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The dc conductivity of dye-doped nematic liquid crystal cells exhibits a characteristic transition
from a cubic current—voltage relationship at applied voltages smaller than about 1 V to a linear one
at voltages larger than about 1.5 V. The photoconductivity, and the related photorefractive response
of these cells exhibit an apparent threshold at about the same characteristic voltage: An applied
voltage larger than about 1.5 V is needed to measure sizeable photocurrents and photorefractive
responses. We propose a model that is consistent with all these observations. At low applied
voltages, a residual space charge limits the dc current, and prevents the participation of photoexcited
charge carriers to photoconductivity and photorefractivity, while at higher applied voltages, the
disappearance of the residual space charge allows the manifestation of these photoinduced
responses. Experimental results seem to confirm the validity of the modeRO02 American
Institute of Physics.

[DOI: 10.1063/1.1495887

I. INTRODUCTION (2) The photoconductivity of the cell increases linearly
with the light intensity, and with the dye concentration. How-

Recent renewed interest in liquid crystal systems for in-ever, virtually no photoconduction is measured below an ap-

formation storage and processing stems from the huge emarent threshold of about 1.5 V.

hancement of their coupling to an optical field due to orien-  (3) The photorefractive response, measured by asymmet-

tational effects. This enhancement is particularly strong in ric beam coupling in the cell, also exhibits an apparent

dye-doped liquid crystal systems, which thus exhibit interestthreshold at approximately the same voltage, above which

ing and potentially useful photorefractive propertiésA  the beam coupling ratio grows approximately linearly with

broadly accepted theoretical framework explaining the orienthe applied voltage.

tational enhancement was proposed by Jarbasy refined The aim of this article is to explore the possible correla-

by Marrucci® In this conjecture, a necessary condition for fion between these observations, and to propose a simple

the enhancement is that the photoexcitation of a dye molmodel that is compatible with all the observed behaviors.

ecule must result in a significant change in the guest/host''® Model draws on known or expected behaviors of liquid

interaction. A number of mechanisms resulting in Suchcrystal systems. It assumes that ionic charge carriers are gen-

changes have been identifi&d resulting in enhancements grated p_r|mar|ly hear t_h(_a elgctrodes by electrochemical reac-
- . . tions activated by the injection of chargsAt low voltages,
that can be positive or negative depending on the system

interactions. These mechanisms may involve conformation {he currents are limited by a residual ionic space charge, as in
' may Inv — %he double injection model of Lampert and Rd@his pre-
changes of the dye-molecule.g.,cis-transisomerization of

d hani hat invol h 4 diool dicts a cubicl -V characteristic. At higher voltages, this re-
azo dyg, or mechanisms that involve an enhanced dipo Asidual space charge disappears, and the cell behaves as a

interaction, or hydrogen bonding, of the photoexcited guesfyeak electrolyte with ohmic conductivity, as in the liquid
with the host. In an atte.mpt to sort out these mechanlsm%rystm conductivity model of Blino¥? These two models,
and to complement published resiitS,we have compared ygjid in two different ranges of the applied voltage, can thus
the photorefractive responses of a large number of guest/hogiplain the peculiar dark conductivity of the dye-doped lig-
systems. The result of this study will appear elsewhere.  yid crystal cells, which had been reported by otiidsut has
Three important observations were made in the course afot been explained. The model can also explain qualitatively
this study. the apparent threshold observed in the photoconductivity,
(1) At low applied voltageg<1 V), the dc dark current and the photorefractive response, as well as the dependence
increases approximately as the cube of the applied voltagef these responses on the dye concentration, and on the light
This behavior then changes to a ling@hmic) current at irradiance level.
higher voltages. In that ohmic region, the dc dark conductiv-  In the next section, we describe the experimental results
ity varies as the square root of the dye concentration. that have triggered our curiosity for further exploration. We
discuss, in Sec. lll, how the proposed model can explain the
peculiar |-V response. Sections IV and V, respectively,

dpresent address: National Synchrotron Research Center, 111 Universi g/ . . .
Avenue, Muang District, Nakhon Ratchasima, 30000 Thailand. how hQW the model is compgtlble with the observed phOtQ—
YElectronic mail: gindebet@vt.edu conductive, and photorefractive responses. The last section
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FIG. 1. Absorption coefficients for the mixture E7/DR1 at various dye con-f|G. 2. Current—voltage relationship of 26n-thick cells of E7/DR1 with

centrations. deircular dot3 and o¢square dotsrefer to light polarizations  various dye concentrations. There is no current below about 0.3 V. At low

parallel and perpendicular to the molecular axis, respectively. voltages(0.3—1.5 V, approximately the current grows as the cube of the
voltage. Above about 1.5 V, the current is linear in applied voltagae
log—log plot of the inset shows two lines with slopes 3 and 1.

