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Diagnostic characterization of ablation plasma ion implantation
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Experiments are reported in which two configurations for ablation-plasma-ion-implantatih

are characterized by diagnostics and compared. The first configuration oriented the target parallel to
the deposition substrate. This orientation yielded ion-beam-assisted deposition of thin films. A delay
(>5 us) between laser and high voltage was necessary for this geometry to avoid arcing between
negatively biased substrate and target. The second experimental configuration oriented the target
perpendicular to the deposition substrate, reducing arcing, even for zero/negative delay between the
laser and the high voltage pulse. This orientation also reduced neutral atom, ballistic deposition on
the substrate resulting in a pure ion implantation mode. lon density measurements were made by
resonant laser diagnostics and Langmuir probes, yielding total ion populations in the randg& of 10
Implanted ion doses were estimated by electrical diagnostics, and materials analysis, including x-ray
energy dispersive spectroscopy and x-ray photoelectron spectroscopy, yielding implanted doses in
the range 1&ions/cnt per pulse. This yields an APII efficiency of order 10% for implantation of
laser ablated ions. Scaling of ion dose with voltage agrees well with a theory assuming the Child—
Langmuir law and that the ion current at the sheath edge is due to the uncovering of the ions by the
movement of the sheath. Thin film analysis showed excellent adhesion with smoother films for an
accelerating voltage of-3.2kV; higher voltages 7.7kV) roughened the film. €003
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I. INTRODUCTION and Langmuir probgshave been applied, as well as an array
of materials diagnostics to analyze the deposited and im-

Plasma-immersed-ion implantatidRlIll) has undergone planted films. Two alternative APIl experimental configura-

enormous growth since the pioneering experiments ofions have been developed and compared, each having dis-

Conrad'~ PIIl treatment of materials has seen applicationstinct advantages for either ion-beam-assisted deposition

to hardening of tools, ion implantation for semiconductor(IBAD) or pure ion implantation. Finally, ion dose measure-

electronics, and, most recently, improved biocompatibility ofments and estimates are summarized and compared for the

biomedical implantS:*?lon source plasmas have been gen-two configurations. Scaling laws for the implanted ion cur-

erated by thermionic cathodes, radio frequency, microwavesent, that corroborate experiments, are constructed for the

magnetron sputtering, and vacuum arc dischatgeé®©ver parallel target—substrate configuration.

the past several years, experiments and theory have been

performed at the University of Michigan concerning the uti-

lization of KrF laser ablation plasmas as the ion source fotl. EXPERIMENTAL CONFIGURATION

; i 1012 T - }
!?nel'zrinnt?:;::gcg.t'on (ZIQIIIS) prr](;t;ezsh k:q%\gp oisagblaar?tgn ep;ain;ﬁ Two APIl experimental configurations are depicted sche-
lon-imp ! ’ u N ges. matically in Fig. 1. The first APIl experiment, explored most

can generate ion source plasmas directly from any solid ma}'ntensively, utilizes the standard orientation for pulsed laser

tengl, even refractories anq compounds. '.A‘P” requires nc(’1epositior11,°‘12in which the substrate and target surfaces are
toxic precursor gasese.g., silane for Si or diborane for)B

Furthermore, we demonstrate here that relatively high ior?rlented parallel to one anothig. 1&)]. The physical ba-

: ! sis of this orientation is that the ablation plume constituents
doses can be generated by APII for implantation of mOderat?electrons ions, neutral atoms and particolatee ejected
area substrates. ' '

This article presents a comprehensive diaanostic chara rimarily perpendicularly to the target for direct, ballistic
_'his article prese comprenens 1agr cha impact with the substrate. Therefore, neutral atoms are de-
terization of the process of ablation-plasma-ion implantation,

) . . osited and ions are implanted, analogous to IBAD. Targets
Optical plasma diagnostits(resonant' / nonresonant laser P b 9 g

interferometry, and electrical plasma diagnostiggurrent consist either of iror(briefly reported earliéf) or titanium,
' P 9 su the subject of this article. Substrates are either Si wafers or

Al alloy disks (6061). The target in these experiments is a

aAuthor to whom correspondence should be addressed; electronic maifotating .pyramid, Wh_iCh wobbles the ablation plume for
rongilg@umich.edu more uniform deposition over a larger substrate drgmto
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FIG. 2. Experimental wave forms for API(a) target parallel to substrate
and (b) target perpendicular to substrate.

