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ABSTRACT Tungsten has been commonly used for fine interconnects due to its good gap-filling charac-
teristics in 3D molds, such as trench patterns. However, tungsten shows high deposition stress. This causes
mold distortion because tungsten has low ad-atom mobility, and diffusion-driven relaxation does not occur.
To reduce tungsten’s deposition stress, the shape of the nuclei can be controlled, which is an effective
way to suppress the mechanical deformation caused by the formation of a grain boundary between free
surfaces during the coalescence stage. In this study, elliptical tungsten nuclei with various aspect ratios, which
suppress coalescence in the early stage of deposition, were proposed to reduce the deposition stress. Stress
was calculated using the finite element method (FEM) in the range of 0.5 to 8 radius ratios of the tungsten
nuclei. The bending of the trench mold was calculated due to tungsten stress and additional coalescence
between films during the filling process. As a result, the wider the elliptical nucleus was, the lower the film
stress, and mold bending between line patterns was also reduced. The defects in the depth and width of the
periodic trench influenced the mold bending in the early growth stage and the stage of coalescence between
films, respectively.

14 INDEX TERMS Finite element analysis, metallization, stress, thin films, tungsten.

I. INTRODUCTION15

As the diminution of electronic devices progresses, the scale16

of their metal interconnects also decreases and becomes more17

precise. Thus, the fabrication technology used to form fine-18

pitch metal patterns has become very important [1], [2], [3].19

Metal is deposited inside a trench-type pattern mold having20

a narrow width and a deep depth to form interconnections21

with a large cross-sectional area in a limited space. Tungsten22

shows good gap-filling characteristics due to its high step23

coverage obtained through chemical vapor deposition; thus,24

it has been used to fill the inside of a deep mold and make25

vertical structures with high aspect ratios, such as via and plug26

structures [4], [5], [6], [7]. Tungsten is commonly used as an27

interconnection metal for highly integrated patterns due to its28
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advantage of being able to fill the inside of a deep trenchmold 29

with a narrow width and pitch. 30

However, when tungsten is used to fill a 3D trench mold 31

with a high aspect ratio and narrow pitch, distortion, such as 32

the bending of the mold, occurs by deposition stress in the 33

metal thin films [8], [9], [10]. Fig. 1(a)-(c) is a schematic dia- 34

gram showing the stage of stress evolution and the bending of 35

the vertical trench mold when filling the trench and forming 36

a line pattern with metal. The development of major tensile 37

stress in trenchmold bending is twofold. (1) The intergranular 38

coalescence and corresponding stress are attributed to the 39

deformation of the trenchmold as the metal nuclei on the wall 40

coalesce into a continuous thin film. (2) When the films on 41

both walls are sufficiently grown and close to each other in 42

the center of the trench, interfilm coalescence occurs through 43

the formation of a grain boundary between the films, which 44

reduces the free surface of the film. In the case of the deep 45

trench structure for the line pattern, deposition stress causes 46
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FIGURE 1. (a) Schematic of the stress evolution stage in the trench filling
process that forms a line pattern with a high aspect ratio. Intergranular
coalescence occurs only in the sidewall of the mold, and interfilm
coalescence is caused by the attachment between the free surfaces on
the tops of both films. (b) 2D Schematic illustration of mold bending due
to film stress on the trench mold, which vertically separates the line
pattern. (c) Schematic plot of mold bending caused by coalescence versus
thickness.

