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ELECTRICAL  CHARACTERISTICS  OF  PYRRONE  POLYMERS 

P.  J. Reucroft, H. Scott, P.  L. Kronick  and F. L. Serafin 

The  Franklin  Institute  Research  Laboratories 

1. INTRODUCTION 

Polyimidazopyrrolone  or  Pyrrone  polymers  are  a  new  class  of 
aromatic-heterocyclic  polymers  which  have  outstanding  thermal  and  radiolytic 
stability.  The  effect  of  high  energy  radiation  on  mechanical  strength, 
thermophysical  properties  and  some  electrical  properties  have  been  reported 
previously  (ref. 1). This  report  describes  a  more  detailed  determination  of 
the  alternating  current (A.C.) and  direct  current (D.C.) electrical  properties 
of  two  Pyrrone  polymers  and  the  effect  of  high  energy  radiation on these 
properties.  The  polymers  investigated  are  shown  in  Figure 1. 

The technical  assistance  of  P. Chairge,  Research  Chemist 11, 
P .  J. Hackett,  Technical  Associate I1 and J. B. Drew,  Research  Physicist I 
is  gratefully  acknowledged. 

2. EXPERIMENTAL 

2.1 ." PREPARATION ~~ OF  MATERIALS 

Pyromellitic  dianhydride  (PMDA)(Princeton  Chemical  Research) 
was  sublimed  for 6 hours  through  two  layers of fiberglas  fabric  onto  a  cold 
finger  in  a  large  laboratory  sublimator  at  200°/0.05 mrn. Three  similar  runs 
yielded 69 g. of  colorless  sublimate  melting  at  286-287".  The  yields  were 
about  20-25%.  Sublimation  by  entrainment  in  a  stream  of  nitrogen  was  briefly 
investigated.  Higher  yields  were  obtained,  but  the  sublimate  had  a  slightly 
yellow  color. 

3L3'.,4.,4-'-B.enzophenone tetracarboxylic  acid  dianhydride  (BTDA) 
(Gulf  Chemical-Corp.) was  similarly  sublimed  and  resublimed  at  255"/0.025 mm. 
Melting  points  of  products  ranged  from  221-228",  apparently  depending on 
exposure  to  moisture.  The  larger  crystals  which  fell  off  the  cold  finger 
had  the  highest  melting  point  when  determined  immediately  following  removal 
from  sublimator.  Crystalline  powder  which  remained on the  cold  finger  had 
a  lower  melting  point,  as  did  crushed  larger  crystals  exposed  to  air  a  few 
minutes . 

3,3'-Diaminobenzidine  (DAB)  (Burdick  and Jackson  Laboratories, 
Inc.) was  recrystallized  from  a  2:l  mixture  of  water  and  acetonitrile  after 
treatment  with  charcoal  to  yield  a  light  tan  powder, m.p.  176". after  vacuum 
drying  for  2  days.  A  similar  recrystallization  from  water  yielded  a  slightly 
darker  product, m.p.  174-175".  Recrystallized  material was used  in  most of 
the  exploratory  polymerization  studies.  The  films  for  electrical  evaluation 
were prepared  from  DAB as received  from  NASAILangley  after  vacuum  drying one 
week  at  room  temperature. 



FIGURE 1 STEPLADDER PYRRONES. 



Dimethylacetamide (E. I. du  Pont  de Nemours and Co. ,  Inc . ) ,  
55 g a l .  drum q u a l i t y ,  was supp l i ed  on s p e c i a l   o r d e r  i n  5 g a l .  drum f i l l e d  
a t  p lan t   under   n i t rogen .  It was . d i s t i l l e d  from PMDA f o r   u s e  as s o l v e n t   i n  
p r e p a r a t i o n   o f   f i l m s   f o r  e lectr ical  eva lua t ion .  

POLYMERIZATION 

The procedures  were similar t o   t h o s e   d e s c r i b e d  by i n v e a t i g a t o r a  
a t  NASA/Langley ( r e f .  1 and  2). The Pyrrone  polymer  of BTDA-DAB was prepared  
by  adding  95 m l  of a s o l u t i o n  of  12.89  g. (0.04 m) of  sublimed BTDA i n  100 ml 
DMAC t o  a s t i r r e d ,   h o t  (% 6OoC) solut ion  of   8 .56  g .  (0.04 m) o f  DAB i n  100 m l  
DMAC i n  a preheated  high-speed  blender   under   ni t rogen.  The b l ende r  was 
wrapped  with  heat ing  tape.   After  30 minu tes   o f   s t i r r ing ,   t he   r ema inde r   o f   t he  
RTDA s o l u t i o n ,  0.65 g. i n  5 m l  DMAC, was added  dropwise.   St i r r ing  and  heat ing 
were cont inued   for   one   hour .  Then t h e  polymer  dope was cen t r i fuged .  The 
supe rna tan t  was decan ted   o f f   and   s to red   unde r   n i t rogen   i n  a dry  ice ches t .  

The Pyrrone  polymer  of PMDA-DAB w a s  p r e p a r e d   i n  a similar 
manner   except   tha t   the   vesse l  was not   heated.  Upon comple t ion   of   addi t ion  
of t he  PMDA s o l u t i o n ,   s t i r r i n g  a t  room temperature  was cont inued   for   about  
one-half  hour. 

No excess anhydride was used i n   e i t h e r  polymer  preparation. 

FILM  CASTING 

Three   so lu t ions  of  each  prepolymer i n  DMAC were mixed t o   y i e l d  
a PMDA-DAB dope i n t r i n s i c   v i s c o s i t y  [TI] - 1.02 d l l g  and a BTDA-DAB dope  of 
[n] - 1.70 dl/g. F i l m s  were cast f rom  these   so lu t ions   w i th   an   ad jus t ab le -  
c l e a r a n c e   f i l m   a p p l i c a t o r  set a t  6.0 mils clearance  on a P y r e x   g l a s s   p l a t e ,  
21.5" x 10" x 1 / 4 "  po l i shed  on  one s i d e   t o  10 bands,   This w a s  done i n  a 
laminar  f low work s t a t i o n .   A f t e r   t h e   f i l m s  were cast ,  g e n t l e   h e a t  w a s  
appl ied   benea th   the   p la tes   f rom two i n f r a r e d   h e a t i n g  elements. Af te r   one  
and  one-half   hours ,   the   plate  w a s  p l a c e d   i n  a fo rced  a i r  oven set a t  100°C. 
The f i l m s  were cured a t  100" f o r   t h r e e   h o u r s ,  ZOO0 f o r  two hours,   and 300" 
f o r  one   hour .   Af te r   th i s   cur ing   cyc le ,   the   f i lms  were s t r i p p e d  from  the 
g l a s s   p l a t e   w h i l e  i t  was submerged i n  a water b a t h   t o   f a c i l i t a t e  removal. 
The f i l m s  were then   cu red   fo r   ano the r  24 hours  a t  300O. 

Film  thickness   ranged from  10-50 microns.  The t h i c k e s t   f i l m s  
were u s e d   f o r   t h e   d i e l e c t r i c  loss measurements. A l l  f i lms  used  in   measurements  
were f r e e  of   pinholes  as d e t e r m i n e d   e l e c t r i c a l l y  by t h e  Hg drop  method  and by 
microscopic   observa t ion .  

2.2 FILM  CHARACTERIZATION 

The i n t r i n s i c   v i s c o s i t i e s   o f   s o l u t i o n r   o f  PMDA-DAB and 
BTDA-DAB prepolymers  and  elemental   analyses of cast f i l m s   a f t e r   c u r i n g  
1 hour a t  300. are shown In   Table  1. Thennogravimetr ic   analyses  are 
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PMDA-DAB 

Calc.  for  C22H8N402 

Found 

BTDA-DAB 

Calc.  for  C29H12N403 

Found 

1.02 

1.70 

73.33 2.22 15.56 

69.28  3.44 15.58 

75 .OO 2.59  12.07 

71.29 2.79 11.77 

a Final  intrinsic  viscosity  in  dl/g  of  a  blend  of  smaller  prepolymer  dopes 
prepared  from  equimolar  amounts  of  the  amine  and  anhydride. 

4. Average  of  duplicate  determinations by Galbraith  Laboratories. 

shown  in  Figure  2 . Infrared  absorption  spectra  of  these  films  are  shown 
as  solid  curves  in  Figure 3. The  spectra  of  films  which  were  further 
cured  at 300" for  24  hours  are  shown  as  dotted  curves. 

* 

2.3  DIRECT CURRENT  MEASUREMENTS 

The  experimental  arrangement  used €or measuring D.C. dark 
current  and  photocurrent  in  polymer  film  samples  is  shown  schematically 
in  Figure 4. Polymer  films  measured  ranged  in  thickness  from 10-50 microns. 
The  two  measuring  electrodes  consisted  of  evaporated  gold, 1 sq cm  in area. 
The  electrode  upon  which  illumination  was  allowed  to  fall  transmitted 
10-40%  of  incident  light  in  the  wavelength  region  200-700 mu. A  grounded 
guard  ring  electrode  was  evaporated  around  the  perimeter  of  the  dark  electrode 
to  eliminate  surface  conductivity. 

