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ABSTRACT

Electrically conductive composite adhesives containing 70, 75 and 85 wt% of filler particles (Cu@Ag)
and polymer matrix were prepared. Thermal stability and morphology of the prepared adhesives were
examined using TG (Thermo-Gravimetry), DSC (Differential Scanning Calorimetry), and SEM
(Scanning Electron Microscope) techniques. In the next step, a transistor-based electrical circuit using
self-biased common-emitter combination was made from the prepared conductive adhesive as well as a
copper board. All of the prepared boards were subjected to DC (8-30 V) and AC (1 kHz) currents to
evaluate their performance. For these circuits, parameters such as transistor operating points and the
voltage gain of the amplifier, were measured. TG and DSC analyses showed that increasing the filler
amount from 70 to 85 wt%, reduces the weight loss of the adhesive from 15.48 to 11.35 wt%. Also,
effect of increasing the silver amount in Cu@Ag particles on the thermal stability of adhesives at
temperatures below 350 °C showed that by increasing of the amount of silver from 20 to 40 wt%, has a
negligible effect on weight change (about 2 wt% at 250 °C). Both samples showed almost the same
overall weight loss at 350 °C. Evaluation of circuit performance showed that the changes in circuit width
(1, 1.5, and 2 mm) has no significant effect on the V—I characteristics and voltage gain. The value of
these two parameters for all three circuits and also the copper board circuit were the same which indicates
the high conductivity of the prepared conductive adhesive.

doi: 10.5829/ije.2021.34.08b.02

NOMENCLATURE

Vee Supply voltage Ic Collector-emitter current (operating point current)
Vg Base pin voltage Vre Dropped voltage across Rc

Ve Emitter pin voltage Vee Collector-emitter voltage (operating point voltage)

1. INTRODUCTION

conductive adhesive is a suitable alternative to lead-
based solders. The adhesive composed the components

One of the outcomes of rapid growth of technology is the
short lifetime of electronic devices and consequently,
generating avalanche of electronic scraps. These
electronic scraps contain large amounts of lead due to the
lead-containing materials (lead-tin solders) in them. Lead
in these scraps can be released into the environment if
stored improperly. Lead is a toxic metal and can cause
irreparable damage on the environment and living
creatures. For this reason, the use of lead-containing
solders has been severely banned in many European
countries, and especially in Japan. Electrically
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of a polymer matrix, conductive filler, curing agent,
catalyst, and additives. Performance of a conductive
adhesive depends on the amount, type of filler and
polymer matrix. Due to the variety of components
mentioned, there are many different types of conductive
adhesives [1-3]. Electrically conductive adhesives can be
used in a variety of electronic equipments. Some of these
adhesives are designed only for the specific applications,
while others have more general applications. For
example, high temperature thermal stability is not very
important for ordinary computers, but it is very critical
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for avionics, sensors, and car engine electronics.
Adhesives are divided into isotropic and anisotropic
conductive adhesives. Isotropic conductive adhesives are
used in electronic packaging, circuits and electronic
devices. applications of anisotropic conductive adhesives
include flat panel displays, fine pitch interconnection,
highly reliable flip chip assemblies, high frequency inter-
connection, high current density inter-connection and
wafer level packages [4-6]. Various aspects of type,
preparation, and characterization of electrically
conductive adhesive such as effect of silver content on
shear mechanical properties [7], using recycled resources
for development of electrically conductive adhesives [8],
effect of graphene filler structure on electrically
conductive adhesive [9], properties of graphene based
epoxy adhesive [10], DTT functionalization of Ag
particles for conducting adhesive [11], adhesives
prepared from epoxy and silver-coated copper particles
[12], adhesives prepared from mixture of silver
nanowires and nano-silver-coatd copper [13], novel
electrically  conductive  epoxy/reduced  graphite
oxide/silica hollow microspheres adhesive [14], silver
nanostructures  for  high-performance  composite
conductive adhesive [15], stretchable conductive
adhesives [16], silver coated nano-graphite filled
conductive adhesive [17], and conductive adhesive
prepared with silver coated graphite nano-sheets [18]
have been studied. An important category of electronic
circuits is amplifier circuits whose main task is to amplify
the amplitude of the input signals and convert them into
larger signals. Amplifier circuits can exhibit specific AC
performance under DC operating conditions. Therefore,
using these amplifying circuits, the performance of DC
and AC can be simultaneously evaluated. One of the
basic transistor-based amplifier circuits is the self-biased
common-emitter circuit that is capable of amplifying
both the voltage and the current signals [19]. Transistor
is sensitive to its operating point (DC parameters), that is
an important point in using transistor-based amplifiers. If
its operating point changes, its amplification parameters
will also change. Therefore, it can be said that they are
sensitive to environmental factors. This type of circuit to
evaluate the performance of conductive adhesives can be
very valuable because performance of this circuit is very
sensitive to environmental parameters. Therefore, the
difference in the performance of conductive adhesive in
comparison with copper wire can be evaluated. On the
other hand, if the performance of the conductive adhesive
is acceptable, it can greatly help electronic circuit
designers in terms of prototype design and fabrication
speed. Also, using conductive adhesives instead of
printed circuit boards (PCBs) results in achieving
prototypes of many circuits and systems with lower
fabrication costs, higher production rates and improved
flexibility.

