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Preface

This book contains a collection of latest research developments on
the printed electronics from the material-related various processes to
the interdisciplinary device applications. It is a promising new
research area that has received a lot of highlights for low-cost and
high-volume manufacturing in recent years. Here, you will find
interesting reports on currently progressed science- and technology-
related materials, fabrication processes, and various recent
applications, including organic/inorganic semiconductor, textile, and
biomedical engineering for the printed electronics. | hope that the
book will provide the fundamental backgrounds of printed electronics
to lead you for the creation of new research field and further
promotion of future technology of the printed electronics.
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Introductory Chapter: Printed Electronics

llgu Yun

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64219

1. Motivation

The intent of this book is to provide readers the backgrounds and trends of the printed
electronics, including processes, devices, and specific areas of applications covered under the
terahertz transmission of printed electronics and photonics, biomedical sensors, and intelli-
gent textile. As the printed electronics are highlighted for low-cost and high-volume manu-
facturing, various processing techniques are introduced and the current development in
printed electronics is also presented.

Currently, the research on the printed electronics is confronted with many issues including
material and printing process issues. In addition, for the specific applications with low-cost
and high-volume manufacturing, the solutions for the issues may be different depending on
the applications.

Therefore, this book can allow readers to provide the fundamentals of the printed electronics
in process or device levels as well as the circuit level implementation scheme for applications.
Furthermore, this book can provide a clue for the readers on how to solve their current issues
for their specific applications.

This book consists of six chapters. Each chapter contains a specific topic of the printed
electronics including concepts and progress in current research, which can allow readers to
understand the basic information and trend of current research. This can bring readers to
initiate new concepts or ideas on the particular research area.

This book can be used as a reference for graduate students, engineers, and researchers in the
area of the printed electronics. Some chapters present the fundamental concepts of the
proposed topics and some chapters describe the advanced concept of the specific area of the
printed electronics.
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2. Outline of the chapters

Here, a brief outline of each chapter is introduced:

The chapter entitled “Surface Energy-Modulated Inkjet Printing of Semiconductors” describes
newly developed solution processing for the small-molecule organic semiconductors and
quantum dots. This chapter deals with process optimization. This chapter will allow readers
to understand the technology involved in the fundamentals of surface-energy-controlled inkjet
printing processing which will lead to process optimization.

The chapter entitled “Printing of Fine Metal Electrodes for Organic Thin-Film Transistors”
presents the fine Ag electrodes fabricated by inkjet printing on PVA polymer substrate and
incorporated into all solution processed OTFTs and circuits. It describes from the fundamen-
tals of Organic thin-film transistor (OTFT) to the printing process of metal electrode to OTFT
applications.

The chapter entitled “Screen-Printed Front Junction n-Type Silicon Solar Cells” presents the
basicinformation to understand the operating principle of screen-printed front junction n-type
silicon solar cells. Also, the detail technology for industrial application is fully described. This
chapter will allow readers to address the information of screen-printed process applied for
silicon solar cell manufacturing including advanced cell concepts.

The chapter entitled “Efficient Optical Modulation of Terahertz Transmission in Organic and
Inorganic Semiconductor Hybrid System for Printed Terahertz (THz) Electronics and Photon-
ics” presents the optical modulation characteristics of thin organic m-conjugated materials on
Si substrate using THz time-domain spectroscopy. The study for various laser irradiation
conditions for various materials is examined, which can be applied in printed electronics. This
will allow readers to provide ideas on how the Thz time-domain spectroscopy can be used for
material-dependent characterization.

The chapter entitled “Design and Fabrication of Printed DNA Droplets Arrangement and
Detection Inkjet System” describes the implementation of a thermal bubble printhead with
simultaneously driving multichannel for DNA droplet arrangement. It proposes a monolithic
CMOS/MEMS system with multilevel output voltage electrostatic discharge (ESD) protection
system for protecting the inkjet printhead. This chapter will allow readers in the biomedical
and electrical engineering areas to understand how the printed electronics can be applied in
the bio or biomedical engineering field with full description of hardware implementation by
electronics.

The chapter entitled “Development Trends in Electronics Printed Intelligent Textiles Produced
with the Use of Printing Techniques on Textile Substrates” presents how the printed electronics
can be applied in textile engineering, which will be interesting to the readers involved in
research in the field of printed electronics. The hybrid research of the electrical and textile
engineering is currently developed for various applications. This chapter shows the recent
progress on how to apply the electrically conductive materials for wearable electronics.
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Surface Energy-Modulated Inkjet Printing of
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Abstract

Small-molecule organic semiconductors and quantum dots stabilized with organic
surface ligand are drawing attention in future generation solution-processed devices
because of their solubility in miscellaneous solvents. Solvent processing and device
performance can be effectively modulated with a surface modification layer on the
substrate or via ink formulation. Characterization of surface property, specifically the
surface energy of the substrate and the liquid, is essentially informative. Investiga-
tion on film growth and assembling behavior as well as process optimization via
surface energy modulation is successfully achieved.

Keywords: surface energy, inkjet printing, OTFT, interface nucleation, quantum dot

1. Introduction

Inkjet printing is employed as an additive direct writing material growth technology for micron
scale pattern formation at a low cost and with the capability of large-scale manufacturing. It
permits large-area application without the need of wetting all over the substrate, leading to
minimum material consumption. Currently, it is a candidate technology to fabricate electron-
ics of moderate performance and reliability. However, reproducibility of the process over
different runs and the reliability of the fabricated devices depend on the ink formulation, the
chemical and physical properties of the nozzle plate and the substrate, as well as other proc-
ess conditions. The wide application of inkjet printing requires a pertinentink solution designed
for each printing step.
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Due to the liquid environment, process development for inkjet printing is more complicated
than that for material growth within a vacuumed chamber. Current knowledge on the material
growth behavior and the mechanism in a solvent environment, especially when the material
is deposited as micron scale droplets, is inadequate to satisfy the requirement of rapid process
development. Research on typical inkjet-printed electronics and optoelectronics such as
organic thin-film transistors (OTFTs) and pixelated color conversion coatings is originally
impelled by commercial applications. Investigation of film growth via printed droplets,
however, is likely to further unveil the mechanics of solvent processing in the micron and
nanometer scales, which can be totally different with large-area film growth.

Concretely, organic semiconductor 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-PEN) in
organic solvents and inorganic quantum dots (QDs) composed of gradient alloyed CdSe/ZnS
and surface-stabilizer of PEG-COOH in aqueous solution are inkjet-printed with a Dimatix
DMP3000 printer. They are potentially used as the functional layer of OTFTs and as the
pixelated color conversion layer on LEDs respectively. It should be noted that the organic
component or its molecular structure can be tailored for different surface energy and polarity
of the semiconductor [1], thereby rendering its solubility in organic solvents or capability of
patterning on a specific substrate. Similarly, the surface of the substrate for printing can be
modulated by an organic monolayer with desired surface property to satisfy the requirement
of inkjet printing on complex substrates, such as those with 2D patterns or 3D profiles.
Fabrication of electronic devices with serial solution processing steps would also become
possible [2—4].

A methodology of process development is formulated primarily based on the modulation of
surface energy, which is measurable for a liquid droplet or a solid surface [5]. In the first part,
also the major part, TIPS-PEN is evaluated as the channel semiconductor of OTFTs. The
performance is found to be determined by the interface property as well as the crystallinity.
Both can be controlled and optimized via a surface modification layer. In the second part,
gradient alloyed CdSe/ZnS QDs are printed as pixelated color conversion element. Here results
on an aqueous solution of green color QDs is discussed and referred to as green QDs. In this
application, the higher surface energy of aqueous QD solution is favourable to stable jetting.
Therefore, positioning accuracy and repeatable printing cycles are developed for accumulated
assembling of QDs, while the footprint is well confined within the coffee-rings of the anteriorly
printed PVP underlying layers.

2. Small-molecule organic thin-film transistor

Solution processing of soluble conjugated molecules at low cost is a key technology to fabricate
OTEFTs for “printed electronics”. Small-molecule organic semiconductors exhibit high field-
effect mobility as a single crystal. The intrinsic field-effect mobility approaches 1 em?*V-'s™ or
even higher than 10 cm*V~'s™, which is comparable or even superior to those of hydrogenated
amorphous silicon (a-Si:H). Compared to polymer semiconductors, small molecule can form
low viscosity solutions, which is conducive to stable jetting. Furthermore, the switching
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performance of small-molecule OTFTs is usually superior to that of the polymer devices,
typically showing a small subthreshold swing (SS). Therefore, much attention is devoted to
material processing of small-molecule organic materials in solution forms.

As to the application in OTFTs, we are especially interested in the surface coverage on the
substrate, the crystalline morphology, and interface quality. A well-studied small-molecule
semiconductor, TIPS-PEN, is used as the semiconducting layer of OTFTs and deposited by
inkjet printing. The jetting waveform as shown in Figure 1 is optimized for stable jetting at
frequencies lower than 2 kHz.
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Figure 1. (a) Schematic diagram of a bottom-gate/top-contact OTFT with inkjet printed TIPS-PEN as the channel semi-
conductor, (b) The 3-segment jetting waveform, (c) Drop velocity at different jetting frequencies; the inset shows the
molecule structure of TIPS-PEN.

2.1. Morphology of single-drop films

A silicon wafer with 300 nm thermal oxide is used as the substrate for inkjet printing. A simple
solvent cleaning process is performed on the substrate, which consists of 3 min of ultrasonic
cleaning in acetone followed by an ethanol rinse and blow-dry with N,. In addition to solvent
cleaning, spin-coated hexamethyldisilazane (HMDS) is employed to modify the surface
property of the substrate. Another surface treatment method uses 10 min of UV-ozone
treatment instead of the HMDS coating. Surface tension of liquids and their contact angle with
the surface-treated substrate are measured with a type OCA15 video-based automatic contact
angle measuring instrument from Data Physics. The surface energy of the substrates as shown
in Figure 2 is calculated from the contact angle measured at a room temperature of 25°C. The
surface energy including the dispersion component y.¢ and the polar component yP are
evaluated based on contact angle measurements of de-ionized water and methylene iodide on
these substrates using the harmonic-mean model of Wu [6].
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Figure 2. Optical microscopy of arrayed single-drop films on surface treated silica substrate using a 2 wt% TIPS-PEN
solution dissolved in 0-DCB. Drop spacing is 150 um. (a, d) printed on solvent-cleaned wafer, (b, €) on HMDS-treated
wafer, (c, f) on UV-ozone cleaned wafer, after air exposure of 2 hours and 4 hours respectively. (g) Dispersive and po-
lar component of surface energy measured from solvent cleaned wafer and surface-treated substrates. (h) Evolution of
surface energy with different air exposure time from 2 to 6 hours.
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Figure 3. (a) Wetting envelope contour of HMDS-treated substrate plotted for different contact angles (0°~120°); (b) 0°
contours for substrates after different surface treatment.

At an ambient temperature of 25°C, the measured surface tension of a2 wt% and a 1 wt% TIPS-
PEN ink solution is 24 mNm™ and 24.4 mNm™ respectively, while that of pure 0-DCB solvent
is 24.8 mNm™. Contact angle of 2 wt% TIPS-PEN solution on the UV-ozone cleaned sample
was 0° at room temperature, while that on an HMDS-treated substrate is about 12°. From the
wetting envelope contours shown in Figure 3, it is estimated that the solution have a dispersive
surface energy of 11.5 mNm™ and the polar component is 12.5 mNm™, very close to the
intersection of the dash line and the 0° contour of the HMDS-treated substrate. Accordingly,
the solution completely wets on both of the other two substrates. Obviously, the difference in
single-drop film diameter is not determined by the degree of wetting. Further experiment
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results in the following sections indicate a positive correlation between single-drop film
diameter and the dispersion portion of the substrate’s surface energy, which agrees with the
results in Figure 2 and well explains the air exposure effect.

2.2. Elimination of coffee ring staining via surface processing

Apart from film diameter, the thickness profile is evaluated. To achieve a high surface coverage
and crystalline film of uniform thickness, the coffee ring phenomena, which is ascribed to faster
solvent evaporation from the periphery of the liquid surface, should be avoided. The coffee
ring profile can be restrained by slowing down the outward flow induced by solvent evapo-
ration, or by inducing a reverse flow with a gradient of surface tension, which can be achieved
by a co-solvent system. Another effective approach relies on a facile surface energy modulation
of the substrate [7]. The effectiveness arises from the relatively strong interaction between the
substrate and the solute molecules, so that the film deposition is initiated by heterogeneous
nucleation on the liquid-substrate interface instead of the localized concentration saturation
as a result of the higher solvent evaporation rate on the periphery.

Surface silanization with a SAM layer of perfluorodecyltrichlorosilane (FDTS) effectively
reduces the surface energy of SiO,. While the FDTS-SAM treatment reduces the dispersion
component as well as the polar component of the surface energy, surface cleaning such as UV-
ozone cleaning is found to selectively enhance the polar contribution of surface energy. The
combination of a FDTS-SAM treatment and UV-ozone cleaning is proven to be effective in
tuning the diameter and profile of the printed single-drop films. For comparison, two sets of
surface treatments are performed and the corresponding surface energy is measured. One is
solely treated with UV-ozone cleaning and the other is pre-treated with a FDTS-SAM treat-
ment. Figure 4(a) and (b) respectively shows their surface energy in a two-dimensional
coordinate space (polar component and dispersive component). Dependence of surface
energies, including their two components, on the treatment time of UV-ozone cleaning is
plotted in Figure 4(c) and (d), respectively, for the two sets of surface treatments.

As shown in Figure 4(d), a prior FDTS-SAM treatment significantly improves the responsivity
of surface energy on the treatment time of UV-ozone cleaning. Therefore, the combination of
FDTS-SAM treatment and UV-ozone cleaning provide more effective modulation of the
surface energy and the film morphology printed thereon. For substrates treated with UV-ozone
cleaning alone, the dispersive component and the polar component are of comparable
magnitude. For the FDTS-treated sample, the two components deviate from each other after
6 min of UV-ozone cleaning. The strongest contrast is noticed after 8 min of UV-ozone cleaning,
when the polarity is maximized to 0.71 for the FDTS-treated sample. Nevertheless, for both
sets of substrates, the total surface energy saturates at almost identical level of 75 mNm™. Based
on the differential surface energies, a comparative study on inkjet printing is performed on
two SiO,/Si samples, one of which is solely surface-treated with 8 min of UV-ozone cleaning
(51) while the other is grown with a FDTS-SAM followed by the same treatment of 8-min UV-
ozone cleaning (S2). It should be noted that these surface treatment cannot achieve a hydro-
phobic surface.
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Figure 5. Single-drop films on SiO, with different surface processing. (a-c) UV-ozone-treated SiO,, (d) PVP-coated sub-
strate, (e, f) FDTS-SAM followed by UV-ozone treatment; (g) microphotograph of a 2-layer isolating dot printed with 2
shots on the same site at a time interval of 10 s.

The polar contribution of surface energy is found to be responsible for the coffee ring profiles,
which is usually more serious at increased substrate temperatures or increased number of
droplet impacts at the same site (Figure 5(d)). On hydrophobic surfaces, such as a PVP-coated
or a PETS-treated substrate, more uniform film thickness is obtained as shown in Figure 6. We
also note that the coffee ring profile would not appear on these hydrophobic substrates even
at elevated substrate temperatures.
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Figure 6. Modulation on thickness profile of a single-drop film via surface processing. The film is printed via 0o-DCB.

2.3. Process optimization for top-contact OTFTs

Fabrication of the field-effect transistor starts with an n-type Si wafer as the common gate
material, and a 300 nm thermal oxide is employed as the gate insulator (capacitance =10.8
nFem™), whose surface property is considered to be a critical factor that controls the mor-
phology of the printed semiconductor. Instead of pursuing a high resolution patterning,
printing of the semiconductor is performed at relatively low resolution, while finer elec-
trode pattern is defined with standard photolithography. Of course, the fabrication of metal
line and source-drain electrodes can as well be directly patterned with inkjet printing [8]. In
this chapter, the source-drain electrodes are grown by thermal evaporation and patterned via
a lift-off process. According to the growth sequence of the semiconductor versus the source-
drain contacts, the device architecture is referred to as bottom-gate-top-contact and bottom-
gate-bottom-contact respectively. Large-area TIPS-PEN films in the form of single-line or
overlapping multiple-line film are employed for OTFT devices.

Single-line films were printed with a drop spacing (DS) of 20 um. Figure 7(a) shows the
microphotographs of the single-line film printed on S1 (left) and S2 (right) respectively. Films
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of broader width have been printed as well. The inset diagram shows the digital pattern,
defined by DS and line spacing (LS) for the printing of broad-width films. The upper diagram
of Figure 7(b) shows the cross-section profile of the single-line films (intersected by a plane
normal to the y-direction), showing a concave profile in the middle due to coffee-ring effect.
The lower diagram shows the cross-section profile across a wider line printed with two runs
along the y-direction shifted by an LS of 160 um in the x-direction, which is obviously
unsymmetrical, being thicker on one side than the other.
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Figure 7. Microphotographs and cross-section profiles of single-line, overlapping 2-line, and multiple-line films of
TIPS-PEN printed on SiO,. (a) Image taken with the fiducial camera of the printer (left: single-line film on S1; right:
single-line and 2-line films on S2.) The inset diagram shows the printing parameters, DS and LS, as defined for the
pattern. (b) Profiles of the single-line films and the 2-line film as shown in (a). Cross-polarized (c, e) and unpolarized
(d, fy microphotographs of the films printed on the SiO, that is surface modified with a FDTS-SAM treatment followed
by 8 min (¢, d) and 10 min (e, f) of UV-ozone cleaning respectively. Films in (c, d) and (e, f) are printed with 2 and 4
overlapping lines respectively.

The substrate for OTFT fabrication is fluorinated with FDTS followed by 8 min of UV-ozone
cleaning. A single nozzle is used for the printing of single-line films or large-area films with
overlapping-drop assignment. The print head performs a forward single-trip movement along
the y-direction printing a single line with a specified DS that is smaller than the single-drop
diameter. At the ending of the forward trip, the print head stops jetting and returns to its
starting position on standby or move a step distance along the x-direction according to the
specified LS. Films of broader widths were printed by repeating the round trip shifted by an
LS smaller than the single-line width. OTFT arrays are printed using varied DS and LS, and
optimization on these parameters can contribute to better device performance. As shown in
Figure 8, the result suggests a critical dependence of field-effect mobility with film thickness
and an optimal LS/DS ratio can enhance current on/off ratio of the OTFT by a factor of 10.
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Figure 9. (a) Transfer curves under cycle-swept V, and the cross-polarized microscopy of the best and the worst device
within the same line of the printed OTFT arrays on PVP/SiO, substrate, both devices are printed via 0-DCB; (b) Trans-
fer curves under cycle-swept V, of the highest performance device printed via tetralin, with the accumulation curve
shown in open squares and depletion curve in open circles, Inset: the cross-polarized microphotograph of the OTFT.

The effect of using a hydrophobic dielectric surface is also investigated. By spin-coating a
second dielectric layer of PVP on the SiO, as the dual layer gate dielectric, the field-effect
mobility can reach 0.1 cm?V~'s™, but the average mobility is not as high due to the lower
performance of devices in the first few columns. Apparently, the difference has been caused
by the contrastive film morphology as shown in Figure 9(a). Dissolution test indicates a poor
compatibility of the cartridge material with 0o-DCB, which would lead to inferior device
performance after a process idle. This is a serious problem in developing high performance
devices. Milder solvent such as toluene, anisole, xylene, and tetralin are potential candidates
as the solvent. Of these, tetralin is more promising for inkjet printing via tiny droplets because

13
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of its high boiling point that favours self-organization of the semiconductor molecules as
crystalline films.
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Figure 10. Mobility distribution of 54 TIPS-PEN OTFTs fabricated on PVP/SiO, substrate with the semiconductor inkjet
printed via a 2 wt. % solution in tetralin. Inkjet printing was conducted with the substrate temperature maintained at
45°C (18 devices) or 35°C (36 devices); Diameters of single-drop films printed via the single-solvent solution of 0-DCB
or tetralin on PVP-coated substrate with increasing substrate temperature.

The multi-line film of TIPS-PEN printed via tetralin on a PVP/SiO, substrate is polycrystalline
with domains in the shape of wide strips (20-100 um in width) when printed at a substrate
temperature of 35°C. The crystal growth direction runs parallel with the y-direction of the
printed pattern, therefore, top-contact/bottom-gate OTFT architecture is fabricated with the
channel perpendicular to the y-direction of the printed film. Devices printed at a lower
substrate temperature of 35°C are generally superior to those printed at a higher temperature
of 45°C. The average mobility of devices printed at 35°C is enhanced by one order of magnitude
to a value of 0.36 cm?*V~'s™ compared with those printed with the 0o-DCB ink, while the
maximum mobility reaches 0.78 cm?V~'s™, which is about a 7-fold increase. The threshold
voltage is -21 V as estimated from the transfer curve in Figure 9(b). Mobility distribution of
these OTFTs is shown in Figure 10. OTFTs printed at 35°C outperform those printed at 45°C
owing to the larger film thickness. Also shown in Figure 10(c), the increasing diameter of the
single-drop film printed via tetralin indicates a decreasing film thickness with increasing
substrate temperature. Among the 36 devices printed at 35°C, 35 devices exhibit typical OTFT
characteristics with approximately 95% of the devices falls within the range of 0.1-0.8 cm?*V~'s
1. Compared to devices printed with an 0-DCB ink, the tremendous improvement in mobility
as well as the more uniform device performance is at least partially ascribed to the tetralin
solvent that possesses a higher surface energy than o-DCB, providing a wider process window
for the tuning of single-drop film diameter and film thickness.

Film coverage of TIPS-PEN films inkjet-printed for top-contact OTFTs is characterized with
AFMs as shown in Figure 11. Almost 100% material coverage within the domains was observed
for samples printed with the 2 wt% tetralin solution on the PVP/SiO, substrate. When a 2 wt
% solution using 0-DCB as the solvent, the crystal ribbons become narrower in width and are



Surface Energy-Modulated Inkjet Printing of Semiconductors
http://dx.doi.org/10.5772/63425

not fully grown, but the crystal growth direction is well aligned. In contrast, crystal domains
are not as well aligned over large areas on an untreated hydrophilic SiO, substrate.

250nm

Figure 11. AFM images (50x50 pm?) of large-area TIPS-PEN films printed with overlapping multiple lines on 3 sub-
strates (Left: via 0-DCB on untreated hydrophilic SiO,, Middle: via 0-DCB on PVP/SiO,, Right: via tetralin on PVP/
Si0,).

2.4. Dielectric surface treatment for bottom-contact OTFTs

The crystallinity of small-molecule semiconductor is generally known to be of paramount
importance to its electrical property. Hasegawa et al. developed an antisolvent crystallization
inkjet printing technique for the fabrication of single-crystal films on a substrate with prede-
fined patterns. The method is very effective for 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothio-
phene (C4-BTBT), achieving average field effect mobility as high as 16.4 cm?V~'s™. However,
the effectiveness is found to be critical on the type of the semiconductor material as to their
preferred crystallization behavior. Direct printing of high performance TIPS-PEN OTFTs is
still a challenge. The primary obstacle firstly lies in the relatively low field-effect mobility of
bottom-contact devices, which is still much smaller than 1 em?*V's™; and secondly, the
relatively large subthreshold slope, typically larger than 2 V per decade. The gap can be
explained by the inferior crystalline morphology and interface quality. Organic single-crystal
transistors can be directly printed on a surface-energy patterned substrate using a co-solvent
ink that refrains coffee-ring deposition [9]. To facilitate single-domain crystal growth from a
solution, technique of wetting/nonwetting patterning is employed to induce directional lateral
crystal growth via the artificial boundary.

In most circumstances, pinning of the three-phase contact line (TCL) initiates the nucleation
and crystal growth starts from the circumference and result in polycrystalline film morphology
usually with coffee-ring profile. Physical models are proposed to explain the evaporation-
induced self organization [10]. However, for the printing of organic semiconductors, it is still
difficult to set up an accurate model for the evaporation process based on the contact angle
hysteresis measured by a classical method. Because the contact angle, pinning diameter and
receding distance are found to be dependent on various factors such as droplet size, solute
concentration, and the contact line velocity [11]. It is observed that the receding contact angle
determines the TCL behaviors, and can be successfully employed for the assembling of
photonic crystals into a dome structure [12]. However, the target of organic semiconductor
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film growth is clearly different: laminated structure is desired instead of coffee ring profile or
dome structure. It relies to a great extent on the nucleation and its preferred crystal growth
behavior to self-organize the solute molecules into the laminated structure.

