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Simulation of a two-dimensional sheath over a flat insulator—conductor
interface on a radio-frequency biased electrode in a high-density plasma
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A combined fluid/Monte CarlgMC) simulation was developed to study the two-dimensig2a)

sheath over a flat insulator/conductor interface on a radio-frequémcyiased electrode in a
high-density plasma. The insulator capacitance increased the local impedance between the plasma
and the bias voltage source. Thus, for uniform ion density and electron temperature far away from
the wall, the sheath potential over the insulator was only a fraction of that over the conductor,
resulting in a thinner sheath over the insulator. The fluid model provided the spatiotemporal profiles
of the 2D sheath electric field. These were used as input to the MC simulation to compute the ion
energy distributionlED) and ion angular distributioflAD) at different locations on the surface.

The ion flux, IED, and IAD changed drastically across the insulator/conductor interface due to the
diverging rf electric field in the distorted sheath. The ion flux was larger on the conductor at the
expense of that on the insulator. Both the ion impact angle and angular spread increased
progressively as the material interface was approached. The ion impact energy and energy spread
were smaller on the insulator as compared to the conductor. For given plasma parameters, as the
insulator thickness was increased, the sheath potential and thickness over the insulator decreased,
and sheath distortion became more pronounced.2004 American Institute of Physics.

[DOI: 10.1063/1.1652249

I. INTRODUCTION insulator side. A schematic of the plasma—sheath interface
(sheath edgeis also shown in Fig. 1. Due to the distorted

A sheath forms over any surface in contact with plasmasheath edge, the sheath electric field is no longer perpendicu-
The sheath over a flat, infinite, homogeneous surface is ongy to the surface in the vicinity of the insulator/conductor
dimensional, with the sheath electric field pointing perpeninterface. The multidimensional electric field diverts oncom-
dicular to the surface. When the surface contains topographing ions from their otherwise vertical trajectories. The ion
cal features, however, the sheath is no longer one dimenyx, jon energy distributioflED), and ion angular distribu-
sional. The extent of sheath “disturbance” depends on thgjon (JAD) across the interface can be drastically different,
thickness of the sheath compared to the size of the topiepending on the extent of sheath distortion.
graphical features. When the sheath thickness is comparable \ye have reported simulations of a two-dimensiai2a)
to or smaller than the length scale of the surface features, ”‘_seheath and the resulting ion flow over a flat surface with an
sheath tends to wrap around the contour of the features. Thigsylator—conductor interface under the influence of a direct-
is calledplasma moldingWe have reported self-consistent ¢\rrent(dc) bias® The insulator attained the floating poten-
simulations of plasma molding and the resulting energy angia| ynder the dc condition. Owing to the diverging sheath
angular distributions of ions an(g energgtic neutral; along SURield, the ion impact angle along the surface increased pro-
face topography: Stel? trench? and ring? Experimental gressively as the material interface was approached, and the
measurements of ion energy and angular distributions modiyy, flux was higher on the conductor side at the expense of
fied by plasma molding were presented in Ref. 5. that on the insulator side. The spatial extent and magnitude

A multidimensional sheath can also arise over a flat Suryf the jon flux disturbance was found to scale with the dif-
face with material discontinuities, as depicted in Fig. 1. Aflattarence in the sheath thickness over the two materials. Sheath
surface with an ins.ulator/conducto_r intgrface i; eXposed.t‘aistortion was more pronounced when the electron tempera-
plasma. The backing electrode is biased with a radioyre gecreased, or the dc bias was made more negative, or the

frequency(rf) voltage source. The insulator provides an ad-gecondary electron emission coefficient of the insulator in-
ditional impedance and part of the applied bias voltage i$ eased.

dropped across the insulator. This makes the sheath potential |, ihe case of rf bias, the insulator presents an additional

over the insulator smaller than that over the adjacent Cond“%apacitance((td) in series with the sheath capacitan@)(

tor. Thus, for given uniform plasma parametgesma den- e sheath potential over the insulator depends on the ratio
S|t_y, electron temperature, ie., Debye lengtie sheath is C./C4. For a given bias voltage, &%, decreases compared
thicker over the conductor side, compared to that over the, C., a larger fraction of the applied bias drops across the
insulator, and the sheath distortion is exacerbated. Hoekstra
dElectronic mail: economou@uh.edu and Kushnéerobserved that a subwafer dielectric ring caused

