
This article was downloaded by: [Tomsk State University of Control Systems and
Radio]
On: 19 February 2013, At: 12:37
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid
Crystals Incorporating Nonlinear
Optics
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl17

Charge Carrier Photogeneration in
Poly(phenylacetylene)
J. Pfleger a , S. Nešpůrek a & J. Vohlidal a b

a Institute of Macromolecular Chemistry, Czechoslovak
Academy of Sciences, 162 06, Prague 616, Czechoslovakia
b Department of Physical Chemistry, Charles University, 128
40, Prague 2, Czechoslovakia
Version of record first published: 22 Sep 2006.

To cite this article: J. Pfleger , S. Nešpůrek & J. Vohlidal (1989): Charge Carrier
Photogeneration in Poly(phenylacetylene), Molecular Crystals and Liquid Crystals
Incorporating Nonlinear Optics, 166:1, 143-156

To link to this article:  http://dx.doi.org/10.1080/00268948908037146

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever
caused arising directly or indirectly in connection with or arising out of the use of
this material.

http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268948908037146
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. Crysr. Liq. Crysr., 1989, Vol. 166, pp. 143-156 
Reprints available directly from the publisher 
Photocopying permitted by license only 
0 1989 Gordon and Breach Science Publishers S.A. 
Printed in the United States of America 
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Pol y( pheny lacety lene) 
J. PFLEGER, S. NESPGREK and J. VOHLiDALt 
Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences, 
162 06 Prague 616, Czechoslovakia 

(Received January 26, 1988; in final form March 19, 1988) 

Pulsed photoconduction in poly(phenylacety1ene) (PPA) has been studied between 220-700 nm. The 
photoconduction threshold has been detected at 410 nm, although the film absorption extends up to 
550 nm. The action spectrum of the photocarrier generation efficiency shows a steep rise in the range 
300-400 nm and a beginning of a plateau at shorter wavelengths. It is suggested that the mechanism 
of photogeneration is intrinsic by nature. The thermal activation of photogeneration suggests that the 
experimental results can be described within the framework of the ballistic model. The dissociation of 
electron-hole pairs is in a good agreement with predictions based on the Onsager theory of geminate 
recombination. From the temperature dependence as well as from the field dependence of the quantum 
yield, the pair separation distance was obtained as ca 2.2 nm. The fraction of absorbed photons which 
produce thermalized electron-hole pairs is close to 2 x lo-* charges per photon. 

INTRODUCTION 

Although much new physical information has emerged over the years in the area 
of organic compounds, relatively few have found application in active devices 
developed by electronics industries. Their potential use in low cost photovoltaic 
cells has however stimulated an interest in their electronic properties, particularly 
those related to photogeneration and photoconduction. The photogeneration of 
charge carriers in organics has been studied for a long time, but details of this 
process are not yet well understood. Intrinsic photogeneration has been studied in 
some detail for a n t h r a ~ e n e , ' ~ ~  and one of the major achievements of these studies 
is the demonstration of the applicability of the Onsager model6 for the field assisted 
dissociation of a pair of charges, and thus a description of the electric field de- 
pendence of the photogeneration yield. The Onsager model was also applied to 
explain the charge carrier photogeneration in other types of molecular crystals, 
e .g .  pentacene' and iodoform.8 However, alternative explanations of the primary 
photogeneration step were also u ~ e d . ~ - ' ~  A major drawback in the application of 
all theoretical models to experimental results is the complex character of photo- 
conduction processes in organics. Apart from the differences between intrinsic and 
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144 J .  PFLEGER, s. NESP~JREK AND J .  VOHL~DAL 

extrinsic processes which are not always easily distinguished experimentally, com- 
plications also arise due to exciton-exciton, exciton-photon or exciton-charge 
carrier interactions and trapping, as well as to space charge effects. 

