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Photoconductivity of sexithiophene single crystals
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Time-resolved and steady state photoconductivity measurements were carried out on sexithiophene single
crystals. We used a surface geometry, where two gold electrodes separated by 2 mm were deposited on the
same side of the crystal. Time resolved measurements revealed fast and slow components. The first one, whose
decay time is lower than 1 ns, is attributed to the conversion of charge transfer excitons into molecular
excitons. The slow component behaves as a second order process, which is analyzed as bimolecular recombi-
nation of electrons and holes. It is preceded by an intermediate component that we tentatively ascribe to
geminate recombination of the excitons. A similar analysis is used to rationalize the steady-state photocurrent.
We find a quantum efficiency of around 10 The coincidence between the photoluminescence and photo-
current action spectra, together with the low electric field applied over the crystal, suggest charge generation to
occur via thermally activated splitting of molecular excitons. From the quantum efficiency at room tempera-
ture, the exciton binding energy is estimated to @&:8006 eV. This value is confirmed by the temperature
dependent photocurrerjS0163-182@09)01316-§

INTRODUCTION Sexithiophene (®) is a conjugated oligomer formed by
linking six thiophene molecules at position. Its chemical
The mechanism of photocarrier generation in conjugatedtructure is given in Fig. 1. In the solid state, the molecule
polymers and oligomers is currently a highly controversialpresents an alirans, perfectly coplanar geometry, which can
issue. Basically, two main approaches are in competitiontherefore be viewed as a rigid rod. Sexithiophene is at
From the classical viewpoint of molecular phystcshe ab-  present one of the most widely used model molecules of
sorption of light results in the formation of molecular exci- conjugated polymers. One of its major advantages is the ac-
tons, the binding energy of which is typically 1 eV. For this cess to single crystafswhere the number of structural de-
reason, intrinsic photoconductivity only occurs at incidentfects is much lower than in polymers or polycrystalline films.
light energies of at least 1 eV above the optical absorptiomhe crystal structure of sexithiophene, where the molecules
edge. It can also turn out through an extrinsic process, foarrange themselves in parallel layers of nearly vertical rods,
instance charge detrapping near a metal electrode, in whids shown in Fig. 2. Recent spectroscopic measurements on
case the photocurrent action spectrum would coincide witl6T single crystals have greatly clarified the description of its
the absorption spectrum of the molecular material. In theexcitonic levels. Low-temperature polarized photolumines-
second descriptiohthe electronic structure of a conjugated cence(PL) allowed Muccini and co-workefdo identify the
molecule is described in terms of a tight-binding model,lowest singlet exciton level 18 350 crh(2.28 eV} above the
where photoexcitations across the band gap create free caround level. This level belongs to tiAg, representation, and
riers, as in conventional inorganic semiconductors. In factbecause the polarization of the transition is almost perpen-
these apparently contradictory pictures correspond to the twdicular to the transition dipolar momentum, its oscillator
extreme cases of the strongly bound Frenkel and largstrength is very weak, which explains why this transition is
Wannier-Mott exciton, respectively. A general presentationralmost impossible to detect in polycrystalline films. Further-
of the controversy can be found in a recent book edited by Nmore, the extended states of 6which are not accessible to
S. Sariciftci(see Ref. optical measurements, have been studied by electro-
Although photoconductivity is the tool of choice for absorptiorf Features that appear at energies higher than the
studying photocarrier generation, their analysis is intricateexciton transition were attributed to a charge-transfer exciton
for many reasons. First, one has to distinguish intrinsic andCTE) located 2.78 eV above ground level, leading to an
extrinsic phenomenaNext, the mechanism of carrier gen- exciton binding energy of around 0.5 eVin a charge-
eration is coupled with that of charge transposp that it is  transfer exciton, the plus and minus charges are separated on
not always possible to clearly separate dependencies pertaiadjacent molecules. CTE’s are also called polaron pairs.
ing to each process. In this respect, it is often of interest to In the present paper, we report on time-resolved and
conduct simultaneous time-resolved and steady-state meateady-state photoconductivity measurements on sexithi-
surements. Finally, measurements are most often carried oaphene single crystals. We adopted a planar geometry, in
on polymeric materials, where effects due to disorder, suclhich the electrodes are deposited on the same side of the
as trapping of charge carriers, may hide the intrinsic pheflat crystal, which differ from the most generally used sand-
nomena. wich structure, where the electrodes are deposited at both
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FIG. 1. Chemical structure of sexithiophene.

