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Energy distributions of nitrogen atongll) in a hollow-cathode planar sputtering magnetron were obtained
by use of optical emission spectroscopy. A characteristic line,816.3 A, well separated from molecular
nitrogen emission bands, was identified. Jansson’s nonlinear spectral deconvolution method, refined by mini-
mization ofva, was used to obtain the optimal deconvolved spectra. These showed nitrogen atom energies
from 1 eV to beyond 500 eV. Based on comparisons wittRiMm computer code results, it is proposed that the
energetic N’s are generated from Nions after these ions are accelerated through the sheath and dissociatively
reflect from the cathode.

PACS numbgs): 52.40.Hf, 51.70+f, 52.20.Hv, 52.25.Rv

[. INTRODUCTION this paper we argue that the energetic N atoms observed are
due to dissociative reflection of molecular ions which impact

Neutralization is likely when an ion backscatters from athe cathode. o _ _
metal surface. Many experiments have studied backscatter- Nitrogen-atom energy distributions were obtained using
ing for ion energies above a few hundred eV. At somewhafPlical emission spectroscogPES wherein plasma elec-
lower impact energies, 5—100 eV, Cutherbertsaral. [1] trons excite atomic and molecular species which then spon-

measured reflected-atom energy distributions for atomic ion%aneOUSIy decay, emitting visible-wavelength photons. OES

) as been used to characterize the species in plasma and to
backscattering as neutrals. Knowledge of reflected-atom el easure electron density, electron temperafiyd4], and

ergy distributions in the range 1-500 eV is essential for UNglectron energy distribution functiofEEDP), and ion and

d_erstanding basic ion-surface interactipns, thin-film depos_|atom densitie5] and temperatures. Here we report on its
tion processes, plasma-dust interactions, and Langmuitsiication to the measurement of atomic-N energy distribu-
probe operation. _ _ tion in a sputtering magnetron.

Molecular ion species bombardment of surfaces is a more The ability to observe weak emission from backscattered
complex phenomenon, important in many atmospheric plasnitrogen atoms arises from the fact that in a molecular nitro-
mas, e.g., spacecraft reentry, and many laboratory plasmagen discharge the background light is due primarily to mo-
e.g., the deposition of TiN or AD; compound films. Com- |ecular nitrogen. Therefore, the background light near
putational method$2] widely used to model the reflected- atomic-N linesmaybe greatly reduced and weaythen be
atom energy distribution for atomic bombardment have bee@ble to see a relatively weak signal due to the backscattered
less commonly applied to molecule backscattering becausg atoms. Finding a spectral region where molecular emission
of the increased complexity and lack of experimental data tgs weak is actually quite a task.
compare with the models. In this paper we also describe the effects on the spectra of

In many laboratory plasmas, the electron temperature igperational parameters, such as cathode material, bias volt-
only few eV and the ionization fraction less than 1%. Underage, and gas pressures, and also the heating of the ambient
such conditions, biatomic molecule {HN,, etc) discharges gas by backscattered atoms. The experimental data are com-
usually contain both atomic (HN') and molecular pared with a numerical modéVFTRIM) [6] of backscatter-
(H>",N,") ions. Both types of ions contribute to the re- ing. vFTRIM code is a Monte Carlo binary collision code. It
flected atom flux, the latter via fragmentation upon impactsimulates the particle-surface interaction process using a
This paper reports on the atomic-N energy distribution in &ractal model for the surface. Physical processes such as re-
hollow-cathode planar sputtering magnetfefCPM) [3]. I flection (in which we are most interestedabsorption, sput-

