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INVESTIGATIONSOFPORPHYRINSANDAROMATICTETRACARBOXYLIC 
ACID DIIMIDES FOR USE IN PHOTOVOLTAICS 

STEFAN G~STER, SUSANNE SIEBENTRITT, JORG ELBE*, LUTZ KREIENHOOP*, 
BERND TENNIGKEIT*, DIETER WOHRLE*, RUDIGER MEMMING and 
DIETER MEISSNER 
fnst.f.Solar Energy &search (ISFH) Sokelantstr.5,3000 Hannover 1, FRG 
Inst.f.Org.Makromo1. Chemistry, University of Bremen, Leobenerstr. 

NW2, 2800 Bremen 33, FRG 

Abs- Photovoltaic double layer cells of phorphyrinic and aro- 
matic tetracarboxylic acid diimid compounds are presented. The photo- 
voltaic characteristics photovoltage, short circuit current and effi- 
ciency are reported. In addition the physical characteristics of two 
model compounds of each class of substances are reported. 

I" 
Photovoltaic cells based on thin films of molecular or polymer organic sem- 
iconductors absorbing visible light are described mainly as being of 
Schottky-type or p/n-type Few informations are available on internal 
field type and "proton pump" cells '. At present, by irradiation with white 
light highest overall efficiencies of -0.4 - 0.9 % were obtained with 
organic double layer cells of the p/n type '. The organic materials should 
show p- or n-type behaviour to construct a junction with a built in field. 
Irradiation of p/n double layer cells is mostly performed through a trans- 
parent (e.g. ITO) electrode. Two colored compounds can be tailored with 
respect to a broader visible light absorption and a wide range of positions 
of Fermi levels/work functions. For p/n double layer cells very often 
phthalocyanines were used as p-conductors and perylene-3,4,9,10-tetra- 
carboxylic acid diimide derivatives as n-conductors Thin films on 
ITOwithAu or Ag asbacksidecontact were prepared. Bothorganicmaterials 
exhibit the advantage of excellent stability in air and in addition rigid 
planarity for possible face to face arrangement resulting in a favourable 
transport of charge carriers or excitons. 

[641]/117 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
46

 1
8 

Fe
br

ua
ry

 2
01

3 



118/[642] S .  GUNSTER ET AL. 

EXPERIMENTAL 

The aim of the present work is to compare photovoltaic characteristics of 
the metal-free p-conductors 5,10,15,20-21H,23H-tetraphenylporphyrin 
(HZTpp), tetrabenzoporphyrin (29H, 31H-tetrabenzo[2,3-b:Z1, 3'-g:2", 3"- 
1: 2 I " ,  3 I ' I - q ]  porphyrazine) (HZTbp), 29H, 31H-phthalocyanine (H2PC), na- 
phthalocyanine (29H, 31H-tetranaphtho-[2, 3-b:2', 3'-g:2", 3"1:2'",3'"q] 
porphyrazine) (H2NC) and the n-conductors bisbenzimidazo[2,1-bJ1',2'-j] 
benzo[lmn] [3,8]phenantrolin-6,9-dione (2-NP) , Bisbenzimidazo[2,l-bjl' , 
2'-i] benzo[lmn] [3,8lphenantrolin-8,17-dione (E-NP) , Peryleno[3", 4 ' '  : 

3,4,5 j9", 10 I '  : 3', 4 I ,  5' I dipyridino [l, 2-a: 1 ' , 2 '-a] bisbenzimidazol-10, 
21-dione ( I -PP)  and N, N'-Dimethyl-3,4: 9,lO-perylenbis (carboximid) 
(M-PP). In addition we present in detail the physical characteristics of 
model compounds for the two types of semiconductors; i.e. ZnPC and M-PP . 
Devices containing thin films of these organic compounds were prepared by 
vapor deposition. All measurements were conducted in air. 

