film collapse. Figs. 3E and 

F, on the other hand, provide evidence that smooth crack free films can be obtained by itera-

tive cycles of spin coating and ligand exchange, which fill the cracks and holes and lead to 

smooth crack free films within three cycles. 

2.2. Amine anchors with aliphatic bridging groups of different length 

We now turn to the series of amine anchor group ligands which only differ in their bridging 

unit lengths, i.e. EDA, OA, DA and OLA. The total length of these ligands (fully elongated 

alkane chains) is 0.38 nm, 0.82 nm, 1.32 nm and 2.0 nm, respectively. 

Figure 4 illustrates the optical and electronic properties of as-prepared thin films and after 

ligand exchange to EDA, OA and DA, respectively. Figure 4A displays extinction spectra of 

the films in the region of the pyrite band gap (0.95 eV). No significant differences in between 

the pristine and ligand exchanged films can be observed. Current voltage characteristics of as-
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prepared films and, as a representative example, after exchange to EDA are displayed in Fig-

ure 4B. Apparently, the EDA treatment increases the conductivity by more than two orders of 

magnitude. Figure 4C summarizes the absorption edge positions and differential conductance 

data with and without illumination for all four ligands as a function of ligand length on linear 

and semi-logarithmic scale, respectively. The differential conductance was determined numer-

ically from the I-V-curves at 0V. Clearly, the absorption edges are virtually identical, while 

the differential conductance increases exponentially with decreasing ligand length. The ratios 

of the differential conductance with and without illumination, however, are ~1.5 independent 

of the ligand. 

The two main observations are that ligand exchange of OLA with other amine anchor lig-

ands does not change the optical properties of the thin films but that shorter ligands increase 

the differential conductance exponentially. The conservation of the optical properties can be 

explained by the following: Firstly, using amine anchors in all ligands does not change the 

interaction between the anchor group and the nanocrystal surface. Secondly, since our pyrite 

nanocrystals are larger in diameter than the pyrite exciton Bohr radius of ~1.3 nm no modifi-

cation of optical properties through electronic coupling as observed in quantum dot solids is 

absent.[26,43] However, the reduced distances between the nanocrystals do modify the conduc-

tivity. 

The charge carrier transport in disordered nanocrystal solids at room temperature, inde-

pendently from the degree of quantum confinement, will be dominated by hopping of charge 

carriers between nanocrystals.[44] The hopping rate, and thus conductance, depends exponen-

tially on the distance between the hopping sites. As with shorter ligands the average distance 

between the nanocrystals decreases, the conductance will increase exponentially. It should be 

noted that the exponential dependence of differential conductance on ligand length still holds 

for EDA despite the presence of two amine groups. This suggests that for comparably weakly 

binding amine groups the effect of interparticle distance is more important than the modifica-
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tion of the surface electronic structure through the anchor group. [5,33,36]  This is also in line 

with the virtually identical spectral position of the absorption edge for the amine-based lig-

ands. 

2.3. Different anchor groups and aliphatic vs. aromatic bridging groups 

We now turn to the discussion of the remaining ligands that carry different anchor and bridg-

ing (i.e. aliphatic and aromatic) groups. Figure 5 summarizes the optical and electronic prop-

erties of thin films for all ligands by displaying the differential conductance for each film as a 

function of the observed shift in the optical absorption edge. The following observations, 

which will be discussed in detail below, can be made: first, ligands with the same anchoring 

group (i.e. thiols, amines, acids) cluster, within experimental accuracy, at the same shift of the 

optical absorption edge but show very different conductance. Second, within a group of lig-

ands the differential conductance can vary by more than an order of magnitude depending on 

the bridging unit. Third, (NH4)2S and PD show the highest and lowest differential conductivi-

ty, respectively. 

As discussed above for the case of amines, the shift of the absorption edge in absence of 

quantum confinement must solely be explained with the different nature of the anchor group. 

