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Functional Properties of Thin Films of Deoxyribonucleic Acid with
Poly(3,4-ethylenedioxythiophene) and Poly(styrenesulfonate) Complex
and Bistability of Their Photocurrent
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Functional photo- and electrical properties of thin films of DNA:PEDT-PSS were investigated. The sample current-
voltage dependencies were linear and symmetrical down to liquid nitrogen temperature; the sample conductivity at
300 K was found to be 107'° Q'cm™. The thermal activation energy of the dark conductivity was about 33 meV
independently on the applied bias in the temperature region between 200 K and 300 K. Carrier trapping was evidenced
by the Thermally Stimulated Current method. Nevertheless this effect was weakly expressed, most probably because of
the fast recombination of generated carriers. Notably, a “bistable” photoconduction behaviour was identified below the
room temperature at constant light excitation. Upon illumination of the samples by ~500 nm—800 nm light a marked
increase of the photocurrent took place by cooling them below 140 K—160 K. In contrast, by heating the
photosensitivity remained increased up to 230 K—240 K. This effect could be associated with the light-induced
modification of charge transport conditions in the samples.
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INTRODUCTION homogenized to achieve small size particles. The weight
ratio of PEDT to PSS is about 1:2.5.

Nucleic acids and their derivatives are mostly
investigated because of their important biological role
[1, 2]. Though, deoxyribonucleic acid (DNA) also exhibits
a charge migration, being therefore a subject of interest for
its physical properties, and particularly for a great potential
of application in photonics and molecular electronics. Such
applications include: devices based on second and third
order nonlinear optical effects [3], low loss optical
waveguides [4], holography [5, 6], organic photovoltaics
and organic field effect transistors [7]. However, pure
DNA is electrically passive material. In order to render it
active the poly(3,4-ethylenedioxythiophene) (PEDT) and
poly(styrenesulfonate) (PSS) complex can be used. This  Fig. 1. Chemical structure of PEDT-PSS

enables engineering of material electrical properties. This waterborne dispersion is ready to use and can be
Nevertheless to assure the controllable purposeful deposited by spincoating with viscosity max. 30 mPas [8].
modification of these properties, extensive investigations |t is tailored to a high conductivity and forms conductive
are required. In this paper we report investigations of coatings. This kind of polymer has high conductivity,
electrical and optical properties of DNA:PEDT-PSS thin  (rapgparent, colourless to bluish coatings, good resistance
films. The films were characterized by the UV and visible o hydrolysis, good photo stability and good thermal

spectroscopy and their electrical conductivity depending  gability, high absorption in the range of 900 nm to

on the temperature and excitation by light was analysed. 2000 nm, and no absorption maximum in the visible
spectrum up to 800 nm [9].
SAMPLES AND EXPERIMENT DNA sodium salts, extracted from salmon milt and roe

were provided by the Chitose Institute for Science and

sulfonate) (Fig. 1) aqueous dispersion of the electrically }/[edl,n(l)i)%g% I(CIS]];)' :ll:}ﬁei;. lrln oleiularl wei.gllllt Dvlill?:
conductive polymer PEDT-PSS is commercially available wo altons (Da). The high molecular weight

as the trade mark of BAYTRON® PH 500. It is specially rendgred .inhor.nogeneous film thickness .due. to high
solution viscosity. In order to reduce the viscosity of the

DNA-based solutions an ultrasonic procedure was used
[10]. After sonication of DNA (8 g/L) in 18 MQcm
deionized water, at 20 °C, it was blended using a magnetic

Poly(3,4-ethylenedioxythiophene) and poly(styrene-
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stirrer overnight and then DNA solution was added to
PEDT-PSS aqueous solution with different volume ratios
1:0.2 and 1:0.5 of DNA:PEDT-PSS. The solutions of
polymers were spin-coated at 500 rpm or 1200 rpm on the
ITO glass substrates which were cleaned in various
solvents. The thickness of the thin solid films was
measured by profilometer Tencor, ALFA-Step and was
found 0.3 um—1.5 pm. The semi-transparent aluminium
contacts were evaporated on the top. Alternatively some
samples were deposited on gridded intercalated electrodes
initially evaporated on glass substrates.

