
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 14:14
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
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Photoenhanced Conductivity in Organic
Crystals
Jan Godlewski a , Jan Kalinowski b c & Piergiulio Di Marco b
a Department of Molecular Physics, Technical University of
Gda[ngrave]sk, 80-952, Gda[ngrave]sk, Poland
b Istituto di Fotochimica e Radiazioni d'Alta Energia, CNR, 40126,
Boiogna, Italy
c Department of Molecular Physics, Technical University of Gdansk,
80-952, Gdansk, Poland
Version of record first published: 24 Sep 2006.

To cite this article: Jan Godlewski , Jan Kalinowski & Piergiulio Di Marco (1993): Photoenhanced
Conductivity in Organic Crystals, Molecular Crystals and Liquid Crystals Science and Technology.
Section A. Molecular Crystals and Liquid Crystals, 228:1, 61-68

To link to this article:  http://dx.doi.org/10.1080/10587259308032144

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/gmcl19
http://dx.doi.org/10.1080/10587259308032144
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cryst. Liq. Cryst. 1993, Vol. 228, pp. 61-68 
Reprints available directly from the publisher 
Photocopying permitted by license only 
0 1993 Gordon and Breach Science Publishers S.A. 
Printed in the United States of America 

PHOTOENHANCED CONDUCTIVITY IN ORGANIC CRYSTALS* 

JAN GODLEWSKI 
Department of Molecular Physics, Technical University of Gdafrsk, 80-952 Gdiuisk, Poland. 

JAN KALINOWSKI** and PIERGIULIO DI MARC0 
Istituto di Fotochimica e Radiazioni dAlta Energia, CNR, 40126 Bologna, Italy 

Macrotrap model for charge carrier trapping is applied to describe photo-enhanced 
currents in anthracene-like crystals. The currents are due to the interaction between triplet 
excitons and charge carriers trapped in spatially extended trapping domains (macrotraps). The 
model allows to selfconsistency explain experimental voltage and light intensity dependences 
of the photo-enhanced conductivity measured in anthracene crystals. 

JNTRODUCTION 

The term "photo-enhanced conductivity" describes photoconductivity in the spacecharge-limited regime 

due to optical excitation of charge carriers out of Canier traps. A theoretical description of single carrier 

photo-enhanced currents (PEC) was achieved by applying the occupation statistics of point 

(dimensionless) traps in the presence of optical excitation24 This description fails to explain 

experimentally observed non-quadratic dependence of PEC on applied voltage. In the present paper we 

show that the triplet exciton interaction with charge carriers localized in the electric field-modified 

spatially extended trapping domains allows to understand such a behaviour of PEC. - 
The principle features of PEC in organic crystals are illustrated using as an example a model crystal of 

anthracene (C14H10). Solution-gmvn anthracene single crystals with well developed (ab) 

crystallographic planes are typically 50 - 200 pm thick, and for elechical measurements they are 
overcoated with (semitransparent) C U ~  e1ectrode-s - 0.1 cm2 in area. 
Figure 1 shows the field (F) dependence of the dark and photoenhanced current in a log-log scale for 

three of over 10 examined anthracene crystals. While the dark spacecharge-limited current ( S o  
follows a power law j&k - Fn with n >> 1. the field dependence of PEC is, in general. more complex. 

* The work supported in part by the Polish State Research Council (KBN) under project nr. 
204599101 for the period 1992-1994. 
On leave from Department of Molecular Physics. Technical University of Gdai~sk, 80-952 
Gdarisk. Poland. 
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62 J. GODLEWSKI ET AL. 

and only in one case can be approximated by a power function j - Fm (m=2) within a low-field region F 

< 2x104 V/cm. 

For high fields (F > 2x104 V/cm) the PEC approach the dark current in the examined crystals. 
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FIGURE 1 Field dependences of the dark (full figure points) and photo-edmced (open 
figure points) currents for three different anthracene crystals of thickness d=78 pn (squares); 
d=78 pn (circles the crystal different from the first one); d = 94 pm (triangles). Light 
intensity b - 10l5 photons/cm%. The spectral region of the exciting light (410 < X <450 m) 
preselected to obtain approximately homogeneous distribution of excimns throughout entire 
thickness of the crystals (the penetration depth of the major part of the light flux exceeds each 
crystal thickness). 

AT I CONSIQ&IATIOM 

We assume that PEC in anthracenelilre crystals, proceed by triplet exciton-trapped charge carrier 

interaction. This is because the triplet exciton concentration, m, resulted from directly excited singlets 

by 5% intersystem crossing, is about a factor of lo3 gmter than that of singlets, [S], due to the relation 
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PHOTOENHANCED CONDUCTIVITY IN ORGANIC CRYSTALS 63 

between their lifetimes ( 7 ~ 0  - 10 ms, Q-J - 10 ns). Since the interaction with trapped charge. carriers of 

concentration nt leads to an additional decay channel for triplet excitons. a kinexic equation for them in 
steady-state conditions can be written as follows: 

d[Tl [TI - - +=SdCISCb - - - k n n t n  = O  . 
dT Z T O  

Here K is the absorption coefficient of weakly-absorbed light, kISC is the intersystem crossing rate 

constant, and kn,  stands for the second order rate constant for the triplet exciton-trapped carrier 

interaction. 

