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Photoactive Synthetic Polycrystalline Pyrite (FeS ) 
A.  E n n a o u i ,  S. F iech te r ,  H .  G o s l o w s k y ,  and  H.  T r i b u t s c h  

Hahn-Meitner-Institut fdr Kernforschung Berlin, Bereich Strahlenchemie, D-IO00 Berlin 39, Germany 

ABSTRACT 

Polycrystalline layers of As-doped pyrite (FeS2) have been produced in bromine atmosphere with the aim of devel- 
oping this sulfide material for solar energy applications. Its photoelectrochemical behavior in contact with an aqueous 
I8-/I2 electrolyte was investigated. It operated as a photoelectrechemical solar cell and showed reasonably stable behav- 
ior under illumination. Optical measurements  performed on FeS2 show that visible light is absorbed in an extremely 
thin layer of 160~ in spite of the apparently indirect gap of this semiconductor (Eg = 0.95 eV). This would make this pho- 
tosensitive material an interesting candidate for thin-layer solar cells. Scanning electron micrographs of the samples re- 
veal well-developed crystallites of about 5-10 ~m with distinct boundaries. Scanning laser spot analysis over macro- 
scopic areas (5 mm) showed homogeneous as well as inhomogeneous regions. The photoelectric properties of these first 
polycrystalline pyrite samples studied are poor, but there is presently no reason to assume that they cannot be 
developed. 

Single crystals of FeS2 with pyrite structure have re- 
cently been considered in publications from our labora- 
tory as a semiconducting material for photoelectrochemi- 
cal and photovoltaic solar cells (1-3). FeS2 crystals in 
contact with an iodide/iodine containing electrolyte have 
exhibited large quantum efficiency and very high stabil- 
ity against photocorrosion (3). We are still far from under- 
standing the solid-state chemistry of single-crystalline py- 
rite in all details. Nevertheless, it seems to be appropriate 
to start the development  of polycrystalline pyrite at an 
early stage, owing to its potential advantage as a cheap 
material with promising photoelectrochemical properties. 

As a material in photoelectrochemical cells, FeS2 has 
the advantage of being a d band semiconductor like MoS2 
or WS2 with photoexcited holes reacting from quasi- 
nonbinding d states constituting the upper edge of the 
valence band (3). 

Pyr i te  P r e p a r a t i o n  and  Proper t ies  
Previous studies on pyrite synthesis.--Although large 

pyrite deposits have been found in the earth (4) and natu- 
ral pyrite crystals of considerable size are well known, 
there has been no success in artificial growth of pyrite 
crystals in centimeter  dimension. Synthesis of pyrite was 
first described by W6hler (5) in the last century. Reacting 
sulfur and Fe20~ in an open system, he succeeded in the 
preparation of small brass-yellow octahedra. Bouchard (6) 
reported on the growth of pyrite crystals with 3 mm edge 
length by chemical vapor transport with chlorine. Trans- 
port from hot to cold occurred in a temperature gradient 
from 715 ~ to 655~ Our own experiments (3) show that 
transport with bromine at a gradient from 650 ~ to 550~ 
yields crystals up to 6 mm edge length, while in the pres- 
ence of iodine as transporting agent a transport rate two 
orders in magnitude smaller has been established. Wilke 
and co-workers (7) did not obtain larger crystals in 
growing pyrite from the solution with PbC12 as solvent. 

Up to now, no attempts to prepare polycrystalline lay- 
ers of photosensitive FeS2 have been reported. However, 
FeS2 formation has been observed during corrosion of car- 
bon steel in the presence of a H2S gas/water mixture in 
nuclear power reactions, and the process, which is of elec- 
trochemical nature, has been studied (8). 

Synthesis of FeS2 powder.--Stoichiometric amounts of 
high purity, H2-reduced iron powder and high purity sul- 
fur lumps were heated up to 650~ in evacuated (10 -5 
mbar) and sealed quartz ampuls of 20 mm diam and 200 
mm length. In the presence of a small amount of iodine 
(0.5 mg/cm3), the reaction was terminated within 100h. 

