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its morphology changed from coil to coil/linear structure; 
the contact potential difference between silver microflake 
and PEDOT:PSS increased from 9.47 to 22.56 mV, show-
ing an increased conductivity between PEDOT:PSS and 
silver microflake. It was found that the introduction of a 
small amount of PEDOT:PSS (0.1 wt%) to the conventional 
ECA with 60 wt% silver microflake remarkably improved 
the electrical conductivity from 104 to 386 S/cm. A sig-
nificantly high conductivity of 2526 S/cm was achieved by 
further increasing the PEDOT:PSS concentration to 1 wt%. 
The impact of PEDOT:PSS on the adhesive bonding strength 
towards copper substrate was also examined; the bonding 
strength slightly decreased when < 1 wt% PEDOT:PSS was 
used, but abruptly dropped when PEDOT:PSS content was 
further increased beyond 1 wt%. The incorporation of the 
optimal 1 wt% PEDOT:PSS into conventional ECAs with 
60% silver microflake greatly increased the electrical con-
ductivities by 25 times with limited impact on the shear 
strength. The results provide insights to the synergetic inter-
play of conductive polymer and metallic fillers, and might 
have profound technical implications on the development of 
advanced conductive composites.

1 Introduction

Electrically conductive adhesives (ECAs) are polymeric 
composites containing conductive fillers, mainly being 
used as an interconnection material for electronic pack-
ages and flip chip [1, 2]. ECAs are considered to be envi-
ronmental friendly alternatives for the toxic tin/lead solder 
[3–5]. Conventional ECAs (typically consisting of epoxy 
and silver microflake) suffer from low conductivity even 
with high conductive filler loading, which cannot keep 
pace with today’s blooming electronic industries [2, 4, 
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6–8]. One way to address this problem is to develop hybrid 
ECAs by introducing conductivity enhancing agents such 
as silver nanoparticles (Ag NPs) [9], high aspect-ratio sil-
ver nanowires (Ag NWs) [10], carbon nanotubes (CNTs) 
and graphene [11] into conventional ECAs. However, 
there are some drawbacks such as Ag NPs being covered 
by insulating organic molecules [9]; Ag NWs requiring 
high temperature for sintering [12]; CNTs and graphene 
containing insulating surfactants [13], all of which could 
jeopardize their potential to be utilized for a larger variety 
of applications.

Poly(3,4-ethylenedioxythiophene):Poly(styrene sulfonate) 
(PEDOT:PSS) is a core–shell structured conductive poly-
mer with high mechanical flexibility and excellent disper-
sion ability in water [14], which has been widely used in 
solar cells, capacitors, transistors and other devices that 
require electrical conductive films to function [15–18]. The 
conductivity of PEDOT:PSS results from weakly local-
ized π-bonds on the conjugated carbon chains overlapping 
with one another, giving rise to the possibility for electrons 
to become delocalized and move (or “jump”) through the 
polymer backbone. Meanwhile, PSS dopant creates a delo-
calized charge responsible for adding/removing electrons 
from the PEDOT polymer chains, leading to the formation 
of polarons/bipolarons allowing charges to pass through the 
polymer backbone [19].

The procedure for the synthesis of PEDOT:PSS is mix-
ing 3,4-ethylenedioxythiophene (EDOT), PSS and  Na2S2O8 
in water and then adding  Fe2(SO4)3 to the mixed solution; 
finally the mixture is purified by ion exchanging methods 
[20]. PEDOT:PSS has a gel-like coil structure in water with 
a diameter ranging from 10 to 50 nm; it has been called 
PEDOT:PSS nano-gels which are quite stable in aqueous 
solution at room temperature [21, 22]. Many researchers uti-
lize PEDOT:PSS aqueous dispersion to make thin film [23, 
24], conductive polymer inkjet droplets [25, 26] and actua-
tors [27]. Dry PEDOT:PSS pellets can be made by freeze 
drying the PEDOT:PSS water solution [28]. However, dry 
PEDOT:PSS pellets are large, having a size of a few mil-
limeters, which cannot be effectively dispersed in polymer 
matrix. Furthermore, it is hard to grind dry PEDOT:PSS 
pellets into small sizes since they are superlight and soft. 
Thus, it is desirable to directly use PEDOT:PSS water solu-
tion in applications.

