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1 Introduction

Conductive polymers are a group of macromolecular com-
pounds, that combine the properties of conventional plas-
tics with intrigue electrical properties of semiconductors. 
This combination make these polymers attractive in sev-
eral applications [1–3]. Conductive polymers can conduct 
electricity according to different mechanisms. Three main 
mechanisms have been distinguished: electronic conductiv-
ity, ionic conductivity, and the redox conductivity. Conse-
quently, conducting polymers can be arranged within three 
categories including specific molecular structures responsi-
ble for the charge transport. Electronic conductors include 
molecules containing delocalized (conjugated) π-electron 
systems similar to these in polyacetylene backbone. Ionio-
cally conducting polymers, also known as polyelectrolytes, 
contain ionophor group capable of electrolytic dissociation 
or heteroatoms with electron lone pairs that can contribute 
in solvation of external ions. The third group include poly-
mers having pendant red/ox active groups that can revers-
ibly change the oxidation state such as ferrocene or fuller-
enes [4]. Within these three groups electronic conductors 
are excellent candidates for application in microelectronics 
including manufacturing of devices such as filed effect tran-
sistors, organic light emitting diodes, photovoltaic cells or 
sensors [5, 6]. The list of application is substantially longer, 
however these above mentioned share on important feature, 
they utilize the unusual property of interface between con-
ducting polymer and metals or semiconductors. Especially 
the application in sensors manufacturing is of great impor-
tance. Conducting polymers have been demonstrated general 
analytical transduction performance that is of great demand 
in electrochemical sensors technology [7–9]. The source of 
high adaptability of conducting polymers in sensors technol-
ogy consist in unique properties of these materials such as 
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the flexibility, tunable electrical properties, and ability to 
undergo a wide range of molecular interactions. Especially 
the interactions that can alter a certain properties of these 
polymers are of great importance to application of conduct-
ing polymers as analytical transducer of biosensors [10]. 
Electronically conducting polymers are often synthesized 
insitu on the electrode surface using electrochemical depo-
sition techniques [11]. The fecile nature of this technique 
make it possible to control thickness of the polymer layer as 
well as spatial distribution of biological compounds immo-
bilized within the polymer matrix [12–14]. Up to date wide 
range of different organic semiconductors including conduc-
tive polymers was studied in variety of multilayer structures 
to investigate their electrical properties under heterojunc-
tion effect [15]. The insight in the intrinsic charge carrier 
transport is important to understand the interaction between 
organic semiconductors and working mechanism of a het-
erojunction based devices.

Polythiophene and its derivatives are among the most 
studied conductive polymers. These compounds are char-
acterized by significant environmental and thermal stabil-
ity, high conductivity, and small band gap values [16–19]. 
Chemical structure of polythiophene permits wide range 
of modification without destruction of conjugated double 
bond system responsible for the unique electronic properties 
[20, 21]. The most common is introduction of specific side 
chain at β carbon of thiophene ring. The major drawback of 
polythiophene based materials comes from the difficulty in 
processing. Most of polythiophene derivatives are insoluble 
in common solvents and do not fuse. To overcome this prob-
lem polymer composite materials and copolymerization have 
been studied. Recently synthesis of thiophene co-polymers 
with processable polymers was found to be interesting alter-
native to introduce valuable properties of conducting poly-
mers to wider use [22, 23]. It was found that the introduction 
of alkyl side chain of specific length results in the increase of 
solubility and processability of polythiophene [19]. On the 
other hand derivatives containing ionophore group such as 
carboxyl, sulphonic or tertiary ammine groups, can make the 
polymer water soluble [24]. In addition another mechanism 
of charge carriers can be expected in such materials, consist 
of free ion migration. Incorporation of the side chains hav-
ing ionic groups gives rise to new properties specific for 
polyelectrolytes. Polymeric materials that combine electrical 
conductivity of semiconductors with ionic conductivity of 
electrolytes are regarded to as conjugated polyelectrolytes 
[25–28].

In present work we study electrical property of metal 
semiconductor junction in the new polymer material 
obtained via emulsion polymerization of sulfonate group 
bearing thiophene derivative. Although some of the hetero-
junction behaviors remains similar for most of conducting 
polymers unceasing scientific and technological research is 

conducted to provide detailed information that can open the 
way for new and valuable applications.

