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Plasma Molding Over Surface Topography:
Simulation and Measurement of lon
Fluxes, Energies and Angular Distributions
Over Trenches in RF High Density Plasmas

Doosik Kim, Demetre J. Economou, J. R. Woodworth, P. A. Miller, R. J. Shul, B. P. Aragon, T. W. Hamilton,
and C. G. Willison

Abstract—A two-dimensional (2-D) fluid/Monte Carlo (MC) ions accelerate in the sheath and strike the wall with high ener-
simulation model was developed to study plasma “molding” over gies (depending on the sheath voltage) [1]. The sheath over a
a trench. The radio frequency sheath potential evolution and ion o mageneous infinite planar surface is correspondingly planar
density and flux profiles over the surface were predicted with a self- . . .
consistent fluid simulation. The trajectories of ions and energetic [one-dlmenS|onaI (1'D)]' H_Owever, when the surface contains
neutrals (resumng by ion neutralization on surfaces or Charge geometncal features with sizes on the order of or Iarger than the
exchange collisions in the gas phase) were then followed with a MC sheath thickness, the sheath will try to wrap around the contour
simulation. For sheath thicknessL,, comparable to the trench  of the features. This is callgalasma molding
width D, ions were strongly deflected toward the trench sidewall, The important length scales that control the behavior of the

and the ion flux along the trench surface contour was highly . .
nonuniform. Irrespective of the trench depth, the normalized sheath are the plasma sheath thickngss, and the size of sur-

spatially-average ion flux at the trenchmouth showed a minimum face features. As an example, Fig. 1 provides a schematic of
atLsn/D ~ 1.0.The norm_aliz_ed spaFiaIIy-average ionflux atthe plasma molding over a trench of widfh. In case (a)L,;, < D,
trench bottom decreased with increasing trench depth (or aspect ng sheath thickness is much smaller than the trench width. The

ratio). As the trench sidewall was approached, the energy spread . .
AE)of the ion energy distributionsp(?EDs) at the trenchg)t/)ot?om plasma-sheath interface (meniscus) conforms to the shape of the

decreased for a thin sheath, but increased for a thick sheath. Atthe Surface topography. At the other extreme (casd.g), > D,
trench bottom, the neutral flux was comparable to the ion flux over  the plasma-sheath interface is essentially planar, as if the trench

the entire range of sheath thickness studied. Simulation results \yere nonexistent. The plasma simply does not feel the pres-
were in good agreement with experimental data on ion flux, IEDs, s P
and ion angular distributions at the trench bottom. ,ence, of the Surfface topography. This SIFuatI,OH IS encoumered
S o in microelectronics, where the feature size is below a micron
Index Terms—on angular distribution, ion energy distribution — \ypjle the sheath is at least hundreds of microns thick. In the
(IED), ion flow in trenphes, Monte Carlo (MC) simulation, plasma intermediate case (b),.» ~ D, the plasma-sheath meniscus
molding, two-dimensional (2-D) plasma sheath. sh ’ P )
“bends” gently over the trench mouth becoming planar away
from the feature. This situation may be encountered in micro-
. INTRODUCTION electromechanical systems (MEMS) fabrication [2]. The depth

SHEATH forms over any wall in contact with plasma. Thé@f the trenchil (or aspect ratic=s H/D) is another impor-
sheath confines electrons in the plasma such that the it parameter, which affects ion flow inside the trench. Cases
current escaping the plasma is zero. The sheath normally cé®-—(c) would result in drastically different flux, energy, and an-
tains a net positive charge and is a region of relatively high elegdlar distributions of ions impacting along the surface contour.
tric field, pointing toward the confining wall. Therefore, positive-ig. 1 depicts the case of a dc (time-invariant) sheath. In case of
radio frequency (RF) biased surfaces, the sheath thickness will
be a function of time. It should be noted that, even in the case
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(C) Fig. 2. Domain and boundary conditions used in the simulation. A 2-D trench
is located in a conducting silicon substrate. Half of the domain (between two
symmetry planes) was simulated. The plasma densjtyvas specified at the
upper boundary. The electric potential was specified at the upper bouriary

sh and on the silicon wal{®,, ). Monte Carlo kinetic data were collected at the
bottom of the trench.

HI [_l distributions (IADs) along the surface contour were not deter-
mined.
In this paper, a 2-D fluid/Monte Carlo (MC) simulation is re-

Fig. 1. Plasma molding over a trench. The width and depth of the trench are d.i pap ff dict the ion fl ( ) d |
D andH , respectively. When the sheath thicknéss is much smaller tha® ported, in an effort to predict t. € lontlux, IEDS' an |ADS a On_g
[case (a)], the plasma-sheath interface conforms almost exactly to the surftlve surface of a 2-D trench, in contact with a RF high density
topography. In the other extrenté., > D), the plasma-sheath interface is o plasma. Energetic (fast) neutrals resulting by neutralization
essentially planar. Case (bL., ~ D) is an intermediate situation between _ . e .
the two limiting cases. of ions on the wall or by charge exchange collisions in the gas

