Nanoporous Flexographic Printing -
Fundamentals, Applications and Scale-up
by
Dhanushkodi D. Mariappan

B.Tech., Indian Institute of Technology, Madras (2001)
S.M., Massachusetts Institute of Technology (2003)

Submitted to the Department of Mechanical Engineering
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Mechanical Engineering
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
September 2019

(© Massachusetts Institute of Technology 2019. All rights reserved.

Signature redacted
Author................

...............

Department of Mechanical Engineering
August 23, 2019

Signature redacted
/ A. John Hart
Associate Professor of Mechanical Engineering
sis Supervisor

Signature redacted

Accepted by ................... .. ...,

MASSACHUSETTS INSTITUT.
OF T&CHNOLOGSY uTE

Nicolag G. Hadjiconstahtinou
Chairman, Department Committee on Graduate Theses

SEP 19 2019
LIBRARIES







Nanoporous Flexographic Printing - Fundamentals,
Applications and Scale-up
by

Dhanushkodi D. Mariappan

Submitted to the Department of Mechanical Engineering
on August 23, 2019, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy in Mechanical Engineering

Abstract

Printing of ultrathin layers of polymeric and colloidal inks is critical for the manufac-
turing of electronics on non-conventional substrates such as paper and polymer films,
for applications such as smart packaging, asset tracking, and photovoltaics. Among
conventional printing processes, flexography is a scalable, high-speed direct printing
method, yet its resolution is limited by squeeze-out of ink between the non-porous
stamp and substrate and by dewetting of the deposited ink film. Broadly, there re-
mains an important need for improved printing technologies for ultrathin (~0.1 pm
or smaller) and fine features (~ um resolution) to advance printed electronics tech-
nology. In flexographic printing, it was recently demonstrated that significantly finer
printed feature dimensions can be achieved when nanoporous stamps are used instead
of traditional non-porous polymer stamps. This thesis studies the fundamentals, ap-
plications and scalability of flexography using nanoporous stamps.

e First, the dynamics of liquid transfer between nanoporous stamps and solid
substrates are studied. The stamps comprise forests of polymer-coated carbon
nanotubes (CNTs), and the surface mechanics and wettability of the stamp are
engineered to imbibe colloidal inks and transfer patterns by conformal contact
with the substrates. By high-speed imaging during printing we observe the dy-
namics of liquid spreading, which is mediated by progressing contact between
the nanostructure stamp surface and the substrate, and by imbibition within
the stamp-substrate gap. Via modeling of the liquid dynamics, and compari-
son with data, we elucidate the scale- and rate-limiting aspects of the process.
Specifically, we find that the printed ink volume and resulting layer thickness
are independent of contact pressure, and thickness decreases with retraction
speed.

e Second, the design and evaluation of a benchtop plate-to-roll (P2R) machine for
rapid prototyping of printed patterns is presented. The machine accommodates
CNT stamps up to 20 x 20 mm size, and controls the contact force, contact
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speed, and the alignment between the stamp and the substrate. Using the
P2R machine, we show printing of honeycomb patterns with 3 pum linewidth
at >0.1 m/s demonstrating the scalability of the process for high-throughput
manufacturing.

e Third, simple devices are prototyped to leverage the capabilities of nanoporous
flexography. Ultra-thin (<500nm), short channel (~10 um) transistors are fabri-
cated using flexoprinted silver electrodes (followed by sintering), with a uniform
thin film of single walled carbon nanotubes (SWCNTs) as the active layer. The
measured on-off ratios (~ 10% — 10°) and mobilities (25-95 cm?/V's) are compa-
rable with that of other printed SWCNT network transistors. Last, two-color
pixels of colloidal quantum dots with good optical absorbance are printed for
potential use in filters for low-cost imaging spectrometers.

Together, the findings of this thesis suggest that flexography using nanoporous stamps
is a promising approach to high-speed printing of colloidal nanoparticle inks, for
manufacturing of electronic and sensing devices that require high-resolution printed
features.

Thesis Supervisor: A. John Hart
Title: Associate Professor of Mechanical Engineering
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Chapter 1

Introduction

1.1 Printed electronics

There have been significant advances in silicon microfabrication technology since the
invention of the transistors. The performance of the devices made by silicon mi-
crofabrication processes continues to advance [1,2]. But, the process is limited to
small area rigid substrates, low volume batch production, high research and devel-
opment and production costs, and the need for sophisticated equipment and process
controls. On the other hand, high-performance devices are not essential for several
applications. [3,4] To fabricate devices for such applications, manufacturing process
requirements are complementary to that of silicon microfabrication. These include
flexible substrates, large areas, low cost, and addressing fast changing product spec-
ifications. Such applications include flexible displays, solar photovoltaics, wearable
devices, RFID tags, batteries, lighting solutions and sensors. There is a need for novel

manufacturing processes to realize these applications.
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1.2 Need for high throughput high resolution print-

ing processes

Printing processes including screen, inkjet, gravure, flexography have been used to
manufacture electronics for nearly two decades. [5- 7] These processes meet the afore-
mentioned requirements and have created a growing printed electronics industry. Yet,
several of these processes are limited in their resolution (>10 pum) and control of
printed layer thickness (>1 pm). Lateral resolution is an important measure of print
quality that affects the performance of printed devices. For example, in transistors,
shorter the channel length higher the switching speed; channel length is the spac-
ing between the source and drain electrodes and it depends on the printing process
resolution limit. Precision control of layer thickness and printing uniform layers are
important in some applications. [8-10] Fully printed transistors include atleast four
layers stacked on top of each other. The thickness and uniformity of the dielectric layer

determines the breakdown strength and operating voltage of theses transistors. [11]

1.3 Limitations of flexography

Flexographic printing is widely used as it is a high-throughput process compatible
with different substrates and inks. Printing with solid flexographic stamps causes the
ink to squeeze out or dewet on the stamp surface depending on the ink volume on
the stamp. [12-15] These lead to loss of pattern fidelity and limit the resolution of
flexographic printing (~50-100m) with solid stamps. The transferred liquid volume
is large leading to non-uniform drying and printing of thick, non-uniform layers. Due
to these limitations of flexography, there is a need for high resolution, high speed

printing process that can print ultra-thin layers.
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1.4 Nanoporous flexography

A recent invention from our research group, engineered nanoporous stamps composed
of polymer coated carbon nanotube (CNT) forests, are highly porous (>90%) and
can retain the ink within their volume rather than on their surface only and can
transfer highly uniform ink layers under mechanical contact [16]. Using this method,
we have demonstrated direct printing of features with micron-scale lateral dimensions
(<10um), line edge roughness (<1um) and highly uniform thickness in the sub-100nm

range.

1.5 Scope of this thesis

Chapter two [16,17]describes the four process steps used to make nanoporous steps.
VACNTs are grown in a CVD furnace and then exposed to plasma treatment. After
plasma treatment, VACNTs are conformally coated to a tunable coating thickness.
VACNTSs are then treated with oxygen plasma. The chapter shows exemplary SEM
images of samples before and after each of the four processing steps.

Chapter three [18] presents the dynamics of liquid transfer from nanoporous
stamps during flexographic printing. A custom built high-speed, high-magnification
imaging apparatus was used to capture the steps that lead to the transfer of colloidal
ink from the nanoporous stamp to a substrate. The process steps developed based
on the image analysis is presented. The mechanisms that govern the spreading, re-
cession, and respreading dynamics are presented. The analytical modeling results
to rationalize the experimental observations are presented. These findings provide
guidance to control the uniformity and thickness of printed patterns, and to assess
the potential rate and scale limits that are critical to industrial applicability of the
technology.

Chapter four [16,19] describes the design and evaluation of a benchtop plate-to-
roll (P2R) machine aimed to study the mechanics and rate limits of flexography using

nanoporous CNT stamps.
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Chapter five describes an application example where nanoporous flexographic
printing is used to fabricate a thin-film transistor. The design, fabrication and
characterization of a thin-film transistor with short channel lengths ( ~10um) and
ultra-thin (< 500 nm)electrodes printed using nanoporous flexographic printing is
presented. The measured transistor mobility (~25-95) and on-off ratio (~103-105)
are comparable with other printed SWCNT transistors.

Chapter six describes the use of nanoporous flexography for printing high-resolution
pixels and color filters for QD spectrometers. As a proof of concept, two color su-
per pixels (a sub-array of different QD color pixels) are printed with nanoporous
flexographic printing

Chapter seven presents the contributions and limitations of this work. These
are organized along three themes namely fundamentals, applications and scaling of
nanoporous flexographic printing. Preliminary results from the work conducted to

solve some of the open problems are also presented.

18



A C Ink Polymer-CNT fibers.

. | M

Nanoporous
microstructures l Inking

.-

i

Prinled ink pattem

0

A B C

4an

J’ Printing

Ag transparent grid
(3pum linewidth)

= Ayl 1'0 Tt'h‘.‘- 10‘00
Stamp Flexure 2 Feature size (um)

Figure 1-1: Nanoporous flexographic printing [16]: (a) simplified process sequence;
(b) custom-built roll-to-plate apparatus; (c) principle of nanoscale ink transfer via
conformal surface contact; (d) square stamp feature showing high-fidelity replication
and uniform 50 nm thickness printed layer; (e) printed transparent Ag grids (3 um
linewidth) and quantum dot pixels; (f) 10-fold improvement in transferred ink volume
and minimum feature size compared to industrial flexography.
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Chapter 2

Fabrication of nanoporous stamps

To fabricate the stamps [20], first vertically aligned CNT arrays (CNT forests) are
grown on lithographically patterned silicon substrates by atmospheric pressure chem-
ical vapor deposition (CVD). Then, the top entangled crust layer (<1 pm thickness)
is removed by a brief oxygen plasma etching (Diener, Femto Plasma System) and
coated with a thin layer (~20 nm) of poly-perfluorodecylacrylate (pPFDA) using
initiated CVD (iCVD). [17,20, 21]The plasma etching is critical to remove the stiff
and rough crust which is not desirable for high-resolution printing because it results
in non-uniform contact against the target substrate. The pPFDA coating followed
by second plasma treatment allow liquid infiltration and solvent evaporation without
shrinkage or collapse of the CNT forest by elastocapillary densification. The final
plasma-treated pPFDA-CNT microstructures are highly porous (>90 % porosity)
with nanometer pore size (~100-200 nm), allow liquid infiltration without deforma-
tion due to capillary forces, and are mechanically compliant, enabling uniform contact

with the target substrates.

2.1 Patterning and catalyst deposition

Photolithography is used to pattern 100 mm (100) silicon wafers coated with 300nm
of thermally grown SiO;. The catalyst layer, 10 nm of Al;O3 and 1 nm of Fe, is
deposited by electron beam physical vapor deposition. The wafer with the deposited
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Step | Time (mins) | He | CyHy | Hy | Temperature(°C)
1 5 1000 0 0 775
2 20 400 100 | 100 775
3 5 1000 0 0 25

Table 2.1: Dummy growth recipe

catalyst is diced into smaller wafers of 20 x 20 mm size.

2.2 CVD growth of VACNTSs

Figure 2-1 shows the Chemical Vapor Deposition (CVD) furnace used to grow ver-
tically aligned carbon nanotubes (VACNTS). The wafer is placed on boat which can
be moved along the length of the tube furnace using a transfer arm. The process [22]

consists of three steps

1. Airbake
During the airbake step, the tube is heated for 30 minutes at 875°C. After the

air bake step, the tube is allowed to cool to room temperature.

2. Dummy growth
During this step, CNT growth process is simulated in the tube without the
sample. Table 2.1 shows the recipe used during the dummy growth step. The
recipe consists of multiple steps. In each step one or more gases are flown
for a set duration at a specified flow rate. Each step is either performed at
room temperature or by heating the tube furnace to a higher temperature. For
example, in step 2, helium, ethylene and hydrogen are flown at 400, 100 and

100 sccm for 20 minutes with the furnace at 775°C.

3. Dynamic growth
After dummy growth, the wafer is placed on the boat. The boat can be moved
in and out of the furnace using a transfer arm. Table 2.2 lists the steps in
the dynamic growth recipe. This recipe is referred to as dynamic recipe since

the positioning the wafer can be changed in this process. During steps 1-4,
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Step | Time (mins) | He | C;Hy | Hy | H;O-He | Temperature(°C)
1 3 500 100 | 500 100 25
2 5 1000 0 0 0 25
3 5 0 0 400 100 25
4 15 0 0 400 100 775
5 10 0 0 400 100 775
6 1 0 0 400 100 775
7 7 0 100 | 100 400 775
8 4 0 100 | 100 400 775
9 1 0 100 | 100 400 25
10 5 400 100 | 100 0 25
11 5 1000 0 0 0 25

Table 2.2: Dynamic growth recipe

wafer is kept outide the furnace. During step 5, wafer is moved to a ’sweetspot’
inside the furnace and during this step, annealing is performed with the furnace
temperature set at 775°C and hydrogen and moisturized helium flowing through
the tube. During Steps 6 and 7, the wafer is pulled out of the furnace. During
step 8, which is the growth step, the wafer is pushed inside the furnace to the
sweetspot. Fig. 2-2 shows the variation of furnance temperature setpoints and
moisture at the gas inlet during the airbake, dummy and dynamic growth steps.
Depending on the duration of step 8, the final height of the VACNTSs vary and
the growth rate is 100 pm /min

2.3 Plasma etching

The CVD-grown CNTs are exposed to a plasma treatment for 2.5 to 5 minutes with
Argon and Oxygen flow rates of 80 and 20 sccm respectively in the Diener Femto
Plasma System. The power and pressure used are 50-70Watts and 200mtorr. Figure
2-3A shows a micropillar array. Each micropillar is made of CVD grown VACNTs.
Figure 2-3B shows the SEM image of the top surface of one of the micropillars. The
top surface consists of crusts that are formed during the initial stages of the CNT

growth. The plasma treatment removes these crusts and creates pores.Figure 2-3C
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Figure 2-3: SEM images of nanoporous printing stamps at various stages of stamp
fabrication A)Array of micropillars .B) Top surface of as-grown CNTs showing the
crust layer C)Porous top surface after plasma etching D) Polymer coated CNT surface
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Figure 2-4: Tuning the coating thickness of CNTs using iCVD A)Top surface and
side wall images of CNTs A,B) with 10nm coating thickness C,D) with 20 nm coating
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27



shows the SEM image of the top surface of the CNTs after the plasma treatment. A
comparison of the figures 2-3B and C shows the creation of pores and the removal

of crusts by plasma treatment.