In the present study, an electrically conductive
adhesive was made using epoxy resin and Cu@Ag
particles as a polymer matrix and a conductive filler,
respectively. Then it was practically used to build an
emitter-joint circuit. The innovation of current research
is the practical use of electrically conductive adhesive to
make a self-biased common-emitter amplifier circuit and
evaluating its performance with respect to the similar
circuit made on a copper board.

2. MATERIALS AND MEHTODS

2. 1. Raw Materials and Method of Preparing
Conductive Adhesive All chemicals were of
analytical grade and used as received without any further
purification. To prepare the conductive adhesive,
Cu@Ag particles (< 30 um) were washed with the
alkaline solution (mixture of 0.5 M ammonium sulfate
and 1 M sodium hydroxide solutions) for 2 minutes to
remove possible surface impurities. Then, 1.4 wt%
stearic acid was dissolved in ethanol and added to the
filler and placed in an oven at 50 °C until its ethanol
completely evaporated. Subsequently, the epoxy resin
(Epoxiran 8126 equivalent to Epon 826) with ethanol
(0.5 ml per 1 g of adhesive) was added to the filler
particles and thoroughly mixed to obtain an almost
homogeneous mixture. After this step, the resulting
material was placed in an oven at 80 °C for complete
ethanol removal from the resin. Then, a hardener (curing
agent:3895 epoxiran equivalent to LS-81K) was added to
the resin and mixed. The prepared conductive adhesive
was cured in an oven at 77 °C for 30 minutes [2]. Table
1 summarizes the specifications of the prepared
adhesives. To study the structure and morphology of
adhesives, JEOL JSM-840A Scanning Electron
Microscope (SEM) was employed.

2. 2. Thermal Stability of Conductive Adhesives
The thermal stability of conductive adhesives was
studied using Thermo-Gravimetry (TG) and Differential
Scanning Calorimetry (DSC) analyses with TA
Instruments model SDT Q600 in the temperature range

TABLE 1. Specification of prepared adhesives

Filler Ag infiller Epoxy

Code Curing agent wt%

wt% wt% wt%
CAT7520 75 20 15.7 7.9
CAT7530 75 30 15.7 79
CAT7540 75 40 15.7 79
CA7030 70 30 19.1 9.5
CA8530 85 30 9.1 45




1821 Z.Sahebi Hamrah et al./ IJE TRANSACTIONS B: Applications Vol. 34, No. 08, (August 2021) 1819-1826

of 25-350 °C and heating rate of 10 °C/min in laboratory
air atmosphere.

2. 3. Performance of Conductive Adhesive as a
Transistor Circuit under AC and DC Currents
To study the practical application of prepared adhesives,
a circuit according to Figure 1 was assembled from
CA7530 adhesive in three different widths of 1, 1.5, and
2 mm and with the same thickness of 0.5 mm. Then, the
performance of the prepared circuits was evaluated under
DC and AC currents. For this purpose, a circuit was used
that is capable of evaluating the AC and DC parameters.
This is important since the adverse environmental
parameters, commonly referred to as ambient noise, have
different effects on the AC and DC parameters of the
electrical circuits. Also, due to the different nature of the
AC and DC parameters, the conductive adhesive might
have been appropriate for one parameter and
inappropriate for another. Since the main application of
this adhesive is in the electrical and electronic industries,
its performance in all possible situations and under real
environmental conditions should be considered. The used
circuit was a single-stage transistor-based electronic
circuit and a bipolar junction transistor (BJT). With 3
terminals assigned to a BJT, it becomes possible to
configure these devices in 3 unique ways in a circuit
depending on the application requirement. These
configurations are called common-emitter (C.E.),
common-base (C.B) and common-collector (C.C.)
configurations. The main characteristics of a BJT in the
three configurations (single stage) are given in Table 2.
The common emitter amplifier construction delivers
the very best current and power gain among the 3 bipolar
transistor designs which is, therefore, the widely used
type [19, 20]. It should be noted that there are much more
powerful multi-stage amplifiers (Darlington, Cascade,
Differential, Power, etc.) which are also designed and
built based on these three single-stage configurations. For
this reason, one of these three basic configurations (BJT-
based) is used in this work [21-23]. So, the used circuit
was a single-stage BJT-based circuit known as the self-
biased Common Emitter Amplifier. This circuit can
amplify the input signal (AC parameter) based on a
specific operating point (DC parameter). A practical pre-
designed circuit was used in this study because the aim

