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Stimulation of electrical conductivity in a 7r-conjugated polymeric
conductor with infrared light

S. C. J. Meskers,? J. K. J. van Duren, and R. A. J. Janssen
Laboratory for Macromolecular and Organic Chemistry, Eindhoven University of Technology, P.O. Box 513,
NL-5600MB Eindhoven, The Netherlands

(Received 17 June 2002; accepted 16 September) 2002

Irradiation with infrared light is found to stimulate the electrical conductivity of a film of an organic
polymeric conductofpoly(3,4-ethylenedioxythiopeneavith polystyrene sulfonafe The change in
conductivity is found to be linear in the intensity of the irradiatiGh-400 mWi/cr). Both
frequency and time domain measurements reveal that the change in resistance induced by
irradiation, relaxes according thR(t)=(1/)%8, with t as the time after excitation. As a possible
mechanism for this relaxation, we model the diffusion of heat from the polymer film to the
supporting glass substrate. Assuming that the change in resistance is linear with the raise in
temperature caused by the infrared irradiation, one predicARé ) (1/)%° dependence. The
similarity between the model and experimental behavior is taken as an indication that the relaxation
is limited by heat transport from the polymer film and that the thermalization of the charge carriers
occurs on a shorter time scale. Electrical characterization is complemented with optical
measurements. These show infrared-induced transient absorption of the polymer film with
practically the same relaxation behavior as the change in resistance. This suggests that the optical
transients are also due to thermal excitations. In the sub-ps time domain, measurements of the
change in optical transmissiomMAT/T) induced by the infrared pulse show a very short-lived
component with a lifetime close to the instrumental resolutief»00 fg. The rapid response is
followed by a slow component that decays according®/AT) (t) o (1/t)%% This is interpreted in

terms of cooling of the excited charge carriers limited by heat transport, indicating that the
thermalization of the carriers occurs on the sub-ps time scale20@2 American Institute of
Physics. [DOI: 10.1063/1.1519948

I. INTRODUCTION change in carrier mobility due to absorption of radiatidf.
radiation incident on a semiconducting material is absorbed
m-conjugated polymers are a relatively new class of mapy free carriers, their energy will be increased above the
terials that have found applications in various optoelectronig/ajue corresponding to thermal equilibrium with the lattice.
devices. Films of these materials can be rendered Conducti\{ﬂ princip|e, this Change in energy can be observed by the
upon (oxidative) doping Doping with oxidizing agents gen- change in mobility and, hence, in conductivity. This type of
erally does not produce conductive materials that are e“Viphotoconductivity can be utilized to produce sensitive re-
ronmentally stable. Dedoping followed by a loss of conduc-cejvers of electromagnetic radiation in the millimeter and
tivity usually occurs quite rapidly. However, a few dopant—infrared regions as shown by Kinch and RollfiEhey dem-
polymer combinations are known that are extremely stabl@nstrated thah-doped indium antimonide at liquid-helium
also under ambient conditions. Well known is, for inSIance’temperatures can be used as active material in an infrared
polyaniline doped with camphorsulfonic a&dp th.is article,  getector with a response time of Quk. Another example of
we focus on another polymer—dopant combination: (@4 thjs type of photoconductivity was given by Rohrbacher and
ethylenedioxythiopheng (PEDOT) with polystyrene sul- ka8 These authors studied conduction of anthracene doped
fonate (PSS. The PEDOT polymer combines a low oxida- th tetracene. The latter molecule acts as a hole trap. By
tion potential with environmental stability in the oxidized jrragiating at the infrared wavelengths corresponding to the
state? In the oxidized fqrm, positive charges on the.PEDOTabsorption of the loaded tetracene tré., the tetracene
are balanced by negative charges on the PSS, which acts @gion they were able to detrap the charges and collect them
polymeric counterion. PEDOT:PSS has found many indusyith help of electrodes. Later, it was shown that besides this
trial appllcat_|ons4. An aqueous dispersion of these two poly- jgirect process involving an electronic excited state of the
mers is easily processable and solid films prepared from thig,, o150 direct trap-to-band transitions can be induced with
mixture show high conductivityup to 600 S/cm® infrared light?
~ Photoconductivity, i.e., the change in electrical conduc- o pEDOT:PSS, there are infrared absorption bands as-
tivity of a solid due to irradiation, can arise not only as thegqjated with the charge carriers and, therefore, it is possible
result of a change in carrier density but also as a result of &, eycite charge carriers specifically. This may then lead to a
change in conductivity similar to the cases just cited. If,
dElectronic mail s.c.j.meskers@tue.nl however, the thermalization of the carriers is very rapid, the
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energy supplied by the photons will be dissipated verymay also contribute to the infrared absorption but their con-
quickly and a change of conductivity due to a change intribution is as yet not quantified. Studies of the polymer films
temperature will be observed. So, depending on the thermaht low degrees of dopirig have shown the presence of two
ization time of the carriers, a device consisting of a PEDOT-absorption bands, one at1.5 eV and one at-0.5 eV. This
:PSS layer with suitable electrodes may act either as a ph@bsorption spectrum is remarkably different from that at high
toconductive or thermal detector for infrared light. doping levels. For low doping levels, the plasma frequency
The main objective of this work is to study photoinduced (wy,) shifts towards lower valué8so that absorption due to
changes in the resistivity of PEDOT:PSS and to analyze th&ee carrier motion no longer contributes to the absorption in
relaxation mechanism for the excitations. Additionally, wethe midinfrared. At low degrees of doping, the absorption
will evaluate the feasibility of a polymeric infrared detector. bands of the charge carriers can most likely be associated
A number of polymeric infrared detectors has been describedith an intrachain excitation of a carrier. This view is cor-
in literature. Many of these involve the pyroelectric effétt. roborated by recent studies on small oligomers of 3,4-
Kaufmanet al! have patented a polymer infrared bolometerethylenedioxythiophenéEDOT) in a solution where similar
but their work involves mainly ion implanted polymers and absorption bands due to intramolecular transitions of the
no description ofr-conjugated polymers is given. Thus, to radical cations have been obsertédbout the lifetime of
our knowledge, the effect on the electrical properties of exthese intrachain and/or interband excitations, almost nothing