Preparation of polycrystalline FeS2 layers.--2g of yel- 
lowish-white shining FeS2 powder and 5 mg As as dopant 
were filled in quartz ampuls (~ ~ 22 ram, l = 300 mm) 
and evacuated to 10 -5 mbar. After admittance of 0.5 
mg/cm 3 bromine, the tubes were sealed. FeS2 powder was 
placed in one end of the ampul and, in order to clean the 

growth chamber from persisting powder particles, the 
free end was heated up to 800~ for 6h. Afterward, the 
temperature was reversed. The FeS2 powder was heated 
to 800~ and the powder-free end was kept at 550~ (Fig. 
1, stage I) for 10 days. On account of the high dissociation 
pressure of FeS2 at 800~ [p = 1 atm (16)], a thermal de- 
composition of FeS2 according to the simplified equation 

FeS2(s) -~ FeS(s) + 1/2 S2(g) [1] 

was observed. Sulfur distilled into the cool end of the 
quartz ampul. The decomposition was accompanied with 
a strong coalescence (Ostwald ripening) of the produced 
FeS to large hexagonal phyrrhotite crystals (Fig. 1, stage 
II) up to 10 mm edge length and 2 mm thickness. By re- 
versing the temperature gradient for 10 days, realized by 
the opposite posi t ion of the growth ampul in the furnace 
(Fig. 1, stage III), the pyrrhotite crystals were transformed 
into pyrite under  preservation of their hexagonal shape 
(pseudomorphism). Investigations of the hexagonal sur- 
faces with scanning electron microscopy revealed that the 
pseudomorphous crystals consisted of small pyrite crys- 
tals (5-10 ~m edge length) that were grown together 
forming a reasonably homogeneous surface (Fig. 2). In 
some areas, larger pyrite crystals (0.5 mm edge length) ap- 
peared on the polycrystalline substrate. 

Polycrystalline layers were also prepared by transport 
in a gradient from 650 ~ to 600~ in evacuated and closed 
quartz ampuls (l = 110, ~ = 22 ram). The concentration of 
transporting agent NH,4Br amounted to 0.5 mg/cm 3. 0.35 
mg As was added to 1.15g FeS2 feed material. The inter- 
grown pyrite crystals of the layer had dimensions of 
10-100 ~m, 

S o l i d - S t a t e  S tud ies  
Concerning the band structure of pyrite FeS2 (9), two 

details are particularly interesting because they permit a 
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Fig. 1. Position of growth tubes in the temperature gradient of the 
furnace and growth region of polycrystalline layers. 
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Fig. 2. Scanning electron micrographs of polycrystalline FeS~. a(left): Front view of polycrystalline platelet, b(right): Edge side of platelet 

b e t t e r  i n t e r p r e t a t i o n  of t he  electric,  magne t i c ,  a n d  opt ica l  
p roper t i es .  

First ,  t h e  c lear  s e p a r a t i o n  of  a t2g a n d  a eg e n e r g y  b a n d  
in re la t ion  w i t h  a low-sp in  t2g 6 s y s t e m  w h i c h  resu l t s  in  a 
0.95 eV t~#eg b a n d g a p .  

Second ,  a re la t ive ly  b r o a d  eg b a n d  has  b e e n  p r e d i c t e d  
(9) and  X P S  da ta  con f i rm  a s ingle  s t r o n g  3d p e a k  of 0.9 
eV w i d t h  a r i s ing  f rom a d e n e r g y  b a n d  at  t he  top  of  t h e  
FeS2 v a l e n c e  b a n d  (10). T h e s e  X P S  da ta  h a v e  b e e n  corn 
f i rmed  a n d  e x t e n d e d  in our  l abo ra to ry  (3). 

The  r e p o r t e d  h i g h  e l ec t ron  mob i l i t y  of 230 cm2-V-l-s  - '  
in  s y n t h e t i c  c rys ta l s  (11) conf i rms  t h a t  the  e lec t ron ic  
s t r u c t u r e  of  t h e  ma te r i a l  is suf f ic ient ly  favorab le  for 
cha rge  t r anspor t .  

