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Direct current plasma implantation using a grounded conducting grid
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A novel plasma implantation technique performed in a low pressure steady state dc mode utilizing
a grounded conducting grid on top of the wafer stage is presented. By numerically simulating the ion
paths by the particle-in-cell method, it is observed that the ion paths are optimized for certain
implant geometry. In the optimal configuration, the directional angle of the acceleration vector does
not depend on the mass and charge state of the ions, and the ratio of the partial differential of the
scalar potentialp along the radial and longitudinal directions remains constant for varying applied
voltages. The retained dose and impact energy uniformity are totally determined by the ratio of the
radius of the wafer stage radius of the vacuum chambRr distance between the wafer stage and
the gridH, and thickness of the wafer stafe The optimal ratio ig:R:H:D=1:4:2.5:2, that is,
suggesting a disk shape vacuum chamber, which is quite different from that of a conventional
plasma immersion ion implanter. In addition to retaining the large area and parallel processing
advantages of plasma immersion ion implantaiiBiil), the implantation energy can be extended

far beyond the limit of Plll as the technique obviates the use of the power modulator, which not only
limits the implantation energy but also is the most expensive and technologically complex hardware
component in a PlIl system. @000 American Institute of Physid$s0021-897@0)08109-3

I. INTRODUCTION voltage pulse is too long. These constraints, together with the
limitation of the power modulator, impose a practical maxi-
Plasma immersion ion implantatidi?lll) is a versatile  mum voltage in PlIl experiments and render the technique
materials fabrication and surface treatment techniqfidts inadequate for the fabrication of thi¢keparation by implan-
nonline-of-sight advantage renders it an excellent techniqugytion of oxygen(SIMOX)) materials, for instance. It should

to enhance the properties and perforgnance of large anglso pe noted that in PIII, the local impact angle of the ions
irregular-shaped industrial componehts.” For example, it depends on the shape of the target.

is being applied to synthesize silicon-on-insulator substrates '~ There are several considerations for using negative volt-

for low-power, high-speed ggmp'e”!e”tary metal—oxide—, e nuises in semiconductor Pill applications. When a nega-
silicon microelectronics chips®°In the ion cut process, PlIl tive high voltage pulse is imposed, the vacuum chamber,

is an efficient and economical approach to implant a h'ghsheath, and electrical circuit inherently induce an equivalent

dose of hydrogen into a silicon wafer, and as the Impl"’mt""fzapacitive load on the modulator inevitably giving rise to a

tion ime is independent of the wafer diameter, it is MOr€gisplacement curredf. That is, a displacement current oc-

appealing for larger wafers. curs due to the changing voltage, sheath capacitance, and

Plll differs from conventional beam-line implantation in circuit loads. The additional displacement currents generate

several aspects. In beam-line ion implantation, the ions ar&xira heating to the wafer and sample stage. Deleterious

accelerated by the electric field and filtered according to the'F’netaI impurities can diffuse from the contact interface and

mass-to-charge ratios. On the other hand, in Pl the target I§Q'ample stage into the wafer, and are subsequently driven into

immersed in the plasma and biased by a series of negatw[ﬁe wafer at higher temperature. Therefore, cooling is some-

voltage pulses. When the target is negatively biased, eleci.- . . ) . .
. ... fimes required during the implantation process. During the
trons are repelled away leaving a sheath of heavy positive

ions. An electric field builds up between the sheath boundar hort but finite rise and fall times of each voltage pulse, the

and target surface, and ions are accelerated toward the targé*r.1 accelera_tlon energy 1s re_du_ced_, resulting in a low energy
component in the implant distribution. Both of these effects

To maintain a continuous flow of ions, the ion sheath ex- disad ) he i d PII—SIMOX
pands until the end of the negative pulse. At high implanta—areh ) |sa§\iantages In_the on cut an -
tion voltage, the plasma will be extinguished if the sheath€® nIqUES.

To mitigate these effects, we can elongate the pulse

touches the wall of the vacuum chamber. This happens when.

l . .
the vacuum chambédistance between the target and plasmaVidth to 100 us or longet" or more ideally operate in the

source is too small, the plasma density is too low, or the diréct current(dc) mode, i.e., implanting the wafer at a
steady-state Child—Langmuir law sheath. However, dc op-
eration at high voltage requires a large vacuum chamber as
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Gas in diffusion velocity and the relative size and placement of the
l chamber and wafer stage.