the bending of the vertical mold, which separates the line47

patterns in Fig. 1(b). The vertical mold is bent, as shown in48

the plot schematic of Fig. 1(c), during the coalescence stage.49

Interfilm coalescence causes larger mold bending than inter-50

granular coalescence because the area of the grain boundary51

formed between films is muchwider than that of intergranular52

coalescence. Deposition stress and mold bending lead to53

mechanical failure, such as the leaning and poor gap filling54

caused by the bending of the vertical trench mold [9], [11].55

The main source of tensile stress during metal film depo-56

sition is the mechanical deformation of metal nuclei due to57

coalescence, which is called the zipping phenomenon [12],58

[13], [14], [15], [16]. The nuclei deform to reduce the high-59

energy free surface, while they also form grain boundaries60

with relatively low energy when the nuclei contact each61

other. Tensile stress from coalescence has been estimated by62

both analytical solutions [17] or numerical methods, such as63

the finite element method (FEM) [13], [14] and molecular64

dynamics (MD) analysis [18]. These models calculated the65

deposition stress of high ad-atom mobility metals such as66

aluminum, silver, and copper, which show low stress due to67

diffusion-driven relaxation under low temperature deposition68

[19], [20], [21], [22].69

However, previous zipping models of high ad-atom mobil-70

ity metals are not suitable for calculating the stress of refrac-71

tory metals such as tungsten, molybdenum and ruthenium.72

Tungsten shows higher deposition stress because of its low73

ad-atom mobility and high surface energy. Mechanical defor-74

mation due to zipping is continuous even after the film75

is formed, and diffusion-driven relaxation does not occur76

under the low-temperature deposition of tungsten [21], [23].77

Therefore, stress control in the early stage, such as the metal78

nucleation stage, is more important to reduce the deposition 79

stress than in the case of high ad-atom mobility metals. 80

Our study proposes a method for calculating deposition 81

stress considering the continuous stress evolution (intergran- 82

ular coalescence) and additional stress evolution of a 3D 83

structure (interfilm coalescence). The initial shape of the 84

tungsten nuclei was controlled to suppress zipping deforma- 85

tion and reduce the stress of the tungsten film in the inter- 86

granular coalescence stage. The zipping phenomenon was 87

simulated and analyzed using finite element (FE) simulation, 88

and the stress depending on the nuclei shape was calculated 89

during the growth of the tungsten film. Based on the film 90

stress, the mold bending of the vertical mold was calculated 91

by a 2D cross-sectional model of a deep trench. In addi- 92

tion, the mold bending resulting from interfilm coalescence 93

between the films on the walls in the middle of the trench was 94

analyzed. 95

II. SIMULATION DETAILS 96

Finite element (FE) simulation was conducted using a 97

static implicit solver, ABAQUS/Standard (Dassault System, 98

France), which has advantages for structural analysis with 99

solid-solid contacts under nonlinear deformation. All simula- 100

tions were performed in 2Dmodels with plane strain elements 101

(CPE4 in ABAQUS), which is a 2D-type element that is used 102

in cross-sections in thick structures and is assumed to have 103

zero strain in the thickness direction [24]. The material prop- 104

erties of tungsten were assumed to exhibit linear isotropic 105

elasticity with a Young’s modulus of 300 GPa and Poisson’s 106

ratio of 0.28 [25]. The height of the tungsten nucleus is 107

ti = 30 Å, and the radius of the width, r, is 15∼240 Å, 108

as shown in Fig. 2(a). The mechanical properties of the Si 109

trench mold were also considered to exhibit linear isotropic 110

elasticity with a Young’s modulus and Poisson’s ratio of 111

127 GPa and 0.278, respectively [26]. Two cases of mold 112

pattern defects with depth and width differences from the 113

ideal pattern are presented to calculate mold bending from 114

the asymmetric bending moment in Fig. 2(b). There are two 115

major stress generation stage analysis models: intergranular 116

coalescence and interfilm coalescence, and the nuclei and 117

film on mold models shown in Fig. 2(a) and (b) were used, 118

respectively. The stress calculation proceeded in the order of 119

the flow chart of Fig. 3(c). Stress calculation was conducted 120

by an elastic model under static conditions, the boundary 121

condition between the nucleus and the mold at the bottom 122

of the mold was pinned, and an x-axis symmetric boundary 123

condition was given to both sides of the model for periodic 124

planes. Then, the zipping analysis was performed by applying 125

the boundary condition of the force that the metal surfaces 126

feature traction toward each other. The strain energy and 127

zipping distance (z0) were calculated by applying a surface 128

traction from 0 to 20 GPa on the surface of the nucleus, 129

depending on the width-to-height ratios of the nuclei island 130

(r/ti). The energy change from zipping was calculated by 131

equation (1), which considers decreasing free surface energy 132

and increasing grain boundary energy due to the zipping 133
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FIGURE 2. (a) Schematic of the model used to calculate film stress in
intergranular coalescence caused by contact between metal nuclei,
depending on the ratio of width-to-height (r/ti) of nuclei. Surface traction
on the nuclei surface was applied to calculate the average stress and
strain energy due to intergranular coalescence. (b) Schematic of the
trench mold used to calculate mold bending due to interfilm coalescence
during the trench filling process. Mold bending was calculated under two
cases of pattern defect: depth difference and width difference. (c) The
flow chart of the simulation procedure of intergranular coalescence (blue
box) and interfilm coalescence (red box), respectively. (d) Schematic
image of the simulation model of intergranular coalescence between
tungsten islands during film growth and (e) the simulation model for
interfilm coalescence occurring in the center of the trench mold to form a
line pattern. Both models were deformed by surface traction to calculate
film stress and mold bending.