citation with infrared light involving theelectronic transi-  is known. If this lifetime is sufficiently long, the population
tions associated with the charge carriers has not been invesf these excited states may add an additional slow compo-
tigated for dopedr-conjugated polymers. nent to the carrier thermalization process.

The electrical resistivity of PEDOT doped with PRas Structural studies of doped PEDOT filtfidiave shown

been studied in detail as a function of temperatdrslear  that the material is largely amorphous and can be regarded as
room temperature, the resistivity shows a negative tempera disordered solid. In disordered materials, relaxation and
ture coefficient §p/dT<0) typical for disordered conduc- thermalization of charge carriers are often sids an ex-
tors. The temperature dependence of the resistivity in thample, the rate of thermalization may be limited by the slow
interval 30<T<300 K can be described byp(T) transport of carriers towards traps. In this respect, disordered
=po exp(To/T)*" with n ranging from 3 to 4 for different conductors with a relatively high density of carriers show
films. This behavior is indicative of variable range hoppinginteresting behavior. It has been argued that due to the elec-
conduction‘® At low temperature T< 10 K), the dependence trostatic interactions between the charge carriers, a Coulomb
of the resistivity on temperature changes. The conductivity gap exists which separates the filled from the empty states
(=1/p) was found to obeyr(T)=0o+mT"? where m can available to the carrier®. At low temperatures, excitations
have either positive or negative sign depending on the filntan have a multiparticle character and their decay can be
preparation. The difference in the high- to low-temperaturevery slow. To describe possible nonergodic behavior in the
behavior is attributed to the increased importance ofystem of interacting carriers, the term “electron glass” has
electron—electron interactions on the dynamics of the chargeeen coined!
carriers at low temperaturés. In summary, the relaxation and thermalization of photo-
As a peculiar characteristic af-conjugated polymers, excited charge carriers in dopettconjugated polymers is
the doped polymers show high cross sections for photon aldargely unstudied. From reflection measurements, very rapid
sorption in the midinfrared and infrared regions of therelaxation would be expected. However, various mechanisms
spectrum: The neutral form of the polymers usually does notleading to slow relaxation rates seem feasible in disordered
absorb below 1.5 eV. In particular, thin films of PEDOT:PSSmaterials.
are almost transparent in the visible range of the spectrum The organization of this article is as follows. After
and show a broad absorption band that starts at about 1.5 d¥fiefly describing the experimental details, experimental re-
and extends into the infraréd This band has been ascribed sults on the influence of infrared radiation on the resistance
to the presence of charge carriers and has been interpreteddhPEDOT:PSS will be described. We find that the changes in
terms of a localization modified Drude mod&lin this  resistivity are accompanied by optical transients which we
model, the charge carriers in the material are regarded asdhnaracterize using photoinduced absorption spectroscopy.
free electron gas with the distinction that the mean-free patfihe optical transients allow us to study dynamical processes
is limited by defects related to the disorder of the polymeron very short time scales. We find that, after pulsed excita-
chains. Analysis of reflection data using this model yields theion, optical and electrical transients decay according to a
plasma frequencydp,) and a scattering timer). w,, is es-  power law. In the discussion section, we analyze heat trans-
timated at 1.2 eV and this energy marks the upper limit forport from the polymer film to the glass substrate. The decay
the absorption due to intraband transitions of the free carriersf the temperature rise in the polymer film upon pulsed irra-
associated with the translational motion of these species. Thdiation is expected to follow a power law. The predicted
mean scattering time, estimated at 1-10 fs, gives the aver- value for the exponent of the power law is very similar to the
age time between two consecutive collisions of a charge cawvalue observed experimentally. This strongly suggests that
rier with defects, phonons, or other carriers. This parameteboth the electrical and optical transients can be understood in
can also be taken as an estimate for the lifetime of the exterms of a thermal effect. Finally, we briefly evaluate the
cited state associated with the photon absorption. Apart fromsefulness of the observed effects for detection of infrared
intraband transitionsjnterband andintrachain transitions radiation.
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Il. EXPERIMENT transmission of a “white” probe light from the tungsten—
halogen source through the sampleT() was recorded after
dispersion by a grating monochromator. For detection, either
Electrode structures were deposited onto glass substratgssj or InGaAs photodiode was used. The pump power inci-
by thermal evaporation. To improve the adhesion of the goldjent on the sample was typically 25 mW with a beam diam-
on the glass a thin layer of Gthickness~5 nm) was first  eter of 2 mm. The component of the signal from the photo-
deposited followed by a thicker Au layér-100 nm. On the  diodes at the frequency corresponding to the modulation of
patterned glass substrates, a PEDOT:PSS dispe(Biay-  the pump source, was recorded using a lock-in amplifier. The
tron P, Bayer AG was spin cast in ambient aifayer thick-  PIA (— AT/T~Aad) is directly calculated from the change
ness: 4.8 10° nm as determined by a Tencor P10 surfacein transmission after correction for stray light from the exci-
profiler). For the electrical measurements, the polymer layetation source, which is recorded in a separate experiment.
was dried under a vacuum and placed into a sealed chambpyA spectra are recorded with the pump beam in a direction