reports some intriguing photorefractive data obtained with

very low frequency ac applied voltages. Although more dif- R

ficult to interpret, these data are shown to be compatible Witﬁle(;:tr%lyte regime. :’he dﬁrlé;ch(I:?ulrrgngoan%?e tdmrm

the proposed model, and seems to confirm its validity,. ~ 2nd Photo current of a cell E7-DR1 0.6%a different ce
from that of Fig. 2 are shown in Fig. 3. The photocurrent,

calculated as the difference between the two curves, is shown
Il. EXPERIMENTAL OBSERVATIONS in the inset. The photocurrent resulted from a steady illumi-

The results reported in this section are for a system confiation of the sample by a 30 mW cw |aser beaavelength

sisting of the nematic mixture Efrom Merck), and the dye 532 nm, cross-section area 4 MmThe photocurrent is
disperse red 1DR1 from Aldrich). Their molecular struc- about one order of magnitude smaller than the dark current,

tures are shown in the inset of Fig. 1. A number of differentWhiCh is typical for organic polymeric materials. The salient

dye-liquid crystal combinations were found to exhibit beh{jw_feature of this data is that a measurable photocurrent appears

iors similar to these reported here. The samples were pre?—nly for applied voltages higher than about 1.5 V. Below that

pared between two indium tin oxide-coated glass plates helereshold, the photocurre:n_t 1S below the sensitivity of our
25 um apart by Mylar spacers. The plates were treated WitH’;\pp.aratus. Photoconductlylty Is thus observeq n the O.h mic
octadecyltrichlorosilane, and baked to induce a homeotropi cgime Of the cell, but not in its space charge-limited regime.
alignment of the nematic director. The homogeneity of the igure 4 illustrates the photorefractive response of a cell E7-

cell was checked under a polarizing microscope. The ceIIsDRl 0.2%(different from that of Fig. 2 Two laser beams of

area is about 2 cfn The absorption coefficients for the o- equal i”tef‘s“y were mad_e to overlap with a STa” angle in
and e-wavegrespectively, polarized perpendicular and par_the cell, with an average incidence angle of 45°. The photo-
allel to the molecular axjsare shown in Fig. 1 for different

dye concentrationsy, was calculated from measurement at 260

oblique incidence, which leads to a sizeable uncertainty due
to error propagation. There is also an uncertainty in measur-
ing the exact amount of dye dissolved in the host. Neverthe-
less, the expected linear relationship is obtained.

Figure 2 shows the dc current—voltage response of cells
with different concentrations. Voltages were applied to the
cell from a stabilized dc power suppl§Hewlett-Packard
6235A), measured with a digital multimetéKeithley 177,
and the dc current was monitored with a picoammétei-
thley 485. For small voltage$<1 V), the current grows as
the cube of the voltage. This is shown more explicitly on the
log-scale plot in the insert. At higher voltagés1.5 V ap-
proximately, the current grows linearly with the applied
voltage. The transition between the cubic and linear currents Applied voltage (V)
is continuous, but the two limits correspond to two distinct

: : : IG. 3. Dark currentfilled doty and total(dark plus photp current(open
regimes in the model. For this reason, they are referred to agbts for a cell E7/DR1 0.6%. The inset shows the linear photocurrent above

respectively, the “low voltage” or “space charge-limited Cur- 1 5y, for an ilumination by a 30 mw laser beafwavelength 532 nm,
rent” regime, and the “high voltage” or “ohmic” or “weak cross-section area 4 nfjn

Photocurrent {(nA}

Current (nA)

L2040
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20 { 5 In the low voltage regime, the charge carriers generated

