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Silver dendrites were prepared by a facile replacement reaction between silver
nitrate and zinc microparticles of 20 lm in size. The influence of reactant
molar ratio, reaction solution volume, silver nitrate concentration, and reac-
tion time on the morphology of dendrites was investigated systematically. It
was found that uniform tree-like silver structures are synthesized under the
optimal conditions. Their structure can be described as a trunk, symmetrical
branches, and leaves, which length scales of 5–10, 1–2 lm, and 100–300 nm,
respectively. All features were systematically characterized by scanning
electron microscopy, transmission electron microscopy (TEM), high-resolution
TEM, and x-ray powder diffraction. A hybrid fillers system using silver flakes
and dendrites as electrically conductive adhesives (ECAs) exhibited excellent
overall performance. This good conductivity can be attributed mainly to the
synergy between the silver microflakes (5–20 lm sized irregular sheet struc-
tures) and dendrites, allowing more conductive pathways to be formed be-
tween the fillers. In order to further optimize the overall electrical
conductivity, various mixtures of silver microflakes and silver dendrites were
tested in ECAs, with results indicating that the highest conductivity was
shown when the amounts of silver microflakes, silver dendrites and the
polymer matrix were 69.4 wt.% (20.82 vol.%), 0.6 wt.% (0.18 vol.%), and
30.0 wt.% (79.00 vol.%), respectively. The corresponding mass ratio of silver
flakes to silver dendrites was 347:3. The resistivity of ECAs reached as low as
1.7 9 10�4 X cm.

Key words: Silver flake, silver dendrites, hybrid fillers system, replacement
reaction, electrically conductive adhesives

INTRODUCTION

Electronic packaging, the technology of mechan-
ically and electrically interconnecting a multiplicity
of components into an integrated system, has been
dominated by tin/lead based solders for a long time.1

However, due to the toxicity of lead and its effect on
human health, many countries, such as Japan and
the European Union, have either completely banned
or minimized its usage. In past decades, extensive
efforts have been paid to developing environmen-
tally friendly alternatives for lead-containing
solders.2

In the field of electrically conductive adhesives
(ECAs), the most promising lead-free candidate(Received December 31, 2016; accepted February 14, 2018;
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materials for soldering in modern electronics3 are
generally composed of two main components: a
polymer matrix and conductive fillers. The polymer
matrix provides mechanical interconnection and the
conductive fillers provide the required electrical
conductivity. Different types of materials such as
gold, silver, nickel, copper, graphite and carbon
nanotubes have been used as conductive fillers of
ECAs.4–8 Among the various conductive fillers,
silver is the most commonly used, due to its
excellent conductivity, as well as its thermal and
chemical durability.9 Conventional ECAs (epoxy
and silver flakes) offer several advantages over the
traditional lead-based solders, such as environmen-
tal friendliness, milder operating conditions, fewer
process steps etc.10 However, the complete replace-
ment of traditional solders with conventional ECAs
has not yet been achieved because of their relatively
low electrical conductivity. Usually, the conven-
tional ECAs possess rather high bulk resistivity
compared to the metal, which limits their applica-
tion in many fields, especially in precision manu-
facturing and microelectronic packaging.3,11 It
would seem that more silver flakes in epoxy would
lead to higher electrical conductivity of the conven-
tional ECAs, but this is not always true. Specifi-
cally, after the electric network percolation
threshold of the filler has been reached, the network
becomes stable, and more silver flakes have only
negligible effects on electric conductivity, while
severely deteriorating the mechanical properties of
the ECAs and dramatically increasing the material
cost.12

Therefore, it is essential to seek better filler
systems that not only can effectively improve the
electrical properties of the ECAs but also have no
need to increase the amount of conductive fillers.
This requires maximizing the conductive pathways
while minimizing the quantity of conductive fillers.

