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Abstract The influence of the organic film agent polyvi-

nylpyrrolidone (PVP) on the electrical conductivity of

indium tin oxide (ITO) nanoparticle coatings on polyethyl-

eneterephthalate films was investigated. The ITO/PVP

nanocomposite coatings show a decrease of the specific

resistance with increasing PVP content up to 40 vol.%,

whereas for higher PVP contents the specific resistance

increases. The lowest specific resistance of 6 X cm is almost

20 times lower than that of a pure ITO nanoparticle coating.

Annealing at 200 �C leads to a further decrease of the spe-

cific resistance for all volume fractions of PVP. Specific

resistances of 0.5 X cm could be achieved for PVP contents

of 33–40 vol.%. In addition, the PVP has a strong influence

on the electrical conductivity of ITO/PVP coatings under

bending which was investigated using a specially constructed

device for the application of various bending loads. The ITO/

PVP nanocomposite films show a significant lower increase

of the sheet resistance under oscillatory bending compared to

pure ITO nanoparticle coatings. However, the transmission

in the visible range of ITO/PVP nanocomposites decreases

with increasing PVP content up to 40 vol.%.

Introduction

Indium tin oxide (ITO) coatings are essential for many

applications in different technological fields as, e.g., anti-

reflection films, antistatic and antiglare shielding and

transparent electrodes in displays. Classically, ITO is

deposited on glass or polymer substrates by PVD tech-

niques such as magnetron sputtering [1] or evaporation [2].

However, these techniques are costly due to the vacuum

process necessary and the additional structuring process

which causes some wastage of ITO. The use of ITO

nanoparticle dispersions [3–5] offers a high cost reduction

potential compared to PVD techniques as the material can

be used more economically due to the direct patterning

ability by printing processes and the handling under

ambient pressure.

Most of the investigations concerning ITO nanoparticles

were conducted on glass substrates as the coatings have to

be annealed at high temperatures to improve the electrical

conductivity. There are just a few investigations of ITO

nanoparticle coatings on flexible polymer substrates

described in the literature although flexibility becomes

more and more important for applications.

Al-Dahoudi et al. [6] investigated coatings of ITO nano-

particles modified with the UV-curing binders 3-glycidoxy-

propyltrimethoxysilane (GPTS) or 3-methacryloxy-propyl-

trimethoxysilane (MPTS). Polymethylmethacrylate (PMMA)

and polycarbonate (PC) substrates were coated by spin, dip

and spray processes. Specific resistances of 0.25 X cm were

achieved for a layer thickness of 570 nm by using UV-irra-

diation followed by a low temperature heat treatment under air

and a reducing atmosphere at 130 �C. Puetz et al. [7]

described a low temperature curing technique for coatings of

ITO nanoparticles on PMMA, PC and PET substrates using

UV-irradiation as well. MPTS together with a UV-photost-

arter was added to the dispersion. Specific resistances of

0.1 X cm were reached after a post-treatment in reducing

atmosphere. As substrate materials PMMA, PC and different

polyesters were used. In a further work, Puetz and Aegerter

[8] investigated the fabrication of transparent conductive
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ITO nanoparticle coatings based on the modified ITO

nanoparticle dispersion described above using direct gravure

printing of PEN and PET substrates.

The stability of the electrical conductivity of ITO

nanoparticle coatings under bending which is an essential

property for the use in flexible applications is rarely

described in the literature. Königer and Münstedt [9]

studied the stability of the electrical conductivity of ITO

nanoparticle coatings and commercial sputtered ITO

coatings under oscillatory bending. The ITO nanoparticle

coatings showed a significant higher stability of the elec-

trical conductivity under oscillatory bending compared to

the commercial sputtered ITO coatings.

In this work, ITO/PVP nanocomposites on flexible PET

substrates were characterized with respect to their electrical

conductivity and transparency. The intention of the use of

the organic PVP as a film agent was to improve the stability

of the electrical conductivity of ITO nanoparticle coatings

under oscillatory bending.