The  e lect r ica l  res i s t iv i ty  of our  s a m p l e s  was  m e a s u r e d  
u s ing  a f o u r - p r o b e  t e c h n i q u e .  The  m e a s u r e m e n t s  cove red  
the  t e m p e r a t u r e  r a n g e  f rom 76 to 500 K, a n d  an  e x p o n e n -  
tial t e m p e r a t u r e  d e p e n d e n c e  b e t w e e n  400 a n d  500 K ac- 
co rd ing  to t h e  r e l a t i on  I = lo exp  AE/KT was  found .  The  
ac t iva t ion  e n e r g y  AE = 0.23 eV of  our  s amp le s  is sma l l e r  
t h a n  hE  = 0.46 eV, p rev ious ly  r e p o r t e d  for n - type  s ingle  
crys ta ls  of  FeS2 (9). A t  r o o m  t e m p e r a t u r e ,  t he  res is t iv i ty  of 
our  po lyc rys t a l l ine  FeS2 was  6 ~ -cm:  Hal l  effect  measu re -  
m e n t s  gave  a car r ie r  c o n c e n t r a t i o n  of 3 • 10 '7 c m  -3. T h e  
Hall  mob i l i t y  in  our  s amp le s  was  qu i t e  low: 3 cm-~-V-l-s - ' .  
The  pyr i t e  layers  s t ud i ed  s h o w e d  n- type  b e h a v i o r  in  
p h o t o e l e c t r o c h e m i c a l  m e a s u r e m e n t s .  

Opt ica l  Exper iments  
Optica l  t r a n s m i s s i o n  m e a s u r e m e n t s  for  FeS2 h a v e  u p  to 

n o w  only  b e e n  p e r f o r m e d  in t he  i n f r a r ed  t o w a r d  t h e  
b a n d e d g e  region.  Sch lege l  a n d  W a c h t e r  d e t e r m i n e d  t h e  
a b s o r p t i o n  c o n s t a n t  of  FeS2 u p  to a p h o t o n  e n e r g y  of  h v = 
1.1 eV, w h e r e  i t  was  f o u n d  to be  a p p r o x i m a t e l y  a = 8 • 
10 ~ c m - '  (12). A c rys ta l  of  na tu ra l  py r i t e  ( f rom Elba)  w i t h  a 
cross  sec t ion  of  10 • 5 m m  ~ was  p o l i s h e d  d o w n  to a th ick-  
ness  of  a = 8 -+ 0.5 /~m wh i l e  f ixed to a glass  suppor t .  
This  s a m p l e  h a d  ho les  on  a su r face  area  m u c h  smal le r  
t h a n  1%, so t h a t  a b a c k g r o u n d  was  o b t a i n e d  in t r ansmis -  
sion. This  gave  r ise  to an  a p p a r e n t  dec rea se  of  t he  absorp-  
t ion  c o n s t a n t  in  t he  reg ion  of very  h i g h  a b s o r p t i o n  
coefficients.  S ince  the  smal l  f rac t ion  of l ight  pas s ing  
t h r o u g h  t h e s e  ho les  does  no t  d e p e n d  on  the  wave l e n g t h ,  a 
ca l ib ra t ion  m e a s u r e m e n t  is n e e d e d  to a d j u s t  the  absorp-  
t ion  cu rve  to t he  real  values .  This  was  d o n e  w i th  t h e  he lp  
of  a nu l l  e l l ipsomete r .  In  o rde r  to ge t  t he  b u l k  proper t ies ,  
t he  sur face  of FeS.2 was  e t c h e d  u s i n g  HF/CH~COOH/HNO:~ 
(1:1:2), wh ich ,  a c c o r d i n g  to E S C A  s tud ies ,  yie lds  a FeS~ 
sur face  free of  a n y  cove r ing  layer  (3). D u r i n g  t he  measu re -  
m e n t ,  t he  FeS~ was  f lushed  wi th  d ry  n i t rogen .  The  com- 
p l ex  re f rac t ive  i n d e x  d e t e r m i n e d  a t  n = 632.8 n m  was  n = 
4.032 - 3.245i. 

The  real  ref lec t ive  i n d e x  was  c h e c k e d  us ing  the  t rans-  
m i s s i o n  i n t e r f e r ences  occur r ing  in t he  r a n g e  b e t w e e n  
1800 a n d  2500 nm.  The  resu l t  was  Re(n)  = 3.96 -+ 0.25. 

A cross  c h e c k  was m a d e  us ing  p u b l i s h e d  da ta  on  t he  
ref lec t ion  p r o p e r t i e s  of pyr i t e  in c o m b i n a t i o n  w i t h  a cal- 
cu la t ion  b a s e d  on  t h e  K r a m e r s - K r o n i g  r e l a t ion  (12, 9). The  
va lues  o b t a i n e d  were  n = 3.6 - 3.03i [ f rom Ref. (12)] a n d  n 
= 3.5 - 3.8i [ f rom Ref. (9)]. They  on ly  differ  b y  less  t h a n  
30%, w h i c h  m i g h t  be  d u e  to sur face  layers,  w h i c h  we re  
no t  con t ro l l ed  in  t h e s e  m e a s u r e m e n t s .  S u c h  dev ia t ions  
are  to be  e x p e c t e d  a c c o r d i n g  to va r i a t i ons  of i n t e r f ace  
p rope r t i e s  (13). Therefore ,  our  m e a s u r e m e n t s  h a v e  to be  
cons ide red  rel iable .  T h e  a b s o r p t i o n  coeff ic ient  deter-  
m i n e d  f rom our  da ta  can  be  ca lcu la ted  to b e  a = 6.4 • 10 '~ 
c m - '  a t  632.8 nm.  