process [17]:134

1Ezipping = z0
(
γgb − 2γ s

)
(1)135

where γgb is the grain boundary energy and γs is the surface136

energy of tungsten, calculated as 1.08 J/m2 and 2.83 J/m2,137

respectively [27]. By balancing the strain energy and reduced138

energy by zipping, the average stress could be calculated from139

the state with the lowest energy.140

For zipping and stress analysis during film growth, a stress-141

free growth layer with a thickness of 2.24 Å was added142

by calculating the interplanar distance of the tungsten (110)143

plane, and surface traction was applied to the new surface.144

Then, the average stress in the film was calculated through145

the same zipping analysis. By calculating the average stress146

through incremental growth, which was repeated until the147

target thickness just before contact at the center of the trench,148

the stress evolution during film growth was obtained. The149

schematic procedure for the calculation of stress during film 150

growth is shown in Fig. 2(c). The initial value of the film 151

stress is negative (compressive stress) due to the surface 152

tension [28], [29], which can be calculated with equation (2) 153

[21]: 154

1P = −f
dA
dV

(2) 155

where P is the internal pressure, f is the surface tension, A 156

is the surface area of the nucleus, and V is the volume of the 157

nucleus. 158

The zipping between the tops of the films was also ana- 159

lyzed, and the average stress in the horizontal and vertical 160

directions inside the film was calculated, as shown Fig. 2(d). 161

Surface traction was applied to the surface of the film, and 162

strain energies due to deformation and z0, which formed as a 163

grain boundary, were calculated. The average stress was also 164

calculated at the state when the balance between the strain 165

energy and the energy reduced by grain boundary formation 166

was lowest. To quantify the bending of the trench mold due to 167

geometrical defects, mold bending was defined in this study 168

by measuring the displacement of the tip of the vertical mold 169

between the trenches during the growth of the tungsten film 170

on each wall until the pattern was closed. 171

Intergranular zipping simulations for molybdenum and 172

ruthenium, which have the same growth mechanism as tung- 173

sten, were performed. The stress depending on the nuclei 174

shape was calculated by applying the mechanical proper- 175

ties of molybdenum and ruthenium. The Young’s moduli of 176

molybdenum and ruthenium were 324 GPa and 414 GPa, 177

respectively, and Poisson’s ratios were 0.29 and 0.25, respec- 178

tively [30]. The surface energies of molybdenum and ruthe- 179

nium were 2.05 J/m2 and 3.08 J/m2, and the grain boundary 180

energy was 0.61 J/m2 and 1.12 J/m2, respectively [27], [31], 181

[32]. 182

III. RESULTS AND DISCUSSION 183

Fig. 3(a) and (b) illustrate the FEM simulation results of the 184

(normalized) zipping distance and the (normalized) average 185

nuclei stress, which show the nuclei shape effect on inter- 186

granular coalescence at initial contact. The zipping distance 187

and average stress decrease as the ratio r/ti increases, which 188

corresponds to the increased principal axis of the elliptical 189

shape of the nuclei along the horizontal direction. A wide 190

elliptical nucleus can be formed in the horizontal direction 191

instead of a spherical one by controlling the nucleation of 192

the metal nucleus [33], [34]. This leads to reduced stress in 193

the nuclei and substrate distortion by the suppressed zipping. 194

When the r/ti ratio increases above 5, zipping becomes neg- 195

ligible, and stress is not generated. This is because the strain 196

energy due to deformation increases significantly, while the 197

reduced energy due to grain boundary formation decreases 198

as the nucleus becomes wider elliptically. Note that the first 199

and second contributions correspond to a counter force of 200

the zipping phenomenon and a driving force of the zipping 201

phenomenon, respectively. Therefore, zipping is suppressed 202

VOLUME 10, 2022 100677



J.-S. Lee et al.: Stress Analysis of Tungsten Deposition in a 3D Trench Mold

FIGURE 3. FEM simulation results of the intergranular coalescence stage.
(a) Normalized zipping distance (z0) and (b) normalized average stress
when zipping occurs at the initial contact between nuclei depending on
the r/ti of the nuclei. (c) Normalized average stress depending on r/ti
during film growth after contact between nuclei.

