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11 Abstract: The surface planarity and asperity removal behaviors of atomic scale under the ultrathin
12 water environment was studied for the nanoscale process by molecular dynamics simulation. The
13 monolayer atomic removal was achieved under the noncontact and monoatomic layer contact
14 conditions with different water film thickness, and the newly formed surface is relatively smooth
15 and no deformed layer and plastic defects exist. The nanoscale processing is governed by the
16 interatomic adhering action during which the water film transmits the loading forces to Cu surface
17 and thereby result in the migration and removal of surface atoms. With scratching depth > 0.5 nm,
18 the abrasive particle squeezed out the water film from scratching region and scratched Cu surface
19 directly, leading to the surface quality deterioration mainly governed by the plowing action. This
20 study brings the goals of “0 nm planarity, 0 residual defects and 0 polishing pressure” closer to us
21 in the nanoscale process for the development of ultra-precision manufacture technology.
22 Keywords: Surface removal; Nanoscale process; Copper thin film; Ultrathin water film
23

24 1. Introduction

25 With the rapid development of ultra-precision manufacture technology (UMT) and
26  miniaturized components, chemical mechanical polishing (CMP) technology has been widely
27  applied in the semiconductor industry. Due to the shrinkage of ultralarge scale integrated circuits,
28  new challenges for CMP are created recently, one of which is the low root-mean-square roughness
29  (on the order of subnanometer) [1-4]. The initial requirement of reducing the step-height differences
30 to about 50 nm was changed to 30 nm, then to 10 nm, and now a zero nm difference is desired [5, 6].
31  Further, the three-“zero” target, namely, “0 nm planarity, 0 defects, and 0 polishing load”, is even
32 put forward and desired to be reached by the year 2020 [5]. With this order of size, the removal of
33 polishing material within a few and even only one atomic layers from the film or coating surface is
34 still challenging. In this case, as polishing process has occurred in the local area adjacent to the
35  abrasive particles or cutting tool, wear mechanism must differentiate with macroscopic world.
36  Therefore, it is essential to completely understand the physical/chemical mechanisms of wear
37  underlying the CMP process and develop novel polishing approaches at nanometer scale.

38 It is known that in CMP process, a major requirement is the complete removal of the
39  overburden materials and coating asperities, with minimal dishing and erosion, as well as minimal
40  levels of surface defects [3]. To make the process efficient, the aqueous slurry, consisting of abrasive
41  particles in a mixture of several chemicals, is used to planarize the wafer surface. Thus, CMP has
42 been proposed to be a comprehensive process with chemical and mechanical synergy, where
43 mechanical wear couple with mechanical corrosion by abrasive particles and chemical corrosion by
44 the slurry solution take place simultaneously [7]. Mechanical wear has been interpreted to be that
45  abrasive particles are indented into polishing substrate surface under pressure and driven to slide on
46  the wafer surface, thereby removing the material.
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47 Regardless of chemical erosion or reaction, the mechanical wear is influenced by many
48  wvariables in a typical polishing process, such as process parameters including pressure, indentation
49  depth and velocity and other important parameters including the wafer nature, abrasive size, and
50  abrasive geometry, etc. [1, 3, 8-11]. In addition, the slurry is another factor which has a significant
51  effect on the polishing environment and makes the polishing process more complicated [12-14]. As
52 one of the simple but key components in slurry, water not only carries the other components, but
53 also acts as an efficient lubricant which affects the friction and wear behavior of polished surfaces,
54 the material removal rate and the quality of polished surface [15]. By studying the nanoscale friction
55  and wear properties of silicon wafer, Chen et al. found that both the wear rate and friction coefficient
56  inthe water lubrication were smaller than that in dry friction conditions, and the wear mechanism of
57  water lubrication was considered to be of molecule-scale removal process [16]. Although the study
58  was concentrating on the synthetic function of chemical and mechanical actions, the results from the
59  study can give us helps in this research to understand the friction and wear behavior of the
60  water-lubricated surface. Ren et al. simulated the AFM-based nanoscratching process with
61  water-layer lubrication by molecular dynamics (MD), and the results indicated that the water layer
62  has a positive impact on the surface quality and a significant influence on the scratching forces
63 (normal forces and tangential forces) [17]. However, to date, the mechanism research of water
64  influencing the polishing behaviors is very limited, for instance, whether the surface or coating
65  asperities will be efficiently removed with minimized damage to the polished surface quality under
66  the noncontact condition as reported by Su [13] and how water interacts with abrasive particle and
67  polished material are still ambiguous, especially for the polishing depth within a few and even only
68  one atomic layers from the surface.