II. MODELING AND SIMULATION

The potential above the grid is at plasma voltage,
whereas the potential of the part below the grid is influenced
by the wafer stage applied voltage and can be solved by
Laplace’s equation in cylindrical coordinates:

grid
Pp 1ap P
H — = — =
ar * roor + 972 0, @

where ¢ is the potentialr is the radial distance from the
center, andz is the longitudinal distance. It is assumed that
__l_ the space charge density is approximately equal to zero in
the lower part during the dc mode. In the ideal situation, the
electric field is built up before the generation of the plasma.
That is, there is initially no plasma inside the lower part. The
secondary electrons created during the implantation are im-
mediately absorbed by the chamber walls and grounded grid
High Voltage as they are light and energetic. The diffusion rate relative to
Power Source the electric field strength is too small to gather the ions and
change the potential. Equatiéh) can be solved by the finite
difference method? We initially rest a sheet of particles/
FIG. 1. Schematic diagram of the steady state dc setup for plasma implaons just below the grid in the simulation region shown in
tation of semicorjductor wafers. A grounded cpndugting gri_d is posit_ionedFig_ 1. The lower part of the chamber has a cylindrical sym-
e;bove the Wafe_r in the vacuum chamber. The simulation region and dlstan(:ﬁ,]etry and the simulation region can be reduced to a plane
etween the grid and wafer stage surfat@re shown. . . . . ;i
shown in Fig. 1. The particles will be pulled by the electric
field and their trajectories are followed until they hit the wa-
tIgr stage. The motions of the ions are governed by Newton’s
eeguations of motion in cylindrical coordinatés

Simulation
region

_Ill

Vacuum
pump

work in the steady state dc mode, the plasma density must
increased to reduce the sheath thickness. In other words,

high power and high efficiency plasma discharge is required, . , q do
but there are a number of technical difficulties making sucha  vi(f)=vi(h)— 4 —-t, (2a)
system unrealistic at low pressure that is needed for monoen-
ergetic implantatior(i.e., ion mean free path is larger than d
getic imp ior(i.e., i path is larg Uiz(f):UiZ(U_q ¢t, (2b)

the sheath thicknessAn alternative is to operate at rela- M oz
tively high pressure around 2-3 mTorr. However, the

chances of high voltage breakdown will increase and ion Ar=op!(I)t— 14 ‘M’tz (33)
i ,

collisions will be more frequent, giving rise to a large num- 2M or
ber of low energy ions. Moreover, at high gas pressure, the
ene ol . L lqag,
surface oxidation rate will increase, such as in the oxygen  Az=yp?(I)t— = — —t (3b)

PIIl process to form SIMOX. 2M gz "

In this article, we present a novel concept to implant ionsyhere M is the ion massq is the ion charge, and[(f),
in the low pressure, steady state dc mode by introducing g!(1), v%(f), and,v?(1) are the initial and final velocities of
grounded conducting grid on top of the wafer stage as illusthe jon at time step, respectively. The internal dimensions
trated in Fig. 1. The conducting grid, made of a compatiblegre based on the semiconductor PIIl instrument at the City
material to avoid contaminatiofe.g., a silicon coated mesh ynjversity of Hong Kong: The wafer stage, 0.056 m in
for implanting silicon waferg divides the chamber into two  thickness and 0.081 m in radius, is supported by a thin metal
parts. In the lower part, a strong electric field is formed bevod 0.3 m in length and 0.004 m in radius connected to the
tween the negatively biased wafer stage and the boundarigsgh power voltage supply. The vacuum chamber radius is

created by the grid and the lower part of the chamber wallsp 381 m, and the distance between the top of the wafer stage
The upper part confines the plasma since the grounded grighd the gridH can be varied.

stops the expansion of the ion sheath from the bottom. In this

way, a continuous Iow—pres;ure d|s_gharge can be m_amtalneiﬂ_ RESULTS AND DISCUSSION

in the volume above the grid. Positive ions diffuse into the

lower part through the grid and are implanted into the wafer. ~ Our simulation shows that the ion paths will not change
By performing particle-in-cell numerical simulatidhjt can  with the negative voltage applied to the wafer stage, mass,
be observed that the ion paths do not depend on the applieahd charge states of the ions, provided that their initial ve-
voltage and ion mass. It is, however, sensitive to the initialocity is small compared to the electric field strength. The ion
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an initial downward drift velocity
equivalent to 5 10° eV energy is ap-
plied to the ions and the ion trajecto-
ries are changedd) O?* ions with the
same downward drift velocity a&)

