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Simulation of a two-dimensional sheath over a flat wall
with an insulator /conductor interface exposed
to a high density plasma
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The structure of the two-dimension&D) sheath over a flat, electrically inhomogeneous wall
exposed to a high density plasma was investigated by a fluid model. The wall consisted of a floating
semi-infinite insulator in contact with a semi-infinite conductor biased by a negative dc voltage. The
difference in sheath potential over the two materials resulted in a 2D sheath over the insulator/
conductor interface. The ion flux was higher on the conductor side of the interface at the expense
of the flux on the insulator side. The spatial extend and magnitude of the ion flux disturbance scaled
with the difference in the sheath thickness over the two different materials. The ion impact angle
along the surface increased progressively as the material interface was approached. Sheath distortion
was exacerbated when the electron temperature was decreased or the bias potential was made more
negative. ©2003 American Institute of Physic§DOI: 10.1063/1.1597943

I. INTRODUCTION ion energy distribution, and ion angular distribution along
the surface can be drastically changed, depending on the
A sheath forms over any surface in contact with plasmamagnitude of the sheath disturbance.
The sheath over a flat, infinite, homogeneous surface is one The situation depicted in Fig. 1 can be encountered in
dimensional1D), with the sheath electric field pointing per- plasma reactors at the interface between a silicon wafer and
pendicular to the surface. When the surface contains topdhe substrate holding the wafer. The decollimation of ion
graphical features, however, the sheath is no longer one dirajectories, caused by charging of insulating surfaces, has
mensional. The extend of sheath “disturbance” depends ofeen studied befofE.’ In theses studies, however, the elec-
the thickness of the sheath compared to the size of the topddc field distortion was confined to a small regi¢several
graphical features. When the sheath thickness is comparabim) near the insulating feature, i.e., the sheath was one di-
to or smaller than the length scale of the surface features, tHeensional over much of its length except very near the sur-
sheath tends to wrap around the contour of the features. Thface feature.
is called plasma molding:® In this article, we report results of a self-consistent fluid
A multidimensional sheath can also arise over a perfectlygimulation of two-dimensionalD) sheath formation over a

flat surface, when this surface is electrically inhomogeneoudlat wall with an insulator/conductor interfadsee Fig. 1
Consider, for example, the situation depicted in Fig. 1. A flat,€XP0sed to a high density quiescéne rf plasma potential

electrically inhomogeneous wall is exposed to a high density*' Plasma. The conductor side of the interface was biased by

plasma. The conductor side of the material interface is biasef "€9ative dc potential, while the insulator was floating. The

by a negative dc potential, while the insulator side is ek_mtri_simulation predicted the profiles of electric potential and ion

cally floating. Upon exposure to plasma, the insulator Wi"densny, as well as the ion flux distribution along the surface.

charge up to reach the floating potential, while the conducto;rhe eé(tﬁm anfd magnltu.de o; ttf?e.dlstlorttlon of |otn dflo;v
potential can be varied at will. For given plasma density an aused by surtace charging of the insulator, was studied in

electron temperaturée.g., given Debye lengththe differ- erms of the_ﬂux and_ |mpa_ct angle of ions alqng the surface.
) : ; . The model is described in Sec. Il. Simulation results are

ence in sheath potentials over the two sides of the interface. : .
iscussed in Sec. Ill. Summary and Conclusions are pre-

will result in different sheath thicknesses. A schematic of the ented in Sec. IV. Only the dc case is examined in this work
plasma/sheath interface is also shown in Fig. 1. When the he rf case w.iII t;e reported in the future. '
bias on the conductor is more negative than the floating po-

tential, the sheath over the conductor side will be thicker.

Owing to the potential difference across the material inter—”_ MATHEMATICAL MODEL AND SIMULATION

face, the electric field is no longer perpendicular to the sUrprocEDURES

face. Thus, ion flow near the material interface can be di- o )

verted by the multidimensional electric field. The ion flux, A Fluid simulation

The self-consistent, two-dimensionat,y) fluid model
aAuthor to whom correspondence should be addressed; electronic mai¢Mployed in this study was formulated for a plasma with one
economou@uh.edu type of positive ions and electrons. The governing equations
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FIG. 1. Schemati¢not to scal¢ of sheath formation over a flat, electrically . YA :
inhomogeneous surface exposed to plasma. A semi-infinite electrically float- R aa > 'y
ing insulator is in contact with a semi-infinite conductor biased by a nega- \Insulators\\ / conductor’
tive dc voltage. The plasma potentialdg, and the conductor bias ., . S \ f
The floating potentiakb; on the surface of the insulator is in general a 500 um 500 pm