The films were characterized by the UV and visible
spectroscopy. Their Current-Voltage (IV) and conductivity
temperature dependencies were measured by Keithley
electrometer-voltage source Model 6430 from 77 K up to
300 K depending on the light excitation.

RESULTS AND DISCUSSION
Electrical Conductivity

Sample conductivity at room temperature was in aver-
age about (1-5)x107'° Q'em™, though it could deviate by
up to two orders of magnitude even in the samples
produced on the same glass substrate indicating sensitivity
of their properties to the technological conditions. Current-
Voltage (IV) curves were linear and symmetrical down to
78 K (Fig. 2). The samples were photosensitive in the
whole temperature region. At 300 K the photosensitivity
was about 10 %, and it increased up to a factor of two at
the low temperature. Moreover, its dependence was quite
complex as it will be discussed below.
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Fig. 2. IV curves of the sample upon illumination by white light

(dashed curves) and in the dark (solid lines) at 300 K and
78 K as indicated on the Figure
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Typically, sample reaction on the applied voltage and
light pulses was different: upon application of a voltage
step, very fast increase of the current was observed,
meanwhile the photocurrent growth was relatively slow
and could be approximated well by the exponential
dependence as it is indicated on Fig. 3 by the solid line. In
the present case time constant of the exponential increase
was ~80 sec, and this value decreased with temperature.
Nevertheless this process still has to be investigated in
more detail. Current decay after the light is switched off,
occurs similarly. This evidences that different carrier

transport mechanisms play a role in both cases. Upon
application of the voltage pulse fast carrier injection from
contacts takes place that is limited by ohmic conduction of
the sample volume. Meanwhile slower light generation of
carriers occurs from their transport and/or trapping states.
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Fig. 3. Sample reaction on applied voltage pulse and white light
pulse (dashed curve) as indicated on the Figure. The
photocurrent growth could be approximated well by
exponential dependence as indicated by the solid curve

Spectral Data

The UV-VIS-NIR absorption spectra of studied thin
films deposited on glass substrates were measured at room
temperature with a PERKIN ELMER UV/VIS/NIR
Lambda 19 spectrometer. In Fig. 4 absorption spectrum of
a DNA:PEDT-PSS (1:0.5) thin film is presented. The
strong UV absorption band is seen at 260 nm—280 nm
which corresponds to the n-n* transition of electrons of the
C=C bond of the DNA bases [11]. Another wide and low
absorption band at around 900 nm is associated with
conductive polymer PEDT-PSS.
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Fig. 4. Absorption spectrum of a DNA:PEDT-PSS (1:0.5) thin
film

Thermally Stimulated Currents

To investigate carrier transport and thermal generation
processes versus temperature, temperature scans of the
dark current, Thermally Stimulated Currents (TSCs) and
photocurrent were measured. In Fig. 5 the dark current
temperature dependencies are presented for two samples. It
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can be seen that close to the room temperature thermal
activation energy is 0.033 eV—-0.035eV. These values
were not dependent on the applied bias. Below 130 K—
140 K a characteristic kink appears, and the thermal
activation energy drops in below 0.014 eV, approaching in
some samples zero value. To investigate this peculiar
behaviour, TSC, and temperature dependencies of photo-
current were analysed. The details of the TSC method are
presented in [12—14]. The TSCs obtained in different
samples are shown in Fig. 6.
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Fig. 5. Dark current temperature dependencies in two samples,
measured at 0.5 V applied bias
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Fig. 6. TSC scans in two samples grown on the same substrate,
measured at 0.5V applied bias after the white light
excitation (solid curves). Dashed curves indicate linear
fits in Arrhenius scaling