69 Therefore, we conducted a large scale three-dimensional MD simulation by sliding a diamond
70 particle over copper (Cu) thin film with lubrication of ultrathin water film. The single-circle
71  polishing was represented by the nanoscratching process. Hereinto, the Cu thin film is chosen as the
72 polished material due to that it is now the prior choice for the interconnection in the integrated
73 circuit, because of its highly favorable electrical and electromigration resistance characteristics [3].
74 Also, because the material deformation, corrosive removal mechanism, surface defects and
75  scratching forces in the scratching process at the subnanometer scale should be different from those
76 at larger scale [4], the various scratching depth less than or equal to 1 nm was adopted, as well as
77  various thickness of water film. This work will be helpful to reveal the role of water in polishing
78  process and understand the friction and wear properties of polished material.

79 2. Simulation methodology

80 The MD simulation was performed with LAMMPS code to investigate the atomic removal
81  mechanism of Cu thin film with lubrication of water film. Figure 1 shows the atomistic model of
82  simulation system consisting of a diamond particle, a water film and a defect-free monocrystalline
83  Cu thin film. The spherical abrasive particle constructed with perfect diamond lattice was positioned
84  vertically at a height of 2.0 nm above the water film. Since the abrasive particles in CMP process are
85  usually harder than the machined materials, especially for the relatively soft Cu, it was assumed as
86  ideally rigid body [18]. The water film with density of 1.0 gcm-3 was constructed through Materials
87  Studio software and then transferred to the input file using in LAMMPS code. Atoms of the Cu thin
88  film were initially arranged in a perfect FCC crystalline structure with a lattice constant of a = 0.3615
89  nm. The Cu thin film was comprised of 656608 atoms with a dimension of 68ax68ax35a along x-[100],
90  y-[010] and z-[001] directions, and contained Newtonian zone, boundary zone and thermostat zone.
91  Theboundary atoms at the bottom of the thin film were fixed to reduce the boundary effects, and the
92  thermostat zone was used to imitate the heat dissipation properly. The motion of atoms in
93  Newtonian and thermostat zones obeyed the classical Newton’s second law and was integrated
94 through Velocity-Verlet algorithm with a time step of 1 fs. Lateral periodic boundary conditions
95  were imposed and the temperature of 300 K was performed initially in the workpiece. Details of the
96  computational parameters of MD simulations were summarized in Table 1.
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98 Figure 1. Schematic model of MD simulation system.
99 The reliability of the simulation results depends on the accuracy of the MD simulation which is

100  governed by the interaction potential. Interatomic forces within the Cu are derived from the
101  embedded atom method (EAM) potential, which provides a more realistic description of metallic
102 cohesion and avoiding ambiguity inherited by the volume dependency [19]. The Morse potential
103 [20] was adopted to depict the Cu-C interaction with potential parameters expressed in Table 1. The
104  C-C interaction was omitted because of the treatment of rigid body. The rigid TIP4P model [21, 22]
105  was applied to simulate the condensed phase of water film. The interactions of H atoms in water
106  molecules with other types of atoms were neglected due to the weak influence of H atoms [17]. The
107  Cu-O and C-O interactions were described by Lennard-Jones (12-6) potential and the relevant
108  parameters were obtained by Lorentz-Berthelot mixing rules [17, 23] as shown in Table 1.

109 Table 1. Parameters used in the MD simulations.
Properties Parameters
Abrasive particle Diamond, sphere with radius of 2.5 nm, 11976 atoms
Water film Density of 1.0 gcm?, thickness (H): 0.3, 0.5 and 1.0 nm
Workpiece Cu (FCC), 68ax68ax35a (¢=0.3615 nm), 656608 atoms
Potential for Cu thin film EAM potential: E =F, (Z Pg (7”,-]» )J +%Z P, B (7”,-1-)
i i

Morse potential: £ = D, [efza(rfr‘)) - Zefa(HO)] r<r,
Potential for particle-Cu film

where D¢=0.1 eV, a=1.7 nm-! and r0=0.22 nm
Potential for water molecules O-O, ¢=0.1554 kcal/mol, 6=0.31655 nm
Potential for water—particle O-C, ¢=0.1 kcal/mol, 6=0.3275 nm
Potential for water—-workpiece O—Cu, €=0.2708 kcal/mol, 6=0.28877 nm
Scratching Depth: -0.2, 0.1, 0.5, 1.0 nm; distance: 9.0 nm; v = 10 ms-!