in a nitrogen atmosphere to prevent extensive wetting of th@imost parallel to the direction of the probe beam.
film. In order to improve the electrical contact between the

gold electrodes and the wiring, in_dium was applied. Opticaly  ,2nsient sub-picosecond photoinduced
measurements were performed in air on the complete dea'bsorption
vices.

Two types of electrode geometries were used. The firstis ~The femtosecond laser system used for pump—probe ex-
a linear four-probe geometry, were infrared radiation is apPeriments consists of an amplified Ti:Sapphire lagéurri-
plied between the middle two probe electrodebeled 3 and cane, Spectra PhysicsPulses from a mode-locked Ti:Sap-
4). The active area between the probe electrodes ix 2.7 Phire oscillator are amplified in a Nd:YLF pumped
mm. A constant current is applied via the outer electraqdes regenerative amplifier using chirped pulse amplification. The
and 2 and the resistance of the film can be determined byamplifier provides 150 fs pulses at 800 nm with an energy of
measuring the voltage over the middle two probe electroded/ 50 ©J and a repetition rate of 1 kHz. For the experiment,
The change in voltage over 3 and 4 is measured upon illuPump pulses in the infrared region are created via optical
mination between 3 and 4. In the second type of device, thearametric amplificatiofOPA) of the 800 nm pulse by a

electrodes are positioned in such a way that one obtains & bariumborate(BBO) crystal. A phase locked mechanical
Wheatstone bridgésee next chopper is placed in the pump beam to block every other

pump pulse so that repetition rate of the excitation pulses is
500 Hz. The pump beam was focused to a spot size of about
2 mn? with a fluence of 0.1 mJ/ctnper pulse. The probe
The effect of infrared radiation on the conductivity of the pulses are generated in a separate optical parametric ampli-
dopedm-conjugated polymer film was studied using the lin- fier also pumped by the Ti:Sapphire amplifier. The pulses
ear four-probe geometry just described. In the frequency ddaave a repetition rate of 1 kHz and were reduced in intensity
main experiments, the infrared ligkfrom a tungsten halo- compared to the pump beam using neutral density filters. The
gen source with RG830 low-pass filtevas modulated using probe beam was linearly polarized at the magic angle of
a mechanical chopper. The variation in the voltage over elecs4.7° with respect to the pump polarization in order to cancel
trodes 3 and 4 induced by the illumination was measureaut orientation effects in the measured dynamics. The probe
using phase-sensitive detecti@@tanford Research 830 DSP pulses could be delayed with respect to the pump using a
lock-in amplifiep. A constant current was passed through themotorized translation stage. The differential transmission
devices using a Keithley 2400 source meter. The smallvas obtained by selecting the 500 Hz component in the out-
changes in resistivity of the polymer film induced by the put of an InGaAs photodiode monitoring the probe pulses,
infrared light can also lead to a small change in the currentising a lock-in amplifier.
flowing through the device. As the voltage over the probe
electrodes is equal to the product of current and resistancq ResSULTS
the change in current may also give a contribution to the ] o ]
modulation of the voltage. The transient response time of the ~ The effect of infrared radiation on the resistance of the
current source to a sudden change in the load resistance 49Pedm-conjugated polymer film was studied using a device
specified at 3Qus. Therefore, for modulation frequencies of with a linear four-probe electrode geometry. Typical results
the infrared light<10 kHz, effects due to a change in current @€ shown in Fig. 1. In these measurements, the dc compo-
can be neglected. In the time domain experiments, coherefi€nt of the voltage over the probe electrodes is close to 9V,
radiation (1047 nnj from a miniatureQ-switched Nd:YLF ~ corresponding to a dark resistaneof 1 M(). The modu-
laser(Spectra Physics Model 7960LB®as used as infrared lated illumination results in a small alteration of the voltage

source. Voltage transients were recorded using a Tektroni®n the order of a few hundred microvolts, with the exact
DPS 3052 oscilloscope in the ac mode. magnitude depending on the frequency of the modulation.

The amplitude of the alternating component of the voltage
(V49 is shown in part a, while part b illustrates the phase
angle betweeW . and the illumination. The amplitude of the
Photoinduced absorptiofPIA) spectra were recorded radiation- induced modulation of the voltage was found to
using the Nd:YLF laser as excitation source. The change idepend linearly on the current applied through the device

A. Device preparation

B. Opto-electrical measurements

C. Near steady-state photoinduced absorption
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] T T T : FIG. 2. (a) Intensity dependence of the amplitude of the ac component of
10 100 1000 the voltage over the probe electrodes of the device under modulated illumi-

Frequency (Hz) nation. Current: A. lllumination: tungsten halogen with>830 nm low-