Printing of bottom-contact OTFTs have to take into account the surface effect of contact
electrode in addition to the dielectric surface. In the following, we focus on the latter factor,
which is investigated by modifying the surface with a SAM layer of phenethyltrichlorosilane
(PETS) or phenyltrichlorosilane (PTS), a spin-coated PVP layer or a UV-ozone treatment.
Pentafluorothiophenol (PFTP) was used for the surface treatment of Au electrode. The surfaces
as prepared are characterized by contact angle measurement as shown in Table 1.

PTS PETS PVP UV-Ozone Au PFTP-Au
CA of H,0 (°) 87.5 85.5 713 31.0 91.8 85.4
CA of CH,I, (°) 35.5 37.5 34.4 36.5 23.7 28.6
74 (mN-m-1) 38.96 37.94 36.50 37.38 44.20 41.60
Vp (mN-m-1) 5.17 6.13 9.56 32.47 2.80 5.60
¥ (mN-m-1) 44.14 44.07 46.04 69.85 47.00 47.20

Table 1. Contact angles and surface energies of surface-modified dielectrics and Au.

Surface morphologies of the substrates are observed with AFM as shown in Figure 12. The
surface of the spin-coated PVP and the UV-ozone-treated SiO, are comparable in roughness.
AFM images indicate that agglomeration of the silane molecules has significantly deteriorated
the smoothness of the dielectric surface. The maximum height difference is increased by
approximately five times after PETS treatment with an average distance of about 50 nm
between neighbouring particulates. Agglomeration of PTS molecules forms even larger
particles of around 250 nm in size and dispersed with an average distance larger than 500 nm.
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Figure 12. Surface morphology of SiO,/Si substrates treated by a SAM layer of (a) PETS, (b) PTS, (c) spin-coated PVP,
and (d) UV-ozone cleaning; (e) Polar surface energies (solid circles) of SiO2/Si substrates after different surface treat-
ment and the average diameters (solid squares) of the single-drop films printed on them.
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TIPS-PEN is printed as a single-line film with a 2 wt% solution in tetralin with the substrate
temperature kept at 35°C. Surface morphologies of the single-line films printed at DS of 20 um
and 10 um are shown in Figure 13. Large crystallites are obtained on smooth surfaces, while
rougher surfaces as those with PETS- and PTS-treatment clearly result in grainy TIPS-PEN
films, which are especially evident for thinner films printed at 20 um DS. According to the
high density of nanocrystalline formed on the SAM-treated surfaces, it is inferred that the film
growth on the SAM-treated substrates has been induced by interface nucleation; however, the
crystal growth mode seems to be different. Crystal growth on the PETS-treated surface follows
a 2D growth mode, while the PTS-treated surface induces a 3D growth mode, which is
confirmed by the contrastive height profiles especially that of the thicker films printed at a DS
of 10 um. The increase in grain size for thicker films is most remarkable on the SAM-treated
substrates. The out-of-plane X-ray diffraction (XRD) patterns corroborate the dramaticincrease
in crystallinity for films printed with reduced DS, which is more apparent for the SAM-treated
substrates.
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Figure 13. Surface morphologies of single-line films printed at drop spacing of 10 um and 20 um on SiO,/Si substrates
with different methods of surface treatment (a) PETS, (b) PTS, (c) PVP coating, and (d) UV-ozone cleaning, and (e) out-
of-plane XRD patterns of the films with different (001) peak intensity.

Bottom-contact OTFTs is prepared by printing the TIPS-PEN solution as a single-line film
across the source-drain electrodes. As shown in Figure 14, the Au electrode induces crystal
growth from channel boundary to the centre of the channel, which will inevitably cause a
decrease of field-effect mobility. It is clearly seen from the transfer curves in Figure 15 that the
SS is incremental with increasing surface polarity. It is also notable that the OTFT prepared on
PETS-treated substrate shows the best performance, with a threshold voltage as small as 1.1
V and a narrow SS of 0.85 V/decade. The extracted transistor parameters for the best
performing devices are provided in Table 2.
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(e)

Surface-modified SiO

* Gate (Si)

Figure 14. Cross-polarized microphotographs of bottom-contact OTFTs with the single-line films of TIPS-PEN printed
across the channels. The substrates have been treated with (a) PETS, (b) PTS, (c) PVP coating, and (d) UV-ozone clean-

ing.(e) Schematic diagram (not to scale) of bottom-gate/bottom-contact OTFT with inkjet-printed TIPS-PEN as the sem-
iconducting layer in the channel.
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Figure 15. Transfer curves of the best-performing OTFTs. The substrates have been treated with (a) PETS, (b) PTS, (c)
PVP coating, and (d) UV-ozone cleaning.
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Substrate DS (um) u (cm?V-s™) Viu(V) Tonott SS(Vdec™)
PETS 10 0.140 1.1 2.5x10° 0.85
15 0.030 1.0 1.0x10* 1.88
20 0.012 22 3.5x10° 1.82
PTS 10 0.007 3.0 2.2x10° 2.27
15 0.006 2.8 3.0x10° 1.68
20 0.005 1.6 2.4x10° 2.62
PVP 10 0.062 34 4.1x10* 2.40
15 0.047 3.5 3.4x10* 3.36
20 0.047 2.7 2.4x10* 2.98
UV-ozone 10 0.058 4.3 3.0x10* 3.10
15 0.064 6.7 2.6x10* 2.10
20 0.056 5.5 2.8x10* 1.34

Table 2. Device parameters of the best performing OTFTs.
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Figure 16. Dependence of film thickness and mobility on drop spacing and correlation between film thickness and
field-effect mobility. The substrates have been treated with (a) PETS, (b) PTS, (c) PVP coating, (d) UV-ozone cleaning;
(e) Semilogarithmic plot of mobility versus film thickness.

Figure 16 plots the dependence of field-effect mobility and film thickness on the printing
parameter of DS. The field-effect mobility generally decreases as the DS is increased, which is
ascribed to the decreasing film thickness and crystallinity. An exponentially-decaying trend
of saturated mobility on decreasing film thickness is observed for both SAM-treated substrates
in the thickness range of approximately sub 100 nm. Although thicker films can be formed on
surfaces of higher polarity, the mobility is not improved following the same trend. The device
performance is limited by the film morphology of TIPS-PEN showing two features as shown
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in Figure 14(c, d). First, the film coverage is not significantly improved with increasing film
thickness; second, a crystal boundary in the middle of the channel is formed in the solidified
film. Both features are caused by the contact-line nucleation behavior. This problem is not
apparent for films printed on the SAM-treated substrates as interface nucleation has played a
more significant role during film growth. Film growth via interface nucleation contributes to
the formation of a film with higher thickness uniformity and improved crystal coverage, and
therefore exhibits higher field-effect mobility.

3. Stacked layers of quantum dots for color conversion

In this part, inkjet printing is developed for the printing of the color conversion element for
full-color LED displays. Fluorescent CdSe/ZnS QD is printed via several ink systems. The
jetting stability is the key issue to be solved for this application. The stability of the jetting
behavior is recorded by printing a dot array, from which the accuracy of drop assignment is
evaluated by the extracted coordinates (Figure 17). Surface energy of the solvent is a critical
factor for stable jetting of the ink suspension. Improvement in jetting stability of the green QDs
is achieved using a mixture solvent of water and diluted acetic acid. These experiments again
indicate the effectiveness of process development by modulating surface energies of the
relevant materials and interfaces, including the substrate, the solvent, and the solute or the
dispersed material.

The CdSe/ZnS QDs can be synthesized in organic solvents, however our experiment shows
that printing of these organic ink suspension is unstable. The low surface energy of the typical
organic solvent for QDs, such as hexane or toluene, substantially wets on the hydrophobic
nozzle plate. The single-solvent system of these QDs may not jet at all. The suspension may
jet by mixing with anther organic solvent like tetralin, but stable jetting is not achieved.
Actually, the nozzle plate has a hydrophobic surface energy designed for stable jetting of
aqueous liquids. Here, we focus on processing of aqueous QD suspension.

The mechanical precision of the Dimatix DMP3000 falls within 5 pm. Inkjet printing of aqueous
suspension of green QDs achieves a similar level of precision by solvent mixing or dilution.
Figure 18 shows an example of ink formulation and its correlation with jetting stability or
precision of printing. QD1 is an aqueous QD suspension purified by centrifugation, also
denoted as component A, while other constituents including a 28 wt% acetic acid, glycol, and
DI water are denoted as component B, C, and D, respectively. The printing precision of each
ink suspension is evaluated by the average deviation, which is calculated by equation (1), also
shown in Figure 17. Deviation of each element single-drop film, r;, is dependent on the
reference grid, which is also optimized by tuning an angle based on the least squares algorithm.

Z‘; )



Surface Energy-Modulated Inkjet Printing of Semiconductors
http://dx.doi.org/10.5772/63425

23k

r=-

=2
angle = 0.62 =2.85um
mxn

Figure 17. Calculation of positional deviation from target grid for ink jetting of CdSe QDs and demonstration of stable
jetting (a) the florescent image of an printed QD single-drop film array with the coordinate extracted and marked as
the raw data for calculation, (b) Statistics and calculation of average deviation, (c) an image captured with fiducial
camera of the printer after printing a two-dimension code on SiO, and (d) fluorescent image of the two-dimension
code.
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Figure 18. Correlation between ink formulation, color conversion efficiency, and jetting stability.

The aqueous QD suspension with pure component A can be printed with an average deviation
of 6.74 pm. It can be remarkably improved to 2.85 pum by dilution with DI water and tuning
the PH value with B to around 4. Mixing with ethylene glycol as component C negatively
affects the jetting stability, but the high color conversion efficiency of the QDs was at least
retained at a low PH value of 3.

Along with positional data for the evaluation of jetting stability, the distribution of the element
film diameter in an array also conveys the information about the process stability. The element
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QD film diameters can as well be extracted from corresponding fluorescent images for the
study of the assembling behavior of QDs on an ITO substrate. Film arrays of green QDs are
printed with multiple cycles at the same reference site of the substrate for accumulated
assembling of QDs on the grid sites. As shown in Figure 19, the diameter of QDs on ITO
increases abruptly with the number of printing cycles. Especially, comparing the average
diameter obtained from the 3-layer and the 6-layer arrayed films, the doubled printing cycles
achieves a 27.7% increase in diameter. The increase factor indicates three-dimensional
assembling of QD on ITO. While on the ITO substrates that is patterned with inkjet-printed
PVP film arrays, the assembling of QDs on these PVP underlying layer may undergo layer-
by-layer assembling as the diameter is almost constant. It should be noted that the inkjet-
printed PVP usually have coffee-ring profiles, which can be used as a bank to confine the
posterior droplets of QD suspension. But in this experiment, the bank is not wetted owing to
the relatively large diameter of PVP and the good positioning accuracy of both materials.
Partial wetting of at the bank is observed for the 9-layer QD films printed on the 1-layer PVP,
but instead of confinement, the bank guides the assembling of QDs along its interior sidewall.
The diameters are calculated according to the area coverage of the fluorescent QDs. Partial
wetting at the bank increases the coverage and accordingly increased the calculated film
diameter showing an obvious deviation from the baseline data. This can be used for the
detection of pattern misalignment.
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Figure 19. Modulation of the assembling behavior of QDs with inkjet-printed PVP underlying layers.

4. Conclusion

Small-molecule organic semiconductors can be readily processed via inkjet printing and other
solution methods with the benefit of reduced cost and pollution. But it is noted that solution-
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prepared devices are usually inferior in performance compared to their vacuum-prepared
counterpart. Recent investigation on TIPS-PEN indicates a positive correlation between the
single-drop film diameter and the dispersive component of the substrate’s surface energy,
while the coffee-ring staining can be explained by the polarity of surface energy. TIPS-PEN of
uniform thickness is printed on the PETS-treated hydrophobic substrate. Process optimization
across multiple dimensions is performed and high performance OTFTs are prepared. In
addition to modulation of the thickness profile, the nucleation and film growth behavior can
be effectively modulated as well. Transition from typical contact-line nucleation to interface
nucleation is observed on the PETS-treated substrate, which is attributed to the nanoscale
gradient of surface energy. Large-area continuous film with high surface coverage and high
performance bottom-contact TIPS-PEN OTFTs can be fabricated on these hydrophobic
substrates with nanoscale surface energy gradient. Surface energy also plays an important role
in the printing of nanomaterials. Jetting stability, which is critically dependent on various
surfaces, is qualitatively evaluated and employed as a key target of optimization for the
printing of QDs. It can be employed for ink formulation. High resolution digital patterns are
printed using QD material, which can be assembled in 3-dimensions or possibly stacked layer-
by-layer depending on the underlying surface.
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Abstract

Attributed to the excellent mechanical flexibility and compatibility with low-cost and
high-throughput printing processes, the organic thin-film transistor (OTFT) is a
promising technology of choice for a wide range of flexible and large-area electronics
applications. Among various printing techniques, the drop-on-demand inkjet printing
is one of the most versatile ones to form patterned electrodes with the advantages of
mask-less patterning, non-contact, low cost, and scalability to large-area manufactur-
ing. However, the limited positional accuracy of the inkjet printer system and the
spreading of the ink droplets on the substrate surface, which is influenced by both the
ink properties and the substrate surface energy, make it difficult to obtain fine-line
morphologies and define the exact channel length as required, especially for relative-
ly narrow-line and short-channel patterns. This chapter introduces the printing of
uniform fine silver electrodes and down scaling of the channel length by controlling
ink wetting on polymer substrate. All-solution-processed/printable OTFTs with short
channels (<20 pum) are also demonstrated by incorporating fine inkjet-printed silver
electrodes into a low-voltage (<3 V) OTFT architecture. This work would provide a
commercially competitive manufacturing approach to developing printable low-
voltage OTFTs for low-power electronics applications.

Keywords: inkjet printing, metal electrodes, thin-film transistors (OTETs), all-solu-
tion-processed, low voltage
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1. Introduction

Following the well-known Moore's Law, metal-oxide-semiconductor field-effect transistor
(MOSFET) has been the key semiconductor device platform for silicon (Si) microelectronics
since the 1960s [1]. In the past few decades, with the significantly growing demand for display-
related information exchange, thin-film transistor (TFT) technology for display backplanes has
attracted more and more attention [2]. Similar to MOSFET in Si microelectronics, TFT is
considered to be a key component for large-area electronics (display included).

According to different semiconductor materials, TFTs can be mainly divided into amorphous
Si (a-Si) TFT [3], metal oxide TFT [4], low-temperature poly-silicon (LTPS) TFT [5] and organic
TFT (OTFT) [6]. The liquid crystal display (LCD) has been dominated by a-Si TFT since the
1980s [7]. Lately, metal oxide TFT and LTPS TFT have shown great potential for being used in
driving organic light emitting diode (OLED) display [8, 9]. Meanwhile, OTFT is becoming
another hot topic in both academy and industry due to its potential applications in low-cost,
large-area flexible electronics [10].

Compared with strong covalent bonds in inorganic materials, the van der Waals bonds in
organic molecules are much weaker, which brings high degree of intrinsic mechanical
flexibility in OTFTs [10]. On the other hand, organic materials have the advantages of good
molecule-level design flexibility and bio-degradability. More importantly, low cost and low
temperature solution-based processes can be used to fabricate OTFTs, such as spin-coating,
blade-coating, slot-die coating, spray coating, bar-coating, ink-jet printing, gravure printing,
roll-to-roll printing, and so on. The printing processes make OTFTs very competitive due to
the advantages of low energy consumption, high throughput, and good customization. Based
on different application requirements, OTFTs can be manufactured on arbitrary substrates
including flexible plastic, paper, and fabric over large area.

In the past decades, apart from research activities on OTFTs in a variety of global universities,
lots of companies including Plastic Logic, Polyera, SmartKem, NeuDrive, and ISORG have
also been established for the commercialization of OTFTs. With the continuous development,
the reported device performance of OTFTs has been far beyond that of a-Si TFTs, and even
close to metal oxide TFTs.

The attractive features of superior intrinsic mechanical flexibility, low-cost printable processes,
and sustainable performance improvement for OTFTs make them suitable for being used in
applications of ubiquitous sensors [11], digital/analog circuits [12], radio frequency identifi-
cation (RFID) tags [13], smart memories [14], flexible display backplanes [15], and wearable
devices [16].

2. Basics of OTFTs

2.1. Device architecture

OTFTs consist of five parts including substrate, gate (G) electrode, source and drain (S/D)
electrodes, gate insulator (GI), and organic semiconductor (OSC). According to different gate
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electrode configurations (top-gate and bottom-gate) and S/D electrodes configurations to OSC
(bottom-contact for OSC on the S/D electrodes and top-contact for OSC under S/D electrodes),
there are four kinds of architectures for OTFTs as shown in Figure 1: (a) bottom-gate bottom-
contact (BGBC) structure, (b) bottom-gate top-contact (BGTC) structure, (c) top-gate bottom
contact (TGBC) structure, and (d) top-gate top-contact (TGTC) structure. In terms of G
configuration, bottom-gate architecture has been widely used because gate electrode and GI
are prepared before deposition of the organic solvent-sensitive OSC, eliminating the possible
degradation in OTFT performance. With the BG architecture, other additional processes
applied onto G electrodes and OGI as well as for via holes fabrication can be employed without
damage to the OSC [17]. The advantage of top-gate architecture is the ease to pattern high-
resolution S/D electrodes and the GI naturally acts as a passivation layer for protecting the
OSC underneath. However, the relatively rough upper surface of the OSC, especially for small
molecular materials, usually causes degradation in carrier transporting and reduces the
OTFT's mobility [18]. Moreover, in order not to damage the OSC when depositing GI, an
orthogonal solvent for Gl is usually required, which greatly restricts selections of GI materials.
In terms of contact, top-contact devices usually show superior performance than bottom-
contact counterparts for certain organic semiconductors, which results from reduced contact
resistance between the S/D electrodes and OSC due to the increase in charge injection area [19].
Each of these architectures has particular advantages and disadvantages, either in performance
or in fabrication. Therefore, the proper structure should be carefully considered, which
depends mainly on the actual situation and application.
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Gate Dielectric Gate Dielectric
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(a) (b)
Gate [ Gate |
Gate Dielectric Gate Dielectric
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©
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Figure 1. Schematic diagram of the four typical OTFT device structures: (a) bottom-gate bottom-contact, (b) bottom-
gate top-contact, (c) top-gate bottom-contact, and (d) top-gate top-contact.

2.2. Work principle

As an active voltage-controlled current source, the conductivity of the channel in the semi-
conductor can be modulated by controlling the carrier density in the channel through electric
field for a typical field-effect transistor (FET). The representative FETs were metal-oxide-
semiconductor field-effect transistors (MOSFETs), where channel conductivity is dependent
on the formation of inverse channel. Unlike MOSFETSs, semiconductor in OTFTs is a sort of
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intrinsic semiconductor without doping, so OTFTs operate in enhancement mode rather than
inverse mode. Take p-type BGBC OTFTs as an example, OTFTs can be seen as parallel-plate
capacitor. One side of the parallel-plate capacitor is the G electrode and the other side is the
semiconductor channel between the S/D electrodes. The density of carriers in the channel is
modulated by the voltage of the G electrode (V), and the source/drain electrodes inject/collect
carrier into/from semiconductor. For p-type semiconductor transporting holes, a negative Vg
is needed to generate the corresponding electric field to form the conductive channel. When
the Vs hasn't reached the threshold voltage (Vy,), the drain current (Ip) is usually small enough
that can be neglected. It's important to note that the definition of Vy, in MOSFETs refers to the
minimum Vs needed to create an inversion conducting channel between the S/D electrodes.
However, there is no inversion in OTFTs, so the definition of V, is not the same as the
traditional MOSFETs; however, the V, can also mark the transition of the different regions of
operation. When V; is larger than V,;, mobile carriers begin to increase to form the channel
layer, as shown in Figure 2(a). If a negative drain source voltage (Vp;) is applied, the holes will
flow from the source to drain along the channel to generate the I, in Figure 2(b).
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Figure 2. (a) Energy-level diagram of the p-type OTFT with a negative Vs bias. (b) Schematic diagram of working
principle for p-type OTFT.

When Vgl V-V |, the transistor is turned on and I, increases linearly as the increase of Vg,
and OTFTs operate in the linear region. When | V5121 Vs-Vy, |, since the channel is cut off by
the strong electric field between S/D, I, is no longer modulated by the V.o and OTFTs operate
in the saturated region. The current-voltage characteristics can be described as following [6]:

For | Vps| V-V | (linear region)

/4 v
I, =puC, T(VGS -V, _%jVDS 1

For | Vpgl21 VsV | (saturated region)
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where p is effective mobility, C; is the gate dielectric capacitance per unit area, W is the channel
width and L is the channel length.

2.3. Materials and processes

2.3.1. Organic semiconductor (OSC)

OSC materials can be classified into small molecular and polymer OSC materials based on the
chemical structures of molecules, while they are also divided into p-type and n-type OSC
materials according to the type of charge carriers. Some representative solution-processable
OSC materials commonly used are as follows: 1. p-type small molecular, such as TIPS-
pentacene, diF-TES-ADT, and C8-BTBT; 2: p-type polymer, such as poly(3-hexylthiophene-2,5-
diyl) (P3HT), indacenodithiophene-co-benzothiadiazole (IDTBT), PCDTPT, and poly(2,5-
bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophenes) (PBTTT); 3: n-type small molecular, such as
C60, NDIBHU-DTYM2, and 6,13-bis((triisopropylsilyl)ethynyl)-5,7,12,14-tetraazapentacene
(TIPS-TAP); and 4: n-type polymer OSC materials, such as P(NDI20OD-T2), NDI-Ph, and NDI-
DTYA2.

2.3.2. Gate insulator

Dielectric plays an important role in the operation of OTFTSs, which is often used for carrier
accumulation at the semiconductor/dielectric interface and prevention of the leakage current.
The materials available for the GI can be divided into two kinds: organic polymer dielectrics
and inorganic dielectrics. The most commonly used organic polymer dielectrics reported in
literature are poly (4-vinylphenol) (PVP), polystyrene (PS), poly(vinyl alcohol) (PVA),
polymethylmethacrylate (PMMA), poly(vinyl cinnamate) (PVC), poly(vinylidenefluoride-co-
trifluoroethylene) (P(VDEF-TrFE-CFE)), and CYTOP. Besides, the traditional vacuum or
solution-processed inorganic materials can also be used as the GI for OTFTs, such as SiO,,
Al O,, Si;N,, HfO,, TiO,, and so on.

2.3.3. Gate and sourcel/drain electrodes

Common conductive metals (such as Au, Ag, Cu, and Al) and polymer (such as PEDOT:PSS)
can be used for gate (G) electrode in OTFT. Different from G electrode, source/drain (5/D)
electrodes, which contact directly with the OSC and are in charge of carrier injection and
collection, have greatimpacts on the OTFTs’ performance. In order to reduce contact resistance
with the OSC, the work function of S/D electrodes should match with the highest occupied
molecular orbital (HOMO) for p-type OSC or lowest unoccupied molecular orbital (LUMO)
for n-type OSC. Hence, the S/D electrodes usually choose high work function Au electrode or
self-assembled monolayer modified Ag or Cu electrodes. In addition, two-dimension materials
such as graphene are also demonstrated as the S/D electrodes of OTFTs.
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2.3.4. Basic processes

OTEFTs can be fabricated with vacuum deposition process, such as sputter, thermal evapora-
tion, chemical vapor deposition, plasma-enhanced chemical vapor deposition. However,
compared with vacuum processes, low-cost solution processes could effectively decrease the
fabrication cost of OTFTs. The common solution processes for OTFTs fabrication are drop-
casting and spin-coating methods, which are usually used in the laboratory for OSC deposition
for their simple processes [20]. A scalable process method called spray-coating is also devel-
oped and mostly applied to many kinds of materials for GI and OSC. With the advantage of
direct patterning and drop-on-demand, ink-jet printing has gained a lot of attention in
fabrication OSC [21] and electrodes [22]. The dip-coating method is very suitable for OSC
formation with well-controlled crystallization direction [23]. Some traditional coating methods
such as blade-coating and slot-die coating have also been applied into OTFTs” OSC [24]and GI
[25] fabrication. Recently, a “solution shearing” method was proposed by Bao's group in
Stanford University [26]. In addition, many other large-area printing/coating methods such as
gravure printing [27], roll-to-roll printing [28], bar coating [29], and brush coating [30] are also
being used for OTFTs’ fabrication.

