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Intrinsic and extrinsic photocarriers in polyparaphenylenevinylene
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We report on photoconductivity in polyparaphenylenevinylene films under continuous wave illumination in
the presence of air traces. Near room temperature the photocurrent buildup is extremely slow, steady state not
being reached after 1 h illumination. When light is turned off the photocurrent decay kinetics is slower and
slower and it takes about 24 h to reach thermal equilibrium. The instantaneous lifetime follows a power-law
time dependencet inst(t)5 i p(t)/udip(t)/dtu}ta, 0aaa1 and the decay kinetics can be accurately fitted to a
stretched exponential relaxation lawi p(t)5 i p(0)exp2(t/t)b whereb512a. When temperature is decreased
down to '255 K the exponentb and the relaxation timet are found to be temperature dependent,b being
linearly dependent uponT: b5T/T0 with T051175 K. The nonlinear decrease ofb between 255 and 190 K
is interpreted as a transport mode transition atTt'225 K. When temperature is further decreased in the range
160–77 K the slow component is frozen and leaves room to a fast signal that rapidly reaches steady state and
is slightly dependent upon temperature. The magnitude of the slow photocurrent is proportional to the square
root of the light intensity whereas that of the fast one is proportional to the light intensity. Modulated photo-
current studies allowed us to show that the fast signal exists in the whole temperature range. Examination of
the temperature dependence of the fast photocurrent at low temperature led us to interpret the fast signal as
being an intrinsic photocurrent due exciton dissociation. Such an interpretation rests on the recent work of
Albrecht and Ba¨ssler on the yield of geminate pair dissociation in an energetically random hopping system
with built-in energetic disorder. The slow component is interpreted as being extrinsic due to dissociation of
polaron pairs through interaction with oxygenated defects to create positive polarons. Recombination and the
functional form of the extrinsic component decay is attributed to the dispersive diffusion of the positive
polarons in a random distribution of negatively charged defects.@S0163-1829~98!04411-7#
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I. INTRODUCTION

Interest in polyparaphenylenevinylene~PPV! and its de-
rivatives stems from the recent development of soluble p
cursors allowing easy processing of PPV-based light em
ting devices.1,2 Although many studies have been devoted
these nondegenerate ground state conjugated polyme3,4

some of their photophysical properties are still debated
particular the early phenomena leading to charge carr
generation. Coincidence of the optical absorption edge
the onset of photoconductivity~PC! was interpreted as bein
proof of free carriers generation via interband transition5,6

In contrast it was suggested that photon absorption prod
strongly correlated electron-hole pairs7–14 that either dis-
sociate7,8 or form bound polaron pairs.10,11,14 As far as re-
combination of carriers is concerned it has been sugge
that the long tail observed in picosecond transient PC is
to the slow motion of bipolarons in the bulk.6 Along the
same lines the long term relaxation of carriers following co
tinuous wave~cw! illumination has been interpreted as bei
due to the slow dispersive diffusion of bipolarons to the s
face and dissociation into polarons.5 In contrast slow recom-
bination was tentatively attributed to the effect of traps,
cluding carbonyl groups either thermally or photochemica
created.10,11

This paper deals with PC in PPV films in the presence
air traces. Oxygen generates surface and bulk defects
induce large changes in the PC buildup and decay kinetic
compared to what is observed under vacuum. Under illu
nation the photocurrent buildup is extremely slow and ste
570163-1829/98/57~15!/9118~10!/$15.00
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state is not reached after many hours. After termination
illumination PC exhibits a slower and slower nonexponen
decay kinetics lasting for hours. Nonexponential relaxat
of photocreated carriers has been reported earlier in PP5

in poly~2,5-diheptyloxy-p-phenylenevinylene!,10b and in a
variety of materials like CdS:Ag:Cl,15 in the interface of
Al xGa12xAs-GaAs,16 in the layered perovskite Nd2Ti3O9.

17

This nonequilibrium conductance following illumination ha
been interpreted as being due to a dispersive diffus
mechanism restricting recombination.5,17 More generally
slow relaxation towards equilibrium has been observed
many physical systems like dielectric relaxation in glas
media,18 strain recovery in polymers,19 or relaxation in
the electronic properties of doped amorphous hydrogen
silicon.20 In most cases, nonexponential relaxation was
scribed in terms of the stretched exponential relaxation
~Kohlrausch’s law21!

F~ t !5F~0!exp2S t

t D b

, ~1.1!

where 0aba1.
In the PPV films under study the time dependence of p

tocurrent decay can be accurately fitted to Eq.~1.1! for long
time periods in a wide temperature range, the exponentb and
the relaxation timet being temperature dependent. Wh
temperature is decreased the relaxation rate slows down
at a sufficiently low temperature, gets frozen leaving room
a photocurrent having quite fast buildup and decay kinet
9118 © 1998 The American Physical Society
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57 9119INTRINSIC AND EXTRINSIC PHOTOCARRIERS IN . . .
Modulated photocurrent studies allowed us to show that
fast component exists in the whole temperature range.
low-temperature data of the fast photocurrent exhibits a s
Arrhenius-type dependence, the interpretation of which
lowed us to suggest a model of creation and recombina
of intrinsic and extrinsic photocarriers.

