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Electron beam ablation of materials
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The channelspark, a low accelerating voltage, high current electron beam accelerator, has been used
for ablation of materials applied to thin film deposition. The channelspark operates at accelerating
voltages of 10 to 20 kV with~1500 A beam currents. The electron beam ionizes a low-pressure gas
fill (10—-20 mTorr Ar or N) to compensate its own space charge, allowing ion focused transport.
Ablation of TiN, Si, and fused silica has been studied through several plasma diagnostics. In
addition, thin films of SiQ have been deposited and analyzed. Strong optical emission from ionized
species, persisting for several microseconds, was observed in the electron beam ablated plumes.
Free electron temperatures were inferred from relative emission intensities to be between 1.1 and 1.2
eV. Dye-laser-resonance-absorption photography showed Si atom plume expansion velocities from
0.38 to 1.4 cmyus for several pressures of Ar o, Mackground gas. A complex, multilobed plume
structure was also observed, yielding strong indications that an electron beam instability is
occurring, which is dependent upon the conductivity of the target. Nonresonant interferometry
yielded line-averaged electron densities from 1.6 toxA@° m™2 near the target surface.
Resonant UV interferometry performed on Si neutral atoms generated in the ablation plumes of
fused silica targets measured line integrated densities of up 610 cm 2, with the total
number of ablated silicon neutrals calculated to be in the range Tt to 5.0x 10'2. Electron

beam deposited films of fused silica were microscopically rough, with a thickness variation of 7%.
The average Si©deposition rate was found to be about 0.66 nm/shot. The electron beam-deposited
fused silica films had accurately maintained stoichiometry. Ablated particulate had an average
diameter near 60 nm, with a most probable diameter between 40 and 60 nm. FdaiH€ls, the

mass of material ablated in the form of particulate made up only a few percent of the deposited film
mass, the remainder being composed of atomized and ionized materidR9®American Institute

of Physics[S0021-897809)01324-9

I. INTRODUCTION hollow electrodes between anode and cathode replaced by a
Laser ablation of materials for thin film deposition, long, continuous dielectric tubd.The channelspark was de-

known as pulsed laser depositiéRLD) is the most exten- veloped for thin film deposition applications. The first films
sively studied ablative deposition concept. Laser ablatiof€Ported deposited by channelspark electron beam ablation

plumes have been studied by quadrupole mas¥e€re YBaCuO; , on SrTi0;.*° Witke** compared chan-
Spectroscop&y by SpeCt|f‘osc()p§v,3 and by resonant laser nelspal’k e|ectl’0n beam ablation Of Al to yttl’ium—
diagnosticé:® Materials such as iroh®” titanium? titanjum  aluminum—garnet(YAG) laser ablation and Kovaleski
nitride® and silicort have all been ablated by or produced compared channelspark electron beam ablation of Fe to ex-
during laser ablation. Fused silica has been ablated by ukimer laser ablation. The plume dynamics of channelspark
trafast lasers by excimer laser&’ and by vacuum ultraviolet electron beam ablated fused silica have also been infiged.
(VUV) preirradiation'! SiO, has even been deposited by Si This article presents a summary of experiments to char-
ablation in radio-frequencirf) oxygen plasma¥’ Laser ab-  acterize the plumes of electron beam ablative deposition.
lation has been coupled with electron beam irradidfi@nd  Free electron temperatures of electron beam ablated plumes
ion beam iradiatiotf as well _ have been measured through optical emission spectroscopy.
With the advent of pseudospar’ffs,lqw energy, high  pye Jaser resonance absorption photografyRAP) mea-
current electron beams have been studied as energy beagigements have yielded plume front expansion velocities for
for materials processing. A 20 kv, 0.1-1 kA pseUdOSparkablation of fused silica and silicon. DLRAP has also pro-

was used to drill 30Qem-diam holes in Al and to ablate ided evid f d el b . bil
YBa,CusO,_, .16 A 20 kV, 400 A pseudospark was used to vided evidence of a suspected electron beam instability at
2 X ' work during electron beam ablation. Electron densities have

deposit thin films of Cu on glass by ablative depositior _ _
14 kV pseudospark was used to deposit YBa0O, , on been measured by nonresonant interferometry. Line-
SITiO,.*® Eventually, the channelspark was ir71{r)(()duced integrated densities of near-ground state neutral Si atom
which is a pseudospark-like device with the usual mu|tip|e,plumes have been measured by resonant ultraviolet interfer-
ometry and related to the total population of neutral and
o singly ionized Si. Thin films of fused silica have been depos-
dpermanent address: GE Lighting, 1975 Noble Rd, Bldg. 335C., Nela Park, .
Cleveland, OH 44112-6300. ited and analyzed. Electron beam ablated particulate has

