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ABSTRACT: Ultra-precision components have been widely used to produce advanced optoelectronic equipment.
The so-called Electric field enhanced UltraViolet-Induced Jet Machining (EUV-INCJM) is an ultra-precision method
that can achieve sub-nanometer level surface quality polishing. This study focuses on the application of the EUV-
INCJM with different nozzle structures to a single-crystal of silicon. Two kinds of electro-optic-liquid coupling nozzles
with single-jet and multi-jet focusing structures are proposed accordingly. Simulations and experiments have been
conducted to verify the material removal performance of these nozzles. The simulation results show that, under the
same condition, the flow velocity of the single-jet nozzle is 1.05 times higher than that achieved with the multi-jet
configuration, while the current density of the latter is 1.63 times higher than that of the single-jet nozzle. For the single-
crystal silicon, the material removal efficiency of the multi-jet focusing nozzle exceeds by about 1.4 times that of the
single-jet. These results confirm that the material removal ability of the multi-jet configuration is more suitable for
ultra-smooth surface polishing. The surface roughness of Si workpiece was reduced from Rq 1.55 to Rq 0.816 nm with
valleys and peaks on its surface being almost completely removed.
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1 Introduction

Modern optoelectronic technology demands unprecedented precision in the machining accuracy and
surface roughness of optoelectronic functional devices [1,2]. Minor graphic errors and surface roughness
can significantly impact device performance. To ensure optimal performance, ultra-precision machining
technology is required to achieve sub-nanometer machining accuracy [3,4]. Common methods for achieving
ultra-smooth surfaces include chemical mechanical polishing [5-7], ion beam polishing [8], magnetorheo-
logical polishing [9,10], fluid jet polishing [11,12], elastic emission machining [13,14], and UV-INCJM [15]. In
elastic emission machining and UV-INCJM, the polishing liquid is sprayed onto the workpiece surface via
a nozzle [16,17]. The nozzle’s material removal characteristics are crucial for ultra-precision polishing. The
removal volume must be controlled based on the discrepancy between the actual and ideal workpiece surface
shapes. Consequently, the NC system determines the polishing tool's dwell time at any point on the workpiece
using the material removal function, thereby controlling the removal volume. Therefore, the removal
function, efficiency, and repeatability of the polishing method influence the selection of processing paths,
speed, and residence time, and determine the control characteristics for ultra-smooth surface polishing.
Scholars worldwide have extensively studied jet polishing’s removal characteristics. Matsumura et al. [18]
introduced a conical mask near the nozzle to alter the jet injection angle and regulate workpiece surface
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stress; however, the polishing surface quality did not improve significantly. Falter et al. studied the impact
of polishing speed and path on stability to find the relationship between speed, step length, and surface
quality [19,20]. Zhao et al. investigated the effect of abrasive diameter on material removal in liquid jet
impact and found that the removed material profile changed with diameter [21]. Ma et al. designed a
rotatable porous nozzle to enhance material removal and utilized it for jet polishing to achieve super-
smooth surfaces [22]. Qiao et al. [23] studied jet flow distribution, removal efficiency, and nozzle functions of
different structures in nano-SiO, jet machining through simulation and experiments. Yoshinori attempted
to change the removal profile shape using focused flow for a sharper flow distribution [16]. Current jet
machining research primarily focuses on improving material removal efficiency and profile by modifying
the nozzle structure. Array nozzles are widely employed to enhance jet polishing efficiency [24]. However,
their use constitutes an external adjustment that consumes substantial additional energy. Consequently,
they cannot fundamentally improve the polishing efficiency per unit power of jet polishing. UV-INCJM
is an ultra-precision polishing technology capable of fabricating ultra-smooth surfaces without inducing
any surface defects. A processing equipment for UV-INCJM has been developed [25]. The influences of
workpiece surface micro topography on the surface material removal process have been studied [26]. UV-
INCJM can be applied in the ultra-precision manufacturing of semiconductor materials. However, the
photogenerated electron-hole pairs in the colloidal polishing solution are prone to recombination [27], which
partially hinders the further enhancement of the material removal efficiency of UV-INCJM. To address the
issue of rapid recombination of photogenerated electron-hole pairs, EUV-INCJM [28] was proposed, as
illustrated in Fig. 1. Under the influence of an external electric field, photogenerated electrons are transferred
to the cathode surface via an external circuit, thereby suppressing their recombination with holes. The water
molecules and hydrogen ions in the colloidal polishing solution effectively capture the holes in the valence
band, generating hydroxyl radicals with potent oxidizing capabilities. These radicals react with oxygen in
the conduction band free electrons to produce peroxy ions with potent oxidizing capabilities [29]. As the
concentration of hydroxyl radicals increases, the likelihood of the interface reaction rises, thereby enhancing
the material removal efficiency.
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Figure 1: Schematic diagram of EUV-INCJM
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In jet machining, a single-jet nozzle generates a relatively stable jet stream from a single orifice. The
energy is concentrated within this single jet beam, particularly along the axis of the jet. However, as the jet
disperses, the energy distribution in the radial direction becomes more diffuse. Since only one jet acts on the
workpiece, the processing efficiency is relatively low, particularly for large-area processing or tasks requiring
rapid material removal. In contrast, a multi-jet nozzle can produce multiple jets that act simultaneously on
the workpiece surface. This allows for a larger processing area to be covered in a shorter time, significantly
enhancing the material removal rate and overall processing efficiency. As a result, multi-jet nozzles are
particularly well-suited for large-area material processing. However, they consume more energy compared
to single-jet nozzles. During operation, the jets from a multi-jet nozzle interact with one another, creating an
energy superposition and interweaving effect within a specific area. This results in a localised concentration
of energy and an overall superposition envelope. Nevertheless, the mutual influence among the jets can
slightly reduce the stability of the jets compared to a single-jet nozzle. By carefully designing the nozzle
layout and parameters, a multi-jet nozzle can still achieve high machining accuracy. In both single-jet and
multi-jet nozzle processing, the low shear velocity in the central area of the nozzle leads to reduced material
removal efficiency at the nozzle centre. To address this issue and enhance the material removal efficiency
within unit energy consumption, this paper proposes an electro-optic-liquid coupling nozzle with a multi-jet
focusing structure. This design enables the colloidal polishing solution to pass through and focus via three
focusing channel structures. The photoelectric coupling effect enhances the material removal characteristics
at the nozzle centre, improving the shape of the fixed-point material removal profile in EUV-INCJM. The jets
from multiple nozzles converge at specific locations, concentrating energy at the focal point to form a high-
intensity jet impact zone, while the energy remains relatively weaker in other areas. The multi-jet focusing
nozzle can precisely focus the jet energy on the target position, offering significant advantages for precision
control of the machining position and enabling high-precision localised machining. This approach effectively
reduces errors during the machining process and minimises the impact on surrounding materials. The high-
energy jet at the focal point enables rapid and efficient material removal, thereby improving processing
efficiency. Additionally, by leveraging the electric field to enhance material removal efficiency in the central
area of the nozzle and modify the shape of the jet machining removal contour, more precise control
over machining accuracy can be achieved. In this study, the material removal properties of single-crystal
silicon in EUV-INCJM were investigated through three-phase fluid dynamics simulations and fixed-point
polishing experiments.

