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Abstract 

The wetting of surfaces with patterns in the order of a hundred nanometers is often a complex 

phenomenon to analyze and control. In the semiconductor industry, whether it is during the 

surface cleaning steps or the deposition of the protective mask (photosensitive liquid resin 

that is then cross-linked), the conformity of the deposit of the liquid layer on the patterned 

surface must be perfect or else the functionality of the targeted electronic component will be 

compromised. Thus, understanding the surface wetting of these liquids allows the 

implementation of optimized processes. In this paper, we present a method of indirect wetting 

characterization of a photoresist based on ultra-high frequency (# GHz) acoustic waves. This 

resin is a commercial product called GKR 4602 (belonging to the KrF series of positive 

photoresists), which is coated in two different ways: either directly onto the surface of a 

patterned silicon wafer, or after application of a solvent, Propylene Glycol Ethyl Ether 

(PGEE), which then acts as a pre-wetting layer. The patterned wafer, playing the role of 

electrical insulation (Deep Trench Isolation, DTI) are 200 nm wide, deep trenches with a high 

aspect ratio (> 50). The originality of this paper lies in the validation of the acoustic 

characterization by direct observation of the wetting of the cross-linked resin. To do so, we 

used a FIB (Focused Ion Beam) microscope which allowed us to make cuts and capture 

localized images of the wetting state of the photoresist. Moreover, all the results obtained 

(resins and patterned silicon surfaces) are directly from the microelectronics industry 

(STMicroelectronics), showing that our method is fully compatible with an industrial 

approach. 

Keywords: Acoustics, Deep trench isolation, Micro and Nano-technology, Micro-electromechanical systems, 

Semiconductors, Surface wetting, Wetting, Focus Ion Beam 

 

1. Introduction 
In the semiconductor industry, the manufacturing of 

microchips consists of many processes, reaching up to 

hundreds [1]. Most of the industries carry out the processes in 

an “ISO class 1” cleanroom [2]. Despite the measures to clean 
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the Si surface, contaminants may still come from the different 

processes included in the microchip fabrication. About one 

third of the manufacturing processes are related to surface 

treatments and decontamination of particles. Thus, wet 

processes are necessary for cleaning and surface preparation 

before and after each process [3]. For example, Chemical 

Mechanical Planarization (CMP) [4], is used to flatten silicon 

wafers and remove surface topologies by utilizing nano-sized 

abrasive particles in a slurry mixture. This operation could 

result in contamination across the wafer’s surface. In addition, 

processes like lithography, dry and wet etching, and metal 

layer deposition require a post-cleaning process to remove the 

inherent contaminants [5].  

For instance, before the etching process, a mask (usually a 

photoresist polymer) is used to protect the desired area [6][7]. 

The presence of organic contaminants on the surface can 

inhibit the adherence of the photoresist film to the wafer’s 

surface. 

While the sizes of electronic components are decreasing 

drastically to a few hundred nanometers (following Moore's 

law), this problem of removing contaminations becomes 

crucial [8]. One typical silicon structure is trench with a high 

aspect ratio that plays the role of electrical insulation. In both 

of these cases, the basic problem is to ensure that the wetting 

of the cleaning or etching fluid or the liquid polymer contacts 

the entire surface, including structures with large aspect ratios 

and typical dimensions in the order of a hundred nanometers 

[9]–[10]. 

Different techniques exist in the literature to characterize 

the wetting efficiency of liquids inside micro-nanopatterned 

surfaces, such as ATR-FTIR (Attenuated Total Reflectance-

FTIR) [11], and EIS (Electrochemical Impedance 

Spectroscopy) [12], which enable real-time monitoring of the 

wetting phenomenon of the liquid [13][15].  

For our part, we have developed an acoustic 

characterization method based on ultra-high frequency (up to 

5 GHz) [16][17] that uses bulk acoustic waves to characterize 

the wetting efficiency of a liquid droplet deposited on micro-

nanopatterned silicon surfaces.  

However, all these techniques suffer from the same 

drawback. The validation of the results they allow to be 

obtained cannot be done optically under the same conditions, 

i.e., in real time and at very small scales. To meet this 

necessary validation, a lot of groups have attempted to 

combine the characterization of wetting on textured surfaces 

at micro- or even nanometric scales with direct observation by 

scanning electron microscope or other technologies. The 

Varanasi pioneering group thus frozen a drop of water and 

then made a cut using an FIB in order to observe the triple line 

and even under the drop by SEM [18]. We also used 

polymerized polymer drops on the surface to observe the 

deformation of the triple line [19]. In this letter, we propose to 

combine the two techniques of polymer use and FIB cutting. 

