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Ion Dose Uniformity for Planar Sample
Plasma Immersion Ion Implantation

Dixon Tat-Kun Kwok, Paul K. Chu,Member, IEEE,and Chung Chan,Fellow, IEEE

Abstract—In spite of recent progress on plasma immersion ion
implantation (PIII) in semiconductor processing, for example,
formation of silicon on insulators and shallow junctions, ion
dose, and energy uniformity remains a major concern. We have
recently discovered that the sample stage (chuck) design can
impact ion uniformity significantly. Using a theoretical model,
we have investigated three different chuck designs and con-
clude that insulators on the stage can alter the adjacent electric
field and ion trajectories. Even though the conventional stage
design incorporating a quartz shroud reduces the load on the
power supply and contamination, it yields ion dose and energy
nonuniformity unacceptable to the semiconductor industry. Thus,
for semiconductor applications, the stage should be made of a
conductor, preferably silicon or silicon coated materials and free
of quartz.

Index Terms—Chuck design, ion dose uniformity, plasma im-
mersion ion implantation, semiconductor processing.

I. INTRODUCTION

PLASMA immersion ion implantation (PIII) is a burgeon-
ing technique for semiconductor processing due to its

high dose rate and simple instrumentation [1]–[4]. In PIII,
the wafers are surrounded by high-density plasma and pulse
biased to a high negative potential relative to the chamber wall.
Ions generated in the plasma shroud are accelerated across
the sheath formed around the samples and implanted into the
surface of the targets. Since the entire wafer is implanted
simultaneously, the implantation time is much shorter than that
of conventional beamline techniques, and the time advantage
is more substantial for larger wafer size such as 300 mm. It
has thus been used to form shallow junctions [5]–[8], synthe-
size silicon-on-insulator (SOI) structures [9]–[17], process flat
panel display materials [18], and so on.

Most PIII instruments consist of a stainless steel cylindri-
cal vacuum chamber with internal liners made of aluminum
or compatible materials to minimize contamination to the
specimens. The sample holder (chuck) is typically made of
stainless steel (for high temperature and general applications)
or aluminum (for low temperature processing) and is typically
located in the center of the chamber. The stage is directly con-
nected to a negative high voltage pulse generator/modulator
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and the wafer is placed on top of the chuck [Fig. 1(a)]. Because
of the absence of ion transport optics, ions will be implanted to
both the sample and chuck, and the large current demands a big
power supply/modulator. In order to avoid contamination from
the chuck and to reduce the current drawn to the wafer chuck,
an insulator like a quartz tube or quartz plate is usually used
to cover up the exposed part of the wafer holder as depicted
in Fig. 1(b) and (c). These chuck designs are adequate for
metallurgical applications in which minor ion dose and energy
fluctuations are tolerable. However, we have recently observed
that the insulator shroud on the chuck becomes charged during
PIII and the electric field alters the ion trajectories [19]. It
causes nonuniformity in both the ion dose and energy and the
results are unacceptable to semiconductor processing.

When a negative high voltage pulse is applied to a target
immersed in plasma, electrons are expelled from the region
near the target. The ions are relatively motionless because of
their heavier mass, leaving a region of nearly pure ion space
charge. That is, an initial ion-matrix sheath is formed [20].
Subsequently, ions are accelerated toward the target as they
fall through the ion-matrix sheath. On a longer time scale,
the decreasing ion density inside the sheath region due to the
ion collection on the target causes the dynamic sheath edge to
expand in order to maintain the sheath potential. Ultimately,
the ion and electron density profiles relax to establish a steady-
state Child–Langmuir sheath. Therefore, the ion motion is
strongly dependent on the dynamic sheath and its expansion,
which consequently depends on the shape of the negative
biased target. We will expect that the sheath will evenly form
around the cylindrical wafer holder as shown in Fig. 1(a).
However, as shown in Fig. 1(b) and (c), since part of the wafer
holder is covered by an insulating quartz shroud, the shape of
the sheath will be quite different from that in Fig. 1(a).

In this paper, we present the ion motions and sheath
expansion for three different holder configurations:

I) plain wafer chuck [Fig. 1(a)];
II) wafer chuck surrounded by quartz tube [Fig. 1(b)];

III) wafer chuck surrounded by quartz tube and covered by
quartz plate [Fig. 1(c)].