2 Simulation Method

The nozzle is the executing and generating device in the EUV-INCJM process. The structural charac-
teristics of the nozzle will affect the material removal characteristics of the EUV-INCJM process. Based on
the mechanism and processing requirements of EUV-INCJM, a single-jet and a multi (three)-jet focusing
rectangular electro-optic-liquid coupling nozzle were designed, respectively. Fig. 2a shows the assembly
diagram of the electro-optic-liquid coupling nozzle. The nozzle can be divided into upper and lower parts.
These two parts are connected by fastening bolts and sealed by two seal rings. The optical fiber connector is
connected from the upper part. It transmits the light into the nozzle cavity through a quartz glass window.
The negative pole of the external electric field is connected with the metal electrode, and the positive pole
is connected with the nozzle under the quartz glass window. When the nanoparticle colloid enters the
nozzle cavity, the light field, electric field and polishing liquid flow field will be coupled in the nozzle cavity.
The model of the nozzle cavity is shown in Fig. 2b. Fig. 2c shows the structures of the nozzle outlet. Here,
L is the length of the nozzle outlet, W; and W, are the widths of the single-jet and multi-jet focusing
nozzles, respectively, H is the length of the rectifier section, 0 is the contraction angle of the nozzle, and «
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is the rectifier section angle of the multi-jet focusing nozzle. Table 1 shows the values of the above nozzle
parameters. In the model of Fig. 2b, the stand-off distance is 2 mm, and the spraying angle is 90°.