function of location along the surface. . . . . ) )
FIG. 2. Simulation domain and boundary conditions. A high density Ar

plasma was in contact with a flat, electrically inhomogeneous wall such as
shown in Fig. 1. The plasma density and the electric potentiab, were

were the mass and momentum balance equations for ionfi et T TEe T8 FEHCEN, C Bas L o vary only i the
coupled with Poisson’s equation for the electric poteritfal. vertical direction ¢d/dx=0). The dc potential on the conductor surface
It was assumed that the ion distribution function was a drift-was set atb,,. The insulator side of the wall was floating and its surface
ing Maxwellian and the electron distribution function was potential was found as part of the solution.

Maxwellian. The Boltzmann relation was used for the elec-

tron density, neglecting electron inertia. Isothermal equations

of state were used for both electrons and ions. The backdirection on both side boundaries®/dx=0). The width of

ground neutral gas pressure and temperd]hmece densiw the domain was 100ﬂm in most cases. This was far enough
were taken to be uniform throughout. from the interface for the sheath to be effectively one dimen-

The ion mass and momentum balance equations read sional at the lateral edges of the domain. A domain width of
1600m was used in several cases of thicker sheath to again

an; R ensure a one-dimensional sheath at the lateral edges. A flat

E+V°(niu):0’ @) wall was located at the bottom of the domain. Half of the
wall was a perfect conductor with a specified potentig],.

Ja o en R The application of such a bias was assumed not to change the

¢ (i) + Ve(niuu) = — HV@ ~ Vmhil, () plasma propertieglectron density and temperatiyree., the

plasma was sustained independently of the presence of the
material wall. The other half of the wall was a perfect insu-
lator. Both conductor and insulator were of semi-infinite ex-

> ! : tent, i.e., the sheath reached its undisturbed state over the
momentum exchange of ioriglastic scattering and charge egpective material far enough to the left and to the right of

exchange collisionswith the background gas. The ion pres- the interface. The insulating surface achieved the floating

sure force was ignored because the ion thermal energy {Syential, &, which was a function of position and was
much I_ower7than the drift energigold ion approximation {604 as part of the solutiofsee below. The plasma sheath

Poisson's equation with the Boltzmann relation for elec-g, )y eq self-consistently in accordance with the specified pa-
trons reads rameters iy, Te, o, andd,,).

wheren;, m;, andu are the ion density, ion mass, and ion
fluid velocity, respectively® is the electric potential anglis
the elementary chargey, is the total collision frequency for

V2= e P-D, 3
a 8_0 i~ Mo ©X Te ' ©® B. Numerical solution method
wheree, is the permittivity of free spacd,, is the electron Equations(1) and (2) were discretized in space using a

temperaturdin V), and®, andn, are the values for electric multidimensional flux-corrected transpgRCT) scheme de-
potential and ion density, respectively, at the top boundary ofeloped by Zalesak® In FCT, a weighted average of low
the domain(see Fig. 2 Since electrons see only a repelling order and high order fluxes is used for the convective flux
potential, the electron energy distribution function should reterms in the governing equations. The FCT solutions are
main Maxwellian at the same temperatilig.® stable and also have higher accuracy compared to low order
The simulation domain and boundary conditions aresolutions. In this study, second order central difference was
shown in Fig. 2. The location of the top boundary was farused for the high order flux and Rusanov’s method, an im-
enough from the sheath edge so that a quasineutrality condirovement of Rax’s method, was used for the low order
tion could be applied at the top. The domain heigt®00  flux.! Equations(1) and(2) were integrated in time using an
um) was much larger than the sheath thickness for all case&dams—Bashforth second order method. The time step was
studied. At the top boundary the plasma density=n; chosen so that the Courant—Friderichs—Levy condition was
=n) and the electric potentiald{,) were specified. The satisfied. At the end of each time step, Poisson’s equation
electric potential was assumed to vary only in the verticalwas solved by a Newton—Raphson method combined with a
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conjugate gradient scheme to update the electric potential. (a)
The simulation evolved until a steady-state solution was - Potential (V)
reached. 300 | 9 4.0
= 7 120
E 5 200
200 | 3 280
g 1 -36.0 9
C. Surface charging and floating potential g —/'
o100 | 7—
The conductor surface can draw a net current, but the %100 -
charge in the conductor rearranges instantaneously so that & [ /’_ﬁ
the conductor remains equipotentialconductivity is S or —_— X uch
infinite).’* On the other hand, upon exposure to plasma, meuEer conductor
charge accumulates on the insulator surface, until the floating 00
=300 =200 -100 0 200 300