Different interaction/binding with the nanocrystal surface will lead to different degrees of 

interfacial charge redistribution. This changes the polarizability and dielectric environment of 

the nanocrystals which will lead to shifts in the optical absorption. The observed red shifts for 

thiols, blue shifts for pyridine and no shift for amines is in agreement with related studies of 

other (quantum confined) nanocrystals.[35, 36, 45] The differences in conductance for the differ-

ent anchor groups (thiols show larger conductance than amines, which show larger conduct-

ance than acids) may result from the same effects that cause the shifts in the absorption. By 

changing the polarizability and dielectric environment between the nanocrystals the effective 

barrier for the hopping process may be modified leading to different hopping rates for the 

different anchors. In addition thiols may be more effective in passivating the sulfur vacancies 
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on the pyrite nanocrystal surfaces reducing charge carrier trapping. Related observations have 

been made for tunneling junctions of thiol, amine and carboxylic acid terminated alkanes. The 

same trend in conductivity of these molecules was observed and attributed to different elec-

tronic coupling of the anchors to the electrode, essentially modifying the tunneling barrier via 

the contact resistance.[46] 

The variation of the differential conductance within each anchor group can be explained by 

the different bridging group. In addition to the above discussed length effect, the nature of the 

bridging unit needs to be taken into account. For instance, BDT leads to a larger conductivity 

than the alkane thiols, despite being longer than the EDT ligand for instance. This can be at-

tributed to, firstly, a different dielectric environment and increased polarizability of the space 

between the nanocrystals provided by the aromatic benzene, and, second, additional hopping 

pathways provided by the molecular frontier orbitals of the aromatic linker.  

The largest conductance is displayed by films containing (NH4)2S. This is attributed to the 

fact that ammonium sulfide provides a very short, inorganic linkage between the nanocrystals, 

which has been shown to drastically improve conductivity in PB and Cd based quantum dot 

solids.[31] PD on the other hand leads, as the only ligand, to an optical blue shift and displays 

the lowest conductivity. Following the above arguments this result indicates that the changes 

to the dielectric environment induced by PD are opposite to the other anchor group effectively 

leading to a larger hopping barrier. Additionally, PD may be less efficient in passivating sul-

fur vacancies on the nanocrystal surfaces. 

It should be noted, that washing the thin films with acetonitrile only, already leads to an in-

creased conductivity. This is due to ligand removal and thus decreased interparticle distances 

and hopping barriers. 

Lastly, we turn to the SPV measurements of pyrite nanocrystal thin films that underwent lig-

and exchange. Figure 6 displays SPV spectra (in-phase with the modulated light) of as pre-

pared thin films and of films after ligand exchange to OA, EDT and (NH4)2S, respectively. 
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The SPV signals are very weak and change sign at energies of about 1.5 eV. The appearance 

of SPV signals at photon energies below the band gap of pyrite shows the importance of de-

fect states in this material. It is speculated that the negative sign of the sub band gap photo-

voltage can be related to the modulated excitation of holes trapped at surface states. The SPV 

signals of pyrite nanocrystals are about 2-3 orders of magnitude smaller than modulated SPV 

signals of conventional semiconductors (see, for example reference 47) indicating possibly 

large activation barriers. Therefore, improving the quality of the prepared pyrite thin films 

remains a critical challenge for the fabrication of solar cells. Promisingly, an increase of the 

modulated SPV signals has been observed after treatment with (NH4)2S. Further, the SPV 

signals passed the zero signal at lower photon energies for the pyrite nanocystals post-treated 

with EDT and (NH4)2S, which gives evidence that strong absorption sets on at reduced photon 

energy, i.e. that the band gap shifted to a lower value. This is line with the above observation 

of the red shifted absorption edge for these ligands. 