Characteristically TSCs are low as compared with both
dark current and current after the light excitation. This
indicates that relatively small number of carriers becomes
trapped, and most of them recombine after the light excita-
tion is turned off. Nevertheless nearly the same activation
energy values of 0.036 eV—0.043 eV were evaluated in a
wider temperature region as compared to the dark currents.
Such low activation energy values could be indication that
current increase is related to the transport phenomena, i. e.,
growth of carrier mobility, rather than change of the carrier
density because of their thermal generation. Similar
conclusion was made also for disordered P3HT-PCBM

193

bulk-heterojunction organic solar cell structures [15]. This
assumption is realistic having in mind complicated hop-
ping transport character in disordered organic materials.
Therefore the evaluated activation energies could probably
reflect the energetic spread in the charge transporting
levels, resulting in distribution of the density of transport-
ing states (DOS). To confirm this possibility by direct
mobility measurements either by Time-of-Flight (TOF)
method, Charge Extraction by Linearly Increasing Voltage
(CELIV) method or by other methods used for low mobil-
ity materials, special sample preparation and experimental
arrangements are necessary, and this is our future task.

Photoconduction and its Bistability

As it was mentioned above, a characteristic kink was
observed in dark current measurements that becomes even
more expressed upon light excitation. A typical behaviour
of the dark current and photocurrent is presented in Fig. 7.
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Fig. 7. Temperature dependencies of the photocurrent (PC — solid
curves), upon scanning the temperature down and up as
indicated by the arrows and the dark current (DC — dashed
curves) at 0.2 V bias and without any applied bias

It can be seen that by decreasing the temperature the
photocurrent starts growing at 145 K—155 K and reaches
saturation level that is by a factor of about (2—-2.5) higher
than that of the minimum. Afterwards, if the temperature is
increased the photocurrent changes relatively little up to
about 238 K, forming a “bistable” loop. This behaviour
does not change with applied bias, indicating that the effect
is light-induced. Most probably such phenomenon could be
attributed to the light-induced morphology changes of the
samples, resulting in a sudden increase of photosensitivity
of material at low temperatures. Nevertheless to reveal its
exact nature, further investigations are necessary.

SUMMARY AND CONCLUSIONS

Investigations of the electrical, optical and charge
transport properties of DNA:PEDT-PSS thin films are
presented. Sample conductivity at room temperature was in
average about (1-5)x10"°Q7'cm™, though it could
deviate by up to two orders of magnitude even in the
samples produced on the same glass substrate indicating
sensitivity of their properties to the technological



conditions. IV curves were linear and symmetrical down to
LN temperature. The thermal activation energy of the dark
conduction near the room temperature was about 0.033 eV
independently on the applied bias.

We have identified weakly expressed carrier trapping
by the Thermally Stimulated Current method, what proves
the fast recombination and/or retrapping of light-generated
carriers. Though, by constant light excitation a “bistable”
photoconduction below the room temperature was
evidenced. /d est, a notable increase of the photocurrent
could be observed below 140 K—160 K by cooling the
samples. Meanwhile by heating the photosensitivity
remained increased up to 230 K—240 K. Most probably
such phenomenon could be attributed to the light-induced
carrier transport changes of the samples.

Acknowledgments

This work was supported by the Lithuanian Ministry
of Education and Science and EGIDE Agency (France)
within Gilibert program and by the Research Council of
Lithuania. A. Arlauskas acknowledges Student Research
Fellowship Award from the Lithuanian Science Council.

REFERENCES

1. Dou, X., Takama, T., Yamaguchi, Y., Hirai, K.,
Yamamoto, H., Doi, S., Ozaki, Y. Quantitative Analysis of
Double-strand ed DNA Amplified by a Polymerase Chain
Reaction Employing Surface-Enhanced Raman
Spectroscopy Applied Optics 37 (13) 1998: pp. 759—763.