Pristine PEDOT:PSS film has a low conductivity of 10 S/
cm, mainly due to the negatively charged insulating PSS 
serving as counterion for PEDOT [29]. Many groups have 
enhanced the conductivity of PEDOT:PSS significantly by 
adding organic compounds such as methanol [30], ionic liq-
uid [17, 31], dimethyl sulphoxide (DMSO) [18] and organic 
salts [32] into PEDOT:PSS water solution. These organic 
compounds change the morphology of PEDOT:PSS, lead-
ing to phase segregation between PEDOT and PSS, and 

subsequently shorten electron hopping distances, thereby 
enhancing the conductivity [33].

There are several works that directly mixed the 
PEDOT:PSS aqueous solution with epoxy resin; Jian et al 
[34] and Elaine et al [35] applied PEDOT:PSS as the anti-
corrosive agents to make coatings on hull steel used in boats 
and ships. Ti-Chiang et al. reported the use of silver-plated 
graphite powder and dry PEDOT:PSS in epoxy-based 
ECA to decrease silver content [36], but the conduction 
mechanism between the PEDOT:PSS and silver-plated 
graphite was not studied. In addition, the effect of adding 
PEDOT:PSS on the adhesive bonding strength of ECA 
have not been investigated yet. To the best knowledge of the 
authors, no researcher directly used the PEDOT:PSS aque-
ous solution in ECAs systems for the sake of improving elec-
trical conductivity and the understanding of the interplay 
between the PEDOT:PSS and silver is very limited.

In this work, inspired by the above-mentioned good 
properties of PEDOT:PSS, we used aqueous PEDOT:PSS 
nano-gels as a conductivity enhancing agent and methanol 
as its solvent to improve the conductivity limits of the con-
ventional ECA. The effects of methanol on the properties 
of PEDOT:PSS and silver microflake were studied using 
dynamic light scattering (DLS), atomic force microscopy 
(AFM) and Kelvin probe force microscopy (KPFM), respec-
tively. Furthermore, the conductivity, shear strength and 
morphology of PEDOT:PSS hybrid ECA were studied by 
four-point probe, universal material tester (UMT) and scan-
ning electron microscope (SEM), respectively.

2  Experimental section

2.1  Materials

Diglycidyl ether of bisphenol-A liquid epoxy resin (D.E.R. 
331) and triethylenetetramine (TETA) epoxy hardener 
(D.E.H. 24) were purchased from DOW Chemical Company 
and used as the resin base and the hardener respectively. 
A high conductive grade of PEDOT:PSS (1 wt% in water) 
was purchased from Sigma-Aldrich and used as conductiv-
ity enhancing agents for the composite. Methanol HPLC 
grade was purchased from Sigma-Aldrich. Silver microflake 
(density of 10.49 g/cm3, particle size between 1 and 10 μm) 
was purchased from Sigma-Aldrich and used as the prin-
ciple conductive filler material in the composite. A pair of 
1/16-inch-thick double-sided FR-4 boards were purchased 
from MG Chemicals and used as lap shear coupons.

2.2  Procedures

To study the effect of methanol facilitated PEDOT:PSS/
silver interaction, PEDOT:PSS water solution, silver 
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microflake and methanol were mixed according to the com-
positions listed in Table 1. To prepare PEDOT:PSS and 
PEDOT:PSS/silver films for use in AFM and KPFM, the 
mixture suspensions were dropped on mica followed by dry-
ing at room temperature.