sides of a thin film. By using a large electrode distaf2e temperature controller. Finally, photoluminescence measure-
mm), we were able to illuminate the crystal far from the ments were carried out on a spectrofluorime&rM).
electrodes, thus avoiding extrinsic photogeneration. A model
involving bimolecular recombination of the photogenerated RESULTS
carriers is used to analyze both the steady state and the long-
lived time-resolved photocurrent. From the quantum effi-
ciency of carrier generation, we deduce that the exciton bind- In a typical time-resolved measurement, the crystal is first
ing energy is around 0.5 eV, in good agreement withpolarized at a constant voltage. Then, a short laser g8
previous estimations. The magnitude of the binding energy iem, 0.4 n$ is directed on the surface of the crystal, and the
also confirmed by temperature-dependent measurements kfsulting photocurrent recorded on a fast oscilloscope. A lens
the photocurrent. was used to concentrate the light between the gold elec-
trodes. In the curve given in Fig. 4, we used a cylindrical
EXPERIMENT lens and the light was spread all over the area c_omprised
between the electrodes. The voltage is 1000 V, which corre-

Sexithiophene single crystals where grown from the vaposponds to a field of 5000 V/cm if we assume a uniform field
phase in a home-made vertical evapordtahich consists of  all along the crystal, and the load resistance(l kVe note
a 5-cm-diam glass tube, round closed at one end and fitted giat the current decrease is not exponential, as shown in the
the other to a gas stopcock. The powdered material was digaset of the figure.
posed at the bottom of the tube, and the crystals collected on If we now use a load resistance of §D(this is actually
a glass rod equipped with an appropriate collector and placethe input resistance of the oscilloscopand concentrate the
at the center of the tube. The tube was introduced in a ver-
tical furnace, with the collector slightly above the inner rim
of the furnace. The growth was conducted under argon re-
duced pressuré~500 Pga, at a temperature of 210 °C. The
crystals, which appear as th{around 10um) orange plates
with lateral dimensions up to 5 mm, were picked up from the
collector after one or two days.

For photoconductivity measurements, flat crystals were
selected and carefully deposited on 0.2-mm-thick alumina
plates, on which they spontaneously adhered. Two gold
strips (thickness of 50 nm, width of 1 mm, separated by 2
mm) were then vacuum-evaporated on the crystal. The mea-
surement setup is described in Fig. 3. The crystal is polarized
with a voltage source, and the current measured through a
load resistance ranging between &0and 1 M), which in
all cases is much smaller than the crystal series resistance.
The voltage detector was a lock-in amplifiéhkTNE) for
steady state, and a fast oscillosc@pektronik TDS 620 for
time-resolved measurements. The light source consisted of a
Xe arc lamp, equipped with a chopper, for steady-state mea-
surements, and a Naser (337 nm for the time-resolved
photoconductivity. Quartz lenses were used to adjust the
light spot to the crystal size. Light illumination was esti-
mated with a calibrated silicon photodiodgDT), and was
adjusted with neutral density filters. Spectral response was
obtained with the help of a grating monochromatdobin
Yvon). Temperature-dependent measurements were done by
placing the mounted crystal on the cold finger of an Air
Product close-cycle cryostat. The temperature was measured
with a H chromel/Au-Fe thermocouple and monitored with a FIG. 2. Crystal structure of sexithiophene.

Time-resolved measurements
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FIG. 3. Experimental setup for photoconductivity measure- g ! I \
ments. The flat crystal is deposited on an alumina substrate, and two 0.5
vacuum evaporated gold strips act as electrical contacts. 0 j \/\ o~ N\
A NS
light to a very small spot with a spherical lens, we get the -0.5 ‘
much shorter response given by Fig. 5. In this case, the volt- . -5 0 5 10 15
age is again 1000 V. The rise and decay tirt@sund 1 ns time (ns)

correspond to the instrumental limit of our oscilloscope. We . 5. same as Fig. 4, with a load resistance of(60This
note that recent picosecond time-resolved measurements Qhe, the light is concentrated on a small point with a spherical lens.
poly(phenylene-vinylene (PPV) (Ref. 9 have revealed a
similar fast response, with an initial decay time of about 100I

oS ty is slightly lower than that reported earligt**which may

be due to problems of contact resistance.