as the nuclei converge to an ellipse with a wider shape, and203

the shape factor with a r/ti above 5 can be regarded as the204

critical ratio.205

Fig. 3(c) is a simulation result of the normalized average206

stress in the early growth stage depending on the r/ti ratio.207

Low compressive stress is generated by the surface tension208

of tungsten at first, and then tensile stress begins to increase209

rapidly through zipping after nuclei contact. Even during210

thickening, a large stress is continuously generated because a211

low r/ti shape is advantageous for grain boundary formation212

through zipping deformation. However, in the case of a higher213

r/ti than the critical ratio, the initial compressive stress is not214

compensated for and affects the distortion of the substrate or215

mold. It is necessary to optimize the initial deposition con-216

ditions to balance the compressive stress due to the surface217

tension and the tensile stress due to zipping.218

Fig. 4 shows the simulated normalized average stress dur-219

ing growth as the film thickness increases. The graphs in the220

figure represent the stress evolution after forming continuous221

films with different r/ti values of 1.5, 2, and 4. As the thick-222

ness of the tungsten film increased, the zipping continued to223

generate tensile stress in the film, and the stress decreased as224

the r/ti value increased. Among the three curves in Fig. 4, the225

tensile stress in the case of r/ti = 4 decreased at a thickness of226

6 nm, where zipping during thickening stopped when the thin227

film formed a flattened shape. This simulation result indicates228

that the stress can be relaxed by suppressing the zipping or by229

controlling the shape of the elliptical nucleus with a high r/ti230

ratio.231

Fig. 5(a) and (b) show the mold bending (normalized by232

maximum bending after pattern closure) caused by the dif-233

ferences in depth (case 1) and width (case 2) from the ideal234

FIGURE 4. Finite element simulation result of stress evolution during
growth after forming a continuous film. The graphs in the figure represent
the stresses for different r/ti values, where the initial nuclei have r/ti
values of 1.5 (black), 2 (red), and 4 (blue).

mold geometry, respectively. The two figures show that the 235

distortion of the vertical mold represents either a gradual 236

(Fig. 5(a)) or constant (Fig. 5(b)) increase before the tungsten 237

film begins zipping at the center of the trench mold (or film 238

thickness of approximately 12.5 nm). In both cases 1 and 2, 239

the mold bending resulting from the interfilm coalescence is 240

larger than that resulting from the intergranular coalescence. 241

This can be explained by the fact that a larger free surface can 242

be reduced by mold bending through interfilm coalescence. 243

In the stage of intergranular coalescence, a different trend 244

of mold bending was observed for the two defect patterns. 245

When the mold has a depth difference (case 1), the mold 246

is continuously bent as the film stress increases, while the 247

bending of the mold with a width difference is nearly inde- 248

pendent of the film growth. The main factor in mold bending 249

by intergranular coalescence is the difference in the bending 250

moment produced by the thin film stress on both walls of 251

the mold. When there is a difference in depth in the trench 252

mold, the areas of tungsten film covering the mold walls are 253

different, which results in the difference in depth. Therefore, 254

this unbalanced film growth (equivalently asymmetric stress 255

distribution on each wall) causes additional bending. On the 256

other hand, when two thin films contact the center of the 257

trench by zipping, abrupt changes in the model bending occur 258

for the case of mold width difference (Fig. 5(b)). When the 259

mold is already bent, it is easier to form an additional inter- 260

face, which appears to induce more mold bending. Fig. 5(c) 261

shows the mold bending assuming both defects (depth and 262

width) exist. In this case, the mold bending by the depth 263

difference becomes more dominant during film growth on the 264

wall, but the bending by the width difference increases after 265

the films contact the center of the mold. 266

In addition, the cross-sectional area of the metal intercon- 267

nects was calculated to determine the electrical resistance. 268

The pattern defect with a depth difference of 10 nm and a 269

width difference of 1.5 nm decreases the cross-sectional area 270

of the metal line compared to a symmetric trench without a 271

pattern defect. If there is no stress on the film and no bending 272
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FIGURE 5. Simulation results for mold bending by the pattern defects of two cases, i.e., the results of the mold bending of an Si mold due to
film stress and interfilm coalescence. An asymmetric structure was used to calculate mold bending due to patterning error or other defects:
(a) depth difference, (b) width difference and (c) both differences.