: near on electrode migrate toward the opposite electrode, and
recombine with counter ions on their way. If recombination
is incomplete, there will be excess ionic charges in the cell
(excess of cations on the anode side, and excess of anions on
the cathode sige This residual space charge is what limits
the current in this regim& The total number of ions per unit
area generated near the electrodedNjs so that the total
surface charge density thereg;, whereq in the elemen-
tary charge. For simplicity’s sake, as already stated, anions
and cations are assumed to have the same modhilitgnd

—_
wn

Beam-coupling ratio
=

g
»n

" E7/DR10.2wt.% :

L — the same lifetimer. The cell can then be divided into three
30 20 -10 00 10 20 30 regions. Two regions of widtl$ each, adjacent to the elec-
Applied voltage (V) trodes where there is a residual excess charge deisage

. _ are dubbed the “space charge regionsind a central, nearly
FIG. 4. Photorefractive response of a cell E7/DR1 0.2%, characterized b\é tral . f widthd— 25 (d is the thick f th Il
the asymmetric energy exchange in a two-beam coupling experiment, an eu_ ra reglop .O W' ( I§ ; e thickness of the Cé
showing an apparent threshold at about 1.5 V. As in other injection systems$, it is reasonable to assume
that diffusion currents are significant only in the thin, so-

called injection layers. The bulk currents are thus drift cur-

refractive response to the incident interference pattern resulténts, and they are assumed to be voluf@ae opposed to

in an asymmetric energy exchange between the two beamelectrodg limited (i.e., the electric field vanishes at both
This asymmetry is a signature of the nonlocal nature of thelectrodes The problem has two characteristic times, the
photorefractive effect, and the beam ratio at the exit face oarrier lifetimer, and the transit tim& for a carrier to cross

the cell was taken as a measure of the magnitude of thée space charge region from the electrode to the central
effect. It was shown elsewhérthat the induced photorefrac- neutral region. The amount of excess charge in the space
tive grating is a phase gratingefractive index modulation ~ charge region depends on the ratio of these two characteristic
shifted by /2 relative to the interference pattern creating it. times. A long transit time inhibits recombination and results
It is thus thought to be a grating formed by a static spacén a larger residual excess charge, while a long lifetime in-
charge modulation, due to trapped charges in the cell. Figurereases the recombination probability and results in less ex-
4 shows that the photorefractive response exhibits also a@ess chargé: The conjecture is that the excess charge per
apparent threshold around 1.5 V, the voltage at which the celnit area in the space charge region is about

enters its ohmic regime, and photoconduction appears. Q~qN.T/7. (1)

Since the excess charge is approximately confined in a re-
lll. DARK CURRENT MODEL gion of width &, the charge density in that region of the cell

It is generally accepted that conductivity in liquid crys- is ~Q/ 6. The electric field in the cell vanishes at the anode,

tals is ionic'2 The charge carriers can be intrinsic ionic im- increase; in the positive space charge regior) up to a m"_"Xi'
purities, geminate ion pairs generated in the bulk by backMUm Eo in the central region, and decreases in the negative
ground ionization under the effect of an applied field, orSPace charge region to vanish at the cathode. Poisson’s equa-

generated in the bulk by photoionization, and ions can als§on in the space charge region {&<) gives dE/dx
be created near the electrodes by photochemical reactiongEo/ 9~Q/€d, wheree is the dielectric constant. Thus
activated by the injection of electrons and holes. This latter g ~Q/e. 2)
mechanism has been shown to dominate the conductivity in a L .
number of liquid crystal systent.We speculate that this is USINg an average electric fleﬁolz in the space charge re-
the case in our system, because it actually predicts all th@10N: and integrating Poisson’s equation gives
observations exposed in the previous section. d

