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Abs t r ac t  

Techniques involving the u se  of high-intensity shor t -dura t ion  light 
pulses  have been  applied t o  the s tudy of the  kinetics of photoconductivity 
in  f i lms  of me ta l - f r ee  phthalocyanine. These  exper iments ,  i n  conjunction 
with m e a s u r e m e n t s  of s teady-s ta te  photoconductivity, a r e  consis tent  with 
the following s cheme .  The pr incipal  rou te  f o r  the  fo rmat ion  of charge  
c a r r i e r s  is v ia  the  f i r s t  excited s ingle t  s t a t e ,  although t h e  lowest t r i p l e t  
s ta te  can ,  t o  s o m e  extent ,  contribute t o  c h a r g e - c a r r i e r  production.  The 
mobil i ty of the  c a r r i e r s  i s  low and i s  concentrat ion-dependent,  being lower 
a t  higher c a r r i e r  concentrat ion.  The decay  of the photocurrent  i s  the 
resu l t  of a diffusion-l imited bimolecular  recombination,  with a cap ture  rad ius  
of approximately  one molecular  d i ame te r .  The exper iments  indicate that  
c a r r i e r s  produced thermal ly  in  the  d a r k  do not in te rac t  with light-produced 
c a r r i e r s  . 
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Introduction 

1 
P r e v i o u s  work  f r o m  th i s  l abora to ry  h a s  suggested tha t  t h e  mechan i sm  

of quantum convers ion  in  photosynthesis  involves p r o c e s s e s  that  a r e  
c h a r a c t e r i s t i c  of o rde r ed  a r r a y s  of p igment  molecules .  F o r  t h i s  r e a s o n ,  
i t  has  s e e m e d  impor tan t  t o  investigate in  de ta i l  the e lec t ron ic  p r o p e r t i e s  
of t he s e  s y s t e m s .  F u r t h e r m o r e ,  invest igat ions  of th is  na tu re  a r e  of g r e a t  
i n t e r e s t  i n  t h e i r  own r ight .  

The g e n e r a l  p rope r t i e s  of o rgan ic  semiconduc tors  have r e c e n t l y  
been  rev iewed  b y  G a r r e t t .  2 It is apparen t  f r o m  th i s  a r t i c l e  that ,  i n  sp i t e  
of the  l a r g e  volume of informat ion that  h a s  been  accumulated,  l i t t le  i s  
known e i t he r  theore t i ca l ly  o r  exper imenta l ly  about the fundamenta l  p r o c e s s e s  
of cha rge  - c a r r i e r  fo rmat ion  and migra t ion  i n  t he se  sy s t ems .  A lmos t  a l l  
the work  i n  t h i s  f ie ld  has  been  concerned wi th  s teady-s ta te  conductivi ty 
p rope r t i e s  and  v e r y  little at tention ha s  been  paid t o  k inet ics ,  al though 
~ e l s o n 3  h a s  conducted a s e r i e s  of expe r imen t s  on the kinet ics  of photo- 
conductivity in  sol id  cat ionic dyes  such  as b a s i c  fuchsin,  rhodamine  B, and 
c r y s t a l  violet .  However,  these  ionic s y s t e m s  i n  many  ways  a r e  d i f ferent  
f r o m  the  nonionic dyes .  

F o r  t h e s e  r ea sons  we fe l t  tha t  a n  invest igat ion of the k ine t i cs  of 
photoconductivity in  nonionic dye molecu les  would be  of i n t e r e s t .  Meta l -  
f r e e  phthalocyanine was  chosen fo r  the  s tudy r epo r t ed  he r e  becanse  (a) 
i t s  p rope r t i e s  appea r  t o  be typical  of t h i s  c a s e  of subs tances ,  (b) a g r e a t  

* 
The work  de sc r i bed  in  th i s  paper  was  sponsored  b y  the United S ta tes  

Atomic E n e r g y  Commiss ion .  

t~ subs tan t ia l  p a r t  of the work  p r e sen t ed  i n  th i s  paper  is the sub jec t  of: 
David R .  K e a r n s ,  E l ec t r i c  and Magnetic P r o p e r t i e s  of Organic  Molecular  
C r y s t a l s ,  P h .  D. d i s se r ta t ion ,  Univers i ty  of C a l i f o r ~ a ,  Berke ley ,  California, 
1959. 

