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Abstract
Here, we report a previously unreported low-temperature curable barium strontium titanate  (BaXSr1−XTiO3) or BST dielec-
tric nanoparticle ink which shows a high dielectric tunability for printed electronics/additive manufacturing applications. 
The newly formulated BST ink is optimized to print in aerosol jet printers and can be cured at 150°C, which will allow the 
fabrication of tunable radio-frequency (RF) and microwave (MW) devices on a wide range of flexible substrates. Charac-
terization of high-frequency dielectric properties showed a high dielectric tunability (~ 15% at 10 GHz with 10 V/µm) and 
a high dielectric constant (~ 16 at 10 GHz). The linear-reversible tunability, which is very important for tunable devices, 
was confirmed by the tunability testing at 10 GHz. Characterization of temperature-dependent dielectric properties found 
< 10% variations of the dielectric constant at 10 GHz from −50°C to 125°C for this BST ink. Detailed information on BST 
nanoparticle characterization, ink formulation and characterization of dielectric properties is discussed.
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Introduction

Tunable radio-frequency (RF) and microwave devices play 
an important role in reconfigurable systems, and when com-
bined with additive manufacturing and printed electronics, 
they can provide advantages in terms of cost, size and form 
factor.1–5 The demand for printable electronics over conven-
tional electronics is rising exponentially due to the extremely 
low fabrication cost, low material consumption and wastage, 
compatibility with flexible substrates, durability and ease of 
customization.

Barium strontium titanate (BST) has been extensively 
investigated over the last few decades due to its tunable 
dielectric properties.6–18 The dielectric constant of BST 
can be tailored by an applied electric field, which allows 
BST to be used in varactors for tunable RF and microwave 
(MW) applications, such as tunable filters, phase shifters, 
frequency selective surfaces, phased arrays and conformal 
antennas.2,4,19–25 BST has a para-electric phase above the 
Curie temperature (TC) due to the cubic and symmetric crys-
tal structure, with no spontaneous polarization. Below the 
Curie temperature, BST has a ferroelectric phase due to the 
spontaneous polarization of the non-center symmetric crys-
tal structure.26,27 In the para-electric phase, BST shows the 
highest dielectric properties, such as high tunability, low loss 
tangent and high switching speed.28

Various techniques, such as pulsed laser deposition, 
chemical vapor deposition and sputtering are well-estab-
lished deposition techniques for the fabrication of BST-
based electronic devices.17,29–33 However, all these tech-
niques require high processing temperatures that are not 
suitable for flexible substrates and fabrics. Moreover, it is 
difficult to vary the highest effective dielectric constant in 
these deposition techniques.
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Different types of direct-write noncontact functional 
ink printers, such as inkjet printers, aerosol jet printers and 
dispensing printers, are widely used in printed electronics 
research and development as well as in small-scale manufac-
turing.34–44 Nonetheless, these printers have different speci-
fications and limitations. For example, the viscosity of func-
tional inks needs to be below 1000 cP in order to be printed 
in Optomec aerosol jet printers with pneumatic atomization, 
while a viscosity of less than 10 cP is necessary to be printed 
in Optomec aerosol jet printers with ultrasonic atomization. 
Therefore, printer-specific functional inks are very important 
for printed electronic device fabrication. Optomec aerosol jet 
printers can be used to print high-resolution features as low 
as 10 µm with the best conditions. Also, the newest version 
of the Optomec AJ5X aerosol jet printer has the capability to 
print on any three-dimensional (3D) object using its five-axis 
(X, Y, Z, rotation and tilting) motion. It is necessary to have a 
high-quality printable BST ink in order to get the advantage 
of this five-axis aerosol jet printers when printing electronic 
devices with small feature sizes. However, there is no previ-
ously reported stable BST ink for aerosol jet printers to print 
high-resolution tunable electronic devices.

