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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 aftel 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 dependenceinst(t):ip(t)/|dip(t)/dt|oct“, 0<a<1 and the decay kinetics can be accurately fitted to a
stretched exponential relaxation lay(t) =i,(0)exp-(t/7)¥ where=1—a. When temperature is decreased
down to~255 K the exponeng and the relaxation time are found to be temperature dependghbeing
linearly dependent upoh: B=T/T, with T;=1175 K. The nonlinear decrease @between 255 and 190 K
is interpreted as a transport mode transitiof @t 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 Basler 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 def¢88163-1828)04411-7

I. INTRODUCTION state is not reached after many hours. After termination of

illumination PC exhibits a slower and slower nonexponential

Interest in polyparaphenylenevinyle@PV) and its de- decay kinetics lasting for hours. Nonexponential relaxation

rivatives stems from the recent development of soluble preef photocreated carriers has been reported earlier in PPV,
cursors allowing easy processing of PPV-based light emitin poly(2,5-diheptyloxyp-phenylenevinyleng!® and in a
ting devices-? Although many studies have been devoted tovariety of materials like CdS:Ag:CF in the interface of
these nondegenerate ground state conjugated polyfnersa| Ga, _,As-GaAsZ® in the layered perovskite Nli;Og. %

some of their photophysical properties are still debated, ifrpis nonequilibrium conductance following illumination has

particular the early phenomena leading to charge carriergeen interpreted as being due to a dispersive diffusion
generation. Coincidence of the optical absorption edge ang,echanism restricting recombinati®h’ More generally

the onset of photoconductivifPC) was interpreted as being oy relaxation towards equilibrium has been observed in

proof of fre.e carriers generation via interband tran3|ﬁ'8n. many physical systems like dielectric relaxation in glassy
In contrast it was suggested that phgt_og absorption producez, 4ia18 girain recovery in polymers, or relaxation in
strong(?/g correlated electron-hole p&irs’ that either dis- the electronic properties of doped amorphous hydrogenated

sociaté® or form bound polaron pairS:™**As far as re- jlicon2® In most cases, nonexponential relaxation was de
combination of carriers is concerned it has been suggestéﬂ S ' P . ;
cribed in terms of the stretched exponential relaxation law

that the long tail observed in picosecond transient PC is du .
to the slow motion of bipolarons in the bukAlong the ~ (Kohlrausch’s lai’)
same lines the long term relaxation of carriers following con-
tinuous wavecw) illumination has been interpreted as being _ P
due to the slow dispersive diffusion of bipolarons to the sur- @ (t)=2(0)exp— 7
face and dissociation into polarohén contrast slow recom-
bination was tentatively attributed to the effect of traps, in-where 0<g<1.
cluding carbonyl groups either thermally or photochemically In the PPV films under study the time dependence of pho-
created®? tocurrent decay can be accurately fitted to Eql) for long

This paper deals with PC in PPV films in the presence otime periods in a wide temperature range, the expofemid
air traces. Oxygen generates surface and bulk defects thtte relaxation timer being temperature dependent. When
induce large changes in the PC buildup and decay kinetics demperature is decreased the relaxation rate slows down and,
compared to what is observed under vacuum. Under illumiat a sufficiently low temperature, gets frozen leaving room to
nation the photocurrent buildup is extremely slow and steady photocurrent having quite fast buildup and decay kinetics.
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Modulated photocurrent studies allowed us to show that the . .

fast component exists in the whole temperature range. The < 2100 W T _

low-temperature data of the fast photocurrent exhibits a sub- =

Arrhenius-type dependence, the interpretation of which al- S i i

lowed us to suggest a model of creation and recombination E 10" | ON ]

of intrinsic and extrinsic photocarriers. 2 L ]
After describing experimental details in Sec. I, we b T

present in Sec. Il A the main characteristics of PC in freshly é 07 1

converted films, kept under vacuum. In Sec. Il B are re- , " - ,
ported the photocurrent buildup and decay in the presence of 10 10" 10 10
surface and bulk defects due to the presence of air traces, and . Tlmle (S)I

E

in Sec. Il C is reported temperature and light power depen- = ' '
dence of PC in the presence of air traces. In Sec. Ill D modu- = 310°
lated photocurrent studies as a function of temperature and s 8
; . . © 210
light power are reported. The results are discussed and inter- =
preted in Sec. IV. 2 110°
S
g 0
Il. EXPERIMENT f
The sulfonium polyelectrolyte precursor is prepared by a 107 10" 10° 10°
standard procedure using tetrahydrothioph@rfé. The ) Time (s)

