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Modeling of incident particle energy distribution in plasma immersion
ion implantation
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Plasma immersion ion implantation is an effective surface modification technique. Unlike
conventional beam-line ion implantation, it features ion acceleration/implantation through a plasma
sheath in a pulsed mode and non-line-of-sight operation. Consequently, the shape of the sample
voltage pulse, especially the finite rise time due to capacitance effects of the hardware, has a large
influence on the energy spectra of the incident ions. In this article, we present a simple and effective
analytical model to predict and calculate the energy distribution of the incident ions. The validity of
the model is corroborated experimentally. Our results indicate that the ion energy distribution is
determined by the ratio of the total pulse duration to the sample voltage rise time but independent
of the plasma composition, ion species, and implantation voltage, subsequently leading to the simple
analytical expressions. The ion energy spectrum has basically two superimposed components, a
high-energy one for the majority of the ions implanted during the plateau region of the voltage pulse
as well as a low-energy one encompassing ions implanted during the finite rise time of the voltage
pulses. The lowest-energy component is attributed to a small initial expanding sheath obeying the
Child-Langmuir law. Our model can also deal with broadening of the energy spectra due to
molecular ions such as N2

1 or O2
1 , in which case each implanted atom only carries a fraction~in

this case, half! of the total acceleration energy. ©2000 American Institute of Physics.
@S0021-8979~00!00323-6#
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I. INTRODUCTION

The use of ion implantation to enhance the surface pr
erties of materials is well documented.1,2 Conventional
beam-line ion implantation is, however, inherently limited
its line-of-sight nature, and so direct application to comp
nents possessing irregular geometries is difficult. In comp
son, plasma immersion ion implantation~PIII! ~Refs. 3 and
4! features non-line-of-sight operation and obviates the n
for complex sample manipulation. In PIII, the incident io
current density obeys the Child–Langmuir law, and impla
tation commences as soon as a negative voltage is appli
the sample. The experiment is usually conducted in a pu
mode, and the rise and fall times of the sample voltage p
are nonzero in real electrical circuits. Thus, ions with diffe
ent energies are implanted into the biased surfaces. The
time of the voltage pulse has a particularly large effect
this nonideal ion energy distribution and reduces the m
projected range of the ions. In many PIII applications, p
ticularly semiconductor-related applications, the implan
tion depth must be well controlled, and it is thus critical
predetermine the energy distribution for more efficient de
mination of the appropriate processing protocols.

Various analytical and numerical models have been
veloped to determine the time-varying implantation curre
total dose, and energy distribution of the implanted ions.5–10

As far as the voltage rise time is concerned, several peo
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including Speth,11 Stewart,12 and Qin13 have conducted in-
vestigations. In this work, we extend the work of Stewar12

and derive an analytical model to predict the ion energy d
tributions. The proposed model features simple, easy to
analytical expressions to derive the energy spectra of
incident particles.

II. VOLTAGE ÕCURRENT WAVE-FORM AND ENERGY
DISTRIBUTION

Figure 1 shows a schematic of the circuit of our P
pulsed power supply in the City University of Hong Kong.14

The high-voltage tetrode tube used in our modulator is no
ideal switch, and to make things worse, the pulse volta
shape is degraded by the capacitance of the cable, vac
chamber, and plasma. Consequently, the typical rise and
times of the pulse voltage/current resemble the experime
wave forms depicted in Fig. 2 as recorded by a capacita
divider ~Pearson model 305A! and Rogowski coil~Pearson
model 110! and a digital oscillator~Tektronix TDS360!. The
rise timet r and fall timet f of the implantation voltage pulse
are determined by the resistance–capacitance~RC! constant
of the circuit:15

t r5Rseries3~Ccable1Cchamber1Cplasma!, ~1!

t f5~RpulldowniRplasma!3~Ccable1Cchamber1Cplasma!. ~2!

The oscillations in the current wave form demonstrate t
the plasma is not a linear load to the modulator. As shown
Fig. 2, the current wave form can be divided into thr
zones.16 The first or initial stage features a high instant
il:
1 © 2000 American Institute of Physics
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neous current induced by the plasma implantation and
capacitance effects of the high-voltage coaxial cable. In
second stage, the implantation current gradually decre
until the end of the voltage pulse. After the pulse is turn
off ~the fall-time stage!, the implantation current decreas
precipitously. Due to the small current, the last stage ha
negligible effect on the final implantation results. Hence,
most applications, we can conveniently ignore the fall tim
in our calculation of the ion energy spectra.