TABLE 2. Transistor Configuration Summary
BJT Configurations C.E (bypassed/un-bypassed) C.B C.C

Voltage Gain High/Medium High Low
Current Gain High Low High
Power Gain High Low Medium
Input Resistance Medium/High Low High
Output Resistance Medium High Low

was the performance test of the prepared conductive
adhesive. To observe and measure the input and output
parameters of the circuit, a digital multimeter GW Instek
model GDM-8145 and an oscilloscope GW Instek model
GOS-653G were used. Furthermore, a DC power supply
(Azma Electronic model JPS-303D) and an AC signal
source (GW Instek model SFG-1013) were employed to
supply direct and alternating currents, respectively. As
shown in Figure 1, this circuit consists of an NPN
transistor (with the part number 2SC945), a 10 kQ
resistance attached to the collector pin, a 1 kQ resistance
attached to the emitter pin, and two resistances, namely
10 kQ and 1 kQ attached to the base. A DC power supply
is used to create the desired operating point of the
transistor. The adhesive performance was evaluated by
applying a variable DC voltage of 8 to 30 V to the circuit
as a power supply. Since this is a DC test, the most
important parameters to consider are the collector current
(Ic) and the collector-emitter voltage (Vce), which
indicate the operating area of the transistor (Active linear,
Saturation, Cut off). The calculation of these two
parameters is based on Equations (1) to (3) [19]. Writing
Kirchhoff’s voltage equation in the clockwise direction
for the input loop, we obtain:
R

_ 1

Vg = IS Vee 1)

Vg — (Ry | Ry) X Ig — Vgg — Rglp =0 )
__I

Is = a+p) ©)

where Ig is the collector current, Vge is the base-emitter
voltage with a practical value of 0.62 V, and the g is
common-emitter, forward-current, amplification factor,
since the collector current is usually the output current for
the CE configuration and the base current is the input
current. For practical devices, the level of b typically
ranges from about 50 to over 400, with the most in the
midrange. This parameter can be determined at a
particular operating point on the BJT characteristics [19].
The practical value of the g was 270 for 2SC945
transistor at room temperature.
Substituting for Iz in Equation (2) result in:

(R11IR)
Cap

Grouping terms then provides the following:

(R1lIR5)
a+p)

Ve — Vg — +Rg| x Iz =0 ©)

and solving for I; gives:

Ve—VgE
(R1lR2) (6)
a+p)

IE =
Rg+

if B times the value Ry is at least 10 times the value of
R,, the approximate approach can be applied with a high
degree of accuracy. Once Vy is determined, the I can be
calculated from Equation (7):
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The collector-to-emitter voltage is determined by
Equation (8) as follow:

Veg = Vee — (Re + Re)ic (8)

where Ic is the collector current, Vce is the collector to
emitter voltage [19]. The obtained results of these
parameters using the variable power supply (from 8 to 30
V) for the circuit's root width of 1, 1.5, and 2 mm were
recorded. The reference circuit for checking the operation
of these circuits was the same circuit implemented on a
copper board. The results of the copper board
implemented circuit are presented in Table 4. The active
linear is the main area of transistor performance
evaluation. Therefore, according to the combination of
circuit resistors in Figure 1, the minimum supply voltage
required to set the transistor within the active linear area
was 8 V. Hence, the circuit test started using 8 V as the
initial voltage.

The second step in the evaluation of the conductive
adhesive performance was to figure out the AC
performance of the circuit. To achieve this goal, the
signal generator was connected to the transistor’s base
pin using a capacitive connection. The use of capacitors
is to prevent any undesired change of the DC operating
point after applying the AC input. The AC output of this
circuit is the collector pin, which is shown in Figure 2.

Using the hybrid equivalent circuit of the BJT, the
ratio of the output to the input signals of this circuit
known as the voltage gain factor, is obtained from
Equation (9) [19].