precursor monomer is synthesized by reacting

paradichloroxylene with tetrahydrothiophene and p_o_lymer— FIG. 1. Photocurrent builduph(,.=457.9 nm) and decay ob-
ized by reacting the monomer with NaOH and purified byseneqd in a PPV filma) in a freshly converted film kept under
dialysis against water. . _vacuum. Steady state and return to equilibrium in the dark are rap-
Films of the precursor are cast from a methanolic solutiongly reached(b) The same film in the presence of air traces; steady
onto suprasil substrates and thermally converted by heatingate is not reached afté h illumination and when light is turned
at 300 °C under vacuum (210 ® mbar). Typically, the  off thermal equilibrium is reached about 24 h later.
films thickness is of the order of Am. Surface gold strips
with a 1 mminterelectrode spacing are evaporated and congas reported to bec 10725 Q1 cm ! and to increase in the
tacted to the external circuit with an Ag-loaded epoxy resinyresence of oxygéfiso that the nonilluminated films under
and films are attached to the cold finger of an Oxford Cry-study may be considered as being relatively free of oxygen-
ostat. ated impurities. We found that the dark current is thermally
Photocurrent measurements are made under cw conditioRgiyated with an activation energg, = 0.80—0.85 eV. As
using the 457.9 nm line of a Spectra-Physics argon laser. Thgsen in Fig. a) under illumination with the 457.9 nm line of
light power falling onto the interelectrode spaciigc8 mm  an argon laser a photocurrent reaching steady state in a few
was typwall;g 6uWcm - Ohm|C|_ty was checked up to 3 _seconds is observed, in agreement with previous repbrs.
X10° V.cm™', measurements being made under an electriq\fter termination of illumination the photocurrent rapidly
field of 2x 10> V.em™. decays to thermal equilibrium. Measurements on several
We noticed that, when filling the sample chamber withfjims showed that the photocurrent is thermally activated
helium gas, small amounts of air were introduced and drasgjth an activation energy 0.24E,<0.28 eV. These values
tically changed the photocurrent buildt_Jp and decay kineticsyere repeatedly found in films originating from the same
As shown below under these conditions the photocurrenatch. It should be noted that the activation energies of the
keeps increasing under illumination for many hours withoutgark conductivity and of the photocurrent found in this work
reaching steady staf€ig. 1(b)]. Therefore films were irra-  gre |arger than those previously reported = 0.21 eV
diated for a standard time lengti b h at the end ofvhich,  (Ref. 5 and E,=0.14 ey510
at 300 K, the photocurrent to dark ratio is aboutd B? and The light power dependence of the photocurrent was stud-

the buildup rate is about 410" Amin~*. Under these jeqd at room temperature by varying the light intensity with

conditions the decay kinetics is reproducible from one run ttheytral density filters. A power-law dependence
the next. In what follows the term “pseudo-steady state” is

used to characterize the photocurrent value measured at the ipcP? (3.2
end of this illumination period. Standard electrometer, light

chopper, lock-in amplifier, and computer equipment are used/@s observed with an exponept=0.84—0.86. This value is
for dc and modulation experiments. indicative only because as shown belgwnay vary from 0.5

to 1 depending upon the defect density and temperature. A
value close to one means that the film is relatively free of

lll. RESULTS oxygenated defects.

A. PC of PPV films under vacuum

In freshly converted films sheltered from light, the dark B. PC buildup and decay kinetics in the presence of air traces

conductivity measured under vacuum is about B 14 As seen in Fig. (b), in the presence of air traces, illumi-
Q1 cm™! at room temperature. Intrinsic dark conductivity nation at 300 K with the 457.9 nm laser line results in a
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completely different signal as compared to the signal ob-
served under vacuurFig. 1(a)]. The photocurrent is char-
acterized by a very slow buildup and nonexponential decay
kinetics. Starting from a dark current at 300 K«
=2x10 1 A a sluggish photocurrent buildup is recorded,
steady state being not yet reached after an illumination pe-
riod of 1 h. When light is turned off a nonexponential in-
creasingly slower decay is observed, return to thermal equi-
librium being apparently completed about 24 h later.
Reproducible decays were obtained but we observed that the
current measured when decay is apparently over often differs
by 2—-3% from the dark current measured before illumina-
tion. Degassing to a pressure2 X 10~ ¢ mbar allowed us to
reobtain the fast signal observed on fresh fillRg. 1(a)].

The occurrence of excess nonequilibrium conductance
was reported in poly2,5-diheptyloxyp-phenylenevinylene
by Frankevichet al’*® and in PPV by Lee and co-workérs
but in the latter case nonexponential decay was observed on
a much shorter time scale, return to thermal equilibrium be-
ing obtained within about 2000 s.