In electronic application the most important properties 
of organic semiconductors are related to interface present 
at the contact of organic material and metal. Distribution 
of chemical potential in such interface is the source of spe-
cific properties such as ohmic conduction or charge refining. 
Bringing two solids having different band structures in to 
contact build up non equilibrium conditions. Such system 
tend to achieve the thermodynamic equilibrium through 
charge transfer between phases. As a consequence the bands 
are being bend and interfacial electric dipole layer equalize 
the chemical potentials. This dipole layer affect the current 
flow through the heterojunction.

In this study he have made an effort to investigate the 
properties of interface between new conjugated polyelectro-
lyte PTMBSA and silver. The silver was chosen as cheaper 
alternative to gold, since both the metals have high work 
function. Respectively, the heterojunction was expected to 
have ohmic rather than refining character. Moreover, in the 
course of the study it occurred that it make a significant 
difference if the Ag contacts were prepared from bulk silver 
plate or from silver nanoparticles. The aim of the study is to 
reveal and discuss the differences in heterojunction proper-
ties when it is formed of bulk metal or metal nanoparticles.

Another important aspect of this work is the application 
of emulsion polymerization of conducting polymers that is 
relatively new approach to conducting polymer synthesis 
with the green chemistry connotations [29–36].

2  Experimental

2.1  Materials and methods

Silver nitrate (99.9%), potassium hydroxide (85%), ammonia 
(25%), d-glucose (96%), hydrochloric acid (35%), sodium 
hydride (60% in mineral oil) and dimethylformamide 
(99.8%) were obtained from Avantor Performance Materi-
als Poland S.A., Gliwice, Poland. This reagents were used 
directly, without further purification. Silver (99.99%) was 
purchased from Mennica - Metale Szlachetne, Radzymin, 
Poland.

3-thiophenemethanol (98%), 1,4-butane sultone (≥99%), 
sodium dodecyl sulfate (≥99%) and potassium peroxodisul-
fate (≥99%) and were purchased from Sigma-Aldrich Che-
mie GmbH, Schnelldorf, Germany. This reagents were used 
without further purification. Deionized water was used.

The XRD study was made using HZG-4/A-2 apparatus. 
Samples in form of powders were subjected to X-ray radia-
tion in the angular range of 30°–120°.

The morphology of nanosilver was examined using 
the transmission electron microscope (TEM) Tecnai F20 
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X-Twin. The imaging of polymer surface with silver or 
nanosilver was performed using the atomic force microscope 
(AFM) NanoScope MultiMode SPM System and the scan-
ning electron microscope (SEM) Quanta 3D FEG.

The electrochemical properties of polymer/metal hetero-
junction were analyzed for specimens consist of polymer 
pressed powder pellets covered with metal contacts. The pel-
lets were obtained by pressing thoroughly ground polymer in 
the laboratory press under pressure 70 bar at room tempera-
ture. The silver and nanosilver electrodes were evaporated in 
vacuum (1 × 10− 4 torr) above 1200 °C. The thickness of the 
pellets was detrmined using the electronic thickness gauge 
SYLVAC.

The electrical properties of the heterojunctions was deter-
mined by means of current–voltage characteristics (i–v) and 
volume dc-conductivity (σdc) applying two point probe elec-
trometer Keytley 6517B. The pellets were analyzed in dry 
state at 298, 308 and 318K. In order to study the influence of 
metal contacts stability measurements were repeated several 
times in time.

2.2  The preparation of nanosilver particles

Recently there are known different techniques of silver 
nanoparticle preparations [37], however in this work we 
have applied the method developed in our lab several years 
ago. The preparation procedure is a follows. Silver nitrate 
(30 mmol) was dissolved in deionized water (0.8 L and 
placed in an ice bath for 1 h). Afterwards 100 cm3 of 0,1 M 
aqueous solution of potassium hydroxide (100 mmol) was 
added to the mixture was then stirred and 40 cm3 of ammo-
nia solution (25%) was slowly introduced. Further, the tem-
perature of the mixture and its temperature was elevated to 
283K. Then, 70 cm3 of D-glucose solution (34 mmol) was 
poured in to the mixture which was left for about hour of 
continuous stirring. After that 4  dm3 of distilled water was 
added followed by additional of second portion of reducing 
agent (glucose 34 mmol). Then the mixture was left to level 
the temperature to ambient conditions. Finally, the solution 
was mixed and kept in room temperature for 1 h. The product 

was filtrated, washed thoroughly with deionized water and 
desiccated under vacuum at 40 °C for 48 h, 93% yield.