Currents were measured  at  applied  field  strengths  in  the  range 
102-106 volt/cm  with  a  'Cary  Model  31/31V  Vibrating  reed  electrometer.  A 
Keithley  Model  240 D.C. power  supply was used  to  supply  voltage  to  the 
sample.  Photocurrents  were  measured  with  a  positive D.C. voltage  applied 

* The  slight  dips  in  the  curves  at  low  temperature  are  believed  to be due 
to  an  instrumental  error  since  there  is no reason  to  expect  a  gain  in 
weight . 
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FIGURE 2 WEIGHT LOSS OF PMDA-DAB AND  BTDA-DAB FILMS ON 
HEATING UNDER NITROGEN. 
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BRASS CONDUCTIVITY  CELL 

EVAPORATED GOLD 
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FIGURE 4 GENERAL ARRANGEMENT FOR DC DARK AND PHOTOCONDUCTIVITY 
S T U D I E S .  
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to  the  illuminated  electrode. 

A 1000 W Mercury  lamp  was  used as a polychromatic  light 
source.  Monochromatic  light was obtained  from  a  Bausch  and  Lomb 150W 
Xenon  Light  Source  in  conjunction  with  Bausch  and  Lomb  Monochromator 
gratings No. 33-86-01, No. 33-86-02  and No. 33-86-03. 

2 . 4  TRANSIENT  PHOTOCURRENT  MEASUREMENTS 

Transient  photoconductivity  measurements were carried out 
using  the  experimental  arrangement  described  previously  (ref. 3). A 
General  Radio Co. Strobotac, Type 1531-A, was used  as  a  pulsed  light 
source  in  these  studies  (flash  duration 1 to  3  microseconds).  All 
measurements  were  carried  out  with  a  positive D.C. voltage  applied  to 
the  illuminated  electrode. 

2.5 RADIATION  INDUCED  CONDUCTIVITY  STUDIES 

Radiation  induced  conductivity  was  determined  using  a 
4000 Curie  Gammabeam  150C gama irradiation  facility  supplied  by The 
Atomic  Energy  of  Canada  Limited.  Radiation  dose  rates in the  range 
10 to 1000 rad/min  were  employed.  The  arrangement for measuring  radiation 
induced  conductivity  was  similar  to  that  used  in  the  dark  and  photocurrent 
investigations.  Radiation  was  allowed  to  fall  on  the  sample  through  a 20 
mil  aluminum  window  in  the  conductivity  cell.  The  radiation  dose  was 
measured  inside  the  cell  at  the  sample  location  by  means  of  thermoluminescent 
dosimetry.  TLD-100  LiF  thermoluminescent  powder,  supplied  by  Harshaw 
Chemical Co., was used  in  the  calibration,  the  thermoluminescent  output 
being  monitored  by  means  of  a  thermoluminescence  dosimetry  reader  made 
available  through  courtesy  of  Stein  Research  Center,  Jefferson  Medical 
College  Hospital. 

2 . 6  CONDUCTIVITY  MEASUREMENTS  ON  RADIATION  DAMAGED  SAMPLES 

Pyrrone  film  samples  were  irradiated  at  temperatures  ranging 
from  20°C  to  300°C  with 2 Mev  electrons  for  accumulated  doses  ranging  from 
lo7 rad  to 5 x lo9  rad  at  the  radiation  facilities  at  Efectronized  Chemicals 
Corporation,  Burlington,  Massachusetts.  The  samples  were  maintained  in 
vacuo  at  torr  or  less  and  at  the  specified  temperature  throughout  the 
dose  accumulation.  After  accumulating  the  radiation  dose,  samples  were 
transferred  from  the  irradiation  chamber  to  glass  containers  under an ultra- 
pure  grade  argon  atmosphere.  The  sealed  containers were shipped  to  The 
Franklin  Institute,  the  samples  being  maintained  under  an  argon  atmosphere 
until  samples  were  removed  for  conductivity  evaluation.  Conductivity 
evaluation  consisted of measuring  the  dark  and  photocurrent  at  applied 
fields in the  range 102-106 voltjcm as described  in  Section  2.3 

2.7 ALTERNATING  CURRENT  MEASUREMENTS 

The  dielectric  constant  and  dissipation  factor  of  polymer 
film  samples  was  measured  at  temperatures  of  20, 100, 200 and 3OO0C at 
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f requencies   ranging   f rom lo2  t o  l o5  Hz by means of a General  Radio  Type 
1615A capac i tance   b r idge   used   wi th  a General  Radio  Type 1232-A tuned 
a m p l i f i e r  and n u l l   d e t e c t o r .  The d i e l e c t r i c   c o n s t a n t  was c a l c u l a t e d  
d i r e c t l y  from t h e   c a p a c i t a n c e  by  means  of t he   fo l lowing   r e l a t ionsh ip :  

C 8.84 X 10 - -8 KA 
d 

where C = Capaci tance   in   microfarads   (pF)  

K ' = Dielectric cons t an t  

A = Area i n   s q  cm 

d = Dielectric t h i c k n e s s   i n  c m  

The d i s s i p a t i o n   f a c t o r  w a s  r e a d   d i r e c t l y   f r o m   t h e   b r i d g e .  The c e l l  
arrangement is shown i n   F i g u r e  5. From  room t e m p e r a t u r e   t o  15OoC, thermal  
c o n t r o l  was achieved by a the rmos ta t t ed   o i l   ba th .   Fo r   h ighe r   t empera tu res ,  
a n   e l e c t r i c a l l y   h e a t e d  aluminum block similar t o   t h a t   i l l u s t r a t e d   i n  
Figure 4 was u t i l i z e d .  

Samples i r r a d i a t e d   w i t h  2 Mev e lec t rons   €or   accumula ted  
doses  ranging  from lo8  r a d   t o  5 x l o 9  rad a t  temperatures  ranging  from 
20°C t o  3OO0C were measured i n   t h e  same experimental   arrangement.  The 
d i e l e c t r i c   c o n s t a n t  and d i s s i p a t i o n   f a c t o r  were measured  for  these  samples 
a t  f requencies   ranging   f rom 102 t o  105 HZ a t  2 0 " ~ .  

2 .8  PKOCEDURES FOLLOWED ." I N  ELECTRICAL - MEASUREMENTS 
. -  

(a )  The majority  of  the  conductivity  measurements were 
c a r r i e d   o u t   o n   f i l m   s a m p l e s   t h a t  were cured as fol lows:  

A t  least three   hours  a t  100°C; a t  least two hours  a t  
200°C; a t  least  24 hours  a t  300°C. 

( b )   I n   i n i t i a l   s t a g e s  of the  program  samples were evacuated 
f o r  a t  least twenty-four  hours a t  t o r r   b e f o r e   e l e c t r i c a l   m e a s u r e m e n t s  
were ca r r i ed   ou t .   Evacua t ing   ove rn igh t  i.e. about  15-16 hours  was later 
found t o   p r o d u c e   n o   s i g n i f i c a n t   d i f f e r e n c e s   i n  e lectr ical  c h a r a c t e r i s t i c s  
measured. The l a t t e r  procedure was thus  more o f t en   fo l lowed   s ince  i t  allowed 
e l e c t r i c a l   d a t a   t o   b e   o b t a i n e d  more e f f i c i e n t l y .  

3. RESULTS AND DISCUSSION 

3.1 DARK CONDUCTIVITY AND PHOTOCONDUCTIVITY AS  A-FUNCTION  OF VOLTAGE AND -~ 

TEMPERATURE 
- ~~ 

In   measur ing   the   dark   conduct iv i ty   and   photoconduct iv i ty   o f  
PMDA-DAB and BTDA-DAB polymer  f i lms  the  fol lowing  procedure W&S adopted: 

9 
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was app l i ed  
t o  1 hour. 
t h e   c u r r e n t  
The c u r r e n t  
a t  0.5 t o  1 
f a l l  on t h e  

Af te r   evacuat ing   the   sample   overn ight  a t  t o r r ,   v o l t a g e  
to   t he   s ample   and   t he   cu r ren t  w a s  r e a d   a f t e r   a p p r o x i m a t e l y  0.5 
A s low  decrease  was s t i l l  d i s c e r n i b l e  a t  times l o n g e r   t h a n   t h i s ,  
l e v e l   d e c r e a s i n g . b y  a f a c t o r   o f   t h r e e   t o   f i v e   a f t e r  24 hours .  
d a t a  shown i n   f i g u r e s   i n   t h e   r e p o r t   r e f e r   t o   t h e   c u r r e n t   r e a d i n g  
h o u r   a f t e r   a p p l y i n g   v o l t a g e .   I l l u m i n a t i o n  w a s  t hen   a l lowed   t o  
sample   p roduc ing   an   i nc rease   i n   cu r ren t   l eve l .  The  photo- 

c u r r e n t  so produced   leve led   o f f   in  a few minutes   with  the  polychromatic  
l i g h t   s o u r c e .  Same v a r i a t i o n   i n  rise and  decay time w a s  found a t  d i f f e r e n t  
wavelengths when experiments   with  monochromatic   l ight  were c a r r i e d   o u t  
(See  Section  3.2). On removing t h e   i l l u m i n a t i o n   t h e   c u r r e n t   l e v e l   f e l l  
q u i c k l y   t o   t h e   d a r k   c u r r e n t   l e v e l ,   a p p r o x i m a t e l y  90% of   the   photocurren t  
d e c a y i n g   i n   t h e   f i r s t  few minutes.  The vo l t age  was then  increased  and 
the  procedure  repeated.   Increasing  the  vol tage  to   breakdown  a l lowed 
cu r ren t -vo l t age   cha rac t e r i s t i c s   t o   be   compi l ed .  Breakdown was taken  as 
the   onse t  of s ign i f i can t   depa r tu re   f rom a l i n e a r   c u r r e n t - v o l t a g e  
c h a r a c t e r i s t i c ,   u s u a l l y  5 x lo5- l o6  volt/cm. The sample was then  
e q u i l i b r a t e d  a t  success ive   t empera tu res   i n   t he   r eg ion  20°C t o  300°C and 
the   p rocedure   repea ted .   In   th i s  way c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c s  were 
obta ined  a t  severa l   t empera tures .   Curren t  as a func t ion  of  temperature 
a t  c o n s t a n t   a p p l i e d   s t r e n g t h s  was der ived   f rom  these   p lo ts .  