—hgeRc

Av = hie+(1+hse)RE (g)

where hg, is the AC form of the f and it can be referred
to as B,., and h;, is the input resistance of the hybrid
equivalent circuit of the BJT. The value of hf, has ranged

VCC

Figure 1. Schematic of the self-biased common-emitter
circuit used for the DC performance test of CA7530
adhesive
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Figure 2. Schematic of the common-emitter amplifier
circuit used to evaluate the AC performance of CA7530
adhesive

from about 50 to over 400. The practical value of the hg,
was 270 for 2SC945 transistor at room temperature. The
value of h;, is calculated using Equation (10) [19].

hie = ZE (10)
where 7 is an internal value of BJT (1.05 at this work),
and the V7 is the thermal voltage with the value of about
26mV at room temperature. Equation (11) can be used to
calculate the voltage gain factor from an oscilloscope
using observed signals.

Vo _ peak—peak of the output voltage signal
v; peak—peak of the input voltage signal

Ay = (11)
A real illustration of a circuit made with conductive
adhesive, the devices used, and the components
connected to the circuit are shown in Figure 3.

The input and output signals of the three circuits
based on conductive adhesive and the reference circuit
are shown in Figure 4. As shown in Figure 4, the voltage
gain can be obtained from the amplitude of the input and

1

Eﬁ?? |

- ot o

] A
‘ T (10 T —

equipments used to assess its performance. 1-Oscilloscope, 2-
Multimeter, 3- Oscilloscope channel 1, 4- Input from signal
generator, 5-Positive terminal of Vcc, 6-Oscilloscopre
Channel 2, 7-Negative terminal of VVcc
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output voltage signals. To this end, the amplitude of each
signal was measured based on the cells and sub-cells of
the screen and then multiplied by the value indicated by
the voltage divider volume (volt \ div). The values of this
volume are shown in Figure 4 (a-d) with green arrows. In
all pictures of Figure 4, channel 1 and 2 represents the
input and output signals, respectively. Comparing the
pictures of Figure 4 shows that the amplitude of the input
and output voltage signals are very close to each other.
This is while the ratio of the volume volt \ div of channel
2 (output) to the volume volt \ div of channel 1 (input) is
10. This means that the voltage gain is approximately 10.
It should be noted that the difference in the amplitude of
the signals in pictures Figure 4 (a to d) is due to the
different inputs applied to each of the four different
circuits. The exact amount of voltage gain can be
calculated with the stated method (Equation (11)). These
values are given in Table 3.

3. RESULTS AND DISCUSSION

3. 1. Morphology of Conductive Adhesives
Figure 5 illustrates SEM images of the cross-section of
CA7520, CA7530 and CAT7540 adhesives. In these
images, Cu@Ag particles have surrounded by black
epoxy phase. As can be seen, with increasing silver
amount from 20 to 30 and 40 wt%, the average thickness
of silver coating around copper particles increases.
Consequently, electrical resistivity of the adhesive is
reduced due to the decrease in contact resistance between
particles [24].

3. 2. Thermal Stability of Adhesives Figures 6
and 7 show the TG/DSC results of conductive adhesives.
According to the TG curves in Figure 6, which indicate

ok S 505 Pf—\” ol i
Figure 4. Oscilloscope graphs obtained after connecting
circuits made of (a) copper board and CA7530 adhesive with
a thickness of 0.5 mm and a width of (b) 1 mm, (c) 1.5 mm
and (d) 2 mm under AC current

TABLE 3. Voltage gain of various circuits
Circuittype Copperboard 1 mm 1.5mm 2 mm

Voltage gain 9.5 9.6 9.7 9.4

X8000 ' S Q_ " X800
Figure 5. SEM images of conductive adhesives: a) CA7520,
b) CA7530, c) CA7540

the effect of filler amount on the thermal stability of the
conductive adhesive, temperature rising has reduced
weight of both samples. The corresponding weigth loss
of CA7030 sample (15.48 wt%) is more than that of
CAB8530 sample (11.35 wt%) at 350 °C. Reason is that
the CA7030 sample has more epoxy that decomposes
with temperature rising. Two exothermic peaks at 210
and 330 °C are clearly evident in DSC curves of Figure
6. The first peak is related to residual cure and the second
peak is related to the epoxy degredation [25].

According to TG curves in Figure 7, it is evident that
the CA7540 sample (40 wt% Ag) showed greater thermal
stability than CA7520 sample (20 wt% Ag. Therefore,
increasing the silver amount from 20 to 40% improves
the thermal stability of the conductive adhesives.
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Figure 6. TG and DSC curves of CA7030 and CA8530
conductive adhesives
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Figure 7. TG and DSC curves of CA7520 and CA7540
conductive adhesives
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According to the DSC curves in Figure 7, it is clear that
the samples have almost the same behavior in terms of
exothermic peak position and area (calorific value). The
reason for the similar behavior of the samples is that both
samples have the same amount of epoxy/filler and the
same amount of CU@A(g particles.