From (1) 

-t kThnt7T0 

and two limiting cases can be distinguished: 

and 

is proportional to the applied voltage (v) one would expect the (3a) approximation to be obeyed in the 

low-field region, and (3b) to be obeyed in the high-field region for a crystal of given thickness. d. 

characterized by the dielectric constant E. However, at the same np different cases can be realized 
dependent on the product kn rm 
Therefore. conditions (3) do not form good criteria for the field regional division. The PEC under 

trapping by a discrete set of traps is given by2 
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64 J. GODLEWSKI ET AL. 

where p is the carrier mobility, and 0 is the d o  of free (nf) to total (ntot) carrier concentration, which, in 
general, is a complicated function of U. d, x-position in the crystal, I, and other parameters. If n f * n t - 
ntoB 0 can be obtained from the detailed balance relationship 

where D is the diffusion coefficient of charge carriers, No is the concentration and ro the radius of 

trapping centers (see Fig. 2). The carriers are assumed to be captured by spatially extended spherical 

symmetry domains (maaotraps)>d when the capture radius, ro exceeds the mean free path, X, of the 

carrier. The steady-state diffusion-limited lifetime of the carriers is then given by9 

T~ = (4aDNgrd-l . Q 

We note that the first term in the left-hand curly bracket expression describes thermal dempping and the 

second one opticaI dempping of charge carriers with efficiency, q, dependent on the carrier relaxation 
process. 

In general, the field lowers the energy barrier for the macrotrap, Et - AE, 
therefore CausesjPEc to increase more steeply than U2. As has been shown p r e v i ~ u s l y ~ * ~  

increases 0, and 

AE = eFro (8) 

for low fields, and 

3kT 

0 
(9) 

for high fields applied to the crystal. There are several limiting situations for which exact results can be 

obtained for thejPEC (F) function shape. First, we consider the real PEC. for which 

Two field regions can be distinguished according to (8) and (9): 
Low-field 

(a) k m n t r m  4 1 . 
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PHOTOENHANCED CONDUCTIVITY IN ORGANIC CKYSTALS 65 

\ 

FIGURE 2 Illusnation of the carrier (hole) rehiation in a marotrap in the absence (solid 
line) and in the presence (dashed line) of an electric field, F. For the thennalization length rth > 
rm, the release efficiency q (F) = const, for rth c rm, q is a function of F and potential 
parameters of the macrotrap: q = q o ( r d d 3 / o e x p ( ~ / k ~  (qo - activationless efficiency, rth 
2 rm). 

and (5) yields 

for rth c rm (=Fig. 2). 

However, for rth > rm. q = qo, 
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66 J. GODLEWSKI ET AL. 

and 

j - U2/d3 and j - I,, 

and (5) yields 

for rth c rm (see Fig. 2). 

On the other hand, for rth 2 rm. q = qo, 

and 

j - U / d = F  and j - I, . 

and (5) yields 
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PHOTOENHANCED CONDUCTIVITY IN ORGANIC CRYSTALS 

and (5) yields 

j - (U/d)3/o+1 and j - I. 

for rb < rm (see Fig. 2). 

Forrth 2 rm,  (17) and (18) obey. 

COMPARISO N WlTH EXPERIMENT 

The data of Figure 1 show the agreement of various limiting cases of the model with experiment The j 

(F) (d= const) for one of the 78 pn-thick crystals (circles) follows quadratic dependence, suggesting 

weak triplet exciton quenching by injecteh holes and thermalization length exceeding position of the 

potential barrier (case LFR (a)). The HFR (a) case can be excluded since by definition F c FHFR = 

3kT/uer0 = 1dV/cm for o = 1 and ro = 50 run (cfxefs. 5 and 6). Slightly overlinear dependence in the 

LFR for the second of the 78 pn-thick crystals (squares) suggests that we are dealing with the strong 

triplet exciton quenching case with rth shorter than the barrier position rm (case LFR @)). A power 

dependence of j@ -Fm with m = 3.5, as for the 94 pn-thick crystal (triangles). is predicted by Eq. (20) 

for HFR with weak exciton quenching and carrier thmalization within the trap potential well or by Eq. 

(22) with strong triplet exciton quenching. It would be possible to distinguish these two cases on the basis 

of measurements of %TO A distinct change in shape of the j o  occm prior to approaching the value of 

the dark current at high fields in each case. This would be expected owing to the increased influence of 

thermal detrapping leading to the inequality opposite to (10) and, consequently, to596 

j = j h k  - Un with n =  3/o+2 (23) 
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68 J. GODLEWSKI ET AL 

Note, however, that o determined from j h k  and j are different in general. For the 94 pm-thick crystal, 

o&k = 0.45 and o = 1.2 (see (22)). This situation would be expected for the two-branches mamlrap 

potential well as observed in solution-gmwn anthracene crystals from an analysis of ScLC.5p6 The flat 

branch of the potential (with high a) is operative in the LFR (and/or prevailing optical dehapping), and 

the steep branch (with small a) determines the HFR thermal detrapping of charge d e n .  

CONCLUSION 

We have shown that the macrotrap concept for charge carrier trapping5p6 can be successfully applied to 
explain photoenhanced currents (PEC) in antiuacene like crystals. The field characteristics of PEC takes 

different functional shapes dependent on the macrOtrap panuneten (ojd. the main pathway for exciton 

decay (spontaneous or quenching by the injected charge), and thermahtion length of excited carriers. In 

contrast to point-trap approach, the macrotrap model allows to explain non quadratic field behaviour of 
PEC, including the observed power dependence j - Fm with m = 1,2 and n > 2 as well as more complex 

behaviour expressed by a combination of a power and an exponential function of F. The model predicts 

linear increase of PEC with light intensity. 
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