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Abstract
Energy distributions of N atoms in a hollow-cathode planar sputtering magnetron
were obtained by use of optical emission spectroscopy. A characteristic li8218.8 A,

well-separated frommolecular nitrogenemission bands, wasidentified. Jansson's

nonlinear spectral deconvolutionethod,refined by minimization ofy 2, was used to

w !
obtain the optimal deconvolved spectra. These showed nitrogen atom energies from 1 eV to
beyond 500 eV. Based on comparisons WHRTRIM results, we proposé¢hat the
energetic N atoms are generafemim N,* ions after thesaons are acceleratethrough the

sheath and dissociatively reflect from the cathode.

PACS numbers: 51.50.+v, 52.50.Dg, 52.75.Rx
|. Introduction
Neutralization is likelywhen an ionbackscatters from anetal surface. Many
experiments have studied backscattefimgion energiesabove afew hundred eV. At

somewhat loweimpactenergies, 5 - 100 eV, Cutherbertsen al* measured reflected-
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atom energy distributions foratomic ions backscattering aseutrals. Knowledge of
reflected-atom energgistributions inthe rangel-500 eV isessentiafor understanding

basic ion-surface interactions, thin-film deposition processes, plasma-dust interactions, and
Langmuir-probe operation.

Molecular ion species bombardment of surfaces im@e complexphenomena,
important in many atmospherasmas,e.g., space crafreentry, andmany laboratory
plasmasg.g., the deposition of TiN or AD, compoundfilms. Computationalmethods,
widely used to model the reflected-atom energy distrib’ftoratomic bombardmenthave
been less commonly applied to molecule backscattering because of the increased complexity
and lack of experimental data to compare with the models.

In many laboratoryplasmas,the electron temperature aly few eV and the
ionization fraction less than 1%. Under such condititnstomic molecule (K N.,, etc)
discharges usually contain both atomic¢,(N") and molecular ions (J4, N,"). Both types
of ions contribute to the reflectedomflux, the lattervia fragmentatiorupon impact. This
manuscript reports orthe atomic-N energy distribution in a hollow-cathode planar
sputtering magnetrofHCPM)2 In this paper we argu¢hat the energetic N atoms
observed are due to dissociative reflection of molecular ions which impact the cathode.

Nitrogen-atom energy distributions were obtaineding optical emission
spectroscopy (OES) wherein plasma electextite atomicand molecular specieshich
then spontaneouslgiecay,emitting visible-wavelengtiphotons.OES has beenused to
characterize thepecies in plasma, tmeasure electrodensity, electron temperaturg, *
and electron energy distribution functig€EEDF), and ion andatom densities and
temperatures. Here we report on aigplication to the measurement of atomic-N energy
distribution in a sputtering magnetron.

The ability to observe weak emission from backscattered nitrogen atoms arises from

the factthat, in amolecular nitrogerdischarge the backgroundlight is due primarily to




molecularnitrogen. Thereforethe backgroundight near atomic Nines may be greatly

reduced and wmaythen be able to see a relatively weak signal duketdackscattered N

atoms. Finding a spectral region where molecular emission is weak is actually quite a task.
In this paper we also describiee effects on the spectra of operatiqoalameters,

such ascathode material, bias voltage agds pressuresand alsothe heating of the

ambient gas by backscattered atoms. The experindattalare compareaith a numerical

model (VFTRIM ) of backscattering. Based on tisisidy, the mechanisnfor generating

energetic atomic N in a molecular nitrogkscharge is proposed.

[I. Experiment

Experiments were carried out on a hollow-cathode planar sputtering magnetron
(HCPM), see Figure 1Details of theoperation of aHCPM can befound in previous
papers® ” A negative DC biag300-1500 V) isplaced on the cathodstructure. lons
impact there, ejecting secondary electrons which are accelerated through the siattadie
Within the plasma these electrons cause ionizatie@nts,replenishing thdéoss of ions to
the cathodé.In brief, the HCPM acts mudike a classicafjlow discharge, but witimore
efficient use of the energy of tlegectedelectrons because of thellow cathode geometry
and the magnetic field.

