This article was downloaded by:

On: 17 January 2011

Access details: Access Details: Free Access

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

|| Grisial Reviewsin... | Critical Reviews in Analytical Chemistry

Ana I I ica l Publication details, including instructions for authors and subscription information:

Chemistry

http://www.informaworld.com/smpp/title~content=t713400837

Chemical Gas Sensors Based on Organic Semiconductor Polypyrrole
Karin Potje-Kamloth

Online publication date: 03 June 2010

C.H. Lechmiller

Editar-in-Ghisf

Valwme 35 1 fowe 2/ 2005 () T hineen

To cite this Article Potje-Kamloth, Karin(2002) 'Chemical Gas Sensors Based on Organic Semiconductor Polypyrrole',
Critical Reviews in Analytical Chemistry, 32: 2, 121 — 140

To link to this Article: DOI: 10.1080/10408340290765489
URL: http://dx.doi.org/10.1080/10408340290765489

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713400837
http://dx.doi.org/10.1080/10408340290765489
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12: 44 17 January 2011

Downl oaded At:

Critical Reviews in Analytical Chemistr$2(2):121-140 (2002)

Chemical Gas Sensors Based on Organic
Semiconductor Polypyrrole

Karin Potje-Kamloth®
Questos AG, Otto-Hahn-Str. 11, 85521 Ottobrunn, Germany

Mailing address: Eichenstr. 4, 85640 Putzbrunn, Germany, e-mail: Potje-Kamloth@t-online.de

ABSTRACT: Polypyrrole (PPy) is one of theost studied conducting polymers. It is well known that the
mechanical, physical, and chemical properties of PPy strongly depend on the nature of the dopant anion. In this
context, on overwiev of the influence of small anions and metallomacrocycles, for example, metallophthalocyanines
(MPcTS), on the chemical transducer behavior of the doped PPy layer studied by the Kelvin Probe method is given.
The gas-polymer interaction changes the work function of the polymer, which can be explained by a secondary
doping of the polymer by the adsorbed gas molecule. Studies have revealed that the central metal ion in MPcTS
plays an important role in the chemical sensing properties toward cNl@rinated hydrocarbons, and
organophosphorous compounds in the low ppm concentration range. Furthermore, the competitive doping method
of PPy with a mixture of small anions and MPcTS strongly enhances the selectivity and reduces the response time
of the conducting polymer, which are general problems in the use of conducting organic polymers for gas and vapor
detection.

Chemical sensitive PPy layers have been used to build chemical sensors in which the organic semiconductor
works both as the active component in the electronic device structure and as the chemical sensing transducer
element, for example, polymer field-effect transistors, PPy/Au-Schottky, and PPy/Si-heterojunction diodes. The
junction parameters of the polymer-based diodes, as the ideality and the rectification factor, are strongly influenced
by the dopant of the conducting polymer. In both forward bias and reverse bias, these junctions exhibit a
significant, fast, and reversible response to, 3, which can be explained by changes in the barrier height and
in the charge carrier concentration of the PPy layer due tpiiN€action.

KEY WORDS: chemical sensor, gas sensor, polyprrole, schottky barrier diode, polypyrrole composite, polymer
based electronic devices.

