
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 13:07
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

Photoconductivity in Discotic Liquid
Crystals: A New Class of High-Mobility
Materials
Dietrich Haarer a , Dieter Adam a , Jürgen Simmerer a , Fritz
Closs b , Dirk Funhoff b , Lukas Häussling b , Karl Siemensmeyer b

, Helmut Ringsdorf c & Peter Schuhmacher c
a Physikalisches Institut, Universität Bayreuth, D-95440,
Bayreuth, Germany
b BASF AG, D-67056, Ludwigshafen, Germany
c Institut für Organische Chemie, Universität Mainz, D-55099,
Mainz, Germany
Version of record first published: 24 Sep 2006.

To cite this article: Dietrich Haarer , Dieter Adam , Jürgen Simmerer , Fritz Closs , Dirk
Funhoff , Lukas Häussling , Karl Siemensmeyer , Helmut Ringsdorf & Peter Schuhmacher (1994):
Photoconductivity in Discotic Liquid Crystals: A New Class of High-Mobility Materials, Molecular
Crystals and Liquid Crystals Science and Technology. Section A. Molecular Crystals and Liquid
Crystals, 252:1, 155-164

To link to this article:  http://dx.doi.org/10.1080/10587259408038221

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,

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259408038221
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


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.

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

3:
07

 1
8 

Fe
br

ua
ry

 2
01

3 



Mol. Crysf. Liq. Cryst. 1994, Vol. 252, pp. 155-164 
Reprints available directly from the publisher 
Photocopying permitted by license only 
0 1994 Gordon and Breach Science Publishers S.A.  
Printed in the United States of America 
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Abstract Using a time-of-flight technique, different transport mecha- 
nisms, deep trapping, multiple shallow trapping and Gaussian transport, can 
be observed in the different temperature and phase regions of the liquid- 
crystalline (LC) photoconductor hexapentyloxytriphenylene (HPT). Transient 
photocurrents and carrier mobilities for various temperatures, electric fields, 
and sample histories were examined. The ideal intrinsic Gaussian transport, 
observed for holes in the mesophase, puts HPT into a new class of high- 
mobility materials with both hole mobilities on the order of 1 . 10-3cm2/Vs 
and a steplike current decay. These features result from the fact that there is 
obviously neither a positional disorder nor an energetic disorder, which would 
impair efficient charge transport. This is probably achieved by special mole- 
cular packing mechanisms in combination with the dynamical processes of the 
LC phase and due to favourable properties of the HPT molecule, which has 
a rigid and conjugated core, a symmetric structure, and no permanent dipole 
moment. 

Keywards: discotic, liquid crystal, photoconductivity, mobility, disorder, mesophase 

INTRODUCTION 

In liquid-crystalline (LC) systems two basic principles of nature are combined, 
namely order and dynamics. These two principles do not only result in the self- 
organization leading to structures such as mesogenic LC phases, but they also can 

promote dynamical transport processes. 
Transient photoconductivity data will be presented for the discotic LC hexa- 

pentyloxytriphenylene (HPT), the data will be discussed at the level of our present, 
preliminary model. 

As shown in Figure 1, the disc-like HPT molecules build up stacked arrays, 
which are arranged in a hexagonal lattice forming the columnar discotic hexago- 
nally ordered (Dh,,) mesophase. 
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156 D. HAP rRE 3R ET AL. 

FIGURE 1 
lumnar mesophase (R = C5Hll). 

Hexapentyloxytriphenylene and a schematic view of its co- 

Due to the finite viscosity of the molecules in the mesophase, this order is 
not a static one, and there are dynamical processes such as bending of the columns, 
rotation of the discotic mesogens, or density fluctuations within the columns.'-3 

The conjugated core of the triphenylene molecule also provides the HPT 
system with a functionality which is well suited €or electronic transport proces- 

ses. The columns are forming an efficient quasi one-dimensional transport path 

which is given by the mutual arrangement of the molecular stacks, the overlap 
and delocalization of the w-electron system. This has also been verified by ex- 
citon energy migration by conductivity measurements in doped 
hexaalkoxytriphenylene,6 and by photoconductivity rneasurement~.~-~ 

The latter gave carrier mobilities of about 10-3cm2/Vs for holes in the 
me~ophase .~  This value lies in an intermediate range between amorphous poly- 

meric systems with typical mobilities of lo-* to 10-6cm2/Vs on the one hand and 

organic single crystals with mobilities of lcm2/Vs on the other hand. In this mo- 

bility scale which covers more than eight orders of magnitude there have also been 
some reports on exceptionally highly doped polymer systems with mobilities up 
to  10-3cm2/Vs10-12 and there are the conjugated and quasi-conjugated polymers 
which yield mobility values in the same range.13-15 

We think, however, that the LC-concept of achieving high mobilities offers a 

new avenue for establishing organic high-mobility systems. 
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PHOTOCONDUCTIVITY IN DISCOTIC LIQUID CRYSTALS 157 

EXPERIMENT 

The HPT molecules under investigation are characterized by a columnar disco- 
tic hexagonal ordered mesophase. The respective transition temperatures are 

K 69 Dho 122 I.I6 HPT can be easily oriented homeotropically by slow cooling 

from the isotropic into the mesophase, yielding relatively large uniform domains. 

