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Abstract-The paper bziefly discusses the current situation in the field of traditional and unconventional photovoI- 
talc znatezials and solar cells. It en~phasizes the fact that the main basic achieven~ents in the field of solid-state solar 
photovoltaics were gained at least two decades ago and the fulther progress focused on the improvement of cell par- 
ametez~ and tectmologicai aspects. Finally, the article concludes that this scientific area has nearly fulfilled its histozical 
task. Indeed, the last decade has brought many new achievements in the field of  the alternative, molecular-based 
materials. The futmre of solar energy conversion seems to be mainly connected with chemistry, chemicai physics and 
chemical engineering but not with solid-state physics as in the twentieth century. The paper gives aiso a short over- 
view of some promising orgmlic semiconductoz% fullerenes and TiO2 nanocrystalline s~uctures used now in a new 
generation of n~olecular solar cells. 
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I N T R O D U C T I O N  

It is generally undez~tood today that renewable energies, includ- 
mg solar energy, will play a major role in the near fztture. So the 
main scientific and engineering problem can be seen in prel~ing 
the appropiiate solar energy coi:a~emion materials that will meet the 
req~ements of cheap, non-pollution and wide range production 
of high efficiency photovoltaic solar ceils. On one bald, one may 
suppose that the problem has been already solvec~ modem solid 
state photovoltaic battez-ies, based on Si, a, SJ, GaAs and CdS(CdSe), 
have been widely investigated and show excellent photo conver- 
sion parameters [Goetzberger et aI., 2000]. Meamvhile, speaking 
about global application of solar powei; the possibility of wide scale 
production of solid-state cells for this purpose will create more ques- 
tions than answers. There are at least two main problems, still not 
clearly recognized The first one concerns the situation in the field 
of basic scienLLtic studies oftraditionaI solar cells. The main achieve- 
ments in this field, gained two or even three decades ago, were sl~ict, 
ly connected with the necessity to design adequate solar batteiies 
for space flight pLU-l:~es. In t_he beginning of 70's this task was solved 
and no serious basic problems remained [Greeil, 2000]. At the sane 
dine a great number of research groups and ~stitution all over the 
world were involved in the research process, trying to achieve as 
high conversion efficiencies of solar cells as possible. 

Fig. 1 demonslxates the historical progress in the improvement 
of solm- energy conversion efficiencies for the mare types of con- 
vei'sionaI solid-state solar cells. Itfitially, much attention was focused 
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Fig. 1. Parameters of cell conversion efficiencies impl~avement over 
time. 
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on Si-based celIs that tilI now have been the most promising solid- 
state photovoltaic devices. As one can see, no big progress in past 
two decades was ready gained. Tiffs does not denote the lack of 
the appropriate efforts being applied it only shows that the main 
tasks in this field of science had been successfiaUy fulfilled and the 
parameters of these solar celIs had nearly reached the possible the- 
oretical 1ira its. 

The situation becomes even more clear if we examine the so- 
called "decade progress" c~rve, given in Fig. 2. The value of decade 
progress denotes the perceiltage ratio of maximum efficiency of 
the solar cell gained by the momeilt (yeas 2000), to the appropz-iate 
decade increase of the given type of solar device. T i~  graphic con- 
f~ns that the main progress took place nearly 30 years ago and no 
serious results are foreseen to appear in the future decade (2000- 
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Fig. 2. Decreasing of"decade  progress" in solitl-s~ate solar cells 
convel~ion efficiencies. The f'n~t decade of  the new centre3, 
does not promise much.  

2010). However, the given example does not mean that it is already 
tsne to diminish the effo~s, connected with consb-uctmg solid-state 
cells. It oniy shows that the tsne of basic achievements has passed 
and now the main problems should be focused on production tech- 
nique and be carefully examined fi-c~n the economical point of view. 
Also, there is another problem that has not yet been fully recog- 
nizec[ It concerns the ecological aspect that we may face in case of 
wide production of Si- or C~N1Se based materials for solar cells 
[Greijer et al., 2001] In addition, high semiconductor technologies, 
that are necessary to apply m tiffs case, will keep the cost of these 
devices rather expensive. 

So the question arises, are there any other possibilities to get the 
electric power fi-onl solar energy, but cheaper, cleaner and without 
using expensive technologies? It seems that now we may answer 
yes, and tiffs positive argument is based on new achievements friar 
have appeared in last decade fi-onl chemists and chemical laboi-ato- 
ries [ORegan et aI., 1991]. 