' p r e s e n t  a d d r e s s :  Depar tment  of C h e m i s t r y ,  Univers i ty  of Ar izona ,  
Tucson,  Ar izona .  
1 
G .  Toll in,  P. B. Sogo, and M. Calvin,  Ann. N. Y. Acad. Sci.  - 74, 310 (1958) .  

-, 
L C. G. B. G a r r e t t ,  in  Semiconductors ,  ed. by  N, B. Hannay, (Rheinhold, 
New York,  19591, Chap. 15. This  a r t i c l e  should be  r e f e r r e d  t o  f o r  a m o r e  
complete  b ibl iography.  
2 
J R .  C .  Nelson,  J. Chem.  Phys .  2 2 ,  885, 890, 892 (1954). - 
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many e lec t r ica l  measurements  have been performed on i t ,  4' and (c)  
i t s  s t ruc ture  corresponds to  the porphyrins, of which c l a s s  chlorophyll 
i s  a member .  With this in mind, techniques have been developed which 
pe rmi t  the study of the kinetics of photoconductivity in solid organic dye 
ma te r i a l s .  

Mater ials  and Methods 

The mater ial  used in the experiments was p repa red  from crude 
meta l - f ree  phthalocyanine (DuPont) by  vacuum sublimation in a muffle 
furnace.  This yielded crystall ine mater ia l  in the fo rm of needles 0.1 to 1 
cm in length. The cell  used for  most  of the conductivity measurements  i s  
diagrammed in Fig.  1 .  Additional measurements  were  a l s o  c a r r i e d  out with 
a sandwich-type cell. The samples  were applied to  the electrodes by 
another vacuum sublimation of the crystall ine mater ia l .  Various ambient 
a tmospheres  (a i r ,  02, natural  gas)  were used in the subhmations,  but the 
resu l t s  appeared to  be independent of the gas used. Subsequent t o  the 
sublimation of the sample,  the ent i re  cell  was coated with a c lear  acry l ic  
r e s in .  This coating served mere ly  a protective function and produced no 
changes in  any of the measured propert ies  of the phthalocyanine. F o r  the 
conductivity measurements ,  the sample cell  was mounted on one end of 
a copper rod,  the temperature of which could be varied.  F o r  most  of the 
measurements,  field strengths of the order  of 104v/cm were used. X-ray 
diffraction indicated that the sublimed f i lms of phthalocyanine were  essentially 
amorphous,  However, the f i lms could be made mic roc r  ystalline by annealing 
the ent i re  cel l  at  270°C for  seve ra l  days under reduced natural  gas p res su re .  
The crys ta l s  formed in this manner were about 1 micron  in diameter  and :OF 
long. 

F igure  2 shows a block diagram of the apparatus used in these 
s tudies .  F o r  kinetic studies,  the samples were Illuminated by a General  
Elec t r ic  FT-230 flashtube operated at  1500 with a load capacitance of 2pf .  
This produced a light pulse with a 1 -&sec r i s e  t ime which decayed to about 
. lo% of i t s  peak intensity in about 5psec. A standard t r iggering system was 
used. The calculated output of this lamp i s  thus quanta per second 
per  cm2 ,  of which 10% may impringe on the sample.  

Photocurrent generated in the sample by the light pulse was passed 
through a known resis tance with values ranging from 1000 ohms to  1 megokm, 
depending upon the experiment. The voltage developed a c r o s s  this  r e s i s t -  
ance was fed through a cathode follower and dc amplified (gain-2000) into 
the various recording devices.  In this manner,  it was possible to  meapure 
the decay curve of the photocurrent f r ~ m  about 10kse.c a f te r  flashing to  
about 100 sec ,  The photosignal itself was  used to  tLigger the oscilloscope 
sweep and thcs it was also possible to observe the r i s e  t ime  of the photo- 
cu r ren t .  