3. Requirements and technical challenges of printed electrodes

Despite its low-cost and simpleness, printing electrodes for OTFT suffer from several technical
issues. Integration of printed electrodes in a multi-layered OTFT structure for circuits would
be challenging, since poor interfacial contacts and/or intermixing of the printed electrodes with
the semiconductor or dielectric layer during the successive layer deposition processes would
adversely affect the device performance. Nevertheless, good control of the cross-sectional
profile of the printed electrodes and their geometry shapes is also required.

Normally, the request for high uniformity of overlaying layers and the desire to achieve reliable
operation in a multi-layer OTFT lead to uniform profile in the cross-section for lower printed
electrodes. Otherwise, the fluctuation of lower electrodes’ thickness will interfere with the
flatness and uniformity associated with overlaying functional layers, resulting in poor yield
over large area. Moreover, the fully printed OTFT devices may also suffer breaking down issue
arising from the potential leakage due to relatively higher potential for electrical shorts at the
abnormal peak point located on the lower electrodes [31]. As such, the issue of “coffee-ring
effect” has received considerable critical attention especially when fabricating OTFTs by
utilizing inkjet-printed electrodes. Besides the cross-sectional profile, the parallel source/drain
electrode pairs need to be of smooth edges in order to ensure a uniform channel length along
the whole channel [32].

On the other hand, to meet the intended requirements of high operation frequency (f;) of
organic integrated logic circuits, there is an urgent need to achieve short channels and small
parasitic capacitances. From the organic semiconducting material design point of view, great
efforts have been given to develop organic semiconductors for printable OTFTs with mobility
similar to or even over amorphous silicon a-Si [33-36], mainly taking performance comparable
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to that of conventional silicon electronics, that is, usually 100 kHz at a short channel length
less than 10 pm, into consideration [37]. However, it is still far from being able to fabricate
high-speed OTFT circuits, which are mainly constrained by the limits of device geometry
features when using current printing technology. This is because, in fact, f; is also dominantly
dependent on the device geometry features as shown in the following equation:
freug (Vos=Vy,)[2nL (L +2L ), where u is the effective carrier mobility, L is the channel
length representing the distance between source and drain electrodes, and L. is the contact
length representing the length of overlap between drain-source electrodes and gate electrode
[38]. However, the limited positional accuracy of the inkjet printer system and the complicated
dynamics of the inks impacting the substrate surface make it difficult to obtain relatively
narrow-line and short-channel patterns as required. It is well known that as the distance
between two parallel printed electrodes decreases, the failure probability caused by shorting
will significantly increase at the same time. Due to the manufacturing limits subject to currently
available printing systems, short channel of less than 10 um and small overlap length that is
less than 5 um are not practically achievable yet. As a consequence, it is now very challenging
to mass-print short TFT channel and precisely align the gate electrodes to source/drain
electrodes toward manufacturing fully printed OTFT logic circuits with high operating
frequencies.

4. Review of printing methods for metal electrodes in OTFTs

4.1. Gravure printing

Gravure printing is an intaglio printing process with a cylinder, which is engraved with wells.
When the cylinder rolls over a passing substrate, the ink is carried from the fountain to the
substrate, and the excess is wiped using a doctor blade, leaving the ink pattern on the substrate.
Recently gravure printing has received great attention to fabricate printable OTFTs due to
advantages such as low cost, high throughput, and high speed [39]. Optimization of the
printing parameters has been systematically studied to help well understand the process [40—-
42] At the same time, the optimization of ink formulations for metal ink, dielectric, and
semiconductor was conducted [43], enabling clearer understanding of the gravure process .
However, to achieve the high performance OTFT devices, the long channel length (~50 to 100
um) is a persistent limitation due to the different materials’ properties and higher quality
requirements [44]. Using a combination of rotogravure and ink-jet printing, Vornbrock et al.
fabricated highly scaled gravure-printed OTFTs with channel lengths below 20 pm on plastic
substrates, offering the highest switching speeds among fully-printed transistors [45]. Kang et
al. [27] further developed a novel large-area femtoliter-scale microgravure printing process for
high-speed (MHz) printing pBTTT semiconductor and demonstrated highly scaled (10 pm
channel length) bottom-gate OTFTs on flexible plastic substrates. Voigt et al. [46] reported the
fabrication of polymer OTFTs by nearly-all gravure printing process on plastic substrates with
pre-patterned indium tin oxide source and drain contacts with a high speed. Although the
scale and resolution are still the limitations of the gravure compared to the lithography-based
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technique, the advantages of high speed and high throughout show huge potential in fabri-
cation of low-cost printable OTFTs.

4.2. Flexography printing

Flexographic printing is a type of transfer printing like a modern version of the letter press. In
this printing process, ink may be transferred to an anilox roll with textures to get a specific
amount of ink, and then picked out from the anilox roll with the reliefs on the elastic printing
plate, followed by printing onto various substrate, including plastic, metal, and paper, using
an impression cylinder. This high-throughput, low-cost, and high-speed process is potential
for the mass-production of flexible OTFT electronic devices [39]. It is normally combined with
other print process to realize roll-to-roll OTFT fabrication. Schmidt et al. [44] combined the
flexography with gravure and offset processes to achieve the printing OFET using PEDOT:PSS
—source/drain electrodes with a yielded channel length of only 10 um and realized the fully
printed flexible audio system [47, 48]. As another practical application example, Pastorelli et
al. [28] demonstrated an electrochromic display cell driven by OTFT with flexography-printed
silver source/drain electrodes.

4.3. Screen printing

Screen printing is a printing technique originally applied for art work. It uses a mesh and a
blade usually moving across the whole area to fill the open mesh with the ink to print pattern
on a substrate. The advantage of this process is obvious: the whole technique is simple and it
needs no complex equipment. What's more, the printing speed can be very high and there is
no limit on the printing area theoretically and the technique is available for nearly all kinds of
conventional flat substrates, such as glass, plastic, or even paper. However, a main problem
of this technique for fabricating OTFT is that the thickness of the formed electrodes is depend-
ent on the thickness of the mesh and it is very difficult to be reduced to nanometer level. At
the same time, the uniformity of the thickness is also hard to be guaranteed. Thus, screen
printing is believed to be unsuitable for OTFT fabrication. Interestingly, a recent work by Peng
et al. [49] successfully applied screen printing to form 6pum-thick silver gate and source/drain
electrodes to construct high-performance OTFTs on a piece of paper and demonstrated OTFT
active-matrix LED array.

4.4. Reverse-offset printing

Reverse-offset printing technology as a type of ink-transfer method is also widely used to
fabricate printable OTFTs. Compared with other printing methods, it has higher throughput
and the minimum line width and space to about 1 um can be guaranteed [50]. However, this
printing method requires the specific ink formulation to prevent from incomplete and excess
printing, impeding the widespread use of the reverse-offset printing for OTFT fabrication. By
newly developed silver nanoparticle inks, Fukuda et al. demonstrated printed high-perform-
ance OTFT devices with wide reverse-offset printed channel length from 0.6 to 100 pm,
enabling a systematic investigation of short-channel effects in printed organic TFT devices.



Printing of Fine Metal Electrodes for Organic Thin-Film Transistors
http://dx.doi.org/10.5772/64135

This scalable, high-resolution printing technique will pave a way to fabricate printed circuits
with high integration and fast operation over large area.

4.5. Inkjet printing

Drop-on-demand inkjet printing has emerged as a versatile method of increasing interest to
manufacture printable OTFTs, due to advantages such as maskless patterning, non-contact,
low cost and scalability to large-area manufacturing [51]. There are an increasing number of
published studies that utilize inkjet printing to form source/drain and gate electrodes for OTFT
fabrication.

To direct-write these conductive electrodes and interconnects, if necessary, a broad spectrum
of ink formulations, including polymer PEDOT:PSS and metal nanoparticle inks are available.
Recently printing of metal nanoparticles has attracted increasing attention because they can
provide robust, highly conductive patterned S/D electrodes with a low annealing temperature,
which is particularly important to fabricate devices on flexible plastic substrates. Wu et al. [52]
demonstrated the printing of n-butanethiol-functionalized gold (Au) nanoparticles as source/
drain electrodes and fabricated high-mobility (0.15 cm*V-'s™) poly(didodecylquaterthiophene)
(PQT-12) OTFTs with no noticeable contact resistance observed. However, the high cost of
gold is against the attributes of this otherwise appealing printing approach for low-cost
electronic applications. Not surprisingly, the same group then tried to develop silver nano-
particles as potentially much lower cost alternatives. They found improved carboxylic acid-
stabilized silver nanoparticles represented ideal printable precursors to highly conductive
elements for use in low-cost printed OTFT circuits. The printed silver electrode was of high
electrical conductivity similar to the vacuum-deposited silver conductor and enabled fabri-
cated OTFTs with an ohmic contact formation as the energetic mismatch issue of silver
electrode with PQT-12 semiconductors was addressed via in situ modification of their
interfacial properties [53, 54]. These works demonstrated the ease of printed low-cost silver
electrodes as conductive elements for high-performance printed OTFTs.

In most cases, a standard inkjet printer produces a line feature size of above 20 pm corre-
sponding to droplet volumes of tens of picoliter (pL), but offers a limited smallest channel
length. To overcome the switching speed limitation and fabricate high-speed OTFT circuits,
the channel size defined between printed source/drain electrodes needs to reduce, which has
been achieved by several methods. Sirringhaus et al. [55] proposed a hybrid approach to
creating short channels that range from several micrometers to hundreds of nm with the help
of lithographically patterned hydrophobic polyimide banks, or a hydrophobic self-assembled
monolayer (SAM) mesa-like structure by e-beam lithography as an alternative [56], or well-
defined polymethyl methacrylate (PMMA) trenches with hydrophilic bottom and hydropho-
bic walls to contain conducting polymer solutions by combination of nanoimprint lithography
and inkjet printing [57].

However, the utilization of various high-resolution lithography tools inevitably leads to more
processing complexity and increases the production cost. Therefore, a more cost-effective
approach was suggested to create sub-micron channels, most of which were focused upon self-
aligning printing (SAP). Generally, the SAP technique is based on two-step printing, that is,
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printing of a first conductive electrode line, followed by modifying its surface to more
hydrophobic either with plasma treatment or with a self-assembled monolayer (SAM) so that
it becomes repulsive to the successively deposited inks, and then printing of a second con-
ductive electrode line along the edge of the first electrode, such that the ink droplets self-
aligned off the first conductive electrode, forming a submicron gap of <500 nm in between the
two printed electrodes [58-61]. Although the SAP method is simpler and capable of creating
shorter channel length than the lithography-based technique, it still requires an undesirable
intermediate processing step of surface modification for the firstly deposited electrode.
Doggart et al. [62] proposed a facile method for printing source and drain electrodes with very
reproducible narrow channel length but free of any intermediate processing steps, which is
particularly interesting for a fully complete roll-to-roll fabrication process. This is achieved via
engineering ink formulated using organoamine as a stabilizer for silver nanoparticles, allowing
a hydrophobic boundary around the first-printed electrodes to be formed during the printing
process. Then the ink subsequently printed in the vicinity of the original electrode is repelled
and self-aligned by this boundary. Despite the sacrifice of creating a narrow channel only as
low as 10 pm, this self-alignment-based printing method allows for printed source/drain
arrays with a very narrow distribution of channel length. Moreover, this method is very useful
for the development of all printed low-cost OTFT devices.

5. Inkjet-printed fine silver electrodes for OTFTs

In the following research, a metal-organic precursor-type ink (Jet-600C, Hisense Electronics,
Kunshan, China) was used for the printed electrodes, which contained 15 wt% silver with
viscosity of 12 cps and surface tension of 23.5-24 dyne/cm, and was printed with a piezoelectric
inkjet printer (Dimatix, DMP 2831) using a 10 pL cartridge. Cross-linked polymer polyvinyl-
alcohol (PVA) coated on glass or PEN plastic foil was used for the printing substrate as it not
only presented a flat homogeneous surface, but also served as a good gate dielectric material
for OTFT fabrication.

The surface roughness of the PVA was exceptionally small with a root mean square (RMS)
roughness of about 0.3 nm measured using a BioScope™ Veeco atomic force microscope
(AFM), which was the prerequisite to form controllable and even-printed features [22]. Indeed,
an ideal circle shape with a uniform diameter was formed in an array of IJP Ag dots as shown
in Figure 3(a). When these isolated droplets overlap each other and merge, a track is then
formed. However, the final morphologies of the formed Ag tracks are significantly dependent
on drop spacing (Ds) (Figure 3(b)). To print Ag tracks with smooth edges, Ds is optimized to
be smaller than 50 um to obtain a straight line with a uniform width. Further decrease of Ds
results in increase of the line width of the uniform Ag tracks, meaning the narrowest available
Ag track is constrained to about 70 pm wide. The uniform IJP Ag electrodes’ surface profiles
measured by a surface profiler (KLA-Tencor D-120) present a smooth cross-section without
any bulges or coffee rings as shown in Figure 3(c).
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Figure 3. (a) Optical microscopic image of an array of IJP Ag dots. (b) The width of the IJP Ag tracks as a function of
the drop spacing (Ds) (inset: the top-view optical microscope image of the IJP Ag tracks and their line width). (c) Top-
view optical micrograph image of the printed Ag track by using Ds of 30 um with the measured surface profile.

The printed electrode width can be described according to the following equation [63]:

I 2rd;
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\I3D‘[ .92 _c?seJ (3)
“\sin“@ sinf

where d, is the ink droplet diameter, Ds is drop spacing and 6 is the measured contact angle
using the printed ink as the test liquid. This equation indicates that for a given printer cartridge
with a fixed d,, to improve the printing feature resolution, theoretically Ds and 0 are the two
parameters which can be optimized. However, it is found that to obtain fine uniform tracks
with smooth edges and good conductivity, Ds cannot be too small. Then the contact angle turns
to be the only alternatively optimized parameter, which is relevant to surface energy of the
substrate and also the material ink. An effective method to modulate the surface wettability
of the PVA would be using a fluoroalkyl silanes-trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(FOTS) self-assembled monolayers (SAMs) [64]. It can be seen that the PVA surface became
much less wettable after FOTS modification with the measured water contact angle increasing
from 54° to 118° and ink contact angle from 15° to 52°, respectively, as shown in Figure 4(a).
The corresponding surface free energy of PVA notably thus reduces from 50.0 mN/m to 10.3
mN/m after modification by FOTS. In this case, the line width of uniform fine Ag tracks could
change from about 106 um for IJP Ag tracks on bare PVA to about 35 um for those on FOTS-
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PVA when an identical D; of 25 um is used as shown in Figure 4(b). The reduced spreading
behavior of ink droplets on FOTS-PVA mainly attributes to the formation of narrower Ag
tracks, demonstrating the feasibility of the developed approach for fabricating narrower fine
electrodes (Figure. 4(c)).
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Figure 4. (a) The measured contact angles on bare PVA and FOTS-PVA, respectively. (b) The optical microscopy im-
ages of printed Ag lines using a drop spacing (Ds) of 25 um on PVA and FOTS-PVA, respectively (insets: the measured
ink contact angles on the two different surfaces, respectively). (c) The width of the IJP Ag tracks as a function of Ds and
the fitting curves.

Then the further challenge would be to form pairs of IJP Ag tracks with small separation for
relatively short channels. One reason is due to the limited registration accuracy of common
inkjet printer equipment. Another reason is that after the kinetic energy contained in the
printed droplet drives it to spread to a certain maximum radius on the substrate, the surface
energy of the substrate could finally drive the droplet to recede to a certain radius, which will
extend the channel length and also make it difficult to control the channel length [65]. As
illustrated in Figure 5, the channel length (L) is related to the lateral track spreading width (R)
which is dependent of D Thus, to obtain uniform IJP Ag tracks with a short separation,
selecting a proper Ds is very crucial.
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Figure 5. Illustration of the mechanism for inkjet printing uniform electrodes and forming short channels through con-
trolling the ink droplet spreading. Drop spacing (Ds); the track spreading width (R); the moving distance of the printer
(D); the channel length (L).
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The static contact angle of the Ag ink droplet on the PVA surface is about 11° by the pendant
drop method and the receding contact angle approximates zero [22]. These highly hydrophilic
properties mean the retraction of the ink droplets is insignificant and the formed tracks are
pinned by the contact line (the drop edge) after they monotonously spread to reach the
maximum diameter [66, 67]. This surface-energy-limited retracting behavior of inks makes it
possible to form the shortest channels at a given moving distance of printer in a controllable
manner. By setting a D of 45 um and a printer head moving distance (D) two times of the D,
formation of parallel S/D electrodes with a separation of about 20 um was realized with R of
about 35 um as shown in Figure 6(a). To evaluate the process, 100 samples fabricated in arrays
were measured with nearly 60% of a gap distance of around 20 um as shown in Figure 6(b).
However, the channel length could be also reduced like the line width by controlling the
surface wettability. It has been found that Ag electrodes printed on FOTS-modified PVA are
much narrower due to the reduced spreading of inks. Another merit of the formation of
narrower Ag tracks on the hydrophobic substrate would be enabling pairs of parallel electro-
des to print closer for shorter channel lengths. By setting the printer head moving distance to
50 um, channels as short as about 15 pm were realized on the FOTS-PVA layer (Figure 6(c)),
and showed very good yield and uniformity by evaluating 280 test structures (Figure 6(d)).
Different from utilizing the high-surface-energy-limited “pinning effect” to inhibit retraction
after deposition of ink droplets for more wettable surface, the formation of short channels for
more unwettable surface instead relies on the low-surface-energy-constrained lateral spread-
ing not only to produce narrower lines but also makes it possible to print two electrodes closer
for shorter channels, thus resulting in higher resolution of printing features.
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Figure 6. Top-view optical micrograph images of the parallel IJP Ag S/D electrodes and the measured surface profile
(a, ¢) and statistical distributions of the formed channel length (b, d) on PVA and FOTS-PVA substrate, respectively.
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Figure 7 shows that the printed Ag electrodes quickly become conductive after 2 min annealing
at 150°, a temperature compatible with the PEN plastic substrate. These Ag electrodes have
good conductivity calculated with a four-point measurement structure in the range of 5x10* S
cm to 9x10* S em™. In addition, the electrodes also present a smooth surface (RMS of 1.8 nm)
comparable to the thermally evaporated Ag. Combined with uniform morphologies and
shapes, these excellent characteristics are attractive for enabling printed electrodes to conduct
high current, form good interface, and enable high device performance in practical low-cost
OTEFT applications.
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Figure 7. (a) Plot of resistance of printed Ag electrodes versus annealing time at 150° on a hot plate. A four-point meas-
urement structure is also indicated in the inset. (b) Atomic force micrograph (AFM) image of the surface of the inkjet-
printed Ag electrodes, with the measured RMS roughness of about 1.8 nm.

The feasibility of printing Ag electrodes enables fabrication of OTFTs by low-cost all-solution
or fully-printable processing. Incorporation of fine inkjet-printed silver (IJP Ag) source/drain
(S5/D) and gate electrodes into recently developed low-voltage OTFT architecture with an ultra-
thin high crystalline channel formed by inducing phase separation with the blend of TIPS-
pentacene/PS [68], the first demonstration of all-solution-processed low-voltage OTFTs with
IJP Ag electrodes was reported [22]. As shown in Figure 8, OTFTs present good device
performance with a low operation voltage below 2 V, mobility of 0.3 cm?/V.s, and an ON/OFF
current ratio larger than 10* It is found that the overlaying dielectric layer was of high quality
for low leakage current that was comparable to that in thermally evaporated gate electrode-
based OTFTs, thanks to the low flat surface profile of IJP gate electrodes (Figure 9(a)). It is also
found that the contact resistance extracted according to the transfer line method was about
0.42 MQ cm, much smaller than that of previously reported BGBC OTFTs, indicating the
formation of fine electrode/channel interfaces even with printed Ag electrodes (Figure 9(b)).
Furthermore, the printed fine Ag electrodes were also incorporated into OTFT logic gate to
fabricate all-solution-processed low-voltage inverter on PEN substrate [69]. The demonstrated
inverter presents good switching performance with a high dc voltage gain of 67.3 at a supply
voltage of about 3 V. It is fair to point out that printing of fine conductive metal electrode and
the corresponding low-temperature all-solution-processed device technology is promising for
developing low-power fully printable organic-integrated circuits on cheap plastic substrates.
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Figure 8. (a) Schematic of the bottom-gate bottom-contact OTFT devices with inkjet-printed silver (IJP Ag) as the gate
(G) and source/drain (S/D) electrodes, cross-linked polyvinyl-alcohol (PVA) as the gate dielectric layer, and the blend
of TIPS-pentacene/PS is used as the channel. (b) Transfer and (c) output electrical characteristics for the all-solution-
processed OTFTs using an IJP Ag gate with a W/L=1200 um/20 um [22].
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Figure 9. (a) The measured gate leakage current (I) as a function of the gate-to-drain bias (V) for the Al gate and IJP
Ag gate devices. (b) The transmission line method (TLM) results for OTFTs with IJP Ag S/D electrodes to extract the
contact resistance [22].

However, since the polar PVA film contains rich hydroxyl groups and tends easily to absorb
water from ambience, the unencapsulated OTFT devices present poorer ambient operational
and storage stabilities. Moderate gate leakage is also another issue for low-power OTFT circuit
applications. To address these issues, PVA dielectric was then replaced by several commer-
cially available low-k polymers. For example, all-solution-processed low-voltage (<5 V) OTFT
was realized by using 1-micrometer-thick (1.16 um) commercial SU8 photoresist, which
presents an ultra-low gate leakage current of less than 1 pA in the whole operation regime and
can also well sustain high-voltage (> 40 V) operation [70]. More importantly, it is found that
the small dielectric capacitance provides the fabricated device with better power efficiency
than conventional low-voltage OTFTs, which is promising for constructing low-voltage
power-efficient logic circuits. Alternatively, printable OTFTs using a hydroxyl groups-free
PVC gate dielectric present highly stable electrical properties subject to continuously pro-
longed bias stressing for hours or being shelved for weeks with the channel being exposed to
the ambient air [71]. Nevertheless, with these material advancements, such a fully-printable
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low-voltage OTFT technology is believed to practically benefit from inkjet printing of fine
metal electrodes.

6. Conclusion

In summary, fine Ag electrodes have been obtained by inkjet printing on PVA polymer
substrate and incorporated into all-solution-processed OTFTs and circuits. By controlling the
surface wettability of the PVA dielectric layer by coating FOTS SAMs, resolution of the printing
feature is improved with S/D electrodes as narrow as about 35 pm and channels as short as 15
pm. The printed Ag electrodes present fine morphology, smooth surface, and high electrical
conductivity. Based on these Ag electrodes, all-solution-processed/fully printable low-voltage
OTFTs and circuits are further demonstrated and presented excellent device performance,
indicating the potential of inkjet-printed metal electrodes for the strict requirements of the
S/D and gate electrodes for OTFT fabrication. For further development, highly efficient
printable OTFTs and low-cost sensors can be achieved by combination of utilization of more
reliable gate dielectric materials. Therefore, the developed printable low-voltage OTFT
technology would provide a promising platform for developing general low-cost low-power
electronics applications.
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Abstract

This chapter aims to provide students/engineers/scientists in the field of photovoltaics
with the basic information needed to understand the operating principles of screen-
printed front junction n-type silicon solar cells. The relevant device fabrication process-
ingisdescribed, fromtexturing, diffusion, passivationandantireflection coating, toscreen-
printed and fired-through metallization as well as the technologies thatare currently used
for most industrially produced solar cells. A brief description of the characterisation
approaches is given and discussed for an understanding and analysis of the loss
mechanisms in a finished cell, including resistance loss, recombination loss, and optical
loss. The application of advanced cell concepts and the improved technologies for further
increasing cell efficiency, such as selectively doping structure and tunnel oxide passivated
contact, are addressed for screen-printed front junction n-type silicon solar cells.