A series of conductive adhesives were prepared. Two 
types of ECAs (conventional ECA and hybrid ECA) were 
prepared. The weight percent of silver microflake ranged 
from 30 to 80% for conventional ECA. The weight percent of 
PEDOT:PSS ranged from 0.1 to 2.0% with constant 60 wt% 
silver microflake for hybrid ECA. The weight ratio of hard-
ener and epoxy was 0.13. Methanol (1 ml) were added in all 
hybrid ECAs as solvent. PEDOT:PSS water solution, silver 
microflake, methanol were added sequentially to the epoxy 
resin, rigorously mixed using a vortex and degassed in a 
desiccator. Epoxy hardener TETA was added to the resin 
and mixed at 2000 RPM for 5 min using ARE-310 Thinky 
Mixer (USA). After that, the mixture was placed into either a 
pre-cleaned 7 mm × 7 mm × 0.3 mm (length × width × height) 
mold made by a glass slide, thermally resistant tape and a 
copper sheet or a shear test coupon. Finally, the samples 
were placed into an oven to be heated at 60 °C for 30 min 
to remove any residual solvent and then baked at 120 °C for 
1.5 h to get cured.

2.3  Characterization methods

DLS (Malvern Zetasizer Nano ZSP) was used to measure 
the hydrodynamic radius of PEDOT:PSS in water solution 
before and after adding methanol. In order to allow more 
light to pass through the sample (resulting in better signal), 
the dark blue PEDOT:PSS water solution was diluted to 
0.1% concentration. AFM and KPFM (AIST-NT) were used 
to take simultaneous phase and contact potential difference 
(CPD) images of PEDOT:PSS and silver microflakes before 
and after methanol treatment. All mixtures were drop-coated 
onto mica to create a sample, and there were at least two 
repeats of each sample. At least three images were taken 
from three different 100 × 100 µm areas of each sample. At 
least 50 measurements were taken from different images 
for each visible feature to determine the average CPD and 
height values for that specific feature. SEM (ZEISS LEO 
1530) was used for characterizing the morphology of the 

PEDOT:PSS-silver hybrid ECA and conventional silver-only 
ECA. During the SEM operation, an energy-dispersive X-ray 
spectroscopy (EDS) was also used to verify the chemical 
composition of the hybrid ECA.

The electrical sheet-resistance of the cured composites 
was measured using a four-point probe setup that includes 
a probe fixture (Cascade Microtech Inc.) and a micro-ohm 
meter (Keithley 2440 5A Source Meter, Keithley Instru-
ments Inc.). The sheet resistance Rs obtained can then be 
inserted into the bulk resistivity equation and then converted 
into conductivity using the following equations [6, 37, 38]:

Bulk resistance 

Conductivity 

Combined equation 

where t represents the thickness of the sample, I and V rep-
resent the applied current and measured voltage.

The lap-shear strength values of the cured composites 
were measured using a UMT Tribological Test Equip-
ment (CETR Campbell) equipped with tensile wedge grips 
(G1061-2, Mark-10 Corp). Three samples are tested for each 
measurement.

3  Results and discussions

3.1  Methanol-facilitated PEDOT:PSS/silver interaction

PEDOT:PSS has a relative low conductivity since PSS is 
insulating. Commonly, PEDOT:PSS requires a solvent 
such as methanol, DMSO, ionic liquid and organic salts to 
increase the conductivity [17, 18, 31, 32]. Methanol was 
chosen as a promising candidate because it also help dis-
perse both silver microflake and nanofillers in the epoxy 
matrix. In this work, the effects of methanol on PEDOT:PSS 
and silver microflake without epoxy were first studied.

The hydrodynamic radius of PEDOT:PSS in water with 
and without methanol was measured by DLS. Figure 1 
exhibits narrow particle size distribution at length scales 
of 18 < d < 30 nm for PEDOT:PSS water solution. After 
1 ml methanol was added to the PEDOT:PSS sample, it 
shows wide particle size distribution at length scales of 
122 nm < d < 1106 nm, which indicates an increase in par-
ticle size and particle size distribution. Likely, methanol 
swelled PEDOT:PSS gels and delocalized the PSS layer 
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Table 1  List of film samples and their formulations

Sample Silver micro-
flake (mg)

Methanol (ml) PEDOT: PSS 
(1 wt%) water solu-
tion (mg)

a 20.3 0.1 0
b 20.3 0 17.0
c 20.3 0.1 17.0
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which might results in the aggregation of PEDOT, as illus-
trated in the inserted schematics.