were also studied. A description of the model and numerical

decollimation near the feature mouth, however, which can leBfPcedures are presented in Section II. The experimental appa-
to artifacts etched into the features [3], [4]. Such artifacts sedffuS used to measure ion fluxes, IEDs and IADs is described
to depend on whether the surface is conductive or insulatirlg, Section lll. Simulation results and comparison with experi-
as well as plasma reactor operating conditions (pressure, gigntal megsurem_ents are discussed in Section IV. Conclusions
frequency, etc.). In Fig. 1(b), however, ions may strike th&€ drawn in Section V.
trench bottom with substantial angles off normal [5], [6].
Besides MEMS fabrication, plasma molding finds application
in ion extraction through grids (ion beams, plasma thrusters)A schematic of the 2-Ox,y) system studied is shown in
[7], plasma immersion ion implantation [8], and neutral beafrig. 2. Away from the trench the sheath is 1-D and the litera-
sources [9]. ture on 1-D sheaths can be applied. The goal is to study the ion
The literature on 1-D sheaths is extensive [10]-[20]. An arrdlux, IEDs and IADs as a function of position along the contour
of issues have been addressed over the years including dc @kithe 2-D trench. For this purpose, a combined fluid/MC simu-
RF potential distribution, the Bohm criterion, ion energy ankition was employed. The fluid simulation provided the 2-D RF
angular distributions, and the joining of the sheath to the butiectric field profiles. These were used as input to the (decou-
plasma. In contrast, sheath formation and potential distributipfed) MC simulation to follow ion (and fast neutral) trajectories
over geometrical features have not been adequately addregbeaugh the sheath and onto the wall.
in the literature. A few authors presented 2-D numerical sim- o .
ulation of ion extraction relevant to plasma immersion ion i Fluid Simulation
plantation (PIII) [21]-[23]. Numerical results reported so far, al- An electropositive plasma with one species of positive ion
though useful, are limited to Plll and are not applicable to 2-Bnd electrons was considered. The governing equations are the
RF biased sheaths of relatively low voltages (10-100s of \J-D compressible fluid equations (species and momentum bal-
Other authors [24], [25] have solved for the potential distribiance) for ions, coupled with Poisson’s equation for the electric
tion in a matrix sheath (spatially uniform ion density) over 2-potential [1], [26]. The Boltzmann relation was used for the
topographical features neglecting ion motion. In these studietectron density, assuming that the pressure force is balanced
the ion flux, ion energy distributions (IEDs), and ion angulapy the local electric field force with a neglect of electron inertia

Il. SIMULATION
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TABLE | TABLE I
BASE VALUES OF PARAMETERS USED FORSIMULATION SELECTED SIMULATION CASES FOR500-m-WIDE AND 500+ m-DEEP
TRENCHES ONLY THE |ON DENSITY AT THE UPPERBOUNDARY (FIG. 2)
WAS VARIED, WHILE OTHER SIMULATION PARAMETERS WERE FIXED

Electron temperature, T, 37eV
P AS SHOWN IN TABLE |. THE RESULTING SHEATH THICKNESS AND
Potential at top boundary, @, 33 +17sin(@f) V ITS RATIO TO THE TRENCH WIDTH ARE ALSO SHOWN
Potential at substrate, @, 0V (grounded) plasma density time-average sheath thickness/
Ton temperature (used for MC simulation) 0.leV case at top boundary  sheath thickness’ trench width
3
3 Ly Ly/D
Transverse ion temperature (used for MC) 0.1eV 7o () » (Hm) }'
18
108 0.216
Gas tcmperature 0.05eV @ Ix10
(b) 5x10' 468 0.936
Gas pressure 5 mTorr s
(c) 6x10 1281 2.562
1f frequency, fis (F@/27) 13.56 MHz

* The sheath edge was defined as the position where the relative net charge,
(n; — n.)/n; was equal to 0.01, with the densities determined by the fluid
[1]. It was further assumed that the ion distribution function jgmulation. The time-average sheath thickness was calculated far away from
a drifting Maxwellian. Isothermal equations of state were usdhg trench, where the sheath was 1-D.
for both electrons and ions. The background neutral gas pres-
sure and temperature (hence, density) were taken to be consta@upper boundary. The RF plasma sheath evadetfeconsis-
throughout. tentlyin accordance with the specified plasma parameteys (

The ion mass and momentum balance equations read ~ and7; effectively the local Debye length), and the boundary
potentials (essentially the sheath potential).

% +V o (niid) =0 1) The ion continuity equations [(1) and (2)] were discretized in

ot space using a flux corrected transport finite-difference scheme
9 (i) + V o (n;did) = — Mgy Uy sl @) [2_7], [2_8]. The time st_e_p was chos_en so that _the Couran—
ot m; Friederichs—Levy condition was satisfied. In this study, the

ﬂui(]Courant number was set to be less than 0.3 [29]. The time step
. . . ; . . was also set less than 1/200 of the RF cycle time (74 ns). At
velocity, respectively® is the electric potential and is the . . , i

. . the end of each time step, Poisson’s equation(3) was solved

elementary charge. lons could suffer either elastic or charge . / ;
. . : eratively by a Newton-Raphson method combined with a

exchange collisions with the background gas. Neither of these . . : .
Conjugate gradient scheme to update the electric potential. The

rocesses alters the ion density (no source or sink terms_in . . .
proc y ( . uccessive over-relaxation method with Chebychev accelera-
the ion mass balance). However, these collisions affect

. ¢ h by the last t i (2 h 5n was used to invert the Jacobian matrix [30]. Marching in
loh momentum as snown by the fast term in (2), w 2I€  time was continued until a periodic steady-state was reached.
is the total collision frequency for momentum loss. Since