) ) pass filter, deliverind,=0.4 W/cn? at the device. Mechanical modulation
FIG. 1. (8 Amplitude of the ac component of the voltage induced by modu-5¢ 17,5 Hz. The straight line represents a linear regression yielding
lated illumination between the probe contacts as a function of modulatiorrAV(l)|M|o.95¢o.ozl (b) Phase angle of the ac component of the voltage
frequency. A current of 1A through the PEDOT:PSS film is applied. corresponding to the amplitude shown(@).
lllumination comes from a tungsten—halogen source with830 nm low-
pass filter, delivering~25 mW (0.4 W/cn?) at the device. The solid line

indicates the results of a linear regression to the datapoints in the range oﬁ . . . o«
3-200 Hz %% The dashed line represents a plot of B with  the illumination (<1 with «=0.95=0.02 at 17.5 Hz modu-

k=1/RC=(0.1 ms) ™. (b) Phase angle of the photomodulated voltage as alation). Also shown is the dependence of the phase angle on
function of frequency. Dashed line: EG14) with k=(0.1 ms)* and intensity. Interestingly, the phase lag is virtually independent
dR/T=3X 10" QK. of the intensity of illumination. This indicates that the
mechanism by which resistivity relaxes back to its dark level
does not change as a function of the intensity of illumination.
(data not shown The phase angle &f ;. shows the expected The measurements shown in Fig. 2 also pertain to illu-
change of 180° when the current is reversed. At 10 Hz, thenination with a tungsten—halogen lamp. When light of 1.18
amplitude ofV,. amounts to 1 mV. Taking into account the eV (1047 nm from a pulsed Nd:YLF laser was used to illu-
square wave modulation and the root-mean-square output afinate the device, we found that the dependence of the volt-
the lock-in detector this implies that the change in resistancage amplitude on the intensity can be describedMy(1)|
divided by the dark resistance\R/R, amounts to 0.3 o|* with «=1.0=0.03. This holds for both 274 Hz and 624
x 10~ 3.In the frequency range of 2—300 Hz, the amplitude isHz chopping rates, with the incident power varying between
proportional tow ™~ * with «=0.44+0.01. The value of the 4 and 400 mW/crh For both chopping rates, no significant
exponent has been determined from a linear regression. dependence of the phase angle on the intensity could be de-
At frequencies>300 Hz, the amplitude shows a steepertected. The temporal width of the laser pulses used is about
dependence on the modulation frequency. Also shown is th&0 ns. When even shorter pulses from a Ti:Sapphire laser are
phase angle as a function of frequency. If we look at, sayused(~200 fs, 1450 nm wavelengthwe do find deviations
100 Hz, we find a phase angle of 135°. This shows that thérom linearity when studying the dependence of the voltage
electrical signal lags behind in phase relative to the ir lightresponse on the intensity of the incoming ligeee Fig. 3.
by about 45°. The findings indicate that irradiation results inAt intensities close to 0.4 W/ch(23 wJ/pulse, 1 kHz rep
a change of the resistivity of the film that only relaxes quiterate) the amplitude of the voltage deviates from the linear
slowly back to its dark level. In the range of 10 to 200 Hz, behavior observed at lower intensities. The phase angle is
the phase angle shows a weak dependence on the frequerstill found to be independent of the light intensity. This may
with a value close to 135° or45°, depending on the direc- indicate that the deviation from the linear dependence of the
tion of the current. Above 300 Hz, the phase lag betweervoltage on intensity results mainly from nonlinearity in the
voltage and illumination rapidly increases. At frequenciesabsorption of radiation and not primarily from a change in
below 10 Hz, we also observe a strong dependence of theslaxation mechanism.
phase angle on frequency. The studies in the frequency domain, as illustrated in
Figure 2 illustrates the results of an experiment in whichFig. 1, have been complemented by studies in the time do-
the dependence of the voltage modulation on the intensity afain using pulsed irradiation from the Nd:YLF laser. Typical
the applied infrared radiation was studied. We find that theesults are illustrated in Fig. 4. As can be seen, the infrared
amplitude of the voltage is almost linear in the intensityf ~ pulse results in a rapid decrease of the voltage over the probe
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/1 !
same film.

FIG. 3. Amplitude(a) and phase anglé) of the ac component of the

voltage over the probe electrodes induced by pulsed illumination at 0.86 eV

from a Ti:Sapphire pumped optical parametric oscillator, deliveripg . .

=0.4 W/cn? with a fluence 23J/pulse. absolute value of the sign&ee inset ; a power-law decay
of the change in voltage with/AV/(t)|e(14)* with «=0.59

+0.01 becomes evident.

electrodes, indicating a rapid drop in the resistance of the N Summary, irradiation of the polymer fim through
film. Shown in the inset B of Fig. 4 is the early time responseVhich an electric current is flowing results in a drop the

of the device and, as can be seen, the lowering of the voltagdPSClute sensef the voltage between two probe electrodes
occurs on the microsecond time scale. A fit of an exponentigP@Sitioned on the sides of the illuminated area. The drop in

function to the drop of the voltage yields a time constant of/0lt@ge can be understood in terms of a lowering of the re-
8 us. As will be discussed next, we attribute this rise to gSistance. To characterize the infrared induced changes in the

finite RC time of the combination of device and oscilloscope.Pelymer film further, we have also performed some optical
After the rapid initial drop, part of the voltage is quickly studies. In particular, we have looked for changes in the op-

recovered but also a particularly slow decay component caf{c@l @bsorption spectrum of the polymer film upon irradia-

be discerned in the time trace. From a log-log plot of thetion with infrared light. In these optical experiments, no elec-
trical current was flowing through the device.