potential is reached at steady statelowever, the floating Hoﬁzontamistanclo?pm)
potential depends on the ion fldgne of the unknownsthis

flux being a function of position on the insulator surface. Bohm criterion (b)
Hence, the potential of the insulator as a function of position
was determined as part of the solution using a surface charge 300 | — \
balance. T L1 1 K
The surface charge densipy at any point on the insu- = [ space charge
. @200 ritefion
lator is Q {
gmo
dps a 5
—=el—el, 4 3
whereJ; andJ, are the flux of positive ions and electrons, > insulator X conductor
respectively, onto the surface. Equati@) does not include 100 L . et . . )
i =300 -200 -100 0 100 200 300
any displacement currentglc casg¢, and assumes a perfect Horizontal Distance (um)

insulator(no surface conduction of change

The thermal flux of inertialess electrons is given by FIG. 3. Electric potentiala) and ion streamlinegb) over the wall, forn,
=10"m™3, &,=—40V, T,=3 eV, andy,=0. The wall potential of the

1 CDf— ® ST insulator was—14.8 V, far away from the material interface locatedxat
Je=—n, eXF{ 0) e , (5) =0. The resulting sheath edge is also showibin The sheath edge by the
4 Te 7TMe space charge criterion was defined as the location where the relative net
space charge densityp;(—n¢)/n;, was 0.01. The sheath edge by the Bohm
where Me is the electron mass. criterion was defined as the locus of points where the ion speed equals the

The steady-state floating potential on the insulator surBohm speed;+u)**= (kTe/m;)"2
face is attained whed;=J,, i.e.,

Bo=T.| 4J| Mg
=l Nar, )"

0o

D, . (6)  |II. RESULTS AND DISCUSSION

The floating potential scales with the electron temperature.  Figure 3a) shows the electric potential profile near the
For a one-dimensional sheath over an infinite floating walljnsulator/conductor interface, forn,=10"m=3, @,
both the ion flux and the floating potential are uniform over=—40V, T,=3 eV, andy~=0. The plot covers a horizon-
the entire surface. In the present study, however, the ion fluj@l distance of only 60@m, although the simulation covered
onto the insulating surface is nonuniform, causing the floata distance of 100um. The potential was referenced with
ing potential to vary along the insulator. respect to the potential at the top boundérg., ,=0V).

lon bombardment of a surface can result in the emissior he background gas pressure was set at 10 mTorr throughout
of secondary electrorfs The secondary electron emission this study. The potential distribution is one dimensional far
coefficient can be quite large for some insulatorsofie  away from the material interface locatedxat 0. The sheath
electron per ioh When secondary electron emission from potential, a function of horizontal position, is 40 V over the
the insulator surface is considered, the floating potentiatonductor and 14.8 V over the insulator, far away from the
becomes interface’ The floating potential becomes more negative by

~1.2 'V along the insulator surface as the material interface
4(1+ ys9J; /Wme is approached. The sheath potential is larger and the sheath is
No 8T,

®i=Teln +D,, (7)  thicker on the conductor side, compared to the insulator side.

The corresponding sheath edge is plotted in Figp).3The
where vy, is the secondary electron emission coefficient.sheath edge was defined as the location where the relative net
Emission of secondary electrons makes the floating potentiapace charge densityn(—ng)/n;=0.01. The sheath edge
less negative, and thus decreases the sheath potential over trently bends over the interface, becoming horizoridD