The c u r r e n t   c h a r a c t e r i s t i c s   w i t h   p o s i t i v e   v o l t a g e   a p p l i e d  
t o   t h e   i l l u m i n a t e d   e l e c t r o d e  were v i r t u a l l y   i d e n t i c a l   w i t h   t h o s e   o b t a i n e d  
wi th  a negat ive   vo l tage .  The da ta   r epor t ed  were obta ined   wi th  a p o s i t i v e  
v o l t a g e   a p p l i e d   t o   t h e   i l l u m i n a t e d   e l e c t r o d e .  

I n i t i a l   s t u d i e s  were c a r r i e d   o u t  on PMDA-DAB samples cured 
f o r   t h r e e   h o u r s  a t  100°C, two hours  a t  200°C and  one  hour a t  300°C.  The 
r e s i s t i v i t y  of t h e s e  samples was i n   t h e   r a n g e  1011-101 ohm-cm and  photo- 
cu r ren t   i nc reases   o f   abou t  50% above   the   dark   cur ren t   l eve l  were produced. 
On hea t ing   t he   s ample   fo r   l onge r  times a t  300°C i t  was found t h a t   t h e   d a r k  
r e s i s t i v i t y   i n c r e a s e d  by about  3 t o  4 orde r s  of magnitude. The photocurren t  
was now found t o  b e  a t  least an  order   of   magni tude  greater   than  the  dark 
cur ren t .   F igure  6 shows c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c s   o b t a i n e d   a t  room 
t empera tu re   fo r  a s h o r t  time and long time cured PMDA-DAB sample i l l u s t r a t i n g  
the   above   fea tures .   Measurement   o f   res i s t iv i ty  as a func t ion  of  curing t i m e  
a t  300°C showed t h a t  no f u r t h e r   r e s i s t i v i t y   i n c r e a s e  was found a f t e r  24 hours  
(F igure  7 ) .  Subsequently,  a l l  e l e c t r i c a l  measurements were c a r r i e d   o u t  on 
samples   cured   for  a t  least 24 hours  a& 300°C. 

Dark cur ren t -vol tage  and p h o t o c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c s  
are shown i n   F i g u r e  8 f o r  BTDA-DAB i l l u s t r a t i n g   t h e   g r e a t e r   p h o t o c u r r e n t -  
d a r k   c u r r e n t   r a t i o   o b t a i n e d   f o r   t h i s   p o l y m e r .  

Dark c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c s  a t  s e v e r a l   t e m p e r a t u r e s  
f o r  PMDA-DAB and BTDA-DAB are shown i n   F i g u r e s  9 and  10  respectively.   Photo- 
c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c s  a t  several t empera tures  are shown i n  
F igures  11 and 1 2 .  

The c h a r a c t e r i s t i c s   i n   F i g u r e s  6 and 8 show the   pho tocur ren t  
as measured". In   F igu res  11 and  12  the  photocurrent  is co r rec t ed   fo r   da rk  11 

curren t   and   re fers   to   the   cur ren t   increase   p roduced   above   the   dark   cur ren t  
l e v e l  upon i l l umina t ion .  

11 
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FIGURE 6 CURRENT-VOLTAGE CHARACTERISTICS (PMDA-DAB). 
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FIGURE 7 EFFECT  OF  CURING  TIME ON R E S I S T I V I T Y  OF PMDA-DAB. 
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Log  (dark  current) - - plots  are  shown  in  Figures 13 TOK 
and 14 for  PMDA  and  BTDA-DAB  respectively.  Log  (photocurrent) - T plot8 
are  shown  in  Figures 15 and 16. 

1 
T K  

The  main  features  of  the  dark  conductivity and  photoconductivity 
properties  shown  in  Figures  6  to 16 can be summarized  as  follows: 

1. Both Pyrrone  polymers  showed  linear  dark  current  and 
photocurrent-voltage  characteristics  with  evaporated  gold  electrodes  over 
an  applied  field  strength  range  from  lo2  to  lo6  volt/.cm. 

2 .  BTDA-DAB  polymer  films  are  more  photoconductive  than 
PMDA-DAB  films. The photocurrent-dark  current  ratio  for  BTDA-DAB  ranged 
from  200-300,  and  for  PMDA-DAB  from 40-60 at  20°C. 

3.  Both dark  current  and  photocurrent  were  reversible  with 
temperature.  After  measuring  the  electrical  characteristics  at  3OO0C  it 
was  possible  to  return  to  lower  temperatures  and  repeat  the  current-voltage 
characteristic  previously  obtained. 

4. A  non-linear  relationship  was  found  for  the  log  (current) - 
- 
TOK plots  implying  more  than  one  mechanism  for  charge  carrier  generation  in 
the  temperature  range  studied  if  the  current  is  described  by  the  relationship 
I =  I  exp - -  

0 kT . E The  ranges  of E values  obtained  in  the  temperature  range 

investigated  are  summarized  In  Table 2 for  the  two  polymers. 

TABLE 2 

CONDUCTION  ACTIVATION  ENERGIES  FOR  PYRRONES 
-. =" - "i_ ~ 

(Field  Strength  lo4  volt/cm) 

Samp 1 e 

BTDA-DAB 

D2rkConduction Activation  Energy  (EV) 

0.3 + 1.0 (25OC + 300OC) 

-~ "" 

PMDA-DAB  0.24 + 1.1 (25OC + 30OoC) 

Sample 

BTDA-DAB 

Photoconduction "~ ". Activation ~~ Energy  (EV) 

0.2 * 0.95 (25OC -t 3OOOC) 

PMDA-DAB 0.28 + 1.3  (25OC * 300OC) 

3.2 SPECTRAI. DEPENDENCE  OF  PHOTOCONDUCTIVITY 
. . . .  ~. ... .~ 

The  spectral  dependence of photocurrent  in  the  wavelength 
region 200-1300 mp  is shown in  Figure 17 €or  PMDA-DAB  and  Figure 18 for 
BTDA-DAB. The  photocurrent  is  corrected  to  a  constant  incident  intensity 
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FIGURE 13 DARK CURRENT-TEMPERATURE  RELATIONSHIP (PMDA-DAB). 
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of  monochromatic  l ight.  The o p t i c a l   s p e c t r a  are a l s o  shown i n   F i g u r e s  17 
and 18 f o r   c o m p a r i s o n .   I n   g e n e r a l   t h e   m a i n   f e a t u r e s   o f   t h e   o p t i c a l   s p e c t r a  
were found i n  t h e   p h o t o c u r r e n t   s p e c t r a ,   t h e   p e a k   i n   t h e   p h o t o c u r r e n t   s p e c t r a  
occur r ing  35 mu t o   t h e   r e d  of t h a t   i n   t h e   o p t i c a l   s p e c t r u m .  The o p t i c a l  
spectrum was ob ta ined  by means of a d i f f u s e   r e f l e c t i o n   s p e c t r o s c o p i c   t e c h n i q u e ,  
t h e   i n t e n s i t y   o f   l i g h t   r e f l e c t e d   f r o m   t h e   s a m p l e   b e i n g  compared t o  a s t a n d a r d  
r e f l e c t i n g   s u r f a c e  i.e. MgO. Transmission  measurements   yielded  absorpt ion 
e d g e   d a t a   t h a t  were c o n s i s t e n t   w i t h   t h e   r e f l e c t i o n   s p e c t r a .  

Maximum p h o t o e f f i c i e n c y   f o r  carrier gene ra t ion  was found i n  
t h e   v i s i b l e  and U.V. r eg ions ,   the   photocurren t   peak   occur r ing  a t  610 mp f o r  
PMDA-DAB and 550 mp f o r  BTDA-DAB. The p h o t o e f f i c i e n c y   t a i l e d   o f f   i n t o   t h e  
I .R .  r eg ion ,   measu rab le   e f f ec t s   be ing   ob ta ined  a t  wavelengths as long as 
1400 mp. 