It is already known that high-quality nanocomposite

films based on SiO2-, TiO2- ZnO- or ITO-nanoparticles can

be fabricated using the organic film agent PVP [10–13].

PVP improves the film formation and can thermally be

crosslinked [14] yielding a composite with outstanding

thermal stability and high mechanical strength. The low

light scattering due to the amorphous structure makes it

an ideal polymer for composite materials in optical

applications.

However, the influence of PVP on the electrical con-

ductivity and the stability of the electrical conductivity

under oscillatory bending of ITO nanoparticle coatings

were not yet investigated.

Experimental

Materials

As substrate material the polyester film Hostaphan GN 96

4600 with a film thickness of 96 lm was chosen. The PET

film offers a high-dimensional stability which is required

for printable electronic applications. Furthermore, the sur-

face is very smooth leading to homogeneous coatings [9].

An ethanolic dispersion of ITO nanoparticles from

Evonik Degussa GmbH with a solid content of 35.5 wt%

was used as coating solution. The primary nanoparticles

exhibit a diameter of 10–30 nm.

Different amounts of polyvinylpyrrolidone PVP K30

from BASF with a molar mass of *50 kg/mol were added

to the ethanolic dispersion of ITO nanoparticles and stirred

for 1 h at room temperature. The PVP dissolved homoge-

neously in the ethanolic ITO nanoparticle dispersion and

did not change the arithmetic mean value of the volumetric

grain size distribution of *100 nm which was measured

by means of dynamic light scattering.

Film preparation

At first, the PET films were treated by plasma to improve

the wettability. The plasma treatment was carried out for

30 s under air.

Afterwards, the polymer substrates were coated by

means of doctor blading using an Erichsen Coatmaster 509

MC. Coil blades with a wet thickness of 30–100 lm

dependent on the PVP content were used to achieve a dry

thickness of 4 lm. The PET film was fixed to a heatable

glass plate. The speed of the coil blade was set to 10 mm/s

and the plate was heated up to 60 �C to get a quick

evaporation of the ethanol. Under these conditions, a

homogeneous coating was obtained.

The ITO/PVP nanocomposites were annealed at 200 �C

for 20 min in air using a circulating air oven. The annealing

parameters were optimized in former investigations.

Film characterization

The morphology of the ITO nanoparticle films was char-

acterized using the scanning electron microscope FE-SEM

S4800 from Hitachi.

The layer thickness of the coatings was determined by

means of white light confocal (WL-CF) microscopy using

the WL-CF microscope lsurf from Nanofocus.

The sheet resistance of the coatings was measured using

the four-point method setup of a Keithley SMU 236. The

specific resistance was calculated multiplying the sheet

resistance by the layer thickness determined.

The transmission of visible light (400–800 nm) was

measured using the spectrometer Lambda 19 from Perkin

Elmer.

Electrical conductivity under oscillatory bending

The stability of the electrical conductivity of the coatings

under bending was investigated using a new apparatus

described in detail by Königer and Münstedt [15]. The

device makes it possible to measure the electrical resis-

tance of conductive coatings under oscillatory bending. In

this work, the application of tensile stresses within the

coating (Fig. 1) was used for the investigation of the

electrical conductivity of the ITO/PVP coatings under

oscillatory bending.

The polymer film is supported by four reels and flexibly

fixed at its position by two springs on each side. The

middle of the film sample is bent by a mandrel which can

move up and down. The mandrel is mounted on a bar

which is driven by an extender. The sample is bent around
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the mandrel, thus the bending radius is defined by the

radius of the mandrel. The bending amplitude which

defines the strength of the bending can be set by the dis-

placement of the extender. The number of revolutions of

the extender controls the frequency of the oscillatory

bending load. The electrical contact between the conduc-

tive coating and the electrical measuring device is achieved

by a conductive adhesive copper tape to which the wires

from the ohmmeter are soldered.

For all measurements in this work, a frequency of 0.1 Hz

was chosen and the bending amplitude was set to 20 mm

which ensures a complete bending around the mandrel.