2.4 Conformal polymer coating by iCVD

iCVD polymerization [16,21] is done in a custom-built cylindrical reactor (Pancake
reactor) to conformally coat the plasma etched CNTs. The reactor is maintained
at a pressure of 60mTorr. The chiller maintains the substrate temperature at 30°C.
The iCVD polymerization leads to the deposition of the polymer and the reaction
consists of processes A and B. In process A (insitu grafting), TBPO is kept at room
temperature and is flown into the reactor at 1sccm. In process B, there are two steps
: DVB and PFDA polymerization during which TBPO is flown at 3 and 1 sccm
respectively. PFDA monomer is heated in a jar to 80°C and is flown into the reactor
at 0.2 sccm. Heating filaments placed on the top surface of the reactor are maintained
at 250°C, the temperature at which the peroxide bonds of TBPO are broken forming
TBO, the initiator for the polymerization. A He-Ne laser signal source and detector
are used to measure the coating thickness on a silicon chip placed inside the reactor
using interferometry. It takes nearly 25 minutes to deposit a 30nm thick PFDA
film. The CNT coating thickness can be varied by varying the deposition time and
stopping the reaction based on the interferometer signal. ?? shows the SEM images
of the sidewalls of VACNTSs with varying coating thicknesses. The stamp porosity

and flow permeability can be tuned using coating thickness.

2.5 Oxygen plasma etching

The polymer coated CNTs are hydrophobic preventing wetting and imbibition of
liquid inks into the pores of the CNTs. The polymer coated CNTs are subject to
oxygen plasma treatment to make them hydrophilic. The oxygen plasma treatment

is performed in the Diener Femto Plasma system. The powere and pressure are
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30Watts and 200mtorr. The flow rates of Oxygen and Argon are 20sccm and 80scem
respectively. For some samples, these conditions do not provide enough wettability.
In such cases, oxygen flow rate and treatment time are increased to 40 sccm and 5

minutes respectively.

2.6 Conclusions

In this chapter, we described the process steps used to fabricate the nanoporous
stamps. We have described the CVD process steps and conditions used to grow ver-
tically aligned carbon nanotubes (VACNTSs). After growth, the surface of the CNTs
are treated with O,/ Ar plasma, following which the VACNTSs are conformally coated
with a polymer (pPFDA) in a reactor via iCVD polymerization process. Finally,
the stamp wettability is achieved by subjecting the stamps to O, plasma treatment.
The scanning electron microscope images of the top surface and sides of the CNTs
and polymer coated CNTs enabled characterizing the samples. We show exemplary
images of the samples after each of the processing steps. The images are used to
assess the quality of the samples and identify defects introduced during each of the
processing steps. We used these steps to fabricate stamps for the experiments con-
ducted to study the dynamics of ink transfer (Chapter 3), validation experiments for
the plate to roll printing apparatus(Chapter 4), and fabrication and characterization

of transistors (Chapter 5).
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Chapter 3

Dynamics of Liquid Transfer from
Nanoporous Stamps in
High-resolution Flexographic
Printing

The contents of this chapter were published [18] as Dynamics of liquid transfer in

nanoporous stamps in high-resolution flexographic printing.

3.1 Abstract

Printing of ultrathin layers of polymeric and colloidal inks is critical for the manufac-
turing of electronics on non-conventional substrates such as paper and polymer films.
Recently, we found that nanoporous stamps overcome key limitations of traditional
polymer stamps in flexographic printing, namely enabling the printing of ultrathin
nanoparticle films with micron-scale lateral precision. Here, we study the dynamics of
liquid transfer between nanoporous stamps and solid substrates. The stamps comprise
a forest of polymer-coated carbon nanotubes (CNTs), and the surface mechanics and
wettability of the stamp are engineered to imbibe colloidal inks and transfer patterns

by conformal contact with the substrates. By high-speed imaging during printing we
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observe the dynamics of liquid spreading, which is mediated by progressing contact
between the nanostructured stamp surface and the substrate and imbibition within
the stamp-substrate gap. From the final contact area, the volume of ink transfer is
mediated by rupture of a capillary bridge; and, after rupture, liquid spreads to fill the
area defined by a precursor film matching the stamp geometry with high precision.
Via modeling of the liquid dynamics, and comparison with data, we elucidate the
scale- and rate-limiting aspects of the process. Specifically, we find that the printed
ink volume and resulting layer thickness are independent of contact pressure; and
thickness decreases with retraction speed. Our results show that nanoparticle films
with tailored thickness in the < 100 nm regime can be printed using nanoporous

stamp flexography, at speeds commensurate with industrial equipment.

3.2 Introduction

High-throughput printing of electronic materials is critical to mass production of
devices including thin film transistors, [23-27]RFID tags, [28] and transparent elec-
trodes, for use in applications such as smart packaging, [29-32]asset tracking, and pho-
tovoltaics. [33,34] Typically, the desired formats of printed electronics contrast those
of wafer-based semiconductor fabrication, demanding lower manufacturing cost and
large-area compatibility. [27,35-38]Many traditional printing technologies including
inkjet, flexography, gravure, slot die coating, and screen printing have been adapted
to printing of inks suited as precursors to functional thin films. The performance
of devices such as printed transistors, and the resolution of printed display pixels, is
in particular limited by the performance of extant printing methods. For instance,
flexography (Fig. 3-1A) is a highly scalable, high-speed direct printing method, yet it
is limited to resolutions of 10s of microns [39] as a result of the ink being squeezed
out [12,13] between the stamp and substrate and due to dewetting of the deposited
ink film. [14]Broadly, there remains an important need for improved printing technolo-
gies for ultrathin (~0.1pxm or smaller) and fine features (~ um resolution) to advance

printed electronics technology. Most of the aforementioned printing technologies use
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liquid or polymeric inks, often containing colloidal nanoparticles that are sintered to
form films after drying of the printed ink pattern. As such, limitations to the feature
size and thickness are attributed to the coupled, time-dependent fluid and solid me-
chanics of the printing process. In flexographic printing, we recently demonstrated
that significantly finer printed feature dimensions can be achieved when nanoporous
stamps are used instead of traditional non-porous polymer stamps. [20] The key dif-
ference is that nanoporous stamps retain the ink within their volume (Fig. 3-1B),
enabling the printed pattern to precisely replicate the shape of stamp features with-
out suffering the squeeze-out and dewetting instabilities of traditional flexography.
For instance, nanoporous stamps comprising polymer-coated vertically aligned car-
bon nanotubes (CNTs) enabled high speed (0.1 m/s) printing of features with 3pm

minimum size, from conductive, dielectric, and semiconducting nanoparticle inks.

In traditional flexography, when the elastomer printing stamp is brought into
contact with the substrate, the ink on the surface of the stamp forms a liquid bridge
between the stamp and the substrate. As the stamp and substrate are separated, the
liquid bridge ruptures and a small volume of liquid is transfered to the substrate under
each stamp feature. Early studies of liquid transfer in flexography, using millimeter-
scale features and glycerol showed that the relative contact angles between the liquid
and the surfaces determined the transfer fraction under quasi-static conditions. [40,
41] Fast separation led to the liquid separating equally between the two surfaces
irrespective of the wettability. [42] Experiments using distilled water, PMMA stamps,
and a variety of acceptor surfaces established that the difference in the receding
contact angles of the donor and acceptor surfaces determines the transfer ratio at
low separation speeds. [43-45] Amirfazli et al. also studied the combined effects of
inertia, ink viscosity, and receding contact angles on the liquid transfer and developed
empirical relations for the transfer ratio as a function of capillary number (Ca =
1077 to 1), Reynolds number (Re = 1078 to 10%) and contact angles (§ = 30° to
113%). [46 48]Qian and Breuer [49]developed mathematical models validated by their
experiments to study the liquid transfer from a constant volume liquid bridge between

a donor surface where the contact line is pinned and a hydrophobic acceptor surface
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Figure 3-1: Nanoporous stamps for ultrathin flexographic printing. (A) Spreadout
and film dewetting lead to loss of resolution and uniformity in flexography with non-
porous elastomer stamps. (B) Simplified schematic of ink transfer from CNT micropil-
lar stamp loaded with ink. (C) SEM images of typical circular CNT micropillar array
(100 pm pillar diameter, 150 pm height) used for nanoporous flexography; close-up
top and side surfaces of a micropillar reveal pores with 100 nm width. (D) Confocal
microscope images of the stamp after infiltration of Ag (in tetradecane) nanoparti-
cle ink. The 2D profile shows the wetted liquid surface around the stamp pattern.
(E) Top view confocal microscope image of a single micropillar, and height profile
extracted from the image.
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where the contact line is free to move. They used stability analysis to predict the
onset of contact line motion and the onset of bridge rupture, and thereby predicted the
influence of drop volume on the transfer ratio. In summary, at low speeds, the receding
contact angles on the two surfaces determine the ink transfer ratio, with a greater
fraction remaining on the surface with higher wettability. As the speed increases,
the process becomes less dependent on surface properties and the transfer ratio tends
towards 50%. The transfer ratio decreases at even higher speeds due to volume lost
to the formation of satellite droplets during rupture. Yet, non-uniform drying and
capillary flow produce printed features with non-uniform thickness, which remains a
limitation to practical use of flexography in printed electronics. Using nanoporous
stamps, we may expect that the relative wettability and separation speed will similarly
be important, yet the role of the stamp texture and porosity on the formation and
recession of the liquid-solid interface during printing, can influence the speed limits
of the process as well as the amount of ink transferred. Here, we study the dynamics
of ink transfer between nanoporous stamps and solid substrates. We capture the
printing process with a high-speed, high-magnification imaging apparatus positioned
behind a transparent substrate. Based on image analysis, and analytical modeling,
we then discuss the dynamics of ink spreading, recession, and re-spreading during
printing. These findings provide guidance to control the uniformity and thickness of
printed patterns, and to assess the potential rate and scale limits that are critical to

industrial applicability of the technology.

3.3 Methods

3.3.1 Visualized printing experiments

The experimental setup was designed to accommodate CNT stamps up to 20 x 20
mm in size, and to control the contact force, stamp approach and retraction speeds,
and the alignment between the stamp and the substrate. During printing, the CNT

stamp is placed on the flexure stage, and the printing substrate is placed in a circular
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slot of an acrylic fixture. The flexure is clamped at its ends and a capacitance probe
placed between the flexure holder and the flexure is used to measure the deflection
and set the contact force between the stamp and substrate. The flexure holder is
attached to a single axis motion stage via a tip-tilt stage which is used to align the
stamp with the substrate. The printing substrate is a spherical lens. A custom-
built microscope along with a high speed camera (Vision Research, Phatom v2511)
was placed behind the substrate and was used to take videos during the printing
experiments. The dry stamp is placed on the flexure and is brought into contact with
the spherical lens so that the contact pressure on the stamp is within the range [20]
required to achieve conformal contact and the stamp is aligned with the substrate.
The stage displacement required to achieve the contact pressure is recorded and the
stamp is removed from the flexure. After inking and excess ink removal, as outlined
in the inking section, the wet stamp is placed on the flexure and brought into contact
with the lens. During such a printing step including stamp approach and retraction,

high speed videos are recorded at up to ~25,000 frames per second.

3.3.2 Stamp fabrication

To fabricate the stamps [20], first vertically aligned CNT arrays (CNT forests) are
grown on lithographically patterned silicon substrates by atmospheric pressure chem-
ical vapor deposition (CVD). Then, the top entangled crust layer (<1um thickness)
is removed by a brief oxygen plasma etching (Diener, Femto Plasma System) and
coated with a thin layer (~20 nm) of poly-perfluorodecylacrylate (pPFDA) using
initiated CVD (iCVD). [17,20,21]The plasma etching is critical to remove the stiff
and rough crust which is not desirable for high-resolution printing because it results
in non-uniform contact against the target substrate. The pPFDA coating followed
by second plasma treatment allow liquid infiltration and solvent evaporation without
shrinkage or collapse of the CNT forest by elastocapillary densification. The final
plasma-treated pPFDA-CNT microstructures are highly porous (>90 % porosity)
with nanometer pore size ( 100-200 nm), allow liquid infiltration without deformation

due to capillary forces, and are mechanically compliant, enabling uniform contact
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with the target substrates.

3.3.3 Inking

The ink used in this study is composed of silver nanoparticles dispersed in tetradecane
(Sigma-Aldrich, 736511). The surface tension and viscosity of the ink are 27 mN/m
and 10 mPa-s, respectively, and the ink exhibits good conductivity (30-60% of bulk
silver) after annealing. [20] The particle concentration is 50-60 wt% with particle sizes
less than 10 nm. A 100 ul droplet of ink is pipetted onto the stamp and then the

stamp is spun to 1500 rpm for 1-3 minutes in a spincoater.

3.4 Results and Discussion

Nanoporous stamps are fabricated by chemical vapor deposition (CVD) growth of
CNT forests from a lithographically patterned catalyst film on a silicon wafer (see
Methods). An exemplary stamp with an array of cylindrical micropillars is shown
in Fig. 3-1C. The mechanical compliance, surface roug‘hness, and wettability of the
stamp structures are tailored via plasma treatment of the CNTs and subsequent
coating with a thin layer of polymer (pPFDA, 20 nm) by initiated chemical vapor
deposition (iCVD). [17,20, 21] The combined treatment allows liquid inks to wick
inside the structures without significant densification or swelling (Fig. 3-1D and E).
The wet stamp has ink infiltrated in the stamp microstructures and in the gaps
between the stamp features as shown in the microscope image (Fig. 3-1D) taken using
a laser scanning confocal microscope (Keyence, VK-X250). In order to remove the
ink in the gaps, we bring the wet stamp into contact with another stamp consisting
of CNT forests with no patterns in them, as described in our previous work. [20] The
stamp after the removal of excess ink has ink wetting the stamp surface conformally
as shown in the confocal microscope image (Fig. 3-1E).