FIGURE 6. FEM simulation results of initial zipping depending on the r/ti
of the tungsten (black), molybdenum (blue), and ruthenium (red) nuclei:
(a) normalized zipping distance and (b) normalized average stress.

of the mold, the cross-sectional area is reduced by 2.53%273

compared to a trenchwithout a pattern defect. However, in the274

case of r/ti = 4, where the stress is lowest, the cross-sectional275

area decreases by 5.26%, and in the case of r/ti = 1.5, where276

the stress occurs the most, the cross-sectional area decreases277

by 6.83%. In addition, when considering the early closing of278

the upper part due to overhang, the film stress affects a greater279

conductivity decrease due to a lower cross-sectional area.280

Fig. 6 illustrates the simulation results of initial zipping on281

molybdenum and ruthenium, which have the same mecha-282

nism of stress evolution as tungsten. Fig. 6(a) and (b) shows283

the (normalized) zipping distance and the (normalized) aver-284

age nuclei stress of tungsten, molybdenum, and ruthenium285

using our simulation method. Molybdenum has a similar286

Young’s modulus to tungsten and lower γs and γgb than287

tungsten. Ruthenium has a higher Young’s modulus, γs, and288

γgb than tungsten. Both molybdenum and ruthenium showed289

the same shape dependence as tungsten, and the zipping stress290

decreased as the nucleus became wider. However, molybde-291

num showed a lower zipping distance and stress because the292

driving force of zipping decreased in the molybdenum case.293

When the grain boundary formed due to zipping, the energy294

reduction of molybdenum was smaller than that of tungsten295

because of its low surface energy. On the other hand, the 296

driving force of zipping is stronger in the ruthenium case, 297

and the zipping distance and stress increased. Furthermore, 298

higher stress is also generated because of the higher Young’s 299

modulus of ruthenium, and the critical ratio of r/ti where 300

zipping does not occur increased from 5 to 6, confirming that 301

wider nuclei are needed to minimize stress in ruthenium. 302

Our stress calculation model has a limitation attributed to 303

the assumptions made in the finite element analysis. First, 304

in the finite element simulation, the materials are all con- 305

sidered continuum bodies, and the interactions of the surface 306

atoms during the zipping process are simplified as tied bound- 307

ary conditions. Additionally, the anisotropy of the tungsten 308

film is not considered, although crystalline solids such as 309

tungsten have strong anisotropy at the grain scale. Therefore, 310

more accurate analysis can be achieved if these simplify- 311

ing assumptions are removed by introducing atomic level 312

computations, such as density functional theory or molecular 313

dynamics, for the calculation of zipping stress by interatomic 314

interactions. Furthermore, for the stress calculation in the 315

case of a hole-type structure such as deep via and plug, all 316

three-dimensional zipping between the thin films growing on 317

all sidewalls should be calculated, and a 3D model is needed. 318

IV. CONCLUSION 319

Tungsten exhibits higher stress than conventional intercon- 320

nection metals when it is used as a gap filler by chemical 321

vapor deposition. High deposition stress by zipping results in 322

severe distortion of the thin vertical mold, which is designed 323

to fabricate interconnects with fine pitch. Our study based 324

on the shape optimization of tungsten nuclei through finite 325

element simulation proposes elliptical nucleation with high 326

width, which is intended to relax the zipping stress during 327

growth on the trench mold. In the simulation, two sources 328

of vertical mold distortion were investigated: the film stress 329

induced by zipping between the two neighboring nuclei and 330

the secondary zipping stress resulting from the coalescence 331
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between the films in the trench. The results show that the332

tungsten film with low zipping stress induced by introducing333

an elliptical nuclei shape can be effectively suppress the dis-334

tortion of the mold. For next-generation interconnect metals,335

such as Ru and Mo, which have similar zipping mechanisms336

to tungsten, high deposition stress will cause pattern distor-337

tion issues. Tungsten is widely used in the filling process, and338

many studies have been conducted to measure the deposition339

stress. However, there are fewer studies on stress analysis340

on next-generation interconnect metals. Therefore, the stress341

analysis model proposed in this study can be extended to342

provide guidelines to predict and reduce deposition stress in343

fine patterns by metallization.344
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