DElectronic mail: rongilg@engin.umich.edu been studied through deposition as well.
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Hamamatsu 1P28 multiplier tube signal was recorded on(&ektronix TDS
hotomultiplier tub
ProomUTRIer e~ 220) digitizing oscilloscope. The channelspark plume was
é*ggg r3n°°' Srarmer]  Ablation [Acton Spectra-Pro imaged on the slit of the monochromator with a fused silica
spectiograph|  |seark | plume 275, 0278 lens off =250 mm. A 100um slit was used for the entrance
J/ and exit of the monochromator. Imaging of the plume on the
slit was the same as described in the preceding paragraph.
Pt ICCD Target An UV-enhanced, Al first-surface turning mirror was also
"amerac © ran necessary in the imaging setup due to space constraints.
urrent transtormer T | | _ _ _ -
to digital oscilloscope pﬁ;‘q’gm ecular Dye-laser-resonance-absorption photogragbyRAP)

is a species resolving, imaging diagnostic. An experimental
FIG. 1. Diagram of the combined time integrated and time resolved opticadiagram of DLRAP performed on electron beam ablation
emission spectroscopy experimental configuration for electron beam ablgslumes was given in a previous arti¢eDLRAP was per-
tion. formed using a dye laser pumped by a XeCl excimer laser.
The dye laser has a pulse length of 20 ns, and a linewidth of
0.2 cm 1. DLRAP experiments were performed during elec-
Il. EXPERIMENTAL CONFIGURATION tron beam ablation of silicon or fused silica targets. Fre-

The ablation-driving electron beam source used for thesgUency doubled laser ligfifrom Coumarin 153 dyewas
experiments was a channelspark, developed at KfK ir@bsolrbgzd by the near-ground state, neutral pSi'®
Germany*® The channelspark has the following parameters:~4S P transition at 288.1579 nm of the ablated Si atom

negative 10—20 kV charging potential, 1500 A beam current,plumes' The dye laser beam was expand_ed and recollimat_ed
10—20 mTorr of background gas pressure for ion focusinéhrough a telescope and passed perpendicular to the ablation

(either Ar or N, for this experiment pulse energy of about 1 plume and electron beam. The DLRAP camera was getup ir.1
J, incident fluence less than 30 Jfnspot size 0.013cfy &N open shutter arrangement; a lens focuses the diagnostic

and pulse length of 200 ns. The authors have installed af€a&m through an adjustable iris, to reduce plasma light from

air-filled, pressurized, triggered spark-gap switch for com-ihe ablation event, and images the absorption on high-speed

mand triggering the channelspark. Electron beam ablatioRhotographic film(Polaroid type 66 Photographs have
experiments took place in a turbomolecular pump evacuated?®€n scanned into a personal computer for adjustment of
stainless steel vacuum cross. The channelspark electr&Pntrast and background subtraction. A digital delay genera-
beam travels through a dielectric tube to a target within thdOF controls the relative delay between the channelspark elec-
vacuum cross whose surface normal is canted 45° from thg©n beéam and the dye laser pulse.

electron beam axis. The ablation plume expands along the Interferometry is a powerful diagnostic that can measure
target surface normal. Note that for insulating targets thdhe absolute density of electrons, in the case of nonresonant

return current must flow through the e-beam produced Ar oftérferometry, or can measure the density of atoms or ions,
N, plasma. in the case of resonant ultraviolet interferometry. For both