insulator,®,— ®; . sheath far away on either side of the interface. The sheath
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FIG. 4. lon flux and ion impact angle along the wall for the conditions of FIG. 5. Contours of sheath edge as a function of the electron temperature for
Fig. 3. The undisturbed value of the ion flgealculated far away from the n,=10" m 3, ®,=—40V, andy,=0. The sheath edge was defined as
interface, where the sheath was one dimensjoisaslightly larger on the  the location where the relative net space charge density was 0.01.
conductor side, compared to the insulator side, because of the larger sheath
potential. The undisturbed value of the ion flux was X197° and 2.11
X107 m~2s? for the conductor and insulator surfaces, respectively. The
value ofXs,,, which defines the extent of the ion flow disturbarsee Fig.
8), was 205um for this case. face. This implies 1D(along the vertical ion acceleration.
Of course, ion neutral collisions, especially in the pre-sheath,
would result in a small angular dispersion of the ion flux, not
captured by the fluid simulation. The gross disturbance in ion
thickness(calculated at a horizontal distance of 5@fh on  flux and impact angle near the material interface is caused by
either side the interfagavas 320 and 23@m over the con- the diverging electric field. In addition, the sheath potential
ductor and the insulator, respectively. varies from 14.8 to 16 V along the insulator surface, and it is
Since the Debye length is much smaller than the iom40 V along the conductor surface. Hence, the ion impact
mean free path in this system, the classic Bohm sheath crenergy(not shown, which is equal to the sheath potential in
terion should be applicable. Figureb3 also shows the the absence of collisions in the sheath, varies considerably
sheath edge defined as the locus of points where the ioalong the surface, especially around the material interface.
speed equals the Bohm speed. Again, the sheath edge bends The contour shape of the sheath edge over the insulator/
gently over the material interface. The sheath defined by theonductor wall depends on the electron temperature, as
Bohm criterion is thicker than that defined by the spaceshown in Fig. 5. As the electron temperature is lowered from
charge criterion, if;— ng)/n;=0.01, since the Bohm “edge” 5 to 1.5 eV, the sheath thickness shrinks much faster over the
is normally closer to the quasineutral plasma. insulator side, causing greater disturbance. This is because
Representative ion streamlines are also shown in Fighoth the local Debye length and the sheath potefdizd Eq.
3(b). Outside the sheath edge, the ion streamlines are mainly7)] decrease over the insulator, compared to the conductor,
vertical and equally spaced. This is also the case inside thehere only the local Debye length decreases but the sheath
sheath, at locations far away on either side of the interfacepotential is kept the same. In other words, the difference in
These ions are accelerated by 1D fields. lons entering theheath thickness over the two sides of the wall is more pro-
sheath over the material interface, however, are under theounced at lower electron temperatgsee also Table)l As
influence of a 2D field, which bends the ion trajectories awaya result, the discontinuous jump of the ion flux across the
from the vertical towards the conductor side of the interfaceinterface and the maximum ion impact angle both increase as
This results in an increase of the ion flux on the conductor athe electron temperature is lowerésee Fig. 6. A similar
the expense of that on the insulator side of the interface. Thsituation is encountered when the potential of the conductor
ion impact angle is also affected by the 2D fields. becomes more negative: tlfanperturbedl sheath over the
Figure 4 shows the ion flux and ion impact angle alongconductor thickens but the sheath thickness over the insula-
the surface for the same conditions as in Fig. 3. The impadbr does not change, exacerbating the distortion of the sheath
angle was calculated as Fa"n(—uxluy), whereu, andu,  edge. However, when the plasma density on the top bound-
are the horizontal and vertical components of the ion fluidary, n,, was loweredeverything else being the sajné¢he
velocity, respectively. As the material interface is approachedheath thickness increased by the same factor on both sides
from the insulator side, the ion impact angle increases drasf the interface.
tically, while the ion flux decreases from its undisturbed = When secondary electrons are emitted from the insulat-
value. At the interface, the ion impact angle peaks but the iofing wall, a larger electron influx is needed to balance the
flux reaches a minimum value. The ion flux increasessurface charge. Secondary electron emission causes the
abruptly as one crosses the interface. Both the ion impaaheath potential and thickness to decrease on the insulator
angle and the ion flux decrease gradually to their undisturbedide of the interface, while the sheath thickness remains the
values as one moves further along the conductor surface. Trgame on the conductor side. This makes the sheath thickness
ion impact angle is zero far away on either side of the interdifference, and associated disturbance, larger. Figure 7 shows
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TABLE |. Parameter values used for simulation and resulting sheath thickness. Gas pressure was fixed as 10
mTorr. The surface potential of the conductby, ranged from—20 to —80 V. The ion density at the top
boundaryn, varied from 2x 10'¢ to 2x 10" m~3. The electron temperature and secondary electron emission
coefficient of the insulator were also varied as shown.