The nonexponential character of the photocurrent decay 10" 10° 10°
in Fig. 1(b) is evidenced when considering the time depen- Time (s)
dence of the instantaneous lifetime defined as

—
<
S

Photocurrent (A)

_
<
5 N

) FIG. 2. (8 Time dependence of the instantaneous lifet[faq.
ip(t) i 39 (3.2]. The solid lines are the fits to the power lawrg(t) <t
dip(t) (3.2 with «=0.701 at 300 K(open circles Beyond about 16 500 s the
dt photocurrent decay is too slow to yield accurate derivation, there-
fore data beyond this timéndicated by a vertical linewere not
wherei ,(t) is the photocurrent. In the case of an exponentiafaken into account. At 265 Kclosed circle «=0.722. At 210 K
decayr,«(t) is a constant. In Fig. (@) is shown a log-log (open square)s a=0.887.(b) photocu_rrent decgys; the solid lines
plot of 7;,(t) at 300 K as a function of the time elapsed are the fits to th_e stretched exponential relaxation[Bg (3.4)]. At
from termination of illumination. The instantaneous lifetime 300 K (open circle =0.31 and7=80s. At 265 K (closed

follows a time-dependent power law circles, 8=0.27 andr=143 s. At 210 K(open squargs 3=0.11
and7=1.5s. As see+ B~1.

Tinst 1) =

Tinsi( 1) 1%, 3.3
, _ . Between 325 K and about 190 K both the instantaneous
with «=0.701, on a time period of about 5 h. At longer lifetime and the photocurrent decay kinetics are fairly fitted

times the decay kinetics is much too slow to yield accuratg0 Egs. (3.3 and (3.4), respectively,(Fig. 2. At each tem-

derivation. As discussed in Sec. IV, E@.2 may be ac- . )
counted for by considering that charge carriers recombinar—’(.arature &+ ) is found to be close to one but, in contrast

tion is restricted by a dispersive diffusion mechanism. V.V'th Lee’s results both the exponenp and the rel_ax_atlon
Integration of Eq. (3.2 with 7,(t)t® yields the time 7 are found to be temperature dependent. This is shown
. " INs

: : : in Fig. 3. B linearly decreases from 0.32 at=325 K to
;sér?r:céhsﬁ O?;gi?g::'?é a:glsaxatlon \4#q. (1.1)] that applied 0.27 at 255 K and extrapolates close to zero at zero K:
B(T)=TITy with T;=1175 K[Fig. 3@)]. In the same tem-

t\8 perature range the relaxation time increases from 22 s at 325

ip(t)=ip(0)exp—(—) , (3.9 K up to 220 s at 255 KFig. 3b)].

T At lower temperature, between about 255 and 190 K, both
with 8=1— a. As shown in Fig. 2b) the photocurrent decay the instantaneous lifetime and the de_cay kinetic; can still be
at room temperature can accurately be fitted to@q) for ~ ftted to E@s.(3.3 and (3.4), respectively. rapidly de-
about 24 h. A slight deviation is observed at long times thaf"€@ses from 0.27 at 255 K down to 0.14 at 255 K where it
is mainly due to a poor knowledge of the residual conduc'€aches a plateau at an average vak@12, while 7 goes

tance to be deduced from the total current. The fitting procetl™ough @ maximum around 250 Ki;,=200s, and de-
dure yields3=0.31 andr=80 s. The value of the exponent Créases down to about 0.5 s at 190 K. At 170 K the decay
B is in fair agreement with the value (1) obtained from cannot be fl_tted to Ed3.4); the photocurrent at this tempera-
the time dependence of the instantaneous lifetime. ture is a mixture of the slow component with the fast one
described belowFig. 4).

A further decrease in temperature leads to quite different
signals: atT=160 K the buildup and decay are unexpect-
edly much faster. Inset in Fig. 4 shows for example the sig-

When temperature is decreased a complex behavior is olmal recorded at 89.5 K: the photocurrent, which is 4 to 5
served allowing to distinguish three temperature ranges. orders of magnitude smaller than at 300 K, reaches steady

C. Temperature and light power dependence
of PC in the presence of air
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. FIG. 4. Variations of the photocurrent decay kinetics below 190
FIG. 3. (a) Temperature dependence of the expon@mb Eq. i (gpen circles 190 K; (open squarés170 K; (crossek 158 K;

(3.4. B is measured with an estimated error of 10%. The brokeny,g: 101 K. Below about 190 down to about 170 K the decay is
line is the linear fit between 325 and 255 B=T/To, which ex- gj\ver and slower and cannot be fitted to a stretched exponential
trapolates to 0.054 at O K. The slope yiellg=1175 K. Below  rg5xation law. At about 160 K down t077K a new and fast
255 K, g reaches rapidly a platedsee the solid ling The arrow  ,ot6current is recorded. Inset shows the photocurrent buildup and
indicates the transition temperatuflg. (b) Temperature depen-  yecay kinetics at 89.5 K: the photocurrent follows the response time
dence of the relaxation timein Eq. (3.4). The solid line is a guide ¢ the electrometer, reaches steady state in a few seconds and when
for the eyes. light is turned off rapidly decays to the dark value.

state in a few seconds and after termination of illumination
decays rapidly to the dark current value.