0021-8979/2004/95(7)/3311/8/$22.00 3311 © 2004 American Institute of Physics

Downloaded 17 May 2004 to 129.7.205.161. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1652249

3312 J. Appl. Phys., Vol. 95, No. 7, 1 April 2004 D. Kim and D. J. Economou

sheath plasma sizea;th
edge 29
___\/——_—_ electrons  ions surface
charge (p,}
insulator sheath conductor / .
\ V=0 (t) _‘________¢EV°
H €
SN\ d lnS(ul)ator y
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electrode g “ FIG. 2. Surface charging of a rf biased flat insulator of infinite extend
rt bias exposed to plasma. lon and electron flow from the plasma result in accumu-

lation of surface charge on the insulator. Surface charge causes the normal
FIG. 1. Schemati¢not to scalg of 2D (x,y) sheath formation over a flat  component of the electric field to be discontinuous across the interface. The
inhomogeneous substrate in contact with plasma. Half of the substrate isurface potential of the insulator @&,,(t) and the rf bias isb,(t).
insulating and the other half is conductive. Both the insulator and the con-
ductor are assumed to be of a semi-infinite extend. The backing electrode is
biased using a rf voltage source. The sheath potential and thickness are . ) .
larger over the conductor, compared to the insulator, resulting in a 20the interface. Since the surface charge is due to particle cur-

sheath. rents coming from the plasma, the time rate of change of the
surface charge density is given by

a local reduction in the ion energy and flux on the wafer in %=e‘]~—e‘] )
their plasma etching reactor simulation. at L

In this article, we report a combined fluid/Monte Carlo \hereeis the elementary charge addandd, are the flux of
(MC) simulation of a 2D rf sheath over a flat surface with anqsitive jons and electrons, respectively, onto the surface.

insulator—conductor interface in contact with a high-density 5, equivalent circuit model of the sheath over the insu-
Ar p!asma. The self-_consistent fluid simulatior_w pr_edicted thaator is shown in Fig. 3:® The insulator presents a capaci-
spatlotemporal_ profiles of the _sheath electric fl_eld. Thes‘fanceCd while the sheath capacitanceGs. The ion current
were used as input to the MC simulation to predict the IEDjg rgpresented by a current source, while the nonlinear elec-
and IAD at different locations along the surface. A similar 4o ‘cyrrent is shown as a diode. The capacitance of the
fluid/MC approach was followed in studies of plasma mold-jngjator increases the local impedance between the plasma
ing over topographical features reported eariérThis re- 44 the bias voltage source, reducing the sheath potential. As

port focuses on the effect of insulator capacitance on sheaffe ratioC,/C, decreasese.g., thicker insulator the local
distortion, with given uniform plasma parameters. The effecfneqance of the insulator increases leading to a larger po-
of plasma parameters on sheath distortion for the dc case Wggniia) drop across the insulator.

discussed in a previous rep6rt.

I1l. NUMERICAL MODEL AND SIMULATION
Il. SURFACE CHARGING OF AN INSULATOR PROCEDURES

Surfaces in contact with plasma receive parti@&ec-  A. Fluid simulation
trons, iong currents from the plasma. Although a conductor

can remain equipotenti@icharge accumulates on an insula- o A i
quip enarg (x,y) rf sheath electric field and the resulting ion flow in a

tor surface until, for a dc case, the floating potential is : &r46 o .
reached at steady st&t&!°The floating potential is negative self-consistent manner.”” An electropositive plasma with
one type of positive ion and electrons was considered. The

with respect to the plasma, repelling incoming electrons to
balance the positive ion and electron currents.
In a rf case, a displacement current also flows through

The fluid model employed in this study predicted the 2D

the sheath and the insulator. The surface potential and charge P,

density on the insulator surface depend on the electrical ‘L—Lli

properties of the insulator and the sheath. The situation c | G) I

where a flat insulator of an infinite extent is exposed to s—-[— ZIS ¢ '

plasma is depicted in Fig. 2. The thickness and permittivity |”—

of the insulator arel and ¢, respectively. The bottom of the D,

insulator is biased ab,(t) while the insulator surface attains c,”

potential®,,(t). Due to the existence of surface chayge T

the normal component of the electric field must be discon-

tinuous across the sheath—insulator interf4c8, @ @,
ps=eE—¢€gE, (1) FIG. 3. Equivalent circuit model for the rf biased insulator shown in Fig. 2.

