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ABSTRACT An atmospheric pressure plasma based printer is described as an alternative to conventional
techniques including inkjet printing. The approach is demonstrated to be capable of printing various nano-
materials, and adjusting the plasma parameters, carrier gas flows and the physical parameters of the inks or
nanomaterial suspensions can optimize the print quality. Raman analysis was used to characterize the oxide
materials and carbon nanotubes printed using this technique, revealing high quality prints. The printed carbon
nanotubes were used in a gas sensor chip and shown to provide good ammonia detection capability.

INDEX TERMS Plasma jet, printed electronics, nanomaterials, IoT, gas sensor, carbon nanotube.

I. INTRODUCTION
Printed and flexile electronics has been receiving much at-
tention recently and emerging as an important research area
to meet the anticipated demands of the Internet of Things
(IoT). Ubiquitous deployment of various functional devices
in IoT applications needs inexpensive manufacturing of de-
vices in different form factors on flexible substrates and even
on demand. The anticipated market for flexible and printed
electronics is expected to reach $ 250 billion by 2025 due
to numerous IoT applications. Most functional devices tradi-
tionally produced by conventional microfabrication on silicon
and other rigid substrates have recently been built on flexible
substrates such as polymers, paper and textile [1]–[27]. The
printed devices have thus far offered reasonable performance
with anticipated further advances in the near future as the
technology, materials and processing tools continue to ma-
ture. In the mean time, the printed devices exhibit several
features desirable in IoT applications; for example, they are
flexible, foldable, stretchable, biodegradable, disposable, and
wearable. To date, almost all fundamental building blocks
needed for IoT systems have been demonstrated in the form of
printable/flexible devices: thin film transistor [1]–[3], memory
[4]–[7], battery [8], supercapacitor [9], [10], photovoltaics

[11], energy scavengers [12], [13], gas sensors [14]–[16],
biosensors and lab-on-paper [17]–[19], heat therapy pad [20],
UV sensors [21], pressure and other physical sensors [22],
[23], antennas [24], [25], displays [26] and many others [27].

Besides application demonstration, the focus of the re-
search community has been on ink/material development,
printing process development, characterization of printed ma-
terials and evaluation of material properties needed in flexible
applications. The most common printing technique is inkjet
printing [28], [29], followed by aerosol printing [30]. Both
approaches are capable of printing features as small as sub-10
µm on various flexible substrates, and commercial printers for
research as well as production are available in both cases. One
notable characteristic common to these two approaches is that
they both need a post thermal annealing or sintering step in
order to get a consolidated thin film in most cases. This extra
step is time consuming, inconvenient and results in additional
thermal budget but more importantly, could preclude the use
of delicate substrates depending on the annealing temperature.
In contrast, combining cold plasma with aerosol delivery of
the ink/nanoparticles can eliminate the need for the secondary
annealing step [31]–[33] and also, the use of atmospheric
pressure plasma in the form of a dielectric barrier discharge
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(DBD) eliminates the need for the expensive vacuum chamber
construction and vacuum pumps, thus simplifying the overall
system. The characteristics of the plasma jet can be exploited
to tailor the properties of the materials passing through it.
The material properties including oxidation state, electronic
conductivity, dielectric properties and others can be tailored
in situ through this printing process. The plasma offers several
advantages [31]–[33] including i) activation of the material
to be printed and the surface to be coated, ii) enhancing the
adhesion, iii) precise control over thickness and morphology,
and iv) the ability to tailor material properties in situ. A robust
print head with integrated fluid delivery and power supply that
can direct the aerosol to a substrate using electromagnetic field
makes it highly suitable not only for terrestrial use but also for
space applications.

In the present work, we describe an atmospheric pressure
plasma printing system as an alternative to existing techniques
and demonstrate printing of nanomaterials such as titanium
oxide and tin oxide particles on flexible substrates. In addition,
we show the utility of printed carbon nanotubes to function as
gas sensors through demonstration of ammonia detection.