To examine the PEDOT:PSS and silver microflake 
interactions, AFM and KPFM images were taken for the 
PEDOT:PSS/silver film coated on silicon wafer. Some lit-
eratures reported that after the addition of methanol, the 
morphology of PEDOT:PSS changed from core–shell coil 

structure to coil/linear structure [39, 40]. The morphology 
change of PEDOT:PSS can be attributed to a reason that 
Desalegn et al. reported in previous works [30]: the metha-
nol is highly hydrophilic which induces a screen effect 
between PEDOT and PSS, subsequently dissolving the 
hydrophilic PSS-rich shell and changing it from a coiled 
to linear structure. The delocalization of the PSS-rich 
shell may also cause the PEDOT-rich core to swell, result-
ing in the phase segregation and re-orientation between 
PEDOT and PSS [30]. Figure 2a shows the AFM image 
of pure silver microflake. Figure 2b shows the mixture 
of PEDOT:PSS and silver microflake, which displays the 
coils and balls structure of PEDOT:PSS on the surface of 
silver microflake. With the addition of methanol during the 
mixing process, PEDOT:PSS changed to linear/extended-
coil morphology shown in Fig. 2c, which enhances the 
contact between PEDOT:PSS and silver microflake. In 
addition, the surface of pure silver microflake is coarse 
(Fig. 2a), whereas the surface of PEDOT:PSS and silver 
microflake looks flat, indicating PEDOT:PSS layer covered 
on silver microflake (Fig. 2b). After methanol treatment, 
the silver microflake emerge again but looks smoother 
than pure silver microflake, which further indicates the 
structure change of PEDOT:PSS (Fig. 2c). Corresponding 
cross-sections of these images Fig. 2a–c are provided in 
Fig. 2d–f respectively to show differences in height distri-
butions between samples.

Fig. 1  Particle size and size distribution of PEDOT:PSS in water and 
water/methanol

Fig. 2  Typical AFM images of a silver microflake, b PEDOT:PSS/
silver microflake, c PEDOT:PSS/silver microflake with methanol 
treatment. The images are 1  µm × 1  µm. Corresponding cross-sec-

tions of these images (a), (b) and (c) are provided in (d), (e), and (f) 
respectively to show differences in height distributions between sam-
ples
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PEDOT:PSS connects separate silver microflakes, which 
as a result gives rise to a bridging effect between silver par-
ticles. The energy barrier between silver microflake and 
PEDOT:PSS should be much lower than the energy barrier 
between disconnected and sharp contact silver microflake. 
Therefore, using PEDOT:PSS and silver microflake together 
as hybrid enhancing agents might be better than only using 
silver microflake. In addition, the morphological change 
of PEDOT:PSS could further reduce the energy barrier 
between silver microflake and PEDOT:PSS by facilitating 
the formation of electrical pathway. To examine this effect, 
we employed KPFM to measure the contact potential dif-
ference (CPD) between PEDOT:PSS and silver microflake 
before and after methanol treatment. It has been experimen-
tally verified that the charge transfer between two conductive 
materials is proportional to their contact potential difference 
[41]. Figure 3a, b are KPFM images of PEDOT:PSS/silver 
microflake and PEDOT:PSS/silver microflake with methanol 
treatment, respectively. In Fig. 3c, the average CPD between 

silver and PEDOT:PSS is 9.47 ± 1.90 mV, while the average 
CPD increase to 22.56 ± 4.93 mV after methanol treatment 
in Fig. 3d. That is, higher differences in CPD indicates that 
it is easier for electron transportation and hopping between 
silver microflake and PEDOT:PSS.

