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ABSTRACT

Metal-to-semiconductor contacts are present in every semiconductor (conducting polymer) device
which can behave either as a Schottky diode (rectifying junction) or as an ohmic contact. Whether a
contact is ohmic or rectifying depends not only on the difference in work functions of the contact
metal and semiconductor but also on the contact surface defects. Many methods and processes
are being developed to make ohmic contacts to organic semiconductors. In this paper, we report
simple and inexpensive methods to achieve ohmic contacts to PEDOT-PSS which otherwise
makes rectifying contact to copper. It has been shown that by coating the contact metal with
graphite-clay using commercially available pencils, ohmic contacts can be produced. It is also
demonstrated that by dispersing graphite powder in PEDOT-PSS on copper ohmic contacts can be
made.
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1. INTRODUCTION

Conducting polymers, discovered a few decades
ago, are novel materials that have properties of a
semiconductor with mechanical flexibility.
Researchers in materials science, organic
chemistry as well as theoretical and experimental
physics have contributed significantly for making
several devices [1-4]. Conducting polymers have
applications in Organic Light Emitting Diodes
(OLED) [5], sensors [6-7], solar cells [8] and
many more devices which ultimately need a
metallic contact at the input-output terminals
[9-14]. When conducting polymer
(semiconductor) contacts a metal, a rectifying
contact rather than ohmic contact is produced.
This is due to differences in their work functions
as well as large differences in their conductivities
leading to formation of a depletion layer in the
semiconductor [15]. Rectifying behavior at
polymer-metal interface is a well known
phenomenon observed and reported by many
researchers [16-19]. Such contacts pose several
problems as the contact conductivities are far
less than that of the bulk. Problems due to metal-
conducting polymer contacts have also been
reported in the context of fabrication of devices
such as Field Effect Transistors (FET) and Light
Emitting Diodes (LED) where, the contact
resistance is very large or comparable to the
device resistance [20]. A simple method of
making ohmic contacts is thus essential for
making efficient devices.

In our earlier work [17], we studied the contact
between tin (Sn) and PEDOT-PSS (poly 3,4-
ethylenedioxythiophene-polystyrenesulfonate).

We were able to prove the existence of rectifying
contact and proposed a method to make ohmic
contacts to conducting polymer film using carbon
nano-ink. The ink was made by processing
carbon nano powder such that it was suitable for
printing using inkjet printers. In the present work,
we propose simpler inexpensive methods to
make ohmic contacts between copper and
PEDOT-PSS films at room temperature, by using
graphite-clay pencils. We have also studied the
effect of doping (dispersing) PEDOT-PSS with
graphite on the contact resistance. A four probe
resistance measurement technique has been
used to show the existence of a rectifying contact
between PEDOT-PSS and copper, and to show
that ohmic contacts can be formed by methods
described here. The major purpose of this work

is to develop inexpensive method for formation of
ohmic contacts on PEDOT-PSS films to be used
as strain gauges in biological environment.

2. MATERIALS AND METHODS

All films of PEDOT-PSS tested in this work are
formed on copper clad epoxy glass substrates.
Four copper contacts are first etched over the
substrates which are 0.5 mm wide, 5mm apart
and 25 mm long which form the four contacts for
resistance measurement as shown in Fig. 1.
Before using, the substrates were cleaned with
acetone, triple distiled water and isopropyl
alcohol. PEDOT-PSS films, 30 ym thick, were
formed on the substrate overlapping the copper
contacts. Known quantity of PEDOT-PSS
procured from HC Stark, Germany was evenly
spread over the unmasked area and heated to
50°C.The substrate was spun slowly at 200 rpm
to ensure proper heating and uniform film
formation. The water evaporates slowly in about
15 minutes forming a film of PEDOT-PSS.
However, the film is maintained at 50°C for 1.5
hours before use. The dried film was covered
(encapsulated) by adhesive coated Mylar tape
procured from M/s 3M to prevent exposure to
atmosphere. The thickness of the film was
measured before encapsulation using Mitutoyo
dial gauge with 1 pm resolution at 5 places and
its average value was taken. The dimensions of
the PEDOT-PSS film are maintained constant at
20 mm long, 5mm wide.

