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Abstract

Line edge roughness (LER) on the sidewalls of gate electrodes in metal oxide
semiconductor transistors is one of the most important issues in the manufacturing of
modern integrated circuits (IC). The significance of LER increases tremendously as
desired features miniaturize because the dimensions of the edge roughness become
comparable to those of the features. A fundamental understanding of the origins of the
surface roughness and LER formation during plasma etching process is thus necessary to
optimize the IC manufacturing process and prevent device failure. To meet this challenge,
a 3-D Monte Carlo simulator was developed to model the roughening of a surface as well
as follow the macroscopic evolution of its profile during plasma etching. The simulator
employs a cellular representation of the surface with Monte Carlo modeling of the mass
transport and reaction kinetics. The local geometric properties of surface features were
computed by fitting to a polynomial surface, which allowed for a more accurate
description of the surface normal and local curvature. This numerical algorithm for
simulating etching and deposition was validated by comparing with the theoretical
advancement of a surface for the case of isotropic and anisotropic etching.

The simulator was used to explore surface roughening during the physical
sputtering of a blanket silicon surface by argon ion bombardment. The results showed
that there is a significant change in its morphology with different off-normal angles of
incidence. When the surface is etched at normal incidence, the surface becomes
roughened with no preferred orientation. When etched with an off-normal ion incidence
below 50°, the surface develops ripples that are oriented perpendicular to the ion beam
direction. For off-normal angles between 50° and 60°, the surface remains smooth
independent of the etch time. The surface is again roughened for angles of incidence
above 60°, forming patterns that are aligned with the ion beam direction. These trends
match qualitatively with those observed in experimental measurements. The simulation
results further showed that these transitions of surface morphology with increasing off-
normal angles of ion incidence are related to the angular dependence of the etching yield.
The effects of other factors, including the angular distribution of scattered ions, the non-
uniformity of the film density, the initial roughness of the surface and the re-deposition of
sputtered materials were also investigated using our simulator.

The roughening of the sidewalls of patterned polysilicon etched with Cl, was also
explored via simulation. The simulation results showed that the primary cause of



sidewall roughness is due to the transfer of roughness on the photoresist and anti-
reflective coating (ARC) sidewall to the underlying polysilicon sidewall during etching.
The root-mean-square (RMS) roughness of the sidewalls due to the features that result
from the etching is highest at the photoresist layer and decreases with depth. This trend
is consistent with experimental observations. The simulation also showed that the re-
deposition of sputtered photoresist particles onto the sidewalls during etching enhances
sidewall roughening.

Thesis Supervisor: Herbert H. Sawin
Professor of Chemical Engineering and Electrical Engineering & Computer Science
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surface at UPSITEAm POSILIONS. ....cucuvrcerrenccerneacensseracsesassessusesneasaseessssmsssareansnanses .92
Figure 3.10: Deposited energy as a function of surface curvature along the ion beam direction. For all
off-normal angles of incidence, the amount of deposited energy increases with increasing curvature.
The magnitude of the increase is larger for higher off-normal angles. The deposited energy for a 60°
off-normal angle of incidence onto a surface with high curvature (0.40 nm-1) is not considered
because the value would be exaggerated as a result of ignoring the effects from shadowing.............. 93
Figure 3.11: Parabolic surfaces with curvature perpendicular to the beam direction. Curvature (x)
perpendicular to the beam direction is varied: (a) k =-0.40 nm-1, R =2.50 nm; (b) k =-0.16 nm-1, R
=6.25 nm; (¢) k = 0 nm-1; (d) k = 0.16 nm-1, R = 6.25 nm; (¢) k =0.40 nm-1, R=2.50 nm............ 94
Figure 3.12: Energy transferred by ions bombarding the surface over 18x18nm2. The off-normal
angle of incidence was varied from 0° to 60°, and the curvature k was varied from -0.40 nm-1 to 0.40
nm-1. For all off-normal angles, there was no significant increase in energy deposition with
increasing curvature. It is therefore concluded that the curvature perpendicular to the beam
direction does not have any significant effect on sputtering yield at the center point (red circle). ......94
Figure 3.13: Energy deposited as a function of surface curvature perpendicular to the direction of the
ion beam. For all off-normal angles of incidence, the energy deposited increases by a small amount
with increasing curvature, but the increase is not as significant compared to the increase observed in
the case with surface curvature along the ion beam direction (Figure 3.10).........cccoonmmiriinnnnnnnncd 95
Figure 3.14: Parabolic surfaces with curvature both parallel and perpendicular to the beam direction.
Curvature (x) along the beam direction is varied: (2) k1 = x2 = -0.40 nm-1, R1 =R2 = 2.50 nm; (b)
k1 =%2=-0.16 nm-1, R1 = R2 =6.25 nm; (c) k1 =«2 =0 nm-1; (d) k1 =x2 = 0.16 nm-1, R1 =R2
=6.25 nm; (€) k1 =k2=0.40 nm-1, R1 =R2 = 2,50 BiM.....ocvverrccricnristccisicecnactcsenenee 96
Figure 3.15: Energy transferred by ions bombarding the surface over 18x18nm2. The off-normal
angle of incidence was varied from 0° to 60°, and the curvature x was varied from -0.40 nm-1 to 0.40
nm-1 for curvatures both parallel and perpendicular to the beam direction. For all off-normal angles
of incidence, there is no significant increase in energy deposition with increasing curvature. The
trend observed is similar to the case with surface curvature only along the beam direction, in which
the deposited energy was found to increase with increasing Curvature.............c.cocoeursiessesrcsessnssssncenas 97
Figure 3.16: Deposited energy as a function of surface curvature. A: surface curvature is parallel to
the ion beam direction (solid lines). B: surface curvature is both parallel and perpendicular to the ion
beam direction (dashed lines). For each off-normal angle of incidence, there is no significant
deviation, which implies that the surface curvature perpendicular to the beam direction has a very
weak contribution to the overall energy deposition. ........ccceervveveriiviiirennnnierenenneienns, .98
Figure 3.17: Angular dependences of etching yield and scattering probability in a physical sputtering
process. The etching yield peaks at about a 75° off-normal incidence, and the scattering probability

increases for off-normal angles aboVe 75°.......cuvriceiinirmnier s 99
Figure 3.18: Angular dependence combined with curvature dependence determines the final sputtering
yield. Both dependences must be considered to accurately model the sputtering process................. 101
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Figure 3.19: The final sputtering yield is consistent with the trends observed from the BH model. The
amount of increase in etch yield with curvature is larger for high off-normal angles of incidence. ..101
Figure 3.20: The progression of surface etched at different off-normal ion incidence angles. The
vertical scale is £35 nm, and the arrows give the ion beam direction. (1) 0° (normal) incidence:
Surface is roughened randomly, with no preferential orientation. (2) 45° off-normal incidence: The
ripples formed on the surface are perpendicular to the beam direction. (3) 60° off-normal incidence:
Surface remained smooth independent of the amount etched. (4) 75° off-normal incidence: The small
hills on the surface became more aligned with the beam direction as the etching proceeded. (5) 85°
off-normal incidence: Shallow streaks developed into long, deep streaks aligned with the beam
direction. 105
Figure 3.21: Evolution of RMS roughness. RMS roughness increases as the etching proceeds, but for
the surface bombarded at 0° and 85° off-normal angle, the RMS does not change significantly after
reaching a certain RMS value. Surface etched using a 60° off-normal ion incidence remained smooth
compared to other angles. For both 45° and 75° off-normal ion incidence, the RMS continued to
increase with etching, implying that the amplitude of the ripples kept growing..........cccecerevererrunee 106
Figure 3.22: FFT spectra of the surfaces in Figure 3.20. For all off-normal angles of incidence, the
peaks at high frequency range (furthest from the center) disappears as the etching proceeded,
indicating the increase in the wavelength of ripples or the widths of hills and valleys on the surface.
Note that for 75° and 85° off-normal incidence, the peaks are spread further in vertical direction
rather than in horizontal direction. This shows that the rows of streaks formed on the surface are
aligned with the beam ITECHOL .......coveuiiiirieieiii ettt e et sae s st ssee s s eeaasanas 108
Figure 3.23: Surface etched with off-normal angles of incidence between 45° and 60°. For 45° off-
normal incidence, ripples are formed on the surface, and their amplitude increases with etching. For
50° off-normal incidence, the ripple formation is not as pronounced as in the 45° case. The surface
remains smooth for 55° and 60° off-normal angles of incidence, with no sign of ripple formation.
Therefore, the transition from rippled surface to smooth surface occurs at an off-normal incidence
BEtWEen 50° AIA 55°. ....cviiieiiiicctt ettt ettt sttt nen e reen 110
Figure 3.24: RMS evolution for the off-normal ion incidence angles from 45° and 60°. The RMS
roughness is significantly lower for the surface bombarded at 55° off-normal incidence or above,
suggesting that the transition occurs between 50° and 55° off-normal incidence. .........ccoevvvneneen. 111
Figure 3.25: Surface etched with off-normal angles of ion incidence between 60° and 75°. The
surface remains smooth for the surface bombarded at 60°, where as the surface is roughened for
angles of incidence at or above 65°. Thus, the transition from a smooth to rough surface occurs
between 60° and 65° off-nOrmal iNCIAENCE. .....o.cvvererrrrrecerrrerie et 112
Figure 3.26: RMS evolution for the off-normal ion incidence angles from 60° and 75°. The RMS
values for off-normal angles of 65° and above are significantly higher than the RMS values for 60°
off-normal, suggesting that the transition occurs between 60° and 65° off-normal incidence........... 113
Figure 3.27: AFM images of Si surfaces sputtered by Xe+ ion beam at (a) 5°, (b) 45°, and (c) 85°.
z=2 nm for (a) and (b), and z= 70nm for (c). The insets show the corresponding Fourier image of
each surface (£63.5 pm™). The ripple orientation changes from perpendicular (a) to parallel (c) to the
beam direction with increasing off-normal angle of incidence, and there is a range of angles in
between where the surface remains smooth with no observable characteristic features (Ref. 10).....114
Figure 3.28: Evolution of RMS roughness with angle of ion incidence. There are three regions where
different surface patterns are observed: (I) Formation of ripples oriented perpendicular to the beam
direction, (II) Surface remains smooth, (III) Formation of ripples aligned with the beam direction
(Ref. 11). 115
Figure 3.29: AFM images of Si surfaces sputtered by Ar+ ion beam at 60° off-normal incidence with
different ion fluences. The image size is 1x1 pm2 with a vertical scale of 15 nm. The projected ion
beam direction is shown by the white arrow. (a) RMS=0.63 nm, (b) RMS = 1.11 nm, (c) RMS = 0.87
M, (d) RMS = 102 DL c.coeiiieiiieececirencie ettt ee s b st b et s s s e st ba st sca e eassssas e 116
Figure 3.30: AFM images of Si surfaces sputtered by Ar+ ion beam at 75° off-normal incidence with
different ion fluences. The image size is 1x1 um2 with a vertical scale of 15 nm. The projected ion
beam direction is shown by the white arrow. (a) RMS=0.70 nm, (b) RMS = 1.53 nm, (c) RMS = 3.62
M, (d) RMS = 735 DML .ottt ses s aea s b seae st s s st ne st sa e 116
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Figure 3.31: Side by side comparison of the surface morphology in experiments and simulation for
75° off-normal ion incidence. The amount etched for the experiment and for the simulation are 36 nm
and 100 nm, respectively. ..... 117
Figure 3.32: Side by side comparison of the surface morphology in experiments and simulation for
75° off-normal ion incidence. The amount etched for the experiment and for the simulation are 72
nm and 360 nm, reSPECIVELY. ......cvccerererrrirerrerneenseenseceneseseensesssesansases
Figure 3.33: Side by side comparison of the surface morphology in experiments and simulation for
75° off-normal ion incidence. The amount etched for the experiment and for the simulation are 180
nm and 890 NM, FESPECHVELY. «...c.vvmeeeucurerirercniesrssrssesesseensecssesnastestsssacasssesssasssssesssssssssees 118
Figure 3.34: Correlation between the angular dependence of the sputtering yield and the different
regions of surface roughening. Region 2: Formation of ripples perpendicular to the beam direction.
Region 3: Surface remains smooth. Region 4: Formation of ripples parallel to the beam direction.
(Region 1, where the surface roughness has random orientation, occurs at 0°, which is not shown.)

The 10° window of smooth surface occurs at about 15° below the angle of the peak yield. ............. 120
Figure 3.35: Shifting the angle of the peak yield from 75° to 65° off-normal incidence. The general
shape of the yield curves are Kept SIMILAL. ........ccccocrieierneernennnsssescsniscnsersensisesenssessecssensesssssesssarsesces 121

Figure 3.36: Surface etched with different off-normal ion incidence angles, using the angular
dependence curve with its peak yield at 65°. The vertical scale is £35 nm, and the arrows define the
ion beam direction. The trends in surface morphology are similar to the case with the peak yield at
75° (Figure 3.20), except that the surface is roughened at 60° off-normal incidence, whereas in the

previous case the surface remained SMOOth. .........eeveereeccereriecmneevreeeenecesnseceaseseesenseetssesaesessnseas 122
Figure 3.37: RMS roughness evolution for the angular dependence with peak yield at 65°. RMS
increases with etching for all off-normal angles. .........cceeeeeeerveevecererercnernnreesereeesssres s sensaresnns 123

Figure 3.38: Surface etched with off-normal ion incidence angles between 45° and 75°, using the
angular dependence with the peak yield at 65°. The vertical scale is +35 nm, and the arrows give the
ion beam direction. The surface is roughened at 45° off-normal incidence, smooth at 50° and 55°,

and roughened again above 60°. .........ccocceveevrrrcereinscnnninenennn, 124
Figure 3.39: RMS roughness evolution for the angular dependence with peak yield at 65°. The RMS
values are very low for the surfaces bombarded by 50° and 55° off-normal incidence............ccco...... 125

Figure 3.40: Correlation between the angular dependence of sputtering yield and the different regions
of surface roughening. Region 2: Formation of ripples perpendicular to the beam direction. Region
3: Surface remains smooth. Region 4: Formation of ripples paralle! to the beam direction. (Region 1,
where the surface roughness has random orientations, occurs at 0°, which is not shown.) This 10°
window of smooth surface occurs at about 10° below the angle of the peak yield. ..........cccecveremnenee. 125
Figure 3.41: RMS roughness evolution with off-normal angle of ion incidence after etching 800 nm.
For both angular dependences, there exists a range of angles where the RMS is very low. This range
occurs at lower angles for the angular dependence with a lower peak yield angle. .......coocoveecunacns 127
Figure 3.42: Etching yield and ion scattering probability in a physical sputtering process. (1) Peak
yield is at 75°. (2) Peak yield is at 65°. The scattering probability starts increasing at lower off-
normal angle for the angular dependence with peak yield at fower angle. .........cceveecrecersersersrronenes 127
Figure 3.43: Angular dependent etching yield curves with different ratios of etching yields for normal
to peak yield angles. (1) Ratio =0.25. (2) Ratio = 0.75. The peak yield occurs at 75° off-normal for
DOH CUTVES. ...cueuvrieenieneneieseetactraeretesss e et sas st sbsas st a et et s b eRe st bbb et sanas bbb sbensRs st sbebsaasssassas 128
Figure 3.44: Surface etched with different off-normal incidence using the angular dependence with
high normal-to-peak yield ratio. The transitions from no preferred orientation (0°) to transverse
ripples (45°, 60°) to patterns parallel to the ion beam (75°, 85°) are observed, but the surface
morphology is quite different from the case with a low normal-to-peak yield ratio. ..........cccrcerenncans 131
Figure 3.45: Schematic illustration of a surface bombarded at different off-normal angles. (a) Normal
ion incidence. (b) 45° off-normal incidence. (c) 75° off-normal incidence. See text for description.

131
Figure 3.46: RMS roughness evolution for the angular dependence with high normal-to-peak yield
ratio. For all off-normal angles, the RMS roughness increases with etching........ccoeeevivcciicrennenns 132

Figure 3.47: Surface etched with off-normal incidence between 45° and 75° using an angular
dependence etch yield curve with a high normal-to-peak yield ratio. As the off-normal angle of
incidence is increased, surface structures become more aligned with the ion beam direction, but there
is no range of angles where the surface remains SMOOth. ........ccceevvievniinnninieeieee e 134
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Figure 3.48: RMS roughness evolution for the angular dependence with high normal-to-peak yield
ratio for angles of incidence between 45° and 75°. The RMS roughness values are comparable to
each other. 135

Figure 3.49: RMS roughness vs. off-normal incidence after etching 800 nm. The values in parenthesis
in the legend show the normal-to-peak yield ratio. For the two cases with low normal-to-peak yield
ratios, there is a range of angles where the RMS values are very low, whereas for the case of a high
normal-to-peak yield ratio, the RMS values remain relatively constant. ...........ccoceoveeeieiererenenenenene. 135

Figure 3.50: Angular distribution of scattered ions. (a) Specular scattering of bombarding ions. (b)
Tons scatter from the surface with an angular distribution about a specular angle. (c) Gaussian
angular distribution of scattered ions, with a FWHM of 15°. ......ccvinirinirecenreee et 136

Figure 3.51: Surface etched with different off-normal ion incidence assuming 15° angular distribution
of scattered ions. The surface morphology resembles the results for the case with no angular
distribution of scattered ions, except at 85° off-normal incidence: The surface remains smooth
whereas in the case with no angular distribution, the surface was roughened, with resulting features

that were aligned with the beam dirCHON. .......ccovviriveeirirercieieeers ettt eberesebseeseesans 138
Figure 3.52: RMS roughness evolution for 0° (solid lines) and 15° (dashed lines) angular distributions
of scattered ions. There is no significant deviation except for 85° off-normal incidence. ................ 139

Figure 3.53: Schematic illustration of ion scattering with and without angular distribution. If the ions
scatter from the smooth surface at a perfectly specular angle, all the scattered ions will have the same
trajectory after leaving the surface. If the ions scatter according to an angular distribution, there will
be a resulting distribution of scattered ion trajectories. If the surface is roughened, however, the
angular distribution of scattered ions have less effect on etching because even with perfectly specular
scattering, the reflected ions are dispersed widely due to large variations in the local angle of
incidence on the roughened SUITACE. ............cccooerivirrinicirin ettt sttt senes 139

Figure 3.54: Fourier spectrum of the surface etched with 85° off-normal incidence, with 0° and £15°
angular distribution of scattered ions. In both cases, the peaks are concentrated along the center
vertical line, indicating that the patterns are aligned with the ion beam direction. The peaks are broad
and dispersed for the case with angular distribution, implying that the surface pattern is less ordered.

The image range iS £ 0.067 NN L....ouoceiriiierieieiirees ettt ettt s sss s ras st es s st s saesssssanans 141
Figure 3.55: IHlustration of pores in the film. The volume fraction of the pores is about 5%, and the
position of the pores is randomized uniformly throughout the film.......c..cccoervveieeerereecnneeeeernan 142
Figure 3.56: Surface with different radius of pores etched with normal ion incidence. The surfaces
with pores are roughened at earlier stage of etching than the surface without pores. .........ocvevueeeee.. 145

Figure 3.57: RMS roughness evolution for the films with different pore sizes etched with 0° off-
normal ion incidence. For the surfaces with pores, the RMS increases at earlier stage of etching than
for the SUrface WIthOUL POTES.......c.eeevririiriniieseeee ettt st sss et et s et s es s e ne s snas 145
Figure 3.58: Surface with different radius of pores etched with 45° off-normal ion incidence. The
surfaces with pores are roughened at an earlier stage of etching than for the surface without pores,
and the larger the size of pores, the faster the surface becomes roughened. The surfaces with pores
have less ordered ripples compared to the surfaces Without POres..........ceeeviveveeemieeereeieeeneieeseneenns 146
Figure 3.59: RMS roughness evolution for films with different pore sizes etched at 45° off-normal ion
incidence. For the surfaces with pores, the RMS increases at an earlier stage of etching than for the
SUIfACE WILROUL POTES. .vneiieieiee ettt ettt et et ee et s s st sse s st a s sttt s aesmenans 146
Figure 3.60: Surface with different radii of pores etched at 60° off-normal ion incidence. The surfaces
with pores are roughened whereas the surfaces without pores remained smooth, and the larger the

size of the pores, the more the surface was roughened. ...........cccueveeeeerierenrrereneeeeessseseceeeenes 147
Figure 3.61: RMS roughness evolution for the films with different pore sizes etched with 60° off-
normal ion incidence. The RMS is higher for the surface with larger pores........c.covvveerievvererinenncn. 147
Figure 3.62: Surface with different radii of pores etched at 75° off-normal ion incidence. The
roughening in all surfaces is comparable to €ach Other.............cvvevereeerrereerirecirie e 148

Figure 3.63: RMS roughness evolution for the films with different pore sizes etched at 75° off-normal
ion incidence. There is no significant difference in the RMS values among the different surfaces..148
Figure 3.64: Surface with different radius of pores etched with 85° off-normal ion incidence. The
surfaces with pores are roughened, forming the patterns aligned with the ion beam direction.......... 149
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Figure 3.65: RMS roughness evolution for the films with different pore sizes etched at 85° off-normal
ion incidence. The RMS values increase significantly for the films with pores, and it is seen that the
larger the pore size, the larger the increase in RMS roughness..........covvveeveerscnreresnecssennssssansssassenes 149

Figure 3.66: Surface with bumps on the surface. The radius of each bump is 7.5 nm. ............cec..... 150

Figure 3.67: Surface with bumps etched at different off-normal ion angles of incidence. There is no
significant difference in the evolution of the surface morphology between the pre-roughened and
initially flat surface (see Figure 3.51), except that the surface in the case of the former is rougher at an
early stage due to the initial roughness iMpPoOSed..........cccvuemrurirenesirereccnnrenircersreserseseseensrrenereerennes 152

Figure 3.68: RMS roughness evolution for the initially flat and pre-roughened surfaces at 0° and 45°
off-normal angles of incidence. For normal incidence, the RMS values of the initially rough surface
increases at an early stage of etching, but saturates at a value similar to that of the initially flat surface.
The RMS values of the initially rough surface etched at 45° off-normal incidence increases with
etching at a rate similar to that of the initially flat surface, but their values converge at a later stage of
etching. 153

Figure 3.69: RMS roughness evolution for the initially flat and rough surfaces at 60°, 75° and 85° off-
normal angles of incidence. As etching proceeds, the RMS roughness of the pre-roughened and
initially flat surface approach similar values (within 10~20%). .........cccceerevermrmmrersrecsrsnerenereneeseesennens 153

Figure 3.70: Schematic illustration of re-deposition of sputtered silicon atoms. The sputtered particles
are assumed to have an angular distribution of about +£50°- about the specular angle with a sticking
PrODAILILY OF 10%0. ...ttt e e enet s e senscssssseensaseseses e et enaessasensaesnens 154

Figure 3.71: Surface etched with 75° off-normal ion incidence, with and without re-deposition. The
sputtered particles are assumed to have an angular distribution of £50°. The surfaces in the two cases
have comparable features at an early stage of etching, but the amplitude of each peak in the case with
re-deposition becomes larger than those in the case without re-deposition. ........cccoeueeureecerreccureccnnen. 155

Figure 3.72: RMS roughness evolution of the surface etched with 75° off-normal incidence, with and
without incorporating the re-deposition mechanism. Initially, the RMS values for the two cases are
comparable to each other, but the increase in the RMS values for the case with 10% re-deposition
eventually becomes more drastic compared to the case without re-deposition. .........ccecceureecrueccncn. 155

Figure 3.73: Schematic illustration of the trajectories of sputtered materials (blue dashed arrows) on
smooth (a) and roughened (b) surfaces. Ion trajectories are shown by the red arrows. From geometric
considerations, it is readily seen that the sputtered particles have a higher chance of being re-
deposited after the surface is roughened. ... s 156

Figure 4.1: AFM images of sidewall at 4 steps in the etching of patterned SiO,. Photoresist sidewall has
an isotropic roughness after development. The morphology of the sidewall changes from isotropic to
anisotropic roughness after etching ARC layer. As the SiO; layer is etched, the photoresist layer is
further roughened and severe anisotropic striations are formed along the sidewall. (Ref. 4, 5)....... 161

Figure 4.2: Surface profiles at different locations along the sidewall after etching 0.5 pm of oxide. (a)
Near the top of the resist, (b) in the middle of the resist, (c) at the interface of resist and ARC, (d) at
the interface of ARC and oxide, (¢) near the bottom of the oxide. The amplitude of striations

decreases with depth. (Ref. 5, 6). 162
Figure 4.3: RMS roughness on the sidewall at different position along sidewall after etching 0.5 pm
of oxide. The RMS is highest at the top of the resist, and it decreases with depth. ..........ccccrucune.. 162
Figure 4.4: The stack of photoresist, ARC and polysilicon was used as an initial feature in simulation.
Cells are attributed to different materials. ........cccvererceccisnreenrernncen 164
Figure 4.5: Dimension of the initial feature in simulation. The thickness of photoresist and ARC layers
are 100 nm and 25 NI, TESPECLIVELY...c..cvvuereertrecerrce sttt sees s es e sissersaesesessnssesssssssnes 164

Figure 4.6: Angular dependence of ion-enhanced etching and physical sputtering. The etching of
photoresist and ARC follows the angular dependence of physical sputtering, and the etching of
polysilicon follows that of ion-enhanced etching. .........cccovevecrvrirnriiciennece e 165