. INTRODUCTION electron donor or acceptor behavior, for example,
alcohols, ammonia, chlorinated hydrocarbons,
The organic semiconductor polypyrrole (PPy) nitrogen oxide gases, and organophosphorous
is one of the most frequently used and studiedvapors, changes with the dopants. The combina-
conducting polymers owing to its attractive prop- tion of the properties make PPy particularly at-
erties from the practical point of view, for ex- tractive for applications in intelligent gas sensors,
ample, its inherent flexibility of organics, good in which the organic semiconductor PPy acts as
environmental stability and relative ease of pro- both the active semiconductor and the chemical
cessing, as well as easy tunability of electric prop- sensitive transducer element of the sensor struc-
ertiest It is well known that the electrical, me- turez®
chanical, and chemical properties strongly depend  However, it brings about a self-limitation of
on the preparation methods and the nature of thetheir use. Due to its sensitivity to various gases
dopant incorporated into the polymer backbone to and vapors the selectivity is low, which is the
maintain electroneutrality. Furthermore, several most serious problem in the use of PPy for gas or
studies have shown that the chemical sensitivity vapor detection. The environmental stability of
of PPy toward certain vapors and gases exhibitingPPy doped with commonly used anions is rela-
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tively high compared with other conducting poly- When the polymerization propagates the poly-
mers. Nevertheless, the polymer is sensitive tomer chain becames insoluble and is deposited on
electrochemical and chemical degradation and thethe working electrode to form a PPy film. In this
conductivity exhibits a long-term irreversible de- first step, the ideal neutral polymer chain consists
cay presumably due to the irreversible attack of of PPy units consecutively rotated by 18pro-
oxygen present in the ambient. hibiting the formation of an extendedelectron
The following sections are focused on the system along the polymer backbone. The noncon-
chemical sensing behavior of PPy. A survey is ducting or neutral state of PPy is considered to
given of the preparation of stable, sensitive PPy have the so-called benzoid structure, which ex-
layers with reduced response time and enhancedibits a very low conductivity due to the large
selectivity to selected vapors and gases. band gap of 3.2 eV (Figure 1).
In the second step, the neutral statia isitu
oxidized and electrons are extracted from the
II. SYNTHESIS AND IN SITU DOPING polymer, which leads to a structural and elec-
PROCESS tronic rearrangement of the pyrrole units in the
polymer backbone. The former enables the for-
PPy can be prepared in various forms, de- mation of an extended conjugate@lectron sys-
pending on the method used and on the preparatem along the quinoid-like planar structure, the
tion conditions. A general difficulty of the repro- latter the formation of self-localized electronic
ducible PPy preparation arises from its complexity. states obeying the polaron (cation-radical) or
The structure and hence the properties of the re-bipolaron (dication) formalism (Figure 2). The
sulting PPy are strongly influenced by a number charge injection into the macromolecular chain
of variables, for example, the applied potential, by oxidation is called doping. Besides this charge
the monomer concentratidrand the preparation injection, doping of PPy implies also the insertion
temperaturé? Therefore, the results on PPy spread of anions present in the background electrolyte
widely. Two basic methods are used for the prepa-into the polymer backbone in order to maintain
ration of PPy: chemical and electrochemical syn- charge neutrality.
thesis. The chemical synthesis of PPy produces These anions are called dopants. The substan-
easily arbitrary amounts of PPy in various forms, tial difference between the doping of common
but its reproducibility is poor. An advantage of inorganic semiconductors and doping of conduct-
the electrochemical method is that the preparationing polymers is the amount of dopants present in
process can be simply controlled through the cur-the bulk material, which is of 5 orders of magni-
rent, the applied potential or the charge consumedtude higher with a charge carrier density up to
A disadvantage is that PPy can be prepared onlyl(?? cnmr3 The final structure resulting from the
in the form of a thin film deposited on the surface preparation is influenced by a number of param-
of a conducting materia¥. eters. The nature of the dopant and the solvent
The general mechanism, which is the sameused for synthesis has the largest effect.
for both processes, is based on the oxidation of PPy doped with spherical anions, for ex-
pyrrole monomer to form oligomeric intermedi- ample, CIQ, BF, exhibits a generally isotropic
ates, according to Eq.'1. structuret?!® On the other hand, the amphot-
eric, for example,p-toluenesulfonate, or
planar aromatic anions for example,
metallophthalocyanines tetrasulfonates, MPcTS
(Figure 3) induce a measurable anisotropy in
the PPy structure. It is known that the incorpo-
Pyrrol Polypyrrole ration of electroactive MPcTS causes an in-
crease in conductivity#®*and crystallinity6-18
because of the layered structure and the high
(1) package density of the film.

Oxidation
-(2nty)e-
R
ol ]
— in situ
N Polymerization
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reduced or neutral state (insulator) 7 . /// // cB
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FIGURE 1. Neutral state of polypyrrole in the benzoid structure and its corresponding schematic
electronic band diagram.

Oxidized state (p-doped) % / CB
———4—ACL
1.4 eV
——-'}-————— ECL

/A
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PPy + Bipolaron

FIGURE 2. Quinoid polaron and bipolaron structure for light and heavily doped polypyrrole
with their corresponding schematical electronic band diagram.
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FIGURE 3. Chemical structure of metallophthalocyanine tetrasulfonate anion, MPcTS.

