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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,N or O, , in which case each implanted atom only carries a fradfion

this case, haJfof the total acceleration energy. @000 American Institute of Physics.
[S0021-897€00)00323-9

I. INTRODUCTION including Spetht! Stewart!? and Qirt® have conducted in-
vestigations. In this work, we extend the work of Stewfart

The use of ion implantation to enhance the surface propand derive an analytical model to predict the ion energy dis-

erties of materials is well document&d. Conventional tributions. The proposed model features simple, easy to use

beam-line ion implantation is, however, inherently limited by analytical expressions to derive the energy spectra of the

its line-of-sight nature, and so direct application to compo-incident particles.

nents possessing irregular geometries is difficult. In compari-

son, plasma immersion ion implantatioRlll) (Refs. 3 and || vOLTAGE/CURRENT WAVE-FORM AND ENERGY

4) features non-line-of-sight operation and obviates the neegh|STRIBUTION

for complex sample manipulation. In PIIl, the incident ion

current density obeys the Child—Langmuir law, and implan-

tation commences as soon as a negative voltage is applied BISed power supply in the City University of Hong Kotfy.

the sample. The experiment is usually conducted in a pulse}ihe hlgh.—voltage tetrode tube ysed in our modulator is not an
mode, and the rise and fall times of the sample voltage puIslgheal switch, and to mahke things worse,f tk;]e pulsle voltage
are nonzero in real electrical circuits. Thus, ions with differ-Sh@Pe is degraded by the capacitance of the cable, vacuum

ent energies are implanted into the biased surfaces. The rig_gamber, and plasma. Consequently, the typical rise gnd fall
time of the voltage pulse has a particularly large effect orfimes of the pulse voltage/current resemble the experimental

this nonideal ion energy distribution and reduces the meaﬁ/_aye forms depicted in Fig. 2 as recorded_by a capacitance
projected range of the ions. In many PIIl applications, par-ivider (Pearson model 3054and Rogowski coilPearson
ticularly semiconductor-related applications, the implanta-r_nOd(:fI 119and a d'Q'ta' osullato_(Tektronl.x TDS360. The

tion depth must be well controlled, and it is thus critical to rise timet, and fall timet o_f the |mplantat|_on voltage pulse
predetermine the energy distribution for more efficient deter?® determined by the resistance—capacitdRt® constant

Figure 1 shows a schematic of the circuit of our Pl

mination of the appropriate processing protocols. of the circuit:

Various analytical and numerical models have been de-  t,=Rgeries< (Ccapiet Cehambeit Cplasma (1)
veloped to determine the time-varying implantation current,
total dose, and energy distribution of the implanted 8. t+= (Rouidownl! Rpiasma X ( Ccapiet Cenambert” Cplasma - (2)

As far as the voltage rise time is concerned, several peopl&he oscillations in the current wave form demonstrate that
the plasma is not a linear load to the modulator. As shown in
aauthor to whom correspondence should be addressed: electronic mail-19- 2'6 the current wave form can be d|V|de_d Into three
paul.chu@cityu.edu.hk zonest® The first or initial stage features a high instanta-
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By ds_4 20 1\ 12\ /312 <2
— §i = geo(2/entM) 23022, (5)
/ Ceable Integrati_ng Eq(5) from.O tot, (rise_ time and fromt, to t,,
v /zwitch H R T (the entire pulse durationwe obtain
Power P 4 1/3
supply $= (1—5> sowpi ¥, VA8, for O<t<t,, (6)
7 |
[ 2 1/3
Reharge Cstorage S,= (5) Spri4/3(t_ O.&r)l/?’, for tr<t (7)
FIG. 1. Schematic of the electrical circuit of the City University of Hong ]
Kong Pl modulator. whereSy=(2g,V,/eny) 2 andS; andS, are the dynamic
sheath thicknesss during the rise time and plateau, respec-
tively.