2.3  The preparation of the organic semiconductor 
(PTMBSA)

The synthesis of conducting polymer is a multistage pro-
cess which was studied and optimized in our lab which 
was described in separate article [38]. In the first stage 
3-thiophenemethanol (22 mmol) was dissolved in 100 ml 
of dimethylformamide at 283K then, sodium hydride 
(30 mmol) was added. The mixture was stirred at room 
temperature for 24 h. 1,4-butane sultone (22 mmol) was 
introduced in the mixture and the solution was mixed for 
24 h. Afterwards the solvent was evacuated and resulting 
4-(thien-3-ylmethoxy)butane-1-sulfonic acid (TMBSA) was 
dried, 76% yield (Fig. 1).

In the second stage, poly(4-(thien-3-ylmethoxy)butane-
1-sulfonic acid) (PTMBSA) was prepared by emulsion 
polymerization. TMBSA (50 mmol) and sodium dodecyl 
sulfate (SDS, 25 mmol) was dissolved in water (30 cm3, 
1660  mmol). Then, potassium peroxodisulfate (KPS, 
50 mmol) was dissolved in water (40 cm3, 2213 mmol). The 
polymerization was initiated by dropwise addition of KPS 
solution into preheated reaction mixture (70 °C). The pro-
cess was carried out for 5 h and then terminated by pouring 
the emulsion into methanol (500 cm3). The product was col-
lected by filtration and washed thoroughly with methanol 
(150 cm3) and with water (150 cm3). The powder was dried, 
63% yield (Fig. 2).

3  Results and discussion

3.1  X‑ray diffraction study

X-ray diffraction patterns of powder silver nanoparticles 
are shown in Fig. 3. The presence of peaks at 2θ values 
38.29°, 44.47°, 64.60°, 77.55°, 81.68°, 98.01°, 110.63° and 
115.04°, corresponding with the following Miller Indices 

Fig. 1  The scheme of the 
monomer 4-(thien-3-ylmethoxy)
butane-1-sulfonic acid synthesis

Fig. 2  The scheme of the poly-
mer synthesis
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(h k l): (111), (200), (220), (311), (222), (400), (331), (420) 
respectively. Thus, the XRD diffractograms confirmed the 
unit crystal cell of face-centered-cubic Ag in nanoparticles 
(JCPDS file No. 04-0783). No peaks of other impurity crys-
talline phases have been detected. On the diffractogram spe-
cific peak for silver oxides appearing at around 2θ = 33° is 
not present, which imply that the silver nanoparticles are free 
from silver oxide. The result indicates that the as synthesized 
product is composed of high purity silver nanoparticles.

3.2  The morphology of silver nanoparticles

Depend on the synthesis conditions Ag nanoparticles can 
be obtained with various sizes and shapes. In order to 

investigate the morphology of the particles sophisticated 
microscopic analyses were applied. The TEM images of 
silver nanoparticles indicates that the nanoparticles are 
more or less spherical (Fig. 4) and the average diame-
ter ranges from 15 to 50 nm (Fig. 5). Based on the TEM 
images nanoparticle diameter distribution have been deter-
mined using Aphelion Lab 4.3.2. The resulting distribution 
chart is shown in Fig. 5. And reveals wide and featureless 
distribution characteristics. It was found that 53% of the 
Ag particles have diameter less than or equal to 25 nm, and 
about 22% of nanoparticles have diameter approx. 15 nm.

Fig. 3  XRD pattern of silver 
nanoparticles

Fig. 4  TEM images of silver 
nanoparticles at different mag-
nifications
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3.3  The polymer surface covered with silver or silver 
nanoparticles

The surface morphology of polymer covered with silver or 
silver nanoparticles were examined using scanning electron 
microscope (SEM) and atomic force microscope (AFM).

The SEM images of polymer surface with silver contact 
revealed a ball-type morphology (Fig. 6a, b). Spherical 
particles of silver covered polymer have diameter ranging 
from 14 to 112 nm, with an average of 25 nm (Fig. 7). The 
distribution chart show halve of the bell-shaped distribu-
tion curve. The missing halve of the distribution curve can’t 
be resolved due to resolution of SEM images and gives 
extremely high count bar at the low end of the distribution. 
The Fig. 6c, d show micron-sized flacks of agglomerated 
silver nanoparticles. The film is substantially different from 
the parent compound. The flacks of metal obscure the initial 
shape of spherical polymer particles.