lll. SENSITIVITY Anions commonly used for the electropoly-
merization of PPy, such as G|@F,, and TOS,
The chemical sensing behavior of PPy is basedwere chosen for comparison with PPy layers doped
on the interaction between the polymer layer andwith the metallophthalocyanines (MPcTS, M =
the ab- or adsorbed gas molecules. The interac-Cu, Pb, Al, Fe, and NP-23 Pure MPcTS layers
tion leads to a heterogeneous charge transfer reacshow good sensitivity toward nitrogen oxide
tion® and hence to a chemical modulation of the gase3?” and organophosphorous vap&rd.he
polymer doping level, which is directly related to majority of these investigations has been focused
the Fermi level of the organic semiconducéfor. on measuring the changes in electrical conductiv-
This type of interaction is often described as a ity at elevated temperatures. Furthermore, several
secondary doping of the sensitive polymer layer. studies revealed that the incorporation of
The effect results in a change in the electronic metallomacrocycles, such as metallophthalocya-
conductivity or the work functionp, of the or- nine or metalloporphyrin complexes, drastically
ganic layer. In case ob, the polarity of the changes the properties of PPy8 29-32Their use
response depends on the ability of the enteringas dopants causes an increase of crystalfifigy,
gas molecule to exchange charge density with theconductivity, and stability in a5
polymer matrix either by oxidatiod\{ > 0) or The instability of PPy in air is related to its
reduction A® < 0). The gas molecule behaves as slow and irreversible degradation due to
an electron acceptor and donor, respectively.  overoxidation of the polymer backbone. Oxygen,
present in the air, can act as an irreversible dopant
of the neutral form of PP§}, which is always
A. Chemical Sensing Properties of present in a small amount in even highly oxidized
Doped PPy Layers PPy used as a chemical sensitive layer. The deg-
radation process can be the reason for the slow
Several studies deal with the influence of the irreversible drift of the work function of PPy
nature of the dopants on the morphology and theoften observed in long-term gas measurements.
chemical sensing behavior of PPy to selectedHowever, the signal remained constant (a drift of
vapors and gases, which is presented in moreca. 0.1 mV hY) when PPy doped with CuPcTS
detail?1-23 was investigated in air over a long period of time.
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It was assumed that the incorporated electroactivescribed by the intrinsic work function, is strongly
MPCcTS anion itself interact with oxygen and there- dependent on the nature of the dopant anion. This
fore prevent the overoxidation of doped PPy.  observation was confirmed recently by the deter-
The sensitivities of PPy films doped with mination of the built-in voltages of Au-PPy-
various anions to DMMP, PER, and N@re Schottky diodes, comprising different doped an-
compared in Figure 4. ions as dopants, which are discussed Fter.
The interaction of these gases or vapors with A strong irreversible interaction of N@vith
PPy lead to both a positive and negative change inPPy/Fe(lIl)PcTS could be obsenAdifter sev-
the work function. PPy doped with NiPcTS, eral exposures to NOthe polymer layer shows
PbPcTS, Fe(ll)PcTs, and AIPcTS vyielded nega- only very small signhal changes during further gas
tive changes in the work function for all the ex- measurements. Owing to this strong irreversible
amined substances. This differs from CuPcTS, interaction, PPy is practically insensitive towards
TOS, BF, and CIQ doped PPy, where the work all gases and vapors investigated thereafter, for
function shows positive changes for N@nd example, DMMP. After a thermal treatment at
negative changes for PER and DMMP. The mea-elevated temperature (80) and reduced pres-
sured signals were found to be comparable withsure, the layer can be reactivated and a work
those publisheef function change in the presence of DMMP is
The difference and the opposite direction of obtained. This clearly indicates that N®block-
AD for PPy/CuPcTS and the other PPYy/MPCcTS ing the gas/polymer interaction sites of the PPy
layers after exposure to NGndicates that the layer, which are strongly related to the nature of
central metal ion of the phthalocyanine anions the dopant.
plays an important role, which is as yet not under- Cabala et al. assumed that the reason for the
stood?® Furthermore, it indicates that the intrinsic high and positive signals of PPy/Gl@nd PPy/
electronic state of doped PPy, which can be de-BF, in the presence of N@ould be caused by a

AlPcTS

inactivation not sensitive | "e(INPCTS
PbPcTS
NiPcTS
NO,18ppm . '
uPcTS
€10, AN
BF | RERRERRRRRRRRK]
TOS
PER 92 por nesre
N cio,
X5 BF,
7] Tos
AlPcTS
Fe(l)PcTS
not sensitive | PbPcTS
M A LAl o & o P P R B LR
DMMP 44ppm - S neers,
not sensitive_ § CIO,
BF,
TOS
T

——————————— —— .
-200 -100 0 100 200
AD vs. Au / meV

FIGURE 4. Comparison of the work function change, A®, of PP layers doped with various
anions in the presence of NO,, PER and DMMP in ambient air, measured with the Kelvin probe.
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reaction of NQ with the water present in the In order to obtain the highest sensitivities of the
polymer, yielding the strong acid HN@ In situ PPy layers toward DMMP and NONiPcTS was
impedance analysis of PPy samples doped withcombined with BE, and CuPcTS with ClQas
various anions has shown that ¢l&hd BE, an- dopants for PPy, because they yielded the highest
ions transport a high amount of water into the changes in the work function for the respective
bulk of the PPy film during electrochemical depo- gases (see Figure 4). The work function changes
sition, whereas in the case of TOS, CuPcTS andof PPy doped with various molar ratios of Ci©®
NiPcTS the amounts of water is negligibld.he CuPcTS are presented in Figure 5. The results
responses of all the examined samples to PER ar@btained for PPy doped with mixtures of NiPcTS
comparable and low. and BF; are shown in Figure 6.

