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A facile formulation of room temperature curable and screen printable zirconium silicate (ZrSiO,) ink has
been developed. The ZrSiO, ink printed on flexible BoPET (biaxially-oriented polyethylene
terephthalate) substrate showed a surface roughness of ~160 nm for a printed layer thickness of 25 pm.
The screen printed ZrSiO, layer on BoPET substrate has relative permittivity of 3.01 and dielectric loss of
0.006 at 10 GHz. It showed a temperature coefficient of relative permittivity of 55 ppm/°C in the
temperature range of 30-60 °C at 15 GHz. The room temperature curability, low dielectric loss, low
relative permittivity, mechanical and temperature stability of microwave dielectric properties of printed
ZrSi0,4 layer make it suitable for printed microwave applications.
photovoltaics and multilayer ceramic (MLC) circuits.'>"
Introduction Recently several kinds of screen printable inks have been
reported. Chang et.al., have reported screen-printable P(VDF-
Recently, there has been an increasing demand for printing TrFE)/PMMA/BaTiO;/Silica (SII) dielectric ink for organic field-
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materials for the manufacture of low-cost consumer electronics. effect transistors (OFETs).'® The epoxy/BaTiO; nano composite
This is due to the high flexibility of the printing process dielectric is reported to have capacitance of 6 nF/cm® with high
providing  significant  advantages  over  conventional relative permittivity of 35 at 30 kHz."” It has also been reported
manufacturing processes. The printed electronic applications such s that increasing the loading level of nano powders in P(VDF-
as smart packages', flexible displays®, distributed sensors™, and TrFE) results in relative permittivity up to 51.5.'® Recently, Wang
antennas® offer the possibility of low-cost flexible devices. et. al. reported electrical properties of screen-printed doped ceria
Different types of inks based on functional materials are required interlayer for IT-SOFC (Intermediate Temperature-Solid Oxide
for printed electronics. This includes capacitor materials with Fuel Cells) applications.'® Despite the enormous demands, there
high relative permittivity (>30), insulator layers with low relative  ss is a great lack of published literature on the development of low
permittivity (<5) and low melting point sealing glasses (<500 permittivity and low loss screen printable inks. The above
°C).%7 Screen printing is a simple, and low-cost manufacturing reported dielectric inks need high curing temperatures (>120 °C)
method widely used for fabrication of ceramic thick films in the and hence it limits the use of plastic substrates for printed
range 10-100 pm.® The screen printing ceramic ink consists of electronic applications.

ceramic fillers with suitable organic solvents, dispersant and  Recently Jobin ef. al, reported room temperature curable
binders.  The main challenge of the screen printing process is dielectric silica ink with low permittivity and dielectric loss.?
suitable particle dispersion to achieve uniformly thick film. Low The orthosilicates are predominantly covalently bonded which
viscosity of screen printing ink causes difficulties during printing restricts the rattling of atoms resulting in low dielectric loss and
and drying, such as dilated lines or inhomogeneous film solidity. low relative permittivity. ZrSiO, which belongs to the
The prevention of the so-called coffee ring effect is of high s orthosilicate family is abundantly available in nature and is low
importance to achieve uniform thick film.'® For these reason, the cost. ZrSiO, is also reported as a suitable microwave substrate
judicial control of the process parameters and the rheological because of its excellent dielectric and thermal properties.”" ** In
properties of the screen printing inks are mandatory this paper we report the dielectric properties of room temperature
requirements.'' curable screen printed ZrSiO, layer for high frequency

The high and low relative permittivity inks are extensively used 7 applications.
in dynamic random access memory (DRAM) capacitors,

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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Results and discussions

ZxSiO4 powder analysis

Figure 1 shows the X-ray diffraction pattern and particle size
analysis of processed ZrSiO4 powder. The peaks of ZrSiO, can be
s indexed (Figure 1 (a)) based on ICDD File No: 83-1378, which
indicates the absence of any secondary phases. It has a tetragonal
structure and belongs to the 14,/amd space group. ZrSiO, has a =
6.573 A, ¢ = 5.963 A and an X-ray density of 4.7 g/cm’. The
particle size analysis was done on ZrSiO, which was preheated at
10 600 °C. Figure 1 (b) represents the particle size distribution of

preheated ZrSiO, and the average particle size distribution is in
the broad range of 500-1000 nm with an average particle size of
776 nm. The particle size and phase purity are two important
parameters which control the colloidal stability of the

1s suspension.”> ** The average particle size required for the screen
printing application ranges 100-1000 nm depending upon the
mesh size of the screen used.
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Fig. 1 (a) The X-ray diffraction pattern and (b) particle size analysis of the heat treated, ball milled and sieved ZrSiO, powder.