In polymers the photoconduction mechanism was studied, for example, for poly(N- 
vinylcarbazole) ,11-14 polydiacetylenes,1sJ6 p ~ l y a c e t y l e n e , ' ~ ~ ~ ~  and for molecularly 
doped polymers. 19-22 The photoconduction in trans-poly(phenylacety1ene) (PPA) 
and in its charge-transfer complexes was studied by Kang and C O - W O ~ ~ ~ ~ S . ~ ~ ~ ~ ~  The 
major photoconductivity mechanism of PPA was found to be the electron injection 
from the electrode into defect states lying in the band gap; in the presence of light 
these electrons then equilibrate with the conduction states and recombination takes 
place with fixed holes. These authors explained the long wavelength (extended into 
the near-infrared) photoconduction by a photodetrapping process. Measurements 
of pulsed photoconductivity were done in the spectral region between 300 and 800 
nm . 

We were interested to find out if the intrinsic photoconduction takes place in 
PPA. Therefore, (i) we prolonged the spectral range of photoconduction meas- 
urements up to 220 nm, and (ii) we used a special type of sample, with SiO spacers 
between the metal electrodes and the PPA in order to stop the photoinjection of 
charge carriers. This paper describes the results of these studies in more detail. 
New information concerning the intrinsic photoconductivity in PPA is presented 
and the mechanism underlying photoconduction in thin solid films of PPA is dis- 
cussed. 

EXPERIMENTAL 

Material 

PPA was prepared by the coordination polymerization of phenylacetylene (PA), 
catalyzed by the metathetic catalyst WOC14 + Ph4Sn in benzene/dioxan solution, 
using a sealed glass vacuum apparatus (initial pressure of the order Pa): 43.5 
pmol (18.6 mg) of Ph4Sn (tetraphenyltin) was reacted with 21.75 pmol of WOC14 
in benzene (6 ml) for 15 minutes. 1,CDioxan (in one portion of 4 ml), followed 
after about 3 minutes by one drop of PA, and finally after 1 min by PA (2.2 ml), 
was added into the reaction mixture. The polymerization proceeded at 293 K for 
1 h. The resulting PPA was precipitated from the reaction mixture by methanol 
(40 ml) under vacuum, reprecipitated twice under nitrogen using the solvent system 
toluene-methanol, washed by methanol, and dried in vucuo at ca 320 K. The 
polymer was weighed and sealed under vacuum in a glass ampoule; the relative 
yield was 80%. 

The PPA thus obtained was predominantly in the cis-transoidal form as dem- 
onstrated by IR spectrazs (Perkin Elmer 580 B spectrometer, KBr discs). From the 
ratio of peak intensities (Figure 1) at 760 cm-' and at 740 cm-' (which is char- 
acteristic of the cis-form), the content of cis-form was estimated to be cu 80%. 
This result agrees with the presence of the peaks at 895 cm-' and 1380 cm-' which 
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146 J .  PFLEGER, s. N E S P ~ R E K  AND J .  VOHL~DAL 

are also attributed to the ~ i s - f o r r n . ~ ~  The content of trans-form is seen from the 
presence of peaks at 920 cm-', 970 cm-' (the latter being assigned to the trans 
C-H out-of-plane deformation vibrationz6), and from the ratio of peaks at 1440 
cm-* and 1490 cm-I. Using gel permeation chromatography, the average molecular 
weight @, was - -  determined as 91,000 (based on a polystyrene calibration). The 
polydispersity (MJM,,) was found to be 2.4. 

Samples and measurements 

Two types of sample were investigated: (a) a sandwich of the type G/SnO,/PPA/ 
Au [where G represents a glass-substrate slide (GS)] was used in electrical meas- 
urements in the dark, and (b) a sandwich of the type GISnOJSiOIPPAISiOIAu 
was employed for the measurement of pulse photoconductivity. The SiO spacers 
were used to stop the photoinjection of charge carriers from the metal electrode. 
In case (a) the Au electrode was 40 nm thick and prepared by vacuum deposition. 
For light measurements (b), the SiO spacers, 150 nm thick, and a semi-transparent 
Au electrode, 20 nm thick, were also vacuum deposited. The deposition rates were 
0.1 nm s - l  (SiO) and 0.35 nm s-l (Au). PPA films were prepared by spinning 
from a solution in xylene. The thickness was controlled by the spinning rate and 
by the solution concentration. Typical thickness values were 1 to 3 pm. The films 
were first dried in xylene vapour (ca 1 day), then in a nitrogen atmosphere (ca 1 
day), and finally in vucuo Pa) at 320 K for about 6 h to obtain crush-less 
films. The pulsed photoconductivity was measured in the bell-jar system at lop4 
Pa. Samples were illuminated by a Xe 457 micropulser (Xenon Corp.) through the 
Bausch and Lomb monochromator. The typical pulse duration was 5 ps; the number 
of photons in the light pulse was of the order of 10'' photons s-' m-2 as measured 
by the EG&G 580 radiometer. To obtain the photogenerated charge AQ, we 
measured the integral of the photocurrent detected as the voltage drop AV by a 
Tektronix 564 storage oscilloscope, A Q  = (AU-hUb)C, where Cis the total circuit 
capacitance and AUb is the Dember voltage. AUb was usually small and the cor- 
rection was negligible. The apparent quantum efficiency q' was calculated from 
the formula 