II. EXPERIMENTAL WORK
The plasma here consists of a dielectric barrier discharge of
an inert gas such as He or Ar in the print head. A colloidal
suspension or ink containing the active material is aerosolized
using a nebulizer, which is carried to the plasma using the
same carrier gas. Further details are given below.

A. PLASMA JET PRINTER
The plasma jet printing system is fully enclosed in an alu-
minum metallic frame with electrical and chemical safety
engineering and administrative controls (see Fig. 1). The sys-
tem features a modular design where each major function of
the system has a control unit and associated hardware unit.
The system consists of motion control, print head gas, liquid,
and plasma control, system safety as well as environmental
control. The gas, liquid, and plasma control are the major con-
stituents for the atmospheric plasma print head based on the
dielectric discharge of gas-mixtures with nebulized particles
from a suspended solution.

The motion control is based on a gantry design providing
X-, Y-, and Z-motions and industry standard G-code control.
The Z-axis has a breadboard that accommodates the print
head, gas and fluid. The gas is supplied using mass flow
controllers that are controlled by the software. The fluid is
supplied using a peristaltic pump and associated valves that
are controlled by the software. Options for recirculating the
ink and purging of the line are provided in the software. A
magnetic stirrer is connected to the fluid delivery system to
avoid the settling of nanomaterials in the ink, which also
promotes uniform dispersion of the ink. The high voltage
power supply operates in the range of 20–60 kHz at voltages
below 10 kV. This system has a maximum of 1 A of line
power supplied to limit the total power to less than 100 W.
Both the voltage and frequency are fully controlled by the

FIGURE 1. (a) The plasma printer system with translational and vertical
motion of the print head. The printer dimensions are 24” × 32” × 42”.
(b) Plasma jet printer block diagram.

software via a motorized transformer and potentiometer. The
exhaust and a flexible duct connected to the top of the system
prevent exposure of aerosolized materials to the user. Safety
features have been implemented to provide engineering and
administrative controls of the plasma power supply to protect
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both the operator and instrumentation from discharges and
EMI.

Fig. 1(b) provides a block diagram of the system showing
various control units. All the power to the units is controlled
by a central circuit breaker that limits the current for the
programmable logic control (PLC) system supply. They are
referred to system and peripheral 24 V DC power supply, re-
spectively. All the units are supplied from the patch panel that
is accessible externally on the back of the system, allowing
for testing/integration of new units.

B. PRINT HEAD
The plasma jet print head consists of a dielectric nozzle with
metal electrodes dispersed over it and connected to a high
voltage power supply for creating a discharge of an inert
gas mixture. One end of the dielectric tube is connected to
a manifold through which the carrier gas and material to be
printed are introduced in aerosol form; the other end forms
a nozzle that is detachable and replaceable with an orifice
through which materials from the tube exit in a defined ge-
ometry (Fig. 2). The orifice diameter in the detachable nozzle
can be varied to control the geometry of printing and resolu-
tion. Aerosolized ink is introduced to the dielectric nozzle by
the carrier gas and passes through the plasma region before
directed to the substrate. The aerosolized material, upon enter-
ing the plasma region, is subjected to a combination of elec-
trical and magnetic fields, electro-hydrodynamic forces and
bombardment by plasma species. The material to be printed
is accelerated out of the nozzle with a momentum created
by the externally applied electric field and plasma to enable
focused expulsion of the material and print in a geometrical
fashion resulting in high density of materials directed through
the nozzle.

C. INTEGRATED FLUID DELIVERY
In order to increase the efficiency and reliability of printing,
the density, flow rate, droplet size, atomization rate and the
size distribution of the aerosolized particles need to be effi-
ciently controlled. An efficient way to introduce aerosolized
particles to the plasma jet print head is to place the atomizer
closer to the print head using a modular fluid delivery assem-
bly that can be attached and detached from the print head.
High controllability of droplet size and volume is important
to obtain consistent results if the plasma process parameters
are optimized. A piezo electric nebulizer controls the droplet
size here. The plasma print head allows non-clogging features
and also in situ plasma based cleaning to remove any materials
deposited on the inner walls of the dielectric tube where the
plasma is generated. The core portion of the print head is made
of corrosion-resistant materials allowing for a wide range of
precursors to be introduced into the plasma.