neous current induced by the plasma implantation and the
capacitance effects of the high-voltage coaxial cable. In the
second stage, the implantation current gradually decreas&s Energy spectra of incident ions

until the end_ of the voltage_pulse. After the pulse is turned We assume that the ions once entering the plasma sheath
off (Fh_e fall-time stag the implantation current decreases are completely accelerated by the applied voltage. Thus, the
precipitously. Due to the small current, the last stage has fons implanted before the end of the rise time possess ener-

negI|g|bIe|.effe.ct on the final |mplaptat||on_ results.h H(fenlfe., Ngies less thareV, and during the voltage plateasteady
most applications, we can conveniently ignore the fall timeg;o.4 he jons receive the full acceleration eneey,. The
in our calculation of the ion energy spectra.

energy spectra, according to Ed$) and (7), can be de-

scribed as

A. Sheath expansion
P 8w, w,= 0.7368< (W,°— W, >°)

To simulate the plasma sheath dynamics and resulting

ion energy distribution, we assume that the applied voltage X(x—0.6" 3 (W;=W,<eV,), (8)

has a trapezoidal wave form as displayed in Fig. 2, and the B 1 B

plasma sheath expands in accordance with the quasistatic devy =1-0.7368<(x~0.6 (W=eVo), ©)

Child—Langmuir law under collisionless, cold plasma condi-\yhere 8w, w, represents the fraction of the ions with en-

tions. The Child law curSr?Znt densify for a voltageV across ergy betweerWl andW,, § v, is the fraction of the ions

a sheath of thicknessis®

with energy of eV,, x=t,/t,, W;=V,/Vy, and W,
ji=5e0(2e/M)VA/32 52, B =V,/V,.
wheregg is the free-space permittivity, areland M are the If W1=0, Eq.(8) can be simplified to be
ion charge and mass, respectively. Equaiintp the charge 8 w,=0.7368< W,%6x (x—0.6) "3, (10)
per unit time crossing the sheath boundary,

q where di,w, represents the number fraction of the ions with
s

en—=j (4) energy less thalV,. This is the same as E¢7) in Ref. 12
dt when the fall time is equal to zero:

and 5 4\ 13 TrlISX(Wmin/VO)SIG
115 S
12 12 1/3
4 Tf X (Wmln/VO)Sl6
10 - 10 +1-{1-—=X , (17
; 15 St?’

8+ ° - 8
% N Voltage L6 o whereT =wpit,, Ti=wpit;, S=8/sy, andt; is the fall
2 t - time1?
‘g’ 4 45 The correlation indicates that our assumption and ap-
% 2 - S proximation adopted in this model are proper.
>

Current -

21 -2 C. Average energy of incident ions
41 : ; - — -4 In a single-voltage pulse, the energy imparted to the tar-
-75 -50 25 0 25 getW is the sum of the energy during the rise timg and
Time (us) steady—stateéplateau W,:

t ds
FIG. 2. Experimental current and voltage traces of a typical Plll process Wl:f renI Vodt (12
showing the three stages. dt t,
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Wy=enVo(s;, —St ). (13
Consequently,
IVo=1—0.4019< (x—0.6) 7, (14)

whereey is the average incident ion energy.
D. Energy distribution of implanted particles

The plasma in a typical PIIl experiment consists of mul-
tiple species, for example, ,N/N™ in a nitrogen plasmé&’

Since there is no mass separation in a PIIl machine, all ions
in the plasma are implanted, and the depth profile is broad-

ened because each N atom ip"Nis implanted with half of
the total energy. Assuming that the ratio of, NN™
=7:(1— ), the fraction of the incident atoms with energy
betweenw; andW, is

0=sW<0.5eV, (from N,*/N* plasma,

(W,%6—W,56) x (2.5636X 7+ 1)

(x—0.6)Y3x (5+1)

Ba,uu,w,= 0.7368
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FIG. 3. Effects of the fall time of the voltage pulse on the total incident dose
difference ¢, =t;).

the fall time, and that our assumption that the number of ions
implanted during the fall time of the voltage pulse is small, is

(15 indeed valid. By omitting the fall time, a simple and effec-
0.5eVy=sW<eV, (from N* plasma, tive analytical model can be derived to predict the energy
56 56 distribution of the incidental particles including both atomic
W, —W;>®) X (1— i
5a,w1w2=0-7368’<( 2 17)X(1-7) _ (1  and molecular ions.