110

111 MD simulations of the nanoscratching process consisted of three stages: (i) relaxation process of
112 50 ps, implemented to optimize system energy at NVT ensemble with the Nose-Hoover thermostat
113 which has been commonly used as one of the most accurate and efficient methods for
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114  constant-temperature MD simulations; (ii) nanoindentation, during which the particle moved
115  downward and penetrated into the substrate along -z direction; and (iii) nanoscratching, the
116  abrasive particle moved along x direction at the constant indentation depth. It modeled the
117  mechanical abrasion and planarization of the monocrystalline Cu surface, as may be the case in the
118  CMP process. Displacement-controlled method with velocity of 10 ms-1 was used to keep the
119  movement of particle at the nanoindentation and nanoscratching stages. The NVE ensemble with the
120  Langevin thermostat was used to control the temperature of thermostat layer and water film. The
121 various water film thickness (0, 0.3, 0.5 and 1.0 nm) and scratching depth (-0.2, 0.1, 0.5 and 1.0 nm)
122 were used to reveal the effect of water film thickness on the atomic removal behaviors, as shown in
123 Table 1. The dislocation extraction algorithm [24, 25] was used to identify dislocation defects by
124 converting all identified dislocations into continuous lines and computing their Burgers vectors in a
125  fully automated fashion. The open visualization tool (Ovito) [26] was used to visualize the
126  simulation results.

127 3. Results and discussions

128 It has been approved by increasingly more researchers that the scratching depth during CMP
129 canbe in the order of subnanometer. For example, the indentation depth of a particle with diameter
130 of 50 nm analyzed by Luo and Dornfeld [1, 27] was around 0.07 nm in CMP process. At the
131  scratching depth of subnanometer, the polishing behaviors should be different from those with
132 relatively large depth [4]. Thus, in order to reveal the physical essence underlying CMP process, we
133 adopted four scratching depth of -0.2, 0.1, 0.5 and 1.0 nm to study the interactions among particle,
134 water film and Cu thin film. Here, the scratching depth is defined as the distance that the surface
135  atoms of particle penetrate into Cu surface, the negative value -0.2 nm indicates that the particle does
136  not penetrate into Cu substrate, meaning there exists a noncontact between particle and polished
137  surface, and the value 0.1 corresponds to the monoatomic layer contact.

138 Figure 2 shows the worn morphology of the cross-sectional views of xz plane and the plane
139 views of xy plane where the surface atoms in yellow color are only displayed and the water film
140  with 1.0 nm thickness is omitted, and Figure S1 (in the Supporting Information) shows the slice
141  configuration with 0.5 nm thickness in xz plane. In Figure 2(a), it can be seen that in the scratching
142 region, a new surface layer appeared on the initial subsurface of Cu thin film after the particle
143 passed by, and some initial surface atoms were lifted above the Cu surface. Figure S1(a) indicates
144 that many surface atoms were removed from their original positions, leading to the formation of
145  vacancy on the surface as shown from the plane views. Therefore, it is thought that one monoatomic
146  layer was removed from the initially perfect Cu substrate at the scratching depth of -0.2 nm. This
147  way of monolayer material removal also occurred at the scratching depth of 0.1 nm as shown in
148  Figure 2(b) and Figure S1(b). The newly formed surface is not very flat in the local scratching region
149  under the monoatomic layer contact condition. However, the step-height difference in the whole
150  scratching region is relatively close to uniformization within one monoatomic layer, as shown in the
I51  cross-sectional views in Figure 2(a, b). This suggests that the polishing quality of Cu surface is very
152 close to the target of “0 nm planarity” under the noncontact or monoatomic surface contact
153  conditions. The removed Cu atoms are in monoatomic form or cluster formed by a few atoms, as
154  shown in the inset, which is consistent with the removal of silicon atoms with indentation depth of
I55 0.1 nm as reported in Ref [4]. In the real CMP process, the slurry and water are continuously flowing
156  due to the pad rotation, so the removed material in the aforementioned form are taken away quickly