In Fig. 5, some results of the PIA measurements are
shown. In these experiments, the device is irradiated with

A_:Z_ pulses of 1.18 eV photons coming from the Nd:YLF laser
£ 0.4 and the change in the transmittar{@¢ of the device for light
g-o.s- from a continuous tungsten—halogen source is measured.
2 0 The changes in the transmittanc®T) induced by the infra-
1.0] Time (ms) (@) red excitation, divided by the transmittandeare plotted,
3 3 1 (see part A. For small values ofAT/T, the relationship
0.2 ®) 1 © AT/Tf AA holds, withAA. as the change in absorbance due
E 0.0 sE* to excitation. For comparison, the absorbaAcef the poly-

3 02 = mer film is also showripart B). The measurements reveal a
,(%1 -0.4 ) bleaching of the absorption band of the doped polymer in the
-0.6 e infrared region AT>0), accompanied by an increased ab-
-0.81 01{ (1/4)%5 sorption of light in the near-infrared and visible parts of the
-1.04 spectrum AT<O0). In Fig. 6, the frequency dependence of
0 10 20 30 40 50 1 10 the PIA signals is illustrated for detection with photon ener-

Time (us) Time (ms)

gies of 0.83 and 1.77 eV. The dependence has been analyzed

FIG. 4. (@) Change in voltage over the probe electrodes upon pulsed illuin terms of a power laWAT(w)|>*(1/w)®. This yields ex-
mination with 1.18 eV from a Nd:YLF laser. Pulse length 10 ns, pulse ponentsa of 0.4 and 0.6 for probe photon energies of 0.83

repetition rate 274 Hz, and fluence 3@/pulse. Current through polymer
layer: 5 uA. (c) Expanded view covering the rapid drop in voltage)
Double logarithmic plot of the absolute value of the change in voltage vs

time.

and 1.77, respectively.
Using the pump—probe technique, we have also studied
the optical transients in the sub-ps time domain. In Fig. 7,
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FIG. 6. Frequency dependence of the photoinduced absorption signal of the 0 Tim; (ps) 2 8 4

PEDOT:PSS film probed at 0.83 eV and 1.77 eV. Excitation source: pulsed

][\l(ljleLFd Igser W'thhl':.Ls Ie\L photon energy and 4087 Hz repetition I’ateFIG. 8. Photoinduced absorption transients for the PEDOT:PSS film in-

oflowed by a mechanical chopper. duced by a pump beam with photon energy 0.86 eV, and various probe
energies. Pump repetition rate 500 Hz and fluenge&ulse. For compari-
son, the response of just the glass substrate is also shown.

measurements of the relative differential transmission

AT(t)/T using pump and probe photon energies of 0.86 and o _ i

0.94 eV, respectively, are shown. As can be seen, there isR@red to those in Fig. 5. From Fig. 5, it can be observed that
very rapid responséull width at half maximum~0.6 pg, A T/T changes sign when going from 0.86 t0 1.0 eV'.

which is close in temporal width to the instrument response 10 évaluate the feasibility of a detector for infrared ra-
function. The positive\T/T values indicate a bleaching of diation using films of dopedr-conjugated polymer, we have

the absorption at the probe wavelength. A major part of th&onstructed devices following the classical bolometer design.
induced bleaching decays very rapidly. However, there is Jghis is illustrated in Fig. 9. Electrodes 1 and 2 are used to

smaller component that decays more slowly. The inset show@PPly & current and two separate lanes for the current are
the AT/T signal in a double logarithmic plot. For timesl created by scratching away the polymer film in the middle of

ps, the decay of the T/T signal can be described by a the device(hatched area Electrodes 3 and 4, which divide
po;/ver law with [AT(t)/T|=(1/)¢ and an exponent of both lanes into two equal parts, are used as probes. Illlumi-

0.65+0.01. In Fig. 8, we show optical transients obtained fornation between, say, electrodes 1 and 3 will cause an unbal-
various probe photon energies. The pump photon energy wa¥1c€ in the resistance _brldge and WI!| result in a voltage over
kept constant at 0.86 eV. For all probe energies L8686, 3 a_nd 4. In order to adjudts, to zero in the da_trk, a var_lable
0.88, 0.90, and 1.00 8VpositiveAT/T values are observed 'esistance between 1 ander 2 and 4 is applied. For illu-
upon excitation, signifying a bleaching of the absorption™Mination at 1.18 eV photon energy with power.6 mWw,
upon excitation. For 1.0 eV, the magnitude of the rapid com-
ponent toAT/T seems reduced. These results may be com-

10 100
Frequency (Hz)

8- 10.0
pump 0.86 eV
61 probe 0.94 eV
44 =
3 =
2_F > 1.0 )
) ™~
] 2 0. s
E ] (1/ t)0-66 E
R 0.1 =
o 14 5
e 1 10 3
Time (ps)
0 Jangmreanmaes 20 40 60
Time (s)

FIG. 9. Voltage output of a PEDOT:PSS film with electrodes in bolometer

Time (ps) configuration. Excitation by pulsed Nd:YLF laser at 5000 Hz repetition and
1.18 eV photon energy. Solid line: irradiation with 0.5 m\@& mw/cnr).