Fig. 1. Image showing copper conductors
coated with graphite-clay using pencil

For making ohmic contact the copper contacts
(conductors) were abraded with HB grade pencil
(Apsara, a local brand pencil freely available in
market for writing purposes) forming a film of 5 to
7 um thick graphite-clay over the copper contacts
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(see Figs.1 & 2). The thickness of the graphite-
clay coating is measured using Mitutoyo dial
gauge as above. Film of pristine PEDOT-PSS
was formed over the graphite-clay coated copper
contacts as described above.

One more set of films were made using graphite
dispersed in PEDOT-PSS. Five milligrams of
pure graphite procured from M/s Graphite India,
Bangalore, was dispersed in one gram of
PEDOT-PSS (0.5% weight of PEDOT-PSS) and
films were formed on the substrate overlapping
bare copper contacts.

Measurements were done on three types of films
at room temperature, one on pristine PEDOT-
PSS over bare copper contacts, second on
pristine PEDOT-PSS films with graphite-clay
coated contacts and third on graphite doped
(dispersed) with PEDOT- PSS on bare copper
contacts and the results were compared.

3. EXPERIMENTAL DETAILS

When the contact resistance is comparable to
the bulk resistance of a film four probe resistance
measurements are made to eliminate the effect

of contact resistance (Fig. 3). Contact between
semiconducting PEDOT-PSS with copper is
rectifying and the measurements were repeated
to estimate the nature of contact resistance.
When the distances between contacts and
contact areas are kept equal the resistance
between the contacts 2 and 3 (Ry3) gives the bulk
resistance of the film between contacts 2 and 3
and the resistance between contacts1and 2 and
contacts 3 and 4 (Ri2 & Ra4) gives the sum of
contact resistance and the film resistance
between the contacts1 and 2 or 3 and 4. If the
distances are equal the difference between the
resistance R,; and Ry, (or Ra4) gives the contact
resistance.

When the contact is rectifying the V-
characteristic between the terminals will be a
diode characteristic. However, if high bulk
resistance of the film is included in the
measurement, V-l characteristic may look nearly
linear as if the contact is not rectifying. But, if the
resistances between the contacts 2 and 3 is
equal to the resistance between contacts 1 and 2
(R42) and contacts 3 and 4 (R34) one can say the
contact is non-rectifying or ohmic.

Encapsulation

Graphite

PEDOT-PSS

Copper

Glass epoxy substrate

Ohmic contact between
graphite and PEDOT-PSS

hmic contact between
copper and graphite

Fig. 2. Schematic showing PEDOT-PSS making contact to graphite-clay coated copper
conductors

PEDOT-PSS
Film

Substrate

Contact

|||—

Fig. 3. Circuit used to measure film resistance using four probes
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Three experiments using four probe DC
measurements were made at room temperature
(25°C to 30°C) to explore the nature of the metal
— semiconductor contacts.

e First experiment was conducted on pristine
PEDOT-PSS film making direct contact
with copper conductors to show formation
of rectifying contacts.

e Second one was on pristine PEDOT-PSS
film making contact to graphite-clay coated
over copper to prove formation of Ohmic
contacts.

e Third experiment was on PEDOT-PSS
dispersed with graphite powder making
direct contact with copper to demonstrate
formation of ohmic contact.

Measurement of resistance of the film was made
by potentiometeric technique shown in Fig. 3
using Fluke 287 digital multimeter to measure
voltages, where R is a known resistance.

Several DC voltages were applied to contact 1
with reference to ground and voltages V; (Vpc),
V,, V3 and V, (Vo) were measured. Current i
(Fig.4) was calculated by measuring the voltage
drop across R,. The resistances between
contacts 1 and 2, 2 and 3, and 3 and 4 were
determined as shown below.