After describing experimental details in Sec. II, w
present in Sec. III A the main characteristics of PC in fres
converted films, kept under vacuum. In Sec. III B are
ported the photocurrent buildup and decay in the presenc
surface and bulk defects due to the presence of air traces
in Sec. III C is reported temperature and light power dep
dence of PC in the presence of air traces. In Sec. III D mo
lated photocurrent studies as a function of temperature
light power are reported. The results are discussed and in
preted in Sec. IV.

II. EXPERIMENT

The sulfonium polyelectrolyte precursor is prepared b
standard procedure using tetrahydrothiophene.22,23 The
precursor monomer is synthesized by react
paradichloroxylene with tetrahydrothiophene and polym
ized by reacting the monomer with NaOH and purified
dialysis against water.

Films of the precursor are cast from a methanolic solut
onto suprasil substrates and thermally converted by hea
at 300 °C under vacuum (231026 mbar). Typically, the
films thickness is of the order of 1mm. Surface gold strips
with a 1 mminterelectrode spacing are evaporated and c
tacted to the external circuit with an Ag-loaded epoxy re
and films are attached to the cold finger of an Oxford c
ostat.

Photocurrent measurements are made under cw condi
using the 457.9 nm line of a Spectra-Physics argon laser.
light power falling onto the interelectrode spacing~138 mm!
was typically 6mW cm22. Ohmicity was checked up to 3
3103 V cm21, measurements being made under an elec
field of 23103 V cm21.

We noticed that, when filling the sample chamber w
helium gas, small amounts of air were introduced and d
tically changed the photocurrent buildup and decay kinet
As shown below under these conditions the photocurr
keeps increasing under illumination for many hours witho
reaching steady state@Fig. 1~b!#. Therefore films were irra-
diated for a standard time length of 1 h at the end ofwhich,
at 300 K, the photocurrent to dark ratio is about 1.53103 and
the buildup rate is about 4310211 A min21. Under these
conditions the decay kinetics is reproducible from one run
the next. In what follows the term ‘‘pseudo-steady state’’
used to characterize the photocurrent value measured a
end of this illumination period. Standard electrometer, lig
chopper, lock-in amplifier, and computer equipment are u
for dc and modulation experiments.

III. RESULTS

A. PC of PPV films under vacuum

In freshly converted films sheltered from light, the da
conductivity measured under vacuum is about 5310214

V21 cm21 at room temperature. Intrinsic dark conductivi
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was reported to bea10215 V21 cm21 and to increase in the
presence of oxygen24 so that the nonilluminated films unde
study may be considered as being relatively free of oxyg
ated impurities. We found that the dark current is therma
activated with an activation energyEdark50.80– 0.85 eV. As
seen in Fig. 1~a! under illumination with the 457.9 nm line o
an argon laser a photocurrent reaching steady state in a
seconds is observed, in agreement with previous reports.24–27

After termination of illumination the photocurrent rapidl
decays to thermal equilibrium. Measurements on sev
films showed that the photocurrent is thermally activa
with an activation energy 0.21aEpa0.28 eV. These values
were repeatedly found in films originating from the sam
batch. It should be noted that the activation energies of
dark conductivity and of the photocurrent found in this wo
are larger than those previously reported:Edark50.21 eV
~Ref. 5! andEp50.14 eV.5,10

The light power dependence of the photocurrent was s
ied at room temperature by varying the light intensity w
neutral density filters. A power-law dependence

i p}Pg ~3.1!

was observed with an exponentg50.84– 0.86. This value is
indicative only because as shown belowg may vary from 0.5
to 1 depending upon the defect density and temperature
value close to one means that the film is relatively free
oxygenated defects.

B. PC buildup and decay kinetics in the presence of air traces

As seen in Fig. 1~b!, in the presence of air traces, illum
nation at 300 K with the 457.9 nm laser line results in

FIG. 1. Photocurrent buildup (lexc5457.9 nm) and decay ob
served in a PPV film~a! in a freshly converted film kept unde
vacuum. Steady state and return to equilibrium in the dark are
idly reached.~b! The same film in the presence of air traces; stea
state is not reached after 1 h illumination and when light is turned
off thermal equilibrium is reached about 24 h later.
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9120 57DULIEU, WÉRY, LEFRANT, AND BULLOT
completely different signal as compared to the signal
served under vacuum@Fig. 1~a!#. The photocurrent is char
acterized by a very slow buildup and nonexponential de
kinetics. Starting from a dark current at 300 Ki dark
52310211 Å a sluggish photocurrent buildup is recorde
steady state being not yet reached after an illumination
riod of 1 h. When light is turned off a nonexponential i
creasingly slower decay is observed, return to thermal e
librium being apparently completed about 24 h lat
Reproducible decays were obtained but we observed tha
current measured when decay is apparently over often dif
by 2–3% from the dark current measured before illumin
tion. Degassing to a pressure'231026 mbar allowed us to
reobtain the fast signal observed on fresh films@Fig. 1~a!#.