Single-jet nozzle

x g |
Optical cavity inlet |

I
Nozzle upper part
Seal ring : e

Quartz glass \\'indo“':
| Flow regime
Nozzle lower part |

e 1 Adr regime
savity <|
= |

Nozzle outlet

I
I
[}
Metal electrode 1
ﬁ 1
1
| s

R e S e e S e s Multi-jet focusing nozzle

Ca) (h) (¢)

]
pm——- |
Nozzl

Figure 2: Diagram of the rectangular electro-optic-liquid coupling nozzle: (a) the assembly diagram, (b) the model of
the nozzle chamber, (¢) the structures of nozzle outlet

Table 1: Nozzle parameters of single-jet nozzle and multi-jet focusing nozzle

Parameters L(mm) W;(mm) W, (mm) H@mm) 0C) «a(°
Single-jet nozzle 1 0.6 5 30
Multi-jet focusing nozzle 1 0.2 5 30 75

For the calculation domain of the model with regular shapes, a structured grid division is chosen. For
the rectification section and nozzle inlet of the air outer and nozzle inner watersheds, the Sweet and Multi-
zone methods are used to refine the grid to improve simulation accuracy. The remaining computational area
is divided into unstructured grids. The number of grids after dividing the watershed is 2.45 million, as shown
in Fig. 3.

Grid independence verification was carried out. During the verification, the maximum velocity A at
the outlet of the multi-jet nozzle and the maximum shear velocity B on the surface of the workpiece (near
the wall) were taken as reference standards. The corresponding number of grids for different unit sizes is
shown in Table 2. When the number of grids is 2.45 million, further grid refinement has little impact on the
jet velocity, and the grids meet the independence requirement.

The process of EUV-INCJM is a physical process involving electric field, flow field and interaction
between nanoparticles. When the concentration of nanoparticles reaches a specific level (10%), the interac-
tions among nanoparticles must be taken into account [30,31]. However, the concentration of nanoparticles
involved in this paper is extremely low. It can be assumed that the nanoparticles are uniformly dispersed in
the base fluid, so the interactions among nanoparticles can be neglected. In this multiphase flow system, the
coupling effects of electric field and flow field generally exists. In the simulation, the colloidal polishing slurry
is assumed as an incompressible fluid [32] with stable dispersion and constant viscosity and concentration.
Since the electric field used in the EUV-INCJM process is a weak electric field [33] with a voltage of
10~100 V, and the flow field is a strong flow field with a pressure of 1~10 MPa. The jet flow of polishing fluid
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is turbulent [34,35]. The basic governing equations (balance equations of mass, momentum and energy) in
this paper are as follows:

op  9(pu))
il = 1
ot " Tox, O g

ou; ou; op 0 du;  Ou; o
P(at +”faxj) ax,.+ax,.[”(axj+axi) p<”’”’>]+Pf @

where, 4; and ; are the velocity component, p is the fluid density, p is the pressure, y is the dynamic viscosity,

(ui-u}) is the turbulent Reynolds stress, and f; is the external force term.
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Figure 3: Grid division diagram of nozzle processing watershed

Table 2: Grid independence verification results

Simulation1 Simulation2 Simulation3 Simulation 4

Number of grids ~ 0.92 million  1.62 million = 2.45million  3.84 million
Standard A 76 m/s 81 m/s 83 m/s 84 m/s
Standard B 15 m/s 25 m/s 24 m/s 24 m/s

The semi-implicit method for pressure-linked equations (SIMPLE) algorithm is adopted. For the
convection term, the second-order upwind scheme is used. For the transient problem, the governing equation
is discretized in time using a second-order implicit scheme. The turbulent flow of nanoparticle colloid jet is
described by Realizable k-¢ model [36].
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where, C; = max[0.43, ;5 |, 7 = $%,§ = \/25,;S7;, Cic = 144, C, =19, 04 = 1.0, 0, = 1.2,

The volume of fluid (VOF) model is utilized to simulate the flow state of the colloidal polishing slurry
and air, such as the absorption, diffusion and intersection. The air is set as the main phase and the colloidal
polishing solution is set as the secondary phase.

d(pa) s d(puja) o

5
ot an ( )
The average density of the volumetric ratio is given by the following equation:
p=aps+(1-a)ps (6)

where, p; is the density of air, p; is the density of colloid, «; is the volume fraction of the secondary phase.