Ablation
Plasma Plume

-_ - Base vacuum is on the 16 Torr scale,(which accounts for
Particulate the significant oxygen content seen in film analysis of a later
(b) section.

A number of plasma diagnostics are employed to char-
acterize the APII process:**Nonresonant dye laser interfer-
ometry measures electron densities. Dye-laser resonance ab-
sorption photography establishes the streaming velocities of
the neutral atoms and iondResonant interferometry is uti-

8 cn? in these experimentsThe substrate is pulse biased |ized to measure the absolute density of ions in the laser
negatively up to a peak of 10kV. One problem with this ablation plumé?* Optical emission spectroscop§0.3 m
configuration was arcing at shorkG us) delay times be- spectrograph with gated, intensified charge coupled device
tween the KrF laser pulse and the high voltage pulse. Sucbharacterizes the ablated plasma species and electron tem-
arcing was avoided because it punched holes in depositgserature from atomic Boltzmann plots. At later times in the
films. plume expansion, the density is significantly reduced, so

In order to address the problem of arcing, a second, morgangmuir probessingle and doubleare employed to mea-
recent, experimental configuratinorients the target per- sure ion density and electron temperature and density.
pendicular to the substrafgig. 1(b)]. Electrons are expelled A variety of material analysis diagnostics are employed
from the gap between target and substrate, reducing thg analyze APII films, including: scanning electron micros-
source of arcing. Extremely small ballistic deposition of copy, transmission electron microscoffEM), x-ray photo-
plume neutral atoms is expected on the substrate. Howeveslectron spectroscopgXPS), x-ray energy dispersive spec-
the negatively biased substrate accelerates the ablated ionstigscopy (XEDS), atomic force microscopyAFM), and
the substrate, so one expects pure ion implantation in thiscratch tests.
case. Experimental results will bear out these statements.

Ballistic deposition of laser-ablated particufatés also re-
duced in the perpendicular orientation.

The ablation laser is a KrF lasédrambda-Physik Com- Electrical signals from APII are represented in Fig. 2.
pex 205 which generates up to 600 mJ at a wavelength ofThe upper signalga) obtained for the target orientation par-
248 nm in a 20 ns pulse, detected by a P-intrinsi¢ANN) allel to the substrate, show that, in order to avoid arcing, a
diode. This laser is typically operated at a repetition rate oflelay time of about &s was utilized between the laser pulse
10 pps for APII deposition. The laser beam is focused to and the beginning of the high voltage pulse. The peak over-
fluence on the target betweer-20 J/cn?. The APIl cham-  shoot of the applied voltag@vithout laser ablation plasma
ber is a turbomolecular-pumped, six-way cross with largereached about-9 kV. With ablation plasma present, the
fused-silica side diagnostic ports for optical diagnosticspeak voltage was reduced to abeu?.1 kV, with a flattop of

FIG. 1. Experimental configurations for two geometries of ARd): target
parallel to substrate and) target perpendicular to substrate.

lll. EXPERIMENTAL RESULTS
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FIG. 4. lon densities profiles as a function of time measured at 1.1, 2.2, and
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=
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o X f SU T T factor of 0.1x 10'2ions/J/cm, only weakly dependent upon
&2 f s A&, = " voltage. Finally, the perpendicular orientation of target and
2 . " substrate yields a factor of two higher ion dose than the
ﬁ 0 parallel orientation, apparently due to the longer ion current
= 0 2 "1 ; ;3 1 pulse resulting from the lowered ion-electron recombination
Bias Voltage (k) at early times.
128 voitage (- . .
& Numerous plasma diagnostics have been performed on
(b) APII to characterize the ion density. The data presented in
FIG. 3. Tiion dose-per-pulse obtained from integrated ion cur(ehtarget Fig. 4 were Op_ta'”ed b}’ Langmullr probes. These data repre-
parallel to substrate and karget perpendicular to substrate. sent ion densities obtained from ion saturation currents taken

versus time at several different distances from the target. As
seen in the figure, the ion densities decrease from a peak of

—7.1KV. Full voltage is maintained for a duration of about 10°° to 10*m™? during the 8-9yus delay time typically

13 us. The total substrate current signal, exceeding the 2 #mployed for the parallel APII orientation. This hundredfold
peak, inc|udes: (pnma”ly) Secondary e|ectron Current, reduction of ion density is due both to plasma eXpanSion and
(smaID displacement current, and ion current. When Secondelectron—ion recombination. These densities will be utilized
ary electron and displacement currents are subtracted, the i¢@ comparison to ion doses in Sec. IV.