Recent reports show rapidly growing interest in
the use of hybrid fillers for ECAs.13 Silver nanos-
tructures of varying sizes and shapes have been
widely introduced into conventional ECAs to
improve their electrical conductivity. Normally,
the utilization of these nanomaterials as auxiliary
fillers in the conventional ECAs yields a synergetic
effect between silver nanomaterials and silver
flakes, effectively improving electrical conductiv-
ity.10 The incorporation of silver nanoparticles into
systems of epoxy and silver flakes to develop new
hybrid filler systems has been studied by several
groups. Qiao et al.14 incorporated silver nanoparti-
cles into ECAs, finding that silver nanoparticles can
effectively fill the gaps between the silver flakes and
form a conductive network, enhancing the conduc-
tivity of the ECAs. However, some subsequent
research results are still controversial. Fan et al.15

and Mach et al.16 reported that silver nanoparticles
have negative effects on electrical conductivity. On
the other hand, Zhang et al.17 reported on hybrid
filler systems of high aspect-ratio silver nanowires

as auxiliary fillers in the conventional ECAs,
resulting in significant improvement in electrical
conductivity. Chen et al.18 incorporated silver
nanowires into ECAs in which silver microparticles
were used as a conductive fillers, which also showed
that a doped system had much better electrical
conductance compared to an un-doped one with the
same amount of silver fillers.

In this paper, we report the incorporation of silver
dendrites, a new class of high aspect-ratio silver
fillers, into a conventional ECA to develop a hybrid
ECAs composite. The structure of silver dendrites
has received extensive attention in the last few
years. They are widely used in such diverse appli-
cations as sensors,19 catalysis,20 surface enhanced
Raman scattering,21 and have gradually been
applied to the electronics industry.22 Many
approaches have been reported for yielding silver
dendrites, such as electrochemical deposition,23–25

wet-chemical route,26,27 solvothermal method,28

ultrasonic-assisted reduction,29 template assistant
method,30,31 and oxidation reduction reaction.22

However, most reported synthetic methods involve
many steps and rather complicated procedures,
including employment of reductants, with the
requirements of high temperatures and tem-
plate/substrate removal in the last step in order to
purify the final products. Some of those reductants
are toxic, such as sodium borohydride, which is not
only dangerous but also environmentally
unfriendly. Here, we synthesized silver dendrites
by a simple replacement reaction,32,33 a method that
is relatively simple and very environmentally
friendly. The simplicity of this method means that
no complicated equipment or special reagents are
needed. Compared to the conditions for synthesizing
high aspect-ratio silver nanowires, the conditions
for fabricating silver dendrites are simple, fast and
very mild.

In the present study, ECAs are filled with silver
flakes and silver dendrites in order to develop
binary Ag/epoxy adhesives. The silver dendrites
possess the key features of an ideal conductive filler
for ECAs. The high aspect-ratio of silver dendrites
can very efficiently establish many stable and effec-
tive conductive networks at very low filler con-
tent.34,35 The electrical properties of the ECAs filled
with hybrid fillers are discussed in terms of the
mass fraction of conductive fillers. The ECAs filled
with silver flakes and dendrites demonstrate excel-
lent conductivities in comparison with the rest of
the ECA family.

EXPERIMENTAL SECTION

Chemicals and Reagents

Zinc powder with particle size of � 20 lm was
purchased from Tianjin Fuchen Chemical reagents
factory. Silver nitrate was obtained from Xi’An
Chemical Corporation. The silver microflakes (ir-
regular sheet structure with size about 5–20 lm)
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were acquired from Strem Chemicals, Inc. 1- (2-
Cyanoethyl)-2-ethyl-4-methylimidazde (2E4MZ-
CN) and 4-Methylcyclohexane-1, 2-dicarboxylic
Anhydride (MHHPA) were supplied by TCI (Shang-
hai) Development Co. Ltd. Hydrochloric acid (HCl,
38%) and ethanol were supplied by Tianjin Fuyu
Fine Chemical Co. Ltd. Nitric acid (HNO3, 65–68%)
was ordered from Chengdu Kelong Chemical
Reagent Factory. All chemicals and reagents were

analytical grade or above without further purifica-
tion for use.