157  [28].
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162 Figure 2. Snapshots of worn morphology of the cross-sectional views of xz plane and the plane views
163 of xy plane with omission of water film of 1.0 nm thickness, under various scratching depth (h): (a)
164 -0.2 nm, (b) 0.1 nm, (c) 0.5 nm and (d) 1.0 nm, at a scratching distance of 9 nm. Color code: yellow,
165 surface Cu atoms; green, other Cu atoms; red, abrasive particle.
166 Figure 2(c, d) shows the worn morphology with scratching depth up to 0.5 and 1.0 nm. It is clear

167  that due to the increase of scratching depth, the abrasive particle contacted more Cu atoms and
168  thereby resulted in a larger removed zone, and almost all of the surface Cu atoms contacting with
169  particle were removed during scratching process (as shown in Figure Sl(c, d)). As the particle
170  moved forward, a large number of deformed atoms accumulated to form clusters or chips ahead of
171  the particle, and meanwhile, the remarkable ridges (i.e. pile-up of atoms) along both the left and
172 right sides of particle were produced, especially at the scratching depth of 1.0 nm as shown in Fig 52
173 (in the Supporting Information). After the particle passed by, a groove was formed. These results are
174  in well agreement with the dry nanoscratching process as shown in Fig Sl(c), as well as the
175  AFM-based nanoscratching process with water-layer lubrication [17]. Observed from the
176  distribution of surface Cu atoms in yellow color in the cross-sectional views, the bottom of groove
177  shows obviously atomic steps and the ridge is non-uniform in height. Also, although the removal
178  rate of surface atmos increased obviously with the scratching depth increasing to 0.5 and 1.0 nm, the
179  height difference between groove and ridge dramatically increased, indicating that the large
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180  scratching depth leads to the damage of surface quality. This is in contrast with the case of small
181  scratching depth of -0.2 and 0.1 nm, where just a monoatomic layer was removed, and no obvious
182  groove and ridge was formed, as shown in Figure 2(a, b) and Figure S1(a, b).

The depth of removed layer . The depth of removed fayer
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187 Figure 3. Snapshots of worn morphology of the cross-sectional views of xz plane and the plane views
188 of xy plane with omission of water film, under various water film thickness (H) and scratching depth
189 (h), H=0.5 nm: (a) h=-0.2 nm, (b) h=0.1 nm; H=0.3 nm: (c) h=-0.2 nm, (d) h=0.1 nm.
190 To evaluate the effect of water film thickness on the removal process and surface quality, we

191  also conducted MD simulations of nanoscratching process under the water film thickness of 0.3 and
192 0.5 nm approximately corresponding to the monolayer and bilayer water film, as well as dry
193 nanoscratching. The snapshots of worn morphology are displayed in Figure 3, Figure S3 and Figure
194 5S4 (in the Supporting Information). Figure 3 and Figure S3 indicate that a one-atom-thin layer was
195  removed after scratching under different scratching depth and water film thickness, which is almost
196  the same with the simulated results under the water film thickness of 1.0 nm in Figure 2(a, b). For the
197  dry nanoscratching in Figure S4, the monoatomic layer removal just occurred at scratching depth of
198 0.1 nm, whereas the Cu surface still maintained its perfect lattice structure at scratching depth of -0.2
199  nm due to the weak interaction between particle and Cu substrate. Comparing the plane views in
200  Figure 2(a, b), Figure 3 and Figure S4(b), it can be seen that, on the one hand, the surface vacancy
201  formed by the atomic removal in the scratching region becomes more obvious as the water film
202  thickness decreases from 1.0 nm to 0 nm, indicating that the number of removed atoms in the central
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203 region of scratching increases with the decrease of water film thickness; however, on the other hand,
204  the area of scratching region slightly decreases with the decrease of water film thickness under the
205  same scratching depth.

206

207

208

209 ©)] (d)

210 Figure 4. Snapshots of worn configuration of the cross-sectional views of xz plane and the plane

211 views of xy plane under various scratching depth (h): (a) -0.2 nm, (b) 0.1 nm, (c) 0.5 nm and (d) 1.0

212 nm, at a scratching distance of 9 nm, with water film thickness of 1.0 nm. The blue represents oxygen

213 atoms in water molecules.