Results and discussion

Morphology of ITO/PVP nanocomposites

The influence of the organic film agent PVP on the mor-

phology of ITO nanoparticle coatings was observed using

FE-SEM. In Fig. 2, the morphology of an ITO/PVP

nanocomposite coating with a PVP content of 40 vol.% is

displayed.

The investigations showed that the formation of the ITO

nanoparticle network is not disturbed up to a PVP content

of 40 vol.% which can be explained as follows.

It can be assumed that the PVP does not occupy the

space between the ITO nanoparticles as the gyration radius

of the PVP molecules is larger (approx. 40 nm [16]) than

the diameters of the ITO nanoparticles between 10 and

30 nm. However, the PVP can fill the free space of the

porous ITO nanoparticle coating up to a PVP content of

40 vol.% (Fig. 2) given by the porosity (40–45% [17]) of

the ITO-coating. For PVP contents of more than 40 vol.%,

the formation of the ITO nanoparticles network is hindered

as the amount of PVP is higher than the porosity of the ITO

nanoparticle coating.

Influence of PVP on the electrical conductivity

The nonconducting PVP has a strong influence on the

electrical conductivity of ITO nanoparticle coatings. In

Fig. 3, the specific resistance of ITO/PVP nanocomposites

is plotted as a function of the PVP content.

Surprisingly, a strong decrease of the specific resistance

was observed with growing PVP content up to 40 vol.%.

For PVP contents of 33–40 vol.%, the lowest specific

resistance of 6 X cm was measured which is about

20 times less than the specific resistance of pure ITO

nanoparticle coatings. For PVP contents of more than

40 vol.%, the specific resistance increases as a result of the

disturbed formation of the ITO nanoparticle network.

The decrease of the specific resistance with increasing

PVP content can be attributed to a densification of the ITO

nanoparticle network due to the shrinkage of PVP resulting

from the evaporation of the solvent. This effect is described

several times in the literature [10, 11]. The shrinkage of

PVP creates compression forces between the ITO nano-

particles which can improve the contact of the ITO

Fig. 1 Mode for the application

of oscillatory tensile stresses

Fig. 2 Morphology of an ITO/PVP nanocomposite coating (40 vol.%

PVP)
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nanoparticles. The better contact of the ITO nanoparticles

enhances the charge carrier mobility and thus lowers the

electrical resistance.

This effect led to the idea to improve the electrical

conductivity further by annealing the ITO/PVP coating as

PVP crosslinks at temperatures above 150 �C [10–12]. As

it is well known, crosslinking creates additional shrinkage

forces. They can cause a further densification of the ITO

nanoparticle network and thus an improvement of the

electrical conductivity.

The ITO/PVP nanocomposites were annealed at 200 �C,

which is the maximum annealing temperature applicable to

PET substrates. In Fig. 4, the specific resistance of

annealed ITO/PVP nanocomposites is displayed as a

function of the PVP content.

For all PVP contents, a distinct decrease of the specific

resistance was observed after annealing at 200 �C. ITO/PVP

nanocomposites with PVP contents of 33–40 vol.% show

the lowest specific resistance of 0.5 X cm, which is 12 times

lower than the specific resistance before annealing. For

volume fractions of PVP of more than 40 vol.%, the specific

resistance increases due to the disturbed formation of the

ITO-nanoparticle network as explained above.

For the confirmation of a further densification of the

ITO/PVP nanocomposites by annealing at 200 �C, first the

crosslinking behaviour of PVP was investigated by expo-

sition to ethanol. For annealing temperatures up to 180 �C

over 20 min, the PVP is completely soluble in ethanol after

1 h. In contrast, PVP films annealed at 200 �C for 20 min

exhibit no weight loss within the accuracy of the mea-

surement. Moreover, a strong swelling of the PVP occurs

during soaking which indicates a thermally induced

crosslinking at temperatures around 200 �C. Furthermore,

dynamic mechanical measurements (DMA) were con-

ducted which show a strong increase of the storage

modulus at a temperature of 200 �C additionally confirm-

ing the crosslinking of PVP. The crosslinking mechanism

of PVP can be attributed to residual hydrogen peroxide

which is used to polymerize PVP. It causes a radical

reaction forming interpolymer chain bondings [14].