N E W  P R O B L E M S  

Along with specialists in solid-state physics the problem of solar 
energy conversion into electric power was investigated by chem- 
ists. Photoelec~-ochemicai solar cells with semiconductor elecb-odes 
were exteusively studied but they possessed poor conversion effi- 
ciencies and bad stability [Pleskov et al., 1986; Menmling, 1994]. 
At the same ~ne, the last decade has brought new ideas and pro- 
mising new achievements. The most interesting is the appearance 
of nancclystallme @-sensitized photoelectrochemical cells, recog- 
nized now as GraetseI-type solar ceils [Hagfeldt et al., 1994]. In less 
than ten years the efi%iency of these cells has jumped fi-om the value 
of one up to more than 10 percent [GNtzel et al., 1999]. The di- 
agram in Fig. 2 shows the appropriate progress in comlmrlson with 
traditional devices. A thin layer organic solar ceil, based on molec- 
ular semiconductors, has been also developed The most important 
problem is to carefully investigate and design new types of molec- 
ular materials for unconventional solar cells. In this contribution 
we present an example of the appropriate studies of some interest- 
ing up to date materials and solar ceils. 

Fabricated Layers and Materials Employed 
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Fig. 3. Fabricated solar cells anti materials empleyetl .  

G R A T Z E L  T Y P E  C E L L S  A N D  P H T H A L O C Y A N I N E S  

Solar cells, developed m the research group at the Swiss Federal 
Illstitute of Technology ccnducted by Grfitzel, use the pfinicples 
that differentiate the processes of light absoiption and charge sepa- 
ration [Hagfeldt et al., 1994]. In coi~ast to solid cells, where the 
absoiption of light and separation of created ctlmge c~mers pea- 
fonn sinmltaneously and provide many problems, the given sb-uc- 
ture is independe~lt of many processes diministmlg the efficiency 
m solid devices [Cafitzel, 1999]. The general operating principles of 
Cafitzel-type ceils have been presented in many publications [O'Re- 
gan et al., 1991 ; Grfitzel, 1999]. At the same time, the main active 
organic layer, used as a photosensitizer, is usually based on ruthe- 
nium complexes with optical absoiptic~l, nearly following the wrote- 
length disMbufion of the solar spectra. Given high efficiencies, these 
dyes are at the same ~ne  rela6vely expensive and no infommfion 
is available concerning their long-term stability. So in some labora- 
tcrles now they try to use other types of dyes, including well-known 
molecular materials like phthalocyanmes. In our group we have also 
performed experiments with different phtholocyanmes and phtha- 
lccyanine-fuilerene composites for TiQ nanocrystalline layers sen- 
sitizatioi1 The rnam steps of prel~'ation of the dye rnaterials and 
the appropriate solar cells are schematically given in Fig. 3. 

E X P E R I M E N T S  A N D  R E S U L T S  

In our studies we tried to use new types of fi~llerene-phthalocya- 
nine composites (C60 : ZnPc) for sensitizing nmaocrystalline layer 
of solar devices. To fulfill this we have also studied the photophys- 
ical properties of single layers of Ca0 : ZnPc composites including 
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the transport parameters and photoconductivity. Using these com- 
posites as sensitizers we have fabricated two ~].~v types of TiQ- 
based solar cells: (i) Gratzel-type cells and (ii) solid-state photovol- 
talc heterojunctions with niobium doped TiQ single-crystal, and 
examined the perfon-nance of photoconversion cha'acteristics in 
these cells in comlmrison with those smsitized by pure ZnPc dye. 

To fabricate Ca0 : ZnPc composites, conm~ercially available pow- 
ders of Ca0 (99.9% purity) from Merck Co. and mnc pNhalccyanme, 
(CsH4N~)4Zn from Eastman Kodak Co. were vacuum sublimated 
(10 -a Ton') on ITO coated glass supports (Conm~g ?059)using two 
different resistively heated quartz cmcibles. Just before deposition 
Ca0 powder was kept under vacuum (10 -7 Torr) during 24 hours to 
diminish the initial oxygen content. ZnPc powder was predomi- 
i~'antly purified under conditions reported previously [Shevaleevski 
et al., 1995]. The percentage of volume content in C~0: ZmPc com- 
posite was controlled by Ran~an spectroscopy measuren~er~s. For 
conductivity measurements gold back co-pla~r contacts with a thick- 
ness of 50~m~ and an area of 20nun 2 were vacuum evapc~ated on 
top of the layers. Using the same depositing conditions single-layer 
samples of C~0, ZnPc and C~0 : ZnPc were prepared for UV-visible 
absorption spectra measurements. 