The potential sheath, ion density distribution, and ion velocity
vector inside the chamber at different time are investigated.
The lateral variation of the ion implantation dose as well as
ion impact angle is also presented.

II. K INETIC MODEL

We make two assumptions for the ions. First, the ions are
assumed to be noncollisional and cold. Second, they acquire
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(a)

(b)

Fig. 1. (a) Schematic diagram of the PIII chamber with a plain wafer holder. The simulation region is surrounded by the dotted lines. (b) Schematic diagram
of the PIII chamber with the wafer holder surrounded by a quartz shroud. The surface of the quartz tube is grounded.

directed motion only by the electric field. The electrons are
assumed to be in thermal equilibrium, so that the electron
density is given by the Bolzmann’s relationship

(1)

where is the initial ion density, is the Boltzmann’s
constant, and is the electron temperature. Thus, in our
model, we only need to follow the ion dynamics.

Poisson’s equation will relate the potentialto the electron
density and ion density as follows:

(2)
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(c)

Fig. 1. (Continued.)(c) Schematic diagram of the PIII chamber with the wafer holder surrounded by a quartz shroud and partially covered by a quartz
plate. The expansion of the presheath is restricted by the quartz plate.

where is the permittivity in free space andis the electron
charge. The motions of the ion are governed by Newton’s
equations of motion

(3)

(4)

(5)

where is the force applied on the particle (ion). In this case,

(6)

is the charge of the particle (ion), is the mass of the
particle (ion), is the acceleration, and are the
final and initial velocities, and is the distance traversed by
the ion in time .

Due to the symmetry in cylindrical coordinates, (1), (2),
(4), and (5) become

(7)

(8a)

(8b)

(9a)

(9b)

The plasma quantities can be made dimensionless by normal-
ization

and

where is the ion-matrix overlap length,
is the ion plasma frequency, and

is the velocity the ion would have if it fell
through a potential drop . After normalization, (7)–(9) are
simplified

(10)

where

(11a)

(11b)

(12a)

(12b)

III. N UMERICAL SIMULATION

As shown in Fig. 1(a)–(c) which depict the vertical cross
section of the chamber and wafer chuck, the center line will
symmetrically divide the chamber into two equal halves. The
midplane of the wafer chuck ( ) is another symmetry
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(a) (b)

Fig. 2. (a) Evolution of the normalized potential contour lines for case 1 [Fig. 1(a)]. The expansion of potential contour lines follow the rectangular
shape of the wafer holder. (b) Evolution of the normalized potential contour lines for case 2 [Fig. 1(b)]. A regional electric field forms between the
wafer holder and quartz shroud.

plane and only a quarter of the vertical cross section of the
wafer chuck is thus required in our simulation. The simulation
regions of the three different cases, i.e., 1) without quartz
covers, 2) quartz tube, and 3) quartz tube plus quartz plate,
are demarcated by dotted lines in Fig. 1(a)–(c).

The top and right-hand side boundaries of the simulation
regions are the chamber walls. Therefore, at these boundaries,

. At the left symmetry boundary ,
whereas at the bottom symmetry boundary .
The rise time of the applied voltage is set to zero. On the
wafer chuck surface and on the surface of
the quartz plate and quartz tube. Initially, the ions are evenly
distributed among the simulation region.

We adopt the finite difference method to simulate (10)–(12).
The simulation process is divided into tiny square meshes

with size . , , , and represent
the normalized potential, ion density, radial ion velocity, and
longitudinal ion velocity at position , , and at
time , respectively, is the time step used in the simulation,
and , , and are positive integers. To approximate the
normalized potential in (10), we use the centered difference
formulas
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(c)

Fig. 2. (Continued.)(c) Evolution of the normalized potential contour lines
for case 3 [Fig. 1(c)]. A regional electric field forms between the wafer holder
and quartz plate.

and

However, along the surfaces of the wafer holder/quartz plate,
we use the approximations

along the vertical direction

and

along the horizontal direction

Equation (10) is solved via numerical iteration by first letting
be an initial solution and linearizing (10) about this value

(a)

Fig. 3. (a) Evolution of the normalized ion density contour lines for case
1 [Fig. 1(a)]. A zero ion density contour line forms and moving to the top
surface of the wafer holder.

using the relationship

Then we plug in from calculated from the previous time
step, solve (10) to obtain a new, set equal to this new ,
and iterate until the process converges.