RESULTS 

cs of D/n u 
TABLE 1 contains characteristic data of double layer cells under illumina- 
tion. Dark-current/voltage and photocurrent/voltage characteristics of a 

typical cell are shown in fig.1, a photocurrent spectrum in fig. 2. All 
measurements were carried out under white light illumination (100 mW/cm2) 

,*' -in the dark 

iturnination imnttri2i 
while S$t -?" ----- 

.' t -3 

Photocurrentspecirum 
ITO/M- P?/H,Pc/Au 

500 pLw/(cm2 
35 2 

o l  . . . . . . . . . . . . . . . . . . . . . . . . .  
SO0 400 500 600 700 800 

wavelength (nm) 

FIGURE 1 U / I  curve of a p/n cell FIGURE 2 Photo current spectrum 
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INVESTIGATIONS OF PORPHYRINS AND A C D  DnMIDES FOR USE IN PV [643]/119 

through the IT0 side. To measure the photocurrent spectrum interference 
filters were used. The power conversion efficiencies q were calculated ac- 
cording to q= Isc*Voc* FF/ @ with Isc being the short circuit current, Voc 

the open circuit voltage, FF the fill factor and @ the intensity of incident 
light (not of absorbed light!), The sign of the voltage is given with re- 
spect to the Au electrode. The rectification effect agrees with the direc- 
tion of the p/n junction, but is very poor. Upon illumination the porphy- 
rins showed positive and the aromatic tetracarboxylic acid diimides nega- 
tive photovoltages. In the arrangement ITO/aromatic diimides/porphy- 
rins/Au, electrons flow to the IT0 side and holes to the Au side, whereas in 
the configuration ITO/porphyrins/aromatic diimides/Au the situation is 
reversed. Therefore the photo characteristics seem to be determined in all 
cases mainly by the contact between the two organic phases. The behaviour 
of the porphyrinic compounds corresponds top-type and that of the aromatic 
diimides to n-type conductance. 

No Cell configuration VOC ISC rl 
(mv) (p/cm2) % )  

1 IT0 / E-NP / H2Tpp / AU 760 -159 2,7 
2 IT0 / Z-NP / H2Tpp / Au 580 -129 1,6 
3 IT0 / I-PP / H2Tpp / Au 109 -2,87 0,008 
4 IT0 / M-PP / H2Tpp / Au 4 90 -207 119 

5 IT0 / E-NP / H2Tbp / AU 450 -150 11 7 

6 IT0 / Z-NP / HZTbp / AU 200 -50 0,18 

7 IT0 / I-PP / H2Tbp / Au 145 -96,7 0,35 

8 IT0 / M-PP / HZTbp / Au 103 -2567 7 

9 IT0 / E-NP / H2PC / AU 500 -225 212 

10  IT0 / 2-NP / H2PC / Au 340 -30 0,21 

11 IT0 / I-PP / H2PC / AU 220 -240 11 5 

12 IT0 / M-PP / H2PC / Au 400 -2867 28 

13  IT0 / E-NP / H2NC / Au 280 -65 0,43 

1 4  IT0 / Z-NP / H2NC / Au 300 -48 0,29 

15 IT0 / I-PP / HZNC / Au 54 -35,7 0,05 

16  IT0 / M-PP / H3NC / Au 280 -217 21 3 

a)  VOc: open c i r c u i t  voltage, Is=: short c i r c u i t  current, 

Cell performances for illumination through the IT0 side 

: eff ic iency 

TABLE 1. 
(100 mW/cm2). Voltages referring to the Au electrode. 
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120/[6441 S .  GUNSTER ET AL. 

of the &gkhy tm 

Careful inves t iga t ion  of the  s ing le  components of t he  presented double 
layer  c e l l s  i s  important t o  connect t h e  photovol ta ic  behaviour of t he  dou- 
b le  layer  cells with t h e  physical p roper t ies  of t h e  s ing le  ma te r i a l s  used. 
As examples for  t he  var ie ty  of e f f e c t s  we present  here  only some r e s u l t s  
obtained f o r  our reference mater ia ls  ZnPC and M-PP. 