tering, etc., are simulated. Based on this study, the mecha-
nism for generating energetic atomic N in a molecular
*Electronic address: zwang@Ianl.gov nitrogen discharge is proposed.
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Experiments were carried out on a hollow-cathode planar FIG. 3. Nitrogen discharge spectrum from 380 to 670 nm.
sputtering magnetron; see Fig. 1. Details of the operation of
a HCPM can be found in earlier pap¢B7]. A negative dc  measured to be 0.07 nniThe measured line showed a
bias (300—1500 V is placed on the cathode structure. lonsGaussian shapeThis corresponds to an instrumental tem-
impact there, ejecting secondary electrons which are acceleperature of 17.1 eV for nitrogefiThe same line had a width
ated through the cathode sheath. Within the plasma thessf 0.02 nm when measured with a Fabry-Perot spectrom-
electrons cause ionization events, replenishing the loss after) We note that the primary mechanism for line broaden-
ions to the cathodg8]. In brief, the HCPM acts much like a ing in the HCPM is the Doppler effect. The Zeeman and
classical glow discharge, but with more efficient use of theStark effects are relatively unimportant at the low magnetic
energy of the ejected electrons because of the hollow cathodgId and plasma density of these experimdsis
geometry and the magnetic field. Post-processing of PMT signals was done in several steps:
A schematic of the light detection setup is shown in Fig.(1) preamplification and conversion of current signals to
2. An Acton research SP500 spectromef@b-meter focal voltage signals2) integration of the voltage signal$3)
length, Czerny-Turner typewith 1200 g/mm grating was digitization of the analog voltage signalgt) storage of the
used. The detector was a Hamamatsu R636-10 photomultitigitized signals in a memory module. The spectrometer
plier tube (PMT), which has high quantum efficiency in the grating, data acquisition and processing system were prop-
region of interest, near 8000 A. Cooling of the PMT waserly timed by a Power Mac 7100 using LabVIEW.
necessary to reduce its dark current by a factor of 100,
thereby increasing the signal-to-noise ratio. When obtaining
a high-resolution line profile, the spectrometer was scanned
at a rate of 1 A/min to provide a long exposure. The spectra can be analyzed in two steps. First one can
Using a the 826.45-nm line emitted from an argon Gei-look at the spectra as a whole, i.e., the area under the spectral
ssler tube, the instrumental width of the spectrometer waine, to examine the population of N atoms. This includes
both thermal atoms and hyperthermal atoms. Because, as
135 cm N will be shown below, the thermal population is significantly
~ larger than the hyperthermal population, the spectral line
Vacuum Hes Target area can be used as a measure of the thermal population. In
chamber the second step, the detailed shapes of the spectra will be
& .- E :[E analyzed to determine and examine the fraction of the spec-
tra (<1%) that corresponds to the hyperthermal component.
Correspondingly, there are two parts to this section. Part
. A presents results that are obtained in a straightforward
m‘:; gi’g‘ﬂ;‘}% 3“tpdut analysis of the raw data. It first presents the overall spectrum
1 from the plasma and the identification of a suitablé Ine.
R636- 10 It then describes the dependence of the peak emission on
in cooling plasma current and gives a temperature by which to charac-
- housing terize the cool, c<10 eV, N atoms. That energy could arise
. N from Franck-Condon dissociation of nitrogen molecules or
entrance exit .
shit slit be part of the slowing-down spectrum of faster neutrals cre-
ated by backscattering of energetic ions. Part B presents ana-
lyzed data, obtained via a very powerful deconvolution
method described in some detail in the Appendix and in
great detail in the Ref410,11. This refinement allows de-
FIG. 2. Schematic of the optics setup for the N energy distribu-termination of the N atom velocities, rather than simply tem-
tion measurement. perature. In part B we also extend the analysis to larger Dop-
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FIG. 4. Nitrogen discharge spectrum from 670 to 970 nm.
currentJ.
pler shifts, hence to more energetic particles. beyond the experimental cathode bias of up-t500 V.
Hence these neighboring N lines do not contaminate the
A. Bulk atom emission intensity and temperature spectra we obtained.

Following Rossnagel and Saendé#] or Gau and Lie-
berman[15], the intensity of the N 8216.3 A as a function
of total cathode current was measured; see Fig. 6. This is to
elucidate the source of the nitrogen atoms responsible for the
peak of the emission from the N8216.3 A line.(Intensity

Figures 3 and 4 show the observed specti(®T0—-970
nm and 370-670 njrfor a N, HCPM plasma with 190 mA
cathode current and 407 volt cathode bias. Of-###) spec-
tral lines labeled, only onégroup, at 821.6 nm, is due to

atomic N. The others are primarily due tg, NA few lines o - ;
attributable to sputtered copper are also visiljfeor a H, Z(ra]:e mer‘?;nsssgsg I'?EIS) F;Z?ki\r/]al)]f?;aas?ng%?r:r:ﬁgd;fgg:t
plasma, a spectral scan with identical sensitivity and reSOIu_OOI?Znﬁorr Frorsr?thé fitting sr?own we see that the emission
tion over the same wavelength region did not reveal an Lo . 9 ’

Intensity| is proportional to background pressyréN,) and

bright atomic lines sufficiently separated from molecular . ) o
emission to allow a useful studyA higher-resolution spec- cathade currend to the f|r_st p_ower(The peak Intensity in-
cludes only a small contribution from energetic neutral par-

tral scan of the BN plasma is shown in Fig. 5 for the spectral . .
region 810—830 nm. All these lines are due to N.3]. The ticles because of their large Doppler sbit.