Nanoparticles are dispersed in colloidal polishing solution as discrete phase. The trajectories of nanopar-
ticles are predicted by integrating the force balance on the nanoparticles [37]. The force balance equation of
nanoparticles in polishing solution can be approximately expressed as:

d 1 X -
v 8;; CoRe (,_, ). 8 (Pp=P)  p )
dt  pyd*, 24 Pp

where,  is the viscosity of the fluid, d,, is the nanoparticle diameter, p is the fluid density, p; is the nanoparticle
density, v is the fluid phase velocity, v, is the nanoparticle velocity, F, is the additional acceleration term, and
Re is the relative Reynolds number.

For the simulation of the discrete nanoparticles, the trajectories are calculated by gradually integrat-
ing over the discrete time step of Eq. (7) using discrete random walk (DRW) model [38] of stochastic
tracking technique.

The electric potential method in magnetohydrodynamics model is used to simulate the distribution
of the external electric field. The coupling effect between the flow field and the electric field satisfies the

charge continuity equation. In the process of EUV-INCJM, the current density vector I in colloidal polishing
solution is calculated by the formula:

_I)—(0+esﬁ)f (8)
- Orat

where, ¢ is the electric field constant, ¢, is the dielectric constant of polishing solution. The inlet boundary
is set as a pressure inlet of 5 MPa. The inlet is connected to the positive voltage of the electric field 30 V. In
the initial state of the inlet boundary, the volume fraction percentage of the second phase is set as 1. This
indicates that the nozzle inlet is filled with colloidal polishing solution in the initial state. The outlet boundary
is a pressure outlet of 1.01325 x 10° Pa. The wall surface boundary is a non-sliding solid wall surface. The
workpiece surface is set as the wall surface, and it is connected with the negative electrode of the electric
field. The boundary conditions of the discrete phase at the inlet and outlet boundaries are set as escape, and
the boundary condition of the discrete phase at the wall boundary is set as reflection. The density of 10%
nanoparticle colloidal polishing solution at room temperature is 1150 kg/m?, the viscosity is 0.0012 kg/(m-s),
and the conductivity of the colloidal polishing slurry is 7.6 S/m. In the polishing solution, the density of TiO,
nanoparticles is 3845 kg/m’.
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3 Experimental System

Based on the simulation, comparative verification experiments of the material removal properties of
single-crystal silicon in EUV-INCJM were conducted. Fig. 4 shows the schematic diagram of the experi-
mental equipment. It is mainly composed of three parts: the hydraulic system, the electric field enhanced
photocatalysis system, and the multi degree of freedom (DOF) table. In the hydraulic system, a diaphragm
pump supplies the colloidal polishing solution into the nozzle cavity.

Single-jet nozzle Light-liquid coupling nozzle

Electric field enhanced
photocatalysis system

Hydraulic system of nanoparticle colloid jet
Multi-DOF table

Figure 4: The equipment of EUV-INCJM

The polishing solution is composed of deionized water and TiO, nanoparticles. Fig. 5a shows the TEM
image of the TiO, nanoparticles and Fig. 5b shows the colloidal polishing solution used in the polishing
experiments. The single-crystal silicon workpiece is mounted in a tank on the set on the multi-DOF table.
Polishing experiments used a single-jet nozzle and a multi-jet focusing nozzle with the same structure
parameters as those in the previous fluid simulation. Table 3 shows the polishing experiment parameters.

500 nm
——

) | ' b)

Figure 5: (a) The TEM image of the TiO, nanoparticles, (b) the colloidal polishing solution
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Table 3: The parameters of polishing experiment

Parameters Values
Workpiece material Si
Nanoparticles 20~30 nm TiO,
Concentration of colloidal polishing slurry 10% (volume) percentage
pH of colloidal polishing slurry 5
Conductivity of colloidal polishing slurry 1.2S/m
Voltage of external electric field 30V
UV light intensity 180 mW/cm?
Intensity of pressure 1 MPa
Polishing time 480 min
Stand-oft distance 2 mm