The occurrence of excess nonequilibrium conducta
was reported in poly~2,5-diheptyloxy-p-phenylenevinylene!
by Frankevichet al.10~b! and in PPV by Lee and co-workers5

but in the latter case nonexponential decay was observe
a much shorter time scale, return to thermal equilibrium
ing obtained within about 2000 s.

The nonexponential character of the photocurrent de
in Fig. 1~b! is evidenced when considering the time depe
dence of the instantaneous lifetime defined as

t inst~ t !5
i p~ t !

Udip~ t !

dt U , ~3.2!

wherei p(t) is the photocurrent. In the case of an exponen
decayt inst(t) is a constant. In Fig. 2~a! is shown a log-log
plot of t inst(t) at 300 K as a function of the time elapse
from termination of illumination. The instantaneous lifetim
follows a time-dependent power law

t inst~ t !}ta, ~3.3!

with a50.701, on a time period of about 5 h. At long
times the decay kinetics is much too slow to yield accur
derivation. As discussed in Sec. IV, Eq.~3.2! may be ac-
counted for by considering that charge carriers recomb
tion is restricted by a dispersive diffusion mechanism.

Integration of Eq. ~3.2! with t inst(t)}ta yields the
stretched exponential relaxation law@Eq. ~1.1!# that applied
to the photocurrent reads

i p~ t !5 i p~0!exp2S t

t D b

, ~3.4!

with b512a. As shown in Fig. 2~b! the photocurrent deca
at room temperature can accurately be fitted to Eq.~3.4! for
about 24 h. A slight deviation is observed at long times t
is mainly due to a poor knowledge of the residual cond
tance to be deduced from the total current. The fitting pro
dure yieldsb50.31 andt580 s. The value of the exponen
b is in fair agreement with the value (12a) obtained from
the time dependence of the instantaneous lifetime.

C. Temperature and light power dependence
of PC in the presence of air

When temperature is decreased a complex behavior is
served allowing to distinguish three temperature ranges.
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Between 325 K and about 190 K both the instantane
lifetime and the photocurrent decay kinetics are fairly fitt
to Eqs.~3.3! and ~3.4!, respectively,~Fig. 2!. At each tem-
perature (a1b) is found to be close to one but, in contra
with Lee’s results5 both the exponentb and the relaxation
time t are found to be temperature dependent. This is sho
in Fig. 3. b linearly decreases from 0.32 atT5325 K to
0.27 at 255 K and extrapolates close to zero at zero
b(T)5T/T0 with T051175 K @Fig. 3~a!#. In the same tem-
perature range the relaxation time increases from 22 s at
K up to 220 s at 255 K@Fig. 3~b!#.

At lower temperature, between about 255 and 190 K, b
the instantaneous lifetime and the decay kinetics can stil
fitted to Eqs. ~3.3! and ~3.4!, respectively.b rapidly de-
creases from 0.27 at 255 K down to 0.14 at 255 K wher
reaches a plateau at an average value;0.12, whilet goes
through a maximum around 250 K,tmax5200 s, and de-
creases down to about 0.5 s at 190 K. At 170 K the de
cannot be fitted to Eq.~3.4!; the photocurrent at this tempera
ture is a mixture of the slow component with the fast o
described below~Fig. 4!.

A further decrease in temperature leads to quite differ
signals: atT<160 K the buildup and decay are unexpe
edly much faster. Inset in Fig. 4 shows for example the s
nal recorded at 89.5 K: the photocurrent, which is 4 to
orders of magnitude smaller than at 300 K, reaches ste

FIG. 2. ~a! Time dependence of the instantaneous lifetime@Eq.
~3.2!#. The solid lines are the fits to the power law:t inst(t)}ta

with a50.701 at 300 K~open circles!. Beyond about 16 500 s the
photocurrent decay is too slow to yield accurate derivation, the
fore data beyond this time~indicated by a vertical line! were not
taken into account. At 265 K~closed circles!, a50.722. At 210 K
~open squares!, a50.887. ~b! photocurrent decays; the solid line
are the fits to the stretched exponential relaxation law@Eq. ~3.4!#. At
300 K ~open circles!, b50.31 andt580 s. At 265 K ~closed
circles!, b50.27 andt5143 s. At 210 K~open squares!, b50.11
andt51.5 s. As seena1b'1.
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57 9121INTRINSIC AND EXTRINSIC PHOTOCARRIERS IN . . .
state in a few seconds and after termination of illuminat
decays rapidly to the dark current value.

These findings suggest the existence of two compone
different in nature, contributing to photoconductivity:
slow component dominating PC in the high-temperat
range that is gradually frozen whenT is decreased, leaving
room to a much faster one atT<160 K. Strong support to
this assumption comes from the variations with tempera
of the exponentg characterizing the photocurrent ligh
power dependence@Eq. ~3.1!#. Typical log-log plots ofi p as
a function of the relative light power are shown in Fig.
Near 300 K,g50.5 is measured in agreement with previo
works5,24,25but when temperature is decreased the expon
steadily increases reachingg51 atT<130 K and keeps this
value down to 77 K, i.e., in the temperature range where
photocurrent buildup and decay kinetics are seen.