Fhis normally required 100s of RF cycles.
drifting Maxwellian is isotropic in the frame moving with the yreq 4
ion drift velocity, a viscous stress term was not included in th® MC Simulation
momentum equation [26]. The ion pressure force was ignored . . . - . .
. . If ion flow is collisionless, the ion energy and angular dis-
because the ion temperature is much lower than the elect{o

. ; fBution functions at the substrate can, in principle, be calcu-
temperature (cold ions). However, ion thermal effects we[g P P

accounted for in the MC simulations (see Section II-B). ted knowing the electric field profiles and the (input) ion dis-

Poi , " th the Bolt lation for elect tributions at the upper boundary. When ions suffer collisions,
reac?slsson S équation wi € bollzmann refation for elec rorhsowever, MC simulation is necessary to calculate the ion dis-

tributions at the substrate. The MC simulation procedure has
9 e d— P, been described in detail before [5], and only a brief summary
Vie=-— (" — Mo eXPp < >> (3)  will be given here. For the flight between collisions (free flight)
the equations of motion were integrated using a fourth-order
wheres, is the permitivity of free spacéd.,. is the electron tem- Runge—Kutta method using the electric field profiles obtained
perature (in V), andb, andn, are the values for electric po- by the fluid simulation. lons with the appropriate energy and
tential and ion density, respectively, at the upper boundary (saegular distributions [5] were launched near the sheath edge.
Fig. 2). Parameter values are shown in Table I. The launching location was a horizontal plane in the presheath
Fig. 2 also shows the computational domain and boundamgion. lons were evenly distributed along the launching plane
conditions employed in this work. A highly conductive (equipoas well as in RF phase (0 tar2 The position of the launching
tential) silicon (Si) substrate was located at the bottom of the dalane did not influence the results significantly, provided that
main. The electric potential was specified at the upper bounddhe launching plane was far enough from the sheath edge.
(®,) and on the equipotential (assumed grounded) substrat®uring their transit through the sheath, ions can experience
(®.,). A symmetry conditionV,,® = 0) was applied at the elastic scattering or charge-exchange collisions with the back-
side boundaries. The domain height (3@@0in Fig. 2), was al- ground gas. The null collision method was employed [31], with
ways much thicker than the sheath thickness (Table Il). Hene@egonstant total cross section, to evaluate the free flight distance
the quasi-neutrality conditiofr; = n. = n,) was applied at between collision events. At the end of each free flight, the

wheren;, m;, andi are the ion density, ion mass, and ion

e
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type of collision was determined according to the probability Teflon
for each collision event: elastic scattering, charge-exchange Faraday

and null collision. Collision cross sections were obtained from "¢
[1, p. 78]. Elastic scattering was treated as a hard sphere col SS window

13.56 MHz
rf Induction
coil

Aluminum
sleeve

Window

lision. For charge-exchange collisions, the fast ion and slow "' olacma
neutral switched identity (i.e., became fast neutral and slow Double dV/dt in
ion, respectively) without changing their precollision velocity ::,i':""\ glass pipe

vector (resonant process). Both the fast neutral and slow ior
were followed after the collision. Energetic neutrals could also wafe
suffer elastic scattering. Energetic particle (ions or fast neutrals’
scattering on the Si surface is quite complicated [32]. Incidence
angle, energy, and surface condition (roughness, contaminatior

all play a role. Several experimental and/or computational
studies [33]-[36] have been reported on the impact of energetic

(1 < & < 1keV) ions on surfaces. The employed model

for surface scattering is the simplest possible, consistent with. 3. Schematic of inductively coupled GEC Reference Cell with RF-biased
current knowledge. When impacting ions lose most of theé fer chuck. The ion analyzer looks through & ®+-diameter pinhole in the

. . . ) uck to view the ions impacting the wafer.
energy through a series of collisions with surface atoms, ions can

be trapped in the surface. Trapped ions were not followed in th
simulation. The probability for surface trapping was treated as ¢
linear function of incidence angle, without energy dependency

rf-biased
chuck

Teflon
A crounded shiea

lon analyzer

RN

dv/idT

[35]. In case of reflection, the degree of ion neutralization was Pinhole
assumed to be 100% [1, p. 280] with specular reflection. Ta

; g . B TR A
calculate the energy transfer, a binary collision model with two —
half-scatterings was employed [35]. This model assumes that th —_— T \Variable
incident particle experiences two consecutive binary collisions p——N .
with surface atoms, before being released from the surface. Tk BRI T o

. - :,’ Voltage
SOOND —’,’,'
scattering angle was assumed to be the same for both collision Screens s“~:,‘:::::—" § AN
MC kinetic data for ions and fast neutrals were collected anc < \\ -40V
recorded at the bottom of the trench. //