Keywords: screen printed, front emitter, n-type silicon solar cell, recombination, sur-
face passivation

1. Introduction

Photovoltaics is the process of converting sunlight directly into electricity using solar cells. For
the past few decades, the main research tendency in solar cells has been to develop cells which
are both highly efficient and also cost-effective. Because of the abundance and nontoxicity of
silicon, the fabrication simplicity, and the vast amount of accumulated knowledge in process-
ing developed in the integrated circuit industry, silicon wafer-based solar cells dominate the
very dynamic photovoltaic market. Silicon solar cells generate electricity via absorbing photons
and generating electron-hole pairs, which are separated by a pn-junction and flow to electri-
cal contacts and then into an external circuit. Due to its relative insensitivity to the degrada-
tion caused by exposure to cosmic rays, p-type (typically boron doped) silicon solar cells have
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dominated all industrial development for decades. Until the 1980s, the main application of
photovoltaics was to power space satellites [1]. For today's industrial mass production for
terrestrial electricity generation, a typical state-of-the-art p-type silicon solar cell with an
homogeneous emitter and full aluminium back surface field (Al-BSF) has an efficiency of ~19%
with the standard silicon nitride passivation and screen-printed silver paste metallization on
the front. However, a lot of research has been being conducted in the field of n-type (typically
phosphorus doped) silicon-based solar cells, because n-type silicon provides several advantag-
esover p-type, including better tolerance to common impurities (e.g., iron) [2], high bulk lifetime,
and no light-induced degradation due to the boron—oxygen complex formation [3]. According-
ly, n-type silicon solar cells with high efficiency can be potentially more cost-effective than p-
type silicon-based cells. In addition, for either n-type or p-type silicon solar cells, electrical
contacts are needed to extract carriers to an external circuit. In order to form electrical con-
tacts, the silver paste screen-printing/firing-through technology is a very reliable and relative-
ly simple process in today's silicon solar cell mass production. Hence, in this chapter, the focus
willbe on frontjunction n-type silicon solar cells with screen-printed and fired-through contacts
on both sides, including their operating principles, fabrication processes, and more advanced
cell concepts.

screen-printed and fired front contact
SiN,

SiO, or Al,O4

boron-doped p*

®
n-type Cz Si ~hole

(239 cm?) electron

phosphorus-doped n*
sio, l:
SiN, —

screen-printed and fired rear contact—"

Figure 1. Schematic structure of a screen-printed front junction n-type silicon solar cell in cross-section (not to scale),
featuring bifacial architecture.

Figure 1 shows a schematic of the basic structure for a typical screen-printed front junction n-
type silicon solar cell, which represents the passivated emitter and rear totally diffused (PERT)
cell structure [4]. The bulk material is n-type silicon wafer with a resistivity of around 5 Q cm
(phosphorus doping level about 9.2E10™ cm™®) and a thickness of ~180 um. The wafer surface
is randomly textured to form small size of pyramids to reduce surface reflection. Hence, more
photons can be absorbed in the cell. The front emitter is boron-doped with a surface dopant
concentration in the range of 8E10™ to 8E10" cm?, and passivated by silicon dioxide (SiO,) or
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aluminium oxide (ALO;). The back surface field is phosphorus-doped with a surface concen-
tration of typically over 1E10* cm™ and passivated by SiO,. A hydrogen-rich silicon nitride
(SiN,) on both the front and rear surfaces acts as a passivation layer and as an antireflective
coating (ARC) layer. The electrical contacts on both sides are formed by screen-printing
different silver pastes and then co-firing through SiN, the layer at a high temperature (over
700°C). Note that this basic cell structure features a bifacial architecture, which can also collect
radiation from the rear side of solar cell, and hence has the potential to achieve an increased
energy yield in certain module configurations. To understand the operating principles of a
silicon solar cell with this basic structure, the next section will describe the basic physics in
detail.

2. Operating principles of a front junction n-type silicon solar cell

2.1. Energy-band diagram

Figure 2 shows the schematic energy-band diagram for the fundamental operating principles
of a screen-printed front junction n-type silicon solar cell. The p* emitter region is formed by
‘doping’ the front side of an n-type silicon wafer with boron dopants in high concentration,
and joining the p* region and the 1 region forms the pn-junction. Due to the doping concen-
tration gradient across the pn-junction, electrons flow by diffusion from the # region to the p*
region, and holes flow by diffusion from the p* region to 1 region. This leaves behind exposed
charges on ionized doping atoms at lattice sites, which form the space charge region (SCR).
These exposed charges build up an electric field that hinders the natural flow of electrons and
holes until an equilibrium situation is reached. The built-up electric field causes a bending of
the energy bands (Ey and E().

Energy

n

n-type Bulk

nn* junction

Front
Contact

Figure 2. Schematic energy-band diagram of a screen-printed front junction n-type silicon solar cell in thermal equili-
brium (without illumination or applied voltage), including p* emitter, pn-junction, space charge region (SCR), nn*
high-low junction and n* back surface field (BSF).
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The n* back surface field region is produced by ‘doping’ the rear side of n-type silicon wafer
with phosphorus dopants in much higher doping concentration (typically over 1E10*° cm?)
than in the n bulk region (typically about 1E10" cm?). The formed nn* high-low junction
induces a slight bending of the energy bands. In the case without illumination or applied
voltage, the cell is in thermal equilibrium with a single, constant-valued Fermi level (E;), as
shown in Figure 2.

When the cell is illuminated, photons with energy greater than the silicon band gap energy
are absorbed to excite electrons from the valence band to the conduction band, which generates
an electron-hole pair (a hole refers to the missing electron in the valence band), as shown in
Figure 3. The generated electrons and holes can diffuse within the solar cell until they reach
the SCR, if they do not recombine. Then, the electric field at the pn-junction separate these
carriers by sweeping electrons to the 7 region and holes to the p* region. The induced nn* high—
low junction also can sweep holes away the back surface field and the back contact, and hence
reduce the back surface recombination. In the case of illumination, quasi-Fermi levels (Eg, for
electrons and Eg, for holes) are used to analyse the solar cell in non-equilibrium. To allow
electrical contacts to extract carriers from both front and back sides, Ey, is essentially contin-
uous with the Fermi level of the front contact metal, while Ey, is at the same energetic position
with the back contact metal. In the bulk quasi-neutral regions, both Eg, and Eg, are approxi-
mately constant. In the p* emitter region, the electrical contact is described as an ohmic contact.
In the n* back surface field region, the contact is of a Schottky-type that the contact metal
induces a barrier to majority carriers (electrons), which gives rise to an undesirable contact
resistance. Therefore, to obtain a decent cell performance, a proper doping profile in both the
p* and the n* regions is needed.

electron Energy
Ec® O~ \ A
i e E [
n-typeibulk i
! nn* junction
Front 'O _"“"_""“_"i I
Contact :

Figure 3. Schematic energy-band diagram of a screen-printed front junction n-type silicon solar cell in a non-equilibri-
um (with illumination); including photon absorption, carrier generation and separation.

2.2. Solar cell output parameters

The Ideal Diode Law (one-diode model) is often used to describe an ideal silicon solar cell, which
is expressed as
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il

where ] is the current density, ], is the saturation current density (the solar cell leakage current
density in the dark), V'is the voltage, g is the electronic charge, k is the Boltzmann's constant,
and T is the absolute temperature. ], is defined as [5]

Dn* gD.n?
_avn | 9t 2

Jo= LN, LN,

where D, (D,) is the diffusion constant of electrons (holes), #; is the intrinsic carrier concentra-
tion, L, (L,) is the diffusion length of electrons (holes), and N, (Np) is the total density of
acceptors (donors).

When the cell is illuminated, it is ideally modelled as

1=, {exp(g]—l}n ®

where J; is the light-generated current density. At the short-circuit condition (V' =0), the
maximum light-generated current density is the short circuit current density J,, hence

[Tl =T;.

For an actual solar cell, Eq. (3) becomes

I=, {exp[%]—l}h @

where 1 is the ideality factor, and typically in the range of between 1 and 2.

The resulting dark and illuminated J-V curves by the diode law are shown in Figure 4a. The
illuminated J-V curve is most often plotted with the output power in the first quadrant, as
shown in Figure 4b, and represented by

I=1- s {p[quTJ - 1} ©)
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Figure 4. Dark and illuminated -V curves of a silicon solar cell (a); a typical representation of an illuminated /-V curve
as well as output power density curve as a function of voltage (b), including indication of the short-circuit point (0, J,.),
the open-circuit point (V,,, 0), as well as the maximum power point (V,,, J,,,)-

In Figure 4b, the maximum power point (V,,, J,,) is indicated. The fill factor (FF) is a metric
of the pn-junction quality and the parasitic resistance of a finished silicon solar cell, and defined

as

]m Vm
FF = T 6)

where V,, is the open circuit voltage. At the open-circuit condition (J =0), the cell voltage is the
V.

oc*

Finally, the cell energy-conversion efficiency is defined as

]SCVDCFF
=7 (7)

where P,, is the total power density of the light incident on the solar cell. For an ideal single
junction crystalline silicon solar cell (energy band gap E,=1.12 eV at 25°C), its theoretical
efficiency limit is about 30%, based on a detailed balancing of incident and generated power
density [6]. The major fundamental loss mechanisms in an ideal silicon solar cell include: (1)
photons with energy less than 1.12 eV (E _ photon<E _g) cannot be absorbed (directly transmit
through the cell); (2) the excessive energy in the photons with high energy (E _photon>E _g) is
wasted as the generated electron-hole pair relax back to the edges of respective carrier band
(electrons back to conduction band, and holes to valence band) through thermalization; and
(3) the split between the two quasi-Fermi levels must stay within two energy gap
(IE_Fn-E_Fp | <E_g).
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2.3. Resistance loss

Actual silicon solar cells generally have a parasitic series resistance (R,) and a shunt resistance
(Ry)- Both R, and R, have anegative impact on FF and cause ohmic losses. For a screen-printed
front junction n-type silicon solar cell, Figure 5 shows the schematic components of total R, in
a finished cell, including: (1) sheet resistance of the p* emitter layer (R,,.,) and the n* back
surface field layer (Rsr); (2) bulk resistance of n-type wafer (R,,a); (3) metallic resistance of
the front gridline (Rg,,,,) and the rear gridline (R';,,); (4) contact resistance between screen-
printed metal contacts and silicon on the front side (R,,,,y) and the rear side (R’,,,.); and (6)
metallic resistance of the front bus-bar (R,,,,) and the rear bus-bar (R’;,,,). The specific values
of these components can be approximately estimated by the approach developed in [7].

Rbusbar
/&
<
&
s %9
o'
Qe
(-7
9
(3
Rcontact (\)O
Remitter Q
MW 6@
s
R busbar
. 4
e o7
’/ /' /'

RBSF

Figure 5. Schematic structure of major components of series resistance (R,) in a screen-printed front junction n-type
silicon solar cell.

The Ry, is particularly due to the non-ideality of the pn-junction and some defects near the
junction, especially around cell edges. Consequently, in reality, the illuminated /-V curve of a
screen-printed silicon solar cell with R, and R, is given by

VAR | | V+AR,

]:]1_10 exp (nij ARsh
q

®)
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where A is the total area of a solar cell, and typically about 239 cm? for the industrial pseudo-
square n-type silicon solar cells. So, in order to design and fabricate a silicon solar cell with
high-efficiency performance, minimizing the ohmic losses is necessary. In addition, carrier
recombination after generation can also degrade the cell performance as described in the
following section, so it should be minimized as well.

2.4. Recombination loss and saturation current density

The generated electron-hole pair can recombine if they are not efficiently separated and
collected. There are typically three recombination mechanisms that can occur in parallel in
silicon solar cells. First, radiative recombination is the process that electron makes a band-to-
band transition while emitting a photon as light. Hence, it is the reverse of the light absorption.
But it is often neglected for silicon solar cell, because silicon is an indirect-band-gap material
and a phonon is required for this type of recombination. Second, Auger recombination refers
to electrons and holes that recombine and use the excess energy to excite a free carrier. Then,
this excited free carrier relaxes back to its original energy status by emitting phonons. This
type of recombination is particularly effective in the heavily doped regions with doping
concentration over 10" em?, for instance, the p* emitter and the n* back surface field regions in
screen-printed n-type silicon solar cells. Third, recombination through traps, the so-called SRH
recombination named from Schockley, Read and Hall [8, 9], is a very effective process whereby
electrons relax from the conduction band to the defect levels (within the forbidden gap) that
are created by impurities or defects, then relax to the valence band and recombine with holes.
For industrial n-type silicon Czochralski wafers, this type of recombination is also very usual
as the impurities induced during the entire device fabrication process introduce energy levels
near the middle of the forbidden gap and become very effective recombination centres.

The carrier lifetime is typically used to define the time for recombination to occur after the
electron-hole generation. Because the three recombination mechanisms occur in parallel, the
silicon material bulk lifetime (7, ) is given by

1 1 1 1
e ©)

bulk deimiw TAuger TSRH

where t_radiative is the radiative lifetime, 7_ Auger is the Auger lifetime, 7_SRH is the SRH
lifetime.

In addition, for crystalline silicon wafers, dangling bonds are present on the front and back
surfaces, and introduce defect levels throughout the energy-band gap. Surface recombination
velocity (s) is typically used to estimate the surface passivation quality and can be approxi-
mately calculated for a decently passivated surface (s <1000 cm/s) by
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— == (10)

where d is the silicon wafer thickness, 7 _eff is the effective lifetime. Both v _eff and ©_bulk can
be directly measured by the quasi-steady-state photoconductance (QSSPC) technique [10],
hence s can be extracted.

For silicon solar cells, recombination after carrier generation not only reduces ], but also
degrades V,.. According to Eq. (4), the total saturation current density (], ;) has a strong impact

on V,. At open-circuit condition, Eq. (4) becomes

Vﬂl[flj a1

q 0, total

In order to conduct a detailed analysis about the recombination contribution from each part
of a finished screen-printed n-type silicon solar cell, ], can be estimated by

]o, ot = Joe +]0b, v + Jop (12)

where ], is the total saturation current density of front emitter side, including the passivated
emitter regions and the metal contact regions, and is expressed by

]Ot’ = (1 - fﬁan.‘ ) ' ]OL’,]JHSS +ffmnt : ]OK’,L‘UYltm‘f (13)

where f;,,, is the fraction of screen-printed metal contact coverage on the front emitter. J,, . is
the emitter saturation current density of passivated regions and can be directly obtained from
the lifetime measurement on symmetrical structures (passivation/p*/n/p*/passivation) by the
QSSPC technique. Jy, o is the metal-induced emitter saturation current density on the
contacted regions and can be extracted by numerical modelling, i.e, two-dimensional simula-
tions [11]. It also can be experimentally estimated on a specifically designed test sample
structure, as shown in Figure 6a, by the following equation

2 Jau weasoet = (Towcomuer = Joogas)* Front + 2 o o (14)
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Figure 6. Schematic of a test sample symmetrical structure with screen-printed contact on one side for extracting [y, .ot
(a); a typical representation of ]y, .. line fitting as a function of the front metal contact coverage f;,,, on the test sam-
ples (b).

where [y, s 15 the directly measured saturation current density value from the lifetime
measurement on the test sample structure. So, [, .o Can be extracted from the resulting slope
of the line fitting, as shown in Figure 6b.

In Eq. (12), Jopu is the saturation current density of substrate bulk region and is determined
by bulk lifetime and the bulk resistivity. Although it is a limited validation, ], can be
approximately given by [12]

_ 2
]Oh,bu[k =qn;

Nt (15)

P

where the intrinsic carrier concentration n_i=8.3x10"9 c¢m”(-3) [13]. N, is the doping density
of n-type silicon bulk region, i.e., N_D=9.2x10"14 c¢m”"(-3) for a bulk resistivity of 5 Q2 cm. W
is the silicon wafer thickness, typically about 180 um. 7 _p is the Auger lifetime with the specific
value referred to [14].

Similar to J;,, J,, in Eq. (12) is the saturation current density of rear side on a finished cell,
including the passivated back surface field regions and the metal contacted regions, and is

given by
Joy = (1 - fmr) S0 pass T Jrear o contact (16)

where f,,, is the fraction of metal contact coverage on the back surface field. [, ., is the
saturation current density of passivated back surface field regions and also can be directly
obtained from the lifetime measurement on symmetrical structure (passivation/n*/n/n*/
passivation) by the QSSPC technique. [y, o s the metal-induced saturation current density
of contacted regions on the back surface field and can be extracted by using the same method
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as estimating [y, - 1ts test sample structure is shown in Figure 7a, with the following
calculation equation

2. ]Oh, measured (]Ob,conmc[ - ]Oh,pass ) ' frcm' +2 ]nb, pass (17)
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Figure 7. Schematic of a test sample symmetrical structure screen-printed contact on one side for extracting Jy, couer (a);
a typical representation of ]y, ., line fitting as a function of the rear metal contact coverage f,,,, on the test samples (b).

where ]y, easurea i the directly obtained value from the lifetime measurement on the test sample
structure. So, Jy, onia Can be extracted from the resulting slope of the line fitting, as shown in
Figure 7b.

So, in order to obtain a low ], (hence high cell V,), considering a trade-off among these
saturation current densities in Eqgs. (12)—(17) is necessary. A detailed example about the
recombination contribution from each part of a finished cell will be specifically given in
Section 3.

2.5. Optical loss

Apart from the recombination that contributes to the J,. loss because the total number of
generated electrons decreases after recombination, optical loss is another contributor for the
J.. loss since the total number of photons that can be absorbed to create electron-hole pair
becomes less. Figure 8 shows the typical mechanisms of optical losses in a screen-printed -
type silicon solar cell, including (1) reflection/shading at the screen-printed front metal contact,
(2) reflection at the cell front surface, (3) reflection from the rear side out of cell, (4) absorption
in the front passivation and antireflection coating layers, (5) absorption via free carrier
absorptionin the p* emitter layer, (6) absorption via free carrier absorption in the n*back surface
field layer, (7) absorption in the rear passivation layers, (8) absorption in the screen-printed
rear metal contact, (9) transmission without being absorbed in the cell. Therefore, to fabricate
high-efficiency screen-printed front junction n-type silicon solar cells, these optical losses need
to be reduced.
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Figure 8. Schematic structure of optical loss mechanisms in a screen-printed front junction n-type silicon solar cell.

So, to reduce the optical loss in a finished cell, front gridline should be as narrow as possible
to reduce metal shading while not sacrificing conductivity. Currently, the screen-printed
gridline in mass production typically demonstrates ~60 um width. The size of pyramids also
needs to be as small as possible to reduce reflection at the front surface, and currently, typical
size is in the range of 3-6 um. Low doping levels in the diffused regions (p* emitter and n* back
surface field) can reduce the free carrier absorption, but the metal contact resistance and the
lateral transport resistance of these layers should not be sacrificed.

3. Cell fabrication process with screen-printed metallization

In this section, the typical processes of fabricating screen-printed front junction n-type silicon
solar cells are presented, starting from as-cut wafers to finished cells. All these cell fabrication
processes are industrially relevant, and some of them have already been implemented on
production lines.

3.1. Saw damage removal and texturing

After the silicon ingot is grown, wire sawing is typically used to slice silicon ingots into wafers
with a resulting thickness of around 200 pm, and often in pseudo-square shape (~156 x 156
mm?) with total area of about 239-242 cm? depending on the diameter of the original ingot.
During this process, the sawing damages the entire surface of both sides of the silicon wafers,
with the damage depth of approximately 10 um. This saw-induced damage has a very bad
effect on the electronic quality of the wafer as they dramatically increase the surface recombi-
nation velocity, and hence have to be removed together with other contaminants prior to the
next high-temperature diffusion step. This etching of the saw damage normally occurs in
heated potassium hydroxide (KOH) solution at ~80°C for few minutes. This etching reaction
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takes place in three steps, including oxidation of silicon, formation of a solvable salt and
dissolving of the salt in water, which is summarized in [15, 16]

Si+2H,0+0H — HSiO, +H, (18)

In addition, this is a selective etching process as different crystallographic orientations have
different etch rates, with the lowest etch rate for the <111> plane. In order to effectively reduce
the reflection at the front surface, isopropyl alcohol (IPA) is normally added into KOH solution
to form small pyramids with a square base randomly distributed over the <100> oriented
silicon surface, as shown in Figure 9.

Figure 9. Appearance of a textured silicon surface for n-type mono-crystalline silicon wafer under a scanning electron
microscope using alkaline texturing.

After texturing, the wafers are processed by a thorough cleaning to remove impurities present
on the wafer surface that could diffuse into the wafer and cause carrier recombination. This
cleaning typically consists of a rinsing in deionized (DI) wafer, a thorough etching in hydro-
chloric acid (HCI) to remove metal impurities from wafer surfaces, then another DI water
rinsing, a short etching in hydrofluoric acid (HF) to etch off the native silicon dioxide (SiO,)
and to form a hydrophobic surface feature, and a final DI water rinsing and then air drying
[17]. The more aggressive and more expensive ‘RCA’ clean (‘SC-1" and ‘SC-2’) is another
standard set of wafer cleaning steps typically used in R&D labs [18].
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3.2. Boron emitter formation

To form the pn-junction of n-type silicon solar cells, a typical approach is to diffuse boron atoms
into the silicon wafers. This can be implemented by depositing boron-doped silicon oxide via
plasma-enhanced chemical vapour deposition (PECVD) or atmospheric pressure chemical
vapour deposition (APCVD), and then annealing at high temperature. Another promising
technology is direct thermal diffusion of boron from a boron tribromide (BBr;) source, the so-
called ‘BBr; diffusion” process. In this process, pure nitrogen (N,) carrier gas flows into a
bubbler-containing liquid BBr;, which forms gaseous BBr; and transports it into the quartz
tube where the wafers are loaded in quartz boat. In the oxygen (O,) ambient, a boron trioxide
(B,O5) layer is formed on the silicon wafer surface through the reaction

4BBr, +30, - 2B,0, +6Br, (19)

This reaction is often referred to as the deposition stage, as a very high concentration of boron
forms in the very thin layer on the silicon surface. Next, the formed B,O; reacts with the silicon
atoms which can diffuse boron atoms into the silicon bulk to form the p* emitter layer at high
temperatures (over 900°C) through the reaction

2B,0, +3Si — 4B + 35i0, (20)

which is often referred to as the diffusion stage. The formed SiO,/B,O; stack on the silicon
surface is the so-called borosilicate glass (BSG) that needs to be removed to improve surface
passivation quality. The resulting boron-doped p* emitter properties (surface doping concen-
tration, depth and the shape of the doping profile) depend on the diffusion process tempera-
ture, diffusion duration, and gas flow rates [19, 20]. It is noteworthy that the boron emitter
profiles typically show a concentration decline towards the silicon wafer surface due to the
higher solubility of boron in the grown SiO, than in silicon [21].

Due to BBr;, diffusion being a double-sided coating process, a mask on the rear side is needed
to protect the rear surface where the n* back surface field is formed in the next process for the
n-type front junction silicon solar cells. To eliminate these extra processes (masking, then
removing mask after diffusion), ion implantation is another promising alternative technology
due to its other advantages [22]: (1) formation of very uniform single-sided junction, (2)
elimination of edge isolation and (3) elimination of dopant glass removal. Because boron is
light element, crystal point defects (self-interstitials and vacancies) without amorphization are
created during implantation [23], and a very high temperature (over 1000°C) is needed to
anneal out this lattice damage [24]. To achieve high-efficiency screen-printed n-type silicon
solar cells, an optimal boron emitter is needed to balance emitter sheet resistance, contact
resistance and emitter saturation current density J,, shown in Eq. (13). This can be achieved by
flexibly controlling implant energy, boron ion dose and post-implantation annealing condi-
tions.
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3.3. Formation of phosphorus-doped back surface field

The most commonly used technique to form phosphorus-doped n* layer in the photovoltaic
industry is a tube furnace diffusion process, the so-called ‘POCI; diffusion’” (phosphorus
oxychloride) process. In this process, pure nitrogen carrier gas flows into a bubbler filled with
liquid POCl,, which forms gaseous POCl; and transports it into the quartz tube where the
wafers are loaded in quartz boat. Phosphorus oxide (P,O5) is formed on the wafer surface in
the oxygen ambient with the chemical reaction by

4POCL, +30, — 2P,0, +6Cl, 1)

where the formed P,O; acts as a phosphorus dopant source. This is often referred to a depo-
sition stage, as a very high concentration of phosphorus forms in the very thin layer (only tens
of nanometres) on the silicon surface. Then, in the same process, the furnace temperature is
often slightly increased for the next drive-in stage: in which the phosphorus atoms diffuse
deeper into the silicon. Phosphorus atoms diffuse into the silicon substrate to create an n*layer
at a relatively higher temperature, typically in the range of 800-900°C through the reaction at
the wafer surface

2P,0, +55i — 4P + 55i0, 22)

where the formed SiO,/P,0;s stack is the so-called phospho-silicate glass (PSG). The resulting
doping profile depends on diffusion temperature, diffusion time and gas flow rates [25, 26].