Synthesis of Silver Dendrites

The silver dendrites were prepared by a conven-
tional replacement reaction. The zinc powder was
first treated with hydrochloric acid and later
washed with distilled water to remove surface
contamination. The treated zinc powder was dis-

Fig. 1. (a, b) SEM images of the silver dendrites at different magnifications. (c, d) TEM images of the silver dendrites at different magnifi-
cations. (e) HRTEM image of the Ag trunk. (f) HRTEM image of the silver dendrites at a connection site between the trunk and one of its
branches.
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persed into ethanol and then ultrasonicated for
30 min. The zinc powder suspension was dropped
into the AgNO3 solution with gentle stirring and the
whole reaction was performed under ambient con-
ditions. The resulting silver dendrites were washed
with 0.5 M dilute nitric acid to take off the residual
zinc powder and then further washed with distilled
water and ethanol, successively. Finally, the pro-
duct was collected for characterization. In order to
obtain a complete, symmetrical and uniform tree-
like silver structure, we varied several reaction
conditions for investigation of the influence of the

experimental parameters on the morphology of the
silver dendrites.

Preparation of ECAs

The polymer matrix consisted of an epoxy resin
(density 1.2 g/cm3), a curing agent (MHHPA) and a
catalyst (2E4MZ-CN). Their weight ratios were
1:0.85:0.0185. When the silver flakes and purified
silver dendrites were added into the polymer
matrix, the total amount of conductive fillers was
70.0 wt.% (21.00 vol.%) (see Supplementary
Tables S1and S2). The composite was stirred for
2 h and then ultrasonicated for 0.5 h in order to
disperse the conductive fillers evenly through the
epoxy resin. Two strips of polyimide tape were
applied onto a pre-cleaned glass slide with a gap of
3 mm. The mixed composite was pasted uniformly
into the gap between the two strips. Later, the
polyimide tape was removed from the glass slide
and the ECA was then cured at 150�C for 2 h.

Characterization

The morphology of silver dendrites was charac-
terized with a scanning electron microscope (SEM)
(JSM-6490LV) from JEOL, and transmission elec-
tron microscopy (TEM) images were obtained from
an FEI Tecnai G20 transmission electron micro-
scope. X-ray diffraction (XRD) (Bruker D8 advanced
x-ray diffractometer) was used for determination of

Fig. 2. XRD pattern of as-synthesized silver dendrites.

Fig. 3. SEM images of silver dendrites grown at the following molar ratios of silver nitrate and zinc powder: (a) 1:1, (b) 2:1, and (c) 4:1. Other
experimental parameters are the same, reaction solution volume is 40 mL, silver nitrate concentration is 30 mM, and reaction time is 6 h.
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the crystalline structure of silver dendrites. The
sheet resistance of the ECAs was measured using a
RTS-8 four-point probe meter (Guangzhou Elec-
tronic Technology Ltd.). The probe material was
high-speed steel. The four electrical contacts were in
a straight line and the distance between electrical
contacts was 1 mm. The thickness of samples was
measured by a thickness gauge (Shanghai Chuanlu
Measuring Tools Co. Ltd.). The resistivity q was
calculated using Eq. 1:

q ¼ RL�T; ð1Þ

where RL and T are sheet resistance and thickness
of the sample, respectively. In order to minimize
random errors in the measurements of sample
resistivity, the average of five measured values

was considered as the closest one to the real
resistivity.

RESULTS AND DISCUSSION

As described above, the morphology of the
obtained silver dendrites was characterized by an
SEM (Fig. 1a and b). The SEM image shows that
silver dendrites structures are mainly composed of
three parts: the black arrow represents the trunk
(first branch), the red dashed arrow indicates the
branch (secondary branch), and the blue arrow is
the leaf (tertiary branch). The trunk is about 5–
10 lm in length, the branch is around 1–2 lm long,
and the leaf with the size scale of 100–300 nm.
Additionally, each dendrite is symmetrical, and the
trunk and branch have the angles between 50�–60�.