Polyimide
Block \

I1l. EXPERIMENTAL APPARATUS

The experimental data presented in this work was taken in i Flectrodes

Gaseous Electronics Conference (GEC) reference cell [37] the To Electrometer
had been modified to allow production of inductively-driven
discharges [38]. Fig. 3 shows a schematic of the Cell, whicl
has been extensively described previously [39]. A five-turn
spiral RF-induction coil above the fused silica window on top
of the cell was driven at a frequency of 13.56 MHz to excite
the plasma. A 15-cm-diameter chuck at the bottom of the
discharge was almost entirely covered with a heavily dopec
(0.005 Q--cm) single-crystal Si wafer or wafer sections. A
small segment of wafer containing a 1-mm-wide, 1-cm-long
trench etched completely through the 540-micron-thick wafer
was glued to a removable section of the chuck with conductiﬁ_&g- 4, Schgmatic of three-screen gridded ion analyzer. The grid nearest the
epoxy. A pinhole located in the bottom of this trench acted §Ehole ested oloce roune e wellof he RF-hiased chucktocreate s
the sampling aperture for these experiments, allowing ions th&i 55 collector elements in the detector is also shown. The bundle of collector
reached the bottom of the wafer to enter a separate vacuelaments was 2.5 cm in diameter.
system containing the ion analyzer. TheuB+diameter pin-
holes were in nickel foils estimated by the manufacturer to Issired with a cylindrical capacitive voltage probe inside a glass
2-3 um thick. The pinhole was moved relative to the trenchipe that was immersed in the plasma. The RF component of the
wall by gluing different 1-mm-wide trenches down at differenvoltage on the wafer chuck was measured with a Kapton-insu-
positions relative to nominally identical pinholes. In all casefated capacitive probe held against the bottom of the chuck.
the pinhole remained centered over the analyzer. Fig. 4 shows a schematic of the gridded ion energy and angle
When the chuck was RF biased at 13.56 MHz, it was phaseialyzer probe used in this work. Probes of this type have been
locked to the induction coil. A double Langmuir probe wasescribed in detail previously [39], [43]. Due to their hemispher-
used to measure the plasma density and electron temperaicaé layout, these analyzers can measure ion fluxes, ion ener-
[40]-[42]. The RF component of the plasma potential was megies, and ion angular distributions. This particular analyzer dif-
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fered from previous analyzers by having 55 current collector ! (a)
pins stacked in a hexagonal close-packed array also shown ii [
Fig. 4. Thirty two of the collector pins, located either near the
middle of the analyzer or on the side of the analyzer we expectec
the beam to be deflected toward, were monitored independently
The sum of the currents on the remaining 23 pins was also mon
itored to verify the way which ion trajectories were deflected.
Control voltages on the two screens and collector currents
were passed through a 35-pin vacuum feedthrough to the insid:
of a copper box that floated at the RF and dc chuck potentials.
This copper box contained power supplies for the control volt-

250
T

Y (microns)

-250

-500

0 250

N IR
500 750

ages as well as a low-current switching array that connected on X (microns)
collector pin at a time to a picoammeter. All these instruments
were floating at the chuck potential, and they were powered by ) (b)
a battery. Signals were conveyed to and from a grounded labo - Potential (V)
ratory computer via a fiber optic link. The electrically-floating 8 L 7 7 28.88
copper box was surrounded by (but was electrically isolated X /—_ 6 24.75
from) a grounded copper box to protect the computer and the @ [| _~—— 5 20.63
experimenters. g°r / 4 16.50
E | f 3 1238
IV. RESULTS AND DISCUSSION > gF 2 8.25
The main parameters varied in the simulation were the plasme 1 ! 4.13
density at the upper boundary (Fig. 2) of the computational do-

-500
T

| I |

il !
0 250

500

1

main, n, (3x 10'° to 2.5x 10'®* m~=3) and the width of the o

trench,D (300, 500, and 1000m). The depth of the trench was X (microns)

either 500 or 54Q.m; the latter was used for comparison with

experiments. Other parameters were set at the base values sho\ C— (C)
in Table I. Three cases af, and the resulting sheath thickness 5

250
™

are shown in Table Il. When the electron temperature and sheat
potential are fixed, the sheath thickness scales approximately a
L, ~ no_l/z. The ratioL,, /D ranged from 0.152 up to 3.64.

I
:f

Y (microns)

-250
T

A. Electric Potential and Field Profiles

Fig. 5 displays electric potential profiles for a 5p@-wide
and 500um-deep trench, for three differert,, /D ratios.
Cases (a)—(c) of Fig. 5 correspond to (a)—(c) of Table I,
respectively. The time-average sheath thickness was calculate e e e
on the wall far away from the trench (1-D sheath), under X (microns)
otherwise identical conditions. The sheath thickness is smaller _ . .
than, comparable to, and larger than the trench width for cagéhk > at'iff‘f”ﬁ pé’.te(g;'%'io’ioﬁrsga/m‘?‘éil%ﬁ"iv'd; 26‘1”6‘:; égg‘?jeip
(a), (b), and (c), respectively. As a result, plasma molds alongs um (L., /D = 0.936), and ()., = 1951 jum (L. /D = 2.562).
the surface topography of the trench, especially for case (a).dases (a)—(c) correspond to (a)—(c), respectively, of Table.l}, is the
all cases, the sheath is locally thicker over the trench mouth d’mf—average sheath thickness calculated far away from the trench, where the

. heath was 1-D.
becomes thinner and planar away from the trench. As the ralio
Lg, /D decreases [from (c)—(a)], the sheath becomes more
conformal to the surface topography. ness (Fig. 7(a)Ls,/D = 0.216), the ion streamlines are dras-

Figs. 6 and 7 show the resulting electric field vector and eletieally deformed inside the sheath, and a significant portion of
tric field strength profiles, respectively. Fig. 7 also shows samplens strike the sidewall of the trench with a large impact angle
ion streamlines. The electric field becomes significant withifwith respect to thg axis). When the sheath thickness is larger
the sheath and increases toward the wall. Away from the trentan the width of the trench (Fig. 7(d)s, /D = 2.562), plasma
the electric field is vertical (1-D) and the field strength dependsolding is weaker and a smaller portion of the sheath is de-
on the sheath potential (difference of potential between plasfioamed by the presence of surface topography. In this case, ions
and wall) and thickness. Near the trench, however, the electsfgend a significant amount of their sheath transit time in a re-
field becomes 2-D due to plasma molding. The maximum gion of vertical electric field. Due to their vertical momentum,
the electric field is seen at the corner of the mouth of the trendbns are not affected as strongly by the horizontal electric field
Since ions gain most of their kinetic energy in the sheath, thear and inside the trench. Consequently, the impact angle (with
ion flux, IEDs, and IADs along the trench surface contour deespect to thg axis) and the flux of ions at the sidewall both de-
pend on the deformed electric field. For a small sheath thickrease with increasings;,/D.