where 7~ is the number of photons in a single pulse incident on the PPA film and 
e is the unit charge. Corrections were made for the light lost in the glass slide, 
SnO, substrate electrode and the blocking SiO layer, when the substrate electrode 
was irradiated, or the gold top electrode and the blocking SiO layer, when the 
non-substrate electrode was irradiated. 

The d.c. dark current was measured by a 616 Keithley electrometer. The 240 
Keithley power supply was used as the power source. The electric permittivity (ere,) 
was determined as 2.7 x 10-"F m-' (E, = 3.1) using an RLCG transformer bridge 
at 1 kHz. 
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CHARGE CARRIER PHOTOGENERATION 147 

RESULTS 

Dark characteristics 

The typical current-voltage ( j  - U) characteristics of G/SnO,/PPA/Au samples are 
given in Figure 2 (Au electrode being positive). The characteristics, typical of the 
space-charge-limited current (SCLC), were symmetric for both polarities of applied 
voltage. In the low-voltage range (LI < 0.1 V, sample thickness L = 1.1 pm; see 
curve l), the current was proportional to voltage. The transition voltage LI,, be- 
tween the ohmic ( j  - 17) and quadratic ranges ( j  - Urn + l ,  m + 1 = 2) was detected 

102 
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FIGURE 2 Dark current-voltage characteristics of PPA films. Temperature T = 297 K,  sample 
thickness L = 1 . 1  pm (full circles), L = 1.3 pm (open circles). Inset: Temperature dependence of 
dark current; voltage applied U = 0.1 V. 
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148 J. PFLEGER, s. N E ~ P ~ R E K  AND J .  VOHLIDAL 

at 0.1 V. At higher voltages ( U  > 2 V) the current followed the j - Urn+ relation 
with the exponent m + 1 = 4.2. 

Photoresponse 

The experimental dependence of the apparent quantum efficiency q’ on reciprocal 
temperature is given in Figure 3, and the field dependence of q’ in Figure 4. The 
experimental dependences of q’ on wavelength are given in Figure 5 for an irra- 
diated positively biased electrode at two magnitudes of the electric field. The 
electron transient photocurrents were observed to be lower those for the holes, 
under the condition that the optical penetration depth was much less than the film 
thickness. 

DISCUSSION 

Dark characteristics 

In the low-voltage region, the current was proportional to the voltage owing to the 
presence of thermal free carriers. The electrical conductivity was found to be 1 x 
10-l2 S m-l. From the magnitude of the current density j = ei,p,F, where if is 
the free carrier concentration at the thermodynamic equilibrium, p, is the mobility 
of the charge carriers, and F is the electric field, the product p,if was determined 
as 6 x 106 m-l V- l s - l  . The SCL current may be observed in those cases where- 
after the application of voltage U 2 U,, to the electrodes-charge carriers are 
injected into the bulk of the solid and the concentration of injected carriers exceeds 

-3.65t , , , 1 
3 .I 3.2 3 .3  3.4 3.5 

I/T ( K-’ 

FIGURE 3 Temperature dependence of the logarithm of the apparent quantum efficiency of pho- 
togeneration q‘. 
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CHARGE CARRIER PHOTOGENERATION 149 

I I I I 

lo6 10 10 10 
F (Vm-' 

FIGURE 4 Field dependence of photogeneration efficiency in the PPA film. The excitation wavelength 
was 280 nm, T = 297 K. The solid line presents the best fit obtained using Equation (8) with the 
parameters c, = 3.1, qo = 2 X lo-* charges per photon and ro = 2.0 nm. 