These findings suggest the existence of two component:
different in nature, contributing to photoconductivity: a Temperature
slow component dominating PC in the high-temperature 200 200 150 100 %0
range that is gradually frozen whénis decreased, leaving — . . . .
room to a much faster one at<160 K. Strong support to
this assumption comes from the variations with temperatur:
of the exponenty characterizing the photocurrent light Lr
power dependenddq. (3.1)]. Typical log-log plots ofi, as Y
a function of the relative light power are shown in Fig. 5.
Near 300 K,y=0.5 is measured in agreement with previous
works?*25put when temperature is decreased the exponer
steadily increases reaching=1 atT<130 K and keeps this 0.6
value down to 77 K, i.e., in the temperature range where fas
photocurrent buildup and decay kinetics are seen.

Evidence for the existence of two components also come 04 |
from the variations of the photocurrent with temperature. 0 o1 100
Figure 6 shows that at high temperature, between 325 ar Relative light power
~160 K, the pseudo-steady-state data, measured after a stz 0.2 . : : :
dard illumination period of 1 h, are thermally activated with 2 6 10
an energyEyt~0.25 eV. But below 160 K the photocurrent 1000/T (K™)
becomes less and less sensitive to temperature changes. Insc.
in Fig. 6 shows that the photocurrent suffers, between 130 g5 5. Temperature dependence of the exponertiaracteriz-
and 77 K, very small changes with temperature, decreasingg the light power dependence of the photocurreriex P?.
by a factor of 2.5 only. When temperature is decreasgdteadily increases from 0.5 at 300

From the above results, the existence at low temperaturg up to 1 at 130 K down to 77 K. Estimated error 5%. Inset shows
of a fast component the magnitude of which is proportionakome typical curves, vs P, where the solid lines are the fits to a
to light power seems well established. The question arises teower law. (open circles T=300 K, y=0.498; (open squares
know whether or not this component exists in the wholeT=200 K, y=0.577; (crosses T=77 K, y=1.01.

08

Photocurrent (A)
6 . .
< .
—TT T

14
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2 6 10 14 FIG. 7. Buildup of the dc photocurrent and of the modulated
1000/T (K'l) photocurrent at 300 K. lllumination startstat 0. (open circles dc

photocurrent. The solid line is a guide for the eyetosed circles

FIG. 6. Temperature dependence of the photocurrent in a PP\l?Ck_In response at=15 Hz, data are multiplied by 10.
film in the presence of air tracefpen circles pseudo-steady- L.
state datdi.e., measured after an illumination period of Jla high at ~1600— 2009 Hz. As seen whénis 'n?reased from 5 to
temperature (168 T<325 K). The photocurrent is thermally acti- 12 HZ the amplitude of the modulated signal is decreased by
vated with an activation energi,;;~0.25 eV. Inset shows low about three orders of magnltudg, increasing the modulation
temperature data (Z7T<160 K) measured with a light intensity frequency up to 2100 Hz results in a decrease by one order of
about ten times larger(closed circles dc measurementgppen ~ Magnitude only. The linear power dependence of the lock-in
squares electrometer response when light is modulated at any frefésponse at high frequencies suggests monomolecular re-
quency between 5 and 2800 Hz. Between 130 and 77 K the phot&sombination kinetics. As noted earligf® if so, the photo-
current is slightly dependent upon temperature, it decreases by @urrent frequency dependence is given by
factor 2.5. Comparison of dc and modulated data shows that the
chopped signal is just one half of the dc signal, excluding a bolo- . ip(f=0)
metric effect at low temperature. ip(f)= W- (3.9

temperature range. In order to obtain more informations wé-ollowing Eqg. (3.5 the modulated signal is independent of
carried out modulation experiments to separate the fast sigrequency at low frequency @2f r;<1) and decreases as
nal from the overwhelming slow one. f~1 at high frequency (2f7;>1). In Fig. 9 is shown a

D. Modulated photoconductivity .
107

In a first experiment, starting from the equilibrium con-
ductance the film was illuminated with the 457.9 nm line of
an argon laser. We successively recorded the dc photocur-
rent, measured by means of an electrometer, and the ampli-
tude of the modulated photocurrent, at a frequerfcy
=15 Hz, by means of a lock-in amplifier. The results at 300
K are shown in Fig. 7. Whereas the dc photocurrent slowly
grows in time without reaching steady state, the lock-in re-
sponse rapidly reaches steady state. At the end of an illumi-
nation period of 3500 s the amplitude of the modulated pho-
toconductivity is about 40 times smaller than the dc
response. This result suggests the existence at room tempera- 1012 )
ture of a fast photocurrent the generating process of which is 10° 10" 10°
different from that of the slow component. Relative light power

In order to learn whether or not the modulated signal at
high temperature has the same origin as the low-temperature giG. g. Light power dependence of the lock-in response at 300
steady state photocurrent we studied the light power deperk at various frequenciesiopen circles 0 Hz, y=0.5; (closed
dence at 300 K of the lock-in response at various frequencircles: 5 Hz, y=0.66; (open squargds 15 Hz, y=0.69; (open

cies. Figure 8 shows that when the chopping frequenisy  lozenges 200 Hz, y=0.82; (closed lozengds 800 Hz, y=0.88;
increased the exponemptincreases from 0.66 at 5 Hz up to 1 (closed triangles 2100 Hz,y=0.99.