The improvement of the electrical conductivity by

shrinkage forces due to crosslinking was investigated by

measuring the electrical resistance of ITO nanoparticle

coatings and ITO/PVP nanocomposite coatings at different

annealing temperatures. As an example, in Fig. 5, the

specific resistance of ITO nanoparticle coatings and ITO/

PVP nanocomposite coatings (25 vol.% PVP) is plotted as

a function of the annealing temperature.

For the ITO nanoparticle coatings, a slight decrease of the

specific resistance with increasing annealing temperature

Fig. 3 Specific resistance of ITO/PVP nanocomposites as a function

of the PVP content

Fig. 4 Specific resistance of annealed (200 �C, 20 min) ITO/PVP

nanocomposites as a function of the PVP content

Fig. 5 Specific resistance as a function of the annealing temperature

for ITO nanoparticle coatings and ITO/PVP nanocomposite coatings

(annealing time 20 min)
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was observed which can be attributed to the degradation of

the electrically insulating organic dispersing agent covering

the ITO particles in the dispersed not annealed state. Com-

pared to the ITO nanoparticle coatings, the ITO/PVP

nanocomposites show a distinct decline of the specific

resistance between 180 and 200 �C affirming the assumption

of a densification of the ITO nanoparticle network by the

crosslinking of PVP at 200 �C.

Influence of PVP on the electrical conductivity under

oscillatory bending

The aim of the modification of the ITO nanoparticle

coating with the organic film agent PVP was to improve the

stability of the electrical conductivity under oscillatory

bending which is an essential requirement for flexible

transparent electrodes.

In Fig. 6, the sheet resistance of annealed ITO nano-

particle coatings and annealed ITO/PVP coatings (40 vol.%

PVP) is plotted as a function of bending cycles for a bending

radius of 3 mm. The line with symbols represents the sheet

resistance in the bent state. The dotted line represents the

initial sheet resistance. As explained above, the ITO/PVP

nanocomposites exhibit a lower initial sheet resistance due

to the densification of the ITO nanoparticle network by the

shrinkage of PVP after the ethanol evaporation. The ITO/

PVP nanocomposite coating shows a distinct smaller

increase of the sheet resistance under oscillatory bending

compared to the ITO nanoparticle coating. For the ITO/PVP

coating (40 vol.% PVP) an increase of just 750 X/h from

1250 to 2000 X/h was observed compared to an increase of

8000 X/h for the ITO nanoparticle coatings starting from

8000 X/h. The lower increase of the sheet resistance can be

explained by a less pronounced crack formation (Fig. 7).

The organic film agent PVP, which fills the free space in

the porous ITO nanoparticle coating, presumably acts as

‘‘elastic glue’’ and thus improves the elasticity of the

coating. The higher elasticity of the coatings leads to a less

pronounced crack formation.

The increase of the sheet resistance under oscillatory

bending was investigated for different volume fractions of

PVP. In Fig. 8, the increase of the sheet resistance in the

bent state after 500 bending cycles (bending radius 3 mm)

is plotted as a function of the PVP content.

A declining increase of the sheet resistance in the bent

state after 500 bending cycles was observed with growing

volume fraction of PVP up to 40 vol.%. For higher PVP

contents ([50 vol.%), a significant increase of the sheet

resistance was found.

These results can be explained in the following way.

The higher the PVP content the more space of the porous

ITO nanoparticle coating is filled with PVP which

improves the elasticity of the coating and, therefore, lowers

the crack formation. For PVP contents of more than

40 vol.%, some of the conductive paths formed by the ITO

particles may be interrupted as shown by the smaller

conductivity found (Fig. 4). This smaller number of con-

tinuous paths makes the conductivity of the system more

susceptible to crack formation.