current signal is shown, with a peak of about 0.7 A, decaying ~ Resonant interferometry was utilized for measurement of
during the pulse. Note that the initial spike of ion current isthe absolute density of ions by the Ti ion near-ground-state
accelerated at low energy during the voltage risetime; by th&ansition at 376.312 nm. Detuning of the laser was in the
time the voltage has reached its full value the current hagnge of 0.017 nm to avoid strong resonant absorption. Fig-
fallen by a factor of 2. It will be shown later that the large ure 5 shows the total number of titanium ions, in Ti near-
delay time results in a significantly reduced ion density dueground-state transition at 376.312 nm. By assuming a Bolt-

to recombination. The comparison of the current data witizmann distribution with a temperature of about 1 eV, one
theory is postponed until Sec. IV. finds the total ion number is approximately 273 times higher

APII electrical signals for the perpendicular orientation than the number of ions measured in the Ti near-ground-state

of the target and substraf&ig. 2(b)] show that the laser transition at 376.312 nm. This calculation yields a maximum
pulse can be applied after the voltage has reached its pe&f 4.6X 10 total Ti ions in the laser ablation plume.
without arcing. This high plasma density leads to signifi-
cantly larger total current signals, over 3 A peak; of this
current, nearly 0.7 A represents ion current. Pulsing the laser
at the peak of the voltage has the advantage that the initially
high ion current is accelerated to nearly full energy. These
high total currents apparently load down the power supply,
producing some voltage drodm —6 kV).

Integration of these ion current data signals for a variety
of laser fluences and bias voltages yields the APII ion dose
data shown in Fig. 3. These data show several important = 100 2(')0 3(')0
APII scalings. Note that the total ion dose, on the order of Time (ns)
10*2ion/cn? per pulse, is on the high-end of doses observed o _
in conventional PIIl. The scaling of ion dose with laser flu- FIG_. 5. Plot of the total number of Ti ions in near-grouqd state as afu_nctlon

. 2 . . of time for 5 J/cnf laser fluence. Total number of ions is 273 times higher,

ence (J/crf) yields about 0.5 10 cn increase in ions for assuming a Boltzman distribution at 1 eV electron temperature. Target par-
every 5 J/crfi of additional laser fluence; this gives a scaling allel to the substrate.

»

(=3

Total Number of Ti ions
in near-ground-state (10'%)
1
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i Film (~37 nm)

FIG. 6. Cross-sectional TEM photograph of the baseline {dnkV) of Ti
deposited on the Si substrate for target parallel to substrate geometry. The
laser fluence was 10 J/énand the distance between the ablation spot and
substrate was 3.9 cm. The total number of laser pulses was 3600.

ION RANGES

lon Range:lZlA Skewness =0.4416
Straggle =50 A Kurtosis = 2.9964

8x10°

Electron densities were also measured by nonresonant
interferometry(of Fe ablatiof. These data, not shown here, -
yielded electron densities in the range off 2 at early Atomsiem’l__
times (0-20 ns after the laser pulsalecaying to the g D1
102m~2 level after about 50-90 ns. Electron densities were
a factor of 3 higher for a laser fluence of 39 Jfcoompared
to 10 J/cr fluence.

Figure 6 presents cross-sectional TEM data of a baseline 0 _ Tarégt Depth- 40
film (O kV) of Ti deposited by laser ablation on a Si substrate
for the parallel orientation of target and substrigacing of (b)

3.9 cm. The laser fluence was 10 J/¢rand the number of FIG. 7. (a) Cross-sectional TEM photograph of the APII film-8 kV flat-
laser pulses utilized for the deposition was 3600. Thicknessyp) of Ti deposited on the Si substrate for target parallel to substrate geom-
of the Ti films was 37 nm, yielding a deposition rate of 0.01 etry. The laser fluence was 10 Jicand the distance between the ablation

nm/shot. Other TEM data indicate that this Ti film possesse pot and substrate was 3.9 cm. The total number of laser/HV pulses was
’ . 600. Locations labeled wittA), (B), (C), and(D) were analyzed by XEDS
a nanocrystalline structure.