Functional inks are one of the most important components 
in printed electronics fabrication since the performance of a 
printed electronic device depends greatly on the properties 
of the functional inks and the device design. Even though 
device design and optimization are widely explored areas, 
functional ink development is a relatively unexplored area, 
especially for aerosol jet printing. The RF properties, includ-
ing the complex dielectric constant (real part and loss tan-
gent) and the degree of tunability of a functional ink, must 
be optimized to achieve the highest possible performance of 
devices. In addition to electromagnetic properties, there are 
several factors that need to be considered when developing 
a functional ink, such as the stability of the ink without any 
nanoparticle agglomeration, decreased foaming, controllable 
printability, long shelf life, low curing temperature, higher 
adhesion and good wettability on a wide range of substrates 
and less toxicity. Also, the number of compatible printing 
technologies is another key factor to be considered at the 
commercialization stage.

In this work, we have formulated and optimized a sinter-
less BST nanoparticle ink for aerosol jet printers, which is 
suitable for the fabrication of RF and MW applications. This 
ink can be cured at 150°C, and it does not need the sintering 
at a higher temperature. Spherical BST nanoparticles with a 
diameter of ~ 80 nm were used in this ink. We have provided 
experimental evidence for previously unreported high die-
lectric tunability at 10 GHz for this BST ink. In addition to 
that, it shows a high dielectric constant and low loss tangent 
in the 2–12-GHz frequency range. Most importantly, this 
BST ink can be processed at a relatively low temperature, 
which is suitable for most of the flexible and rigid substrates.

Materials and Methods

List of Materials

Barium strontium titanate  (Ba0.67Sr0.33TiO3) nanoparticles 
and ammonium polymethacrylate in water (commercial 
name – NanoSperse S) were purchased from TPL Inc. (New 
Mexico, USA). Ethylene glycol (99%) was purchased from 
Fisher Scientific (USA). 1-Methoxy-2-propanol (99.5%) 
was purchased from Sigma-Aldrich (USA). All the chemi-
cals were used without further purification. Paru MicroPE 
PG-007 silver nanoparticle ink was purchased from Paru 
Co., Ltd. (South Korea). Different types of substrates that 
are suitable for RF and MW applications were tested with 
BST nanoparticle ink. RO3850, RO3035, RO5780 and liquid 
crystal polymer (LCP) substrates were purchased from Rog-
ers Corporation (USA). Kapton general-purpose polyamide 
films were purchased from DuPont (USA).

BST Ink Formulation, Printing and Curing Procedure

BST nanoparticles (50 wt.%) were added to ethylene gly-
col and sonicated for 8 h in the pulse mode (active = 15 s, 
inactive = 59 s) using a QSONICA Q500 ultrasonic pro-
cessor with a 2-mm micro-tip. Then, ammonium polymeth-
acrylate in water (~ 2 wt.%) was added into the mixture as 
a dispersant and sonicated for another 30 min in the pulse 
mode (active = 5 s, inactive = 59 s). This BST nanoparticle 
dispersion was used as a stock solution for the BST ink for-
mulation. A custom-made BST nanoparticle dispersion in 
ethylene glycol, which had the exact same components and 
amounts, was directly purchased from TPL Inc.

In this work, the BST ink was formulated and optimized 
for aerosol jet printers. Ink was formulated by adding ethyl-
ene glycol (25 wt.%) and 1-methoxy-2-propanol (25 wt.%) to 
the previously prepared BST dispersion (stock solution), and 
the mixture was magnetically stirred overnight at 400 rpm 
in order to obtain a homogenous ink. This ink was devel-
oped to print thin (< 10 µm) and smaller features (< 100 
µm) in aerosol jet printers and to achieve a higher dielectric 
tunability and a non-varying dielectric constant at higher 
frequencies (2–12 GHz) with a low loss tangent. Optomec 
AJ200 and AJ5X aerosol jet printers with pneumatic atom-
izers were used to print the BST ink. A Fisher Scientific 
vacuum oven was used to cure the printed features at 150°C 
for 60 min under vacuum.