214 Further, to reveal the mechanism of material removal, the worn configurations with the

215  presence of water film and the local interaction zones were extracted and shown in Figure 4, and the
216 number of water molecules remaining in the scratching region was calculated in Figure 5. In Figure
217 4, there are a small number of water molecules accumulating in front of particle as the scratching
218  depthis -0.2 and 0.1 nm, while the number of accumulated water molecules increases considerably
219  with the scratching depth up to 0.5 and 1.0 nm. In contrary, the number of water molecules
220  remaining in the scratching region decreases dramatically, as displayed in the plane views in Figure
221 4 and Figure 5. Particularly, the number of water molecules under noncontact condition is about
222 quadruple that at scratching depth of 0.1 nm, but no major difference in the wear of Cu thin film is
223 observed as mentioned above. This indicates these water molecules remaining in the scratching
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224  region played a predominant role at shallower scratching depth during the monoatomic layer
225  removal

200

Number Water Molecules

-0.2 0.0 05 1.0
226 Scratching Depth (hm)
227 Figure 5. Number of water molecules within groove region at various scratching depth and water
228 film thickness.
229 For the scratching process of noncontact condition (the scratching depth of -0.2 nm) with water

230  film thickness of 1.0 nm, the cross-sectional view in Figure 4(a) shows that the space between particle
231  and Cusurface is occupied by a large number of remaining water molecules. The average interaction
232 forces listed in Table 2 manifest that the interactive force of particle-Cu film (0.18 nN) is much less
233 than the interactive forces of both water-Cu (41.52 nN) and water-particle (46.08 nN). These results
234  indicate the monoatomic layer removal should be ascribed to the water-Cu interactive force. Figure 6
235  displays the atomic removal process at different simulation time, where the three oxygen atoms and
236  Cu atoms around the blue Cu atom were marked with other colors. The Cu surface beneath particle
237  shows aslight deformation because water molecules beneath particle can transmit the force from the
238  loading of particle to Cu surface. From 5 ps to 15 ps and then to 35 ps, the blue Cu atom was
239  gradually pushed or attracted by the water molecules (oxygen atoms marked with purple and light
240  blue). Once the water-Cu interactive force was larger than the force that is enough to break the
241  metallic bond of Cu, the Cu atoms were removed from their initial positions and even adhered to the
242 particle. For instance, the position of the blue Cu atom was higher than the original Cu surface at 100
243 ps, as shown in Figure 6(d). This kind of removal behavior continuously occurred in the
244 nanoscratching process. In this process, the adhesion and removal of surface atoms just cause the
245  surface structure change, resulting in surface roughness on the order of atomic size magnitude
246  which is consistent with other research [1, 4, 27]. A similar removal behavior of surface atoms was
247  also occurred in the scratching process with scratching depth of 0.1 nm; meanwhile, the adhering
248  action of Cu atoms to particle increases obviously, which is validated by the interactive force of
249  particle-Cu (18.44 nN), thus leading to the increase of removed atoms and the area of scratching
250  region as shown in Figure 2(b). Moreover, the monocrystalline Cu substrate was divided into several
251  zones marked with different colors in Figure 7. It can be seen from the circle A in Figure 7(b) that
252 some dispersive Cu atoms or small atom clusters were shifted from their original positions in zone 2
253  and zone 5 and then appeared in zone 3 and zone 6, but no chips or debris were observed. Less atom
254 shift occurred at scratching depth of -0.2 nm in Figure 7(a). These results provide more sufficient
255  evidence manifesting that the surface atoms are removed by the adhering action (Figure 6) under the
256  noncontact and monoatomic layer contact conditions during CMP process.
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258
259
260 (c) (d)
261 Figure 6. Snapshots of atomic removal process within 5 nm slice of the scratching central region, at
262 different simulated time: (a) 5 ps, (b) 15 ps, (c) 35 ps and (d) 100 ps. Color code: red, oxygen atoms in
263 water molecule; gray, abrasive particle; dark yellow, Cu atoms.
264
265
266
267
268 Figure 7. Snapshots of worn configuration of the cross-sectional views of xz plane for various
269 scratching depth (h): (a) -0.2 nm, (b) 0.1 nm, (c) 0.5 nm, (d) 1.0 nm, at a scratching distance of 9 nm,
270 with water film thickness of 1.0 nm. The black line marks the scratching contour.
271 As the scratching depth increased to 0.5 and 1.0 nm, the most of water molecules under particle