- 
nf. The dependence of SCL current on voltage and the sample thickness L for the 
sandwich structure is given by the relation27 

8 being the ratio of the concentration of the free, nf,  and trapped carriers, n, ,  
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150 J. PFLEGER, s. N E S P ~ R E K  AND J.  VOHL~DAL 

3.5 4.0 4.5 
h v ( e V )  

3.0 

FIGURE 5 Spectral dependence of photogeneration efficiency of PPA films. Substrate SnO, electrode 
illuminated (full points), top Au electrode illuminated (open points), electric field applied F = 1.5 x 
10' V m-' (squares), F = 3 x lo7 V m-'  (circles). The solid lines present the best fit with the parameter 
R, = 0.35 nm. Inset: Spectral dependence of photogeneration efficiency using Equation (12). 

where Nb is the effective density of states, N, is the trap concentration, E, is the 
trap depth, k is the Boltzmann constant, and T is temperature. From the quadratic 
part of the j - U characteristics, the product p8 was determined to be 3.8 x 
m2 v-1 s - l  . From the magnitude of U,, - eFifL2/e,Q3 = 0.1 V, the ratio Ef/8 was 
obtained as 1.4 x lo7 m-3. The product pEf was then determined to be pEf = 6 
x lo6 m-l V-'  s - , .  

The value of Ef was estimated from the activation energy E, of the ohmic current 
density. Assuming the temperature dependence of the microscopic mobility to be 
weak ( - T - * ) ,  one can write2*sZ9 Ef = E,. From experiments (see inset in Figure 
2), E, = 0.77 eV around room temperature. From this value the free carrier 
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CHARGE CARRIER PHOTOGENERATION 151 

concentration can be estimated as Ef = 1.7 X 1015 mP3. The measurements at  
higher temperatures (340 K < T < 360 K )  gave E, = 1.15 eV. Using the value of 
Ef, one can estimate the drift charge mobility of majority carriers (holes) as p = 
3.5 x 

The high voltage part of the j - U dependence was characteristic of an exponential 
distribution of trap density in energy and the current could be described by the 
relation30 

m2 V-’s- l  . The coefficient 8 is then of the order of 

where N :  is the total trap concentration, m = T J T ,  Tc being a temperature 
parameter characterizing the distribution of traps. Our experimental results gave 
T, = 975 K .  From the transition voltage U,, (see Figure 2 )  between the ohmic 
j - U and j - U4.2 part of the current-voltage d e ~ e n d e n c e , ~ ~  where 

ux,r-- eL2N:  m + 1 [ - 5 ( m  - + l)m+l]l’m 
c p 0  m Nb 2m + 1 

one can determine the total concentration, N , ,  of exponentially distributed traps 
in energy, 

as N :  = 4 x m-3. 

Photoresponse 

The photogeneration quantum efficiency q is related to q’ by the expression q = 
q’ b- l .  The numerical carrier transition coefficient b can be determined in the case 
of blocking, non-injecting electrodes according to the range-limited t h e ~ r y . ~ l . ~ *  
Thus, the measured activation energy of q’, E p h  = (0.028 * 0.002) eV, obtained 
at the field of F = 3 x lo7 V m-l ,  consists of the activation energy of charge 
carrier dissociation, E h h ,  the activation energy of the product p~ (T being the 
lifetime of charge carriers), and perhaps the activation energy of photogeneration 
of geminate electron-hole pairs. But we have no direct information about the p~ 
product on PPA. Only a rough estimation could be made. The temperature de- 
pendence of mobility usually follows the relation p = CT-‘, where C and z are 
constants. The z value, 0 < z < 2.5, has been generally observed33 for many organic 
materials. The temperature dependence of the charge carrier life time is more 
problematic, because it depends on the character of the recombination centers. If 
N is the number per unit volume of recombination centers which can capture a 
free carrier, the lifetime may be expressed as T = (vSIV-l, where v is the thermal 
velocity of the carrier ( d m ,  m being the electron mass), and S is the capture 
cross section of the recombination center. The magnitude of S is influenced by the 
potential energy variation in the vicinity of the center. 
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152 J .  PFLEGER, s. NESP~JREK AND J .  VOHL~DAL 