A t t e m p t s   t o   s e n s i t i z e   t h e  BTDA-DAB polymer  by  adding  dyes  such 
as leuco-malachite  green  (48%  and  16%)  and  cryptocyanine (9%) were n o t  
s u c c e s s f u l ,  The g e n e r a l   s p e c t r a l   d i s t r i b u t i o n  of photocurren t  was t h e  same 
as f o r   t h e  undoped  polymer,   wi th   the  photocurrent   depressed  in  two cases o u t  
of   th ree .  No new spec t r a l   r eg ions   o f   pho to response  were added t o   t h e   o v e r a l l  
photocurrent   spectrum. The l a c k   o f   s e n s i t i z i n g   e f f e c t   o f   d y e s  is  most l i k e l y  
due to   decomposi t ion   o f   the   dye  a t  the  high  temperature  employed i n  c u r i n g  
t h e  polymer  films. 

The rise and  decay time of   photocurrent  was found t o   b e  
inf luenced  by  wavelength  of   exci t ing  l ight .   The  response time to   r each   peak  
photocurren t  was about 60-100 secs i n  most r eg ions   o f   t he   spec t rum.   S ix   t o  
seven  minutes  was r e q u i r e d   t o   r e a c h  maximum response  a t  wavelengths i n  t h e  
r eg ion   o f   t he   peak   i n   t he   pho tocur ren t   spec t rum.   F igu re   19   i l l u s t r a t e s   t he  
rise and   decay   cha rac t e r i s t i c s  a t  s e v e r a l   w a v e l e n g t h s   f o r  PMDA-DAB. 

3 . 3  TRANSIENT PHOTOCONDUCTIVITY MEASUREMENTS 

Trans i en t   pho toconduc t iv i ty   s tud ie s  were c a r r i e d   o u t   t o   e x p l o r e  
the   f eas ib i l i t y   o f   de t e rmin ing   cha rge  carrier mob i l i t y  by t h e   d r i f t   m o b i l i t y  
t echn ique   ( r e f .  4 ) .  I n   t h i s  method a s h o r t   l i v e d  (1-2 p second)   pulse   of  
l i g h t  is a l l o w e d   t o   f a l l  on t h e  sample through a s e m i t r a n s p a r e n t   e l e c t r o d e ,  
gene ra t ing  a packet  of carriers which   t hen   d r i f t   t h rough   t he   c rys t a l   unde r  
the   i n f luence  of a n   a p p l i e d   f i e l d .  The d r i f t  time of the  carrier a c r o s s   t h e  
sample   f rom  e lec t rode   to   e lec t rode   can   be   de te rmined   f rom  the   shape   of   the  
r e s u l t i n g   t r a n s i e n t   p h o t o c u r r e n t  p u l s e  recorded on a n   o s c i l l o s c o p e .  The time 
of a r r i v a l  i s  s i g n i f i e d  by the  appearance  of a ''cusp" i n   t h e   p h o t o c u r r e n t  
t rans ien t .  The mobi l i ty   can   be   ob ta ined   f rom  the   d r i f t  time i f   t h e   v o l t a g e  
appl ied  to   the  sample  and  the sample th i ckness  are known. I f   s e v e r e   t r a p p i n g  
of  charge carriers occurs,   however,  a rap id   decay   of   the   photocurren t   t rans ien t  
is obse rved   wh ich   does   no t   a l l ow  the   d r i f t  time to   be   obse rved .   In   t he  case 
of   Pyrrone samples t h i s   t y p e   o f   t r a n s i e n t   p h o t o c u r r e n t   s i g n a l  was obta ined  
i n  a l l  samples   inves t iga ted .   Typica l ly  a peak   s igna l  was o b t a i n e d   i n  a few 
microseconds  followed by a r ap id   decay .   Typ ica l   t r ans i en t   pho tocur ren t   pu l se s  
f o r   p o s i t i v e   h o l e s  are shown i n   F i g u r e  20. T rans i en t   pho tocur ren t   s igna l s  
were  obtained  with  peak  values  ranging  from 10'' amp/cm2 t o  lo-' amp/cm2. 
Transient   photocurrent   peaks are p l o t t e d  as a func t ion  of a p p l i e d   v o l t a g e  
i n   F i g u r e s  2 1  and 22 f o r  BTDA-DAB and PMDA-DAB samples   r e spec t ive ly .  A l i n e a r  
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FIGURE 20 TYPICAL  HOLE PHOTOCURRENT TRANSIENTS IN PYRRONE FILMS. 
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FIGURE 21 TRANSIENT  PHOTOCURRENT-VOLTAGE  CHARACTERISTICS (BTDA-DAB). 
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FIGURE 22 TRANSIENT PHOTOCURRENT-VOLTAGE CHARACTERISTICS  (PMDA-DAB). 
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c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c  w a s  o b t a i n e d   f o r   t h e  PMDA-DAB sample.  The 
c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c s   f o r   t h e  BTDA-DAB samples were s u p e r l i n e a r  
i n d i c a t i n g   p o s s i b l y   t h e   p r e s e n c e  o f   s p a c e   c h a r g e   l i m i t e d   c u r r e n t   e f f e c t s .  

I f   t h e   m o b i l i t y  is on t h e   o r d e r   o f  1 cm2/volt  sec., t h e  
d r i f t  time wou ld   be   t oo   sho r t   t o   measu re   accu ra t e ly   w i th   t he   t h in   s amples  
used   i n   t hese   expe r imen t s .  The s t u d i e s  were thus  extended t o  a cast 
sample  0.127 mm t h i c k  and a sample 1 mm in   thickness   obtained  by  compact ing 
s e v e r a l   t h i n   s a m p l e s .  A f a s t   d e c a y i n g   s i g n a l  w a s  a l s o   o b t a i n e d   i n   t h e s e  
samples,  however,  and  no d r i f t  t i m e  could  be  observed. The d a t a   o n   t h e  
t r a n s i e n t   p h o t o c o n d u c t i v i t y   s t u d i e s  are summarized i n   T a b l e  3. I n  a l l  
cases i n v e s t i g a t e d ,   t h e   f a s t   d e c a y   t i m e s   o f   t h e   t r a n s i e n t   p h o t o c u r r e n t  
s i g n a l  are ind ica t ive   o f   s eve re   cha rge  carrier t r app ing .  

3 . 4  RADIATION ,INDUCED CONDUCTIVITY MEASUREMENTS 

The  measurement  procedure  consisted  of  placing  the  sample 
a t  a known d i s t a n c e  from  the 4000 Curie  CO-60 r ad ia t ion   sou rce   and   app ly ing  
a v o l t a g e   t o   t h e   s a m p l e   t o   e s t a b l i s h  a s t eady   da rk   cu r ren t .   Rad ia t ion  was 
t h e n   a l l o w e d   t o   f a l l  on the   s ample   caus ing   t he   cu r ren t   t o   i nc rease   t o  a 
new l eve l .   Af t e r   twen ty   t o   t h i r ty   s econds  a a t e a d y   s t a t e - r a d i a t i o n   i n d u c e d  
c u r r e n t  w a s  e s t a b l i s h e d .   A f t e r   r e c o r d i n g   t h P s   c u r r e n t   v a l u e ,   t h e   r a d i a t i o n  
w a s  removed  and t h e   c u r r e n t   l e v e l   a l l o w e d   t o   f a l l   t o  i ts  previoue  value.  
The current   decayed  about  90% of i t s  va lue   w i th in  20-30 seconds.  The procedure 
was then   r epea ted   fo r   s eve ra l   app l i ed   vo l t ages   and   a l so   fo r   ze ro   vo l t s   app l i ed .  
Data of t h i s   t y p e  were obta ined  a t  d i s t a n c e s   i n   t h e   r a n g e  29 cm t o  150 c m  from 
the   source .  The radiat ion  dose  ranged  f rom 33 radlmin to 900 radlmin. 

The d a r k   c u r r e n t   l e v e l   i n   t h e   s a m p l e s   i n v e s t i g a t e d  was g r e a t e r  
t h a n   r a d i a t i o n   i n d u c e d   c u r r e n t s   p r o d u c e d   i n   t h e   l e a d   c a b l e s   t o   t h e   C o n d u c t i v i t y  
ce l l .  Radiat ion  induced  currents   produced  with  the  samples   present  were thus  
i n t e r p r e t e d  as a r i s i n g  f r o m   t h e   i n t e r a c t i o n  of r a d i a t i o n   w i t h   t h e   P y r r o n e  
polymer  sample. E f f e c t s   i n   t h e   c e l l  and lead  assembly were inves t iga t ed   u s ing  
te f lon   conduct iv i ty   samples   having  a d a r k   r e s i s t i v i t y  2 o r d e r s  o f  magnitude 
h ighe r   t han   t he   Py r rone   po lymers   i nves t iga t ed .   Cur ren t -vo l t age   cha rac t e r i s t i c6  
i l l u s t r a t i n g   r a d i a t i o n   i n d u c e d   c u r r e n t s   p r o d u c e d  a t  t h e  lowest and  highest   dose 
rates wi th   bo th   pos i t i ve   and   nega t ive   vo l t age   app l i ed   t o   t he   e l ec t rode  
r e c e i v i n g   t h e   i n c i d e n t   r a d i a t i o n  are shown f o r  PMDA-DAB i n   F i g u r e  23. A 
g r e a t e r   r a d i a t i o n   c u r r e n t   l e v e l  was produced when a nega t ive   vo l t age  w a s  
a p p l i e d   t o   t h e   i n c i d e n t   e l e c t r o d e .   T h i s  w a s  i n t e r p r e t e d  as be ing   due   t o   t he  
motion of Compton e l e c t r o n s   r e i n f o r c i n g   t h e   c u r r e n t   d u e   t o   t h e   m o t i o n  of 
f r ee   e l ec t rons   i n   one   d i r ec t ion   (nega t ive   vo l t age )   and   sub t r ac t ing   f rom i t  
i n   t h e   o t h e r   d i r e c t i o n   ( p o s i t i v e   v o l t a g e ) ( r e f .   5 ) .  The f r e e   e l e c t r o n s  are 
produced  by i n t e r a c t i o n  of t h e   r a d i a t i o n   w i t h   t h e  material. Suppor t   for  
t h i s   i n t e r p r e t a t i o n  was obta ined   f rom  the   observa t ion   tha t  a n e t   n e g a t i v e  
c u r r e n t  was ob ta ined   i n   t he   s ample   w i th  no a p p l i e d   f i e l d .   T h i s   c u r r e n t  arise8 
from  the  motion  of Compton e l e c t r o n s  and is a n   e f f e c t   a s s o c i a t e d   w i t h   t h e  
momentum of   impinging  photons.   Correct ing  the  measured  radiat ion  induced 
c u r r e n t   ( I R )   f o r   t h i s   z e r o   v o l t a g e   c u r r e n t  (Io) and  the  background  dark 

