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Abstract: In the temperature-sensitive components, such as perovskite solar cells, large-area elec-
trical connections with high electrical conductivity are also required. To fulfill the requirements,
low-temperature evaporation was realized by preparing binder-free pastes with Ag flakes and a
solvent mixture, followed by sintering at 140 ◦C. The mixed solvent was based on viscous α-terpineol
with the addition of an appropriate amount of dipropylene glycol methyl ether acetate or diethylene
glycol diethyl ether to achieve an azeotrope composition, followed by the addition of a low-molecular-
weight hydroxypropyl cellulose to increase the viscosity and thixotropy. During sintering at 140 ◦C in
air for up to 30 min, the paste with 49.5 wt% α-terpineol, 49.5 wt% dipropylene glycol monomethyl
ether acetate, and 1 wt% hydroxypropyl cellulose mixture exhibited an excellent electrical conduc-
tivity of 7.72 × 10−6 Ω·cm despite the implementation of low-temperature sintering. The excellent
processability of the prepared Ag-based pastes at 140 ◦C demonstrated their potential for novel
application areas.

Keywords: binder-free Ag paste; viscous solvent; hydroxypropyl cellulose; azeotrope composition;
electrical resistivity; low-temperature evaporation; sintering

1. Introduction

Perovskite solar cells are actively being developed as window-type solar cells owing
to their advantages of translucency and color generation [1–13]. Transparent electrode
materials with excellent transparency and electrical conductivity should be developed to
fabricate high-efficiency window-type perovskite solar cells. A representative example is
pattern printing using a Ag particle-based paste, which has excellent oxidation resistance
and sinterability [14–18]. However, the efficiency of perovskite materials can decrease when
heat-treated at temperatures of 100 ◦C. As such, electrode materials and printing processes
that provide high conductivity and light transmittance at low process temperatures are
required [18]. For pastes containing resin, including low-temperature curing resins, such
as polydimethylsiloxane (silicone), acrylic, or phenoxy, excellent electrical conductivity is
difficult to achieve owing to the formation of percolation networks by contact between Ag
particles [19–23]. For example, Fang et al. developed a hybrid silver paste by adding micro-
and nano-sized Ag fillers into epoxy and organic vehicles for application in thermally
sensitive flexible electronics. They reported an electrical resistivity of 8.1 × 10−5 Ω·cm
after sintering at 150 ◦C for 30 min [24]. In contrast, for resin-free formulations with
lower appropriate viscosity, only Ag particles remain with the evaporation of viscous
solvents, facilitating sintering between the particles and achieving excellent electrical
conductivity [25–31]. For example, Liu et al. mixed spherical and flake silver particles
and obtained an electrical resistivity of 3.31 × 10−5 Ω·cm after sintering at 200 ◦C for
45 min [25]. Also, Zhao et al. presented superior electrical conductivity characteristics,
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reporting a resistivity of 1.08 × 10−5 Ω·cm after sintering micron-sized silver particles at
140 ◦C for 30 min [26].

In this study, a low-temperature sintering paste was prepared by mixing Ag particles
with a mixture of solvents, which can be removed at 140 ◦C by evaporation, and a thickener.
Flake-shaped Ag microparticles were used as fillers; however, they are less sinterable than
nanoparticles, which are more cost-effective and provide better uniform mixing, making
them easier to manufacture into a paste. The mixing ratio of the viscous solvents and
thickeners, which was considered the main factors for improving the electrical conductiv-
ity by enhanced sinterability, was optimized by measuring the electrical resistivity and
microstructure of the formed film with different ratios. The electrical conductivity of the
film formed in this resin-free paste was directly affected by the sintering degree between
the Ag flakes, which significantly changed with evaporation and removal of solvents and
thickeners [32]. Most viscous solvents exhibited low evaporation rates at 140 ◦C, reducing
the sinterability between the Ag flakes and ultimately deteriorating the low-temperature
processability of the paste. Therefore, in this study, an azeotrope was formed by the optimal
combination of two solvent types. Based on the excellent evaporation behavior at 140 ◦C
with the azeotrope formations, rapid sintering between the Ag flakes was induced to form
a film with excellent electrical conductivity.