A schematic of the light detectigetup is shown irfrig. 2. AnActon research
SP500 spectrometer(0.5-meterfocal length, Czerny - Turnetype) with 1200 g/mm
grating was used. The detector was a Hamamatsu R636 — 10 photo-multiplig? Nibe
which has highguantum efficiency in the region afterest, neaB000 A. Cooling of the
PMT was necessary to reduce its dark current a factor of 100, thereby increasing the signal-
to-noise ratio. When obtaining a high-resolution line profite, spectrometeras scanned
at a rate of 1 A /min., to provide long exposure

Using -athe 826.45 nmline emittedfrom an argon Geissler tubie instrumental

width of the spectrometewas measured to b8.07 nm.(The measuredine showed a



Gaussian shape.) This corresponds to an instrumental temperaturé @&V for nitrogen.
(The same line had a width 6f02 nm whemeasured with a Fabry-Perot spectrometer.)
We note that the primary mechanidor line broadening in theHCPM is the Doppler
effect. The Zeemarand Stark effectare relatively unimportant at tHew magnetic field
and plasma density of these experiménts.

Post-processing d?MT signals was done igeveral stepsl.) Pre-amplification
and conversion of current signals to voltajgnals. 2.)integration of the voltagsignals.
3.) Digitization of the analog voltagsignals. 4.)Storage of the digitizedignals in a
memorymodule.The spectrometagrating, data acquisitiorand processing system were

properly timed by a Power Mac 7100 using LabVIEW

[1l. Results

The spectra can be analyzedwo steps. Firsbne canlook atthe spectra as a
whole, i.e.,the areaunderthe spectrdine, to examine the population of Mtoms. This
includes boththermal atomsand hyperthermaitoms. Because, agll be shown below,
the thermal population is significantly larger than the hyperthgpaalilation,the spectral
line area can besed as ameasure of the thermglopulation. Inthe second step, the
detailed shape of the spectra will be analyzelbaé& atthe fraction of the spectra (< 1%)
that corresponds to the hyperthermal component.

Correspondingly, there are two parts to this Section. Part A presents ttesuéise
obtained in a straightforward analysis of the raw data. It first pregentsverall spectrum
from the plasma and the identification of a suitable Nink. It then describes the
dependence of the peak emission on plasma current and finally a temperahaxadterize
the cool,ca.< 10 eV N atomsThatenergy could arise from Franck-Condon dissociation
of nitrogen molecules or be part of the slowing-down spectrum of faster neugatisd by
backscattering of energetions. Part B presentsanalyzeddata, obtainedvia a very

powerful deconvolutiormethod described in muctetail in thereferences? ** This



refinement allows determination of the N atom velocities, rather than simply a temperature.
In part B we also extenthe analysis to larger Doppleshifts, hence to more energetic

particles.

A. Bulk atom emission intensity and temperature

Figures 3 and 4 shothe observed spectrum (670-970 nm and 370-670 nm) for a
N, HCPM plasma with190 mA cathode current and07 volt cathodebias. Ofthe ~40
spectral lines labeled, only offgroup), at 821.6 nm, idue toatomic N. Theothers are
primarily due to N . A few lines attributable to sputtered copper also visible. (For an
H, plasma, aspectral scan withdentical sensitivity and resolution ovethe same
wavelength region did not reveal any brigitomic lines sufficiently separated from
molecularemission to allow a usefstudy.) Ahigher resolution spectral scan thie N,
plasma is shown in Figure 5 for the spectral region 810 - 830 nm. All thesarkndse to
N I.*2 The 821.6 nm line, due to the transition’Bp> 3s'P (J’=5/2 -> J = 5/2) is chosen
for most analysis since it is the brightest. Note that the nearesafi@me8.8 Aand-5.6 A
away. Energy-wise, these lines would corresponds to Doppler-shift for N atoms of about 4
keV, which iswell beyondthe experimental cathod®as of up to 1500 VHence these
neighboring N lines do not contaminate the spectra we obtained.

