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Abstract
Metal circuits prepared using the screen-printing method demonstrate excellent electrical conductivity and mechan-

ical properties, making them well-suited for applications in flexible electronics, Si-solar cells, multilayer resistors, and
microelectronic packaging. The objective of this study is to conduct a comparative analysis of the sintering behavior of
thick-film circuits composed of silver, copper, and aluminum on alumina substrates. The investigation encompasses an
examination of the surface and cross-sectional morphology, conductivity, and adhesion of the sintered metal circuits
at various temperatures subsequent to screen printing. The experimental findings suggest that diverse metals exhibit
contrasting microstructures, electrical properties, and adhesion characteristics. Specifically, in comparison to the net-
work structure formed by sintering copper and aluminum films as base metals, the noble metal silver facilitates the
formation of a continuous structure. As a result, silver films display lower surface resistance and higher adhesion. By
comprehensively comparing the morphology and performance of different metal films, this study will offer valuable
insights for the construction of multilayer thick-film circuits.
Keywords: Sintering behavior, noble and base metal, thick films, screen printing

I. Introduction
Thick-film metallization is a crucial technique employed

in the fabrication of ceramic substrate circuits, finding
widespread applications in flexible electronics 1, 2, Si-so-
lar cells 3, 4, multilayer resistors 5, 6, and microelectronic
packaging 7, 8. To enhance the component density within
packaging structures, the utilization of multilayer circuits
has become inevitable 9 – 11. In multilayer thick-film cir-
cuits, various types of pastes with distinct properties, in-
cluding metal paste 12 – 15, insulating paste 16, and resistive
paste 17 – 19, are utilized based on the design specifications
of the circuit structure. Among these pastes, metal films
serve as conductive pathways and play an indispensable
role in the overall functionality of the device. Common-
ly employed metals in thick-film metal circuits encompass
noble metals such as silver 20, as well as base metals like
aluminum 21 – 23 and copper 24.

In the configuration of multilayer thick-film circuits,
achieving effective sintering and bonding of the metal
paste with the ceramic substrate is of paramount impor-
tance in order to establish a continuous, low-resistance
conductive circuit 25. The thick-film method primarily
involves the preparation of a metal paste with suitable
viscosity by means of screen printing, followed by subse-
quent sintering. The metal paste consists of metal powder,
glass binder, and organic solvents 26. The metal powder is
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the main component of the later metal film, used to form
conductive pathways. After melting, the glass phase is
distributed directly between the conductor film and the
load, providing necessary adhesion. The added organic
solvent mainly improves the rheological and thixotrop-
ic properties of the entire system, thereby maintaining
the appropriate viscosity of the paste and enabling bet-
ter screen-printing performance. Numerous researchers
have focused on enhancing the adhesion of single-lay-
er metals and reducing surface resistance by modifying
the glass phase and organic solvent composition 27 – 33.
However, the selection of an appropriate metal paste for
constructing multilayer thick-film circuits necessitates a
comprehensive investigation into the sintering character-
istics of commonly employed pastes. This entails observ-
ing the sintered surface, analyzing the interface structure
between the paste and ceramic substrate, evaluating ad-
hesion performance on the ceramic surface, and assessing
the electrical functionality of the formed circuit.

This study investigates the formation modes and con-
duction mechanisms of metal films following sintering in
two categories and three distinct systems of metal pastes.
The first category pertains to noble metals, specifically sil-
ver paste, whereas the second category encompasses base
metals, namely aluminum paste and copper paste. Addi-
tionally, the research examines the characteristics of inter-
face formation and bonding methods with ceramics. The
objective is to offer valuable guidance for the selection of
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metal films in the construction of multilayer thick-film
structures.

II. Experiment Procedures
The main controlling factors in the sintering process of

metal paste include atmosphere, sintering temperature,
carbonization temperature, and heating rate. We printed
three types of metal pastes, Ag, Al, and Cu, on the surface
of Al2O3 substrate, and then conducted experiments ac-
cording to the set parameters to obtain different metal film
surfaces and interface structures. The specific experimen-
tal parameters selected in this study are shown in Table 1.

(1) Atmosphere selection
Due to the characteristics of the metals themselves, thick

-film pastes of noble metals such as Ag are not easily ox-
idized under the air atmosphere during sintering, which
would lead to the loss of electrical conductivity of the met-
al film. However, thick-film pastes of base metals such as
Al and Cu are easily oxidized on their surfaces under the
air atmosphere during sintering, which affects the con-
ductivity after sintering. It is worth noting that the oxida-
tion of Al only occurs on the surface layer, and it can still
achieve the function of conductivity after sintering. How-
ever, Cu will continue to oxidize in the oxygen-containing
atmosphere, and the oxygen content determines whether
CuO or Cu2O is finally formed. Therefore, Al paste can
still be sintered under the air atmosphere, while Cu paste
can only be sintered in a high-purity nitrogen or high vac-
uum environment to avoid affecting the final performance
after sintering.