Ink transfer from the nanoporous stamps to glass substrates is visualized using
a custom-built printing apparatus integrated with a high magnification, high speed

imaging system (Fig. 3-2A). A colloidal silver nanoparticle ink (Sigma Aldrich, <10
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Figure 3-2: Experimental setup and procedures for visualization of liquid transfer. (A)
Apparatus where contact between the stamp and a spherical lens is imaged through
the back side of the lens using a high speed camera. (B, C) Snapshots from an
exemplary experiment during approach of the stamp and retraction of the stamp
from the lens, respectively. The stamp pattern is an array of 100 pm circles with
30 pm spacing, and the experiment is shown in Videos S1 and S2. (D) Pattern
printed onto the lens. (E) Surface profile of the printed patterns measured by a
stylus profilometer after solvent evaporation, along the line indicated in (E). (F)
Schematic showing the compression of stamp pillars when in contact with the spherical
lens. (G) Calculated area ratio of patterns printed on lens versus contact pressure
and comparison with contact model (Acyr=45nm, o; =30 nm and Acyr=45nm, o
=15nm are the parameter values in Models 1 and 2 respectively [16]). (H) Measured
thickness of printed layers versus calculated contact pressure at the retraction speed
of 0.3 mm/s.
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nm in tetradecane, 50-60 wt%) was used in all experiments, and the ink was applied
to the stamp by pipetting a 100 drop on the stamp followed by spin coating at 1500
rpm for 3 minutes. [20] In each experiment, an inked stamp was brought into contact
with a spherical glass lens (0.50 m radius, ThorLabs) with a prescribed velocity and
stopped when a prescribed force was reached (see Methods). Contact was maintained
at the specified force for 10 seconds, then the stamp was retracted from the lens with
a second prescribed velocity. The stamp-substrate interface was viewed through the
back (flat) side of the lens during the entire printing process (Figs. 3-1B,C and Videos
S1 and S2). The convex curvature of the lens ensured a contact region with locally
uniform pressure, being essentially flat in comparison to the size of the individual
stamp micropillars. In Fig. 3-2D and Fig. 3-2E we show an exemplary printed pattern
and thickness profile on the lens after solvent evaporation. When the micropillar array
stamp contacts the lens, each micropillar prints a circular feature, and is compressed
by an amount determined by the position of the stamp along the motion axis and the
local position of the lens surface where it contacts the micropillar (Fig. 3-2F). As a
result, a single experiment creates an array of printed features under locally different
contact pressures, and correlations between contact pressure, print thickness, and
print area (relative to the micropillar area) are assessed (Figs. 3-2G,H). The print
area ratio (ratio of area of stamp pattern to printed pattern) increases with contact
pressure (Fig. 3-2G) whereas the measured thickness (Fig. 3—2H) of the printed layers
is not influenced by the contact pressure. Thus, the videos must be used to understand
the dynamics of ink transfer. From the videos, we identify the dynamics of contact
and ink transfer between the stamp and substrate, as shown in Fig. 3-3 and Videos
S3a-c, S4a-c, SHa,5b, for individual inked micropillars with circular, annular, and
square shapes. Upon initial contact between the micropillar and substrate, wetting
initiates; the position of contact is determined by the surface profile of the micropillar
stamp, which has a waviness of ~1 micron over 100 microns. Then, liquid spreads
outward to fill the gap between the stamp and substrate, while the stamp continues
to approach the surface. For the circular micropillar (Fig. 3-3B) of radius rg, liquid

spreads radially outward (r(¢)). For the annular stamp (Fig. 3-3C), initial contact
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occurred along the outer circumference, followed by liquid spreading along a ring
which expanded to fill the annulus. For the square stamp (Fig. 3-3D), spreading
began near the left edge of the image, then reached the top and bottom edges, and
then swept to the right. In all cases, the rate and direction of spreading is influenced
by the local gap height and stamp waviness, until spreading stops when the liquid
is pinned by the edge of the stamp feature. According to the experiment procedure,
motion of the stamp is stopped when the prescribed contact pressure is reached;
here, the local pressure ensured that the stamp contact area became fully wetted.
Contact may remain partial if the pressure is insufficient, which results in incomplete
wetting and thus non-uniform printing. {20] When retraction of the stamp begins,
a liquid bridge forms, pinned to the edges of the stamp and filling the small gap.
As retraction continues, the liquid bridge recedes inward until it ruptures and leaves
a droplet on the substrate. After rupture of the liquid bridge, the separated drop
respreads back to the original shape that was wetted during stamp contact. This
behavior is particularly evident when we observe the annular and square stamps, and
appears to be critical to the shape fidelity of the printing process. Below we further
discuss each stage of observation, and understand the governing attributes of the

liquid transfer dynamics and the printed liquid volume.

3.4.1 Initial contact (r; < 7s)

At the instant of first contact between a small area of the stamp and the substrate,
a liquid bridge forms, as in Fig. 3-4A. If the stamp is inked conformally (Fig. 3-1D),
such that there is not an excess layer of liquid on its top surface, [20] the point of
initial contact is the highest point on the stamp determined by the waviness of the
polymer-coated CNT forest. The stamp may have micron-scale waviness due to non-
uniformity in the CNT growth, and has nanoscale roughness (Fig. 3-1E, 50nm) due
to the height variation of the CNTs after growth, coating, and plasma treatment.
Stamp waviness and angular alignment with the substrate both produce micron-scale
variations in gap height across the stamp feature, and collectively determine the initial

gap height (h,) at which the liquid bridge forms.
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Figure 3-3: Visualization of ink transfer. (A) Schematic sequence of steps as observed
by high-speed imaging. Images corresponding to each step from videos of (B) 100
pm circular stamp (videos in S3a-c) (C) annular stamp with 100 gm outer diameter
and 30 gum inner diameter (videos in S4a-c), and (D) square with 100 um side length.
(videos in Sha,b).
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Figure 3-4: Spreading dynamics during the stamp approach. (A) Schematics of liquid
spreading at the contact interface as the stamp approaches the substrate - Wetting
initiation and spreading at low (v, < v*) and high approach speeds (v, > v*). (B)
Snapshots from the high speed videos showing the liquid spreading on the substrate
at different approach speeds of 0.1 mm/s (C) and 50 mm/s. (D) Ratio of the area
covered by spread liquid to stamp area plotted as a function of time elapsed since
wetting initiation for four different approach speeds, 0.1, 1, 10, 50 mm/s, (solid lines
are based on Eq. 3.2 and dots represent experimental data from videos shown in S6a-
d). (E) Average spreading time of the liquid versus stamp approach speed (dashed
lines show modeling predictions for different stamp radii and the solid line is that
for stamp radius of 50 pm. The dots and error bars are the average and standard
deviation of experimental data using stamp radius of 50 pm).
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3.4.2 Spreading (r; <7 <7y)

Spreading (Fig. 3-4B) between the nanoporous stamp and substrate is fundamentally
different from that between two solid surfaces [13,43,45-47,49](as in classical flexogra-
phy); here, one surface is porous and filled with liquid, allowing a liquid supply to the
gap during spreading. Accordingly, the volume of liquid between the stamp and the
substrate may continuously change during the spreading step. Considering a small
volume of liquid in a gap closing at constant speed (v,) with height of h = h, — v,t,
we equate the rate of volume change of liquid within the gap to the flow rate from

the porous medium,

4AP zz'vrr
4 oy = 8PV Fastir (3.1)

dt ur
Here, AP [Pa] is the pressure difference from deep in the porous stamp to the
outer radius of the liquid meniscus in the gap, p [Pa-s] is the ink viscosity, and &,
and k,, [m?] are the axial and radial permeabilities of the stamp. The term on the
right is the approximate flow rate from a semi-infinite, anisotropic porous medium
driven by a pressure difference. [50-52|We approximate the stamp near the contact

interface as a porous medium consisting of parallel cylinders, [51] for which, to leading

order,k,, = *22. The pressure in the gap is lower than that in the stamp, and this
difference provides the driving force for ink flow during spreading. The pressure
difference is estimated as ﬁ;\?’ where v [N/m] is the surface tension of the ink and
Aent is the CNT-CNT spacing, and is taken to be constant during spreading. Solving

Eq. 3.1 we derive the time-varying radius of ink in the gap as

2u*

Va

T 2u* Vb, 1
1 - 23
(1- 25t

(3.2)

8 va

where v* is a critical velocity,

2A zz'vrr
= _P____ VFezh (3.3)

TUTs

v

To validate this model, we conducted printing experiments at approach speeds

ranging from 0.1- 50 mm/s. From the high-speed video images (Figs. 3-4B, C), an
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effective spreading radius is extracted and compared to the model (Fig. 3-4D). For
r?/r2 < 0.95, the model captures the general trends in the experimentally measured
spreading profiles for both low and high approach speeds. Here, v* and h, are used
as fitting parameters to match the model to the measured curves. Ink loading deter-
mines the precise value of ink pressure within the stamp (AP) and will contribute to
variations in v* ( 3.3) between prints. As r?/r? approaches unity, spreading slows and
our model does not account for how the liquid comes to rest. One contributing factor
is the approximation of symmetric spreading; while we model spreading as always
starting at the center of a radially symmetric geometry, the initial liquid bridge usu-
ally initiates at least slightly off-center, as seen in Figs. 3-4B,C. Therefore, at short
times relative to the total spreading time the radial approximation is valid, yet once
the ink reaches an edge the spreading becomes asymmetric and deviates from the
model predictions. Since ink does not flow beyond the edge, the average spreading
rate slows, as seen at later times in Fig. 3-4D. Moreover, at low approach speeds,
the rate of spreading is approximately constant, while at higher approach speeds, the
rate of spreading is proportional to approach speed, Fig. 3-4E. We classify these as
capillary- and compression-driven spreading, respectively. Defining the average ve-
locity of the spreading meniscus vs = 7,/ts, where t, the total spreading time, 3.1

gives,
v rs U v
= =221 -1+ 2)H 34
e e L (R (3.4)

By taking low and high speed limits of Eq. 2,

Vs = h—a'l)* (35)
when % <1
v = ;—v (3.6)

when 7¢ > 1
Therefore, when v, << v*, capillary-driven flow from the porous stamp dominates

the spreading rate, and spreading can be approximated as if the stamp was station-

44



ary (Fig. 3-4B). For v, >> v*, however, the gap is closing at a much faster rate than
the rate at which ink can flow from the stamp (Fig. 3-4C). In this regime, an initial
liquid bridge that wets across the gap will undergo approximately constant volume
deformation with negligible ink flow from the stamp during spreading. Therefore,
the spreading rate is simply determined by the ratio of feature width to initial gap
distance and is proportional to the approach speed. Importantly, at high speeds, the
spreading rate is independent of liquid properties and stamp porosity. We estimated
v* = 0.3 mm/s using the known ink properties and approximating the stamp perme-
ability using an analytical expression for an array of aligned cylinders [51]. This is in
reasonable agreement with the value of v* = 0.2 mm/s used to fit the model to the
measured data in Fig. 3-4E. Differences arise due to the precise value of ink pressure
within the stamp, the distribution of CNT diameters and imperfect alignment, the

modeling assumption of symmetric ink spreading, and experimental uncertainty.

3.4.3 Full wetting and contact dwell time (r = r;)

After the stamp comes to rest, the equilibrium shape of the wetted area is determined
by the contact pressure on the micropillar, and by the uniformity of the stamp relative
to the opposite surface. Fig. 3-2G shows the pressure range (Ap.) where the area ratio
(ratio of area of stamp pattern to printed pattern) is ~1 using the measurements of
printed patterns on the spherical lens and comparison with the predictive model.
[16] Below the minimum threshold contact pressure (pm:n) at the lower limit of the
pressure range (Ap.), at the end of the approach step, contact area is less than the
stamp cross sectional area and there are regions in the stamp-substrate interface where
the gap is > Acnr. Therefore, there is no driving force for the flow of liquid from
the stamp even with long dwell times and the wetted area is smaller than the stamp
cross sectional area producing incomplete pattern transfer. Above the maximum
threshold contact pressure (p;mq.) at the upper limit of the pressure range, excess
stamp compression will squeeze out additional ink into the space between stamp
features, forcing wetting over a larger area than defined by the stamp feature and

resulting in oversized printed features. Therefore, when the contact pressure on the
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micropillar lies within the range (Ap.), the nanoporous stamp fully contacts the
opposite surface, i.e., coated CNTs are in contact throughout the area of the stamp
feature. After contact, the stamp is held against the substrate at constant force
before being pulled away. During this period, the ink meniscus can relax to an
equilibrium shape (AP = 0) through visco-capillary flow into or out of the stamp
features. The relaxation likely occurs much faster than the 10 s contact time used
in the experiments reported here, but has not been characterized. A long contact
time was used to decouple the approach and retraction stages of the printing process,
but a much shorter dwell time may be used in practice and is unlikely to affect the

printing results if full contact is achieved.

3.4.4 Retraction (r, <7 <ry)

Starting from the condition of full contact and wetting of the interface, a thin lig-
uid bridge is initially drawn from the stamp upon retraction, and is pinned to the
substrate at the edges of the stamp feature (Fig. 3-5A). At this instant, the wetted
contact area remains constant while the contact angle of the ink with the substrate
decreases to the receding angle. The height of the liquid bridge within the gap when
the contact line first begins to move (h,.) defines the initial volume of ink in the gap
during recession. Then, the retraction speed, v, influences the balance between liquid
bridge deformation and the flow from the porous stamp. At low retraction speeds,
liquid flow from the stamp will be sufficient to maintain a filled gap between the
stamp feature and the substrate as the stamp moves upward. The ink volume in the
gap maintains a constant radius of 7 = r, until the aspect ratio of the liquid bridge
exceeds the stability limit, and the bridge ruptures. Equating the volume flow rate
from the stamp on the right side of Eq. 3.1 to the rate of volume increase in the
gap, this low speed regime is predicted for v, < 2v*. However, during retraction v*
may differ from that during the approach, because it is proportional to AP (Eq. 3.3)
which has decreased during the contact dwell time.

For v, > 2v*, the meniscus will recede despite capillary pressure driven flow from

the porous stamp. The radius of the receding contact can be approximated by the
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Figure 3-5: Receding dynamics during the stamp retraction. (A) Schematics of the
liquid bridge initiation as the stamp retracts away from the substrate, contact line
pinning and recession during retraction. (B) Snapshots showing the base of the liquid
bridge on the substrate at low and high retraction speeds of 0.1 mm/s (C) and 50
mm/s. (D) Ratio of the area covered by liquid to the feature area plotted as a function
of time for four different retraction speeds, 0.1, 1, 10, 50 mm/s, (solid lines are based
on Eq.6, full videos shown in S7a-d). (E) The average recession speed of the liquid
bridge versus stamp retraction speed. (The bounds of the shaded region show model
predictions of rs/h, = 10, v*= 0.012 mm/s and r,/h, = 2, v* = 0.02 mm/s. The dots
and error bars are the velocity calculated from the video observation)
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same method as for spreading, except here the gap height, h = h, + v,t, is increasing
at a constant speed. Designating the gap height at which the ink radius begins to

recede as h,, Eq. 3.1 predicts that the ink radius decreases as

T 2

a4+ 2—”)-1/2 (3.7)

v* (21)*
,rS v’l‘ T

v

Ur > 1

when 5
v

From the high-speed video images (Figs. 3-5B, C), an effective contact line radius
is extracted and compared to the model (Fig. 3-5D). Using v* and h, as fitting
parameters in Eq. 3.7, model retraction curves are matched to measured time traces.
In Fig. 3-5E, we show the measured average recession speed of the contact line for
different stamp retraction speeds, compared with the above model. The model curves
follow the general retraction behavior but deviate from the experimental results in
a few important ways. Once the contact line begins to recede, the measurements
show an initially slow but accelerating motion not captured by the model (Fig. 3-
5D). Whereas the model assumes a symmetric, radial ink recession, images of the
ink contact during retraction reveal a more irregular shape contributing to modeling
inaccuracy. Further, the model does not account for the dynamics of transition of
a pinned contact line into a receding one. The images in Fig. 3-5B, C suggest the
possibility that the contact line initially remains pinned over some sections of the
edge while receding from others, accentuating the asymmetry and resulting in a slower
increase of the contact line speed as the gap increases. In the experiments, the contact
line location is determined by viewing the ink through the transparent substrate. A
certain thickness of ink will be required to obtain sufficient contrast to discern the
contact line position. This leads to measurement uncertainty in the retraction time

traces, and is greatest at the highest speed of 50 mm/s in the present experiments.