We found an ohmic current /vol tage behaviour f o r  t h e  cel l  configura- 
t ions  Au/ZnPC/Au and Al /M-PP/Al .  For ZnPC t h i s  is shown i n  t h e  dark and un- 
der i l luminat ion i n  f i g .  3 .  The photoconductivity i s  evident .  For small 
e l e c t r i c  f i e l d s  the  curves show a c l e a r  ohmic behaviour (s lope = 1 i n  the 
log-log-plot) . For f ields higher than about 105V/cm, space-charge-limit- 
ed-currents (SCLC) a r e  observed. The SCLC-behaviour seen c l e a r l y  i n  t h e  
log-log p l o t  of t h e  dark curves (shown i n  f i g .  4 fo r  M-PP) po in ts  t o  t h e  
mainly insu la t ing  character  of both mater ia l s  (QZnpC =: lo-'' (Rcm)-'; 
OM-PP 5 10-12 (R cm)-l) . 

pendend conductivity meas- 8-0e-07 1 
urement s we get  inf  orma- 
t i ons  about ac t iva t ion  en- 2 
erg ies  ( f i g .  5 ) .  When t h e  
experiment is  done i n  t h e  

dark we ge t  two c l ea r ly  -1 .8e-06 , , , , , , ,  , , , , I , , , I I ,, , , I , ,  , , , ,  , 
separated regions with U I V  

d i f f e ren t  ac t iva t ion  ener- FIGURE 3 U/I curves 

g i e s  for ZnPC a s  well a s  f o r  
M-PP. Under white l i g h t  il- 
lumination three d i s t i n c t  
ac t iva t ion  energies a r e  

1.49-08 -> I '  " " '  I " '  ' " " " ' * '  " ' " "  ' I "  ' I  ' " 
- From temperature de- - 
- 

- 
- - - 

- , . o ~ - 0 8  - 

- 
- 4  - 2  0 2 4 

- - - - - 

of t h e  ohmic cel l  Au/ZnPC/Au 

obtained For ZnPC ( f i g .  6 ) .  d 
lr -09  7 I n t h e d a r k t h e 0 . 8  eVener- 

gy value represents  the 
depth of a hole t r a p  i n  

t i va t ed  thermally.  An un- 
derstanding of t he  energies  
obtained f romthe  i l luminat ion experiment is more complicated. I f  t h e  en- 

ZnPC. Trapped holes a r e  ac- U I V  

FIGURE 4 log-log-plot 
o f  t h e  dark da ta  f o r  Al /M-PP/Al  
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INVESTIGATIONS OF PORPHYRINS AND ACID DIIMIDES FOR USE IN PV [645]/121 

1 . 0 . . 0 ~ ~ ~ " " ~ " " ' " ' " ~ ' ' ~ ' ~ ' ' ~ ~ ~ ' ~ ~ ' " ' " '  

- 
j 1.0e-10 = 

s 
O 1.01-11 

3 mcV 4 Y 

.40 

, I ,  I ,,, ,, , ,, , , , , I  ,, ,,, , ,,, , ,,, , , I  ,,, ,,,, 

k ergy of 0.48 e V  represented a sec- 
- ond hole t r ap ,  it should be seen 

a l s o  i n  t h e  dark.  There a r e  two oth- 
er poss ib le  explanations: 

- 

- - The corresponding energy l e v e l  
presents  an e lec t ron  t r a p ,  which 

I 

g las s  subs t r a t e )  e lectrode.  
Under i l luminat ion through the  
top  electrode,  only the  j u s t  1 
weakly absorbed photons can 8 l.O**lO; 

1 
reach the  region of c a r r i e r  3 

I mev 

1.0..11 , , I , , , , , r , , , . , , 

c 

r 

INVESTIGATIONS OF PORPHYRINS AND ACID DIIMIDES FOR USE IN PV [645]/121 

mainly near t h e  bottom ( t h e  
g l a s s  s u b s t r a t e )  e l e c t r o d e .  
Under i l l u m i n a t i o n  through t h e  
t o p  e l e c t r o d e ,  only t h e  j u s t  
weakly absorbed photons can 
reach t h e  region of c a r r i e r  
production. Th,e photoinduced 
c u r r e n t  is  due t o  holes  moving 

