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Modeling of the relationship between implantation parameters
and implantation dose during plasma immersion ion implantation
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Abstract

Plasma immersion ion implantation (PIII) has attracted wide interests since it emulates conventional ion-beam ion
implantation (IBII) in niche applications. For instance, the technique has very high throughput, the implantation time is
independent of the sample size, and samples with an irregular shape can be implanted without complex beam scanning or
sample manipulation. However, unlike conventional ion-beam ion implantation (IBII), prediction of the implantation dose
and consequent process optimization are very difficult without extensive experiments since the incident ion flux is related
to the implantation parameters such as accelerating voltage, pulse duration, and so on in a complex manner. Even though
individual parameters have been investigated, there has not been a unified and user-friendly model to numerically predict the
implantation dose under different plasma and processing conditions. In this letter, we present a one-dimensional analytical
model to simulate the effects of parameter variations on the incident ion dose and to predict the implantation dose. The derived
model is quite simple and applicable to planar targets such as silicon wafers. It will be an invaluable tool to process engineers
in microelectronics working on silicon-on-insulator (SOI) formation by PIII and plasma doping. 2000 Elsevier Science B.V.
All rights reserved.
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Plasma immersion ion implantation (PIII) has been
shown to be an effective surface modification and ma-
terials fabrication technique [1]. It emulates conven-
tional ion-beam ion implantation (IBII) in a number
of areas. For example, it has high sample through-
put (high current density) and it is a parallel process-
ing technique in that the implantation time is indepen-
dent of the wafer size, making it more attractive for
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larger samples, such as 300 mm silicon wafers. It also
circumvents the line-of-sight restriction imposed by
IBII. Typical commercial applications of PIII include
metal strengthening [2] and semiconductor process-
ing, e.g., SPIMOX (separation by plasma implanta-
tion of oxygen) [3–7] and PIII/ion-cut [8–13]. In PIII,
accurate knowledge of the incident ion dose is very
critical to the success of the process. For instance, in
the PIII/ion-cut technique, a proper number of hydro-
gen ions on the order of 5× 1016 cm−2 must be im-
planted. An insufficient ion dose cannot produce effec-
tive coalescence of the microcavities and consequent
uniform exfoliation of the surface layer [14]. How-
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ever, an overdose causes premature surface blistering
leading to the failure of ion-cut. Unfortunately, accu-
rate modeling and prediction of the implantation dose
in PIII is quite difficult because it is a complicated
function of inter-related processing conditions such as
plasma density, pulse duration, acceleration voltage,
ion mass, and ion charge state, and the same dose can
be obtained using different sets of implantation pa-
rameters [15]. This complicated situation thus makes
process optimization difficult without extensive exper-
iments. Up to now, even though individual processing
parameters have been investigated using theoretical
simulations employing the Child–Langmuir law [16–
18], plasma fluid model [19,20], and particle-in-cell
(PIC) codes [21,22], a simple and user-friendly analyt-
ical model describing the effects of these inter-related
parameters on the implantation dose is not available to
process engineers for process optimization. In this let-
ter, we present a one-dimensional analytical model to
effectively predict the effects of parameter variations
on the incident ion dose for planar specimens such as
silicon wafers.

In PIII of planar samples, the plasma sheath is flat
only away from the sample holder edge [8] as shown
schematically in Fig. 1. However, if the sample platen
is sufficiently bigger than the wafer, we can ignore the
edge effects and describe the sheath dynamics using
the Child–Langmuir law. In a typical PIII process,
the sheath voltage is always greater than the electron
temperature, and we can assume that a quasi-static
Child–Langmuir law sheath exists at all time and the
ion current is spatially constant within the sheath. The
implantation ion currentJi , can thus be described
using the Child–Langmuir law. For a voltageVa across
a collisionless sheath of thicknessS, the current is

(1)Ji = 4
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whereε0 is the free-space permittivity,q is the ion
charge, andM is the ion mass.

In our dynamic sheath model, it is assumed that the
ion current,Ji , arises from the ions within the moving
sheath. Therefore,

(2)Ji = qn0
ds

dt
,

wheren0 is the plasma density. Combining Eqs. (1)
and (2) and integrating the resulting equation, the

Fig. 1. Initial plasma sheath and potential around the sample platen.
The electric field is rounded near the corner, but is flat on the sample
provided the sample is sufficiently smaller than the sample stage.

time-dependent dynamics can be described as [16–18]

(3)S(t) = S0
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where ωpi = u0/S0 is the ion plasma frequency,
S0 =√2ε0V0/qn0 is the ion-matrix sheath thickness,
andu0=√2qV0/m is the characteristic ion velocity.
Hence, the incident ion dose deposited onto a unit area
in a single pulse is

(4)D = n0St .

The total deposited ion dose within a certain duration,
t , is

(5)Dtotal= n0Stf t,

wheref is the pulsing frequency. Consequently,

Dtotal= tf n1/2
0 V

1/2
0 (2ε0)

1/2q−1/2

(6)×
[

2

3

(
n0q

2

ε0m

)1/2

tp + 1

]1/3

.