3.4.5 Rupture (r =1)

The geometry of the receding liquid bridge, and the dynamics of bridge rupture,

determine the liquid volume that is printed. The receding liquid bridge ruptures

48



A Stability limit Liquid bridge rupture

i

transferred

. / liquid drop
PV,

—

10° 10% 104 0 20 4‘0- 60 80 100
time [ms) position [um]

Figure 3-6: Transferred liquid film after bridge rupture and re-spreading. (A)
Schematic of the liquid bridge at the moment of rupture, transferred liquid drop
on the substrate after bridge rupture, and of transferred liquid drop re-spreading on
the substrate to the stamp feature shape. (B) Thickness of printed solid layer after
solvent evaporation versus retraction speed and comparison with model (solid line)
(C) Snapshots from high speed videos of re-spreading of transferred drops forming
films with the shape of four squares matching the stamp pattern closely. (D) Ratio of
re-spread film area to stamp area versus time for three shapes and comparison with
model in Eq. 3.7 (solid line). (E) Measured profile of printed solid layer for three
shapes along with microscope images of the printed patterns.
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(Fig. 3-6A) when the aspect ratio of the stretched meniscus exceeds its stability
limit. For low capillary numbers (Ca = pv,/7), a liquid bridge with pinned contact
lines stretched quasi-statically will become unstable at an aspect ratio of hy /7, = 27
(rp and hy, are the bridge radius and height at the instant of rupture), and breaks by
visco-capillary necking. [53] The lowest point in Fig. 3-5D corresponds to the instant
at which the capillary bridge breaks. By analyzing the videos, we find that the
radius and height at the moment of rupture reasonably agree with the quasi-static
stability limit. Assuming this limit defines the moment of rupture for all retraction
speeds (Ca=0.00027-0.14), the radius, height, and volume (Vy~nrZh;) of the liquid
bridge at the moment of rupture can be estimated by approximating the liquid bridge
geometry to be a cylinder. The retraction profiles in Fig. 3-5D show noticeable
discrepancies in the radius of rupture between the model and the measurements.
The model approximates the liquid bridge as a cylinder, but the actual liquid bridge
deviates from this shape, both due to the non-circular cross-section observed in Fig. 3-
5C and the off-perpendicular contact angle it makes with the substrate. Images of the
liquid bridge just after rupture (Figs. 3-3B-D) show an off-center breaking position,
indicating significant asymmetry in ink recession. Nevertheless, we accurately predict
that the volume of ink in the capillary bridge at ruf)ture decreases with retraction
speed because at higher speeds, there is less time for ink to flow into the gap before
rupture. At high speeds (v, > v*), ink transfer from within the stamp is negligible
and the volume at rupture plateaus to the ink volume in the gap just before contact
line recession began. The model predicts that the printed volume levels off to within
10% of the high-speed limit at v,=0.2 m/s and is within 2% at v,=1 m/s. At the limit
of low speeds (v, < 2v*), we expect that the gap remains filled until rupture occurs.
Therefore, the upper-bound for the ink transfer volume is determined by the stability
limit of a liquid bridge pinned along the periphery of the stamp feature, V;, = 2n%r3.
Moreover, the symmetry of breakage is known to strongly depend on the differences
in contact angles. [46] The transferred liquid volume can simply be estimated as ¢Vj,
where ¢ is the transfer ratio. Assuming subsequent drying of the ink to a uniform

layer of nanoparticles, for a 50% by weight colloidal ink, we estimate the printed layer
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thickness (Fig. 3-6B) as t, = ¢Vpag(Apsor), Where pag, psoi are the densities of silver
and solvent and A is the area of the printed layer (= nr?). Therefore, the predicted
printed layer thickness is constant for v, < 2v* and then it decreases with retraction
speed to level off to a constant value at high speeds (v, > v*). We measured the
profiles (Fig. 3-2E) of 5-10 samples of printed patterns on the spherical lens along
a line and calculated the average thickness of each printed pattern. The measured
values of average thickness (Fig. 3-6B) of the printed layers is higher than 200 nm at
low retraction speeds (v, <1 mm/s), then it decreases to less than 50 nm at v,=50
mm/s. The initial ink volume on the stamp varies between experiments conducted
at different speeds and this leads to differences between the measured and predicted

values of printed layer thickness.

3.4.6 Respreading (r, <1 < ry)

Importantly, the liquid respreads to match the stamp feature after rupture (Videos
S4a-c, Sba, 5b), and therefore the nanoporous stamps can be used to produce features
with internal holes (e.g., annuli) and sharp corners (Figs. 3-6A, C) with high fidelity.
We attribute this respreading to the presence of a precursor film, [54] a thin layer of
liquid that forms on the wetted areas of the substrate during contact and remains
after the stamp retracts. We expect this precursor film to be present even when
printing with solid stamps, however, in that case, excess ink is squeezed out of the gap
between the stamp and the substrate during printing, wetting a larger area than the
original stamp feature. In contrast, nanoporous stamps make conformal contact with
the substrate without significant squeeze out, creating a precursor film that matches
the stamp area with high accuracy. The experimental time traces of respreading
(Fig. 3-6D) show a relaxation of the ink radius without oscillation, verifying that
inertial effects are negligible. Droplet spreading of this type is governed by Tanners
Law, [54,55]

T o (y1/10
el ) (3.8)
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This scaling reasonably tracks the measured respreading time traces, as shown in
Fig. 3-6D. Similar to the approach and retraction models, respreading is approxi-
mated as occurring symmetrically. However, as seen in Fig. 3-6C, the ink bridge can
rupture in an off-center position with an asymmetric shape. Furthermore, the ink
reaches some sections of the edge earlier than other sections. This leads to deviation
from the model throughout much of the respreading process. The model assumes
radial respreading with a circular contact shape, and therefore also does not resolve
the slower respreading into the corners of the square feature at later times (Fig. 3-
6D). Similarly, the model does not attempt to capture the significant circumferential
component of respreading from the annular feature, leading to significant deviation in
that case (Fig. 3-6D). As with the approach and retraction models, the ink is approx-
imated as a simple fluid, but the presence of nanoparticles may further complicate
the spreading dynamics especially for layers with thickness comparable to the particle

size within the fluid.

3.4.7 Towards precision, high-speed printing using nanoporous

stamps

Precise control of the printed layer thickness, thickness uniformity, and shape accu-
racy compared to the stamp features, is necessary for fabrication of devices whose
performance is coupled to these parameters. Here, using nanoporous flexography, we
print Ag nanoparticle films with average thicknesses ranging from <30 nm to >150
nm, at retraction speeds of 0.1-50 mm/s. Therefore, we conclude that, keeping all
other variables constant including the ink concentration and the surface properties,
the retraction speed of the stamp is the principle means of controlling layer thick-
ness. Previously, we demonstrated printing at linear speeds of up to 0.2 m/s using
a plate-to-roll apparatus, and this speed was limited by the operating range of the
linear motion stage in our apparatus. [19,20] In the roll-to-plate configuration, which

mimics industrial equipment, the retraction speed (v,) between the stamp and the
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roller is

v = v/ (he/R) — (hy/2R)? (3.9)

where v; and R are the tangential speed and the radius of the roller respectively.
Using values for R=0.254 mm and v;=10 m/s typical in industrial flexography, we
estimate the retraction speed to be 0.2 m/s which is in the asymptotic regime (t < 50
nm, FiG. 3-6B) using the conditions of our present experiments. From this point, the
printed layer thickness (after drying) may be controlled by the particle concentration
in the ink. The average thicknesses values calculated from the measured profiles
(Fig. 3-6E) of the printed layers of circle, square and annulus are 146.6, 112.8, and
101.9 nm respectively. Though the thickness tapers sharply toward the edges of each
printed shape, the printed features are locally very smooth, and uniform within the
edge regions. The calculated average roughness (R,) ranges from 1.5 to 5 nm, and
the RMS roughness (R,) ranges from 2 to 7 nm. These values are at least 10-fold
less compared to layers printed using conventional flexographic printing with solid
elastomer stamps. [12,56] Returning to the overall distribution of printed features on
the lens (Fig. 3-2E), we find that the measured thickness of the printed layers is not
influenced by the contact pressure (Fig. 3-2H). This suggests that ink released from
the stamp due to compression of the CNTs during contact is not affecting the printed
volume. It is possible that any additional ink volume released during compression is
quickly reabsorbed during decompression. This is also very desirable for industrial
printing, because local and global variations in the stamp and substrate surface can be
accommodated by compliance of the stamp, without detriment to printing uniformity.
The lateral error, defined as the difference between the lateral dimension of the printed
layer and that of the stamp pattern, is another major consideration for precision
printing. The lateral dimension of the transferred film is determined at the moment
of full wetting, as we found that the ruptured ink droplet tends to re-spread to fill
the previously wetted shape. To achieve conformal contact between the stamp and
substrate, the contact pressure between the stamp and substrate must lie within a

range determined by the stiffness of the CNTs, CNT-CNT spacing (AgnT), and the
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standard deviation (o;) of the lengths of CNTs, assuming the lengths are normally
distributed. [20] Fig. 3-2G shows the pressure range (Ap.) where the area ratio (ratio
of area of stamp pattern to printed pattern) is 1 using the measurements of printed
patterns on the spherical lens and comparison with the predictive model. [20] At
the moment of full wetting, if the contact pressure is within this range, then during
respreading, the transferred liquid drop fills the wetted area that matches the stamp
pattern. If the pressure is less than the lower limit of this range, the printed area
will be less than the stamp area due to partial or incomplete contact between the
stamp and substrate. When the pressure is greater than the upper limit of this
range, the area ratio is greater than 1 due to excessive deformation of the nanoporous
stamp. Moreover, the vertical motion precision required to maintain the contact
pressure range that was experimentally determined to achieve full contact without
overprinting is 2A\% y7Ap./kent , Where kent is the stiffness of the CNT. Therefore,

the motion precision required is ~150 nm to minimize lateral error in printing.

3.4.8 Limitations of this study

Our liquid transfer model elucidates other key factors that determine the transfer
behavior and resulting dimensions of the transferred film, such as liquid surface ten-
sion and viscosity, stamp permeability, and initial ink load on the stamps. Further
insights can be gained by studying the effect of the stamp porosity by varying the
coating thickness of polymer on the CNTs or the CNT diameter or by varying both.
However, varying the porosity by these methods will change the stiffness of the stamp
and hence will alter the stamp-substrate contact mechanics. Experimental validation
using inks with a wide range of liquid properties and stamps with controlled pore
sizes will be beneficial for further understanding. Also, colloidal nanoparticle inks
exhibit shear thinning rheology dependent on particle concentration. [57-67] This
non-Newtonian behavior remains small for particle volume fractions below 25%, [60]
making a Newtonian flow approximation reasonable for the 7% volume fraction ink
used in this study. However, printing with inks at higher loading, and/or printing

of much smaller features may require consideration of non-Newtonian behavior. The
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influence of stamp compression on the ink flow within the gap, and the dynamics of
retraction, must be considered for features whose dimensions approach the motion
and alignment precision of the printing apparatus, or when stamp compression is
relied upon to accommodate substrate curvature or roughness. Further, the present
model approximates the ink volume in the gap as being cylindrical and groups a num-
ber of factors including capillary pressure within the stamp, contact angles, and ink
loading into a fitting parameter, AP, without attempting to find a relation for this
parameter based on the physical system. Nevertheless, our analysis captures the key
dependencies of transferred ink volume on retraction speed, and of spreading time on

approach speed.

3.5 Experimental setup

In the case of a planar stamp making contact with the spherical lens, the contact
pressure can be controlled by the force, geometry, and mechanical properties of the
materials in contact. Assuming Hertzian contact between the spherical lens and
stamp, we estimated that, with a glass lens of 500 mm radius, we can achieve an
average contact pressure of 33 kPa with an applied force of 100 mN. Accordingly, we
designed a flexure made of aluminum (bending stiffness = 240 N/m) to apply this
required force. The CNT stamp is placed on the flexure and brought into contact
with the lens. By making the flexure much more compliant than CNT stamps (stiff-
ness = 10-100 kN/m), the contact force between the stamp and the lens can solely
be determined by the flexure stiffness and deflection. That is, for a known flexure
stiffness, we can control the flexure deflection and hence the contact force and pres-
sure. For example, a deflection of 10 microns will correspond to the minimum force
of 2 mN. The flexure is clamped at its ends and a capacitance probe (Lion Precision,
(C8-2.0-2.0) placed between the flexure holder and the flexure is used to measure the
deflection. The flexure holder is attached to a single axis motion stage (Aerotech,
ANT130L) via a tip-tilt stage (Thor Labs, PY 003). The microscope consists of a
collimated light source (AmScope, LED-11WYR), pellicle beam splitter (Thor Labs,
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CM1-BP145B1), infinity corrected 5x objective lens (Mitutoyo, M Plan Apo 5X) and
a tube lens (focal length = 250mm) to achieve 25x magnification so that we can cap-
ture images with a resolution of 1.1 microns. The light source arrangement allows
for illumination even when the stamp is in contact with the substrate, enabling video
capture at high frame rates of 25000 fps. The infinity corrected objective provides
a working distance of 20 mm to accommodate the fixture and work space required
to mount and unmount lenses before and after each printing cycle. The high speed
camera (Vision Research, Phantom v2511) was placed on a custom-built motion sys-
tem with three degrees of freedom to adjust the focus and field of view while taking

videos during the experiments.

3.6 Calculation of radius and height at the mo-

ment of rupture

The base radius of the liquid bridge is directly obtained from the image at the instant
of bridge rupture. The deflection sensor records the force between the stamp and the
substrate. The deflection sensor readings are used to record the time (¢;) at which
the stamp loses contact with the substrate. The high speed videos have time stamps
associated with each frame. Using the time stamps on the high speed videos, we
record the time (t;) at which the bridge rupture occurs. The height of the liquid
bridge at rupture is given by v, (t2 — t1) where v, is the retraction speed of the motion

stage.