Fig. 4. SEM images of Ag dendrites grown at the following volumes of reaction solution: (a) 40 mL, (b) 60 mL, (c) 100 mL, (d) 120 mL, (e) 140 mL,
and (f) 160 mL. Other experimental parameters are the same, reactant molar ratio is 4:1, silver nitrate concentration is 30 mM, and reaction time is
6 h.
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TEM investigation was carried out in order to
reveal the deep crystal structure of the silver
dendrites. Figures 1c and d show typical silver
dendrite structures at different magnifications.
The results are consistent with those observed by
using SEM. Figure 1e shows the detailed HRTEM
structure of the Ag trunk, which clearly exhibits
that the lattice fringes spacing is 0.23 nm. This
matches the interplanar spacing of (111) of face
centered cubic (fcc) silver. It indicates that the
growth direction of the trunk is along (111).36 Like
Fig. 1e, the HRTEM image of the silver dendrites in
Fig. 1f also shows that the connection site between
trunk and one of its branches has lattice fringes
spacing of about 0.23 nm. The branch growth

direction is also along (111). This implies that the
Ag dendrites grow along a preferential direction,
which agrees with the ‘‘oriented attachment’’
growth mechanism.37 This is the main path for the
formation of Ag dendrites. In addition, this HRTEM
image also shows that the total dendrite structure is
a single crystal, due to the fact that the trunk and
the side branch have identical crystal
orientations.36

Figure 2 shows a typical x-ray diffraction (XRD)
pattern of the silver dendrite products. The five
diffraction peaks can be assigned to the (111), (200),
(220), (311) and (222) planes of the fcc silver
(according to the PDF2-2004 card). The strong and
sharp diffraction peaks indicate that the silver

Fig. 5. SEM images of the silver dendrites grown at the following AgNO3 concentrations: (a) 5 mM, (b) 15 mM, (c) 30 mM, (d) 50 mM, (e) 100
mM, and (f) 200 mM. Other experimental parameters are the same, reactant molar ratio is 4:1, reaction solution volume is 40 mL, and reaction
time is 6 h.
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dendrites are well crystallized. The intensity of the
diffraction peak (111) is much stronger than the
other peaks, which indicates that the silver den-
drites are primarily dominated by the crystal facet
(111), and the crystal growth direction is preferen-
tially oriented parallel to the (111) direction. This
result is consistent with the results of the HRTEM
measurements.

Effect of Molar Ratio of Silver Nitrate and
Zinc Powder on the Silver Dendrites Mor-
phology

SEM images were taken in order to observe the
shape transformation of the as-synthesized silver
dendrites at different molar ratios of silver nitrate
and zinc powder. As shown in Fig. 3, it is clear that

the mole ratio of silver nitrate and zinc powder
heavily influences the morphology of silver
dendrites.

The theoretical mole ratio of silver nitrate and
zinc powder in the replacement reaction is 2:1.
Based on this ratio, synthesized dendrites have the
morphology shown in Fig. 3b, which clearly shows
that besides the silver dendrites, some hexagonal
silver is still left in the solution. The trunk and
branch are usually loose and tiny, and the morphol-
ogy ensemble of the silver dendrites is heteroge-
neous. When the molar ratio is reduced to 1:1
(Fig. 3a), the quantity of complete silver dendrites is
reduced. In this reaction, zinc powder was used as a
reducing agent. Excess zinc powder can accelerate
the reaction rate, as AgNO3 is rapidly reduced to Ag

Fig. 6. SEM images of silver dendrites grown at the following reaction times: (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, (e) 5 h, and (f) 6 h. Other
experimental parameters are the same, reactant molar ratio is 4:1, reaction solution volume is 40 mL, and silver nitrate concentration is 30 mM.
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atoms via replacement reaction. Subsequent free Ag
atoms aggregate to form dendrites. As the reaction
proceeds, the silver ion concentration drops to a
certain level and the aggregation process slows
down so that the silver has sufficient time to relax
and seek the minimum energy position.38 That is
one tentative explanation for the observed transi-
tion from dendrites to a more compact hexagonal
structure.39 When the molar ratio is 4:1 (Fig. 3c),
the amount of reducing agent is reduced. This
decreases the reduction rate of the silver nitrate.
The slowly precipitated Ag atoms promote the
growth of silver dendrites, and the resulting silver
dendrites are complete and symmetrical. The length
of each trunk is about 5–10 lm, and the longest
branch is around 1–2 lm in the middle of the trunk.
The leaves have lengths of 100–300 nm. Therefore,
it is essential to find the appropriate reactant ratio
for the preparation of silver dendrites.