A. Sheath expansion

To simulate the plasma sheath dynamics and resul
ion energy distribution, we assume that the applied volt
has a trapezoidal wave form as displayed in Fig. 2, and
plasma sheath expands in accordance with the quasis
Child–Langmuir law under collisionless, cold plasma con
tions. The Child law current densityj i for a voltageV across
a sheath of thicknesss is8,12

j i5
4
9 «0~2e/M !1/2V3/2/s2, ~3!

where«0 is the free-space permittivity, ande andM are the
ion charge and mass, respectively. Equatingj i to the charge
per unit time crossing the sheath boundary,

eni

ds

dt
5 j i ~4!

and

FIG. 1. Schematic of the electrical circuit of the City University of Hon
Kong PIII modulator.

FIG. 2. Experimental current and voltage traces of a typical PIII proc
showing the three stages.
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9
«0~2/eni

2M !1/2V3/2/s2. ~5!

Integrating Eq.~5! from 0 to t r ~rise time! and fromt r to tw

~the entire pulse duration!, we obtain

s15S 4

15D
1/3

s0vpi
4/3t r

21/2t5/6, for 0,t,t r , ~6!

s25S 2

3D 1/3

s0vpi
4/3~ t20.6t r !

1/3, for t r,t ~7!

whereS05(2«0V0 /en0)1/2, andS1 andS2 are the dynamic
sheath thicknesss during the rise time and plateau, res
tively.

B. Energy spectra of incident ions

We assume that the ions once entering the plasma sh
are completely accelerated by the applied voltage. Thus,
ions implanted before the end of the rise time possess e
gies less thaneV0 and during the voltage plateau~steady
state!, the ions receive the full acceleration energyeV0 . The
energy spectra, according to Eqs.~6! and ~7!, can be de-
scribed as

d i ,W1 ,W2
50.73683~W2

5/62W1
5/6!

3~x20.6!21/3 ~W1<W2,eV0!, ~8!

deV0
5120.73683~x20.6!2 1/3 ~W5eV0!, ~9!

whered i ,W1 ,W2
represents the fraction of the ions with e

ergy betweenW1 and W2 , deV0
is the fraction of the ions

with energy of eV0 , x5tw /t r , W15V1 /V0 , and W2

5V2 /V0 .
If W150, Eq. ~8! can be simplified to be

d i ,W2
50.73683W2

5/63~x20.6!21/3, ~10!

whered i ,W2
represents the number fraction of the ions w

energy less thanW2 . This is the same as Eq.~47! in Ref. 12
when the fall time is equal to zero:

d5S 4

15D
1/3

3
Tr

1/33~Wmin /V0!5/6

St

112S 12
4

15
3

Tf3~Wmin /V0!5/6

St
3 D 1/3

, ~11!

where Tr5vpit r , Tf5vpit f , St5s/s0 , and t f is the fall
time.12

The correlation indicates that our assumption and
proximation adopted in this model are proper.

C. Average energy of incident ions

In a single-voltage pulse, the energy imparted to the
get W is the sum of the energy during the rise timeW1 and
steady-state~plateau! W2:

W15E
0

tr
eni

ds

dt

t

tr
V0dt, ~12!s
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W25eniV0~stw
2str

!. ~13!

Consequently,

c/V05120.40193~x20.6!21/3, ~14!

whereec is the average incident ion energy.

D. Energy distribution of implanted particles

The plasma in a typical PIII experiment consists of m
tiple species, for example, N2

1/N1 in a nitrogen plasma.17

Since there is no mass separation in a PIII machine, all i
in the plasma are implanted, and the depth profile is bro
ened because each N atom in N2

1 is implanted with half of
the total energy. Assuming that the ratio of N2

1 :N1

5h:(12h), the fraction of the incident atoms with energ
betweenW1 andW2 is

0<W,0.5eV0 ~ from N2
1/N1 plasma!,

da,W1,W2
50.73683

~W2
5/62W1

5/6!3~2.56363h11!

~x20.6!1/33~h11!
,

~15!

0.5eV0<W,eV0 ~from N1 plasma!,

da,W1,W2
50.73683

~W2
5/62W1

5/6!3~12h!