Ri2= ((V1-V2)/ Vo)*RL (1
Ros= (Vo= V3)/ Vo)* Ry (2)
Ras= ((V3— Va) Vo)*RL (3)

The equivalent diode model of the circuit at Fig. 3
is shown in Fig. 4 which consists of the film
resistances and contact diodes. When current is
passed between contacts 1 and 4, diode D, is
reverse biased and diode D, is forward biased.
The resistance between contacts 1 and 2 (R;,)
includes leakage resistance of the diode D, apart
from film resistance, while resistance Rj; is
nearly equal to the film resistance as diode D, is
forward biased. As current is passed through
contacts 1 and 4 the voltage drops between
contacts 1 and 2 (and contacts 3 and 4 for
current in reverse direction) include voltage
drops due to contact resistances which are very
large if they are rectifying. If the contacts are
ohmic the voltage drop due to contact resistance
is negligible. The voltage drop between contacts
2 and 3 (Vu3) does not include drop due to
contact resistance as only voltage measurement
using high input impedance voltmeter (>10MQ) is

made, and it gives the bulk resistance between 2
and 3. If the contacts 1 and 4 are ohmic, the
resistance Rq4 will be nearly three times R,; (also
Ri2 = Ry3 =Ra4) as the contacts are equidistant
(differences in R could be due to small variations
in film thickness). These can be determined by
plotting voltage versus current.

4. RESULTS AND DISCUSSION

The V-l relationship between different contacts
for pristine PEDOT-PSS making direct contact to
bare copper are plotted in Fig. 5. The slopes of
these V-l curves give the resistance between
respective contacts. It may be observed from Fig.
5 that V-I relationship between contacts 2 and 3
and contacts 3 and 4 are linear but that between
contacts 1 and 2 is nonlinear with a much higher
slope than that between the other two contacts.
From the slopes the resistance between contacts
2 and 3 (Ry3) is equal to 200 kQ and that
between contacts 3 and 4 (Ra;) is 157 kQ. From
the average slope the resistance R;, is 809 kQ,
far greater than that between other two contacts.
This variation can be understood by referring to
the model shown in Fig.4 where Ry, includes the
leakage resistance of the reverse biased contact
diode D1 in addition to the film resistance.
However, R, includes only forward biased diode
resistance of D2 apart from film resistance and
Ro3 is just the bulk resistance of the film between
contacts 2 and 3. While one would expect Ry; to
be equal to Rj4, resistance Rj,4 is less than Ry;
possibly due to non-uniform thickness of the film.
This proves the existence of rectifying contacts
between PEDOT-PSS and bare copper.

A similar V-I characteristic is shown for PEDOT-
PSS film on graphite-clay coated copper
Contacts in Fig. 6. It may be observed that the V-
| plots of contacts 1 and 2, contacts 2 and 3 and
contacts 3 and 4 are all linear and their slopes
give the resistance between respective contacts.
The resistance between contacts 1 and 2 is
310 kQ and that between 2 and 3 (bulk
resistance) is 308.3 kQ while that between 3 and
4 is 245 kQ (the differences in the three
resistances are due to slight non uniformity in the
film thickness). The fact that the contact
resistance is negligible (310 kQ -308 kQ = 2 kQ)
compared to film resistance (Ry3) proves that the
contact between graphite-clay and PEDOT-PSS
is ohmic. The procedure was repeated several
times to ensure that ohmic contacts of negligible
contact resistance are formed every time.
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Fig. 4. Model of a polymer film with four contacts when DC voltage is applied between contacts
1and 4
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Fig. 5. V-l Plots showing voltage drops across V,,, V,3 and V3, vs. | for pristine PEDOT-PSS
making contacts to copper electrodes

S. Alborghetti et al. [21] have shown that even
though the V-l characteristic is linear at room
temperature it may still be rectifying at lower
temperatures as the thermal energy of charge
carriers are reduced. Leonard J et al. [22] have
shown and discussed the causes for conductivity
enhancements at the metal-polymer interface
and established that it is due to strong increase
of defects at the metal-polymer surface
promoting tunneling. These could be the reasons
for formation of ohmic contacts. Since our
interests are to build biological devices
measurements are made at room temperatures
and low temperature behaviour is not being
explored. The enhancement of conductivity due
to graphite layer between copper and PEDOT-

PSS could also be modeled as a percolation
bond layer [23]. The critical probability for
graphite to conduct charge carriers across the
layer is 0.5 (co-ordination number being 3 and P,
=1/ (z-1)). This perhaps makes the thickness of
graphite film irrelevant in converting the PEDOT-
PSS / graphite/ copper interface ohmic.