Asayama, S., Maruyama, A., Cho, Ch.-S., Akaike, T.
Design of Comb-Type Polyamine Copolymers for a Novel

pH-Sensitive DNA Carrier Bioconjugate Chemistry 8 (6)
1997: pp. 833 -838.

3. Krupka, O., El-Ghayoury, A., Rau,l., Sahraoui, B.,
Grote, J. G., Kajzar, F. NLO Properties of Functionalized

DNA Thin Films Thin Solid Films 516 (24)  2008:
pp- 8932-8936.
4. Grote, J. G., Hagen, J. A., Zetts,J.S., Nelson, R. L.,

Diggs, D. E., Stone, M. O., Yaney, P. P.,, Heckman, E.,
Zhang, C., Steier, W.H., Jen, A. K.-Y., Dalton, L. R.,
Ogata, N., Curley, M. J., Clarson, S. J., Hopkins, F. K.
Investigation of Polymers and Marine-Derived DNA in
Optoelectronics  The Journal of Physical Chemistry B
108 (25) 2004: pp. 8584 —8591.

194

10.

11.

12.

13.

14.

15.

Fink, H.-W., Schmid, H., Ermantraut, E., Schulz, T.
Electron Holography of Individual DNA Molecules
Journal of the Optical Society of America A 14 (9) 1997:
pp. 2168—-2172.

Czaplicki, R., Krupka, O., Essaidi, Z., EI-Ghayoury, A.,
Kajzar, F., Grote, J. G., Sahraoui, B. Grating Inscription
in Picosecond Regime in Thin Films of Functionalized DNA
Optics Express 15 (23) 2007: pp. 15268 —15273.

Singh, B., Sariciftci, N. S., Grote, J. G., Hopkins, F. K.
Bio-Organic-Semiconductor-Field-Effect-Transistor Based
on Deoxyribonucleic Acid Gate Dielectric  Journal of
Applied Physics 100 (2) 2006: 024514.

Product Data Sheet BAYTRON®PH 500,
www.baytron.com.

Kymakis, E., Klapsis, G., Koudoumas, E., Stratakis, E.,
Kornilios, N., Vidakis, N., Franghiadakis, Y. Carbon
Nanotube/PEDOT:PSS Electrodes for Organic Photovoltaics
The European Physical Journal Applied Physics 36 2007:
pp- 257-259.

Heckman, E., Hagen, J., Yaney, P., Grote, J., Hopkins, F.
Processing Techniques for Deoxyribonucleic Acid:

Biopolymer for Photonics Applications  Applied Physics
Letters 87 (21) 2005:211115.

Dougherty, A. M., Causley, G. C., Johnson, W. C., Jr.
Flow Dichroism Evidence for Tilting of the Bases when
DNA is in  Solution (Linear  Dichroism/DNA
Structure/Vacuum UV) Proceedings of the National

Academy of Sciences of the USA, Biochemistry 80 1983:
pp. 2193-2195.
Simmons, J. G., Taylor, G. W. High-Field Isothermal

Currents and Thermally Stimulated Currents in Insulators
Having Discrete Trapping Levels Physics Review B 5
1977: pp. 1619-1629.

Kavaliauskiené, G., KazZukauskas, V., Rinkevicius, V.,
Storasta, J., Vaitkus, J. V., Bates, R., O’Shea, V., Smith,
K. M. Thermally Stimulated Currents in Semi-Insulating
GaAs Schottky Diodes and Their Simulation — Applied
Physics A 69 (4) 1999: pp. 415 —420.

KaZukauskas, V. Investigation of Carrier Transport and
Trapping by Oxygen-Related Defects in MEH-PPV Diodes
Semiconductor Science and Technology 19 (12) 2004:
pp. 1373-1380.

KaZukauskas, V., Pranaitis, M., Kajzar, F., Glatthaar,
M., Hinsch, A. Charge Carrier Trapping in Organic Solar
Cell Structures P3HT:PCBM  Molecular Crystals & Liquid
Crystals 484 2008: pp. 739—747.