Steady-state photoconductivity

The steady-state photocurrent was measured under DISCUSSION

chopped Iight, ata freqyency of 80 Hz, with a load resi;tance We shall first focus on the slow decéig. 4). The curve
of 1 MQ. Higher chopping frequencies lead to a lowering of .5, pe divided into two components. The first ameénich

the signal, due to the high load resistance. The voltage aRagis |ess than half a microsecgrisl most likely widened by
plied to the electrodes was 300 V. o _ the large load resistance needed to detect the weak photocur-
The action spectrum, corrected for the incident light fluc- ot \we shall come back later to this first component, and

tuations, is given in Fig. 6. Also shown on the same figure iSyj| first discuss the second component. The linear-log plot
the photoluminescence excitation spectrum measured on thg ihe curve(inset in Fig. 4 convinces us that this is not an

same crys’;al._ exponential decay. This indicates that unlike in disordered
_ The variation of the steady-state photocurrent as a funGyaterials such as polycrystalline or polymeric films, charge
tion of the incident photon flux is shown in Fig. 7. The yansport is not limited by traps. We will therefore model the
incident light is monochromati¢510 nm. The dependence gecay by means of bimolecular recombination of electrons
is linear at low intensities, but tends to become sublinear atq holes. The general model is depicted by (&g.wheren
higher intensities. The solid curve is a least-squares fit to thg; e density of photogenerated carrigctrons and holgs

model that will be developed in the next section. enerated at an equivalent rae andn, is the equilibrium
Finally, Fig. 8 shows the temperature dependence of th_ ensity of majority carriers (holes in the case of
photocurrent. The data were recorded under monochromat;gexithiophen)3

light (530 nm. The temperature-dependent mobility mea-
sured on a field-effect transistor constructed onTasthgle

crystal is also shown. Note that the magnitude of the mobil- an
EzG—y(noan)n. (1)
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FIG. 4. Time-resolved photoconductivity of a sexithiophene
crystal. The light pulse was given by & Mser(337 nm, 0.4 np
Light was spread all over the area comprised between the gold
electrodegsee Fig. ], with the help of a quartz cylindrical lens. FIG. 6. Photocurrent action spectrum of a sexithiophene single
Load resistance: 1(k A linear-log plot of the photocurrent decay crystal, along with the photoluminescence excitation spectrum mea-
is shown in the inset. sured on the same crystal.
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FIG. 7. Variation of the steady-state photocurrent as a function FIG. 9. Variation of the reversed photocurrent as a function of
of the incident photon flux, measure under monochromatic light atime. Data are taken from Fig. 4. The solid line is a linear least-
510 nm. squares fit to the data at times greater thagus2

v is the bimolecular recombination coefficient. The time- L —Wdan n )! @
resolved response is obtained by statBg 0 in Eq.(1). The pn= WA+ 1) -
general solution reads . o
Here,qis the electron charge,, andu _ are the mobility of
N+ n(0) 1 th_e positive and neg_ative c_harges, respect_iv‘e‘lys the ap-
n=n, 0—qu ynet)—1]| . (2)  plied voltage, and. is the interelectrode distance. We as-
n(0) sume that the electric fielB is uniform all over the crystal,
which seems reasonable owing to the magnitude of the inter-
electrode distance, so thit=V/L. We have also verified
the strict linearity of the photocurrent with the applied volt-

Here,n(0) is the density of photocarriers &t 0. At short
time (yngt<<1) and strong illuminatiofin(0)>ng], Eq.(2)

reduces to age, both in the time-resolved and steady-state measure-
ments.
1 1 1/ 5, as a function ot is plotted in Fig. 9. For a Langevin-
n_ W“L " 3 type recombination proces$the recombination coefficient

is given by Eq.(5), wheree is the permittivity of the mate-
The total photocurrent,, is the sum of currents of positive rial,
and negative charges. As both species are generated at equal (st )
rate, | ,y, is given by the density of photogenerated carriers y= Adprrp-) (5)
times the sum of the mobility of each kind of carrier. The €
result is given by Eq(4), whereW is the length of the elec-