4 ~ . D .  Eley, G.  D. Par f i t t ,  M. J. P e r r y  and D . H .  Taysum, Trans .  Faraday 
SOC. , 49, 79 (1953). - 
5 ~ .  D. Eley and G.  D. Parf i t t ,  T r a n s .  Faraday  Soc. 51, - 1529 (1955). 
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F o r  the m e a s u r e m e n t  of ac t ion s p e c t r a  and s t e ady - s t a t e  photocon- 
ductivi ty,  a  Hanovia 800-watt xenon a r c  l amp or  a 500-watt  tungsten 
f i l ament  project ion l amp and a Bausch  and Lomb 500 -mm gra t ing  mono-  
ch roma to r  we re  used i n  p lace  of the lashtube.  The impinging visible 

2 in tensi ty  f r om these  l amps  about 10'' t o  10'9 quanta p e r  second p e r  cm . 

Resul t s  and Discuss ion 

1. Kinetics of Pho tocur ren t  Decay 

Typical  photocurrent  decay-curve  data  a r e  shown i n  F i g .  3 .  These  
were  obtained with unannealed m e t a l - f r e e  phthalocyanine in  the "surface"  
c e l l  shown in  F ig .  1 .  Unless  o therwise  s ta ted ,  a l l  t h e  following r e su l t s  
apply t o  s amp le s  of th i s  type .  The  r i s e  t i m e  of the pho tocur ren t  in  the  f l ash  
exper iments  is never  l e s s  than  - 1  p sec  even  if a  n e u t r a l  f i l t e r  of 1% 
t r a n s m i s s i o n  is placed between f l a sh  light and s amp le .  Th is  indicates  that  
the  r i s e  t ime  of the photocurrent  is l imi ted by  the r i s e  t i m e  of the  c i rcu i t ry .  

In F i g  4,  log pho tocur ren t  (i) is plotted v s  log t i m e  ( t )  f o r  data  
obtained a t  2 3 b ~  and a t  - 3 5 ' ~ .  F r o m  these  curves  it is appa ren t  that  
the  c u r r e n t  decay  f r o m  s e v e r a l  hundred microseconds  t o  s e v e r a l  seconds 
obeys the  re la t ion 

i Y 
I = -  f C t ,  e  

where  e = e lec t ron ic  cha rge  and y = - 1/2 a t  2 3 ' ~  and  -0.43 a t  - 3 5 ' ~ .  
Th i s  was  the  gene ra l  r e s u l t  f o r  a l l  the s amp le s  s tudied under a l l  conditions, 
with y varying between -0.6 and -0.4. 

The curves  in F i g .  4 a l s o  show a b r e a k  at  longer  t i m e s  (g r ea t e r  
than 1 s e c  a t  23% and g r e a t e r  than 15 s e c  a t  -35OC) with y approaching - 1. 
If one rep lo t s  the  long-t ime da ta ,  i t  i s  poss ible  t o  show that  the  cu rve s  
follow a bimolecular  law, 

1/1 3 K t  + constant .  (2 

Such plots  a r e  shown i n  F i g .  5 fo r  both 2 3 ' ~  and - 3 5 ' ~ .  Thus ,  a t  low 
c a r r i e r  concentrat ions the c u r r e n t  decay is s t r i c t l y  b imo lecu l a r ,  and a t  
higher c a r r i e r  concentra t ions  the  cu r r en t  decay  i s  s lower  than b imolecu la r .  

At the sho r t e s t  t i m e s  (10 t o  100 psec) ,  the c u r r e n t  decays  even m o r e  
slowly than a t  the longer t i m e s  ( > l o 0  psec) .  

