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Abstract This paper presents the results of authors

investigations on elaboration of a new thick film compo-

sition filled with carbon nanotubes (CNTs). The polymer

composition consists of polymer vehicle, which is the

solution of organic resin in certain combination of solvents,

and functional phase—carbon nanotubes well dispersed in

the vehicle. The pastes were applied with screen-printing

on several substrates and temperature cured. The properties

of obtained layers were characterized. Series of samples

were prepared with different amount of CNTs to evaluate

electrical properties. Changes in resistance were investi-

gated during periodic mechanical and temperature stresses,

realized through cyclical bending and rapid temperature

change. Tensometric effect was also investigated. Investi-

gations have proved that polymer composites based on

carbon nanotubes exhibit high resilience to stress factors.

Resistance change in function of temperature was also

investigated to evaluate temperature coefficient of resis-

tance (TCR). All this aspects are important for elastic

resistors fabrication in printed electronics microcircuits.

Resistance and noise measurements in cryostats have also

been involved. 1/f type noise has been observed. Noise

intensity, calculated in decade frequency bands, rises sig-

nificantly with increasing temperature. Activation energies

of thermally activated noise sources (TANS) have been

revealed using low-frequency noise spectroscopy. Rela-

tively large value of negative TCR has been obtained from

resistance versus temperature curve. Calculated dimen-

sionless sensitivity is similar to that observed in cryogenic

temperature sensors. However, bulk noise intensity of

resistive layer is larger than obtained for lead containing

RuO2 based resistive layers.

1 Introduction

Carbon nanotubes (CNTs) and fullerenes have attracted

extensive attention in many branches of industry, since

their discovery at the end of last century. Carbon nanotubes

exhibit outstanding electrical and mechanical properties,

that may revolutionize field of electronic elements tech-

nology. Addition of carbon nanotubes caused new prop-

erties of many materials, such as polymers, metals or

carbon matrices by enhancing their strength and their

thermal and electrical conductivity [1–4]. Nanotube-based

composites improved structural materials for construction

elements [5, 6], electrical conductors for special electronic

applications [7, 8], probes and sensors for biotechnology

[9, 10], and many other disciplines.

On the other hand, development of printed and flexible

electronics technologies has been growing fast in the last

few years. There has been growing interest in the devel-

opment of various printing techniques for patterning elec-

tronics circuits. They could be used as a low-cost

alternatives to current technologies in production of flexi-

ble electronics, where mechanical flexibility is required.

They could also be applied for disposable electronics,
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where silicon chip packaging costs are too high. Potential

applications for these circuits are flexible electronics [11],

biochemical sensors [12], functional elements (i.e. printed

transistors) [13, 14] or smart clothing [15]. The electronic

circuits applied on flexible substrates such as polymer foil,

paper, textiles are exposed to series bends. Therefore, there

is a strong necessity of elaboration of new materials which

will exhibit better mechanical properties.

Having in mind outstanding mechanical properties of

CNT, the authors expected that application of carbon

nanotubes to polymer thick film paste can provide thick film

resistive and conductive layers, with better properties than

these of standard graphite or carbon black compositions.

2 Materials and preparation

Nanostructured materials investigated by the authors in this

research were commercially available CVD grown carbon

nanotubes. Raman spectra from 2.5 mW laser beam

(Fig. 1a) indicated that material is mostly of graphite struc-

ture (D and G bands) what is common for multiwalled carbon

nanotubes (MWCNT). Transmission electron microscopy

(TEM) observations confirms this assumptions (Fig. 1b),

and also allows to estimate mean length and mean diameter

of nanotubes to be around 0.5–5 lm and 20–40 nm,

respectively but longer nanotubes were also observed. While

CNT material was used without additional purification pro-

cess, catalyst and amorphous carbon are also observed.

Polymer vehicle consists of poly(methyl methacrylate-

co-butyl methacrylate) (PMMA-PBMA) copolymer as

34% butyl carbide acetate solution. With precisely con-

trolled volume of nanotubes in polymer vehicle, we can

obtain composite material that is electrically conductive

with low sheet resistance, and suitable for screen printing

process.