Optical emission spectroscopy was either wavelength relyPes of interferometry, a dye laser beam is expanded, colli-
solved, time integrated, or time-resolved, single wavelengtiatéd, and split into the two legs of a Mach—Zehnder inter-
The combined optical emission diagnostic is shown in Fig. 1férometer. When the two beams are recombined, with a
Wavelength resolved optical emission spectroscopy was peflidnt angular separation, straight interference fringes are
formed with a 0.300 m Acton 300i imaging Spectrographproduced. If a plume is produced in one of the legs of the
with an attachedPrinceton Instruments ICCD-576/RB-BM interferometer, its index of refraction will advance or retard
intensified, gated charge-coupled devi¢BCD) detector the phase of the beam in that leg, resulting in a shift of the
(576x384 pixels. The spectrograph utilized a 2400 interference fringes. The index of refraction due to the dis-
lines/mm grating blazed at 240 nm. The camera was Ope,persion of an electromagnetic wave in an unmagnetized
ated in an externally gated mode with(RI PG-200 pro- plasma allows measurement of the electron density. The in-
grammable pulse generator for gates and delays on nanoségeased index of refraction near a resonant transition allows

ond time scales. The channelspark plume was imaged on tfgeasurement of the atomic or ionic species responsible for
slit of the spectrograph with a fused silica lens fof 360 the resonance. The experimental details and theory of inter-

mm. A 20 um slit was used. Due to the necessity of angling/€"OmMetry as appt_!ied to ablation plumes have been given in

the target in e-beam ablation, the slit was positioned 45Previous articles:

relative to the target surfacgoarallel to the e beamand

crossing the surface such that the center of the slit was about, EXPERIMENTAL RESULTS:

1 mm from the beam impact point. An UV-enhanced, Al

first-surface turning mirror was also necessary in the imagin

setup due to space constraints. Preliminary results of optical emission spectroscopy on
Time resolved optical emission spectroscopy was perehannelspark electron beam ablation experiments have been

formed with a 0.275 n{Acton SpectraPro 275monochro-  reported in previous publicatio$2* This article presents

mator with a(Hamamatsu 1P28photomultiplier tube for detailed analysis of both time-integrated, wavelength-

measurement of the optical signal. The monochromator utiresolved spectroscopy as well as time-resolved, single-

lized a 1200 lines/mm grating blazed at 500 nm. The photowavelength spectroscopy, which have been applied to elec-

QA" Optical emission spectroscopy
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1.40 distribution is non-Maxwellian during the current pulsend
< 1.20 P T+ + then rises to about 1.2 eV after the current pulse. The elec-
%1.00 tron temperature remains at 1.2 eV until the intensity of the
50.80 optical emission has fallen such that the temperature can no
go.eo 7%_ E-beam Cuani Pulse Shape longer be accurately measured. As will be_ shown, only the
£0.40 free electron temperatures calculated by this method after the
= 0.20 \ electron beam pulse has ended are valid.
0.00 . . As mentioned in the preceding paragraph, the apparent
0 500 1000 1500 temperature in Fig. 2 drops during the electron beam current
Time (ns) pulse. The real free electron temperature does not in fact

drop. Since the fast beam electrons are enhancing the popu-
FIG. 2. Plot of the free electron temperature vs time obtained from theatinn of excited and ionized states during the electron beam
observed relative intensity of transitions from two subsequent ionization .
states. The intensity of the Sill transition at 505.598 nm is ratioed to theomse' the calculation of free electron temperature from the
intensity of the Sil transition at 288.1579 nm. Sample error bars represenielative emission intensity of subsequent ionization states is
+ and — one standard deviation. An electron beam current pulse is alsmpossible. Jayakumar postulated, and Brake experimentally
plotted for time reference. 27 ; ; ;
observe®?’that fast particles affect the populations of high
lying energy states more than low lying states. This effect
enhances the ionization and excitation of Sill relative to Sil,
tron beam ablation plumes. In the case of electron beamausing the calculated temperature to drop with the emission
ablation of fused silica, bright emission from neutral Si, sin-intensity ratio. After the electron beam current has fallen to
gly ionized Si, and doubly ionized Si has been observed irzero, the atomic and ionic populations quickly return to equi-
the ablated plumes. Emission from the —1P© Sil transi- librium, allowing partial local thermodynamic equilibrium to
tion at 288.1579 nm and from tf®°—2D Sill transition at be established, and free electron temperatures to be calcu-
505.598 nm have been observed to rise sharply during thiated from relative emission intensities.
electron beam current pulse and to then decay slowly for 4 The free electron densitline-averagefiused for these
us. Even emission from théS—3P° Sijlll transition at calculations, 1.X10?®> m~3, was determined by nonreso-
456.782 nm has been found to persist fqu® These times, nant interferometry, which is presented later in this article.
as well as all other times measured in this article, were meaSince the electron beam current pulse has nearly fallen to
sured relative to the leading edge of the electron beam curzero 300 ns afterryy, electron densities measured at this
rent pulse. The leading edge is defined as the time at whictime were used for the calculation. At times after the electron
the electron beam current pulse has initially risen to 10% obeam current has fallen to zero, the effects of fast particles
its maximum value, which will be referred to ag, for the  on the relative populations of the ionization and excitation
remainder of this article. states of the plume species should have decayed away. Also,
Time resolved emission intensities from thB—1P°  the electron density is constantly decaying due to plume ex-
Sil transition at 288.1579 nm and tRP°—2D Sill transi-  pansion, so the latest time data on electron density provides
tion at 505.598 nm were used in conjunction with the Sahdhe best estimate for the electron density for the times of
equation to determine a free electron temperature througimterest. It should also be noted here that the electron densi-
time following the channelspark electron beam current pulseties observed during channelspark electron beam ablation are
The Saha equation, in a modified form relating the temperaadequate to establish partial local thermal equilibrilwfiE).
ture to the intensity of emission from two subsequent ionizaPartial LTE is valid for transitions originating in energy lev-