3.2  Dispersion of PEDOT:PSS nano-gels and silver 
microflake in epoxy

The dispersion of the hybrid micro and nano-sized fillers 
in the epoxy is critical for the fabrication of electrically 
conductive adhesives. Even at low filler contents, add-
ing nanoparticles to polymeric matrix would have large 
impact on viscosity, shear strength and conductivity, etc 
[42]. To facilitate the dispersion, organic solvents are 
commonly used to reduce the viscosity of the compos-
ite. However, solvents can have negative effect on the 
mechanical strength of the epoxy composite if they cannot 
be effectively evaporated after the dispersion. Therefore, 

Fig. 3  Typical KPFM images of a PEDOT:PSS/silver microflake and 
b PEDOT:PSS/silver microflake with methanol treatment; c variation 
of CPD along the cross-section shown in image (a); d variation of 

CPD along the cross-section shown in image (b). The images of a, b 
are 1 µm × 1 µm
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solvents should have low boiling point for easy evapora-
tion, so as to be able to easily extract the residual mol-
ecules after obtaining good dispersion. In this work, we 
have chosen methanol as the solvent, since it can change 
the morphology of PEDOT:PSS and increase its electrical 
conductivity, and has lower boiling point at room tem-
perature due to a lower molecular weight when compared 
with ethanol and isopropanol.

Figure 4 shows the process of adding the PEDOT:PSS 
and silver microflake to fabricate the hybrid ECAs. The 
direct mixing of PEDOT:PSS water solution with the 
epoxy resin form an emulsion of small droplets. After 
adding silver microflake into mixture, we found that sil-
ver microflake would float on the top of the PEDOT:PSS 
solution, resulting in poor dispersion of micro/nano fillers 
in epoxy; the fabricated ECA are non-conductive. The 
use of methanol helps resolve this problem. The addition 
of 1 ml methanol allows good dispersion of PEDOT:PSS 
and silver microflake; both the methanol and water were 
evaporated under a negative pressure in desiccator. Epoxy 
hardener TETA was then added and mixed into the system 
at 2000 RPM for 5 min using ARE-310 Thinky Mixer 
(USA). After that, the mixture was placed into a pre-set 
molds, which were then placed into an oven to remove 
any residual solvent at 60 °C for 30 min and baked at 
120 °C for 1.5 h to be fully cured.

3.3  Conductivity, shear strength and morphological 
analysis of the hybrid ECA composites

In order to investigate how the addition of PEDOT:PSS 
influences the overall electrical conductivity of ECAs, 
the absolute amount of silver microflake was kept con-
stant at 203.4 mg, which give a final 60 wt% in the cured 
ECAs (without methanol and water), while the amount of 
PEDOT:PSS was gradually increased.

Figure 5a illustrates the conductivity of conventional 
ECAs with silver microflake as the only conductive filler at 
different weight loadings of silver microflake. It is seen that 
past a 40 wt% loading in the curve (known as percolation 
threshold), the composite experiences a transition in which 
the composite’s initial insulating property shifts, becoming 
a conductive material [43–46]. Furthermore, at the higher 
weight loadings above 60%, it is observed that adding more 
silver microflake into the epoxy matrix does not significantly 
improve electrical conductivity. The electrical conductivi-
ties of the hybrid ECAs with a constant total amount of sil-
ver microflake of 60 wt% at various PEDOT:PSS weight 
concentrations were plotted in Fig. 5b. It was found that 
the introduction of 0.1 wt% PEDOT:PSS into conventional 
ECAs with 60  wt% silver flakes remarkably improved 
the electrical conductivity of 386.77 S/cm (from conven-
tional ECAs with 60 wt% silver flakes at 104 S/cm), which 
is 3.7 times higher than that of the conventional ECA. 