. The insulator presents a capacitafixgin series with the sheath capacitance
whereE, and E are the normal components of the electric c_. The ion current is represented by a current source and the nonlinear

field on the sheath side and the insulator side, respectively, @fectron current is modeled as a diode.
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+— 1600 um ————— > sheath region. The Laplace equati®i®=0 was solved
' inside the insulator, since the charge is confined at the insu-
i \f&P :::'gsw lator surface(boundary condition
; side“boundaﬁe The simulation domain and boundary conditions are
i (60/2%=0) \ shown in Fig. 4. The originX,y)=(0,0) of the coordinate
1000 um ; system is at the insulator—conductor interface. The insulator
| sheath-insulator occupies the space<0 and—d<y=<0. The conductor oc-
} interface (c,E,-cE,=p,) cupies the spac&=0 andy=<0. The sheath occupies the
g th spacey>0. The ion mass and momentum equations were
dd 77 Tinsdlator () 'l g r solved in the sheath space {§<1000xm). The plasma
i orential density (y) and plasma potentialg,) were specn‘led_ at the
,,gu,:’:a,, @) top boundary and were assumed to be spatially uniform. The

top boundary was always thicker than the resulting sheath. In

FIG. 4. Simulation domain and boundary conditions. The potential and electha simulation, the potential of the top surfa@@ was set
tron density were specified at the top boundary. The potential on either sid . .
of the boundary was assumed to vary only in the vertical direction. The rfgquaI to ZerdrEference valueand the applled bla@b was

bias voltaged,(t) was specified along the equipotential boundary at the SPECified along the conducting boundagy~—d for x<0,
bottom.[Equation(1) was applied at the sheath—insulator interfhce. —d<y=0 for x=0, andy=0 for x=0). The potential was

assumed to vary only in the vertical direction on either side
boundary, i.e., a one-dimensional sheath away from the

governing equations were the mass and momentum consdpsulator—conductor interface. Poisson’s Eg). was solved
vation equations for ions, coupled with Poisson's equatior" the sheath space above the surface. Laplace’s equation was
for the electric potential. The ion distribution function was aSolved within the insulator. Equatioll) was applied at the
drifting Maxwellian, whereas electrons were Maxwellian atSheath—insulator interface. The 2D sheath evolved self-
temperatureT,. The Boltzmann relation was used for the _conS|stentIy und'er the specified conditions of plasma and
electron density, neglecting electron inertia. Since electron§sulator properties. . . .
see only a repelling potential in the sheath, the electron dis- 1h€ ion mass and momentum equations were discretized
tribution function should remain Maxwellian at the samein Space using a multidimensional flux-corrected-transport
temperaturé® The background neutral gas pressure and temschemée!’ Time integration was performed using an Adams—
perature(hence, densitywere taken to be uniform through- Bashforth second-order method. The chosen time step satis-
out. fied the Courant—Friderichs—Levy condition. At the end of
The ion mass and momentum balance equations read €ach time step, Poisson’s equatidrapalace’s equation in-
side the insulatgrwas solved to update the electric potential.
ﬂntVo(n-u):O 3) Integration continued until a periodic steady state was
ot : ' reached.

d en; B. Monte Carlo simulation

—(nju) + Ve(njuu)=— — Vo —p nu, (4) _ _ .

ot m; The fluid model described above can predict the self-
wheren;, m;, andu are the ion density, ion mass, and ion consistent profiles of electric field, ion density, and flux. The
fluid velocity, respectivelyd is the electric potential anelis ~ @verageenergy and angle of ions impinging on the substrate
the elementary charge,, is the total collision frequency for €an also be obtained. However, since ions can suffer colli-
momentum exchange of ior{glastic scattering and charge Sions with the background gas, the fluid model cannot pre-
exchange collisionswith the background gas. The ion pres- dict the energy and anguldistributions MC simulation was
sure force was ignored because the ion thermal energy ksed for this purpose. o

much lower than the drift energicold ion approximation !N the MC simulation, ion trajectories were tracked by
However, thermal effects were accounted for in the Mcintégrating the equations of motion

simulation. Note also that any ionization in the computa- gy, e

tional domain(Fig. 4) has been ignoreffight-hand side of o HEX(X,y,t)