The  re la t ive  a b s o r p t i o n  coeff ic ient  in  t h e  v i s ib le  spec-  
t ra l  r eg ion  m e a s u r e m e n t  w i t h  a P e r k i n - E l m e r  Mode l  330 
w o u l d  t h u s  be  ca l i b r a t ed  as s h o w n  in Fig. 3. B e y o n d  1050 
nm,  a n o r m a l  a b s o l u t e  m e a s u r e m e n t  was  poss ib le .  

I t  can  the re fo re  be  c o n c l u d e d  t h a t  FeS2 is a b s o r b i n g  vis- 
ib le  l ight  w i t h i n  a n a r r o w  surface  layer  of  a p p r o x i m a t e l y  
160~. Pyr i t e  is t h u s  a b s o r b i n g  at l eas t  one  o rde r  of  magni -  
t u d e  b e t t e r  t h a n  GaAs,  w h i c h  has  a d i r ec t  ene rgy  gap. 

Photoe lec t rochemica l  Exper iments  
The  FeS2 s a m p l e s  were  t r ea ted  w i t h  a n  In -Ga  alloy fol- 

lowed  by  Ag epoxy ,  m a k i n g  co n t ac t  to a coppe r  rod, 
w h i c h  was  t h e n  e n c a p s u l a t e d  w i t h  i n su l a t i ng  res in  
(Sco tchcas t  3MXR 5241). A c o n v e n t i o n a l  th ree -e lec t rode  
po ten t io s t a t i c  a r r a n g e m e n t  was  appl ied .  For  p h o t o c u r r e n t  
m e a s u r e m e n t s ,  a 250W t u n g s t e n  iod ine  lamp,  a x e n o n  
lamp,  or a h e l i u m  n e o n  laser  were  used.  
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Results 
When an electrode, prepared of a polycrystalline FeS2 

layer, is placed in contact with an aqueous electrolyte 
containing 0.5M H2SO4 and polarized in an electrochemi- 
cal cell with three electrodes, a much more complicated 
current voltage behavior is observed than is with single 
crystals (3). A photocurrent  of the order of 10 mA-cm -2 is 
measured in concentrated xenon light ( -  1 W-cm-2). It is 
superposed by a dark current, which is rapidly growing 
as the magnitude of the applied voltage is increased. The 
shape of the current voltage curve is complicated due to 
oxide formation, and corrosion to Fe 3§ and SO42 is clearly 
visible at elevated potentials. No oxygen evolution is ob- 
served. In the presence of redox systems such as I-/I~ (Eo 
= 0.53V), ~ + / ~ *  (Eo = -0.TV), or S~-/S, (Eo = -0.51V), a 
FeSJredox electrolyte/carbon configuration operates as 
solar cell (Fig. 4). Instead of largely different redox poten- 
tials, the open-circuit photopotentials are comparable and 
equally small (0.024-0.08V). Both the poor limiting current 
behavior of the semiconducting FeS~ layer and the con- 
stancy of the photovoltage indicate high concentrations 
of surface states and a situation of pinning of energy 
bands. Similar to single-crystalline FeS= (3), etching treat- 
ment improves the photoelectrochemical behavior. Since 
the electrochemistry of FeS2 has been described using 
single crystals (3), we will limit ourselves to character- 
izing the photoeffect which has not yet been described 
with polycrystalline FeS2. Figure 5 shows the spectral de- 
pendence of photocurrent  efficiency (v) of polycrystal- 
line FeS~. Plots of (~ h~) "/2 with n = 1 and n = 4 are given 
in Fig. 6. 

