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Abstract. Efficient cleaning of contaminations in the semiconductor industry is a determining
factor in ensuring the good quality of the electronics products. We present here the dynamic wetting
characterization of a fluid on top of Deep Trench Isolation (DTI) structures using ultra-high
frequency acoustic method. The dynamics of the fluid will be established using a
PolyDiMethylSiloxane (PDMS) micro-channel placed on top of the structures, in order to obtain
conditions as close as possible to those used in the industrial process. Wetting state of the DTI
structures is determined based on the measured acoustic reflection coefficient.

Introduction

In the microelectronics industry the tendency for miniaturization of the electronic components has
led to the fabrication of micro and nanostructures with high aspect ratios (for example structures of
hundreds of nanometers wide and tens of micrometers height). With these increasing aspect ratios
it’s becoming more and more difficult to achieve wet cleaning of these etched silicon structures [1]
and to remove non-desired particles which can lead to defective electronic products.

We developed an acoustic method [2, 3] using ultra-high frequency (5 GHz) to detect the
penetration of the liquid to the bottom of the etched structure and hence get information about the
efficiency of the wetting (cleaning) states. Our previous results have been obtained under static
wetting conditions (droplet based) while the industrial cleaning process uses a liquid dispensed in a
form of jet on a rotating wafer. Thus, in order to have experimental conditions closer to industrial
practice, a PDMS based micro-channel has been placed on the top of the etched silicon wafer
matrix (Fig. 1 and Fig. 2) in a manner that the DTI trenches are perpendicular to the micro-channel.
The industrial cleaning process is done by rotating a silicon wafer and dispensing the fluid in a form
of jet on top of this rotating wafer. Due to the complexity of the industrial process we will not
implement the rotation. Instead we will use micro-channel to establish a dynamic liquid flow with
conditions as close as possible to the industrial process and get information on the wetting dynamic
of these high aspect ratio structures. Information from the industrial process has been obtained and
used in hydrodynamic calculations for our PDMS micro-channel system and are presented in the
next section.

Experimental Setup

The characterization acoustic method that we developed [2] is represented in Fig. 3; it consists of
sending an incident volume wave generated by a piezoelectric transducer (ZnO disc of 75 pum



diameter) which is fabricated on the back of the wafer by lithography process. This same transducer
receives also the reflected wave to be analyzed by a signal processor. These reflected signals or
echoes could be either the reflection from the top of the pillar (A12) or from the bottom of the pillars
(A11) which can give us, after analysis, information about the wetting state [2]. Our characterization
method gives good separation of echoes inside the silicon due to the utilization of very small
wavelengths of 1.7 um (f = 5 GHz) for the longitudinal waves.

A PDMS micro-channel with dimensions of 33003100 pm? and thickness of 20 um (Fig. 1 and
Fig. 2(b)) 1s then placed on the silicon DTI structures and aligned on both the acoustic transducer
and the silicon DTI structures matrix. The micro-channel is obtained by the realization of a SU-8
photoresist based mold using a laser lithography technique. After several steps (PDMS deposition
in the SU-8 mold, annealing and demolding), the micro-channel adhesion to the silicon wafer is
established through a surface oxidation of the PDMS (using a corona discharge).

Hydrodynamic calculations have been done to ensure that the pressure loss inside the micro-channel
does not exceed 1 bar respecting the conditions that is used in the industry. DTI wafer with etch
depth 4 um will be investigated with the use of dynamic flow. The DTI matrix is etched on the
silicon wafer front side and consists of nonmetric structures and aspect ratio ranging from 20 to 35.