Following Rossnagel and Saender Gau and Liebermaf the intensity of the N
| 8216.3 A as a function of total cathode current was measkigdp. This is toelucidate
the source ofthe nitrogen atomsesponsible foithe peak of themission fromthe N |
8216.3 A line. (Intensity here means the line’s peak value.) Data shown are for diffgrent N
pressurep(N,) ranging from a fewmTorr to abouttO0 mTorr. Fronthe fitting shown,

we seethat theemission intensity 7 is proportional to background pressu@,) and

cathode curreni to thefirst power. The peak intensity includesnly a small contribution

from energetic neutral particles because of their large Doppler-shift.



J=P(N,) x J. (1)

Figure 7 shows Doppler broadeningtoé 8216.3 Aline at differentpressures, in
comparison with the instrumentatofile. A blue-redasymmetry isseen.Accordingly, we
define two temperatures, a blue-shifted and a red-shifeath represented by a half-
GaussianThe (blue omred) bulk NtemperatureT, was obtained by subtracting the raw
data temperatur€, which is proportional to (the square of) the full widttalkf-maximum
(FWHM) from the instrumental:

T, =T, -T, 2

As a function of discharge pressure, the blue and red bulk N temperatures are
shown in Fig. 8. The asymmetry is clear, with the blue-shifted (forward-moving) N atoms
being warmer than the red-shifted. The bulk temperatures increase with pressure.

Fig. 8 showsbulk N atom temperatures in the rangel5 eV, increasing as the
pressure is increasetflhe temperature on the blue-shiftle is alwaygreater than on the
red-shift side. The magnitude of the temperature is understandaljeailitativefashion.

The formation of neutral N atonvgith theselow energies proceegsimarily by Franck-
Condon dissociation of N The energy ofranck-Condon neutrals depends alactron

energy. For example, at loelectronenergies,ca. 20 eV, the main process isvia

excitation from the ng state to the auto-dissociating I, state, creating N atoms in the

rangel.4 - 4.4 e\!° Higher energy electrorsan promote excitation to auto-dissociating
states which produce moemergeticelectrons, to ~ 10 e\Randomization of th&ranck-
Condon energy producesamperature approximately 1/2 of teeergy, consistenwith

the low pressuredata of Fig. 8. The asymmetry of the temperatures may be due to

collisions with sputtered atoms or backscattered impacting ions.



B. N atom energy distribution

With highZ (tungsten, W) antbw-Z (aluminum,Al) targets,the spectra near the
N | 8216 Aline were obtained along a viethat is perpendicular to theurface of the
target, as shown in Fig. 1. Higind low gagpressures were studieldig. 9 to Fig. 12.
The following discussion is based dhe deconvolvediata,the solid line in eachfigure.
The deconvolution technique is described elsewhere in more'@étail.

Fig. 9 isobtainedfor a 279 mA HCPM discharge, wittathode bias =1114 V,
above a W target at a,ldressure of 2.74 mTorr. (A pressure less thamTorr is in the
low-pressure regime defingih our earlier experiments.) The peak intensity at3216 A
is over a 10Qimes strongerthan afew A away. The peak of theemissionline profile
(labeled as background emissiorthie Fig. 7) isdue to the cool N atomnjsst discussed,

those with up to a few eV in energy, and with a Doppler sHifg A.

The To level (straight dashetine in thefigure) is thenoise level, defined as the

average signal level (of the smoothed curve) towards the wuigs (left and right) of the

line peak.The noiselevel is determined bgum ofthe electronicsnoise, amplifier noise,

digitizer noise, backgrountight emission.etc Signals atwice thenoise level, @ level

(solid straightline in theFig. 7) have about aB0% statistical likelihood to be due to N-

atom emission.