FIG. 7. Differential transmissiodT(t) of the PeDOT:PSS film induced by Dashed line: 1.6 m\W26 mWi/cnf) with output scaled by a factor 1/3.

a pump beam with photon energy 0.86 eV, repetition rate 500 Hz, fluence &urrent applied via electrodes 1 and 2: @A (3.5 V). The drawing on the

wlipulse, and intensity 33 mW/émProbe photon energy 0.94 eV. The right-hand side shows a schematic layout of the electrode geometry. The

insert shows the same signal in a log—log plot and the dashed line representsrtical hatched strip indicates where the polymer has been removed by

a linear regression, yieldinlgh T(t)] o (1/t) 065001, scratching. The left-hand side drawing illustrates the electrical setup.
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V3, is clearly above the noise level when measured with a dgemperaturéA7) of the polymer film under influence of the
voltmeter(integration time for one measurement 20)nkr  radiation:

0.5 mW, the voltage outpuD.2 mV) approaches the noise
level. For these intensities, also the stability of the baseline T _ it

- . C + W= Woe'!, (1)
starts to become an important factor. The baseline fluctua- dt

tions most Iikgly have their origin in dynamical processes inynereC is the thermal capacity andl/,, is the rate of flow

the polymer film. out of the polymer film due to heat conduction. When the

polymer film is very thin, its heat capacity may be neglected.

If we neglect heat losses due to radiation and through contact

with air and take into account only the heat transport to the
The experimental data presented herein show that illusupporting substrate then Fick’s first law of diffusion can be

mination of the PEDOT:PSS film with infrared light changes applied:

its resistance. This phenomenon could be described as pho-

toconduction and can be due to several causes. First, it could W, = —SK(

result from photogeneration of charge carriers and, second, it a9y y=0

may result from a light-induced change in mobility of carri- \yheresis the surface area andlis the thermal conductivity.
ers already present in the material. In the case of the 0xida; s assumed that the illuminated area is large compared to
tively doped PEDOT polymer with a high density of chargehe thickness of the layer so that the heat diffusion can be

. 9 73 . .
carriers (16° cm %), a contribution of photogenerated (oyarded as a one-dimensional problem. The direction of the
charge carriers to the transient conductivity is unlikely fory axis is normal to the film. The surfage=0 is taken to
the following reasons. Recent investigations of PEDOT shovgincide with the interface between the polymer film and the
that the band gap of the fully undoped material=4.5  gja55 substrate. The diffusion of heat within the glass support

15,17,22 h N . . .
ev. In our case, the photon energy would not bejs governed by the equation for the heat diffusion in one
enough to generate carriers via one photon processes. Chaigéansion-

generation involving more than one photon can be excluded

on the grounds that the photoconduction is linear in the in- ¢ 9*(AT)

tensity of the light applied. Even if an oppositely charged 3~ & P ()

pair of carriers was generated from an absorbed photon, it is «

to be expected that the negatively charged carrier would re- _ . : -

combine very quickly with one of the holes that are presen%Nherea_ 5 with s denoting the specific heat apdas den-

in the material with a high density. Such a recombinationsity of the glass. We look for solutions of the form:

event would reduce the yield of photogenerated carriers to _ _

zero. Therefore, we conclude that a contribution from photo- ATy, =¢()AT(w.y=0). @

generated charges to the photoinduced conduction is unlikel\ve assume that all the radiation is absorbed in the infinitely

and that the effect results from a modification of the mobility thin layer of polymer on theg=0 surface of the glass sub-

of carriers present in the material induced by light. strate. The thicknesk of the supporting glass plate is as-
Irradiating the polymer film with infrared light at a sumed to be so large that at the back surface of the plate at

wavelength where the film absorbs light will eventually re-y=I, no appreciable heating of the glass occurs. We can

sult in a heating of the absorbing layer. One of the typicalsummarize these statements by writing the following bound-

features of disordered polymeric conductors near room tem@ry conditions for the heat diffusion equation.

IV. DISCUSSION

15T =Wee'", 2

perature is that the electricésheet resistance of films of B(y)=1 for y=0
these materials shows a decrease with increasing tempera- ' (5
ture. This has also been observed for PEDOIL.is there- ¢(y)=0 for y=I.

fore very likely that the heating of the polymer film due to Equation(4) can now be rewritten as

the infrared radiation makes a contribution to the optically :

induced lowering of the resistance of the film. When this P 2 . lo
=m-¢ with m=\/—,

mechanism is operative, the relaxation of the resistance back a_yz ©)
to its normal “dark” level may be controlled by the heat _
transport from the polymer film to its surroundings. general solutions are

Following Smithet al,?® we analyze the heat transport ¢(y)=B sinh(my+b)+C cosimy+c), (7)

from the polymer film to its substrate. We assume that the ) ) ) » )
cooling of the polymer film is solely due to the conduction of and a particular solution obeying the boundary conditions is
heat to the supporting glass substrate. Furthermore, it is as- sink( \/E(I —y)/l)

sumed that the polymer layer is infinitely thin with a uniform ATw,y)=ATw,y=0)— -
temperature. When the illuminated area is large compared to sinf( \/Z(”'o))
the thickness of the device, one may reduce the heat trangshere

port problem to one dimension. If the power of the incoming

radiation is sinusoidally modulated with angular frequency 2a

and amplitudeW, (in J/9, we may write for the change in lo= P ©

®
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We now look for an expression &7{w,y=0). From Egs.
(2) and(8), it follows that

ATw,y=0)= —— oW e'“ttanh( 2i (1/1,).