Figure 4.7:  Simulated feature profile at different etch steps. (a) Before etchlng, (b) After ARC open,
and (c) After etching 50 nm of polysilicon. The sidewall of the photoresist before ARC open was
assumed to be perfectly flat and vertical. The sidewall remains relatively smooth. ............cccccceu.... 166

16



Figure 4.8:  Surface profiles at different locations along the sidewall after etching 50 nm of polysilicon.
(1) In the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the polysilicon

sidewall. The amplitude of sidewall roughness remains within 3 nm for all locations...................... 166
Figure 4.9: RMS roughness as a function of depth. At all layers, the RMS of the sidewall remains less
THAIN 2 TN (et te ettt sttt se e s e a e e s et tee 167

Figure 4.10: Feature profile of the polysilicon etched in Cl, plasma. Etch artifacts, including the
faceting of photoresist, sidewall bowing and microtrenching, commonly observed in the experiments
are captured by the SIMUIALION. .......coviivireirreceriere ettt ernae et ss s s s sanaas 168
Figure 4.11: Schematic illustration of the formation of microtrenches. The ions scattered from the
bowed sidewall and faceted photoresist are focused at the foot of the sidewall, forming microtrenches.
168
Figure 4.12: Simulated feature profile at different etch steps for the rough photoresist mask. (a)
Before etching, (b) After ARC open, and (c) After etching 50 nm of polysilicon. Some bumps with
the radius of 7 nm were placed on the sidewall of the photoresist before ARC-open to introduce
isotropic roughness. The bumps are washed away during the ARC-open step, but some of the
roughness is transferred to the underlying ARC and polysilicon layers. .......coccovvererreerevcnrncennnen. 170
Figure 4.13: Surface profiles at different locations along the sidewall after etching 50 nm of
polysilicon. (1) In the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the
polysilicon sidewall. The amplitude is largest at the photoresist mask, upto 8 nm............c.cococeveue. 170
Figure 4.14: RMS roughness as a function of depth for smooth photoresist and photoresist with bumps
on the sidewall. RMS of the sidewall is larger for the photoresist with bumps on the sidewall than for

the SMOOth PHOTOTESISE. ...cvvireceiiireriei ettt st eb s s e st s s s b ben et e benetebesesene 171
Figure 4.15: Top-down view of wiggling of photoresist. The slimming of the photoresist by thermal
heat causes it to collapse in random direCtioNS. ..........vceeereeereieeieieresieess et e ereveneas 172

Figure 4.16: The initial feature with wiggling of photoresist. The photoresist was assumed to have a
wiggling with the wavelength and amplitude of about 170 nm and 45 nm, respectively. The mask
angle was assumed 10 Be UP 10 83°. ..ottt e s bbb e eaen 173

Figure 4.17: Simulated feature profile at different etch steps for the photoresist mask with wiggling.
(a) Before etching, (b) After ARC open, and (c) After etching 50 nm of polysilicon. After ARC open,
some of the wiggling of the photoresist disappears due to faceting of the corners, but waviness of the
photoresist layer is transferred to the ARC layer and also to polysilicon sidewall during the
SUDSEQUENL ELCRIIME. ..eoveecieeciitreect ettt b bbb sres et rs s s st b eb s abes 173

Figure 4.18: Surface profiles at different locations along the sidewall after etching 50 nm of
polysilicon. (1) In the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the
polysilicon sidewall. The amplitude is largest at the photoresist mask, up to 24 nm. The roughness
on the photoresist is transferred down to ARC and polysilicon layers during etching. ..................... 174

Figure 4.19: RMS roughness as a function of depth for smooth photoresist and photoresist with
wiggling. RMS of the sidewall is larger for the photoresist with wiggling than for the smooth
photoresist. 175

Figure 4.20: Schematic illustration of the redeposition of sputtered photoresist materials on ARC
surface. The sputtered photoresist materials were assumed to have £5° distribution about the specular
angle and 40% sticking Probability...........coecrorureirrrniecnnr ettt 176

Figure 4.21: Simulated feature profile at different etch steps with redeposition of photoresist materials.
(a) Before etching, (b) After ARC open, and (c) After etching 50 nm of polysilicon. After ARC open,
the ARC sidewall is covered with photoresist materials. The redeposition causes more variations in
the sidewall topography, enhancing the sidewall FOUZhNESS. ........cocoveveeeiveveinceeeiiiee e 177

Figure 4.22: Surface profiles at different locations along the sidewall after etching 50 nm of
polysilicon. (1) In the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the
polysilicon sidewall. The amplitude is largest at the photoresist mask, up to 10 nm. The amplitude
and wavelength of the roughness decrease With depth..........cc.ovveveuieiiveieceeeeceeceeeeeeieae 177

Figure 4.23: RMS roughness as a function of depth for smooth photoresist with and without
photoresist redeposition. RMS of the sidewall is slightly larger for the photoresist with redeposition

than for the case Without TEdEPOSIHION. ...........cueveieiueereeiereirieeeeee et eeee e eeeeeeeseee 178
Figure 4.24: Dimension of the initial feature with tapered photoresist. The photoresist was assumed to
have an angle 0f @DOUL 84%.........ou ettt sttt nenae 179
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Figure 4.25: Simulated feature profile at different etch steps for the tapered photoresist with
redeposition. (a) Before etching, (b) After ARC open, and (c) After etching 50 nm of polysilicon.
After ARC open, the foot of the ARC sidewall is not completely cleared due to the heavy
redeposition of photoresist materials sputtered from the tapered sidewall. If the polysilicon is etched
before completely clearing the ARC layer, the sidewall roughness is enhanced due to the
micromasking of polysilicon by the ARC particles left on the surface...........ccoecereverereererenerreeronns 179

Figure 4.26: Schematic illustration of redeposition of photoresist. Since the sputtered materials leave
the sidewall at close to the specular angle, particles are redeposited mostly at the foot of the
photoresist/ARC sidewall. ........cccoveeeueereennae

Figure 4.27: Surface profiles at different locations along the sidewall after etching 50 nm of
polysilicon. (1) In the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the
polysilicon sidewall. The sidewall of ARC is heavily roughened, with the amplitude of 10 nm. ....181

Figure 4.28: RMS roughness as a function of depth for vertical and tapered photoresist, with
photoresist redeposition. For the tapered photoresist sidewall, the RMS is largest at photoresist/ ARC
interface and decreases with depth. The RMS is significantly larger than the case with vertical
PhOtOTesist SIAEWALL......cocvureeeeereeceeciececeteeestei e ceeeene e sses e eatsaasesaseneeenesens
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1. Introduction

1.1.  Integrated circuit manufacturing

Since its inception in the 1960°s, integrated circuits (IC) have since become
ubiquitous in modem day society. Computers, cellular phones and other digital
appliances all rely on IC, and most industrialized nations today believe that IC will in the
near future be one of the strongest pillars of their economy. IC chips consist of a large
number of components such as metal-oxide-semiconductor (MOS) transistors, resistors
and capacitors, and they are wired together to perform a particular circuit function.
Technological improvements over the past few decades have allowed for the size of these
circuits to become much smaller, increasing the density of transistors integrated on each
chip in order to achieve higher performance and more complex functionality while trying
to maintain low power dissipation and manufacturing costs. The number of transistors on
a chip has been doubling approximately every two years, and this phenomenon is well-
known as Moore’s Law'. The component size is often characterized by the smallest
lateral feature size that is printed on a wafer surface during its fabrication. At the time
this thesis is being written, 65 nm processors are already being manufactured, and 45 nm
and 32 nm processors are currently under development. However, as the sizes of
transistors in IC shrink, many steps in its manufacturing process become challenging. Of
paramount importance is the necessity for good control over the feature profiles on the
fabricated wafer while minimizing the surface roughness in order to maintain good

device performance and process yields.
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Figure 1.1:  Moore’s Law shows the exponential increase in the number of transistors placed on an integrated
circuit (Ref. 1).

1.2.  Microelectronics processing

The fabrication of integrated circuits involves many consecutive processes.
Figure 1.2 gives a simple illustration of each step in a microfabrication process. The film
to be patterned is deposited onto a silicon substrate (Figure 1.2a), and is coated with a
light-sensitive material called a photoresist (Figure 1.2b). The photoresist is then
exposed to light through a patterned photomask (Figure 1.2¢), which makes the exposed
part chemically less stable in the case of a positive photoresist and more resistant in the
case of a negative photoresist. Figure 1.2 illustrates the process for a positive photoresist.
The exposed part of the resist is removed by a developer, leaving the unexposed part of
the photoresist with the desired pattern transferred from the photomask. This process of

patterning a photoresist is called lithography. After patterning, the photoresist acts as a
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protective mask, and areas of the underlying film that are not covered by the photoresist
are etched away (Figure 1.2e¢). The most common etching technique used is plasma
etching, where a feature is etched anisotropically, allowing the transfer of very small
features defined in the lithography step. After etching, the photoresist is stripped, leaving
the patterned film (Figure 1.2f). These steps are repeated many times to produce a final
device with multiple layers bearing different patterns. This thesis focuses on one of the
key components of this fabrication process, namely the etching step (Figure 1.2¢). In the

following section, plasma etching process will be discussed in greater detail.

(d) (®) (®
Figure 1.2:  Subtractive processing in integrated circuit manufacturing. (a) Film to be patterned is deposited
on the substrate. (b) Photoresist is spin-coated over the film. (c) The photoresist is exposed to radiation
through the patterned mask. (d) The exposed part of the resist is removed (for positive photoresist). (e)
The unprotected part of the underlying film is etched. (f) Photoresist is removed.
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1.3. Plasma etching

Plasma is a low pressure, partially ionized gas consisting of neutral gases, excited
neutral species, ions and free electrons. The ions and excited neutral species are
produced by the collision of electrons (accelerated by the electric current applied to the
plasma) with neutral gas molecules. Since electrons have relatively low mass and thus
move faster than ions, a surface that is exposed to plasma quickly builds up a negative
charge and develops a negative potential with respect to the plasma. The resulting
electric field attracts and accelerates the ions and repels the electrons to maintain a net
zero flux of charges to the surface. Ions strike the surface with high energy and
directionality to allow for anisotropic etching. Figure 1.3 shows an example of etching a

polysilicon film in Cl, plasma.

Figure 1.3:  Plasma etching of polysilicon film in chlorine-based chemistry. Positive chlorine ions strike the
surface with high energy and high directionality. The reactive neutrals (Cl, Cl,) are transported with no
preferred directionality. After the reaction occurs on the surface, product is removed, and the etching
continues.
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Both reactive neutral species and energetic ions act as etchants in the process,
working together in a synergistic manner”. This process is known as ion-enhanced
etching. If the surface is etched by a chemical reaction involving the reactive neutral
species alone (“chemical etching”), the etching occurs isotropically due to the isotropic
angular distribution and low sticking probability of the neutral species. Selectivity is
relatively high in chemical etching. If the neutral species is absent and the surface is
etched physically, or sputtered by energetic ions, the surface is etched anisotropically due
to the directionality of ions impinging on the surface. Sputtering occurs by accelerated
ions striking the atoms on the surface and physically dislodging them. The selectivity is
relatively low for sputtering. In ion-enhanced etching, both the chemical and physical
components are active, but the profiles are anisotropic as in physical etching, with a
higher etch rate and better selectivity. One of the common explanations for this
cooperative etching mechanism is that the ion bombardment causes some damage to the

surface, which enhances the etching reaction at the damaged areas’.

1.4.  Etching Artifacts

Although ion-enhanced etching allows for the anisotropic etching of polysilicon
with high specificity over the photoresist and the silicon dioxide layers, a perfect pattern
transfer is very difficult. Some of the common artifacts observed in the etching process
are shown in Figure 1.4. Sidewall bowing, or the curving of the sidewalls, is caused by
factors such as sidewall deposition and angular dependence of the etching yield*.

Microtrenching refers to the enhanced etching that occurs at the bottom of the etched
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sidewall, and it is caused by ions reflecting from curved sidewalls, resulting in a high ion
flux at the foot of the sidewall*®. The formation of microtrenching also depends on the
type of plasma chemistry involved. For example, while microtrenching is absent in HBr-
based plasma, it is always observed in chlorine-based plasma etching’. Facets are formed
due to the sputtering of the corners of the mask during the etching process, and these
facets may affect the further etching of the surface by altering the trajectory of the ions
scattered from the facet. Undercutting, or lateral etching into a layer, occurs at the
interface of two materials where one material is resistant towards etching, and it is often

caused by isotropic spontaneous etching or by ions scattering off a neighboring mask®’.

faceting

sidewall bowing undercutting

microtrenching

Figure 1.4: Common artifacts in plasma etching process. Common artifacts include sidewall bowing,
microtrenching, faceting and undercutting.
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1.5.  Line-edge roughness (LER)

In addition to the etching artifacts mentioned in the previous section, the post-etch
roughness on a sidewall also contributes to the imperfection of feature profiles. A sample
atomic force microscopy (AFM) image of a roughened sidewall is shown in Figure 1.5.
In between the development of the photoresist and the plasma treatment, the sidewall
roughness on the photoresist is isotropic (Figure 1.5a), but the sidewall is slightly striated
along the direction of ion beam and becomes anisotropic during the etching of the anti-
reflective coating (ARC) layer (Figure 1.5b). The striations are further propagated down
the sidewall after the subsequent etching of the SiO, layer. This roughening of the
sidewall is often referred to as line-edge roughness (LER). There are many factors that
contribute to LER during the etching process, but the primary cause of LER is the
templating effect, in which striations formed in the mask prior to substrate etching act as
templates that transfer roughness to lower layers as they are etched'®. However, as it can
be seen in Figure 1.5, the roughness of the mask continues to increase with etching.
Therefore, the sidewall roughness of the final etched feature may result from the
roughening of the sidewall in each step of the process, including lithography and etching

processes.
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Figure 1.5: The AFM images of the feature sidewall at different step in the etch process. (a) After photoresist
development, before plasma etching, (b) after N2-H2 organic ARC open, (c) after 90 seconds of oxide
etching in fluorocarbon plasmas. (Ref. 10)

The sidewall roughness of the photoresist that develops during the lithographic
process is often called top-LER, and numerous researchers have explored the sources of
post-development top-LER. Some of the common sources of post-development
roughness on photoresist include low aerial image contrast'' or mask imperfection'*"
during exposure, insufficient developing time'?, and a wide polymer molecular weight
distribution in the photoresist'*'*.

The effects of post-development roughness on subsequent etching steps were also
studied extensively. Yahata et al'* found that the sidewall of the photoresist with a wider
molecular weight distribution roughened significantly more than one with a narrow
distribution after developing and subsequently showed that the sample etched using a
roughened photoresist mask resulted in a rougher sidewall. Rasgon et al. found that the
sidewall roughness of an etched feature can be minimized by maintaining a smooth
sidewall during ARC opening through modification of the etch chemistry'®'®. While it is
obviously important to minimize the roughness of the photoresist mask before etching

subsequent layers, it is also crucial to minimize further roughening of the photoresist in

subsequent etching steps. It was found that the deformation of the photoresist during
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etching may be reduced by pre-treating the photoresist with plasma such as HBr and H,
in between the lithographic and plasma etching processes'”'®, This pretreatment
becomes more important as 193 nm photoresists replace 248 nm photoresists because 193
nm photoresists have poor etch resistance due to their high content of oxygen atoms
(from carbonyl groups) which increases the etching rate of the photoresist'®?°. Kim et
al’! investigated the roughening of the photoresist during dry etching of silicon nitride
with CF4/CHF3/O,/Ar chemistries. They found that the two major morphology changes
in the surface of the photoresist during etching are striation and wiggling. Striation
results from the variation in erosion rate at the top part of the photoresist caused by ion
bombardment and fluorocarbon polymer deposition. Wiggling or zigzagged collapse of
the photoresist results from the slimming of the photoresist and deposition of the
fluorocarbon polymer during etching, and it is enhanced by thermal heat. They found
that the most critical parameters to minimize the deformation of the photoresist, and thus
the sidewall roughening, are chamber pressure and ion energy.

In addition to patterned samples, the roughening of blank substrates such as Si,
SiO, and various dielectric materials have also been studied'®**?*. More specifically, the
etching kinetics and surface roughening profiles were characterized under varying
conditions of plasma chemistry, ion energy, and ion angle of incidence. Yin et al**?*
examined the angular dependence of etching yields of polysilicon and dielectric materials
in Cly/Ar and fluorocarbon plasmas with various ion energies and plasma source
pressures. They found that at low plasma source pressure (low neutral-to-ion ratio), the
angular dependence of etching yields was more sputter-like, and the etching yield peaks

at 60°~70° off-normal angle of ion incidence. By contrast, at high plasma source pressure
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(high neutral-to-ion ratio) the angular dependence of etching yields resembled that of ion-
enhanced etching, where the etching yield drops with increasing off-normal angles. They
explained the roughness of the surface etched at different off-normal angles of incidence
using an angular dependence yield curve. In addition to the roughening caused by ion
bombardment, the effects of fluorocarbon polymer deposition on roughening were also
discussed in their study.

It is apparent from the plethora of studies conducted on the plasma etching of
different surfaces that the entire process is an extremely complex one, with parameters
too numerous to fully explore systematically by experimentation. This has, as a result,
prompted the development of simulators that can profile the etching of surfaces under

various physical and chemical conditions.

1.6.  Modeling and simulation of etching processes

The development of feature scale simulators is important in order to understand
the contributions of each of the processing parameters in the etching process because it is
difficult to distinguish between them in purely empirical studies. Furthermore, the ability
to predict feature profile evolution and surface roughness for various process conditions
can greatly reduce the time and cost of process development and optimization. Some of
the previous simulation efforts on surface evolution in etching, deposition and
lithography processes will be discussed later in greater detail. There are generally 4
broad categories of algorithms, though some simulators fall into more than one category

because a combination of multiple algorithms is implemented into a single simulation.
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1.6.1. String methods

In these methods, the surface is represented by a string of points or nodes
connected by straight line segments. Each point moves with a fixed etching or deposition
rate along the surface normal, which is approximated by the bisector of the angle defined
by a vertex and its two adjacent vertices. The positions of the nodes are updated and the
points are then reconnected. The advantages of this method are that the surface
propagation is straightforward, and the representation of the interface can be very
accurate for the case where the surface topology does.not change drastically. However,
the profiles may be unstable or inaccurate if the time integration step is large or when
sharp discontinuities are present in the surface because of the possible formation of
surfage loops, in which the surface intersects with itself. Thus, an additional algorithm is
required to remove these loops. Another disadvantage is that it is difficult to include all
the physics and chemistry involved in the etching process, and the composition-
dependent properties of the surface cannot be incorporated. In addition, the extension of
this method to three dimensions is difficult because in-line segments are changed into
triangles or polygons that are even more difficult to keep track of. Nonetheless, this
method has been used extensively in 2-D simulations of etching and deposition
processes”®’. Tuda et al*® employed a 2-D string method to simulate the effects of ion
temperature and energy on the etch anisotropy for different neutral-to-ion flux ratios in
the etching of Si in Cl, plasma. Zier et al*’ developed a 2-D simulator using the string
method to model the development of facets and ripples on ion bombarded surfaces.
Hamaguchi dt al*® improved on the string method by incorporating the entropy condition

for a given etch rate to accurately calculate slope discontinuities. Scheckler et al”
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extended the 2-D string based model to 3-D, where the motion of facets was successfully

tracked, but it required an additional algorithm for eliminating surface loops.

1.6.2. Method of Characteristics

In this method, the evolution of the interface is defined by a system of ordinary
differential equations that are solved numerically to obtain the final feature. Singh et al*°
used this method to explore the effects of re-emission of chemical reactants from the
surface and their diffusion along the surface in the etching of Si with SFs. Shaqgfeh et al*!
showed the effects of line proximity and aspect ratios on etched profiles. Katardjiev et
al’? extended this method to 3-D and demonstrated topographical simulations of chemical
vapor deposition and reactive ion etching. Shaqfeh et al’’ compared the method of
characteristics with the string method and showed that the former is more accurate and
efficient. As an example, the string method often causes errors when the surface slope
varies drastically, but the method of characteristics avoids this problem since the
trajectories are not limited to the direction of the surface normal. Based on this method,
however, it is still difficult to incorporate surface composition dependent properties and

accurate physical and chemical mechanisms to the simulation.

1.6.3. Level set methods

Level set methods are a robust and accurate technique for tracking complicated
motions at the interface, which approximates the equations of motion using hyperbolic
conservation laws™. In this method, sharp gradients and cusps can be tracked easily, and

the effects of curvature can also be incorporated. Makabe et al** simulated feature
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profiles of SiO, trenches and explored the effects of feature-formation under charged and
neutral deposition in 2-D. Hsiau et al* incorporated the level-set method into Stanford’s
SPEEDIE code in order to simulate etching and deposition. They demonstrated the high
efficiency and stability of the level set method and easy extension of the simulation to 3-
D. However, the surface composition dependence cannot be considered while the
surfaces advance, and it is difficult to include all the physics and chemistry involved in
the etching processes. Therefore, its use is limited to the topographical simulation of

surface evolution that involves little or no compositional dependences.

1.6.4. Cell-based methods

In these methods, the computational domain is divided into a set of cells which
contain volume fractions of different materials. The cell boundaries are used to
reconstruct the surface. The advantages of this technique are that they can easily handle
topological changes and can be extended to 3D. In addition, the cell-based method can
track the composition of the surface, which is an important factor in the characterization
and understanding of surface processes.

The cell-based method has widely been used due to its robustness, as exemplified
by the work of Hwang et al*’, who developed a two-dimensional cell-based profile
simulator to explore surface evolution during the over-etching of polysilicon-on-insulator
structures. Micro-trenching, which is commonly observed in the chlorine etching of
silicon, was simulated successfully using the cell-based method in 2-D*’?%. The cell-

based method has also been employed in the simulation of photolithography processes in

3-D*.
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The disadvantages of the cell-based method include difficulties in determining
geometric properties such as surface normals and curvature, and in practice also require
more memory and CPU resources than the other methods mentioned. The large amounts
of memory and computational power required are not considered as major problems due
to recent advances in computer architecture, but a good method of calculating the

1¥7 fitted a line

geometric properties still remains as a major challenge. Mahorowala et a
to neighboring cells on a 2-D surface using a linear least squares method in order to
compute the surface normals, but this method limits the curvature that can be captured.
Zhou et al*® developed a string-cell hybrid method to simulate the Bosch process in
which the surface advancement was kept track of with the string method and the
materials of the surface were kept track of with a mesh of cells. Similarly, Fujinaga et
al*! combined the concepts of the cell-based and string-based algorithms to develop a 3-D
topography simulator. They defined the surface as the region where the normalized
number density of particles is between 0 and 1, and the equi-volume rate point (EVRP),
where the density is 0.5, were defined for each surface cell. The surface was represented
by polygons formed by connecting these EVRPs. They showed the accuracy of the
algorithm by simulating isotropic etching, deposition as well as anisotropic etching
processes. However, although the overall macroscopic structures were captured well by
the simulation, capturing the microscopic roughness of the surface has so far been elusive.

We employed the cell-based technique to model the surface advancement in our

own profile simulator because of the ease of incorporating the compositional dependence.

Combining this technique with the local polynomial fitting of surface features for the
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calculation of their geometric properties allowed for the modeling of surface roughness

evolution, which was the primary objective and basis for the work presented in this thesis.

1.7.  Thesis objective

The primary objective of our simulation efforts was to develop a generalized 3-D
profile simulator that could effectively capture the microscopic surface roughening as
well as the macroscopic surface profile evolution, and to gain a fundamental
understanding of the surface roughening mechanisms through simulation. To this end,
our developed simulator is robust and has the ability to incorporate realistic surface
kinetics that can model both etching and deposition. This work focused on surface and
sidewall roughening during the plasma etching of polysilicon, which is significant
because although there exist many 2-D and 3-D simulators that can model the profile
evolution of different processes, there is currently no simulator to the best of our
knowledge that explores the roughening mechanisms in etching processes in detail.

In Chapter 1, the development of the 3-D profile simulator that employs cellular
representation for the surface along with the Monte Carlo modeling of mass transport and
kinetics will be described. The local geometric properties of surface features were
calculated by fitting to a polynomial surface, which allowed for a more accurate
description of the surface normal and local curvature. This novel approach for 3-D
simulation was justified by comparing to the theoretical advancement of the surface in

the case of isotropic and anisotropic etching.
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The simulator was then used to explore the roughening of the surface during the
physical sputtering of a blanket silicon surface by argon ion bombardment. Although this
may seem irrelevant to studying the sidewall roughness of patterned films in plasma etch
systems, it is important to first understand and establish the roughening mechanisms for a
simple physical sputtering process, which is attributed only to ion bombardment and does
not involve other complicated factors such as surface chemical reactions. In Chapter 2,
the effects of various etching parameters such as the ion angle of incidence, the angular
dependence of the etching yield, and the angular distribution of scattered ions on surface
roughening were studied. The results were compared with surface roughening trends that
are experimentally observed in physical sputtering processes described in the literature.

