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Temperature-Independent Photoconductivity in Thin Films of Semiconducting Polymers:
Photocarrier Sweep-Out Prior to Deep Trapping
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In thin films, the steady-state photoconductivity is temperaturesTd independent in agreement with
transient photoconductivity in the subnanosecond regime. As thickness is increased, an activatedT
dependence emerges. TheT independence of the product of the carrier densitysnd times the mobility
s md for thin films results from carrier sweep-out prior to trapping; the crossover fromT -independentm
to activatedm occurs when the transit time across the film is comparable to the time required for deep
trapping. Thus, steady-state photoconductivity confirms that, in semiconducting polymers, the carrier
generation mechanism isT independent, inconsistent with the Onsager model of photocarrier generation.
[S0031-9007(98)05607-5]
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The “traditional” theoretical approach to the problem o
carrier generation in low mobility materials (e.g., conduc
ing polymers, amorphous semiconductors, and molecu
crystals) has favored the exciton model. According to t
exciton model, the probability of the geminate electro
hole se-hd pair remaining bound (an “exciton”) during
thermalization is high. Therefore, models of carrier ph
togeneration [1–3], including the Onsager model [4], ha
emphasized the importance of the Coulomb interaction
binding the pair and the role of external fieldsEd and tem-
peraturesT d in processes which dissociate the pair int
“free” carriers. Thus, generally, the exciton model pre
dicts a strong dependence of the quantum yieldf on T
andE [1–4].

Although strongT dependence is typically observed
in steady-state photoconductivity [5], fast time-resolve
photoconductivity measurements in semiconducting po
mers have shown that the carrier generation process
T independent [6–9]. Time-resolved photoconductivi
offers the possibility of studying carrier transport prio
to trapping. Such measurements can separate therm
activated mobilitysmd due to trapping from thermally ac-
tivated carrier densitysnd due to phonon assisted dissocia
tion of Coulomb bound geminatee-h pairs. The facts
derived from the time-resolved photoconductivity of con
jugated polymers include the following [6–9]: (i) The
fast transient photocurrent isT independent; (ii) the fast
transient photocurrent is linear inE in the low to mod-
erate field regime, but increases nonlinearity withE at
high fields, as does the mobility; (iii) the nonlinear depe
dence of the photocurrent onE does not correlate linearly
with the luminescence quenching; (iv) the fast transie
photocurrent is linearly proportional to the light inten
sity. Note that (i) and (ii) imply that the quantum effi
ciency of carrier generation is independent ofT and E;
(iii) implies that the field-induced luminescence quenc
ing does not originate from exciton dissociation, an
(iv) implies that the carriers are generated by a first ord
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process that cannot be attributed to interactions betw
excitations.

Nevertheless, the nature of photoexcitations
poly(phenylenevinylene) (PPV) and its soluble deriv
tives has remained controversial [10,11]. In part, th
controversy arises from the conflict between the resu
obtained with fast time-resolved photoconductivity an
those obtained by the more familiar steady-state pho
conductivity; the latter indicate a strongT dependence for
the nm product. Here, we resolve the apparent conflic
The idea is rather simple: If the sample is sufficiently th
that the photocarriers can be swept out before a signific
fraction fall into traps, the steady-state photocurrent w
provide information similar to that obtained at sho
times by transient photoconductivity (in the latter, samp
thickness is not important since pretrapping and tr
dominated transport are separated in the time domain).

Using this approach, we show that, in thin sampl
(thicknessd # 120 nm), thenm product obtained from
steady-state photoconductivity exhibits a temperature
pendence in agreement with fast transient photoconduc
ity data obtained in the subnanosecond time regime.
the film thickness is increased, an activated temperat
dependence emerges. We conclude that theT indepen-
dence of thenm product for thin films results from carrier
sweep-out prior to trapping and that the crossover fro
T -independentm to activatedm occurs when the transit
time across the film is comparable to the time requir
for deep trapping. At longer times (thicker films), th
mobility becomes trap dominated with an activatedT de-
pendence. Consequently, the steady-state photocon
tivity data indicate that the carrier generation mechanis
in semiconducting polymers is independent of tempe
ture. Thus, using thin film samples, information regar
ing the transport prior to trapping can be obtained fro
steady-state photoconductivity (an experimental approa
that is both simple and broadly available), while sim
lar experiments on thicker samples yield information o
© 1998 The American Physical Society 2685
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trap-limited transport. This straightforward experimen
tal approach enables the identification of the origin o
the temperature dependence of thenm product as ther-
mally activated mobility rather than thermally activate
carrier generation. Moreover, from the combined resu
of steady-state and transient photoconductivity measu
ments, we obtain values for the quantum yieldsf ø 3 3