SKy2i

For small changes in temperatur&?), the change in elec-
trical resistancgAR) may be assumed to be linear X7
One can then write

(10

IOO

TSK\/—
3

For ordinary glass, we have densjiy=2.5x10> kgm 3,
specific heats=0.8x 10> kg~ K~1J, thermal conductivity

dR
AR(w)= (

elttani(\2i(¢/1g)). (1D

Meskers, van Duren, and Janssen

AR(o) W, [ 1 (dR glet k
w = — —| — — —
S V2spKldT) ., Jo |\ 0?+K
® ® + (14
w2+ k? w?+k?  w?+Kk?

These predictions can now be compared with the experi-
mental data. Taking the materials parameters for glass, one
can calculate the amplitude of the temperature variations for
illumination with 0.4 W/cn? irradiation. This amounts to 0.1
K for modulation at 10 Hz. In order to account for the ob-
served voltage modulation, one needs to assign a value to
(dR/dT) of 7x 10° ohm/K. Thus, 6 R/d7) (1/R) should be
on the order of 10%. Experimentally, we find that the nor-

K=0.93Js'm 1K1 From these numbers, we calculate amal dark resistance of the PEDOT:PSS is reduced when the
value forly of 0.1 mm at 100 Hz modulation frequency. The temperature is raised. For the temperature range of 273 to
glass substrates used are approximately 1 mm thick. For suB03 K, we find that the relative change in resistankB/R,

ficiently thick substratesl& 1), Eq. (11) reduces to

AR(w)= (dR oWy ot
w
dT’T’Z'SK\/—
~ W [dR 1 e
= S dT mf(l_l) |>|0
(12)

Alternatively, one may also define a critical frequenay:

2K
I“sp

is indeed on the order of 16 per K.

As shown in Fig. 1, the dependence for the amplitude of
the voltage modulation is (&) %*in the frequency range of
3 to 300 Hz. At higher frequencies, a deviation occurs. The
dashed line in Fig. 1 represent a plot of the amplitude
|AR(w)| from Eqg.(14). In this plot, a constarit=1/RC=1/
(0.1 m9 was used anddR/d7) was taken to be 8 10?
ohm/K. It thus seems that the deviation of the signal at
higher frequencies can be understood in terms of a finite RC
time of the combination of device and detection system.
About the origin of this RC time, we can say the following.
The lock-in amplifier has a capacitance of 25 pF and an
impedance of 10 M. The resistance over the probe elec-
trodes is 2 M). In combination with the 25 pF capacitance,
this gives an RC time of 0.05 ms, which is only a factor of 2

For > wq, the temperature at the back surface of the glasshort of the experimental observation.

substrate ayy=1 will show a negligible variation with the
irradiation, so that Eq(12) applies. Foa 1 mmglass plate,
we calculatewy=0.9 rad/s=0.14 Hz.

In the range 10—100 Hz, the phase angle of the signal is
close to—45° or 135°, in good agreement with H42) [see
Fig. 1B)]. At higher frequencies, the phase angle shows a

From Eq.(12), we can derive the following three predic- dispersion. The dashed line in the plot shows the prediction
tions: (1) The change in resistance will be linear in the ap-based on Eq(14) and it seems that the deviation at high

plied optical powerf2) The electrical signal will lag behind

frequency can be understood in terms of a finite RC time of

the optical input with a phase angle difference of 45°. Thisthe combination of device and detection. At low frequency, a

phase angle is independent of the power applied;(@ndhe
amplitude of the change in resistank®R(w)| follows a

change in phase angle occurs also. At this moment, we do
not have an explanation for this. It may be that the assump-

1/Jw dependence on the modulation frequency. Fourier trangion (€>1,) used to derive Eq(12) breaks down in this

formation of this frequency dependence leads to & dé-
pendence for the change in resistance on tim&/hat is

region. Thus, we conclude that the dependence of the ampli-
tude of the voltage modulation is given by a power law

interesting about this time dependence is that it does nqtl/w)®** After Fourier transformation, one obtains at)%/

have a characteristic time; the plot of/fLiersust looks the

same when normalized and plotted on various time scales.

The other interesting feature is the singularityt &t0 in the

dependence witlyx=1—0.44=0.56.
From the studies in the time domaifig. 4), we find
that the time dependence of the amplitude as observed for

time domain. In an experimental setup, however, the combi=>10 us is also given by a power law }f°° This is in
nation of device and detection apparatus will always show good agreement with the frequency dependent measure-
finite RC time. Therefore, in the time domain, the responsements. As shown in part B of Fig. 4, we find a8 rise time

of the polymer film has to be convoluted with the exponen-of the signal. This rise may be interpreted in terms of an RC
tial response curve of the detection with time constlant time for the device-detection. The oscilloscope used has a

=1/RC and this will remove the singularity &&= 0. In the

13 pF capacitance and 1Mimpedance. Assuming that the

frequency domain, the response of the film has to be multiimpedance of the oscilloscope may be taken to be coupled in
plied by the Lorentzian describing the RC response of devic@arallel to the resistance over the probe electrodes, this yield

and detection. This gives

a combined resistance ef0.7 MQ). In combination with the
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13 pF capacitance, this yields an RC time of.8. It, there- On the sub-ps time scale, we observed a very rapid de-
fore, seems that the finite RC time observed, results mainlgay component with a decay time close to the instrument
from the combination of capacitance in the detection andesponse timdsee Fig. 8 This indicates the existence of
high resistance of the device. relaxation processes with rate constart500 fs. In our

