VOLUME 80, NUMBER 12 PHYSICAL REVIEW LETTERS 23 MRcH 1998

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 temperatl@eindependent in agreement with
transient photoconductivity in the subnanosecond regime. As thickness is increased, an aftivated
dependence emerges. Theindependence of the product of the carrier dengitytimes the mobility
() for thin films results from carrier sweep-out prior to trapping; the crossover ffeindependenju
to activatedu 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 B independent, inconsistent with the Onsager model of photocarrier generation.
[S0031-9007(98)05607-5]

PACS numbers: 73.50.Pz

The “traditional” theoretical approach to the problem of process that cannot be attributed to interactions between
carrier generation in low mobility materials (e.g., conduct-excitations.
ing polymers, amorphous semiconductors, and molecular Nevertheless, the nature of photoexcitations in
crystals) has favored the exciton model. According to thepoly(phenylenevinylene) (PPV) and its soluble deriva-
exciton model, the probability of the geminate electron-tives has remained controversial [10,11]. In part, the
hole (e-h) pair remaining bound (an “exciton”) during controversy arises from the conflict between the results
thermalization is high. Therefore, models of carrier pho-obtained with fast time-resolved photoconductivity and
togeneration [1—3], including the Onsager model [4], havahose obtained by the more familiar steady-state photo-
emphasized the importance of the Coulomb interaction itonductivity; the latter indicate a strorigdependence for
binding the pair and the role of external fi€ll) and tem- the nu product. Here, we resolve the apparent conflict.
perature(T) in processes which dissociate the pair intoThe idea is rather simple: If the sample is sufficiently thin
“free” carriers. Thus, generally, the exciton model pre-that the photocarriers can be swept out before a significant
dicts a strong dependence of the quantum yigldn 7 fraction fall into traps, the steady-state photocurrent will
andE [1-4]. provide information similar to that obtained at short

Although strong7 dependence is typically observed times by transient photoconductivity (in the latter, sample
in steady-state photoconductivity [5], fast time-resolvedthickness is not important since pretrapping and trap
photoconductivity measurements in semiconducting polydominated transport are separated in the time domain).
mers have shown that the carrier generation process is Using this approach, we show that, in thin samples
T independent [6—9]. Time-resolved photoconductivity(thicknessd = 120 nm), thenu product obtained from
offers the possibility of studying carrier transport prior steady-state photoconductivity exhibits a temperature de-
to trapping. Such measurements can separate thermalhendence in agreement with fast transient photoconductiv-
activated mobility(x) due to trapping from thermally ac- ity data obtained in the subnanosecond time regime. As
tivated carrier densityn) due to phonon assisted dissocia-the film thickness is increased, an activated temperature
tion of Coulomb bound geminate-# pairs. The facts dependence emerges. We conclude thatTthedepen-
derived from the time-resolved photoconductivity of con-dence of the: . product for thin films results from carrier
jugated polymers include the following [6—9]: (i) The sweep-out prior to trapping and that the crossover from
fast transient photocurrent 8 independent; (ii) the fast T-independentu to activatedw occurs when the transit
transient photocurrent is linear iB in the low to mod- time across the film is comparable to the time required
erate field regime, but increases nonlinearity wihat for deep trapping. At longer times (thicker films), the
high fields, as does the mobility; (iii) the nonlinear depen-mobility becomes trap dominated with an activafede-
dence of the photocurrent dndoes not correlate linearly pendence. Consequently, the steady-state photoconduc-
with the luminescence quenching; (iv) the fast transientivity data indicate that the carrier generation mechanism
photocurrent is linearly proportional to the light inten- in semiconducting polymers is independent of tempera-
sity. Note that (i) and (ii) imply that the quantum effi- ture. Thus, using thin film samples, information regard-
ciency of carrier generation is independentZofand E;  ing the transport prior to trapping can be obtained from
(i) implies that the field-induced luminescence quench-steady-state photoconductivity (an experimental approach
ing does not originate from exciton dissociation, andthat is both simple and broadly available), while simi-
(iv) implies that the carriers are generated by a first ordelar experiments on thicker samples yield information on
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trap-limited transport. This straightforward experimen-
tal approach enables the identification of the origin of [
the temperature dependence of the product as ther- : n
mally activated mobility rather than thermally activated - L] 1
carrier generation. Moreover, from the combined results
of steady-state and transient photoconductivity measure-
ments, we obtain values for the quantum yigid = 3 X
1073) and the pretrapping mobilitj. =~ 0.2 cn?/V s).