No q)w Te |—sh,ca |—sh,da Lsh,cf Lsh,d
Case  (107m?) V) @) ye  @m (um) (um)
@ 1.0 —20 3.0 0.0 252 230 22
(b) 1.0 —40 3.0 0.0 320 230 90
(@] 1.0 —60 3.0 0.0 370 230 140
(d) 1.0 —80 3.0 0.0 417 228 189
(e 1.0 —40 15 0.0 296 165 131
) 1.0 —40 5.0 0.0 338 292 46
(9) 1.0 —40 5.0 0.5 339 288 51
(h) 1.0 —40 5.0 0.9 336 279 57
(i) 0.2 —-20 3.0 0.0 544 506 38
() 0.5 —20 3.0 0.0 352 324 28
(k) 2.0 —-20 3.0 0.0 181 165 16

&The sheath edge was defined as the location where the relative net space charge density was 0.01. The sheath
thickness over the conductot ¢,.) and the dielectric insulatorL¢,y) was calculated far away from the
material interface, where the sheath was one dimensional. The sheath thickness showed a small(lessation
than~1%) for simulation cases using the same plasma parameters, but different mesh resolution.

the ion flux and ion impact angle profiles along the wall for
a secondary electron coefficient of the insulatar=0.9.
Other conditions weren,=10" m~3, &®,=-40V, and
T.=5¢eV. The casey,~0 is also shown for comparison.
For ys—=0.9, the discontinuous jump of ion flux and ion
impact angle across the interface are more pronounced. In
practice, secondary electrons are accelerated by the sheath
field back into the plasma, and can participate in inelastic
processede.g., ionization influencing the ionization bal-
ance. Such effects were outside the purpose of this study.
Table | summarizes the parameter values used for simu- [
lation cases considered in this study, and the resulting sheath T T N
thickness. The sheath thickness over the conduttgy,, -500 -250 0 260 500
was always larger than that over the dielectric insulator, Horizontal Distance (um)
Lsha- Two new variables were also defined in order to quan-
tify the disturbance of ion flow due to the two-dimensional
sheath. These variables were based on the ion flux distur-
bance on the conductor sid¥s,, was defined as the hori-
zontal location, where the ion flug, increased by 5% from
its undisturbed value), ¢, (i.e., atx=Xsy,, J/Jy.=1.05,
see also Fig. ¥ Xse, was intended to represent the spatial
extent of the disturbance. Furthermore, the magnitude of the
disturbance was defined af\ J;,XXs500)/2, where AJ .y
=(Imax—Jdo.c)/Jo.c+ Imax PEING the maximum value of the ion
flux on the conductor side AJaxX Xs0:)/2 is roughly pro-
portional to the total current deflected towards the conduct-
ing surface. This can be understood by looking at Fig. 4; the 0
ion flux profile on the conductor side from the interface (
=0) to x= Xz, is roughly triangular in shape, and the ion
current is proportional to the area of the triangle. Figure 8FIG. 6. lon flux(a) and ion impact anglé) along the wall as a function of
showsXse, and (AJmaX Xse)/2 as a function of the sheath the eleptron temperature for the conditions of Fig. 5. Thg ion flux was
tickness diferencelL(=Lay; L), for all cases of "[TAFSLY b dsurtad g o, e oy e
Table I. WhenALg, increases, the sheath edge is more dlS'respectively. The undisturbed value of the ion flux on the insulatorkjde
torted, leading to a greater spatial extent of the ion flowwas 1.46¢10%, 2.11x10%% and 2.7 10° m~2s~! for T,=1.5, 3, and 5
disturbance[Fig. 8a)], and a larger ion current deflected eV respectively. The undisturbed value of ion flux was always slightly

; ; ] larger on the conductor side because of the larger sheath potential. When the
towards the conductor side of the mterfa{@eg' 8(b)] The electron temperature is lowered, the sheath potential over the insulator de-

m"f‘gnitUde of the disturbance is roughly linear _Wi-m-sh crease$see Eq(7)], but the sheath potential over the conductor remains the
[Fig. 8(b)] for the range of parameter values studied. same.
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