The deconvolved signal exceeds theo devel from the peak out to aelative

wavelength of about -2 A in the blue-shift direction and td.6 A in the red-shift
direction. The peak at a2.2 A shift in wavelengthwould arise from N atoms having an
energy of abou#t75 eV.These are thenostenergetic Natoms,according to the spectral
line profile, andare labeled asuch in Fig. 9.The region betweerl.8 Aand the peak is
labeled inFig. 9 asthe slowing-down structure The slowing-down structurewill be

discussed irmore detaillater. Asmall but interestindeature, labeled as8217.9 A, is



noted. Its interpretation as a spectral line is discussed after consideration of spectra obtained
with an Al cathode.
Fig. 10 is a data set for an éathode atow pressure, 4.38 mTorr. Besidesver
Z value compared with W cathodmse,the cathodebias ofthe HCPM, -369 Volts, is
much smaller than thel114 Volt bias used fothe W cathode.Similar to Fig. 9, the

background emission due to cold N atoms is ali@0ttimes more intense than tmest.

Compared with Fig. 9, we sedove the & level only threesharpspectralstructures, but

no extendedslowing-down structureThe power of Jannson’sleconvolution method is

clear as it reveals sharp spectral features at 8210.DA and 8215.0 AThe wavelengths

of the deconvolved lines shown are not affected by choice of the deconvolution parameters.

The 8217.9 Afeature appeared iffig. 9, just abovethe 2 o level. Furthermore, its

existence and locatiowere found to bendependent of cathodbias. Therefore, we
identify it as a spectral line instead of relating it to Doppler-shifted 8216 A. More
discussion on the dependence of energy spectra on cathode bias istgiverhisline at
8217.9 A may be a nitrogen line, because its existdoes not depend darget material.
However, wehave notfound a nitrogeratom orion line atthis wavelength listed in the
standard spectral tables. The origin of the other skeptralfeature, at 8215.0 A, ialso
not clear and deserves further investigation. Thése spectral features are not due to
sputtered W atoms, according to the spectral line t&bles.

For the Al cathode,the deconvolved spectrum Fig. 10 showsvery little light
between -0.2 and -1.2 A.

Fig. 11 is for a Weathode at highegas pressure, 34.5 mToend lowercathode
bias, -570 Volts. Again, a slowing-down structure is identified, but extends to only -1.8 A.
For N atoms, this Doppler shift corresponds to 316 Again thelong tail at thered-shift

side is seen. The red-shifted long tail and the blue-shifted slowing-down structure can be fit



by a shifted-Maxwellian distribution with temperature thie order of 50 eV. Again, the
spectral line 8217.9 A shows up.
The deconvolved spectrum Fig. 12, forthe Al target, also at higher pressure

(30.4 mTorr) and lowewoltage(339 V) showssimple structure.Only emission near the

peak is above thea2evel.

In the following discussion section we conviiié spectra into energlistributions

and compare them with a numerical model of scattering, VFTRIM.

V. Discussion

From energy considerationie mechanisnfior generating energetic neutral atoms
(with more than 5@V) in theHCPM must berelated toions colliding with the cathode
surface. lons are produced in the plasmalegtron impactand havenitial energy \, less
than a few eV. Futhermore, only a sneéctric fieldexists withinthe plasma. It is when
ions fall through the cathode sheath, in the absence of collisions , that thepaaiable
energy,equal to the full cathodeias V,. Therefore thaipperlimit energy E whenthese
ions strike the cathode surface is

E=V,+V,~V,. (3)
An energetic ion can be reflected as a neutral particle, retaining a substantial fraction of its
incidental energy. The energy retained depends ospgeniesthe cathode materidhttice
structure,incidentalangle, incident ionenergy, aswvell as number of collisions this ion
experiences as it transverses the plasma.

For plasma discharges involvingoleculargases, such as,Ntheions involved
can be atomidons N*, or molecular ion Iyf. We can conceive of three distirsgtquences
by which energetic atomic neutrals may be produced.

1.) From N ions. A N hits the cathodesurface reflected as an energetic nitrogen

atom N..