Because the POCI, diffusion is also a double-sided coating process, a mask on the front side is
needed to protect the p* emitter layer for the n-type front junction silicon solar cells. Both silicon
dioxide (5iO,) and silicon nitride (SiN,) deposited by PECVD can act as a mask layer. Similar
to the p* emitter formation, in order to eliminate the complicated masking process, ion
implantation is a promising technology to form the n* back surface field. Unlike the light
elements (i.e., boron), phosphorus is a heavy enough ion, that nuclear collisions dominate and
result in amorphized surface during implantation. Hence, a relatively lower annealing
temperature (around 850°C) can recover implantation-induced defects on the silicon wafer
surface. A proper combination of implant energy, phosphorus ion dose and post-implantation
annealing conditions is needed to obtain high-efficiency screen-printed n-type silicon solar
cells [27, 28].

3.4. Surface passivation and antireflection coating

To obtain high cell performance, surface passivation plays an important role in reducing
recombination in the finished cell. There are two fundamental mechanisms for surface
passivation: (1) chemical passivation that the surface defect states are removed or reduced; (2)
field-effect passivation that a fixed-charge dielectric is deposited on the surface to create an
internal electrical field that repels or screens minority carriers inside the wafer from the
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defective surfaces. For field-effect passivation, the positive-fixed-charge dielectrics (i.e., SiN,
and Si0O,) repel the positively charged holes inside the silicon wafer from the surfaces and are
ideally suitable to passivate n* surfaces. The negative-fixed-charge dielectrics repel the
negatively charged electrons from surfaces and typically are used to passivate p* surfaces.
Aluminium oxide (Al,O;) is the most studied of these dielectrics [29, 30]. So, in screen-printed
n-type silicon solar cells, the p* emitter is more often passivated by Al,O; which can be formed
by atomic layer deposition (ALD), APCVD or PECVD. A minimum ALQ; thickness is required
to achieve excellent surface passivation quality without adding significant optical loss due to
its insufficient antireflection properties. The n* back surface field is typically passivated by
thermally grown SiO,. To simplify the cell fabrication process, in some cases, the thermally
grown SiO, is also used to passivate the p* emitter, but the resulting surface passivation quality
is inferior to p* emitters passivated by ALO; [29].

In order to further reduce reflection losses at the textured front side, a layer of hydrogen-rich
silicon nitride (SiN,:H) is normally deposited by PECVD on top of the passivation layer
(ALO; or Si0,) as an ARC. Since there is significant amount of H in this ARC layer, it can be
released during the metal contact firing step at high temperature (~800°C) and diffuse into
the silicon wafer bulk region to passivate bulk defects, which reduces bulk recombination. The
thickness of this ARC can be calculated by the quarter wavelength law [31]

(23)

SiN

where A is the wavelength, ng, is the refractive index of ARC layer. Reflection can be further
minimized when 1, equals the geometric mean of the materials on both its sides, for instance,

(24)

SiN air 'S

where 7, is the air refractive index (=1) ng is the silicon refractive index (=4). Therefore, for
n_SiN =2, atypical ARC thickness is about 75 nm to obtain minimum reflectivity at wavelength
of 600 nm. Because cells are eventually encapsulated to make modules under ethylene vinyl
acetate (EVA) and glass which have refractive index of ~1.5, a slightly higher ngy (~2.3) is
typically implemented in module application. The precursor silane and ammonia ratio (SiH,/
NH,;) during PECVD deposition are typically adjusted to obtain the proper n,;,, and absorption
coefficient of the resulting ARC layer. Note that in the screen-printed n-type silicon solar cells,
the ARC layer is deposited on top of a passivation layer, so its thickness d needs to be modified
according to the thickness of the passivation layer to achieve the antireflection quality without
sacrificing any surface passivation quality.
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3.5. Screen-printed metallization

Screen-printed metallization is very robust, simple and widely used for PV applications since
itsintroduction about four decades ago [32]. Figure 10 shows the schematic of a screen-printing
process. The squeegee is moved with a proper pressure over the screen that consists of
emulsion and mesh wires, which presses down the screen locally against the wafer surface
and pushes the paste on the wafer surface through the well-defined opened region (typically
40-60 um wide openings). During the printing, wafer stays on the stage under vacuum
condition. The printer settings, i.e., snap-off distance, print pressure and print speed, are very
critical parameters to obtain a good aspect ratio (height to width ratio) of screen-printed
gridlines.

screen frame

covered region opened region

wire mesh

printed paste
emulsion

wafer—_ |

NAAAAARAAAARAAAAAARARAS

vacuum stage
Figure 10. Schematic of a screen-printing contact process for front junction n-type silicon solar cells.

The paste ingredients are also crucial to obtain a high aspect ratio, good conductivity and low
contact resistance. For front junction n-type silicon solar cells, the paste for front contact
gridlines (typically named Al/Ag paste) is different from the one for rear contact gridlines
(typically named Ag paste), because a proper fraction of Alin the paste can dramatically reduce
the contact resistance on the p* emitter [33]. Glass frits containing lead oxide (PbO) are essential
for both pastes to etch through the ARC and passivation stacks to promote the adhesion of Ag
contact to silicon. Organic binders are also important to ensure the continuity of and the high
aspect ratio of screen-printed gridlines [34].

Figure 11 shows an example of firing-temperature profile, including the firing-temperature
ramp up and ramp down. During this firing step in a conveyor belt furnace at a peak temper-
ature of over 700°C, the metal contact is formed on both sides (p* emitter, and n* back surface
field), which is the so-called co-firing process. Due to the different paste ingredients and the
different doping profiles on the front and back, the firing parameter settings have to be
optimized to achieve an optimum cell performance, including the conveyor speed and
temperature ramp up/down.
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Figure 11. A typical firing-temperature profile for front junction n-type silicon solar cells.

Figure 12. Optical microscope false colour height image of a screen-printed gridline (a); a large-area (~239 cm?) front
junction n-type silicon solar cell with screen-printed contact on both sides, featuring 5 bus-bars (b).

During the firing process, organic binders are burned out below 600°C, which typically occurs
during the plateau stage as shown in Figure 11. In the higher-temperature zones of the furnace,
including the peak firing temperature, both the front and rear contacts are simultaneously
formed by etching through the ARC and passivation layers, Ag particle sintering, and forming
the ohmic contact [35]. In the meantime, the hydrogen of the SiN,:H ARC layer is released into
the wafer to passivate electrical defects at interfaces and in the wafer bulk regions. The duration
of the peak temperature often only lasts for a few seconds. Figure 12b shows the physical
appearance of a finished cell with screen-printed contacts, featuring 5 bus-bars on both front
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and rear sides. The final gridline on the cell is typically ~60 um wide, and ~20 um high, as
shown in optical microscope image of Figure 12a.

3.6. Characterization

After cell fabrication, the illuminated current density—voltage (J-V) characteristic is measured
by using an IV tester with a solar simulator with a light intensity of 1000 W/m? AM1.5
spectrum, and temperature of 25°C. This light J-V measurement determines important solar
cell parameters, such as, V,,, J,, FF, n-factor, R, R, and cell efficiency n. Excellent results on
large-area screen-printed front junction n-type silicon solar cells have been reported to date,
with cell V. of ~665mV, ], of 39.8 mA/cm?, FF of 79.3%, and an efficiency of 21% [36]. For
module application purposes, the cell's reverse breakdown characteristics are also determined
to avoid hot-spot heating.

To obtain a better understanding of the loss mechanisms in a finished cell, detailed analysis is
typically needed. For instance, a cell's internal and external quantum efficiency (IQE and
EQE) and reflection are measured, as shown in Figure 13, including the illustration of optical
and recombination losses. In addition, saturation current densities from each part of the
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Figure 13. Typical internal and external quantum efficiency (IQE and EQE) and reflection in actual screen-printed front
junction n-type silicon solar cells.
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finished cell, as described by Eqs. (12)-(17), are also often extracted to quantitatively analyse
these recombination losses.

4. Advanced cell concepts and fabrication

4.1. Selective doping

Due to the recent improvements in material quality and surface passivation, current high-
efficiency silicon solar cells are often limited by the recombination at the metal/semiconductor
contacts. A feasible solution to minimize contact recombination is a selectively doped struc-
ture, which allows decoupling of the metallized and non-metallized areas of the doped regions.
Figure 14 shows an example of a selective doping structure on the front emitter (p*/p*") and
the back surface field (n*/n*"). The higher surface doping concentration and the deeper doping
profile underneath the screen-printed contact regions can result in lower contact resistance
and lower metal-induced saturation current density (Jo, contact AN Jop, contaer)- In @ddition, the lower
surface doping concentration on the non-metallized (passivated) regions can lead to lower
saturation current density on the passivated regions (Jy, . and Jy, ) due to less Auger
recombination and better surface passivation quality. Consequently, the selective doping
structure results in higher ], and V,,.

screen-printed front contact
SiN,
SiO, or AlL,O,4

Lightly doped p*

Heavily doped p**

Heavily doped n** Lightly doped n*

Sio, ..
SiN

X

screen-printed rear contact ~
Figure 14. Schematic of selective doping for a screen-printed front junction n-type silicon solar cell.

There are several selective doping technologies that have been developed over years in the
field of photovoltaics. One of these promising technologies is based on ion implantation
through a mask which only increases the dopant dose on the regions underneath the screen-
printed contacts. The advantages of this technology are eliminating the formation of PSG and/
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or BSG, and fewer process steps. Other selective doping technologies, such as the etch-back
process, laser-doping, oxide mask process, etc., have been addressed by Hahn, et al. [37]. As
a rule of thumb, in order to implement these selective doping technologies to an industrial
production line, every extra process step should provide the enhancement in cell efficiency of
0.2-0.3% absolute considering the related extra manufacturing costs.

4.2. Tunnel oxide passivated contact

Another feasible solution to minimize contact recombination is to put a passivating material
with offset bands between the metal and silicon, also known as a passivated contact. Intro-
duction of a thin passivating interlayer between the high recombination regions and the silicon
absorber mitigates their negative impact because they are not in direct contact with the
absorber. This reduces total recombination or saturation current density (J;,,), resulting in
much higher V.. However, the interlayer must passivate the silicon surface without interfering
with the majority carrier transport to ensure good fill factor FF and efficiency. The best example
of a passivated contact is the heterojunction silicon solar cell with an intrinsic thin amorphous
layer (HIT), which has demonstrated cell V, of 750 mV [38] and cell efficiency of over 25% [39].
However, this passivation scheme cannot withstand temperature above 250°C for the back-
end metallization process; hence, it is not compatible with the widely used industry standard
simple and reliable screen-printed and fired-through metallization, which requires a temper-
ature over 700°C for contact formation.

A promising approach to achieving a carrier selective passivated contact involves an ultra-thin
(~15A, see the TEM image in Figure 15b) tunnel oxide capped with phosphorus doped 1"
polycrystalline silicon (poly-Si) and metal on the entire back side of n-type silicon cell (see
Figure 15a), which is the so-called tunnel oxide passivated contact (TOPCON) [40]. This
passivation scheme is thermally stable and so compatible with screen-printed and fired-
through metallization. In this passivated contact structure as shown in its band diagram of
Figure 15b, three parallel mechanisms contribute to carrier selectivity. First, heavily doped n
* poly-Si creates an accumulation layer at the absorber surface due to the work function
difference between the n* poly-Si and the n silicon absorber. This accumulation layer or band
bending provides a barrier for holes to flow to the tunnel oxide, while electrons can migrate
easily to the oxide/silicon interface. Second, the tunnel oxide itself provides the second level
of carrier selectivity, because it presents a 4.5 eV barrier for holes to tunnel through relative to
3.1eV for electrons [41], which is also the most important carrier selectivity feature [42]. Third,
there are very few or no states on the other side of the dielectric (1" region) for holes to tunnel
through because of the forbidden gap. Furthermore, due to the full area metal contact on the
back, there is only one-dimensional current flow, which eliminates the lateral transport
resistance (two-dimensional current flow) in a finished solar cell, and so results in much higher
FF. By optimizing the depositions conditions of the poly-Si and the tunnel oxide growth
temperature in nitric acid (HNOj), excellent interface passivation quality and carrier selectivity
can be achieved. For instance, a back saturation current density J, ., of less than 5 fA/cm? [43],
and a cell efficiency of ~21.4% for large-area front junction n-type silicon solar cells with screen-
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printed contact on an homogeneous emitter have been demonstrated (as shown in Fig-
ure 15a) [44].

tuninel
oXide
c-Si
screen-printed front contact
SiNx\
AlL,O
23 tunnel oxide
B-doped p* n* poly-Si n-Si base
) | electron
‘ n-type Cz Si < .. E;
) (239 cm?)
tunnel oxide _— Y _Em_
P-doped MR R R R -
PO/,V-Si(I‘f) ULLLL DL e e e

Ag metallization/ &—’ E
v

(a) (b)

Figure 15. Schematic structure of a front junction n-type silicon solar cell with tunnel oxide passivated rear contact (a);
a transmission electron microscopy (TEM) image of tunnel oxide passivated contact structure and its schematic band
diagram (b) [42, 44].

5. Summary and outlook

The annual shipment and installation of PV cells and modules up to date are still dominated
by the standard industrial solar cell fabrication process on p-type silicon wafers (full Al-BSF).
However, screen-printed front junction n-type silicon solar cells featuring bifacial structure
are attracting more and more interest, due to their potential for higher efficiency, higher-energy
yield, and hence lower LCOE (levelized cost of electricity). The next few years promise to be
an exciting timeframe for research and development of screen-printed front junction n-type
silicon solar cells, which are also predicted in the latest Internal Technology Roadmap for
Photovoltaic (ITRPV) [45].

Although it is hard to exactly predict which process approach and cell architecture will be the
most cost-effective in the future, selective doping and tunnel oxide passivated contacts have
become active areas of investigation for silicon solar cells, because they can produce higher
cell efficiency due to reduced minority carrier recombination. Combining these two promising
technologies into a screen-printed front junction n-type silicon solar cell may attract even more
research investigation in the future. For instance, by applying atomic hydrogenation process,
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boron-diffused selective front emitter and photolithographically defined front metal contacts
(Ti/Pd/Ag), the TOPCON cell has successfully demonstrated over 25% efficiency on a small-
area n-type float zone (FZ) silicon substrate [46, 47]. So, this cell structure explores research
areas for future industrial application with screen-printed front contacts (as shown in
Figure 16), due to its potential for high cell efficiency and its compatibility with high-temper-
ature firing contact formation process.

screen-printed and fired-through contact
SiN,
Al,O,

lightly doped p*
heavily doped p**

n-type Cz Si (239 cm?)

tunnel oxide

P-doped
poly-Si (n*)

Ag metallization

Figure 16. Schematic structure of a front junction n-type silicon solar cell (not to scale), with screen-printed and fired-
through contact on a selectively doped front emitter, and tunnel oxide passivated rear contact.
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Abstract

Highly efficient optical modulation of terahertz (THz) transmission through Si
substrate coated with thin layer of organic m-conjugated materials was investigated
under various laser light irradiation conditions using THz time-domain spectrosco-
py. As in the pioneering work by Yoo et al. [Yoo et al,, Applied Physics Letters.
2013;103:151116-1-151116-3.], we also used copper phthalocyanine (CuPc). It was
perceived that the charge carrier transfer from Si to CuPc is crucial for the photo-
induced metallization and efficient optical modulation of THz transmission. We
found that the thickness of CuPc layer is a critical parameter to realize high charge
carrier density for efficient THz transmission modulation. We also fabricated a split-
ring resonator (SRR) array metamaterial on CuPc-coated Si utilizing superfine inkjet
printer and succeeded in obtaining efficient modulation of resonant responses of SRR
array metamaterials by laser light irradiation. We have further investigated THz
transmission modulation through Si substrates coated with another four solution-
processable m-conjugated materials. Two of them are m-conjugated low molecules
such as the [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and 6,13-bis(triisopro-
pylsilylethynyl) pentacene (TIPS-pentacene), and another two are the m-conjugated
polymer materials such as poly[5-(2-ethylhexyloxy)-2-methoxycyanoterephthalyli-
den] (MEH-CN-PPV) and poly(benzimidazobenzophenanthroline) (BBL). Among
these four m-conjugated materials, PCBM- and TIPS-pentacene showed better
modulation efficiencies even higher than CuPc. Our findings may open the way to
fabricating various types of THz active devices utilizing printing technologies.

Keywords: m-conjugated material, solution process, terahertz, metamaterial, terahertz
time-domain spectroscopy
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1. Introduction

Wide range of electromagnetic waves from radio waves, microwaves to infrared, visible, and
ultraviolet has been widely utilized in wide variety of applications such as lightings, displays,
information and communications technology (ICT), spectroscopies, and microscopes. Among
these frequency ranges, terahertz (THz) frequency range has not been explored much com-
pared to other frequency ranges. However, researches on THz science and technologies have
made significant progress in recent years [1, 2]. THz frequency range lies in between micro-
wave and infrared as schematically shown in Figure 1 and can be utilized for various types of
applications such as spectroscopy, nondestructive inspection, security, and ICT. For wider
spread usage of THz technologies, development of useful optical devices is demanded.

Wavelength (m)

10' 10° 107 10° 10° 10 10° 10° 107 10®
T T T T T T T T T T
RW MW THz IR VIS UV

< > <« > < > > 4—p 3>

10’ 10° 10° 10 10" 10”  10® 10" 10”10

Frequency (Hz)

Figure 1. Frequency ranges of electromagnetic waves. RW, MW, THz, IR, VIS, and UV stand for radio waves, micro-
waves, terahertz, infrared, visible, and ultraviolet, respectively.

To develop active THz devices such as active filters, modulators, and imagers, numerous
attempts have been made to modulate THz radiation by external stimuli such as optical,
electrical, and thermal stimuli [2-4]. For such purposes, inorganic semiconductor substrates,
such as Si [5-8], GaAs [9], and InSb [10], have been widely used since sufficient amounts of
free carriers for modulation of THz transmission can easily be obtained by light irradiation
(Figure 2(a)) or thermal heating. Recently, Yoo et al. reported that depositing a thin layer of
organic T-conjugated material, copper phthalocyanine (CuPc) on Si substrate is quite effective
to enhance an efficiency of the photo-induced modulation of the THz transmission through it
[11-13]. The molecular structure of CuPc is shown in Figure 2(b). They have shown that the
THz transmission through CuPc-coated Si substrate decreases under low-power (tens of mW)
continuous-wave (CW) laser light irradiation (Figure 2(c)) [11]. When only Si substrate was
used, or when CuPc was deposited on a quartz substrate instead of on Si, no remarkable
modulation was obtained [11]. The authors infer that this is caused by a charge transfer from
Si to CuPc. It is impossible to create free charge carriers in CuPc directly via photo-excitation.
This is because Frenkel-type tightly bound electron-hole pairs (excitons) are formed, which
cannot be dissociated easily due to the strong exciton binding energy typical in organic m-
conjugated materials with low dielectric permittivity. Therefore, the interface between organic
and inorganic semiconductors should play a crucial role in the modulation mechanism. Free
charge carriers should be created in Si by laser light irradiation, and these charge carriers move
into thin layer of CuPc. Yoo et al. also showed that optical THz modulation could be induced
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Figure 2. Schematic representation of optical modulation of THz transmission. (a) in Si substrate and (b) molecular
structure of CuPc. Efficient optical modulation of THz transmission in Si substrate coated with thin layer of CuPc in (c)
forward and (d) backward excitation configurations.

by backward excitation, that is, excitation from the Si substrate (Figure 2(d)) [12]. This
technique is suitable for materials that show strong absorption at the wavelength of exciting
laser light.

Here, we show that the thickness of the organic semiconductor thin film is the crucial param-
eter for obtaining a high carrier density for metallization and a higher THz transmission
modulation [14].

To utilize metamaterials, which show exotic functionality not found in natural materials, is
also actively studied for use in developing active THz devices [15-18]. The subwavelength
resonant structures such as split-ring resonators (SRRs) can resonantly interact even with
magnetic field of electromagnetic waves and give various types of novel functionalities. We
also demonstrated that the CuPc/Si system could be used to efficiently control THz resonant
responses of SRR array metamaterials that is also fabricated by printing technology [14].

Several groups showed that other types of m-conjugated materials could be used instead of
CuPc such as pentacene and C60 [19], poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevi-
nylene] (MEH-PPV) [20], various phthalocyanine compounds [21], and 6,13-bis(triisopropyl-
silylethynyl) pentacene (TIPS-pentacene) [22]. Zhang et al. also succeeded in obtaining highly
efficient optical modulation using organometal halide perovskite deposited on Si [23]. Here,
we show that various types of organic semiconductors with solution processability can also
be utilized for the optical modulation of THz radiation [24]. In this study, the following four
soluble organic m-conjugated materials were investigated. Molecular structures of these
materials are summarized in Figure 3. Two of them were low molecules: a well-known
fullerene derivative electron acceptor, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
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PCBM TIPS-pentacene MEH-CN-PPV BBL

Figure 3. Molecular structures of m-conjugated materials used in this study. (a) [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM), (b) 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene), (c) poly[5-(2-ethylhexyloxy)-2-methox-
ycyanoterephthalyliden] (MEH-CN-PPV), and (d) poly(benzimidazobenzophenanthroline) (BBL).

(Figure 3(a)) [25-27], and 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene)
(Figure 3(b)), which is extensively studied as an active layer of organic thin-film transistors
[28, 29]. The other two materials were mt-conjugated polymer materials: n-type semiconductor,
poly[5-(2-ethylhexyloxy)-2-methoxycyanoterephthalyliden] (MEH-CN-PPV) (Figure 3(c))
[30], and poly(benzimidazobenzophenanthroline) (BBL) (Figure 3(d)), which is known as a
ni-conjugated double-stranded (ladder) polymer with quite a high electron mobility of
0.1 em? Vs [31, 32]. Efficient optical modulation of THz transmission in these solution-
processable m-conjugated materials may open the way for printed THz electronics and
photonics.

2. Experiment

2.1. Sample preparation

We used a 540-um-thick, highly resistive Si (>2.0 x 10* Qcm, Optostar Ltd.) that is transparent
to THz wave as a substrate. We purchased copper(Il) phthalocyanine (3-form powders) from
Sigma-Aldrich and used without purification. A thin film of CuPc was deposited by thermal
evaporation and subsequently annealed at 250°C to obtain highest modulation, as reported by
Yooetal.[13]. We also used another solution-processable m-conjugated materials, PCBM, TIPS-
pentacene, MEH-CN-PPV, and BBL, and these four materials were purchased from Sigma-
Aldrich and used without purification [24]. As solvents for solution processes, toluene was
used for PCBM and TIPS-pentacene, and chloroform was used for MEH-CN-PPV. To form
thin films, spin-coating were used and these films were subsequently thermally annealed at
250°C. BBL thin films were formed using methanesulfonic acid (MSA) as solvent. BBL thin
films were spin-coated and immersed in deionized water to remove any remaining MSA
solvent following a reported recipe to facilitate aggregation and crystallization [31, 32]. Since
BBL thin films easily peel off from the substrate when they are immersed in water, special care
has to be taken [24].

We also used printing technology to fabricate SRR array metamaterials. We have utilized a
superfine inkjet printer (SIJ printer, SIJTechonology, Inc.) [33-36] to draw a silver SRR array.
The sample was subsequently annealed at 240°C. An SRR array with a total area of
5 x 5 mm? was fabricated. The dimensions of each SRR meta-atom were designed following
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the design of Padilla et al. such that they showed resonant responses in the THz region [16];
therefore, the period (A), side length (L), width (W), and gap (G) were made to be 100, 60, 12,
and 6 um, respectively, as shown in Figure 4(a). Such SRRs are known to show electric—
magnetic-coupled resonance (w,) and half-wave resonance (w,) around 1 THz as schematically
shown in Figure 4(b).

2.2. THz time-domain spectroscopy measurements

The optical characteristics in the THz range were investigated using typical THz time-domain
spectroscopy (THz-TDS) [37-39]. Typical setup and principle of data acquisition are schemat-
ically summarized in Figure 5. In our setup, photoconductive antennas were used for both
generation and coherent detection of THz radiation. The samples were placed in between of
two off-axis parabolic mirrors, which are used to collect, collimate, and focus the THz radiation
and such that the THz beam was normally incident on the sample surface. For normalization
purposes, we also measure reference spectra without placing the samples in the THz beam
path as shown in Figure 5(b). A unique feature of the THz-TDS is that it allows for a direct
measurement of the transient electric field, so that both amplitude and phase information are
obtained simultaneously. Obtained time-domain transient photocurrent responses are
Fourier-transformed to evaluate frequency responses as shown in Figure 5(c). We obtain
frequency-domain sample response E,,,(w) and reference E, (w) as follows.

Esam (t)L)

E,,(o)exp{if,, (o)} )

E, (1) —>

E,, (a))‘ exp{ie,ef (a))} )

By taking a ratio of these frequency-domain responses, transmission coefficient {(w) should be
evaluated as follows.