3. Conclusion 

In conclusion, using a systematic approach we investigated the effects of ligand anchor and 

bridging groups on the electronic and optical properties of pyrite nanocrystal thin films. In the 

absence of quantum confinement effects, the anchor group determines the optical shifts by 

modifying the dielectric environment in between the nanocrystals. The conductivity is deter-

mined by the combined effects of the chemical nature of the ligand and bridging group modi-

fying the barrier for hopping transport. The SPV measurements show that charge separation 

occurs in pyrite nanocrystals and that the modulated SPV signals increased after surface 

treatments. However, the modulated SPV signals remained extremely small, which shows that 

improving the film quality remains a critical challenge for realizing pyrite nanocrystal-based 

solar cells. The largest red shift and highest conductivity is found for ammonium sulfide. Our 

findings highlight the importance of surface functionalization and interparticle electronic cou-

pling in the use of pyrite nanocrystals for photovoltaic devices. 
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4. Experimental Section 

Materials. FeCl2 (anhydrous, 99.99%, Sigma-Aldrich (S-A)), sulfur powder (99.998%, S-

A), oleylamine (OLA) (80–90%, Acros), anhydrous ethanol (99.5%, Merck), chloroform 

(99.9%, S-A), anhydrous acetonitrile (99.8%, S-A), methanol (99.9%, Fluka), ethylenedia-

mine (EDA) (99%, S-A), octylamine (OA) (99%, S-A), dodecylamine (DA) (99%, S-A), pyr-

idine (99.8%, S-A), 1,2-ethanedithiol (EDT) (98%, Fluka), benzene-1,4-dithiol (BDT) (99%, 

S-A), 1,8-octanedithiol (ODT) (97%, S-A), (NH4)2S (40–48 wt. % in H2O, S-A), acetic acid 

(A-acid) (99.7%, S-A), decanoic acid (D-acid) (99.5%, Fluka). All chemicals were used as 

received. ITO substrates were purchased from PGO (≤ 10 Ohms/sq.) and cleaned prior to use 

by ultrasonication in acetone (99.8%, Merck) and 2-proponal (99.7%, Merck) for 15 min 

each. 

Pyrite FeS2 nanocrystal synthesis. We used a slightly modified oleylamine-based synthesis 

that results in weakly bound ligands that are easily replaced.[2] In short, in a typical reaction, 

FeCl2 (254 mg/2 mmol) was mixed with  OLA (6 mL) in a three-neck flask and then reacted 

under a nitrogen atmosphere at 100 ºC for 1 hour to form the Fe–OLA complex. Afterwards, 

OLA solution of sulfur (6 mL) was quickly injected into the solution. The Fe/S-molar ratio 

was kept at 1/6. The resulting solution was heated to 220 ºC and kept at this temperature for 

180 min. After the solution was cooled to room temperature, chloroform (10 mL) was injected 

into the solution and ethanol (10 mL) was added to precipitate FeS2 nanocrystals. The precipi-

tate was further purified by washing with 1:1 chloroform/ethanol mixture assuring that only 

surface bound ligands remained on the nanocrystal surface.[48] Finally, FeS2 nanocrystals were 

collected. 

Film preparation and ligand exchange. The obtained stable FeS2 dispersions (30–100 mg 

mL-1) were used as colloidal ink for spin coating onto clean glass or ITO coated glass sub-

strates at 1000–2000 rpm. Film samples were immersed in 0.1 M EDA, OA, DA, pyridine, 
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EDT, BDT, ODT, (NH4)2S, A-acid, or D-acid solutions (acetonitrile or methanol as solvents), 

respectively, in a capped glass vials for 24 hours. After removing the samples from the vials, 

they were washed with acetonitrile or methanol. Again, this ensures the removal of excess 

ligands not bound to the surface of the nanocrystals. The described surface ligand exchange 

rendered the films insoluble in chloroform. To reduce the number of pinholes and cracks, 

multiple cycles of nanocrystal spin-coating and ligand exchange were employed. Ligand ex-

change in the solid state allows usage of bi-functional linkers which, in the case of ligand ex-

change in solution, would lead to destabilization of the colloidal suspensions. 