821.6-nm line, due to the transitionpdP—3s4P (J’ Im=p(N,)xJ. (1)
=3Dg,—J=3Dsg;), is chosen for most analyses since it is
the brightest. Note that the nearest lines ar6.8 A and Figure 7 shows Doppler broadening of the 8216.3-A line

—5.6 A away. Energywise, these lines would correspond t0 @t ifferent pressures, in comparison with the instrumental
Doppler shift for N atoms of about 4 keV, which is well profile. A blue-red asymmetry is seen. Accordingly, we de-
fine two temperatures, a blueshifted and a redshifted, each

N aaroamm N1 820,04 represented by a haIf—Ggussian. Ttidue or red bulk N
N1 822.31 om N1 818.80 nm temperatureT, was obtained by subtracting the raw data
N | 824.24 nm \\l % N1 818.49 nm
1.0 :L """" T T R RARRRRA ,‘l\{ """ IRAARRRAA LNARNARRA ‘i
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FIG. 7. Comparison of the raw data of thet 821.6-nm profiles

FIG. 5. Nitrogen atomic lines around N821.6 nm. with instrumental profile. Blue and red asymmetry is observed.
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bo-- A A tion of light from the metallic hollow cathode may occur.
o MAA$ . Experimental datdsee Figs. 9 and }ishow more intense

o ' T blueshift light than redshift light. The most straightforward
explanation for this asymmetry is that there is a net particle
flow towards the detector, away from the cathode. But be-
FIG. 8. Bulk N temperature as a function of pressure. The errocause the cathode is a reflective surface for visible light, the
bars shown are typical. redshift signal could be due to either particles moving to-
wards the cathode or the reflection of light from energetic N

temperatureT s which is proportional tathe square ofthe  atoms that emit light back towards the cathode while moving
full width at half-maximum(FWHM) from the instrumental  away from it. We have compared the intensity of the redshift
T side to that of the blueshift side for Figs. 9 and 11. For the
measured asymmetry to be due to reflectivity, the surface
would have to specularly reflect 30—40 % of the light, as-
uming that N has equal probability of emitting a photon

Gas pressure ( mTorr)

with the blueshifted (forward-moving N atoms being
warmer than the redshiftedThe blueshifted atoms are also
about 5 t'mes brlghte_r than the reds_hﬁbeﬂfhe bulk tem- Besides light emission by energetic N, the only other con-
peratures increase with pressure. Figure 8 shows bulk 'ﬂibution is that energetic N ionémoving away from the
atom temperatures in the range 1-15 eV, increasing as trHa

pressure is increased. The temperature on the blueshift side ﬁtecto} exchange charge with cold N atoms. The resulting

o 10€dBergetic N then will emit Doppler-shifted light. However,
always greater than that on the redshift side. The magnltudgnergetiC N ions exist only wiﬁﬁin the catho%le sheath. We

of the temperature is understandable_in a qualitative faSh.ioréstimate that charge exchange is not important for pressures
The formation of neutral N atoms with these low energies o< than 10 mTorr

proceeds primarily by Franck-Condon dissociation of. N With high=Z (tunasten. W and lowZ (aluminum. Ab tar-
The energy of Franck-Condon neutrals depends on electro bts, the gspec(tra %ear ’tk\g N8216 A (Iine were ’obbtained

energy. For example, at low eleciron energies, ¢. 20 &V, th long a view that is perpendicular to the surface of the target,

main process IS via excitation frpm thelX‘J stgte to the as shown in Fig. 1. High and low gas pressures were studied
autodissociating 1, state, creating N atoms in the range (Figs. 9-12. The following discussion is based on the de-

1.4-4.4 eV[16] Higher-energy electrons can promote eXCi'tconvoIved data, the solid line in each figure. The raw data
Yte corrected due to the inverse square-root dependence of

from the system. Typical values are 1-2 %, with a maximum
of 5%.