For neutral centers, the polarizability of the center is given by a quasi-long-range 
interaction with the carrier. A charge at a distance x from a center with polarizability 
a will produce a dipole moment of ae/47re,e,x2. This dipole will in turn produce 
an attractive force of 2(ae/4nere,x2) (e/47rer~,x3) on the charge so that there is an 
attractive potential V(x) = -Ah4, where A is a constant equal to a e 2 / 3 2 ( ~ r r ~ , ) 2 .  
Different centers (impurities) in a host material have different a values. Because 
the radius at which the potential energy is kT varies with T-ll4, T will be nearly 
temperature independent and PT - T-3 /2 .  For attractive Coulombic centers, the 
capture cross-section is roughly proportional to T -2  as given by and there- 
fore T is proportional to T3'2. The p.7 is then nearly temperature independent and 
cannot influence the activation energy of photogeneration. Assuming the centers 
in PPA to be neutral, a situation usually encountered in organic molecular solids, 
the corrected activation energy value of the charge carrier dissociation would be 
obtained as EL,, = 0.07 eV. Here, the activation energy of photogeneration of 
geminate electron-hole pairs was neglected. 

were the first to demonstrate that for the intrinsic photogeneration 
of free carriers, an experimentally detectable activation energy is needed. These 
results show that photogeneration in anthracene crystals' occurs, e.g., via an in- 
termediate stage of a bonded charge pair state and its subsequent thermal disso- 
ciation, which is a thermally activated and field-assisted diffusive process.6 The 
existence of the thermally activated charge carrier photogeneration was the reason 
why we tried to fit the experimental data in terms of the ballistic model, including 
the Onsager theory. According to this model, the intrinsic photogeneration in 
organic solids is usually depicted as a multistage process which involves: (i) pho- 
togeneration to a neutral molecular electronic state, (ii) autoionization of the ex- 
cited state, resulting in the creation of a localized hole and a hot quasi-free electron, 
(iii) thermalization of the electron due to fast inelastic scattering, leading to the 
formation of a Coulomb field-bound geminate electron-hole pair [so-called charge- 
transfer (CT) state], and (iv) thermal dissociation of the electron-hole pair into 
free carriers by the Brownian motion subject to a combined Coulomb and applied 
field. The fraction of absorbed photons that result in bound thermalized pairs gives 
the primary quantum yield q, and is often assumed to be independent of the applied 
field. Under this assumption, the overall field dependence of photogeneration is 
governed by the efficiency of the dissociation step (iv) which may be described 
using the solution of the Smoluchowski equation given by Onsager.6 The photo- 
generation efficiency may be calculated as 

Batt et 

q(F,T) = q,lf(r,R,T) g(r)  d T ,  (7) 

where f(r,F,T) is the dissociation probability of bound pairs separated by a distance 
r = Ire - rhl = Irl, re, r h  being radius vectors of the electron and hole, respectively, 
g(r) represents the initial spatial distribution of bound pairs, and d~ is the volume 
element. Assuming that the distribution is spherically symmetrical and that all pairs 
are separated by the same distance r,, we have g = ( 4 n r ; ) - '  6 ( r  - r,) and 
integration in Equation (7) gives the overall photogeneration efficiency. Its de- 

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

2:
37

 1
9 

Fe
br

ua
ry

 2
01

3 



CHARGE CARRIER PHOTOGENERATION 153 

pendence on the applied electrical field and on temperature T can be described by 
a modified Onsager formula,6 which can be rewritten employing the Bessel functions36 
in the form 

where l j ( x )  is a modified Bessel function of the first kind. The Coulomb energy 
Eb(ro) of two charges separated by the distance r, can be approximated with a 
remarkably good accuracy by the Coulombic binding energy in the isotropic con- 
tinuum approximation, i. e., 

Eb(To) = e2/4‘K€,€,T,. (9) 