-500
.
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T I= of Fig. 5. The electric field strengtﬁEﬁ + E)’%)I/2 was normalized by its
L . maximum value( Emax). (@) Emax = 11.45 X 10° V/m, (b) Emax =
0 250 500 750 4.265 x 10° V/m, and (C)Enax = 1.595 x 10° V/m. Contour level 5=
X (microns) 0.625, level 4= 0.5, level 3= 0.375, level 2= 0.25, level 1= 0.125.

Fig. 6. Electric field vector plots for the conditions of Fig. 5: (), =
108 pm (L.n/D = 0.216), (b) L., = 468 pm (L.n/D = 0.936),
(€) Lop = 1281 um(L,,/D = 2.562).

B. Distribution of lon Flux 15

Fig. 8 shows the time-average ion flux along the surface cc x
tour of the trench, starting from the center of the trench bottoi [
(point O, see inset figure). The ion flux was normalized b §

the value of the ion flux on the flat horizontal surface awa (@

from the trench. Since only the normal component of the flL o5k - =~ -(b)

is shown ;v for horizontal surfaces and;« for vertical sur- e -(c)
faces), the flux is discontinuous at the two corners (points I

and Q). Again, cases (a)-(c) of Fig. 8, correspond to (a)—(  o————glo———dolu ol

respectively, of Table Il. For small values &f; /D (case a),
the flux increases drastically along the horizontal surface from
its undisturbed value, to a maximum at point Q. Along the sidey. 8. Time-average ion flux as a function of contour length along
wall QP, the ion flux shows a local maximum near (but not ate surface of the trench under the conditions of Fig. 5. The flux was
; ; ; ; ; rmalized by its undisturbed value far away from the trench, where the

the_ upper corner Q, due to the_ me_rtla qf incoming ions. As tlﬁgﬁeath was 1D (@) 254102 m-2s-1, (b) 1.1x 1020 m-2s—1, and
ratio L,/ D increases, the vertical inertia of oncoming ions D&z) 1.43x 101 m=2s—1. The flux normal to surface is shown, i.e.;v for
comes more significant. Thus, the maximum of ion flux on suherizontal surfaces (OP and QR) ang for sidewall (PQ), where; is the
faces RQ and QP becomes less pronounced. Also, the |Ocaq>(5_lg1en5|t)_/ anch andp are the horizontal and vertical components of Fhe ion

f the maximum shifts away from the corner point Q. The flu uid velocity, respectively. The contour lengthwas measured from point (@]
0 y .p : {%enter of the trench bottom) along the surface as displayed by the thick arrow
along the bottom of the trench shows a maximum at the centéthe insert.

Contour Length, s (microns)
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Fig. 9. Time-and-‘space-average ion flux at the ‘mouth pf Wﬂ-deep Fig. 10. Time-and-space-average ion flux at the bottom of pé®deep
trenches as a function df., /D. The flux was normalized by its undisturbed trenches versus.,, / D. The flux was normalized by its undisturbed value far

value far away from the trench, where the sheath was 1-D.

(point O) for case (a) and monotonically decreases toward the
corner (point P). The flux is relatively uniform for the thicker
sheath cases (b) and (c).

lons passing beyond the mouth of a trench will strike either the
bottom or the sidewall of the trench. Due to the diverging flow of
ions, the average flux at the mouth of the trench may be less than
the undisturbed value (i.e., the flux on a flat wall). The average
(both time and space) ion flux at theouthof a trench as a func-
tion of the ratioL;, /D is displayed in Fig. 9. The flux was again
normalized by its undisturbed value, calculated under otherwise
identical conditions. Three 50@m-deep trenches with different
widths (300, 500, and 10Q4m) were simulated. The aspectratio,
depth/width(= H/D), ofthe trencheswas 1.67, 1.0, and 0.5, re-
spectively. Irrespective of the aspect ratio, the average ion flux
at the trenchmouthdepends only on the ratib,, /D. The flux
showsaminimumof0.83dt,, /D ~ 1.0.Forverylargé.;, /D
[see also Fig. 1(c)], theion flow is mainly vertical, and itis hardly
affected by the presence of the trench. In this case, the flux at the
mouth should approach the undisturbed value (i.e., a normalized
flux of 1.0). As L,/ D decreases, the horizontal electric field
becomes strong enough to induce significant ion divergence, re-
ducing the flux at the mouth. At the other extreme of very small
L., /D [see also Fig. 1(a)], however, the flux increases again
because the sheath clings close to the surface and, thus, occu-
pies a very small fraction of the mouth area of the trench.