electrons, to~10 eV. Randomization of the Franck-Condon We line intensity on the particle energy.
energy produces a temperature equal to approximately hal

. . 4 Fig. 9 is obtained for a 279-mA HCPM discharge, with a
of the energy, consistent with the low-pressure data of F_lg. 8cathode bias 0f- 1114 V, above a W target at a,)ressure
The asymmeiry of the temperatures may be due 1o CO”'S'On8f 2.74 mTorr. (A pressure less than five mTorr is in the

with sputtered atoms or backscattered impacting ions. low-pressure regime defined in our earlier experimetse

B. N atom energy distribution

100.00

[ shot 1234 background emission m

o<l

First consider the possibilities for spectral distortion. The Z 4L 28 .
optical depth for the 8216-A line is~0.02 cm * assuming ;[ 3 85
a N density of 18° cm™2 (upper limiy and a N temperature £ voof- 82150A. ‘ e
of 1 eV (lower limit), based on Griem'’s resultl2]. The % ; /\ J 1
plasma dimension is about 1-5 cm. Distortion of the spectra £ °'1°§———r—‘-—m—«—/--—- —————— ﬁ_W__ 3 \:
(lineshapg due to absorption is thus negligible because the 0otl . . ‘ . . . ]
plasma is optically thin at the line center, and even more so -4 -3 -2 -1 o 1 2 3
at the WIngS Relative Wavelength (A)

There was no view dump possible for this type of line- FIG. 10. N1 8216-A line profile for p=4.38 mTorr, V,=
integrated measurement. Lineshape distortion due to reflec-369 V, andJ=312 mA; Al target.
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D R, ‘ " ackground emission 8217.9 A feature appears in Fig. 9, just above theléel.
Furthermore, its existence and location were found to be in-
dependent of cathode bias. Therefore, we identify it as a
spectral line instead of relating it to Doppler-shifted IN
8216 A. Further discussion of the dependence of energy

10.00 »

wunl

- long tail

1.00 ; slowing down structure

-« 8217.9A

Intensity {arb. unit)
le— 20 level

0.10¢ 3 spectra on cathode bias is given later. This line at 8217.9 A
oot ‘ ‘ ‘ ‘ \ ‘ may be a nitrogen line, because its existence does not depend

" -3 -2 -1 0 1 2 3 on target material. However, we have not found a nitrogen

Relative Wavelength (£) atom or ion line at this wavelength listed in the standard

FIG. 11. N1 8216-A line profile for p=34.5 mTorr, V,= spectral tables. The origin of the other sharp spectral feature,
—570 V, andJ=295 mA; W target. at 8215.0 A, is also not clear. These two spectral features are

not due to sputtered W atoms, according to the spectral line
peak intensity at N 8216 A is over a 100 times stronger than tableS[13] Other pOSSibilitieS for these unknown lines could
the peak intensity a few A away. The peak of the emissiorPe impurities in the wall material or impurity in the nitrogen
line profile (labeled as background emission in Figigdue 9as used for these experiments. We failed to identified
to the cool N atoms just discussed, those with up to a few e\8215.0 A as an argoh line, because its intensity did not

in energy, and with a Doppler shif0.4 A. increase with Ar pressure. For the Al cathode, the decon-
The 1o level (straight dashed line in the figyrés the volved spectrum in Fig. 10 shows very little light between

noise level, defined as the average signal lefafl the —0.2 and—1.2 A.

smoothed curvetowards the outer wingéeft and righy of Figure 11 is fo a W cathode at higher gas pressure, 34.5