Effect of Reaction Solution Volume on the
Morphology of Silver Dendrites

The effect of reaction solution volume on the
morphology of silver dendrites can be seen in
Fig. 4. It is clear that the dendrites are highly
symmetric, and the angles between the trunk and
the branch are approximately 50�–60� when the
volume of the reaction solution is 40 mL (Fig. 4a).
Moreover, the morphology of the silver dendrites is
uniform. With an increase of the reaction solution
volume (Fig. 4b–f), silver dendrites are generated
but the shapes and symmetries are not as perfect

before, as shown in Fig. 4e and f. There, it is
difficult to find any dendrite with complete tree-
like structure, while some silver particles start to
show up in Fig. 4f. Apparently, when the volume of
the reaction solution is increased, the zinc powder
does not disperse uniformly in the solution, result-
ing in the disordered growth of silver dendrites.
The larger the reaction solution volume, the more
heterogeneous the morphology of the silver den-
drites becomes.

Fig. 7. Schematic illustration of the formation process of silver dendrites. (a) The replacement reaction between silver nitrate and zinc powder is
carried out and Ag+ is reduced to Ag. (b–d) Growth process of trunk and branch of silver dendrites. (e) Removal of residual zinc powder to obtain
purified silver dendrites.

Fig. 8. Resistivity of ECAs changing trend under different weight
fraction of silver dendrites.
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Effect of Silver Nitrate Concentration on the
Morphology of Silver Dendrites

The silver dendrites’ morphology is highly sensi-
tive to the silver ion concentration. As shown in
Fig. 5a and b, when the silver ion concentration is
less than 30 mM, small and short silver dendrites
begin to grow, with few branches and small diam-
eters. When the concentration reaches about
30 mM, the silver dendrites start to show nearly
perfect symmetric structure. A complete and well-
defined dendritic structure arranged along a back-
bone with symmetrical side branches is observed in
Fig. 5c. As the silver ion concentration is increased
up to 50 mM, 100 mM, or 200 mM, the morphology
of the silver dendrites becomes more and more
asymmetric. It should be noticed that a small
amount of hexagonal silver accumulation is
detected. This implies that homogeneous morphol-
ogy cannot be obtained when the silver ion concen-
tration is too high, due to the quick reaction rate.40

By controlling the silver ion concentration, silver
dendrites with well-defined morphology and crys-
talline structure can be realized.

Effect of Reaction Time on the Morphology of
Silver Dendrites

The growth of dendritic structure is literally a
time-dependent process. Figure 6 shows the growth
process of silver dendrites with different reaction
times. When the reaction time is 1 h, a rod-like
structure is formed (Fig. 6a). This indicates that the
initial stages of the dendritic growth started from
the main trunk. After 2–4 h (Fig. 6b and d) a
rudimentary dendritic structure is formed. The
silver dendrites have 3–5 lm long central Ag trunks
with 0.5–1 lm secondary and small tertiary
branches. When the reaction time reached 5–6 h
(Fig. 6e and f), the dendrites extended vertically
and laterally. Silver dendrites tend to grow larger
and larger with the increase of reaction time. The
trunk can grow up to 5–10 lm with secondary
branches of 1–2 lm, and tertiary branches 100–
300 nm in length.

Based on the above experimental measurements,
we can speculate about a possible formation process.
A schematic illustration of the silver dendrites
formation process is presented in Fig. 7. Consider-
ing the fact that the standard electrode potential of
the Ag+/Ag (+0.799 V) is larger than that of Zn2+/Zn
(� 0.762 V), the replacement reaction can be
described as follows:

Zn(s) + 2Agþðaq) ! Zn2þðaq) + 2Ag(s)

When the zinc powder is added into an AgNO3

aqueous solution, Ag+ is reduced to Ag0. After the
Ag atoms are formed, they further aggregate to form
Ag nanoparticles. Meanwhile, experiencing coales-
cence and Ostwald ripening,41 nanoparticles grow

and coalesce to rod-like structures, which appear as
the formation of the initial silver dendrite struc-
tures. Other secondary branches will extend from
the Ag trunk as time passes, and evenly grow into
tertiary Ag branches. Eventually the larger and
smoother silver dendrites structures are formed.
During the reaction, Ostwald ripening plays a
critical role in forming the smooth surface and a
regular shape of the final crystal.42