The fluid delivery assembly attached to the print head com-
prises of an ink reservoir, piezo electric atomizer, fluid inlet
and gas inlet as shown in Fig. 2(a). The atomizer contains a
piezoelectric vibrator that generates aerosol when the liquid
comes in direct contact with it, and it is placed inside the ink

FIGURE 2. (a) Schematic of the print head. b. Image of the print head
(50 mm × 180 mm).
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FIGURE 3. Schematic showing different configurations of the printer and print head. (a) Stand alone printer with single print head; (b) robot mountable
OEM print head; (c) single ink fluid management print head; and (d) multi-ink fluid management print head.

FIGURE 4. Raman spectra of TiO2, comparing the nanoparticle powder precursor and the printed layer showing match of peaks at 236, 452 and 608 cm−1.
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FIGURE 5. SEM images of printed layers: (a) TiO2 on silicon; (b) SnO2 on
PCB chip. (c) Patterned print of SnO2 on a glass slide (75 mm × 25 mm).

reservoir. The liquid inlet and outlet help to re-circulate the ink
while the atomizer at the bottom of the reservoir continuously
aerosolizes the ink. The aerosol is carried by the gas towards
the plasma jet printer, where the materials in the aerosol are
accelerated by the plasma towards the substrate.

D. PRINTING AND CHARACTERIZATION
The plasma printer was used to print some representative ma-
terials that might find applications in the emerging IoT field.
Titanium oxide has been widely used to fabricate memristors
both on hard and flexible substrates [34]. Low temperature

printing of high quality thin films is critical to accelerate the
memristor technology for the emerging memory and neuro-
morphic computing applications. Tin oxide has long been
used in gas sensing applications due to its response to var-
ious gases and vapors [35], and sensing devices have been
constructed in the form of chemiresistors and chemical field
effect transistors [36], [37]. Metal oxides in general are widely
explored for photo catalysis, energy conversion and in sensors.
Titanium dioxide has been explored in microelectronic appli-
cations as an alternate for silicon dioxide dielectric. Low leak-
age current and high dielectric constant of titanium dioxide are
attractive features. Single wall carbon nanotubes (SWCNTs)
have found diverse applications including gas sensors and
most recently, in flexible gas sensors printed on polymer and
paper substrates [38]–[40]. Plasma printing can be effectively
used to print diverse materials, and printing results for the
above three materials are described in the next section.

High magnification images of all the printed samples were
obtained using a Hitachi S-4800 Field Emission Scanning
Electron Microscope with light element analysis using Oxford
INCA Energy Dispersive Spectroscopy (EDS). The instru-
ment has a resolution of 1-2 nm and a dual secondary emission
detector comprising of a lower detector for surface topogra-
phy imaging and an in-lens upper detector for high-resolution
imaging. A back-scattered electron detector allows for imag-
ing insulating samples. The magnification ranges from 20–
800 kx. Raman analysis was carried out using a ThermoDXR
Micro Raman Instrument equipped with a dispersive micro-
scope with a removable Class 1 laser enclosure.

E. STAND ALONE, OEM MOUNTABLE AND
MULTI-MATERIAL PRINT HEAD
The printer used for this study is a stand-alone printer as
shown in Fig. 1. Different print head configurations that can
be used as a standalone printer, Original Equipment Manufac-
turer (OEM) mountable print head and multi-material printing
are shown in Fig. 3. In Fig. 3(a), the print head is connected
to a small xyz stage inside the printer, allowing the print
head to print on both planar and non-planar substrates. For
additive manufacturing applications, the print head needs to
be mounted on a robotic arm or with other additive manufac-
turing equipment as shown in Fig. 3(b). The print head and
integrated fluid delivery design allows integrating the print
head to a robotic arm enabling additive direct write printing on
3D objects. The print head in this case includes all the hard-
ware interfaces for basic control functionality of the printing
process including gas, liquid and power. The control units for
gas, liquid, gantry etc. are mounted on a standard rack unit.