Finally, the simulator was used to model the sidewall roughness during the
etching of patterned polysilicon films. The effects of photoresist mask roughness and the
propagation of roughness along the sidewalls during the etching process were

investigated and qualitatively compared with experimentally observed trends.
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2. 3-D Monte Carlo Profile Simulation

2.1. Introduction

The development of profile simulators has been a great challenge due to the lack
of a complete understanding of physical and chemical processes on surfaces, and yet
there is great need for them due to the numerous compounded parameters involved in
surface reactions that would make exploration by experimentation extremely laborious
and expensive. It is well-known that the final feature profile and surface roughness are
the results of competing effects such as etching, deposition, ion-bombardment-induced
roughening and diffusion-induced smoothing, making the overall process a very complex
one. It is, however, necessary to account for all dominant physical and chemical
processes in order to study the effects of the competing processes and accurately model
their underlying mechanisms.

There have been many efforts made in developing profile simulators in 2-
dimensions, and some of the common techniques employed include string methods'?,
level-set methods', and cellular-based methods*’. Although many of the simulation
techniques that were deemed sﬁccessful in 2-dimensions have been extended to 3-
dimensions®®, it is highly possible that the unresolved issues that were present in the 2-
dimensional simulations were also carried over to the 3-dimensional simulations.
Furthermore, it is conceivable that these extensions to 3-dimensions will face additional
problems that were not encountered in 2-dimensional cases, as discussed in Chapter 1.

Amongst the different existing algorithms used to simulate surface profile
evolution, the Monte Carlo technique, in conjunction with a cell-based method, was

preferentially used in this work. The main advantage of using this method over others is
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that it is relatively easier to incorporate physical and chemical processes during the
etching process because of the lack of convergence issues faced by other methods.
Stochastic variables were sampled from certain probability distributions to predict the
behavior of a real system, and discretization of the simulation domain allowed us to keep
track of surface composition at each position.  In addition, the cellular representation
allowed for the modeling of the surface roughening process, which is difficult to model
by deterministic techniques due to its stochastic nature. Although the combination of
cellular representation for the surface with Monte Carlo modeling of mass transport and
kinetics expectedly requires greater computational power and memory, current computer

architecture allows for this method to be feasible.

2.2.  3-dimensional cellular representation for tracking material compositions

The simulation domain was discretized into cellular cubes, each containing
certain materials. The length of each cell was 2.5 nm which is comparable to the
dimensions associated with atomic mixing in ion induced processes’. Therefore, the
composition in each cell was assumed to be uniform without a compositional gradient.

Particles were introduced randomly along the source plane above the surface,
which represents the plasma sheath, one at a time, and they were tracked until they
impinged on the surface cells. The compositional information on each cell was stored
and updated each time the incoming particle interacted with that cell in order to track the
deposition and removal of materials. If the particle was scattered from the surface, the

particle was tracked again until it struck another part of the surface or left the top of the
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simulation domain. The atomic density was assumed to be constant, i.e. the number of
particles in each cell was kept constant by removing or adding cells as the cells become
empty or overfilled to model the etching and deposition during the process. Each cell
was labeled according to different material types, such as a gas or empty cell, a
polysilicon cell, or a photoresist cell. This process was repeated for more than a million

times, which provides a sufficiently large sample for simulating a real system.
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Figure 2.1:  3-D simulation domain. Simulation domain was discretized into cellular cubes with dimension of
2.5 nm. Particles were introduced from the source plane one at a time, and as they interact with the
surface, the surface composition information was updated to track the etching and deposition of materials
during the process.

A periodic boundary condition was applied to four sides of the domain so that a
feature represents an infinite surface with line and space, and a particle that leaves the
domain from one side appears on the opposite side. Particles in the sheath were assumed
to be collisionless due to standard low pressure conditions, and therefore each particle

was introduced serially, and the interactions between particles were neglected.
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The cellular representation of the surface allows flexibility in surface
conformations, including patterned films as well as blanket films, as shown in Figure 2.2.
The angle of incidence of incoming ions can also be controlled, and this is very useful in

analyzing the effect of angles of incidence on surface roughening processes.

polysilicon

(a) (b)
Figure 2.2:  Sample of simulation results. This 3-D Monte Carlo simulator is capable of modeling profile
evolution (a) as well as the roughening of blanket film in sputtering process (b).

A flowchart of the simulation is shown in Figure 2.3. Each step in the flow chart

will be discussed further in the following sections.
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Figure 2.3:  Algorithm of the simulation process. The initial position, composition and trajectory of a particle
were sampled from their respective distributions, and the particle was tracked until it reached the surface
cell. The incident angle and local surface curvature were determined by estimating the local surface
topography. The surface process is determined based on this incident angle and surface curvature, the ion
energy and the composition in the interacting cell. If the particle was incorporated, the compositional
information of the cell was updated, and depending on the number of particles in the cell, a cell was added
or removed. If the particle was not incorporated, it was scattered from the surface and was tracked until it
hit another part of the surface. This process was repeated more than a million times.

2.3.  Trajectories of ions and neutral particles

Ions and neutrals were introduced from the source plane above the top of the
feature at a random lateral position. Ions were then transported directionally towards the
surface due to the electric field generated, while neutrals were transported with no
preferred direction. The trajectories of ions and neutrals were determined by random

sampling from Gaussian distributions and cosine distributions, respectively'®. The
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particle was stepped one cell length at a time until it reached a surface cell. Surface
interactions were determined probabilistically based on a surface kinetics model, and if
the particle was reflected from the surface, its trajectory was tracked until it reached
another surface. This process was repeated until the particle was adsorbed onto a surface
cell or had escaped from the top of the simulation domain. Ions were assumed to reflect
specularly about the surface normal, with a small dispersion characterized by a Gaussian
distribution. Neutrals were assumed to scatter non-specularly, where the particles were
re-emitted from the surface after equilibrating thermally, and their trajectories were

characterized by a cosine distribution about the surface normal.
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Figure 2.4:  Particle distributions. Ion and neutral trajectories were sampled from Gaussian distribution and
cosine distribution, respectively.

2.4. Computing a local surface topography

Interface or surface cells were defined as cells with at least one gas cell within its
six neighboring cells (top, bottom, left, right, front, back). Incoming particles were
allowed to interact with surface cells to simulate the etching and deposition of materials.

The etch profile and roughness are strongly affected by the variations in flux as well as
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the scattering of particles from the surface, therefore it is crucial to determine accurately
which cell a particle should interact with in order to prevent any artifacts. To compute
the flux to a surface and the scattering of particles from a surface in the 3-D profile
simulation, a smooth polynomial surface was fitted to the surface cells in the local area
where the particle has struck (Figure 2.5). This method has a significant advantage over

other methods, as explained below.

(a) (b)
Figure 2.5:  Polynomial surface fitted to the neighboring surface cells. Local area of the surface in the range of
+3 cells (a) was fitted with the 2nd order polynomial surface (b). Center points of surface cells, shown in
black, were used in least squares fitting.

If the surface were represented by the outer edges of the surface cells, exaggerated
shadowing would occur and the flux to the protruded cells would be increased, which
would lead to unrealistic surface profiles. To prevent these artifacts, Mahorowala
developed a 2-D profile simulator which uses the lines connecting the centers of adjacent
cells to compute the flux to the surface’. However, this method is not appropriate for the
3-D profile simulation. It is possible to connect the centers of adjacent cells to form
triangular planes (Figure 2.5a, b), but there are some cases where planes cannot be
formed. For example, when two cells are stacked, the surface is represented by a line
instead of a plane, and this prevents any flux to these cells (Figure 2.5¢c, d). Therefore, a

more complex algorithm would be required in order to apply a similar method in 3-D.
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There are some simulators implementing the mesh of points connected by line segments
to form triangular facets, but they often result in topological instabilities such as surface
loops that are formed when the etching front intersects with itself''. These surface loops
must be detected and removed as they are formed to prevent any unphysical surface, and

this requires additional computation time.

(@ (b) (c) (d)

Figure 2.6: Comparing 2-D and 3-D surface representations. In 2-D simulation, surface may be represented
by simply connecting the center points of neighboring cells as shown in (a) and (c). This may be extended
to 3-D simulation by forming a series of triangular planes as shown in (b) and (d). However, in (d), part of
the surface is represented by a line instead of a plane. This is unphysical because line cannot receive any
flux, preventing any flux to these cells. Therefore, a fitted polynomial surface was used instead.

By allowing the incoming particles to interact with the polynomial surface instead
of a cubic cell surface, exaggerated shadowing and increased flux to the protruding cells
can be prevented. In addition, least squares fitting would be a straight forward method
with minimum convergence problems such as surface loops that are often created in
string-and-node and triangular-mesh algorithms. By fitting a second or higher order
polynomial, curvature of the surface can also be approximated, which plays an important

role in simulating surface roughening mechanisms.

2.4.1. Least squares polynomial fitting
The least squares fitting of a polynomial is a simple, yet computationally
intensive method. Fortunately, today’s computational power allows this method to be

viable. The general equation for least squares fitting is
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S= i(zi _f(xi’yi))z

i=1

(Eq. 1)

where z, is the ith data point, S is the sum of the squares of the vertical deviations of a

set of n data points from a function f. In the model, a 2™ order polynomial surface was

fitted to the surface cells in the range of +3 cells (Figure 2.5). This range was chosen so

that the model could capture the surface curvature in the scale of interest, while

minimizing the amount of computation that increases with range. A 2™ order polynomial

instead of a higher order polynomial, was chosen to minimize the numerical singularities

as well as the amount of computation. Thus, in this model, function f is given by

f(x,y)=bx"+b,y” +bx,y, +b,x, +b.y, +b
270 1% 271 3V i 5 6

(Eq. 2)

where b, ~ b, are unknown parameters to be determined. To solve for parameters b,,

the equations are written in matrix form,
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(Eq. 3)

(Eq. 4)

where A is an n-by-6 matrix where n is the number of cell center points, b is an

unknown parameter vector with 6 components, and Z is the z component for each cell

center points. The goal is to find a solution 5 for the equation, which gives the

minimum deviation of a fitted polynomial surface to the cell center points. This was

46

t



solved by premultiplying by the matrix transpose A" and inverting to yield the solution

vector

b=(ATA)"'A" 2. (Eq. 5)
This can be solved by LU decomposition or any other common methods for solving

matrix equations.

2.4.2. Rotation of a coordinate system

The matrix described above may be ill-conditioned or solutions cannot be found
depending on the surface conformation. For example, when the polynomial surface was
fitted to neighboring cells on the sidewall (Fig. 2.7a), the fitted surface is a horizontal
plane (Fig. 2.7b) instead of a vertical plane (Fig. 2.7¢) which represents the surface more

accurately.

(b) (c)

Figure 2.7:  Polynomial surface fitting on a sidewall. If the polynomial which is a function of x and y were
fitted to the sidewall (a), the least squares fitting does not give an accurate representation of the surface (b).
The fitted surface is a horizontal plane (b) where as the more correct surface representation should be a
vertical plane (c).

These problems can be avoided by rotating the coordinate system based on the

surface structure. More precisely, z-direction vector was rotated according to the location
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of a center of mass with respect to the center of the cell under consideration. This
calculation is shown in Figure 2.8 in 2-D, for simplicity. The red point is the location of
a center of mass within this range (3 cells), and the z-coordinate in the new coordinate
system points from the center of mass towards the center cell. See Appendix for more
details. This rotation of coordinates allows for an accurate representation of the surface

for any surface conformation.

(a) (b) (c)

Figure 2.8:  Calculation of the center of mass. The direction of z-coordinate was determined by the vector
pointing from the center of mass (red point) to the center point of the cell under consideration. Based on
the surface conformation, the new z-coordinate could point up (a), to the side (b), down (c) or any other
directions.

2.5.  Particle interaction with the surface

Each particle was advanced step by step until it reached the surface cell. The
particle was then advanced further until it crossed the locally fitted polynomial surface.
The intersection of a trajectory and the polynomial surface was determined by a simple
bisection method. The particle interacted with the cell where the intersection point was
located. If the intersection point were located in an empty (gas) cell or in a non-surface

cell, the closest surface cell along the surface normal was selected.
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(a) (b)
Figure 2.9:  Particle intersecting the fitted polynomial surface. When the particle reached the surface cell, the
intersection of the particle trajectory and the fitted surface was calculated by a bisection method.

2.5.1. Surface processes

The Monte Carlo algorithm allowed for the incorporation of the physics and
chemistry of the dominant processes in plasma etching by considering the probability of
occurrence of each kinetic process on the surface. Surface interactions considered were:
sticking or incorporation of particles into surface cells, scattering of ions and neutrals,
ion-enhanced etching or physical sputtering of surface materials, and re-deposition of
etching products. These interactions are highly dependent on many different factors such
as the ion angle of incidence, surface curvature, surface composition, and ion energy'*'.

Based on the surface processes that occurred, particles were either added or removed

from a surface cell.

2551 Angular dependence of etching yield and ion scattering
There are many studies showing the dependence of the ion’s angle of incidence

1314 The angular dependence varies greatly depending on the

on surface etching rates
process conditions such as gas composition and surface materials, which can be

characterized as either physical sputtering or ion-enhanced etching. Physical sputtering
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involves energetic gaseous ions in a plasma to knock off, or sputter, the atoms from a
target surface. Typically, the etching yield peaks at 60° to 75° off-normal to the surface
(Figure 2.10), at which the incoming atoms can most efficiently transfer momentum to
the surface atoms for sputtering. The theory of sputtering will be discussed in more detail
in the next chapter. In ion-enhanced etching, such as in chlorine-based plasma, there is
no yield peak as seen in sputtering. Instead, the yield remains constant up to certain off-
normal angles and decreases monotonically as the angle of incidence becomes more
grazing'®. In both cases, the etching yield drops at high off-normal incidence due to the
increase in ion scattering. The examples of normalized etching yield curves are shown in

Figure 2.10.

Etching yield vs. angle of ion incidence
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Figure 2.10: Angular dependences of ion-enhanced etching and physical sputtering on etching yield. The ion-
enhanced etching (CI2 plasma) yield remains constant up to a certain off-normal angle and decreases
monotonically at high off-normal incidence, whereas the physical sputtering yield increases with off-
normal angles of incidence and peaks at around 60° to 75°.

Calculation of the angular dependence of the etching yield proceeded next by

combining the concept of probability with the angular dependence of etching yield data
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obtained from beam experiments>'®. The probability of each incoming ion to be

incorporated into a surface cell and cause etching was determined from the etching yield
curve. If the ion was not incorporated into the surface cell, it would scatter from the
surface without causing etching, and would be tracked until it reached another part of the
surface. In other words, the etching yield curve represents the reaction probability, and
the scattering probability is given by one minus the reaction probability, as shown in
Figure 2.11. As noted previously, in both ion-enhanced etching and physical sputtering
processes, the decrease in etching yield at high off-normal ion angles of incidence is due
to the increase in scattering probability. In physical sputtering, however, the yield is also
decreased at low off-normal ion bombardment angles because the momentum of
incoming ions cannot be transferred effectively to the surface to cause bond breakage,
and not because of the particles scattering from the surface. Although some ions may
still be reflected from the surface after bombarding the surface at near normal incidence,
most of the incident energy will be transferred to the surface (>90 %), and the resultant
reflected ions are less likely to cause any etching'’. It was therefore assumed that

scattering occurs only at very grazing ion angles of incidence, as shown in Figure 2.12.
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Figure 2.11: Ion scattering probability in ion-enhanced etching process. The etching yield decreases
monotonically with the off-normal ion bombardment angle, and the scattering probability increases with
the off-normal ion bombardment angle.
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Figure 2.12: Ion scattering probability in physical sputtering process. The etching yield increases with the off-
normal ion bombardment angle, peaks at around 75°, then decreases at a grazing ion angle of incidence
due to high scattering probability. The low etching yield at near normal angles is due to the inefficiency of
momentum transfer by ions to the surface to knock atoms off the surface.

2.5.1.2: Curvature dependence on etching yield

According to sputter theory, the etch rate also depends on the local surface
curvature'>, which is generally difficult to determine when cell-based methods are used.
However, the use of polynomial surface fits allows for an approximation of the local

surface curvature to be more straightforward, thus allowing the etch rates to be modeled
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more effectively. More details on sputter theory and curvature dependence will be

discussed in the next chapter.

2.5.1.3. Surface kinetics modeling

The Monte Carlo algorithm, combined with cellular surface representation allows
for the incorporation of detailed surface kinetics, which in turn determines the etch yield
based on ion energies, surface composition, incoming flux, and angles of incidence.
Mixing-layer kinetics modeling, proposed by Kwon and Sawin'® and expanded by Guo et
al'’, is suitable for incorporation into this type of profile simulator due to its robustness.
The model postulates that there exists a well-mixed layer between the plasma and the
substrate where all atoms are randomly bonded to each other. This “mixing-layer” is
formed by the continuous bombardment of ions, and all surface processes are assumed to
occur in this region. The surface processes include ion incorporation, absorption of
neutrals, physical sputtering, vacancy generation, ion-induced etching, and the
recombination of atoms on the surface. More details on the model can be found

elsewhere!”.

2.5.2. Surface normal calculation

Since a particle’s interaction with a surface is a strong function of its incident
angle, the calculation of the surface normal is crucial in developing an accurate profile
simulator. Calculation of the surface normal is particularly challenging in a cell-based
method because the surface angles and curvatures cannot be well represented using an

array of cells. In the 2-D profile simulator developed by Mahorowala, a straight line was
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fitted to the neighboring cells using a least-squares approximation’, and the surface
normal was calculated using this line. While this approximation was shown to be
sufficient for a 2-D profile simulation, in a 3-D simulation where the primary goal is to
investigate surface roughening mechanisms, the approximation of a surface with a plane
is not sufficient since it cannot capture the surface curvature and tends to make the
surface unnaturally smooth. Again, these problems can be avoided by using a fitted
polynomial surface. The surface normal was calculated at the intersection point of a
trajectory vector and the fitted polynomial surface. This method allows for an accurate
determination of the surface normal because as shown in Figure 2.13, the surface normal
is different depending on the location of the intersection of the particle trajectory with the
fitted polynomial surface, even within the length of one cell. The polynomial surface was
always fitted to the local area where the particle impinged on the surface, as shown in
Figure 2.14a and 2.14b, and therefore depending on the location of the ion impingement,
the polynomial was fitted to a different set of surface cells. It is not necessary, however,
to fit a different polynomial to a surface every time a particle impinges onto it. The
surface was re-fitted only when the local surface conformation changed, in other words,
when the cells were removed or added within this fitting range. By retaining the
information of the polynomial surface and updating it only when the surface

conformation changed, the amount of computation time can be reduced significantly.
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(a) (b)
Figure 2.13:  Surface normal at the intersection of particle trajectory and fitted polynomial surface. Although
the particle interacts with the same cell in both (a) and (b), slight difference in the location of intersection
results in a different angle of incidence.

Z /

(a) (b)
Figure 2.14: Intersection of particle trajectory and fitted polynomial surface. Depending on where the particle
impinges on the surface, the polynomial surface is fitted to the different set of surface cells.

The main disadvantage in using a higher order polynomial surface instead of a
planar surface is that the trajectory and the polynomial surface may have multiple
intersection points, and it is at times not obvious which the correct intersection point is
where the particle has struck. A second order polynomial was thus used instead of higher
order polynomials because it minimizes the problem of multiple intersections while
effectively modeling the curvature of a real surface.

When ion scattering had occurred, the particle was reflected from the fitted
polynomial surface where it had initially struck, at a specular angle about the surface

normal with a small dispersion (Figure 2.15a). Similarly, when a neutral particle was
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scattered, it was re-emitted from the surface with a cosine distribution about the surface
normal (Figure 2.15b). The particle was tracked until it reached another part of the
surface or escaped from the top of simulation domain. Similarly, etched materials may
leave the polynomial surface with a certain angular distribution and reach another part of

the surface to be re-deposited.

(@ (b)
Figure 2.15:  Scattering of a particle from the fitted polynomial surface. Ion scatters at specular angle about the
surface normal, with small dispersion (a), where as neutral particle is adsorbed and re-emitted from the
surface, resulting in a wider (cosine) distribution (b).

2.6.  Surface advancement algorithm

Etching and deposition of materials were tracked by combining a moving
boundary layer model of an ion-bombarded surface with cellular representation of the
surface. It is known that ion bombardment and surface diffusion create a well-mixed
boundary layer on a surface exposed to plasma'>'®. In the moving boundary layer model,
this layer is assumed to move with the interface as etching or deposition proceeds’. The
boundary layer receives fluxes of particles from both gas and solid phases, as shown in
Figure 2.16, and the composition of the surface layer is determined by balancing the two

fluxes. For example, if particles were removed from a surface, the interface would
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recede and the removed particles would be added to the mixed boundary layer. Similarly,
if particles were deposited onto the surface, the interface would grow and some of the
materials in the boundary layer would be depleted in order to keep the overall particle
density constant. The thickness of this moving boundary layer, or well-mixed layer, was
determined to be about 2.5 nm from angle-resolved x-ray photoelectron spectroscopy
(XPS) measurements on a silicon surface etched by Cl, plasma'®, as well as from
molecular dynamics simulations of ion-induced etching of a silicon surface by

fluorocarbon plasma".

scattered ions, etch products
flux of ions/neutral radicals and sputtered particles

to the surface leaving the surface

surface moves down
due to etching

materialsto |  Substrate
boundary layer .

Figure 2.16: Moving boundary layer model in etching. Tﬁe well-mixed boundary layer moves as the surface
moves due to etching, and the composition in the layer is determined by balancing the fluxes from gas
phase and solid phase during etching.

The moving boundary layer model was incorporated into the simulation by setting
the cell dimension to be 2.5 nm, which is equivalent to the thickness of the boundary
layer, and assuming uniform composition within each cell. Etching and deposition of
materials were tracked by performing an elemental balance for a surface cell each time a

reactant particle interacted with it, and the number of particles of each species in the cell
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was subsequently updated. When a cell became overfilled with particles, a new cell was
added, and the particles were divided equally among the two cells. When a cell became
empty, it was removed to maintain a constant atomic density in the surface layer.

The moving boundary layer model is sufficient to describe the surface
advancement if the surface remains flat during etching or deposition processes. In reality,
however, there will be deviations from the flat surface due to both microscopic
roughening and macroscopic surface conformations. An accurate surface advancement is
necessary to avoid numerical artifacts such as voids and roughness on the order of one
cell length, which would lead to an unphysical surface conformation. Theoretically,
surface advancement proceeds at a rate équal to the etching or deposition rate along the
local normal at each point on the surface, as shown in Figure 2.17. To compute the
surface advancement perfectly, one must consider an infinite number of points on the
surface moving at infinitesimal increments of length. This is the main basis of the string
model’, in which a dense mesh of connected points is used to represent the surface of the
material, and each point is shifted slightly as it is etched. However, the incorporation of
this theory into a cell-based model is not trivial since the etch surface is tracked by cells
instead of points, and cells cannot be added or removed in an exact manner along the
local normal to the surface. Surface advancement is further complicated by surface
smoothing mechanisms such as thermal diffusion'? and diffusion and surface relaxation

2021

induced by ion bombardment To model both “surface advancement along the

2

surface normal” and “smoothing due to surface diffusion” in our 3-D cell-based

simulation, cell addition and removal were effected based on two criteria: how close the
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direction of surface growth is to the surface normal, and how much the surface growth

can keep the surface smooth. This algorithm will be described using examples.

SR SR

(a) (b)
Figure 2.17:  Surface advancement along the local normal. In theory, surface advances along the local normal
at each point on the surface proceeds at a rate equal to the etching (a) or deposition (b) rate.

For deposition, a new cell must be deposited when a cell is overfilled, and the
excess particles will be passed from the overfilled cell to a new cell to maintain a
constant atomic density on the surface layer. The position of a new cell is selected from
the neighboring + 1 cell, where in 3-D, there will be a maximum of 26 positions to select
from. For simplicity, all the examples will be shown in 2-D. In Figure 2.18a, the yellow
cell at the center is overfilled with particles, and the two possible positions for a new cell
are labeled with numbers. The position above cell 2 is not considered because it will
create a hanging cell which is unphysical, and other neighboring cell positions are not
considered since a new cell can be added only to a location that is empty. To advance a
surface approximately along its surface normal, the cell should be added to the position

closest to the surface normal direction.
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(b) (c)
Figure 2.18: Deposition of a new cell. The yellow cell at the center is overfilled, and the two possible locations
for a new cell are labeled with numbers (a). To advance a surface approximately along the surface normal,

the location of a new cell must be closest to the surface normal direction, I (b). At the same time, the
addition of a new cell should keep the surface smooth due to the diffusion-caused smoothing. This is done
by calculating the distance from the fitted surface to each possible location and adding a cell at the
location closest to the fitted surface, as illustrated in (c).