Pressure loss and fluid speed inside the micro-channel have been calculated using Eq. 1 [4], and
Eq. 2, 3, 4 [5]. Parameters such as fluid speed and height have been obtained from the simulation of
fluid film thickness on a rotating silicon wafer as function of distance from the wafer center (Fig.
4). At high rotational speed of wafer (@ > 800 r.p.m), Eq. 5 [6] shows very good corresponds with
results in Fig. 4, which will be used to calculate the fluid film thickness (%); then we will take our
micro-channel height as 2/ to achieve the same fluid flow profile, since it is a closed channel
compared to the open jet system used in cleaning industrial wafers. Different aspect ratios of DTI
[1, 7] within silicon wafers, and covered by a PDMS micro-channel, have been tested and subjected
to different hydrodynamic conditions. Table 1 show the hydrodynamic conditions on 300 mm flat
wafer and the corresponding pressure loss calculated using Eq. 4 for a micro-channel of 27 um (24)
in thickness. We can see that the expected pressure loss is small 114.5 mbar (< 1 bar) which will not
cause problems experimentally and will not cause much difference in micro-channel pressure
compared to industrial atmospheric conditions used in cleaning silicon wafers.
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In the above equations, u, the radial velocity of the fluid [m/s], w is the rotational speed [rd/s],  the
radial distance from the wafer center [m], z is the vertical distance from the surface of the wafer to
the top of the fluid film height given as function of 4 [m], v the kinematic viscosity [m%/s], f
friction coefficient, R. is the Reynolds number, a and b are the cross sectional dimensions of the
micro-channel (width and thickness respectively) [m], AP is the pressure loss from inlet to outlet
inside the micro-channel [bar], p being the density of the fluid [Kg/m?], L is the length of the
micro-channel [m], D is the hydraulic diameter [m], and Q is the flow rate used in industrial process
[m?/s]. Here we will take the average of the radial velocity so, we will integrate u, as function of z
from 0 to 4 and then divide it by 4, it will be reduced to Eq. 6.
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Table 1: Calculated hydrodynamic conditions applied on 300 mm wafer for water at 20°C and at
industrial flow rate of 0.12 L/min. The corresponding pressure loss is shown for a micro-channel of
27 um in height (24).

Q[L/min] v[m*s] @[rpm] r[mm] #[um] wu-[m/s] AP [mbar]
0.12 1.0e® 1500 140 13.50 0.21 114.50

Results and Discussion

The DTI [1, 7] (Deep Trench isolation) silicon wafer is an etched silicon structure with trenches
width of 200 nm, organized as a network of rectangles. Although the DTI wafer is made of silicon,
there are two additional layers which are silicon dioxide (SiO>) and silicon nitride (Si3N4) of several
tens of nanometers in thickness, present uniquely on the top surface of the trenches. The wetting
dynamic on a sample wafer of 4 um etch depth was investigated using distilled water (or mixture of
ethanol and distilled water) at 20°C. The wetting process is measured at different time intervals.

Fig. 5 shows the acoustic reflection using longitudinal waves (frequency ~4.5 GHz) for three
different cases:

- First when no fluid is present in the micro-channel,

- Second when we have an apparent complete filling of the micro-channel and no fluid
movement for one minute. This state is called ‘static case’ one in Fig. 5,

- And finally in the case of dynamic flow through the micro-channel for one minute at a flow
rate of 55 uL/min and fluid speed of 4.67 mm/s. This is called ‘dynamic case’ in Fig. 5.

The first echo (A11) occurs at the bottom of the etched silicon at time of 185.1 ns and the echo from
the top (A12) of the silicon surface occurs at 186 ns. We can observe that Ai; is the same for all the
cases and have a value of 265 pV suggesting that no acoustic energy has been absorbed by the
presence of a liquid hence, no wetting occurred at the bottom of the trenches. For A» it is equal to
360 nV in the case of no water presence and equal to 297 pV for both the static and dynamic case.
These latter results suggest that both static and dynamic cases have similar wetting response. In
conclusion wetting is not achieved at the bottom of trenches using distilled water both in the static
and dynamic cases.

Fig. 6 shows the acoustic reflection response when there is a circulating mixture of ethanol and
distilled water (40% and 60% in volume respectively) during one minute through the micro-
channel, as well as the static state for one minute using this mixture. The flow rate was 38 pL/min
and the fluid speed was 3.23 mm/s (dynamic case). The first observation is that the two curves,
static and dynamic cases, coincide with each other which suggest that there may be no difference in
the results between the two states (same results obtained with distilled water). The first echo (A1)
has a value of 238.1 uV in the case of circulating fluid (ethanol + distilled water), while is it
265.7 uV where no fluid is present in the micro-channel which suggests the penetration of mixture
to the bottom of nano-trenches. The top echo (A12) was 259.5 pV for the case of mixture and equal
to 359.5 uV for the case of no fluid present. The impact of the value of (A11) implies that this
mixture of ethanol and distilled water is able to wet the bottom of the nano-trenches which has not
been seen in the case of distilled water. This can be related to the lower surface tension of ethanol.
At 20°C ethanol has a surface tension of 21.78 mN/m, while that of distilled water is equal to
72.75 mN/m. This lower value makes it easier for ethanol to penetrate high aspect ratio structures
and hence induces better cleaning.

Acoustic Reflection Coefficient. Calculation of the acoustic reflection coefficient is done using the
acoustic reflection measurements. The acoustic reflection coefficient is defined as the ratio of the
acoustic reflection of a surface when fluid is present to the acoustic reflection when no fluid is



present. Fig. 7 shows the values for two cases; the bottom and top of the DTI trenches. Variation of
the reflection coefficient is a direct effect of the mechanical impedance which is related to changing
ethanol concentration [8].