The fluid delivery management design is scalable for more
than one precursor. Fig. 3(c) shows the configuration for sin-
gle material printing. The design is capable of various com-
binations that include varying of gas flow rate and aerosol
flow rate for multi-material deposition. Multiple fluid delivery
management units can be added in parallel for multi-material
deposition. Fig. 3(d) shows the feeding of two inks into the
print head.
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FIGURE 6. Raman spectra of SnO2 comparing nanoparticle feed powder and printed layer.

FIGURE 7. Copper oxide printed on a glass slide (75 mm × 25 mm) with
printed line dimensions of 15 mm separated by 5 mm (left) and 10 mm
lines printed on polyimide (right).

III. RESULTS AND DISCUSSION
A. TiO2 PRINTING
A suspension of <100 nm TiO2 particles in ethanol was made
for the printing process by mixing 0.0812 g of TiO2 powder
in 20 ml ethanol. The TiO2 printing was influenced by several
factors: (a) number of passes of the print head, for example 1-4
passes; (b) nozzle tip diameter, ranging from 0.6 to 3.5 mm;
(c) the z-distance between the print head and the substrate,
varied between −3 and −7 mm; (d) a resonant plasma fre-
quency ranging from 26 kHz to 28 kHz; (e) atomization,
which can range from 26 to 44% depending on the Ar and
He gas flow; (f) Ar/He flow of 600–1500 sccm; g) a scan rate

of 0.1–0.5 mm/sec; and h) a fluid pumping rate ranging up to
2.0 mL/min.

Raman spectroscopy is a powerful tool to identify the crys-
tal phases in TiO2. Fig. 4 shows the Raman spectra of the rutile
phase of the nanoparticles with a slight broadening, which is
due to the background and indicative of the nanoparticle size
of the powder rather than a lack of crystallinity. We can see
that there is a match in the peaks between the printed TiO2 and
the nanoparticle powder precursor with the matching peaks at
236, 442 and 608 cm−1. The peak at 2860 cm−1 is due to
water molecules, indicating that there is water adsorbed on
the surface of the print. The intensity of this peak decreases
with increasing depth of acquisition. It is valuable to explore
Raman scattering using a low wavelength laser (possibly in
the UV) in order to obtain a significant Raman signal from
the prints that are not very dense and with low thickness. In
the visible part of the spectrum (633 nm He Ne laser), light
will penetrate 3 µm whereas the penetration depth at 785 nm
is about 12 µm, dropping to 0.7 µm at 532 nm [41]. For
lasers emitting in the UV range, the penetration depth is in
the range of 5–10 nm. So, it is advantageous to use a 455 nm
laser when obtaining Raman scattering from TiO2 and SnO2

prints [41]. Raman spectra were collected using the 455 nm
laser on the TiO2 printed over SiO2 layers as shown in Fig. 4.
This spectrum is compared with the spectra of the TiO2 rutile
phase nanoparticles acquired using a 532 nm laser. There is
good match of the peaks from the prints compared with those
from the powder sample. The peak positions of the printed
samples are at 238, 452 and 611 cm−1 and the corresponding
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FIGURE 8. Raman spectra of SWCNTs printed on glass slide and a PCB gas sensor chip electrode.

intensities are lower than those for the powders due to the
lower thickness of the printed sample. The band position shift
is due to thickness, stress/strain and deformation [41]. The
image of a printed TiO2 sample is shown in Fig. 5(a) revealing
that the TiO2 print is in the form of nodules. The nodular
growth of the print on the substrate would reduce the RMS
thickness, which is good for the overall quality of the prints.
As interest is surging in printing memristors on flexible sub-
strates [5], the plasma printer can meet the needs of printing
TiO2 and other oxides suitable for memristor applications.