Solid-state cells were fabricated using single-crystal n-TiQ sam- 
pies (futile), doped with ] 0 ~ mol/cm s ofNb. Smgle-c~ystal was cut 
into 1.5 ~m-n thick plates with (00l) strface and optically polished 
at both sides and then supplied with back electrical contacls of in- 
diam. Solid-state cells were manufactured by evaporalkg of around 
100 nm thick layers of ZnPc or C~0 : ZnPc on TiO~(Nb) single-cry- 
stal surfaces. To complete the cell construction, the 30 nm gold con- 
tacts were subsequently evaporated through a special mask. TiQ 
8 ~tm thick nanostructural layers on ITO coated glass substrates were 
prepared fi-om 20nm interconnecting TiQ particles according to 
standard tect~fique, descrihed in [Hagfeldt et al., 1995]. To fulfill 
the cell construction the substmtes were put into chemical sokCion 
with the appropriate dye for about 12 hout~ and then photoelectro- 
chemical cells were fabricated as described [O'Regan et al., 1991 ]. 
The dark and photo-conductivity in all single-layers were measured 
in dc mode between the ITO as front and Au layer as back elec- 

~,0 j . . . . .  I /" '~ 

4 ..... 2 / i 

4 1 A - 4  /@ ~li , 

1 -5 ; i i "  g 0.5 ~ , , . j  , 

<" , % 

0.0 , ~ . . . .  ]'";'"; ~ ' I ' ' " '  ~ . . . .  ~ ' ' 
400 500 600 700 800 

Wavelengths (nm) 

Fig. 4. Absorption curves of 150 n m  thick evaporated layers of 
ZnPc (1), C~0 (2) and their composites: C~0 : ZnPc (80 : 20 
vol%) - (4) and C~0 : ZnPc (20 : 80 vol%) - (5) content. 
Curve 3 - the absorption of 0.06 molar ZnPc-solution in N ~  
dimethylformamid. 
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Fig. 5. Action spectra of photoconduclivity for thin films of air ex- 
posed (1) and oxygen free (3) s of condensed C~. Culwe 
(2) air exposed C60 : ZnPc composite. 

trades under 0.5 V bias voltage applied and possessed an ohmic be- 
havior with no photoresponse observed During photocurrent action 
spedra measurements the itraclJation of samples from 500 W xenon 
lamp through a monochromator was appropriately filtered and cali- 
brated to obtain the constant incident photon flux of arot~]d 10 ~4 cm 2 
sec -1 for the wavelengths between 380 and 850 nm. C'urrent den- 
sity - voltage chai-actetistics were measured under illl~nination of 
10 mW/cm 2 intensity by halogen lamp in front of the substrate. 
1. Single Layers  of C~-Based Composi tes  

Fig. 4 shows the absorption curves for C60 and ZnPc vacuurn eva- 
pointed layers (150 ira1 thick) and also for C60 : ZnPc flh-ns with two 
difibrent partial concentrations of both compon~]ts. It is seen that 
in case of small Zifi~ concentration the resulting absorpticn does 
not present a superposition of both curves but may he treated as a 
modification of C~0 absorption curve by non organized ZnPc mole- 
cules showing the Q-band of organic solution spectra (curve 3). Fig. 
5 presents a comparative view of the action spectra of photocon- 
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Fig. 6. Tempet~tm~ dependences of bulk photoconductivity in thin 
films of air exposed (2) and oxygen free (;1) C~0 films. Curves 
(3) and (4) denote respectively to air exposed composites of 
C60 : ZnPc (80 : 20 vol%) and C60 : ZnPc (20 : 80 vol%). 
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ductivities for the sane  smnaples. 
The values of specific conductivities ((~a) for C~o and ZnPc single- 

layers in the dark were found to be appropriately c~=1.5• -7 S/ 
cm and (~d:Sxl0 -IU S/GIn. C60 filing were examined just after the 
deposition to exclude the influence of the oxygen doping, whereas 
ZnPc was stored in ah" for several hours under normal conditions 
to induce a process of oxygen doping. The oxygen doping signifi- 
cantly reduces the conductivity of C~0 layer [%Van-Xi Chen et al., 
1995]. Alternatively, a short period of air exposure initiates the rise 
of ZnPc conductivity. A different situation was observed for Ca0 : 
ZnPc composites. To investigate the photoconductivity behavior 
we have provided the tempe~'al~'e measureme~ts in 170-350 K tem- 
peratm'e interval that are given in Fig. 6. 

