
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 13:18
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Semiconductor Devices Using the
Plasma-Polymerized Pyrrole
Soo Young Park a , Ki Poong Lee a , Dong Hoon Choi a , Nakjoong
Kim a & Suk Kyu Song b
a Polylmer Division, Korea Institute of Science and Technology,
P.O. Box 131, Cheongryang, Seoul, 130-650, Korea
b Dept. Textile Eng., Faculty of Engineering, Hanyang Univ.,
Seoul, 133-791, Korea
Version of record first published: 04 Oct 2006.

To cite this article: Soo Young Park , Ki Poong Lee , Dong Hoon Choi , Nakjoong Kim & Suk Kyu
Song (1994): Semiconductor Devices Using the Plasma-Polymerized Pyrrole, Molecular Crystals and
Liquid Crystals Science and Technology. Section A. Molecular Crystals and Liquid Crystals, 247:1,
321-329

To link to this article:  http://dx.doi.org/10.1080/10587259408039218

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259408039218
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cryst. Liq. Cryst. 1994, Vol. 247, pp. 321-329 
Reprints available directly from the publisher 
Photocopying permitted by license only 
0 1994 Gordon and Breach Science Publishers S.A. 
Printed in the United States of America 

SEMICONDUCTOR DEVICES USING THE 
PLASMA-POLYMERIZED PYRROLE 

SO0 YOUNG PARK, KI POONG LEE, DONG HOON CHOI, 
NAKJOONG KIM, AND SUK K W  SONG* 
Polylmer Division, Korea Institute of Science and Technology, 
P.O.Box 13 1, Cheongryang, Seoul 130-650, Korea, *Dept. Textile Eng., 
Faculty of Engineering, Hanyang Univ., Seoul 133-791, Korea 

Abstract Organic semiconducting thin film of 1 O-'j S/cm conductivity was 
prepared by the plasma polymerization of pyrrole followed by the thermal 
treatment in nitrogen. Obtained film (TPP-Py) was uniform, pin-hole free, 
and optically clear. We investigated the electrical and photoelectrical 
properties of the semiconductor devices consisting of the TPP-Py 
sandwiched between the two planar electrodes, such as the Au, Al, ITO, 
and n-Si. It was found that the TPP-Py formed ohmic contact with either 
Au or I T 0  electrode and showed a weak photoconducting behavior. On the 
other hand, the Schottky contact and heterojunction of TPP-Py with A1 
and n-Si respectively showed the rectification and photovoltaic properties. 
The performances of these cells were characterized in detail through the 
measurement of dark- and photoconductivity, and also of the capacitance- 
voltage (CV) characteristics. 

INTRODUCTION 

There is a great research interest in the fabrication of polymer electronic devices 
with the semiconducting x-electron conjugated polymers. Polymeric Schottky 
diode,lZz light emitting diode,3 heterojunction device,' and the field-effect 
transistor 4 are under active research in this field. The advantage of polymer 
electronic devices comes mainly from the simple fabrication method such as the 
spin coating, casting, and dip coating which are suitable for the large area device 
fabrication. 

Recently, we have developed a more convenient way of device fabrication 
utilizing the direct plasma-polymerization coating of semiconducting organic 
films in v a c u ~ m . ~  In particular, we have demonstrated the good performance of 
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322 S.Y. PARK ET AL.. 

the polymeric field-effect transistor (FET) using the thermally-treated plasma- 
polymerized pyrrole (TPP-Py) as an active p-type semiconductor layer. 

In the present work, we extend the application of this plasma 
polymerization method to  the fabrication of polymeric Schottky diode and the 
heterojunction device. 