tion state$® is els with principal quantum numbers larger than 3 and for
) 3 species ionized up to two times.

lier _ Aivalivali (4ma3N )—1(_) In addition to studying the optical emission of fused

i JTAGN 1 o E silica electron beam ablation plumes, the emission from

e-beam ablation plumes of TiN were studied. These optical
Xex;{ Bt Ew—Ei—AEw) 1 emission spectra are also presented, but not analyzed, in a
kT ' previous articlé* and are characterized by intense emission

where the subscripe denotes the electrons,denotes the from singly ionized titanium. This intense Till emission was
lower ionization statei,+ 1 denotes the next ionization state, US€d to construct an atomic Boltzmann plot to calculate the
N is a density,a, is the Bohr radiusE,, is the Rydberg freg eI.ectron temperature. In this \_/vell-known method, optical
energy E.. is the ionization energy of the lower stafeE,, is ~ €Mission data are plotted according to the equation

a correction to the ionization energy, akd is the electron i mn —E,, #cIN

temperature. The Einstein spontaneous emission coefficient In(g A =( KT )+In<22 ™
is given byA, g is the statistical weight, andis the emission memn a
wavelength. Experimentally measured free electron temperavhere the subscript denotes the lower state) denotes the
tures are presented in Fig. 2; a scaled electron beam curreapper statei,, is the emission intensity ,,, is the emission
pulse is also plotted in Fig. 2 as a time reference. The calcurequency A, is the Einstein spontaneous emission coeffi-
lated free electron temperature appears to fall during theient,g,, is the statistical weight of level nf,, is the energy
electron beam current pulgéhe bound electron population of state m,kT is the electronic temperatur®| is the total

, @
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TABLE I. Table of the spectroscopic data used in an atomic Boltzmann ploigptical emission was observed for wavelengths ranging from
to determine the free electron temperature in plumes from TiN ablatior\319 to 326 nm. Several Till lines are present in this portion
targets. All values correspond to optical emission lines of Ti ll. ' . . . . ..

of the spectrum, with a minimum of interfering Ar emission

Wavelengthnm) g, Amn (X1 s 1) Intensity(arb. units E,, (eV) lines. Table | lists the Till lines observed and used for con-
323451 0 138 1031 2gg Struction of the atomic Boltzmann plot, along with theilr rel-
323 658 8 111 0.7895 2gs evant published spectroscopic d&tad least squares fit to
323.904 6 0.986 0.6128 3.84 the data in Table I, following Eq2), yielded a free electron
324.199 4 1.16 0.4774 3.82  temperature of 1.1 eV. Partial local thermodynamic equilib-
321.707 10 0.169 0.2890 3.88  rium was determined, as discussed earlier, allowing this tem-
g;g'ggé 2 1'?8 8";325 jg; perature to be equated with the free electron temperature.
322284 8 0.260 0.2647 3.86 Analysis and DiscussionThe 1.2 eV electron tempera-