' . . ) (see FIG. 1@ (b) lon ranges simulated by TRIM code with an ion effective
Cross-sectional TEM data in Fig(aJ depict an APIl  energy of 8 kV.

film deposited at an applied bias voltage 68 kV flattop.
Delay time between laser and voltage wag$8 The orien-
tation (parallel target-substratespacing, laser fluence, and pendicular to the target, deposits negligible film on the sub-
number of shots are the same as the baseline film of Fig. Gtrate. Laser fluence was 10 Jfnfior 3600 pulses and the
In contrast to the baseline film, the APII films shows a 15 nmablation spot was 3.9 cm from the substrate.
deep damage layer, caused by ion implantation and cascades. When the APII voltage of—7.6kV flattop is applied
Transport of lons in Matte(TRIM) code calculations with  (with zero delay timgin the perpendicular orientation, the
ion energy of 8 kV are depicted in Fig(j. The ion pen- film represented in Fig. 9 is obtained. Here, there is no over-
etration depth is expected to be lower than predicted byying film, but the ion induced damage layer depth is 23 nm,
TRIM: (1) later implanted ions must penetrate the overlyingsome 50% deeper than the parallel orientation. This is due to
Ti film, and (2) ions are accelerated during the slow risetimeseveral factors, including the absence of the overlying Ti film
of the voltage(only in the parallel target—substrate orienta- and the fact that the laser is fired at the same time as the high
tion). The overlying, amorphous Ti film is 27 nm thick, some voltage pulse, yielding full-energy ions. Thus, the APII per-
10 nm thinner than the baseline film. Causes of the thinnependicular target—substrate orientation yields a pure ion im-
APII film are the implantation of ions, densification of the plantation mode, in which only ions are accelerated and im-
films by ion bombardment, and ion-sputtering of Ti from the planted in the film; neutral-atom deposition is eliminated.
surface. The APII film deposition rate in the parallel orienta-Another major advantage is that laser ablated particulate
tion is 0.0075 nm/shot. Therefore, the APII parallel target—deposition on the substrate is also reduced in this orientation.
substrate orientation produces films that resemble IBAD. Figure 10 summarizes XEDS spectra, which have been
For the perpendicular orientation of target and substrateneasured for the data and locations of the ARlarallel
the baseline(0 kV) laser deposited film is shown in the orientation film in Fig. 7(a). From these data, atomic con-
cross-sectional TEM photograph of Fig. 8. It can be seen theentrations have been calculated. As seen in FigALGhe
ballistic expansion of the laser ablation plume, primarily per-overlying film [region (A) in Figs. 7a) and 1QA)] is com-

6x10°
4x10°

—|2x10°
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FIG. 8. Cross-sectional TEM photograph of the baseline {OnkV) of Ti

deposited on the Si substrate for target perpendicular to substrate geometry. (C) (D)

The laser fluence was 10 J/grand the distance between the ablation spot

and substrate was 3.9 cm. The total number of laser pulse was 3600. FIG. 10. XEDS spectra measured for calculation of atomic concentration at
different locations on the sample. Locations measured on-tB&V flattop
APIl sample are labeled in Fig(a.

posed primarily of Ti(51%), with small Si concentration

0 1 i ifi 1 1 0,

(10%), g"”d with significant O contam_|r_1at|oﬁfl31/o) due to .the expected columnar growth. AFM data for the APII Ti
the 10 ° Torr vacuum. Closer to the original surface of the Si . i -

- I ) film at —3.2kV flattop, shown in Fig. 1b), indicate a
[(B) in Figs. Ma) and 1@B)], the film is mostly Ti(55%), but . . )

. . . ] .smoother film than the baseline. For an accelerating voltage
Si concentration has increased to 17%; oxygen content 'gf ~ 77KV flattop. the film became rouah. similar to the
28%. Within the damage laydiC) in Figs. 7a) and 1QC)], ' P: gn.
silicon predominate$71%), but implanted Ti atoms are de-
tected at significant concentrati¢h7%). Below the implan-
tation deptH (D) in Figs. 7a) and 1@D)], primarily Si(96%)
is detected, with 2% Ti. These data prove that ablated Ti ions
are implanted into the Si substrate.