To determine how close the new cell is to the direction of the surface normal, the
angle between the surface normal and the line connecting the centers of the overfilled cell
and each new cell location is calculated. In this example, cell 1 has a smaller angle of
deviation from surface normal than cell 2 (Figure 2.18b), and therefore a new cell should
be added to cell 1 if the surface must advance along the surface normal, ii, as much as
possible. To consider how the addition of a new cell affects the surface smoothness, the
distance from the fitted surface to each possible location is calculated. More specifically,
the normal distance from the fitted polynomial surface to the center of each cell location
was computed. The surface can be kept smooth by adding a cell closest to the fitted
surface because the deviation of the re-fitted polynomial (following fhe addition of a new
cell) from the original polynomial surface is minimized, and a drastic change in surface
conformation can be avoided. As shown in Figure 2.18c, cell 2 is closer to the fitted

surface, and therefore the surface is kept smooth if a new cell is added to this location.
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The two factors must be balanced so that the surface advances along the local
surface normal while keeping the surface smooth. This is done by formulating a simple
optimization function,

f(6,d,)=ab, +bd, (Eq. 6)
where ¢, and d, are the angle of deviation from the direction of the surface normal and

the distance from the fitted polynomial surface to the i cell , respectively. Figure 2.19
shows the angles of deviation and the distances from the fitted polynomial cell for the
example shown in Figure 2.18. Pre-factors @ and » are weighting factors for the
“normal” and “smoothing” components of the surface advancement process respectively,

and their values will be determined and discussed later.

(b

Figure 2.19: Deposition of a new cell, considering both “normal” and “smoothing™ components of the surface
advancement. In (a), angle of deviation from surface normal direction is shown for the two cells. In (b),
the distance from the fitted polynomial surface to each cell considered is shown.

In view of the complexities mentioned above, one may think that modeling
etching should be easier than deposition because a cell is simply removed whenever it
becomes empty. However, this will invariably lead to various unphysical artifacts such
as hanging and floating cells. In order to prevent these artifacts, a surface advancement
algorithm similar to that used in the deposition process was employed. Within our
algorithm, a solid cell to be removed was selected from a group of solid cells within a

range of +1 cell from an empty cell. In the etching process, the empty cell, as well as
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neighboring surface cells, are considered as possible cells to be removed. If a non-empty
cell is to be removed, the particles in this cell will be passed on to an empty cell. In
Figure 2.20, the center cell (cell 2) is empty. The cell to be removed was chosen among
three possible cells, which included the two other neighboring surface cells (1, 3). The

angle of deviation, g, , from the surface normal, ii, was determined for each cell as shown

in Figure 2.20b. The angle of deviation from the surface normal of the empty cell (cell 2)
is assumed to be zero (not shown in the figure) because it is closest to the normal vector.
Thus, the removal of cell 2 will allow the surface to advance closest along the surface

normal. The distance from the fitted surface to each cell,d;, was also calculated in a

similar fashion as in the case for deposition (Figure 2.20c). To keep the surface smooth,
the cell that has the largest distance above the fitted surface must be removed. The
removal of a cell furthest from the fitted polynomial surface allows the re-fitted
polynomial (which is performed after the removal of a cell) to be least deviated from the
original polynomial, whereas the removal of a cell closest to the fitted surface will
enhance roughening by drastically changing the surface conformation. Thus, in this
context, removal of cell 1 will keep the surface smooth compared to the removal of other

cells.
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(a) (b) (©
Figure 2.20: Etching of a cell. The center cell (cell 2) is underfilled. The neighboring surface cells and the
underfilled cell are considered as possible cell to be removed (a). The algorithm is similar to the
deposition case. The angle of deviation from the surface normal (b) and the distance from the fitted
surface (c) were calculated for each cell.

The weighting factors a and b, which correspond to the extents of “the growth
of the surface along the direction of its surface normal” and “the smoothing of the surface
due to diffusion,” respectively, were fixed by matching the surface advancement to a
theoretical scenario for the etching and deposition of various macroscopic surface
features. Theoretically, if the surface is etched by normal ion bombardment with uniform
flux, the initial macroscopic surface features are retained during etching, as shown in the
example in Figure 2.21a. Similarly, when the particles are deposited onto a surface with

macroscopic features, the initial surface conformation is retained (Figure 2.21b).

Ihbdd Sl

(a) (b)
Figure 2.21: Theoretical surface advancement: Direct etching (a) and deposition (b). Macroscopic surface
features are retained when the surface is etched by normal ion bombardment (a) or when the particles are
deposited onto the surface with normal incidence.

Various macroscopic features were explored. For simplicity, all features are

shown in 2-D, where the heights along the axis into the page were averaged. The
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simulations were done in a 100x100x100-cell domain, and the initial features were
constant in the direction that points into the page. The progression of the surface profile,

averaged across the coordinates of the axis that points into the page, was plotted in 2-D.
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Figure 2.22:  Direct etching of macroscopic features. Plots of the surface profile showing its evolution as the
value of the ratio of a to b (i.e. the ratio of “normal” to “surface smoothing” weight factors) was varied
from 0 to 0.5 for peaks with a 45° slope (a — c), a 63° slope (d — f), and a surface with two rectangular
blocks (g —1i).

In Figures 2.22a, b, and c, the two peaks (45° slopes), shown in red, were etched

at normal incidence, with a ratio of a to b at 0, 0.3 and 0.5, respectively. In Figure

2.22a, where the smoothing of the surface was maximized, the surface had some
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curvature which was enhanced as the surface was etched. The rounding of the peaks and
valleys was caused by the fact that the surface conformation was kept as close as possible
to the fitted polynomial surface, and this rounding resulted in instability at the surface,
leading to excessive curvatures on other parts of the surface as well. As the ratio was
increased from 0.0 to 0.3, in other words, as the weight on the “growth of the surface
along its surface normal” was increased, these artificial curvatures decreased. When the
ratio of a to b was 0.3 the surface retained its initial conformation, which matches the
theoretical scenario for surface advancement that was mentioned earlier. Small rounding
of the peaks and valleys due to the polynomial surface fitting was still observed, but it
was not as significant as the case where the ratio of a to b was 0. The slope of the
feature was also retained, without any artificial curvatures. When the ratio of a to b was
increased to 0.5, the result was comparable to that of 0.3. Similar tests with other
macroscopic features are shown in Figure 2.22d-i. In the case of the surface with very
pronounced peaks (63° slopes) (Figure 2.22d, e, f), the results for 3 different ratios of a
to b were comparable to each other. For the surface with two blocks (Figure 2.22g, h, i),
an a to b ratio of 0 (Figure 2.22g) resulted in a surface with many curvatures, as seen in
Figure 2.22a. When the ratio of a to b was 0.3, the surface mostly retained its initial
conformation, though upon increasing the ratio to 0.5 (Figure 2.22i), the top corners of
the blocks were sharpened, causing an artifact. This may be attributed to the decreased
weight of the “smoothing” component in the surface advancement algorithm. Sharpening
of surface features also occurred for a to b ratios above 0.5, especially for peaks which
have sharp vertices as illustrated in Figure 2.23. As the features became even more

pronounced, more artifacts such as hanging cells were formed, leading to inaccurate
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results. While ratios between 0.3 and 0.5 may be employed, there is no point choosing a
value above 0.3 since it minimizes the excessive sharpening of surface features while
avoiding the occurrences of artificial curvatures on the surface. Within the validity of our
theoretical mechanism for surface advancement, these results suggest that an a to b ratio

of about 0.3 is optimal.
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Figure 2.23: Sharpening of the peak at a/b = 0.7. When the peaks with 63° slopes were etched with a to b ratio
of 0.7, undesirable sharpening of the peaks occurred.

Similar tests were done for deposition (Figure 2.24). Some rounding of the peaks,
valleys and corners were observed in all cases due to the nature of the deposition process.
For the peaks with 45° and 63° slopes (Figure 2.24a-f), variation in the ratio of a to b
did not make any significant difference. However, for the surface with two rectangular
blocks, an a to b ratio of 0 resulted in a surface with small curvatures that were not
present in cases with higher ratios. This is similar to the curvatures observed in cases
where etching was considered. For a ratio of a to b above 0.5 (not shown), the peaks
sometimes became sharp, and instability of the surface resulted in artificial roughness.
Figure 2.25 shows peaks with a 63° slope etched using an a to b ratio of 0.7. Although
the sharpening of the peaks was not as significant as in the case of etching, the surface

appeared to have a preferred direction for growth at the peak. In addition, some
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instability of the surface was observed, resulting in an undesirable roughening of the
surface. Therefore, an a to b ratio of about 0.3 in the case of deposition yields

reasonable results, similar to the etching test cases.
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Figure 2.24: Direct deposition of macroscopic features. The ratio of a to b (i.e. ratio of “normal” to “surface
smoothing” components) was varied from 0 to 0.5 for peaks with a 45° slope (a — ¢), a 63° slope (d - f),
and a surface with two rectangular blocks (g — i).
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Figure 2.25: Sharpening and instability of the surface at a/b = 0.7. Increasing the a to b ratio to 0.7 resulted in
an undesirable sharpening and instability of the peaks.

Direct etching and deposition were also tested on half-cylindrical features. The
radius of the cylinder was varied from 5 cells (12.5 nm) to 40 cells (100 nm). When the
cylinder was etched using an a to b ratio of 0, its surface features became distorted,
regardless of its size (Figure 2.26a, d, g), and some instabilities were also observed on the
horizontal surfaces as well. All features were well retained for a ratio equal to 0.3 or 0.5
(Figure 2.26b, c, e, f, h, i), but when the ratio was increased to 0.7, some sharpening of
the features occurred (not shown). Therefore, the best choice for the ratio of a to b was

still 0.3.
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Figure 2.26: Direct etching of a half cylinder. Cylinder with a radius of 5, 20 and 40 cells (12.5 nm, 50 nm and
100 nm) were each etched using an a to b ratio of 0, 0.3 and 0.5. The features were distorted when the
ratio was 0, but they were well retained for a to b ratios of 0.3 and 0.5.

Similarly, when particles were deposited onto a cylindrical surface using an a to
b ratio of 0, its features became distorted regardless of its radius (Figure 2.27a, d, g).
Some instability was also observed on the horizontal part of the feature. Even when a
ratio of 0.3 or above was used, the features were not as well retained as in etching (Figure
2.27b, ¢, e, f, h, i) due to the smoothing caused by deposition, but the instability on the
horizontal surfaces was not observed. Therefore, the best value for the ratio of a to

b was still 0.3.
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Figure 2.27:  Direct deposition of particles on a half cylinder. Particles were deposited onto a half-cylinder with
a radius of 5, 20 and 40 cells (12.5 nm, 50 nm and 100 nm) using a to b ratios of 0, 0.3 and 0.5. The
features were distorted when the ratio was 0, but they were well retained for the ratios 0.3 and 0.5.

In addition to direct etching or deposition, the surface advancement algorithm was
also tested for the case of isotropic etching or deposition, where each point on the surface
advances equally in all directions. As shown in Figure 2.28, since the surface grows
equally in all directions, the surface conformation may be predicted by drawing a series
of circles with constant radii along the surface and connecting the edges. For the
isotropic etching of the surface given in Figure 2.28a, the peaks remain sharp but the

valleys or the bottom corners are rounded during the process. For isotropic deposition,

70



the valleys remain sharp, but the peaks are rounded as depicted in Figure 2.28b. This
feature was used in the simulation, with an a to b ratio of 0.3 which was the optimal value
obtained from considering the cases of direct etching and deposition. To model isotropic
flux, particles were introduced from the top of the simulation domain with a cosine
distribution, and the sticking probability of the particles was set to 1%. When the
particles did not stick to the surface, they left the surface with a cosine distribution as
well. The simulation results for isotropic etching and deposition are shown in Figure
2.29 (open circles). The theoretical surface advancement was also calculated and plotted
alongside the simulated surface for comparison (Figure 2.29, blue lines). As shown in
Figure 2.29, the simulated surface matches the theoretical surface well. In Figure 2.29b,
particles are deposited slightly faster at the peak in the simulation compared to the
theoretical surface. This difference may be due to the finite value for the sticking
probability used in the simulation. To simulate a truly isotropic deposition, the sticking
probability must be infinitely small so that each point on the surface receives equal flux.
The higher the sticking probability is, the higher the chance for particles to stick to the
top of the peak before reaching the lower part of the slope. Thus, the differences
observed in the simulation may be caused by the stipulated sticking probability of 1%,

which may not be small enough to enable exact matching to the theoretical surface.
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(a) (b)

Figure 2.28: Theoretical surface advancement: Etching (a) and deposition (b) in an isotropic flux. The initial
feature is shown in red. In theory, each point on the surface advances equally in every direction. Isotropic
etching of the surface keeps the peaks sharp and makes the valleys rounded, whereas isotropic deposition
makes the peaks round and keeps the valleys sharp.

(a) (b)
Figure 2.29: Isotropic etching (a) and deposition (b). Simulated surfaces are plotted with open circles, and
theoretical surfaces are plotted with blue lines. Simulation matches the theory well in both etching and
deposition. A value of 0.3 for the ratio of a to b was used in both cases.

The range of the polynomial fitting was chosen to be +3 cells (777 cells),
which allows the simulation to capture a minimum radius of curvature of about 3 cells, or

7.5 nm if each cell was assumed to be 2.5 nm in dimension. This assumption is sufficient
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since the surface roughness of interest is greater than or of comparable dimensions, and
the smoothing caused by surface diffusion is also at a similar length scale. While it is
possible to use a smaller cell size and fit the surface over a larger range to capture a more
detailed surface structure, the computational requirements would drastically increase and
the efficiency of the simulation would consequently be greatly reduced. In order to check
the effects of different cell sizes, a surface with a sinusoidal wave-like profile was etched
with normal particle bombardment using two cell sizes: 2.5 nm and 1.25 nm (Figure
2.30). A second order polynomial was fitted to a 77 7 (£3 cells) and 13 13 13 (6

cells) cell range for cell-sizes of 2.5 nm and 1.25 nm, respectively.

Cell size

1.25 nm

Figure 2.30: Cellular representation of sine wave with different cell size. The second order polynomial was
fitted to 77 7 and 13 13 13 cell range for the case with cell size of 2.5 nm and 1.25 nm, respectively.

The simulation results for the direct etching of a sinusoidal wave surface using a
2.5 nm cell size are shown in Figure 2.31. The amplitude and wavelength of the initial
sinusoidal surface were varied from 3 to 5 cells (7.5 to 12.5 nm) and 20 to 40 cells (25.0
nm to 50.0 nm), respectively. The results showed that although the peaks and valleys of

the sinusoidal surfaces were slightly rounded due to polynomial fitting, their
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corresponding amplitudes and wavelengths remained constant after continued etching
with directional ion bombardment. The same surface profile represented by cells of
smaller dimensions was also allowed to undergo the same etching conditions (Figure
2.32), and the results were not significantly different from the case using a larger cell size.

We therefore conclude that a cell size of 2.5 nm is sufficient for surface representation.
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Figure 2.31: Direct etching of sinusoidal wave-like surface using 2.5 nm cell size. The polynomial was fitted
to a +3-cell range in the surface advancement algorithm. The amplitude (h) and wavelength (1) of the
initial sinusoidal wave structure was varied. (a) h =3 cells (7.5 nm), A = 10 cells (25.0 nm); (b) h=15 cells
(12.5 nm), A = 10 cells (25.0 nm); (c) h =3 cells (7.5 nm), A = 20 cells (50.0 nm); (d) h =5 cells (12.5 nm),
A =20 cells (50.0 nm).
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Figure 2.32: Direct etching of sinusoidal wave surface using 1.25 nm cell size. The polynomial was fitted to
+6-cell range in the surface advancement algorithm. The amplitude (h) and wavelength (L) of the initial
sinusoidal wave structure was varied. (a) h = 6 cells (7.5 nm), A = 20 cells (25.0 nm); (b) h = 10 cells
(12.5 nm), A =20 cells (25.0 nm); (c) h = 6 cells (7.5 nm), A = 40 cells (50.0 nm); (d) h =10 cells (12.5
nm), A = 40 cells (50.0 nm).

2.7.  Conclusion

A 3-D Monte Carlo simulator was developed to model the surface advancement in
etching and deposition processes. The simulator employed a Monte Carlo algorithm to
model mass transport and surface reaction kinetics and a cell-based representation for
tracking surface compositions, allowing for the incorporation of both physical and
chemical processes that occur in plasma etching. The local surface topography was
simulated by fitting to a polynomial surface, from which the surface normal was
computed. This departure from the more conventional cubic representation of the
exposed surface avoids exaggerated shadowing that causes excessive flux to protruded
cells, resulting in unrealistic surface profiles. In addition, the local surface curvatures can

be determined accurately. The surface advancement algorithm in the simulator
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considered both the movement of the surface in the direction of the surface normal and
the smoothing of the surface caused by diffusion and surface relaxation. The two
components were balanced by formulating an optimization function, and the weights on
each component were determined and confirmed by simulating etching and deposition
processes on various macroscopic surface features. The good match between our
simulation and the corresponding theoretical surface conformation in each case verified
that our surface advancement algorithm has a sufficient basis for incorporating further

complex factors in the plasma etching process.

2.8. References

1.  W. G. Oldham, S. N. Nandgaonkar, A. R. Neureuther and M. O’Toole, IEEE
Transactions on Electron Devices 26, 717 (1979).

2. M. Tuda, K. Ono and K. Nishikawa, Journal of Vacuum Science and Technology B
14, 3291 (1996)

3. D. Adalsteinsson and J. A. Sethian, Journal of Computational Physics 120, 128
(1995).

4. E. Strasser and S. Selberherr, IEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems 14, 1104 (1995).

5. A. Mahorowala and H. H. Sawin, Journal of Vacuum Science and Technology B 20,
1064 (2002).

6. E. W. Scheckler, N. N. Tam, A. K. Pfau and A. R. Neureuther, IEEE Transactions
on Computer-Aided Design of Integrated Circuits and Systems 12, 1345 (1993).

7. M. Fujinaga, N. Kotani, T. Kunikiyo, H. Oda, M. Shirahata and Y. Akasaka, IEEE
Transactions on Electron Devices 37, 2183 (1990).

8.  D. Adalsteinsson and J. A. Sethian, Journal of Computational Physics 122, 348
(1995).

9. M. E. Barone and D. B. Graves, Journal of Applied Physics 78, 6604 (1996).

10. F.J. I Ulacia, C. J. Petti and J. P. McVittie, Journal of Electrochemical Society 135,
1521 (1998).

11. E. W. Scheckler and A. R. Neureuther, I[EEE Transactions on Computer-Aided
Design 13,219 (1994).

12.  R. M. Bradley and J. M. E. Harper, Journal of Vacuum Science and Technology A
6, 2390 (1988).

76



13.

14.

15.

16.

17.
18.

19.
20.
21.

S. A. Vitale, H. Chae and H. H. Sawin, Journal of Vacuum Science and
Technology A 19, 2197 (2001).

J. P. Chang and H. H. Sawin, Journal of Vacuum Science and Technology A 15,
610 (1997). .

H. A. Helmer and D. B. Graves, Journal of Vacuum Science and Technology A 16,
3502 (1998).

O. Kwon and H. H. Sawin, Journal of Vacuum Science and Technology A 24, 1914
(2006).

W. Guo, B. Bai and H. H. Sawin, unpublished.

N. Layadi, V. M. Donnelly and J. T. C. Lee, Journal of Applied Physics 81, 6738
(1997).

D. Humbird and D. B. Graves, Journal of Applied Physics 96, 65 (2004).

R. Ditchfield and E. G. Seebauer, Physical Review Letters 82, 1185 (1999).

M. A. Makeev and A.-L. Barabasi, Applied Physics Letters 71, 2800 (1997)

77



3. Surface Roughening in Physical Sputtering Process
3.1.  Introduction

Ion sputtering has commonly been employed in surface analysis techniques such
as secondary ion mass spectroscopy (SIMS), Auger electron microscopy (AES) and X-
ray photoelectron spectroscopy (XPS)'. Other applications include ion polishing or
milling, surface cleaning, micromachining and sputter deposition. It is known that
sputtering of a surface greatly affects its morphology, and the effects of ion sputtering on
surfaée morphology have been studied extensively during the last several decades in
hopes of having a better control over the topology during the process. One of the
commonly observed phenomena is the formation of periodic height modulations or
ripples on the surface which are produced when ions bombard the surface at off-normal
incidences™’. This is unacceptable in many applications where the desired structures are
in the nanometer scale and the imperfections are of comparable dimensions.

The formation of ripples in physical sputtering is generally not taken into account
when studying the commonly observed surface roughness profiles in plasma etching
processes. One reason is that in physical sputtering studies, the effects of gaseous
chemical reactions and its corresponding surface kinetics are not considered, whereas in
plasma etching they are regarded as important factors in the etch characterization.
Moreover, most of the work done on physical sputtering were on metals with high ion
energies (>1keV), which is not directly relevant to plasma etching. However, it is likely
that a significant correlation exists between the roughening of a surface caused by
physical sputtering and plasma etching, and it is useful to first study the former where the

roughening is caused mainly by ion bombardment and does not involve other
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complicated factors such as gas-phase chemical reactions that are present in plasma etch
systems.

In this work, the 3-D Monte Carlo simulator whose development was detailed in
Chapter 2 was used to simulate the sputtering of single-crystal silicon by argon ions, and
the effects of various process parameters on surface roughening were explored. A
fundamental theory of sputtering will first be discussed, followed by the description of
the modeling of sputtering in the simulation. The roughening explored via simulation
will be compared with some of the common trends in surface roughening experimentally
observed in physical sputtering processes as described in the literature. This will form a
good basis for understanding the effects of several process parameters on roughening that

were explored via simulation.

3.2. Sigmund’s theory of ion sputtering

The theory of sputtering was developed in the early 1970°s by Sigmund, who
proposed that the sputtering yield of ion-bombarded surfaces is proportional to the
amount of energy deposited onto the surface®. According to the theory, kinetic energy is
transferred during the cascades of collisions to the surface causing the random slowing-

down of ions, and the energy is spread out according to the Gaussian distribution,

c ZIZ sz +Y'2
E(r)= (2”)3/20_”2 exp{— i o } (Eqn. 3.1)

where E is the average energy deposited at point r, & is the ion energy, and o and u

are the widths of the distribution parallel and perpendicular to the beam direction,
respectively. See Figure 3.1°. X', Y’" and Z’ are the distances from the point on the

surface where its atoms are sputtered (point O), relative to the point where the
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bombarding ion comes to a stop in the bulk material after penetrating its surface (point P).
More specifically, Z' is the distance from point P to point O measured along the beam
direction, and X’ and Y"' are the distances measured in the axis perpendicular to it. The
energy transferred decreases with distance from point P according to a Gaussian
distribution, and some of this energy contributes to the erosion of the surface at point O.
Therefore, the erosion of the surface at point O can be computed by integrating the

amount of energy transferred by incident ions over the neighboring surface.

Incident fon

Figure 3.1:  Distribution of the energy transferred by an incident ion. The incident ion penetrates the surface
and stops at point P, where its energy is distributed according to a Gaussian distribution. This can be
represented by contours which depict the relative intensities of energies distributed from the point of
impact. Some of the energy transferred by this ion contributes to the erosion of the surface at point O (Ref.
5).

According to this theory, when a surface is bombarded by ions at off-normal
incidences, the sputtering yield is highest not at the point of impact (point A) but at a
distance slightly down the slope from it (point B), as shown in Figure 3.2. This is
because the center of the deposited energy distribution is located at a certain distance
from the point of impact along the direction of ion bombardment, and depending on the
angle of ion incidence with respect to the surface, there may exist a point on the surface

which is closer to the center of the energy distribution (i.e. on a higher contour) than the

point of impact.
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Figure 3.2:  Distribution of energy transferred by an ion at off-normal incidence. The ion strikes the surface at
point A with an off-normal incidence of 6. More effective sputtering occurs at point B instead of point A
because point B is on a higher contour, and thus possesses more energy that is contributed towards surface
erosion.

The theory also partially explains why the sputtering yield increases with off-
normal ion incidence, which is a well-known observation in sputtering experiments. If it
is assumed that the ions penetrate the same distance from the point of impact into the
bulk material for all off-normal incidences, the centers of the deposited energy
distribution are much closer to the interface when a surface is bombarded at higher off-
normal incidence than at normal incidence and the sputtering of the surface is thus more

effective at larger off-normal angles of bombardment (Figure 3.3).

81



g e wow
\ ———

z fwe}
BB REUDEYEH

a4t

g g REyR S

(a) (b) (c)

Figure 3.3:  Deposited energy distribution for different ion bombardment angles. Ions are bombarded on the
surface at 0° (a), 30° (b) and 60° (c) off-normal. The center of the energy distribution, where most energy
is deposited, is closer to the interface for a higher off-normal angle of incidence than at normal incidence,
and therefore the sputtering is more effective at higher off-normal angles of incidence.

This theory, however, ignores the fact that the collision cascades and energy
distribution are significantly perturbed by the presence of an interface boundary. As
shown in Figure 3.3c, when the surface is bombarded by ions at grazing incidence, a
good number of contours lie partially outside of the target surface, which is unphysical
because energy cannot be deposited where the surface is not present. As a result, the
energy distribution near the surface may not have strict adherence to the initial

assumption of a Gaussian profile. Thus, this theory is not valid for a very grazing ion
angle of incidence (>75°) where a large portion of the contours (> % of the maximum

level) do not lie within a physical target. Despite the simplification made for
approximating the spatial distribution of the deposited energy, Sigmund’s theory has been
widely used as a basis for the development of other models to explain many surface

morphological effects in sputtering processes.
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3.3. Bradley and Harper (BH) model of ripple formation

In the late 1980’s, Bradley and Harper (BH) applied Sigmund’s theory of
sputtering to explain the dependence of the surface curvature on the local sputter yield®.
He proposed that more energy is deposited onto a surface with a positive curvature than
on a surface with a negative curvature, and this results in a high sputtering yield at the
bottom of valleys than at the top of the hills on a given surface. The relative amounts of
energy deposited at each point on the surface can be crudely compared by considering the
distance from the center of the distribution of contours to the relevant point on the surface,
as shown in Figure 3.4. When the surface is bombarded by ions at normal incidence, the
center of the dissipated energy contour is closer to the point on the surface with positive
curvature (point B) than on the surface with negative curvature (point A), and therefore
the surface with the positive curvature is etched faster.

lons

NURRY

slower
etch rate

faster
etch rate
B

Figure 3.4: BH model of curvature-dependent etching. A surface with positive curvature (point B) is etched
faster than a surface with negative curvature (point A) due to higher energy deposition at point B. The
amount of energy deposited at each point (A and B) can be compared by considering the distance from the
center of the energy distribution to the point on the surface.