Evidence for the existence of two components also com
from the variations of the photocurrent with temperatu
Figure 6 shows that at high temperature, between 325
'160 K, the pseudo-steady-state data, measured after a
dard illumination period of 1 h, are thermally activated wi
an energyEHT'0.25 eV. But below 160 K the photocurren
becomes less and less sensitive to temperature changes.
in Fig. 6 shows that the photocurrent suffers, between
and 77 K, very small changes with temperature, decrea
by a factor of 2.5 only.

From the above results, the existence at low tempera
of a fast component the magnitude of which is proportio
to light power seems well established. The question arise
know whether or not this component exists in the wh

FIG. 3. ~a! Temperature dependence of the exponentb in Eq.
~3.4!. b is measured with an estimated error of 10%. The brok
line is the linear fit between 325 and 255 K:b5T/T0 , which ex-
trapolates to 0.054 at 0 K. The slope yieldsT051175 K. Below
255 K, b reaches rapidly a plateau~see the solid line!. The arrow
indicates the transition temperatureTt . ~b! Temperature depen
dence of the relaxation timet in Eq. ~3.4!. The solid line is a guide
for the eyes.
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FIG. 4. Variations of the photocurrent decay kinetics below 19
K. ~open circles!: 190 K; ~open squares!: 170 K; ~crosses!: 158 K;
~plus!: 101 K. Below about 190 down to about 170 K the decay i
slower and slower and cannot be fitted to a stretched exponen
relaxation law. At about 160 K down to 77 K a new and fast
photocurrent is recorded. Inset shows the photocurrent buildup a
decay kinetics at 89.5 K; the photocurrent follows the response tim
of the electrometer, reaches steady state in a few seconds and w
light is turned off rapidly decays to the dark value.

FIG. 5. Temperature dependence of the exponentg characteriz-
ing the light power dependence of the photocurrent:i p}Pg.
When temperature is decreasedg steadily increases from 0.5 at 300
K up to 1 at 130 K down to 77 K. Estimated error 5%. Inset show
some typical curvesi p vs P, where the solid lines are the fits to a
power law. ~open circles!: T5300 K, g50.498; ~open squares!:
T5200 K, g50.577; ~crosses!: T577 K, g51.01.
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9122 57DULIEU, WÉRY, LEFRANT, AND BULLOT
temperature range. In order to obtain more informations
carried out modulation experiments to separate the fast
nal from the overwhelming slow one.

D. Modulated photoconductivity

In a first experiment, starting from the equilibrium co
ductance the film was illuminated with the 457.9 nm line
an argon laser. We successively recorded the dc photo
rent, measured by means of an electrometer, and the am
tude of the modulated photocurrent, at a frequencyf
515 Hz, by means of a lock-in amplifier. The results at 3
K are shown in Fig. 7. Whereas the dc photocurrent slo
grows in time without reaching steady state, the lock-in
sponse rapidly reaches steady state. At the end of an illu
nation period of 3500 s the amplitude of the modulated p
toconductivity is about 40 times smaller than the
response. This result suggests the existence at room tem
ture of a fast photocurrent the generating process of whic
different from that of the slow component.

In order to learn whether or not the modulated signa
high temperature has the same origin as the low-tempera
steady state photocurrent we studied the light power dep
dence at 300 K of the lock-in response at various frequ
cies. Figure 8 shows that when the chopping frequencyf is
increased the exponentg increases from 0.66 at 5 Hz up to

FIG. 6. Temperature dependence of the photocurrent in a P
film in the presence of air traces.~open circles!: pseudo-steady-
state data~i.e., measured after an illumination period of 1 h! at high
temperature (160<T<325 K!. The photocurrent is thermally acti
vated with an activation energyEHT'0.25 eV. Inset shows low
temperature data (77aTa160 K! measured with a light intensity
about ten times larger.~closed circles!: dc measurements;~open
squares!: electrometer response when light is modulated at any
quency between 5 and 2800 Hz. Between 130 and 77 K the ph
current is slightly dependent upon temperature, it decreases
factor 2.5. Comparison of dc and modulated data shows that
chopped signal is just one half of the dc signal, excluding a bo
metric effect at low temperature.
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at '1600– 2000 Hz. As seen whenf is increased from 5 to
15 Hz the amplitude of the modulated signal is decreased
about three orders of magnitude, increasing the modula
frequency up to 2100 Hz results in a decrease by one orde
magnitude only. The linear power dependence of the lock
response at high frequencies suggests monomolecula
combination kinetics. As noted earlier,5,28 if so, the photo-
current frequency dependence is given by

i p~ f !5
i p~ f 50!

@11~2p f t1!2#0.5. ~3.5!