. i ! Inserting Eqs(4) and(5) in Eq. (3), we get
trodes andd is the effective thickness of the photogener-

ated charge distribution, 1 L L
—= + t. 6
, . o W@ + N0V~ Waggev - ©)
: ‘ l From the slope of the fitted straight line in Fig. 9 and the
F—— G e ] geometrical dimensions of the crystalL£€£2 mm, W
10° & BT ==

3 10? =3 mm), we findd.=20xm, which is not too far from the
: actual thickness of the crystél2 um). (We tooke/e¢=3,
whereg is the permittivity of vacuum.This suggests that
the effective thickness corresponds to the actual thickness of
the crystal, which would in turn mean that the time taken by
the carriers to diffuse over the whole thickness of the crystal
5 10° is short as compared to time scale of the measurement.
. The photocarrier density d&=0 can be estimated from
~ 1 the extrapolation of the straight line to tlyeaxis. For this,
107 b b 407 we assume that the mobility of holes largely exceeds that of
28 28 3 32 3‘4_1 36 38 4 electrons, so thatt, +u_~uw, , and take for the former a
1000 (K magnitude of 0.1 cAV 's™! as reported from field-effect
FIG. 8. Temperature dependence of the steady-state photocui€asurements on sexithiophene single crystatbwe get
rent under monochromatic light at 530 nm, along with the N(0)~10"cm 2 The number of initial photocarriers is ob-
temperature-dependent mobility measured on a field-effect transi¢ained by multiplying this density by the active volume of
tor constructed on aBsingle crystal. the crystal, that is, that included between the electrodes

107 ¢

photocurrent(A)
1
=
(,.8,.A W) Angow

[ —0— photocurrent
10"k
r — O ~mobility
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(0.2x0.3x0.001 cni); we get 6x10° carriers. The energy humber of collected charge and absorbed photons, respec-
of the laser pulse was estimated to1®uJ, which corre- tively, and 7, is the primary quantum efficiency for carrier
sponds to (2=1)x 10" photons. We therefore estimate that generation,
the initial quantum efficiency for carrier generatigiranges
between %10 ° and 6x 107 °. Ne m (10)

We now turn to the first component of the slow decay. As Npn K

stated above, the large load resistance used to detect it prollel- . . df he | . f the oh .
ably widens this component. However, it is still too long to Ne 'S estimated from the integration of the photocurrent in

be ascribed to the fast component. A trapping mechanisri!9- © (@bout 3 pG. This analysis rests on the fact that in a

can be excluded since the photocurrent decay remains bim§4!Sed photoconductivity experiment on a nanosecond time

lecular all along; one would have to imagine a perfectly Sym_scale, only carrier drift along the molecule or to its nearest

metrical trapping of electrons and holes, which is most un-neighbors can be qb;erved. Assyming a unity quantum yield,
likely. We therefore tentatively attribute this intermediate V€ gethan ﬁpperz limit gf,fthe d”‘; Iengtﬂ of arou|nd|2 nm.
component togeminaterecombination of the excitons, as N_ote that the charge drift occumlong the crystal plane.
opposed to recombination of well-separated electrons angince this drift length exceeds the lattice parameters in that

holes in the second component of the slow decay. Note th£lane[0.79 and 0.60 nn_(Ref. @]’ charges are ngcessarily
gtansferred between neighboring molecules during the fast

the photocarrier quantum efficiency had been underesti'—nitial process. We therefore attribute the initial decay to the

mated, which seems in agreement with the data obtainei‘]onverSion of charge-transfer e'xcito(iecalized over adja-
cent moleculesto molecular excitons.

from steady-state measurements, as will be shown in the fof o .
The similarity between the photoluminescence and photo-

lowing. _ L .
Turning now to the steady-state photoconductivity, Eq_current action spectra indicates that charge generation occurs
through dissociation of excitons. Because of the low electric
(1) becomes A
field involved (5000 V/cm at mogt we can exclude an elec-
_ tric field assisted mechanism, and assume a thermally acti-
G—y(ng+n)n=0 7 : ' .
(ot n) @ vated process, which would occur according to Bd),

which can be resolved to

M*—~M*+e". (11
No 4G 1/2 . 4 _ . .
n= — <1+_2> -1l (8y Here,M*, M™, ande” are an excitor(excited moleculp
2 YNo and a photogenerated hole and electron, respectively. From