While CNTs are very attractive for modern materials

applications their nano-scale dimensions creates an obsta-

cle for easy and effective addition to other materials, such

as polymer resins. It is related to the poor solubility and

processability [16, 17]. Many methods were proposed to

enhance their stirring properties. Some of them include

surface activation and modification what may lead to

undesirable changes in mechanic and electronic properties

of CNTs [18]. On the other hand, obtaining homogeneous

suspension is almost impossible through simple mixing of

CNTs with liquids or solid particles. Creation of agglom-

erates occurs due to high bounding forces between separate

CNTs [4]. Most common ways for mixing particles are ball

grinding for solid state particles [5] and low energy ultra-

sonic mixing for liquid suspensions [17]. In both methods

we can encounter problems with deagglomeration of

nanoparticles, due to aforementioned high interparticle

bounding forces. A novel method of mixing nanoparticles

by rapid expansion of high-pressure suspensions [18] pro-

duces suspension mixtures with low amount of agglomer-

ates, but it is time and quantity ineffective and needs high

pressure apparatus.

Our goal was to adapt well known thick film composition

preparation procedures, to provide simple, quick and low

cost technology expected in fabrication of printed electron-

ics devices. In our case simple mechanical mixing of corre-

sponding materials with pestle and mortar resulted with

unsatisfying mixtures, with high ratio of nanotube agglom-

erates of more than 250 lm size, and low level of dispersion

in polymer resin. Therefore solvent suspension of CNT was

ultrasonically stirred in IS-1K (300 W, 30 kHz) ultrasonic

bath for 1 h, added to polymer base, and stirred for one more

hour to obtain anticipated degree of dispersion. Last proce-

dure was three roll milling with 100 lm gap between the

rollers for final homogenization. Two types of compositions

were fabricated with 0.25 and 1 wt% of carbon nanotubes.

From this compositions sample layers were fabricated,

Fig. 1 a Raman spectra and b TEM micrograph of CNT material
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described later as 0.25CNT and 1CNT respectively. Micro-

graphs from HRSEM observations of obtained composite

layers are presented in Fig. 2.

For mechanical bending test, thermal shock test and

high temperature thermal coefficient of resistance (TCR)

measurements, nanotube-polymer compositions screen

printed on polyester foil were used. Samples were cured at

130 �C for 1 h to evaporate solvent and harden polymer

base. Specially designed pattern allows to obtain compar-

ative sample paths with uniform length of 24 mm and

different surface area. To unify electrical measurements,

silver electrodes were screen printed to provide uniform

current flow over whole area of sample. Test pattern

(black) with silver electrodes (gray) and selected axis of

bending is presented in Fig. 3a. For resistance measure-

ments in relation to temperature change and noise proper-

ties, compositions were printed on alumina substrate, and

cured the same way as samples printed on polyester.

Samples were stripes of L = 15 mm length, w = 1 mm

width, and d = 2.5 lm thickness, with side terminals and

silver electrodes. Pattern was designed specially for noise

properties explorations in thick film resistors [19]. With

regard to resistance values measured on cryogenic labora-

tory stand only 1CNT samples were used for further low

temperature measurements. Printed 0.25CNT samples

exhibit large resistance, hence only some selected

measurement procedures could be applied, due to instru-

ments limitations. Macroscopic picture with terminals

numeration is presented in Fig. 3b.

Obtained printed layers containing carbon nanotubes were

directly compared to traditionally used for such application

polymer-graphite compositions. Commercially available

Electrodag 421 SS (E421SS) composition from Acheson

Industries Ltd. was used. Samples from graphite paste were

fabricated with the same procedure as nanotube samples.

3 Instruments and experimental

Conducted experiments were focused on the investigations

of mechanical fatigue and durability of the produced

polymer composite, used afterwards as elastic circuits or

elements. For that two types of mechanical tests were

performed including cyclical bending test and singular

bending test. Thermal shocks test and two types of elec-

trical properties measurements in function of temperature

change were also performed. No hardness test was per-

formed such as indentation, because this parameter is not

crucial for printed electronics.

3.1 Noise measurements circuit

Noise identification and noise level measurements were

also conducted for resistive layers. For noise explorations,

measurement setup previously used for thick-film resistors

[19, 20], including dc bridge configuration, was adopted

(see Fig. 4b). Selected pair of samples with matched

resistance R1�7 � V1�7=I in room temperature, where V1–7

is the voltage between terminations 1 and 7, and I is biasing

current (see Fig. 3b), inserted into bottom arms of the

bridge, was biased from high voltage power supply unit

through ballast resistors RB of large resistance (RB� R1–7).

Voltages from bridge diagonal and from selected sub-

diagonals were conditioned in differential low-noise pre-

amplifiers, low-pass filtered and then were processed in

Noise Signal Analyzer [21].