Following Eq. ~3.5! the modulated signal is independent
frequency at low frequency (2p f t1!1) and decreases a
f 21 at high frequency (2p f t1@1). In Fig. 9 is shown a

V
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a
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FIG. 7. Buildup of the dc photocurrent and of the modulat
photocurrent at 300 K. Illumination starts att50. ~open circles!: dc
photocurrent. The solid line is a guide for the eyes.~closed circles!:
lock-in response atf 515 Hz, data are multiplied by 10.

FIG. 8. Light power dependence of the lock-in response at
K at various frequencies.~open circles!: 0 Hz, g50.5; ~closed
circles!: 5 Hz, g50.66; ~open squares!: 15 Hz, g50.69; ~open
lozenges!: 200 Hz,g50.82; ~closed lozenges!: 800 Hz,g50.88;
~closed triangles!: 2100 Hz,g50.99.
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57 9123INTRINSIC AND EXTRINSIC PHOTOCARRIERS IN . . .
log-log plot of the lock-in response as a function of fr
quency at various temperatures. At 300 K the lock-in
sponse starts decaying asf 21 beyond a characteristic fre
quency f 1'480 Hz. WhenT is decreasedf 1 decreases and
is of the order of 140 Hz at 200 K. Thus whenT is decreased
the contribution of the component proportional toP0.5 de-
creases so that the magnitude of the component proporti
to P is larger at lower frequencies.

Finally, we used PC modulated experiments to check
the low-temperature signal is a genuine photocurrent an
not due to a bolometric effect. In Fig. 6~inset! is shown the
effect of light chopping at 175 Hz; the modulated signal
just one half of the value of the dc current. This is tr
whatever the chopping frequency in the range 5–2800 H

IV. DISCUSSION

Analysis of PC in PPV in the presence of air traces m
be summarized as follows:~i! near room temperature unde
cw illumination PC is dominated by a slowly growing ph
tocurrent the magnitude of which is proportional to t
square root of the light intensity,~ii ! after termination of
illumination the instantaneous lifetime follows a power-la
time dependence:t inst(t)}ta and the photocurrent decay k
netics is accurately described by a stretched expone
functional form where the exponentb512a, ~iii ! b is lin-
early dependent upon temperature down to 255 K wher
abruptly decreases and reaches a plateau at 255 K; in
same temperature ranget first decreases and goes through
maximum at '250 K, ~iv! in the temperature rang
'130– 77 K, the photoresponse is only due to a fast pho
current the magnitude of which is proportional to the lig
intensity, ~v! photocurrent modulation studies show that
fast photocurrent proportional to the light intensity exists
the whole temperature range; at high temperature it is m
smaller than the slow one.

In what follows we recall, in Sec. IV A, the various inte
pretations given in the literature concerning charge carr

FIG. 9. Frequency dependence of the lock-in response at di
ent temperatures.~open triangles!: 302 K; ~open squares!: 245
K; ~open circles!: 200 K. The drawn lines havef 21 slope. Arrows
indicate the frequencyf 1 at which the lock-in response is linearl
dependent upon frequency@Eq. ~3.5!#.
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creation and recombination in PPV. In Sec. IV B 1 we ide
tify the fast component on the basis of its low temperat
dependence. In Sec. IV B 2 we discuss the nature of the s
component, the functional form of its decay and sugges
tentative model of positive polaron diffusion to negative
charged defects. Finally, in Sec. IV B 3, we interpret t
changes ofb andt when temperature is decreased as be
due to the approach of a transport transition temperature
discuss the associated change in the transport process.

A. Current views on charge carriers creation
and recombination in PPV

Mainly on the basis of the similarity between the phot
excitation spectrum and the optical absorption spectrum
was assumed by Lee and co-workers5,6 that initial excitation
results in the creation of free charge carriers via interba
transition. In contrast Frankevichet al.10 and Hsuet al.14

suggested the primary act is the formation of intrach
singlet excitons and bound polaron pairs (P1,P2) the
branching ratio depending upon excitation energy. A bou
polaron pair consists of a positive polaron and a nega
polaron residing on adjacent chains, close enough to inte
with each other.10,13~b! Picosecond photoinduced absorptio
studies were interpreted as showing that 80 to 90% of
excitations are polaron pairs and about 10% excitons13~a! and
it was shown that in poly~2-methoxy-1,4-phenylene vi
nylene! after an initial rapid decay in the picosecond tim
frame about 40% of the pairs slowly decay and persist
nanoseconds.14 Therefore due to their relatively long lifetim
and high production rate polaron pairs are believed to p
an important role in steady-state PC. Study of the magn
field effect on steady-state PC brings support to t
assumption.10 Various mechanisms may account for the d
cay of polaron pairs as suggested by Mizes and Conwe11

and Garstein:29 ~i! jump of one charge on the adjacent cha
followed by formation of an on-chain polaron pair or of a
exciton which subsequently decay;~ii ! the positive and nega
tive polarons move randomly on their own chains and se
rate thermally or in the presence of an electric field givi
birth to free polarons contributing to PC;~iii ! interaction
with defects, generating free positive polarons that cond
Another possible source of photocarriers is the dissocia
of hot intrachain excitons either thermally or by defects.
the latter case a defect traps the electron leaving the hole
to become a positive polaron.