Characterization Techniques

An ARES-G2 rheometer (TA Instruments) was used to 
measure the viscosities of the ink. Ink samples were loaded 
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in a 400-mm diameter, 0.04-rad stainless-steel cone and 
plate geometry. Flow sweeps from 1  s−1 to 100  s−1 were 
recorded at 25°C using an Advanced Peltier System for 
temperature control. A Biolin Scientific Attension Theta 
contact angle measurement system was used to measure the 
contact angles of the ink on different substrates. A Scintag 
PAD x-ray diffractometer operating at 40 kV was used to 
investigate the crystal structure of BST nanoparticles. A 
JEOL JEM-2100 transmission electron microscope operat-
ing at 200 keV was used to obtain both conventional and 
high-resolution transmission electron microscopy (HRTEM) 
images of BST nanoparticles. A Zeiss Auriga focused ion 
beam scanning electron microscope (FIB) operating at 5 
keV was used to investigate the surface morphology and 
the cross sections of printed features. A gallium liquid metal 
ion source at 30 kV and 50 pA was used for FIB milling. 
An Agilent Cary 8454 ultraviolet/visible/near-infrared (UV/
Vis/NIR) spectrophotometer was used for UV–Vis absorp-
tion measurements of liquid ink. A Keyence VHX-5000 
digital microscope was used for the initial investigation of 
cracks after the curing. Also, a 1000× lens was used for 3D 
stitching to investigate the surface roughness and the step 
heights of printed features. A VTC-50 desktop spin coater 
was used to prepare spin-coated BST films for tunability 
measurements. A Keysight N5225A PNA microwave net-
work analyzer (50 GHz) was used to collect the S11 reflec-
tion coefficients of the BST ink-filled test devices. Fully 
printed concentric cylindrical capacitors were used as the 
test devices. Picoprobe model 40A ground-signal-ground 
(GSG) RF probes with an 800-µm pitch were used to probe 
the test devices from 2 GHz to 12 GHz. An MPI TS2000-SE 
probe station with an ERS temperature chuck was used to 
collect the temperature-dependent S11 reflection coefficients 
of the BST ink-filled test devices.

Extraction Method of Dielectric Properties of BST 
Nanoparticle Ink

Fully printed concentric cylindrical capacitors on Kap-
ton substrates with a 200-µm gap were used as the device 
under test (DUT) (Figs. S1 and S2) for the extraction of the 
dielectric constant and the loss tangent.5,45 Paru MicroPE 
PG-007 silver ink was used in the Optomec AJ200 aerosol 
jet printer to print the DUT. The printed DUT was cured/
sintered at 250°C for 3 h in a vacuum oven. The BST ink was 
filled into the gap of the DUT using the Nordson automatic 
dispensing system and cured according to the specification 
mentioned in “BST Ink Formulation, Printing and Curing 
Procedure” section. The height of the DUT was measured 
using the 3D profiles obtained from the Keyence VHX-5000 
digital microscope before and after the BST filling to cal-
culate the accurate height of the BST filling. S11 reflection 
coefficients of the DUT were collected before and after the 

BST filling and the dielectric constant and the loss tangent 
were extracted. The detailed extraction method can be found 
in the supporting information section.

BST layers of around 10–30 µm were spin coated on cop-
per substrates, and then concentric cylindrical capacitors 
with 200-µm gaps were printed on these BST layers (Fig. S3) 
to extract the dielectric tunability of BST ink. S11 reflection 
coefficients were collected at different applied electric field 
strengths up to 10 V/µm. The detailed extraction method can 
be found in the supporting information section. Moreover, 
temperature-dependent S11 reflection coefficients were col-
lected from −50°C to 125°C in order to extract the dielectric 
constants and the loss tangents at different temperatures to 
determine the variability of the dielectric properties with 
respect to temperature.

Results and Discussion

X‑ray Diffraction Patterns and TEM/HRTEM Images 
of BST Nanoparticles

X-ray diffraction (XRD) patterns confirmed the single-
phase cubic structure of BST nanoparticles (Fig. 1a), which 
confirmed the para-electric phase (nonpolar phase) of BST 
nanoparticles at room temperature.27 The calculated lattice 
constant using the XRD data was a = 3.97 Å, which is con-
sistent with previous reports.28 In order to achieve the dielec-
tric tunability of BST nanoparticles under an applied electric 
field, BST nanoparticles must be in the para-electric phase.27 
Figure 1b shows the TEM image of BST nanoparticles in 
the BST dispersion (stock solution), and the average size 
of the nanoparticles is around 80 nm. The HRTEM image 
in Fig. 1c shows the atomic planes corresponding to BST 
(110) planes. The measured d-spacing is 2.81 Å, which is 
consistent with XRD results and closely matches previous 
reports.12, 15