This effect is enhanced when a surface is bombarded at off-normal ion incidence.

As illustrated in Figure 3.5, when the ions strike the surface at off-normal angles of
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incidence, most of the energy deposited on the surface is derived from the ions reaching
the surface at upstream positions. By comparing the distances from the centers of energy
distribution contours to their corresponding points on the surface, one can deduce that
more energy is deposited at point B, where the surface has a positive curvature. The
difference in the distances is more apparent for the case where the surface is bombarded
at off-normal ion angles of incidence than for normal ion incidence, which results in an
enhancement of the curvature dependence on sputtering yield. This will be discussed

more quantitatively in the next section.
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Figure 3.5: BH model of curvature-dependent etching at off-normal ion incidence. When the ions bombard
the surface at off-normal incidence, most of the energy deposited at point A or B is contributed by the ions
striking the surface at upstream positions. The amount of energy deposited at B is larger than at A because
the distance from the center of energy distribution contour to the point on the surface is clearly smaller for
point B than for point A.

Using the curvature dependence as a basis, BH modeled the instability of the
surface morphology during off-normal ion bombardment which leads to ripple formation
observed experimentally in many studies. He incorporated the effect of thermally-
activated surface self-diffusion in order to explain the formation of these ripples. The
common experimentally observed surface profile scenarios in the physical sputtering of

metallic and amorphous surfaces are shown schematically in Figure 3.6. When the
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surface is bombarded at normal ion incidence, the surface remains relatively smooth,
bearing some roughness with no preferred orientations (Figure 3.6a). When the surface is
bombarded at off-normal incidence, the surface is roughened, forming ripples that are
perpendicular (transverse) to the direction of the beam source (Figure 3.6b). When the
surface is bombarded at grazing incidence, however, the waves formed are paraliel to the
direction of the ion beam (Figure 3.6c). These transition angles vary with the process
conditions and material composition of the surface. The BH model is not applicable
when the ion beam is directed at very grazing angles to the surface because it ignores the
scattering of ions which becomes very significant at large deviations from normal
incidence. Other physical effects ignored in the model are the re-deposition of materials
and sfladowing of certain areas by other features on the surface. These effects may
become more important as the surface is further roughened. Furthermore, the only
smoothing mechanism incorporated into the model is thermal diffusion, which is more
applicable at high temperature conditions. Although the thermal spike caused by
energetic ion bombardment may also induce thermal diffusion at low temperature
conditions, the diffusivity is lower and it is therefore not as applicable at low temperature
conditions where surface smoothing is mostly induced by ion bombardment. Nonetheless,
the BH model is one of the first major efforts in explaining the mechanisms of the
instability of the surface due to ion bombardment, and its methodology has since been

extended by numerous researchers’?.
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Figure 3.6:  Schematic illustration of surface morphology change with increasing off-normal angle of ion
incidence. When the surface is bombarded by ions at normal incidence (a), the surface remains relatively
smooth, bearing some roughness without any preferred orientation. When the surface is bombarded at off-
normal angles of incidence of less than 60° (b), ripples perpendicular to the source beam direction are
formed. When the surface is bombarded by ions at grazing angles of incidence, wave-like structures that
are aligned with the direction of the source beam are formed.

3.4. Incorporation of curvature-dependent sputtering yield into 3-D MC simulator
Since the local surface conformation was approximated by fitting a polynomial
surface in our 3-D Monte Carlo simulator, it was relatively straightforward to determine
the local surface curvature and account for the curvature dependence of sputtering yield.
In this section, the computation of local surface curvature is discussed and its effects on
sputtering yield are explored within the BH model. While the BH model specifies how
the sputtering yield varies with the local surface curvature, its limitations, as mentioned
in the previous section, likely make it inexact in many cases. Thus, the model was used
only to extract qualitative trends in the sputtering yield as a function of local surface
curvature. To further simplify the model, shadowing effect was not considered in the

determination of the dependence of the sputtering yield on surface curvature.
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3.4.1. Local surface curvature
By definition, curvature is a measure of how much the geometric object deviates

from being flat. Mathematically, the magnitude of curvature for a 2-dimensional curve

2

given by z = f(x) can be determined from the second derivative of z, % It is

relatively easy to determine a curvature in 2-D, where there is only one value for the
curvature. In 3-D, however, both the direction as well as the magnitude of the bend must
be considered. In our model, the surface is represented by a locally fitted second-order
polynomial surface,
z=f(x,y)=bx* +b,y* +byxy +b,x+bsy+b, (Eq.3.2)

where surface height z is a function of both x and y. For example, for the surface given
in cellular representation in Figure 3.7a, its fitted polynomial has a negative surface
curvature, as shown in Figure 3.7b. The curve resulting from the intersection of a given
plane and the fitted surface determines the curvature along the plane. The intersection of
the fitted surface and the xz-plane (y = 0) and yz-plane (x = 0) are shown in red in Figure

3.7c and d, respectively.
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Figure 3.7:  Curvature of a fitted polynomial surface in xz-plane and yz-plane. (a) Cellular representation of a
surface. Surface cells and non-surface cells are shown in cyan and blue, respectively. (b) 2nd order
polynomial surface fitted to the surface cells in (a). (c) Intersection of the fitted surface and the xz-plane
aty =0. (d) Intersection of the fitted surface and the yz-plane at x = 0. These intersections determine the
curvature along each plane.

These intersection curves determine the curvature along the xz-plane and yz-plane

at the center of the surface. Their corresponding equations are given by

z

1l

. = f(x,0)=bx* +b,x+b,

.33
z, = f(0,y)=b,y* + by +b, 55-9)

The magnitude of the surface curvature in the xz-plane and yz-plane (i.e. second

derivative) can therefore be determined from the second-order coefficients b, and 4,. In
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the following section, it will be discussed how the curvature in only one direction is

important to the overall curvature dependence of the sputtering yield.

3.4.2. The effect of surface curvature in different directions on energy deposition

It is known from Sigmund’s theory and the BH model that the sputtering yield is
proportional to the energy transferred to the surface bombarded by ions. As mentioned
earlier, the purpose of this section is to determine the qualitative trends in the curvature
dependence on sputtering yield rather than quantify its exact dependence, and the amount
of energy deposited on the surface, instead of the sputtering yield, was used to determine
those trends. In Figure 3.5, it was shown schematically in 2-D that the amount of energy
deposited by an off-normal incidence of ions varies depending on the local surface
curvature along the beam direction (i.e. the surface normals are in the same plane with
the ion trajectory). To verify this dependence in 3-D, the energy deposition to parabolic
surfaces with different radii of curvature were computed. Figure 3.8 shows the parabolic
surfaces varied from negative to positive curvature with ion trajectories perpendicular to

the axis of curvature.
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Figure 3.8:  Parabolic surfaces with curvature along the beam direction. Curvature (k) along the beam
direction is varied: (a) x =-0.40 nm-1, R = 2.50 nm; (b) k =-0.16 nm-1, R = 6.25 nm; (c) k = 0 nm-1; (d)
k=0.16 nm-1, R=6.25 nm; (e) x = 0.40 nm-1, R =2.50 nm.
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The sputtering which occurs at the center point (illustrated by the red point in
Figure 3.8) is caused by the energy transferred by ions striking the surface near this point.
The amount of energy contributed to the sputtering that occurs at this point was
approximated by a Gaussian distribution for the energy transferred by each ion. It was
assumed that the penetration depth of the transferred energy was equivalent to the
penetration depth of the ion (~2.5 nm, which is equivalent to the mixing length for
~500eV ions), and a surface of 18 nm by 18 nm was allowed to be bombarded by ions
with a fluence of about 8x10' ions/cm? (i.e. one ion per 0.12 nm?). The widths of the

Gaussian distribution parallel and perpendicular to the beam direction (o and g in

Equation 3.1) were assumed to be a/2 and a/4, respectively, where a is the penetration
depth of energy (2.5 nm) as shown in Figure 3.1°. The energy contributed to the
sputtering of the center point by ions striking at each point on the 18 x 18nm? surface is
plotted in Figure 3.9. While the increase in deposited energy with increasing curvature is
not very noticeable for 0° and 30° off-normal angles of incidence, the amount of
deposited energy increases significantly with increasing curvature for 45° and 60° off-
normal angles of incidence, especially in cases where the curvature is positive. Note that
the peak of the deposited energy shifts slightly upstream, implying that a large fraction of
the energy is contributed by ions striking the upstream part of the surface, which is
consistent with Sigmund’s theory. The cases with off-normal angles of incidence greater
than 60° were not considered because effects due to the scattering of ions and shadowing
of surfaces become significant at grazing angles, and these were not included in the

calculation of the energy deposition.
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The total energy contributed to the center point as a function of surface curvature
is plotted in Figure 3.10. Since the éputtering yield is proportional to the amount of
energy deposited, the increase in deposited energy with increasing curvature suggests that
the sputtering yield also increases with increasing curvature. It should be reiterated that
the exact sputtering yield as a function of surface curvature was not computed due to
limitations in the BH model and the consequent purpose of this section was to determine
qualitatively how the energy deposition (and thus the sputtering yield) varies with surface

curvature.
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Figure 3.9: Energy transferred by ions bombarding the surface over 18x18nm2. The off-normal angle of
incidence was varied from 0° to 60°, and the curvature x was varied from -0.40 nm-1 to 0.40 nm-1. For 0°
and 30° off-normal angles of incidence, the amount of deposited energy does not change drastically, but
for 45° and 60° off-normal angles of incidence, the amount of deposited energy increases significantly
with increasing curvature. The peak of the deposited energy shifts towards the upstream position of the
surface, implying that most of the energy is contributed by ions striking the surface at upstream positions.
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Deposited Energy vs. Surface Curvature
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Figure 3.10: Deposited energy as a function of surface curvature along the ion beam direction. For all off-
normal angles of incidence, the amount of deposited energy increases with increasing curvature. The
magnitude of the increase is larger for higher off-normal angles. The deposited energy for a 60° off-
normal angle of incidence onto a surface with high curvature (0.40 nm-1) is not considered because the
value would be exaggerated as a result of ignoring the effects from shadowing.

How do curvatures in other directions affect the energy deposition? In order to
answer this question, deposited energy was computed for a surface with curvature
parallel to the direction of the ion beam (i.e. the surface normals are in the plane
perpendicular to the ion trajectory), as shown in Figure 3.11. The energy transferred by
ions bombarding the surface over an area of 18x18 nm? is plotted in Figure 3.12, and the
total energy deposited as a function of surface curvature is plotted in Figure 3.13. As
shown in Figures 3.12 and 3.13, the amount of deposited energy does not increase
significantly with increasing curvature. Therefore, the curvature perpendicular to the

beam direction does not have a significant effect on sputtering yield.
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(a) (b) (©) (d) (e)
Figure 3.11: Parabolic surfaces with curvature perpendicular to the beam direction.  Curvature (k)
perpendicular to the beam direction is varied: (a) x = -0.40 nm-1, R = 2.50 nm; (b) x = -0.16 nm-1, R =
6.25 nm; (¢) k =0 nm-1; (d) k =0.16 nm-1, R = 6.25 nm; (e) x =0.40 nm-1, R =2.50 nm
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Figure 3.12: Energy transferred by ions bombarding the surface over 18x18nm2. The off-normal angle of
incidence was varied from 0° to 60°, and the curvature k¥ was varied from -0.40 nm-1 to 0.40 nm-1. For
all off-normal angles, there was no significant increase in energy deposition with increasing curvature. It
is therefore concluded that the curvature perpendicular to the beam direction does not have any
significant effect on sputtering yield at the center point (red circle).
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Figure 3.13: Energy deposited as a function of surface curvature perpendicular to the direction of the ion beam.
For all off-normal angles of incidence, the energy deposited increases by a small amount with increasing
curvature, but the increase is not as significant compared to the increase observed in the case with surface
curvature along the ion beam direction (Figure 3.10).

To further verify the significance of surface curvature along the direction of the
ion beam over curvature in other directions, the amount of energy deposited was
determined for a surface with curvature that was both parallel (along) and perpendicular
to the direction of the beam (Figure 3.14). As before, the energy transferred by ions
bombarding a surface over an area of 18x18 nm” was computed for different off-normal
angles of incidence and plotted in Figure 3.15. The trend observed was very similar to
the case with surface curvature parallel to the beam direction (Figure 3.9), where the
ambunt of energy deposited increases with increasing curvature at 45° and 60° off-
normal incidence. The total deposited energy as a function of the surface whose
curvature was both parallel and orthogonal to the direction of the beam is plotted in
Figure 3.16 (dashed lines). The results for the previous cases (curvature parallel to the

beam direction) are also plotted (solid lines) for comparison. There is no significant
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deviation between the two plots, implying that the presence of curvature perpendicular to
the beam direction has a very weak effect on energy deposition. Therefore, only the
curvature along the beam direction was considered when incorporating the curvature

dependence of the sputtering yield in our simulation.
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Figure 3.14: Parabolic surfaces with curvature both parallel and perpendicular to the beam direction. Curvature
(x) along the beam direction is varied: (a) k1 = k2 =-0.40 nm-1, R1 =R2 = 2.50 nm; (b) x1 =k2 =-0.16
nm-1, R1 =R2 = 6.25 nm; (¢) k1 =2 =0nm-1; (d) k1 =2 =0.16 nm-1, R1 =R2 =6.25 nm; (e) k1 =
k2=0.40 nm-1, R1 =R2 =2.50 nm.
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Figure 3.15: Energy transferred by ions bombarding the surface over 18x18nm2. The off-normal angle of
incidence was varied from 0° to 60°, and the curvature k was varied from -0.40 nm-1 to 0.40 nm-1 for
curvatures both parallel and perpendicular to the beam direction. For all off-normal angles of incidence,
there is no significant increase in energy deposition with increasing curvature. The trend observed is
similar to the case with surface curvature only along the beam direction, in which the deposited energy
was found to increase with increasing curvature.
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Deposited Energy vs. Surface Curvature
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Figure 3.16: Deposited energy as a function of surface curvature. A: surface curvature is parallel to the ion
beam direction (solid lines). B: surface curvature is both parallel and perpendicular to the ion beam
direction (dashed lines). For each off-normal angle of incidence, there is no significant deviation, which
implies that the surface curvature perpendicular to the beam direction has a very weak contribution to the
overall energy deposition.
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3.4.3. Combining the angular and curvature dependences of the sputtering yield

From the previous section, we know that the sputtering yield is a function of local
surface curvature. However, at grazing angles of ion incidence, it is known that the ions
have a high probability of scattering, which is not taken into account in the BH model.
The high ion scattering probability at grazing angles of incidence is apparent from the
drop in sputtering yield at high off-normal ion incidence. The sputtering yield as a
function of off-normal ion incidence has been measured experimentally in a number of

studies'®!!

, and a typical angular dependence of the sputtering yield is illustrated in
Figure 3.17. The increase in sputtering yield with the angle of off-normal ion
bombardment is consistent with Sigmund’s theory of sputtering which was shown

schematically in Figure 3.3, but the sharp drop in etching yield at high off-normal angles

of incidence cannot be explained using the same theory.

Etching yield and scattering probability in
physical sputtering process

—¢— etching yield
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Figure 3.17:  Angular dependences of etching yield and scattering probability in a physical sputtering process.
The etching yield peaks at about a 75° off-normal incidence, and the scattering probability increases for
off-normal angles above 75°.

99



In order to incorporate this drop in etching yield at high off-normal angles of ion
bombardment, the angular and curvature dependence must simultaneously be accounted
for in order to determine the final sputtering yield. However, we cannot combine the
curvature dependence obtained from the BH model with an experimentally derived
expression for angular dependence because the BH model intrinsically includes angular
dependence. We thus proposed a set of predictive curves for etching yield versus
curvature that comprises of multiplying the etching yield aé a function of curvature as
derived from the standard BH model with its corresponding experimentally observed
values of etching yield as a function of ion angle of incidence (Figure 3.18). The
qualitative trends in the final sputtering yield as a function of surface curvature are
consistent with those determined from the BH model, as shown in Figure 3.19. Note that
at very grazing angles (85° off-normal), the etch yield is lower than the yield for smaller
angles of incidence for the entire range of curvatures, which is consistent with the fact
that the ions at such angles have a higher scattering probability and result in less etching.
Thus, the model is now qualitatively valid for the entire range of incidence angles at any
local curvature. This model was subsequently used in the simulation of the sputtering of

a silicon surface with argon ions, which will be discussed in the next section.
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Figure 3.18: Angular dependence combined with curvature dependence determines the final sputtering yield.
Both dependences must be considered to accurately model the sputtering process.
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Figure 3.19: The final sputtering yield is consistent with the trends observed from the BH model. The amount
of increase in etch yield with curvature is larger for high off-normal angles of incidence.
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3.5.  Simulation of sputtering of Si surface by Ar" ion bombardment

The simulator was used to explore roughening in the physical sputtering of a
silicon surface by argon ions. The yields for the sputtering of a silicon surface with argon
ions were assumed to follow those determined from the angular and local curvature
dependences as shown in Figure 3.19, and the energy of the argon (Ar") ions was kept
constant at about 250 eV. The surface was bombarded at different off-normal angles of
incidence to examine its effects on the surface morphology. The general trends obtained
from studying surface morphological changes as a function of the angle of ion incidence
will be discussed, followed by a comparison of the simulation results with some of the
experimentally observed trends in physical sputtering processes.  Subsequently, the
effects of different factors on surface roughening will be explored, in particular the
angular dependence of the etching yield curve for the material, the angular distribution of
ions upon scattering off the surface, the non-uniformity of the film density, the initial

roughness of the surface, and the re-deposition of sputtered materials.

3.5.1. Surface morphology after sputtering at different off-normal ion angles of
incidence
A silicon surface was allowed to undergo sputtering by Ar’ ions at various off-
normal ion angles of bombardment in the simulation. In this case the angular distribution
of scattered ions was not considered, in other words the ions scattered at perfectly
specular angles. The contour of the surface was plotted after etching to a depth of 100
nm, 200 nm, 400 nm, 600 nm and 800 nm, for an area domain of 250 x 250 nm?’ (Figure

3.20). The vertical scale is £35 nm. The projected ion beam direction is shown by the
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arrows to the right of the figure. The root mean square (RMS) roughness is also plotted
against the depth of the surface etched for each off-normal angle of incidence as a means
of monitoring the progression of surface roughening (Figure 3.21).

The contour surface plots show a very different morphology for each off-normal
angle of ion incidence. From Figure 3.20, it is seen that at normal incidence (0° off-
normal), the surface is smooth at the beginning, but is roughened after etching more than
200 nm with no preferred orientation. The RMS roughness remains constant at 8 nm, and
further etching does not change this value significantly. At 45° off-normal incidence,
wave-like patterns that are transverse to the ion beam direction (i.e. their effective wave
vector is parallel to that of the ion beam) appear at an early stage of etching. The average
wavelength of these wave-like patterns after etching to a depth of 200 nm is about 50 nm,
with an amplitude of about 4 nm. As the surface is etched longer, both the wavelength
and amplitude of the transverse waves are increased. The average wavelengths after
etching to a depth of 400 nm, 600 nm and 800 nm are 50 nm, 80 nm, and 100 nm,
respectively. Their corresponding approximated amplitudes (peak to valley) are 15 nm,
30 nm and 50 nm. The increase in roughness with etch progression is also evident from
the RMS plot. At 60° off-normal incidence, the surface remains smooth and independent
of the amount etched. The surface is isotropic with no preferred orientation and its RMS
roughness remains constant at about 2 nm. At 75° off-normal incidence, the surface is
again preferentially roughened, but the roughening pattern is different from the case of
45° off-normal incidence. After etching about 100 nm, short, disconnected waves that
are transverse to the ion beam direction are evident, but as the surface is etched longer,

the structures become gradually extended in the direction parallel to the ion beam. The
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wavelength (peak to peak distance perpendicular to the beam direction) and the amplitude
of each structure increases slowly with the amount etched. The average wavelengths
after etching 200 nm and 800 nm are 50 nm and 80 nm, respectively. The amplitude also
increases from 8 nm to 30 nm. The increase in amplitude is also evident from the
increase in the RMS roughness shown in Figure 3.21. At 85° off-normal incidence,
streaks parallel to the ion beam direction appear at an early stage of etching, and the
streaks are elongated rapidly as the etching progresses. New streaks continually appear
on the surface during etching, resulting in rows of streaks aligned with the direction of
the ion beam. The average wavelength (peak to peak distance perpendicular to the beam
direction) and amplitude after etching 800 nm are 80 nm and 20 nm, respectively. The
RMS roughness increases rapidly at the beginning, but remains constant thereafter at
about 13 nm after reaching an etch depth of 300 nm, implying that the amplitude does not
change significantly with etching. It is also interesting to note that for the surface
structures that result from the etching process, the edge of protrusion facing the direction
of the incident ion beam is steep while the other side of the structure is a downhill slope

with a gentle gradient that is close to the angle of ion incidence.
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Figure 3.20: The progression of surface etched at different off-normal ion incidence angles. The vertical scale
is £35 nm, and the arrows give the ion beam direction. (1) 0° (normal) incidence: Surface is roughened
randomly, with no preferential orientation. (2) 45° off-normal incidence: The ripples formed on the
surface are perpendicular to the beam direction. (3) 60° off-normal incidence: Surface remained smooth
independent of the amount etched. (4) 75° off-normal incidence: The small hills on the surface became
more aligned with the beam direction as the etching proceeded. (5) 85° off-normal incidence: Shallow
streaks developed into long, deep streaks aligned with the beam direction.
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Figure 3.21: Evolution of RMS roughness. RMS roughness increases as the etching proceeds, but for the
surface bombarded at 0° and 85° off-normal angle, the RMS does not change significantly after reaching a
certain RMS value. Surface etched using a 60° off-normal ion incidence remained smooth compared to
other angles. For both 45° and 75° off-normal ion incidence, the RMS continued to increase with etching,
implying that the amplitude of the ripples kept growing.

Further analysis of the surface plots generated from the sputtering simulation in
Figure 3.20 proceeded via fast Fourier transform (FFT) techniques. The FFT spectra
corresponding to the surface plots are shown in Figure 3.22, with an image range of +
0.067 nm™. The FFT spectra support the qualitative trends described previously. For all
off-normal angles of incidence, the peaks at high frequency range (i.e. furthest from the
center) disappeared and strong peaks appeared at low frequency range (i.e. close to the
center) as the etching proceeded, implying that the wavelength of the ripples or the lateral
size of valleys and hills on the surface increased with etching. For 0° off-normal
incidence, the peaks are dispersed in all directions. This is consistent with the
observation made on the surface plot, where the roughened surface showed no preferred

orientation. For 45° off-normal incidence, most peaks are concentrated along the

horizontal line passing through the center, suggesting that the ripples on the surface are
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perpendicular to the ion beam direction (i.e. wave vector is parallel to the beam direction).
For 60° off-normal incidence, the distribution of peaks does not change significantly after
etching 200 nm. Surface patterns are not readily apparent from the corresponding surface
plots in Figure 3.20 since the amplitude is generally very small, but from the FFT plots, it
is seen that the small ripples on the surface are somewhat aligned with the beam direction.

There is also a random roughness, as indicated by the broad distribution of the peaks.

107



average depth etched
100 nm 200 nm 400 nm 600 nm 800 nm

60°

off-normal ion bombardment angle

~
($))
°

85°

Figure 3.22: FFT spectra of the surfaces in Figure 3.20. For all off-normal angles of incidence, the peaks at
high frequency range (furthest from the center) disappears as the etching proceeded, indicating the
increase in the wavelength of ripples or the widths of hills and valleys on the surface. Note that for 75°
and 85° off-normal incidence, the peaks are spread further in vertical direction rather than in horizontal
direction. This shows that the rows of streaks formed on the surface are aligned with the beam direction.

For 75° off-normal incidence, more peaks are initially concentrated along the
horizontal line through the center (i.e. there are less peaks at high frequency regions
along the vertical line through the center), but as the etching proceeds, peaks are

concentrated along the vertical line. This shows that the ripples formed at an early stage
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of etching are perpendicular to the direction of the ion beam, but transform into ripples
that are more aligned with the ion beam direction upon further etching, again consistent
with the surface plot data. For 85° off-normal incidence, it was seen in the surface plots
that the streaks aligned with the beam direction were formed at an early stage of etching,
and they propagate quickly as the etching proceeds. In the corresponding FFT spectra,
the peaks are concentrated along the vertical line, confirming that the streaks are aligned
with the direction of the beam.