As far as charge carriers recombination is concerned,
and co-workers5 suggested that in steady-state PC bipolaro
being more stable in the bulk must suffer dispersive diffus
to the surface to yield polarons which subsequently reco
bine. In picosecond PC studies it was suggested that the
tial fast transient component, the magnitude of which is p
portional to the light intensity and is very slightl
temperature dependent, is due to a pretrapping mecha
while the slower component, which is proportional to t
square root of the light intensity, was attributed to a tra
controlled transport.6 Alternatively it was speculated that re
combination of positive polarons with carbonyl traps is
slow process giving rise to the long tail observed in stea
state photoconductivity.10~b!,11

r-
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B. Interpretation of results

1. Nature of the fast monomolecular component

In order to identify the fast component we start by d
cussing the complex photocurrent temperature depend
reported in Fig. 6. Two ranges are to be distinguished.
high temperature, between 325 and about 160 K, where
slow component dominates PC, an activation energyEHT

'0.25 eV may be measured. More significant are the q
small photocurrent variations observed at low temperat
below 130 K, where monomolecular recombination preva
In order to interpret the observed sub-Arrhenius-ty
temperature dependence we refer to the recent work
Albrecht and Ba¨ssler30 on the yield of geminate pair disso
ciation in a random hopping system with built-in energe
disorder. This work is relevant to the present discussion
cause very likely energetic disorder is introduced in PPV
variations in the conjugation lengths.11~e! Using Monte Carlo
simulation techniques, Albrecht and Ba¨ssler modeled the dis
tribution of site energies by a Gaussian function of varian
s. They studied the dependence of the dissociation yield
geminate electron-hole pairs as a function of temperature
different values ofs and of the initial pair distancer 0 ~ther-
malization distance!, dissociation being aided by an extern
electric field. Their results show that disorder enhances
sociation of the pairs, giving rise to significant deviatio
from the expected temperature dependence of the diss
tion yield in a Coulombic system. The effect is more pr
nounced at low temperature giving rise to a sub-Arrheni
type temperature dependence~see their Fig. 1! quite similar
to the low-temperature data reported in Fig. 6. The yield a
given temperature is found to increase exponentially with
disorder potentials, and to decrease exponentially whenr 0
increases. As started by Albrecht and Ba¨ssler the activation
energy that may be eventually measured by a conventi
analysis is not the binding energy of the precursor electr
hole pair, but is much smaller than the binding energy
excitons.

On this basis we identify the fast component as an int
sic photocurrent resulting from thermal dissociation
excitons and subsequent creation of conducting positive
larons and immobile negative polarons.26 Decay of polaron
pairs might be at the origin of such excitons, one cha
jumping on the adjacent chain to create an on-ch
exciton.11 As exciton dissociation competes with gemina
recombination this photocurrent rapidly reaches steady s
and linearly depends upon light power. Such a mechan
has been suggested to give account of the linear inten
dependence of picosecond photoinduced absorption
poly~2-methoxy-1,4-phenylenevinylene!.14 As noted by Al-
brecht and Ba¨ssler, the concept of increased geminate p
dissociation in disordered media also provides a clear ex
nation of the quasitemperature independence of the fast c
ponent, the magnitude of which is proportional to light i
tensity, which is measured in picosecond PC trans
experiment by Lee and co-workers.6

A test of the above interpretation would consist in co
paring the photocurrent temperature dependences in
specimens having different built-in disorder potentials, a
from obvious issue. It turns out that photochemically co
verted PPV~Ref. 23! was recently shown to be more diso
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dered than the standard PPV converted by thermolysi
300 °C under vacuum.31 Photochemical conversion of th
PPV precursor is carried out at 120 °C, under vacuum,
illuminating with the filtered UV-visible light spectrum
emerging from a xenon lamp.23 Optimized photoconverted
PPV was shown to have an absorption edge very close to
of thermoconverted PPV and a quasisimilar fluoresce
spectrum. The slight observed differences are due,
revealed by Raman spectroscopy, to a broader distributio
the conjugation segments and to the presence of a la
amount of short conjugation segments.31~a! The photo-
current temperature dependence in experimental condit
as those used for standard PPV films.31~b! In Fig. 10 the
normalized data for both thermoconverted and photoc
verted samples are compared; it is seen that these films
different temperature dependences. From about 125 dow
77 K the photocurrent in the thermoconverted sample is
most constant in contrast with the thermoconverted fi
which slightly decays. This is in qualitative agreement w
the Monte Carlo simulation studies of Albrecht an
Bässler: in photoconverted films the dissociation yield
geminate pairs is larger because the disorder potentials is
larger.