The Electrical Properties of Silver Dendrites
Filled ECAs

ECAs that were filled with only silver flakes were
used as control samples; they had a resistivity of
2.4 9 10�4 X cm. The electrical properties of the
binary Ag/epoxy hybrid adhesives are presented in
Fig. 8. It is interesting to find that the conductive
properties of the ECAs are increased with the
doping of the silver dendrites. The porosity of ECAs
under different sample compositions is listed in
Supplementary Figure S1.

The optimal filling amounts of silver flakes and
silver dendrites are 69.4 wt.% (20.82 vol.%) and
0.6 wt.% (0.18 vol.%). respectively. The mass ratio of
silver flakes to silver dendrites is 347:3. The corre-
sponding resistivity reaches to 1.7 9 10�4 X cm. By
theoretical calculation (see supporting information
page 4), we know that the resistivity can reach
1.3 9 10�4 X cm when 70.0 wt.% (21.00 vol.%) silver
is filled in ECAs. The calculated values show
good agreement with the measured values. Therefore,
we can effectively estimate the resistivity of ECAs
by calculation, which will be helpful for future
experiments.

From Fig. 8, it can be seen that the resistivity of
the ECAs first decreases and then goes up with the
increase of the mass fraction of silver dendrites. In
fact, the electrical conductivity of the ECAs highly
depends on the formation of conductive networks
established by silver flakes and silver dendrites.
When a small amount of silver dendrites were
added into the ECAs, silver dendrites were more
likely to form conductive pathways by overlapping
with each other due to their tree-like structure, and
the silver dendrites could then connect the unat-
tached silver flakes. With the increases of the
concentration of silver dendrites, more conductive
pathways are established, when it reaches the
threshold a sharp decrease in the tunneling resis-
tance appears.43 However, when the content of
silver dendrites gets too high, its non-uniform
dispersion in the matrix resin creates an adverse
effect on the conductive pathways.13,44 Silver den-
drites cannot perfectly connect the gap between the
silver flakes. Therefore, the number of conductive
pathways is reduced, which leads to an increase in
the tunneling resistance. At the same time, the
number of contact points among conductive Ag
fillers increases as the silver dendrite content
increases. This leads to an increase of constriction
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resistance.43,45 The competition of all those mecha-
nisms is expressed as the silver dendrite-dependent
electric properties of ECAs that we observed exper-
imentally. The results above indicate that the
proper mass fraction of silver flakes and dendrites
can effectively improve the electrical conductivity of
the conventional ECAs.

CONCLUSIONS

To summarize, a simple and efficient approach
was developed to fabricate silver dendrites by
replacement reaction. The perfect silver dendrite
structures are obtained by carefully tuning the
experimental parameters in the replacement reac-
tion. The optimized preparation conditions are as
follows: a molar ratio of silver nitrate to zinc powder
of 4:1, reaction solution volume of 40 mL, silver
nitrate concentration of 30 mM and a reaction time
of 6 h. ECAs with low electrical resistivity were
successfully created by doping with silver dendrites.
The as-prepared binary Ag/epoxy ECAs show excel-
lent conductive properties which are better than
those of conventional ECAs filled with equal
amounts of single silver flakes only. This result is
attributed to the silver dendrites possessing rela-
tively higher aspect ratios, which can establish
many more conductive pathways in the polymer
matrix than silver flakes. The optimal mass frac-
tions of silver flakes and silver dendrites are 69.4
wt.% (20.82 vol.%) and 0.6 wt.% (0.18 vol.%),
respectively, and the corresponding mass ratio of
silver flakes to silver dendrites is 347:3. It was
possible to obtain a resistivity of the ECAs as low as
1.7 9 10�4 X cm. We believe that the use of hybrid
filler systems that use silver dendrites as auxiliary
fillers is a promising approach to minimizing the
resistivity of conventional Ag flake-filled ECAs.
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