This allows us to visualize the behavior of polymerized 

polymer films, which is the image of their wetting on surfaces 

with trenches a hundred nanometers wide and with high aspect 

ratios. 

In the first part of this paper, we will present an application 

of the acoustic method to characterize the wetting over a Deep 

Trench Isolation (DTI) [20][21] patterned silicon wafer using 

a commercial photoresist named GKR 4602 that is used as a 

mask during the etching processes at STMicroelectronics. 

Then we will study the impact of using an additional solvent 

layer of Propylene Glycol Ethyl Ether (PGEE) as a pre-

wetting layer. This solvent layer will be dispensed before 

GKR 4602, in order to improve the wetting efficiency. In the 

second part, we will use FIB imaging of a cross-sectional cut 

inside the DTI patterned wafer sample. Thus, it will be 

possible to visualize the filling of this photoresist inside the 

DTI features and finally compare the images to the results 

obtained with the acoustic characterization method. 

2. Experimental setup 

2.1. DTI geometry 

The DTI wafers are composed of an etched network of 

trenches (Figure 1(a)) inside periodic structures called 

matrices (see figure S1 in supplementary material). The 

trenches are 200 nm in width and 10 μm in depth, and they are 

etched on the front side of a 300 mm wafer that is 775 ± 10 

μm thick and fabricated by STMicroelectronics. On the front 

side of the wafer, we find three layers composed of 7.5 nm 

silicon dioxide (SiO2), 55 nm silicon nitride (Si3N4), and 80 ± 

20 nm (SiO2), respectively, stacked as shown in Figure 1(b). 
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Figure 1. (a) Image of the DTI network where the brown color represents the etched trenches and the black colors represent the Si pillars; 
(b) Schematic of an etched trench.

2.2. Characterization by acoustic reflectometry 

The wetting characterization using acoustic reflectometry is 

developed at the IEMN laboratory. It consists of measuring 

the reflection coefficient in the time domain of ultra-high 

frequency longitudinal waves generated by piezoelectric 

transducers built on the backside of a 7 × 7 cm2 DTI silicon 

wafer. 

The piezoelectric transducers are composed of thin metallic 

layers: 10 nm titanium “Ti” + 50 nm platinum “Pt” + 500 nm 

Zinc Oxide “ZnO” + 50 nm Pt deposited consecutively in the 

same order they appear. The Zinc Oxide (ZnO) layer is 

sandwiched between a ground electrode, composed of 

titanium (Ti) and platinum (Pt), and another platinum counter 

electrode. The thicknesses of the various materials have been 

simulated in order to reach a resonance at a desired frequency 

with a maximum of the signal at the receiving end [22]. For 

the given thickness of 500 nm of ZnO and a diameter of 100 

µm of the counter electrode, obtained by a photolithography 

process, we get a central frequency of 3.5 GHz in the 

longitudinal mode. 

The acoustic reflectometry method is shown in Figure 2. 

The longitudinal waves will be first reflected back from the 

bottom of the trenches, then from the top. This will result in 

two main echoes, A1 and A2, respectively. In our study, we are 

mainly concerned with the A1 echo, which is an indicator of 

 the wetting inside the trenches. The measurement is carried 

out by first acquiring the scattering parameter S11(f) (complex 

reflected/incident voltage ratio) using a SussMicrotech probe 

coupled with a Rhode & Schwarz 300 kHz to 8 GHz Vector 

Network Analyzer (VNA) shown in Figure 3. The general 

expression of S11(f) is given in equation (1). )(11 fS el
and 

)(11 fS ac
correspond to the purely electrical and purely 

acoustic responses of the transducer. K corresponds to the 

electro-acousto-electrical conversion coefficient [23]. 

Applying an inverse Fourier transform to S11(f), the 

amplitudes of the reflected echoes on the bottom and the top 

of the structures (A1 and A2) are obtained in the time domain 

S11(t) (Equation (2)). The calculation of the acoustic reflection 

coefficient is not possible directly due to the fact that the value 

of K is unknown [22]. Thus, an indirect method consists of 

normalizing the amplitude obtained in the presence of liquid 

with the equivalent amplitude obtained when the wafer is 

exposed to air in order to obtain the acoustic reflection 

coefficient. The reflection coefficient on the bottom surface of 

the DTI (r1) is given in equation (3). 