2.) From N ions. A N hits the cathode surface, reflectedeasrgetic N'. The N

undergoes a second acceleration through the sheatthaige-exchanges with an cold N,
becomesa NN; + N - N¢ + N.
3.) From N ions. A N’ strikesthe cathodesurface, undergoedissociative

neutralization, and is reflected as twpIN,” + & - 2 N.. (e, means an electron from the

surface.)

We proposdhe thirdprocess athe mainprocess forenergetic N atom generation
in our experimental conditions. The reasons are the following:

The energy to break thieond between thewo Ns in a N* is around 9 eV.
According to Winter andHorne;® the probability of a I dissociating into 2 N atoms
depends orthe incident N"s energy when it igeflectedfrom a metallic surface. For
energies greater than 100 eV (much greater thabdhd energy of 9 eV}he dissociation
probability reaches unity for W, Ni, Mo targets. Our experimental conditions guathatee
all N,’s hit the cathode surface have energy above 100 eV. All,tkelidsociate as two N
atoms when they are reflected by cathode.

The reflection energy peak as function of cathbides at lowpressures, Fig. 15,
showedthat the maximunenergy carried by energetic atomdassthan50% ofthe total
incidental energy of the ion (thas, the cathodebias). This is consistent with the
proposition that the total incidental energy of agyidh is equally distributed between two
energetic N atoms generated in the dissociation process.

Finally, as suggested by the full visible range plasma emission speethgsis, the
largest fraction of ions in the discharges is Nnder ourexperimentatonditions.The N
ions are farfewer than N within the discharge.Even N ions do producesnergetic N
atoms, their signal is probably too small to be measured by the detector used.

The cause for the red-blue asymmetry is speculated to be the interaction between the

Franck-Condon neutrals arice backscattered energeticatbms.(The sputtered cathode

10



atoms may play a small roleAs shown in Figure 13, in a HCPNdJasmabombards the
HCS side walls, as well as the planar region. At a pressure of 1 nif@mean-free-path
for energetic N atoms backscattefeain the cathode is about ¥n. Hencegven at the
lowest pressures of our experiments, collisibesveen backscattered N and #h@anck-
Condon N population will transfer momentum to the Franck-Condon nelBeddause the
majority (70-90%) ofthe ions hit the planarcathode the Franck-Condon distributiowill
preferentially drift towards the optics, creating a blue shift in their emitted light.

Two effects can contribute to the red shift. First, 10-30%hefons hit the hollow
cathodestructure When these backscatter they can provide momentum éittvards or
away from the optics. Secondly, the proximity of the walls allows collisionisedfranck-
Condon neutrals with them. Thigll redistribute some othe energy into the red shifted
direction.

Based orFig. 9, 10, 11,and 12, energetic N arisérom reflection fromthe W
cathode. We have studied the energy distribution of N wittajet atvariouspressures.
In Fig 14 and 15, the Doppler shift tife N 18216 Aline hasbeen converted into energy
unit (eV), i.e., as an energy distribution.

Compare N energy distribution for two pressuges: 2.29mTorr (Fig. 14)andp
= 56.7mTorr (Fig. 15). The mostenergetic N atomir p = 2.29mTorr have energies
around 600 eV in Fig. 1ANhile the most energetic N atom$or p = 56.7mTorr have
energies abou300 eV in Fig. 15. SucHifference is correlated wittihe different cathode
biases, V = -1281 volts in Fig. 14 and V = -554 volts in Fig. 15.MRERIM resultswill
support this connection.

There are two possible causes for a slowing-down structurehe.jnostenergetic
particles going sidevays with respect to thesight of observation (Thesare pseude
slowing-down particles because onte velocity component along the line sight of

observation weraletected);ji.) Particles withless energy(These are theeal slowing-

11



down particles). Fronthe mean-free-patbonsiderationseven atlow pressuregollisions
are important because of the HCS.