2. Materials and Methods
2.1. Ingredients for Paste

Ag flakes (327077-50G, 99.9%, Sigma-Aldrich Co., Ltd., St. Louis, MO, USA) were
used as the fillers, and paste formulation included α-terpineol (97%, Daejung Chemicals &
Metals Co., Ltd., Siheung, Republic of Korea) as the main viscous solvent. Dipropylene
glycol monomethylether (DPMA, 99%, Thermo Fisher Scientific Inc., Waltham, MA, USA)
and diethylene glycol dimethyl ether (DGDE, 99%, Thermo Fisher Scientific Inc.) were
used as azeotrope-forming solvents, and hydroxypropyl cellulose (HPC; H0474, Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan) was used as both a thickener and a thixotropy
agent. The role of the thickener is to increase viscosity with a minimal amount, contributing
to the stable formation of electrode patterns. The organic ingredients were summarized in
Table 1.

Table 1. Chemical and physical properties of viscous solvents and powders used in the paste preparation.

Solvent Molecular Formular Chemical
Structure

Molecular
Weight (g/mol)

Melting Point
(◦C)

Boiling
Point (◦C)

Decomposition
Temp. (◦C)

Viscosity
(mPa·s at

20 ◦C)

α-Terpineol C10H18O 154.25 31 210 - 20

DPMA C10H18O3 190.23 −23 216 - 4.5

DGDE C6H14O4 162.23 −64 190 - 0.95

HPC (C6H10O5)n
[(OC3H6OH)(OH)3]n−3

100,000 - - 130–200
6–10 (2%
aqueous
solution)

2.2. Paste Preparation and Sintering

The mixed azeotropic solvents were prepared by placing the solvents in a glass bottle
at specific ratios and mixing at 2000 rpm for 10 min using a vortex mixer (VM-96M,
Jeiotech, Daejeon, Republic of Korea). For the thixotropic formulations, an appropriate
HPC amount was added and mixed for an additional hour to prepare the final mixed
solvent. Subsequently, the Ag flakes were mixed with the mixed solvents at a weight ratio
of 85:15 to prepare a paste. The prepared paste was printed on a glass slide using a stencil
mask with a slit volume of 5.0 mm × 5.0 mm × 0.1 mm. The printed films were sintered in
a furnace at 140 ◦C for 10–30 min in air. The average heating rate was 50 ◦C/min to the
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temperature of 140 ◦C. The sintering time was calculated from the insertion point of the
sample when the furnace temperature reached 140 ◦C. After sintering, the samples were
removed from the furnace and cooled in air.

2.3. Characterization

The particle sizes of the Ag flakes were measured using a laser particle size analyzer
(PSA, LS I3 320, Beckman counter, Brea, CA, USA), and the d50 values and average sizes
were calculated. The evaporation behavior of the solvents was analyzed through weight
measurements using a moisture analyzer (WBA-110M, Daihan Scientific Co., Ltd., Wonju,
Republic of Korea). Specifically, 3 g of solvent was placed on the plate of the moisture
analyzer and heated to 140 ◦C. The weight change over time was monitored until the solvent
was completely evaporated. The morphologies of the Ag flakes and microstructures of
the sintered films after heat treatment were observed using high-resolution field-emission
scanning electron microscopy (HR-FE-SEM, SU8010, Hitachi, Tokyo, Japan). Additionally,
the amount of residual HPC in the sintered films was confirmed by a carbon content analysis
using energy-dispersive X-ray spectroscopy (EDS, Noran System 7, Thermo Fisher Scientific
Inc., Waltham, MA, USA). The thermal behaviors of the prepared pastes were confirmed
using thermogravimetry differential thermal analysis (TG-DTA, DTG-60, Shimadzu, Kyoto,
Japan) by heating to 140 ◦C at a rate of 10 ◦C/min and maintaining the temperature
for 60 min. The electrical properties of the sintered films were evaluated by electrical
resistance measurements ten times using a four-point probe connected to a source meter
(2400, Keithley, Cleveland, OH, USA). The electrical resistivity was calculated to extract the
average value and standard deviation.