For a typical set of implantation parameters,
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Fig. 2. Relationship ofβ = 2
3

(
n0q
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)1/2
tp versus pulse duration and plasma density for H2 and H2O plasmas.

as shown in Fig. 2. Therefore, Eq. (6) can be simplified
to be:
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Eq. (7) demonstrates the relationship between the
incident dose and implantation parameters for a single
species (e.g., Ar+) plasma ion implantation. When
there exist more than one species in the plasma (e.g.,
N+

2/N+ or H+
2/H+),
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where the effective plasma ion mass,
√
M =∑L

i=1
Ai
√
mi , L is the number of ion species,Ai is the

fraction of the total ion density in the plasma bulk
for speciesi, mi is the mass of theith ion, incident
atom doseN0 =∑m

i=1Bini , Bi is the atomic number
of the ith ion species,ni is the density of theith ion
species [17].

In the case of a plasma consisting of ions with
multiple charge states (e.g., Ti+, Ti2+),
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where the total ion densityN1=∑L
i=1ni , plasma den-

sity ne =∑L
i=1Cini , effective plasma mass

√
M =∑L

i=1 ki
√
Cimi , andCi is the charge state, the frac-

tion of the total ion density for theith ion, ki =
ni/

∑m
i=1Cini [18].

Eq. (7) illustrates that the incident dose in a single
pulse has a different sensitivity to each implantation
parameter, and this phenomenon is different from that
encountered in IBII. In the latter case, the implantation
dose is linearly proportional to the implantation pulse
duration/pulsing frequency in the pulsing mode or
the total implantation time in the direct-current (DC)
mode. More importantly, it is independent of the im-
plantation voltage, ion mass, or ion charge state. Thus,
process control, experimental design, and process sim-
ulation are quite straightforward. On the other hand, in



X. Tian, P.K. Chu / Physics Letters A 277 (2000) 42–46 45

PBII, many parameters are nonlinearly related to im-
plantation dose, as indicated by Eqs. (7)–(9), making
dose prediction and process optimization difficult.

In PIII processes, plasma parameters such as den-
sity, species, and charge states vary considerably with
the type of plasma source. Owing to the absence of
an ion filtering mechanism in PIII, all ions in the sur-
rounding plasma are implanted into the samples when
a negative potential is applied to them. Varying the
plasma density has a complicated influence on the in-
cident dose. For example, when the plasma density is
higher, it seems that incident ion flux will increase cor-
respondingly. Actually, the ion flux will increase not
as described by Eq. (7). When the plasma excitation
power of plasma sources is increased, the plasma den-
sity goes up. Meanwhile, the atomic ion density also
increases [23] and the mean ion charge state may also
go up, especially in a metal ion plasma [24]. Conse-
quently, the equivalent ion mass decreases in a single
charge-state plasma (e.g., nitrogen plasma) leading to
an increase in the incident ion flux and ion dose. That
is to say, when the plasma density increases, the inci-
dent ion flux rises due to not only the density differ-
ence but also the change in the ion charge and mass.
This interaction can be used to explain the difference
in the ion flux variation when the plasma density from
different gas species changes. In the case of multiple-
charge state plasmas,N1, ne ,M may be affected by a
slight change in the plasma parameters leading to un-
intuitive relationship as shown in Eq. (9). For instance,
if the plasma density is constant, increasing the frac-
tion of multiple-charge state ions will decreaseN1 and
M thereby resulting in a lower incident ion flux.

The implantation voltage has a different influence
on the incident dose than IBII. In IBII, the implanta-
tion voltage only affects the in-depth distribution of
the implanted species, mainly the projected range and
straggle. In PIII, both the penetration depth and inci-
dent dose rate are changed by the implantation volt-
age. The pulse duration and pulsing frequency are the
two parameters normally adjusted to meet the process-
ing requirements. The incident dose is linearly propor-
tional to the pulsing frequency similar to that encoun-
tered in IBII, but not the pulse duration. For instance,
to maintain the same incident dose, the pulse duration
must be increased by eight times if the pulsing fre-
quency decreases by 50%. Hence, engineers who are
familiar with IBII may design inappropriate processes

Fig. 3. Implantation dose variation with different processing para-
meters.

without an easy-to-use model such as the one stipu-
lated in this article.

In this Letter, we present the relationship between
implantation parameters and incident dose in plasma
immersion ion implantation of planar samples. The
derived analytical equation is effective and simple to
use to process engineers. Our model demonstrates
that PIII is a very complicated implantation process
compared to conventional ion-beam ion implantation.
The incident dose is most sensitive to variations in
the pulsing frequency and total implantation time,
followed by the plasma density, implantation voltage,
and pulse duration. Since the numerical power of
every variant is less than one, the implantation dose
is much more sensitive to initial parameter changes as
illustrated in Fig. 3.
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