In the model, ions are produced near the electrodes by J Edx~(d—6)Eq= Vo, 3)
photochemical reactions activated by the injection of holes at
the anode, and electrons at the cathode. Cations generatetiere V, is the voltage applied across the cell. Using the
near the anode diffuse rapidly through a thin “injection same average electric fieke,/2, the transit time through the
layer” and then drift toward the cathode. Anions from the space charge region is found to be
cathode move in the opposite direction, and bilinear recom- . 1
bination takes place in the bulk. For simplicity’s sake, a sym- T~3(pnEef2) @
metrical behavior of anions and cations is assumed. Thiwhere u is the carrier mobility. Finally, using Eq$1)—(4),
assumption may not be correGh a number of systems, the current density can be written as
anions, and cations have very different mobilities, for ex- . _ 20-2/ 4 & —3,3
ample, but as far as conductivity is concerned, the validity I=AN/T=e7u”s5(d=8) “Vy, ®
of the assumption may affect the detailed balance, but not thehere a numerical constant has been omitted. This is the first
general current behavior. main result of the model. It shows that, as long as there
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exists a sizeable region of excess charge so that the resulting
residual space charge limits the current, one may expect a
cubic I -V relationship. As the voltage increases, however,
one expects the carrier lifetime to become increasingly field
dependantfor injection in dielectrics, for example, the car-
rier lifetime is found to followrocV ™1, approximately,'® so
that the cubic behavior is expected only at very low voltages.
Geminate ion pairs can also be generated in the bulk
through field ionization. At such low field, however, the pro-
cess in not expected to be significdht-urthermore, if an
anion-cation pair is created in the positive space charge re-
gion, for example, where there is an excess of cations, we 0 e
expect an immediate recombination to take place, leaving the 0.0 0.2 0.4 0.6 0.8
residual space charge distribution unchanged. Consequently, Dye concentration (wt.%)
the carriers created by field driven ionization, even if in sub- . _ _

. . IG. 5. dc dark conductivity of 25-mm-thick cells of the E7/DR1 mixture
stantial number, are not expected to contribute to the dar ith various dye concentrations. The solid line is a best fit giving a relation-
current as long as a sizeable residual space charge is presedfp o~co54

Clearly, this simple scenario will breakdown at some
point. As the applied voltage increases, the width of the re-
gions of excess charge shrinks until the entire cell is neutral

the cell(except near the electrode&o~V,/d, and the cur-  generation in the bulk.

rent is now limited by the ions generation rate in the injec-
tion layers, and the recombination rate in the cell. The cell

then behaves as a weak electrolyte with ohmic conduction. If

no_is the numbgr de_nsitgper unit _volumez_of un_repombined IV PHOTOCONDUCTION
anions and cations in the celjy is the dissociation rate of
the species producing the iofthe dye in our systejnc is
the dye concentration, angk is the bilinear recombination
rate, we have, in steady stite

Conductivity (x 1070 Q-lcm'l)

The model discussed in the previous section can also
explain qualitatively the existence of an apparent threshold
in the photocurrenfmore precisely, a transition between a
) regime of no photoconductivity at low voltages to a regime

YpC= YrNo- (6) of ohmic photoconductivity at higher voltageIhe contri-

bution to the current of carriers created in the bulk by photo-
Furthermore, ilN; is the number of ions per unit area createdjonization is similar to that of carriers created there by field
in the injection layers, and, is the number of ions per unit jonization. At low voltages, when there exists a sizeable re-
volume in the cell,Nj~nqd, and the current density be- sidual space charge in the cell, one of the ions of a photoge-

comes, using Eq6): nerated pair immediately recombines with an excess counter
ion, leaving the excess space charge distribution unchanged.
J~qN;/To=(qu/d)(yp ! yr) YY), (7)  Consequently, these charges do not contribute to the current,