HPT was synthesized according to the literature" and subsequently highly 

purified by flashchromatography and several recrystallizations. It was filled into 
quartz glass cells of typically 10 pm thickness, which were coated with semitrans- 
parent aluminum electrodes before filling. 

During the experiments the samples were temperature controlled electroni- 
cally. 

The transient photocurrents generated by strongly absorbed short laser pul- 

ses (nitrogen laser, wavelength 337 nm, maximum pulse energy 5 mJ, pulse width 
10 ns, penetration depth below 1 pm), which were due to electrons or holes (de- 
pending upon the cell polarity) were recorded using a typical time-of-flight (TOF) 
setup as shown in Figure 2. 

FIGURE 2 Schematic view of a typical time-of-flight setup. 

The dynamic range of the TOF setup ranges over nine orders of magnitude in time 
from 10 ns to  10 s and has a dynamic range in amplitude of seven orders of ma- 
gnitude with a maximum sensitivity of 10-l0A. More details of the experimental 

setup have been reported e l ~ e w h e r e . ~ > l ~  
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158 D. HAARER ET AL. 

RESULTS 

By analysing the measured transient photocurrents three main aspects of photo- 

conductive materials can be investigated: 

(i)  Conclusions can be drawn about the involved charge carrier transport mecha- 

nisms. 

(ii) The effective carrier mobilities p can be calculated in a rather straightforward 

way using the well-known relation 

12 

C 1 = t  
T 

where tT is the carrier transit time as derived from the transient current, 1 is the 

sample thickness and U the applied voltage across the sample. 

( i i i )  The quantum yield of the carrier generation can be obtained by dividing the 

number of charge carriers by the number of absorbed photons. (The latter is beyond 

the scope of this paper.) 

Transient Photocurrents 

In Figure 3 the transient photocurrents for various experimental conditions are 

shown in a linear plot. HPT is displaying-as one of the few, if not, the only 

known photoconducting system-the whole spectrum of photoconductive transient 

features. 

The hole current in the mesophase (curve (c)) is characteristic of a trap-free 

and bandlike transport mechanism which is also referred to as Gaussian or non- 

dispersive transport in the literature. The current is constant, even at shortest 

times, until it drops to zero rather abruptly at the transit time. This behaviour is 

normally typical for many inorganic semiconductors but very exceptional for orga- 

nic systems and resembles with minor variations data published e.g. for thin films 

of amorphous selenium.18 

In contrast, the photocurrent in the crystalline phase shows (curve (a)) both, 

for holes and electrons, a totally featureless decay. This and a slope of -1 in the 

double-logarithmic plot' (not shown in this figure) suggest a transport mechanism 

dominated by deep trapping, the latter is also called totally dispersive transport in 

the literature. 

The electron current in the mesophase (curve (b)) exhibits a transition from 

dispersive to non-dispersive transport, meaning a fast decay of the photocurrent at 

short times, a transition to a plateau region followed by a long time tail for times 
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PHOTOCONDUCTIVITY IN DISCOTIC LIQUID CRYSTALS 159 

longer than the transit time. These features are typical for multiple shallow trap- 
ping, where a narrow conduction band interacts with a set of shallow traps.17 

t (arb. units) 

FIGURE 3 Linear plot of typical transient currents I as a function of 

time t at an electric field of 0.4 . 105V/cm and at various temperatures T 
and polarities: curve (a), T = 26"C, crystalline phase; curve (b), T = 77"C, 
mesophase, electrons; curve (c), T = 77"C, mesophase, holes. 

Carrier Mobilities 
Carrier mobilities are calculated according to Eq. 1; the transit times are defined as 

given by the intercept of the pre- and post-transit slopes in the logarithmic current 

versus time plot. This procedure, even though it is empirical, is commonly used in 
1 i t e r a t~ re . l~  The temperature and field dependence of the carrier mobilities have 
been discussed in detail in an earlier p~bl ica t ion .~  

The most remarkable results are the following: 
( i )  The high carrier mobilities for holes in the mesophase of 10-3cm2/Vs are com- 
parable to those obtained for conjugated and quasiconjugated polymers13-15 and 
exceed those obtained for conventional amorphous systems by several orders of ma- 

gnitude. Electron mobilities in the mesophase are on the order of 10-'cm2/Vs. 

This means that HPT is one of the few organic systems which show both intrinsic 
transport for holes and, in addition, electron transport. 
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I60 D. HAARER ET AL. 