EXPERIMENTAL 

Fabrication of TPP-Pv film 
Pyrrole (Aldrich Chemical) was purified by the vacuum distillation and was 
degassed repeatedly by the freeze-pump-thaw method just before the plasma 
polymerization. Plasma polymerization was carried out in a capacitively-coupled 
bell-jar reactor operating at 13.56 MHz frequency under the discharge power of 
5 W, pyrrole flow rate of 14.5 mg/min, and the system pressure of 70 mTorr, 
where the average deposition rate of the film was 270 A/min. The thickness of 
the film was adjusted by the duration of glow discharge. Post-plasma thermal 
treatment was effected at 300 "C for 1 hr under N, atmosphere. 

Device structure 
FIGURE 1 illustrates the structure of semiconductor devices fabricated in this 
work. The ohmic and Schottky diode were prepared on the ITO-coated glass 
substrate as shown in the FIGURE l(a), where the upper electrode metals, Au 
and A1 respectively, were thermally evaporated under the vacuum of less than 
10-4 Pa. On the other hand, thoroughly cleaned and oxide-removed n-Si wafer 
([loo], Lucky Advanced Materials Inc.) was used for the preparation of the 
heterojunction device shown in FIGURE l(b). The insulating SiO, layer was 
formed by the CVD method and was patterned by etching out using the buffered 
HF solution. 

Measurements 
For the current-voltage measurement, Keithley 61 7 electrometer and the 
Hewlett Packard 100 MHz digital oscilloscope were used. The Oriel Xe lamp 
with IR-cut and neutral filter was used as a light source for the photocurrent 
measurement. The capacitance-voltage (CV) characteristic was measured using 
the Hewlett Packard precision LCR meter. 
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PLASMA-POLYMERIZED PYRROLE 323 

FIGURE 1 
the p-n heterojunction. 

Schematic view of (a) the ohmic or Schottky diode, and (b) 

RESULTS AND DISCUSSION 

The as-prepared film of plasma polymerized pyrrole (PP-Py) was very uniform, 
pin-hole free, optically clear, and semiconducting (2 x 10 -9 Scm-l ). However, 
the conductivity could be increased further (about three orders of magnitude) by 
the post-plasma thermal treatment in nitrogen without any adverse effect on the 
film (TPP-Py) quality. 

FIGURE 2 shows the dark- and photocurrent of TPP-Py film sandwiched 
between I T 0  and gold electrode (ITO// TPP-Py// Au). The current value is seen 
t o  be very linear against the bias voltage and also symmetric, which is perfectly 
the same as when we measured the Au//TPP-Py//Au ohmic cell. These facts 
suggest that TPP-Py forms quite good ohmic contact with both the gold and I T 0  
electrode. The bulk conductivity of TPP-Py was calculated as 1.4 x 10" S/cm 
from the slope of the curve, and the photocurrent was estimated to be around 
10% of the dark current at the low electric field shown in the FIGURE 2. 
Comparing the conductivity values, such an enhancement in the dark- and the 
photoconductivity of TPP-Py from those of PP-Py is likely to result from the 
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324 S.Y. PARK El AL. 

enhanced x-electron conjugation by the thermal treatment as was evidenced by 
the change of IR, and UV-visible spectra in our previous work.s 

-15 1 
FIGURE 2 Dark- and photocurrent of Au 11 TPP-Py 11 IT0  cell. 

Since the TPP-Py was proven to be a p-type semiconductor5 and formed an 
ohmic contact with Au (see FIGURE 2), we expect the TPP-Py to make a 
Schottky barrier with the low work-function metal such as Al. FIGURE 3 shows 
the dark- and photocurrent of this AIIITPP-PylIAu Schottky diode as a function 
of the bias voltage. The performance of this device was not reproducible at the 
higher bias-voltage region (over 2 V) due to the occasional electrode damages 
and the erratic switching phenomena. However, the device performance was very 
reproducible in the bias voltage range shown in the FIGURE 3, where we find 
that the observed current value ( PA order) is much lower than the ohmic value 
(mA order) of FIGURE 2. It is also seen that the photocurrent sensitivity in the 
reverse bias region is very high, which is well consistent with the usual polymeric 
Schottky diodes.1.2 
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dark 
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1.5 

FIGURE 3 
2000 A thick and the contact area is 0.78 cm2. 