We performed an experimental measurement of the contact angle on a flat surface of the DTI wafer
(Non-etched surface), and we obtained a value of 60°, which signify that the surface is slightly
hydrophilic. In the case of the bottom DTI shown in Fig. 7, with water as the fluid circulating the
micro-channel a value of 0.98 has been obtained which suggests that wetting is not achieved. For
ethanol concentration between 40% and 50% (leading to a surface tension comprises between
26.2 mN.m! and 25 mN.m™V the reflection coefficient decreases rapidly to 0.89, then it increases to
reach 0.91 for pure (100%) ethanol. These values obtained are higher than those obtained by Carlier
et al. [9] which are 0.86 to 0.87 for 40% to 50% concentration of ethanol and 0.9 for pure ethanol;
this suggests that wetting is impartial and non-definitive with ethanol.

For the case of the top surfaces of DTI, the reflection coefficient change in similar manner as in the
case of bottom surfaces of DTI, the lower values in this case may be related to the presence of the
fluid which absorbs part of the acoustic energy and hence, decreases it. There are two values to
explore here, the value of 0.83 for water and 0.79 for the pure ethanol. To explain these values we
performed a measurement with static droplet on the flat surface (non-etched surface) of the DTI
wafer. The values obtained using the droplet measurements are 0.83 and 0.88 respectively for water
and pure ethanol. These values are smaller than what we expect for silicon/water and silicon/ethanol
interfaces, which are normally 0.86 and 0.90 respectively. This difference can be related to the
presence of other layers on the top of the silicon DTI, namely two layers which are silicon dioxide
(S107) and silicon nitride (Si3N4) of tens of nanometers each in thickness. These layers are used in
the semiconductor industry during the wafer production and etching operation and are present on
top of the DTI trenches but, not inside the etched DTI. The presence of these additional layer
changes the mechanical impedance of the system (piezoelectric transducer + DTI wafer) which
affects the value of the reflection coefficient. For pure ethanol we have a value of 0.79 which is
lower than the reference flat surface value 0.88, this difference could be explained by the presence
of fluid inside the DTI trenches due to the lower surface tension of ethanol compared to water, this
presence of ethanol absorbs part of the acoustic energy during reflection and hence lower the
reflection coefficient.

We can conclude that for the case of the bottom of the DTI structures, the wetting is never totally
achieved using distilled water, and is partial and non-definitive in the case of adding ethanol. This
could be related to the network pattern collapse Fig. 8 (a), or due to air trapped in the bottom of V-
shaped DTI trenches Fig. 8 (b). The results obtained both for the bottom and top DTI requires a
simulation code for simulating the acoustic response traversing the different layers of the DTI
wafer, so as to obtain the values of the reflection coefficients depending on the state of wetting.

Conclusion

An experimental bench has been established for the first time wetting characterization using Lab-
On-Chip integration acoustic transducers/ PDMS micro-channels and DTI structures. The first
results show that given conditions (same concentration of water/ethanol mixture), led to the same
wetting conditions in static and in dynamic states. We are currently studying the behavior using
different mixtures of ethanol and water (therefore intermediate surface tensions), and with different
hydrodynamic parameters applied on different aspect ratio structures. Also, a simulation code of the
acoustic reflection coefficient inside the silicon wafer is currently being developed, which will
enable us to predict the different wetting states. We will also investigate the drying phenomena by
injecting gases (air or nitrogen for example).
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Figure 2: (a) Scheme of the PDMS micro-channel placed on silicon wafer and (b) PDMS micro-
channel with inlet and outlet tubes placed on a DTI structured silicon wafer.
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Figure 3: Emission and reception of acoustic wave through silicon using piezoelectric transducer

fabricated on the back of the wafer.
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Figure 4: Simulation of the fluid film thickness (h) on a flat rotating silicon wafer (without DTI
trenches) as function of the distance from the wafer center for rotating speed of 1000 r.p.m. [10]
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Figure 5: Acoustic reflective wave response off the DTI matrix using longitudinal waves and
distilled water as fluid in both dynamic (fluid moving) and static (fluid present not moving inside
micro-channel).
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Figure 6: Acoustic reflective wave response off the DTI matrix using longitudinal waves and a
mixture of ethanol and distilled water (40%, 60%) as the fluid in both dynamic (fluid moving) and
static (fluid present not moving inside micro-channel).
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Figure 7: Experimental measurements of the acoustic reflection coefficient on the bottom and top of
the DTI using different ethanol/water mixtures.
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Figure 8: Scheme of DTI trench network collapse pattern (a) and scheme of a V-shape DTI trench.
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