The decay  law a t  low c u r r e n t  i s  p r ec i s e ly  what one would expect f o r  
a p r o c e s s  involving the  recombinat ion of oppositely cha rged  c a r r i e r s .  The 
s lower  decay at the  higher c u r r e n t s  m a y  be  accounted f o r  s imp ly  b y  assuming  
a concentrat ion-dependent c h a r g e - c a r r i e r  mobil i ty,  analagous  t o  what i s  
observed  f o r  ion mobi l i t ies  in  solutions of high ionic s t reng th .  6 

'w. J. Moore,  Phys ica l  C h e m i s t r y  (Prent ice-Hal l ,  New Y c r k ,  1950) p.  45 1. 
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I£ one m a k e s  the above assumpt ions ,  it i s  poss ib le  t o  obtain a n  
equation which adequate ly  e x p r e s s e s  the t i m e  dependence of the photo- 
cu r r en t  a t  a l l  except  the  v e r y  ea r l i e s t  t i m e s  ( l e s s  than  100 psec) .  An 
emp i r i c a l  r e la t ion  between cu r r en t ,  I, and  c a r r i e r  concentra t ion,  n, which 
wil l  lead t o  a s a t i s f ac to ry  descr ip t ion of the  expe r imen t a l  r e s u l t s  is 

w h e r e  n = to ta l  c a r r i e r  concentrat ion = n + n , 
f - 

E = f i e ld  s t r eng th ,  
A = c r o s s  -sect ional  a r e a  of conducting m a t e r i a l ,  
- 
P = 

t-'. 0 = apparent  ave r age  c a r r i e r  mobi l i ty  a t  a 1 - l / x  
(n 4- C )  pa r t i cu la r  value of n,  

and c and x a r e  constants  f o r  a given sample  and t e m p e r a t u r e ,  c r ep r e sen t i ng  
a c r i t i c a l  concentra t ion of c a r r i e r s  below which the  mobi l i ty  i s  concen-  
t r a t ion  -independent. 

Assuming a bimolecular  r a t e  law, 

2 
dn/dt = - K n , 

3 
where  K = r a t e  constant  ( in units of cm / sec  c a r r i e r ) ,  
one can  der ive  the  following equations.  
At n < <  c: 

FA 

Substituting eq.  (5)  i n  (4)  yields 

o r ,  upon in tegrat ion,  

Kc 1 - l / x  
1/1 = . t  + constant .  

F o r  n >>c: 

I = p o n  AE, 

and, upon substi tut ion in  eq .  (4) and in tegrat ion,  one obtains 

Po AE 
I - -;cT7;;- . t  - I x  + constant .  



Thus,  at low c a r r i e s  concen t ra t ions ,  I should d e c a y  according to  
Eq. (7) and a t  high c a r r i e r  concentra t ions  according t o  Eq. ( 9 ) ,  i n  a g r e e -  
ment  with expe r i m  ent. 

It is a l s o  possible t o  w r i t e  equations fo r  the s t eady - s t a t e  photo- 
conductivity. At the steady s ta te ,  eq .  (4) becomes  

where  L = r a t e  of photoproduction of charge  c a r r i e r s ;  L i s  propor t ional  
to  light intensity,  and the propor t ional i ty  fac tor  involves the  quantum yield. 

At high light intensity eq. (8) appl ies ,  and one obta ins ,  upon 
substi tut ion i n  ( l o ) ,  

(high bight) 
.Ll 

At low light intensit ies,  eq .  (5) applies and, upon substitctia? into 
( l o ) ,  one obtains 

Po 
AE - - 

'steady- s t a t e  l - l x  1/2 L1/20 (12) 
C 

(low light)  K 

F r o m  the room- t empera tu r e  curve  of F ig .  4, i t  i s  apparent  that  
x = 2 under  these  conditions. Thus ,  f o r  th is  sample ,  the  s teady-s ta te  
photocurrent  should v a r y  a s  the fou r th  root  of the light in tens i ty  a t  v e r y  
high light in tens i t i es ,  i f  the mechan i sm proposed above i s  c o r r e c t .  That 
this 1s approximately  the ca se  i s  demons t ra ted  by F ig .  6 .  These  data  we re  
obtained by  focusing the unfi l tered light f rom the  800-watt xenon a r c  lamp 
through a wate r  ba th  onto the s amp le .  Equation (12) p r e d i c t s  that  a t  low 
light in tens i t i es  the  s teady-s ta te  photocurrent  should v a r y  a s  the square  root  
of the Light intensity.  That th is  i s  approximately  s o  is a l s o  shown in  F ig .  6 .  