and there is ndor negligible photoconductivity. At higher
where To~d(uE) ! is the transit time through the entire voltages, when the cell behaves as a weak electrolyte, and
cell. In conclusion, when the applied voltage is high enoughhe dark conductivity is ohmic, the photogenerated carriers
and the excess space charge vanishes, the current is expecseftl to the uniform distribution of unrecombined ions in the
to be ohmic, with conductivity proportional to the squarebulk, and thus contribute to the current. The total nhumber
root of the dye concentration. In this regime, the additionaldensity of ions in the bulk is then=ny+slc, whereng,
carriers generated in the bulk by field ionization is still ex- ~(ypc/yg)Y?is the contribution due to charge generation at
pected to be small, but now they will contribute to the cur-the electrodess is the photoionization constarfper unit
rent, since there is no excess charge to immediately neutraight intensity), | is the light intensity, ana is the dye con-
ize them. This current contribution from carriers generated ircentration. In the ohmic regime, the total current is of the
the bulk is expected to be proportional to the dye concentraform i~ (oo+ opp) Vo, With ogxc*?, andopyxlc. Figure 6
tion, so that the total conductivity is expected to increaseshows the photocurrents of cells with different concentra-
more rapidly than as'?. Furthermore, the departure from tions as functions of the illumination irradiante symbols
the square root behavior may give a measure of the ratio cire the same as in Fig).Z'he predicted linear relationship is
these two current contributions. The dark conductivity ofclearly confirmed. The inset of Fig. 6 shows the photocurrent
cells with different concentrations is shown in Fig. 5. Con-as a function of the concentration for an illumination of 1
ductivity was measured as the slope of the linear region ofW/cn?. Allowing for some uncertainty in determining the
the -V curves of Fig. 2. The fit givesr~c®% which is  exact amount of dye in the cell, the concentration depen-
compatible with the model, and confirms the assumption thatience of the photocurrent is also linear, as predicted.
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V. PHOTOREFRACTIVITY 3 13
The photorefractive response of our sampl(Egy. 4) 1 1
shows, as the photoconductivity, an apparent threshold at an
applied voltage marking the transition between the low- -1 -1
voltage, space charge-limited regime, and the high-voltage,
weak ohmic electrolyte regime. Photorefraction, however, re- 2 >
quires not only the photogeneration of charge carriers, but % 5
also the trapping of charges by immobile sites to form a .
Time (s)

static space charge. The resulting space charge field, the spa-
tial distribution of which follows that of the light irradiance FIG. 7. Dynamic photorefractive response of a cell E7/DR1 0.4%, charac-
distribution that creates it, results in a refractive index modu+erized by the intensity of one of the self-diffracted beams, with low fre-
lation via an electro-optic or an orientational response in theuency ac voltages applied to the cell.

material. The formation of a stationary space charge requires

that the symmetry between anions and cations, assumed |
the discussion of the conductivity, be broken. Various mecha..
nisms could be responsible for breaking that symmetry, e.g.
different ionic mobility, different trapping probability, or dif-
ferent probability of charge transfer from the ions to immo-
bile sites, for example. We assume that one such mechanism
is at play in our system, since it exhibits a photorefractive,
response. When the irradiance is a spatially periodic interfer-

ence pattern of two coherent laser beams, the result is far dark conductivity of the cell, and the apparent threshold

photorefractive grating that induces a coupling between thm photoconduction, and photorefraction. The low frequency
interfering beams. In such experiments, charge carriers are

photoexcited nonuniformly in a spatial pattern having theexperlments described in the next section, although more dif-

same distribution as the interference pattern. The fate ofi!cuIt o interpret, seem to confirm the proposed scenario.

these carriers varies.

In the low voltage regime, the carriers created by photo- VI LOW FREQUENCY ac RESPONSE
ionization appear in regions of the cell where a residual ex- Some photorefractive experiments were carried out with
cess of anions or cations exists. As before then, one of thiew frequency ac applied voltages, in order to explore the
ions recombines with an excess counter ion, and the residudiynamics of the photorefractive response. Typical data are
space charge remains unchanged. Of course these ions havehmwn in Fig. 7. These data were obtained by illuminating
certain probability of being trapped by, or transfer theirthe cell with a spatially modulated polarization pattern ob-
charge to an immobile site, but since the ionic distributiontained by superposing two laser beams with opposite circular
does not acquire a periodic modulation, no spatially modupolarizations, and intersecting with a small angle in the cell.
lated static space charge is formed, and no photorefractiv€he resulting polarization pattern in the cell is everywhere
response is measured. In the high voltage, ohmic regime, thaear, but with a direction that varies periodically between
residual space charge distribution of excess ionic carriersrdinary and extraordinar.e., a so-called polarization grat-
vanishes. Photoexcited pairs created in the region of higing). Due to the strong dichroism of the dy#lustrated in

ifadiance then add to the already present uniform distribu-
ion of unrecombined ions, and the ionic distribution ac-
duires a spatial modulation that follows the irradiance distri-
bution. As a result, more charges are trapped by immobile
sites in the high irradiance regions, and a static, modulated
cSpace charge distribution is formed, resulting in a photore-
fractive response.