Fig. 2 Micrographs of obtained layers printed from compositions containing a 0.25 wt% and b 1 wt% CNTs

Fig. 3 Macroscopical pictures of obtained screen printed samples

used for a mechanical resistance measurement and b noise measure-

ments with terminals numeration
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FFT method was used to calculate in real-time spectra

(for voltages from bridge diagonal) and cross-spectra for

pairs of the voltages acquired from the bridge diagonal and

one of the sub-diagonals. Time records of 2 s length with

524288 = 219 samples, were used in continuous acquisi-

tion mode. Only low-frequency part of the averaged (over

10 min) spectra, from 0.5 Hz up to 5 kHz, were recorded

with the resolution of 0.5 Hz. Actual samples temperature

and resistance were also recorded.

3.2 Mechanical properties elaboration stand

Electric resistance measurements for mechanical, thermal

shocks and high temperature TCR tests were conducted

with Keithley 2001 multimeter. Changes in electrical

properties were indicating resilience to stress factors.

Thermal shock test were conducted in Heraeus HT 7012 S2

thermal shock chamber. Temperature and time cycles were

corresponding to the thermal shock test of electronic cir-

cuits norm EN62137. The thermal cycle was set to 125 �C

and -40 �C for upper and lower temperature, respectively,

cycled equally in 1 h period with 5 s temperature shift

from upper to lower value and opposite. No additional

humidification or addition of aggressive atmospheres was

implemented. Both mechanical bending tests were per-

formed on specially adapted laboratory stand, schemati-

cally presented in Fig. 4a. Bent sample was permanently

fasten to fixed grip on one side and to movable grip on

other side. Movable grip caused a wrap around symmetry

axis of the bent sample. Maximal curvature obtained this

way was around 0.14 mm-1. Cyclical bending tests were

performed with frequency 350 cycles per minute. To

determine correlation between number of bending cycles

and electrical resistance changes, measurements of the

resistance were taken successively during the test to

observe tendency.

Thermal stability tests were performed in specially

adapted heating chamber with measuring probes. Samples

were placed on heating plate with temperature controlled

via thermocouple element. Resistance was measured with

two needle electrodes connected to Keithley 2001 digital

multimeter. Temperature and resistance measurement were

correlated in time and registered on PC computer, thus

providing R = f(T) function diagram.

4 Results and discussion

First test performed on selected polymer-nanotube and

polymer-graphite samples was thermal shock test. Resis-

tance measurements were taken before test and after

225 cycles. Mean values of sheet resistance and direct

comparison of resistance values before and after thermal

tests are presented in Table 1.

Maximum difference in electrical resistance of samples

was around 1.5% for 1CNT and 4% for 0.25CNT samples.

In relation polymer-graphite samples counted resistance

growth of almost half of the value which is significant

difference and can be unacceptable for the long term use in

high reliability circuits.

Periodical mechanical stress test was also performed on

0.25CNT, 1CNT and E421SS samples, subjected to

mechanical stress directly after printing and hardening.

Changes of resistance versus number of cycles were

investigated. Resistance values measured during bending

cycles for 0.25CNT, 1CNT and E421SS samples are pre-

sented in Fig. 5.

Mechanical stresses negatively affected conductance in

all tested samples. Electrical resistance increased around

4% for 0.25CNT sample and 2% for 1CNT sample after

300,000 cycles, and more than 26% for E421SS samples

after 200,000 cycles. Resistance growth was linear for all

samples. It seems that mechanical stress have relatively

FFT software for 
spectra and 
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calculations
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Fig. 4 a Schematic of the laboratory stand used for mechanical bending tests. b Measurement setup for low-frequency noise spectroscopy

Table 1 Mean values of resistance changes for thermal shock

samples

Sample 0 cycles 225 cycles DR (%)

1CNT 3.82 kX 3.87 kX 1.46

0.25CNT 23.94 kX 24.91 kX 4.04

E421SS 837.2 X 1.19 kX 42.8
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low influence on polymer-nanotube layers. Nanotubes

located in polymer base have very high length to diameter

ratio which prevents contact loss between separate parti-

cles. Nanotubes have also high mechanical strength, and

this kind of stress have no affect on their structure. SEM

observations show microcracks in E421SS layers (see

Fig. 6a), separating graphite grains, while there were no

major cracks observed in 1CNT layer (see Fig. 6b).

Consecutive experiment was focused on resistance sta-

bility during curvature change of the samples. Unfortu-

nately polymer paste application in elastic electronics is

causing serious problem connected with tensometric effect.