Eq. (3) equal to zerh This is because of the small size of the

computational domain and the large ion current flowing into @z EE (x.y.1) ©)
the domain from the plasma. . m Y a4

Poisson’s equation with the Boltzmann relation for elec- p
trons reads Pz _ 0

at '
) e d-P, . .
Ve =— . n;—nNg ex T , (5) whereE, andE, are the horizontal and vertical components
0 e

of the electric field, respectively, determined by the fluid
wheree, is the permittivity of free spacél is the electron  simulation;v,, v,, andv, are the components of the ion
temperaturdin V), and®, andn, are the values for electric particle(not fluid) velocity. The spatially nonuniform electric
potential and ion density, respectively, at the top boundary ofield oscillates at the rf frequency. lons were launched with
the domain(see Fig. 4 Equation(5) was solved in the the appropriate energy and angular distributibnghe
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TABLE |. Parameter values used for simulation. (a)
Electron temperaturél,, 3eVv 8001 Potential V)
Electron(ion) density,n, 5x10°¢cm™3 — t| 9 -813
Potential, @, oV 5400 | 7 -14.06
Bias voltage®,, —50-30ssin(zrft) V, o g 'g:gg
f,1=13.56 MHz S :46'88 9

Ar gas pressure 10 mTorr % 200 :_/_
Gas temperature 0.05 eV o 7
lon temperatur® 0.1eVv :'cg -
Transverse ion temperatdre 0.1eV T o

o

>
#Used for Monte Carlo simulation only. 3

20065 —F60 200 0 200 400 500

launching position was a horizontal plane in the presheath Horizontal Distance (um)

region, away from the(curved sheath edge. lons were
evenly distributed in space and in the rf ph&8do 2).

During their transit through the computational domain,
ions can suffer elastic scattering or charge-exchange colli-
sions with background gas. Elastic scattering was treated as a
hard sphere collision. For charge-exchange collisions, the
fast ion and slow neutral switched identities to become fast
neutral and slow ion, respectively, keeping their precollision
velocity vector(resonant procegssSome 100 000 ions were
followed to calculate the ion energy and angular distribution
at different locations on the substrate.

|=10° Viem (b)

600

&
o
[—]

200

Vertical Distance (um)

(-]

20055360 200 0 200 400 800

IV. RESULTS AND DISCUSSION Horizontal Distance (um)
. The ma_“n parametgr varied in the Slmmatlon was theFIG. 5. Electric potential(@ and electric-field vectorb) profiles att
insulator thicknessl, which affected the rati€€,/Cs. The  =0.5f for d=150xm. Other parameters are shown in Table I. Potential
dielectric constant of the insulatef was set at 3.8. Plasma values shown here are referenced with respect to the top boundary, i.e.,
parameters were fixed as shown in Table I. Recall that th&o=0V. The electric-fi_eld vector is plotted for the sheath region ‘oryly (
origin of the coordinate system is at the insuIator—conductoﬁgﬂéggfoihxﬁteﬁ:?ﬁ: :let'is\/zsshzvzgh?ﬁ;he S(Ee)"’/‘:]h sv(lglseo\l\é)a:l.s defined as
interface(Fig. 4). P e o

The electric potential profile at=0.5f; is shown in
Fig. 5@ for a 150um-thick insulator. The potential varia- —n.)/n;=0.01. The electric field is very weak outside the
tion in the sheath y(>0) as well as inside the insulator sheath and becomes progressively stronger as the wall is ap-
(—=150um<y<0 um andx<<0 um) are shown. Away from proached. The field is stronger over the conductor, compared
the material interfacé¢located atx=0), the potential varies to the insulator, due to the larger sheath potential. The field is
only in the vertical direction, reminiscent of a one- mainly vertical away from the material interfatED sheath,
dimensional(1D) sheath. The sheath reaches its undisturbedbut diverges strongly as the interface is neared. Thus, ions
(1D) state over the respective surface far away from the mawill experience quite different trajectories depending on their
terial interface. In the transition region over the material in-horizontal location upon entering the she&th.
terface, the potential contours gently bend to connectthe two The IADs at different locations on the substrate are
sheaths. The sheath potential over the insulator is smalleshown in Fig. 6. The top figure in Fig. 6 shows distributions
than the applied bias, because of the voltage drop across tla four different locations on the conductor side; the corre-
insulator. The sheath potential over the conductor is 50 V, theponding distributions on the insulator side are shown in the
applied bias voltage at=0.5f, resulting in a thicker bottom figure. All distributions were calculated by the MC
sheatht> The potential changes abruptly at the sheath-simulation, using the spatiotemporal electric field found by
insulator interfacélocated aty=0 andx<0). The existence the fluid simulation. The IAD ak=500xm (top figure in
of a surface charge causes a discontinuous jumip af the  Fig. 6) appears to be Gaussian centered at zero degrees, in-
interface in accordance with E¢Ll). Far enough to the left- dicating that, away from the interface, ions sample a mainly
hand side of the material interface, the potential contours areertical field (1D sheath The small angular spread is a re-
horizontal and equally spaced inside the insulator, E6is  sult of gas-phase collisions with the background gas experi-
(®,—d,)/d. This linear relation does not hold as the ma-enced in the presheations entering the computational do-
terial interface is approached. main have an angular spreéadAs one approaches the