)()()( 111111 fKSfSfS acel   (1). 

)]([)]([)( 11

1

11

1

11 fKSFfSFtS acel    (2). 

Air

eCh

A

A
r

1

arg

1
1   (3). 

 
Figure 2. Schematic of the wetting characterization using the 
acoustic reflectometry method. 
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Figure 3. Schematic of the acoustic measurement bench for the characterization of textured surface .

It is to be noted that the signal received by the transducer 

and then acquired by the instrumentation is, at a given time, a 

spatially mean value of the signal coming from the surface 

(100 µm disk diameter) located at the vertical position of the 

transducer. The sensitivity of the acoustic method depends 

mainly on two factors: the high contrast between air and fluid 

acoustic impedances [24] and the frequency of the transducer 

[16]. The acoustic impedance Z of a material is given as a 

function of the density ρ and the acoustic wave propagation 

velocity c in the material (Z = ρc). 

On the DTI patterned wafer sample, the photoresist is 

coated by spin coating (using RC8 Karl Süss equipment) in 

two closed cycles according to the following parameters: 

Rotational velocity V1 = 3650 r.p.m., time t1 = 40 s, and 

acceleration A1 = 1000 r.p.m./s; V2 = 1500 r.p.m., t2 = 30 s, and 

A2 = 1000 r.p.m./s. The indicated rotational velocity (V1) will 

result in a 3.5 μm thick photoresist layer. The photoresist has 

a density ρ1 = 1015 kg.m-3 and a kinematic viscosity ʋ1 = 

124×10-6 m2.s-1. After the photoresist deposition, the sample 

is baked at 130°C for 90 s.  

The PGEE solvent (ρ2 = 897 kg.m-3, ʋ2 = 2.47×10-6 m2.s-1, 

surface tension γ = 26.5 mN.m-1), corresponding to the pre-

wetting layer, is dispensed according to the following 

parameters: V3 = 1500 r.p.m., t3 = 2 s, and A3 = 1000 r.p.m./s, 

and GKR 4602 afterwards. 

As a first step, the reference reflection coefficient (

4602/GKRSir
) at the interface between the silicon and the GKR 

4602 layer needs to be measured. For that purpose, a 3-inch 

smooth Si wafer of, 380 ± 20 μm in thickness is coated with a 

photoresist according to the following parameters: V4 = 1000 

r.p.m., t4 = 90 s, and A4 = 1000 r.p.m./s. The indicated 

rotational velocity (V4) will result in a 6.5 μm thick photoresist 

layer. After the photoresist deposition, the sample is baked at 

130°C for 90 s. Here, the coating of the photoresist is carried 

out at a lower rotational velocity to obtain a thicker layer that 

will enable a good separation of the echoes at the interface 

between the Si and the photoresist. 

3. Results and discussions 

3.1. Acoustic characterization 

To measure 4602/GKRSir , the reflection coefficient at the 

silicon and GKR 4602 interface, the photoresist is coated on 

the smooth Si wafer. The echoes diagram is shown in Figure 

4. The measurements are performed with a transducer over a 

bandwidth of [1–6 GHz]. The reference to air (solid line) 

corresponds to only one echo occurring at 89.04 ns. The 

echoes diagram corresponding to the photoresist coated on the 

silicon wafer (dotted line) shows a first echo occurring at 

89.04 ns at the same time as the echo relative to air.  The 

reflection coefficient at the silicon/GKR 4602 interface is then 

deduced to be: 72.04602/ GKRSir . 

The other echoes correspond to the multiple reflections 

inside the photoresist. 

After obtaining the reference value 4602/GKRSir , the next 

step is to characterize the interface between the photoresist 

and the DTI patterned wafer, knowing that this interface is an 

indirect view of the polymer wetting on this surface prior to 

its reticulation. For that purpose, we use two identical DTI 

patterned wafer samples. On the first one (sample 1), only the 
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Figure 4. Echoes diagram (S11(t)) at air (solid line) and at coated GKR 4602 (dotted line) for a transducer (found on the smooth surface wafer 
sample) of a central frequency equal to 3.5 GHz taken on a bandwidth of [1–6 GHz].

photoresist is coated. On the second sample (sample 2), a pre-

wetting layer of PGEE is first coated, followed by a layer of 

photoresist. 