The position and velocity of each particle (ion) at a particu-
lar time step are defined by (11) and (12). and
are estimated according to the particle (ion) position in space.
After the new position and velocity of all the particles (ions)
are updated, they will be weighted to the four corners of the
mesh containing the particle (ion). Finally, the normalized ion
density , radial velocity , and longitudinal velocity
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(b) (c)

Fig. 3. (Continued.)(b) Evolution of the normalized ion density contour lines for case 2 [Fig. 1(b)]. The tiny squares are produced by a few ions escaping
to that area. (c) Evolution of the normalized ion density contour lines for case 3 [Fig. 1(c)]. A small empty hole forms on the surface of the wafer holder.

are obtained within the simulation region and ready for
the next time step of iteration.

When the particle (ion) hits the wafer chuck, it will be
removed. The dose surrounding the bombardment area will
be automatically accumulated. If the particle (ion) crosses the
boundary or , it is assumed that another particle
from the other side with reverse ion velocity or will
cross the boundary refilling the lost particle.

IV. RESULTS AND DISCUSSIONS

To make a more general discussion, all the variables are
expressed in dimensionless normalized units. The following
physical configuration is modeled: radius of the wafer holder
= 0.5 D, thickness (half) of the wafer holder D, radius
of the chamber D (three times the radius of the wafer
chuck), height of the chamber measured from the top of

the wafer holder D, zero rise time for the applied
potential , , and .
The simulation parameters are: grid spacing D
and time step where / . A total
of cells are formed in
the simulation region, and 100 particles (ions) are initially
uniformly placed in each cell (900 000 initial particles). The
simulation is terminated at . In case one, the
wafer chuck is exposed and the potential along the vertical
and horizontal surfaces is 1.0. In the second case, the wafer
chuck is surrounded by a quartz shroud of height 0.2 D, and
the potential on the quartz tube is 0.0. We assume that the
thickness of the quartz tube or plate is much thinner than the
radius and thickness of the wafer chuck. In the third case,
the wafer holder is surrounded by a quartz shroud and partly
covered by a quartz plate, and the potential along the vertical
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(a) (d) (g)

(b) (e) (h)

(c) (f) (i)

Fig. 4. Ion velocity vector at (a)T = 5, (b) T = 20, and (c)T = 80 for case 1 [Fig. 1(a)]. Ion velocity vector at (d)T = 5, (e) T = 20, and (f)T = 80

for case 2 [Fig. 1(b)]. Ion velocity vector at (g)T = 5, (h) T = 20, and (i) T = 80 for case 3 [Fig. 1(c)].

direction of the wafer holder is 0.0. The horizontal surfaces of
the wafer chuck outside the circle of radius 0.44 D is covered
by the quartz plate. Therefore, the potential of these surfaces
is also 0.0.

A. Potential

The temporal evolution of the potential contour lines is
shown in Fig. 2(a)–(c) for , and . As
shown in Fig. 2(a) (case one), the potential contour lines ex-
pand evenly along the vertical and horizontal direction accord-
ing to the shape of the “rectangular” wafer holder. The electron
density is given by the Boltzmann’s relationship in (1). When

, the electron density drops to exp
, i.e., less than 3%. Therefore, we can

consider the zero potential contour line as the presheath edge.
At , the edge of the electron sheath (presheath) almost
hits the chamber wall. Later, at and , the
presheath no longer surrounds the wafer holder but forms a
shield covering from the top. A strong electric field is formed
along the horizontal direction between the chamber wall and
the wafer holder. When the ion crosses the presheath edge, the
horizontal electric field will push them toward the center.

Under the influence of the quartz tube and plate, the
potential contour lines expand in a restricted way as shown in
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(a) (b)

Fig. 5. (a) Variation of normalized total implantation dose along the surface of the wafer chuck at different times for case 1 [Fig. 1(a)]. Ions are implanted
quite uniformly across the wafer surface. (b) Variation of normalized total implantation dose along the surface of the wafer chuck at different timesfor
case 2 [Fig. 1(b)]. A strong peak is observed near the edge of the wafer chuck.