3. Results and Discussion

Figure 1 shows the SEM images of the Ag flakes, with the average size of 5.60 µm and
agglomeration, primarily around smaller flakes. Figure 2 shows the particle-size distribu-
tion with the measured d10, d50, and d90 values of 1.79, 4.05, and 10.37 µm, respectively,
indicating a bimodal size distribution with flakes in the tens of micrometers range.

  

 

Figure 1. SEM images of the Ag flakes at different magnifications: (a) 2000, (b) 10,000, and (c) 50,000 times.
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Size (μm) Min. d10 d50 d90 Max. Mean 

 0.60 1.79 4.05 10.37 36.24 5.60 

Figure 2. Laser PSA analysis result of the Ag flakes.

Figure 3 shows the evaporation behavior of the main viscous solvent, α-terpineol, and
two azeotrope-forming solvents (DPMA and DGDE) at 140 ◦C over time. All three solvents
evaporated completely in 20 min; however, their evaporation rates varied significantly.
Specifically, the evaporation rate was as follows: DGDE > DPMA > α-terpineol. This
indicates the inverse proportional relationship between the viscosity and evaporation rate.

Figure 3. Weight loss of α-terpineol, DPMA, and DGDE over time at 140 ◦C.

The evaporation behavior changes with the amount of azeotrope-forming solvent
added to induce rapid evaporation of α-terpineol, as presented in Figure 4. The most
drastic results were obtained when DPMA was mixed with α-terpineol (Figure 4a), with the
mixed solvent exhibiting a higher evaporation rate than pure DPMA, achieving the rapid
evaporation by azeotrope formation. At a 50:50 weight ratio, evaporation was completed
in approximately 11.7 min, with the highest evaporation rate. In contrast, the evaporation
rate with DGDE mixed with α-terpineol was between that of pure α-terpineol and pure
DPMA when one solvent was in excess (Figure 4b). However, the evaporation rate at a
50:50 mixing ratio is higher than that of pure DGDE, achieving the desired result. Therefore,
mixtures of α-terpineol and DPMA and α-terpineol and DGDE at compositions of 50:50
were considered as the basic compositions of the mixed solvent in subsequent studies for
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preparing an optimal paste. When DPMA and DGDE were mixed without α-terpineol
(Figure 4c), the attempted mixing ratios had a lower evaporation rate than pure DGDE,
indicating the absence of azeotrope formation. Based on these results, eight mixed solvent
compositions with a small amount of thickener are listed in Table 2. HPC, which was used
as a thickener, significantly improved the viscosity and thixotropy of the paste, even with
small additions (1, 2, and 3 wt%), leading to significant improvements in the printability of
the paste. This is an important factor that significantly affected the sinterability between
the Ag flakes and the electrical resistivity of the sintered film.

Figure 4. Weight-loss graphs of nine mixed solvents over time at 140 ◦C: (a) α-terpineol and DPMA,
(b) α-terpineol and DGDE, and (c) DPMA and DGDE.

Table 2. Compositions of the investigated solvent mixtures for the paste formulation.

Solvent Solvent 1 Solvent 2 HPC

#1 a-Terpineol (50 wt%) DPMA (50 wt%) 0 wt%
#2 a-Terpineol (49.5 wt%) DPMA (49.5 wt%) 1 wt%
#3 a-Terpineol (49 wt%) DPMA (49 wt%) 2 wt%
#4 a-Terpineol (48.5 wt%) DPMA (48.5 wt%) 3 wt%
#5 a-Terpineol (50 wt%) DGDE (50 wt%) 0 wt%
#6 a-Terpineol (49.5 wt%) DGDE (49.5 wt%) 1 wt%
#7 a-Terpineol (49 wt%) DGDE (49 wt%) 2 wt%
#8 a-Terpineol (48.5 wt%) DGDE (48.5 wt%) 3 wt%
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Figure 5 shows the evaporation of the eight mixed solvents, including those with
1−3 wt% HPC thickener at 140 ◦C over time. In the α-terpineol/DPMA mixed solvents
(Figure 5a), the evaporation rate decreased with increasing HPC content. With 1 wt% HPC,
the mixed solvents are almost completely evaporated in 12.5 min. Similarly, the evaporation
rate in the α-terpineol/DGDE mixed solvents (Figure 5b) decreases with increasing HPC
content, whereas that with 1 wt% HPC decreases minimally, completely evaporating the
solvent in 8 min. Therefore, under identical processing conditions, compositions with
1 wt% HPC are identified as the most effective for inducing rapid sintering in high-viscosity
α-terpineol/DPMA mixed solvents and low-viscosity α-terpineol/DGDE mixed solvents.