(2) Sintering temperature
In order to better understand the influence of sinter-

ing temperature on the sintering characteristics of metal
pastes, we have expanded the range of different sintering
temperatures on the basis of common temperatures for
each type of metal paste. Specifically, the sintering tem-
perature ranges are as follows: Ag paste at 825 – 900 °C, Al
paste at 500 – 825 °C, Cu paste at around 750 – 850 °C.

(3) Carbonization temperature
Metal pastes are composed of metal powders and organ-

ic vehicles, and the residual organic solvents will affect
the performance of the subsequent metal film. Therefore,
a carbonization process is generally required before the
paste is sintered. In order to fully remove the organic sol-
vents, the carbonization temperature is generally selected
between 300 – 500 °C. In this study, different carboniza-
tion temperatures were chosen based on the sintering tem-
peratures of different metal pastes.

(4) Heating rate

Generally, the heating rate of metal pastes has little in-
fluence on the pastes. The commonly used reference value
for metal pastes is 10 K/min. However, the specific exper-
imental process is greatly affected by the equipment. If the
heating rate is fast but the temperature control accuracy is
insufficient, it will affect the performance of the metal lay-
er after sintering. The equipment used in our experiment
has a temperature control accuracy of ± 3 °C. For stable
precious metal pastes such as Ag, there is little impact when
sintered in equipment with a temperature control accura-
cy of ± 3 °C, so a heating rate of 10 K/min is chosen. The
sintering temperature of Al paste is relatively low. In order
to prevent the temperature control accuracy from being
affected due to the continuation of temperature rise after
reaching the sintering temperature, a heating rate of 5 K/
min is chosen. Cu paste is always in a high-purity nitro-
gen environment, which is not conducive to the removal
of organic solvents. Therefore, the heating rate is reduced
to allow sufficient removal of organic matter before reach-
ing the final sintering temperature. Hence, a heating rate of
5 K/min is also chosen for Cu paste.

(5) Characterization of metal films

The surface and cross-section of the films were investi-
gated with a scanning electron microscope (SEM, Regu-
lus 8100). The particle size statistics were determined us-
ing Nano Measure software, and the proportion of surface
pores was also calculated using Image Pro Plus software.
The sheet resistance was tested with a SZT-2A four-probe
tester. The adhesion was tested using the SANS electronic
universal stretching machine (CMT5105).

III. Results and Discussion

(1) Microscopic morphology, electrical and mechanical
properties of Ag film

Fig. 1 shows the surface SEM of the Ag metal film at dif-
ferent sintering temperatures. From the figure, it can be
seen that the surface of the Ag paste after sintering is dense-
ly packed, and the grain boundaries are relatively clear.
It can be observed that the surface Ag starts to sinter at
825 °C, and the process of increasing the temperature on-
ly involves the continuous growth of Ag grains and the
continuous reduction of the glass phase. At 825 °C, the Ag
metal has already undergone crystallization, and the glass
phase is distributed at the grain boundaries. With the in-
crease of temperature, the size of the metal grains gradually
increases, and the grain boundaries become clearer, while
the content of the glass phase decreases.

Table 1: Setting of sintering parameters for metal paste.

Paste Atmosphere Carbon emission process Heating
rate (K/min)

Temperature (°C)

Silver air 400 °C∼30 min 10 825, 850, 875, 900

Aluminum air 300 °C∼30 min 5 500, 550, 650, 825

Copper N2 400 °C∼30 min 5 750, 800, 850
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Fig. 1: SEM images of the Ag film surface at different sintering temperatures: (a) 825 °C; (b) 850 °C; (c) 875 °C; (d) 900 °C. The particle size
distribution and grain morphology of the Ag grains on the surface are magnified in the figure.

Based on the particle size distribution in Fig. 1, it can
be observed that as the sintering temperature increases
from 825 °C to 900 °C, the average particle size increas-
es from 7.83 lm to 24.1 lm, and the d50 value increases
from 7.56 lm to 22.24 lm. This indicates a significant grain
growth process occurring during sintering. As the glass
phase gradually decreases, the expansion space of the grain
boundaries becomes smaller, and the resistance to grain
growth increases. Therefore, the growth of grains becomes
less significant.