3. 3. Performance of the Conductive Adhesive as a
Transistor Circuit under DC and AC Currents

3. 3. 1. DC Current The performance results of
the circuits with copper board and CA7530 adhesive with
a width of 1, 1.5, and 2 mm (Figure 1) for CA7530
dhesive under DC supply are listed in Tables 4-7 and
plotted in Figures 8a-8d, respectively. As can be seen, as
the supply voltage increases, the current (Ic) increases,
and all three curves follow a linear pattern with almost
similar positive slopes. This observation indicates the
similar V-I characteristic of the circuits according to
Ohm's law (V = RI). This means that changing the width
of the circuits has no significant impact on the obtained
results. Comparing Figure 8a with Figures 8b-8d showed
that the same results were obtained from circuits made of
conductive adhesives. As a result, it can be said that the
performance of these adhesives is the same as that of the
copper board.

3.3.2.AC Current AC sinusoidal signal was used
as the input voltage signal to calculate the voltage gain.
Since the high amplitude of the input signal may lead to
output signal distortion, then the amplitude of the input
signal is set within the range of 1 mV to 100 mV. Voltage
gain was calculated using Equations (4) and (5). The
voltage gain for all three circuits prepared from adhesive

TABLE 4. Circuit Data related to the copper board

Vee (V) 10 20 30
Vs (V) 0.888 1.776 2.283
Ve (V) 0.288 1.143 2.041
Ic (MA) 0.292 1.159 2.070
Ve (V) 3.011 11.667 20.74
Vee (V) 6.725 7.120 7.220

TABLE 5. Circuit data for a width of 1 mm

Vee(V) 8 10 15 20 25 30
Ve (V) 0709 0892 1334 1774 2220 2.666
Ve(V) 0126 0329 0701 1208 1.654 2.103
Ic (MA) 0127 0334 0711 1225 1677 2133
Vee (V) 1646 3353 7.893 12263 16.789 21.35
Vee (V) 6161 6350 6382 6480 6.146 6568

TABLE 6. Circuit data for a width of 1.5 mm

Vee (V) 8 10 15 20 25 30

Vs (V) 0720 0896 1.334 1768 2235 2268
Ve(V) 0122 0305 0697 1129 1567 1.989
Ic (MA) 0124 0309 0707 1145 1589 2.017
Ve (V) 1.398 2960 7.064 11.442 15855 20.029
Vee (V) 6537 6750 7.040 7.214 7.445 7572

TABLE 7. Circuit data for a width of 2 mm

Vee (V) 8 10 15 20 25 30
Ve (V) 0.634 0.904 1345 1.795 2249 2695
Ve(V) 0.078 0301 0.721 1159 1.602 2.043
Ic (mA) 0.079 0.305 0.731 1175 1625 2072
Vre (V) 0.749 3.032 7.283 11.695 16.165 20.61
Vee (V) 6.247 6.730 7.020 7.168 7.268 7.350
b
.1 (a) i s ( )= ) 3
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_ pd ﬁ /*
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Figure 8. The V-I characteristic of the implemented circuits
(Operating frequency of 1 kHz). a) copper board, b) CA7530
adhesive with a thickness of 1 mm, ¢) CA7530 adhesive with
a thickness of 1.5 mm, d) CA7530 adhesive with a thickness
of 2mm

was approximately the same as 9.5. Consequently, the
circuit width did not affect the voltage gain significantly.
Then, to compare the circuit made of conductive
adhesives with the copper board, the voltage gain from
the graph in Figure 4a was recalculated for the copper
board and the same results were obtained.

4. CONCLUSIONS

The most important results of this research are as follows:
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1. SEM images showed that changing the silver amount
from 20 to 30 and to 40 wt% increases the average
thickness of the silver coating on copper particles from
0.5to 1 and to 1.5 um, respectively.

2. TG and DSC analyses showed that when the filler
amount increases from 70 to 85 wt%, the adhesive weight
loss reduces from 15.48 to 11.35 wt%.

3. Adhesive prepared from Cu@Ag particles containing
40 wt% silver had more thermal stability than adhesive
prepared from Cu@Ag particles containing 20 wt%
silver.

4. Performance evaluation of circuit made of conductive
adhesives under DC and AC currents showed that
changing the circuit width (1, 1.5, and 2 mm) has no
significant effect on the V-I characteristic and also on the
voltage gain of the circuit. The voltage gain of all three
circuits was 9.5.

5. It was found that the circuit made from conductive
adhesive indicates the behavior quite similar to the
behavior of the circuit made on the copper board.
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