(@) (b)

*W=12um A

half-wave

resonance (o) E *
ké H *
‘ ' magnetic

resonance (o)

G=6um
 P—
" L=60um ' -

Figure 4. (a) Dimension of each SRR and (b) magnetic resonance and half-wave resonance of SRR array.
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Figure 5. Schematic representation of THz-TDS measurements. (a) Typical setup, (b) time-domain measurements, and
(c) retrieving frequency-domain responses by applying Fourier transform to time-domain signal.
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The transmission coefficient ¢(w) should also be written down with complex refractive indices;
therefore, both real (1) and imaginary (k) refractive indices spectra should be retrieved using
amplitude and phase information in experimentally obtained transmission coefficiencies
without the need for Kramers—-Kronig analysis. We also obtained the complex dielectric
constants and complex conductivities from known relations between them and the complex
refractive index.

To perform the optical modulation experiment, a 532-nm CW laser (Spectra Physics, Millennia
Vs) was used to optically generate free charge carriers in Si. At this wavelength, CuPc and
PCBM do not show much absorption; thus, forward excitation configuration was employed,
as shown in Figure 2(c). In contrast, TIPS-pentacene, MEH-CN-PPV, and BBL show strong
absorption at 532 nm; therefore, backward excitation configuration was used to avoid absorp-
tion in m-conjugated materials, as shown in Figure 2(d) [24]. A 3-mm-diameter aperture was
placed in front of the sample to define the area illuminated by THz radiation.
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To quantitatively evaluate the degree of optical modulation of THz transmission, we intro-
duced following modulation factor (MF) of THz transmission:

MF = [|Eose (@) do=[|Ey (@) do

2 4
_HEOFF(a))‘ do

where Er(w) and E,y(w) are the field amplitudes of the transmitted THz radiation when the
CW laser is off and on, respectively. The integration in Eq. (4) was performed over a frequency
range from 0.2 to 1.5 THz. A higher MF means a larger drop in THz transmission by CW laser
light irradiation [14].

The photo-induced change of the THz responses of SRR array was investigated using the same
THz-TDS system. The electric field of the linearly polarized THz radiation is made to be
perpendicular to the SRR gap, so that magnetic resonance can be initiated as schematically
shown in Figure 4(b) [16].

3. Results and discussions

3.1. Efficient optical modulation of THz transmission in Si substrate coated with thin layer
of CuPc

In Figure 6(a), the transmitted THz power spectra without laser light irradiation are shown
for the bare Si substrate and Si coated with CulPc of different thicknesses of 50, 100, 200, 300,
and 500 nm, respectively. There is no significant difference in transmitted power between the
bare Si and CuPc-coated Si. In Figure 6(b), the THz transmission spectra of the same samples
under laser light irradiation with an intensity of 2.5 x 10> mW/cm? are shown. Upon laser light
irradiation, the THz transmission decreases to almost zero, especially in CuPc thinner than
200 nm. However, the transmission modulation becomes smaller when the thickness of CuPc
is further increased. In Figure 6(c), the MF of the THz transmission is summarized as a function
of CuPc film thickness. Without the CuPc film, MF is around 0.54. On the contrary, MF
increases drastically to almost unity by depositing a CuPc film thinner than 200 nm. However,
MF decreases again with further increasing CuPc thickness and becomes almost the same as
without the CuPc film. The charge carrier transfer from Si to CuPc play a crucial role in the
THz transmission modulation. Since the absorption coefficient of Si at 530 nm is 7850 cm™ [40],
the optical excitation of free charge carriers should occur at the surface (interface) of the Si to
a skin depth of micrometers. The bended energy band relationship at the interface drives the
free charge carriers to move towards the Si/CuPc interface and transfer into the CuPc layer.
When the CuPclayer is thin enough, the charge carrier density increases after being transferred
to the CuPc layer and shifts the plasma frequency to a frequency high enough to show metallic
characteristics in the THz spectral range. This concentration effect of the transferred free charge
carriers in the thin CuPc layer might be the major contribution in the metallization of CuPc,
which agrees well with the CuPc thickness dependence of MF shown in Figure 6(c). On the
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contrary, when thicker CuPc films were deposited, the CuPc behaves as a dielectric due to the
relatively low charge carrier density and therefore becomes more transparent and the MF
decreases.

Figure 6(d) shows the transmitted THz power spectra through CuPc-coated Si under different
laser light irradiances. The thickness of the CuPc film was 200 nm. With increasing laser light
intensity, the THz transmission decreases gradually and drops to approximately zero at
2.5 x 10> mW/cm?. Figure 6(e) shows the normalized transmission spectra under each laser
light intensity. Each spectrum is normalized to those with no laser irradiation. The THz
transmission modulation is more remarkable at lower frequencies. In Figure 6(f), the MF in Si
coated with 200-nm-thick CuPc and bare Si are summarized as a function of laser intensity.
The MF is drastically enhanced by the deposition of a 200-nm CuPc film. These results clearly
indicate that the THz transmission modulation can be enhanced easily by a simple deposition
of a thin CuPc film.
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Figure 6. Summary of optical modulation of THz transmission experiment in CuPc-coated Si substrate. THz transmis-
sion spectra through a bare Si substrate and Si coated with thin CuPc films of different thicknesses (a) without and (b)
with a laser light irradiation of 2.5 x 10> mW/cm?. (c) CuPc film thickness dependence on the MF for THz transmis-
sions. THz transmission spectra through a 200-nm CuPc film on a Si substrate (d) under different laser light irradiances
and (e) those of normalized with THz transmission spectra without laser irradiation. (f) The laser intensity dependence
of the MF for THz transmission through a bare Si substrate and Si coated with a 200-nm CuPc film.

In order to investigate further the underlying physical mechanism of the enhanced modulation
efficiency of the THz transmission, we compare the dielectric properties of bare Si and CuPc-
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Figure 7. Real dielectric permittivity (¢,) and real conductivity (o,,) spectra under different laser light irradiances of (a)
a bare Si substrate and (b) a Si substrate coated with a 200-nm CuPc film analyzed as a composite. (c) Schematic repre-
sentation of photo-induced charge carrier distribution in a bare Si and a Si substrate coated with a 200-nm CuPc film
under laser light irradiation.

coated Si under different laser light irradiation conditions. Figure 7(a) shows real dielectric
permittivity (¢,,) and the real conductivity (o,,) spectra of a bare Si substrate, and Figure 7(b)
shows corresponding spectra for a 200-nm CuPc film on a Si substrate under different laser
light irradiances. We have analyzed CuPc-coated Si as a single-layer composite material,
because we think the THz dielectric characteristics of CuPc/Si two-layer system cannot be
analyzed separately. In order to analyze them separately, we first need to have dielectric
characteristics of bare Si with separate experiment. However, as schematically shown in Figure
7(c), when Si is coated with thin layer of CuPc, the density of charge carrier in the Si upon CW
laser light irradiation condition should be different from that of bare Si. Therefore, the THz
response of the Si side of CuPc-coated Si should be different from that of the bare Si substrate.
This is the reason why we have analyzed CuPc-coated Si as a single-layer composite material
[14].

Without laser irradiation, the dielectric response shows almost no dispersion and almost the
same value with and without the CuPc film as shown in Figure 7(a) and (b). However, with
increasing laser light intensity, the real dielectric permittivity decreases especially at lower
frequencies, which can be attributed to a Drude-like metallic response. This may explain why
higher modulation was obtained for lower frequencies as shown in Figure 6(e) [14]. Although
the thickness of CuPc is <0.5% of that of Si, the change in the dielectric response by CW laser
light irradiation is remarkable in CuPc-coated Si. This implies that the contribution from thin
CuPc layer to the dielectric property is quite large; therefore, the change in the dielectric
permittivity of the CuPc layer should be much larger than it appeared. It may be reasonable
to expect that the permittivity drops to negative values, like in a Drude-like response. The
change in real conductivity by CW laser light irradiation is also remarkable in CuPc-coated Si,
and the real conductivity in CuPc layer should also be much higher than it appeared under
laser light irradiation. The significant increase in conductivity by CW laser light irradiation
also supports that CuPc-coated Si becomes more conductive [14].
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Figure 8. (a) Laser microscope image of the fabricated Ag SRR array on a 200-nm CuPc film on a Si substrate. (b) Nor-
malized THz transmission spectra under different laser light irradiances through the SRR array fabricated on a 200-nm
CuPc film on a Si substrate.

3.2. Efficient optical modulation of THz resonant responses in printed SRR array on Si
substrate coated with thin layer of CuPc

We have applied efficient optical modulation of THz transmission through the Si substrate
coated with thin film of CuPc to the optical modulation of SRR metamaterial responses. We
fabricated SRR array on CuPc-coated Si by using superfine inkjet printer. Figure 8(a) shows a
laser microscope image of the fabricated silver SRR array. Figure 8(b) shows the normalized
THz transmission spectra of it under different laser light irradiances. When the laser light is
off, sharp transmission dips induced by resonant interaction with the SRRs can be recognized.
The dip in transmission at the lower (w, ~0.32 THz) and higher (v, ~0.85 THz) frequencies
could be attributed to the electric-magnetic-coupled resonance and the half-wave resonance,
respectively (Figure 4(b)) [16]. As the laser light intensity is increased, the transmission drops
in all frequencies of interest and almost no features can be recognized at higher laser light
intensities. The efficient metallization in CuPc-coated Siby CW laser light irradiation is enough
to short the capacitive gap of the SRR and erase its resonant effect [14]. For more efficient
modulation at particular frequencies, CuPc should be partially coated only on the capacitive
gap of the SRR, for example.

3.3. Efficient optical modulation of THz transmission in Si substrate coated with thin layer
of solution-processable m-conjugated materials

We have further investigated optical modulation characteristics of THz transmission in Si
substrate coated with thin layer of solution-processable mt-conjugated materials. In Figure 9,
MF of the THz transmission through Si substrates coated with four different m-conjugated
materials, PCBM, TIPS-pentacene, MEH-CN-PPV, and BBL, are summarized as a function of
laser intensity. Those of CuPc are also shown for comparison. Since the modulation efficiency
is not the same for different ways of excitations (forward or backward excitations) [12], in
Figure 9(a) and (b), we summarize our data separately for forward and backward excitations,
respectively. In all the samples, a significant increase in MF was obtained upon illumination
with the CW laser light. Among these, PCBM and TIPS-pentacene are more efficient than CuPc;
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Figure 9. Summary of the laser intensity dependence of the MF of THz transmission in the (a) PCBM and CuPc with
forward excitation and (b) TIPS-pentacene, BBL/PCBM, MEH-CN-PPV, and CuPc with backward excitation.

therefore, PCBM and TIPS-pentacene are more useful not only from the viewpoint of the
fabrication process but also modulation efficiency. In these two materials, it was also found
that thermal annealing was effective in further increasing MF (data are not shown).

4. Conclusions

In conclusions, we have analyzed the optical modulation characteristics of THz transmission
in Si substrate coated with organic -conjugated materials under various laser light irradiation
conditions using THz-TDS. The charge carrier transfer from Si to organic m-conjugated
materials plays crucial role for the photo-induced metallization of Si coated with organic -
conjugated materials, and it was shown that the thickness of the organic layer is a critical
parameter to realize higher modulation efficiency. We have also fabricated SRR array
metamaterial by using superfine inkjet printer on CuPc-coated Si and demonstrated efficient
modulation of the resonant responses of SRR by laser light irradiation. We have also
investigated optical modulation of THz transmission of Si coated with four types of m-
conjugated materials: two low molecules PCBM and TIPS-pentacene, and two mt-conjugated
polymer materials MEH-CN-PPV and BBL. Among these materials, PCBM and TIPS-
pentacene showed higher modulation efficiencies, even higher than that of CuPc. Utilizing
these solution processable rt-conjugated materials, various types of THz materials and devices
could be fabricated by printing technologies.
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Abstract

This article describes the aims to establish a thermal bubble printhead with simultane-
ously driving multi-channel for DNA droplet arrangement. It proposed a monolithic
CMOS/MEMS system with multi-level output voltage ESD protection system for
protected inkjet printhead. High-voltage power, low-voltage logic, and CMOS/MEMS
architecture were integrated in inkjet chip. It used bulk micromachining technology
(MEMS). On-chip high-voltage electrostatic discharge (HV-ESD), protection design in
smart power technology of monolithic inkjet chip is a challenging issue. The nozzle jets
interleaving scanning sequence is controlled spatially on the elements to avoid the
strong interference with DNA droplets caused by the excitation of the neighbor driven
elements. A heating element, disposed on the substrate, includes a conductor loop
which does not encompass the heating elements on the substrate. The configuration of
the heater jet significantly reduces both electromagnetic and capacitance interference
caused by the heating elements. The simulation and experience result have shown in
the research. It is reduced nearly half the time compared to the case with traditional
scanning sequence. This experiment develops new controlled structure designs of chip
for inkjet printheads. A bubble inkjet(TIJ) device is designed, several of the architec-
tures may be adjusted just a small microns to improve and optimize the DNA drop
nucleation and generation efficiency. The DNA droplet ejection behavior of the
multiplexer inkjet printhead within 60-pum orifice size has been measured beyond 5 kHz
operation system, 12 pL capacity of ejected DNA droplet volume.

Keywords: DNA droplets, CMOS/MEMS, addressing
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1. Introduction

An intelligence inkjet printhead includes a number of heater and nozzle devices formed on a
silicon substrate. For reliable operation of the jet heater in a practical thermal ink-jet printhead
chip [1-10], external sources of noise become an extremely important concern. It is desirable
that the jet heater be disposed on the chip at a location as close as possible to the channels
themselves for a most accurate reading of the actual temperature of the liquid ink just before a
given ejector is fired. At the same time, the location of the jet heater must be rigorous de-
signed because an additional requirement of a experiential bubble jet printhead is that the chip
beassmall as physically possible, yetstill contain all the circuits required for valid operation [11-

16].
N
Ink jet print heads

/

Polyimide

Glass ' DNA_Fluid DNA_Fluid
Substrate  Polysilicon DNA_Fluid Si02

Figure 1. Inkjet printer heads system and multi-channel printhead jets.

The DNA droplet ejection of our addressing N bits jets elements switch multiplexer circuit
system printhead has been measured of ejected DNA droplet behavior. There is up to 1024
and even a larger number of elements for a variety of printhead nozzle examinations. The jets
interference and the power consumption for such a high-density system, however, make it
difficult to achieve a high printing speed, low cost, economic, high-performance, and high-
resolution device. In order to alleviate the low noise interference and low-power requirement
of jets, a high-voltage driver and logic multiplexer are nowadays employed to match each
nozzle of the printhead jet elements and therefore improves the printhead’s overall power
dissipation. Figure 1 shows inkjet printer heads system and multi-channel printhead jets using
novel encoding algorithm system. Addressing N bits jets elements switch circuit system is
using in inkjet chip. Logic functions integrated, enabling TIJ-based products have become
increasingly high-end market [17-23]. Inkjet printers can put small number of DNA droplets
(usually only a few picoliters, 10-12 1) accurately sprayed on to DNA glasses media. Integrated
circuit of the TIJ described transducer array to provide the 1024 ejection jets, includes a data
interface, an DNA ink-jet treatment, short-pulse generation, and bidirectional method
operation. The chip system also has an output function to manage of multi-chip electronic
components into larger arrays. TIJ spray hole array chip design architecture allows less than
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10 input lines op addressing 1024 nozzles. Figure 2 shows printed DNA droplets “AGCT”
arrangement and detection.
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Figure 2. Printed DNA droplets “AGCT” arrangement and detection.

Human birth, old age, sickness and death process, and cellular changes are related to changes
in the cell and turn machine in the DNA have been around for a round to be free from the
disease, prevent aging dream, universally invested considerable manpower material, and
finally solved the mystery of the human DNA code. However, the cause of the test, the correct
dosage, and even tailored drugs are dependent on fast, accurate, simple, and inexpensive test
technology.

Traditional testing methods, slow and time-consuming, difficult to control the accuracy and
costis very high, limiting the rapid development of biomedical science. Use Biomedical MEMS
and microfluidic system technology developed in the biomedical wafer, for DNA sequencing,
testing, screening, and development of new drugs, quantitative release of the drug, as well as
food, environmental testing and other diseases, to provide a fast, accurate, large, and auto-
mation platform. I believe will be able to promote the development of the next stage of
biotechnology, provide a degree of contribution.

Biomedical wafer has to do trace detection, quantitative precision, automation, and fast parallel
processing, and many other advantages, compared with the traditional biomedical detection,
have tremendous advantages, and so far, it has also been a lot of breakthrough technological
developments. But it must be said, biomedical wafer also faces many technical challenges, by
scientists in different fields need to be overcome. The use of high-density microfluidic device
similar to a color inkjet printer’s thermal bubble inkjet and other key technologies, each has
independent probe of the trace liquid tank, pipeline microfluidics, liquid discharge hole. Trace
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Microflow Archi. -

Figure 3. Ejection chamber (firing chamber) and cavity geometry shapes.

each liquid tank filling oligonucleotide, after large pieces of DNA probe solution or sugars,
can be more than one million droplets ejection.

We use liquid jetting method in addressing the DNA on the slide; it is a precise and rapid
deployment of quantitative methods. Generating and physical aspects of the process model
simulation of heat dissipated in the growing bubble. It is used thermal bubble nucleation
theory (bubble nucleation theory) to simulate the physical mechanism of heat generated by
the bubble. It is to discuss ejection chamber (firing chamber) and cavity geometry shapes to
reach backfill mechanism of DNA as shown in Figure 3. Calculation procedure thermal bubble
jet pump decline is a fluid field problem free surface, while the shape of the free surface of the
flow field will change with those changes, so to understand the characteristics of injection,
must respect the free surface Discussion of issues to be studied.

Numerical simulation of a need to calculate immiscible dominated by the surface tension of
the free liquid surface control (free surface). This free surface on both sides and the physical
properties of the fluid pressure has discontinuous nature of change; computer simulation
program is the key to success lies in tracking the exact location of this discontinuous liquid
level.

2. Single channel calculated injection cavity design of the simulation

Computer simulation is the traditional type of single channel for supplying a fluid ejection
chamber (firing chamber) simulation. Injection cavity geometry is shown in Figure 4. Orifice
diameter of 60 um, the thickness of the orifice sheet is 50 um, dry film thickness of 60 um, the
bottom area of the injection chamber is 120 pm x 120 um, the area of the heater was
105 um x 105 um. Figure 5 calculated result is for the injected fluid which is water to 5 kHz
operating frequency, and the three-dimensional side view of a two-dimensional cross-sectional
view in the XZ 10, 20, 30, 40, and 200 ps injection case.

Computer simulation is still the traditional type in a single passage of the fluid supplied to the
injector chamber to simulate. Figure 6 calculated resultis for the injected fluid which is changed
to DNA. It is 5 kHz operating frequency, three-dimensional, and three-dimensional side view
view at 10, 20, 30, 40, and 200 us injection scenario. Single-channel injection cavity is not for
Z-axis direction completely symmetrical design. It is a droplet drag tail vulnerable asymmet-
rical flow field forces. It makes the deflection direction of flight. On a three-dimensional view,
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(@) (b)

Figure 4. Computer simulation created by (a) calculation of regional, (b) three-dimensional map of the microfluidic
single channel.
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Figure 5. Computer simulation of water in the nozzle diameter 60 pm and 50 um thickness of a single channel injection
cavity, an operating frequency of 5 kHz, in (a) a three-dimensional side view (b) XZ sectional view of a two-dimension-
al, 10, 20, 30, 40 and 200 ps injection scenario.

it can be seen clearly. The fluid is water or gasoline, because both the geometry of the cavity
injection asymmetry makes the tail dragging flight direction deflection. Figure 7 for the two-
dimensional calculation results X—Z sectional view. X-Z sectional view of the results in 200 us
moment, we can see that the liquid level of the fluid, although not yet fully reached the nozzle
exit, but DNA is still almost complete backfill. The results also show the geometry of this
injection cavity design, operating at a frequency of 5 kHz for, in terms of the DNA is the upper
limit of the operating frequency. To further increase, the operating frequency may be less than



96  Printed Electronics - Current Trends and Applications

the ink supply phenomenon. Figure 8 is compared with two-dimensional flow field inside the
internal cavity of the injection XY sectional view of the results. It is the internal flow field
vector and water, as shown in below. It is not much difference, showing backfill speed slower
than the water.

Figure 6. Numerical simulation of DNA in the nozzle diameter 60 um and 50 um thickness single-channel injection
cavity to 5 kHz operating frequency, to (a) a three-dimensional side view (b) on a three-dimensional view, 10, 20, 30, 40
and 200 ps of injection scenario.

AT
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Figure 7. DNA computer simulation in the nozzle diameter 60 um and 50 pum thickness of a single channel injection
cavity to 5 kHz operating frequency, in the two-dimensional X-Z sectional view, at 10, 20, 30, 40 and 200 us injection
scenario.
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Figure 8. Numerical simulation of DNA in the nozzle diameter 60 um and 50 pum thickness of the single-aisle jet cavity
to 5 kHz operating frequency, the X-Y two-dimensional cross-sectional view, in 10, 20, 30, 40 and 200 ps injection sce-
nario.

It is at the same voltage, the heating time, and other conditions. Because different working
fluids (water and DNA), and for the same single injection but may result in different maximum
flow. The cause of this problem, there are two possible reasons, the first is due to the poor
design of single microfluidic channel, resulting in the flow of work done when the thermal
bubble jet DNA monomer heater inlet to the push-back is greater than the flow path to the
nozzle holes the launch of the top jet fuel. Thus, causing loss affects a large number of heater
acting DNA spray flow. At the same time, due to differences in the physical properties of DNA
and water, so that the DNA greater than water leakage, resulting in a smaller flow nozzle exit.
Narrowing the channel inlet cross-sectional area is a method you can try, but this method also
simultaneously increase the time required for DNA backfilling injection chamber, the mono-
mer jet ejection frequency may therefore need to fall. In addition, since the monomer jet DNA
to reduce the cooling effect is reduced, so cause DNA monomer generates heat accumulation
effect and affect the efficiency of DNA spray, spray a vicious cycle that causes DNA not been
apparent efficiency. Another possibility is due to the thermodynamic properties of water and
DNA in the table. Temperature, the vertex (critical point) of the magnitude of the pressure is
not the same. Even under the same operating conditions of voltage and time of heating, the
heat generated bubble internal pressure is not the same size, that is, have different sizes of
thrust. Thermal bubble pressure and water produced large thrust, the jet and the flow rate is
also larger. In the same function and the same thrust geometric shape of micro-channel design,



98

Printed Electronics - Current Trends and Applications

the simulation by calculation, preliminary verification can launch jet monomer droplets, the
difference volume flow (volume flux) of. Release of DNA volumetric flow rate is relatively
low, due to the different physical properties of DNA inference with water, causing DNA to
the channel inlet neck (neck channel entrance) the loss is greater than the flow rate of water
flow loss. Figure 9 is the volumetric flow rate of the working fluid through the top of the water
and the DNA cross-sectional area of the calculated change with time in figure. This showed
that both the volumetric flow rate is not much difference with the total volume of traffic
resulting time integration. The inference from the above calculation results under the same
operating conditions, hot water bubble pressure, and thrust generated by comparing DNA
large, resulting in the ejection of the flow is also larger.
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Figure 9. Volumetric flow rate of water through the top and DNA computing sectional area of change with time of the
case.