3.7 The transfer ratio

The differences in material and structure between the stamp and substrate likely mean
differences in contact angles, and hence, a value for the transfer ratio (¢) different
from 0.5. No value of the transfer ratio is assumed in the text. It is included in the

fitting parameter used to match experimental data in Fig. 3-6B.
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Symbol | Description
v Surface tension of the liquid ink
Pressure difference from deep in the porous stamp to the surface of ink
AP meniscus in the gap between the stamp and the substrate
Ap. The contact pressure range in which the printed area ratio is 1
Krr Radial permeability of the porous stamp
Kzz Axial permeability of the porous stamp
1% Viscosity of the liquid ink
o Root mean square (R.M.S.) roughness of the wetted stamp surface
) Transfer ratio
h Height of the liquid bridge (modeled as a cylinder) during approach
hy Height of the (cylindrical) liquid bridge at the moment of rupture
h, The gap distance at the which the ink contact Iine on the substrate begins
L %)isrte;r(;gg between the bottom of the stamp surface and substrate at the
. moment of wetting initiation
hiransfer | Thickness of the liquid layer at the end of respreading
koent Stiffness of CNT
Ptmin Minimum contact pressure at which the printed area ratio is ~ 1
Ptmaz Maximum contact pressure at which the printed area ratio is ~ 1
T Radius of the liquid bridge (modeled as a cylinder) during approach
Ty Radius of the (cylindrical) liquid bridge at the moment of rupture
r, Average radius of the base of liquid bridge on the substrate at the moment
of wetting initiation
Ts Radius of the circular stamp
Ty Radius of the fully wetted contact area
R, Average roughness of the printed layer
R, RMS roughness of the printed layer
Vi Volume of the liquid bridge at the moment of rupture
v* Critical velocity
Uq Stamp approach speed
Ur Stamp retraction speed
Us Average spreading speed
tp Thickness of the printed solid layer after drying
. Reference thickness used for calculating roughness of the central region
€ of the printed layer
[ Average thickness of the printed layer

Table 3.1: List of Symbols
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3.8 Contact angle measurement

The contact angle of the silver nanoparticle ink on the lens was measured to be 8.84°
using a rame-hart contact angle goniometer. The contact angle hysteresis is negligible

and is less than the measurement error of 1%.

3.9 Roughness of printed layer
The steps used to calculate the roughness of the printed layer are

1. From the measured thickness profile, select the a region by setting a reference
thickness,t,.s. All the values > t,.; are used to calculate the roughness of the

printed layer. We used two different reference values

(a) Central region (¢, = t.) : For example, in Fig. 3-6E, in the printed layer
profile of square pattern, we choose the thickness values larger than 142
nm. This creates a sample subset of thickness values in the central region
(27 pm < X position < 72 pm). The dotted line shows the reference

thickness tc used for calculating the roughness for square.

(b) Entire region (t,f = tqy) : For example, in Fig. 3-6E, in the printed layer
profile of square pattern, we choose the thickness values larger than 112
nm. The dotted line shows the reference thickness ¢,v used for calculating

the roughness for square.
2. Calculate the mean (i) of the thickness values from the sample of size N

3. Using the mean, calculate the average and RMS roughness using the following

equations
_ i tp(i) —H
R, = N (3.10)
V2 (tp(2) — p)?
R, = ~ (3.11)
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Printed Reference Sample Average RMS
Pattern thickness, mean, u roughness, roughness,
Shape t.(nm) (nm) R, (nm) R, (nm)

Square 142 146.54 1.59 1.97
Circle 160 171.38 5.89 7.07
Annulus 140 147.04 3.04 3.41

Sample 1
Annulus 120< t, < 138 127.86 3.27 3.79
Sample 2

Table 3.2: Roughness values calculated for the central region of the printed layer

Printed Reference Average RMS
Pattern thickness, roughness, roughness,
Shape tey (nm) R, (nm) R, (nm)
Square 112.8 39.2 48.4
Circle 146.6 33.6 44
Annulus 101.9 32.8 38.4

Table 3.3: Roughness values calculated for the entire printed layer

The tables below show the values of chosen reference thickness and computed

mean, average and RMS roughness of the profiles of printed patterns of three shapes.

3.10 Conclusions

We have studied the dynamics of ink transfer from nanoporous stamps enabling preci-
sion printing of ultra-thin liquid films by displacement-controlled mechanical contact.
Using high-speed imaging and analytical modeling, we have shown that, at low stamp
approach speeds, liquid spreading is driven by capillary forces and flow from the
nanoporous stamp, while at high approach speeds, liquid spreading is driven by the
stamp compression rate during contact. The same model was applied to retraction to
show how the flow within the stamp influences the volume of liquid transferred at dif-
ferent stamp speeds. Further, we show how the respreading of liquid over a precursor
film, matching the maximal stamp-substrate contact area, enables direct printing of

non-circular features. These findings have implications for applying nanoporous print-
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ing stamps in industrial scale roll-to-roll printing of electronics devices. Yet , further
work is required on registration and materials compatibility in multilayer printing,
surface treatment to optimize wettabilities, and sintering of printed nanoparticles to

form continuous layers with desired electrical properties.
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Chapter 4

A desktop plate to roll apparatus
for development of flexographic

printing processes

The contents of this chapter is expanded from a conference paper [68] - Plate to roll

apparatus for flexography using nanoporous stamps.

4.1 Abstract

Flexographic printing is widely used for high-throughput manufacturing of printed
electronics including displays, RFID tags, solar photovoltaics, and sensors. Print qual-
ity measured by the feature resolution and layer thickness affects the performance of
the printed devices; resolution and layer thickness depend on precise control of flex-
ographic printing parameters including stamp-substrate contact pressure, stamp ink
volume, print speed and surface wettabilities. We present the design and fabrication of
a desktop printing apparatus to conduct flexographic printing experiments and gain a
physics based understanding of the relationship between printing process parameters
and print quality. In a prior work, printing of ultra-thin(~100nm), high-resolution
(~3um) features at high speeds (>0.1m/s) was achieved with nanoporous stamps

comprising of polymer coated vertically aligned carbon nanotubes (VACNTSs). The
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machine includes a flexure, a Z motion stage and a capacitance probe to set a desired
contact force and low run-out (<5um) roller to minimize the stamp-substrate con-
tact force variation. Strain-gages on the flexure beams are used to achieve alignment
along the roller-stamp contact line. Furthermore, independently driven rotary and
linear motors are synchronized to eliminate shear at the stamp-substrate interface
and achieve slip-free smooth motion while printing at low and high speeds. We use
this printing apparatus and show printing of high resolution features with nanoporous
printing stamps across a range of speeds. The machine can be used to conduct ex-
periments to understand the physics of flexographic printing processes and prototype

devices such as TFTs.

A B

Roller ———

PET
Film

Stamp

% —gﬂexure :
I_' Capacitance P >

I Flexure Holder probe

Figure 4-1: A desktop plate to roll apparatus with slip-free smooth rotary and trans-
lation motions, adjustable contact force and alignment control for high-resolution
printing applications A) Schematic and B) Photograph of the machine showing the
printing stamp, flexible substrate, flexure used for setting the contact force, displace-
ment sensor and the roller.
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4.2 Introduction

Flexographic printing is a manufacturing process used to print patterns on rigid or
flexible substrates by transferring liquid from a patterned elastomer stamp [13]. Flex-
ography is a highly scalable printing method and can be used to print continuously at
high speeds on large substrate areas. From printing graphics, flexography has been
adapted to print devices such as transistors, solar cells, RFID tags, and transparent
electrodes [69-72]. The flexographic printing parameters including print speed, ink
volume, and printing force determine the print quality measured in terms of print
resolution and layer thickness [12,73]. These dimensions influence the performance
and design limits of underlying elements such as thin-film transistors [24,74,75]. An
understanding of the process physics and determination of the optimal printing con-
ditions is essential to achieve a desired print quality[3]. To perform such studies, we
need a desktop printing apparatus in which experiments can be conducted by varying
the printing parameters. The printing apparatus can be used to conduct printing
experiments and study the effect of process parameters on print quality by character-
izing the printed samples. Here, we report the design and evaluation of a benchtop
plate-to-roll (P2R) machine (Fig. 4-1) for flexographic printing. Mainstream printing
technologies including inkjet, screen, gravure (intaglio), as well as flexographic (re-
lief) printing are limited to feature sizes no smaller than tens of microns {39,76]. In
flexography, while rubber stamps with sub-micron feature resolution can be manufac-
tured, challenges arise in loading these stamps with thin layers of ink and controlling
the quantity of ink transferred to substrates [12,13,39]. In flexographic printing,
we recently demonstrated that significantly finer printed feature dimensions can be
achieved when nanoporous stamps are used instead of traditional non-porous poly-
mer stamps [16]. The key difference is that nanoporous stamps retain the ink within
their volume, enabling the printed pattern to precisely replicate the shape of stamp
features without suffering the squeeze-out and dewetting instabilities of traditional
flexography. For instance, nanoporous stamps comprising polymer-coated vertically

aligned carbon nanotubes (CNTs) enabled high speed (0.1 m/s) printing of features
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with 3 pwmminimum size, from conductive, dielectric, and semiconducting nanopar-

ticle inks [16].

4.3 Design of the plate to roll apparatus

The machine (Fig. 4-2) is designed to accomodate CNT stamps up to 20 x 20 mm in
size, and controls the contact force, contact speed, and alignment between the stamp
and the substrate across the contact line. During printing, the CNT stamp is placed
on the flexure stage, and the printing substrate (e.g., a polyethylene terephthalate
film) is wrapped around the circumference of the roller forcing the roller and stamp
to form a line contact. Under nominal conditions, we seek to match the roller and
substrate motion so there is no slip at the contact line, with a design target maximum
speed of 350 mm/sec. The design of the four sub-systems of the P2R apparatus
including the roller assembly, flexure assembly, contact alignment system, and the

motion system are explained in the following sections.

4.3.1 Flexure assembly

Control of the force is critical to achieve high quality relief printing. In previous work,
we showed that uniform ink transfer from a CNT microstructure to a solid substrate
can be achieved only when the contact pressure ranges from 28-150 kPa [16]. This
pressure range was derived based on modeling of contact mechanics of the nanoporous
stamp and the substrate and manual plate-to-plate printing experiments. In the
case of plate-to-roll contact, the contact pressure can be controlled by the force,
geometry, and mechanical properties of the materials in contact. Assuming Hertzian
contact between the roller and stamp, we estimated that, with an aluminum roller
of 50mm diameter, we can achieve average contact pressure ranging from 15-167 kPa
by controlling the applied force from 2-250 mN (Fig. 4-3). Accordingly, we designed
a flexure made of aluminum (bending stiffness = 243.3 N/m) to apply this required
force. The CNT stamp is placed on the flexure and brought into contact with the

roller. By making the flexure atleast 50 times more compliant than CNT stamps
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Figure 4-2: CAD model of the plate to roll machine A) Schematic and B) Photograph
of the machine showing the four subsystems including roller assembly, stage assembly,
motion and the contact alignment systems
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(stiffness = 10-100 kN/m), the contact force between the plate and the roller can
be determined solely by the flexure stiffness and deflection. That is, for a known
flexure stiffness, we can control the flexure deflection and hence the contact force and
pressure. For example, a deflection of 10 microns will correspond to the minimum
force of 2 mN. The flexure is clamped at its ends. A capacitance probe (Lion Precision,
C8-2.0-2.0) placed between the flexure holder and the flexure is used to measure the
deflection (Fig. 4-3 ). The capacitance probe has a resolution of 2.1nm [77]. The

flexure holder is attached to a single axis motion stage via a tip-tilt stage.

4.3.2 Roller assembly

We designed the roller assembly so that experiments can be performed with rollers
of different diameters, lengths and materials. The assembly (Fig. 4-2) consists of
the roller, shaft, angular contact bearings, and the bearing housing. The nominal
design is an aluminum roller of 50 mm diameter. The roller is mounted at the end of
a stepped shaft supported by two angular contact bearings (ABEC-7) assembled in
a back-to-back configuration. By keeping the length of the shaft as small as possible
and assembling the bearings in back-to-back configuration, we achieve a high moment
stiffness and reduce shaft deflections due to dynamic loads. Surface grinding (Fig. 4-
4) was performed on the roller after assembly, resulting in a total indicated run out

of 5 m (Fig.. 4-4)

4.3.3 Contact alignment system

The roller and CNT stamp come into contact along a line. During the printing process,
the roller rotates about its axis and translates in the X direction (Fig. 4-5). In order
to achieve uniform ink transfer between the stamp and the substrate, the contact
pressure must be maintained within 28-150 kPa. Moreover, the contact pressure must
be uniform across the contact line. To adjust any misalignment between the plate
and roller, we assembled a pitch-yaw stage (ThorLabs, PY003, resolution = 109.1 arc
seconds) on top of the Z motion stage (Fig. 4-5). Four strain gages attached to the
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Figure 4-3: A Flexure, capacitance based displacement sensor and a micrometer stage
are used to set the contact force between the plate and the roller A)Relationship
between the contact pressure and applied force based on the cylinder-plane Hertzian
contact mechanics modeling B)Schematic and C) photograph showing the method
of application of contact force via a flexure, displacement sensor and Z motion of a
rigid flexure holder D) Resultant displacement of the flexure in response to the force
applied along a contact line calculated using finite element analysis (Applied force
= 1IN, Maximum displacement = 4.1lmm, Calculated stiffness in Z direction = 243

N/m)
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Figure 4-4: Surface grinding of the roller A) Photograph shows the surface grinding
wheel and the roller as part of the roller assembly after surface grinding B) Radial
runout measurements of the shaft showthe reduction in radial runout after surface
grinding to less than 5 microns keeping the force variations during printing to within
1.2mN
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beams of the flexure stage measure the deflections of the beams and S1,52,S3 and S4
are the strains measured by the gages. The yaw adjustment micrometer is used to
control the alignment (¢=0) along the contact line aligned with the Y axis (Fig. 4-5
). The pitch adjustment micrometer is used to control the alignment and maintain
the condition ¢=0 as the contact line moves in the X direction during printing and as
becomes either positive or negative. As shown in Fig. 4-5, at the starting position, S;
equals S, and is greater than Ss; which equals Sy. During printing and when the roller
is in the middle of the flexure stage, all strains are equal. At the stopping position,
Ss equals Sy and is greater than S; which equals S;. These conditions are set by

adjusting the yaw and pitch micrometer stages using the strain values.