In accordance with Fig. 2, it presents the SEM image dis-
playing the cross-sectional structure between the Ag film
and the ceramic. Notably, the Ag film exhibits a relative-
ly uniform thickness, predominantly around 10 lm. It can
be observed that at 825 °C, the Ag film undergoes satis-
factory sintering. However, due to inadequate sintering
of the glass phase, noticeable voids appear at the interface
connecting the metal film and the ceramic. As the temper-
ature rises above 850 °C, the sintering process becomes
more comprehensive, leading to the virtual disappearance
of voids at the interface. Moreover, the glass phase lo-
cated amidst the particles initiates crystallization and re-
mains within the Ag film. Fig. 2 demonstrates that temper-
atures exceeding 875 °C result in an upsurge in the pres-
ence of crystalline particles within the Ag film, rendering
it susceptible to delamination and consequently generat-

ing voids therein. Hence, a sintering temperature of 850 °C
is deemed more appropriate.

The electrical properties of thick film circuits were inves-
tigated through an examination of the surface square resis-
tance of the Ag film subsequent to the paste sintering pro-
cess, as depicted in Fig. 3. A lower square resistance can ac-
commodate a higher operating current, thereby enhancing
the electrical signal output of electronic packaging com-
ponents and playing a pivotal role in enhancing the overall
stability of packaging devices. When the tests were con-
ducted, it was observed that the surface square resistance
of the Ag film reaches its minimum value when sintered at
850 °C. The alteration trend in the surface resistance of the
Ag film at various sintering temperatures aligns with the
pattern of void formation inside the Ag, wherein the resis-
tance decreases initially and subsequently increases.

Meanwhile, the interfacial adhesion between the met-
al film and ceramic substrates has a direct impact on
the subsequent electronic packaging performance, as
illustrated in Fig. 3. The results clearly demonstrate
that the highest level of adhesion between the metal
film and ceramic substrate is achieved when the sin-
tering temperature is set at 850 °C, which corrobo-
rates the previous observations made regarding the
changes in interface morphology. At lower tempera-
tures, localized voids are formed at the metal-ceramic
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Fig. 2: SEM images of cross-sections of Ag films sintered at different temperatures: (a) 825 °C; (b) 850 °C; (c) 875 °C; (d) 900 °C. Higher
magnification micrographs show the cross-section structure inset (a)-(d), respectively.

Fig. 3: Changes in surface resistance and adhesion of Ag metal film
with sintering temperature.

interface, leading to a discernible effect on the adhesion
properties. However, as the temperature gradually in-
creases, the glass phase progressively melts, resulting in
a decrease in the number of voids present at the interface
and consequently an increasing trend in adhesion. Never-
theless, as the temperature continues to rise, an elevated
number of voids emerge within the metal film, negatively
impacting the adhesion and subsequently causing a de-
crease in the adhesion strength.

(2) Microscopic morphology, electrical and mechanical
properties of Al film

Fig. 4 depicts the morphological evolution of an Al met-
al film under different temperature conditions. At 500 °C,
prior to glass melting, the surface exhibits scattered metal
powder, with spherical Al particles lacking effective inter-
connectivity. When the temperature is raised to 550 °C, the
glass phase within the paste begins to liquefy, promoting
particle bonding and the gradual formation of a conduc-
tive pathway. At 650 °C, a significant transformation oc-
curs as the glass fully melts, resulting in enhanced inter par-
ticle connections. Upon reaching 825 °C, the metal spheres
on the surface become enveloped by glass, leading to pro-
nounced crystallization. The higher magnification images
within Fig. 4 provide a closer observation of the changes
in the glass phase during the Al sintering process. Notably,
at 550 °C, the glass phase initiates melting, promoting ef-
fective bonding and conductivity among the metal parti-
cles. Melting becomes more conspicuous at 650 °C, while
at 850 °C, noticeable crystallization of the glass phase is
observed.

With increasing temperature, the gradual melting of the
glass phase and the variation in porosity of the Al film be-
come more pronounced. Fig. 5 illustrates the distribution
of pores within the Al film and porosity changes with tem-
perature.
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Fig. 4: SEM images of the surface of the Al film sintered at different temperatures: (a) 500 °C; (b) 550 °C; (c) 650 °C; (d) 825 °C. Higher
magnification images showing localized changes in glass phase are respectively included within (b)-(d).

Fig. 5: The relationship between the porosity of the Al metal film
and temperature.