()

L 4

101

Lock-in response (A)
=
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creation and recombination in PPV. In Sec. IV B 1 we iden-
108 tify the fast component on the basis of its low temperature
dependence. In Sec. IV B 2 we discuss the nature of the slow
AN v comppnent, the functioln.al form of its.dec.ay and suggest a
&z tentative model of positive polaron diffusion to negatively
charged defects. Finally, in Sec. IV B 3, we interpret the
o 0 ooy changes of3 and ~ when temperature is decreased as being
1077 ¢ due to the approach of a transport transition temperature and
v discuss the associated change in the transport process.

Lock-in response (A)

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

107" :
g 10° Mainly on the basis of the similarity between the photo-
Frequency (Hz) excitation spectrum and the optical absorption spectrum it
was assumed by Lee and co-worRérthat initial excitation
FIG. 9. Frequency dependence of the lock-in response at differresults in the creation of free charge carriers via interband
ent temperaturegopen triangles 302 K; (open squargs 245 transition. In contrast Frankevicht all® and Hsuet all*
K; (open circley 200 K. The drawn lines have * slope. Arrows  gggested the primary act is the formation of intrachain
indicate the frequency, at which the lock-in response is linearly singlet excitons and bound polaron pair®*(P~) the
dependent upon frequengkq. (3.9)]. branching ratio depending upon excitation energy. A bound
) ) polaron pair consists of a positive polaron and a negative
log-log plot of the lock-in response as a function of fre- 45100 residing on adjacent chains, close enough to interact
quency at various temperatures. At 300 K the lock-in reith each othet®13® picosecond photoinduced absorption
sponse starts decaying &s* beyond a characteristic fre- o, qies were interpreted as showing that 80 to 90% of the

quencyf,~480 Hz. WhenT is decreased, decreases and excitations are polaron pairs and about 10% exciéfiand
is of the order of 140 Hz at 200 K. Thus whéris decreased ;|\ o< shown pthat inppo&-methoxy-l 4-:)henylene Vi-

bt i 5
the contribution of the component proportional RS® de- 1y j0ng after an initial rapid decay in the picosecond time
creases so that the magnitude of the component proportiongl, =" 2bout 40% of the pairs slowly decay and persist for

to P_is lllarger at Ioc\j/ver freqlée?cies. . heck th nanosecond¥: Therefore due to their relatively long lifetime
Finally, we used PC modulated experiments to check thal \y high production rate polaron pairs are believed to play

the low-temperature signal is a genuine photocurrent and ig, jmportant role in steady-state PC. Study of the magnetic
not due tq a bolome_trlc effect. In Fig. (@sey is ShOW’? the . field effect on steady-state PC brings support to this
effect of light chopping at 175 Hz; the modulated signal is o mptiort® Various mechanisms may account for the de-

just one half of the_ value of the_dc current. This is trueCay of polaron pairs as suggested by Mizes and Coftvell
whatever the chopping frequency in the range 5-2800 Hz. 5nq GarsteiR? (i) jump of one charge on the adjacent chain

followed by formation of an on-chain polaron pair or of an
IV. DISCUSSION exciton which subsequently decdji) the positive and nega-
tive polarons move randomly on their own chains and sepa-
Analysis of PC in PPV in the presence of air traces mayrate thermally or in the presence of an electric field giving
be summarized as follows:(i) near room temperature under birth to free polarons contributing to PQiii) interaction
cw illumination PC is dominated by a slowly growing pho- with defects, generating free positive polarons that conduct.
tocurrent the magnitude of which is proportional to the Another possible source of photocarriers is the dissociation
square root of the light intensityji) after termination of of hot intrachain excitons either thermally or by defects. In
illumination the instantaneous lifetime follows a power-law the latter case a defect traps the electron leaving the hole free
time dependencer;¢(t)<t* and the photocurrent decay ki- to become a positive polaron.
netics is accurately described by a stretched exponential As far as charge carriers recombination is concerned, Lee
functional form where the exponept=1—a, (iii) Bis lin-  and co-workerssuggested that in steady-state PC bipolarons
early dependent upon temperature down to 255 K where ibeing more stable in the bulk must suffer dispersive diffusion
abruptly decreases and reaches a plateau at 255 K; in the the surface to yield polarons which subsequently recom-
same temperature rangdirst decreases and goes through abine. In picosecond PC studies it was suggested that the ini-
maximum at ~250K, (iv) in the temperature range tial fast transient component, the magnitude of which is pro-
~130-77 K, the photoresponse is only due to a fast photoportional to the light intensity and is very slightly
current the magnitude of which is proportional to the lighttemperature dependent, is due to a pretrapping mechanism
intensity, (v) photocurrent modulation studies show that awhile the slower component, which is proportional to the
fast photocurrent proportional to the light intensity exists insquare root of the light intensity, was attributed to a trap-
the whole temperature range; at high temperature it is muchontrolled transpoft.Alternatively it was speculated that re-
smaller than the slow one. combination of positive polarons with carbonyl traps is a
In what follows we recall, in Sec. IV A, the various inter- slow process giving rise to the long tail observed in steady-
pretations given in the literature concerning charge carrierstate photoconductivitf?®1*
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B. Interpretation of results