4.3.4 Motion system

While the roller rotates about its axis and translates, there should be no slip at the
roller-stamp interface. This condition can easily be achieved in two ways: (1) driving
the rotor about the rotary axis (w) and letting the interfacial friction provide the
linear motion (V); or (2) driving the stamp or the roller along the linear axis (V) and
letting the friction provide the rotary motion (w). However, the CNT stamps cannot
endure the shear stress induced by the friction due to their own mechanics and the
limited adhesion between CNT microstructures and their base substrate. To overcome
this limitation, we designed the motion system with independent drives for the roller
rotation and translation. The challenge in the design and implementation of such a
system is achieving exactly synchronized motion between the rotation and translation
so that Rw = V. To provide rotary motion for the roller, a slotless, brushless DC
motor (Aerotech, BMS60) is used[16]. The motor has a built-in rotary encoder, and
the positon resolution of the roller along the circumference is 39 nm and can provide
smooth motion at low and high speeds. A linear motor (Aerotech, ANT 130L) with
160 mm travel range, 1 nm resolution, and 350 mm/sec speed limit provides the
translation for the roller [78]. With the BLDC motor and direct drive linear motor,
velocity control can be implemented to eliminate slip and achieve smooth motion at

low and high speeds.
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Figure 4-5: Pitch-Yaw micrometer stages and four strain gages attached to the beams
in the flexure stages are used to align the roller and plate during printing A) CAD
model showing the pitch yaw stage, micrometers, roller, flexure holder, flexure and
the locations of the strain gages S1, S2, S3, and S4. B) Schematics showing the
position of the roller and the contact line at the start and stop of printing and during
printing. C)Schematics showing the misaligned aligned positions of the flexure and
roller about the pitch and yaw axes. D)Values of the strain gages S1, S2, S3 and 54 at
the start and stop of printing and during printing in terms of the amplified voltages
when there is no misalignment between the flexure and roller about the pitch and yaw
axes (inset shows the printed pattern when the roller and stamp are aligned about
the pitch and yaw axes)
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Figure 4-6: Roller and linear motion stages use tuned feedforward and PID controllers
to achieve smooth motion (P(z) , C(z), FF(z), and F(z) are the transfer functions of
the plant, PID controller feedforward controller, and servofilters respectively)
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4.3.5 Control system

Fig. 4-6 shows the block diagram of the closed-loop system. The transfer functions
of the plant and controller are P(z) and C(z) respectively. The plant consists of
the dynamic system driven by the BMS 60 motor for the rotary motion and the one
driven by the ANT130L motor for the linear motion. The transfer functions of the
filter and feedforward controller are F'(z) and FF(z) respectively. The closed loop

transfer function is given by

Y _ FF(2)F(2)P(2) + C(2)F(2) P(2) (4.1)
X 1+ C(2)F(2)P(z) .

Fig. 4-7 shows the measured open loop and closed transfer functions of the rotary
and linear motors. The closed loop transfer functions show that the magnitude is
1 for the frequency range of 0-100Hz. The magnitude and phase show that the
closed loop rotary and linear motion systems have significant phase and gain margins.
These high margins render the rotary and linear motion systems stable and able to
track trajectories and hence eliminate slip between rotary and linear motions. See

supporting information for the controller block diagram and its transfer function.

4.4 Plate-to-roll printing experiments

4.4.1 Experimental procedure

Nanoporous stamps are fabricated using the chemical vapor deposition (CVD) growth
of CNT forests from a lithographically patterned catalyst film on a silicon wafer. [16]
Fig. 4-8A shows SEM images of the nanoporous stamp with an array of cylindrical
micropillars. The mechanical compliance, surface roughness, and wettability of the
stamp structures are tailored via plasma treatment of the CNTs and subsequent
coating with a thin layer of polymer (pPFDA, 20 nm) by initiated chemical vapor
deposition (iICVD). [16,17,21] A 100 wl droplet of ink is pipetted onto the stamp and

then the stamp is spun to 1500 rpm for 1-3 minutes in a spincoater. The wet stamp is
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Figure 4-7: Frequency response measurements show a stable dynamic system with
flat amplitude response for frequency up to 500 Hz and sufficient phase and gain
margins as in the A) The closed loop frequency response of the roller and B) The

linear motion stages.

brought into contact with another stamp consisting of CNT forests with no patterns
in them, as described in our previous work. [16] After the removal of excess ink, ink
wets the stamp surface conformally. We conducted the printing experiments using a
five-step procedure. First, PET film is attached to the roller, and the printing stamp
is placed on the flexure and brought into contact. Next, we determine the motion
stage displacement at which the contact force lies within the range of 2-250 mN and
align the stamp and substrate as explained in section 2.3. In the third step, we detach
the stamp from the flexure, apply the ink on the stamp and remove the excess ink
as outlined in section 3.1. Then, we attach the wet stamp to the flexure. Fig. 4-5

shows the start position of the roller and linear motion stage before printing. Last,
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we command the motors to execute the printing step, schematically shown in Fig. 4-5
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Figure 4-8: Nanoporous Printing Stamp, Printed Patterns and the Printing Force A)
SEM image of the micropillar in the printing stamp, nanoscale pore shown on the
top surface and the sidewalls of the micropillar and the optical image of the printing
stamp B) Microscope image of printed patterns at low (1 mm/sec), intermediate (18
mm /sec) and high speeds (100 mm/sec) C) Printing force variation during printing
at low, intermediate, and high speeds.

4.4.2 High resolution P2R printing by force control with no

slip at various speeds

Fig. 4-8B shows the force measured during the printing process for three different
translation speeds - 1, 18, and 100 mm/sec. The contact force is calculated from the

measured deflection of the flexure. The capacitance probe measures the deflection
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Speed Diameter Center to Center Distance

(mm/sec) (pm) (pm)
Mean Std. Dev. Mean Std. Dev.
1 100.34 1.62 130.48 0.58
18 105.53 2.37 131.44 0.46
100 99.79 1.88 131.27 1.12

Table 4.1: Analysis of printed patterns

of the flexure at the midpoint, whereas the contact line moves with the roller dur-
ing printing. As the contact line moves, the deflection in the middle of the flexure
increases to a maximum value and then decreases. This variation is shown in the
measured printing force at all speeds. Though the measured printing force varies, it
is force is >2 mN and <25 mN; these values are within the optimal range in which the
contact pressure is sufficient for the stamp to make conformal contact with the sub-
strate. Between printing experiments, PET samples were attached to and removed
from the roller for experiments conducted at different speeds. The printing force vary
with the printing speed due to variations introduced to the substrate surface profile
in the way samples were attached. By applying the contact force required to achieve
conformal contact between the stamp and substrate and eliminating the slip between
roller and slip, we print patterns of different lateral dimensions (3-100 pum) across a
range of speeds (1-100 mm/sec). Fig.4-8A-C show the optical microscope image of
the stamp consisting of 100 um diameter micropillars and the printed patterns on
the PET substrates at low and high speeds. Fig. 4-9A and B show the microscope
images of stamp with a honeycomb pattern with a line width of 3 microns and the
printed pattern on flexible glass (SCHOTT, Thin Glass AF32) at 100 mm/sec re-
spectively. The lateral error, defined as the difference between the lateral dimension
of the printed layer and that of the stamp pattern, is a major consideration for pre-
cision printing. The mean and standard deviation of the diameters and center to
center distances measured from the printed patterns (Fig. 4-8B) are summarized in

Table. 4.1

The mean and standard deviation of the diameters and center to center distances

measured from the stamp are 100+1.75um and 131.34:0.47um respectively. The
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Figure 4-9: Printing of high resolution patterns at 100 mm/sec A) Optical microscope
image of stamp shows a honeycomb stamp consisting of hexagons with line width of 2
microns B) Printed pattern sides of the hexagons and the center-center distances of
the hexagons have a standard deviation of 1 and 0.26 microns respectively C) Laser
scanning confocal microscope image of one of the hexagons in the printed pattern D)
Measured profile of the sides of the hexagons show that their average thicknesses are
less than 50 nm and have an RMS roughness of 1.1nm except at the corners.
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mean diameter of the circle printed at 18 mm/sec is higher than the ones printed at
1 and 100 mm/sec because the excess ink was incompletely removed from the stamp
in this experiment.The mean and the standard deviation of the measured sides of
the hexagons and the distances between the centers of the hexagons in the printed

honeycomb patterns (Fig. 4-9B) are 13.03£1.01pm and 132.714+0.26,.m respectively.

4.4.3 Printed layer thickness and uniformity

The profile (Fig. 4-9C) of one of the hexagons in the printed honeycomb pattern was
measured using a laser scanning confocal microscope (Keyence Model VK-X250).
The thickness (Fig. 4-9D) of the printed layers was measured along the lines that
section the sides of the hexagons. The mean and standard deviation of the thicknesses
measured along the lines 1-6 are 43.8411.3 nm. The printed profile measured along
XX is highly uniform (RMS roughness = 1.1 nm) except at the corners where the

sides meet.

4.5 Conclusions

We designed and fabricated a plate to roll printing apparatus for studying the physics
of flexographic printing processes and to prototype devices. We conducted print-
ing experiments by controlling the contact force, alignment, and slip between the
substrate and nanoporous printing stamps. With the printing apparatus, we show
printing of features of different shapes, resolution and at low and high speeds. The
lateral dimensions and the thickness of the printed features show that the machine
meets the functional requirements including control of contact force, alignment and
slip between the stamp and substrate. Furthermore, the machine can be used to
study the physics of nanoporous flexographic printing process, develop physics based
models and prototype devices such as transparent conductive electrodes and thin film

transistors.
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Chapter 5

High-mobility SWCNT Thin-film
Transistors Fabricated using

Nanoporous Flexographic Printing

5.1 Abstract

The performance of printed electronic devices including displays, RFID tags, and
sensors are limited by the speed and thickness of the in-built thin-film transistors.
The existing printing technologies such as gravure, inkjet, screen and flexography are
limited by the minimum resolution and thickness of the printed layers. Ultra-thin
(<500nm), short channel (~10pm) transistors with carbon nanotubes (SWCNTSs)
network semiconductor were fabricated using flexographic printing with nanoporous
stamps made of polymer-coated vertically aligned carbon nanotubes (VACNTS). The
measured on-off ratios and mobilities of the fabricated devices are 103-10% and ~25-95
comparable with that of other printed SWCNT network transistors. These are among

the thinnest printed TFTs with high mobility and on-off ratio.
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5.2 Introduction

High-throughput, low cost manufacturing of electronics including RFID tags [28],
sensors, and LEDs will enable applications including smart packaging, flexible and
wearable electronics and displays. Silicon microfabrication processes are limited in
terms of substrate and throughput and hence there is a need for new manufacturing
processes to realize these emerging applications. The adaptation of printing technolo-
gies including inkjet, screen, gravure and flexography from printing dyes to functional
materials offers a promising alternative. There has been a growth in the last two
decades in the production of printed electronic devices. [79,80] The performance of
these devices are determined in most applications by the thickness and speed of the
constituent thin-film transistors. [11] The channel length controlled by the separa-
tion of the source and drain electrodes and the carrier mobility of the semiconductor
determine the speed of the thin-film transistor. Furthermore, thick and non-uniform
dielectric and electrode layers lead to lower breakdown voltages due to localized large
electric fields. [11] The performance of printed transistors are limited by the perfor-
mance of extant printing methods. For instance, flexography is a highly scalable,
high-speed direct printing method, yet it is limited to resolutions of ~10s of microns
as a result of the ink being squeezed out [12,13,39] between the stamp and substrate
and due to dewetting of the deposited ink film. [14] Broadly, there remains an im-
portant need for improved printing technologies for ultrathin (~0.1 pm or smaller)
and fine features (~ pm resolution) to advance printed electronics technology. [10]
Most of the aforementioned printing technologies use liquid or polymeric inks, of-
ten containing colloidal nanoparticles that are sintered to form films after drying of
the printed ink pattern. As such, limitations to the feature size and thickness are
attributed to the coupled, time-dependent fluid and solid mechanics of the printing
process. In flexographic printing, we recently demonstrated that significantly finer
printed feature dimensions can be achieved when nanoporous stamps are used instead
of traditional non-porous polymer stamps. [20] The key difference is that nanoporous

stamps retain the ink within their volume, enabling the printed pattern to precisely
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replicate the shape of stamp features without suffering the squeeze-out and dewetting
instabilities of traditional flexography. For instance, nanoporous stamps comprising
polymer-coated vertically aligned carbon nanotubes (CNTs) enabled high speed (0.1
m/s) printing of features with ~3um minimum size, from conductive, dielectric, and
semiconducting nanoparticle inks.

Nanoporous flexographic printing can be used to print ultra-thin, electrodes with
short-channel length. This can be combined with the semiconductor channel consist-
ing of SWCNT networks to produce transistors with high-mobility and on-off ratio.
SWCNTs, in addition to having high mobility (>10 cm?/Vs) can be processed in so-
lution with commercially available inks. [81-84] We show the design, fabrication and
characterization of a thin-film transistor (Fig. 5-1A)with short channel lengths and
ultra-thin electrodes printed using nanoporous flexographic printing. The measured
transistor mobility (~25-95) and on-off ratio (~ 103 — 10°) are comparable with other
printed SWCNT transistors. The thickness of the TFT except the substrate is < 500
nm and can be reduced further by reducing the dielectric layer thickness. Further-
more, nanoporous flexographic printing can be used to print transistors on flexible

substrates at high speeds (>0.1 m/s).

5.3 Methods

5.3.1 Stamp fabrication

The stamp consists of pairs of source and drain electrodes with different channel
lengths (L=5-150um) and fixed width (W=200m). An exemplary stamp is shown
in Fig. 5-1B. To fabricate the stamps [20], first vertically aligned CNT arrays (CNT
forests) are grown on lithographically patterned silicon substrates by atmospheric
pressure chemical vapor deposition (CVD). Then, the top entangled crust layer (<1
pum thickness) is removed by a brief oxygen plasma etching (Diener, Femto Plasma
System) and coated with a thin layer (~20 nm) of poly-perfluorodecylacrylate (pPFDA)
using initiated CVD (iCVD). [17,20,21]The plasma etching is critical to remove the
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Figure 5-1: Ultra-thin Transistors with short channel lengths (~10 pm) S/D Elec-
trodes Printed using Nanoporous Flexography Stamps A)Schematic of the device
shows the bottom gate (p-doped Silicon), Silicondioxide dielectric layer, printed source
and drain electrodes and the top contact semiconducting SWCNT layer and micro-
scope image of the printing stamp showing the channel geometry defined by the source
and drain electrodes B) SEM images of the stamp to print source and drain electrodes
(10 pm length, 200 pm width) used for nanoporous flexography; close-up top and side
surfaces of the stamp reveal pores with ~100 nm width.
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stiff and rough crust which is not desirable for high-resolution printing because it
results in non-uniform contact against the target substrate. The pPFDA coating
followed by second plasma treatment allow liquid infiltration and solvent evapora-
tion without shrinkage or collapse of the CNT forest by elastocapillary densification.
The final plasma-treated pPFDA-CNT microstructures are highly porous (>90 %
porosity) with nanometer pore size (~100-200 nm), allow liquid infiltration without
deformation due to capillary forces, and are mechanically compliant, enabling uniform

contact with the target substrates.

5.3.2 Inking

The ink used in this study is composed of silver nanoparticles dispersed in tetradecane
(Sigma-Aldrich, 736511). The surface tension and viscosity of the ink are 27 mN/m
and 10 mPa-s, respectively, and the ink exhibits good conductivity (30-60% of bulk
silver) after annealing. [20] The particle concentration is 50-60 wt% with particle sizes
less than 10 nm. A 100 yl droplet of ink is pipetted onto the stamp and then the

stamp is spun to 1500 rpm for 1-3 minutes in a spincoater.

5.3.3 Sintering

A hot plate was used to do rapid sintering of the silver nanoparticles after printing
the source and drain electrodes. The hot plate was set to the 300 0¢ and the chips
were placed on the hotplate after it reached the setpoint. The wafer was left on the

hot plate for 1 minute for sintering.