Fig. 10 shows the average (time and space) ion flux at the
trenchbottomversusL,, /D (with the trench width as a param-
eter) under the same conditions as in Fig. 9. For a given trench
width, the behavior of ion flux versus,, / D is similar to that of
Fig. 9. However, the flux at the bottom strongly depends on the
width (aspect ratio) of the trench. As the aspect ratio increases,
fewer ions arrive at the bottom due to the diverging flow of ions
inside the trench. The flux at the bottom shows a minimum at
lowervalueg~0.5) of L, /D compared to the flux atthe mouth.
This is because the divergence of ion flow is further enhanced
by the horizontal electric fielthsidethe trench (see Fig. 6).

C. lon Energy and Angular Distributions Along the Trench
Bottom

Fig. 11.

away from the trench, where the sheath was 1-D.

(a)

center

lon Count (a.u.)

lon Count (a.u.)

lon Count (a.u.)

Impact Energy (eV)

lon energy distributions at three locations of the trench bottom. Cases
(a)—(c) correspond to (a)—(c) of Fig. 5.

cases (a)—(c), respectively, of Fig. 5 (and Table Il). The IEDs

The energy distributions of ions impinging on the bottom ofvere calculated using the MC simulation with the RF electric
the trench are shown in Fig. 11(a)—(c), which correspond field profiles found by the fluid simulation as input (the elec-
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tric field profiles attgr = 0 are shown in Fig. 6). Fig. 11

depicts IEDs at three locations of the bottom surface: center @

(point O of Fig. 8), edge (point P), and 12&n (midpoint be- 3 entor

tween point O and P). The shape of the IEDs depends on a ratio sy L 125 um

of the ion transit time in the sheath,,) to the RF period of g S - edge

the sheath potentigh1/wrr) [11]. WhenT,,wrr < 1, i0NS (:’

cross the sheath in a small fraction of the RF period, and experi- =

ence the instantaneous potential drop of the sheath, thus having a N

double peaked energy distribution. The energy spradd,can [ N v N
30 40

be as large as the peak-to-peak RF sheath potential [17]. When
TionwrF > 1, i0ns spend long enough time inside the sheath
to be accelerated by the time-average sheath potential. In this .
case, the resulting IEDs are single peaked. For a thinner sheath A (b)
[Fig. 11(a)], the ion transit time is shorter, and ions have typical r
bicornuate (double peaked) IEDs with largeF (~ 30eV). As i
the sheath thickens ang,,, increases, the IEDs narrow (case b,
AE ~ 7eV)and eventually, become nearly single peaked (case
c). Interestingly, for smallL,;, /D (case a)A E decreases as one
goes from the center to the edge at the bottom of the trench. For
small Ly, /D, the sheath is slightly thicker near the edge (com-

pared to the center), resulting in a bit largef,wrr, and thus R R
smallerAE. In contrast, AE increasesas one goes from the Impact Angle (degrees)
center to the edge in cases (b) and (c). In these cases of thicker
sheath, variations of sheath thickness are not as important along
the bottom of the trench. However, ions that finally land near the
bottom edge are likely to have experienced a larger modulation
of the electric field, leading to largex .

The corresponding ion angular distributions are shown in
Fig. 12(a)—(c). At the center of the bottom of the trench (solid
lines), the IADs are nearly Gaussian, with a spread of several
degrees off normal. As the edge is approached, however, ions
sample an electric field with a progressively stronger horizontal T ——
component, thus having larger impact angles. The divergence impact Angle (degroas)
of ion flow is less pronounced as the sheath becomes thicker
[cases (b) and (c)], resulting in smaller impact angles at tB%.lZ. lon angular distributions at three locations of the trench bottom. Cases
off-center locations (12xm and edge) and a less nonuniforna)—(c) correspond to (a)—(c) of Fig. 5.
ion flux.

Impact Angle (degrees)

lon Count (a.u.)

|
! i

’
/1
'
R
I
[
(B}
[ i
[
[
[
[
i
]
[ ' i i
1

(©

lon Count (a.u.)

reappear athermalneutrals, and not as energetic neutrals of in-
terest to this work. The dependence of the (average) neutral flux

As seen from Figs. 9 and 10, a significant portion of the ioon sheath thickness (bottom figure) reflects the trends found in
flux strikes the trench sidewall. Unless ions are trapped in tiégs. 9 and 10, since the neutral flux at the bottom scales with
surface, they will be reflected as energetic neutrals and may ithe difference between then flux at the mouth and bottom of
pinge on the trench bottom or opposite sidewall (for high athe trench. For thick sheaths, the neutral flux is low since ions
pect ratio trenches). The flux profiles (top) and the average flaxe more directional and fewer ions strike the sidewall to yield
and impact energy (bottom) of fast neutrals impinging on thenergetic neutrals. For thin sheaths, the neutral flux is again
bottom of the 500:2m-wide and 50Q:m-deep trench are shownlow mainly due to ion trapping on the sidewall. The trapping
as a function of the sheath thickness in Fig. 13. The neutgabbability is higher for ions impinging closer to the normal on
flux was normalized by the value of the undisturbed ion fluthe sidewall, and thin sheaths favor such impact angles (Figs. 7
on a flat surface far away from the trench. As the sheath getsd 12). The maximum value of the normalized neutral flux
thinner, the maximum of the neutral flux is seen further awag about 0.56 (at.,,/D ~ 0.6). For large sheath thickness
from the sidewall (top). This is due to the fact that the impagL,,/D > 2), the neutrals retain about 70% of the dc part of the
angle (with respect to thgaxis) of ions striking the sidewall is sheath potential. As the sheath thickness decreases, ions strike
increasing with decreasing,;, (see Figs. 7 and 12). Thus, specthe sidewall closer to normal incidence, more energy is lost upon
ularly reflected neutrals strike the bottom of the trench furthémpact, and the average energy of the emerging fast neutrals pro-
away from the sidewall. The flux profile becomes quite uniformgressively decreases. It should be noted that the vast majority of
for Ly, = 108 pum. It should be noted that, for small sheatliast neutrals formed as a result of ion reflection on the sidewalls.
thickness, the neutral flux can be reduced as a result of surfdde fraction of fast neutrals formed in the gas phase by charge
trapping of ions. Once trapped in the surface, ions eventuafliychange was unimportant under these conditions.

