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Abstract: The present study investigates simulation
model and droplet ejection performance of a
thermal-bubble microejector. This model simulates
the bubble nucleation and the bubble growth, to
predict the droplet ejection process. Specificity, it is
achieved by coupling an electric-thermal model and
flow model with bubble dynamics equations. The
model is validated by comparing prediction results
with experimental data. Moreover, the nucleation
mechanisms, nucleation temperature and nucleation
rate also are studied.
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1. Introduction

Depositing nanovolume of chemical or
biochemical species with high precision and high
reliability is today of major interest in various fields
of applications. The functionalization of DNA chips
is certainly the most challenging one. During the
last ten years, many studies have been devoted to
the development of miniaturize systems enabling
the ejection of small droplet but most of them suffer
from a lack of flexibility due to the difficulty to
integrate high density arrays of individually
addressable ejectors.

Thermal ejection is a good candidate to achieve
simultaneously high density integration and
individual actuation. This paper proposes a thermal
ejection  microarray [1] enabling  in-situ
oligonucleotide synthesis on DNA chips. It consists
in a micro-array of individually addressable ejectors
which eject nucleotides on a glass slide. The
microejector is fabricated using monolithical silicon
technologies. The microejector consists of three
main elements, which are the supporting
membrane, the resistance heater with the diode
matrices for addressing and the SU8 nozzle.

The working principle of the microejector is
based on a thermal-bubble inkjet printing [2-8]. A
very short electric pulse is applied to a resistive
heater to generate a high heat flux. If the surface
temperature of the liquid is higher than the
nucleation temperature, a vapor bubble is formed at
the surface of the passivation layer. Sudden

formation of the vapor bubble generates a pressure
impulse, the rapid growth of the bubble expels a
small liquid drop from the nozzle exit. After the
applied current is removed, the temperature and
pressure of the vapor decrease quickly, once the
bubble collapses, the nozzle refills due to capillary
forces for the next ejecting.

The operating cycle of a thermal-bubble
microejector is shown in Figure 1. The operating
cycle is divided into three phase: 1) the liquid is
heated until bubble nucleation. 2) the bubble
growth and collapse with droplet ejection. 3) refill
of the reservoir.
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Figure 1: Schematic representation of the operating
cycle, phase 1: bubble nucleation, phase 2: bubble
growth and collapse with droplet ejection, phase 3: refill
of the reservoir.

Three main problems should be resolved in
designing thermal-bubble jet: bubble nucleation
condition (temperature), the nucleation mechanism
and ejection performance including the elimination
of satellite droplets [13].

The nucleation mechanism [1, 9, 12] and the
nucleation temperature [9-12] have been studied by
a number of researchers. They suggest that the
homogeneous nucleation is the primary mechanism
for bubble nucleation in a thermal-bubble jet. The
nucleation temperature increases as the heat rate
increases.

In this paper, we present a thermal-bubble
model to predict the droplet ejection process of the
microejector, the method is based on the phase field
formulation [8]. The droplet ejection performance
is studied by performing numerical simulation
using COMSOL Multiphysics.


http://www.univ-tlse2.fr/

2. Theory and method

The physical behavior of a heating flow is
driven by the interface dynamics. The simulation
model is achieved by coupling an electric-thermal
model and flow model with bubble dynamics
equations. The electric-thermal model deals with
the heat transfer process in the liquid and solid. The
fluid dynamic behavior of drop ejection in an
incompressible, Newtonian fluid is governed by the
Navier-Stokes equations. Bubble dynamics theory
is used to simulate the nucleation and growth of the
vapor bubbles. The bubble interface dynamics of a
two-phase flow are governed by the Cahn-Hilliard
equation.

2.1 Electric-thermal model

A heat transfer model is used for calculating
the temperature distribution in liquid and solid
before the bubble is generated. The governing
equation of transient heat transfer with inner heat
source is
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where T is temperature, p density, C, heat capacity,
k thermal conductivity, Qg the heat input to the
heater per unit volume per unit time.

2.2 Flow model

The liquid velocity field in the reservoir and
the droplet velocity field are described by the
incompressible Navier-Stokes equations:
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where p is the fluid density, u the fluid velocity, p
pressure, u the viscosity, g gravity.

2.3 Bubble dynamics

It is observed that nucleation bubble
instantaneously covers the surface of the heater in
~0.01 us [12], the vapor bubble pressure is
estimated very high, which can reach ~12 MPa.
Once the vapor is nucleated, the vapor pressure is
calculated by the Clausius-Clapeyron equation,
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where P is the saturated bubble pressure, L the
latent heat of the liquid, T, the boiling temperature
of the liquid at ambient pressure, kg the Boltzmann
constant. The ideal gas law is expressed as