1023d and the pretrapping mobilitysm ø 0.2 cm2yV sd.
PPV and its derivatives are excellent systems for stud

ing carrier sweep-out: They can be easily formed into th
films, they have sufficient dielectric strength to enable hig
field measurements, and they are sufficiently pure that t
dark current is small. Photoconductivity was measured
the “sandwich” configuration. Thin filmssd , 500 nmd
of poly[5-(20-ethylhexyloxy)-2-methoxy-1,4-phenylene
vinylene] (MEH-PPV) were prepared by spin-castin
from solution onto glass substrates coated with indium/t
oxide (ITO). The top electrode was Ca, vapor deposite
in vacuum s,2 3 1026 torrd. Thicker films (4100 and
5700 nm) were drop-cast onto ITO substrates; again
was vapor deposited as the top electrode. All samp
were prepared and handled in inert atmosphere. F
measurements, the samples were mounted onto the c
finger of a cryostat and kept under vacuum.

The CayMEH-PPVyITO diode has been studied in
detail in the context of light emission from and pho
todetection by semiconducting polymers [12,14]. Cu
rent vs voltage sI-V d curves were typical of ITOy
MEH-PPVyCa diodes. The asymmetric contacts of th
CayMEH-PPVyITO diode give rise to a built-in potential
and a built-in electric fieldEbi  1.8yd Vycm, whered
is the thickness of the polymer layer. In reverse bias (C
positive and ITO negative), both electrodes are blockin
with negligible injection. Thus, the CayMEH-PPVyITO
sandwich cell, operated in reverse bias, is ideal for stead
state photoconductivity measurements. The action sp
trum of CayMEH-PPVyITO sandwich cell devices has
been studied previously. The onset of photoconductivi
(in reverse bias) and the onset of photovoltaic respon
(at zero bias and in forward bias) coincides with the ons
of absorption ath̄v , 2.08 eV [12]. For these experi-
ments, samples were dc biased and illuminated throu
the ITO electrode using 2.708 eV photons from an A
laser. Photocurrents were measured with a Keithley 2
source/measure unit.

The steady-state photocurrentsiSSd increased linearly
with the light intensity in all samples except for the thick
est sd  5700 nmd. For the latter, where the respons
was strongly activated and trap dominated, the inte
sity dependence was sublinear,iSS , I0.86. Note that, in
the thick samples,d ¿ 1ya, wherea is the absorption
coefficient.

Figure 1 compares the field dependence ofiSS at a few
temperatures for the thinnest sample,d  120 nm, under
negative bias (iSS is plotted vs total field,E  Eo 1 Ebi,
where Eo is the external field). The photocurrent is
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FIG. 1. Steady state photocurrent in spin-cast MEH-PPV
the electric field at various temperatures in a thin samplesd 
120 nm, area 4.4 3 1022 cm2d illuminated by 1022 Wy
cm2; sjd 297 K, s.d 140 K, smd 100 K; the field data were
modified due to an internal field of1.33 3 105 Vycm in this
sample.

superlinearly dependent onE and weaklyT dependent.
Figure 1 shows that, in the high field regime,iSS is
even less sensitive to the sample temperature. In sim
experiments at 300 K, monochromatic light (generat
by dispersing the light from a tungsten lamp throug
a monochromator) was used as the excitation sou
and theI vs V dependence was examined at differe
wavelengths from 400 to 600 nm.I-V curves similar
in shape to that shown in Fig. 1 were observed [13,14]

The T dependences ofiSS at E  1.33 3 105 Vycm
in four samples with thicknesses from 120 to 5700 n
(a range of nearly 50) are compared in Fig. 2. T
thinnest sample (120 nm) exhibits the weakestT depen-
dence;iSS initially decreases but remains nearly consta
below about 80 K, behavior which is similar to that ob
tained from transient experiments in the subnanosec
regime. When thicker films are used, the dependence
iSS on T increases. By fitting the low temperature data
a thermally activated form exps2DykBT d, the activation
energy can be obtained for samples with various thic
nesses. As summarized in Table I,D increases with the
thickness of the semiconducting polymer film.