Formulation of screen printable ZrSiO, ceramic ink

A homogeneous and stable suspension of ZrSiO, was obtained
through the use of controlled particle size, optimised composition
of dispersant and binders. It was reported earlier that a suitable
combination of solvent, dispersant and binder system can provide

)
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a stabilized ceramic suspension free from aggregation or phase
separation.”” The two main mechanisms for the colloid stability
are steric and electrostatic stabilization. It is reported that
polyvinyl butyral based ink formulation improve the printability,
strength, flexibility and surface smoothness of the printed
layers.?® Long chain fatty acids present in the dispersant (fish oil)
effectively dispersed the ZrSiO4 ceramic particle in the organic
vehicle of anhydrous xylene and ethanol mixture (1:1 ratio). The
organic solvent mixture used in the present ink formulation help
the room temperature curability of the ink by non-convertible
coatings cure by evaporation of the solvent system without any
chemical reaction.® The binder uniformly distribute the fillers in
the polymer network.

Table 1 shows the final composition of the ZrSiO, ink. The

40 present ink composition is based on our previous silica ink

=3

composition reported.?’ The ink consisted of 60 wt. % of ZrSiO,
ceramic filler, 35 wt. % of anhydrous xylene ethanol solvent
system, 1 wt. % of dispersant fish oil and 5 wt. % of polyvinyl
butyral binder with respect to the filler. Generally, viscosity
4s required for screen printing application is above 5 Pa.s at the
shear rate of above 10 s' with pseudoplastic nature of
suspension.”**’ Figure 2 (a) shows the rheological characteristics

of optimized ZrSiO, ceramic ink. The prepared ZrSiO, ink

showed pseudoplastic nature, i.e, viscosity decreased with
so increasing shear rate. The formulated ink showed a viscosity of

12 Pa.s at lower shear rate of 10 s™" while at a higher shear rate of

90 s viscosity decreased down to about 3 Pa.s. The viscosity of

the ink proved to be feasible for screen printing and maintained

colloidal stability. In the present case ZrSiO, ceramic ink cures in
ss less than 10 minutes depending on the atmospheric conditions.

Table 1 Composition of ZrSiO; ink

Suspension Ink content Ink
compositions
(wt. %)
Filler Z1Si04 60
Solvents Anhydrous xylene and ethanol 35
(1:1)

Dispersant Fish oil 1°
Binder Polyvinyl butyral 5°

¢ With respect to filler

Inset in Figure 2 (a) shows the CSIR-emblem printed on BoPET
substrate using the optimized colloidal suspension of ZrSiO,.
¢ Figure 2 depicts the surface morphology of printed ZrSiO, layer
on BoPET substrate at two different print strokes. Figure 2 (b)
shows the single print stroke layer deposition. The mesh openings
are visible in the optical image while in the double print stroke
(Figure 2 (c)), the thickness of the printed ZrSiO, layer increased
os and hence less mesh openings were visible. Inset in Figure 2 (b,
c) represents the interface of BoPET substrate and ZrSiO, layer
after two print strokes. We have used a homemade screen printer
with limited resolution. The resolution of the printed layer can be
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improved by using a standard sophisticated commercial screen
printer.
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25 Fig.2 (a) Rheology of the final ZrSiO, ink, (b, ¢) Optical microscopy images of printed ZrSiO, layer.

Microstructure and surface analysis of printed layers

The adhesion test was carried out using a single printed ZrSiO,
layer on BoPET film having thickness of ~12 pm. The scotch test

30 analysis was performed on freshly printed patterns 5, 10, 15, 20,
25 and 30 minutes after printing. The scotch tape test
qualitatively confirmed that the screen printed ZrSiO, layer
shows good adhesion to the BoPET film even for a single print
(see supporting information Figure s1). The microstructure of the

35 screen printed ZrSiO,4 layer surface is shown in Figure 3 (a)
which presents dense and uniform distribution of ZrSiO,
particles. The microstructure is believed to originate from the low
solid loading as well as the volatilization of the organic solvents.
The boundary between the BoPET substrate and the ZrSiO, layer

40 18 clearly visible in the microstructure as depicted in Figure 3 (a).
The ZrSiOy crystallites are distributed in the polymeric matrix as
visible in Figure 3 (b). Thickness of the printed ZrSiO, layer is
shown in Figure 3 (c) after double print stroke and it shows a
print layer thickness of ~25 pm.