The plot (~  hv)  '/'2 vs .  hv  gives a straight line, suggesting 
that the optical transition in FeS2 is indirect and yields a 
bandgap of 0.95 eV consistent with theory (14). This is in 
good agreement with reflection measurements,  which in- 
dicated an optical bandgap of 0.9 -+ 0.1 eV (9), and with 
our optical results (Fig. 3). Laser spot measurements were 
made to test the homogeneity of the FeS.2 films pro- 
duced. A sample of 0.7 • 0.5 cm was scanned over a dis- 
tance of 0.5 cm in three distinct positions. Figure 7 shows 
that homogeneous and heterogeneous regions are pres- 
ent. It is possible that creeklike structures in the 
polycrystalline film which can be seen in the optical mi- 
croscope are responsible for some of the variations. 

Discussion 
Pyrite (FeS2), an abundant natural product which con- 

sists of cheap elements, has recently been proposed as a 
semiconductor material for solar cells (1-3). First experi- 
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ments with synthetic single crystals yielded photovol- 
tages of 200 mV and quantum efficiencies for photocur- 
rent generation exceeding 90%, although neither doping 
nor interfacial properties has been optimized. The lack of 
knowledge of many solid-state properties makes it, at 
present, difficult to judge the development  possibilities 
of this material with high reliability. However, informa- 
tion on certain parameters which are decisive for solar en- 
ergy materials are becoming more transparent. 

Our first experiments to produce polycrystalline layers 
of photosensitive FeS2 were successful. These layers 
could even be operated in low efficient solar cells. The 
choice of As as doping agent was probably not favorable, 
especially since this additive reduces the mobility (11). 
The control of doping remains an important task which 
has to be accomplished for FeS2, and we feel that the very 
low photopotential  of our polycrystalline samples is due 
to a Fermi level, which is situated too distant from the 
conduction band. As shown by the improvement  ob- 
tained between the sample of curve a and that of curve b 
in Fig. 4, some systematic progress has already been ob- 
tained. We hope to have shown that polycrystalline FeS2 
is an interesting solar material for long-term develop- 
ment, especially since ambient temperature and low tem- 
perature processes for FeS~ synthesis in geological envi- 
ronments have also become known (17). 

Our measurement  of an indirect energy gap of 0.95 eV 
in polycrystalline FeS2 layers (Fig. 6) is in agreement with 
optical (12) and electrical (9) measurements.  Such an en- 
ergy gap, which is only slightly smaller than those of 
CuInSe~ (1 eV) and Si (1.1 eV), still permits a theoretical 
solar energy conversion efficiency between 14 and 18% 
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Fig. 7. Scanning laser spot analysis of polycrystalline FeS~ in I-/12 
solution under short-circuit condition. (Three parallel scans on a 7 mm 
platelet in distinct regions. Scan velocity: 25 ~m steps in X-direction. 
Beam width: 20/~m.)  

and a photovoltage output of approximately 0.5V. This, 
however, will necessitate a careful optimization of bulk 
and surface properties of FeS~. An important parameter is 
the nature of the electronic transition of FeS2. Scientists 
dealing with solar energy materials usually associate with 
indirect energy gaps a deep penetration of light which 
can only be compensated by high diffusion lengths of 
charge carriers (as in crystallized Si). Such materials can- 
not be used for light collection as very thin layers. Experi- 
ence with transition metal sulfides of d band character 
such as WS2 or MoS2, however, shows that indirect 
bandgaps can be associated with high absorption con- 
stants ( -  1 x 105 cm -1) (14). This is also the case for FeS~. 

With an absorption coefficient of approximately a = 6.4 
• 105 c m - '  in the visible, the photogeneration of electron- 
hole pairs occurs in a thin surface layer of approximately 
1604. The spectral dependence of photocurrents (Fig. 5) 

shows a gradual decay from the near infrared toward 
shorter wavelengths in spite of a reasonably constant ab- 
sorption coefficient. As many experiments showed, this 
decay depends on surface treatment (Fig. 4) and is smaller 
with a more ideal surface without any covering layer (as 
determined by ESCA measurements). 

Further research will be needed to unders tand how the 
state of the surface interacts with holes, generated with 
different photon energy in a comparable distance from 
the semiconductor of electrolyte interface. Interestingly 
RuS~, which also has an extremely high absorption coef- 
ficient (~ = 3 • 105 cm-~), a similar crystal structure, com- 
parable energy gap (Eg = 1.25 eV), and an analogous elec- 
tronic structure, does not show a decay of photocurrents 
towards the UV region (15). This gives rise to the hope 
that it will be possible to develop solar cells which are 
only several hundred angstroms thick and extremely 
flexible and easy to handle. 
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