It has  been observed,  in c e l l s  in  vrhich only s u r f a c e  conductivity i s  
measu red ,  that  a t  v e r y  low light in tensi t ies  the s teady-s ta te  photocurrent  
has  a roughly l inear  relat ionship t o  the  light intensity.  E v e n  a t  the lowest 
light in tens i t i es  obtainable, th is  behavior  i s  not observed i n  the  samples  
descr ibed  here in .  This observat ion i s  s im i l a r  t o  the  r e s u l t s  found with 
sandwich-type cel ls  in which bulk p rope r t i e s  a r e  being m e a s u r e d .  This  
suggests  that  measu remen t s  r epo r t ed  h e r e  re la te  predominant ly  to  bulk 
p rope r t i e s ,  which i s  plausible in  view of the  geomet ry  of t h e  "surface" cel ls  
used.  ( s ee  F ig .  1). 

The fact  that  photocurrent  m a y  be observed f o r  s e v e r a l  minutes  af ter  
f lash i l lumination suggests a low mobil i ty and that  c a r r i e r  recombinat ion m a y  

'D.M. J. Compton, W . G .  Schneider ,  and T . C .  Waddington, J . C h e m .  Phys .  2 7 ,  
160 (1957). 

- 
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b e  diffusion-l imited.  The  ma thema t i c s  of diffusion-l imited react ions  has  
been  t r e a t ed  by  Waite. F o r  a birnolecular  diffusion-l imited p r o c e s s ,  Waite 
d e r i v e s ,  f o r  the r a t e  law at low reac tan t  concentra t ions ,  the  express ion  

whe re  ro  = separa t ion  of r e ac t an t s  within which r eac t i on  is rapid,  but outside 
of which t he r e  i s  e s s en t f a1 . i~  no mte r ac t i on  cap ture  r ad iu s ,  

2 
D = average  diffusivity (in units of cm / s e c - c a r r i e r ) ,  
K = bimolecular  r a t e  constant  a s  previousgy defined i n E q ,  (41, 
n = concentra t ion of holes = concentra t ion of e l e c t rons ,  

The re fo r e  

F r o m  the  Eins te in  equation, 9 

where ,  f o r  th i s  c a se ,  

'-'(I 

the  following equation i s  obtained: 

F r o m  Eq, (7 )>  the s lope of a plot of 1/1 vs  t at low I i s  equal  t o  

Upon substi tut ion of Eq. (17) into (18) one obtains 

'T .R .  Waite, Phys .  Rev.  107, 463 (1957) .  - - 
'N. F. Mott and R .  W. Gurney ,  E lec t ron ic  P r o c e s s e s  in  Ionic C r y s t a l s  
(Clarendon P r e s s ,  Oxford, 1950%; 



or ,  r e a r r a n g i n g  , 

- BAE - e 
r o -  4 "  kT . 

This equat ion p e r m i t s  the calculat ion of r f r o m  exper imenta l  da ta .  F o r  0 meta l - f r ee  phthalocyanine a t  r oom t e m p e r a t u r e ,  r i s  approx imate ly  25 A 
(about one mo lecu l a r  d i ame te r ) ,  and i n c r e a s e s  t o  aBout 200 A at -35OC. 
At t e m p e r a t u r e s  up t o  50°C, ro  r e m a i n e d  at about the r o o m - t e m p e r a t u r e  
value, wi thin  exper imenta l  e r r o r .  