A general observable trend from the simulation is that an increase in the off-
normal angle of ion incidence results in changes in the surface morphology, and there are
4 regions that can be distinguished: (1) the surface is roughened with no preferred
orientation (normal incidence), (2) development of ripples that are transverse to the ion
beam direction (0°<6<45° off-normal), (3) surface remains smooth independent of the
etching time (~60° off-normal), and (4) formation of streaks aligned with the ion beam
direction (>75° off-normal). In order to determine the angle at which the transition from
a transverse to a smooth surface occurs, the etching of the surface was simulated with off-
normal ion angles of incidence between 45° and 60° (Figure 3.23). The evolution of
RMS roughness as a function of the etch amount for each off-normal angle of incidence
is plotted in Figure 3.24. When the surface was etched at 50° off-normal incidence, the
formation of transverse waves at an intermediate stage (after etching to a depth of 400
nm) is not as apparent as that of the 45° off-normal case. The RMS roughness is
comparable to the 45° off-normal case at an early stage of etching, but upon further
etching, it is seen that the RMS values remain slightly lower than those of the 45° off-

normal case. The surface roughening pattern changes drastically at 55°: both the surface
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contour and RMS roughness plot show that the surface remains smooth throughout the
etching process. The surface plot shows no development of transverse waves either. For
60° off-normal incidence, the surface again remains smooth, with even lower RMS
roughness values. The transition from the occurrence of transverse ripples to a smooth

surface thus occurs at off-normal angles of incidence between 50° and 55°.

average depth etched
200nm 400 nm - 600 nm

5

off-normal ion bombardment angle
o

Figure 3.23: Surface etched with off-normal angles of incidence between 45° and 60°. For 45° off-normal
incidence, ripples are formed on the surface, and their amplitude increases with etching. For 50° off-
normal incidence, the ripple formation is not as pronounced as in the 45° case. The surface remains
smooth for 55° and 60° off-normal angles of incidence, with no sign of ripple formation. Therefore, the
transition from rippled surface to smooth surface occurs at an off-normal incidence between 50° and 55°.
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RMS vs. Thickness Etched
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Figure 3.24: RMS evolution for the off-normal ion incidence angles from 45° and 60°. The RMS roughness is
significantly lower for the surface bombarded at 55° off-normal incidence or above, suggesting that the
transition occurs between 50° and 55° off-normal incidence.

Similarly, the angle at which the transition from smooth to parallel roughness
surface occurs was determined by simulating the etching of a surface with off-normal ion
angles of incidence between 60° and 75° (Figure 3.25). The evolution of their
corresponding RMS roughness values is shown in Figure 3.26. The roughening pattern is
significantly different for incident angles between 60° and 65°. The surface remains
smooth for an angle of 60° off-normal, but for the case of 65° the surface is roughened
significantly, forming structures that are aligned with the ion beam direction. Some
regions on the surface are relatively flat which is not observed for higher off-normal
incidence angles, but the overall roughening trend is similar for the considered 65°, 70°,
and 75° off-normal angles of incidence, along with similar values of RMS roughness.
Therefore, the transition from smooth to parallel roughness occurs between a 60° and 65°

off-normal angle of incidence.
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Figure 3.25: Surface etched with off-normal angles of ion incidence between 60° and 75°. The surface remains
smooth for the surface bombarded at 60°, where as the surface is roughened for angles of incidence at or
above 65°. Thus, the transition from a smooth to rough surface occurs between 60° and 65° off-normal
incidence.
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RMS vs. Thickness Etched
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Figure 3.26: RMS evolution for the off-normal ion incidence angles from 60° and 75°. The RMS values for
off-normal angles of 65° and above are significantly higher than the RMS values for 60° off-normal,
suggesting that the transition occurs between 60° and 65° off-normal incidence.

3.5.2. Experimental measurements of ion-sputtered surface morphology

The simulation captured many of the trends observed in the experiments. The
transition of ripple orientation from being perpendicular to parallel to the beam direction
with increasing off-normal angle of ion incidence has been observed for the sputtering of

13 The range of off-normal angles of incidence where

both Si'*" and metal surfaces
the surface smoothens was also previously observed'''*. Figure 3.27 shows the AFM
images of Si surfaces sputtered by a Xe" beam at different angles of incidence, as
measured by Ziberi et al. The ripple orientation changes from being perpendicular
(Figure 3.27a) to parallel (Figure 3.27b) to the beam as the angle of ion incidence was
increased from 5° to 85°, and there is a range of angles in between where the surface

remains smooth with no characteristic features. The author noted that similar patterns

were observed when Ar' and Kr' ions were used. The evolution of RMS roughness
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shown in Figure 3.28 supports the presence of three regions where different roughness
patterns develop on the surface. The transition from a smooth to a striated surface
(aligned with ion beam direction) occurred around 60°, which is consistent with our
simulation result. The transition from a rippled surface (perpendicular to the beam
direction) to a smooth surface occurred at about 30°, which is lower than the 55°
transition angle in our simulation. The wavelength of the ripples shown in Figure 3.27a
is about 50 nm, and the lateral size of the patterns in 85° off-normal incidence case
shown in Figure 3.27c is about 100 nm. These values are comparable to those obtained
in our simulation. Although there are differences between our results and the
experimentally observed transition angles and amplitude of the ripples, the general trends

in the evolution of the surface roughness are effectively reproduced in our simulation.

1 3
300 0m

Figure 3.27: AFM images of Si surfaces sputtered by Xe+ ion beam at (a) 5°, (b) 45°, and (c) 85°. z=2 nm for
(a) and (b), and z= 70nm for (c). The insets show the corresponding Fourier image of each surface (+63.5
pm™). The ripple orientation changes from perpendicular (a) to parallel (c) to the beam direction with
increasing off-normal angle of incidence, and there is a range of angles in between where the surface
remains smooth with no observable characteristic features (Ref. 10).
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Figure 3.28: Evolution of RMS roughness with angle of ion incidence. There are three regions where different

surface patterns are observed: (I) Formation of ripples oriented perpendicular to the beam direction, (II)
Surface remains smooth, (IIT) Formation of ripples aligned with the beam direction (Ref. 11).

How does the surface morphology evolve with etch time required to generate a
rippled surface or a surface with structures aligned with the direction of the ion beam?
The evolution of surface patterns with etch time was measured experimentally by our
group. Figure 3.29 shows the AFM images of a Si surface sputtered by Ar" ions at 60°
off-normal incidence with different ion fluences, which in turn corresponds to the etching
time. The RMS roughness does not change significantly with etch time, but the surface
morphology changes from small bumps to patterns aligned with the beam direction.
Another characteristic is the development of narrow ripples oriented perpendicular to the
beam direction. In our simulation, the surface etched with 60° off-normal ion incidence
has comparable RMS roughness values, but no apparent changes in morphology was
observed. One possible reason is that since the 60° off-normal incidence is relatively
close to the angle of transition from a smooth to a rough surface (see Figures 3.25 and
3.28), the surface may, within the error of the experimentally measured transition angle,
result in either of them. The complex roughness pattern on the surface shown in AFM

may be due to the instability of the surface at the transition angle. Similarly, in the case
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where the Si surface was sputtered by Ar" ions at 75° off-normal incidence with different
ion fluences (Figure 3.30), small ripples oriented perpendicular to the beam direction
initially developed on the surface, and as the etching proceeded, the wavelength and
amplitude of the ripples increased. Eventually, the ripples transformed to the pattern
aligned with the ion beam direction. These trends resemble those observed in the surface
etched with 75° off-normal ion incidence in our simulation (see Figure 3.25). These
results suggest that at these off-normal angles, the ripples perpendicular to the beam

direction are formed at an early stage of the etching process, but later change orientation

and become aligned with the beam direction as the surface is etched further.

(@) 1.5x10" cm?  (b) 3.0x10" cm™ (c) 6.0x10"" cm™  (d) 15.0x10" cm
Figure 3.29: AFM images of Si surfaces sputtered by Ar+ ion beam at 60° off-normal incidence with different
ion fluences. The image size is 1x1 pum2 with a vertical scale of 15 nm. The projected ion beam direction
is shown by the white arrow. (a) RMS=0.63 nm, (b) RMS = 1.11 nm, (¢) RMS = 0.87 nm, (d) RMS =

1.02 nm.

(a) 0.75x10"" cm™  (b) 1.5x10"" cm’ (c) 3.0x10" " cm (d) 7.5x10"" cm’

Figure 3.30: AFM images of Si surfaces sputtered by Ar+ ion beam at 75° off-normal incidence with different
ion fluences. The image size is 1x1 um2 with a vertical scale of 15 nm. The projected ion beam direction
is shown by the white arrow. (a) RMS=0.70 nm, (b) RMS = 1.53 nm, (¢) RMS = 3.62 nm, (d) RMS =
7.35 nm.
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The AFM image for the surface etched with 75° off-normal ion incidence was re-
plotted to the same scale as the simulation domain to make side by side comparisons of
their surface morphologies. The comparison was made after etching to a depth of 36 nm,
72 nm and 180 nm respectively. In the simulétion, a greater amount must be etched in
order to observe roughness that is comparable to that observed in experiment because the
surface is assumed to be perfectly flat and void of any defects or impurities before
etching, which minimizes the initiation and propagation of surface roughening. The
resulting general surface morphologies for both experiment and simulation, however, are

comparable to each other, as depicted in Figures 3.31 and 3.32.

* (hm) ¥ {pm}

(a) AFM image (1x1 um®)  (b) contour of AFM (0.25x0.25 um?) (c) simulation (0.25x0.25 pm?)

Figure 3.31:  Side by side comparison of the surface morphology in experiments and simulation for 75° off-
normal ion incidence. The amount etched for the experiment and for the simulation are 36 nm and 100 nm,
respectively.
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(a) AFM image (1x1 um?)  (b) contour of AFM (0.25x0.25 um?) (c) simulation (0.25x0.25 um?)

Figure 3.32: Side by side comparison of the surface morphology in experiments and simulation for 75° off-
normal ion incidence. The amount etched for the experiment and for the simulation are 72 nm and 360 nm,
respectively.
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(a) AFM image (1x1 pm?)  (b) contour of AFM (0.25x0.25 pm?)  (c) simulation (0.25x0.25 pm?)

Figure 3.33: Side by side comparison of the surface morphology in experiments and simulation for 75° off-
normal ion incidence. The amount etched for the experiment and for the simulation are 180 nm and 890
nm, respectively.

3.5.3. Correlation between the angular dependence yield curve and surface roughening
In sections 3.5.1 and 3.5.2, it was observed both in simulations and in experiments
that the surface morphology changes with increasing off-normal angles of ion incidence.
We surmise that this phenomenon may be related to the angular dependence of the
sputtering yield. Recall that the simulation showed 4 distinct regions that resulted from
different ion angles of incidence, namely: (1) the surface is roughened with no preferred

orientation, (2) the development of ripples that are transverse to the ion beam direction,
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(3) the surface remains smooth independent of the etching time, and (4) the formation of
streaks aligned with the direction of the ion beam. These regions are labeled on the
angular dependence yield curve shown in Figure 3.34. Note that the transition from a
smooth surface (region 3) to striations parallel to the ion beam direction (region 4) occurs
at about 15° below the angle corresponding to the peak yield (75°) as shown in Figure
3.34. The range of angles defined by region 3, where the surface is smooth, is about 10°,
which is much narrower than regions 2 and 4. Transverse waves develop on the surface
when the ion incidence angle is below 50°. (Note that region 1, where the roughened
surface does not have any preferred orientation, occurs at normal incidence and is not
shown in the plot.)

The shape of the angle-dependent yield curve may be slightly different for
different materials and process conditions. For example, the peak position of the
sputtering yield typically occurs at high angles of incidence for the sputtering of light
atoms whereas it is at lower angles for the sputtering of heavy atoms'®. It is worth
exploring the effects of angular dependence on the evolution of surface morphology
especially if the shape of the angular dependence yield curve is correlated with the
resulting surface patterns, because the simulator can be used to predict the resulting
surface roughness for any material by simply knowing the experimentally measured

angular dependence of its etching yield.
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Figure 3.34: Correlation between the angular dependence of the sputtering yield and the different regions of
surface roughening. Region 2: Formation of ripples perpendicular to the beam direction. Region 3:
Surface remains smooth. Region 4: Formation of ripples parallel to the beam direction. (Region 1, where
the surface roughness has random orientation, occurs at 0°, which is not shown.) The 10° window of
smooth surface occurs at about 15° below the angle of the peak yield.

In order to verify the correlation between the angle corresponding to the peak
yield and the transition angle, the former was shifted from 75° to 65° (Figure 3.35), and
the etching of the surface at different off-normal ion angles of incidence was simulated
using this angular dependence. The results are shown in Figure 3.36. The general trends
are similar to the case with the peak yield at 75° (Figure 3.20), except that at 60° off-
normal incidence, the surface is roughened significantly whereas it was smooth when the
previous angular dependence curve was employed. Additionally, when the surface was
etched at 45° off-normal incidence, the formation of ripples transverse to the beam
direction is not very apparent, unlike the results obtained previously. The increase in
RMS roughness with etching is also not as drastic. This suggests that the range of angles

of incidence which results in a smooth surface lies somewhere between 60° and 45°.
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Figure 3.35:  Shifting the angle of the peak yield from 75° to 65° off-normal incidence. The general shape of
the yield curves are kept similar.
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Figure 3.36:  Surface etched with different off-normal ion incidence angles, using the angular dependence curve
with its peak yield at 65°. The vertical scale is £35 nm, and the arrows define the ion beam direction. The
trends in surface morphology are similar to the case with the peak yield at 75° (Figure 3.20), except that
the surface is roughened at 60° off-normal incidence, whereas in the previous case the surface remained
smooth.
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RMS vs. Thickness Etched
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Figure 3.37: RMS roughness evolution for the angular dependence with peak yield at 65°. RMS increases with
etching for all off-normal angles.

In order to determine at the angle at which the transitions occur, the etching of the
surface was simulated at smaller increments of off-normal angles between 45° and 75°.
As shown in Figure 3.38, the surface is roughened when it is etched at 45° off-normal
incidence, but the surface remains smooth for off-normal incidence angles of 50° and 55°.
This is also apparent from the low RMS roughness for these angles as shown in Figure
3.39. For angles of incidence of 60° and above, the surface is roughened again, and the
structures formed on the surface became more aligned with the ion beam direction.
These regions are labeled with the sputtering yield curve in Figure 3.40. The transition
from a smooth (region 3) to a rough surface (region 4) occurs at about 10° below the peak
yield angle (65°), and the angular range of the smooth region (region 3) is about 10°.
These results are comparable to the case with peak yield at 75°, except that the transition

angles are shifted about 10° lower.
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average depth etched
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Figure 3.38:  Surface etched with off-normal ion incidence angles between 45° and 75°, using the angular
dependence with the peak yield at 65°. The vertical scale is 35 nm, and the arrows give the ion beam
direction. The surface is roughened at 45° off-normal incidence, smooth at 50° and 55°, and roughened
again above 60°.
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RMS vs. Thickness Etched
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Figure 3.39: RMS roughness evolution for the angular dependence with peak yield at 65°. The RMS values are
very low for the surfaces bombarded by 50° and 55° off-normal incidence.
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Figure 3.40: Correlation between the angular dependence of sputtering yield and the different regions of
surface roughening. Region 2: Formation of ripples perpendicular to the beam direction. Region 3:
Surface remains smooth. Region 4: Formation of ripples parallel to the beam direction. (Region 1, where
the surface roughness has random orientations, occurs at 0°, which is not shown.) This 10° window of
smooth surface occurs at about 10° below the angle of the peak yield.
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The evolution of the surface roughness with ion angles of incidence between 45°
and 75° for the two different angular dependence curves is summarized in Figure 3.34.
In both cases, there is a region where the RMS values are very low. This low RMS
roughness region is observed at a lower off-normal ion incidence after shifting the peak
yield of the angular dependence curve to. a lower off-normal ion .incidence, which
suggests that there may be a correlation Eetween the angle at which the yield peaks and
the angle at which the transition from a smooth to a rough surface occurs. This may be
explicated by the difference in the probabilities of ion scattering in the two cases. Recall
that the drop in the sputtering yield at high off-normal angles of incidence is due to the
increase in the scattering of ions. The angular dependence of the etching yield and
scattering probability for both cases are plotted in Figure 3.42. It was assumed that the
scattering of ions is negligible for off-normal angles of incidence below the angle
corresponding to the peak yield. For the case in which the yield peaks at 65°, the
scattering of ions occur above 65° and continues to increase with increasing angles of
incidence. However, for the case in which the yield peaks at 75°, ion scattering occurs
only when the off-normal angle of incidence is above 75°, which is higher than 65°.
Structures that align with the ion beam direction are formed largely due to the channeling
of ions, and this roughening process occurs at higher off-normal angles if the scattering

of ions occur only at those high off-normal angles.
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RMS vs. Off-normal Angle of Incidence
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Figure 3.41: RMS roughness evolution with off-normal angle of ion incidence after etching 800 nm. For both
angular dependences, there exists a range of angles where the RMS is very low. This range occurs at
lower angles for the angular dependence with a lower peak yield angle.

Etching yield and scattering probability in
physical sputtering process

1.2 12
—e— ctching yield 1
1 4 | ~@—etching yield 2 11
—o— scattering probability 1
0.8 4 | —&— scattering probability 2

(/)
(2]
=
+ 0.8

o o
) -ﬂ 2
N > «Q
T o 06+ 106 o
L= -
= -H o
§ S 0.4 " 04 B
€ g 041 704 &
0.2 ] + 0.2 <

0 0]

0 20 40 60 80 100

off-normal ion bombardment angle (deg)

Figure 3.42: Etching yield and ion scattering probability in a physical sputtering process. (1) Peak yield is at

75°. (2) Peak yield is at 65°. The scattering probability starts increasing at lower off-normal angle for the
angular dependence with peak yield at lower angle.
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For certain materials and process conditions, the ratio of etching yield at normal
incidence to the peak yield may be higher, as shown in Figure 3.43. This happens when
the ion energy is very low or when the etching of the surface is more “chemical” rather
than “physical,” which means that it involves chemical reactions on the surface during
the etching process. In this instance, is the evolution of surface morphology different
from the case with a lower normal incidence to peak yield ratio? To answer this question,
the same set of simulations was performed using the angular dependence of the etching

yield curve (2) depicted in Figure 3.43.

Etching yield in
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Figure 3.43: Angular dependent etching yield curves with different ratios of etching yields for normal to peak
yield angles. (1) Ratio =0.25. (2) Ratio =0.75. The peak yield occurs at 75° off-normal for both curves.

The surfaces sputtered by different off-normal angles of ion incidence are shown
in Figure 3.44, and their corresponding RMS evolution is shown in Figure 3.45. Similar
transitions of surface patterns were observed, from no preferred orientation (0°) to
perpendicular ripples (45°, 60°) to features parallel to the beam direction (75°, 85°) as the
off-normal angle of incidence was increased, but there are certainly some differences in

surface morphology compared to the case with a lower normal-to-peak yield ratio (see
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Figure 3.20). For the surface sputtered with normal ion incidence, the depth of each
cavity increases with etching, but the diameters of the cavities do not grow significantly.
The increase in RMS roughness shown in Figure 3.45 also suggests a significant increase
in the depth of the cavities. For the case with a lower normal-to-peak yield ratio (Figure
3.20), the diameters of the cavities grow as etching proceeds and as neighboring cavities
merge, the surface becomes roughened in a more random fashion. Further etching does
not cause any increase in the amplitudes of the cavity depth profiles. The surfaces etched
with 45° and 60° off-normal angles of incidence resulted in a ripple formation
perpendicular to the ion beam direction, but the wavelength of the ripples did not grow
significantly with etching, unlike in the case with a lower normal-to-peak yield ratio. For
75° off-normal incidence, the surface morphology changes from ripples perpendicular to
the beam direction to patterns aligned with the beam direction as the etching proceeds.
While this trend is similar to the case with a lower normal-to-peak yield ratio, the peaks
on the surface are significantly higher than those observed in the previous case at later
stages of etching. This is also apparent from the large increase in RMS roughness with
etching (compare Figure 3.46 with Figure 3.21). In addition, the edge of the peaks facing
the ion beam is much steeper than in the previous case, as elaborated further below. For
85° off-normal incidence, the surface pattern is similar to the previous case, but the
amplitude of the height profiles of the features grow to a much larger value.

These observations can be explained by the high etching yield for normal or close
to normal ion incidence in this angular dependence curve. When the surface is
bombarded by ions at normal incidence as shown in Figure 3.45a, the bottom of the crater

(2) is eroded faster than the sidewalls (1, 3) because the etching yield at normal incidence
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is higher compared to the etching yield at grazing angles of incidence. As the bottom of
the crater is etched, the sidewalls become steeper, resulting in less ion flux incident upon
them. If the etching yield at normal incidence is relatively low, as in the case with a low
normal-to-peak yield ratio, the surface at points 1 and 3 will be eroded at a comparable
rate with the bottom of the crater (2), resulting in an expansion of the crater diameter.
When the surface is bombarded at a 45° off-normal ion angle of incidence, ripples are
formed on the surface, and the wavelength of the ripples do not change significantly
because there is less variation in the etch yield for off-normal angles between 0° and the
peak yield angle (75° in this case). The surface etched with 75° off-normal incidence
generated peaks with steep edges that faced the direction of the ion beam. This is
because the edge facing the ion source is bombarded at or close to normal angles of

incidence, which results in a higher erosion rate.
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Figure 3.44: Surface etched with diffe}ent off-normal iﬁcidence using the angular dependence with high
normal-to-peak yield ratio. The transitions from no preferred orientation (0°) to transverse ripples (45°,
60°) to patterns parallel to the ion beam (75°, 85°) are observed, but the surface morphology is quite

different from the case with a low normal-to-peak yield ratio.

(a) (b) (c)
Figure 3.45:  Schematic illustration of a surface bombarded at different off-normal angles. (a) Normal ion
incidence. (b) 45° off-normal incidence. (c) 75° off-normal incidence. See text for description.
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RMS vs. Thickness Etched

30

25 A

20 A1

RMS (nm)

10 -

-—0deg

-o—45 deg
-+ 60 deg
- 75 deg
-o—85 deg

0°

85°

75°

60°

45°

—T

100 200 300 400 500 600

amount etched (nm)

700 800 900 1000

Figure 3.46: RMS roughness evolution for the angular dependence with high normal-to-peak yield ratio. For
all off-normal angles, the RMS roughness increases with etching.

It was shown that for a different angular dependence curve, the surface goes

through surface morphological transitions from no preferred orientation to perpendicular

ripples to structures aligned with the ion beam direction as the off-normal angle of

incidence was increased, but it is not clear whether there exists a range of angles where

the surface remains smooth. To check the presence of this range of angles, the simulation

was again performed with small increments of angles of off-normal incidence between

45° and 75° (Figure 3.47). Although the surface structures become more aligned with the

ion beam direction as the off-normal angle of incidence increases, the range of angles

resulting in a smooth surface was not observed. The RMS values are also comparable to

each other, as shown in Figure 3.48. The RMS roughness evolution with off-normal ion

incidence is summarized in Figure 3.49, together with the RMS data from previous cases
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where a different angular dependence yield curve was used. As shown in Figure 3.49, the
RMS remains relatively constant, unlike in the previous two cases. This shows that the
range of angles generating a smooth surface appear only if the ratio of the etching yield at
normal incidence to the peak yield is low, i.e. there is a large variation in the etch yield as
a function of the off-normal angle of incidence. Although further experimental studies
may be required to confirm these results, the simulation results suggest a high correlation

exists between the angular dependence and the observed morphology of etched surfaces.
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Figure 3.47:  Surface etched with off-normal incidence between 45° and 75° using an angular dependence etch
yield curve with a high normal-to-peak yield ratio. As the off-normal angle of incidence is increased,
surface structures become more aligned with the ion beam direction, but there is no range of angles where
the surface remains smooth.
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RMS vs. Thickness Etched
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Figure 3.48: RMS roughness evolution for the angular dependence with high normal-to-peak yield ratio for
angles of incidence between 45° and 75°. The RMS roughness values are comparable to each other.
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Figure 3.49: RMS roughness vs. off-normal incidence after etching 800 nm. The values in parenthesis in the
legend show the normal-to-peak yield ratio. For the two cases with low normal-to-peak yield ratios, there
is a range of angles where the RMS values are very low, whereas for the case of a high normal-to-peak
yield ratio, the RMS values remain relatively constant.
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3.5.4. Effects of angular distribution of ions after reflecting from the surface

In the previous cases, it was assumed that the ions scatter from the surface at
perfectly specular angles. In reality, ions scatter from the surface according to an angular
distribution. The molecular dynamics simulations of Ar+ impacting against a silicon
surface showed that this distribution angle is about £15°". In order to examine the effect
of angular distributions, the simulation case shown in Figure 3.20 was repeated, this time
assuming that the scattered ions have an angular distribution about a certain specular
angle. The angular distribution was assumed to follow a Gaussian distribution with a full

width at half maximum (FWHM) of about 30° (x15°), as illustrated in Figure 3.50.
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Figure 3.50: Angular distribution of scattered ions. (a) Specular scattering of bombarding ions. (b) Ions scatter
from the surface with an angular distribution about a specular angle. (c) Gaussian angular distribution of
scattered ions, with a FWHM of 15°.