Composition of the BST Nanoparticle Ink

In order to achieve the dielectric tunability, it is necessary to 
have the para-electric phase of BST nanoparticles at room 
temperature.27 Therefore, the Ba molar faction was set to 
0.67 according to previous work.28 Detailed information 
about the variation of the Ba molar fraction and the opera-
tional temperature range of the para-electric phase of BST 
nanoparticles can be found elsewhere.28

Table I shows the composition of the BST nanoparticle 
ink. Spherical BST nanoparticles with Ba/Sr = 67:33 were 
used as the main functional material.28 Ammonium poly-
methacrylate was used as the dispersant to disperse BST 
nanoparticles in ethylene glycol, which was used as the stock 
solution for the BST nanoparticle ink. The BST nanoparticle 
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dispersion was highly stable for over 1 year in the refrigera-
tor. The high boiling point, dynamic viscosity of around 15 
cP at room temperature and the solvent compatibility (with 
mostly used solvents for ink formulations) of ethylene gly-
col provide more freedom for different ink formulations.46 
These are the main reasons for using ethylene glycol as the 
main solvent in this work. 1-Methoxy-2-propanol was used 
as the secondary solvent, which has a lower boiling point 
compared to ethylene glycol and forms a miscible solution 
with ethylene glycol. The relatively high vapor pressure of 
1-methooxy-2-propanol increases the drying rate, which in 
turn will decrease the curing temperature.47–49 The lower 
curing temperature allows this ink to be used in a wide range 
of low-temperature flexible substrates. Also, the faster dry-
ing rate helps to remove most of the solvents right after 
the deposition by increasing the platen temperature of the 
printer. This will allow printing of multiple layers continu-
ously without curing each layer. In addition to that, 1-meth-
oxy-2-propanol improves aerosol generation, and most of 
it will evaporate during the deposition. Therefore, the con-
tribution of 1-methoxy-2-propanol to the wet thickness of 
printed features is minimal. Less solvent contribution to the 
wet thickness always helps to minimize the cracking and the 
coffee ring effect during the curing of printed films. BST 

nanoparticles of the ink (after the curing) were randomly 
packed, and there were air gaps between BST nanoparticles.

UV‑Vis Absorption Spectra of the BST Nanoparticle 
Dispersion and the BST Nanoparticle Ink

Figure 2 shows the UV–Vis absorption spectra of the BST 
nanoparticle dispersion and the BST ink. The broader 
absorption peak around 366 nm can be assigned to the band-
gap absorption of BST nanoparticles in the BST nanoparti-
cle dispersion. The absorption peak of the BST ink is around 
354 nm, which is slightly blueshifted compared to the BST 
nanoparticle dispersion. The blueshift of the peak can be 
attributed to the breaking down of the agglomerated BST 
nanoparticles in the BST ink due to the additional solvent, 

Fig. 1.  (a) X-ray diffraction pattern of BST nanoparticles. (a) TEM image, (b) HRTEM image of BST nanoparticles.

Table I.  BST nanoparticle ink composition

Ink component Weight 
percentage 
(%)

BST nanoparticles 34.0
Ethylene glycol 48.7
1-Methoxy-2-propanol 16.0
Ammonium polymethacrylate 1.3

Fig. 2.  UV–Vis absorption spectra of BST nanoparticle dispersion 
(black) and BST ink (red) (Color figure online).
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1-methoxy-2-propanol. Agglomerated BST nanoparticles of 
the BST nanoparticle dispersion can also be seen in the TEM 
image in Fig. 1b.

Viscosity and Contact Angles of the BST 
Nanoparticle Dispersion and the BST Nanoparticle 
Ink

Figure 3 shows the dynamic viscosity variation with the 
shear rate up to 100  s−1 for the BST nanoparticle disper-
sion and the BST ink. BST nanoparticle dispersion shows a 
strong shear thinning behavior mostly due to the dissociation 
and the settling of agglomerated BST nanoparticle clusters. 
The viscosity of the BST nanoparticle dispersion dropped by 
94 % from 1.00  s−1 to 100  s−1. However, the BST ink only 
showed a 13% drop in viscosity in the same range of shear 
rates, and that can be attributed to the breakdown of most 
of the agglomerated BST nanoparticle clusters due to the 
secondary solvent, 1-methoxy-2-propanol. The Newtonian 
behavior of the viscosity over the range of shear rates is an 
indication of a stable ink for high-shear jetting, such as inkjet 
printing.50 In aerosol jet printing, inks will not experience 
very high shearing, but in inkjet printing, inks will experi-
ence very high shearing near the nozzle. The viscosity of 
the BST ink was around 22.5 cP at a 1.00-s−1 shear rate, 
which is in the range of viscosities that can be printed using 
pneumatic atomizers in aerosol jet printers as well as most 
of the inkjet printers.

