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Pyroelectric effect ?

Microheater Designs = (LiNbO,)
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What is Pyro-electricity ¢

Heat Pyroelectric

® Pyroelectric effect 1s the ability of certain materials to
generate a temporary voltage when they are heated or
cooled.

® This change in temperature induces a slightly movement of
molecdles within the material that changes their dipole

-Z of LINbOs,

Thus two oppositely charged faces are created and an
electrical field across the material is established.

+7 of LINbOs,

» We investigate the pyroelectric effect in ambient conditions.

» [ ithium Niobate = LiNbO;,




Pyroelectric effect applications

» Pyroelectric effect gives us the possibility to measure the power generated by radiation
source such as: ﬂ

= Pyrometer

= |nfrared Imaging

= Radiometry

= Other recent works on Pyroelectric effect are:

“Patiérned Pyroelectric Electron Emitters and their Feasibility Study for Lithography Applications”, J. Appl. Vol. 42 pp. 3523-3525

Electron emission device

“Electron emission type infrared imaging sensor using ferroelectric thin plate”, Sensors and actuators A: 97-98 (2002), 147-152

= Nano particle alignment using pyroelectric effect

“Spontaneous Assembly of carbon-based chains in polymer matrix through surface charge templates”, Langmuir 2013, 29, 15503-15510.

= Nano droplet drawing

“Dispensing nano-pico droplets and liquid pattering by pyroelectrodynamic shooting”, Nature technology, (2010) DOI: 10.1038/NNANO.2010.82
= Microneedles

“Electro-drawn drug-loaded biodegradable polymer microneedles as a viable route to hydrodermic injection”, Advc Funct. Matter. 2014, 24, 3515-
3523



How to Generate Pyro-electricity ¢

€ Cumbersome
= Soldering iron —_

€ Heavy

@ Expensive
= Hot plate
__ @ Power consuming

@ Need well  experienced

= | ASER operators.

@ Lab on chip

Microscopic, Reliable, Cost effective, Shaping temperature
distribution, Control temperature gradient, lalb on chip,
Array

= Microheater



Microheaters
Design

Oven Pizza Microheater Pizza




Microheaters

Design

® A microheater produces heat by applying an electric current.

In our work

Microheaters are small high power heaters with precise control, that can offer temperatures.

® Microheaters are used in Humidity sensor, thermo optical switches, chemical sensors, flow sensors etc.

®  We realize four different microheaters structures on +Z surface of LiNbO; crystals.

®» Adyantageous: gives an advantage of confined temperature gradient,, miniaturization of microheater can avoid
hgating the complete crystal, together with low power consumption for application-based sensors.
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Theoretical
Characterization Of
u-heater designs




~——  COMSOL Mulfiphysics Simulation

> !
a) b) <)

Thermal Simulation

= The simulations were performed by coupling the power

generation, due to the joule heating, with the heat conduction
and dissipation into the device considering also the heat
exchange with the surrounding air.

= The multiphysics simulation uses the electric current module in
combination with the heat transfer module.

heating was calculated as a consequence of the input
oot dPplied fo the uH pads.

articular, the electrical conductivity of the pyH, o was

odelled using a temperature dependent equation: Boundary conditions: a) fan shape microheater,
b) terminal voltage, c) & d) Convective cooling
i Parameter TSI boundary conditions on Microheater and LN
o= /(po( I+a (T_To) ) Heat capacity at constant 129 408 surface, e) & f) Meshing configuration of
pressure (Co) [J/kg™K] Microheater and LN.

Electrical Resistivity (p) 1,732 2 63x1014
[bQ m] | '

. s Density (rho) [kg/m?] 4506 4700
perature coefficient T —— T L 9y

erence temperature [W/(m*K)]
Surface emissivity (¢) 0.35 0.60

Different material properties for LINbO, and Titanium



cCoMmsoL
MULTIPHYSICS
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Electric field Simulation

» The activation of pyroelectric effect by the
microheater and the related induced
electrical field was simulated using
COMSOL™ Multiphysics.