It is well known that a semiconductor can form
ohmic contact when heavily doped due to thin
depletion region resulting in tunneling of charge
carriers. So doping (dispersing) PEDOT-PSS
with graphite powder was considered. Pure
graphite powder procured from M/s Graphite
India was dispersed in PEDOT-PSS (0.5 percent
by weight) and a film is made the same way as
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before and its V-I characteristics were measured.
The current voltage relation between contacts is
shown in Fig. 7.

The resistance of film between contacts 1 and 2
is 145Q and that between contacts 2 and 3 is
137Q while that between 3 and 4 is 167Q This
clearly indicates that contact resistances are
negligible compared to the bulk resistance of the
film and the contacts are ohmic. It may also be

observed that the film bulk resistance has
reduced from 308 kQ to 137.5Q between
contacts 2-3. As shown in reference [24,25] a
small amount of filler/dopant can produce large
changes in conductivity due to formation of
percolation bond layer. A similar possibility exists
in graphite powder doped PEDOT-PSS and the
critical doping concentration is less than 0.5%.
More measurements at different doping levels
are necessary to ascertain critical concentration

voltage drop (volt)

y =310.2x + 0.157 °

Rz =0.998 '
] /./
L @
1 [—m—Vvi2—e— v23 v}./ /\
. /

y = 308.3x + 0.052
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l/
Yz y = 245.6x + 0.104
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T T T 1
0.010 0.015 0.020 0.025
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T
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Fig. 6. V-l Plots showing voltage drops across V,,, V.3 and V3, vs. | for pristine PEDOT-PSS
making contact to graphite-clay coated copper electrodes
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Fig. 7. V-l plots showing voltage drops across V,,, V,; and V3, vs. | for PEDOT-PSS dispersed
with graphite powder making contact to copper electrodes
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4. CONCLUSION

It has been shown that PEDOT-PSS forms
rectifying contact with copper producing large
contact resistance and the contacts can be made
ohmic with low contact resistance by introducing
a thin film of graphite-clay. The procedure is very
simple and cheap involving no special process
technology. It has also been proved that
dispersing PEDOT-PSS with pure graphite also
produces ohmic contact but changes the
resistance of the film. These methods of making
ohmic contacts are very useful in building
devices such as strain gauges, FET and other
devices.

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES

1. Doblhofer K. Thin polymer films on
electrodes. In: Lipkowski J, Ross PN (eds).
Electrochemistry of novel materials. VCH,
New York. 1994:141.

2. Fujihira M. Modified electrodes. In: Fry AJ,

Briton WE (eds). Topics in organic
electrochemistry. Plenum, New York.
1986;225.

3. Kaneko M, Wohrle D. Polymer-coated
electrodes: New materials for science and
industry. In: Henrici-Olivé G, Olivé S (eds).
Advances in polymer science. Springer,
Berlin. 1988;84:143.

4. Skotheim TA (ed). Handbook of conducting
polymers, Dekker, New York. 1986;1-2.

5. Guang-Feng Wang, Xiao-Ming Tao, Rong-
Xin Wang. Fabrication and characterization
of OLEDs using PEDOT: PSS and
MWCNT nanocomposites. Composites
Science and Technology. 2008;2837—
2841.

6. Paul Calvert, Prabir Patra, Te-Chen Lo,
Chi H. Chen, Amit Sawhney, Animesh
Agrawal. Piezoresistive sensors for smart
textiles, Polymer. 2004;45:8443-8450.

7. Seiichi Takamatsu, Tomoyuki Takahata,
Masato Muraki, Eij liwase, Kiyoshi
Matsumoto, Isao Shimoyama. Transparent
conductive polymer strain sensors for
touch input sheets of flexible displays. J.
Micromech Microeng. 2010;20 075017.

8. Wenfeng Zhang, Baofeng Zhao, Zhicai He,
Xuemei Zhao, Haitao Wang. Shangfeng

348

10.

1.

12.

13.

14.

15.

16.

17.

18.