1m (IK) 

FIGURE 5 Temperature dependent 
conduct iv i ty  of Au/ZnPC/Au 

c 

1 8 l.O**lO; r 

1 
3 

I mev 

1.0..11 , , I , , , , , r , , , . , , 
0.002 0.004 0.006 0 .008  0.01 

l/T (IIK) 

ergy of 0 .48 e V  represented  a sec- 
ond hole  t r a p ,  it should be seen 
a l s o  i n  t h e  dark .  There a r e  two oth- 
er p o s s i b l e  explana t ions :  
- The corresponding energy l e v e l  

p r e s e n t s  an e l e c t r o n  t r a p ,  which 

captures  "photon e x c i t e d "  elec- 
t r o n s  

- The va lue  r e p r e s e n t s  a donor type  
l e v e l  near t h e  HOMOlevelofthe PC-molecule. Under i l l u m i n a t i o n  e l e c t r o n s  
a r e  e x c i t e d  from t h e  donor type l e v e l  t o  t h e  LUMO l e v e l .  The corresponding 
holes  a r e  than trapped i n  these  l e v e l s  and e x c i t e d  thermally i n t o  t h e  HOMO 

l e v e l .  
The mechanism of charge c a r r i e r  product ion i n  ohmic cel ls  is  f u r t h e r  

i n v e s t i g a t e d  by determining t h e  s p e c t r a l  dependence of t h e  photoconduc- 
t i v i t y .  C u r r e n t d a t a w e r e t a k e n b y  a p p l i i n g v o l t a g e s  of oppos i te  s i g n s  and 
i l lumina t ing  through both,  t h e  t o p  and t h e  bottom e l e c t r o d e  ( f i g . 7 ) .  The 
photon f l u x  was kept t o  about 1.5*1014cm-2*s-1 for a l l  wavelengths. The 
photo conduct iv i ty  spectrum obtained a t  t1 V a p p l i e d  t o  t h e  bottom c o n t a c t  
corresponds t o  t h e  absorpt ion spectrum of a phthalocyanine f i l m .  However, 
under i l lumina t ion  through t h e  t o p  e l e c t r o d e  i t  resembles a p a r t l y  i n v e r t -  
ed spectrum. From t h i s  we conclude t h a t  t h e  charge c a r r i e r s  a r e  produced 

through t h e  p-conducting ZnPC. FIGURE 6 Temperature dependent conduc- 
t i v i t v  of ZnPC under i l l u m i n a t i o n  

I f  a negat ive vol tage  i s  
appl ied  t o  t h e  region of charge c a r r i e r  producton ( t h e  bottom e l e c t r o d e )  , 
photo produced e l e c t r o n s  a r e  pushed i n t o  t h e  ZnPC-film. B u t  e l e c t r o n s  do 
not  increase  t h e  conduct iv i ty  of t h e  p-type m a t e r i a l .  Therefore  t h e  d i f -  
fe rences  between t h e  i l lumina t ion  d i r e c t i o n s  disappear .  Both a c t i o n  spec- 
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122/[646] S. GUNSTER ET AL. 

detailed structures of the 
spectra still need careful A 

investigation together 
with detailed theoretical 

> > *  
calculations. f Y , Y ,  

All results of the ab- 
sorption-, conductivity- 
and photoconductivity 

FIGURE 7 Absorption (right scale) and photocurrent spectra 
of Au/ZnPC/Au. a: illuminated through the glas electrode; 

b: illuminated through the top electrode 

A n  A MO 

A > LUMO 

P 
ELECTRON 
TRAP 

5 *  3 :  IIOLE TRAP 

DONOR r w E  
LEVEL 5 

3 
V IIOMO 

tra show maxima where the absorption is of medium value, f.e. where the pho- 
toeffect is evenly dis- 

temperature 
tributed over the whole .borpUon phol~mduc,,on dependen1 current 
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