As expected, the number of low-energy ions increases
with a longer rise time and the trend is the same as that
predicted by numerical simulation using the more compli-

(x—0.6)Y3x (1+ 7)

The fraction of the incident atoms with energy=0.5eV,

from N, " is cated plasma fluid modé®:*° In fact, the results of the fluid
8a1=[1—0.7368<(x—0.6) Y3 x2x p/(1+7), (170 and our models are quite consistent for a low value of
Wpin /Vo, although the difference becomes bigger at larger
W=eV, Woin /Vo. This discrepancy may be attributed to the ap-
(1-7) proximation that the sheath remains constant while an ion
5,=[1—0.7368% (x—0.6) " ¥ x—= (18 entering the sheath flies towards the target. Our simple

(1+2) model may underestimate slightly the fraction of the ions

with high W, .
As shown in Fig. 2, a large portion of the ions is im-
Based on Child—Langmuir law and a typical wave form planted in .the' early staqeisg t'ir.ne dpratioh of the V0|tage
such as that displayed in Fig. 2, we can conveniently ignor@mse' as indicated by the initial high current. Even if we
the effect of the fall time of the voltage pulse to derive a
handy numerical description of the energy distribution of the

Ill. DISCUSSION

1.0
incident particles(including ions and atoms resulting from O P e e e ot Ref[12])
molecular iong Figure 3 depicts the effects of neglecting the 08 @ Analytical Solution ( with the model in this work)
fall time on the total ion dose difference. The maximum ’ W, N,
difference occurs at,=0.0 and is about 21%, but this trian- -~ . . . - 0o
gular wave form consisting only of rise and fall times in a < 06 - '
single pulse has very little applications. When the plateau_é /
voltage duration is equal to rise time, the difference de- § 04 4 05
creases to 8% and less than 1%ftiprt, =14 (2 us rise time w .//D:'
and 28 us pulse duration which are typical experimental 02 1 0z
parameters Thus, omitting the fall time in the calculation of ’ — 4:F- 0'1
the energy distribution is quite reasonable, since the error — o o
introduced is very small. Figure 4 shows the energy distribu- 90 ‘ ' ‘ ‘
tion as a function of the ratio of the rise time to the steady- 0.00 0.25 0.50 0.75 1.00 125
state(plateau duration. We also compare the results gener- th,
ated by our analytical model to those predicted by Stewart o _ _
[Eqg. (11)] with consideration of the fall time. The good cor- FIG. 4. lon fractions impacting the target with energs<W,,, vs

. . . . t /tp(t +tp=1) for variousWy,,/V, ratios. The results derived by our
relation demonstrates that the approximations in our modef e agree well with those obtained by a more complicated model de-

are reasonable in spite of the small difference stemming fromcribed in Ref. 12.
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FIG. 5. Comparison of the energy distribution derived by our model with

experimental results described in Ref. 20. FIG. 6. Fraction of the ions hitting the target with energi&s<eV, vs

ty /t, .