The corresponding electric-field vectaishown for the  material interface, the electric field possesses a progressively
sheath region onlyy>0), along with the sheath edge, are stronger horizontal componefsee Fig. #)]. As a result,
plotted in Fig. %b). The sheath edge was defined as the locushe IADs on the conductor side shift to larger angles and
of points at which the relative net charge density; ( become broader. The same trends are observed on the insu-
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FIG. 7. IEDs at different locations on the conductor sidep) and the

FIG. 6. IADs at different locations on the conductor sidep) and the  insulator side(bottom) measured from the interface, for the conditions of

insulator side(bottom) measured from the interface, for the conditions of Fig. 5.
Fig. 5.

. . ent locations. The applied rf bias wave forry) and the
lator side, but the impact angle and spread of the IAD at thecorresponding dc floating potentiadg,,) are also shown

corresponding Iogation are larger. This is because the iof,, comparison. The amplitude of the sheath potential in-
energy over the insulator is smallésee below and less creases as the material interface is approached. In addition,

energetic ions are easier to deflect. The IAD sat o\ ave forms are nonsinusoidal, being rather flat near their
—500um is centered off normal, implying that the sheath yininum. Therefore, the resulting IEDs have more intense

has nﬁt )_/et rlecovered its undisturbed state at that locat'ofbw-energy peaks. As one moves even closer to the material
over ':1 e insulator. o o o interface, ®,,(t) is progressively approachind@,(t), indi-
The corresponding IEDs are shown in Fig. 7. The aiing that the insulator becomes more strongly coupled to

double-peaked distributions are nearly identical on the CONfhe applied bias, i.e., the rat,/C, increases. The presence
ductor side regardless of the sampling location. The energys ina vertical equipotential boundary at=0 (where the
spread is~40 V and the high-energy peak is more intense.

The IEDs on the conductor are typical for Ar ions in a high-

density plasma with a 13.56 MHz sinusoidal btsFor

given ion mass, the spread of the IED depends on the sheath P T T
thickness and sheath potential wave fdfih’ The sheath 8o ///7~\
potential over the conductor is uniform, i.e;®,=50 [
+30sin(,) V, because all applied bias drops across the
sheath. Therefore, the IEDs on the conductor side depend
solely on the sheath thickness. As the material interface is
approached, the sheath over the conductor gets thjifigr
5(b)], resulting in wider IEDS’

The IEDs on the insulator side are double peaked as y
well. However, the IEDs are shifted to lower energies and the 1
low-energy peak is more intense. As one nears the material Vg S,
interface, the energy spread increases, despite the growing rf Phase (radian)
sheath thickness. This can be explained by noting that the

S . . FIG. 8. Sheath potentiald{,— ®,,) wave forms at several locations along
sheath potentlal is not uniform along the insulator Surfacethe insulator surface for the conditions of Fig. 5. The applied bias voltage

Figure _8 shows the sheath potentidio_— D, (essenti_a”y wave form®(t) is also shown. The steady-state floating potential on a flat
—®,, since®,=0), wave form over the insulator for differ- infinite insulator for a dc condition i®q,= —14.71 V.

x=-50um
/. -D N |-~ x=-150um

r b 0 | oo x=-300um | 7
sof / A x=-500um | ]

PO A B

sof

Sheath Potential (V)