PPV and its derivatives are excellent systems for study-
ing carrier sweep-out: They can be easily formed into thin
films, they have sufficient dielectric strength to enable high
field measurements, and they are sufficiently pure that the - v 1
dark current is small. Photoconductivity was measured in ! vat
the “sandwich” configuration. Thin film& < 500 nm) I A
of  poly[5-(2’-ethylhexyloxy)-2-methoxy-1,4-phenylene
vinylene] (MEH-PPV) were prepared by spin-casting
from solution onto glass substrates coated with indium/tin 10° 10°
oxide (ITO). The top electrode was Ca, vapor deposited Field (V/cm)

. 76 . .

in vacuum(<2 X 107" torr). Thicker films (4100 and FIG. 1. Steady state photocurrent in spin-cast MEH-PPV vs
5700 nm) were drop-cast onto ITO substrates; again Cehe electric field at various temperatures in a thin sanfgle-
was vapor deposited as the top electrode. All sample&20 nm, area= 4.4 X 1072 cm?) illuminated by 1072 W/

were prepared and handled in inert atmosphere. Fdim; () 297 K, (V) 140 K, (A) 100 K; the field data were
measurements, the samples were mounted onto the cdféOd'f'ed due to an internal field of.33 X 10° V/cm in this
. sample.

finger of a cryostat and kept under vacuum.

The CAMEH-PPV/ITO diode has been studied in superlinearly dependent ofi and weaklyT dependent.
detail in the context of light emission from and pho- Figure 1 shows that, in the high field regimgg is
todetection by semiconducting polymers [12,14]. Cur-even less sensitive to the sample temperature. In similar
rent vs voltage(/-V) curves were typical of ITQ® experiments at 300 K, monochromatic light (generated
MEH-PPV/Ca diodes. The asymmetric contacts of theby dispersing the light from a tungsten lamp through
Ca/MEH-PPV/ITO diode give rise to a built-in potential a monochromator) was used as the excitation source,
and a built-in electric fieldz,; = 1.8/d V/cm, whered and thel vs V dependence was examined at different
is the thickness of the polymer layer. In reverse bias (Cavavelengths from 400 to 600 nm.-V curves similar
positive and ITO negative), both electrodes are blockingn shape to that shown in Fig. 1 were observed [13,14].
with negligible injection. Thus, the GMEH-PPV/ITO The T dependences aofs at E = 1.33 X 10° V/cm
sandwich cell, operated in reverse bias, is ideal for steadyn four samples with thicknesses from 120 to 5700 nm
state photoconductivity measurements. The action spe¢a range of nearly 50) are compared in Fig. 2. The
trum of C MEH-PPV/ITO sandwich cell devices has thinnest sample (120 nm) exhibits the weakEsiiepen-
been studied previously. The onset of photoconductivitydence;iss initially decreases but remains nearly constant
(in reverse bias) and the onset of photovoltaic responskelow about 80 K, behavior which is similar to that ob-
(at zero bias and in forward bias) coincides with the onsetained from transient experiments in the subnanosecond
of absorption atiew ~ 2.08 eV [12]. For these experi- regime. When thicker films are used, the dependence of
ments, samples were dc biased and illuminated throughs on 7T increases. By fitting the low temperature data to
the ITO electrode using 2.708 eV photons from an Ara thermally activated form exp A/kgT), the activation
laser. Photocurrents were measured with a Keithley 23@nergy can be obtained for samples with various thick-
source/measure unit. nesses. As summarized in TableAlincreases with the