Based on the results of AFM analysis (Fig. 8) it was found 
that the surface of polymer pellets with silver nanoparticles 
(Fig. 8b, d) is more homogeneous than, the surface of poly-
mer pellets with evaporated silver (Fig. 8a, c). Metallic layer 
on the polymer resulting from nanosilver evaporation seems 
to be microcrystalline or even amorphous, while the layer 
obtained from evaporation of silver is typical polymorphic 
metal layer.

Fig. 5  Silver nanoparticle diameter distribution based on the TEM 
imaging

Fig. 6  SEM images of 
polymer surface covered 
with a silver—×50,000, b 
silver—×350,000, c silver nano-
particles—×50,000, d silver 
nanoparticles—×350,000
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3.4  Current–voltage characteristics

Important information on the electrical properties of the sys-
tem were obtained from the measurements of current–volt-
age (i–v) characteristics of the heterojunction. The intrinsic 
conductivity of a given heterojunction (σdc) was calculated 
according to the formula (1): 

where: I—the current [A], V—the voltage [V], d—thickness 
of polymer specimen [m], s—the surface of electrode  [m2].

The Activation energy of conduction (EA) was determined 
by linear regression analysis of linearized form of Arhenius 
type of σdc dependence on temperature in: 

where: σ0 is the temperature independent part of the conduc-
tivity; EA denotes the activation energy of conduction (eV), 
kB is the Boltzman’s constant and T is absolute temperature 
(K).

During the preliminary tests it was found that the i–v 
characteristics of the Ag/polymer heterojunction varies with 
time. To understand the phenomena the i–v characteristics 
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Fig. 7  The particle size distribution for the polymer with silver

Fig. 8  AFM images of the surface of polymer pellets with evaporated a silver—3D, b silver nanoparticles—3D, c silver—2D, d silver nanopar-
ticles—2D
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was first measured immediately after the evaporation of 
contacts and then, the measurements were repeated several 
times during following 216 h. It was found that σdc increases 
in time, and then stabilizes after about 100 h. At first it was 
assumed that Ag atoms diffuse into the polymer establish-
ing metallic domains that increase electrical conductivity. 
To clarify this issue, a series of measurements was taken in 
longer time scale. The overall picture of σdc variation in time 
is depicted in Fig. 9. However it was also found that the sam-
ples having contacts made using normal silver showed per-
fectly ohmic behavior of the interface up to 96 h, after that 
i–v plots started to vary from linear. On the other hand cor-
responding contacts made using silver nanoparticles showed 
nonlinear i–v characteristics in whole considered range of 
time. The data could be fitted to Moot-Gurney law, however 
the application of this model is not justified in this case. 
The Moot-Gurney law requires three limitations, that are 
not fulfilled in our heterojunction. The model assumptions 
are: (1) the device is free of energetic traps; (2) there are no 
diffusion involved; (3) electric field at the injection contact 
is negligible. Investigated device fails in all three points, so 
despite curve similarity model could not be applied. In this 
context the intrinsic conductivity was estimated from linear 
part of i-v plot at higher electric field. Activation energy 
of conduction (EA) determined soon after evaporation for 
Ag and nano-Ag based hetrojunctions was 0.175 ± 0.01 and 
0.07 ± 0.01 eV respectively. After 216 h in ambient con-
ditions the EA of heterojunctions changed and was about 
0.085 ± 0.01 and 0.137 ± 0.05 eV for Ag and nano-Ag based 

heterojunctions respectively. Additionally, seasoning of both 
kind of samples results in the increase of σdc. It can be seen 
from the plots in Fig. 9, where the plot representing Ag con-
tact has sharp slope and reaches the plateau after about 80 h, 
while plot corresponding to nano-Ag based contact shows 
moderate increase and reaches the plateau after 170 h. In 
former case, this behavior is with agreement with initial 
assumption of metal diffusion from the contact to polymer. 
Decrease of EA is associated with increasing of doping level, 
however, in this case silver atoms do not change their oxida-
tion state so they do not dope polymer backbone. The reason-
able explanation in this context is the formation of metallic 
domains within the polymer matrix. Mixed semiconductor 
and metal conduction of the polymer results in increase 
of σdc with simultaneous decrease of EA. On the contrary, 
hetorojunction formed of silver nanoparticles contain large 
number of different interfaces, both between different nano-
particles and between the particles and organic material. The 
exceptional behavior coupling the increase of σdc accompa-
nied with increase of EA is not easy to explain. However, it 
proves that in contrast to contact made of bulk silver, there 
is no direct diffusion of metal atom in to polymer. Perhaps 
entire nanoparticles migrate to polymer moving the contact 
boundary and decreasing semiconductor layer thickness. 
This hypothesis could be supported by slower σdc increase, 
that can be seen from the plots in Fig. 9. Large, compared 
to single atoms, nanoparticles migrate slowly. In this con-
text the increase of σdc can be explained by the decrease of 
organic layer width, while the increase of EA can be assigned 
to modification of the interface boundary conditions. At this 
stage, however detailed interpretation of the phenomenon is 
premature, more detailed study, including heterojunctions 
obtained by other metal nanoparticle is necessary to gain 
the deeper insight in to this new phenomenon.