The results presented above show that PPy  The data presented in Figures 5 and 6 indicate
doped with suitable anions, such as CuPcTS,,CIO that the sensitivity of PPy layers to any examined
NIiPcTS, or AIPcTS, exhibits a high sensitivity gas is not enhanced with either pair of anions. The
toward NQ and DMMP, respectively, and can be competitive doping of PPy decreases the work
used as a chemical transducer for gas and vapofunction change of about 30% after exposure to
sensors. However, the selectivity of such layers isDMMP and NQ, respectively, but the sensitivi-
not sufficient for practical applications. ties are still high enough for sensing purposes.

Another important drawback in the applica- The change in the work function does not depend
tion of PPY/MPCTS as sensitive film is the long linearly on the composition of the background
response timetd,), which is in the range between electrolyte. On the other hand, the responses of
10 to 16 min (NQ) and 20 to 100 min (DMMP).  PPy/CuPcTS+CIQto DMMP and PER, and of
It is assumed that, due to the highly ordered lay- PPy/NiPcTS+BE to NO, and PER decrease in
ered structure and the relatively high packing such a way that the detection is practically impos-
density of MPcTS-doped PPy, the vapor diffu- sible. This decay has the advantage of enhancing
sion in and out of the layer is very slow, resulting the selectivity of PPy. Transients in the work
in a long response time. In contrast, PPy samplesunction response of PPy/CuPcTS+¢l@yers to
doped with smaller inorganic anions such as,CIO NO, can be seen in Figure 7.
and BF, exhibit an amorphous structure and a The dependence of work functiofithe PPy
lower density. They show faster response times inlayers on the logarithm of the N©oncentration
the range of 1 to 3 min. is shown in Figure 8. The sensitivity of PPy/

Several attempts can be made to address thisCuPcTS+CIQ (0.5) obtained by the slope of a
problem. A general approach is to reduce the straight line in the signal véog (concentration)
packing density or to increase the porosity of the representation is 69 mV (ppm decadéle)
conducting polymer by the introduction of an The work function signals of all PPy/
additional component into the polymer layer. Re- CuPcTs+CIQ layers show no tendency to level
cently, Cabala et al. have shown that this can beoff in the ppm concentration range indicating the
done by the additional incorporation of a small high sensitivity of these layer with a relatively
spherical dopant besides the anion determininglow detection limit ranging from 0.02 to 0.06
the sensitivity of PP¥ Another approach con- ppm. For concentrations above 40 ppm, the films
sists of grafting or copolymerization of PPy with become saturated reaching the upper detection
chemical inert, nonconducting polymer forming a limit. The sensitivity of the PPy/CuPcTs+ClO
polymer blend or polymer composite, which is films is found to be comparable with that of pure
discussed later in Section Il1.B. metallophthalocyanine films and higher than that

The simultaneous incorporation of various of conducting polymer films in the published
anions in PPy is called competitive doping works 26:27.39,40
and is carried out in solution that contains a pre- The time constant of the work function sig-
determined mixture of anions. The ambient air nal, tyy, to NO, decreases strongly from 16 min
stability of competitively doped PPy samples is for PPy/CuPcTS to 1 to 3 min for the PPy/
comparable to samples doped with a single anion.CuPcTS+CIQlayers indicating a faster diffusion
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FIGURE 5. Work function changes, A®, of PPy doped with CIO, ,CuPcTS, and CuPcTS+CIO,
of different molar ratios (given in the parentheses) upon exposure to various concentrations
of NO,, PER and DMMP as indicated. Ambient air was used as carrier gas.

NO, 11ppm ?

EE PPy/BF,

PPy/NiPcTS + BF, (0.09)
B2 PPYINIPCTS + BF, (0.5)
PPy/NiPcTS + BF, (0.91)
PER 92ppm Bl PPy/NiPcTS

DMMP 44ppm

A® vs. Au / meV

FIGURE 6. Work function changes, A®, of PPy doped with BF,, NiPcTS, and NiPcTS+BF, of
different molar ratios (given in the parentheses) upon exposure to various concentrations of
NO,, PER and DMMP as indicated. Ambient air was used as carrier gas.
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FIGURE 7. Transient responses of PPy layers doped with CuPcTS+CIO, of different molar ratios
to various concentrations of NO, measured with the Kelvin probe. Ambient air of 38 to 42% r.h.
was used as carrier gas.
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FIGURE 8. Dependence of work function, ®, of PPy/CuPcTs+ClO, layer on the
concentration of NO, measured with Kelvin Probe. The carrier gas was ambient
air.