Mechanical stresses connected with stretching or bending

of elastic polymer resistors can introduce dramatic resis-

tance change, reaching few times of the initial value in case

of rectangular shaped sensors. This phenomenon is caused

by influence of conductive particles position change within

elastic sensor structure, and depended directly on the

elongation of the sensor body. Resistance changes in

function of bending radius are presented in Fig. 7.

In this experiment the strong mechanical stress influence

on resistance was detected for polymer-graphite layers. It is

mostly effected by segmentation of active material area

along the bending direction. While E421SS samples

counted more than 60% change in resistance value,

resistance of nanotube layers remained almost unchanged.

This also indicates that CNT composites might be suitable

for elastic electronics applications, while graphite com-

posites properties instability caused by bending, may be far

beyond acceptable level.

Measurements of thermal stability were conducted on

two types of nanotube-polymer samples (0.25CNT and

1CNT) and graphite-polymer sample E421SS. All samples

were elaborated directly after printing and hardening.

Resistance versus temperature measurements taken during

experiment in 20 s period for 0.25CNT and 1CNT samples

are presented in Fig. 8. After this test samples were left to

cool down to room temperature and tested again with the

same procedure. Samples after second temperature cycle are

called 0.25CNT-T, 1CNT-T and E421SS-T, respectively.

Observed changes in resistance of polymer-nanotube

samples were from 17 to 19% for 1CNT samples, and from

10 to 12% for 0.25CNT samples. Local fluctuation of resis-

tance observed around 50 �C, as well as hysteresis, are

caused by local reorientation of polymer chains near Tg

(glass transition) temperature of polymer base. This local

effect in polymer is causing decrease of probability of

nanotube-nanotube connection, lowering volume conduc-

tance in layer, and creating initial resistance growth. After

second heat up this effects are much smaller, or even

Fig. 5 Measured values of

sheet resistance during

mechanical stress tests

Fig. 6 Micrographs of a E421SS and b 1CNT samples after cyclical bending tests
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unnoticeable, than for primary samples, what confirms

assumptions about polymer chains reorientation.

Noise spectra shape and their dependence on excitation

voltage were examined, to identify the noise. Power

spectral densities SV of voltage fluctuations dV, measured

on terminations 7, in room temperature for several bias

voltages V1–7 are shown in Fig. 9a. Product of SV and

frequency averaged in frequency bands versus sample’s

bias voltage is shown in Fig. 9b. Data collected in Fig. 9a

and b indicate that the noise observed in studied samples in

room temperature is 1/f noise induced by resistance

fluctuations.

Temperature dependencies of resistance and noise were

measured in liquid nitrogen cryostat in temperature range

from 80 K up to 300 K, and in liquid helium cryostat in

temperature range from 5 K up to 80 K. While temperature

in cryostat was slowly rising, averaged spectra, sample’s

resistance and temperature were recorded continuously.

Temperature dependence of resistance R1–7 is shown in

Fig. 10a. In studied temperature range TCR changes its

value from -680 ppm/K at T = 300 K to -0.162 K-1 at

T = 5 K (see Fig. 10b). Dimensionless sensitivity,

A : (T/R)(|dR/dT|), was also calculated in order to eval-

uate possibility of application of studied resistor as cryo-

genic temperature sensor. Calculated values of A (see

Fig. 10b), in the range from 0.18 to 0.88, are typical for

RTD cryogenic sensors [22].

Low-frequency noise spectroscopy (LFNS) relates to

investigations of temperature dependence of low-frequency

part of the spectra. Using data recorded during LFNS

experiment, noise intensity, S7–7 = hfs7–7iDf, was calcu-

lated, where s7�7 ¼ SV � SV¼0ð Þ=V2
1�7 is relative excess

noise for terminations 1–7, and averaging h i was per-

formed in frequency band Df. Noise intensity significantly

rises with temperature increase (see Fig. 11a). The

observed behaviour is different from that in typical thick-

film resistors, where noise intensity is nearly constant for

T [ 10 K [19, 20].

Noise map, i.e. the plot of the product fs7–7T-1 versus

frequency and temperature, prepared for the data from

LFNS experiments, is shown in Fig. 11b. Applied method

of noise scaling, was used in order to compensate tem-

perature dependence of noise intensity and expose spectra

components other than 1/f background noise. Reciprocal

temperature scale helps in immediate identification of

thermally activated noise sources (TANSs) visible as

streaks on the map. Using Arrhenius plot, activation

energies of TANSs from Fig. 11b were calculated:

24.6 meV for TANS observed in temperature range from

15 to 25 K, and 0.67 eV, 0.45 eV, 1.1 eV, 1.6 eV for

TANSs detected in the range 80–300 K. However, in the

latter temperature range number of TANSs is the largest,

what is important with regard to applications in commer-

cial temperature range. It is worth noting, TANS with

similar values of activation energies were observed in thick

film resistors [23].