4 Results and Discussion

4.1 Jet Flow Field and Electric Field Characteristics Analysis

To study the flow field characteristics of the electro-optic-liquid coupling nozzles, fluid dynamics
simulations have been performed. The velocity distributions in vertical section and on the workpiece surface
(0.08 mm above the workpiece surface) are compared in Fig. 6. When the colloidal polishing solution is
ejected from the nozzle outlet, the jet is not affected by the wall and can be regarded as a free jet. The velocity
of the single-jet nozzle in the free jet section is 87.71 m/s, which is higher than that of the multi-jet focusing
nozzle (83.18 m/s). When the colloidal polishing solution touches the workpiece surface, an impinging jet
area is formed. The jet flow changes from axial flow to radial flow, and the flow velocity decreases to about
one-third of that in the free jet section. As the polishing solution continues to flow on the workpiece surface,
the flow velocity continues to weaken, and the flow becomes relatively stable, forming a wall jet area. The
velocity distribution center of the single-jet nozzle is sharper, while that of the multi-jet focusing nozzle is
flatter. Turbulence intensity is a key parameter of fluid in complex turbulent motion. It reflects the relative
intensity of velocity. The turbulence intensity distributions of the two nozzles are shown in Fig. 7. The change
of turbulence intensity in the flow field mainly occurs in the rectification section and the impinging jet area.
In the rectifying section, the turbulence intensity of the jet beam is significantly lower at the axis than on the
adjacent two sides. This is more evident in the flow field of the single-jet nozzle. The maximum turbulence
intensity appears in a section near the axis. This is because as the jet distance increases, the intensity of
energy alternation between the boundary layer of the jet beam and the surrounding medium rises. Also,
the polishing solution continuously diffuses, causing the turbulence intensity to increase. The turbulence
intensity has a maximum value in the impinging jet area. It is 16.72 for the single-jet nozzle and 16.64 for
the multi-jet focusing nozzle. When the polishing solution impacts the workpiece surface, the movement
direction of the polishing solution changes. The jet beam then flows parallel to the workpiece surface, leading
to a weakening of the turbulence intensity on the workpiece surface. The turbulence intensity of the single-
jet nozzle is greater than that of the multi-jet focusing nozzle. The turbulence intensity distribution area of
the single-jet nozzle is also large and irregular. This indicates that the distribution of the colloidal polishing
solution from the single-jet nozzle on the workpiece surface is unstable, and is not conducive to the uniform
material removal of the workpiece surface.
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Figure 6: (a) Velocity of jet flow in vertical section of the single-jet nozzle, (b) velocity of jet flow on the workpiece
surface of the single-jet nozzle, (c) velocity of jet flow in vertical section of the multi-jet focusing nozzle and (d) velocity
of jet flow on the workpiece surface of the multi-jet focusing nozzle
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Figure 7: (a) Turbulence intensity of jet flow in vertical section of the single-jet nozzle, (b) turbulence intensity of
jet flow on the workpiece surface of the single-jet nozzle, (c) turbulence intensity of jet flow in vertical section of the
multi-jet focusing nozzle and (d) turbulence intensity of jet flow on the workpiece surface of the multi-jet focusing
nozzle

In the process of EUV-INCJM, the movement of nanoparticles in the flow field affects the material
removal of the workpiece. The floating track and residence time of nanoparticles during EUV-INCJM are
shown in Fig. 8. As the inlets of the electro-optic-liquid coupling nozzle are asymmetrically biased, the
nanoparticles form eddy currents in the nozzle cavity with the movement of the polishing solution, and then
quickly pass through the rectification section of the nozzle in a straight line. Then the nanoparticles follow
the colloidal polishing solution to impact the workpiece surface and spread rapidly around. The floating
track of the nanoparticles from the single-jet nozzle shows a partially concentrated distribution pattern. In
contrast, the floating track of the nanoparticles in the multi-jet focusing nozzle is uniformly distributed. In
this process, the maximum residence time of nanoparticles in the single-jet nozzle is 0.35 s, while in the
multi-jet focusing nozzle it is 0.26 s.
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Figure 8: (Continued)
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Figure 8: Floating track and residence time of nanoparticles in the jet flow: (a) front view and (b) top view of the
single-jet nozzle, (c) front view and (d) top view of the multi-jet focusing nozzle

In EUV-INCJM, the applied electric field generates a directional electric current between the workpiece
surface and the nozzle outlet. The current density distributions of the two nozzles are shown in Fig. 9. In the
vertical section, the maximum current density in the nozzle cavity is located in the rectifier section of the
nozzle. The maximum current density of single-jet nozzle is 6.6 x 10* A/m?, and that of the multi-jet focusing
nozzle is 6.31 x 10* A/m?. As shown in Fig. 9¢,d, the patterns of the current density of the single-jet nozzle
and the multi-jet focusing nozzle are similar. The current density is strongest in the center of the jet, and
gradually decreases toward the circle. However, the current density distribution area of multi-jet focusing
nozzle is obviously higher than that of the single-jet nozzle. The maximum value of the current density for
the multi-jet focusing nozzle is 6.55 x 10> A/m?, significantly higher than that of 4.01 x 10> A/m” for the
single-jet nozzle.