A method for increasing the injection flow rate, in addition to increasing the frequency of
injection outside, increasing the ejection orifice diameter of the cavity is also a method to try.
But may have other negative effects such as fluid leakage orifice is easy to form puddles
(puddling), the need for evaluation by computer simulation verification, in order to determine
the negative impact is not the whole jetting performance. Figure 10 evaluates to the orifice
diameters ranging from 60 pm increased to 80 pm, when the injected fluid remains gasoline
to 5 kHz ejection frequency, three-dimensional and three-dimensional side view at 10, 20, 30,
40, and 200 us in the case of injection. With the results shown in Figure 10, comparison can be
learned in the same circumstances thrust function, because the spray hole diameter increases,
so the ejected droplet volume increases. In 40 ps results instantly show droplet flying speed
quite significantly reduced. It is produced a relatively large volume of satellites and flying very
slowly. Figure 11 for the two-dimensional calculation results XZ section; at the moment of
40 ps results showed, as exports slow so that the droplet is not out of the nozzle holes with
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respect to the results in Figure 10 for spray when the hole is 60 um, in an instant 40 ps, the
droplet tail is already out of the nozzle holes. Figure 12 is the result of the calculation of the
X-Y two-dimensional section, due to the increase in the spray orifice diameter, relatively large
volumes of a spray of droplets. In the cross-sectional area of the flow path, inlet same circum-
stances take longer to completely fill the internal cavity of the injection orifice until the surface,
while the inner flow field to stabilize. Internal flow velocity vector field is still supplying single-

channel direction of the fluid toward the discharge chamber in the direction of the moment of
200 ps.
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Figure 10. Numerical simulation of DNA in the nozzle diameter 80 um and 50 um thickness single-channel injection

cavity to 5 kHz operating frequency, to (a) a three-dimensional side view (b) on a three-dimensional view, 10, 20, 30, 40
and 200 s of injection scenario.
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Figure 11. DNA computer simulation in the nozzle diameter 80 um and 50 um thickness of a single channel injection

cavity to 5 kHz operating frequency, in the two-dimensional X-Z sectional view, at 10, 20, 30, 40 and 200 ps injection
scenario.
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Figure 12. Numerical simulation of DNA in the nozzle diameter 80 um and 50 um thickness of the single-aisle jet cavi-
ty to 5 kHz operating frequency, the X-Y two-dimensional cross-sectional view, in 10, 20, 30, 40 and 200 us injection
scenario.

Increase the injection flow rate of the other direction of thinking in order to increase the volume
inside the cavity injection, in order to that the injected volume of the droplet can be increased,
s0 the study also hope that through computer simulation to verify its feasibility. Figure 13 for
the calculation of simulated gasoline nozzle diameter and 60 pum thickness of 50 um, dry film
(dry film layer) increases the height by 60 pum to 90 pm single-aisle jet chamber, which internal
cavity volume 150% increases in operating frequency of 5 kHz, XZ dimensional, three-
dimensional side view, and sectional view, in 10, 20, 30, 40, and 200 ps in the case of injection.
The result of the calculation shows that the droplet flying speed and directivity of Figures 3—
12 dry film 60 pm when the height of the result is not much difference, but when 40 us has
been out of the spray droplets hole; but 200 ps instantaneous results show that the fluid has
reached the finish filling orifice surface, while the overflow orifice phenomenon is easy to form
puddles phenomenon. Therefore, increasing the height of the dry film that is to increase the
volume inside the cavity injection, although you can increase the flow rate of backfill raise, it
is still possible because the backfill too fast, and out of the orifice puddles formed on the surface
of the phenomenon, probably because last fluid left in the orifice surface, so that subsequent
ejection of a droplet directionality poor is to increase the dry film thickness may be required
to pay attention to the negative effects derived.
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Figure 13. DNA computer simulation in the nozzle diameter 60 um and a thickness of 50 um, a height of 90 pum dry
film of the single-channel injection cavity, an operating frequency of 5 kHz, in (a) a three-dimensional side view (b) XZ
sectional view of a two-dimensional, in 10, 20, 30, 40 and 200 ps injection scenario.

3. Dual-tapered calculated injection cavity design of the simulation

It is an injection operation in various applications nozzle (ink jet head). It is a special micro-
fluidic flow channel structure. Backfill fluid injection and two complementary action this
period, to be injected fluid within the microfluidic flow path ilk field direction opposite
directions. This phenomenon will seriously affect the speed of the fluid backfill supplement
and seriously affect the operation frequency of jets. From the simulation result, the system is
to solve the problem of liquid flow. It is a dual-type injection cavity design having a fluid
passage. At the same time, the fluid has a single-flow direction. It is to reduce the resistance
of the fluid, shortening the filling time of the fluid. It is possible to increase the operating
frequency of the monomer injection, thereby increasing the maximum injection flow rate.

In this study, it is the geometry and design by microfluidic flow channel. It is a single-direction
flow velocity field compared to the entire cycle of backfill fluid flow direction. Therefore, it is
to enhance its complement backfill fluid velocity. When the nozzle operating frequency
increases, the fluid flow to replenish backfill required for stabilization of fluid ejection chamber
fluid level backfill added time will dominate the operating frequency of the jets. Therefore,
reducing the time to replenish the fluid needed for backfill will greatly enhance the operating
frequency of the jets. Since the droplet ejection but also take away a lot of heat generated by
the water heater, a considerable cooling effect reduces the internal temperature of the wafer.
So there is also always a considerable improvement in the service life of the wafer. To achieve
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Figure 14. Computer simulation created by (a) calculation of regional scope, (b) a tapered three-dimensional map of
the dual-channel microfluidic.
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Figure 15. Numerical simulation of DNA in the nozzle diameter 30 pum and 50 um thickness tapered dual channel in-
jection chamber to 10 kHz operating frequency, three-dimensional side view, in 10, 20, 30, 40, 100, 110, 120, 130, injec-
tion of the case 140 and 200 ps.

the above purpose, it is designed to spray a tapered cavity structure of dual-channel micro-
fluidic. Figure 14 is the three-dimensional microfluidic tapered dual-channel region of a
perspective view of the computing range. This type of gradual reduction for dual-channel
microfluidic injection chamber numerical simulation conducted to assess the effectiveness of
its injection. Figure 15 for DNA to orifice diameter 30 um and 50 um thickness tapered dual-
channel injection chamber to 10 kHz operating frequency, three-dimensional side view of 10,
20, 30, 40, 100 110, 120, 130, 140, and 200 ps injection scenario. 110, 120, 130, 140, and 200 ps
belong to second injection stage. Figure 16 is compared to the two-dimensional X-Y sectional
view, in the case of injection 10, 20, 30, 40, 100, 110, 120, 130, 140, and 200 ps.
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Figure 16. Numerical simulation of DNA in the nozzle diameter 30 um and 50 um thickness tapered dual channel in-
jection chamber to 10 kHz operating frequency, the XY two-dimensional cross-sectional view, in 10, 20, 30, 40, 100, 110,
120, injection case 130, and 140 of 200 us.

The XY two-dimensional cross-sectional view shows that the internal flow field this injection
cavity does not have the speed of the flow field in a single direction, so it becomes counter-
flow injection of small, but the volume of the second droplet ejection seems to be more for the
first time the injection volume is slightly larger. The reason may be due to the tapered
microfluidic injection chamber at the start of the two-channel state under stationary conditions.
When the first injection, the injection inside the cavity and cannot be achieved immediately
single-flow velocity flow field. It requires a certain number of jet action, or the need to increase
the flow path style tapered angle, have a chance to achieve a single direction of flow velocity
field.

Figure 17 is the result of the calculation of the initial conditions set for the injection inside the
cavity has a single-class field direction of situations. DNA double-tapered channel in the
injection chamber to 5 kHz operating frequency, three-dimensional and three-dimensional
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side view on view at 10, 20, 30, 40 and 50 pis injection scenario. From the results shown that
the results of the droplet ejection volume comparing Figure 16. There is an increasing conver-
gence of big. Results indicate if the ejection velocity flow field inside the cavity having a single
direction of the flow field. It is the ejection of flow convergence increase, while reducing the
time required for the fluid filling the cavity of the injection, but also to simultaneously increase
the ejection frequency. Figure 18 is compared with the two-dimensional X-Y sectional view at
10, 20, 30, 40 and 50 ps injection scenario.

Figure 17. Numerical simulation of DNA in the nozzle diameter 30 pum thickness and tapered dual channel injection
cavity 50 um to 5 kHz operating frequency, to (a) a three-dimensional side view (b) on a three-dimensional view, 10,
20, 30, 40 and 50 us injection case.

Because of the time course of planning this program, yet there is enough time for this can be
tapered dual channel injection chamber, do computer simulation analyzes of various design
parameters such as the angle of the tapered flow channel type, respectively to be few degrees
preferred design. Application of the heater to produce instant hot bubble of high pressure jet
thrust derived monomer. While allowing fluid flow velocity has a single field. Ejection
frequency can be increased, and thus get the most traffic. It is currently unable to give details
of the desired design dimensions apply to this program the best dual-channel injection tapered
cavity to obtain maximum injection efficiency. Continue to be the future of the current
simulation analysis to identify micro-injection monomer flow path design can operate at high
operating frequencies.
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Figure 18. Numerical simulation of DNA in the nozzle diameter 30 pum thickness and tapered dual channel injection
cavity 50 um to 5 kHz operating frequency, the X-Y two-dimensional cross-sectional view, in 10, 20, 30, 40 and 50 ps
injection case.

Printing method is the change comes from an inkjet printer, with the heated bubble manner
nucleic acid probe is placed on a glass slide using a gene chip production to 30,000 points as
shown in Figure 19.

Figure 19. DNA droplets profile.
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4. Printed DNA droplets arrangement and detection

Situ synthesis (in situ synthesised), the nucleotide sequence of molecules by using different
methodologies to control chemical reactions forming a jieshangqu a nucleic acid sequence, the
rapid production of precision (accurate positioning and orientation uniform), ultra-high
density (1 million-200 million points) wafer. Synthesis There are two kinds, one is the use of
liquid jet technology, such as nucleotide-like ink injected into a specific location subjected to
solid phase synthesis (solid phase phosphoramidite chemistry). The whole chip layout is show
in Figure 20.
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Figure 20. (a) The whole chip layout. (b) The detail circuit(DFF) diagram of chip.

System is to determine a DNA liquid printed head with two hundred orifices, each orifice to
orifice distance is another 2000 pm. It is to select the drive mode, respectively, following several
ways. The first is the direct voltage direct drive via Pad on the wafer, the drawback is the
number of multi-Pad. The second drive element is a driving thin-film resistance element. It is
the driving element has a variety of points. It is the n-type metal-oxide half effect transistor
factory.
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Figure 21. DNA droplet chip and module.

Figure 22. Multiplexer DNA solution jet part.

It is the use of an n-type metal-oxide plant halftime effect transistor to drive a thermal film. It
is the thermal resistance of the film due to the long drive driving the heat bubble reagent
sprayed onto glass slides. Taking into account the upper and lower symmetrical design of the
wafer, so we must first decide with each other and each of the driving elements thin-film
resistance elements are arranged. It is the liquid discharge head of the wafer area is very large.
We design each wafer map 384 orifices as shown in Figure 20a. Our first idea is to spray the
wafer to contact aligner way DNA production. The entire wafer is DFF(D-Flip-Flop) data
staging operation and high-voltage driver circuit as shown in Figure 20b. This circuit can be
applied to one or more of the control input signal to change the state, and there will be one or
two outputs. Flip-flop is the basic logic unit is configured to sequence logic circuit and a variety
of complex digital systems. Flip-flops and latches are essential components used in computer,
communications and many other types of systems in the digital electronic systems.

Integrated spray liquid infusion tube sheet and the card brake package as shown in Fig-
ures 21 and 22. It is the result of a special liquid jet architecture DNA cloth into the slide.
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Since microarray dataset wafer has a very large number of the number of genes. It is based on
grouping method to automatically discover biological modules (biological modules) is an
important theme of the microarray chip analysis. It is a functional grouping (functional
Clustering). It is a common occurrence frequency by corresponding functional gene annota-
tions (functional annotation) between (co-occurrences) measurements for clustering. So it can
make related genes and annotations easy reach of digital analysis to facilitate the subsequent
establishment of the assumptions and experimental design.

The core principles behind the array hybridization between two strands of DNA, the comple-
mentary nature of the nucleic acid sequences specifically complementary pair hydrogen
bonding between pairs of nucleotide bases to each other through the formation.

Within the liquid jet module integrated HV-ESD Clamp prospective multi-bit output inte-
grated circuit, as shown in Figure 22, the DNA gene sequence of printing cards poured into
384 gates, such as nucleotide-like ink injected into specific the position of solid phase synthesis
(solid phase phosphoramidite chemistry).
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Figure 23. Two sets of data are by the AIP (PIN29) and BIP (PIN30).

The system will be open print dot DNA. It is the use of multi-circuit will print out the orifice
of addressing DNA shown in Figure 23. There are two sets of data are by the AIP (PIN29) and
BIP (PIN30) simultaneously into two 16 bits Register. With instructions sent switch control
signal, each generating 384 thermal outputs. CK1 transfer instructions simultaneously send
data, CK2 execute instructions simultaneously sending data to the thermal output.

ESD clamp circuit between the power (Power-Rail ESD Clamp Circuit) and inner circuit, when
the electrostatic discharge protection device is used in the power supply ESD clamp device,
under normal working operation, ESD protection essential element is closed. And the occur-
rence of electrostatic discharge when the electrostatic discharge protection device must be able
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to quickly turn on to ground the electrostatic discharge current, in order to protect the internal
circuit purposes as shown in Figure 24.

DNA droplets arrangement and detection are observation by high speed cameras. It is by the
power supply, light source, liquid discharge frequency and synchronization signals to observe
droplet trajectory as shown in Figure 25. It is modulated the observation flat-top building to
a suitable position, to approve from droplet observation to catch droplet orbit phenomenon.
The measurement system could calculate the droplet area, blob length, droplet injection
position. Figure 26 is shown in 5 kHz operating frequency at 30, 40 us injection.

Figure 27 is printed chip module photo. 50 pum thickness of a single channel injection cavity
to 5 kHz operating frequency at 10, 20, 30, 40 ps injection is shown in Figure 28.

VDD25V

Integrated High Voltage
and Low voltage inkjet
1

L

VDD2.5V

VSS-25V

1/0, VDD2.5V, VDD5V, VDD-5V, VDD25V, VSS-25V

Figure 24. Thermal inkjet(TIJ) printhead with multi-level output voltage ESD protection system.

DNA droplets arrangement and
detection

__Inkjet Printhead
C— Light Source

="

Power supply

Figure 25. DNA droplets observation platform.
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t=30usec injection t=40usec injection

Figure 26. 5 kHz operating frequency at 30, 40 ps injection.
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Figure 27. Printed chip module.

Figure 28. 5 kHz operating frequency at 10, 20, 30, 40 us injection.
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The heated bubble manner nucleic acid probe is placed on a glass slide using a gene chip
production to 30,000 points as shown in Figure 29. The special printing architecture method
is used in system. Among them DNA time interleaving scanning sequence droplets ejection
with “even group” jets, DNA droplets ejection with an addressing of two elements on the same
time period driving, and DNA droplets ejection with an addressing of three elements on the
same time period driving were shown in Figure 30. The time interleaving scanning sequence
is controlled spatially on the jet elements to avoid the strong interference with DNA droplets
caused by the excitation of the neighbor driven elements.

GCATACCA

SPOT CONTAINING COPIES Py
OF ASINGLE DNA MOLECULE Dh.

Figure 29. Nucleic acid probe placed on a glass slide.

DNA droplets ejection with “even group (A16 ~ A14 ~ ..A4 ~ A2)and odd
group(A15 ~ A13 ~ ..A3 ~ Al)” elements

DNA droplets ejection with an addressing of two elements on the same
time period driving

DNA droplets ejection with an addressing of three elements on the same time
eriod drivin

Figure 30. The special printing architecture method.
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Abstract

Theauthorsconcentrated theirattentiononthenew areaofresearch, concerning properties
of electrically conductive textiles, produced by printing techniques. Such materials can
be used for monitoring, for example, the rhythm of breathing. The aim of this study was
to develop a sensor of strains for the needs of wearable electronics. A resistance-type
sensor was made on a knitted fabric with shape memory, dedicated to monitor motor
activity of human. The Weftloc knitted fabric shows elastic memory —thanks to the
presenceofelastomericfibers. Thedependenceofsensoricpropertiesofthe Weftlocknitted
fabric on the values of load, its increment rate, and its direction of action was tested.
Mechanical parameters including total and elastic strain, elasticity degree, and strength
werealsoassessed. Theresultsindicateananisotropiccharacterof mechanicaland sensoric
behaviors of the sensor showing a particularly optimal behavior during diagonalloading.
Electro-conductive properties have been imparted to the Weftloc fabric by chemical
deposition of polypyrrole dopped with Cl ions. In addition, authors used as a carrier
functional water dispersion of carbon nanotubes AquaCyl that was adapted in the
Department of Material and Commodity Sciences and Textile Metrology for forming
electrically conductive pathways by film printing method. It was assumed that the
electrically conductive paths are sensitive to chemical stimuli. Studies of the effective-
ness of the sensors for chemical stimuli were conducted for selected pairs of liquids. The
best sensory properties were obtained for the methanol vapor—the relative resistance
(R,.) at the level above 40%. In the case of nonpolar liquid vapor, the sensoric sensitivi-
ty of the printed fabric was much lower, with R, level below 29%. Properties of the
electrically conductive materials, such as thermal conductivity, electrical conductivity,
and resistance to chemicals, allow for widely using them nanotechnology.
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1. Introduction

Intelligent textiles, also called active, interactive, and adaptive, become more and more popular,
both in scientific area as well as in the companies producing highly specialized clothing and
also consumers. Market analysis has shown that there is a strong interest in new textronic
materials (smart textiles, e-textiles). The usage of smart textiles brings many possibilities of
monitoring the reactions of the human body onto many incentives and factors, as well as their
usage as decorations in the public space [1-5].

Intelligent materials have enabled the design and elaboration of a new generation of clothing
with integrated sensors and built-in electrodes. The use of biopotential fiber sensors (BES)
allowed miniaturization of ECG sensors. It also granted elimination of the conductive gels,
and therefore, the use of new receiving elements was possible. Typical fiber sensor, the
registrant biopotential, also acts as a receiver, with electrodes and wire that are connected to
the patient. Smart vests have been already used in a limited extent in health monitoring, which
enables screening all daily activities. Moreover, they are simple to use and are not causing
discomfort while wearing [6]. Fabrics with interleaved weft and knitwear with conductive
yarn are widely used. Thus, prepared sensory detectors are sensitive to formability and are
used in such areas of life as public safety, police, fire service, medical services and automotive
industry [7-9].

Currently, intensive studies are carried out on widening the functions of clothing. Additional
functions would consist of warning man about possible danger, monitoring the man's body
motoric activity (position, kinematics of body parts) and physiological activities (skin tem-
perature, respiration rate, pulse oximetry, electrocardiogram, electromyogram) [10-12]. In
order to provide above functions, it is proposed to use fibrous structures, such as mono- and
multi-filaments, or knitted and woven fabrics as elements integrated with clothing, the so-
called electronic textiles (e-Textiles). Such type of fibrous structures, under the influence of
stimuli, for example mechanical load, electric field, magnetic field, temperature, irradiation,
chemical vapors, shows reversing changes in their properties: shape memory [13-16], piezor-
esistive [17-21], chemo-resistive [22-24], piezo-electrical [25-27], electro-chromic [28, 29],
electro-luminescent [30-32] properties, etc. The last decade witnessed the development of e-
Textiles prototypes based on functional textile materials: Modular Autonomous Recorder
System for measurement of autonomic nervous system activity [33], Clothes for Tele-Assis-
tance in Medicine [34], wearable health care system [35], life shirt (smart shirt for continuous
ambulatory monitoring) [36]. A wide review of knowledge and developments in the field of
e-Textiles, constructions, materials used and developmental trends has been presented in
papers published by Rossi's team [19, 37, 38] and monographs [10, 11].
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The monitoring of man's body movement activity is often performed with the use of fibrous
materials as sensors of strains. The best results are obtained in the case of fibrous structures
which have both elastic memory (e.g. elastomeric fibers) and piezoresistive properties. The
elastic memory of elastomeric fibers is determined by their exceptionally high reversing
deformability. However, elastomeric fibers being electro-insulating from their nature show
the piezoresistive effect that is obtained only after a preliminary modification consisting in
imparting electro-conductive properties. This modification is made by applying electro-
conductive coatings (doped polypyrrole, polyaniline, polyacetylene), inorganic compounds
(silver salts), or mass-doping with electro-conductive particles, for example carbon.

The fibrous structures based on elastomers are often modified with polypyrrole due toits stable
physical properties (high resistances to thermal, atmospheric and chemical media) and
relatively simple deposition process on the substrate surface [39—41]. Elastomer-polypyrrole
systems are used as strain sensors 1D (bandages placed directly on knee or elbow joints) or 2D
(shirts worn near body that monitor body movements, local changes in torso, arm etc.). In the
second case, the stimuli of sensor integrated with clothing have a multi-directional character;
hence, the sensoric properties of the sensor material will be strongly dependent on the direction
of load and material structure. There are few studies that consider the effect of both factors on
the properties of piezoresistive sensors. Increasingly popular are thick electrochemical sensors,
ampherometric, and biosensors made by film printing and ink-jet printing using ink from
carbon-derived content, ferrocyanide, by which one can assess the impact of deformation of
clothing and monitor physiological functions. The future activities of such sensors will focus
on the human body, as well as other health care systems; they will monitor not only soldiers
but also other services that require this form of monitoring [15, 19]. In order to print on the
textiles, various specific substances are used, for example dyes, various types of polymers,
silver, carbon nanotubes, graphite or graphene. These components can also provide other
established functions, for example anti-static or antibacterial [9, 42, 43]. Printed electronics
produced so far primarily for use as the components of devices (computers, tablets, phones,
etc.) currently take an advantage in the textile industry because of the prints on fibrous
materials that can act as sensors or electrodes for electrical stimulation of muscles in the
components of new functionalized garments [9, 42—-46]. In published works, electrical con-
ductivity was successfully given to materials by textile printing method [47, 48], but existing
solutions are still being developed. The authors in their works concentrated their attention on
new areas of research, conferring properties of electrically conductive textiles using printing
techniques for monitoring, for example the rhythm of breathing. The major reason to start this
kind of investigation was the need for developing reliable, handy health monitoring systems
[5,7,9]. Non-invasive or minimally invasive physiological monitoring devices are also of great
importance for defense purposes and applications for athletes. The integration of sensors and
biosensors directly with clothing should be beneficial in the development of health care and
monitoring systems of soldiers, as well as other civil servants. The integration of electronics
with clothing opens up many possibilities in various fields [9, 42, 43]. The authors used the
functional water dispersion of carbon nanotubes AquaCyl as a carrier that was adapted in the
Department of Material and Commodity Sciences and Textile Metrology Lodz University of
Technology for forming electrically conductive pathways by film printing method. It was

17
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assumed that the resulting electrically conductive paths are susceptible to deformation.
Modification of the water dispersion of nanotubes was supposed to result in a composition
being bi-functional print—electrically and bacteriostatic, which is extremely important in
applications of sensors in medical materials, in contact with the human body. In the present
study, attention was focused on assigning specific functionality textiles printing techniques
using carbon nanotubes, graphene and polypyrrole. Characteristic properties of the electrically
conductive materials, such as thermal conductivity, electrical conductivity and resistance to
chemicals, cause that they are widely used in nanotechnology.

2. Materials and methods

Taking into account the preparation of a textile strain sensor, textiles with high elasticity and
reversibility of deformations were used. Such conditions are fulfilled by warp knitted fabrics
of the Weftloc type. The elastic structure of Weftloc fabrics is formed by a system of elastomeric
yarns (Figure 1) introduced in the mutually perpendicular directions by the three-needle bar,
thanks to which the fabric is characterized by 2D deformability.

Figure 1. Weftloc PE warp knitted fabric.

Textile substrate Surface weight, Thickness Surface electric resistivity o Raw material composition
g/m? mm Qm/m

knitted fabric WeftlocL 304 0.73+0.01 1.8x10" PA6-61%

(LIBA) Elastan - 39%

knitted fabric Weftloc PE 245 0.52+0.01 6.2x10" PA6 -64%

(PEN ELASTIC) Lycra - 36%

cotton fabric 206 0.41+0.01 8.7x10" Cotton-100%

Table 1. Metrological characteristics of textile substrate.
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Two Weftloc knitted fabrics with a similar content of elastomeric yarns of different type of
elastomer were used, having various surface weights and morphological structures (Table 1).
Knitted fabrics also contained polyamide yarn thatimparts a soft handle and comfort of fabrics
in contact with skin. This type of bi-component knitted fabric is exploited in corset-making to
make classic lingerie elements fitting to the body, sports and rehabilitation goods.

In addition, cotton fabric twill was also used (Table 1) as a reference of the sensitive material
for chemical stimulus.

As a base for printing conductive work were used:

* water dispersion of carbon nanotubes trade name AquaCyl (AQ0101) and AquaCyl
(AQO0301) from Nanocyl,

* polypyrrole in the form of a water dispersion of nanoparticles prepared in the process of
polymerization of pyrrole doped, Sigma-Aldrich,

¢ flakes of graphene in the form of a dry powder from company Graphene-Supermarket.

Above materials are a well-established in the group of nanomaterials used in consumer
printing electronics. The issue of its application is open in order to provide its toxicological
safety, in permanent connection with the substrate and ensure the extreme sensitivity of the
test stimuli in their minimum content sensory element.