The  f ac t  that  one can obtain reasonab le  values  f o r  r suggests  tha t  0 the assumpt ion  that  recombination is diffusion-l imited is mode ra t e ly  
a ccu ra t e .  The  observed  i n c r e a s e  i n  r at low t e m p e r a t u r e s  m a y  b e  due 
to  a d e c r e a s e  i n  t h e r m a l  sca t t e r ing .  0 

2 .  Resu l t s  with Sandwich Cel ls  and Annealed Samples  

Room t empe ra tu r e  photoconductivity decay  c u r v e s  w e r e  a l s o  
measu red  f o r  sandwich-type ce l l s  of me t a l - f r ee  phthalocyanine. These  
gave e s sen t i a l l y  the  s a m e  kinet ics  a s  did the  "surface"  ce l l s  . In genera l ,  
the sandwich ce l l s  w e r e  m o r e  difficult t o  p r e p a r e  and had only about 1/100 
a s  good a s ignal- to-noise  r a t i o  a s  t he  "surfaceJ '  c e l l s .  

A c o m m o n  method used t o  indicate  the sign of the  m a j o r i t y  cha rge  
c a r r i e r  i n  a sandwich ce l l  is t o  m e a s u r e  the  magnitude of the pho tocur ren t  
a s  a function of the polar i ty  of the i l luminated e lec t rode .  When t h i s  was  
done f o r  a sandwich ce l l  of metal--free phthalocyanine, higher c u r r e n t s  
(about double)  w e r e  obtained when t he  i l luminated e lec t rode  was  posi t ive  
than when i t  w a s  negative. This ind ica tes  that  holes a r e  the m o r e  mobi  
c a r r i e r s ,  i n  a g r e e m e n t  with invest igat ions  of other organic  compounds.  

5q l 0 , l l  

Mic r  ocrys ta l l ine  (annealed) "surface"  ce l l s  exhibit the s a m e  photo- 
cur ren t  k inet ic  behavior a s  do the  unannealed s amp le s .  Hcwever ,  the  
annealed s a m p l e s  exhibit a s m a l l e r  concentra t ion dependence of c a r r i e r  
mobility. It i s  t o  be  expected that  m o r e  o r d e r e d  s amp le s  would contain 
fewer s ca t t e r i ng  cen t e r s  and t he r e fo r e  p o s s e s s  higher c a r r i e r  mobi l i t ies .  
This i s  cons i s ten t  with the fact  that  h igher  photocurrents  w e r e  obtained 
with annealed s amp le s  than with unannealed s amp le s  , under ident ica l  
conditions. Thus ,  it would appear  t ha t  l a r g e r  c a r r i e r  -mobil i ty concentra t ion 
dependences a r e  assoc ia ted  with lower c a r r i e r  mobi l i t ies .  It is planned 
t o  investigate the  mic rocrys ta l l ine  s a m p l e s  in m o r e  de ta i l  in  the  fu tu re .  

3 .  T e m p e r a t u r e  Dependence of C u r r e n t  Decav  

0 A change i n  t empe ra tu r e  over  the  range  f r o m  60 C t o  - 3 5 O ~  does 
not a f h c t  t h e  kinet ics  of the ma jo r  por t ion  of the decay  cu rve  (20 p sec  

10 
H. P. Kal lman and M. Si lver ,  Symposium on F luo re scence  and Semiconduc tors ,  
Ga rmi sch -Pa r t enk i r chen ,  F a l l  1956. 
11 
D. C.  Nor th rup  and 0. Simpson, P r o c .  Roy. Soc. (London) 24419, 377 (1 9 5 8 ) .  
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to  100 sec) ,  within experimental e r r o r .  In par t icu lar ,  the photocurrent 
decay remains bimolecular at low currents ,  indicating that there  a r e  no 
trapping centers  with depths g rea te r  than about 0.05 ev. 