Fig. 2(b) (case two) and Fig. 2(c) (case three). The presheath
hits the chamber wall at around in Fig. 2(b) and
at further time in Fig. 2(c). A regional electric field is formed
at the border between the quartz ( ) and wafer holder
( ), i.e., at position ( , ) in Fig. 2(b),
and at position ( , ) in Fig. 2(c). The regional
electric field creates an anti-clockwise pulling force among
the ion (see ion velocity). The difference in the position of the
regional electric field between Fig. 2(b) (top right side of the
corner) and Fig. 2(c) (left bottom side of the corner) is small.
However, a pronounced effect on the total implantation dose
is observed for the wafer placed on top of the chuck.

B. Ion Density

The temporal evolution of the ion density is exhibited
in Fig. 3(a)–(c). As shown in Fig. 3(a), after the presheath
hits the chamber wall, the ions begin to exhaust around the
midplane. At , a zero ion density contour line is

observed. Ions moving across the presheath at the top are
pushed toward the center by the electric field formed between
the chamber wall ( ) and the wafer chuck ( ).
The zero contour line moves to the top of the wafer holder at

. Therefore, at , only part of the wafer is
implanted. The implanted area became smaller and smaller at
latter times. The evolution of the ion density for case two
depicted in Fig. 3(b) is similar to that shown in Fig. 3(a).
However, under the influence of the regional electric field
formed on the left bottom part of the corner, the ions are
pushed toward the top right part of the corner at
and . The zero ion density contour line is formed
after and moves to the top of the wafer holder at

. The tiny small squares observed in Fig. 3(b) at
and are produced by a few ions (particles)

escaping to that position.
The regional electric field for case three influences the ions

differently as shown in Fig. 3(c). At , the regional
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(c)

Fig. 5. (Continued.) (c) Variation of normalized total implantation dose
along the surface of the wafer chuck at different times for case 3 [Fig. 1(c)].
Ions are implanted quite unevenly across the wafer.

electric field forces the ions to the center of the wafer holder
creating an empty hole on top of the wafer holder. However,
at and , the empty hole is filled by a
few ions (particles). These ions come from the other side of
the symmetry boundary (see ion velocity). A major
portion of the ions are pushed toward the center and the zero
ion density contour line is formed after .

C. Ion Velocity

The temporal evolution of the ion velocity vector is dis-
played in Fig. 4(a)–(i). The ion velocity vector for case one is
shown in Fig. 4(a)–(c). The flow direction of the ions follows
the square shape of the wafer holder. The flow direction does
not change very much as the zero ion density contour line
moves to the top of the wafer holder at as shown
in Fig. 4(a)–(c). Fig. 4(d)–(f) depicts the effect of the regional
electric field formed at the right bottom part of the corner for

(a)

Fig. 6. (a) Variation of impact angle of ions along the surface of the wafer
chuck at different times for case 1 [Fig. 1(a)].

case two. At in Fig. 4(d) and in Fig. 4(e),
the ions near the corner are tilted counter clockwise toward
the top left part of the corner creating a concentration of ions
in that region. At in Fig. 4(f), the zero ion density
contour line has moved to the top of the wafer holder, and the
influence of the regional electric field is consequently less.

Fig. 4(g)–(i) shows a different effect of the regional electric
field formed at the top left part of the corner for case three.
At in Fig. 4(g), the ions at the top of the wafer
holder are also tilted counter clockwise, but they flow toward
the center of the wafer holder. At in Fig. 4(h), the
ions filling up the empty hole have a positive radial velocity.
They should not come from the simulation region. Due to the
counter clockwise push, ions can gain a larger negative radial
velocity and therefore a greater chance to cross the boundary
( ). Since equal number of ions from the other side of
the boundary with opposite radial velocity will replace the lost
ions, it is not surprising that ions with positive radial velocity
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(b) (c)

Fig. 6. (Continued.)(b) Variation of impact angle of ions along the surface of the wafer chuck at different times for case 2 [Fig. 1(b)]. (c) Variation of
impact angle of ions along the surface of the wafer chuck at different times for case 3 [Fig. 1(c)].

are observed as our kinetic model allows particles (ions) to
pass through each other.