The electrical properties of materials in the study were used by a team of the Department of
Materials, Commodity and Textile Metrology Technical University of Lodz [7, 9, 42, 43, 47] to
create a conductive printing on transparencies and printing techniques of textile materials.

2.1. Materials

AquaCyl 0101 AQ dispersion comprises from 0.5 to 1.5% MWCNT series Nanocyl®7000
characterized by a purity of approximately 90% with the average diameter of nanotubes 9.5
nm, and the average length of up to approx. 1.5 um. It is characterized by surface tension
approximately 57 N/m, the viscosity of 36 cP and a pH of 7. These parameters were determined
in the temperature 25°C. Additionally dispersion comprises a dispersant in an amount of 0.1-
3% [7,9].

Polypyrrole in the form of a water dispersion of nanoparticles produced in the doped poly-
merization of pyrrole. Pyrrole is a heterocyclic aromatic compound of the empirical formula
C,H;N, having a 98% degree of purity. Its density is determined in temperature 25°C, was
0.967 g/mL, and the molecular weight of 67.09 g/mol. Pyrrole applied at the beginning was
distilled under reduced pressure.

Graphene flakes in dry powder form under the trade name MO-1, a multilayer graphene flakes
having a thickness of 5-30 nm in size with a 5-25 pum [43]. As auxiliaries to modify the water
dispersions used: DBSA (C,;,H,;C;H,SO;H) solution 70 wt% in isopropanol (analytically pure
from Sigma Aldrich) and Ebecryl 2002 (Aliphatic urethane acrylate from Cytec, water com-
patible, UV curable system) and Esacure DP250 (water dispersion of photoinitiators from
Lamberti SPA).
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2.2. Characteristics of inks

The obtained printing paste having the sensory properties based on graphene and carbon
nanotubes was introduced to the dispersion AquaCyl AQ0301, 3% by weight of flakes of
graphene MO-1. This kind of compiled printing composition was placed in an ultrasonic bath
for 15 min. Then, the so-prepared printing composition as well as the dispersion of AquaCyl
AQO0101, auxiliary agents in the form of aliphatic urethane acrylate (Ebecryl 2002), and the
photoinitiator (Esacure DP250) were added and stirred for 30 min using a magnetic stirrer.

The polypyrrole layer was formed chemically by the in situ polymerization of pyrrole in an
aqueous solution of ferric chloride, in which the sample to be coated was immersed. A molar
ratio of pyrrole and ferric chloride was 1:2.5. The polymerization was performed at the
temperature of 4°C for 2 h. The acidic character of the process medium was maintained by
means of an addition of HCl solution. The samples were taken out after 2 h, rinsed repeatedly
with distilled water and dried in a desiccator at room temperature.

Knitted fabrics and elastomeric weft yarns used in knitted fabrics were modified under the
above given conditions.

2.3. Investigation methods used
2.3.1. Research on electrical resistivity

2.3.1.1. Testing the current-voltage characteristics of textile substrate

The resistance properties of textile substrate were tested before and after coating with electro-
conductive polypyrrole, carbon nanotube and graphene. The surface resistance of fabric
samples was measured with the use of a two-electrode system and stabilized voltage sources
(type 4218 from RTF and type 55121 from Unitra) and a Keithley's electrometer, type 610C.
Samples with a width of 2.5 cm were tested under a constant load of 400 kPa, with the inter-
electrode distance being 1 cm. The uncoated samples were tested under a voltage of 500 V in
a Faraday cage. In case of the samples coated with polypyrrole, carbon nanotube and graphene
their current-voltage characteristics were determined within the voltage range from 1 to 20V,
increasing the voltage from smaller to higher values.

2.3.1.2. Testing sample resistance under mechanical load

Changes in the electric resistance of samples were examined simultaneously with sample load
using Instron machine, recording the elongation of samples as a function of load F(A). The
changes in load as a result of changing resistance had a dynamic character, which required an
automated measuring system.

A sample in the form of a strap, cut out in the assumed direction, was fixed in Instron clamps
set up within a distance of 50 mm. The sample in clamps were equipped with elastic electro-
conductive electrodes from 3M (R <1Q), which provided two-sided contact with the sample.
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The electrodes were isolated from the clamp surfaces with a polyester film. Similarly, the
samples of elastomeric yarns were fixed.

The electrodes were connected to a multimeter, type Metex KN DMM M-3890DT, coupled
with a computer (Figure 2). Results in the form of R = f(t) files were sent to computer through
USB by means of Metex software.

RECORDER F(t), At}

A

h 4

V=cont »|
INSTRON SAMPLE
F=const—»

R=f(t)—>»{ MULTIMETER R=f(t)}——>| COMPUTER

SN | WR—

Figure 2. Schematic diagram of the measurement stand for testing the electric resistance of knitted fabrics and elasto-
meric yarn.

The examination of the resistance behavior of samples consisted of recording the changes in
resistance in the process of sample loading and relaxing and examining the repeatability of
resistance under the given load and a constant frequency of loading.

The resistance sensitivity of the system was calculated according to the formula:

szi 1
R, *¢& (1)

elast

where Ss—strain sensitivity, AR =R, - Ry, R,,.,—the value of resistance at the point where the
sample is loaded with the maximal force F, Ry—initial value of resistance, ¢, —relative elastic
strain, %.

2.3.1.3. Research on electrical resistivity of samples exposed to chemical stimulus

Sensory tests for the presence of solvent vapor were performed in a laboratory measuring
system [49]. The equipment allows measurements of the humidity and temperature of the
atmosphere prevailing in the system as well as creation and introduction of a system measuring
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liquid vapor at a given concentration (Figure 3). The measurement technique is described in
[43].

5 I (

200800 \

post”
e
s/

Figure 3. Measuring system for investigating the vapor textile sensors: (1) gaseous chamber with the volume of 0.024
m?, (2) pump, (3) measurement chamber, (4) measuring electrodes, (5) Keithley multimeter, (6) computer, (7) system
ensuring proper humidity of the environment, (8) thermometer [49].

2.3.1.4. Microscopic observations of knitted fabrics

The structure and surface of the tested samples were observed using two microscopic techni-
ques. The morphological structure of yarn and fabrics was examined by the optical microscopy,
observing the deformation of fabric structure under the influence of loads. The reflected light
microscope coupled with the camera and image analysis system “Lucia” was used for
morphological evaluation of tested fabrics.

The surfaces of fibers and knitted fabrics were observed by scanning electron microscopy
(SEM), using a JSM-520 LV microscope from Jeol (Japan). The technique of specimen prepa-
ration is described in paper [50].

3. Results and discussion

3.1. Morphological properties of deposits conductive layers

Figure 4A-F shows the results of the PPy deposition on the multifilaments forming knitted
fabrics, and on knitted fabrics, Figure 4G-I shows the results of the deposition of carbon
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A. Optical microscopy images B. Optical microscopy

Lycra yarn with deposited images Lycra yarn — cross
PPy layer (under loading), section, Objective
objective magnification 10x magnification 40x

F. SEM image Weftloc PE
covered PPy

SN " | 5 5 - -l
G. Optical microscopy images H. SEM image fabric printing 1. SEM image fabric printing
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Figure 4. SEM and optical microscopy images of: (A-F) PPy coating on Lycra and PA6 yarns and Weftloc PE knitted
fabric, (G-I) AquaCyl AQ3001 + cross-linking compound printed on fabric, (J-L) AquaCyl AQ3001 + 3% GNPs + cross-
linking compound printed on fabric, (M-N) Polypyrrole + cross-linking compound printed on fabric.

nanotubes, and Figure 4J-L shows the results of the deposition of graphene with carbon
nanotubes. The cross-section and longitudinal view of Lycra multifilament (Figure 4B, C)
indicate a strong integration of elastomeric filaments in yarn, which are locally stuck together
and deformed at interlacements. In the in situ polymerization of pyrrole, PPy layers on both
surfaces of the knitted fabrics were formed with the average thickness of 68 nm on Weftloc PE
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fabric and 192 nm on Weftloc L fabric. The combination of PPy with the fiber surface in Weftloc
knitted fabrics is durable and resistant to washing what was confirmed by appropriate tests.
The formed PPy layer consists of PPy micro-spheres with a grain diameter of approximately
1 um (Figure 4D, E). Figure 4B, C indicates a limited penetration across the micro-spheres in
the elastomeric multifilament.

Analysis of microscopic images also allowed for determination of the average thickness of the
applied layers of ink compositions on fabric, using an image analyzer Luccia. Microscopic
examination showed that the thickness of the layer applied to the textile printing technique
film contained within 18.5-20.0 u (Figure 4H, K). Moreover, analysis of microscopic images
shows that the ink compositions are applied in a uniform manner on the textile substrate. Not
observed, the resulting thickening of a significant size.

3.2. Electric properties of PPy layers on Weftloc knitted fabrics

The samples of Weftloc knitted fabrics coated with PPy show conductive properties in the
electrostatic field. The PPy layer has created conditions for the percolation flow of charge
carriers reducing the fabric resistance by about eight orders of magnitude from TrQ) (Table 1)
to kQ. The current intensity of the surface conductivity increases proportionally to voltage
(Figure 5). The above linear behavior with high correlation coefficients (R? ~ 1) has been found
for all knitted fabric samples under conditions of directed action of electric field (in the
direction of wales gs=158 +20 Om/m, courses 9s=170+15Om/m and diagonally os=160+
300Qm/m). One can state that in the mechanically unloaded condition, PPy layers show
isotropic electric conductivity.

1.8 1
1.6
14 1
1.2 1

- 0.8 1

0.4 - y=0,084x - 0.016

R*=0,999

0 5 10 15 20
Figure 5. Characteristics of I .= f(U) of Weftloc PE fabric (diagonal field direction to wales).

3.3. Mechanical properties of elastomeric yarns used in Weftloc fabrics

Weftloc knitted fabrics are characterized by a high content of elastomeric yarn that imparts
elastic memory to the material. In order to present the full picture of electro-mechanical
properties, both fabrics and elastomeric yarns of these fabrics were tested (100% Lycra and
100% Elastan).
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The yarns are characterized by a high degree of elasticity that does not significantly depend
on the load value within the range of loads used (up to 0.4 N). However, the relative elastic
and total strains strongly increase during load increase (Figure 6 shows the results for Lycra

yarn).

The PPy coating deposited on the fiber surface insignificantly decreases the tensile strength
and breaking strain of yarn (Table 2). No significant effect of PPy on the degree of yarn
elasticity was found (Table 2; Figure 6).

Type of indicator Lycra yarn

without PPy with PPy
Degree of elasticity S, % 93.6+1.0 94.32+0.9
Elastic strain 1., % 160.6 +4.7 159.1+7.1
Total strain 1., % 171.3+4.6 166.0+8.9
Breaking strain 1,,.,, % 574.2 469.3
Tensile force at break F, N 0.85 0.58

Table 2. Effect of PPy on mechanical behavior of Lycra yarn in Weftloc PE (P=0.4 N).
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Effect of load on mechanical parameters of Lycra yarn (A) before and (B) after coating with PPy.

3.4. Mechanical properties of Weftloc knitted fabrics

3.4.1. Strength of knitted fabrics

The tensile strength of Weftloc knitted fabrics was tested using forces directed along wales,
courses and diagonally. The strength of knitted fabrics without the elastomeric yarn worked-
in along courses was also tested to find out how it affects the directional strength at break
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(Table 3). The removal of the course yarn decreases the directional strength and strain at break.
One can assume that the mechanical stability is determined to a large extent by the stitch
structure of knitted fabrics.
Type of knitted fabrics Direction of force Breaking force, N Breaking strain, %
Weftloc L Wales 240.0+2.0 450.0+3.0

Diagonal 135.0+1.2 482.0+£2.5

Courses 122.5+1.0 607.6+£2.6

Courses, without weft 113.1+1.0 535.7+9.0
Weftloc PE Wales 161.8 4.0 400.0+1.0

Diagonal 114.0+1.0 434.5+1.0

Courses 160.1+4.0 558.1+20.0

Courses, without weft 116.6+3.0 500.1+8.0

Table 3. Strength parameters of Weftloc knitted fabrics before coating with PPy.

Under the conditions of directional loading, knitted fabrics show the anisotropy of strength
and strain (Table 3; Figure 7). The maximal mechanical parameters are obtained during the
course-wise loading. The directional strain of Weftloc PE fabric is, in each case, higher than
that of Weftloc L fabric.

o Weftioc PE 60 WeftiociL
—=&—diagonal direction 50 —e— diagonal direction
50 1 =0 courses direction —{— courses direction
~=&=-wales direction Y 40 ~=a=-wales direction
= %
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s S 30
I3 =
S 2
= I
w 20 4
10
0 4
0 1 2 3 4 5 0 1 2 3 4 5

Figure 7. Directional strain of Weftloc fabrics coated with PPy (loading rate: 50 mm/min).

3.4.2. Elasticity of Weftloc fabrics

Weftloc knitted fabrics containing Lycra elastomeric fibers in PEN ELASTIC fabrics are
characterized by a higher contribution of elastic strains in comparison with LIBA knitted fabric.
The values of elastic strains created during diagonal loading are shown in Figure 8. The
deposited PPy layer has decreased the elastic strain within the whole load range (0.4-5.0 N).
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Figure 8. Effect of PPy on the elastic strain of Weftloc knitted fabrics in the diagonal direction (loading rate: 200 mm/

min).

3.5. Resistance responses of elastomeric yarns during straining

In order to assess the repeatability of electromechanical behavior of elastomeric yarns, their
temporal changes in electric resistance during axial mono- and multi-cyclic tension at a
constant rate of load increase in each cycle were examined. Figure 9A shows resistance
response, R/R,, (instantaneous values of resistance R of the yarn being loaded in relation to the
initial resistance R,) during the single cycle of tensioning. The resistance increases linearly
during the linear load build-up (and the strain proportional to it); after yarn relaxation the
resistance returns nonlinearly to the initial condition. The delay in resistance return of the yarn
under relaxation indicates processes of stress relaxation in the elastomer. The strain sensitivity
Ss of Lycra yarn is at a level of 200. The yarn resistance changes during load build-up are
characterized by good repeatability and a high degree of correlation between resistance and
strain, which was confirmed also in the multi-cyclic yarn loading (Figure 9B).
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Figure 9. Resistance responses of Lycra weft yarn tensioned axially, tensioning rate 50 mm/min, load 8cN. (A) Single
loading cycle, (B) multiple loading cycles.
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3.6. Resistance responses of Weftloc knitted fabrics during straining

The knitted fabrics coated with PPy and directionally strained (Figures 7 and 8) show an
increase in electric resistance with increasing strain. The value and character of resistance
changes depend on the value of load and its build-up rate and direction (resistance anisotropy).
In Table 4, exemplary resistance responses of PEN ELASTIC knitted fabric loaded in the
direction of weft at a loading rate of 50 mm/min are listed. In Table 4, A-D show relative
changes in the electric resistance of a knitted fabric loaded in four single cycles followed by a
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Table 4. Weftloc PE fabric—images during straining and the accompanying changes of fabric surface resistance in
loading time (loads: 0.4; 1; 2 and 5 N; loading rate 50 mm/min).



Development Trends in Electronics Printed: Intelligent Textiles Produced with the Use of Printing Techniques on Textile
Substrates
http://dx.doi.org/10.5772/62962

dozen or so cycles succeeding with a higher frequency. In cases A-D, maximal loads were use:
0.4, 1, 2 and 5N, respectively. The diagrams confirm the repeatability of resistance changes
during sample loading in both single and multiple cycles. The resistance increases with
increasing sample load. For low loads, the process is of a linear character, while for higher
loads, after exceeding about 0.8 N the resistance is decreased (“saddle point”), which may
indicate disturbances of charge carrier flow on percolation paths formed by polypyrrole. This
effect was found for three loading directions in both knitted fabrics (in the direction of knitting,
perpendicular and diagonal directions). This effect is reversible. To illustrate this phenomenon,
microscopic simulations of tensioning Weftloc PE loaded in the weft direction at a load rate of
50 mm/min were performed. (Table 4A-D). The images show that with the increase in load
the distances between wales increase and multifilaments relocate in the knitted fabric loops,
which results in the resistance change of mutual contact and consequently in reduced resist-
ance of the knitted fabric. Xue et al. [51] previously indicated the importance of the resistance
of fiber contact in knitted fabric loops for the electromechanical properties of knitted fabrics.
As far as woven fabrics are concerned, these authors believe that a higher influence on the
electromechanical behavior is exerted by the crimp of the weave and density of the fabric. The
appearance of the “saddle” phenomenon in the electromechanical response of Weftloc fabrics
limits the range of linear behavior of the sensor based on these fabrics.

3.7. Strain sensitivity of Weftloc knitted fabrics

Based on the resistance responses and corresponding strains of Weftloc fabrics loaded
successively in three directions: along wales, courses and diagonally, the strain sensitivity (Ss)
of these fabrics were calculated. The results of Ss of electro-conductive knitted fabrics are
shown in Figure 10A—C. The comparison of the behavior of Weftloc fabrics indicates beneficial
parameters of the sensor based on Weftloc PE. This fabric, with a similar content of elastomeric
yarn and wale density, is characterized by a slightly higher course density (Table 2). As far as
the metrological parameters are concerned, Weftloc PE is characterized by lower surface
weight and thickness, but higher elastic strain in comparison with Weftloc L. The differences
in fabric physical parameters have brought different conditions of the PPy micro-sphere
diffusion on the fiber surface and in the fabric structure. On Weftloc PE fabric, a thinner PPy
layer is formed. During the loading of this fabric, with its higher strain, one could observe
considerably greater changes in resistance in comparison with Weftloc L fabric, which resulted
in a higher strain sensitivity.

= & GWeftioc PE 800 800 | c.
Ss -— sal B. OWeftloc PE s @Weftioc PE
= Weftloc S

600 600 - " WeftiocL. 600 " Weftloc L
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Figure 10. Effect of tensioning rate on the strain sensitivity (Ss) of Weftloc knitted fabrics during loading in the direc-
tion of: (A) courses, (B) diagonal, (C) wales.
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The sensitivity of both Weftloc fabrics has an anisotropic character. One can assume that it
results from the anisotropy of fabric strainability as well as from the anisotropy of the contact
resistance of fibers deformed in fabric loops.

The strain sensitivity of Weftloc knitted fabrics increases with the increasing tensioning rate.
This behavior results from the fabric strainability and the changes in PPy layer resistance with
shortening the loading time, that is increasing the tensioning rate. For both knitted fabrics, it
was observed that the increase in load build-up rate was accompanied by twofold reactions:
increase in the fabric strainability or unchanged values. The clear increase in the fabric
sensitivity with increasing loading rate (Figure 10) allows one to state that changes in resistance
have a predominant influence of the phenomenon. It has been previously found that the fiber
electric resistance considerably increases with increasing rate of loading in the process of
drawing PAG6 fibers coated with PPy [27].

Based on the results obtained, one can conclude that beneficial operating conditions of the
sensor based on Weftloc knitted fabrics can be obtained at higher load build-up rates and short
relaxation times. From among the knitted fabrics tested, Weftloc PE shows optimal piezore-
sistive properties and the best strain sensitivity in the diagonal direction.

3.8. Electrical properties of conducting layers on cotton fabric

The samples of fabrics coated with conductive ink compositions exhibit the electrostatic
conductive properties. The conductive layers have created conditions for the percolation flow
of charge carriers reducing the fabric resistance by about 10 orders of magnitude from TrQ2
(Table 1) to Q for ink compositions based on carbon nanotubes and graphene, and approxi-
mately six orders of magnitude for the ink compositions based on polypyrrole.

The Table 5 summarizes the results of the electrical conductivity of the printed textile
substrates [7, 9, 43].

Composition of ink Type substrateSurface electrical resistivity [Qm/m] (RH =25%, t=23°C)
Before the washing  After the washing (25 cycles)

AquaCyl AQ3001 + cross-linking compound  cotton fabric  12.0 129.0

AquaCyl AQ3001 +3% GNPs + cross-linking  cotton fabric 4.7 79.0

compound

Polypyrrole + cross-linking compound cotton fabric 6.6 x 10° 8.8x10°

Table 5. The test results of electric conductivity of the printed textile substrates [7, 9, 43].

Commercial AquaCyl character shows worse electrical conductivity than the prints obtained
with addition of graphene. The composition of the print based on polypyrrole results in the
weakest conductivity.
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In the course of the experiment, there was no significant effect observed on grapheme-based
ink properties taking in account the amount of added graphene, uniformity of obtained paste
before and after printing.

It has been found that the presence of auxiliary agents in the form of aliphatic urethane acrylate
and the photoinitiator has no effect on the properties of the conductive ink compositions tested,
but significantly improves the durability of prints.

3.9. Responses resistive printed fabrics treated with chemical stimulus

Table 6 and Figure 11A-C summarize the results of testing the functionality of the textile
resulting in a film printing technology.

As an indicator of quantitative sensory properties assumed as the relative resistance changes,
R, expressing the relative changes in electrical resistance in the surface of the printed fabrics
induced chemical stimulus of a given type, calculated in accordance with the formula (2).

R—-R,
chl = TO‘IOO% (2)
where R, —relative resistance
Ry—initial value of resistance
R—final value of resistance.
Composition of ink Concentration, ppm  Relative resistance, %
Acetone Methanol Toluene

AquaCyl AQ3001 + cross-linking compound 200 15 50 13

300 19 57 18

400 27 68 25
AquaCyl AQ3001 + 3% GNPs + cross-linking compound 200 27 78 23

300 31 86 29

400 36 123 34
Polypyrrole + cross-linking compound 200 15 38 6

300 19 41 9

400 21 47 11

Table 6. Results of R, of liquid vapor to prints obtained from compositions based on graphene and carbon nanotubes
on a textile substrate [43].
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Analyzing the test results summarized in Table 6 and Figure 11, it can be seen that the addition
of 3% graphene improves the sensitivity of the reaction liquid to vapor tested. It was also
observed that the superior sensory stimuli properties are characterized by the chemical
compositions of the sample printed based on carbon nanotubes. The increased concentration
of tested liquid vapors has a significant impact on the response sensitivity of printed textile
substrates. Research on sensory sensitivity to the chemical stimuli indicates that printed textiles
retain sensitivity to cyclical impact, which is presented at Figure 12. Essential, however, is the
relaxation time of the sample on exposure to vapors of organic liquids.

The test results of sensory sensitivity of the printed textile substrates, compositions based on
polypyrrole on the chemical stimuli in the form of liquid indicates that the sensory response
to polar liquids is stronger than non-polar liquids. This is probably related to the presence in
the structure of polypyrrole-conjugated bonds that markedly enhanced its polarity.

The examinations show that the change of vapor concentrations varies proportionally to the
sensory properties. This phenomenon allows the use of so-printed textiles as sensors measur-

ing the changes in concentrations of the relevant vapors in the surrounding they are located
in.

The obtained results indicate the potential possibility of using printing methods designed to
production of the textile sensors that will be used as components of protective technical
clothing, that is fire services and mining industry.
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Figure 11. Summary of the sensory properties of the presence of vapor (a) acetone, (b) methanol, (c) toluene.
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4. Conclusions

Two Weftloc knitted fabrics from LIBA and PEN ELASTIC companies have been selected as
potential strain transducers. These fabrics are characterized by similar raw material composi-
tion and content: elastomeric fibers and PA6 fibers, while the existing differences concern the
type of elastomeric fibers, surface weight of fabrics, their thickness and structure filling degree.
The properties of both fabrics are atypical due to the elastomeric yarn introduced additionally
in the course direction, which imparts a high strainability 2D to the fabrics. The surface of
fabrics has been chemically coated with a layer of electro-conductive polypyrrole. Thus,
Weftloc knitted fabrics as highly strainable and electro-conductive materials can be used as
piezoresistive sensors. The electro-mechanical tests of Weftloc fabrics prove their high strain
sensitivity. The reaction of the fabrics as piezoresistive sensors is of an anisotropic character.
For the sake of the construction of strain sensor, it is particularly beneficial to load the
piezoresistive element in the diagonal direction in relation to knitting direction. The piezore-
sistive effects recorded are repeatable during loading Weftloc fabrics in both single and
multiple cycles. They have a linear character to a specified limit for the given fabric. Weftloc
PE which characterizes specific structure and content of elastomeric yarns has shown a better
performance as a piezoresistive sensor.

The studies support the use of ink compositions for modification of textile substrates, as sensors
for mechanical and chemical stimulus. By using printing methods for modifying the surface
of textiles can be inexpensive and fast way to create RTDs.

Textile sensors presented in the paper have potential application in health care, in the area
endangered of chemical explosions, military and sporting applications.
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