Characterization. To confirm the ligand exchange, Fourier transform infrared spectroscopy 

(FTIR, Bruker IFS 66 v/S) was performed. The crystal phase of pyrite and its stability were 

tested by a Raman microscope (Horiba, T64000) using a 514 nm laser. The optical density of 

the 500 nm thick thin films used in FTIR and Raman measurement exhibited transmissions of 

at least 10% at the experimental wavelength assuring that signal from the whole film was col-

lected. UV-vis absorption spectra of FeS2 nanocrystal films were recorded on a Cary 5000 

UV-vis-NIR spectrophotometer. The film quality was investigated with scanning electron 

microscopy (SEM, Zeiss Ultra 55 Plus). For the electrical studies, FeS2 nanocrystal films on 

ITO coated glass substrates were used. 100 nm Al electrodes were deposited onto the film 

surface. The current–voltage (I–V) characteristics of the films were measured with a Keithley 

2400 source meter at room temperature. An Oriel solar simulator was used as light source for 

measurements under standardized AM1.5 illumination. SPV measurements were carried out 

in vacuum (10−5 mbar) in the fixed capacitor arrangement with a dielectric mica spacer be-

tween the sample electrode (nanocrystal layers spin cast on ITO) and the SnO2:F electrode 

deposited on a quartz cylinder. Both electrodes were connected with a 10 GΩ resistance (RC 

time constant τRC about 100 ms). Spectral dependent SPV signals were coupled out via a 

high impedance buffer and measured with a two-phase lock-in amplifier (EG&G 5210). SPV 
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spectra were excited with light from a halogen lamp passing through a quartz prism mono-

chromator and an optical chopper (chopping frequency 8 Hz). 

Supporting Information  

Supporting Information (additional FT-IR and Raman spectra, additional analysis of FT-IR 

spectra and SEM images) is available online from the Wiley Online Library. 
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Figure captions 

 

Figure 1. Overview of ligands studied. Oleylamine (OLA), the ligand present after nanocrys-

tal synthesis and film preparation, was replaced by ethylenediamine (EDA), octylamine (OA), 

dodecylamine (DA), pyridine (PD), ethanedithiol (EDT), benzenedithiol (BDT), 1,8-

octanedithiol (ODT), ammonium sulfide ((NH4)2S), acetic acid (A-acid) or decanoic acid (D-

acid), respectively. 

Figure 2. (A) FT-IR and (B) Raman spectra of ~500 nm thick pyrite nanocrystal films with 

OLA (as prepared) and after ligand exchange with DA, D-acid, EDT, PD, and (NH4)2S, re-

spectively. Spectra are off-set vertically for clarity. 

Figure 3. SEM images of pyrite layers (one cycle of spin coating and ligand exchange) with 

(A) OLA (i.e. as-prepared); and after ligand exchange with (B) DA; (C) EDT; (D) (NH4)2S; 

and of multilayers with (E) (NH4)2S, three cycles spin coating and ligand exchange; and (F) 

cross sectional SEM of the sample in panel (E). 

Figure 4. (A) Absorption spectra of pyrite nanocrystal films with OLA (as prepared), and 

after ligand exchange to DA, OA and EDA, respectively. Spectra are off-set vertically for 

clarity. (B) I-V-curves of pyrite nanocrystal films with OLA (as-prepared; inset) and after 

ligand exchange to EDA with and without illumination (AM1.5). (C) Shifts of the optical ab-

sorption edge and differential conductance (at 0V) for pyrite nanocrystals films with OLA (as 

prepared), EDA, OA and DA, respectively. Open and closed symbols represent differential 

conductance with and without illumination, respectively. 

Figure 5. Differential conductance (at 0V) vs. shift of the optical absorption edge for pyrite 

nanocrystal films for all ligands investigated. Open and closed symbols represent differential 

conductance with and without illumination, respectively. 
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Figure 6. SPV spectra of pyrite nanocrystal thin films with OLA (as prepared) and after ex-

change with OA, EDT and (NH4)2S. 
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