4s Surface roughness of the printed layers and substrates are very
important in the various fabrication steps involved in the printed
electronic devices.”**° Figure 4 (a, b) illustrates the surface
roughness of the screen printed ZrSiO, layer and BoPET
substrate. A more projecting and clear microstructure of the

so printed ZrSiO, layer surface and BoPET substrate are clear from
the 3D AFM images. The average surface roughness (Ra) of
screen printed ZrSiO, layer was about 160 nm and the root mean
square (RMS) deviation of surface roughness (Rq) was nearly
200 nm. The Ra for BoPET substrate was of the order of 3 nm as

ss shown in the Figure 4 (b). These parameters give the printed
surface height

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 | 3



w

Journal of Materials Chemistry C

BoPET substrate

3 pm

Fig.3 The SEM microstructure of the screen printed ZrSiO4 layer on
BoPET film (a) surface inter face (b) surface and (c) cross section of peel
off ZrSiO, layer.

distribution as well as the root mean square deviation of height
profile of both the surfaces. In the printed patterns, the skewness
which is a measure of the variation of the surface, is -0.462. The
negative value of skewness generally indicates that the surface
distribution has a longer lower valley at the measurement areas in
Figure 4 (a). The printed ZrSiO4 layer has uneven surface
distribution with considerable amount of porosity as compared to
the smooth BoPET substrate. The lower positive skewness
(0.249) value of BoPET substrate shows the smoothness of the
substrate. The kurtosis of the topography height distribution is
found to be nearly 2.97 nm which indicates the uneven surface of
the printed ink. The bumpy nature with mountains and valleys on
the surface of the printed ZrSiO4 layer is more evident in the 3D
image in Figure 4 (a). The kurtosis distribution is less than 3, the
distribution curve is called platykurtoic and has relatively few
high mountains and low valleys.*' If the kurtosis distribution is
greater than 3, the distribution curve is said to be leptokurtoic and
has many high peaks and low valleys. The BoPET substrate has
kurtosis value of 6.26 nm and it surface is leptokurtoic as shown
in the Figure 4 (b) 3-D profile. The screen printed ZrSiO, layer

»s surface is platykurtoic and is shown in the figure 4 (a) 3-D
profile. The observed surface parameters are good enough for
screen printing applications.

Rq =200 nm Ra =160 nm

Kurtosis =  2.97 nm

Skewness= -0.462

Rq=4nm Ra=3nm

Skewness= 0.249 Kurtosis= 6.26 nm

50.0nm _

00nm |

1: Height

10.0 pm

Fig.4 AFM surface roughness, 2-D and 3-D profile of the (a) screen
30 printed ZrSiO, layer and (b) BoPET substrate.

Dielectric properties of printed patters

The ZrSiO, bulk ceramics has €, of 7.4 and tan & of 0.0006 at 5

GHz.*' The variations of relative permittivity (g,), dielectric loss

(tan 6) and impedance (Z) of printed ZrSiO, layer on BoPET film
35 in the radio frequency range of 600 Hz—3 MHz are shown in

Figure 5. All these properties showed a decreasing trend with

increasing frequency.
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Fig.5 Dielectric properties of ZrSiO4 layer on BoPET film as a function
of frequency (600 Hz - 3 MHz).
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Table 2 Measured dielectric properties of the BoPET film with printed
Z1Si0, layer and extracted properties for the bare ZrSiO, layer at 10 GHz.