Fig. 7 Measured values of

sheet resistance during bending

tests

Fig. 8 Resistance values in function temperature change of polymer-

nanotube printed resistors
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Integral measure of noise [19]

sT �
1

T2 � T1

ZT2

T1

Zf2

f1

SV � SV¼0ð ÞI�2dfdT

was calculated and used for comparison of noise properties

of different resistive materials. The above integral was

performed over frequency band from f1 = 10 Hz to

f2 = 100 Hz and temperature range from T1 = 77 K to

T2 = 300 K. The above limits in the integral were chosen

to make possible reference to the results obtained for other

resistive layers [19, 20]. The advantage of the integral

measure of noise becomes clear, when we look at the

‘‘chaotic’’ plot of power of resistance fluctuations hdR2i
shown in Fig. 12a. As the set of TANSs is sample specific,

so the plot of hdR2i is also different for different samples.

Hence, it is impossible to use directly values of such plot

for reliable comparison of noise properties of different
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materials. In this way we arrive at the conclusion that

integral measure of noise is the most appropriate parameter

for noise properties comparison.

The linear approximation of sT versus resistor’s sector

size, from which SV was acquired (sector size is Lxy/w,

where Lxy is the length of the resistive layer spanned

between terminations x–y: 1–7, 1–6, 2–6, 3–5), gives noise

intensity per square sh (slope) and sint (see Fig. 12b),

which leads to bulk noise intensity Cbulk � sh=R2
h � Xh,

where Rh—is sheet resistance and Xh = w2d is volume of

the individual square. Also values of Cbulk for polymer

filled with carbon black systems presented in Fig. 13 were

calculated in earlier works [24].

The calculated value Cbulk = 1.28�10-22 m3 obtained for

the resistive layer of polymer-CNT nanocomposite, with

Rh = 9.4 kX is close to the value 2�10-22 m3 for Pb/Cd-free

RuO2- and Bi2Ru2O7-based layers [19, 20]. However it is

still an order of magnitude larger than 10-23 m3 obtained for

Pb-containing RuO2-based resistors [19]. In comparison

Cbulk values of polymer-graphite resistors with Rh & 10 kX
are almost two orders higher (Cbulk & 3�10-20 m3) than for

polymer-CNT resistors. It needs to be stated, that commer-

cially available inks for cermet resistors contains noise

modifiers (e.g. MnO2), which make the noise index of a

resistor an order of magnitude lower than that for a pure

model system. We believe that there are modifiers which

could also reduce the noise index in polymer-CNT resistors.

As the size effect, calculated using ordinary resistance

measurements, (R1–7w/L)/Rh = 0.996 is negligible,

another noise parameter, Cint : wsint/sh, was involved to

test the quality of the resistive-to-conductive layers inter-

face. Relatively small value of Cint = 0.2 mm is the evi-

dence that the resistive layer forms good interface with Ag

contact.

5 Conclusions

The authors proved that it is possible to elaborate carbon

nanotube thick film composite materials, which could be

deposited with the screen printing technique. New thick

film polymer materials containing carbon nanotubes

investigated by the authors could be used to obtain various

microelectronics and mechatronics systems, such as printed

elastic resistors. Even though today used polymer-graphite

resistors can provide wide range of resistances, they lack

resilience to mechanical stress and show strong tensometric

effect. The results presented in this paper demonstrate, that

the elaborated polymer-nanotube layers could be good

substitute for graphite resistive layers in elastic printed

electronics applications, where material must sustain heavy

mechanical stress. Resistance and noise measurements in

cryostats have been involved. 1/f resistance noise has been

observed with significantly rising intensity during temper-

ature rise. Thermally activated noise sources of activation

energies in the range 25 meV–1,6 eV have been revealed
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using low-frequency noise spectroscopy. Relatively large

value of negative TCR has been obtained and calculated

dimensionless sensitivity is similar to that observed in lead-

free RuO2-glass and Bi2Ru2O7 resistors, as well as for

cryogenic temperature sensors. Examined composites rep-

resented them self as very promising materials. More work

needs to be done to improve electrical properties of the

elaborated materials.
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