Table II shows the contact angles of the ink on differ-
ent substrates that are suitable for high-frequency applica-
tions. The contact angle of the BST ink was smaller than 
90° for all the tested substrates, and it confirmed the good 
wettability of the ink. The optical images of the contact 

angles on different substrates can be found in Fig. S4. Even 
though the smaller contact angles show a higher wettabil-
ity, it is necessary to have a moderate contact angle to 
control the dimensions of the printed features with high 
precision.

Printing and Curing of the BST Nanoparticle Ink

BST ink was printed in Optomec AJ200 and AJ5X aerosol 
jet printers with a pneumatic atomizer. Flow rates of 650 
 cm3/min, 640  cm3/min and 50  cm3/min were used for the 
pneumatic atomizer, the exhaust and the sheath gas, respec-
tively. The flow rates were optimized to achieve high-quality 
printed lines with minimum overspraying. The deposited 
volume of the ink mainly depends on the difference between 
the flow rates of the pneumatic atomizer and the exhaust. 
The sheath gas flow rate was mainly used to adjust the line 
width; the higher the sheath gas, the lower the line width. 
The smallest line width achieved was around 100 µm with a 
300-µm tip. If necessary, a smaller tip size (100 µm or 150 
µm) can be used to achieve smaller features (~ 20 µm to 30 
µm). The printing speed was 10 mm/s, and the thickness of 
one layer was around 4 µm. The plate was heated up to 70°C, 
and it helped to evaporate most of the solvents during the 
printing, which allowed the continuous printing of multiple 
layers without the complete curing of printed samples. Seven 
layers were printed continuously with the above printing 
parameters, and the layer thickness was close to 30 µm.

The curing temperature is critical for most of the printed 
electronics applications due to the low melting point of 
flexible substrates.51,52 The curing temperature of the ink in 
this study was 150°C for 60 min in a vacuum oven. Much 
of the previous work done with sintered BST nanoparticles 
used very high processing temperatures. According to the 
author’s knowledge, no work has been reported on a BST ink 
that could be cured below 150°C. The closest reported low-
curing BST ink was a BST/cyclic olefincopolymer (COC) 
nanocomposite ink, which was cured at 200°C.5 The BST 
ink was stable when continuously printed for a few hours 
without clogging the aerosol jet printers.

Fig. 3.  Viscosity vs. shear rate graphs for the BST nanoparticle dis-
persion (black) and the BST ink (red) (Color figure online).

Table II.  Contact angles of BST 
nanoparticle inks on different 
substrates

Substrate Contact 
angle (°)

Kapton 29.3
LCP 38.7
RO3035 47.6
RO5870 74.2
Polyethylene tereph-

thalate (PET)
34.3

Copper 64.5
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Surface and Cross‑Sectional SEM Images of the BST 
Nanoparticle Ink

Figure 4a and b show the SEM images of the surface and the 
cross section of the cured BST ink, respectively. After the 
curing, the printed feature only has randomly packed pure 
BST nanoparticles with air-filled pores that can be seen in 
Fig. 4b. The individual BST nanoparticles are around 80 
nm, but agglomerated nanoparticles (nanoclusters) on the 
order of 1 µm were identified using both surface and cross-
sectional SEM images. These agglomerated nanoparticles 
decrease the packing density, which creates air-filled pores. 
The air-filled pores will decrease the effective dielectric 
constant of the printed BST feature. As a result, the solid 
density of the final cured BST device is relatively low com-
pared to sintered BST devices. Therefore, a high dielectric 
constant that is similar to sintered BST devices cannot be 
expected. Integrating a filler material is the best solution 
to fill the pores, which will help to increase the effective 
dielectric constant after the curing. However, introducing 
polymer materials into the aerosol jet inks is challenging 
due to difficulties in dissolving polymers in aerosol jet ink-
compatible solvents, inefficient aerosol generation, and tip 
clogging. Even though the characterization of pores is not 
the goal of this work, several investigations are underway in 
parallel to this work to decrease the pore density to increase 
the effective dielectric constant.