Yang, Hongbin  Wu, Yong Cao. High-
efficiency ITO-free polymer solar cells
using highly conductive PEDOT:
PSS/surfactant bilayer transparent anodes.
Energy Environ. Sci. 2013;6:1956-196.
Cao Y, Yu G, Zhang C, Menon R, Heeger
AJ. Polymer light emitting diodes with
polyethylene dioxythiophene polystyrene
sulfonate as the transparent anode: Synth
Met. 1997;87:171.

Heuer HW, Wehrmann R, Kirchmeyer S.
Electrochromic Window Based
on Conducting Poly(3,4-
ethylenedioxythiophene)-Poly(styrene
sulfonate). Adv. Funct. Mater. 2002;12:89—
94.

Nilsson D, Kugler T, Svensson PO,
Berggren M. An all-organic sensor-transistor
based on a novel electrochemical transducer
concept printed electrochemical sensors on
paper. Sens Actuators, B-Chem.
2002;86:193-197.

Chen M, Nilsson D, Kugler T, Berggren M,
Remonen T. Electric current rectification by
an all-organic electrochemical device Appl.
Phys. Lett. 2002;81:2011.

Groenendaal L, Jonas F, Freitag D,
Pielartzik H, and Reynolds J, Poly (3, 4-
ethylenedioxythiophene) and its
derivatives: past, present, and future. Adv
Mater. 2000;12(7):481-494.

Heeger AJ, Williams SR, and Aleshin AN,
Transport properties of poly (3, 4-
ethylenedioxythiophen)/poly (styrene
sufonate). Synth Met. 1998;94:13-177.
Baca AG, Ren F, Zolper JC, Briggs RD,
Pearton SJ. A survey of ohmic contacts to
IlI-V compound semiconductors, Thin Solid
Films. 1997;308-309:599-606.

Ulrich Lange, Vladimir M. Mirsky,
Separated analysis of bulk and contact
resistance of conducting polymers:
Comparison of simultaneous two- and four-
point measurements with impedance
measurements, short communication. J.
Electro analytical Chemistry.
2008;622:246-251.

Bindu S, Anil Kumar R, Suresh MS.
Development of technique for making
Ohmic contacts to PEDOT-PSS films,
Lecture Notes in Electrical Engineering,
Springer India. 2013;258.

DOI: 10.1007/978-81-322-1524-0_28.
Alborghetti S, Stamenov P. Modeling of
electronic transport through Metal/Polymer
Interfaces in Thin Film Transistors, ISRN
Electronics; 2013. Article ID 652587,6.



19.

20.

21.

Bindu and Suresh; BJAST, 6(4): 342-349, 2015; Article no.BJAST.2015.093

Available:http://dx.doi.org/10.1155/2013/65
2587

Pretl Silvan, Hamacek Ales. Contact
properties of PEDOT: PSS, Electronic
System-Integration Technology
Conference (ESTC); 2012.

Akanksha Sharma, Sarita Yadav, Pramod
Kumar, Sumita Ray Chaudhuri, Subhasis
Ghosh. Defect states and their energetic
position and distribution in organic
molecular semiconductors. Appl. Phys.
Lett. 2013;102:143301.

DOI: 10.1063/1.4801636.

Alborghetti S, Coey JMD, Stamenov P.
Dependence of charge carrier injection on
the interface energy barrier in short-
channel polymeric field effect transistors.
Appl. Phys. Let. 2012;100:143301.
DOI: 10.1063/1.3701271.

22.

23.

24.

25.

Leonard J, Brillsonand Yicheng Lu. ZnO
Schottky barriers and Ohmic contacts, J.
Applied Physics. 2011;109:121301.

Forlani F, Prudenziati M. Electrical
conduction by percolation in thick film
resistors. Electrocomponent Science and
Technology. 1976; 3:77-83.

Gulmurza  Abdurakhmanov. On the
conduction mechanism of silicate glass
doped by oxide compounds of ruthenium
(Thick Film Resistors)—Diffusion and
Percolation Levels. World Journal of
Condensed Matter Physics. 2011;1:19-23
DOI:10.4236/wjcmp.2011.12004.

Mark Weber, Musa R. Kamal, Estimation
of the volume resistivity of electrically
conductive composites, Polymer
Composites. 1997;18(6):711-725.

DOI: 10.1002/pc.10324.

© 2015 Bindu and Suresh; This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history.php?iid=767&id=58&aid=7474

349