Figure 5. Weight-loss graphs of eight mixed solvents with the HPC thickener over time at 140 ◦C:
(a) α-terpineol/DPMA mixed solvents and (b) α-terpineol/DGDE mixed solvents.

The TG-DTA results of the pastes prepared with various mixed solvents under dy-
namic and isothermal mixed heating conditions, similar to the actual sintering temperature
profile, are shown in Figure 6. In the DPMA-containing specimens (Figure 6a), an endother-
mic reaction began during the heating onset. Significant weight loss by solvent evaporation
is observed at temperatures above 70 ◦C. Endothermic peaks are observed in the range of
130.0–139.1 ◦C, and continuous weight loss is observed until reaching 140 ◦C. However,
in the sample with 1 wt% HPC (#2), a small exothermic behavior at 103 ◦C and a delay in
weight loss are observed, which could be attributed to the sintering of Ag flakes. Moreover,
the delay in weight loss can be ascribed to the blockage of the outgassing pathways by
sintering. Meanwhile, in the DGDE-containing specimens (Figure 6b), weight loss due to
solvent evaporation is observed, starting at a notably lower temperature of 40 ◦C in the
sample with 1 wt% HPC (#6), and completing before reaching 140 ◦C. The endothermic
peak ascribed to solvent evaporation is observed at 126.4 ◦C, which is considerably lower
temperature than the other mixed solvents owing to the formation of an azeotrope with
an appropriate HPC amount, thereby improving the evaporation behavior and positively
affecting the sintering of Ag flakes. For sample #6, a small exothermic peak is observed at
approximately 140 ◦C after solvent evaporation, which can be ascribed to the sintering of
Ag flakes.

The printability of the eight pastes is shown in Figure 7. For the pastes without HPC
(#1 and #5), the low viscosity and thixotropy collapsed the printed patterns. However, these
issues are mitigated as the HPC content is increased. In particular, in the DPMA-containing
pastes, which were predicted to have higher viscosity, excellent printability with almost no
pattern collapse is observed in the composition with 2 wt% HPC. Except for #1 and #5, the
average thickness of the printed patterns was measured to be 92.5 (±2.1) µm.
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Figure 6. TG-DTA curves of the Ag pastes with (a) α-terpineol/DPMA(/HPC) and (b) DGDE/α-
Terpineol(/HPC) mixtures.

 

Figure 7. Images of screen-printed films using Ag pastes prepared with different mixed solvents and
HPC contents: (a) α-terpineol/DPMA(/HPC) and (b) DGDE/α-Terpineol(/HPC) mixtures.



Metals 2024, 14, 1123 8 of 12

Figure 8 shows the electrical resistivities and sheet resistances of films from the printed
patterns after sintering at 140 ◦C with respect to the Ag paste type and sintering time.
For the specimens containing DPMA (Figure 8a), the resistivity of the pastes gradually
decreases with increasing sintering time. Compared to the paste without HPC (#1), HPC
addition significantly decreased the resistivity after sintering for 20 min. After sintering for
30 min, the resistivity greatly decreased for pastes #1 and #2, whereas a minimal decrease
is observed in pastes #3 and #4, which had a higher HPC content. Consequently, paste
#2 with 1 wt% HPC has the lowest resistivity of 7.72 × 10−6 Ω·cm obtained in 30 min
at 140 ◦C. Therefore, when compared to previous similar results [14–26], the achieved
resistivity is evaluated as an excellent value. This suggests that HPC addition improved
the contact between the Ag flakes owing to the improved printability, providing positive
results after up to 20 min of sintering. However, in pastes #3 and #4 with higher HPC
contents, the residual HPC is expected to limit the sintering of the flakes after 20 min of
sintering. In contrast, paste #2 with an appropriate HPC amount continued to exhibit
excellent sinterability owing to improved contact between Ag flakes without the hindrance
of residual HPC, as observed from the exothermic results obtained starting at 103 ◦C in
Figure 6a.