Layers Thickness & tand
(mm)
BoPET Film 0.07 3.37 0.0056
Screen printed 0.097 3.01 0.0058
dielectric ZrSiOy layer
with BoPET film
ZrSi0;4 layer 0.025 2.05 0.0064

The printed ZrSiO,4 layer on BoPET film has €, 0f 4.5 and tan 3 of

50.02 at 1 MHz. The microwave dielectric properties of screen
printed ZrSiO, layer measured at 10 GHz is given in Table 2. The
printed ZrSiO,4 layer on BoPET film shows a relative permittivity
of 3.01 and dielectric loss of 0.0058 while the bare BoPET film
shows relative permittivity of 3.37 and dielectric loss of 0.0056 at

10 10 GHz. The extracted relative permittivity and dielectric loss of
printed ZrSiO, layer alone is of 2.05 and 0.0064 respectively at
10 GHz.
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The effect of folding in horizontal, vertical and forward and
backward direction on relative permittivity and dielectric loss of
printed ZrSiO, layer on BoPET film at 10 GHz is shown in
Figure 6. It is evident that there is not much variations in the
2 relative permittivity and dielectric loss for various number of
folding such as 0, 5, 10, 20, 40 and 80 in different directions. The
small change in the relative permittivity (less than 2 %) observed
after 80 folds proves its good stability versus mechanical stress.
The mechanical stability (folding) of the dielectric properties are
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also important for the device level integration of printed
electronic materials.

The values of relative permittivity and dielectric loss of printed
ZrSiO, layer on BoPET film is also measured at X (8.2-12.4
GHz) and Ku band (12.4-18 GHz) frequency ranges utilizing
wave guide method (Figure 7 (a)). The frequency variation of
relative permittivity of printed layer is found to be nonlinear with
a decreasing trend and varies from 3.40 to 3.29 in the measured
frequency range of 8.2—-18 GHz. The dielectric loss increases
from 0.003 to 0.0057 with increase in the measured frequency
range (8.2-18 GHz). However it may be noted that the relative
permittivity of the printed ZrSiO, layer is lower than that of bulk
Z1Si0, (7.4 at 5 GHz) *'. This discrepancy is believed to be due
to the contribution from the organics used in the formulation of
colloidal ZrSiO, ink and the resultant porosity that occurred
during the screen printing. The dielectric loss tangent of the
printed layer increases with frequency at microwave range (8.2-
18 GHz). External factors such as porosity, organics, impurities,
etc. influence the dielectric loss behavior of the material.** The
temperature coefficient of relative permittivity (t;) is one of the
critical parameters required for the stability of the signal in the
printed microwave devices. The variation of relative permittivity
of printed ZrSiO, layer on BoPET substrate with respect to the
temperature range (25-60 °C) is shown in Figure 7 (b) and gives a
1, of 55 ppm/°C. About 10 % variations in the relative
permittivity at 10 and 15 GHz using SPDR is attributed to
difference in measurement equipment and accessories used. The
two different measurement methods and equipment’s may
attribute  the 12 % variation in the relative permittivity
measurement using SPDR and wave guide technique used in this
study.

Methodology and characterization

Methodology

The raw material used was commercially available ZrSiO,4 (98 +
%, 325 meshes, Sigma Aldrich, St. Louis, MO-63103 USA)
powder. The ZrSiO, powder was ball milled for 24 hours
followed by sieving using 25 micron mesh filter ("A-1" Sieves,
Chennai, India). ZrSiO, powder was preheated at 600 °C for 30
minutes to remove the moisture and organic contaminants during
powder processing. The solvent used for the preparation of
ceramic ink was a mixture of anhydrous xylene/ethanol (Sigma
Aldrich, St. Louis, MO-63103 USA). Fish oil (Arjuna Natural
Extracts, Kerala, India) was used as the filler dispersant and
polyvinyl butyral (Sigma Aldrich, St. Louis, MO-63103 USA) as
the binder for dielectric ink preparation. The dielectric ink was
prepared by ball milling of dielectric filler for 12 hours with
anhydrous xylene/ethanol as the solvent and fish oil as the
dispersant in an air tight Teflon bottle. This is followed by the
addition of polyvinyl butyral (Butvar B — 98, molecular weight
40-70 (weight average in thousands)) binder and milled again for
12 hours. The final composition of the ceramic ink was ready for
printing after the completion of the second stage of milling.