272 were squeezed out of the scratching region (as proved by the number of water molecules in Figure
273 5), and the particle contacted with Cu surface directly, as displayed in Figure 4(c, d). The interactive
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274  forces of water-Cu and water-particle decrease rapidly while that of particle-Cu increases
275  dramatically (in Table 2). Especially, at the scratching depth of 1.0 nm, the interactive force of
276  particle-Cu (147.98 nN) becomes much larger than the other two forces (4.24 and 13.12 nN), but very
277  close to the interactive force of particle-Cu (158 nN) for dry nanoscratching, which suggests that the
278  direct interaction between abrasive particle and Cu thin film predominantly governs the material
279  removal. This is contrary to that occurring at the scratching depth less than or equal to 0.1 nm.
280  During the moving forward of particle, one amorphous layer was formed; the deformation zone in
281  the Cu film became larger, and several chips or debris were generated in front of the particle, as
282  shown in Figure 7(c, d). Meanwhile, a fraction of Cu atoms were shifted from their original positions
283  inzone2 and zone 5 and dispersed underneath the particle in zone 3 and zone 6, as enclosed in circle
284  CinFigure 7(d). Therefore, it is thought that the surface atoms are mainly removed by the ploughing
285  action and a small fraction of adhering also occurs at the large scratching depth. The ploughing leads
286  to that the structural changes of the Cu thin film are not only near the surface but also in the deep
287  region. The surface quality is deteriorated with larger surface roughness as shown in Figure 2(c, d)
288  and Figure 4(c, d)

289

290

291

292 (c) (d)

293 Figure 8. Snapshots of worn configuration of the cross-sectional views of xz plane and the plane
294 views of xy plane under various water film thickness (H) and scratching depth (h), H=0.5 nm: (a)
295 h=-0.2 nm, (b) h=0.1 nm; H=0.3 nm: (a) h=-0.2 nm, (b) h=0.1 nm.

296 Figure 8 shows the nanoscratching results with monolayer and bilayer water film. It is clear that
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297  the distribution of water molecules around particle at both two scratching depth (-0.2 and 0.1 nm) is
298  similar to that under the water film thickness of 1.0 nm (in Figure 4(a, b)). Whereas, the number of
299  water molecules remaining in the scratching region decreases further with the decrease of water film
300 thickness from 1.0 nm to 0.3 nm, as validated by the number in Figure 5. The insets in Figure 8(a, ¢)
301  show that some water molecules still remained beneath particle and more water molecules existed in
302  the space ahead of particle. All those water molecules played an important role in facilitating the
303  removal of monoatomic layer. Contrarily, with scratching depth increasing to 0.1 nm in Figure 8(b,
304  d), there were only a small number of water molecules remaining beneath particle, and thus the
305  particle started to contact with surface Cu atoms, similar to the dry nanoscratching in Figure S4(b).
306 The average interaction forces in Table 2 indicate that the interactive forces of water-Cu and
307  water-particle decrease but the particle-Cu interactive force increases slightly with the water film
308  thickness decreasing to 0.5 and 0.3 nm. For example, at the scratching depth of 0.1 nm, as the water
309 film thickness decreases from 1.0 nm to 0.5 nm and then to 0.3 nm, the interactive force of water-Cu
310 decreases from 39.44 nN to 16.28 nN and then to 10.41 nN; however, the interactive forces of
311  particle-Cu are 18.44, 20.12 and 21.96 nN, respectively. Clearly, the interactive force of particle-Cu
312 becomes comparable with and even larger than twice the interactive force of water-Cu under water
313  film thickness of 0.5 and 0.3 nm, respectively. These results indicate the contribution of water film to
314 the removal of monoatomic layer decreases, but the adhering action of Cu atoms to abrasive particle
315  increases under thinner water film.