1. Nature of the fast monomolecular component 107
In order to identify the fast component we start by dis-
cussing the complex photocurrent temperature dependence
reported in Fig. 6. Two ranges are to be distinguished. At
high temperature, between 325 and about 160 K, where the

slow component dominates PC, an activation endfgy
~0.25 eV may be measured. More significant are the quite
small photocurrent variations observed at low temperature,
below 130 K, where monomolecular recombination prevails.
In order to interpret the observed sub-Arrhenius-type S T S
temperature dependence we refer to the recent work of 9 11 13
Albrecht and Baslef® on the yield of geminate pair disso- 1000/T (K'Y
ciation in a random hopping system with built-in energetic
disorder. This work is relevant to the present discussion be- FIG. 10. Temperature dependences of a standard PPV sample
cause very likely energetic disorder is introduced in PPV by(open (':irclt.a}; and of a photochemically converted samptiosed
variations in the conjugation length%® Using Monte Carlo circles. The curves are normalized at 200 K

simulation techniques, Albrecht and &er modeled the dis- ' '

tribution of site energies by a Gaussian function of variancgjered than the standard PPV converted by thermolysis at
o. They studied the dependence of the dissociation yield 04ng °c ynder vacuurd: Photochemical conversion of the
geminate electron-hole pairs as a function of temperature, foppy, precursor is carried out at 120 °C, under vacuum, by
different values ofr and of the initial pair distance, (ther-  jyminating with the filtered UV-visible light spectrum
malization distance dissociation being aided by an external emerging from a xenon lanfd. Optimized photoconverted
electric field. Their results show that disorder enhances disppy/ \was shown to have an absorption edge very close to that
sociation of the pairs, giving rise to significant deviationsof thermoconverted PPV and a quasisimilar fluorescence
from the expected temperature dependence of the dissoCigpectrym. The slight observed differences are due, as
tion yield in a Coulombic system. The effect is more pro-eyealed by Raman spectroscopy, to a broader distribution of
nounced at low temperature giving rise to a sub-Arrheniustye conjugation segments and to the presence of a larger
type temperature dependen(see their Fig. Lquite similar  5mount of short conjugation segmeit€. The photo-
to the low-temperature data reported in Fig. 6. The yield at gyrent temperature dependence in experimental conditions
given temperature is found to increase exponentially with the,s those used for standard PPV filtHe. In Fig. 10 the
disorder potentiab, and to decrease exponentially When  normalized data for both thermoconverted and photocon-
increases. As started by Albrecht andsBler the activation yerted samples are compared; it is seen that these films have
energy that may be eventually measured by a conventiongjitferent temperature dependences. From about 125 down to
analysis is not the binding energy of the precursor electronzz k the photocurrent in the thermoconverted sample is al-
hole pair, but is much smaller than the binding energy Ofmost constant in contrast with the thermoconverted film
excitons. _ o _ . which slightly decays. This is in qualitative agreement with

_ On this basis we identify the fast component as an intrinyhe Monte Carlo simulation studies of Albrecht and
sic photocurrent resulting from thermal dissociation ofgzssler: in photoconverted films the dissociation yield of

excitons and subsequent creation of conducting positive PGgeminate pairs is larger because the disorder potential
larons and immobile negative polarasDecay of polaron larger.

pairs might be at the origin of such excitons, one charge
jumping on the adjacent chain to create an on-chain 2. Nature of the slow bimolecular component
exciton! As exciton dissociation competes with geminate

recombination this photocurrent rapidly reaches steady state As shovx_/n above,.at high temperature, the PC signal s
and linearly depends upon light power. Such a mechanis verwhelmingly dominated by a slow component that is to

has been suggested to give account of the linear intensi e identified. For envir_onmental reasons most (.)f the_ photo-
dependence of picosecond photoinduced absorption i enerat_ed polaron pairs can nelther ra|_0|dly dissociate nor
poly(2-methoxy-1,4-phenylenevinylen¥ As noted by Al- reco_mblne, because po!arqns in the pairs are separated by
brecht and Bssler, the concept of increased geminate pa"barrlers, the CO”'O‘.“b bmdmg energy confining each of the
dissociation in disordered media also provides a clear explaf20Iar0ns in the pair being aboqt.0.35 éj\/il'herefo're we
nation of the quasitemperature independence of the fast co yggest_that most qf the surviving pairs are dissociated
ponent, the magnitude of which is proportional to light in- through interaction with defects, following

tensit}_/, which is measured in picosecond PC transient (P*,P)+D—P*+D", 4.1
experiment by Lee and co-workets.