5.3.4 Device characterization

A DC probe station and semiconductor parameter analyzer (Agilent 4155C, Easy
Expert software) were used for the measurement of conductivity of the sintered elec-

trodes, and the output and transfer characteristics of the TFTs.
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5.4 Results and Discussion

5.4.1 Device design and fabrication

We designed and fabricated bottom gate, top-contact transistors (Fig. 5-1A). The de-
vice consists of p-doped silicon gate electrode (resistance = 0.001-0.005 Q-cm, thick-
ness = 500 pm), thermally grown silicon dioxide (thickness = 300nm) dielectric layer,
silver source and drain electrodes (thickness ~100-200nm), and single-walled carbon
nanotubes (SWCNTs) network semiconducting layer. We used commercially available
silicon wafers (University Wafer Product No. 1583) on which the source and drain
electrodes were printed with silver nanoparticle inks using nanoporous flexographic
printing stamps. After printing and solvent evaporation, silver nanoparticles were
sintered to form a continuous layer with high conductivity ( 50-60% of bulk silver).
We deposited the SWCNTs by spincoating to achieve a high-density network (>40
SWCNTs/um?)

5.4.2 High resolution printing (L < 10um) using nanoporous

stamps

Nanoporous stamps retain the ink within their volume, enabling the printed pattern to
precisely replicate the shape of stamp features without suffering the squeeze-out and
dewetting instabilities of traditional flexography. The contact pressure between the
stamp and substrate must lie within a range determined by the stiffness of the CNTs,
CNT-CNT spacing, and the standard deviation of the lengths of CNTs, assuming the
lengths are normally distributed. In a prior work, we estimate the pressure range
where the area ratio (ratio of area of stamp pattern pattern to printed pattern) is
~ 1 using experiments and analytical modeling. We apply the pressure within this
range to print the electrodes so that the channel length in the printed patterns match
that in the printing stamp. The thickness of the printed layer can be controlled via
the speed at which the stamp is retracted away from the substrate after contact.

During printing, we retracted the stamp quasi-statically enabling printing of layers
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with thickness > 200nm. After solvent evaporation, printed layers composed on silver

nanoparticles are highly uniform.

Figure 5-2: Fabrication of S/D electrodes by printing silver nanoparticles and forming
a continuous layer by sintering A) Microscope image of the sintered source and drain
electrodes has a channel of ~10um length and 200pm width B) SEM image of the
sintered source and drain electrodes shows coarsened and densified silver nanoparticles
forming a continuous thin film

5.4.3 Sintering of silver nanoparticles

The samples were sintered by placing them on a hot plate for 1 minute after the hot
plate had reached a set temperature of 300°C (Fig. 5-2). During sintering, nanopar-
ticles coarsen and densify to form a continuous film with few voids. We sintered
the printed samples of varying thickness (50 < t < 250nm) at 200, 250, 300, 350
and 400°C for 10 minutes(Fig. 5-3, 5-4). We used the SEM images of the sintered

85



Figure 5-3: Sintering causes coarsening and densification of ~200nm thick layer of
silver nanoparticles printed with nanoporous stamp A)Coarsened silver nanoparticles
after 10 minutes of sintering at a temperature of 200°C B)Sintering at 250°C shows
coarser grains compared to the ones formed at 200°C and formation of continuous
layer by densification C)At 300°C, layers consist of larger grains, more densification
yet voids have formed leading to the formation of discontinuous regions D) Sintering
at higher temperatures (400°C) leads to formation of larger voids and discontinuous

layer
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samples to assess the continuity of films qualitatively and measured the conductivity
of films. From the SEM images and conductivity measurements, we determined the
optimal sintering condition was 300°C for 1 minute. At temperatures below 300°C,
coarsening and densification is insufficient lowering the conductivity. At tempera-
tures above 300°C, though continuous films with large grains form locally, several
voids form leading to lower conductivity for thin films (t<100nm). Therefore, we
determined the optimal sintering condition was 300°C for 1 minute(Fig. 5-5). The
measured conductivity (Fig. )of the sintered source and drain electrodes was 4.5 x

107 S/m, which is 70% of that of bulk silver(Fig. 5-6).

% =50 nm,T= 300C, t=10 mins | t, = 50 nm, T= 350C, t=10 mins

Figure 5-4: Dewetting of Ultra-thin (~50nm) printed layers by sintering at high
temperatures (>350°C A)Continuous layers are formed by sintering at 250°C B)
Formation of voids are observable at 300°C C) at 350°C, voids grow and join leading
to dewetting leading to a discontinous sintered layer
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tp= 200 nm,T= 300C, t=10 mins

t=100n

Figure 5-5: Optimal sintering temperature is 300°C for 50 < ¢, < 200nm to form
continuous layers with minimal numbers of voids as illustrated by layers sintered for
10 mins at 300°C with thickness of A) 200nm B) 150nm C)100nm D) 50 nm
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Figure 5-6: Sintering of printed silver nanoparticles to achieve a conductivity of 70%
of bulk silver A) Microscope images of printed and silver nanoparticles shows in-
significant change in the geometry of the electrodes before and after sintering B)
Profilometer measurement shows the profile of the sintered electrodes; thickness de-
crease with sequential printing from ~200 nm average thickness to ~50nm and have
an RMS roughness of ~1 nm C) SEM image of the sintered electrodes shows nanopar-
ticles coarsen and densify by sintering and form a continuous layer with few pores
D) Conductivity measurements show that the VI characteristics of source and drain

electrodes are linear
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5.4.4 Deposition of SWCNT network semiconducting layer
by spincoating

The organic solvent based ink used in the device does not require any surface treat-
ment before deposition. To deposit the semiconducting layer, a 300 ul droplet of ink
(Nanolntegris, IsoSol-S100, 99.9% purity) was pipetted onto the wafer and then the
wafer was spun to 1500 rpm for 15 seconds in a spincoater. The measured density of
the network of SWNCTs is ~100 SWCNTs/um?(Fig. 5-7). The density must be above
the percolation threshold [85,86](> 40 SWCNTs/um?) to have high on-conductance
and mobility. Since the ink has 99.9% purity, density does not affect the on-off ratio.
The density can be tuned by the volume of the droplet and the spincoating speed and

duration.

5.5 Characterization

5.5.1 Transfer characteristics

We measured the transfer characteristics of the fabricated transistors by varying V
from -10V to +10V and measuring I, for V; =500mV, 1V, 3V, 5V,10V. (Fig. 5-8A)
shows the transfer characteristics for the transistor with L ~ 10um. The on-off ratio

of the transistors are ~103-10° and the threshold voltage varies from 1-8V .

5.5.2 Output characteristics

We measured the output characteristics by varying V; from -10V to +10V and mea-
suring Id for V, =500mV, 1V, 3V, 5V, 7V, 9V,10V. (Fig. 5-8B) shows the output
characteristics for the transistor with L ~ 10pm. The maximum ON-current in sat-

uration region varies from 25-275A when V, is varied from 500mV-10V.
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Figure 5-7: Deposition of SWCNT networks with organic solvent based ink A) Top-
contact SWCNT semiconducting layer formed from deposition of organic solvent
based high-purity (99.9% semiconducting SWCNTs) ink B) The density of SWCNT
networks is ~100 SWCNTs/um?
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Figure 5-8: Characterization of the transistors (channel length = 10um) by the mea-
surement of transfer and output characteristics, calculation of mobility and resistance
and their variation with channel length A) Transfer characteristics measured by vary-
ing V; from -10V to +10V for V; =500mV, 1V, 3V, 5V 10V show the threshold voltage
of 1-8V B) Output characteristics measured by varying V; from -10V to +10V for V,
=500mV, 1V, 3V, 5V, 7V, 9V.10V show the linear and saturation regions with the
maximum ON-current in saturation region varying from 25-275uA
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5.5.3 Effect of channel length

(Fig. 5-9A) shows the comparison of output characteristics at V; =1V of three devices
with channel lengths varying from 10 -139um. In the saturation region, maximum ON
current |Ion,,qz| increases frorh ~30-60 pA as the channel length increases from 10
-139 pm. In the linear region, the slope of 1;-V; plot and hence the transconductance
increase with decreasing channel length. This is also shown by the linearly increasing
resistance (Fig. 5-9B) from ~75-100 kQ as the channel length increases from 10 -139
pm. Comment on the resistance values. (Fig. 5-9C) shows the comparison of transfer
characteristics at V; =1V of three devices with channel lengths varying from 10 -139
pm. With decreasing channel length, threshold voltage increase from ~1V to 7V.
We calculate the slope near V; = Vr, and calculate the mobility using the following

equation (see Supporting Information)

pCoeW

where u, C,, Vr are mobility, oxide capacitance and threshold voltage respectively.
Mobility calculated from the transfer characteristics show that mobility increases from
25 cm?/Vs for L=10 pm to 95 cm?/Vs for L=63 pm and then decreases to 80 cm?/Vs
for L=139 pm(Fig. 5-9D). The mobility variation with channel length is likely due to
the variation in the SWCNT network density between the devices of different channel

lengths. Comment on the mobility values.

5.5.4 Comparison of performance with the prior art

The ON-OFF ratio and the mobility of the transistors are 10%-10° and ~25-95 and
these values are comparable to other printed transistors. [23,24, 81 83,87 91] We
have shown high-speed printing with nanoporous stamps in a prior work. [16] Using

nanoporous flexographic printing, we can achieve high speed manufacturing of ultra-

thin (<500nm) TFTs with high mobility and ON-OFF ratio.
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Figure 5-9: Comparison of characteristics of devices with different channel lengths
A) Comparison of the output characteristics of three devices (D2: L= 139 pum , D4:
L= 63 pm ,D6: L=10 pm) at V, =-1V show the conductance in the linear region and
the maximum ON-current in the saturation region at 10V increasing with decreasing
channel length B) Resistance in the linear region increase with channel length C)
Comparison of the transfer characteristics of three devices (D2: L= 139 pm , D4:
L= 63 pm ,D6: L=10 pm) at V; =1V show the threshold voltage increase from
1V to 7V with decreasing channel length D) Mobility calculated from the transfer
characteristics show variation with channel length due to the variation in the SWCNT
network density between the devices of different channel lengths
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5.6 Limitations

In this work, we have shown the application of nanoporous flexography to print ultra-
thin source and drain electrodes with short channel lengths. Though we have demon-
strated a TFT with good performance characteristics, we have not shown a fully
printed transistor on flexible substrates. Nevertheless, nanoporous flexography can
be used to print gate, dielectric layers in addition to the source and drain electrodes
on flexible substrates. By using layer to layer registration and achieving a designed
overlap between the S/D electrodes and dielectric layer, leakage currents can be re-
duced to achieve even higher on-off ratios (> 106) than what has been achieved in

this work.

5.7 Conclusions

We have shown the design and fabrication of ultra-thin, short channel length thin-
film transistors using nanoporous flexographic printing. The top-contact bottom gate
TFTs were fabricated by printing S/D electrodes on a silicon wafer with a thermally
grown Si0, dielectric layer and p-doped Si gate layer. The printed electrodes were
sintered and the high-purity SWCNTs (99.9% semiconducting) were deposited on
the top of the S/D electrodes. The transfer and output characteristics were measured
and the on-off ratios, mobility and transconductance values were calculated from
the measured characteristics. The measured on-off ratios and the mobilities are 103-
105 and ~25-95. These TFTs are among the thinnest printed transistors with high
mobility and on-off ratio. The performance can be further improved by introducing
a diffusion barrier layer between the S/D electrodes and the dielectric layer reducing
the leakage current and increasing the on-off ratio. This work demonstrates the
applicability of nanoporous flexographic printing to fabricate ultra-thin, short channel
length transistors with high mobility. The process can be scaled up for high-speed

plate to roll manufacturing of TFTs on flexible substrates.

95



96



Chapter 6

Quantum Dot Pixels Printed Using
Nanoporous Flexography for

Spectrometry Application

6.1 Abstract

Quantum dots (QDs) have excellent long-term stability and finely tunable absorption
spectra across wide range of spectral wavelengths. QD absorption spectra can be
varied continuously over wavelengths ranging from UV to mid-IR by changing the
size, shape and composition of the QDs. Using a 195 color QD filter array [92], a
point spectrometer has been demonstrated to operate in the visible wavelength to
do low cost high resolution visible spectroscopy for drone-based crop field monitoring
or food ripening detection applications. Existing printing technologies are not suit-
able for precision patterning of individual QD micropixels. Here, we use nanoporous
flexography for printing high-resolution pixels and color filters for QD spectrometers.
The method allows direct printing of electronic ink features with micron-scale lateral
dimensions (<10 microns), submicron line edge roughness (< 1 micron) and highly
uniform thickness in the sub-100 nm range. We print a sub-array of different QD

color pixels, called super pixels(Fig. 6-1) [93].
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Figure 6-1: Spectrometer and nanoporous printing stamps
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6.2 Results and Discussion

6.2.1 Quantum dot ink synthesis and characterization

Quantum dot is an inorganic semiconductor nanoparticle with sizes ranging from 2-15
nm in diameter. The transmission electron microscope image of a typical quantum dot
is shown in the figure below. These quantum dots are synthesized at high temperature

to achieve high crystallinity and size. monodispersity [92] [93].

6.2.2 Printing CQD pixels and optical characterization

We determined the ink concentration and ink loading [16] required to achieve a
printed layer thickness of 300nm-1pm. Fig. 6-2 shows patterns of colloidal quan-
tum dots printed with nanoporous stamps. The thickness and optical absorbance of
these patterns were measured using profilometery, confocal microscope imaging and

spectrophotometer.

6.2.3 Printing multicolor pixels with a nanoporous stamp

We designed masks consisting of 20x20 mm size chips. These chips were designed to
have four quadrants separated by two walls.Fig. 6-1 shows the mask design and a
fabricated nanoporous stamp. 25uliters of each of the four CQD inks were pipetted
in each of the quadrants and the stamp was spun on a spincoater. The porous
stamp wells prevent the mixing of the CQD inks during pipetting and spincoating.
The inked stamp has four regions coated with four CQD inks(Figs. 6-1 6-3). A
printing apparatus consists of a flexure attached to a XY motion stage holds the
inked nanoporous stamp. The glass slide substrate was attached to a fixture with
a double sided tape. Behind the glass slide, a microscope connected to a Nikon
D5100 DSLR camera is placed. First, the stamp was brought into contact with the
substrate and the pixels were printed. Next, using the camera image as the position
feedback, XY motion stages were moved so that the stamp was moved along the X

or Y directions by an incremental distance equal to the center to center separation
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Figure 6-2: Printing quantum dots with nanoporous stamps and characterization
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between two pixels within the super pixel. Under ideal conditions, with four steps,
a super pixel can be printed. Fig. 6-4 shows two color super pixel printed with the

four quadrant nanoporous stamp using the printing apparatus and process.

iv

a

lnking with four Spincoating Inked Printing

Printing Stamp .
CQD inks Stamp

Microscope
Objective

Mié‘roscope
Objective

Figure 6-3: Printing Process and Apparatus

6.3 Conclusion

We designed a four quadrant nanoporous stamp. We inked these stamps with four
CQD inks, used a precision plate to plate printing apparatus and printed two color
super pixels. This work is a proof of concept that demonstrates that multicolor CQD
pixels with desired optical properties can be printed using nanoporous flexographic
printing stamps. There is further work required in the following areas - printing

10 x 10 super pixel in 10 x 10 mm dimension, optical calibration on QD filter chip,
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Figure 6-4: Printing two color super pixels with nanoporous stamps



integration onto a CCD detector and developing and optimizing the spectrum /spatial

reconstruction algorithm.
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Chapter 7

Conclusions

7.1 Thesis Contributions

7.1.1 Fundamentals of flexographic printing with nanoporous

stamps

To print devices such as transistors, printing uniform ultra-thin films in a controllable
manner is a critical process capability. This study provides the understanding of
process physics and the predictive models. The contributions of this work include the

following,.