The similarity of the temperature dependence of stea
state photocurrent in thin films to that of the transient ph
toconductivity in the subnanosecond regime implies th
in thin films, carrier sweep-out occurs prior to deep tra
ping. The weak residualT dependence above 80 K in th
thinnest sample is again similar to that observed in su
nanosecond time-resolved experiments. In the time
main, this corresponds to the temperature dependent “t
characteristic of the transient photocurrent [6]. This we
T dependence arises from the effect of shallow traps w
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FIG. 2. Steady-state photocurrent in spin-cast MEH-PPV v
103yT for samples of various thicknesses atE  1.33 3
105 Vycm under illumination by1022 Wycm2: sdd 120 nm,
sjd 500 nm,smd 4100 nm,s.d 5700 nm.

multiple release and retrapping during carrier sweep-ou
Note that the change from the linear dependence of t
photocurrent on light intensity in the thinner samples t
the sublinear dependence in the thickest sample is cons
tent with the intensity dependences observed in the tim
resolved response for the peak photocurrent and the ta
respectively (i.e., the change from a linear dependence
the prompt transient photocurrent to a sublinear depe
dence of the transient photocurrent tail). The weakerT
dependence of the photocurrent at high fields (see Fig.
is consistent with faster sweep-out at higher fields.

Quantitative comparison of the magnitude of the stead
state and fast transient photocurrent densities confirms t
proposed carrier sweep-out prior to trapping. The stead
state photocurrent densityjSS is given by the following
expression [15]:

jSS  sISSyh̄vdattefmEh1 2 swydd

3 f1 2 exps2dywdgj (1)

where w  mEtt is the average distance a carrie
travels in the timesttd available prior to trapping and
recombination,ISS is the light intensity absorbed by
the sample (̄hv is the energy per photon), ande is

TABLE I. Activation energy for samples with various thick-
nesses.

Sample length Activation energy
(nm) sKd

120 · · ·
500 385

4100 475
5700 2060
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the electronic charge. In the limit ofw ø d, jSS 
sISSyh̄vdattefmE (proportional to tt and E), while
in the sweep-out limit wherew ¿ d, jSS  edasISSy
h̄vdfy2 (independent oftt and E). The peak transient
photocurrent, on the other hand, is given by

jp  npempEp , (2)

wherenp  fasIpyh̄vdDtp , andDtp is the pulse width
of the pulse laser (IpDtp is the energy per laser pulse, and
np is the total number of carriers produced per pulse p
unit volume).

If w ø d, then the carriers are continuously photogen
erated and continuously swept out prior to deep trappin
Under these conditions, the steady-state mobility and th
transient mobility are the same and equal to the pretra
ping temperature independent mobility. Thus,

s jSSIpEpdys jpISSESSd ø ttyDtp . (3)

At room temperature and forEp  ESS  1.3 3

105 Vycm, jSS  1.66 3 1026 Aycm2, ISS  8.9 3

1023 Wycm2, jp  1.02 3 103 Aycm2 (extrapolated
back to t  0), and Ip  1.44 3 107 Wycm2 (see
Ref. [16]). Thus, s jSSIpEpdys jpISSESSd ø 2.63. The
trapping time indicated by the transient response is a
proximately 0.3 ns andDtp  25 ps; i.e.,ttyDtp ø 12.
Thus, Eq. (3) implies sweep-out of a significant fraction
of the photogenerated carriers prior to deep trappin
under steady-state conditions for thin samples. Th
validity of Eq. (3) implies a high collection efficiency for
photocarriers. This, too, has been confirmed by dire
measurements [12].

These conclusions are confirmed by a direct numeric
solution of Eqs. (1) and (2) using the experimental va
ues forjSS, ISS, jp , Ip , tt andDtp given above. Since
the superlinear dependence of the steady-state photoc
rent on E indicates that the mobility is field dependen
(see Fig. 1) [9,17], we solve Eqs. (1) and (2) at a particula
value ofE in the range used in the experiments. ForEp 
ESS  1.33 3 105 Vycm, one obtainsm  0.23 cm2yV s
and f  1.2 3 1023. The mobility m  0.23 cm2yV s
implies thatw  mEtt  91.8 nm ø 0.76d. The analy-
sis is fully consistent; a significant fraction of the photo
carriers are swept out prior to deep trapping.