A test of the above interpretation would consist in com-whereD is an oxygen molecule adsorbed on the film surface
paring the photocurrent temperature dependences in PPy an oxygenated defect in the bulk, for example a carbonyl
specimens having different built-in disorder potentials, a fargroup. Due to the high production rate of polaron pairs a
from obvious issue. It turns out that photochemically con-large density of conducting positive polarons is thus gener-
verted PPV(Ref. 23 was recently shown to be more disor- ated under illumination giving rise to the extrinsic part of PC
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that we identify with the slow component. If the recombina- Consequently, in agreement with experimental data, the
tions P*+0O, and/orP*+D~ are restricted, steady state instantaneous lifetime increases with time agg(t)
cannot be reached in a sizeable time, the density ofin- =1/|k(t)|ct* and the solution of Eq4.2) with Eq. (4.3) is
creases with time giving rise to slow buildup under illumi- the stretched exponential functidiEq. (3.4)], with g=1
nation. So the ratio of the intrinsic component to the extrinsic— a. Such a time dependence kft) may be accounted for
one in PC depends upon the density of defects. If it is smalif the diffusion coefficient of the positive polarons carries the
the fast intrinsic photocurrent dominates PC and rapidhftime dependence
reaches steady state. This is the case under vacuum. If, on the
contrary, this density is large, as in the presence of air, ex- Dpoi(t) et ™. (4.4
trinsic PC dominates at high temperature. When temperature ) .
is decreased both photogeneration and recombination of Such aof_unct|onal form was used by Kakalios and
positive polarons are restricted so that at low temperatur€0-workeré® in the case of the diffusive motion of bonded
only the intrinsic photocurrent is observed. The feature willhydrogen in doped amorphous hydrogenated silicon.
be thereafter shown to be correlated with the temperature o
dependence of the exponeit 3. Variations of B and 7 below 255 K
An important feature is the functional forfiq. (3.4)] of Examination of Fig. 8) shows that the exponer lin-
the extrinsic photocurrent decay kinetics. When light iSearly depends upon temperature from 325 to about 255 K
turned off a rapid decrease of PC by a few percent is obwhere it rapidly starts decreasing to a plateau at about 225 K.
served that may be attributed to the decay of the intrinsicrhis change occurs in a narrow range, about 25 K. As shown
component. It is followed by the slow nonexponential relax-in Fig. 3(b) the relaxation time- also shows a change around
ation which, as reported in Sec. Il B, lasts for hours. Under2s5 K: r first increases in the range 325-255 K, goes
the preceding assumptions, after termination of illuminationthrough a maximum, and decreases abruptly by a factor of
a high density of polarons lies in the film and we interpretabout 400 between 255 and 190 K.
slow relaxation as resulting from the dispersive diffusion of |n glasses, either molecular or electronidis expected to
positive polarons in a random density of negatively chargegncrease up to one at high temperature but is not expected to
defects until recombination. decrease down to zero whéhis decreased. Contraction of
Dispersion and slow relaxation of the carrier densify)  the configuration space whéhis decreased is reflected by
toward equilibrium in disordered media is often described bythe reduction ofg and it is anticipated that near the glass
the stretched exponential relaxation law. This was accountegansition temperaturd@ either 8 is stabilized or reaches a
for on the basis of the continuous time I’andom-Wa|kp|ateau_ Many examples are found in the literat(see for
(CTRW) modef?~**that assumes that each carrier undergoegxample the recent review by Philli§s Nevertheless, in
a random walk, composed of alternating steps and pausespyv, the decrease ¢ below 255 K should hardly be asso-
biased in the direction of the applied field with a pausing-ciated with a glass transition temperature. Therefore we sug-
time distribution W (t)t~**A), 0<p<1. In semiconduc- gest that a change in the charge transport process occurs at a
tors dispersion is due to the existence of an exponential enransition temperatur@,~225 K.
ergy distribution of states above the valence-band edge or Quite importantly we observe that, &, 8 decreases by
below the conduction-band edge: exi/kT,) where the 3 factor of about ZFig. 3(@)], a meaningful change that is to
width kT, is related to the dispersion paramet8(T)  be interpreted. First we note that in the frame of the CTRW
=TIT,.3* Alternatively Palmeet al*® suggested a serial in- model a smalle3 means a longer pausing time and suggest
terpretation where the path to equilibrium involves sequenthat the rapid decrease Btis correlated with a change in the
tial correlated activation steps leading to a time-dependerdimensionality of the transport process. Shlesinger and
relaxation ratek(t) in the rate equation Montroll,® in their model of dielectric relaxation in a frozen
medium, e.g., a polymeric material, have explicitly treated
dn(t) the case qf defe_cts diffusion in the three-dimensidi3a))
=—k(t)n(t). (4.2  and one-dimensiondllD) cases. They reached the conclu-
dt sion that if diffusion in 3D is characterized Ig; in 1D the
exponent takes the valug/2. Thus, in 1D the maximum
value of the exponent is 0.5. Therefore we suggest 3D diffu-