Dielectric Properties of the BST Nanoparticle Ink

The dielectric constant and the loss tangent of the BST ink 
were extracted between 2 GHz and 12 GHz. The details of 
the extraction procedure can be found in the supporting 
information section. Figure 5a shows the variation of the 
dielectric constant from 2 GHz to 12 GHz. A table of dielec-
tric constants and loss tangents at 10 GHz can be found in 
the Supplementary Information (Table S1). The dielectric 

constant of the cured BST ink did not show a large varia-
tion throughout the tested frequency range. The extracted 
dielectric constant and loss tangent were 16.13 ± 0.71 and 
0.06 ± 0.01 at 10 GHz, respectively.

Figure 5b shows the dielectric tunability vs. the applied 
electric field strength for the BST ink. The highest tunability 
of around ~ 15% was achieved at 10 GHz with the applied 
electric field strength of 10 V/µm. This value for tunability 
is the highest that has been reported for non-sintered BST at 
10 GHz. The tunability calculation method can be found in 
the supporting information (“Results and Discussion” sec-
tion). The para-electric phase of the BST crystal lattice has a 
symmetric cubic structure, and the Ti atom is located in the 
center of the unit cell.27 Under an applied external electric 
field, the Ti atom could get shifted away from the equilib-
rium position.27 The Ti atom would continue to oscillate, 
but with less intensity, which will decrease the dielectric 
constant.27 The capacitance between the middle circular part 
of the DUT and the ground plane was used to calculate the 
tunability. At the device level, reversible tunability is very 
important to make a reliable device. The reversible tunability 
was tested by increasing and decreasing the applied electric 
field strength. In both directions, BST ink showed a very 
consistent tunability (Fig. S5).

There are some potential applications in space and harsh 
weather for BST-based tunable devices, which require 
thermal stability over a broad range of temperatures. Fig-
ure 6 shows the variations of the dielectric constant and 
the loss tangent at 10 GHz from − 50°C to 125°C for the 
BST ink. The temperature of the chuck of the probe station 
was adjusted, and after the temperature was stabilized, S11 
parameters were measured in order to extract the dielec-
tric constant in the same way as mentioned in “Extraction 
Method of Dielectric Properties of BSTNanoparticle Ink” 
section. The maximum variation of the dielectric constant 
between −50°C and 125°C was ~ 10%. The loss tangent 
increased at lower and higher temperatures compared to 

Fig. 4.  (a) Surface SEM image and the (b) cross-sectional SEM image of the cured BST ink.
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room temperature. The effects of structural changes of the 
printed silver DUT due to thermal expansion and contraction 
could be the possible reason for the extracted higher loss 
tangent at temperatures different from room temperature.

Conclusion

A sinterless BST nanoparticle ink was formulated and char-
acterized for aerosol jet printers. There are no previously 
reported sinterless BST nanoparticle inks that use low pro-
cessing temperatures (< 150°C) and have good printing perfor-
mance with similar or higher dielectric properties between the 

2-GHz and 12-GHz frequency region. The dielectric constant, 
the loss tangent and tunability showed reproducible results, 
which would allow this BST nanoparticle ink to be used in 
printed radio-frequency and microwave applications. The 
maximum tunability of ~ 15% at 10 GHz was obtained with 
the applied electric field strength of 10 V/µm. The maximum 
dielectric constant variation (at 10 GHz) between −50°C and 
125°C was around 10%. The BST ink was tested on several 
flexible and rigid substrates, and the ink was compatible with 
a wide range of tested substrates. This BST ink was formulated 
and optimized for aerosol jet printers, but it is not limited to 
aerosol jet printing technology. The ink could be easily modi-
fied for other printing techniques, such as inkjet, screen print-
ing, gravure and flexographic printing technologies.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 021- 08915-7.
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