the line peak. The noise level is determined by the sum of th&Torr, and lower cathode bias;570 V. Again, a slowing-
electronics noise, amplifier noise, digitizer noise, background@lown structure is identified, but extends to onig.8 A. For
light emission, etc. Signals at twice the noise level, the 2 N atoms, this Doppler shift corresponds to 316 eV. Again the
level (solid straight line in Fig. ¥, have about an 80% sta- long tail at the redshift side is seen. The redshifted long tail
tistical likelihood of being due to N-atom emission. and the blueshifted slowing-down structure can be fit by a
The deconvolved signa] exceeds the vel from the shifted-Maxwellian distribution with a temperature on the
peak out to a relative wavelength of abet A in the blue- order of 50 eV. Again, the spectral line 8217.9 A shows up.
shift direction and to+1.6 A in the redshift direction. The =~ The deconvolved spectrum in Fig. 12, for the Al target,
peak at a—2.2 A shift in wavelength would arise from N also at higher pressux@0.4 mTory and lower voltage339
atoms having an energy of about 475 eV. These are the mo¥) shows a simple structure. Only emission near the peak is
energetic N atoms, according to the spectral line profile, an@bove the & level.
are labeled as such in Fig. 9. The region betwedm8 A and In the following section we convert the spectra into en-
the peak is labeled in Fig. 9 as te®wing-down structure  €rgy distributions and compare them with a numerical model
The slowing-down structure will be discussed in more detailof scattering vFTRIM.
later. A small but interesting feature, labeled as 8217.9 A, is
noted. Its interpretation as a spectral line is discussed after IV. DISCUSSION
consideration of spectra obtained with an Al cathode. . . .
Figure 10 is a data set for an Al cathode at low pressure, From energy con5|derat|0ns, the mechanism fqr generat-
4.38 mTorr. Besides having a low&rvalue compared with ing energetic neutral aton(s_\llth more f[han 50 eYin the
the W cathode case, the cathode bias of the HCPBBO V, HCPM must be related to ions colliding with the cat_hode
is much smaller than the 1114-V bias used for the W cath- surface. Io.n_s.are produced in the plasma by electron impact
ode. Similarly to Fig. 9, the background emission due to coloand have initial energylo Ie;s th"’?” a few eVv. Futhermore,
N atoms is about 100 times more intense than the rest. Con?—nly a small electric field exists within _the plasma. It is When_
pared with Fig. 9, we see above the Rvel only three sharp ions fall through the_ cathode _sheath, in the absence of colli-
spectral structures, but no extended slowing-down structure'°NS: thaF they gain appreciable energy, equal to the full
The power of Jansson’s deconvolution method is clear as | athoo!e b'ay!)' Therefore, the upper I.|m|t enerdy; when
reveals sharp spectral features at 82#04d A and 8215.0 these ions strike the cathode surface is
A. The wavelengths of the deconvolveq lines shown are not E=Vy+Vo=V,. 3)
affected by choice of the deconvolution parameters. The

An energetic ion can be reflected as a neutral particle,

100.00¢ ‘ ' ’ o, 3 retaining a substantial fraction of its incidental energy. The
_ shot 1223 background emission 1 . . . :
2 ool Y ] energy retained depends on ion species, the cathode material,
; g . lattice structure, incidental angle, and incident ion energy, as
S o) & 4 well as the number of collisions this ion experiences as it
> F B
3 F l 3 transverses the plasma.
$ o10g 3 For plasma discharges involving molecular gases, such as

oot M ‘ UP/—/\/\/\ N,, the ions involved can be atomic ions"Nor molecular

w
[

-4 -3 ~2 -1 0
Relative Wavelength (A)

ion N,*. We can conceive of three distinct sequences by
which energetic atomic neutrals may be produced.

FIG. 12. N1 8216-A line profile for p=30.4 mTorr, V,= (1) From N' ions. A N hits the cathode surface, re-
—339 V, andJ=256 mA; Al target. flected as an energetic nitrogen atorg.N
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AL IR
Cathode Target cathode atoms may play a small rgplAs shown in Fig. 13,

in a HCPM plasma bombards the HCS side walls, as well as

FIG. 13. Blue and red shift are due to the ion collisions with thethe planar region. At a pressure of 1 mTorr, the mean free
HCPM cathode at different locations. path for energetic N atoms backscattered from the cathode is
about 10 cm. Hence, even at the lowest pressures of our
experiments, collisions between backscattered N and the
Franck-Condon N population will transfer momentum to the
Franck-Condon neutrals. Because the majdiity—90 % of
the ions hit the planar cathode, the Franck-Condon distribu-

Ne~+N—Ng+N~. (4) tion Wi_II prefer_ential_ly drift towards the optics, creating a
blueshift in their emitted light.