  

Figure 8. Electrical resistivities and sheet resistances of the films sintered at 140 ◦C with different
HPC contents and sintering times: (a) α-terpineol/DPMA mixed solvents and (b) α-terpineol/DGDE
mixed solvents.

For the specimens with DGDE (Figure 8b), paste #5 inherently provides a lower
resistivity, which can be considered an early sintering start effect by previously observed
high evaporation rates. All pastes exhibit a gradual decrease in resistivity with increasing
sintering time, and the HPC addition tends to decrease the resistivity. However, minimal
resistivity reduction due to HPC addition is noted owing to its inherently low viscosity.
Similarly, paste #6 with 1 wt% HPC has a low resistivity of 1.47 × 10−5 Ω·cm after sintering
for 30 min.

The HPC is an organic compound including C; thus, the residual HPC amount in the
sintered film can be compared by the C content. The C content in the film maintained
for 30 min was measured by EDS to confirm that the residual amount in the sintered film
increases with the HPC content during heating at 140 ◦C. The results are shown in Figure 9.
The measured C content increased with the HPC content in the specimens with DPMA and
DGDE, indicating that the initial HPC content in the paste is proportional to the residual
HPC content in the sintered film at 140 ◦C. Therefore, the insufficient resistance values
observed in the pastes containing 2 or 3 wt% HPC after 30 min of sintering are attributed
to the residual HPC content.
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Figure 9. C contents measured in the films based on paste samples with different HPC contents after
sintering for 30 min at 140 ◦C in air, as obtained by EDS.

Figure 10 shows the surface microstructures of the films formed by the pastes with
DPMA and varying HPC contents and sintering times at 140 ◦C. The microstructure of the
film sintered for 30 min using paste #2 has the widest sintered area and best connectivity
between the flakes compared to the microstructures under all other conditions (note the
larger grain indicated by the arrow). Such microstructure corresponds well to the lowest
electrical resistivity (7.72 × 10−6 Ω·cm) measured for the paste #2 after 30 min of sintering,
as shown in Figure 8a. Figure 11 also shows that paste #6 sintered for 30 min exhibits the
largest sintered area with well-established interconnections between the flakes compared
with pastes #5, #7, and #8.

Figure 10. Surface SEM images of the films sintered at 140 ◦C in air using α-terpineol/DPMA-based
pastes with different HPC contents and sintering times.
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Figure 11. Surface SEM images of the films sintered at 140 ◦C in air using α-terpineol/DGDE-based
pastes with different HPC contents and sintering times.

4. Conclusions

A resin-free low-temperature evaporative solvent-based paste formulation was im-
plemented to form a film with low electrical resistivity through rapid sintering between
micron-sized Ag flakes at a low temperature of 140 ◦C. Specifically, α-terpineol was used as
the main viscous solvent, with DGDE or DPMA added as the azeotrope-forming solvents
to greatly improve the evaporation rate. Finally, an HPC thickener was added to increase
the viscosity and thixotropy. The paste containing 49.5 wt% α-terpineol, 49.5 wt% DPMA,
and 1 wt% HPC exhibited improved contacts between the Ag flakes and overall percolation
connectivity due to its good printability and early sintering owing to the improved evap-
oration behavior, resulting in a rapid decrease in the electrical resistivity even at 140 ◦C.
Specifically, the film using this paste and sintered for 30 min exhibited the lowest resistivity
of 7.72 × 10−6 Ω·cm, with the early exothermic behavior starting at 103 ◦C owing to sin-
tering. The microstructure of the formed film exhibited the widest sintered area and best
connectivity between flakes. Although increasing the HPC content to 3 or 4 wt% further
improved the printability, the resistivity values slightly increased after sintering for 30 min
owing to the increased residual HPC. The paste with 49.5 wt% α-terpineol, 49.5 wt% DGDE,
and 1 wt% HPC demonstrated reduced printability due to the decreased viscosity, whereas
the maximum evaporation rate obtained with 1 wt% HPC resulted in the highest resistivity
of 1.47 × 10−5 Ω·cm after sintering for 30 min.
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