~x20.6!1/33~11h!
. ~16!

The fraction of the incident atoms with energyW50.5eV0

from N2
1 is

da15@120.73683~x20.6!21/3#323h/~11h!, ~17!

W5eV0

da5@120.73683~x20.6!21/3#3
~12h!

~11h!
. ~18!

III. DISCUSSION

Based on Child–Langmuir law and a typical wave for
such as that displayed in Fig. 2, we can conveniently ign
the effect of the fall time of the voltage pulse to derive
handy numerical description of the energy distribution of
incident particles~including ions and atoms resulting from
molecular ions!. Figure 3 depicts the effects of neglecting t
fall time on the total ion dose difference. The maximu
difference occurs attp50.0 and is about 21%, but this trian
gular wave form consisting only of rise and fall times in
single pulse has very little applications. When the plate
voltage duration is equal to rise time, the difference d
creases to 8% and less than 1% fortw /t r514 ~2 ms rise time
and 28 ms pulse duration which are typical experimen
parameters!. Thus, omitting the fall time in the calculation o
the energy distribution is quite reasonable, since the e
introduced is very small. Figure 4 shows the energy distri
tion as a function of the ratio of the rise time to the stea
state~plateau! duration. We also compare the results gen
ated by our analytical model to those predicted by Stew
@Eq. ~11!# with consideration of the fall time. The good co
relation demonstrates that the approximations in our mo
are reasonable in spite of the small difference stemming f
-
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the fall time, and that our assumption that the number of io
implanted during the fall time of the voltage pulse is small,
indeed valid. By omitting the fall time, a simple and effe
tive analytical model can be derived to predict the ene
distribution of the incidental particles including both atom
and molecular ions.

As expected, the number of low-energy ions increa
with a longer rise time and the trend is the same as
predicted by numerical simulation using the more comp
cated plasma fluid model.18,19 In fact, the results of the fluid
and our models are quite consistent for a low value
Wmin /V0 , although the difference becomes bigger at larg
Wmin /V0 . This discrepancy may be attributed to the a
proximation that the sheath remains constant while an
entering the sheath flies towards the target. Our sim
model may underestimate slightly the fraction of the io
with high Wmin .

As shown in Fig. 2, a large portion of the ions is im
planted in the early stage~rise time duration! of the voltage
pulse, as indicated by the initial high current. Even if w

FIG. 3. Effects of the fall time of the voltage pulse on the total incident do
difference (t r5t f).

FIG. 4. Ion fractions impacting the target with energiesW,Wmin vs
t r /tp(t r1tp51) for various Wmin /V0 ratios. The results derived by ou
model agree well with those obtained by a more complicated model
scribed in Ref. 12.
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eliminate the effects of the displacement current, the eff
tive current is still very big.16 Thus, the incident ions inher
ently carry different energies and the energy spectrum
pends on the voltage wave form. From Eq.~8!, the energy
distribution of the incident ions is exclusively determined
the ratio of the pulse duration to the rise time and indep
dent of the implantation voltage, plasma composition, a
ion species. Thus, unified analytical expressions can acc
modate various plasma conditions. For instance, the ion
ergy spectra of different ion species can be directly co
pared.

Equations~8! and ~9! are simple equations that can b
used to conveniently predict the energy distribution in pr
tical PIII experiments. Experimentally, several related inv
tigations have been conducted.20–24 For example, fortw

510 ms/t r56 ms and tw521 ms/t r58.5 ms, the percent-
ages of ions impacting the target with full energy calcula
by our model is 27.9% and 40.2%, respectively. The res
are consistent with the numerical simulation results~30%
and 40%! based on a fluid model.25 This confirms the valid-
ity of our simple model. In addition, as indicated in Fig.
the discrete energy distribution derived from our mod
shows good agreement with experimental results publis
in Refs. 20 and 21, particularly for the samples implan
with low-incident doses. In their experiments, the samp
were implanted usingtw52.5 ms andt r51 ms. However, it
should be noted that the discrepancy between the experim
tal results in Refs. 20 and 24 and the model is larger at h
incident doses. It is believed to be related to the formation
silicon oxide20 or nitride24 in the top layer as well as th
validity of numerical fits withTRIM code at higher doses
With the formation of surface oxide or nitride, the electric
potential on the silicon sample will decrease and, con
quently, the average incident ion energy is smaller, lead
to an increase in the ion fraction with medium energi
Hence, the ion fraction with medium energy goes up and
with full energy decreases with increasing energy for do
beyond 1.031017 cm22.20,24 The implantation parameter
described in Ref. 20~pulse duration, plasma density, voltag
and working pressure! favor the model. For instance, th
plasma sheath is more planar due to a short duration