Only at higher fields or for thinner films would
one expect to reach the saturation value ofjSS 
edasISSyh̄vdfy2, although demonstrating this limit
experimentally in MEH-PPV is complicated by the
superlinear field dependence of the mobility [9,17].

The increase inf by more than 2 orders of magnitude
[5] for MEH-PPV: C60 when sensitized by a few per-
cent C60 is consistent with the rather low quantum yield
in pure MEH-PPV. The estimated value for the quantum
yield, f ø 1.2 3 1023, is comparable to that deduced for
single crystal polydiacetylene from transient photocon
ductivity studies when excited into the extended ban
states (e.g., using photon energy of 2.94 eV which
2687
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0.94 eV above the exciton absorption line [7]. The ques
tion, therefore, is: Why do semiconducting polymers ex
hibit relatively smallf? A plausible explanation may be
related to the quasi-one-dimensional (quasi-1D) nature
the transport in conjugated polymers; on a quasi-1D cha
there is a high probability for early time recombination
of a photogenerated electron and hole (in 1D backsc
tering by structural imperfections or impurities enhance
the probability of geminate carrier recombination). Thus
free carriers result mostly from interchain hopping. Th
quantum yield in these systems is, therefore, governed
interchain hopping/tunneling and by direct excitation o
electrons and holes on different chains. Note that, in 3
systems, the more isotropic nature of the carrier scatteri
provides a greater leeway for carriers to escape gemin
recombination.

The fact that the transient and steady-state phot
conductivity are consistent reconfirms that the transie
photocurrent results from photogenerated mobile carrie
rather than from a displacement current arising from exc
ton polarization by the external field [18].

These conclusions have two practical consequenc
First, information on carrier transport prior to deep trap
ping can be obtained from relatively simple steady-sta
photoconductivity measurements, provided the samp
is sufficiently thin. Second, data obtained from trad
tional steady-state photoconductivity experiments whe
conducted on relatively thick samples are considerab
more difficult to interpret; the steady-state photocondu
tivity, which is proportional to thenm product, is inca-
pable of distinguishing activated mobility from activated
carrier generation. In samples too thick to enable swee
out, carriers occupy progressively deeper traps as they t
verse the sample. Since the trapped carriers have sma
(andT dependent) mobility, transport after trapping limits
the current and dominates the photoconductive respon
[5,11].

An additional benefit of steady-state photoconductivit
measurements in thin films is that such measurements c
be carried out at extremely low light intensities compare
with those employed in transient photoconductivity an
other pump/probe experiments [6–9,19,20]. Recentl
photoinduced absorption and luminescence studies ha
indicated that exciton-exciton interactions become impo
tant at high intensities [19,20]. For example, Walseret
al. found that, in Alq3, the luminescence varies linearly
with light intensity sI1.0d at relatively low intensities, but
becomes sublinearsI0.5d at high intensities [21]. They sug-
gested that the intensity dependence of the photocurren
a by-product of exciton-exciton interaction; the photocu
rent would be proportional to the square of the singlet e
citon density and, thus, tosI0.5d2  I, consistent with the
linear dependence observed at high light intensity. F
low light intensities, however, this model predicts that th
photocurrent should vary asI2. The data from MEH-
PPV indicate that the linear intensity dependence of th
2688
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photocurrent persists to extremely low light intensities
(1 mWycm2 as compared108 Wycm2 typically used in
transient photoconductivity measurements); the linear de
pendence at such low light intensities is inconsistent with
carrier generation via exciton-exciton interactions.

In conclusion, steady-state photoconductivity has been
used to study the carrier dynamics prior to trapping in
semiconducting polymers. The photocurrent character
istics obtained from the steady-state photoresponse o
MEH-PPV at low carrier densities in thin samples are in
agreement with those obtained from time-resolved pho
toconductivity measurements in the subnanosecond tim
regime (carried out with a carrier density larger by a fac-
tor of 1011). The results confirm that the carrier quan-
tum yield in semiconducting polymers is independent of
temperature and, therefore, inconsistent with the Onsage
model of photocarrier generation.
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