2. Nature of the slow bimolecular component

As shown above, at high temperature, the PC signa
overwhelmingly dominated by a slow component that is
be identified. For environmental reasons most of the pho
generated polaron pairs can neither rapidly dissociate
recombine, because polarons in the pairs are separate
barriers, the Coulomb binding energy confining each of
polarons in the pair being about 0.35 eV.11 Therefore we
suggest that most of the surviving pairs are dissocia
through interaction with defects, following

~P1,P2!1D→P11D2, ~4.1!

whereD is an oxygen molecule adsorbed on the film surfa
or an oxygenated defect in the bulk, for example a carbo
group. Due to the high production rate of polaron pairs
large density of conducting positive polarons is thus gen
ated under illumination giving rise to the extrinsic part of P

FIG. 10. Temperature dependences of a standard PPV sa
~open circles! and of a photochemically converted sample~closed
circles!. The curves are normalized at 200 K.
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that we identify with the slow component. If the recombin
tions P11O2

2 and/or P11D2 are restricted, steady sta
cannot be reached in a sizeable time, the density ofP1 in-
creases with time giving rise to slow buildup under illum
nation. So the ratio of the intrinsic component to the extrin
one in PC depends upon the density of defects. If it is sm
the fast intrinsic photocurrent dominates PC and rapi
reaches steady state. This is the case under vacuum. If, o
contrary, this density is large, as in the presence of air,
trinsic PC dominates at high temperature. When tempera
is decreased both photogeneration and recombination
positive polarons are restricted so that at low tempera
only the intrinsic photocurrent is observed. The feature w
be thereafter shown to be correlated with the tempera
dependence of the exponentb.

An important feature is the functional form@Eq. ~3.4!# of
the extrinsic photocurrent decay kinetics. When light
turned off a rapid decrease of PC by a few percent is
served that may be attributed to the decay of the intrin
component. It is followed by the slow nonexponential rela
ation which, as reported in Sec. III B, lasts for hours. Und
the preceding assumptions, after termination of illuminati
a high density of polarons lies in the film and we interp
slow relaxation as resulting from the dispersive diffusion
positive polarons in a random density of negatively charg
defects until recombination.

Dispersion and slow relaxation of the carrier densityn(t)
toward equilibrium in disordered media is often described
the stretched exponential relaxation law. This was accoun
for on the basis of the continuous time random-wa
~CTRW! model32–34that assumes that each carrier underg
a random walk, composed of alternating steps and pau
biased in the direction of the applied field with a pausin
time distributionC(t)}t2(11b), 0aba1. In semiconduc-
tors dispersion is due to the existence of an exponential
ergy distribution of states above the valence-band edg
below the conduction-band edge: exp(2E/kT0) where the
width kT0 is related to the dispersion parameterb(T)
5T/T0 .34 Alternatively Palmeret al.35 suggested a serial in
terpretation where the path to equilibrium involves sequ
tial correlated activation steps leading to a time-depend
relaxation ratek(t) in the rate equation

dn~ t !

dt
52k~ t !n~ t !. ~4.2!

In the case at hand, following the CTRW model, the l
ear dependence of the exponentb, in the temperature rang
325–255 K, may be interpreted as indicating the existenc
an exponential tail of states above the valence-band edge
of width kT0'100 meV giving rise to dispersion. Environ
mental differences and variations in the conjugation leng
in the polymer chains might generate such a density of st
in the gap. In order to give account of the dispersive dif
sion of positive polarons towards defects it may be cons
ered that the rate constants in Eq.~4.2! decreases with time
as

k~ t !}t2a, where 0aaa1. ~4.3!
-
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Consequently, in agreement with experimental data,
instantaneous lifetime increases with time ast inst(t)
51/uk(t)u}ta and the solution of Eq.~4.2! with Eq. ~4.3! is
the stretched exponential function@Eq. ~3.4!#, with b51
2a. Such a time dependence ofk(t) may be accounted fo
if the diffusion coefficient of the positive polarons carries t
time dependence

Dpol~ t !}t2a. ~4.4!

Such a functional form was used by Kakalios a
co-workers20 in the case of the diffusive motion of bonde
hydrogen in doped amorphous hydrogenated silicon.

3. Variations of b and t below 255 K

Examination of Fig. 3~a! shows that the exponentb lin-
early depends upon temperature from 325 to about 25
where it rapidly starts decreasing to a plateau at about 22
This change occurs in a narrow range, about 25 K. As sho
in Fig. 3~b! the relaxation timet also shows a change aroun
255 K; t first increases in the range 325–255 K, go
through a maximum, and decreases abruptly by a facto
about 400 between 255 and 190 K.

In glasses, either molecular or electronic,b is expected to
increase up to one at high temperature but is not expecte
decrease down to zero whenT is decreased. Contraction o
the configuration space whenT is decreased is reflected b
the reduction ofb and it is anticipated that near the gla
transition temperatureTg either b is stabilized or reaches
plateau. Many examples are found in the literature~see for
example the recent review by Phillips36!. Nevertheless, in
PPV, the decrease ofb below 255 K should hardly be asso
ciated with a glass transition temperature. Therefore we s
gest that a change in the charge transport process occurs
transition temperatureTt'225 K.