128



Downl oaded At: 12:44 17 January 2011

of the gas molecules into the bulk of the polymer. The sensitivities of the PPy/MPcTS+POP films
The additional incorporation of the non-planar (aside from PPy/Fe(I)PcTS+POP) to DMMP lie
anion CIQ probably disturbs the parallel orienta- in the range 66 to 76 mV (ppm decaéleyhich
tion of CuPcTS in the polymer and simultaneously corresponds to a decrease of 22 to 40% compared
decreases the density. Similar behavior can bewith the respective commonly prepared PPy films.
obtained for PPy layers doped with NiPcTS4BF Nevertheless, these values are still high enough for
The ty,, value of the signal decreases from 100 sensing purposes. Fe(ll)PcTS-doped PPy provides
min for PPy/NIiPcTS to 3 to 5 min for PPy/ the lowest sensitivity to DMMP and the largest
NiPcTS+BF, owing to the large size of the DMMP  decrease in work function signal after the incorpo-
molecule, the diffusion coefficient is lower than ration of POP, which may be due to the stronger
that for NQ. inactivation of the central metal ion located in the
macrocycle ring by the inert polymer matrix. How-
ever, PPy/Fe(ll)PcTS+POP shows the fastest work
B. Chemical Sensing Behavior of PPy function change after exposure to DMMP with a
Composites time constant of 3 min.

Recently Aguilar et al. published a new ap-
proach to increase the porosity and manipulatelV. CHEMICAL SENSORS MODIFIED
the sensing properties of the chemically sensitive WITH DOPED PPY
PPy films22 It is based on the incorporation of an
inert polymer matrix into PPy by dn situelec- In terms of electronic devices conjugated
trochemical polymerization process. They used polymers have been studied most extensively in
polyoxyphenylene (POP) as matrix to form a PPy the form of unipolar structures. Typical examples
composite and investigated the chemical sensingof unipolar devices are heterojunction and
properties, that is, the transient response towardSchottky diodes, MIS diodes, as well as MIS field
DMMP and NQ. The sensitivities of the PPy- effect transistors, all of which have been demon-
POP copolymer films are -79 mV (ppm decable) strated with conjugated polymer semiconductors.
and 23 mV (ppm decadéfor DMMP and NQ, Good device characteristics have been obtained
respectively, which indicate a better sensitivity for both diodes and MISFETS, but these devices
for DMMP than for NQin about a factor of three. cannot compete with inorganic semiconductor
The work function changes agree with the relative devices if high speed operation is required be-
resistance changes, which are lower for the, NO cause the carrier mobilities that are found are very
interaction than for the DMMP interactiéhFig- low, of the order of 1@ to 10%cn? V-is1.42
ure 9 shows thg,,, values and the sensitivities Nevertheless, MIS field effect transistors,
toward DMMP obtained for PPy and PPy-POP Schottky, and heterojunction diodes can be used
films doped with 4-hydroxybenzene sulfonate as chemical sensors, in which the conducting
(4HBS) and MPcTS. An improvement in the time polymer acts as both the active semiconductor
constant can be achieved by using the POP as aand the chemical-sensitive transducer element of
insulating polymer matrix for PPy. It decreases the sensor structufe.
from a maximum value of 101 min (PPy/CuPcTS)
to approximately 4 to 7 min for all PPy-POP
copolymer films. The main reason for this faster A. Polymer Oxide Silicon Field-Effect
response may be due to the disturbance of theTransistor
parallel orientation of the large and planar dopants
in the polymer layer, which causes a decrease in A large number of gas sensors based on field-
density from 1.4 to 1.5 g cAm(PPy) to 1.27 g cri effect devices were developed in the last few
(PPy-POP), leading to faster diffusion of the va- years!*-8 For the devices chemical-sensitive or-
por molecules into and out of the bulk of the ganic layers can been used either as*¥ydter as
polymer film. bulk materiak?% With both types good results
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have been achieved for the detection of reducinga period of about 18 h with a slightly change in
and oxidizing gases. The sensor signal is depenthe ambient temperature leading to a small baseline
dent on the change of the work function of the drift of the signal.
sensitive layer.

The polymer oxide silicon field-effect tran-
sistor (POSFET) is a modification of the classic B. Polymer Bipolar Devices
MOSFET (metal oxide silicon FET), where the
metal gate is replaced by a chemical sensitive  The rectifying behavior of polymer Schottky
semiconducting polymer layer (e.g., PPy) to diodes and heterodiodes relates directly to the
achieve a sensitivity toward gases and vapors.Fermi level of the polymer layer and can be influ-
The structure of a POSFET is shown in Figure 10. enced not only by the structure, the dopant type,
An electropolymeriztion process can be used for and the doping levél, but also by interaction of
the deposition of the PPy gate, which allows the the polymer with gases or vapors. By exposing
variation of the sensing properties in a wide the polymers to certain gaseous species exhibit-
range?! Due to the direct contact between poly- ing electron donor or acceptor behavior, the Fermi
mer and insulator the number of surface effects atlevel position is changé&t®¢by either lowering or
this interface decreases, resulting in a higher sta-enhancing the doping level. In this case, a gas-
bility and lower noise of the sensor. induced change in the current-voltage character-