ear dependence of the exponghtin the temperature range SI°N Of Positive polarons above, and 1D diffusion below
325-255 K, may be interpreted as indicating the existence oft- In PP\_/ the 3D-1D transition should be accompanied by
an exponential tail of states above the valence-band edge d@e,Change in the transport process. We suggest thf_it' following
of width kTy=~100 meV giving rise to dispersion. Environ- M|zes_ and Conwell proposa’ré.,below Tt ,_the positive and
mental differences and variations in the conjugation length&€9ative polarons stay on their own chains where they move

in the polymer chains might generate such a density of statd@ndomly; some steps allow the pair to separate, €ither ther-
in the gap. In order to give account of the dispersive diffy-mally or by interaction with a defect residing on the chain.

sion of positive polarons towards defects it may be consigBut most steps are inefficient and the most probable event is

ered that the rate constants in £4.2) decreases with time pair recombination. When temperature is decreased below
as T,, as the pausing time increases the recombination rate in-

creases. Consequently, the average relaxation time decreases,
as experimentally observe#ig. 3(b)]. When temperature is
k(t)ct™%, where Ka<1. 4.3 sufficiently low, the escape probability is zero and 1D diffu-

In the case at hand, following the CTRW model, the lin-
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sion gets frozen, leaving room to the weak intrinsic photo-and the temperature where the extrinsic component gets fro-

current due to electron-hole pair dissociation. zen, a different charge carrier transport mechanism. We
made the proposal that on-chain polaron pairs move ran-
V. CONCLUSION domly as suggested earliras a consequence the polaron

S | conclusions are drawn from this ex erimentaPairS rapidly decay, a conclusion that agrees with the strong
cevera P decrease of the relaxation time beldw.

study. One is that charge carriers creation and recombination Pseudo-steadv-state and modulated PC measurements al-
in PPV strongly depend upon the bulk and surface density of y .
defects. It is not entirely new. The crucial role played bylowed us to show that in the Who'? temperature fange a fast
defects in PPV PC was demonstrated previously by Variougwonomolecular photocurrent.coemsts with the (.extr.msm one.
works1%2put in addition we have shown that the photocur-At T<160 K, well belowT,, i.e., when the extrinsic com-
rent buildup and decay kinetics are dependent upon the preBONent Is froze_n, _Only thl_s_ photocurrent is observed. The
ence of defects, either adsorbed oxygen on the surface §@lient feature is its quasi-independence upon temperature,
Carbony| groups in the bulk. Our main conclusions are ConWhiCh is understood in terms of the enhanced phOtOioniza-
sistent with the recent proposals that photon absorption leadion yield of photogenerated geminate electron-hole pairs.
to excitons and polaron pairs creation. This should be due to built-in energetic disorder in the poly-
In the presence of air traces, i.e., when defects density iger, a conclusion that lies on the simulation work of Albre-
large, we demonstrated that PC is due to the superimpositiocht and Basler’® The temperature dependence of photocon-
of two photocurrents. One grows and decays slowly and deverted PPV, which is more disordered than standard PPV,
pends upon the square root of the light intensity. We reachebrings qualitative support to this conclusion. Therefore we
the conclusion that it is an extrinsic photocurrent resultingare led to conclude that this photocurrent is intrinsic resulting
from the interaction of the photogenerated polaron pairs witlfrom the dissociation of photogenerated excitons upon pho-
defects to create positive polarons. The restricted recombinaen absorption. Such a dissociation is believed to concern a
tion of charge carriers, which is responsible for the slowsmall proportion of the excitation, most photons leading to
buildup and decay kinetics, are interpreted as being due tpolaron pairs generation.
the dispersive diffusion of positive polarons in a random It should be noted that the two photocurrents we separated
density of negatively charged defects. This conclusion restby varying temperature and light frequency are also observed
on the linear temperature dependence of the expo@ent in time resolved PE.The two components detected in these
the range 325-255 K. Following the CTRW model an expo-experiments have the same features as the photocurrents we
nential band tail of width about 100 meV, due to defects, liesdentified as extrinsic and intrinsic; one is fast, its magnitude
above the valence-band edge. is proportional to the light intensity and is almost tempera-
An important conclusion follows from the observation ture independent around 80 K, the other is slow, its magni-
that the linear temperature dependencesadtops at about tude is proportional to the square root of the light intensity
255 K. Below this temperaturgs rapidly decreases and and disappears below 130 K. Picosecond transient PC studies
reaches a plateau. We argued that such a variation is due tdrathe whole temperature range, 300—77 K, might help reach
transport mode transition @~225 K. An important experi- a definite conclusion on the much debated question of the
mental fact is the decrease Bfby a factor of about 2 af;,, origin of charge carriers in PPV. Other directions for future
interpreted, on the basis of the Shlesinger and Montrolivork concern photochemically converted PPV in which en-
model3® as a 3D to 1D transition. This implies, betwe®n  ergetic disorder is larger than in standard PPV.
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