In particdlar, the steady state electric field
formajion between the -7 surface of
LINb@D, crystal and a metallic probe tip was
invgstigated using the equation:

vzdcr *Y* AT/i’:cr

d.- Crystal thickness (0.5mm)
y= pyroelectric coefficient (8.2nC*cm-2*K-1)
¢~ dielectric constant (31)

COMSOL Multiphysics Simulation

+ Z surface

s

LiNbO,
' Probe Point tip ~ =win(? l 100[pm] Air
- Z surface = 1.5[mm]
- Probe tip
Metallic electrode /

—

Design used for the electric field simulation
between probe tip and —Z surface of LiNbO3
crystal.

a)

Boundary Conditions
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Microheater Fabrication Process

 The microheater designs
were fabricated using
lithography process on a
LINDO, crystal.

A

e Titanium --- E-beam

e Aluminum --- Sputtering
* ITO --- Sputtering

e Lift off process (Acetone
bath)




1.Cleaning process
LiNbO3

3. E-beam evaporation L
Titanium

LiNbO3 R

Photoresist

~1

Microheater Resistance
Track length

Aluminum

(mm)
Meander 17.6
31.97315
26.644

11.89

Titanium

[€]
373

818
707

137

2.Photolithography process

Photoresist
(e N Y -/

LiNbO:3

4. Lift-off process

LiNbO:3

[Q]
21

49.73
42.74

11.42

Titanium

™

The schematic view of the fabrication process steps

ITO
[k Q]
71.3

155.5
133.2

25.98

Flow chart for fabrication

' a) b) R d)

3.5mm 3.5mm 3.5mm _§3.5mm

‘w w . W, E
«n o ~. E
3 IB { 3 ,,!

£ & 3 3 3 3 o

Four different titanium micro-heater
geometries: a) Meander, b) Fan, c)

Spiral, and d) S-shape

Titanium was the winner among the other
materials



Thermal analysis of
Microhearter




Thermal analysis of Microheater

s 1 15 ! 25 3 35 4 45

Temperature transverse profile of the AA’ Length[mm]
microheater designs along AA’ at 350mW: a) s
meander, b) fan, c) spiral and d) S shape.
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FLIR SC7000 Series thermo camera.

The temperature vs. power plot for the
individual microheater estimated using

COMSOL simulator and observed by
Thermo-camera.

The Thermal map for individual
microheater obtained using Thermo
camera.

Fan Spiral
shape shape
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Thermal analysis of Microheater

Temperature Vs Power (Meander)
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Power Applied [mW]

—a—Themocamera  —e— Comsol Simulation

Temperature degC
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Simulation  —e— Thermocamera
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were different.

n experime

on+fime of 4sec.

COMSOL Simulation for microheaters at 500mHz
— Meander

—Fan
— Double-Spiral

/_\ —S-Shape

temperature [degC]

ental and
analysis of Microheater designs with heater

w1 12
time [sec]

temperature [degC]

simulated

* It was observed in the experimental and simulated
time period data that the slopes of heating and cooling

» The rate of heating is stepper and the cooling is faster
1 analysis compared to the simulation.

transient

COMSOL Simulation for microheater at 10mHz

—Meander
—Fan

— Double-Spiral
—S-Shape

0 %
time [sec

L
60 o E) 0 100

COMSOL Iv\ul’nphysm:s Slmulohon

Transient study
n time dependent study, a rectangular-shaped voltage
signal was applied to control the off-on-off switching
of heater for different heating duration.
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Experimental and simulated transient analysis of microheater designs

with eater-on-time of 4sec: a) thermo camera measurement, b) COMSOL

measurement.

Theoretical analysis of microheater using COMSOL at different power
dissipation with heater on time for Isec and 50 sec.

Among the four heater designs, fan shape
heater produces the highest temperature due
to its higher track length followed by spiral
and meander, where S shape microheater
produces a uniform heating zone on the —Z

ntal and simulated transient analysis of microheater designs LiNbO; surface.
L measurement with eater-on-time of a) 1sec, b) 50 sec.



Electrical field analysis
of Microheater with
mertallic probe

isolated positive charges isolated negative charges
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Electric field vs. probe tip to surface gap spacing for the microheater designs



Pyroelectric Emission
[PE)




A metallic Point prolbbe method

metallic tip 1s bought near the —Z surface of LiNbO;, while the other probe is used for grounding same surface.

When a temperature variation occurs due to the power dissipated by the microheater, a strong electric field is generated on the —Z
surface of the LiINbO; due to the uncompensated charges.