simple mass action law, the respective densities of photocar-

Making use of Eq.(4), where we substitute the effective (igrg(n) and excitons i*) are related by Eq12), where we
thickness by the actual thickned®f the crystal, and noting  5ccount for the fact that holes and electrons are produced in
thatG= nd,/d, where® is the photon flux, the photocur- equal amount

rent is given by Eq(9). We account here for the fact that, as

shown above, the time taken by the photocarriers to diffuse n2 E,

over the entire thickness of the crysi@ss than 1us) is n—*=Kex;{ - ﬁ) (12
much shorter than that taken to measure the photocurrent, 10

ms, Here, k is a temperature-independent constant. The minus

sign in the exponential mirrors the fact that reactidd) is

more favorable from right to left. In other words, the exciton
©) is more stable than two separate charges. The photocurrent

quantum yield results in two sequential mechanisms, namely
The solid line in Fig. 7 is a least-squares fit of the data to Eqthe formation of excitons and the splitting of the excitons
(9). We getny=10"cm 3, in excellent agreement with val- into charges. Because the rate of exciton generation can be
ues obtained from field-effect measureméfitélso note  reasonably assumed to be close to 1 and temperature inde-
that the magnitude afi, is indeed much lower than that of pendent, we see thajxexp(—Ey/2kT). We can further set
the initial density of photocarriers in the time-resolved mea-+the prefactor to 1 simply because the quantum yield is ex-
surements. Next, we get an initial quantum yield ofpected to approach unity as the exciton binding energy ap-
2x10 4, which is slightly less than ten times higher than proaches zero. Taking into account the extreme magnitude of
that estimated from the time-resolved photoconductivity. Asthe quantum yield, X 107°< »<2x 104, we obtain an ex-
stated above, this slight discrepancy could be attributed teiton binding energye,=0.50+0.06 eV, in good agreement
geminate recombination. At this point, we have thereforewith the estimation by Taliani and Blin8ysee the Introduc-
established that the primary generation of photocarriers odion). Note that, because of the logarithm dependenceof
curs with a quantum yield of around 1) and that the slow with the quantum yield, an error by one order of magnitude
decay corresponds to a bimolecular recombination of elecn the latter only leads to a 10% error in the former. This
trons and holes according to a Langevin mechanism. estimation is confirmed by the temperature-dependent mea-

In order to analyze the short-lived photocurréhig. 5), surements. Both the photocurrent and the mobility ©fege

we will refer to a procedure developed by Yacoby andfound to be thermally activated with respective activation
co-workerst>** which involves an estimation of the carrier energies 0.3%0.05 and 0.0%0.01 eV. From Eq(4) we see
migration distancé from Eq.(10), whereN. andN,, are the  that the activation energy of the quantum yield equals that of

~ Wdnq(p+ +u-)V

on= 2L

Arnd 1/2
) -
yngd
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the photocurrent minus that of the mobility. This leads to ativation of charge-transfer excitons into molecular excitons;
binding energy 0.580.10eV, in excellent agreement with next, a slow decay that can be in turn divided into two com-
that deduced from the magnitude of the quantum yield aponents, a faster one, which we tentatively attribute to gemi-
room temperature. nate recombination of the molecular excitons, followed by a
As a final remark, we note that, in contrast with an earliersecond-order decay, which is ascribed to the bimolecular re-
report’® we do not observe any increase of the steady-stateombination of well-separated electrons and holes. The de-
photoconductivity beyond 3 eV, where charge-transfer excipendence of the steady-state photocurrent as a function of
tons, rather than molecular excitons, are likely to form. Aslight illumination also supports this picture. We estimate an
stated above, this is due to the fast decay of the CTE’s intdnitial quantum efficiency ranging betweenx20 ° and
molecular excitons, as indicated by the fast component of the x 10~4, the low magnitude of which is in favor of a ther-
time-resolved photoconductivity. mally assisted process, and a concentration of carriers at
equilibrium of 13*cm™3, in good agreement with previous
CONCLUSION evaluations from field-effect measuremetitsFrom the

quantum efficiency, we estimate an exciton binding energy

We have carried out steady-state and time-resolved phqst 9 50+0.06 eV. This value is confirmed by the temperature
tocurrent measurements on sexithiophene single crystals aépendence of the photocurrent.

low applied electric field. The photocurrent action spectrum

commqes_wnh that of the photolur_nmescence excitation, ACKNOWLEDGMENTS

which indicates that photocarriers originate from a splitting
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