c u r r e n t  (I ) gave   r ad ia t ion   i nduced   cu r ren t s ,  I+-Io and I -Io, t h a t  were D - 
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TABLE 3 

Sample 

7 

3 

TRANSIENT  PHOTOCONDUCTION  DATA ON PYRRONE SAMPLES 

BTDA-DAB 

Thickness (u) Current-Voltage  Relationship Decay Time (p eec) 

20 Superlinear  28 + 35 (600 v + 50 v) 

17.5 Superlinear 65.2 (600 v) 

Several 
Samples 
Compacted - l m  

Cast Thick 
Sample 0.127 m 

Sample 

7 

11.7 (700 v) 

PMDA-DAB 

Thickness (p) Current-Voltage  Relationship Decay Time (M rec) 

35.6 Linear 

32 
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FIGURE 23 RADIATION  INDUCED CURRENT CHARACTERISTICS (PMDA-DAB) 
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approximately symmetrical w i t h   r e s p e c t   t o   s i g n   o f   a p p l i e d   v o l t a g e  and  increased 
s u b - l i n e a r l y   w i t h   r a d i a t i o n   d o s e  rate. Tables  4 and 5 summar ize   rad ia t ion   in -  
duced   conduc t iv i ty   da t a   fo r  PMDA-DAB and BTDA-DAB r e s p e c t i v e l y   f o r  an a p p l i e d  
f i e l d   s t r e n g t h   o f  lo5  volt/cm.  For BTDA-DAB, r a d i a t i o n   i n d u c e d   c u r r e n t  i.e. 
I+-Io, I - -Io, was approximately 3 t o  4 times smaller than   t ha t   i nduced  in 

PMDA-DAB . 
The c u r r e n t   d u e   t o   t h e  Compton e f f e c t  was similar for   both  polymers .   This  re- 
su l t ed   i n   ne t   nega t ive   r ad ia t ion - induced   cu r ren t s   be ing   measu red  when BTDA-DAB 
samples were i r r a d i a t e d   w i t h  a p o s i t i v e   v o l t a g e   a p p l i e d   t o   t h e   e l e c t r o d e  receiv- 
i n g   r a d i a t i o n .  On c o r r e c t i n g   f o r  I however, i t  was f o u n d   t h a t   t h e   r a d i a t i o n  

induced   cur ren t  w a s  aga in  symmetrical w i t h   r e s p e c t   t o   s i g n   o f   a p p l i e d   v o l t a g e  
as shown i n   T a b l e  5. 

0' 

Figure  24  shows t h e   c o r r e c t e d   r a d i a t i o n   i n d u c e d   c u r r e n t   p l o t t e d  
a g a i n s t   r a d i a t i o n   d o s e  rate i l l u s t r a t i n g   t h e   s u b - l i n e a r   d e p e n d e n c e .   I f  
I = K ( D ) ~ ,  where I i s  t h e   r a d i a t i o n   i n d u c e d   c u r r e n t ,  D t he   dose  rate and K a 
constant ,   the   exponent  n is 0.5. 

3.5 EFFECT  OF HIGH DOSES of 2 Mev ELECTRONS ON DARK CONDUCTIVITY AND PHOTO- - 
CONDUCTIVITY 

The p r o c e d u r e   f o r   e v a l u a t i n g   t h e   e f f e c t   o f   h i g h   d o s e s   o f  2 MeV 
e l e c t r o n s  on t h e   c o n d u c t i v i t y   p r o p e r t i e s   o f  PMDA-DAB and BTDA-DAB cons is ted   o f  
m e a s u r i n g   c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c s   i n   t h e   f i e l d   s t r e n g t h   r a n g e  102-106 
vol t /cm  and   compar ing   the   resu l tan t   da ta   wi th  similar da ta   ob ta ined   on   un i r -  
r a d i a t e d  samples .  The cond i t ions  of  measurement were chosen  to   approximate as 
c l o s e l y  as poss ib l e   t o   t hose   u sed   i n   measu r ing   un i r r ad ia t ed   s amples .  The same 
l i g h t   s o u r c e  was u s e d   f o r  a l l  measurements  and was p laced   t he  same d i s t a n c e  from 
the  sample i n  a l l  cases .  Some v a r i a t i o n   i n   l i g h t   i n t e n s i t y  from  sample  to  sample 
was c a u s e d   b y   t h e   v a r i a t i o n   i n   o p t i c a l   t r a n s m i s s i o n   o f   s e m i t r a n s p a r e n t   e l e c t r o d e s ,  
This   t ransmiss ion  w a s  measured i n  a l l  c a s e s   a l l o w i n g   t h e   a c t u a l   i n t e n s i t y   f a l l i n g  
on t h e  sample s u r f a c e   t o   b e   e s t i m a t e d .   T h i s   v a l u e  is r e c o r d e d   w i t h   t h e   d a t a   f o r  
each  sample.  Figures 25 and 26 show c o n d u c t i v i t y   d a t a   f o r  PMDA-DAB and BTDA-DAB 
.samples   that  were i r r a d i a t e d   w i t h  1 x l o 7  r ad  a t  seve ra l   t empera tu res .   F igu re  27  
shows similar d a t a   f o r  PMDA-DAB and BTDA-DAB samples   tha t  were i r r a d i a t e d   w i t h  
1 x 109  rad a t  20°C. C u r r e n t - v o l t a g e   c h a r a c t e r i s t i c s   f o r  PMDA-DAB and BTDA-DAB 
samples  t h a t  were i r r a d i a t e d   w i t h  5 x 109  rad a t  s e v e r a l   t e m p e r a t u r e s  are shown 
i n   F i g u r e s  2 8  and  29. 

The r a d i a t e d   s a m p l e s ,   i n   g e n e r a l ,  showed a h ighe r   da rk   cu r ren t  
l e v e l  when compared to   un i r r ad ia t ed   s amples .   Tab le  6 lists c u r r e n t  levels ob- 
t a i n e d   f o r   i r r a d i a t e d  samples a t  l o 3  vol t /cm  compared  to   unirradiated  samples .  
The obse rved   i nc rease   i n   t he   ca se   o f  BTDA-DAB was much less t h a n   t h a t   i n  PMDA- 
DAB, t h e   d a r k   c u r r e n t   f o r   i r r a d i a t e d   s a m p l e s   i n   n o  case being  more  than a f a c t o r  
of f i v e  above   t ha t   o f   t he   un i r r ad ia t ed  samples. The d a r k   c u r r e n t   l e v e l  was much 
g r e a t e r   i n   t h e   c a s e   o f   i r r a d i a t e d  PMDA-DAB, be ing  a f a c t o r  of  10  to  1000  above 
t h a t  of t h e   u n i r r a d i a t e d  samples. The e f f ec t   o f   t empera tu re  a t  which   the   rad ia-  
t i o n  w a s  accumulated was s u c h   t h a t   t h e   d a r k   c u r r e n t   i n c r e a s e  was h i g h e s t  a t  t h e  
lowes t   t empera ture   for  PMDA-DAB wi th  a c o n s t a n t   r a d i a t i o n   d o s e .  I n  t h e  case of 
BTDA-DAB no   s ign i f i can t   i n f luence   o f   t empera tu re  was found  on   the   dark   cur ren t  
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TABLE 4 

RADIATION INDUCED CURRENT DATA FOR PMDA-DAB 

FIELD STRENGTH = lo5 V/CM 

CURRENTS IN AMP/CM2 X 10l1 

POSITIVE VOLTAGE APPLIED NEGATIVE VOLTAGE APPLIED ZERO VOLTAGE APPLIED 

Distance from Dose Rate 
Source (cm) (rad/min) - - - - - - - - I R  I D  I+ + o  I R  ID - '-Io I O  

I -I I 

150 

150 

100 

75 

50 

29 

'R 

5 -  

33 + 0.88 + 0.20 + 0.68 + 1.28 - 2.0 - 0.24 - 1.76 - 1.16 - 0.60 

33 + 3.40 + 2.80 + 0.60  + 1.44 - 4.75 - 2.60 - 2.15 - 1.31 - 0.84 

80 + 1.56 + 0.28 + 1.28 + 1.88 - 2.45 - 0.38 - 2.07 - 1.47 - 0.60 

120 + 1.80 + 0.22 + 1.58 + 2.25 - 2.90 - 0.26 - 2.64 - 1.97 - 0.67 

350 + 1.60 + 0.21 + 1.39 + 2.34 - 5.40 - 0.27 - 5.13 - 4.18 - 0.95 

900 + 1.65 + 0.15 + 1.50 + 3.95 - 10.00 - 0.27 - 9.73 - 6.28 - 2.45 

Measured cu r ren t   i n  Radiant F i e l d  with  voltage  applied.  