D. Flux of Energetic Neutrals at the Bottom of the Trench
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TABLE 11l
e | L, =108 microns PARAMETER VALUES FOR COMPARING SIMULATION TO EXPERIMENTS
o T S L,, = 468 microns TRENCHESWERE 1000¢m-WIDE AND 5404:m-DEEP. WHEN BIASED,
S S e L., = 652 microns THE RF FREQUENCY OF THEPLASMA POTENTIAL WAS 13.56 MHz.
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Fig. 13. (top) Time-average flux of energetic (fast) neutrals as a function
of position along the bottom of a trench (50®-wide and 50Q+m-deep). =
Position zero corresponds to the center of the trench bottom. (bottom) Time- S
and space-average flux and impact energy of energetic neutrals at the same X
trench bottom as a function of sheath thickness. In all cases, the neutral flux =
was normalized by the undisturbed value of the ion flux far away from the S
trench, where the sheath was 1-D.
E. Comparison With Experimental Measurements © BT R —Tv 720

80
L. . . Impact Energy (eV)
lon distributions in Ar plasmas were measured at the bottom

of 1000:m-wide and 54Q:m-deep trenches, using the experrig. 14. Comparison between experimental data and simulation predictions
imental apparatus described in Section Ill. The pinhole wakion energy distributions at four different locations at the trench bottom for
. . . .5-mtorr pressure and 100-W induction coil power and with RF bias. Distances

placed at four different locations: 0, 200, 330, and A%away are from the center of the trench bottom. See Table Il for other conditions. In
from the center of the trench bottom. this case, where the sheath thickness is comparable to the trench width, both

Simulation results were compared with experimental dagyperiments and data show that the IEDs are narrowest at the center of the

. . renc

for two sets of conditions. With 2.5 mtorr Ar gas pressure
and 100 W induction coil power, the plasma density was
3.42x 10'® m~3, and the electron temperature was 3.65 eVoltage between the plasma and the chuck wad/g8 The
(as measured by a floating double probe). When RF bias@dtential values used for the simulation for this case were
the peak-to-peak voltage between the plasma and the chdgk = 73 4+ 44sinwgrrt V(frr = 13.56 MHz) for the RF
was 92 V,,. The potential values used for the simulatiotiased chuck an@®, = 25 V for the unbiased chuck. The
were &, = 80 + 46sinwgrrt V(frr = 13.56 MHz) for parameter values used in the simulation for each case and the
the RF biased case anbl, = 25 V for the unbiased case resulting sheath thickness are summarized in Table IlI.
(the measured average ion energy was used as an estimakggs. 14 and 15 compare simulated and measured ion energy
of the dc plasma potential). The second experiment wdsstributions at the bottom of the trench. Overall, the simula-
performed with 10—mtorr Ar gas pressure and 200 W inion results are in good agreement with the experimental mea-
duction coil power. The corresponding plasma density asdrements. All qualitative trends are captured. When the ratio
electron temperature were 1x610'" m=3 and 2.7 eV, re- L., /D is relatively large, the double peaked IEDs narrow as
spectively. When the chuck was RF biased, the peak-to-pemie approaches the center of the trench (2.5-mtorr case, Fig. 14).
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Fig. 15. Comparison between experimental data and simulation predictidfig. 16. Comparison between experimental data and simulation predictions
of ion energy distributions at three different locations at the trench bottom fof ion angular distributions at four different locations at the trench bottom for
10-mtorr pressure and 200-W induction coil power and with RF bias. Distanc2S-mtorr pressure and 100-W induction coil power with no RF bias. Distances
are from the center of the trench bottom. See Table Ill for other conditionsre from the center of the trench bottom. See Table IlI for other conditions.

In this case, where the sheath thickness is smaller than the trench width, both
experiments and data show that the IEDs are broadest at the center of the trench.

LI L T

10mT, 200W, no bias
Experiment

center

200 microns ]

330 microns ]
——— — 436 microns

The reverse situation happens for relatively snda}| /D (10-
mtorr case, Fig. 15, see also Fig. 11). The finite energy resolu-
tion of the analyzer~2 eV at 40 eV and-5 eV at 100 eV )

is partly responsible for the broader peaks seen in the experi-
mental data.

Figs. 16 and 17 compare simulated and measured ion an-
gular distributions at the trench bottom. Since each of the cur-
rent collection pins subtended7° as seen from the pinhole, pomA -
the flat-topped experimental curves can only indicate how much "\ mpact Angle (degrees)
flux is within each 7-wide “bin.” The trends of ion angular
distribution versus distance from the center of the 1-mm-wide ——— T —T
trench are identical in the simulations and experimental data. As
the wall is approached, ions are subjected to stronger deflection,
resulting in larger impact angles on the bottom surface (with re-
spect to the vertical).