Finally, atomic force microscopy and tribological tests
were performed at Timken Research. AFM data are pre-
sented in Fig. 11; the baselii@ kV), laser deposited film is
shown in Fig. 118). The film exhibits a rough structure with

" TR T L AR SS R S R AT
g s L LR 'L -
" <. 1 9 -
. - LR L A A ~ . S
v VR "
. A + " Lok
> . - -

1.15 um <% ’r&
Damage Layer (~ 23 nm) \ : -

FIG. 9. Cross-sectional TEM photograph of the AP film 7.6 kV flattop FIG. 11. (a) AFM image of Ti deposited on the Al 6061 alloy substrate. The
of Ti deposited on the Si substrate for target perpendicular to substratiaser fluence was 10 J/éuiTarget parallel to the substrate. Baseline fin
geometry. The laser fluence was 10 Jfcand the distance between the kV). (b) AFM image of Ti deposited on the Al 6061 alloy substrate. The
ablation spot and substrate was 3.9 cm. The total number of laser/HV pulsdaser fluence was 10 J/émTarget parallel to the substrate. APII film at
was 3600. —3.2KkV flattop.
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baseline film, probably due to sputtering and redeposition. 2 3
Scratch tests were also performed, indicating excellent adhe- Current——
sion of films with no delamination. Friction coefficient mea- 01 NPt ror /"
surements showed that the3.2kV APII film had slightly s 2 -« Vetheory L
lower friction coefficient, than the baseline and7.7 kV X ¥l et :f,
films. Thus, APII can be utilized to deposit smoother films % -4 -~ Tioksl-theory 3§
with potentially lower friction. ) . — Itotal-experiment | 3
-8 1 L7
IV. THEORY OF APII «— Voltage
-10 " . . 9
Previous theoretical research calculated the implanted 0 5 10 15 20
ion current in terms of thdéearly time ion matrix sheath Time (us)
implantation’? In the present article, for comparison with (a)
experiments(parallel target—substrate orientatiprwe ex-
plore the late time Child sheath implantation model, which 4 08
has also been studied in the literature. While existing models 2 B
on Child sheath implantation may still have several unre- F 0.2
solved issue$®?these have successfully been used to in- & 7 S — 0 =
terpret experimental results on PffIHere, we simplify such ey - = V-theory F-02 2
a theory to explain the long-time scale of the implanted ion £ — lion-experiment - -0.4 §
current profile observed in our experiment. This theory, to- = -4 1 -~ lion-theory - 0.6 ©
gether with the newly constructed scaling laws, is given in ry , Voltage --0.8
detail in the Appendix. Chiefly, if the Child—Langmuir law is —— - -1
assumed, and the ion current at the sheath edge is due to the -8 y T - A2
uncovering of the ions by the movement of the sheath and to 0 5 10 15 20
the ions’ motion across the sheath boundary at vel32y, Hme i)
v, One obtains (b)
ds 4 2¢q\ 12 s FIG. 12. Comparison between theory and experiment for the substrate par-
qng at +Trg| =i :§8O(V) Vg /2. (1) allel to target geometry(a) total substrate current ar{th) ion current.

In Eqg. (1), sis the sheath thicknes¥ is the magnitude of
the bias voltage, and; is of order the Bohm velocity. If we V. DATA SUMMARY AND CONCLUSIONS
ignore vy, which may be justified for a very long voltage

pulse that has a relatively sharp risetimave may establish This section correlates the plasma diagnostic data with
the scaling law for the implanted ion currdif. Eq. (A5) of the deposited films data to analyze the efficiency of the APII
Appendix process. Table | summarizes the plasma parameters measured

for APII. Peak ion densities in the range?¥~3 were mea-

1/6 2/3 . .
Ng sured at early times by resonant interferometry and Lang-
li=(0.5834 M/50m,) | 108 m3 muir probe. This density decays to a value of abodf &0 3
by 8 us. Of particular interest for APII is the total number of
Vo \¥2( 1 \23 A ablated ions, which starts out at @0 at early times
x| Tokv = S) oo’ (2)  (resonant interferomethand decays to 2:810' at the 8us

delay time at which the high voltage was typically applied
where |; is the implanted ion currentV; is the mass of for the parallel target—substrate orientation. Plasma tempera-
implanted ions;m, is the proton massp, is the plasma ture is in the 1 eV range at microsecond delay times, both
density;V, is the bias voltager is the risetimgroughly the  from Langmuir probe and optical emission spectroscopy.
RC time constant of the external circuitf the bias voltage; Plume expansion velocities indicate electron temperatures of

andA is the substrate area. 3 eV, from the expression for hydrodynamic expansion in
The total substrate current can be expressed as vacuum
Jrota=Ji(1+6), ©) V=2c¢o/(y—1), (4
whereé is the secondary electron emission coefficient and isvhere,c, is the ion sound speddykT./M)¥?] andy is the
a function of the ion energy. ratio of specific heats,/C,), herey=1.2.