PtV = nK,T

where V is the volume, n the number of moles of
gas. The mass flux leaving the liquid surface leads
to an increase in pressure of the vapor. The pressure
exerts a force on the liquid surface and the vapor
region begins to expand. The mass flux can be
evaluated from the conductive heat flux, which can
be approximated by the following expression:
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where M,, is the molecular weight of the vapor,
AH,; is the enthalpy of vaporization and C is a
constant (m/s). The mass flux is generated by the
bubble growth. So, the mass flux appears in the
energy equation (1) as:
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2.4 Phase Field Method

The bubble interface is tracked using the
volume of fluid (VOF) technique. The equations
governing the interface dynamics of a two-phase
flow can be described by the Cahn-Hilliard
equation. The equation for the phase field variable
is modified to allow for the change of phase:
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where @ is the dimensionless phase field variable
such that—1 < @ < 1. The quantity 1 is the mixing
energy density (N) and ¢ is a capillary width that
scales with the thickness of the interface (m).
Therefore, over the interface, a volume fraction is
defined as
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The volume fraction of the vapor and liquid phase
are Vs, €[-1,0] and V¢ € [0,1], repectively. The two
parameters of the quantity A and the capillary width
¢ are related to the surface tension coefficient via:
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and y is the mobility. The mobility determines the
time scale of the Cahn-Hilliard diffusion. The
default value, y = &2, is usually a good initial
guess. The equation governing v is:
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The quantity, § is a smoothed representation of the
interface between the two phases. It is defined as:
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The continuity equation is modified to account for
the phase change from liquid to vapor:
1
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2.5 Physical Properties

The thermal conductivity and specific heat capacity
are computed as functions of the volume fraction of
the two phases:

k = (kL - kv)Vf,L + kv (8)
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The simulation tool solves equations (1)—(9) with
appropriate boundary conditions, to simulate bubble
nucleation and bubble growth.

2.6 Simulation method

The simulation process is divided into two
stages: In phase 1, before the bubble is nucleated,
the liquid is treated as a solid. An electric-thermal
model deals with the heat transfer process. In phase
2, after the bubble is nucleated, the bubble growth
with liquid motion is solved by coupling flow and
energy with the bubble dynamics equations. Heat,
mass and momentum transfers with a phase-change
process are also considered in bubble growth
model.

3. Simulation
3.1 Description of the device structure

The microejector head is presented in Figure 3,
which was integrated on a dielectric and stress free
membrane [14]. The membrane was obtained by
stacking a thermal silicon dioxide layer (1.4 pm
thick) and a LPCVD SiN;, layer (0.6 pm thick).
The heating element was an annular resistance

Beservolr  Passreation layer

uE Mozzle

made of doped LPCVD polysilicon (0.5 pm thick)
and encircling symmetrically the ejection hole.

The polysilicon heaters were insulated from
upper layers by a PECVD SiO, film. The
connecting part was heavy doped by diffusion. The
inner and external radius of the heater is 60 um and
80 pm, respectively. Two levels of connecting
tracks realized by Ti/Au sputtering were separated
by a SiO; layer.

Ejector nozzles have been realized by
patterning a SU-8 40um thick layer [15], ICP-DRIE
etching achieved the reservoir by etching the silicon
wafer from the back side. The reservoir was closed
by assembling the micro-array with another silicon
wafer, which was used for connecting the tube, and
finally, the chips were mounted onto a Printed
Circuit Board to facilitate using.
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Figure 3: A cross-sectional view of the microejector

3.2 Description of the computational model

A schematic diagram of the computational
model of the microejector is presented in Figure 2.
The heater width is w and the thickness of the
heater is 0.5 um. The water in the reservoir is of
density puwaters VISCOSItY pyaer and surface tension o,
the air outside the nozzle is of density p, Viscosity
is e, The heat capacity of water is Cp_l, and the
heat capacity of air is Cp_g. The thermal
conductivity of the water is k_I. The glass slide is
located at a distance of 0.35 mm from the nozzle
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Figure 2: Computational model of the microejector



orifice. The width of the thermal pulse applied to
the heater element is 7.

3.3 Boundary conditions and the constant
parameters

The geometry of the microejector is axial-
symmetric, so an axisymmetric two-dimensional
model was used for simulating the microejector in
order to reduce the calculation time. The boundary
conditions for the models are illustrated with
reference to Figure 4.

In electric-thermal model, boundary 5-1 is
inward current boundary, and boundary 5-2 is
electric ground. Others boundaries are electric
insulation boundaries. In flow model, boundary 1 is
symmetry boundary condition, boundary 2 is the
inlet boundary and the fluid fraction function @ =
1, boundary 3 is the slip boundary which indicates
that the droplets slips at the glass slide, boundary 10
is the outlet boundary, the pressure is 101325 Pa.
All the solid boundaries are no-slip boundaries. The
initial temperature in the computational domain is
300 K. The conductivity of the heating resistance is
2300 Sm™.
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Figure 4: Boundaries of computational domain

The materials properties used for the microejector
is listed in Table 1.