Dark cur ren t   before   and   a f te r   i r rad ia t ion   wi th   vo l tage   appl ied .  

I+, I- 'R - I D  

Io = Current  measured i n  Radiant Field  with no voltage w i e d .  

Radiation was inc ident  upon the  e lectrode  to  which the   vo l tage  was applied; a sandwich  arrangement vas used 
for all measurements. 

I 



W cn 

Distance  from 
Source (cm) 

150 

100 

75 

75 

50 

29 

Dose Rate 
(rad/min)  

33 

80 

120 

120 

350 

900 

TABLE 5 

RADIATION INDUCED CURRENT DATA FOR BTDA-DAB 

FIELD STRENGTH = lo5 V / C M  CURRENTS IN A M P / C M  x 10 
2 12 

POSITIVE VOLTAGE APPLIED  NEGATIVE VOLTAGE APPLIED 

I -I R o  - I D  I+-I0 R o  - I D  V I o  I -I 

+ 4 . 3  + 0.97 + 3.33 - 3.1 - 1.13 - 1.97 
+ 5 . 2  + 0.73 + 4.47 - 6.1 - 1.18 - 4.92 
+ 7.7 + 0.87 + 6.83 - 6.9 - 1.0 - 5.9 
+ 6.8 + 0.7 + 6.1 - 8.0 - 0.78 - 7.22 
+ 8.0 + 0.58  + 7 . 4 2  - 13.0 - 1.0 - 12.0 
+ 15.7 + 0.35 + 15.35 - 21.9 - 1.44 - 29.46 

IR = Measured cu r ren t   i n   Rad ian t   F i e ld   and   Vo l t age   app l i ed .  

ID = Dark c u r r e n t   b e f o r e  and after i r r a d i a t i o n   w i t h   v o l t a g e   a p p l i e d .  

I+, I- = I -I R D  

Io = Current  measured i n   R a d i a n t   F i e l d   w i t h   n o   v o l t a g e   a p p l i e d .  

Radia t ion  w a s  i n c i d e n t  upon t h e   e l e c t r o d e   t o   w h i c h  t h e  v o l t a g e  was a p p l i e d ;  a sandwich  arrang-nt 

was used   fo r  a l l  measurements. 

ZERO 
VOLTAGE APPLIED 

- I O  

- 7.4 
- 6.G 
- 8.3 

- 8 . 3  

- 15 

- 42 



FIGURE 24  RADIATION  INDUCED CURRENT A S  A FUNCTION OF RADIATION 
DOSE  RATE  FOR PMDA-DAB AND  BTDA-DAB. 
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0 D I R K  CURRENT 
A PHOTO CURRENT 

t SIMPLE FLECTIODE ME1 = 1.0CM' 

FIGURE 25 CURRENT-VOLTAGE CHARACTERISTICS OF IRRADIATED PMDA-DAB 

SAMPLES (RADIATION DOSE - 1 x l o7  RAD AT VARIOUS 
TEMPERATURES). 
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I -  

FIELD STRENGTH (V/CMI 

FIELO STlENOTH IV /CUl  

D' 

FIGURE 26 CURRENT-VOLTAGE CHARACTERISTICS OF IRRADIATED BTDA-DAB 
SAMPLES (RADIATION DOSE - 1 x lo7 RAD AT VARIOUS 
TEMPERATURES). 
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INCIDENT  INTENSITY OF POLYCHROMATIC LIGHT - 
SAMPLE  THICKNESS - 0.0036 CM 

20 - 37 rnWfCM2 

- 8 SAMPLE ELECTRODE  AREA - 1.0 CYz 

0 DARK CURRENT 

A PHOTO CURRENT 

a -  - 
I- 

Y -  
3 -  
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lO"0 - - - 
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- PMDA - O A 0  
- 

- 

10-1' 1111II1 I I I I I I I I  I I I 1 1 1 1 1 I  

106 IO' lo3 
FIELD STRENGTH IV/CM) 
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t 
% 
\ 

FIGURE 27 CURRENT-VOLTAGE CHARACTERISTICS OF IRRADIATED PMDA-DAB 

AND BTDA-DAB SAMPLES  (RADIATION  DOSE 1 ~ ' 1 0  RAD 

AT 2OoC) .  

9 
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lo-' L 
- - - INCIDENT INTENYTY OF WLYCHROMITIC LIGHT - 

23.8 - 34 mW/CMZ - 
SAMPLE  THICKNESS 9 0.0056 C Y  

105 IO' 103 I 
FIELD  STRENGTH ( V k M  I 

"- ." - -  " - 

INCIDENT HTENSITY OF POLYCHROMATIC LIGHT 

SAMPLE THICKNESS - o 0038 c u  
24 - 36 mW/CM2 

'A, SAMPLE  ELECTRODE  AREA 1.0 CM2 

1ZOO.CI 

- "" 

0 DARK CURRENT 

d PHOTO  CURRENT \ 

INCIDENT INTENSITY OF POLYCHROMATIC LlOHT - 
SIMPLE THICKNESS - 0.0020 CY 
SAMPLE ELECTRODE ARLA - 1.0 CY' 

51 - 36 rn W/CMc 

lo-lsl,,.l I I I I I . Ill I 11.1- 
10. 105 104 

FIELD STRENGTH IV/CM) 

FIGURE 28 CURRENT-VOLTAGE CHARACTERISTICS OF IRRADIATED PMDA-DAB 
SAMPLES (RADIATION DOSE = s x lo9 RAD AT VARIOUS 
TEMPERATURES). 
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FIGURE 29 CURRENT-VOLTAGE CHARACTERISTICS OF IRRADIATED BTDA-DAB 

SAMPLES (RADIATION DOSE - 5 x lo9 RAD AT VARIOUS 
TEMPERATURES). 
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TABLE 6 

Unirradiated 

1 x 10 rad 20" 7 

100 "c 

200°C 
I& 
W 

300 " C 

1 x 10 rad 20°C 

5 x 10 rad 20°C 

9 

9 

100 " c 

200°C 

300°C 

DARK AND PHOTOCURRENT LEVEL AT l o 3  VOLTICM FOR IRRADIATED PYRRONE SAMPLES 

PMDA-DAB  BTDA-DAB 

Photocurrent (Ip) Dark  Current ( I  ) I -1 Photocurrent ( I  ) D a r k  Current (ID) I -I 

(Ip) amplcm ( ID)  amplcm amplcm amp 1 cm amp I cm amp I cm 2 2  2 D 2  D P D 2  2 P 

2.5 x 

1 x 10'~ 

4 x 10-l2 

9.8 x 10-l2 

8 x 10-l1 

4.2 x 

1 .4  x 

1.6 x 

1.5 x 

3.5 x 10-l2 

8 x 

6 x 10-l' 

1 . 4  x 

4 x 10-l2 

3 x 10-l2 

7 x 10-l1 

7 x 10-l2 

1 x 10-l1 

3 x 10-l2 

6 x 

2.42 x 2 x 

4 x 10-l0 1 x 10-l2 

2.6 x 1.1 x 

5.8 x 1.7  x 

1.2 x 10'l2 1.5 x 

1 x 10-l1 3.5 x 10-l2 

7 x 10-l2 3.5 x 10-l2 

6 x 6 x 

1 . 2  x 10-l1 - 
2.9 x 1.2 x 

9 x 10-l~ 

2.5 x 10-l~ 

1.7 x 10-l~ 

3.2 x 10-l~ 

2 x 10-l~ 

4 x 10-l~ 

3 x 10-l~ 

3 x 10-l~ 

5 x 10-l~ 

2 x 10-l2 

1 x 10-l2 

1.1 x 10-l2 

1.7 x 10-l2 

1.5 x 10-l2 

3.5 x 10-l2 

3.5 x 10-l2 

6 x 

1.2 x 10-l1 



increase  produc.ed. A11 sampl c s  showed pho toconduc t iv i ty   on   i l l umina t ion ,   t he  
n e t   i n c r e a s e   i n   c u r r e n t   p r o d u c e d  i.e. Ip-I , f a l l i n g  i n  the   r ange  10-12-10-11 
am s f o r  a l l  samples   but   one PMDA-DAB sampfe.  This  sample  had  accumulated 
10 7 r a d   a t  20°C and  l lad  abnormally  high  photocurrent   and  dark  current .  I n  
t h e  case of  BTDA-DAB t h e   p h o t o c u r r e n t - d a r k   c u r r e n t   r a t i o  was l i t t l e  changed 
from tha t   obse rved   fo r   un i r r ad ia t ed   s amples .  The  photocurrent-dark  current  
r a t i o   f o r  PMDA-DAB was g e n e r a l l y  much reduced  compared t o   u n i r r a d i a t e d   s a m p l e s  
in   v i ew  o f   t he   i nc reased   da rk   cu r ren t   l eve l .  