ture measured during fused silica ablation is very close to the
1.1 eV arrived at independently from the optical emission of
TiN ablation plumes. Table Il lists electron temperatures
species densityZ,(T) is the partition function at tempera- measured by other authors for laser and electron beam abla-
ture T, and| is the path length. If the intensities of several tion of several other materials. Comparison of the electron
lines are known, a least squares fit of the left-hand side ofemperatures presented here with those in Table Il shows that
Eg. (2) can be performed versus the energy of the uppefree electron temperatures from electron beam ablation
states E,,. The inverse of the slope of such a fit yields the would appear to be quite comparable to those of high-fluence
electronic temperature. If LTE or partial LTE can be estab-laser ablation plumes early in time. Also, it appears that laser
lished, as it has been for these experiments, the electron@blation plasmas reach higher temperatures during and at
temperature represents the free electron temperature. Tlearly times compared to the beam pulse than channelspark
constant term of Eq(2) is generally also determined by the ablation plasmas, but channelspark plasmas maintain a
fit so that fitting eliminates any correction or calibration fac- higher free electron temperature during plume expansion at
tors. times well after the pulse.

A time-integrated spectrum was chosen, which was col-
lected during e-beam ablation of TiN, over a 100 ns gat
centered 260 ns following,y. For this ablation event, the
channelspark was charged to 16.5 kV and the electron beam Summary of experimental results and discussioA
current was measured to be 1700 A at the target. The ablgrevious article gave experimental details and preliminary
tion was conducted in a 12 mTorr background of Ar. Theresults of DLRAP applied to Si atom plumes generated by

eB. Dye laser resonance absorption photography

TABLE II. Comparison of electron temperatures, electron densities, and neutral atom and ion line-integrated
densities measured in this work with measurements published by other authors.

Electron Electron
Ablation temperature density
source Target (ev) (m~3%) Line-integrated density (cfh Ref.
; 23 15 16 This
Channelspark Sio 1.1-1.2 1.6-3.X10 1X10°-1.6X10 work
Channelspark Al 13 B L 21
KrF excimer Fe 0.2-0.8 Fe l: 3.9<10'" (5 mm from target, 4
laser 400 ns after pulse
Fe ll: 1.1x 10'5(4 mm from target,
400 ns after pulse
XeCl excimer  Ti 2-0.6 X107~ - 29
laser 1X 1072
Nd:YAG Ti 3.8-0.66 2.5% 107 e 3
alloy
KrF excimer Al and 1.2x10% 30
laser AlL,O4 -3x 107
KrF excimer Mg e 4-1x 107 e 31
laser
KrF excimer Al Al ground state neutrals:810* (2 5
laser mm from target, 290 ns after
pulse to 5x 10" (5 mm from
target, 500 ns after pulse
KrF excimer Mg Mg I: 1X10'%(1 mm from target, 1 32
laser us after pulsg

Mg II: 1 X 10" (1 mm from target,
1 us after pulsg
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complex plume structure is observed. For electron beam ab-
lation of the electrically insulating, fused silica target, at 200
ns following 719, a plume consisting of two lobes is ob-
served[Fig. 3@]. It should be stated that the time at which
this image was taken, 200 ns, falls during the electron beam
pulse. At late times, 1420 ns aftet,, the multiple lobes
have coalesced into a single plupfég. 3(b)]. The multiplic-

ity of plumes is much more pronounced for the case of an
electrically conducting target, silicon. As shown in Figc)3

at 220 ns followingryq, three separate and distinct plumes
are found, spread more extensively across the target than in
the case of fused silica ablation. The image taken 1380 ns
following the leading edge of the e-beam current plig.

3(d)] shows that the plumes do not coalesce into a single
plume, even at late times.

An electron beam instability is speculated to be the
cause of the multiple plumes found in these DLRAP images.
The instability apparently occurs when the channelspark
electron beam interacts with a target. Given that the multi-
plicity of plumes is much more pronounced for the electri-
cally conducting silicon target compared to that for the insu-
lating fused silica target, the instability is likely dependent
upon the target conductivity or surface currents. A target that
had sustained damage from 3000 electron beam pulses was
examined under an optical microscope. Multiple damage
sites were observed, but it was impossible to ascertain
whether the multiple impacts were caused during a single,
unstable electron beam pulse or during multiple electron
beam pulses. Othéfshave previously reported what ap-
FIG. 3. Dye laser resonance absorption photographs of the ablation of silipeared to be optical emission from separate sites on alumi-
con dioxide and pure silicon. The dye laser is tuned to the center of the Sihym targets.