A change of the work function of the sensi- istics can be observed, which can be exploited for
tive polymer by a chemical modulation of its gas-sensing measurements.
work function during gas or vapor interaction will
influence the current-voltage characteristic of the
POSFET and is directly reflected in the change of 1. Heterojunction Diode comprising
the threshold voltage in same order and direction.p-Doped PPy as Sensitive Layer

Figure 11 shows the response of PPy/
CuPcTS+CIQ gate to various concentrations of The deposition of the organic semiconductor
NO, in ambient air measured at room tempera- can be carried out either by chemical and electro-
ture. The POSFET shows a signal shift of 100 mV chemical polymerization or by spin coating, de-
for 18 ppm NQ. NO,acts as an electron acceptor, pending on the properties of the polymer layer.
leading to an increase of the work function of the Polypyrrole can be grown on n-type semiconduc-
gate polymer. The plot displays the response overtors by a photoassisted electroxidatioh.recti-

Polymer (Gate)
Gate Contacts

,,,,,,,,,,,,,,,,,,,,,,, RER: 4 20 | nsulator

Contacts
Bulk (Drain, Source)

Channel

FIGURE 10. Schematic diagram of a POSFET. The chemical sensitive layer is a conducting
polymer.
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FIGURE 11. Transient response of a POSFET modified with a PPy/CuPcTS + CIO,
gate toward various concentrations of NO, according to the profile shown at the
bottom. The carrier gas was ambient air.

fying semiconductor/electrolyte contact is formed The width of the space charge region is dependent
between n-type silicon and an electrolyte contain- on 1/+/N . Therefore, the potential drop or the
ing pyrrole. Minority charge carriers (holes) for partial barrier height located on the side of PPy is
polymerizing pyrrole monomer onto the n-type Si very small compared with to that on the Si side.
substrate can be created by illumination. Light- Thus, any change in the barrier height is reflected
induced electron-hole pairs are dissociated by theonly in a very small change of the diode current
depletion layer field, and the holes are consumedin forward bias, and the influence of the conduc-
during polymerization of PPy. tivity change in the bulk of PPy is strongly en-
A typical dark-current density vs. applied hanced. The bulk resistance or series resistance is
voltage (-V) curve of a PPy-Si sandwich struc- dominant relative to depletion or space charge
ture measured at room temperature is shown inregion resistance, and the forward current increases
Figure 12. In general, th&V characteristics of  with increasing carrier density due to change in
the PPy-Si heterojunction contact is asymetrical conductivity of PPy.
and show a nonohmic or rectifying behavior. When These compensatory effects of the gas/poly-
applying positive bias to the PPy film, the diode mer interaction on the diode characteristics can be
is forward biased. realized by the incorporation of different type of
The rectifying behavior of the bipolar device is dopants. PPy/TOS comprises a high charge car-
controlled by the space charge region located onrier concentration and the respective junction di-
both sides of the heterojunction. The potential drop ode shows an almost ideal diode characteristics
over this junction, which is generally called barrier (Figure 13 left).
height, is dependent on the work function differ- The interaction with NQcauses a decrease
ence of the materials used and their charge carrieof the forward current or a negative voltage shift
density,N. Therefore, during gas or vapor interac- at constant current (Figure 13 right). The sensor
tion any change ilN leads to shift in the work response is bulk resistance controlled. The charge
function and the barrier height. The forward biased carrier density of PPy/CuPcTS is of two orders
current decreases with increasing carrier density. of magnitude lower than that of PPy/TOS. In
In the case of the PPy-Si heterojunction di- this case, the sensor response is junction con-
ode, the charge carrier density of PPy is of abouttrolled and shows a positive voltage shift (Figure
five orders of magnitude larger than that of Si. 14).
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FIGURE 13. (left) J-V characteristics of PPy/TOS-Si heterojunction diodes and (right) transient charac-
teristics of the gas-induced voltage shift at a constant current of 9 x 10— A cm~ after exposure to NO,.
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FIGURE 14. (left) J-V characteristics of PPy/CuPcTS-Si heterojunction diodes and (right) transient charac-
teristics of the gas-induced voltage shift at a constant current of 2 x 10> A cm2 after exposure to NO,.