Fig. 18 compares simulated and measured ion fluxes. Again,
data and simulations show the same trend, a decrease in ion flux
as the sampling point nears the wall. When a bias voltage is ap-
plied and the sheath grows, the vertical momentum of the in-
coming ions is stronger compared to the horizontal component, o o 2 3
resulting in more uniform ion flux at the trench bottom (the ap- Impact Angle (degrees)

parent minimum of the experimental ion flux at 10 mtorr with . _ _ . . -
Fig. 17. Comparison between experimental data and simulation predictions
i

bias does not seem to be significant). It is instructive to 10Qfion angular distributions at four different locations at the trench bottom for
at the dependence of ion flux on the rafig, /D in view of  10-mtorr pressure and 200-W induction coil power with no RF bias. Distances

the results of Fig. 10. At 10 mtorr, the sheath thickness was p?ée from the center of the trench bottom. See Table Il for other conditions.
dicted to increase from 238 (without bias) to 3/n (with bias,

see Table Ill). The correspondirdg,, /D ratios (0.238 without creases as the sheath grows with applied bias. This is predicted
bias and 0.377 with bias) are located to the left of the mify the simulation and verified by the data of Fig. 18, top. On
imum in Fig. 10. Thus, the ion flux at the trench bottom dethe other hand, at 2.5 mtot,,, /D varies from 0.476 (without

lon Flux (a.u.)

Simulation |

lon Flux (a.u.)
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redistribution of the ion flux strongly depended on the ratio

1000 p— L, /D. For a relatively thin sheath, the ion flux along the
. o TGO B surface contour showed a sharp maximum at the corner of the
g¥F L Exprnobias [ trench mouth. As the sheath thickness increased, the vertical
E_so F----- - . inertia of oncoming ions became more significant, and the
s ® O - | maximum of the ion flux was less pronounced. In addition, a
:

0‘..‘|‘
0 100

200

300
Distance along Trench Bottom (microns)

400 500

- T T
2.,5mT, 100W

more uniform flux of ions was found at the trench bottom for
thicker sheaths. Irrespective of the trench depth, the average ion
flux at the trenchmouthshowed a minimum ak;, /D ~ 1.0,

and approached the undisturbed value (that for a flat surface)
at both extremed.;;,/D <« 1 andLg,/D > 1. In addition

to its dependence oh;, /D, the average flux at the trench

1o _ — bottomwas also affected by the trench degfh with the flux
: T2 Simnoves decreasing a#{/D increased. As the trench sidewall was
st SR o E approached, the energy spreA® IEDs at the trench bottom

decreased for a thin sheath, but increased for a thick sheath. The

9
ERe! O 3
R R R 0 8 IADs at the trench bottom peaked at larger angles off normal
2wk BT — 8 ] as the trench sidewall was approached. The situation was
20 b -] exacerbated for thinner sheaths resulting in stronger deflection
: » of ions. lons striking the sidewall were assumed to reflect as
% 100 200 300 200 500 energetic neutrals. At the trench bottom, the energetic neutral

Distance along Trench Bottom (microns) flux was comparable to the ion flux over the entire range of

Fig. 18. Comparison between experimental data and simulation predictio?‘Eeath thickness studied. The average energetic neutral flux
of ion flux distributions along the trench bottom. For each set of conditiorat the trench bottom showed a maximum as a function of
(pressure, power, and bias) the flux was normalized by the undisturbed valueg{bath thickness. However. the average energy of fast neutrals
a flat wafer under the same set of conditions. See Table Il for other conditions. . ’ . .
increased monotonically as the sheath thickness increased.

Simulation results were in good agreement with experimental

bias) to 0.755 (with bias), i.el,s;/D is around its minimum
value in Fig. 10. Therefore, the ion flux at the trench bottom
does not change appreciably as bias is applied under this condi-
tion (Fig. 18 bottom).

Overall, the simulation results are in very good qualitatve [1]
agreement with the experimental measurements. Considerin&]
experimental uncertainties (normally a factor of two in the ion
density, for example), the model predictions are also in reason-
able quantitative agreement with the experimental data. (3]

V. SUMMARY AND CONCLUSION [4]

A 2-D fluid/MC simulation was developed to study plasma
molding over surface topography. The self-consistent fluid sim-
ulation included the ion mass and momentum continuity equa—[
tions, coupled to the Poisson equation for the electric potential.
The Boltzmann relation was assumed for electrons (no electron
inertia), with a constant electron temperature. The simulation[
predicted the evolution of the RF plasma sheath over the sur-
face topography, and the spatiotemporal profiles of the electric
field in the region. Using the electric field profiles from the fluid 7
simulation, ions, and energetic neutrals (resulting by ion neu-
tralization on the wall or by charge exchange collisions in the [8]
gas phase) were followed by the MC simulation. With these sim-
ulation procedures, ion flow, and the energy and angular distri-
bution functions of ions and energetic neutrals along the surfacé®l
of a trench (widthD and depthH) were predicted.

As the sheath thickneds,; decreased, the sheath edge be{10]
came more conformal to the surface topography. The resultinﬂll
strong horizontal component of electric field modified the ion
trajectories, deflecting ions toward the trench sidewall. The

data on ion flux, IEDs and IADs at the trench bottom.
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