The steady-state photocurrefits) increased linearly thickness of the semiconducting polymer film.
with the light intensity in all samples except for the thick- The similarity of the temperature dependence of steady-
est (d = 5700 nm). For the latter, where the response state photocurrent in thin films to that of the transient pho-
was strongly activated and trap dominated, the intentoconductivity in the subnanosecond regime implies that,
sity dependence was sublineayis ~ 71°8. Note that, in  in thin films, carrier sweep-out occurs prior to deep trap-
the thick samplesd > 1/, where« is the absorption ping. The weak residudl dependence above 80 K in the
coefficient. thinnest sample is again similar to that observed in sub-

Figure 1 compares the field dependencésgfat a few nanosecond time-resolved experiments. In the time do-
temperatures for the thinnest sample= 120 nm, under  main, this corresponds to the temperature dependent “tail”
negative biasig is plotted vs total fieldE = E, + Ey;,  characteristic of the transient photocurrent [6]. This weak
where E, is the external field). The photocurrent is T dependence arises from the effect of shallow traps with
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100.0 E L S S T T the electronic charge. In the limit off < d, jss =

. 3 (Iss/hw)at.ep wE (proportional tor, and E), while
° ] in the sweep-out limit wherev > d, jss = eda(lss/
. * . . hw)d /2 (independent ofr, and E). The peak transient
100 ¢ A 3 photocurrent, on the other hand, is given by
A ® ] Jp = npeu,E,, 2)
wheren, = ¢a(l,/hw)At,, andAt, is the pulse width
: E of the pulse laser/( A, is the energy per laser pulse, and
i ] n, is the total number of carriers produced per pulse per
: - unit volume).
01 E . If w = d, then the carriers are continuously photogen-
E v 3 erated and continuously swept out prior to deep trapping.
] Under these conditions, the steady-state mobility and the

transient mobility are the same and equal to the pretrap-
ping temperature independent mobility. Thus,

1 10 100 (jssIpEp)/(jplssEss) = 7,/At, . 3)

-1
1000/T(K™) At room temperature and forE, = Ess = 1.3 X
FIG. 2. Steady-state photocurrent in spin-cast MEH-PPV vsl0® V/cm, jss = 1.66 X 107% A/cn?, Isg = 8.9 X
10°/T for samples of various thicknesses &t= 1.33 X 1073 W/en?, j, = 1.02 X 10° A/cn?  (extrapolated
10° V/cm under illumination by10~2 W/cn?: (@) 120 nm, back to 7 — O)” and I, = 1.44 X 10" W/cn? (see
’ P .
() 500 nm, (4) 4100 nm,(¥) 5700 nm. Ref. [16]) Thus, (jsstE,,)/(j,,IssEss) ~ 2.63. The

multiple release and retrapping during carrier sweep-outrapping time indicated by the transient response is ap-
Note that the change from the linear dependence of thBroximately 0.3 ns andz, = 25 ps; i.e.,7;/Az, = 12.
photocurrent on light intensity in the thinner samples toThus, Eq. (3) implies sweep-out of a significant fraction
the sublinear dependence in the thickest sample is consigf the photogenerated carriers prior to deep trapping
tent with the intensity dependences observed in the timeunder steady-state conditions for thin samples. The
resolved response for the peak photocurrent and the tai@lidity of Eq. (3) implies a high collection efficiency for
respectively (i.e., the change from a linear dependence dhotocarriers. This, too, has been confirmed by direct
the prompt transient photocurrent to a sublinear deperneasurements [12].
dence of the transient photocurrent tail). The weaker ~ These conclusions are confirmed by a direct numerical
dependence of the photocurrent at high fields (see Fig. Bolution of Egs. (1) and (2) using the experimental val-
is consistent with faster sweep-out at higher fields. ues forjss, Iss. jp. I, 7, and Az, given above. Since
Quantitative comparison of the magnitude of the steadythe superlinear dependence of the steady-state photocur-
state and fast transient photocurrent densities confirms tHgnt on £ indicates that the mobility is field dependent
proposed carrier sweep-out prior to trapping. The steadySee Fig. 1) [9,17], we solve Egs. (1) and (2) at a particular
state photocurrent densitigs is given by the following Value ofE in the range used in the experiments. Egr=