The findings indicate that below 550 °C, complete initial
sintering did not occur, and the porosity remained rela-
tively constant at approximately 16 %. As the tempera-
ture rose, the glass phase fully melted, resulting in larger
pores while the overall quantity decreased. Consequently,
the porosity decreased to 10.73 % at 650 °C. Upon further
temperature increase, the complete melting of the glass

phase caused the encapsulation of aluminum powder and
eventual crystallization, leading to a less significant de-
crease in porosity.

Fig. 6 illustrates the interface structure between the Al
paste and the ceramic substrate, following sintering at tem-
peratures of 500 °C, 550 °C, 650 °C, and 825 °C. The
obtained results exhibit both similarities and differences
when compared to surface observations. Notably, surface
examinations revealed an increased presence of pores be-
low 550 °C, while no discernible interface was observed.
This suggests that the surface pores are not fully penetrat-
ing, but rather shallow blind holes. On the other hand,
temperatures surpassing 650 °C led to the complete melt-
ing of the glass phase, consequently resulting in a more in-
terconnected metal network structure. As a result, larger
through-holes were formed. This particular phenomenon
aligns with the observations made on the surface.

Fig. 7 illustrates the overall weak adhesion of the Al film,
which can be attributed to its glass system. The relatively
low sintering temperature of the glass system contributes
to the generally low adhesion strength. However, there is a
discernible pattern in the variation of adhesion. At 500 °C,
the absence of glass melting results in the mere stacking
of metal powder and glass on the ceramic surface, with-
out establishing a well-defined bond. Consequently, the
adhesion is exceedingly low. As the temperature increas-
es to 550 °C, the adhesion improves significantly due to
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Fig. 6: SEM images of cross-sections of Al film sintered at different temperatures: (a) 500 °C; (b) 550 °C; (c) 650 °C; (d) 825 °C. Higher
magnification images displaying the evolution of the Al film in (a)-(d), respectively.

the melting of the glass, reaching a value of 15.6 N/mm2.
Subsequent glass melting leads to the formation of larger
surface pores and the observation of some cracks in the
section structure, contributing to a decrease in structural
strength. When the temperature reaches 825 °C, although
there are fewer pores, they fuse together to form larger
pores. Additionally, the network framework exhibits pore
defects due to glass crystallization, resulting in a further
decrease in adhesion.

Fig. 7: Changes in surface resistance and adhesion of Al metal film
with sintering temperature.

The surface square resistance of the Al film reaches its
lowest point during the sintering process at 550 °C. When
considering Fig. 6 alongside this observation, it becomes
apparent that the internal network structure of the Al film
undergoes changes as the temperature varies. At 500 °C,
no well-defined network structure is formed, resulting
in the distribution of spherical metal powder and some
glass phases on the surface. This distribution hinders met-
al connections and leads to a high surface square resis-
tance. However, at 550 °C, a network structure begins
to take shape, facilitating metal connections and thereby
reducing the square resistance. Above 650 °C, although
more network frameworks are formed, the presence of
through-holes causes these frameworks to lack support.
As a consequence, cracks appear and there is a slight in-
crease in square resistance. Notably, at 825 °C, the in-
crease in square resistance is primarily attributed to in-
creased glass crystallization. This crystallization process
forms holes within the network body‘s framework and
covers the metal powder with glass phases. Consequently,
the network becomes disconnected, significantly affecting
the electrical performance of the Al film.

(3) Microscopic morphology, electrical and mechanical
properties of Cu film

The evolution of the surface morphology of the Cu metal
filmasafunctionofsinteringtemperature isdepicted inFig.8.
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Fig. 8: SEM images of the surface of Cu film sintered at different temperatures: (a) 825 °C; (b) 850 °C; (c) 875 °C.

Similar to the Al film, the surface state of the Cu film ex-
hibits a network-like structure. This network structure
facilitates the formation of conductive pathways within
the metal film, thereby ensuring its electrical conductivity.
As the sintering temperature increases, there is a notice-
able reduction in the porosity of the Cu film. At 850 °C,
the film‘s surface appears nearly free from pores, with the
metal uniformly spread across the surface. This behavior
can be attributed primarily to the melting and continuous
bonding of the glass phase at elevated temperatures, lead-
ing to the growth and aggregation of Cu particles on the
surface. Consequently, a relatively intact and continuous
surface is formed. Simultaneously, the glass infiltrates the
interface between the Cu film and the ceramic substrate.

Fig. 9: The relationship between the porosity of the Cu metal film
and temperature.