The resulting surfaces are shown in Figure 3.51, and their corresponding RMS
roughness is shown in Figure 3.52. The RMS roughness values for the case with no
angular distribution are also plotted for comparison. For the surface etched with 0°, 45°
and 60° off-normal ion angles of incidence, there is no significant difference in the
roughness pattern from their counterparts with no angular distribution (see Figure 3.20).
The RMS roughness values are also comparable at these angles, which is reasonable

because at low off-normal angles of incidence the scattering probability of ions is very
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low, and therefore changing the angular distribution has little effect on the etch profile.
The scattering of ions increases as the surface is roughened since the local ion incidence
angles will be significantly different from the macroscopic incidence angle (i.e. different
from 0°, 45° and 60° off-normal ion incidence). However, once the surface is sufficiently
roughened, scattered ions are dispersed widely even if there were perfect specular
scattering because of large variations in the local incidence angles, as illustrated
schematically in Figure 3.53. Therefore, the angular distribution of scattered ions does

not make a significant difference in the resulting roughness pattern.
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Figure 3.51: Surface etched with different off-normal ion incidence assuming 15° angular distribution of
scattered ions. The surface morphology resembles the results for the case with no angular distribution of
scattered ions, except at 85° off-normal incidence: The surface remains smooth whereas in the case with
no angular distribution, the surface was roughened, with resulting features that were aligned with the beam
direction.
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RMS with angular distribution of scattered ions
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Figure 3.52: RMS roughness evolution for 0° (solid lines) and 15° (dashed lines) angular distributions of
scattered ions. There is no significant deviation except for 85° off-normal incidence.
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Figure 3.53: Schematic illustration of ion scattering with and without angular distribution. If the ions scatter
from the smooth surface at a perfectly specular angle, all the scattered ions will have the same trajectory
after leaving the surface. If the ions scatter according to an angular distribution, there will be a resulting
distribution of scattered ion trajectories. If the surface is roughened, however, the angular distribution of
scattered ions have less effect on etching because even with perfectly specular scattering, the reflected ions
are dispersed widely due to large variations in the local angle of incidence on the roughened surface.
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The surface etched at 75° off-normal incidence with an angular distribution of
scattered ions does not show any significant difference from the case with no angular
distribution (see Figure 3.20), but the height fluctuations of the features on the surface for
the former is slightly lower than that of the latter case. The RMS roughness of the former
case is about 20 to 30% lower than that of the latter. It is logical that the angular
distribution of scattered ions affects the etching at 75° off—normai incidence more than in
cases of lower off-normal incidénce because the occurrence of ion scattering is higher at
higher off-normal angles of incidence. The fluctuations in height, or amplitude, of the
features formed are smaller for the case with angular distribution because the ion
dispersion tends to make the flux to each part of the surface more uniform.

The surface etched at 85° off-normal ion incidence with an angular distribution of
scattered ions resulted in a very smooth surface, whereas the case with no angular
distribution at the same off-normal angle of incidence resulted in a very rough surface
with striations on the surface aligned with the ion beam direction (see Figure 3.20). The
difference in amplitude is also apparent from the RMS roughness values shown in Figure
3.52. The corresponding FFT spectra are shown in Figure 3.54. It is difficult to glean the
roughness pattern from the surface plots in Figure 3.51, but it should be recalled that the
absence of peaks at high frequency in the x-direction (parallel to the ion beam direction)
in the FFT plots implies that the surface structures are still more aligned with the ion
beam direction. The peaks are more dispersed (i.e. broader), indicating that there are
more variations in the spatial frequency of the streaks, and the structures are less aligned
with the beam direction compared to the case with no angular distribution. The absence

of severe roughness for the case with an angular distribution of scattered ions suggests
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that the roughening of the surface at very grazing angles is initiated by the focusing of
scattered ions to form a shallow trench, which extends along the beam direction as the
ions channel their way through the trench. If the scattered ions are dispersed, they do not
get focused onto a small area, and the surface is thus etched more uniformly. It is
therefore plausible to assume that some perturbation of the surface must be made before
the channeling of ions can occur. In the experimental measurements, the surface is
roughened severely at 85° off-normal incidence. This suggests that at very grazing
angles, the angular distribution of scattered ions may be much smaller than £15°. This is
reasonable because ions retain more of their initial energy after scattering at high off-
normal angles (grazing) than at low off-normal angles, thus minimizing the angular
dispersion. Furthermore, the initial surface may not be perfectly smooth, and the small
“seeds” of roughness on the surface may propagate to form a highly roughened surface,
with patterns that are aligned with the beam direction.
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Figure 3.54: Fourier spectrum of the surface etched with 85° off-normal incidence, with 0° and +15° angular
distribution of scattered ions. In both cases, the peaks are concentrated along the center vertical line,
indicating that the patterns are aligned with the ion beam direction. The peaks are broad and dispersed for
the case with angular distribution, implying that the surface pattern is less ordered. The image range is +
0.067 nm-1.
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3.5.5. Effects of non-uniform density of the film

Although a single crystal silicon surface has a very uniform material density,
many materials with non-uniform density are often used in the manufacturing of IC chips.
These materials include porous materials that are used to replace silicon dioxide as the
dielectric material for interconnects in order to reduce capacitive delay and power
consumption. The insulator material is sometimes doped with carbon or fluorine to lower
the dielectric constant (low-k), which also causes non-uniformity in the film density. The
photoresist film used for patterning is also a chemically and structurally complex material
that has a non-uniform density. In this section, the effect of non-uniform density on
surface roughening is explored. The non-uniformity of the film density was generated by
introducing pores of different sizes to the film at random positions (Figure 3.55), and the
surface was allowed to be etched under different off-normal ion angles of incidence. The
angular distribution of scattered ions was assumed to be £15°. The average diameter of a
pore in porous low-k dielectric films is about 4 nm with a size distribution of about 30 to
50%'®. However, it is also possible to have larger pores due to the merging of several
pores. In the simulation, slightly larger pores were also used to explore effects at the

other extreme. The volume fraction of the pores is about 5%.

Figure 3.55: Illustration of pores in the film. The volume fraction of the pores is about 5%, and the position of
the pores is randomized uniformly throughout the film.

142



Figure 3.56 shows the evolution of the porous films with different pore sizes
etched at normal ion incidence, and their corresponding RMS roughness evolution is
shown in Figure 3.57. The surfaces with pores are roughened faster than the surface
without pores, and the larger the size of the pores, the faster the surface gets roughened.
For the surface with very large pores (r = 7.5 nm), the resulting RMS roughness is much
larger than the surface with small or no pores. It is understandable that a porous surface
is roughened faster because the exposed pores contribute to the overall roughness of the
surface, and this roughness is enhanced as the etching proceeds. Similar trends can be
seen in the case with 45° off-normal ion incidence (Figures 3.58, 3.59). Additionally, it
was observed that the ripples are less ordered for the porous films. This can be
rationalized by the fact that the pores in the film cause more variations in the local etch
rate. For 60° off-normal incidence, it should be recalled that the surface with no pores
remained smooth independent of the amount etched. However, for porous films, the
surface was roughened significantly with etching (Figure 3.60) and the RMS roughness
generally increases with larger pore sizes (Figure 3.61). It can therefore be concluded in
this case that the non-uniform density of the film causes enough variation in the local
etch rate on the surface to initiate roughening. The surfaces etched with 75° off-normal
ion incidence show similar roughening, independent of the pore sizes (Figures 3.62, 3.63).
The porous surfaces etched with 85° off-normal incidence are roughened significantly,
with the patterns aligned along the direction of the ion beam (Figure 3.64, 3.65). Recall
that the surface without pores remained smooth when it was etched at 85° off-normal
incidence with an angular distribution of scattered ions (+15°), and as mentioned before

in the previous section, this is due to the fact that roughening at very grazing angles is
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initiated by scattered ions focusing on a very localized area to form a small trench which
propagates as etching proceeds. Subsequently, the dispersion of these sqattered ions
makes the initiation of roughening difficult. However, the porous films cause endugh
perturbations on the surface to iniﬁate roughening even with the dispersion of scattered
ions, and the channeling of scattered ions that ensues forms striations that are aligned
with the beam direction. The RMS roughness is higher for the surface with larger pores
(Figure 3.66) because they introduce greater perturbations to the surface.

In general, the non-uniformity of the film énhances the roughening of the surface.
This trend is consistent wich experimental measurements of roughening in the etching of
non-uniform films such as porous low-k films and carbon-doped films'. It is therefore
more challenging to exhibit control over the surface profile and minimize the amounts of

roughening for these non-uniform materials.
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Figure 3.56: Surface with different radius of pores etched with normal ion incidence. The surfaces with pores
are roughened at earlier stage of etching than the surface without pores.
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Figure 3.57: RMS roughness evolution for the films with different pore sizes etched with 0° off-normal ion
incidence. For the surfaces with pores, the RMS increases at earlier stage of etching than for the surface

without pores.
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Figure 3.58: Surface with different radius of pores etched with 45° off-normal ion incidence. The surfaces with
pores are roughened at an earlier stage of etching than for the surface without pores, and the larger the size
of pores, the faster the surface becomes roughened. The surfaces with pores have less ordered ripples
compared to the surfaces without pores.
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Figure 3.59: RMS roughness evolution for films with different pore sizes etched at 45° off-normal ion
incidence. For the surfaces with pores, the RMS increases at an earlier stage of etching than for the
surface without pores.
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Figure 3.60: Surface with different radii of pores etched at 60° off-normal ion incidence. The surfaces with
pores are roughened whereas the surfaces without pores remained smooth, and the larger the size of the
pores, the more the surface was roughened.
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Figure 3.61: RMS roughness evolution for the films with different pore sizes etched with 60° off-normal ion
incidence. The RMS is higher for the surface with larger pores.
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Figure 3.62: Surface with different radii of pores etched at 75° off-normal ion incidence. The roughening in all
surfaces is comparable to each other.
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Figure 3.63: RMS roughness evolution for the films with different pore sizes etched at 75° off-normal ion
incidence. There is no significant difference in the RMS values among the different surfaces.
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Figure 3.64: Surface with different radius of pores etched with 85° off-normal ion incidence. The surfaces with
pores are roughened, forming the patterns aligned with the ion beam direction.
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Figure 3.65: RMS roughness evolution for the films with different pore sizes etched at 85° off-normal ion
incidence. The RMS values increase significantly for the films with pores, and it is seen that the larger the

pore size, the larger the increase in RMS roughness.
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3.5.6. Etching of an initially roughened surface

When a perfectly flat surface is etched, the roughening of the surface is initiated
by the stochastic removal of the surface atoms which creates some perturbations to the
surface, and the resulting miniscule areas of roughness on the surface eventually grow to
a length scale that becomes significant. What happens if the perturbations are already
present on the surface? For example, some surfaces such as amorphous silicon are not
atomically flat like single crystal silicon surfaces. In this section, some roughness was
introduced to the surface before etching to explore the differences in surface morphology
evolution when compared to a surface that is initially perfectly flat.

The pre-roughened surface was set up by introducing 200 bumps, each with a
radius of 7.5 nm on a 250 x 250 nm’ surface at random positions (Figure 3.66). The
etching of this surface was simulated with different off-normal ion angles of incidence
(Figure 3.67), and their corresponding RMS roughness evolution is plotted in Figures
3.68 and 3.69. The evolution of RMS roughness for the initially flat surface is also
plotted for comparison. The scattered ions are assumed to have an angular distribution of

£15%

y (nm)

X {nm)

Figure 3.66: Surface with bumps on the surface. The radius of each bump is 7.5 nm.
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There is no significant difference between the evolution of surface morphology
for the pre-roughened and initially flat surface for each off-normal angle of ion incidence
tested (Figure 3.67), except that the surface is roughened at early stage due to the initial
roughness. For normal ion incidence, the RMS roughness for the pre-roughened surface
increases at an early stage of etching, but saturates at an RMS roughness value similar to
that of an initially flat surface (Figure 3.68). Similarly, for 45°, 60°, 75° and 85° off-
normal incidence, the RMS values for the pre-roughened surface and the initially smooth
surface become closer as the etching proceeds. For 60° and 85° off-normal incidence, the
surface is smoothened at the beginning (i.e. RMS roughness decreases) and saturates at
lower RMS values. In conclusion, these bumps alone are not enough to significantly
affect the previously established transitions in surface morphology as a function of
increasing off-normal incidence, and are not sufficient to initiate the roughening process

for very grazing angles of ion incidence.
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Figure 3.67: Surface with bumps etched at different off-normal ion angles of incidence. There is no significant
difference in the evolution of the surface morphology between the pre-roughened and initially flat surface
(see Figure 3.51), except that the surface in the case of the former is rougher at an early stage due to the
initial roughness imposed.
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Figure 3.68: RMS roughness evolution for the initially flat and pre-roughened surfaces at 0° and 45° off-
normal angles of incidence. For normal incidence, the RMS values of the initially rough surface increases
at an early stage of etching, but saturates at a value similar to that of the initially flat surface. The RMS
values of the initially rough surface etched at 45° off-normal incidence increases with etching at a rate
similar to that of the initially flat surface, but their values converge at a later stage of etching.
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Figure 3.69: RMS roughness evolution for the initially flat and rough surfaces at 60°, 75° and 85° off-normal
angles of incidence. As etching proceeds, the RMS roughness of the pre-roughened and initially flat
surface approach similar values (within 10~20%).
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3.5.7. Effects of re-deposition of sputtered particles on surface roughening

In all the previous simulation cases, the sputtered materials were assumed to leave
the surface without being re-deposited onto other parts of the surface. In practice,
however, some of the sputtered materials may be re-deposited and affect further etching
of the surface. According to molecular dynamics (MD) simulations, the sputtered
particles leave the surface close to the specular angle, with a wide angular distribution
(£30~50°)*". The sticking probability of the etched particles may vary depending on the
species and process conditions, but typical values are about 10~50 %>'. In this section,
the effect of re-deposition on surface roughening will be explored. A sticking probability
of 10% was used, and the angular distribution of about £50° was assumed for the

sputtered particles. This is summarized schematically in Figure 3.70.

sticks 10% of the time

Figure 3.70: Schematic illustration of re-deposition of sputtered silicon atoms. The sputtered particles are
assumed to have an angular distribution of about +50° about the specular angle with a sticking probability
of 10%.

The evolution of the surface etched at 75° off-normal incidence which includes
the re-deposition mechanism is shown in Figure 3.71. The evolution of the surface
without the re-deposition mechanism is also shown for comparison. The corresponding
RMS roughness is plotted in Figure 3.72. At an early stage of etching, the surface

morphology of the case which considers re-deposition is comparable to that of the case
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without re-deposition. However, as the etching proceeds, the amplitude of the peaks for
the case with re-deposition becomes higher than that of the case without re-deposition.
This is also apparent from the RMS roughness plot in Figure 3.72. For the case which
accounts for re-deposition, the RMS values continue to increase drastically whereas for

the case without re-deposition, the increase in the RMS values is much slower.
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Figure 3.71:  Surface etched with 75° off-normal ion incidence, with and without re-deposition. The sputtered
particles are assumed to have an angular distribution of £50°. The surfaces in the two cases have
comparable features at an early stage of etching, but the amplitude of each peak in the case with re-
deposition becomes larger than those in the case without re-deposition.
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Figure 3.72: RMS roughness evolution of the surface etched with 75° off-normal incidence, with and without
incorporating the re-deposition mechanism. Initially, the RMS values for the two cases are comparable to
each other, but the increase in the RMS values for the case with 10% re-deposition eventually becomes
more drastic compared to the case without re-deposition.
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The re-deposition of sputtered materials affects the surface morphology only after
the surface is roughened significantly because most of the sputtered material will scatter
off a smooth surface without being re-deposited. If the surface is roughened, the
sputtered material has a higher chance of being re-deposited because the surface features
obstruct some of the scattered sputter material. This is illustrated schematically in Figure
3.73. The peaks on the surface for the case with re-deposition tend to be higher because
the re-deposition of materials on the protrusions will slow down the etching of the peaks.
Therefore, the re-deposition of sputtered materials enhances the roughening of the surface

in etching processes.

"Rk
w©FL
smooth surface roughened surface
(a) (b)

Figure 3.73:  Schematic illustration of the trajectories of sputtered materials (blue dashed arrows) on smooth (a)
and roughened (b) surfaces. Ion trajectories are shown by the red arrows. From geometric considerations,
it is readily seen that the sputtered particles have a higher chance of being re-deposited after the surface is
roughened.

3.6. Conclusion

The sputtering of a silicon surface with argon ions was simulated. The simulator
incorporated the angular and local curvature dependences on etching yield. Simulating
the sputtering of a silicon surface with various off-normal angles of the argon ion beam
showed that there is a significant change in its morphology with different off-normal
angles of incidence. When etched at normal ion incidence, the surface becomes

roughened with no preferred orientation. When etched with an off-normal ion incidence
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below 50°, the surface develops ripples that are oriented perpendicular to the ion beam
direction (i.e. wave vector is parallel to the ion beam). For off-normal angles of
incidence between 50° and 60°, the surface remains smooth independent of the etching
time. The surface is roughened again for angles of incidence above 60°, forming patterns
that are aligned with the ion beam direction. These trends match qualitatively with those
observed in experimental measurements. The simulation results further showed that
these transitions of surface morphology with increasing off-normal angles of ion
incidence are related to the angular dependence of etching yield. The angle at which each
transition occurs depends on the angle at which the peak yield occurs. This correlation is
very useful because the roughening of a surface can be predicted approximately from the
experimentally obtained angular dependence yield curve. The effects of other factors
were also investigated using the simulator, and they include the angular distribution of
scattered ions, the non-uniformity of the film density, the initial roughness of the surface,
and the re-deposition of sputtered materials. The analysis of the effects of each factor on
surface roughening has provided great insight into understanding the roughening

mechanism in the sputtering process.
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4. 3-D Profile Evolution of Polysilicon in Cl, Plasma

4.1. Introduction

The roughening of the sidewalls of etched profiles is one of the most challenging
problems in integrated circuit (IC) manufacturing due to its complexity. As mentioned in
chapter 1, the patterning of the film involves many etching steps, each of which may
contribute to the roughness of the sidewalls of the resulting feature. Much attention has
been given to the sidewall roughness formed during the lithographic processing of the
photoresist film, and many experimental and simulation studies have appeared in the
literature'™ as it is obviously critical to have a smooth photoresist mask in order to
minimize the transfer of roughness to the underlying layers in subsequent etch steps.
However, it is also important to explore how the consecutive etching processes affect the
sidewall roughness since the device performance is ultimately determined by the profile
of the final etched features. The 3-D simulation of the profile evolution is very useful in
understanding the origin and evolution of sidewall roughness in etching processes. In
this chapter, the evolution of sidewall roughness in the etching of patterned polysilicon in
Cl, plasma was investigated using our 3-D Monte Carlo profile simulator. Some of the
experimentally observed trends in sidewall roughening will be discussed first, followed
by simulation results showing the effects of photoresist roughness on the final etched

features.
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4.2. Experimental observations of sidewall roughening during etching

The evolution of the sidewall roughness during plasma etching has been measured
by Rasgon et al. using atomic force microscopy (AFM)*’. Figure 4.1 shows the AFM
image of a sidewall at 4 stages of the etching process: (1) After photoresist devélopment
(before etching); (2) After etching of the anti-reflective coating (ARC) layer; (3) After
etching 0.2 pm of the SiO; layer; and (4) After etching 0.5 um of the SiO, layer. After
the photoresist was developed as shown in (1), the sidewall of the photoresist has an
isotropic roughness with an average RMS value of ~3-5 nm. After the ARC layer is
opened (2), the morphology of the sidewall is transformed from isotropic to anisotropic
roughness with mild striations along the sidewall surface. High points on the sidewall
were washed away due to the anisotropic bombardment. After etching 0.2 um of the
oxide layer (3), the top of the remaining resist is heavily roughened, but the oxide
sidewall remains relatively smooth. After etching 0.5 um of oxide, the top of the resist is
roughened further, and the roughness is also transferred to the ARC and oxide layers,
forming severe anisotropic striations along the sidewalls of the oxide. These data show
that the roughness on the sidewalls of the final feature is not a result of simple
transferring (or templating) of the initial roughness of the photoresist sidewall to the
underlying layer. Instead, the photoresist sidewall is heavily roughened by the ion
bombardment throughout the etching process, and the sidewall roughness is eventually
spread to the underlying layers. The surface profile (i.e. cross-section of the surface) at
different locations along the sidewall is shown in Figure 4.2. The amplitude is highest at
the top of the resist, and decreases with distance from the top. Note that some of the

ripples at the sidewalls of the photoresist are spatially correlated with the ripples at lower
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parts of the sidewall. This drop in amplitude is also apparent from the RMS roughness
plotted against location on the sidewall in Figure 4.3. These measurements were made
for the etching of SiO,, but very similar trends have been observed for the etching of

silicon®.

1) Sidewall AFM image after development 2) Sidewall AFM image after N2 — H2 organic
ARC open

Tip &
Shadowing **

3) Sidewall AFM image after 45s (0.2yum) 4) Sidewall AFM image after 90s (0.5um)
oxide etch oxide etch

Bed
s
a8 ha s o

Figure4.1: AFM images of sidewall at 4 steps in the etching of patterned SiO,. Photoresist sidewall has an
isotropic roughness after development. The morphology of the sidewall changes from isotropic to
anisotropic roughness after etching ARC layer. As the SiO, layer is etched, the photoresist layer is further
roughened and severe anisotropic striations are formed along the sidewall. (Ref. 4, 5)
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Figure 4.2:  Surface profiles at different locations along the sidewall after etching 0.5 pm of oxide. (a) Near
the top of the resist, (b) in the middle of the resist, (c) at the interface of resist and ARC, (d) at the
interface of ARC and oxide, (¢) near the bottom of the oxide. The amplitude of striations decreases with
depth. (Ref. 5, 6)
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Figure 4.3: RMS roughness on the sidewall at different position along sidewall after etching 0.5 pm of oxide.
The RMS is highest at the top of the resist, and it decreases with depth.

43. 3-D simulation of profile and sidewall roughness evolution of patterned
polysilicon etched in Cl, plasma

Our developed 3-D Monte Carlo simulator was used to investigate the evolution

of the feature profiles and sidewall roughness during the etching of patterned polysilicon

in Cl, plasma. The assumptions made in the simulation will first be described, followed
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by a discussion of simulation results which is focused on the effects of photoresist

sidewall morphology on the sidewall roughness of final etched features.

4.3.1. Model assumptions

A stack of photoresist, ARC and polysilicon (Figure 4.4) was introduced as an
initial feature. The dimensions and geometry of the feature is shown in Figure 4.5. The
simulation domain has a periodic boundary condition on each side, thus representing the
pattern with infinite photoresist lines and spaces. Two etch steps were simulated: ARC
opening and polysilicon etching. The ARC layer was etched by O, plasma, and its
etching characteristic was assumed to follow the angular dependence of sputtering (peak
yield at 65°) shown in Figure 4.6. The selectivity of the ARC etch over that of the
photoresist was assumed to be very low, i.e. the photoresist was etched at an equal rate
with the ARC layer during ARC opening. The photoresist etching also followed the
angular dependence of sputtering. The ARC layer was etched until the polysilicon layer
was exposed. The selectivity of ARC etch over polysilicon during ARC opening was
assumed to be infinity, i.e. polysilicon was not etched during the ARC opening step. The
etching of the underlying polysilicon substrate commenced only after it became exposed.
Polysilicon was etched by Cl, plasma, where the etch characteristics follow the angular
dependence of Cl, ion-enhanced etching and is different from sputtering, as shown in
Figure 4.6. Chlorine ions can also etch photoresist, ARC as well as polysilicon. The
selectivity of polysilicon over photoresist and ARC was assumed to be 9 to 1. The re-

deposition of etch products was ignored unless mentioned.
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Figure 4.4: The stack of photoresist, ARC and polysilicon was used as an initial feature in simulation. Cells
are attributed to different materials.

ions

25nm ARC

Figure 4.5: Dimension of the initial feature in simulation. The thickness of photoresist and ARC layers are
100 nm and 25 nm, respectively.
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Etching yield vs. angle of ion incidence

1.2
1

k=)

2

>

o 0.8

=

=

£ 061

T

N

= 04 -

[}

£

S

e 0.2 x 5

—e—ion-enhanced etching
—g— physical sputtering
0 T T ) 3 T
0 20 40 60 80 100

off-normal ion bombardment angle (deg)

Figure 4.6:  Angular dependence of ion-enhanced etching and physical sputtering. The etching of photoresist
and ARC follows the angular dependence of physical sputtering, and the etching of polysilicon follows
that of ion-enhanced etching.

4.3.2. Roughening of the sidewall: Perfectly smooth photoresist

The etching of ARC and polysilicon was simulated, assuming that the sidewalls
of the photoresist before the ARC etch are perfectly flat and vertical (Figure 4.7a). In
Figure 4.7, the feature profiles at 3 etch steps are shown. After ARC-open, the
photoresist sidewall is tapered, but does not have any apparent streaks. After etching
about 50 nm of polysilicon, small height variations on the sidewall as well as the bottom
of the feature can be observed, though the sidewalls in general remained relatively
smooth. Figure 4.8 shows the surface profile at 3 locations along the sidewall: (1) in the
middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the polysilicon

sidewall. The amplitude of the roughness is within 3 nm at all these locations. The RMS
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roughness plotted against the depth (Figure 4.9) also shows that the sidewall roughness is
very small, with an RMS value less than 2 nm. This result is consistent with the fact that
photoresist sidewalls which are smooth minimize the resulting sidewall roughness of

etched features.