316 Table 2. Average interaction forces along scratching direction.
Water film Scratch depth Water-Cu Water-particle Particle-Cu
thickness /nm /nm interaction /nN interaction /nN interaction /nN
-0.2 7.70 9.24 1.23
0.3 0.1 10.41 11.26 21.96
0.5 4.48 5.40 86.94
-0.2 17.29 16.17 0.73
0.5 0.1 16.28 17.80 20.12
0.5 7.02 6.52 90.08
-0.2 41.52 46.08 0.18
0.1 39.44 51.94 18.44
0 0.5 19.98 30.69 95.59
1.0 4.24 13.12 147.98
317
318 As well known, a major requirement for the CMP process is the minimal dishing and erosion, as

319  well as minimal levels of surface defects [3]. Further, approaching and even achieving the
320  three-“zero” target of “0 nm planarity, 0 defects, and 0 polishing load” are the desired goals for CMP
321  technology [5]. Hence, it is important to evaluate the surface defect of Cu thin film. All the
322  aforementioned results indicate that the monolayer removal can be achieved under the noncontact
323 and monoatomic layer contact conditions with different water film thickness, and the surface quality
324 becomes better under thicker water film. With the scratching depth increasing to 0.5 and 1.0 nm, an
325  obvious groove with ridge along the both sides is formed, and chips or debris are produced and
326  accumulated in front of particle. They increase the surface roughness and thereby lead to the
327  deterioration of the surface quality. Moreover, the dislocation length was extracted and shown in
328  Table 3 to evaluate the plastic deformation within Cu thin film. It can be seen that at the scratching
329  depth of -0.2 and 0.1 nm, no dislocations were activated in the scratching process under different
330  water film thickness. These results are consistent with experimental results [4, 5], which indicated
331  that a well ordered crystalline surface could be clearly seen in the CMP generated subsurface, and no
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332  damaged layers are found. However, the increase of scratching depth induced the nucleation and
333 propagation of dislocations, for instance, the dislocation length increased dramatically from 28.57
334  nm to 108.01 nm as the scratching depth increased from 0.5 nm to 1.0 nm. Also, because the
335  thickening of water film decreases the interaction force between the rigid particle and Cu surface
336  (Table 2), leading to the decrease of the stress acting on Cu thin film, the dislocation length decreases
337  aslisted in Table 3.

338 Table 3. Dislocation length within monocrystalline Cu.
Water film
0.3 0.5 1.0
thickness /nm
Scratch depth/nm  -0.2 0.1 0.5 -02 0.1 0.5 -02 01 0.5 1.0
Dislocation length
/ 0 65.55 0 0 42.33 0 0 28.57 108.01
nm

339 4. Conclusions

340 In this work, the MD simulation was applied to investigate the effect of scratching depth on the
341  atomic-scale removal behaviors of Cu thin film under the ultrathin water environment. The results
342  indicate that the monoatomic layer removal can be achieved under the noncontact and monoatomic
343 layer contact conditions, the new surface is relatively smooth and no deformed layer and plastic
344  defects exist on the subsurface and within Cu film. During the nanoscale processing, the removal of
345  monoatomic layer is governed by the interatomic adhering action, namely, the water film can
346  transmit the forces from the loading of abrasive particle to Cu surface and thereby result in the
347  migration and then removal of surface atoms. However, with the scratching depth increasing to 0.5
348  and 1.0 nm, the particle interacts with Cu substrate directly and the water film beneath particle can
349  Dbe easily squeezed out of the scratching region. This scratching process leads to the formation of an
350  obvious groove and ridge along the both sides of groove, the accumulation of a large number of
351  chips ahead of particle, and the generation of dislocations within monocrystalline Cu. Therefore, the
352  surface atoms are mainly removed by the plowing action of abrasive particle, which increases the
353 surface roughness and thereby leads to the deterioration of the wafer quality. It is known that for
354  refined coatings or devices with nodes of 5 nm or smaller, a zero nm planarity, zero residual defects
355  and, possibly, zero polishing pressure are required. This study indicates that it is possible to bring
356  the goals closer to us although we cannot achieve the goals immediately.

357  5.Patents

358 Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figures S1 to 54
359 containing snapshots of worn morphology at scratching depth of -0.2, 0.1, 0.5 and 1.0 nm under water film
360 thickness of 1.0, 0.5 and 0.3 nm and the case of no water, snapshots of ridge morphology.
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