2. Schottky Barrier Diode Comprising highest charge carrier density of all layers studied
p-Doped PPy as Sensitive Layer and hence the most positive work function. Hence,
PPy/CuPcTS leads to the highest built-in voltage
One approach to increase the influence of theof all polymer diode studied (Figure 15A). Fur-
gas-induced work function shift on the junction- thermore, it has already discussed that the interac-
controlled or junction resistance-limited sensor tion of PPy/CuPcTS with NOcauses the highest
response can be achieved by the replacement o€hange in work function (see Figure 4), which is
n-doped Si by a metal. The junction between arelated to the highest change in the charge carrier
low work function metal and a high work func- concentration a€-Vmeasurements have shown
tion semiconductor is called Schottky baréer. (Figure 15B). Both effects are enhancing the sen-
The depletion or space charge region is now com-sor signal of the Schottky barrier diode when
pletely located on the semiconductor side. compared with work function measurements us-
The rectifying behavior of the polymer ing Kelvin Probe or POSFET. The Schottky bar-
Schottky diodes is directly related to the Fermi rier diode shows a NEinduced junction voltage
level of the polymer layer, which, for example, in shift of 260 mV (Figure 15C), whereas a work
case of PPy, can be influenced by the structure function of 182 mV is obtained when a POSFET
the dopant type, the doping leveéand by inter-  comprising a PPy/CuPcTS layer was used for the
action of the polymer with gases or vapors. Fur- same measurement.
thermore, the increase or decrease in the ideality = The charge carrier concentration of the PPy
factor during gas-polymer interactions, which is layer decreases from PbPcTS to TOS as dopants.
due to a generation or reduction of the interface The junction between PPy/TOS and Au shows a
state density, can influence the gas sensitivity of very low rectifying ratio due to the low built-in
the junction as wel36Nevertheless, the current voltage and is practically quasi-ohmic. When the
voltage characteristics are controlled by both the difference between the work function of metal and
barrier height in the low forward bias region and the Fermi level of the polymer layer is small, a low
the bulk conductivity of PPy in the high forward contact potential accompanied with a thin deple-
bias region. tion layer is expected to form at the junction. In this
The Schottky barrier diode structure allows case the bulk resistance of polymer cannot be ne-
to study the influence of the dopant on the diode glected even in the low bias voltage range. The
characteristics. The Schottly barrier characteris- bias voltage range, in which the current density is
tics is dependent on the built-in voltage of the exponentially dependent on applied voltage, be-
junction, which is the difference in work function comes smaller when the contact potential decreases.
of PPy and gold. Capacitance-voltage\{) mea- The tendency of the N@nduced junction voltage
surements show that PPy/CuPcTS exhibits theshift to decrease when the built-in voltage of the
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FIGURE 15. A—C: Dependence of electrical parameters and the sensor signal of
PPy-CuPcTs/Au Schottky barrier diodes on the nature of the dopants.

diode decreases can be explained in terms of theexpected for these devices. An increase in the
enhancement of the compensatory effect in thedepletion width may be reached either by increas-
PPy bulk. This can be seen in Figure 15 along theing the built-in potential or by decreasing the
series PbPcTS, NiPcTS, CoPcTS, and TOS. charge carrier concentration. It was found that the

The PPy/Au diodes prepared at room tem- charge carrier concentration calculated fra@?1
perature (22C) show low rectification ratios.  vs.V curves is far different from that estimated
This may be due to a very thin barrier formed at from the doping level obtained from EQCM mea-
PPy/Au junctions and an effect of the tunnelling surements (~20, assuming that all dopant charges
current?®” Due to the acceptor concentration of give rise to one hole polaron, or half a bipolafpn
the order of 1®cm3and assuming the depletion This may be due to the existence of a large con-
width to scale as the square root of the acceptorcentration of defects in amorphous semiconduc-
density?? a depletion width of about 1 to 10 nm is tor materials.
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PPy has an amorphous structure with a certainThe PPy layers were electrochemically prepared
degree of crystallinity in between 5 to 10% de- at different temperatures.
pending on the structure of the dopant. Therefore, = The diode based on the PPy film prepared at
a large amount of structural defects exists caused50°C exhibits the response time and the recovery
for example, by branching or overoxidation, intro- time being much faster than that of diodes based
duced during the preparation of the polymer. The on PPy films prepared at 10 and°G0The de-
concentration of structural defects increases with crease in response and recovery time can be ex-
increasing preparation temperature, because thelained by an increase in the amount of the amor-
polymerization rate rises up simultaneously. Due phous phase compared with that of the crystalline
to these structural defects, the majority (about 80 tophase in PPy when the preparation temperature
90%) of the self-localized electronic defects (po- increases.
larons or bipolarons) are trapped in that way, that
they cannot contribute anymore to the current trans-
port through the polymer layer. Therefore, the con- V. SUMMARY
centration of the active charge carriers is depen-
dent on the preparation temperature and decreases The nature of the anion used as dopant for
with increasing preparation temperature (Figure PPy exhibits the major influence on the sensing
16A). Simultaneously, the size of the space chargeproperties of PPy. The various anions are respon-
region increases and therefore the junction resis-sible for the subtle differences in the electronic
tance is enhanced with respect to the bulk resis-structure of particular PPy samples. Their elec-
tance. Hence, the N@nduced voltage shift in-  tronic structure, or, in other words, the content of
creases for the same concentration (Figure 16D)polarons and bipolarons, is responsible for the
enhancing the sensitivity of the Schottky barrier quality of the interactions between the polymer
diode. and the species of interest. The use of MPcTS as