Current–voltage characteristics presented in Fig.  10 
reflect the difference in the plot shapes with respect to dif-
ference in contact material. Measured at temperature 298, 
308, 318K for the heterojunctions Ag/polymer shown in 
Fig. 10a reflect linear relationship of i-v The relationship 
has a similar shape as the dependence obtained for the pel-
lets of the polymer with the gold electrodes (Au/polymer) 
[24]. The i–v characteristics measured for the heterojunction 
formed by nano-Ag in the same conditions shows nonlinear 
plots (Fig. 10b).

Table 1 include the data of dc-conductivity for investi-
gated materials. In both cases, we observe the conductivity 
growth as the temperature increases.

Further analysis was performed using Simmons’ equation 
at different temperatures (the current density as a function 
of the electric field strength): 

(3)J = eN(E
F
)�F exp

(

−
�

k
B
T
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� F0.5
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T

)

Fig. 9  The change of conductivity over time, T = 298K
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where: J—the current density [A m− 2], e—the elementary 
charge (1.602 × 10− 19C), N(EF)—the effective density of 
states at the Fermi level of the semiconductor  [m− 3], μ—
the charge carrier mobility  [m2  V− 1  s− 1], F—the electric 
field strength [V m− 1], φ—the potential energy barrier [eV], 
kB—the Boltzmann constant (8.618 × 10− 5 eV  K− 1), T—the 
temperature [K], β—a constant.

This equation can be linearized to form: 

where �0 = eN(E
F
)� ( Ω−1 m− 1).

The analysis of the correlation between ln(J/F) and F0.5 at 
a particular temperature allows determination of the slope 
and β parameter values (Fig. 11). Further analysis is pos-
sible only when the slope value is higher than 0, i.e. for the 

(4)ln
J

F
= ln �0 −

�

k
B
T
+

�

k
B
T
F
0.5

nAg|PTMBSA|nAg system. The β constant has no physical 
significance. Therefore, correlation allowing for the assess-
ment of the potential energy barrier and σ0 using linear 
regression analysis needs to be used. 

The mathematical procedure presented above was used to 
calculate φ and σ0 values. Results of calculations are listed 
in the Table 2.

4  Conclusions

Electrical properties of the heterojunctions made of new 
conducting polymer PTMBSA and silver depend on the 
source of silver used to make metal contacts. The bulk 
silver lumps evaporate in vacuum to form on the polymer 
polymorphic crystalline layer that form ohmic contact. In 
contrast nanosilver metallic layer formed from nanosilver 
have rather amorphous structure and create rectifying con-
tact with polymer.

As it is shown in the microscopy images, despite the 
application of the same deposition method the electrodes 
made of silver and nanosilver have different morphologies. 

(5)lim
F→0

(

ln
J

F

)

T=const
= ln �0 −

�

k
B
T

Fig. 10  Current–voltage characteristics for a Ag|PTMBSA|Ag, b nAg|PTMBSA|nAg

Table 1  Electrochemical properties of Ag|PTMBSA|Ag and 
nAg|PTMBSA|nAg

Property σAg|PTMBSA|Ag σnAg|PTMBSA|nAg

σ298 [μS  m− 1] 0.1608 0.1634
σ308 [μS  m− 1] 0.2433 0.2651
σ318 [μS  m− 1] 0.2863 0.3590
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The former adopts the spherical morphology of the pol-
ymer material while the latter covers the surface of the 
polymer pellet in specific-shaped flakes. Another signifi-
cant finding concern the diffusion of silver in to polymer 
matrix. It was found during the studies that electrodes 
made both of silver and nanosilver undergo diffusion 
resulting in the increase of the polymer conductivity. 
However the limiting value of the conductivity is in both 
cases the same and is about 160% higher than the initial 
conductivity, the diffusion from the contact made of nor-
mal silver occur faster.
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