In conclusion, the proposed model can explain the pecu-
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Fig. 1), the absorption rate is spatially modulated, with theVIl. SUMMARY
same period as the polarization grating. As far as charge _— - :
generation concerned, the situation is thus similar to what ish :Dye-d dOpi.d _It|_qU|d A(;Q(Stal cellls exiltl)ltvpectﬁha(rj de:jrk End
obtained with an intensity-modulated interference patternp otoconductivities. ow voltageé ). the dc dar

Consequently, one expects the photorefractive response to kr]re_nt ":' Clljtb'c in gpphedbvotltit%e{/tlhe?h beﬁo”.‘es I|.near
manifest only when there is no residual ionic space charge i ohmic at voltages above about 1.5 V. In the ohmic regime,

the cell. A low frequency ac voltage with a peak value of 3 ythe dark conductivity varies approximately as the square root

was applied to the cell. Here, the photorefractive respons;8f the dye concentration. Photocondyctlylty appears only for
voltages above about 1.5V, and varies linearly with the dye

was monitored by measuring the intensity of one of the self- trati d with light intensitv. The photorefracti
diffracted beams that appear as a result of the nonlinear Oﬁ_oncen ration, and with fignt intensity. -The photoreiractive

tical interaction in the cell. The interpretation of this compli- respons? aISOI.ShOWS a tran5|t|otr)1 from bno,tO£ ge\%h%\ﬁlih re-
cated data is not simple, but the proposed model provide§,porlse 0 a linear response above about 1.5 V. ese

some clues. At very low frequend®.02 Hz for the first trace experim_ental data lead us to think. that there may exist a
of Fig. 7), one observes a transient response that foIIows(,:orre"Sltlon between these obsgrvatlons. . .
We propose a model that is compatible with, and pre-

with a delay of a few seconds, the change of polarity of the . . . .
applied voltage. Another response then appears at a high fcts, these behaviors. lonic charge carriers are produced pri-
voltage, and follows the applied voltage monotonically Amarily near the electrodes by electrochemical reactions acti-

possible interpretation of this data is the following. When thevated by charge injection. The cell then behaves as a weak

voltage is low(<1 V), before a change of polarity, the cell is electrolyte. As long as there exists a residual ionic space

in the low voltage, space charge limited regime where nocharge limiting the current in the cefat low applied volt-

photorefractive response is measured for the reason e)zg_ge$, the dark_current Is cubic_in applied voltage, an_d carri-
plained in the previous section. When the applied voltageers produced in the bulk by field-induced or photoinduced

switches polarity, the ions created near the electrodes have'%nlzatlon do not contribute to the current. In this space

charge opposite to that of the ions of the nearby residual ' 219¢€ limited regime, photogenerated charges in the bulk

space charge. The residual space charge is thus relativegre also prevented from forming the static space charge nec-

quickly neutralized by these ions, leaving the cell in a neutra ssary to observe photorefractivity. At higher applied volt

state where a photorefractive grating can be formed. Thi29es: the residual ionic space charge disappears. The cell is
Jow approximately neutral throughout, and exhibits ohmic

however, can only last for a short time, until a residual spacéI

charge of opposite sign is formed, and washes out the rec_onduction. In these conditions, the photogenerated charges

sponse. It is only when the applied voltage reaches value{'irodl_met_a photolciur_rent. In :.h"lilt regldmel, ?csjpatl_allyhmodu?ted
above about 1.5V, that the residual space charge disappeal umtma |onr:.eshu S “: aspatia ty modu ade | |?n(;cct ?rge 1S
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then follows the applied voltage monotonically. At higherC a[?ﬁ ea mgll otadp c;]otre rz?c 'Vf rezponsg. f th I
frequencies(0.05 Hz for the second trace of Fig), the rve dc\c/)vrxkﬁ)llc\?v?r P onore rac |ve" dyca:;nlcs Oi emcet
transient response is seen to increase, and the monotor@gsi\li:ﬁ1 th mod | quhl:eh cy ac arpFi € ncf)irrigﬁs VS Ici:git pat-
response to decrease. The first observation can be explain N € model, ch appears fo co S validity.
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