Fig. 6 Sheet resistance as a function of bending cycles (bending

radius 3 mm, bending amplitude 20 mm) for an annealed (200 �C,

20 min) ITO nanoparticle coating and an annealed (200 �C, 20 min)

ITO/PVP coating (40 vol.% PVP)

Fig. 7 Crack formation in

annealed (200 �C, 20 min) ITO

nanoparticle coatings (left) and

annealed (200 �C, 20 min) ITO/

PVP coatings (right, 40 vol.%

PVP) after oscillatory bending

(bending radius 3 mm, bending

amplitude 20 mm, bending

cycles 500)
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Transmission in the visible range

With regard to the application of ITO/PVP coatings as

transparent electrodes, the influence of the PVP content on

the transmission of ITO/PVP nanocomposites in the visible

range was investigated. In Fig. 9, the transmission in the

visible range is displayed for different PVP contents.

A strong decrease of the transmission in the visible

range was observed for PVP contents up to 40 vol.%. ITO/

PVP coatings with a PVP content of 40 vol.% which

exhibit the lowest specific resistance of 0.5 X cm show a

transmission of just 50% at 550 nm for a layer thickness of

4 lm.

The decrease of the transmission in the visible range with

growing PVP content up to 40 vol.% can be explained by

two effects. First, the densification of the ITO nanoparticle

network and the different refractive indices of ITO and PVP

[13] lead to a stronger scattering of incident light. Second, a

slight degradation of PVP after annealing at 200 �C [14]

causes a yellow tint explaining the low transmission values

for wave lengths ranging from 380 to 550 nm.

For PVP contents of more than 40 vol.%, the trans-

mission in the visible range increases again due to fewer

scattering centres in the more widely meshed ITO nano-

particle network.

Conclusion

The organic film agent polyvinylpyrrolidone has a strong

influence on the electrical resistance of ITO nanoparticle

coatings. The electrical conductivity of ITO nanoparticles

increases with growing volume fraction of PVP up to 40%

which can be explained by a densification of the ITO

nanoparticle network due to the shrinkage of PVP caused by

the evaporation of the solvent. The shrinkage forces improve

the contact between the ITO nanoparticles and thus heighten

the electrical conductivity. For a PVP content of 40 vol.%,

the lowest specific resistance of 6 X cm was achieved which

is about 20 times lower than the specific resistance of ITO

nanoparticle coatings without PVP. For volume fractions of

more than 40 vol.%, the formation of the ITO nanoparticle

network is hindered by the PVP molecules leading to a

significant decrease of the electrical resistance.

A further improvement of the electrical conductivity

was achieved by annealing the ITO/PVP coatings at

200 �C. For a PVP content of 33–40 vol.%, the lowest

specific resistance of 0.5 X cm was measured which cor-

responds to a sheet resistance of 1250 X/h for a layer

thickness of 4 lm. The improvement of the electrical

conductivity after annealing is related to a further densifi-

cation of the ITO nanoparticle network by crosslinking of

PVP at 200 �C which creates additional shrinkage forces.

In addition, PVP improves the stability of the electrical

conductivity of ITO nanoparticle coatings under oscillatory

bending. ITO/PVP nanocomposites show a much lower

increase of the electrical resistance under bending com-

pared to a purely ITO nanoparticle coatings. The PVP

reduces the crack formation which is probably due to the

effect of PVP acting as ‘‘elastic glue’’ between the ITO

nanoparticles and improving the elasticity of the coating.

Besides the electrical conductivity, the transmission in

the visible range is significantly influenced by the PVP

content. The transparency decreases up to a volume frac-

tion of 40%. This behaviour can mainly be explained by a

growing scattering of the incident light due to the densifi-

cation of the ITO nanoparticle network and different

refractive indices of PVP and ITO.

The investigations show that the organic film agent PVP

has a strong influence on the electrical and optical

Fig. 8 Increase of the sheet resistance in the bent state after 500

bending cycles as a function of the PVP content (bending radius

3 mm, bending amplitude 20 mm)

Fig. 9 Transmission in the visible range of ITO/PVP coatings on a

PET film (96 lm) for different PVP contents
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properties of ITO nanoparticle coatings on a flexible PET

substrate. PVP improves the electrical conductivity as well

as its stability under oscillatory bending but worsens the

transmission in the visible range.
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