20f
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FIG. 9. Time-average thickness of the undisturbed sheath over the insulat G. 11 'Tlme average 1on flux prc_)flle along the substrate as a functidn of
_ P : ) he undisturbed value of ion flux is always slightly larger on the conductor
atx=—800um vse /d. Only d was varied in the simulation, other param- ide because the ion density was assumed spatially uniform along the to
eters were set as shown in Table I. Points are simulation predictions, line i ) ty p Y 9 p
- oundary of Fig. 4.
for guiding the eye.

ion flux on the conductor side is larger, at the expense of that

insulator on the left-hand side meets the conductor on then the insulator side. This is because the diverging electric
right-hand side, see Fig.)4introduces an “edge” capaci- field near the material interfad€ig. 5 redirects ions on the
tance, increasing the effective, . conductor side of the interface. Alsincreases, sheath distor-

The time-average sheath thickness over the insulatpr tion becomes more pronounced yielding larger differences in
calculated ak= —800um, is plotted versug, /d in Fig. 9.  the ion flux across the interface. There is a small difference
Locationx=—800um is far enough from the material inter- in the ion fluxes over the conductor and the insulator far
face for the sheath to recover its 1D state and become planaway from the interface, especially for thicker insulators
The sheath over the insulator grows rapidly with increasingwhen the sheath over the insulator is thinndmis is be-
€, /d and reaches a plateau beyogdd~0.1um 1. This  cause the ion density on the upper boundary of the compu-
occurs asl decreases to the point that the sheath capacitanaational domain(Fig. 4) was taken spatially uniform. This
dominates. The spatial profiles of the time-average insulatocan only be satisfied for very large distances from the wall.
surface potentiadb,, are shown for different values afin  Thus, the difference in “undisturbed” ion currents is a result
Fig. 10. Ase,/d (or C4/Cy) increases, a smaller potential of the finite size of the computational domain.
drop occurs across the insulator. In addition, for gidems The dependence of rf sheath distortion grid is also
the material interface is approached, the potential drop acroseflected in the ion energy and angular distributions. The
the insulator becomes progressively smaller, due to the edg®serage angles and energies, as well as the spreads of the

capacitance, as discussed above. IADs and IEDs are plotted in Figs. 12 and 13, respectively,
The time-average thickness of the undisturbed sheathersus horizontal location along the substratall thatx
over the conductor, calculated>at 800um, was~506 um, =0 corresponds to the insulator—conductor interfadée

and was hardly affected by changes in the insulator capacitrends found in Figs. 6 and 7 are reproduced hépeThe
tance, i.e.,d. Thus, sheath distortion should be more pro-1ADs shift to larger angles and broaden as the material inter-
nounced and field divergence should be stronger for smalldiace is approached from either side of the interfd@e,ion

€, /d. The time-average ion flux profile along the substrate isangular disturbance@n terms of average angle and angular
plotted for different values of in Fig. 11. For all cases, the spreadl are stronger on the insulator side compared to the
conductor side(iii ) the IEDs shift toward larger energies and
the energy spread increases as one approaches the material

or T ' M - interface from the insulator side, aritV) the IEDs on the
- d=500um | ] conductor side are rather uniform and the average ion energy
_ ::}gg:i: 1 is a hit higher than the time-average bias voltage. This is
-~ d=s50pm | ] because the input ion energy distribution has a spread of

d=20pum

1 ~T.=3eV and there are hardly any collisions in the thin

] sheath at 10 mTorr. In addition, there are more ions populat-
] ing the high-energy peak of the IED, shifting the average to
a bit larger values. Furthermore, sheath distortion gets
weaker and ion flow becomes more vertical with decreasing

Time-average Surface Potential (V)

sl insulator «a——m~ conductor . d, reducing the ion impact angle and angular spread. Smaller
T R R A ) d also favors larger ion impact energy and larger energy
Horizontal Distance (um) spread on the insulator. The IEDs on the conductor are nearly

FIG. 10. Time-average surfa¢eall) potential profile along the substrate as invariant asd chapggs. The d!SCOﬂtIHUIty In ion properties
a function ofd. The time-average potential of the conductor-i§0 v~ aCross the m?‘te”al interface is reduceddadecreases, but
(Table I). remains considerable even fdras low as 2Qum.