I n  summary, t h e   e f f e c t   o f   h i g h   r a d i a t i o n   d o s e s   o f  2 Mev elec- 
t r o n s  on the   conduct iv i ty   p roper t ies   o f   Pyr rone   po lymers  was found t o   b e  more 
marked i n   t h e  case of  PMDA-DAB, the   main   e f fec t   be ing   an   increased   dark   cur ren t  
l eve l   and   r educed   pho tocur ren t -da rk   cu r ren t   r a t io .   In   t he  case of BTDA-DAB t h e  
e f f e c t  of r a d i a t i o n  was minor. The main e f f e c t   o b s e r v e d  w a s  a s l i g h t   i n c r e a s e  
i n   d a r k   c u r r e n t  level. 

3.6 DIELECTRIC CONSTANT ANI) LOSS AS  OF  FREQUENCY AND TEMPERATURE 
~~~~ . .  . 

Measurement  of d i e l e c t r i c   c o n s t a n t  and d i s s i p a t i o n   f a c t o r   f o r  
PMDA-DAB and BTDA-DAB as a func t ion   of   t empera ture   and   f requency   was   car r ied  
o u t   a f t e r   f i r s t   c y c l i n g   t h e   s a m p l e   t o  300°C i n  vacuo.  This  procedure was 
found   necessa ry   i n   o rde r  t o  avoid e r r a t i c  r e g u l t s .   A f t e r   t h e   f i r s t   c y c l e   i n  
vacuum t h e   d i e l e c t r i c   c o n s t a n t  and d i s s i p a t i o n   f a c t o r   c u r v e s  were found t o   b e  
reproducib le .  Dielectric cons t an t  as a fuhc t ion   o f   t empera tu re  a t  f o u r   f r e -  
quencies  is shown i n   F i g u r e s  30 and 31 f o r  PMDA-DAB and BTDA-DAB. Pe rcen t  
d i s s i p a t i o n   f a c t o r   a s  a func t ion   o f   t empera tu re  a t  fou r   f r equenc ie s  is shown 
i n   F i g u r e s  32 and 33 f o r  PMDA-DAB and BTDA-DAB. 

A t  a l l  f r equenc ie s   ve ry  l i t t l e  change was found i n   d i e l e c t r i c  
cons t an t  a t  tempera tures  up t o  150-Z00°C. A t  t h i s   t e m p e r a t u r e   t h e r e  was a 
t e n d e n c y   f o r   d i e l e c t r i c   c o n s t a n t   t o   i n c r e a s e   r a p i d l y   w i t h   i n c r e a s i n g   t e m p e r a -  
t u r e  a t  t h e  low  frequency. A t  t h e   h i g h e r   f r e q u e n c y   t h e   d i e l e c t r i c   c o n s t a n t  de- 
c reased   wi th   increas ing   tempera ture .   This   type   o f   behavior   has   been   repor ted  
f o r  Kapton  (ref.  6) .  A t  1% expans ion   of   the   f i lm a t  200°C cou ld   exp la in   t he  
observed   behavior   in  BTDA-DAB, r e q u i r i n g  a c o e f f i c i e n t   o f   l i n e a r   e x p a n s i o n   o f  
5 x 10-5  deg-1.  The v a l u e   r e p o r t e d   f o r   t h e   l i n e a r   e x p a n s i o n   c o e f f i c i e n t  of 
Kapton  below room temperature  i s  a b o u t   h a l f   t h i s   ( r e f .  6 ) .  E i t h e r   t h e   t h e r m a l  
expansion is g r e a t e r   i n   t h e   P y r r o n e   p o l y m e r s ,   o r   t h e r e  i.s a second  order   t rans i -  
t ion   above  room temperature   but   below 200°C. Thermal  shrinkage  and  expansion 
d a t a  are n e c e s s a r y   f o r   f u r t h e r   e x p l a n a t i o n . o f   t h i s   b e h a v i o r .  

D i s s i p a t i o n   f a c t o r  was a l s o  l i t t l e  changed  by  temperature   unt i l  
t empera tures   h igher   than  150°C were a t t a i n e d .  Above t h i s   t e m p e r a t u r e   l a r g e   i n -  
creases were obta ined .  The dependence  of   diss ipat ion  factor   upon  f requency  in-  
d i c a t e s  a l a r g e   a c t i v a t i o n   e n e r g y   f o r   t h e   r e l a x a t i o n   p r o c e s s .  The a c t i v a t i o n  
energy was e s t i m a t e d   t o  b e  i 1.1 ev  for   bo th   Pyr rones  by p l o t t i n g   t h e   f r e q u e n c y  

a t  which t h e   d i s s i p a t i o n   f a c t o r  becomes 3% v e r s u s   T h i s   r e s u l t  i s  c o n s i s t e n t  
w i t h   t h e   d i r e c t - c u r r e n t   c o n d u c t i v i t y   d a t a .  T K' 
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3.7 EFFECT  OF HIGH DOSES " I  r"____"_" OF 2 Mev ELECTRONS O N  DIELECTRIC PROPERTIES 

Dielectric c o n s t a n t   a n d   d i s s i p a t i o n   f a c t o r   d a t a   f o r   i r r a d i a t e d  
samples  of PMDA-DAB and BTDA-DAB are g i v e n   i n   T a b l e s  7 and 8 r e s p e c t i v e l y .  
The measurements were c a r r i e d   o u t  a t  room temperature .   In   general   no  marked 
e f f e c t   o f   r a d i a t i o n   c o u l d   b e   s e e n   o n   c o m p a r i n g   t h e   r e s u l t s   w i t h  similar d a t a  
ob ta ined   on   un i r r ad ia t ed   s amples   unde r   t he  same c o n d i t i o n s   ( a l s o  shown i n  
Tables  7 and 8). The  unirradiated  polymer  samples   used as con t ro l s   had  
d i s s i p a t i o n   f a c t o r s  similar t o   t h o s e   f o u n d   i n   i r r a d i a t e d   s a m p l e s .  The f a i r l y  
h igh   l o s ses   found   i n   t hese   s amples  are n o t   n e c e s s a r i l y   t y p i c a l ;   t h o s e   i n  
F igu res  31 and 32 were much lower. The d i e l e c t r i c   c o n s t a n t   v a r i a t i o n s   f a l l  
w i t h i n   t h e   r a n g e   o f   v a l u e s   o b t a i n e d   f o r  several samples   of   these  polymer 
f i lms .  The v a r i a t i o n s  are due t o  e r r o r s  i n  measuring  sample  thickness .  In  
summary, high  accumulated  doses  of 2 Mev e l e c t r o n s   a p p e a r   t o   h a v e   n e g l i g i b l e  
e f f e c t  on t h e   d i e l e c t r i c   c o n s t a n t  and d i s s i p a t i o n   f a c t o r  of both  Pyrrone  poly-  
mers i n v e s t i g a t e d .  

4 .  GENERAL CONCLUSIONS 

Pyrrone  polymers BTDA-DAB, cast i n   f i l m s  f rom  so lu t ion  and 
c u r e d   f o r  a t  l ea s t  2 4  hours  a t  300°C exh ib i t ed   t he   fo l lowing  e l e c t r i c a l  
c h a r a c t e r i s t i c s  : 

1. The d a r k   r e s i s t i v i t y  w a s  on t h e   o r d e r  of 1015-1017  ohm-cm. 
PMDA-DAB samples   t ended   t o   f a l l   on   t he  low  end of t h i s   r a n g e .  BTDA-DAB sam- 
p l e s   g e n e r a l l y   f e l l   i n   t h e   h i g h   e x t r e m i t y   o f   t h i s   r a n g e .  

2.  Wi th   evapora ted   go ld   e lec t rodes ,   dark   cur ren t  was l i n e a r  
w i t h   a p p l i e d   v o l t a g e  i.e. obeyed Ohm's l a w ,  up t o   f i e l d   s t r e n g t h s   a p p r o a c h i n g  
106 volt /cm.  

3 .  Both  polymers  displayed  photoconductivity,   photocurrent-  
d a r k   c u r r e n t   r a t i o s  of 200-300 be ing   ob ta ined  f o r  BTDA-DAI: and 40-60 f o r  
PMDA-DAB wi th   po lychromat i c   uv -v i s ib l e   l i gh t   hav ing   i n t ens i ty  20-30 m w / c m  . 2 

4 .  The  temperature  dependence  of  both  dark  and  photocurrent 

i n   t h e   t e m p e r a t u r e   r a n g e  20-300°C i.e. non- l inear   log   (cur ren t )  - -5- p l o t s ,  