As discussed herein, the analysis of the heating and sulyiew, these processes are related to the decay of the primary
sequent thermal diffusion predicts a/tltime dependence photoexcitation and the dissipation of the excitation energy.
whereas the experimental data show a)C19 dependence Changet al'* have interpreted the infrared absorption band
and this suggests that a thermal effect is most likely theof the PEDOT in terms of the localization modified Drude
correct explanation for the changes in resistivity induced bynodel, implying that the absorption is due to motion of
the irradiation in theus—ms time domain. charge carriers in the electric field of the light. The relaxation

We can make a crude estimate of the change in temper& the associated photoexcitation can then be related to the
ture upon irradiation with a 2QJ pulse incident on a 0.1 thermalization of the charge carriers. From the modified

cn? area, similar to that used to obtain the data in Fig. 4. W(prud_e model, a relaxation time can be extracted and for PE-
assume that the pulse is completely absorbed by the 400 nHOT.PSS it is estimated at 1-10 fs. Such short relaxation

thick film and we take the heat capacity of the active layer tdiMeS are compatible with the very rapid decay component

the same as for polystyrene. This yields an elevation of temich we have observed in the pump—probe measurements.

perature of approximately 4° right after the arrival of the The Shf_’” lifetime |mpI|_es a co_n5|derabl_e_ homogeneous
pulse broadening of the associated optical transition of the mate-

Besides this time or frequency dependence of the ampli[ial' For a lifetime of 1 fs, the expected homogeneous width

tude of the induced changes in voltage, also the predictionIS close to a few tenths of an eV. The pump—probe traces for

S . aifferent detection wavelengths as shown in Fig. 8 give some
for the phase angle between the oscillations in the voltage .~ . ; . .
and the excitation light can be compared with the experi_|nd|cat|on of the homogenous linewidth of the electronic

) transition in the PEDOT:PSS. What we observe is that the
ment. Apart from the very low-frequency region where the

behavi ¢ the oh I ‘ id not b bleaching band dt=0 is at least 0.1 eV wide, which is much
le_av:jor 0 F? P ashe angle 9”d req]:Jer?cy Eou no | € be)V\/ider than the spectral width of the pump and probe pulses
plained (see Fig. ], the magnitude of the phase angle o “used. This is consistent with a homogeneous linewidth cor-

served is consistent with the interpretation. The observed inr'esponding to a 1-10 fs lifetime. In analyzing the pump—

dependence of phase angle on the intensity of illumination i%robe spectra, one has to be careful: When the pump and

in accordance with the prediction. The proposed interpretasohe pulses overlap both in time and in space the so-called

tion of the photoinduced change in resistivity in terms of a«coherent artifact” can occur. This artifact can be interpreted

heating effect implies, however, that the optical excitationsy, terms of the exchange of energy between pump and probe

have completely thermalized within 0.1 ms. beam induced by the nonlinear optical response of the me-
The measurements of the PIA of the PEDOT:PSS filmsjium. This implies that the positive differential transmission

give, in our opinion, additional information on the time scale signals which we observe @0 can also have an origin

at which thermalization of the excitations occurs. Let us ﬁrStother than a Simp|e b|eaching of the absorbance. However

look at the quasisteady-state measurements as shown in Fighen theT; and T, relaxation times are very short, the con-

6. The frequency dependence of the infrared inducedribution from such a coherent artifact is very small.

changes also indicate a power-law decay of the signals in

time. At 0.83 eV detection energy, the dependence of the PIA

on frequency [AT(w)|*(1/w)%% is almost similar to that V. CONCLUSION

observed for the change in resistance. To obtain the time ] ] -

dependence, one can apply a Fourier transformation yielding ‘The resistance of a film of PEDOT:PSS can be modified

|AT(t)|<(11)°%. For detection at 1.77 e\700 nm), the y |.rrad|at|on W|t_h mfrared light. The change in re§.|stance is

dependence is slightly different. The similarity in frequency@tlfiPuted to a light-induced change in the mobility of the

grriers associated with thslight) heating of the polymer

dependence of the change in resistance and the PIA signal due to phot b tion. The d ¢ the bhotoi
infrared probe energies suggest that the optical and electric m due 1o photon absorption. -ihe decay of the photoin-
uced changes in time can be understood in terms of the

signal have a common origin, most likely the heating of the . A
g ) 9 Y 9 relaxation being limited by transport of heat from the poly-
polymer film. Due to the temperature increase, the popula-

tion of the states available to the carriers will be modifiedrner film into the supporting glass substrate. Apart from the

L : . change in resistance, an optical transient associated with the
and this will result in a change of the absorption spectrum. O .
heating is also observed. Ultrafast pump—probe experiments

optir?a? tig?]ssr:%;zr:wgfeﬂfgi:ﬁﬁ thzspggttgé?s;?ﬁihzh%??:éﬁdipatg that the thermalization_ of the charge carriers after
. ' excitation occurs on a sub-ps time scale.

region, also follow an algebraic decay lawA{(t)]

*(1/t)%89), see Fig. 7. This time dependence is similar to the

one pbservgd in qu.a3|steady statfa PI-A at 0.83 e\/. A POS’_S'bI%\’CKNOWLEDGMENTS
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