eliminate the effects of the displacement current, the effec-
tive current is still very big® Thus, the incident ions inher- resulting thin sheath, the voltage is constant during the small
ently carry different energies and the energy spectrum deen transit time through the sheath, and the incident ions do
pends on the voltage wave form. From E§), the energy not collide with other particles. On the contrary, the sheath
distribution of the incident ions is exclusively determined by described in Ref. 24 is much thicker. The longer ion transit
the ratio of the pulse duration to the rise time and indepentime through the sheath on account of the higher voltage and
dent of the implantation voltage, plasma composition, andower plasma density increases the probability of collisions
ion species. Thus, unified analytical expressions can acconand decreases the acceleration energy due to sheath expan-
modate various plasma conditions. For instance, the ion ersion. It should be noted that this and other motfeti® not
ergy spectra of different ion species can be directly comtake into account the collision effects, which can lead to
pared. significantly different results such as the results obtained at a
Equations(8) and (9) are simple equations that can be high working gas pressure (50 2 Torr) described in
used to conveniently predict the energy distribution in pracRef. 22. The energy distribution thus depends on the particle
tical PIIl experiments. Experimentally, several related inves-density or pressure through the ion mean-free path. For a
tigations have been conduct&d?* For example, fort,, sheath thickness larger than the mean-free path, the ions will
=10 us/t,=6 us andt, =21 us/t,=8.5 us, the percent- undergo collisions before implantation, and their energy will
ages of ions impacting the target with full energy calculatecbe reduced?®?°
by our model is 27.9% and 40.2%, respectively. The results  Figure 6 shows the fraction of ions possessing an energy
are consistent with the numerical simulation res8% less thareV, as a function of the ratio of the pulse duration
and 40% based on a fluid modé?. This confirms the valid-  to the rise time. The rise time has a more pronounced effect
ity of our simple model. In addition, as indicated in Fig. 5, on the ion energy distribution than the plateau duration. A
the discrete energy distribution derived from our modelpulse duration of 4Qus consisting of a Jus rise time results
shows good agreement with experimental results publisheith at most 80% of the implanted ions obtaining the full en-
in Refs. 20 and 21, particularly for the samples implantedergy. In contrast, it,,=40 us andt,=4 us (that is, adding
with low-incident doses. In their experiments, the samples3 us to the rise timg the ratio decreases to about 60%, but
were implanted using,=2.5 us andt,=1 us. However, it if the same 3us are added to the pulse duration makipg
should be noted that the discrepancy between the experimer-43 us andt, =1 us, the ratio is hardly changed from 80%.
tal results in Refs. 20 and 24 and the model is larger at highThe results reiterate the importance of a small rise time to
incident doses. It is believed to be related to the formation ohchieve monoenergetic implantation. This characteristic can
silicon oxid&® or nitride* in the top layer as well as the be exploited in practical situations. If a process calls for im-
validity of numerical fits withTRIM code at higher doses. planting a given dose at a given energy distribution, it may
With the formation of surface oxide or nitride, the electrical be more convenient to adjust the rise time than to change the
potential on the silicon sample will decrease and, consetotal pulse duration.
qguently, the average incident ion energy is smaller, leading Prior knowledge of the energy spectra of the incident
to an increase in the ion fraction with medium energiesions is of great importance when designing PIIl experiments,
Hence, the ion fraction with medium energy goes up and thaand so a simple analytical model such as the one presented in
with full energy decreases with increasing energy for dosethis article is very useful to process engineers. Figure 7
beyond 1.x10Y cm 2.2%2% The implantation parameters shows the effects of the pulse duration on the ion energy
described in Ref. 2Qpulse duration, plasma density, voltage, spectra. The energy spectra are characterized by high- and
and working pressujefavor the model. For instance, the low-energy components. It should be noted that the ions with
plasma sheath is more planar due to a short duration antie lower energy are due to the small initial expanding
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0.8 ™ more non-Gaussiaf?:?!**?” Based on our model, for a
g | OO ‘ higher ratio of the atomic iondrom 7=0.9 to #=0.75), the
=10 s ,=40 ps atoms possessing the full energy increase from 3.6% to 9.7%

04 for an implantation pulse duration of 4@s and rise time of
3 us. Such information can easily be obtained by our model
without tedious trial-and-error experiments.

0.2

0 i i i I s e O e O e o e e g .

t=1.0ps 0.80

06 IV. CONCLUSION

The rise time of the high-voltage pulse is finite during
Plll due to the equivalent capacitance effects of the PIll
hardware and plasmas. Consequently, even under collision-
less conditions, the ion energy is not unique. We have estab-
lished a simple and effective model to calculate the energy
distribution for easier control and optimization of the PIII
process. More importantly, our model shows that the implan-
tation energy is influenced significantly only by the ratio of
the pulse duration to the rise time but independent of other
parameters such as the implantation voltage, plasma compo-
s | 1750 sition, and ion species. Not only can the calculation be sim-

plified significantly, direct comparison among different
04 plasma conditions, for example, different ion species, can be
02 performed directly. Our results also show that a long pulse
' duration does not increase the fraction of ions with the full
0.0 acceleration energy significantly, whereas a small rise time

0 15 35 8 75 95 15 35 8 75 95 yields a more appreciable effect. Therefore, in order to ac-
Energy distribution ( %eV() complish monoenergetic implantation, priority must be given
to minimize the capacitance effects of the PIIl hardware.
FIG. 7. lon energy spectra for different rise times for pulse durations of 10
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