impl ied   tha t   more   than   one   mechanism  for   charge   car r ie r   genera t ion  was opera- 
t i n g   i n   t h i s   t e m p e r a t u r e   r a n g e .  

1 
T K  

5 .  The photocurren t   spec t ra l   dependence  was r e l a t e d   t o   t h e  ab- 
so rp t ion   spec t rum of t h e  two polymers.   Peak  photoconductivity a t  cons t an t  
i l l u m i n a t i o n   i n t e n s i t y  w a s  found i n   t h e   v i s i b l e   r e g i o n  a t  610 mp f o r  PMDA-DAB 
and 500 mu f o r  BTDA-DAB. Measurable   photocurrents   could  be  detected a t  wave- 
l e n g t h s   e x t e n d i n g   i n t o   t h e   i n f r a r e d  (> 1 p )  . 

6 .  Trans ien t   pho tocur ren t   s tud ie s  showed e v i d e n c e   f o r  severe 
cha rge -ca r r i e r   t r app ing .  
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TABLE 7 

DIELECTRIC PROPERTIES  OF  IRRADIATED  PMDA-DAB I 

No I r r a d i a t i o n  5 x 10 rad a t  300°C 9 

Frequency  Dissipation  Capacitance & Frequency  Dissipation  Capacitance 5 
(Hz 1 Factor  ( P f )  (Hz 1 Factor  (Pf) 

100 5 x 105  4.5 100 2 x 2 30 3.6 
1 K  4 x 99  4.2 1 K  2 x 223  3.5 
10 K 4 x 93 4 .O 10 K 1.7 x 217  3.4 
100 K 3 x 1f2 90 3.9 100 K 1.6 x 2 10  3.3 

5 x 10 r.ad a t  200°C 9 5 x 10 rad  a t  100°C 9 

Frequency  Dissipation  Capacitance & Frequency  Dissipation  Capacitance 
(Hz) Factor  (Pf) (Hz) Factor  (Pf 1 

100 4 x 180  5.2 100 5 x 110  6.3 
1 K  4 x 168  4.8 1 K  4 x 100 5.7 
10 K 3.1 x 159  4.6 10 K 3 . 3  x 95.2  5.4 
100 K 1 x 151  4.3 100 K 3 x 90  5.2 

5 x 10 rad a t  20°C 9 1 x 10 rad a t  20°C 9 

Frequency  Dissipation  Capacitance 5 Frequency  Dissipation  Capacitance K 
(Hz) Factor  (Pf) (Hz) Factor (P f 1 

100 5 x 144  5.0 100 5 x 140 5.2 
1 K  4 x 133  4.6 1 K  5 x 131  4.9 
10 K 3 x 12 7 4.4 10 K 4 x 120  4.5 
100 K 2.5 x 122  4.2 100 K 3 x 113  4.2 

1 x 10 rad a t  20°C 8 

Frequency  Dissipation  Capacitance 
(Hz) Factor  (Pf) 

100 3 x 99  4.0 
1 K  2 x 96  3.9 
10 K 2 x 93 3.8 

100 K 2 x 90 3.7 
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TABLE 8 

DIELECTRIC PROPERTIES OF IRRADIATED BTDA-DAB 

No Irradiation 

Frequency  Dissipation Capacitance X 
(Hz Factor (Pf 1 

100 1 x 148 3.1 

1 K  1 x 176 3.0 

10 K 1 x 173 3.0 

100 K 1 x 10-2 168 2.9 

5 x 10 rad at 100°C 

Frequency  Dissipation Capacitance 5 

9 

(Hz) Factor (Pf) 

100 9 x 253 3.6 

1 K  9 x loe3 250  3.6 

10 K 1.4 x 246  3.5 

100 K 1 x 2 39 3.4 

1 x 10 rad  at 20°C 9 

Frequency Dissipation Capacitance 
(Hz 1 Factor (Pf 1 

100 1 x 158 3.2 

L K  1 x 155 3.1 

LO K 1 x 15 3  3.1 

LOO K 1 x 151 3.0 
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5 x lo9  rad  at 300°C 
Frequency Dissipation Capacitance X 

(Hz) Factor (Pf 1 

100 1 x 192 3.3 

1 K  1 x 189 3.3 

10 K 1 x 186  3.2 

100 K 8 x 184 3.2 

5 x 10 rad at 2OoC 

Frequency Dissipation Capacltance 5 

9 

(Hz) Factor (Pf 1 

100 7 x 205 3.5 

1 K  7 x 20 3 3.5 

10 K 7 x 201 3.4 

100 K 7 x 199 3.4 

1 x 10 rad  at 20°C 

Frequency  Dissipation Capacitance X 

8 

(Hz) Factor (Pf) 

100 2 x 203 2.9 

1 K  2 x 198 2.8 

10 K 2 x 192 2.8 

100 K 2 x 186 2.7 



7. When  gamma r a d i a t i o n  a t  dose  rates i n   t h e   r a n g e  10-1000 
rad/min was a l l o w e d   t o   f a l l   o n   p o l y m e r  Sam les,  t h e   r a d i a t i o n   p r o d u c e d   c u r r e n t s  
ranging  from 1 x 10-11 t o  6 x 10-11 amp/cm% i n  PMDA-DAB and  from 2 x 10-12 t o  
2  x 10-11 amp/cm2 i n  BTDA-DAB a t  1 0 5   v o l t / c m .   I n   a d d i t i o n   t o   t h e s e   c u r r e n t s ,  
which arise f rom  the   mo t ion   o f   f r ee   r ad ia t ion   i nduced   cha rge  carr iers  mig ra t ing  
i n   t h e  e lec t r ic  f i e l d ,  a c u r r e n t  component a r i s ing   f rom  the   mo t ion   o f  Compton 
e l ec t rons   r ang ing   f rom 6 x t o  4 x 10-11 amp/cm2 was produced.  This 
c u r r e n t  component r e i n f o r c e d   t h e   r a d i a t i o n   i n d u c e d   c u r r e n t   o b t a i n e d  when a nega- 
t i v e   v o l t a g e  w a s  a p p l i e d   t o   t h e   e l e c t r o d e  upon  which   rad ia t ion  was i n c i d e n t  
and   sub t r ac t ed   f rom  the   pos i t i ve   cu r ren t .  A sub- l inear   dependence   of   rad ia t ion  
induced  current  on  dose ra te  was found. 

8. Both d i e l e c t r i c   c o n s t a n t   a n d   d i s s i p a t i o n   f a c t o r  showed 
l i t t l e  change  with  te lnperature  up t o  150°C a t  frequencies  ranging  from  102-105 
Hz. Above t h i s   t e m p e r a t u r e   t h e   d i e l e c t r i c   c o n s t a n t   i n c r e a s e d   w i t h   i n c r e a s i n g  
tempera ture  a t  the   lower   f requency   and   decreased   wi th   increas ing   tempera ture  
a t  t h e   h i g h e r   f r e q u e n c y .   L a r g e   i n c r e a s e s   i n   d i s s i p a t i o n   f a c t o r  a t  tempera tures  
exceeding  150°C  a lso  occurred.  The a c t i v a t i o n   e n e r g y   f o r   t h e   r e l a x a t i o n   p r o c e s s  
a t  these   t empera tu res  was found t o   b e  similar t o   t h e   a c t i v a t i o n   e n e r g y   f o r   d a r k  
conduction. 

9.  The e f fec t   o f   accumula ted   doses  of  2 Mev e l e c t r o n s   r a n g i n g  
from 1 x 1 0   r a d   t o  5 x 1 0 9   r a d   i n   t h e   t e m p e r a t u r e   r a n g e  20°C t o  300°C was 
g e n e r a l l y   t o   c a u s e   a n   i n c r e a s e d   d a r k   c u r r e n t   l e v e l .   T h i s   r e s u l t e d   i n  a de- 
c reased   pho tocur ren t -da rk   cu r ren t   r a t io .  The d a r k   c u r r e n t  l eve l  i n c r e a s e   i n  
BTDA-DAB was found t o   b e  no  more than  a f a c t o r   o f   5 .   I n   t h e  case of PMDA-DAB, 
da rk   cu r ren t   l eve l   i nc reases   r anged   f rom a f a c t o r  of 10 t o  1000. A t  a cons t an t  
r a d i a t i o n   d o s e  i t  was   found   t ha t   t he   e f f ec t   o f   r ad ia t ion  w a s  more  marked a t  t h e  
lowes t   t empera tures  a t  which   rad ia t ion  w a s  accumulated.   Thus,   samples  that  
accumulated  radiation-dose a t  300°C showed e l ec t r i ca l  c h a r a c t e r i s t i c s  similar 
to   those   o f   un i r rad ia ted   spec imens .  

7 

- 

High  doses of 2 Mev e l e c t r o n s  were found t o  have a m i n o r   e f f e c t  
o n   t h e   d i e l e c t r i c   c o n s t a n t   a n d   d i s s i p a t i o n   f a c t o r ,   m e a s u r e d  a t  room temperature .  
A s l i g h t   i n c r e a s e   i n   d i s s i p a t i o n   f a c t o r  w a s  obse rved   t ha t  may not  have  been 
s i g n i f i c a n t   s i n c e  i t  f e l l   w i t h i n   t h e   r a n g e   o f   d i s s i p a t i o n   f a c t o r   v a l u e s   o b t a i n e d  
fo r   un i r r ad ia t ed   s amples .  
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