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 (a) Dielectric properties at X and Ku band frequency range and (b) temperature variation of relative permittivity at 15 GHz of ZrSiO, layer on
BoPET film.

s A screen with mesh count of 325 and tightly bound to a metallic
frame of dimension 220%170 mm was used as the print screen.
The desired geometric pattern for printing was obtained by
conventional photoresist masking technique. The flexible BoPET
(biaxially-oriented polyethylene terephthalate) film was used as
the printing substrate for ZrSiO, ink. Prior to printing, the screen

S

was rinsed with the solvent mixture used in the ZrSiO, ink
formulation to make the screen wet and avoid mesh blockage.
Characterization

The colloidal balance of the ZrSiO, ceramic ink was measured
using rheometer (Brookfield, R/S Plus, Massachusetts, USA).
The optical microscope (Leica, MRDX) was used to examine the

o

print quality of the ZrSiO, layer. The adhesion strength of the
screen printed ZrSiO,4 layer on BoPET substrate was measured by
using scotch tape analysis recommended by ASTM Standard
D3359-02 (Method B), as a standard test method for measuring
adhesion. The adhesion test was carried out on freshly printed
patterns after 5, 10, 15, 20, 25 and 30 minutes after printing using
a Wonder 555™ self-adhesive tape followed by washing with
distilled water and drying. The phase purity of the ZrSiO, ceramic
s fillers was studied using X-ray diffraction (XRD) ( X'Pert PRO
MPD X-ray diffractometer, PANalytical, Almelo, Netherlands)
and the processed ZrSiO, particle size measured by Malvern
particle size analyser (Zetasizer Nanoseries: ZEN 3600, Malvern
Worcestershire, UK). The microstructure of printed patterns were
studied using scanning electron microscopy (SEM) (JEOL JSM-

S

5600LV, Tokyo, Japan and the surface roughness of screen
printed layer over BoPET film was measured using Atomic Force
Microscope (AFM) (NTEGRA, NT-MDT, Russia).

s The radio frequency dielectric measurement of printed ink was
measured using Hioki LCR meter (HIOKI 3532-50 LCR Hi

TESTER, Japan), with sample dimension of 11 mm diameter and
1 mm thickness. The microwave dielectric properties of printed
ZrSi0,4 layer on BoPET film and BoPET film were measured by
wave guide technique for the X and Ku band frequency ranges
with sample dimensions for the X band (8.2-12.4 GHz) of 22.86
x10.8 x 0.097 mm and 15.80 x 7.90 x 0.097mm for the Ku band
(12.4-18 GHz; dielectric properties were determined from the
measured scattering parameters with an accuracy of 2 %) using a
Vector Network Analyzer (E5071C,Agilent Technologies, Santa
Clara, CA).%" *3* The microwave dielectric properties of printed
ZrSiOy layer on BoPET film and BoPET film were also measured
at 10 and 15 GHz using Split Post Dielectric Resonator (SPDR)
(QWED, Warsaw, Poland). In this technique the total uncertainty
of real permittivity does not exceed 0.5% and is possible to
resolve dielectric loss tangents to approximately 5x107.*° The
effect of folding (bending) on microwave dielectric properties of
printed ZrSiO4 layer on BoPET film is also measured. The
temperature variation of relative permittivity at 15 GHz was
measured using the SPDR technique with sample dimension of
20 % 20 x 0.097 mm in the temperature range of 25-60 °C.

Conclusions

The present paper discusses the formulation of room temperature
curable and screen printable ZrSiO, ink. The colloidal stability
and room temperature curability of the ink is based on the
solvent, filler, dispersant and binder compositions. The ZrSiO,
ink has been screen printed on flexible substrate. The average
surface roughness of the printed ZrSiO,4 ink is 160 nm for a
printed layer thickness of ~25 pum. The screen printed ZrSiO,
layer on BoPET substrate has relative permittivity of 3.01 and
dielectric loss of 0.0058 at 10 GHz. The effect of folding on
relative permittivity and dielectric loss shows consistent stability
of the screen printed ZrSiO, layer on BoPET substrate. The
relative permittivity and dielectric loss are also measured in the X
and Ku band frequency ranges. The screen printed ZrSiO, layer
on BoPET substrate shows a temperature coefficient of relative
permittivity of 55 ppm/°C in the temperature range of 25-60 °C at
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15 GHz. The room temperature curing, low dielectric loss, low
relative permittivity, mechanical and temperature stability of
microwave dielectric properties of printed ZrSiO,4 layer make it
suitable for printed microwave electronic applications.

o
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