The electric field created, resulting in the dielectric breakdown of air (3 x 10° V/m) between the metallic tip and crystal surface.

b) '
,' Included angle
Point Taper length # /
’
Tip \,'\* " i Probe radius
~a ‘ v :_/
_- g The current peaks were detected using an

Probe Point

oscilloscope.

Q) Sch\\oﬁc of experimental setup ,b) schematic of tip probe



Results and Discussions




PEE Analysis

Pyroelectric emission from of LiNbO; crystal is
generally due to perturbation by the temperature
variation of equilibrium state between
spontaneous polarizations P, inside the crystal
and external screening charges (q,) on the
crystal surfaces.

At equilibrium, all’ P, are fully screened by q

MATLAB

Input Voltage signal at 10mHz for microheaters at 100 micrometer
[

15
Z‘ 10
)
2P s
£ | :
= 0 50 time[sec] 100 150
peaks observed for Fan shape microheater
05
= e e e AR e e e e
| 1l 1 1
o [}
LTI R e S e S L e s e s
K=l
= 05 50 time[sec] 100 150
05 peaks observed for Meander shape microheater
= 507|550 5 A |
S | L T -
=
= 055 50 time[sec] 100 150
0s peaks observed for Double Spiral shape microheater
= T |||| 1 I1 ||L1 L |
& T [T T l
§ /% ENN S S S S SN SN SN S SN AN S S NN NS SN S B S L N SO S S S
0 50 tirne[sec] 100 150
os peaks observed for S shape microheater
%‘ o 1 Al L 1 Ll
- O NN NS NN N N N U T T O N NS UL NN UURNNG NS N B
=)
= 05g 50 time[sec] 100 150

* At the equilibrium state qsc = Ps i.e. at room temperature AT

q=A(Ps-gsc) =0
* AtAT>0,q, > P,
q=A(Ps-gsc) <0
Implying the uncompensated charges of q is the source of electric field E on the Crystal surface.
*  AtAT<0,q. <P,
q=A(Ps-gsc) >0

Implying the uncompensated charges of P, is the source of electric field E on the crystal
surface.



—/ surface LINDbO;

PEE from -Z surface of FAN shape

Voltage [V]

The measurements were performed at different tip to surface gap
spacing’s (100um — 3mm) during heating and cooling conditions at
10mHz.

The maximum temperature observed at 10mHz (heater on time 50sec)
was 80°C (from RT ~20°C) for an applied voltage of 12.24V.

age peaks [V]

During cooling, significantly higher electron emission were observed £
from 100pum - 1mm from microheater, while in the heating condition, >
causes low electron-emission from 100pum-500um and vanishes for a
larger gap (oveyA&\) distance.

Gap spacing analyzing between tip and

Voltage Vs Time @ 10mHz at 12.24V at 60degC

Voltage peaks Vs Time @ 0.1mm at 12.24V at 60degC

Voltage peaks Vs Time @ 0.25mm at 12.24V at 60degC

PRI O PR [

Voltage peaks Vs Time (@ 0.4mm at 12.24V at 60degC

150

50 100
Voltage peaks Vs Time @ 0.8mm at 12.24V at 60degC

180

Y 00 T Y D T

Voltage peaks Vs Time @ 1mm at 12.24V at 60degC

A b il

50 100
Voltage peaks Vs Time @ 2mm at 12.24V at 60degC

150

\
bl sl ik i bl e

50 100
Voltage peaks Vs Time @ 3mm at 12.24V at 60degC
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Electrxic fleld vs. probe tip to surface gap spacing for
the microheater designs

S o it

time[sec]

Dielectric breakdown

To estimate the probability of electron emission from the —Z
crystal surface, using a well known equation for the electric
field Egap as a function of gap spacing between tip and surface
1s used:

As the electric field generated due to the temperature variation
slowly reaches the electric field strength of (3*10°V/m), the
PEE decrease gradually and as its goes below the field strength
of air, the PEE fades away.

150



The current peaks were acquired by the dynamic
redistribution of the electrical charges on the
surface of LINbO;.

It was also noted that the temporal distances
between adjacent electrical peaks decreases during
the initial phase of the thermal transient, while
increases during complete thermalization of the
sample.