()

Electric current magnitude

()

Electric current magnitude

. 2z 6.31e+04 2
. aigq (A/mr) lg,g?e:&c} (/)
Aot 5560404
-13e+04 4.91e+04
4.77e+04 4.56e+04
4090104 3306404
4, + | 2.00e
3.51e+04
1353104 3150404
'93e+04 %‘333183
2 30er0d 5106404
.83e+04 - 1.75e+04
47e+04 | 1.40e+04
10e+04 1.05e+04
L e
Bt 2le+
9.07 1.81e-03

Figure 9: (Continued)



1390 Fluid Dyn Mater Process. 2025;21(6)

—
=2
—

(@
6.5460+0:
8.1620+0;
5.8180+0:
5.4550+0;
5.0910+0;
4.7270+0;

3.637e+0:
3.273e+03
2.909e+03
| 2.546e+02

©

AR MO -4 MR NI LI LI LI L P

Single-jet nozzle — " — 0 Multi-jet focusing nozzle

Figure 9: Current density distribution of jet flow: (a) in vertical section and (b) on the workpiece surface of the single-jet
nozzle, (¢) in vertical section and (d) on the workpiece surface of the multi-jet focusing nozzle

4.2 Experimental Study on Material Removal Efficiency

To verify the polishing performance and material removal characteristics of single-crystal silicon in
EUV-INCJM, two fixed points were machined on a silicon workpiece with two types of nozzles respectively.
The profiles of the fixed points were detected and the surface micro morphology were shown in Fig. 10. For
the workpiece surface processed by the single-jet nozzle, the position with the most material removed is not
in the jet center region. Instead, it is distributed in a square ring. The shape of the material removal is similar
to a “W” shape in both vertical and horizontal directions, with the center high and the surrounding low.
The maximum removal depth of the workpiece surface processed by single-jet nozzle is 1.24 pm. For the
workpiece surface processed by the multi-jet nozzle, the position with the most material removed is in the
jet center region. The removal shape is approximately rectangular, and the surface removal depth is uniform.
The maximum removal depth of the surface is 1.69 pm. Table 4 shows the comparison results of material
removal efficiency of two nozzles. According to the comparison results in Table 4, the polishing area of the
single-jet nozzle is approximately 1.75 times larger than that of the multi-jet nozzle. Meanwhile, the removal
efficiency of the multi-jet nozzle is about 1.36 times higher than that of the single-jet nozzle.
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Figure 10: The corrected material removal profile: (a) transverse section and (b) longitudinal section of single-jet
nozzle, (c) transverse section and (d) longitudinal section of multi-jet focusing nozzle
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Table 4: Comparison of material removal efficiency

Polishing area (mm”)  Depth removal rate Volume removal rate
(nm/min) (x10° um’/min)
Single jet nozzle 3.06 2.58 4.49
Multi jet nozzle 1.75 3.52 6.16

There are significant differences between the material removal shapes of the single-jet nozzle and the
multi-jet focusing nozzle. The reason for this difference lies in the different flow fields and electric field
distributions on the workpiece surface during the machining processes of the two nozzles. The electro-optic-
liquid coupling nozzle has the maximum current density at the center of the vertical jet zone because of
the external electric field. Photogenerated electron-hole pairs are efficiently separated under the action of
the electric field. This avoids their rapid recombination in the colloid jet beam and greatly enhances the
photocatalytic effect. Therefore, the photocatalytic effect has a substantial influence on the material removal
efficiency in EUV-INCJM. It greatly increases the probability of reaction and improves the material removal
efficiency at the center of the jet.