The equation is valid in the zero-field approximation. After correction of the 
experimental value of the activation energy E;,, to zero field using formula (8), r, 
= 2.3 nm was obtained for the neutral type of recombination center. It is interesting 
to compare this value with the fitted r, obtained form the experimental data for 
field dependence of q’, given in Figure 4 .  The best fit parameters obtained were 
r, = 2.0 nm and q, = 2 x charges per photon. These results set the value 
of the zero-field quantum efficiency of photogeneration at about lop6 charges per 
photon. The low-field region ( f <  lo7 V m - l )  of the q’ vs. F dependence is rather 
dubious, owing to a large experimental inaccuracy. A small amount of trapped 
charge results in a field in the generation region that is vastly different from the 
applied field. The film had to be “rested” for several days between measurements 
to get out of the charge present, especially when the blocking spacers were used. 
A large error can be expected at low applied fields, under the usual conditions 
where a 10 min period of resting was used between measurements. 

On the basis of the q’ vs. F dependence we believe Onsager’s theory to provide 
a completely satisfactory explanation of the experimental results on photogener- 
ation in this material. As expected, the efficiency of dissociation depends on the 
initial distance between the oppositely charged carriers. The distance, according 
to the first step of the ballistic model-thermalization, depends on the excess of 
excitation energy, and is thus the reason for the wavelength dependence of q’. The 
process of separation involves a loss by phonon emission of the excess kinetic 
energy of the carrier pair. In a material where the mean free path is comparable 
to the intermolecular spacing, the motion during this process is expected to be 
diffusive and the separation distance r, at the end of the thermalization time fl will 
be given37 by the relation r, = {Dt,)1’2, where D is the diffusion coefficient. From 
the relation of k-conservation in inelastic scattering, the rate of loss of energy in 
an amorphous material is expected to reach its maximum at a phonon frequency 
multiplied by a typical phonon energy. The excess of kinetic energy Ek to be 
dissipated is then taken to be an excess over the local Coulomb potential as37 
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154 J. PFLEGER, s. N E S P ~ R E K  AND J .  VOHLIDAL 

where E, is the energy gap. The time necessary to dissipate this energy is then 
t, = Ek/hv$ where up is the phonon frequency. The electron-hole separation distance 
r, at the end of the thermalization process is then given as r, = RT(&/kT)”’, 
with RT = (kTD/hu;)’~’. Using Equation (lo), r, is then given by the relation 

(hu - E, 
r, = RT (11) 

The experimental plot of q‘ vs. hu given in Figure 5 was fitted using expressions 
(8) and ( l l ) ,  yielding RT = 0.35 nm. The fitted spectral responses are given in 
Figure 5 as full lines. The value of the band gap energy was taken as the threshold 
value E, = (3.0 ? 0.1) eV from the dependence3* 

where n = 2.5. The test of this dependence is presented in the inset in Figure 5 .  
This value differs from the determined value of the “band gap” from the optical 
spectrum, where the value of E ;  = 2.2 eV was determined. 

The absence of intrinsic photogeneration in PPA at wavelengths longer than ca 
400 nm, i .e. ,  in the range where PPA still has a strong absorption (see Figure 6), 
indicates that only the higher-lying states may be involved in autoionization, if it 
takes place at all. The presence of a plateau in the spectral dependence of pho- 
toconduction (and thus in the wavelength dependence of ro) is explained assum- 
ing-similar to the model of Noolandi and Hong’O-that absorption to higher 
energetic states is followed by a rapid dissipation of excess of energy due to ra- 
diationless transitions. The second excited state thus generated autoionizes to a 
CT state with a radius of approximately 2.0 nm. Further dissociation occurs ac- 
cording to the Onsager model. A similar trend of increasing photoresponse for 
wavelengths shorter than 400 nm can be seen also from the observations of Kang 
et al.23,24 The photoresponse at longer wavelengths with a weakly pronounced 
maximum at ca 650 nm was discussed by Kang et al. as the photodetrapping of 
shallow traps below the conduction band. 

CONCLUSION 

Results presented in this study show that the high field limit of intrinsic photo- 
generation efficiency in PPA is 2 x charges per photon. The zero field 
photogeneration efficiency extrapolated from the present results, being ca 
charges per photon, results from a relatively short thermalization distance r, = 
2.0 nm. The Onsager model seems to be adequate for explaining the experimental 
dependences of quantum efficiency on the electric field and on temperature at 
shorter wavelengths; however, details of the formation of initial charge carrier pairs 
are still open to discussion. 
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