Quite importantly we observe that, atTt , b decreases by
a factor of about 2@Fig. 3~a!#, a meaningful change that is t
be interpreted. First we note that in the frame of the CTR
model a smallerb means a longer pausing time and sugg
that the rapid decrease atTt is correlated with a change in th
dimensionality of the transport process. Shlesinger a
Montroll,33 in their model of dielectric relaxation in a froze
medium, e.g., a polymeric material, have explicitly treat
the case of defects diffusion in the three-dimensional~3D!
and one-dimensional~1D! cases. They reached the concl
sion that if diffusion in 3D is characterized byb, in 1D the
exponent takes the valueb/2. Thus, in 1D the maximum
value of the exponent is 0.5. Therefore we suggest 3D di
sion of positive polarons aboveTt and 1D diffusion below
Tt . In PPV the 3D-1D transition should be accompanied
a change in the transport process. We suggest that, follow
Mizes and Conwell proposals,11 below Tt , the positive and
negative polarons stay on their own chains where they m
randomly; some steps allow the pair to separate, either t
mally or by interaction with a defect residing on the cha
But most steps are inefficient and the most probable even
pair recombination. When temperature is decreased be
Tt , as the pausing time increases the recombination rate
creases. Consequently, the average relaxation time decre
as experimentally observed@Fig. 3~b!#. When temperature is
sufficiently low, the escape probability is zero and 1D diff
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9126 57DULIEU, WÉRY, LEFRANT, AND BULLOT
sion gets frozen, leaving room to the weak intrinsic pho
current due to electron-hole pair dissociation.

V. CONCLUSION

Several conclusions are drawn from this experimen
study. One is that charge carriers creation and recombina
in PPV strongly depend upon the bulk and surface densit
defects. It is not entirely new. The crucial role played
defects in PPV PC was demonstrated previously by vari
works,10,24 but in addition we have shown that the photocu
rent buildup and decay kinetics are dependent upon the p
ence of defects, either adsorbed oxygen on the surfac
carbonyl groups in the bulk. Our main conclusions are c
sistent with the recent proposals that photon absorption le
to excitons and polaron pairs creation.

In the presence of air traces, i.e., when defects densi
large, we demonstrated that PC is due to the superimpos
of two photocurrents. One grows and decays slowly and
pends upon the square root of the light intensity. We reac
the conclusion that it is an extrinsic photocurrent result
from the interaction of the photogenerated polaron pairs w
defects to create positive polarons. The restricted recomb
tion of charge carriers, which is responsible for the sl
buildup and decay kinetics, are interpreted as being du
the dispersive diffusion of positive polarons in a rando
density of negatively charged defects. This conclusion re
on the linear temperature dependence of the exponentb in
the range 325–255 K. Following the CTRW model an exp
nential band tail of width about 100 meV, due to defects, l
above the valence-band edge.

An important conclusion follows from the observatio
that the linear temperature dependence ofb stops at about
255 K. Below this temperatureb rapidly decreases an
reaches a plateau. We argued that such a variation is due
transport mode transition atTt'225 K. An important experi-
mental fact is the decrease ofb by a factor of about 2 atTt ,
interpreted, on the basis of the Shlesinger and Mont
model,33 as a 3D to 1D transition. This implies, betweenTt
s,
re
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and the temperature where the extrinsic component gets
zen, a different charge carrier transport mechanism.
made the proposal that on-chain polaron pairs move r
domly as suggested earlier;11 as a consequence the polaro
pairs rapidly decay, a conclusion that agrees with the str
decrease of the relaxation time belowTt .

Pseudo-steady-state and modulated PC measuremen
lowed us to show that in the whole temperature range a
monomolecular photocurrent coexists with the extrinsic o
At Ta160 K, well belowTt , i.e., when the extrinsic com
ponent is frozen, only this photocurrent is observed. T
salient feature is its quasi-independence upon tempera
which is understood in terms of the enhanced photoion
tion yield of photogenerated geminate electron-hole pa
This should be due to built-in energetic disorder in the po
mer, a conclusion that lies on the simulation work of Albr
cht and Ba¨ssler.30 The temperature dependence of photoco
verted PPV, which is more disordered than standard P
brings qualitative support to this conclusion. Therefore
are led to conclude that this photocurrent is intrinsic result
from the dissociation of photogenerated excitons upon p
ton absorption. Such a dissociation is believed to conce
small proportion of the excitation, most photons leading
polaron pairs generation.

It should be noted that the two photocurrents we separa
by varying temperature and light frequency are also obser
in time resolved PC.6 The two components detected in the
experiments have the same features as the photocurren
identified as extrinsic and intrinsic; one is fast, its magnitu
is proportional to the light intensity and is almost tempe
ture independent around 80 K, the other is slow, its mag
tude is proportional to the square root of the light intens
and disappears below 130 K. Picosecond transient PC stu
in the whole temperature range, 300–77 K, might help re
a definite conclusion on the much debated question of
origin of charge carriers in PPV. Other directions for futu
work concern photochemically converted PPV in which e
ergetic disorder is larger than in standard PPV.
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