(3) From N,* ions. A N,* strikes the cathode surface, =~ Two effects can contribute to the redshift. First, 10-30 %
undergoes dissociative neutralization, and is reflected as twaf the ions hit the hollow cathode structure. When these
Ng's: backscatter they can provide momentum either toward or
away from the optics. Second, the proximity of the walls
allows collisions of the Franck-Condon neutrals with them.

. This will redistribute some of the energy to the redshifted
es means an electron from the surface. We propose the thir irection

process as the main process for energetic N atom generation g4 o Figs. 9-12, energetic N's arise from reflection

@n our experimental conditions. The reasons are the fOIIOWi‘rom the W cathode. We have studied the energy distribution
ing.

. of N with a W target at various pressures. In Figs. 14 and 15,
N,STi:eaeNn;r?garreoquur:geg :\)/ b;izgrg;ﬁgbtgn\?\/igg\r’\’:ﬁg l:rgintgv‘ﬂwe Doppler shift of the N 8216 A line has been converted
[17], the probability of a N* dissociating inb 2 N atoms Into an energy uniteV), i.e., as an energy distribution

depends on the incident,N's energy when it is reflected :Zczograe_}rgrrI(\lFigniigyanddls;n:bggo?nn:‘_(lj_(r)r:\zv:igprfss)sgrrﬁi:

Ynost energetic N atoms fgp=2.29 mTorr have energies
around 600 eMFig. 14, while the most energetic N atoms
for p=56.7 mTorr have energies about 300 €&ig. 15.

(2) From N' ions. A N' hits the cathode surface, re-
flected as energeticdN . The N-— undergoes a second ac-
celeration through the sheath,” Nexchanges charge with a
cold N, and becomes ag\

N,* +es—2Ng. 5

(much greater than the bond energy of 9 &¥ie dissociation
probability reaches unity for W, Ni, and Mo targets. Our

experimental conditions guarantee that ali''é hitting the Such a difference is correlated with the different cathode
N,*'s cathode surface have energy above 100 eV. All theoiaseS'V: 1281 Vin Fig. 14 andV/=—554 V in Fig. 15

N, *’s dissociate as two N atoms when they are reflected b)fheVFTRIM results will support this connection
the cathode. ’

. . . There are two possible causes of a slowing-down struc-
The reflectlon energy peak as a function of_cathode bias the: (i) most of the energetic particles going sideways with
e oo e o SO e o LeSPe e gL of obsniatese rgscudlowng
dental energy of the iofthat is, the cathode biasThis is down particles because only the velocity component along
consistent with the proposition that the total incidental en-
ergy of any N* ion is equally distributed between two en- 100998 cnot 1125
ergetic N atoms generated in the dissociation process.
Finally, as suggested by the full visible range plasma
emission spectra analysis, the largest fraction of ions in the
discharges is N' under our experimental conditions. The
N* ions are far fewer than N within the discharge. Even
though N" ions do produce energetic N atoms, their signal is ooil ‘ . . ‘
probably too small to be measured by the detector used. 1000 500 o 500
It is speculated that of the cause of the red-blue asymme- Faerey (1)
try is the interaction between the Franck-Condon neutrals FIG. 15. N energy distribution forp=56.7 mTorr, V,=
and the backscattered energetic N atorfihe sputtered —554 V; andJ=299 mA; W target.
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l I 100.00E ot 1103
e ‘g 10.00;7 Blue shift side ]
[« E
2 Wiarget 4 F Dashed line — VFTRIM resulits E
g 5 ‘ & |
k) l }‘ - 1.00 & solid line -- experiment NE
\ 2 .
£ 100 P AR 1 [ e, 5
2 r HTAY R T D 2 o.10C 7 ! 4
£ ) " E 1 E
c “ r 1
Q i 0.01 ‘ . . ‘
% . Al target ‘ — o - w5
2 Energy (eV)
o~
10 I | FIG. 18. Detailed comparison of experimental N energy distri-
0 0 20 % 0 50 bution withvFTRIM prediction under similar conditions; W cathode.

Reflected Particle energy (% of cathode bias)

FIG. 16. Example of reflected N energy peak as a function ofnetal surfaces. The observed reflection energy peaks are less
cathode bias fop=2.45 mTorr,V, = — 1288 V; J=337 mA, and than 50% of the total N" incidental energy onto the cath-
W target. ode. For comparison, the result using a simple binary colli-

sion model (N-W atom collision which predicts that the

the line of sight of observation was detectedi) particles ;eflectgd anrgyhare\% and the Ci;hOde t()jlalf\l/ b) ratio is
with less energythese are theeal slowing-down particles eter@ne y the atom mas#l(y) an atom mass
From the mean-free-path considerations, even at low preé-’vI N
sures collisions are important because of the HCS.