Fig. 4  a Image of emulsion between aqueous PEDOT:PSS and Epoxy; b schematic diagram of aqueous PEDOT:PSS as it is incorporated into 
conventional ECAs
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Furthermore, the conductivity of the composite continued 
to rise with the increase of PEDOT:PSS weight concentra-
tion from 0 to 1 wt%. However, the conductivity slightly 
decreased when PEDOT:PSS weight concentration went 
beyond 1 wt%. A maximum conductivity of 2526 S/cm was 
achieved at a weight loading of 1 wt% PEDOT:PSS. Spe-
cifically, it is 25 times higher than that of the conventional 
ECA with 60 wt% silver flakes (104 S/cm) and shows simi-
lar conductivity results to conventional ECA with 80 wt% 
silver microflake (3102 S/cm). The decrease in electrical 
conductivity when adding PEDOT:PSS into the compos-
ite at concentrations beyond 1 wt% was attributed to the 
large amount of PEDOT:PSS being added into the system, 
which could increase the contact points number by isolat-
ing pre-contacted silver microflake. This thereby increases 
the contact resistance among the fillers and decreases the 
overall conductivity of the whole network. The similar trend 
of conductivity decrease past a critical concentration is also 
observed when using other fillers such as Ag NPs [38], gra-
phene [13] and polypyrrole (PPy) [47]. Compared to others’ 
work, Zhang et al. got 2400 S/cm when they used 3 wt% DA-
PPy as co-filler with 60 wt% silver microflake [47]. Amoli 
et al. obtained 3200 S/cm when they used 1.5 wt% SDS-
graphene as co-filler with 60 wt% silver microflake [13].

Shear strength is an important mechanical property that 
determines if the composite remains functional as a physical 
joining material after adding PEDOT:PSS into the system. 
The shear strength as a function of PEDOT:PSS weight load-
ing was investigated. As shown in Fig. 6b, the increase of 
PEDOT:PSS content in the conventional ECA (where the 
weight loading of silver microflake was kept constant at 
60 wt%) leads to a slight decrease in the shear strength. the 
shear strength decreased by 1 Mpa at 1 wt% compared to the 
ECA without PEDOT:PSS. However, a dramatic decrease 
from 4.97 to 0.98 Mpa of shear strength was observed when 

the weight loading of PEDOT:PSS increased to 1.5 and 
2 wt%. One reason for the decrease of shear strength is that 
residual water molecules from the PEDOT:PSS solution act 
to decrease the crosslinking density of epoxy, thus leading to 
the decrease of mechanical strength [48, 49]. Another reason 
is that adding more PEDOT:PSS may cause severe aggrega-
tion in epoxy matrix and poor dispersion is suspected to also 
act as potential weakness in the structure of the cured com-
posite, leading to variance in its mechanical strength [50].

To gain some insights of the PEDOT:PSS and silver 
interaction in epoxy, we performed morphological analysis 
of the hybrid ECAs with 60% silver and 1% PEDOT:PSS. 
Figure 6a shows the SEM image as a filler content silver 
microflake in 60 wt% for the conventional ECAs. There are 
many big gaps and sharp contact points between the silver 
microflake, which results in an increase of both tunneling 
resistance and the number of contact points. Thus, the con-
ductivity of 60 wt% silver microflake content is only 104 S/
cm. In contrast, Fig. 6b-d show images taken by SEM to 
give insight on the morphology of PEDOT:PSS filled hybrid 
ECAs. What we observation is that there are spots that are 
predominantly dark with light grainy path-like patterns 
all over Fig. 6b, c, which is very different compared with 
60 wt% silver microflake conventional ECA in Fig. 6a. In 
hybrid ECAs, these dark sections are expected to be the 
PEDOT:PSS dominated zones, whereas the lighter sections 
were expected to be silver dominated zones. To verify this, 
we used EDS on two selected areas denoted as SA1 (the dark 
area) and SA2 (the lighter area) as seen in Fig. 6d. As shown 
in Fig. 6e1, SA1 indeed contains a large amount of carbon 
and oxygen from the PEDOT:PSS as well as trace amounts 
of sulfur and silver. Meanwhile, Fig. 6e2 shows that SA2 
has three strong silver peaks, confirming our expectation 
that the lighter regions are silver dominant zones. What is 
interesting is that even the lighter areas seem to have sulfur 

Fig. 5  a Electrical conductivity as a function of filler content silver microflake in weight % for the conventional ECAs. b Electrical conductivity 
and shear strength as a function of PEDOT:PSS fraction for the hybrid ECAs. (Color figure online)
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count, which hints that although the PEDOT:PSS is not read-
ily visible in the lighter areas, it is still dispersed enough to 
be present even in the silver dominated areas. These EDS 
and SEM images indicate that aggregation is taking place 
in certain areas within the composite and that these dark 
PEDOT:PSS pockets are smaller compared to the lighter 
silver dominated areas. It is possible that PEDOT:PSS fills 

up the empty pockets that separate silver microflake, giv-
ing rise to a bridging effect between metallic particles that 
would otherwise be separated. As a result of this bridging 
effect, electrons could therefore easily transfer between 
PEDOT:PSS and silver microflake.