(ii) In the mesophase the temperature-independent carrier mobilities for holes and 

the thermally activated electron mobilities, which obey an Arrhenius law with a n  

activation energy of 0.6eV, can be interpreted within the frame of a Gaussian and 
a multiple shallow trapping transport mechanism, respectively (see also Figure 5). 
(i i i)  The carrier mobilities for holes in the mesophase are independent of the external 
electric field. This fact is shown even more clearly in Figure 4. The inverse tran- 
sit time tF1 versus the applied voltage U yields a linear dependence which means 
that the carrier mobility p is constant and can be determined from the slope as 

9.5. 10-'cm2/Vs according to Eq. 1. 

n < 
rl 
W 

3 
\ 
rl 

FIGURE 4 

0 100 200 300 

u (v) 

Inverse transit time t ~ l  as a function of the applied voltage 
U for holes in  the mesophase at a temperature of 75°C 

For the multiple shallow trapping mechanism as observed for electrons in the meso- 
phase one would expect a field dependence of the carrier mobilities characterized by 
the relation lg p oc a. However, also in this case a field-independent mobility was 
obtained from the measurement. Such a relatively constant drift mobility of the 
carriers in the corresponding field range would be plausible within the framework 

of a hopping model for energetically and spatially disordered sites for certain sets 
of the disorder parameters.20 
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PHOTOCONDUCTIVITY IN DISCOTIC LIQUID CRYSTALS 161 

Samde Historv 
The size and the presence of uniformly and ideally oriented homeotropic areas in 
our sample cells, which can be observed under the polarizing microscope, depends 
on the cooling rates from the isotropic phase to the mesophase or on the heating 
conditions from the cystalline phase into the mesophase, respectively. In contrast 
to the macroscopic sample appearance, the sample history has a negligible influence 

on the carrier mobilities, which is illustrated in Figure 5. 

D from crystalline phase 
m 

-4- 

2.6 2.7 2.8 2.9 

1/T (lo-' K'l) 

FIGURE 5 Dependence of charge carrier mobilities on previous heat treat- 
ments of the sample; plotted is the carrier mobility p vs T in an Arrhenius 

form at an electric field of 0.4 . 105V/cm: (a) hole mobilities; (b) electron 

mobilities. 

Reaching the mesophase by heating the sample from the crystalline phase or by 
cooling from the isotropic phase with different rates does not change the obtained 
values of the carrier mobilities within the experimental error. D
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162 D. HAARER ET AL. 

DISCUSSION 

A Gaussian or non-dispersive transport mechanism for hole transport in the meso- 

phase can be inferred from the transient current shape and from the temperature- 

and field-independent mobilities. This is probably due to the following major mi- 

croscopic reasons. 

The main reason is probably the uniform orientation of the mesogens on a 

macroscopic or at least a mesoscopic scale because of the LC order principle, which 

is caused by the highly two-dimensional and rigid triphenylene core. The conjugated 

triphenylene cores provide an efficient transport path along the columns due to the 

quasi one-dimensional order, the overlap, and the delocalization of the a-electrons 

within the columns. Obviously no positional or off-diagonal disorder exists, which 

is omnipresent in all conventional organic systems and which could impede an effi- 

cient charge transport. 

In addition, the observed transport phenomena are supported by the dynami- 

cal aspects of the LC phase. In general, there do not exist any grain boundaries in 

the Dh,, phase of HPT,21 and some defects probabley “heal” because of the possible 

dynamical fluctuations, i.e. molecular rotations, bending or density fluctuations. 1-3 

This is also proven experimentally, since the carrier mobilities in the mesophase 

a.re independent of the sample history as shown and discussed in conjunction with 

Figure 5. 
Another main microscopic basis for the observed Gaussian transport is the 

absence of or at least a neglectible influence of energetic or so-called diagonal disor- 

der for hole transport in the mesophase. The absence of diagonal disorder may be 

due to the fact that the HPT molecules have no permanent dipole moment, are sym- 

metrical, and have a rigid core which does suppress intramolecular motion within 

the triphenylene core. It is known from amorphous systems that, for instance, per- 

manent dipole moments, variations of the mutual orientations or distances between 

sites can induce a variation and distribution of site e n e r g i e ~ . ~ ~ ~ ~ ~  Also intramolecu- 

lar motions can cause energetic disorder. 

Finally, the HPT molecules should be good donor molecules forming rather 

well stabilized radical cations to give rise to an efficient and trap-free hole transport. 

The presence of each of the above discussed requirements for high mobility 

materials is, in our opinion, the reason for the exceptional transport properties of 

the HPT material. 

In  the polycrystalline phase the dynamical fluctuations of thc molecues in the 
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PHOTOCONDUCTIVITY IN DISCOTIC LIQUID CRYSTALS I63 

mesophase are “frozen in” which results in e.g. grain boundaries. The latter can 
cause deep traps for the charge transport process; the result is a totally dispersive 

and trap dominated transport. 
Despite the desirable properties of the Dho phase with respect to  the trans- 

port of holes, the electron transport in the mesophase is-in contrast to  the hole 

transport-dominated by multiple shallow trapping, since the HPT molecules are 
probably poor acceptors and form comparatively instable radical anions. The latter 
argument, however, is still rather speculative. 

For potential technical applications, e.g. in Xerography, both the compara- 

tively high hole mobilities in the mesophase of 1 . 10-3cm2/Vs and the Gaussian 
transport with its step-like current decay are most desirable, yet, the LC phase may 

cause problems for straight forward applications. 
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