The dynamic current peaks was evaluated analyzing

1 12 i i ;'—
a) === Exponential fit during heating ‘l b = = = Exponential fit during cooling i
data_heating ¥i £ S 1]
20 = / 10 f
i Hi
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Number of Peaks Number of peaks

Vpyro [vj

delta T for peaksfs]

-
o

Temporal distance between electrical peaks

Applied Voltage signal to Fan shape microheater
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% 10 3
2 :
S5 i
S ol brmen ; : : ; i i i i i
20 30 40 50 60 70 80 90 100 110
time[sec]
The respective impulse obtained at 10mHz at 100micrometer tip to -Z surface
0.5 r T - -
TR N AN T S O M | ?
¢ owlt Ll ] | AN N NS R | |
§ ] e L | |
> 05 | | | | | | : | | | |
70 80 90 100 110 120 130 140 150 160
time[sec]
Cooling Impuise from -Z surface of niobate Heating Impulses from -Z surface of niobate
L L N s
ol t RPN Pt e 0 5 5 5 s s | | |
' ' ' ' ' : : : ' 3 B : L L : : : : : L :
i i i i i ; ; ; ; ) ' : : : : : : :
- ! ! I I I i i i I > -1 i i i i i i i i i
65 70 75 80 85 90 95 100 105 110 115 115 120 125 130 135 140 145 150 155 160 165
time for up to down [s] time for up to down [s]
7 : .
peaks Vs time diference E peaks Vs time diference
20 : ; . § 40
g
Y *
10+ . 7 82
* I *
ol % % % x4 Kk * % ¥ e ‘ ‘ : * ‘
o > 4 6 8 10 12 £ 01 1.5 2 2.5 3 35 4
° distance between peaks [V]

distance between peaks [V]

A fitted curve shows an increase in the distance between
the peaks exponentially with time, which shows the
dependency of the rate of heating and cooling on the
PEE in a transient condition of the crystal.

ntial plot for the impulse occurrence in time during the: a)

heating condition, b) cooling condition.
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Metallic Probe

-Z surface Current peaks obtained on oscilloscope using metallic probe at 0.1[mm] : a) Voltage signal
L applied to microheater to dissipate electrical power of 300mW, b) 54% Humidity, c) 50%
She Humidity, d) 47% Humidity, e) 45% Humidity, f) 44% Humidity and g) 42% Humidity.

Base

S atic of the humidity measurement setup
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Microscale spiral formation by Pyro- v
electrospinning QIMMizzEo

-PES
We report on an innovative version of electro-spinning (ES) that :Uohm, s
we call micro-pyro-electrospinning (u-PES) by controlling the .
electric field generated pyroelectrically by integrated Snveiope th
microheaters (u-Hs). The pyro-electrohydrodynamic process sicone |4

activated in this way can be used to manipulate soft matter and
is able to generate true spiral patterns at microscale by a direct
process.

vacuum pump stage

Fig: m-PES with visualization of the superposition of the m-
PES spiral (grey) over a golden spiral produced
geometrically. The distance h, is in the range of

millimeters.

(a) u-PES set-up, (b) Optical Microscope image of a
% micro-scale, (c) A slide view of the u-PES process.
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QIMMi=E-- Dispensing of Nano-Pico droplets by
pyroelectrodynamic effect

= Four fest sample were used for Pyro-jetting LN -
application. Microheater

crystal
P
= Frequency : 25 [mHZz] ¥
Microheater

Dispensed droplets

= Microheater used : Fan shape

|
Drop reservoir

= Power dissipated: 300 [mMW]

Sample used:

= OIR 906 Fear o TR o GS

= OlL -* ® V

= Water 30 kel 794 Liquid drop

=» PDMS = ,_ij ' ﬂ!} ‘h‘aD_J Institute o

Inteligent Systems pp

GS
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@ IMMi==--c  Microneedles Formation under o seene
pyroelectric effect

Microneedle Formation using fan shape microheater

- Frequency : 20 [mHz]

ISTITUTO ITALIANO
DI TECNOLOGIA

- Microheater used : Fan shape array (3x 1)

- Voltage applied: 9[V]

Power dissipated: 350 [mW]

Further work to produce array 10*10 microneedles Using Integrated uH
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Conclusion

The pyroelectric effect induced by integrated titanium microheaters was
investigated

» Four different microheaters designs (Meander, Fan, Spiral and S shape) were
fabricated on the +Z surface of a lithium Niobate crystal.

» Thermal and electrical analyses on the device were performed both theoretically
ang‘experimentally.

e pyroelectirc effect was investigated using metallic probe setup.

PE was also investigated under humidity conditfions.
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