One way to discriminate between thése causes othe slowing-downstructure
is to look atthe bulk particletemperature, determined by thedth of the line peak. The
bulk particle temperature is higher at higher pressure. Indidhi@dgrueslowing-down is
occurring.

We now compare the measured maximum reflectededergy with VFTRIM
simulations.

Fig. 17 shows VFTRIM typicasimulation resultfor N collision with W (1200 V
bias) and Alcathode(400 V bias) respectively. For Al cathodeflected Ns retain up to
16% ofthe incidentenergy. For W cathodes, Mstain aboul0% of the total incidental
energy. For an Al cathode bias of about 400 volts (simil#nga@xperimentatonditions),
VFTRIM predictslessthan 70 eMfor each reflected Mitom. ThisVFTRIM prediction is
consistent with the deconvolved dataown Fig. 10andFig. 12. VFTRIM predicts about
500 eVreflected Nfor 1200-volt W-cathodebias. The most energetic Nobserved was
about589 eV, Fig. 16.This difference is only partly explained lye experimentaérror
bar, as shown later in Fig. 19.

One detailed comparison of VFTRIMsults withexperiment isshown forplasma
shot # 1103 in Fig. 18. Fig. Iummaries thenaximum experimental reflected N energy
(in fraction of thebias) for W cathode at different cathodsdas. VFTRIM predicts a

constant fraction for maximum reflected energy while the experistews arincreasing
fraction with energy. Similar trendwas also observed by Cuthbertson et gbor atom

collision with metal surface. The observed reflection energy peaks are less than 50% of the

total N," incidental energy onto the cathode. For comparison, the result using simple binary

collision model (N - W atom collision) which predidtsat the reflecteénergy €, ) and

12



the cathode bias\y,j 4 ) ratio is determined by the W atom maBd{,) and Natommass
(Mn):

Sret 1My =My _ o0 4)
Voias 2 My + My

This prediction is more than that of VFTRIM (about 37%). It agrees with experiment in the
high energy (> 1 kV) end/Vhich might besuggestinghatfor high energy N -Weathode
collisions, binary collision mechanism ismportant: Because the moleculdsonding
energy issmall in comparison with cathodgas, abi-atomic ion collisiorwith cathode is
similar to that oftwo atoms collision with cathode independently, and theraf@dactor
1/2 on the right hand side of the Eq. (4).

As mentionedthe VFTRIM simulations do not includearticle transport through
the plasma and gas, which is particular important for p > 13 mTaror& powerful code
which includes both ion-surfadateraction andransport of particles withithe plasma

could be more useful in a comparison with the experimental data presented here.
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Figure caption

Figure 1, Dimensions of HCPM configuration and detection line of sight.

Figure 2, A schematic of the optics setup for the N energy distribution measurement.
Figure 3, A nitrogen discharge spectrum from 380 nm to 670 nm.

Figure 4, A nitrogen discharge spectrum from 670 nm to 970 nm.

Figure 5, Nitrogen atomic lines around N | 821.6 nm.

Figure 6, Intensity of N | 8216 A lingy dependence on cathode currént

Figure 7, Comparison of the raw data N | 821.6 nm profiles wgtiumentalprofile. The
blue and red asymmetry is observed.

Figure 8, Bulk N temperature as a function of pressure, the error bars shown are typical.
Figure 9, N | 8216 Aine profile for p = 2.74 mTorrV=1114 volts and) =279 mA, W
target.

Figure 10, N | 8216 Aine profile for p = 4.38 mTorrV=369 volts and) =312 mA, Al
target.

Figure 11, N 1 8216 A line profile for p = 34.5 mTorr, V=570 vaitsdJ =295 mA, with
W target.

Figure 12, N 1 8216 A line profile for p = 30.4 mToM=339 volts andl=256 mA, with
Al target.

Figure 13,Blue and red shifare due to the ion-collisionwith the HCPM cathode at
different locations.

Figure 14, Nenergy distribution for p 2.29 mTorr,V=1281 volts and}=281 mA, W
target.