From the data presented in Figs. 5 mad 6 it can be concluded that 
even in case of small ZnPc concenlration the oxygen influence on 
the electric properties of Ca0 : ZnPc composite is negligible, while 
the value of photoconductivity sufficiently increases. 
2. Single-Crystal TiO2-Based Solar Cell 
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Fig. 9. Current density-voltage characteristics obtained under 10 
mW/cm ~ halogen lamp illumination of TiO= nanos~ructm'ed 
Gr~itzel-lype cells, sensitized with ZnPc (black circles) and 
Cao : ZnPc (open circles) dyes. 
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Fig. 7. Current density-voltage characteristics obtained under 10 
mW/cm 2 halogen lamp illumination for TiO2(Nb ) solid-state 
cel[~ with evaporated layers of ZnPc (black ch'cles) and C40 : 
ZnPc composite (open circles). 
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Fig. 8. Normalized spectral responses of short-circuit currents in 
solid-state cells of InfriO2(Nb)fLnPc/Au (Curve 1) and In/ 
TiO~(Nb)/C60 : ZnPc/Au cell (Curve 2). 
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Fig. 7 shows the ct~vnt-voltage ct~-acteristics lneasured under 
halogen lamp full light illtmfination (10mW/~an 2) for TiO2(i',re)/ 
ZnPc and TiO2(Nb)/ZnPc : Ca0 solid-state heterojunctions. The light 
colnes fi-c~n TiO2 direction. Fig. 8 presellts the experimental cun, e 
of short circuit photc~mn-e,lt spectral mstxaTse measured for the same 
samples. The solar cells pamrneters extracted from the J-V curves 
for the cell in which C~0 : ZnPc composite was used as a sensitizer 
are the following (the values for the cell with pure ZnPc dye are 
given in brackets): short-circuit photocun-ent, I,c 0.058 mA/cm 2 
(0.032 mA/cm2), open-circuit photovoltage, Voc =0.45 V (0.39 V), 
a fall factor, ff=0.22 (0.23) and the energy conversion efficiency is 
equal to around 0.1%, while when using ZikPc the appropriate value 
is twice less. The shape of the J-V curves and low values of the fill 
factors denote to a high series resistance of organic semiconductors 
used in both cells. 
3. TiO2-Based Nanocrystalline Cell 

Fig. 9 presents a comparative view of V-A characteristics of dye- 
sensitized TiO2 nanocrystalline solar cells with C60 : ZnPc and ZI1Pc 
dyes. The measured pmarnetei~ of TiOfZnPc cell were the follow- 
ing: Voc, 0.34 V, I~,r • -a A/cm 2, ff=0.54 and the conversion 
efficiency under 10 mW illtrnination was equal to 0.138%. At the 
same lkne the application ofC~0 : ZnPc composite increases the value 
of photoctrrent (Isc 0.26 mA/cm ~) and the conversion efficiency 
of the cell becomes nearly twice larger. 

To summarize, we have fabricated and examined a new type of 
molecular semiconductor based on fullerene/zinc phthalocyanme 
composites. The comparative studies of photo transport parameters 
show the advantages of C~0-based composites when compared with 
pure phthalocyanme samples. Using these dyes we have manufac- 
tured new types of solid-state cells: In/n-TiO2(bPo)/ZnPc/Au and 
In/n-TiO2(Nb)/C~0 : ZnPc/Au. We also applied these dyes for fabri- 
cating G-ratzel-type solar cells. It was shown that the application of 
C~0 : ZnPc composites m nanocrystalline solar cells show the im- 
proved photoconversion parameters. In case of solid state cell con- 
fi~tration we think that the advantages of C60 :ZnPc composites 
may be explained by improvement of wavelength dependence of 
series resistance due to the bulk photoconductivty effects. 
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In conclusion we want to repeat that the wide investigation of 
new types of organic semiconductors for molecular-kased solar cells 
seem to be one of the most promising directions in solar photovol- 
talcs in the coming cer~ur~ Now it is enough clear, that solid-state 
physics, which administrated solar photovoltaics in previous decades, 
should now extensively cozperate with chemical physics and chem- 
ical engineering, became new achieve~nents in the field of solar eta- 
ergy conversion will now appear from this direction. Some exam- 
ples of the appropriate erperimental investigations given above have 
shown the possible ways of studying and desigamag the new and 
promising types of organic photovoltaic cells. 
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