A decrease  in tempera ture  was found to cause a slight decrease  
in the l /x  value. F o r  example, l /x  = 0.50 a t  23OC and l /x  = 0.43 at  - 3 5 O ~ ,  
a s  shown in F ig .  4.  Inasmuch a s  one would expect a decrease  in mobility 
at  lower temperatures ,  these resu l t s  again indicate that  there  i s  an inverse 
relationship between mobility and concentration dependence of mobility. 
This i s  fur ther  demonstrated by  the fac t  that the concentration dependence 
portion of the decay curve extends to  longer t imes  a t  the lower temperature 
(see F ig .  4). 

4. Temperature Dependence of Steady-State Photocurrent  and Dark Currea t  

The steady-state photocurrent a s  a function of tempera ture  obeyed 
the equationlZ 

I = c e  - A E / ~ T  
steady-state 5 

where AE? 0.2 ev, in agreement  with other reported values.  

The temperature dependence of the da r  cu r ren t  was more  difficult 
t o  measure ,  but was found t o  obey the relation ! 3 

= c e  - A E / ~ ~ T  
'dark 3 

w 

where AE = 1-2 ev, in approximate agreement with repor ted  values. 

5. Voltage Dependence of Steady-State Photocurrent and Dark Current  

Both steady-state photoconductivity and dark  conductivity obeyed 
the relationship 

I a V  3 /2 

where V = applied voltage. 

The kinetics of f lash photoconductivity decay were  independent of 
the applied field. 

12  
J. Kommandeur, G .  J. Korinek, and W . G .  Schneider, Can. J. Chem. 
35, 998 ( 1 9 5 7 ) .  
13 
N. F. Mott and R .  W. Gurney, op. c i t . ,  pp. 156 et seq .  
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Fig. 7. Intensity dependence of init ial  photoconductivity 
.decay f o r  a typical metal-free phthalocyanine sample.  
The f lash  intensity was varied with neutral  density f i l t e r s  
sweep t imes  are 20 p.sec/cm. 
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Fig. 9. Log photocurrent veEsus log t ime of a meta l - f ree  
phthalocyanine sample with varying amounts of ambient 
light. 



for a se r i e s  of seven different samples .  These resul ts  and the ambient-light 
experiments suggest  that the da rk  current  is somehow different f r o m  the 
photocurrent. It i s  not possible to explain this  difference at  present .  

D. Conclusions 

The fact that the r i s e  t ime of flash-induced photoconductivity f s  
limited by the c i rcu i t ry  (about lpsec)  indicates that the electronically 
excited state which gives r i s e  to  charge c a r r i e r s  has a lifetime of l e s s  thar, 
1 psec. This immediately suggests the f i r s t  excited singlet s ta te ,  inasmuch 
a s  one would expect the lowest tr iplet  s ta te  t o  have a much longer lifetime 
(of the order of sec  or greater).14 

The f i r s t  10 psec of the photocurrent decay a r e  complicated by  the 
decay of the light pulse itself, and therefore  no attempt will be made to  
discuss this region in any detail. 

It was noted above that the photocurrent f rom 20 psec to seve ra l  
hundred psec a f t e r  flashing decayed significantly more  s lowly than would 
be predicted b y  the proposed mechanism, and that this effect became even 
more pronounced and lasted for  a Longer t ime at  lower f lash intensit ies.  
This suggests that there  exists a long-lived higkrenergy intermediate (of the 
order  of l o v 4  s e c )  which contributes to c a r r i e r  productim, but to a sma l l e r  
extent than does the excited singlet state.  One possibility for such an 
intermediate is the lowest tr iplet  state.  Such an hypothesis would be 
consistent with the low-intensity f lash  behavior of the cur rent  decay, inasmuch 
a s  the triplet  lifetime would be longer under low-intensity illumination 
because of a decreased  probability of se  1.f -quenching, 

The next question that a r i s e s  i s  the detailed mechanism for the 
conversion of nonconducting excited electronic s ta tes  into charge c a r r i e r s .  
It i s  possible to gain some insight into this problem by a consideration of 
the resul ts  repor ted  in the foll.owing paper .  

14 
G o  Por ter  and M. R.  Wright, Disc.  Faraday  Soc. (in p r e s s ) .  