Dark- and photocurrent of A1 // TPP-Py // Au cell. TPP-Py is 

FIGURE 4 shows the dark- and photocurrent of TPP-Py//n-Si hetero- 
junction structure. The rectification of this polymer device is shown in the inset 
(a), where the forward bias corresponds to applying negative voltage to  n-Si. 
Although some extent of leakage current is observed in the reverse bias region, it 
is clear that the forward-biased current follows the standard Eq. (1) of p-n 
heterojunction 

ln(J / J,) E q(V - R,I) nkT (1) 

where J is the current density, J, is the saturation current density, V is the 
forward applied voltage, R, is the series resistance of TPP-Py, I is the current, 
and n is the perfection factor. The linear relationship between In J and V 
(according to Eq. (1)) is shown in the inset (b) of FIGURE 4, from which J, is 
calculated as 2 x 10-1°A/cm2, and n as 4.3. It is also seen that the photocurrent 
is very large in the reverse bias region compared to that in the forward bias 
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326 S.Y. PARK ET AL. 

region. Such behavior is normally observed in the polymer/semiconductor 
heterojunction and is likely to be explained by the enhanced collection efficiency 
of photogenerated carrier under reverse bias condition.' 

When the TPP-Py//n-Si heterojunction device was operated in the 
photovoltaic mode under the 1.45 mW/cm2 white-light illumination from Xe 
lamp, the short-circuit current was 3.2 pNcm2, the open-circuit voltage was 
around 0.35 V, and the fill-factor was 0.17. The maximum photovoltaic 
conversion-efficiency was calculated as 2.8 x %. 

-1.5 -1 4. 0.5 1 1.5 

{ 40 t Forwadvoltage, V 

/! 
photo 

i j::: 
-140 1 

I E-OS 

1 E-07 

1 E-08 

1 E-09 

1 E-I0 
0 0.5 I 1 .5  

Forwd voltagc. V 

FIGURE 4. Dark- and photocurrent of TPP-Py n-Si heterojunction. 
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PLASMA-POLYMERIZED PYRROLE 321 

FIGURE 5 shows the time-response of the photocurrent. In the 
photovoltaic mode (a), it takes around 1 sec both for the switching on and off. 
In contrast, the switching is much faster in the photocurrent mode (b) under 1 V 
negative bias. It is seen that the photoresponses are very stable and 
reproducible. 
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FIGURE 5 .  Photocurrent response of TPP-Py // n-Si heterojunction. 

By measuring the capacitance of a heterojunction as a function of bias 
voltage, the value of the diffusion voltage V, can be found according to  the Eq. 

(2) 
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N 

Q 
d 

, 
0 .  

where C is the capacitance, A, is the contact area, N, and N, are the number 
density of donor and acceptor impurity in the n-type and p-type semiconductor, 
respectively. ,E, and E~ are the dielectric constants of n- and p-type 
semiconductor, respectively. We obtain the value of Vd by the extrapolation in 
the plot of 1/C2 versus V for TPP-Py//n-Si heterojunction (see FIGURE 6) .  The 
linear relationship of 1/C2 versus V according to the Eq. (2) is clearly observed 
and the value of V, is estimated as 0.75 V. 

-- 0.3 
a 

0 

!! 0.2 

-- 0.1 

. 0' 

-0.5 Reverse - *  0.5 0 Forward 
Bias voltage, v 

FIGURE 6 Room temperature C-2 versus applied voltage for TPP-Py // n- 
Si heterojunction. 

CONCLUSION 

The semiconducting organic film of 10" S/cm conductivity (TPP-Py) was 
prepared by the plasma polymerization of pyrrole followed by the thermal 
treatment in nitrogen. The p-type behavior of TPP-Py was demonstrated by the 
formation of Schottky contact with the low work-function metal (Al), and the p- 
n heterojunction with n-Si. 
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