Furthermore, with increasing temperature the a dopant for PPy preparation enhances the stabil-
crystallinity decreases and is zero when reachingity of PPy compared with PPy doped with small
the glass transition temperature (which is betweenanions and makes PPy practically insensitive to
42 or 55C for PPy/CuPcTS). The gas or vapor ambient air. The central metal ion in MPcTS plays
can only be absorbed by the amorphous part ofan important role in the sensing properties of PPy,
the polymer, which increases with the preparation but this effect is not yet understood.
temperature. Hence, NQnteracts stronger with Cross-sensitivities can be effectively sup-
layers prepared at higher temperatures leading tgpressed or modified by competitive doping with a
a higher relative change in the active charge car-suitable complementary anion. The most sensi-
rier concentration (Figure 16B) and a higher tive layer for DMMP detection was found to be
change in built-in voltage for the same Né¢on- PPy/NIPcTS, whereas PPy/CuPcTS shows the
centration (Figure 16C). Both effects cause a fur- highest sensitivity to NOQWith increasing con-
ther increase of the gas-induced junction voltagetent of small anions in mixtures with MPcTS, the
shift with the preparation temperature. response time of PPy samples decreases from

The diffusion of the gas or vapor in conduct- hours to minutes. Competitive doping of PPy with
ing polymers and their adsorption on polymer amixture of small anions and MPcTS slightly
surfaces are the fundamental processes that condecreases the sensitivity but enhances the selec-
trol the chemical sensing response. It is supposedivity of the measurements.
that diffusion processes at the crystalline polymer The introduction of POP as inert matrix of-
phase are much slower compared with that at thefers a general approach to reduce the packing
amorphous phasé.Hence, the polymerization density or to increase the porosity of the conduct-
temperature is an important parameter influenc- ing polymer PPy in a definite way. Referring to
ing the diffusion processes of polymeric sensor the sensitivity and response time as measured by
transducers. Figure 17 shows the response curvethe Kelvin probe technique, an improved tran-
of diodes with PPy films exposed to 11 ppm NO sient behavior was achieved due to the electro-
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FIGURE 17. Transient response of Schottky barrier diodes comprising PPy-CuPcTS layers
electrochemically prepared at different temperature, exposed to 11 ppm NO, The carrier
gas was ambient air.

chemical incorporation of POP and the simulta- vice can be strongly influenced by nature of the
neous decrease in density when compared withdopant anion, doping level, and the preparation
commonly doped PPy layers. Time response istemperature of the PPy layer.
reduced up to more than 70%. In summary, PPy is a new type of organic
For their potential application in electronic material exhibiting interesting properties, for ex-
devices, PPy has been studied most extensively irmmple, low density, mechanical flexibility,
the form of unipolar structures. Typical examples semiconductivity, environmental stability, and
of unipolar devices are heterojunction and solution processablity that offer enormous po-
Schottky diodes and MIS field effect transistors. tential for applications within the field of
Field-effect transistors comprising a doped microsensors. The macromolecular character and
PPy instead of a metal as the gate material showthe high degree of flexibility in the preparation
sensitivity toward a specific components make various physical and chemical properties
(e.g., NQ or DMMP). Thus, it is possible to realizable. Individual modification of each sen-
combine the stability of an integrated, silicon- sor is possible in only one step. This allows for
based device with the variability of an organic the inexpensive fabrication of small series of
layer. Due to the electrochemical deposition of the specific sensors. Additionally, the sensitivity and
polymer directly on top of the gate insulator, the selectivity can be varied over a wide range by
contact between the sensitive layer and the oxide ischanging the anions, which are used as dopants.
ensured. The noise level of the sensor is reducedThe use of thin layers decreases the response
In Schottky barrier and heterojunction diodes time and is associated with a higher sensitivity.
the conducting polymer PPy acts as both the ac-Additional benefits are the low device prices,
tive semiconductor and the chemical sensitive due to the use of standard processes for inte-
transducer element of the sensor structure. It hagrated circuits, the small dimensions, and low
been shown that the sensitivity of the sensor de-power consumption.
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