B. SnO2 AND COPPER OXIDE PRINTING
The precursor for printing SnO2 was <100 nm nanoparticles
in ethanol suspension at two concentrations of 0.00431 and
0.00816 g/ml. A discharge with a resonant plasma frequency
in the range of 26 to 28 kHz was ignited and the nanoparticles
were carried by the inert gas through a nozzle of diameter 0.6
mm to 3.5 mm. The distance between the print head and the
substrate ranged from −3 mm to −7 mm. Fig. 5(b) shows a
SEM image of the print of SnO2 on a printed circuit board
(PCB) chip and Fig. 5(c) shows a patterned print of SnO2 on a
standard glass slide substrate, characteristic of small diameter
nozzles. The Raman spectra of the tin oxide nanoparticles
versus the plasma printed samples are shown in Fig. 6. The
prominent peaks for SnO2 nanocrystalline powder and prints
are 444, 584, 764, 1052 and 1328 cm−1. The peak at 2870

cm−1 due to water molecules is indicative of water being
adsorbed on the surface. The peak heights are small for the
printed samples, and the match of the peaks with the powder
is not obvious. In addition to tin oxide, we also printed copper
oxide in a similar way with <100 nm nanoparticles in ethanol
suspension and the corresponding results for printing on a
glass slide and polyimide are shown in Fig. 7. Copper oxide
lines can be easily reduced to copper in situ if helium is diluted
with about 5% hydrogen as shown in ref. 33 and this is an
effective approach to obtain copper lines directly for antennas
and other applications from an inexpensive oxide precursor.
This versatility is unique to the plasma jet printer unlike in
other techniques.

The printing resolution is controlled by the nozzle diameter
and currently the maximum printing resolution that can be
achieved with the existing print head is 700 microns. Further
development to demonstrate print resolution in the range of
10s of microns is in progress. The plasma jet technology does
not pose a limitation on high resolution as the fluid flow in
the nozzle is controlled by electromagnetic field and plasma.
The aerosol droplets in the range of 100s of nm to few mi-
crons can flow through the nozzle, directed by the plasma
jet without condensing inside the nozzle. The minimum film
thickness that can be deposited varies with the type of mate-
rials. For example, printing thickness in the range of 10s of
nm is possible for a dielectric such as silicon dioxide. The

VOLUME 1, 2020 53



RAMAMURTI ET AL.: ATMOSPHERIC PRESSURE PLASMA PRINTING OF NANOMATERIALS FOR IOT APPLICATIONS

minimum thickness can only be 100s of nm for TiO2 and
SnO2 printed using 80–100 nm sized nanoparticles. With
smaller sized nanoparticles (10–20 nm), a minimum thickness
in the range of 100 nm can be obtained. The plasma jet print-
ing technology allows multiple process parameters to be op-
timized to tailor the film thickness, film porosity, uniformity,
conductivity, dielectric constant, surface chemistry etc. The
process parameters that can be controlled are applied power,
gas mixtures (inert, reducing, oxidizing gases), precursors,
flow rate of ink and gas, working distance, plasma density,
and electron and ion density.

C. SWCNT PRINTING
The SWCNT suspension was directly injected into the fluid
delivery unit to avoid the clogging of the lines and valves
commonly associated with CNT-based solutions. A flow rate
of 611 sccm of argon was used with an atomization of 49.5%
maintaining a good degree of mist formation. Raman analysis
of the printed SWCNTs was done to check the presence of
characteristic peaks for carbon, which usually include peaks
at 1340–1350 cm−1 (D peak) and 1550–1600 cm−1 (G peak).
The narrower the peak with high intenstiy, the higher is
the crystallinity. Fig. 8 shows the Raman plots of SWCNTs
printed on a glass slide and also on a PCB chip electrode
meant for gas sensing applications. The G and D peaks for
the print on a glass slide have a smaller full width at half
maximum (FWHM) and higher peak intensity than the cor-
responding peaks for the prints on the electrode, indicating
higher crystallinity. The differences may be due to the differ-
ence in film thickness. Also, the Raman spectra confirm that
the material deposited indeed is single-wall carbon nanotube.