near ground state line at 288.158 nm. Péajsand (b) are DLRAP photo- . . . . .
graphs taken during the ablation of fused silica in a background gas fill of 20_ Time scans of DLRAP images, similar to the images in

mTorr of N,. Parts(c) and (d) are DLRAP photographs taken during the Fig. 3, were taken during electron beam ablation of both
ablation of silicon in a background gas fill of 10 mTorr of A8) A DLRAP silicon targets and fused silica targets, on the resonant Sil
photograph taken 200 ns after the beginning of the electron beam curreRkansition at 288.1579 nm. The DLRAP time scans were per-
pulse during the ablation of fused silicd) A DLRAP photograph taken . . .

1420 ns after the beginning of the electron beam current pulse during thE_OrmEd _du”ng the ablation of each targ_et in background gas
ablation of fused silica(c) A DLRAP photograph taken 220 ns after the fills of either Ar or N,. The background fill pressures ranged
beginning of the electron beam current pulse during the ablation of siliconfrom 10 to 20 mTorr for either gas. In the case of fused silica

(d) A DLRAP photograph taken 138_0 ns aftgr the b_eginning of the electronablation in N background, the channelspark Charging volt-
beam current pulse during the ablation of silicon. Times are measured from

the leading edge of the current measured at the target to the leading edge%ge' as well as prgssure, was varied. The position of the
the dye laser pulse measured by a PIN diode. Also included is a schematfglume front(the leading edge of the absorption shagosla-

showing the various features of the picture, including the scale length.  tjve to the surface of the target, along the target normal, was
measured at each time of the scan. Times were measured
relative to the leading edge of the electron beam current
electron beam ablation of fused siliZaPresented here are pulse. Figure 4 shows plots of the neutral Si plume front
summaries of the results of DLRAP applied to electron beanposition versus time for electron beam ablation of fused
ablation of both silicon and fused silica. silica at several pressures of Ar o, NFigure 5 shows the
Several DLRAP images of electron beam ablationsame type of plots for electron beam ablation of silicon at
plumes are presented in Fig. 3. These images were takeseveral pressures of Ar or,N
during electron beam ablation of an electrically insulating  The plume front position in Figs. 4 and 5 increases ini-
material, fused silica, and an electricalsemiy conducting tially, and then levels off later in time. The apparent slowing
material, silicon. For both sets of images, the dye laser baclef the plume expansion occurs because the plume density has
lighter was tuned to probe th¥D —*P° Sil transition at diminished such that it is no longer detectable. Least squares
288.1579 nm. This transition represents a near ground stafi,s were performed on the initial plume front data to deter-
atomic transition that, at a 1.2 eV free electron temperaturanine an expansion velocity. During the electron beam abla-
accounts for 1/5 of the total population of Si neutrals in thetion of fused silica in an Ar background, shown in Figay}
ablation plumes. the plume expansion velocity ranges between 0.59 and 1.4
Examining the DLRAP images of Si neutral plumes gen-cm/us. During ablation of fused silica in an,Nbackground,
erated by electron beam ablation of fused silica and silicon, aot only the background gas pressure, but also the channel-

1cm
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é 08 « *5. . 1.4 cmius § ‘5‘4 3
§ EO.G 0.93cm/us @ - g gE 3 3
i 04 o L e * SS2 * 3
g 0.2 ¢ 0.59 cm/us (a) <T = 1
o 0 b

0 500 1000 1500 2000 3 0 T T T

Time (ns) 0 100 200 300 400

1.4 Time (ns)

1.2

1.0 cm/) . - .
cmis FIG. 6. Plot of the line-average electron density in electron beam ablation

plumes vs time. Times are measured relative to the leading edge of the

electron beam current pulse. Fused silica was ablated by the channel spark
0.80 cm/us electron beam in a background of 19 mTorr of NLine-integrated densities

0.41 cm/us were measured by interferometry and a scale length of 3 mm was applied to

A determine the density.