Downloaded 17 May 2004 to 129.7.205.161. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 7, 1 April 2004 D. Kim and D. J. Economou 3317
_ 75 e ——— : I
? ) s T ]
g (a) R (a)]
o P T > 5 |
[-1) " o
S 20 / —8— d=20um @ 00— —=0]
o 3 - =8B- - d=50um uc.l 50 | -
o | /¥ —m == d=100um | ] w ]
- P/ > nmigomm d=150um | | 9 |

A — - d=500um o .
/" /2 /lz e - esoum]] ; _
g. 4 - g —F— d=20pm o
= - | --A- - d=50um |
H g [ ~=O--= d=100um
- s [ e xFmm d=150pm
o g — & - d=500um
E 3 < [ L i I ]
g L ) — L : e I T R
0 . C b - -
< 500 ~250 o 250 500 i .
Horizontal Distance (1m) Horizontal Distance (um)
Y T — T wf —— ' e
- (b) | ——3~ d=20um (b) 1
o ) 1  [--A-- d=50um ]
e 2l . —e -~ d=100pm X
Y / 85— d=20um o 75F |—msp—m d=150um PP o
- =A=~ d=50um > - - ]
2 ? b 2 | |— & - d=500um ]
o y )4 - t}gg”" 1 = i = —— 1
< / ——sg—— d=150um | ] w f & B ]
@ 7 — & - d=500um | | o sofa----A--O&-Be—E,
-3 / ! = oy R
» | « |
k| ] w ]
3 ] 25 e
c XN ]
< e<§~g____..§_! - :
s )
° . . T ol NSO T R T e b
PURDUT TR DU YN ST S T Y ST S SR 1 Ll L - -
0 ks L 25 s 500 250 0 250 500

Horizontal Distance (um) Horizontal Distance (um)

FIG. 13. Average impact enerdy) and energy spreah) of ions along the
r%ubstrate. Inb), E4 andE, represent, respectively, the value of the high-
energy peak and the low-energy peak of the double-peaked IEDs. The en-
ergy spread was defined &g, —E, .

FIG. 12. Average impact angl@) and angular spreai) of ions along the
substrate. The angular spread was defined as the full width at half-maximu
(FWHM) of the IADs. A value of the FWHM was estimated even for non-
Gaussian distributions.

experienced less divergence off the vertical for smadler

i . _ _ and the ion impact angle and angular spread were reduced as
A combined fluid/MC simulation was e_mploye(_:i to study 4 was decreased. Also, the ion impact energy and energy
a 2D rf sheath over a flat surface with an insulator—gnreaqd on the insulator came closer to their values on the
conductor interface in contact with a high-density Ar plasma..qnquctor side, as the insulator thickness was reduced. A

The self-consistent fluid simulation predicted the 2D SPagiscontinuity in the ion flux and ion energy and angular dis-

tiotemporal profiles of the electric field. These were used agptions across the material interface was still considerable,
input to the MC simulation to predict the IEDs and IADS q\vever. even fod as small as 2qum.

along the surface.

V. SUMMARY AND CONCLUSIONS

i ) . . This work has assumed that the ion density “far away”
The capacitance of the insulator increased the local iMg,m the wall is spatially uniform. This may not be the case
pedance, and made the sheath potential over the insulatQf hracical situations when, for example, the sheath is rela-
smaller than thgt over the cond_uctor. Thus, for given ””'formtively thick (compared to the mean-free path for ionizajion
plasma propertiegplasma density and electron temperatire onq'secondary electron emission from the wall is important.

the sheath was thinner over the insulator, compared to thafj,.e the metal portion of the wall may have a different

over the conductor. The 2D sheath electric field diverted ONzecondary electron emission coefficient than the insulator,

coming ions toward the conductor side of the interface, makisnization in the sheath or modified charging of the insulator,
ing the ion flux on the conductor higher at the expense Ofy,y pring about a spatial profile of the ion densind even
that on the insulator. The IADs shifted to larger angles offio" alectron temperaturgrofile far way from the wall. In

normal, and became broader as the interface was approachggition, when ionization in the sheath is important, the
from either the conductor or the insulator side of the imer'right-hand side of Eq(3) is no longer zero.

face. The IEDs on the insulator side shifted to lower energies
and the energy spread decreased as one moved. away fr%KNOWLEDGMENTS
the material interface. The IEDs were relatively uniform, re-
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