The implanted ion peak current may be readily estimated In Table Il are presented the ion doses determined by a
by inserting the experimental parameters into B). The  number of different techniques, including: integrated ion cur-
ion current as a function of time can be obtained by solvingeent, sputtering yield, XEDS, and XPS. The delivered/
Eq. (1) with an assumed bias voltage profilg(t). Figure 12  implanted ion doses are in the range from 2.5t06.36
shows excellent agreement of the theory with the measures 10*2ions/cnf over a deposited film area of about 8Tm
total substrate curreri&) and ion currentb); (see Appendix These implanted doses €5 % 10'%) can be compared to the
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TABLE I. Plasma diagnostic summary for Ablation Plasma lon Implantation.

Plume expansion

lon density Electron density Electron temp. velocity
Diagnostic (m~3) (m~3) (ev) (10* m/s) Total number of ions
ims;::’o”;g 3.6x 109— 1.0 102 113 1.9X104—4.6x 101
(5 Jionf) Y (135340 ns) : (135- 340 ns)
Nonresonant 4 3
interferometry 1x 1(0;_ 525'§>S<)102
(Fe, 10 J/crf)
Langmuir probe o0 8 7 7 B
(3.3 cm away from 1.0X 10%°—1.0x 10" 4.6x107—2.1x 10" 1.2-0.7 59 2.3¢105(8 us)
target, 10 J/cr) (1=9 ps) (1=9 us) (1-9u9)
lon 1.8x 10— 2.5x 10" cn?
current Il (5—15 J/cn?)
(—10KkV) 1 3.2 10" 4.4x 10'%/cn?
(5—15 J/cnd)
Optical emission 1.6-1 295
spectroscopy (125-475 n§ '
Resonant 2:56-2.79
absorption lon 2.9 (515 Jicnd)
(DLR/F_’\P) Neutral : 0.82-1.68
(5—15 J/cnd)

total number of ablated ions (25x 10'%) from Table | to  for the depletion of the ion matrix sheath. Thus, we need to
estimate the efficiency of APII. This analysis yields an APIl develop a theory that applies to the long time ion implanta-
efficiency in the range of 10% for the implantation of ions tion as observed in the experiments. Naturally, in the theory,
from laser ablation plumes. we choose the time scale to be that of the bias voltage, which
Finally, we emphasize that the perpendicular target-is roughly theRC time constant 1 us) of the external
substrate orientation has recently made it possible to performircuit.
APII with a dc power supply, without arcing. This could For the post ion-matrix-sheath implantation, it is com-
result in a much simpler and more economical APII systemmonly assumed that the ion current density at the sheath
edge is due to the uncovering of the ions by the movement of
ACKNOWLEDGMENTS the sheath, and to the ions carried across the sheath b(z)lundary
The authors thank Steve Yalisove for many stimulatingat a v_elomt_y vs, Which is _roughly the_Bohm VEIO(?'&P"
discussions. This research was supported by the NationaElquatmg this current density to the Child—Langmuir current,

Science Foundation, Combustion and Plasma Systems Pr8[]e obtains

gram in the Division of Chemical and Transport Systems; ds 4 [2q\'? o
NSF Grant No. CTS-9907106. Ano| g7 +¥s =Ji=§80(ﬁ) Vs, (A1)
APPENDIX whereV is the bias voltage anslis the sheath width. Non-

This Appendix presents a derivation of the scaling IawdIrnenSIOnaIIZIng Eq(A)

for the implanted ion current for the geometry where the
target is parallel to the substrate. In particular, this treats the
case where the plasma plume is already in contact with thend
substrate when the bias voltage is turned on. In the experi- __
ment, the implanted ion current and the substrate current S=s/L,
evolve on the time scale of the bias voltd§ég. 2), which is

on the order ofus and is of a much longer time scale than
1wy, the latter is of order 10's of ns and is the time scale

t=t/7, Vg=V(t)/Vy,

where we may choose=RC, the rise time of the bias volt-
age;V, is the peak voltage; and the length sciales chosen
so that Eq.(Al) is nondimensional

3/2_\ 1/3
TABLE Il. The delivered ion dose and retained ion dose per pulse. - ( is 2_qV0 7')
1979V M gn
Sputtering 4No
| =V curve yield XEDS XPS 1/6 Vo 1/2
(delivered (delivered (retained (retained =(3.64m
( m( |v|/50mp) ( 10 kv)
lon dose 25 6.36 3.14 5.208
per pulse 7 \18 1 s
(10“c?) X : (A2)
lups) \ny10¥m—2
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