=08 i
L0561

Plume Front Position
m

0 500 1000 1500
Time (ns) the charging voltage has a minor effect upon the expansion
FIG. 4. Plot of Si | near-ground-state plume front position vs time following Velocity of electron beam ablated plumes. Increasing back-
the electron beam pulse in an Ar or, Mackground at various pressures. aground gas pressure, however, causes the expansion velocity

Data taken from DLRAP photographs of channelspark ablation of fuse ; tral sili | ted b b blati N
silica. The dye laser was tuned to the center of the Si | transition at 288.157§1 neutral silicon plumes generate y e-beam ablauon o

nm. The initial time plume front data were fit by the method of least squaregused silica to rise.
to determine an expansion velocity. The fit lines are also plotted along with Figure 5a) shows the expansion velocity of neutral Si

their slopes.(a) Fused silica ablation in Af1.4 (A), 0.93 (W), and 0.59 4| umes generated by e-beam ablation of Si in Ar back-
cmius (@). (b) Fused silica ablation in Nat various pressures and charging

voltages of 16 and 18 kV1.0 (O), 0.80 (W), 0.41(4), and 0.38 cmis ground, which drops from 0.57 to 0.32 ca¥ for a rise_in _
(A)] background pressure of 10—15 mTorr. Also observed in Fig.

5(b), the expansion velocity of Si neutral plumes formed by
electron beam ablation of Si is much lower fop Kack-
spark charging voltage, was varied. For a charging voltage ajround. The plume front position is also quite erratic over
16 kV, Fig. 4b) shows that the expansion velocity rangestime. Apparently the electron beam effective fluence is mar-
from 0.41 to 0.80 cmus. At 18 kV, the expansion velocity ginal for ablating Si in M. The slower plume expansion
ranges from 0.38 to 1.0 cms. It is apparent from Fig. 4 that velocities are a direct result of lower effective fluence at any
position on the target due to the electron beam instability.
The plume expansion velocity in background gas fills of

5 Ar is consistently 0.1-0.6 crps larger than those for N
"§ ° LAY for electron beam ablation of either fused silica or silicon. As
o e © mentioned before, the charging voltage has little effect on
§ - 0Oq expansion velocity. Data reported by Gilgenbach and
w g o Ventzek?® and Gilgenbach and Lindléyshow KrF laser ab-
E 0.32 cs (a) Iate_c_i plumes of neutral Al th_at have similar expansion ve-
a 0 . ‘ r ‘ locities at laser fluences ranging from 1.5 to 3 Jcin ad-
0 500 1000 1500 2000 2500 dition, they report rising expansion velocities with respect to
Time (ns) rising fluence. In light of this information, it can be assumed
- that Ar results in a higher effective electron beam fluence
2 (b) than N,, probably due to differences in the formation of the
2 o ion channel. In addition, larger background pressures result
; in faster expansion velocities, as might be expected if the
2 beam is better space charge neutralized. The drop in expan-
2 o 021 cmips sion velocity with increasing background Ar pressure during
5 ~0.16 cmius e-beam ablation of Si might indicate a dependence of the
- 0 o» electron beam instability on neutralizing fraction.
0 500 1000 1500
Time (ns)

FIG. 5. Plot of Si | near-ground-state plume front position vs time following C. Interferometry
the electron beam pulse in an Ar or, Mackground at various pressures. )
Data taken from DLRAP photographs of channelspark ablation of silicon. ~ The method of nonresonant interferometry was em-

The dye laser was tuned to the center of the Sil transition at 288.1579 nMployed to measure line-averaged electron densities as pre-

The initial time plume front data were fit by the method of least squares to . .
determine an expansion velocity. The fit lines are also plotted along WithSented in Fig. 6. Interferograms were taken, at a dye laser

their slopes.(a) Si ablation in Ar[0.57 (@) and 0.32 cms ((0)]. (b) Si tuning of 540 nm, during electron beam ablation of fused
ablation in N, [0.21(0J) and 0.16 cmys (@)]. silica in 19 mTorr of N. Fringe shifting only occurred on
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the channelspark produces silicon plasmas that are an order

of magnitude more dense than laser ablation metal plasmas.

It should be mentioned that each of the references cited in

Table 1l measured plasma densities as late as 108 after

the laser pulse. The channelspark plasmas fell below the de-

tectability limit for Sil by 400 ns after the initial 10% of the

0 , . ‘ electron beam current rise.