One way to discriminate between these two causes of the
slowing-down structure is to look at the bulk particle tem-
perature, determined by the width of the line peak. The bulk
particle temperature is higher at higher pressure. Indicatingi_ _ o
that true slowing down is occurring. his predl_ct|on is more than that Qf:TRIM (about 37%. It

We now compare the measured maximum reflected N er@9rees with experiment in the high ener@yl kV) end,
ergy with VFTRIM simulations. Figure 16 shows typicatT- ~ Which might suggest that for high-energy N-W cathode col-
RIM simulation results for N collision with W1200-V biag ~ lisions, the binary collision mechanism is importaif. Be-
and Al cathodeg400-V bias. For Al cathode, reflected N's Cause the molecular b_ondm_g energy 1S sma_ll In comparison
retain up to 16% of the incident energy. For W cathodes, N@_Nlth_ cz_athode bias, a biatomic ion cqll!smn Wlth the cathode
retain about 40% of the total incidental energy. For an AliS Similar to that of two atoms colliding with the cathode
cathode bias of about400 V (similar to the experimental independently, hence the factor 1/2 on the right-hand side of
conditiong, VFTRIM predicts less than 70 eV for each re- Eq. (6). . ] ) ]
flected N atom. ThisFTRIM prediction is consistent with the ~ 1he VFTRIM code simulates particle-surface interaction
deconvolved data shown Figs. 10 and YBTRiM predicts pret_ty well in many casesFTRIM simulations do not |_nclu_de
about 500 eV reflected N for &1200-V W-cathode bias. Particle transport through the plasma and gas, which is par-
The most energetic N observed was about 589(l&ld. 17. ticularly important for p>13 mTorr. VFTRIM couplmg with o
This difference is only partly explained by the experimentalSOme plasma code that simulates transport of pgrﬂcle; within
error bar, as shown later in Fig. 19. the pl_asma could be more useful in a comparison with the

One detailed comparison of theTRIM results with ex-  €xperimental data presented here.
periment is shown for plasma shot No. 1103 in Fig. 18. Fig-
ure 19 summarizes the maximum experimental reflected N
energy(in fraction of the biasfor a W cathode at different
cathode biases/FTRIM predicts a constant fraction for maxi-
mum reflected energy, while the experiment shows an in-
creasing fraction with energy. A similar trend was also ob-
served by Cuthbertsoet al. [1] for atom collisions with

Eref:lMW_MN
Vp 2 My+My

=43%. (6)
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FIG. 19. Peak reflection energyn fraction of total cathode
FIG. 17. An example of therTRiM prediction of the reflected N  biag vs the cathode bias fa W target.vFTRIM results are plotted
energy distribution for a W cathodelashed curveand a Al cath- in the dashed line. Also shown is the binary model ressitid
ode (solid curve. line), as explained in text.
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ro) Jansson, Hunt and Plyler okt1=0k+ r(0O)X(i—S® Ok). (A1)
Marchetti and Mignerey
In the aboveO is the deconvolved spectrumi,is the raw
J data/spectrums is the instrumental functionk is the kth
step, anck+1 is the -+ 1)th step. To start withQ¥=i. ®
7 \ this work stands for convolutiont (O) is called the relaxation func-
- T / tion. We have used a generalize@D) in this work: a gen-
By T eralized relaxation function that includes Jansson’s original
70 6,0 N "q;];; d r(O) [10] and the one used by Marchetti and Migefé]
: as special cases is
FIG. 20. Relaxation function(O) used for this work, in com-
parison with Jansson’s clasgi¢O) and the one by Marchetti and ko0, if O<Omiq,
Migerey[18] for emission spectra. r(0)= O~ Oppax (A2)
Koomid—, for OBOmid.
Omid_omax
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APPENDIX chetti and Migerey'$18] is shown in Fig. 20. The deconvo-

lution techniqud basically identifying a proper(O) and the
Jansson’s deconvolution method is mathematically denumber of steps of iteratidns described elsewhere in more

scribed by the iteration process detail[10,11].
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