The echoes diagrams taken with transducers T3 and T4 

found on samples 1 and 2, respectively, are shown in Figure 

5. We notice that for both measurements (with air and with 

photoresist), different echoes can be seen, knowing that the 

first of them, which occurs at t2 = 181.4 ns, is of interest. It 

represents the reflection of the incident waves on the bottom 

surface of the trenches. The following echoes that arrive 

afterwards depict reflections of the incident wave on the walls 

and on the top surface of the trenches. It is interesting to note 

that the echoes that follow the first one are remarkably damped 

compared to the same echoes obtained from the air 

measurement. This indicates the transfer of the acoustic 

energy to the photoresist layer present inside the trenches. To 

indirectly quantify the wetting of the photoresist on the DTI, 

the wet bottom area “Sw” is calculated, which quantifies the 

surface area of the wet bottom area [17]. If part of the lower 

surface of the trenches is covered by photoresist and the rest 

of the bottom surface is filled by air, the reflection coefficient 

r1 is then given as follows: 

airSiwGKRSiw rSrSr /4602/1 )1(   (4), 

1/ airSir , since there is no transfer of acoustic energy when 

the medium at the interface is air [25]. Thus, Sw is calculated 

as: 

4602//

1/

GKRSiairSi

airSi
w

rr

rr
S




  (5). 

 

A series of 5–6 measurements on each sample, over various 

DTI matrices, have been undertaken. 

Each measurement of r1 is taken over a circular transducer 

of 100 μm in diameter. Thus, each measurement is an 

evaluation of local wetting over a surface area of 7854 μm2. 

Using the dimensions in Figure 1(a), the trenches represent 

about 39.2% of the patterned surface. Therefore, each 

measurement is an assessment of the total fill over 3078.77 

μm2 of trench bottom surface area. 

Table 1 represents the summary of the measurements on the 

two samples (with and without the pre-wetting layer) with 5–

6 different transducers. The transducers were chosen close to 

the center of the wafer (area relative to a circle of 4 cm in 

diameter) to ensure the best photoresist film uniformity during 

spin coating. 

 

Table 1. Summary of the acoustic measurements obtained using 
different transducers found on the two DTI patterned samples. 

 Sample 1  Sample 2 

Transducer r1 Sw (%)  r1 Sw (%) 

T1 0.78 78.6  0.75 89.3 

T2 0.77 82.1  0.74 92.9 

T3 0.84 57.1  0.73 96.4 

T4 0.83 60.7  0.72 100 

T5 0.79 75  0.77 82.8 

T6 0.76 85.7  - - 

 

The average ( S ) and the standard deviation ( ) of wetted 

surface percentage Sw are found to be: %2.731 S , 

7.101   for sample 1 and %3.922 S , 9.52  for 

sample 2. 
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We come to the clear conclusion that sample 2, with the 

added pre-wetting layer, shows a higher wetted surface 

percentage of photoresist inside the trenches compared to 

sample 1 ( 2S > 1S ). In addition, this pretreatment seems to 

improve the filling uniformity inside the trenches (
2 <

1 ). 

 

 

Figure 5. Echoes diagram (S11(t)) at air (solid line) and at coated GKR 4602 (dotted line) for (a) Transducer T3 located at DTI sample 1; (b) 
Transducer T4 located at DTI sample 2.  

In order to consolidate our results, images of the filling of 

the trenches were set up using FIB-SEM (Focused Ion Beam-

Scanning Electron Microscope) imagery. The FIB-SEM 

images comparing the filling state of the trenches with and 

without the pre-wetting layer are presented next. 

3.2. FIB imagery 

The advantage of using FIB-SEM is that it can reveal 

subsurface structural details, by making precise cuts with 

accelerated ions and then imaging the exposed surface with a 

high-resolution SEM. 

To this end, we use two new samples, 3 and 4. On Sample 

3 only the photoresist layer is coated, while on sample 4, the 

pre-wetting and photoresist layers are coated. 

Figure 6 presents the SEM image of a DTI matrix of sample 

3 (photoresist coated without the pre-wetting layer). Looking 

at Figure 6(a), we note that there is no presence of photoresist 

on the bottom surface of trenches 1,3,5,7, and 9 (counting 

from the left) and that the rest of the trenches show the 

presence of the photoresist at the bottom with large air bubbles 

inside. In Figure 6(b), the 9th trench (from the left) has 

multiple small air bubbles (small black holes), while the 6th, 

8th, and 12th trenches have relatively larger air gaps, with the 

bottom of the trenches filled by the photoresist. The rest of the 

trenches (Figure 6(b)) appear to be completely filled. In 

conclusion, the FIB images of sample 3 (without a pre-wetting 

layer) show that the bottom wetting is not homogeneous. 