FIG. 5. Comparison of the energy distribution derived by our model w
experimental results described in Ref. 20.
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resulting thin sheath, the voltage is constant during the sm
ion transit time through the sheath, and the incident ions
not collide with other particles. On the contrary, the she
described in Ref. 24 is much thicker. The longer ion tran
time through the sheath on account of the higher voltage
lower plasma density increases the probability of collisio
and decreases the acceleration energy due to sheath e
sion. It should be noted that this and other models12 do not
take into account the collision effects, which can lead
significantly different results such as the results obtained
high working gas pressure (5.031022 Torr! described in
Ref. 22. The energy distribution thus depends on the part
density or pressure through the ion mean-free path. Fo
sheath thickness larger than the mean-free path, the ions
undergo collisions before implantation, and their energy w
be reduced.22,26

Figure 6 shows the fraction of ions possessing an ene
less thaneV0 as a function of the ratio of the pulse duratio
to the rise time. The rise time has a more pronounced ef
on the ion energy distribution than the plateau duration
pulse duration of 40ms consisting of a 1ms rise time results
in at most 80% of the implanted ions obtaining the full e
ergy. In contrast, iftw540 ms andt r54 ms ~that is, adding
3 ms to the rise time!, the ratio decreases to about 60%, b
if the same 3ms are added to the pulse duration makingtw

543 ms andt r51 ms, the ratio is hardly changed from 80%
The results reiterate the importance of a small rise time
achieve monoenergetic implantation. This characteristic
be exploited in practical situations. If a process calls for i
planting a given dose at a given energy distribution, it m
be more convenient to adjust the rise time than to change
total pulse duration.

Prior knowledge of the energy spectra of the incide
ions is of great importance when designing PIII experimen
and so a simple analytical model such as the one present
this article is very useful to process engineers. Figure
shows the effects of the pulse duration on the ion ene
spectra. The energy spectra are characterized by high-
low-energy components. It should be noted that the ions w
the lower energy are due to the small initial expandi

FIG. 6. Fraction of the ions hitting the target with energiesW,eV0 vs
tw /t r .
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sheath obeying the Child–Langmuir law. To further illustra
the versatility and simplicity of our model, Fig. 8 depicts t
derived energy distribution for a nitrogen PIII experiment
which both the monomer (N1) and dimer (N2

1) exist in the
plasma. In this case, the low-energy component results
smaller implantation depth for these ions and more sev
sputtering effects. It also makes the in-depth distribut

FIG. 7. Ion energy spectra for different rise times for pulse durations o
or 40 ms.

FIG. 8. Ion fractions for differenttw for two gas compositions@N2
1 :N1

5h:(12h)#.
a
re
n

more non-Gaussian.20,21,24,27 Based on our model, for a
higher ratio of the atomic ions~from h50.9 toh50.75), the
atoms possessing the full energy increase from 3.6% to 9
for an implantation pulse duration of 40ms and rise time of
3 ms. Such information can easily be obtained by our mo
without tedious trial-and-error experiments.

IV. CONCLUSION

The rise time of the high-voltage pulse is finite durin
PIII due to the equivalent capacitance effects of the P
hardware and plasmas. Consequently, even under collis
less conditions, the ion energy is not unique. We have es
lished a simple and effective model to calculate the ene
distribution for easier control and optimization of the P
process. More importantly, our model shows that the impl
tation energy is influenced significantly only by the ratio
the pulse duration to the rise time but independent of ot
parameters such as the implantation voltage, plasma com
sition, and ion species. Not only can the calculation be s
plified significantly, direct comparison among differe
plasma conditions, for example, different ion species, can
performed directly. Our results also show that a long pu
duration does not increase the fraction of ions with the f
acceleration energy significantly, whereas a small rise t
yields a more appreciable effect. Therefore, in order to
complish monoenergetic implantation, priority must be giv
to minimize the capacitance effects of the PIII hardware.
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