Fig. 9 illustrates the changes in pore ratio on the surface
of the Cu film as a function of increasing temperature.
The white dots depicted in the figure represent the pores
present in the Cu film. It is evident that as the tempera-
ture increases, there is a more pronounced melting of the
glass phase, resulting in the filling of the pores located be-
tween the network structures. Consequently, the number
of surface pores decreases, causing a continuous decrease
in the overall pore ratio. When compared to the Al film, it
can be observed that the variations in pore ratio for the Cu
film are relatively smaller. Specifically, as the temperature
rises from 750 °C to 850 °C, the pore ratio only decreas-
es from approximately 13.5 % to 9 %. This discrepancy

stems from the fact that the sintering temperature of the
Cu film is more than 200 °C higher than that of the Al film.
As a result, the melting of the glass phase becomes more
sufficient in the Cu film. Moreover, the metallic film em-
ployed in the low-temperature co-fired ceramic (LTCC)
system comprises a network structure formed through the
contact of metal particles. This arrangement allows for a
more effective filling of the glass during the melting and
flow processes.

Fig. 10: SEM images of cross-sections of Cu film sintered at differ-
ent temperatures: (a) 800 °C; (b) 850 °C.

Fig. 10 presents the interface structure of the Cu film
sintered at different temperatures. The figure reveals the
distribution of the glass phase within the Cu film. Upon
creating a brittle fracture section, crystals detach from the
structure, leaving behind voids or holes. At 800 °C, these
voids become more pronounced, and there are noticeable
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gaps observed in the interface layer. The presence of these
gaps considerably impacts the adhesion of the metal layer.
As the temperature reaches 850 °C, large crystals begin to
form at the interface. Subsequently, during the sintering
process, rapid grain growth occurs, leading to a substantial
reduction in interface voids and the elimination of gaps
in the connection between the Cu film and the ceramic
substrate. This phenomenon has a positive influence on
enhancing performance.

In general, as the sintering temperature rises, the presence
of voids in the fracture section of the Cu film gradually di-
minishes, and crystallization becomes more evident, lead-
ing to a denser surface sintering. Consequently, as depicted
in Fig. 11, the adhesion strength of the Cu film exhibits an
upward trend, increasing from 3.45 to 32.1 N/mm2. Simi-
larly, the surface square resistance value experiences a con-
tinuous decline, decreasing from 73.59 to 50.34 mX⋅mm-2.

(4) Sintering behavior mechanism of Ag paste, Al paste,
and Cu paste on Al2O3 substrates

Before sintering, the metal powder and glass powder in
the metal paste are uniformly distributed in the organic
solvents. However, different metal pastes exhibit distinct
sintering behavior mechanisms, as shown in Fig. 12. Both
types of pastes form a network structure, but their com-
position differs. Noble metals, such as silver, experience
continuous growth during the sintering process. The glass
phase is distributed between the metal particles, forming a
network structure. On the other hand, in base metal sys-

tems like aluminum and copper, metals tend to form a net-
work structure with a pore structure in the center.

Noble metals have a dense structure, resulting in low-
er surface resistance and higher adhesion on ceramic
substrates compared to base metal systems. However,
base metals have the advantage of lower manufacturing
costs compared to noble metals and they possess unique
strengths in certain fields. Therefore, when preparing mul-
tilayer circuits, the selection of metal paste should be based
on specific requirements and considerations.

Fig. 11: Changes in surface resistance and adhesion of Cu metal film
with sintering temperature.

Fig. 12: Sintering behavior mechanism of metal pastes.
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IV. Conclusions
This paper aims to test and evaluate the morphology

and performance of commonly used silver, aluminum, and
copper metal pastes after sintering at various temperatures.
The objective is to provide guidance in selecting suitable
metal pastes for the fabrication of multilayer thick-film
substrates. From the conducting of surface and interface
observations, as well as mechanical and electrical perfor-
mance testing, the following key conclusions have been
derived.

The mechanical performance of the metal film formed by
the metal paste predominantly relies on the characteristics
of the interface structure. The presence of voids or holes
within the interface leads to a decrease in mechanical per-
formance. The occurrence of these voids is closely associ-
ated with the melting and flow behavior of the glass phase
present in the paste. The electrical performance of the met-
al film is strongly influenced by the surface morphology.
Direct contact between the metal particles on the surface
facilitates excellent conductivity, while the formation of
a network-like structure through the interconnection of
surface metal particles results in inferior conductivity.

In general, the optimal sintering temperatures for obtain-
ing the best mechanical and electrical performance using
Ag, Al, and Cu pastes are consistent. For Ag, Al, and Cu,
the optimal sintering temperatures are determined to be
850 °C, 550 °C, and 850 °C, respectively.
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