(a) (b) (c)

Figure 4.7:  Simulated feature profile at different etch steps. (a) Before etching, (b) After ARC open, and (c)

After etching 50 nm of polysilicon. The sidewall of the photoresist before ARC open was assumed to be
perfectly flat and vertical. The sidewall remains relatively smooth.

50 100 150 200 250
y (nm)

Figure 4.8:  Surface profiles at different locations along the sidewall after etching 50 nm of polysilicon. (1) In
the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the polysilicon sidewall. The
amplitude of sidewall roughness remains within 3 nm for all locations.
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RMS vs. Depth
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Figure 4.9: RMS roughness as a function of depth. At all layers, the RMS of the sidewall remains less than 2
nm.

The cross-section of the profile is shown in Figure 4.10 to show some of the
common etch artifacts seen in the etching of polysilicon in Cl, plasma. The corner of the
photoresist formed a facet due to the characteristic angular dependence of the sputtering
yield. The facet angle is about 67°, which is approximately equal to the angle of peak
yield in sputtering (65°). This makes sense because the most rapid surface advancement
occurs at this angle. The slight bowing of polysilicon sidewall and the formation of
microtrenches at the foot of the sidewall are caused by the angular dependence of ion-
enhanced etching yield of polysilicon in Cl,. The ions scattered from the bowed sidewall
and from the faceted photoresist are focused at the foot of the sidewall to form

microtrenches. This is shown schematically in Figure 4.11. These features are consistent
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with the etch artifacts commonly observed experimentally in the etching of polysilicon in

Cl, plasma, as mentioned in chapter 1.
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Figure 4.10: Feature profile of the polysilicon etched in Cl, plasma. Etch artifacts, including the faceting of
photoresist, sidewall bowing and microtrenching, commonly observed in the experiments are captured by
the simulation.
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Figure 4.11:  Schematic illustration of the formation of microtrenches. The ions scattered from the bowed
sidewall and faceted photoresist are focused at the foot of the sidewall, forming microtrenches.
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4.3.3. Roughening of the sidewall: Photoresist with initial roughness

In the previous section, it was seen that the overall sidewall remains relatively
smooth when the sidewall of the photoresist layer is perfectly smooth before the etching
of the ARC and polysilicon subétrate. However, as mentioned in section 4.2, this is not
the case in reality. The sidewall of the photoresist after development has an isotropic
roughness with a RMS value of about 3 to 5 nm. In this section, the effect of photoresist
roughness on the final sidewall roughness of the etched feature will be explored.

The roughness on the photoresist sidewall was introduced by placing some bumps
with the radius of about 7 nm (RMS of about 3 nm), as shown in Figure 4.12a. The ARC
layer and polysilicon substrate were allowed to be etched, and.their corresponding
profiles are shown in Figure 4.12b and c. The general characteristics of the etched
feature, such as faceting of the photoresist and microtrenching at the bottom of the
sidewall, are comparable to those obtained from the case of a perfectly smooth
photoresist as shown in the previous section. The bumps on the sidewall are washed
away during ARC-open, but the resulting sidewall of the etched feature is not the same as
the case without bumps. The amplitude of the sidewall roughness at the photoresist layer
is about 8 nm, which is larger than that for the feature starting from the perfectly smooth
photoresist. The RMS roughness of the sidewall as a function of depth is plotted in
Figure 4.14, together with the RMS of the sidewall for the feature starting from the
perfectly smooth photoresist. At the photoresist and ARC layers, the RMS roughness is
much higher for the case starting from the rough photoresist than for the case with
smooth photoresist. Some of the sidewall roughness is transferred to the underlying ARC

layer as well as to the polysilicon layer close to the ARC/polysilicon interface. The
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bottom of the polysilicon sidewall still remains relatively smooth. Although the
roughening of the photoresist is not as heavy as the experimentally measured roughness,
the trend that the RMS roughness drops with the depth along the sidewall is consistent

with experimental observation (see section 4.2).

A

A o

(a) (b) (©)

Figure 4.12: Simulated feature profile at different etch steps for the rough photoresist mask. (a) Before etching,
(b) After ARC open, and (c) After etching 50 nm of polysilicon. Some bumps with the radius of 7 nm
were placed on the sidewall of the photoresist before ARC-open to introduce isotropic roughness. The
bumps are washed away during the ARC-open step, but some of the roughness is transferred to the
underlying ARC and polysilicon layers.

y (nm)

Figure 4.13:  Surface profiles at different locations along the sidewall after etching 50 nm of polysilicon. (1) In
the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the polysilicon sidewall. The
amplitude is largest at the photoresist mask, upto 8 nm.
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Figure 4.14: RMS roughness as a function of depth for smooth photoresist and photoresist with bumps on the
sidewall. RMS of the sidewall is larger for the photoresist with bumps on the sidewall than for the smooth
photoresist.

4.3.4. Roughening of the sidewall: Photoresist with slight wiggling

Depending on the process conditions, the photoresist mask may have some
wiggling after development. For example, some photoresists may be heat sensitive and
become thin at high thermal heat, and this non-uniform slimming leads to the collapse of
photoresist in random directions’. The top-down view of an example of photoresist
wiggling in a nitride etching is shown in Figure 4.16. The bottom of the photoresist
remains straight, but the top of the photoresist is tilted to the left or right, causing the

photoresist wall to be non-vertical.
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Figure 4.15: Top-down view of wiggling of photoresist. The slimming of the photoresist by thermal heat
causes it to collapse in random directions.

The effect of wiggling of photoresist on subsequent etching was examined in the
simulation. The dimension of wiggling of photoresist in the simulation is shown in
Figure 4.16. The wavelength and amplitude of the wiggling were assumed to be about
170 nm and 45 nm, respectively. The mask was tilted to either side, with maximum
angle of 83°. The wiggling introduced in the simulation is not as extreme as in the
experimental observation, but as shown in Figure 4.17, this small wiggling is enough to
cause severe sidewall roughness of the etched feature. After the ARC layer is etched,
some of the wiggling disappears because of the faceting of the photoresist corners.
However, the waviness of the photoresist is transferred to the ARC layer as well as to the
polysilicon sidewall in subsequent etching steps. The surface plot at each location on the
sidewall shows that the striations on the polysilicon and ARC layers are spatially
correlated with the striation at the photoresist layer, which is consistent with the trendé

observed experimentally.

172
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Figure 4.16:  The initial feature with wiggling of photoresist. The photoresist was assumed to have a wiggling
with the wavelength and amplitude of about 170 nm and 45 nm, respectively. The mask angle was

assumed to be up to 83°.
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Figure 4.17:  Simulated feature profile at different etch steps for the photoresist mask with wiggling. (a) Before
etching, (b) After ARC open, and (c) After etching 50 nm of polysilicon. After ARC open, some of the
wiggling of the photoresist disappears due to faceting of the corners, but waviness of the photoresist layer
is transferred to the ARC layer and also to polysilicon sidewall during the subsequent etching.
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Figure 4.18:  Surface profiles at different locations along the sidewall after etching 50 nm of polysilicon. (1) In
the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the polysilicon sidewall. The
amplitude is largest at the photoresist mask, up to 24 nm. The roughness on the photoresist is transferred
down to ARC and polysilicon layers during etching.

The RMS roughness is plotted against the depth along the sidewall in Figure 4.19.
At all locations along the sidewall, the RMS value is more than 3 times larger than the
RMS obtained in the case with the smooth photoresist. RMS roughness decreases with
depth, but it increases slightly near the bottom of the sidewall. This may be due to the
variation in sidewall bowing in the polysilicon layer caused by severe roughening on the
sidewall. The resulting sidewall roughness in experimental measurements may be more
severe because the wiggling is more extreme compared to the wiggling introduced in the
simulation. The simulation results confirmed that the small deviation from flat and

vertical mask causes significant roughening of the sidewall in subsequent etching steps.
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Figure 4.19: RMS roughness as a function of depth for smooth photoresist and photoresist with wiggling.
RMS of the sidewall is larger for the photoresist with wiggling than for the smooth photoresist.

4.3.5. Roughening of the sidewall: Effects of redeposition of sputtered photoresist

In the previous cases, the redeposition of sputtered photoresist materials was
ignored for simplicity. In this section, the effect of redeposition of photoresist materials
during ARC open on sidewall roughening will be explored. It was assumed that the
photoresist and ARC are composed of same material (carbon only), and the redeposition
of photoresist material on ARC will affect the etching rate of the redeposited surface but
not change the angular dependence of etching yield. The sputtered particles were
assumed to have about £5° angular distribution about the specular angle. The sticking
probability of sputtered particles was assumed to be 40%. The schematic illustration of

the redeposition of sputtered particles is shown in Figure 4.20. The redeposition of
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photoresist during polysilicon etching was ignored to avoid the mixed composition of
carbon and silicon for simplicity. This assumption is reasonable because the selectivity
of silicon over photoresist and ARC is high, and therefore the sputtering of photoresist

during polysilicon etch is not significant.

ion

Figure 4.20: Schematic illustration of the redeposition of sputtered photoresist materials on ARC surface. The
sputtered photoresist materials were assumed to have +5° distribution about the specular angle and 40%
sticking probability.

The initial feature was assumed to have a perfectly smooth and vertical
photoresist, as shown in Figure 4.21a. After ARC open, the sidewall of the ARC layer is
covered by photoresist materials. This is because the ions strike the photoresist at very
grazing angle, and the sputtered particles will leave the surface at very grazing angle as
well, reaching the sidewall of the ARC layer. The redeposition of the particles causes
more variation in photoresist and ARC sidewall topography, and this variation affects the
subsequent polysilicon etching. The surface profiles in Figure 4.22 show that the
amplitude of roughness is largest at photoresist layer (~10 nm), and the amplitude and
wavelength decrease with depth, which is similar to the trend observed in the previous

cases. However, as shown in Figure 4.23, the RMS roughness is slightly higher than the
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case with smooth photoresist for most part of the sidewall. Therefore, in general, the

redeposition of photoresist enhances the sidewall roughness.

L = i

(a) (b) ()
Figure 4.21: Simulated feature profile at different etch steps with redeposition of photoresist materials. (a)
Before etching, (b) After ARC open, and (c) After etching 50 nm of polysilicon. After ARC open, the
ARC sidewall is covered with photoresist materials. The redeposition causes more variations in the
sidewall topography, enhancing the sidewall roughness.

y (nm)

Figure 4.22:  Surface profiles at different locations along the sidewall after etching 50 nm of polysilicon. (1) In
the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the polysilicon sidewall. The
amplitude is largest at the photoresist mask, up to 10 nm. The amplitude and wavelength of the roughness
decrease with depth. :
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Figure 4.23: RMS roughness as a function of depth for smooth photoresist with and without photoresist
redeposition. RMS of the sidewall is slightly larger for the photoresist with redeposition than for the case
without redeposition.

How does the tapering of the photoresist, shown in Figure 4.24, affect the
redeposition of sputtered photoresist materials and sidewall roughness of the etched
feature? The simulation was performed using the initial feature shown in Figure 4.24,
and the resulting feature profiles are plotted in Figure 4.25. Figure 4.25b shows that the
foot of the ARC layer is not completely cleared, and these ARC and photoresist materials
left on the surface affect the sidewall roughness in the subsequent polysilicon etching
(Figure 4.25¢). The schematic illustration of the effect of redeposition is shown in Figure
4.26. Since the tapered photoresist sidewall is bombarded by ions more than the vertical
sidewall, more photoresist materials are expected to be sputtered off from the sidewall.

The sputtered particles are assumed to leave the surface close to specular angle, and
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therefore the particles are redeposited mostly at the foot of the photoresist/ARC layers
during the ARC etching. As shown in Figure 4.25b, the clearing of the foot of ARC layer
during ARC open step becomes difficult due to continuous redeposition of photoresist
materials. If the etching of the substrate starts without clearing the foot of the ARC, the
photoresist and ARC materials left on the surface cause micromasking of the polysilicon
and decreases the etching of polysilicon masked by these materials. This enhances the

sidewall roughness during the etching of polysilicon, as shown in Figure 4.25c.

25nm

Figure 4.24: Dimension of the initial feature with tapered photoresist. The photoresist was assumed to have an
angle of about 84°.

A & A

(@) (b) (c)
Figure 4.25:  Simulated feature profile at different etch steps for the tapered photoresist with redeposition. (a)
Before etching, (b) After ARC open, and (c) After etching 50 nm of polysilicon. After ARC open, the foot
of the ARC sidewall is not completely cleared due to the heavy redeposition of photoresist materials
sputtered from the tapered sidewall. If the polysilicon is etched before completely clearing the ARC layer,
the sidewall roughness is enhanced due to the micromasking of polysilicon by the ARC particles left on
the surface.
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Figure 4.26: Schematic illustration of redeposition of photoresist. Since the sputtered materials leave the
sidewall at close to the specular angle, particles are redeposited mostly at the foot of the photoresist ARC
sidewall.

The surface profiles at different locations along the sidewall are shown in Figure
4.27. The sidewall of ARC layer is roughened severely due to the redeposition of
photoresist materials at the foot of ARC layer before the polysilicon etch step, and the
roughness is transferred to the underlying polysilicon sidewall during the polysilicon etch.
The transfer of roughness from the ARC sidewall to the polysilicon sidewall is also
supported by the RMS roughness along the sidewall (Figure 4.28). RMS roughness is at
photoresist/ARC interface and decreases with depth. The roughness may be transferred
further down the sidewall if the etching time was increased and the polysilicon surface
was etched further. Therefore, the tapering of photoresist enhances the redeposition of
photoresist during the ARC open, which increases the sidewall roughness of the final

etched feature.
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Figure 4.27:  Surface profiles at different locations along the sidewall after etching 50 nm of polysilicon. (1) In
the middle of the photoresist, (2) at the ARC layer and (3) at the bottom of the polysilicon sidewall. The
sidewall of ARC is heavily roughened, with the amplitude of 10 nm.
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Figure 4.28: RMS roughness as a function of depth for vertical and tapered photoresist, with photoresist
redeposition. For the tapered photoresist sidewall, the RMS is largest at photoresist/ARC interface and
decreases with depth. The RMS is significantly larger than the case with vertical photoresist sidewall.
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44. Conclusion

The roughening of the sidewall of patterned polysilicon in Cl, was explored using
the 3-D Monte Carlo profile simulator. The simulation results showed that the sidewall
roughness of the etched feature is minimal if the photoresist sidewall is perfectly smooth
and vertical, where as the roughened or wiggled photoresist enhanced the sidewall
roughness. The primary cause of sidewall roughness is the translation of roughness on
the photoresist/ARC sidewall to the underlying polysilicon sidewall during the etching of
polysilicon, but the roughening process is complicated by the fact that the roughness on
the photoresist sidewall also changes throughout the etching process. The RMS
roughness of the resulting feature is highest at the photoresist sidewall and decreases with
depth. This trend is consistent with the experimental observations. The simulation also
showed that the redeposition of sputtered photoresist particles will enhance the sidewall
roughness. The effect of redeposition is greater for the tapered photoresist sidewall
because more ions will strike the sidewall and sputter off more photoresist particles that
will redeposit at the foot of the sidewall. The redeposited photoresist causes
micromasking on the polysilicon surface which increases the sidewall roughening.
Therefore, the simulation results confirmed that the sidewall roughness can be minimized
by: (1) keeping the photoresist sidewall as smooth as possible, and (2) etch the ARC layer
completely and clear out the foot of the photoresist/ARC sidewall before etching
subsequent polysilicon layer. The simulator can be extended to study more detailed
roughening by considering the inhomogeneity of photoresist film, larger feature size and

longer etching time.
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5. Conclusions and Future Work
5.1.  Conclusions

A 3-D Monte Carlo simulator was developed to model the surface advancement in
etching and deposition processes. The simulator employed a Monte Carlo algorithm to
model mass transport and surface reaction kinetics and a cell-based representation for
tracking surface compositions, allowing for the incorporation of both physical and
chemical processes that occur in plasma etching. The local surface topography was
simulated by fitting to a polynomial surface, from which the surface normal was
computed. The surface advancement algorithm in the simulator considered both the
movement of the surface in the direction of the surface normal and the smoothing of the
surface caused by diffusion and surface relaxation. The good match between our
simulation and the corresponding theoretical surface conformation in each case verified
that our surface advancement algorithm has a sufficient basis for incorporating further
complex factors in the plasma etching process.

The sputtering of a silicon surface with argon ions was simulated using a 3-D
Monte Carlo simulator. The simulator incorporated the angular and local curvature
dependences on etching yield. Simulating the sputtering of a silicon surface with various
off-normal angles of the argon ion beam showed that there is a significant change in its
morphology with different off-normal angles of incidence. When etched at normal ion
incidence, the surface becomes roughened with no preferred orientation. When etched
with an off-normal ion incidence below 50°, the surface develops ripples that are oriented
perpendicular to the ion beam direction (i.e. wave vector is parallel to the ion beam). For

off-normal angles of incidence between 50° and 60°, the surface remains smooth
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independent of the etching time. The surface is roughened again for angles of incidence
above 60°, forming patterns that are aligned with the ion beam direction. These trends
match qualitatively with those observed in experimental measurements. The simulation
results further showed that these transitions of surface morphology with increasing off-
normal angles of ion incidence are related to the angular dependence of etching yield.
The angle at which each transition occurs depends on the angle at which the peak yield
occurs. This correlation is very useful because the roughening of a surface can be
predicted approximately from the experimentally obtained angular dependence yield
curve. The effects of other factors were also investigated using the simulator, and they
include the angular distribution of scattered ions, the non-uniformity of the film density,
the initial roughness of the surface, and the re-deposition of sputtered materials. The
analysis of the effects of each factor on surface roughening has provided great insight
into understanding the roughening mechanism in the sputtering process.

The roughening of the sidewall of patterned polysilicon in Cl, was explored using
the 3-D Monte Carlo profile simulator. The simulation results showed that the sidewall
roughness of the etched feature is minimal if the photoresist sidewall is perfectly smooth
and vertical, where as the roughened or wiggled photoresist enhanced the sidewall
roughness. The primary cause of sidewall roughness is the translation of roughness on
the photoresist/ ARC sidewall to the underlying polysilicon sidewall during the etching of
polysilicon, but the roughening process is complicated by the fact that the roughness on
the photoresist sidewall also changes throughout the etching process. The RMS
roughness of the resulting feature is highest at the photoresist sidewall and decreases with

depth. This trend is consistent with the experimental observations. The simulation also
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showed that the redeposition of sputtered photoresist particles will enhance the sidewall
roughness. The effect of redeposition is greater for the tapered photoresist sidewall
because more ions will strike the sidewall and sputter off more photoresist particles that
will redeposit at the foot of the sidewall. The redeposited photoresist causes
micromasking on the polysilicon surface which increases the sidewall roughening.
Therefore, the simulation results confirmed that the sidewall roughness can be minimized
by: (1) keeping the photoresist sidewall as smooth as possible, and (2) etch the ARC layer
completely and clear out the foot of the photoresist/ARC sidewall before etching
subsequent polysilicon layer. The simulator can be extended to study more detailed
roughening by considering the inhomogeneity of photoresist film, larger feature size and

longer etching time.

5.2.  Future work

The 3-D Monte Carlo simulator developed has a capability of extending to plasma
etching systems using other chemistries and/or materials. By incorporating the
appropriate surface kinetics model, the etching and roughening of dielectric materials
such as SiO; films in fluorocarbon plasma may be simulated. In addition, the code may
be further optimized to enhance the speed of the simulation for larger feature size. The
simulator can also be used for exploring the profile and roughness evolutions in various

3-D features such as contact holes.
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6. Appendices

6.1. Rotating a coordinate system
As mentioned in section 2.4.2, sometimes the coordinate system must be rotated
in order to accurately fit the polynomial surface to the surface cells. This was done by
determining a new z-axis by connecting the point of the center of mass and the center
point of the cell under consideration, as illustrated in Figure 2.8. Then the two other axis
(new x and y axes) are defined based on the new z-axis.
This is determined by COM

’ /

z_new

(0.0.0) \ "™~

x_new must be perpendicular to z_new 1
Z_new

ie - <dx, dy, dz,>

<dx, dy, dz,> * <dx, dy, dz> =0

We know <dx, dy, dz,> and dx,, dy,
' 0,0,0

So... ( )

X_new
5 - —ldxdx +dy.dy.) -
¥ dz <dx, dy, dz,>

z

Set these to arbitrary values

187



z_new _ o, dy, dz.>

y_new must be perpendicular to both
z_new and x_new

new

. (0,0,0) [ <o, ay, 0z,
ie.

<dx, dy, dz,> = <dx, dy, dz,> x <dx, dy, dz,>
X_new

<dx, dy, dz,>

Each vector of axis is normalized, as shown below.

X-axis y-axis z-axis
dx,
dx, = dx, dx, = —— 2 | . = dx,
\/dxxz +dyx2 +dzx2 \/dxy +dyy +dZJ’ \/dxzz +dy22 +de2
d
dy, = 2 dyxz 2 dyy: > yy2 > dy, = > dyzz >
\/dxx +dy,” +dz, \/dxy +dy, +dz, \/dxz +dy,” +dz,
dz dz, i dz, ds dz,

’ \/dxxz +dy +dz v \/dxyz vdy) vz ’ \/dxzz +dy, +dz

If dz, is zero, then the division by zero causes problem when determining the

other two axes. To avoid this, dy, instead of dz, should be determined first, as shown

below.

188



_ —(dx:dxx +dy:dyx)
X dZ: 4

/ zero!
/

Division by zero

daz

: . £-NeW wgr. dy. dz =
So instead of setting dx, and dy,,

set dx, and dz, to arbitrary values (0,0,0)

_ —(dx.dx, +dz.dz,)

x . X_new

dy

If dy, is also zero, set dy, and dz,.  <dx, dy, dz,>

N

Set these to arbitrary values
The position vector in the original coordinate can be transformed to the new
coordinate system by determining the dot product of each vector of axis and the position
vector in the original coordinate.

Project one vector on another Position vector in the
original coordinate

Z_new

X, = <dx, dy, dz,>*<dx, dy, dz,>

Yo = <dxy dyy dzy>*<dxp dyp dzp> ®. dx, dy, dz,>

z, = <dx, dy, dz,>*<dx, dy, dz,> y-hew

(X5 Ypr Zp) = position in the new coordinate

Each surface point in the local range (£3 cells) is transformed using the method
described above, and the polynomial surface is fitted to these points in the transformed
coordinate. This allows for an accurate representation of the surface for any surface

conformation.
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6.2.  Determining the curvature along the ion trajectory

As described in section 3.4, only the curvature along the ion trajectory is
important in the sputtering with off-normal ion incidence. However, the projection of ion
trajectory is not necessarily aligned with x- or y-axis used in the polynomial fitting.

Therefore, the coordinate must be rotated to define the projection of ion trajectory as

either new x or y axis.

ion trajectory = <t t t,>
b i Rotate the axis about z-axis

so that the trajectory is

ion traj:ctory y ion trajectory r 'y aligned with x-axis
., g

e,
..
0

z=f(xy)
=bx* +b,y* +bxy+b,x+bsy+b, x=x'cosf +y'sind S

y=y'cos@—x'sinf

We want the equation with this form:
Z= f(x"y')
=B+ By + Bxy + BX + By + P

z=f(x,y)

=bx’ +b,y’ +bxy+b,x+b,y+b,

x=x"cosf+y'sinf
y=)cosf—x"sinf

substitute in

z=1(xy)
=bx’ +b,y* +bxy+bx+by+b,
=b,(x'cos@+y'sin8) +b,(y' cos6—x'sin ) +b,(x’cos6 + y'sin 68X cos—x'sin 6)+b,(x'cos 6 + y'sin 6)+ ()’ cos 6 — x'sin 6)+b,

After doing some algebra, the new coefficients can be defined as following:
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B, = b, cos’ @ +b,sin’ @b, cos Osin O

B, =b sin’ §+b,cos’ §+b,sinfcos 8

B, =2(b, —b,)cos Gsin & +b, (0052 6 —sin® 0)

p,=b,cos8—-b,sind
P =b,sin@+b;cosd
By =bs

t
cosd = =3

2 2
NS

ty

2 2
Jtl+t,

sinf =

After substituting cos 6 and sin © with the expression shown above, the new

coefficients can be defined as a function of ion trajectory vector <t t, t,>.

2 2
bt bt by

t

Xy

1

tl+t)

2 2
bt bt bt

2

2 2
1, +t,

) 2(6, = b, .2, + b, (tx2 —tyz)

3 2 2
1, +1,

bt —bit,

:84: t2 tz
\/x+y

5 - b4ty +bgt,
5 2 2

1, +t,

B1 and B, are the curvature in x and y directions, respectively. One example is

shown below.
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=1(xy)

=bx* +b,y* +bxy+b,x+by+b,

[T VS S < I

new coordinate
z

ion trajectory

®e,
e

Y
z=1(x.5)
=B+ By + BXY + Bx + By + By

* Now, the ion trajectory is
parallel to the new x-axis,
towards +x’ direction

3 2 A1 0 1 2 3

Aty =0,
z=f(x.y)
=Bx?+ By + Bxy + Bx' + By + By
= ﬂ]xlz + X'+ By
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