Several places on the bottom surface of some trenches are not 

filled with photoresist. This non-uniformity is consistent with 

the acoustic characterization. Indeed, looking at the FIB cut 

made on sample 3, we notice that out of the 36 trenches shown 

(see figure S2 in supplementary material), only 29 show the 

presence of photoresist on the bottom surface, indicating a 

wetting percentage of 80.6%. 

Figure 7 shows the SEM images corresponding to the DTI 

matrix of sample 4. The gray color inside the trenches 

represents the photoresist, while the black one represents the 

wetting defect (or trapped air bubbles). These trapped air  
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Figure 6. SEM images of the FIB cut in the DTI matrix showing the filling of the GKR 4602 in the trenches of sample 3 (without a pre-wetting 
layer). (a) Lack of photoresist and presence of large air bubbles; (b) Almost filled trenches with small air bubbles. The contrast and zooming 
in of images are modified using ImageJ software code [26].

 
Figure 7. SEM images of the FIB cut in the DTI matrix showing the filling of the GKR 4602 in the trenches of sample 4 (with pre-wetting layer). 
(a) FIB cut on the DTI matrix; (b) Zoom on the FIB cut. The zooming in of images is modified using ImageJ software code [26].

bubbles (figure 6(a)) can be identified by the meniscus created 

by the photoresist [27]. In the second image (Figure 7(b)), 

although large air bubbles are present in all the trenches, the 

bottom of the trenches is actually filled with photoresist. 

Zooming in on Figure 7(b), small bubbles can be seen in the 

upper part of the trenches (small black holes), which could be 

explained by the fact that the bubbles could not escape from 

the trenches during the filling of the photoresist. These 

observations are in agreement with the conclusions obtained 

from the acoustic signal reading of sample 2, which showed a 

high wetting percentage and good wetting uniformity (

%3.922 S , 9.52  ). 

The SEM images of the FIB cut indicate that we have a full 

wetting (100%) in the lower part of the trenches (see figure S3 

in supplementary material). Furthermore, by observing the 

meniscus formed by the trapped bubbles, we notice the 

concave shape between the photoresist, when coated in the 

liquid state, the trapped air bubbles, and the trench walls. This 

concave shape indicates that the walls of the trenches are 

hydrophilic [28]. 

4. Conclusion 

In this paper, we characterize the wetting behavior of the GKR 

4602 photoresist on a DTI patterned wafer with an aspect ratio 

of 50. Using acoustic characterization, we showed that the use 
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of the PGEE pre-wetting layer (before coating the GKR 4602) 

increased the wetting percentage at the bottom surface of the 

trenches and also made it more uniform. This result was also 

confirmed using FIB-SEM imagery, which showed that the 

pre-treated sample revealed better filling at the bottom surface 

compared to the sample without it. In fact, this first layer, 

being a solvent, acted as a facilitator for the filling of the 

photoresist to the bottom surface of the trenches. However, in 

both cases (with and without the pre-wetting layer), we 

observed (Figure 6 and Figure 7) the presence of air bubbles 

suspended in the photoresist. The air bubbles ranged in size 

from very small bubbles to large gaps, creating discontinuities 

in the photoresist present in the trenches. These trapped 

bubbles were observed in previous work we conducted on DTI 

with an aspect ratio of 30 [29]: We showed that a transition to 

full wetting inside the trenches led to the release of bubbles. 

In the literature, we find several techniques to remove and 

control bubbles suspended in fluids, such as degassing the 

fluid and avoiding pressure drops in the dispense system [30], 

the addition of surfactants to lower the surface tension [31], or 

using megahertz acoustic waves to control the bubbles [32]. 

Some of these techniques could prove useful to eliminate the 

bubbles and are envisaged for future study. The combination 

of the acoustic method we developed and the FIB-SEM 

imagery has proven to be a powerful tool for understanding 

the wetting behavior of polymers on porous surfaces and could 

be used as a technique to study the uniformity of coated 

photoresists during lithography processes, for example. 

Although it is still a local investigative (conditioned by the 

surface area of the transducer and the length of the FIB cut) 

and destructive testing technique (etched by the FIB), it can 

provide a comprehensive view of the wetting process. 

Supplementary materials 

See supplementary materials for additional figures related 

to the DTI matrix and FIB cuts. 
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