To intuitively demonstrate the promoting effect of the electric field on the adsorption of TiO, nanopar-
ticles on the Si workpiece through experiments, an adsorption experiment was carried out. With and
without an applied external electric field, a single-crystal silicon substrate was processed by UV-INCJM for 3
min. Fig. 11a shows the SEM image of the original workpiece, which is clean and free from pollution. Fig. 11b,c
shows the SEM images of the single-crystal silicon substrate processed by EUV-INCJM under the external
field voltage of 0 and 30 V, respectively. There are TiO, nanoparticles adsorbed on the processed workpiece
surface. When the applied electric field is 30 V, the number of TiO, nanoparticles adsorbed on the processed
workpiece surface is much larger than that of 0 V. The comparison results show that the external electric field
promotes the adsorption of the TiO, nanoparticles on the Si workpiece surface.

Figure 11: The SEM images of the Si workpiece before and after processed by EUV-INCJM with different voltage for
3 min: (a) the original Si workpiece, (b) 0V, (¢) 30 V

4.3 Experimental Study on Surface Polishing Quality

To evaluate the surface roughness of the single-crystal silicon workpiece processed by EUV-INCJM
with single-jet and multi-jet focusing nozzles, atomic force microscope (AFM) was used to analyze the micro
morphology and surface roughness before and after polishing. The measured surface micromorphology and
roughness results are shown in Fig. 12. The surface of the original single-crystal silicon workpiece is generally
uneven, with many continuous burrs and scratches, and some randomly distributed pits. Before processing,
the surface roughness of Ra and Rq of the original silicon workpiece were 0.901 and 1.55 nm. The cross section
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analysis results show that there are many peaks and valleys on the original silicon workpiece surface, with a
height of £10 nm. After polishing by the single-jet nozzle, the burrs and scratches on the silicon workpiece
were basically removed. The height of the surface peaks and valleys were reduced to about +5 nm. The surface
roughness of Ra and Rq of the workpiece were reduced to 0.955 and 1.28 nm. The scratches and pits on the
Si workpiece surface polished by the multi-jet focusing nozzle were completely removed. The overall surface
morphology was significantly improved, the height of the surface peaks and valleys were reduced to about
+2 nm. The surface roughness of Ra and Rq were reduced to 0.647 and 0.816 nm.
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Figure 12: The surface morphology and surface roughness of silicon workpieces (a) the original Si workpiece, (b)
polished by single-jet nozzle, (c) polished by multi-jet focusing nozzle

The above three Si workpieces before and after EUV-INCJM were evaluated by PSD [39,40] to judge the
surface quality as shown in Fig. 13. In the wavelength range of 0.07-10 um, the PSD value of the workpiece
polished by the single-jet nozzle decreased slightly compared to the workpiece before polishing. However,
the PSD value of the workpiece polished by the multi-jet focusing nozzle decreased significantly. The results
show that the surface quality has been improved more significantly after being polished by the multi-jet
focusing nozzle.
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Figure 13: The PSD of the Si workpieces

5 Conclusion

This paper presents the material removal characteristics of single-crystal silicon using the electro-optic-

liquid coupling nozzle with single-jet and multi-jet focusing structures in EUV-INCJM. The flow field and

electric field distributions are simulated and the material removal efficiency are investigated experimentally.

1.

Under the same pressure, the flow velocity of the multi-jet focusing nozzle is comparable to that of the
single-jet nozzle. However, the flow field distribution of the multi-jet focusing nozzle is more uniform
and stable, with lower turbulence intensity and scattering degree. The residence time of nanoparticles
in the multi-jet focusing nozzle is about 0.7 times shorter than that in the single jet nozzle. The current
density on the workpiece surface of the multi-jet focusing nozzle is about 1.6 times higher than that of
the single-jet nozzle.

The processing area of the multi-jet focusing nozzle is about 0.6 times less than that of the single-jet
nozzle, and its material removal efficiency is about 1.4 times higher than that of the single-jet nozzle.
The material removal profile of the single-jet nozzle is “W” shaped, while that of the multi-jet focusing
nozzle is “U” shaped.

The auxiliary effect of the electric field is more obvious in the polishing process of the multi-jet
focusing nozzle. The surface roughness of the workpiece polished by the multi-jet focusing nozzle is
lower and the surface quality is higher. The multi-jet focusing nozzle can achieve ultra-smooth surface
polishing more quickly. An ultra-smooth surface of Si workpiece with surface roughness of Ra 0.647 nm
(Rq0.816 nm) has been created by the multi-jet focusing nozzle.

The structural design and material removal performance verification of the multi-jet focusing nozzle
in EUV-INCJM was preliminarily carried out in this article. However, the structural optimization and
process optimization still need to be further studied in future work in order to obtain better removal
characteristics and be practically applied in industrial processing.
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