D. Implantation Doses

The total implantation doses at different time ,
, and are plotted in Fig. 5(a)–(c). Fig. 5(a) depicts

the lateral ion dose variation in the wafer for case one. The
difference between the center ( ) and the edge ( )
is relatively small at and . However, when the
presheath hits the chamber sidewall and the zero ion density
contour exists, the difference in doses between the center and
the edge becomes larger at since part the wafer
holder surface is not implanted [see Fig. 3(a) at ].

For case two, under the influence of the regional electric
field, a sharp peak is observed at the edge as shown in Fig. 5(b)
at and . A peak is formed because the electric
field pushes the ions to that area the local implantation dose
is higher. At , the sharp peak disappears since the
effect of the regional electric field becomes negligible as the
zero ion density contour line moves to the top surface of the

wafer chuck. However, a drastic change in the implantation
dose can be observed near .

The variation of the implantation dose at , ,
and for case three is depicted in Fig. 5(c). It is apparent
that the combined use of a quartz shroud and quartz plate
provides the most uneven ion dose distribution. In fact, a sharp
peak always exists and it shifts to the center of the wafer
holder at .

E. Instant Impact Angle

The change of the ion impact angle along the surface of
the wafer chuck is depicted in Fig. 6(a)–(c). The ion impact
angle at , , and for case one is displayed
in Fig. 6(a). The impact angle is a consequence of the ion
motion shown in Fig. 4(a). The ions are implanted into the
wafer at a normal angle at the center but at more glancing
angles near the edge.

The situation for case two is similar to that for case one as
depicted in Fig. 6(b). At , some of the ions from the
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other side of the boundary ( ) are implanted into the center
region resulting in a slightly offset of impact angle. Due to the
influence of the regional electric field, the ions are implanted
almost horizontally near the corner of the wafer holder.

As shown in Fig. 4(g)–(i), the ion motion of case three is
quite complicated. The regional electric field tilts the ions in
a counter-clockwise direction and an empty area is formed on
top of the wafer holder at . Therefore, the ions are
implanted into the wafer holder at a larger impact angle as
shown in Fig. 6(c). At and , a few ions come
from the other side of the boundary covering the empty area.
Hence, the ions are implanted the surface of the wafer holder
at “positive” and “negative” impact angles [Fig. 6(c)].

V. CONCLUSION

Our simulation does not consider the steady-state
Child–Langmuir sheath because in most high voltage
and long pulse applications, for example, SOI formation, the
size of the ion-matrix sheath is comparable to that of the
plasma chamber. In such cases, all the ions will be implanted
into the wafer chuck and no steady state will occur. Since
the plasma source is usually placed on top of the chamber,
the ions may not diffuse evenly to all parts of the chamber,
especially the volume surrounding the wafer holder. In this
situation, a steady-state sheath will occur but the shape is not
easily defined. To simulate the steady-state conditions, the
supply rate of plasma, flowing direction, and flowing rate of
ions inside the chamber must be considered.

The use of quartz covers can reduce implantation into the
wafer chuck and current drawn on the high voltage modula-
tor. However, dose uniformity is severely compromised. Our
results indicate that a plain wafer holder will yield the most
uniform ion dose distribution across the wafer. The use of a
quartz tube like the one in case two will concentrate the ions
around the edge of the wafer chuck. The worst situation is to
cover the outer region of the wafer holder by a quartz plate
in addition to a quartz shroud.

The radius of the chamber is three times greater than the
radius of the wafer holder in the simulation. This is a typical
dimension in many PIII apparatus. As shown in Fig. 2(a), the
presheath will hit the chamber in a very short period after
the ion matrix has been established. It is also shown that
the ions will exhaust and a zero ion density contour line
will form [Fig. 3(a)]. At a later time, the zero ion density
contour line moves to the top of the wafer holder leaving
a sharp change in the implantation dose shown in Fig. 5(a).
Therefore, a shorter pulse width will preclude the presheath
from reaching the sidewall of the chamber and provide a
more uniform implantation dose along the wafer surfaces.
Ultimately, if long pulses are required, a bigger vacuum
chamber is the preferred solution as a higher plasma density
may violate the collisionless conditions required for mono-
energetic implantation.
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