are used in the simulation and the ion
{04 paths become dependent on the charge
state at the high initial velocity of the
ions.
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path of O particles aH =70 cm andH =30 cm are depicted ever, if the ions have a large initial drift velocity compared to
in Figs. 2a) and 2b). The applied voltage is- 70kV and the ~ the maximum velocity created by the applied voltage, they
initial velocity of the particles is zero. Figure(@ reveals Wil pass through a different local field structure. In this situ-
that some of the particles will pass through the mid-planeation, the ion paths will vary with the charge state, ion mass,
and become implanted at the other half of the wafer stage. Aand applied voltage. The ion paths of thé @nd G* par-
H=70cm, the ions will focus onto the center of the waferticles with initial downward drift velocity 2.4468 10° m/s
stage. The ion path is determined by the velocity vector(equal to 5 keV impact energy of oxygen igrese displayed
which in turn changes with the acceleration vector created bin Figs. 2c) and 2d) for H=30cm and applied
the force field in space. As shown in E®), the acceleration voltage=—70kV. Part of the ions have passed through the

vector can be written as wafer stage and are implanted into the supporting rod.

q i q 9. Usually, in PIII, the ions are at room temperature, i.e.,
a=|——— f+( - — —) K. (4) 0.026 eV, and the drift velocity is very small compared with

M or M gz the applied voltage. The working gas pressure is less than 1

The directional angl® of the vectora is mTorr and the gas is weakly ionized. The pressure gradient
» q o q &qs) 1(0¢ a¢) is srjrﬁll.dTherefoc;e, the ion aath gf different iqns is similar._
g=tan | - = L / — 2 Dl=tan i L / L. e dose and energy uniformity along the implanted wa
M oz M or oz [/ or fer are important issues for Plll in semiconductor applica-

tions. Here, we compare conventional PlIl to our new dc
It shows that the directional angle does not depend on thmethod. As mentioned before, in PIII, there are a large num-
charge state and mass of the ions. The ratio of the partidder of low impact energy ions introduced into the wafer dur-
differential of the scalar potentiap along the radial and ing the rise and fall times of each negative voltage plise.
longitudinal directions remains constant for different valuesOn the other hand, in the dc mode, the ion impact energy is
of ¢. It follows that the directional anglé of the accelerat-  constant since the ions are accelerated directly from the grid
ing force field is totally determined by the local field struc- to the wafer stage. The uniformity of the ion dose on the
ture of the lower part of the chamber. Therefore, if the ionswafer depends on two factors: the uniformity of the incident
are placed at the same starting position with zero initial vejon current and impact angle. Previous stutiiémve shown
locity, they will pass through the same local field path. Thethat the PIIl ion dose is higher at the edge of the wafer stage
amplitude A of the acceleration indeed will vary with the when the impact angle is off normal up to 45°. Therefore,

charge state, ion mass, and applied voltage although the depth profile is shallower at the edge, the ion
q \/W dose is highet? In our dc mode, the implantation area is
A=— —) + (— . (5b)  totally determined by the ratio of the radius of wafer stage
M o z the radius of the vacuum chambir the distance between

Hence, by varying the charge state of the ion and appliethe wafer stage and grid, and thickness of the wafer stage
voltage, the impact energy can be altered, and by varying thB. The projected area from the grid to the wafer stage de-
ion mass, the final velocity of the ion will be changed. How- termines the incident dose into the wafer. Actually, the
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smallerH is, the closer the ratio of the projected area to thepartial differential of the scalar potentiglalong the radial to
implanted area to 1 and the better the incident dose uniforthat in the longitudinal direction remains constant for differ-
mity. However, the shorter the distance between the anodent applied voltages. The ion dose and impact energy unifor-
(grid) and cathodéwafer stagg the higher the electric field mity is totally determined by the internal ratio between the
that may lead to breakdown at high implantation voltageradius of wafer stage, the radius of chambeR, the height
The impact angle at the edge can be made normal by chanbetween the wafer stage and the gfidand the thickness of
ing the thickness of the wafer stage. A thicker wafer stagehe wafer stagdd. Our results suggest an optimal ratio of
can smooth out the electric field at the edge. In Plll, the iong:R:H:D=1:4:2.5:2. Besides retaining the high throughput
are accelerated from the ion sheath and the impact angle &nd parallel processing advantages of PIIl, the implantation
dominated by the spherical shape of the ion sheath. Our reenergy in this dc mode can be extended far beyond the limit
sults show that the retained dose and impact energy in the dif Plll as the technique obviates the use of the power modu-
mode can be made much more uniform by choosing the suitator, which not only limits the implantation energy but also
able internal dimensions of the lower part. Our simulationis the most expensive and technological complex hardware
suggests that the best ratioriR:H:D=1:4:2.5:2. That is, component in a PIIl system.

a disk shaped chamber instead of the conventional cylindri-
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