SEM images of the SWCNT prints are shown in Fig. 9
where the nanotubes were deposited on a PCB chip consisting
of 16 sensors suitable for gas sensing. The resistance across
all 16 channels of the PCB chip is in the range of 255 ohms
to 2 Mohms, favorable for gas sensing applications [40]. In
principle, multiple materials up to sixteen different candidates
(CNTs, graphene, oxides etc.) can be printed on sixteen dif-
ferent channels for the construction of electronic nose [15]
but only two different types CNTs (pristine and carboxylic
functionalized) were deposited here on a few channels using
the plasma printer to demonstrate the functioning of a gas
sensor. The plasma printed SWCNT sensor was exposed to
varying concentrations of ammonia at room temperature as
shown in Fig. 10. The sensor response is given by SR = (R-
R0)/R0 where R is the instantaneous resistance and R0 is the
baseline resistance or initial resistance before gas exposure.
The sensor responses are 1.8%, 4.5% and 10.1% for 10, 30
and 75 ppm of NH3 respectively in Fig. 10 for the pristine
SWCNTs. The detection limit is normally estimated [15] by
3 ∗ RMSnoise /slope, where RMSnoise is the root mean square
of the noise and slope refers to that of the calibration curve
(Fig. 10 inset); the estimated detection limit is 150 ppb for the
printed sensor. In another channel of the sensor chip using car-
boxylic acid functionalized SWCNTs, the corresponding re-
sponses were higher at 2.5, 15 and 24%. The sensor response

FIGURE 9. Photograph of a PCB 16-sensor chip (top), SEM images SWCNTs
printed on the sensors (middle) and enlarged view of the printed carbon
nanotubes (bottom).

and detection limit obtained here are comparable to previous
ammonia sensors on flexible and other substrates [39], [40],
[42], [43] confirming the suitability of the plasma printed
samples for gas sensing applications. Additional variations
in nanotubes can include doping, different functionalizations
[42], metal loading etc. with preparation of the corresponding
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FIGURE 10. Representative gas sensing results for a printed SWCNT sensor for exposure to 10, 30 and 75 ppm of ammonia. Gray line shows the ammonia
concentration administered over time and the purple line represents the corresponding sensor response. The inset shows the calibration curve of sensor
response vs. ammonia concentration.

inks; such wide material variations can be handled by this ap-
proach allowing printing different inks on different channels
for electronic nose construction [15]. The use of PCB-based
chips in smart phones for environmental monitoring has been
previously demonstrated [43] and the plasma printing can
provide a potential technology for the automated printing of
multimaterials in a sensor array.

IV. CONCLUSION
We have demonstrated direct atmospheric pressure plasma
jet printing of various materials using a versatile tool and
approach capable of printing a range of inorganic and organic
materials. The generated plasma is in the form a fine plume,
which can be tuned by varying the diameter of the nozzle.
Titanium dioxide, tin dioxide and single wall carbon nan-
otubes were successfully printed on various substrates includ-
ing glass, silicon and silicon dioxide layers and PCB chips.
The quality of the plasma-printed materials is dependent on
several deposition factors including carrier gas flow rate, res-
onant plasma frequency, nozzle diameter and others, and opti-
mization of these parameters can lead to desirable deposition
conditions as demonstrated here. Finally, direct deposition of
SWCNTs on a gas sensor chip was accomplished using the
plasma printer and the sensor chip showed effective response
to various concentrations of ammonia.
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