Figure 15, Nenergy distribution for p $6.7 mTorr,V=554 volts andJ=299 mA, W
target.

Figure 16, Example of reflected N energy peak as a function of cathoderms 2.45
mTorr, V=1288 volts,J= 337 mA, and W target.

Figure 17, An example of the VFTRIM prediction of the reflected N energy distribution for
W cathode (dashed curve) and Al cathode (solid curve).

Figure 18, Detailed comparison of experimental N energy distributisith VFTRIM
prediction under similar conditions, W cathode.

Figure 19, Peak reflection energy (in fraction of total cathode tgadhe cathoddias for
W target. VFTRIM results are plotted indashed line.Experimental data agreith
simulation within theerror bar.Also shown inthe binary model resulfsolid line), as
explained in text.

14



1 J. W. Cuthbertson, W. D. Langer, and R. W. Motley, Journal of Nuclear Mat&9ié4¢98 113

(1992)

2 W. Eckstein, Computer simulation of lon-solid Interations, Springer-Verlag, Berlin (1991)

8Z. Wang and S. A. Cohen, J. Vac. Sci. TechAol7, 77 (1999)

4 K. S. Fancey, and A. Matthews, Vacud® 1013 (1991)

° F. Guimaraes, J. B. Almeida and J. Bretagne, Pl. Sources Sci. Teiht@s. (1993)

®D. N. Ruzic, and H. K. Chiu, J. Nucl. Matdi62 - 164, 904 (1989)

7Z. Wang and S. A. Cohen, Phys. Plasi®,a$655 (1999)

8J. L. Vossen, and W. Kern, ethin Film ProcessesAcademic Press, New York (1978).

® M. J. Goeckner, J. Goree and T. E. Sheridan, J. Vac. Sci. Te#h@oB920 (1990)

0P, A. Jansson, ed., Deconvolution of Images and Spectra, Academic Press (1997)

11 Z. Wang, PH. D Thesis, Princeton University (1998)

2 A.N. Zaidel, V.K. Prokof'ev, S.M. Raiskii, V.M. Slavyni, and E.Yu. Shreidéable of Spectral Lines
IFI/Plenum Data Corp (1970).

133, M. Rossnagel, and K. L. Saenger, J. Vac. Sci. TecAnnl.968 (1989)

4. Gau and M. A. Lieberman, J. Vac. Sci. Techiiob, 2960 (1988)

15 J.T. Fons, R.S. Schappe, and C.C. Lin, Phys. Rev. A 53 (1996) 2239.

% H. F. Winter, and D. E. Horne, Surf. S2#, 587 (1971)

15



Figures

FIG. 1.

Line of Sight

Hollow Cathode Structure

Cathode/Target



FIG. 2.

135cm
Vacuum Target
N chamber HCS g+
‘60\ v I
\ ——
) T ] u
Line of sight I
L1
water cooling and
L2 bias / signa output H
- r R636 - 10
4%" T (b ﬁﬂ in cooling
%o L3 housing
entrance exit
slit slit

Acton Research SP 500



FIG. 3.

[¢los9 N
7299 I'N

G769 I'N

6°9%9 I'N
G'6€9 I'N

8126 InD =
€°GIG InD 3

=

8665 1I°
wu g'y6¢ I'N ‘

"q1y) Ayisusjup

500 550 600 650
Wavelength (nm)

450

400



FIG. 4.

€°GLL I'N

wu g'g.9 I'N

L'884 N

3896 N3
9'e¥6 I'N A

7026 I'N MH

2’168 I'N
2'eL8 I'N

2'¥e8 I'N

9'684 I’N

€24 N
S'9T4 N

G'.8

3.0x10%

<t

2.5x10

5. 0x10%

(yrun -quy)

~

o
—
X
0
~—
£

< a5

1.0x10
5.0x10

Jsueju]

800 850 900 950
Wavelength (nm)

750

700



FIG. 5.
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Relative intensity (arb. unit)
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Reflected peak energy/Cathode bias
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