Finally, we proposed a mechanism of conductivity 
enhancement of PEDOT:PSS hybrid ECA as illustrated in 

Fig. 6  a SEM images of the conventional ECAs for 60  wt% silver 
microflake. b–d SEM images of PEDOT:PSS (1 wt%) hybrid ECA. 
c From the orange square area in (b). d From the orange square area 

in (c). e1, e2 EDS images of SA1 (red) and SA2 (green) square area in 
image (d) respectively
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Fig. 7. The highly hydrophilic methanol (which induces a 
screening effect between PEDOT and PSS) dissolves the 
hydrophilic PSS-rich shell and change from a coiled to lin-
ear. At the same time, the delocalized PSS-rich shell lead 
the PEDOT-rich core swollen. This phenomenon facili-
tates the phase segregation and re-orientation between 
PEDOT and PSS, which allows the charge transfer and 
easier electron hopping among the PEDOT chains as well 
as between PEDOT chains and silver microflake. Moreover, 
PEDOT:PSS fillers are able to connect the gaps as well as 
decrease the contact points between silver microflake which 
originally have sharp contacts, thereby decreasing the con-
tact resistance of neighboring silver microflake. Larger 
PEDOT:PSS particles provide less contact point numbers 
and more electron transfer areas inside the network com-
pared to other smaller particles. In addition, PEDOT:PSS 
bridges decrease the tunneling resistance caused by discon-
nected silver microflake, which is easier for electrons to 
overcome the barrier energy of transportation.

4  Conclusions

Aqueous PEDOT:PSS nano-gels was successfully intro-
duced into a conventional ECA formulation with metha-
nol as solvent. First, we studied the methanol-facilitated 
PEDOT:PSS/silver interaction without epoxy. DLS 
showed the size of PEDOT:PSS aggregates increased from 
18 < d < 30 nm to 122 < d < 1106 nm after adding metha-
nol. AFM proved that the morphology of PEDOT:PSS 
aggregates changed from coil to coil/linear structure after 
methanol treatment. The KPFM results confirmed that the 
average difference of CPD between silver microflake and 

PEDOT:PSS increased from 9.47 to 22.56 mV, indicat-
ing a conductivity increase of PEDOT:PSS on the silver 
microflake after methanol treatment. In addition, we found 
methanol can make great contributions for the dispersion 
of PEDOT:PSS nano-gels and silver microflake in epoxy. 
Therefore, methanol can not only delocalize the mor-
phology of PEDOT:PSS and subsequently increase the 
conductivity between PEDOT:PSS and silver microflake 
but also disperse silver microflake effectively in epoxy. 
Furthermore, we studied conductivity, shear strength and 
morphology of PEDOT:PSS hybrid ECA. The electrical 
conductivity was shown to improve from 104 to 386 S/
cm by adding 0.1 wt% PEDOT:PSS to the conventional 
ECA with 60 wt% silver microflake. The electrical con-
ductivity was significantly increased to 2526 S/cm when 
a concentration of 1 wt% PEDOT:PSS was added to the 
ECA. The shear strength slightly decreased by 1 Mpa 
at 1 wt% loading of PEDOT:PSS compared to the ECA 
without PEDOT:PSS and abruptly dropped when adding 
PEDOT:PSS concentrations beyond 1 wt%. SEM images 
confirmed that PEDOT:PSS fillers were able to connect the 
gaps as well as decrease the contact points between silver 
microflake (which originally have sharp contact points), 
thereby decreasing the contact resistance of neighboring 
silver microflake. In summary, we report a simple metha-
nol-facilitated approach to prepare highly electrically con-
ductive adhesives (ECAs), made from PEDOT:PSS and 
silver/epoxy composites.
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