Table 1: Properties of the materials

6 8 9

Material KW/m-K) p(kg/m®) C,
(Kg-K)

Silicon 100 2328 702
Polysilicon 100 2328 700
SiO, 14 2070 840
SiNyx 1.67 3200 714
SuU8 0.2 1190 1200
Water 0.614 1000 4180

3.4 The dimension of the microejector geometry

The geometry of the model is depicted in
Figure 2, and has the following dimensions: the
height of the nozzle is 40 pm and the radius of the
nozzle is 10 pum. The height, width of the heater is
0.5 um and 10 um, respectively, and the inner
radius of the heater is 30 um. The height of
reservoir is 60 pum and the radius diameter of
reservoir is 80 pm.

4. Simulation results

4.1 Temperature distribution

Time evolution of the vapor profile with the
temperature contours in the liquid is shown in
Figure 6, when the applied current is 20 mA with a
pulse duration of 5 ps. The surface temperature
between the liquid and the passivation layer
increases rapidly in 5 ps. However, the maximum
surface temperature is 582 K at 7.5 ps due to the
time required for heat transfer to take place through
the passivation layer.

The deformation of temperature profile arises
from the displacement of the liquid. It is observed
that the thickness of the liquid region is less than
0.1 pm. This is why the water almost didn’t burn
out. It can help the bubble collapses.

4.2 Nucleation temperature
As shown in Figure 5 and Figure 6, the liquid

begins to boil only when it is heated close to the
superheat temperature [9-12] of 540 K at 6 ps.
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Figure 5: Temperature distribution of the water and
vapor under the heater in r-axis direction at 5, 5.5, 6 and
6.5 us.

4.3 Bubble dynamics

The growth of the vapor bubble expels a water
drop is shown at 3 s, 6 s and 8us in Figure 6. The
bubble nucleation temperature is 540 K. The bubble
is growing from 6pus to 8.5us, and the maximum
volume of vapor is 3.7 pL. However, the droplet
volume is 1.9 pL. The average speed of the water
droplet is calculated to be approximately 12.5 m s™.

Figure 6 shows the bubbles collapse process at
9.5 s, 15 ps and 30 ps. The bubbles collapse as the
temperature and the vapor pressure decrease after t
= 8.5 s, the long duration negative pressure in
bubble induces the bubbles collapse. The fluid in
the chamber is retracted toward the collapsing
bubbles, the capillary force refills the fluid in the
nozzle for the next ejection. The bubble collapse
time is 16.5 ps.
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Figure 6: Time (s) evolution of the vapor profile with the temperature (K) contours in the liquid. The applied current is
20 mA with a pulse duration of 5 ps.



5. Experimental setup-up and the

measurement results

The Schematic diagram of the experimental
setup is described in Figure 7. The microejector
was installed on the measurement system. Firstly,
the power supply (Keithley 2410) was set as a
current driven power, the current limit was 15 mA,
and the voltage limit was 28 V. The pulse width
was adjusted by a designed control circuit.
Secondly, the led light source was opened, and the
camera was focused on the nozzle of the chip to see
the ejection droplet motion. Thirdly, the water was
filled to the reservoir through the tube of the
microejector. And finally, the operating current
with pulse width was adjusted to an appropriate
value for ejecting a droplet, which hit the target
glass slide. The ejection place on the glass slide was
changed by motion control system. The camera was
focused on the glass slide to see the droplet
dynamics clearly. The radius of the droplet was
measured by the microscope.
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Figure 7: Schematic diagram of the experimental setup

The glass slide surface is located at a distance
of 0.35 mm from the nozzle orifice. The properties
of the buffer used for the experiment are as follows:
density 1600 kg m3, viscosity 0.0015 Pa s and
surface tension 0.08 N m ™. The operating current is
3 mA with a pulse duration of 5 ms, the photograph

100 pm
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of the ejected droplets is presented in Figure 8 (a),
the radius of the bubble droplet is 24.5 um. The
radius droplet of simulation is 25.5 um when the
applied current is 3 mA with a pulse duration of
4.5ms (Figure 8 (b)). The present numerical results
are compared with the experimental data, the
difference is within 10%.

6. Conclusions

The present study investigates simulation
model and droplet ejection performance of a
thermal-bubble microejector. This model simulates
the bubble nucleation and the bubble growth, to
predict the droplet ejection process. Specificity, it is
achieved by coupling an electric-thermal model and
flow model with bubble dynamics equations. The
model is validated by comparing prediction results
with experimental data. For the optimization or the
designing of a new thermal-bubble jet, this model
provides a basic approach to investigate the effects
of geometry or thermal energy on droplet volume
and speed.

The typical working current and pulse width of
the microejector are 14.5 mA, 10 us, 20 mA, 5 us
and 24 mA, 3 ps, respectively. The droplet volume
varies from 1 pL to 15 pL for the power
consumption ranging from 45 mwW to 0.4 W.
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Figure 8: (a) is the photograph of the ejected droplets on the glass slide, the radius of the droplet is 24.5 pm. b) is the
droplet of simulation on glass, the radius of the droplet is 25.5 um.
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