1. High-speed imaging of liquid transfer from a nanoporous stamp to a
spherical substrate : A custom-built high-magnification, high speed imaging
printing apparatus to print with nanoporous stamps on spherical lenses was

used to conduct the experiments.
2. Approach speed determines the spreading dynamics:
e at low speeds (v, < v*), wetting is driven by capillary force and indepen-

dent of approach speed.

e at high speeds (v, > v*), wetting is driven by contact and wetting speed

scales with approach speed.
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3. Retraction speed determines the transferred liquid volume: During
retraction, a liquid bridge forms between the stamp and the substrate. At a
critical bridge height (h, = 27r;), the bridge ruptures transferring liquid from
the stamp to the substrate

e at low speeds (v, < 2v*), flow from the nanoporous stamp fills the lig-
uid bridge between the stamp and substrate leading to a high volume of

transfered liquid volume

e at high speeds (v, > 2v*), flow from the nanoporous stamp is negligible

leading to transfering of a thin liquid film

4. Respreading on precursor films influences print lateral resolution: The
transferred liquid spreads to fill the shape of the prior contact area, forming a
thin film; and the contact area is determined by the contact pressure and surface

roughness.

7.1.2 Applications of nanoporous flexographic printing

1. Printed S/D electrodes for thin-film transistors

(a) Fabricated ultra-thin (<500nm) thin-film transistors (TFTs) with short
channel length (L ~ 10um) and high-mobility. Flexographic printing with
nanoporous stamps was used to print the source and drain electrodes con-

sisting of sintered silver nanoparticles

(b) Demonstrated that the TFTs have high-mobility (~25-95) and on-off ratios
(~ 10® — 10°) comparable to other TFTs fabricated with single-walled

carbon nanotubes (SWCNTs) network as the channel material
2. Printed quantum dot color filters for imaging spectrometer

(a) Demonstrated printing two color super pixels using nanoporous stamps.

(b) Designed and fabricated stamps with four quadrants that can be inked

with four different quantum dot inks with different absorption spectra.
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(c) Developed a printing apparatus with registration capability and printed

two color super pixels.

7.1.3 Scaling the process

1. Designed and developed a desktop printing apparatus to do printing experi-
ments with nanoporous flexographic stamps. The unique features of the ma-

chine are

e Flexure-displacement sensor subsystem to control the stamp-substrate force

to a minimum of 0.2 mN

e Independently driven rotary and linear motion stages synchronized to pro-

vide slip-free smooth motion at low (<1mm/s)and high speeds(>0.1m/s)

e Strain gages and tip-tilt stage to achieve alignment along the moving

stamp-substrate contact line

2. Demonstrated printing of micron sized features with silver ink on PET sub-

strates at low (=1mm/sec) and high speeds (>0.1m/s)

7.2 Future Work

7.2.1 Fundamentals of flexographic printing with nanoporous

stamps

1. Effect of stamp porosity The study of spreading and retraction dynamics
during printing with nanoporous shows that the critical speed v* is a function
of stamp porosity. The visualization experiments with nanoporous stamps with
varying porosity will be valuable to gain further understanding of the role of
stamp porosity on the spreading and retraction dynamics. Fig. 7-1 shows pre-
liminary results from printing experiments conducted with nanoporous stamps
with different porosities. In these experiments, nanoporous stamps with differ-

ent coating thicknesses were fabricated (as outlined in Chapter 2) and printing
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experiments were conducted. In the extreme case of low porosity, the volume
of ink in the stamp is the lowest and hence the transferred volume is the low-
est.In the other extreme of almost no coating, though the porosity is maximum,
the stamps will experience elastocapillary densification and hence the volume
of ink in the stamp is the lowest. Between the two extremes, accordingly, an
optimal coating thickness will exist for maximizing the volume of ink loaded in

the stamp and transferred to the substrate.
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Figure 7-1: Printed layer thickness variation with stamp porosity

2. Deterministic inking of nanoporous stamps The experiments presented
use an inking procedure that works well for printing devices and to conduct
visualization studies presented in the thesis. However, there are two questions

that remains unanswered
(a) How can we quantify the volume of ink in the stamp after spincoating ?
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(b) Are there alternative inking methods that can load the stamp with a de-

fined volume of ink ?

We conducted experiments where laser scanning confocal microscope was used
as a tool to image the inked stamp and measure the quantity of ink in the
stamp. Nanoporous stamp was inked using spincoating. After spincoating, ex-
cess ink was removed from the stamp by contacting the inked stamp with a
non-patterned CNT forest. Then, the inked stamp was used to conduct a series
of prints on slides. Confocal images of the stamp was taken after spincoat-
ing, second and sixth print and the roughness of the inked stamp surface was
obtained from the confocal microscope images of the stamp at various stages.
Fig. 7-2 shows the confocal images and the comparison of roughness values
at different stages. These are insufficient to calculate the percentage change in
the volume of ink in the stamp. There is some loss of ink during the spincoat-
ing process and due to evaporation. It is important to be able to determine
the volume of ink in the stamp at the start of a printing experiment. The ink
volume in the stamp is an unknown parameter that affects the accuracy of the

transfered ink volume predictions presented in Chapter 3.

. Driving pressure (AP) is treated as a fitting parameter in the models pre-
sented in Chapter 3. A physics based model or a set of well-designed experi-
ments to determine the pressure gradient will make the spreading and retraction

dynamics model predictions more precise.

. Understanding of the role of stamp deformation on liquid transfer The
stamp deformation likely plays an important role in the ink transfer dynamics
while printing with nanoporous stamps. This work does not consider the effect

of stamp deformation and it needs further research.

. Process physics studies with the plate to roll printing apparatus The
primary objective of designing and fabricating the plate to roll printing appa-

ratus was to use it as a platform for studying the effect of processs parameters
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Figure 7-2: Confocal microscope imaging to measure ink volume on the stamp surface
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(example : printing speed) on print quality (example : printed layer thick-
ness). In chapter 3, we presented a relationship (Eq. 3.9)between the tangental
speed in the P2R apparatus and the retraction speed in the P2P printing ex-
periments. Further studies with the P2R apparatus are required to validate the
relationship between printing speed and printed layer thickness and gain further

understanding of the physics of nanoporous flexographic printing,.

7.2.2 Applications of nanoporous flexographic printing

1. Thin-film transistors In this work, we have shown the application of nanoporous
flexography to print ultra-thin source and drain electrodes with short channel
lengths. Though we have demonstrated a TFT with good performance char-
acteristics, we have not shown a fully printed transistor on flexible substrates.
Nevertheless, nanoporous flexography can be used to print gate, dielectric layers
in addition to the source and drain electrodes on flexible substrates. By using
layer to layer registration and achieving a designed overlap between the S/D
electrodes and dielectric layer, leakage currents can be reduced to achieve even

higher on-off ratios (> 10°%) than what has been achieved in this work.

2. Uniform printing across 20x20mm area Printing features (example : QD
color pixels) across a 20x20 mm area was not realized due to imperfections
in sample and experimental setup. These include Stamp feature height non-

uniformity, non-uniform inking and stamp-substrate alignment.

3. Transparent conductive electrodes We demonstrated printing of transpar-
ent conductive films with silver nanoparticle inks. There are challenges in sin-
tering these electrodes with line widths <3um. This needs further studies.
Fig. 7-4 shows the SEM image of printed and sintered honeycomb patterns.
This is likely due to non-uniform printing as the images show continuous sin-
tered regions where the lines meet and dewetted regions otherwise. This leads
to discontinuities. Printing experiments were performed with aqueous silver

nanoparticle inks from Novacentrix. The print (Fig. 7-5) show good replication
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of stamp patterns and the effectiveness of flash sintering process has not yet

been studied.

B

Figure 7-3: Nanoporous stamp roller for flexographic printing

7.2.3 Scaling the process

1. Nanoporous flexographic stamp roller The experiments presented in this
thesis were conducted with nanoporous stamps fabricated on silicon wafers.
Industrial scale flexography stamps are typically on rollers to enable continuous
high-throughput manufacturing. Nanoporous stamps on rollers (Fig. 7-3) can
be made either by growing CNT's on copper foils and then wrapping the copper

foils around rigid rollers or by growing CNTs on quartz rollers.

2. Wafer size nanoporous stamp The stamps used in the studies presented in
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Figure 7-4: SEM image of printed and sintered honeycomb patterns (Print number
= 23,Sintering temperature=300 °C and time = 15 seconds
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Figure 7-5: Optical microscope image of printed honeycomb patterns (Print number
=2)
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this thesis were < 25x25mm size. The tube furnace used in the CVD process
for growing CNTs is 1”7 in diameter and this limits the size of the nanoporous
stamps that can be fabricated currently. Using commercially available systems
(Aixtron Black Magic) and making 4-6” wafer size CNT stamps will enable
larger size application demonstrations of commercial interest (example : TFT

arrays).
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Appendix A

Microscope for High Speed

Imaging

1. Magnification of the system M:%Z:E/;Z—L

2. Effective Focal Length For the infinity corrected objective, effective focal
length can be calculated from RTL and its magnification. For example, the
microscope designed for high speed imaging of ink transfer uses a Mitutoyo

objective with RTL =200 and magnification = 20 EF L=5A:;—L
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Figure A-1: Schematic of the Microscope used in the High Speed Imaging System
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Appendix B

Masks

The mask design files are located in the Mechanosynthesis group masks folder.
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inch wafer QR Codes.pdf

Figure B-2: Mask design for fabrication of nanoporous stamp to print QR Codes.
File name : 4 inch wafer QR Codes.ai
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Appendix C

List of Videos

The videos listed here are available as supporting information of our article [18§]

1. Sl-approach-10mmpersec-1fps The video (capture rate : 10kfps, playing

rate : 1 fps) shows the liquid spreading on the substrate when the stamp ap-

proaches it at the speed of 10 mm/sec. The stamp consists of circles of 100

microns diameter and separated by 30 microns.

2. S2-retract-10mmpersec-10fps The video (capture rate : 10kfps, playing rate

: 1 fps) shows the evolution of the liquid bridge when the stamp retracts from

the substrate at the retraction speed of 10mm/sec. The stamp consists of circles

of 100 microns diameter and separated by 30 microns.

3. (a) S3a-circle-approach-1fps (capture rate : 10kfps, playing rate : 1 fps)

(b) S3b-circle-retract-before-rupture-10fps (capture rate : 10kfps, play-

ing rate : 10 fps)

(¢) S3c-circle-retract-after-rupture-10fps (capture rate : 10kfps, playing

rate : 10 fps)

These three videos show the (steps 1-8 outlined in Figure 3) liquid spreading

during contact, liquid bridge evolution and rupture during retraction, and drop

respreading on the substrate when the printing experiment is conducted with a

circular stamp.
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4. (a) S4a-annulus-approach-100fps(capture rate : 1kfps, playing rate : 100
fps)

(b) S4b-annulus-retract-before rupture-10fps(capture rate : 1kfps, play-
ing rate : 10 fps)

(c) S4c-annulus-retract-after rupture-1000fps(capture rate : 1kfps, play-
ing rate : 1k fps)

These three videos show the (steps 1-8 outlined in Figure 3) liquid spreading
during contact, liquid bridge evolution and rupture during retraction, and drop
respreading on the substrate when the printing experiment is conducted with a

stamp of annular cross section.

5. (a) Sba-approach-Squares-10fps(capture rate : 1kfps, playing rate : 10
fps)

(b) S5bl-retract-Squares-1000fps(capture rate : 1kfps, playing rate : 1k
fps)

(¢) S5b2-retract-Squares-1000fps(capture rate : 1kfps, playing rate : 1k
fps)

These three videos show the (steps 1-8 outlined in Figure 3) liquid spreading
during contact, liquid bridge evolution and rupture during retraction, and drop
respreading on the substrate when the printing experiment is conducted with a

stamp of square cross section.

6. S6a-pointlmmpersec-approach-100fps(capture rate : 1kfps, playing rate :
100 fps) The video shows the liquid spreading on the substrate when the stamp

approach speed is 0.1 mm/sec.

7. S6b-1mmpersec-approach-100fps(capture rate : 1kfps, playing rate : 100
fps) The video shows the liquid spreading on the substrate when the stamp

approach speed is 1 mm/sec.
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10.

11.

12.

13.

14.

S6c-10mmpersec-approach-1fps(capture rate : 10kfps, playing rate : 1 fps)
The video shows the liquid spreading on the substrate when the stamp approach

speed is 10 mm/sec.

S6d-50mmpersec-approach-10fps(capture rate : 25kfps, playing rate : 10
fps) The video shows the liquid spreading on the substrate when the stamp

approach speed is 50 mm/sec.

ST7a-pointlmmpersec-retract-100fps(capture rate : 1kfps, playing rate :
100 fps) The video shows the base of the liquid bridge on the substrate when

the stamp retracts at a speed of 0.1 mm/sec.

S7b-1mmpersec-retract-10fps(capture rate : 1kfps, playing rate : 10 fps)
The video shows the base of the liquid bridge on the substrate when the stamp

retracts at a speed of 1 mm/sec.

S7cl-10mmpersec-retract-before-rupture-10fps(capture rate : 10kfps, play-
ing rate : 10 fps) The video shows the base of the liquid bridge on the substrate

before rupture when the stamp retracts at a speed of 10 mm/sec.

S7c2-10mmpersec-retract-after-rupture-10fps(capture rate : 10kfps, play-
ing rate : 10 fps) The video shows the base of the liquid bridge on the substrate

after rupture when the stamp retracts at a speed of 10 mm/sec.

S7d-50mmpersec-retract-100fps(capture rate : 25kfps, playing rate : 100
fps) The video shows the base of the liquid bridge on the substrate when the

stamp retracts at a speed of 50 mm/sec.
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