Photocurrent (nA)
5
i
<
>
| |
i

0.0

expression [15]: Ess = 1.33 X 10° V/cm, one obtaing. = 0.23 cn?/V's
. and¢ = 1.2 X 1073, The mobility u = 0.23 cn?/V's
Jss = Uss/hw)atied pE{l = (w/d) implies thatw = wE7, = 91.8 nm = 0.76d. The analy-

X [1 — exp(—d/w)]} (1) sisis 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 Qf =
eda(Iss/hw)d /2, although demonstrating this limit
experimentally in MEH-PPV is complicated by the
TABLE |. Activation energy for samples with various thick- superllr_1ear fleld_dependence of the mobility [9,17]. .
nesses. The increase inp by more than 2 orders of magnitude
[5] for MEH-PPV: Gy when sensitized by a few per-

where w = wET, is the average distance a carrier
travels in the time(r,) available prior to trapping and
recombination, Iss is the light intensity absorbed by
the sample o is the energy per photon), and is

Sam(ﬂfn;e”gth ACt'V?;éO” ENerYY  cent G is consistent with the rather low quantum yield
) in pure MEH-PPV. The estimated value for the quantum

120 yield, ¢ = 1.2 X 1073, is comparable to that deduced for

500 385 single crystal polydiacetylene from transient photocon-
2%88 2?)23 ductivity studies when excited into the extended band

states (e.g., using photon energy of 2.94 eV which is
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0.94 eV above the exciton absorption line [7]. The ques-photocurrent persists to extremely low light intensities
tion, therefore, is: Why do semiconducting polymers ex-(1 mW/cn? as compared0® W/cn? typically used in
hibit relatively small¢? A plausible explanation may be transient photoconductivity measurements); the linear de-
related to the quasi-one-dimensional (quasi-1D) nature gfendence at such low light intensities is inconsistent with
the transport in conjugated polymers; on a quasi-1D chairgarrier generation via exciton-exciton interactions.
there is a high probability for early time recombination In conclusion, steady-state photoconductivity has been
of a photogenerated electron and hole (in 1D backscatised to study the carrier dynamics prior to trapping in
tering by structural imperfections or impurities enhancesemiconducting polymers. The photocurrent character-
the probability of geminate carrier recombination). Thus,istics obtained from the steady-state photoresponse of
free carriers result mostly from interchain hopping. TheMEH-PPV at low carrier densities in thin samples are in
guantum yield in these systems is, therefore, governed bggreement with those obtained from time-resolved pho-
interchain hopping/tunneling and by direct excitation oftoconductivity measurements in the subnanosecond time
electrons and holes on different chains. Note that, in 3Dregime (carried out with a carrier density larger by a fac-
systems, the more isotropic nature of the carrier scatteringpr of 10'!). The results confirm that the carrier quan-
provides a greater leeway for carriers to escape geminatam vyield in semiconducting polymers is independent of
recombination. temperature and, therefore, inconsistent with the Onsager
The fact that the transient and steady-state photomodel of photocarrier generation.
conductivity are consistent reconfirms that the transient The authors are grateful to J. Gao for useful discus-
photocurrent results from photogenerated mobile carriersions. This research was supported by a grant from the
rather than from a displacement current arising from exciNational Science Foundation (DMR95-10387).
ton polarization by the external field [18].
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