0 100 200 300 400 500 Assuming a triangular density profile along the fringe

Time (ns) direction and a stepwise density profile along the target nor-

mal, the line integrated densities could be integrated over the

Line Integrated
Density (x10" cm?)
=

- ‘*;20 plane of the image to arrive at a total number of resonant Si
2 ,_," 15 1 atoms versus time. The total number of resonant neutral Si
E E 10 | atoms was calculated in this manner to be on the order of
£z 10*. For electron temperatures of 1.1-1.2 eV, the total num-
£%8 59 ber of neutral Si atoms can be estimated to be about 5 times
8, A : ‘ : the total number of resonant neutral Si atoms, assuming a

0 100 200 300 400 500 Boltzmann distribution among the atomic states. The total

Time (ns) number of Si neutral atoms, assuming a Boltzmann distribu-

tion, and averaged over all the different pressure cases, was

FIG. 7. Maximum line-integrated density of Si| near ground state atoms aEaIcuIated to be 3810 and 1.5¢< 10 for 300 and 400 ns
(a) 0.4 and(b) 0.7 mm in front of the fused silica electron beam target. Data ’ ’

for several pressures of Ar or,Nackground gas fill are included. Times are respectively. Note that some unknown fraction of these Si
measured relative to the leading edge of the electron beam current pulse.neutrals can be expected to deposit on the substrate, depend-
ing upon the unknown sticking coefficient and transport ef-
ficiency. Using the data from time resolved monochromator
the fringe nearest the target, so only the maximum fringespectroscopy of fused silica ablation, the ratio of Sill to Sil
shift was measured. The maximum fringe shift was foundatoms can be determined from the ratio of their emission
about 0.5 mm in front of the target surface, along the targetntensities. Performing such an analysis, the Sill population
normal. Interferometry yields line-integrated densities, so &an be expected to be 130 to 140 times the population of Sil
scale length of 3 mm, derived from the interferograms themsesonant to 288.1579 nm light. The total number of singly
selves, was used to calculate the line-averaged electron degharged silicon ions can be estimated at416'® and 2.1
sity. The line-averaged electron density has values ranging 10'® at 300 and 400 ns, respectively. Lindley found the
from 3.7 to 1.6<10°°m™3. Table Il lists published electron total number of ground state Al neutrals generated by KrF
densities measured during laser ablation of various targetaser ablation of Al metal during a film deposition to be
From Table Il and the data presented here, it is clear thad.3x 10 at 0.6—1.2us after the laser pulseThis result is
channel spark electron beam ablation produces similar, if naabout a factor of ten smaller than the estimates for the chan-
somewhat smaller peak electron densities than laser ablationelspark, but only accounts for the ground state and is quoted
Resonant ultraviolet interferomet(iRUVI) was used to at much later times than the channelspark data. Lash reports
probe the density of Si near ground state neutrals produceitie total number of neutral iron atoms generated by KrF laser
during electron beam ablation of fused silica. The theory ofablation to be 2—% 10 at 400 ns after the laser pulse,
resonant fringe shift interpretation has been studied exterwhich corresponds very well to channelspark results. Lash
sively and reported previousfytherefore it will not be re- also measured the total number of singly ionized Fe gener-
visited here. For these experiments the dye laser was tuneaded by KrF laser ablation to be between 2 and14 at
near the Sil near ground state transition at 288.1579 nm00 ns after the laser pulse. This result is a factor of 10
(AN=N—No=-0.2 or—0.25 nm, where\,=288.158 nm.  smaller than estimates for the total number of ions generated
The fringe shifts were corrected for electron density usingoy channelspark electron beam ablation of fused silica. It
the data from nonresonant interferometry, thus the measureshould be noted, however, that Lash measured those ion den-
and corrected shift was expected to be due to the near groursities directly, through interferometry, which was not pos-
state Si neutrals only. Ablation experiments were studied agible for these electron beam ablation experiments.
several pressures of either Ar op Idackground fill gas. The total mass of Si atoms and ions existing at 400 ns
Figure 7 shows maximum line integrated densities meaean be found from the estimates of the total number of par-
sured of Si neutral atoms at 0.4 and 0.7 mm in front of theticles ablated by the channelspark electron beam. The chan-
electron beam ablation target for several pressures of eitherel spark is thereby found to ablate aboutgd of Si in the
Ar or N, background fill gas. The ablations in 15 mTorr of form of neutral atoms and ions.
Ar and 20 mTorr of N provided the largest line integrated Si
densities, with most cases yielding line integrated densitie
between 1 and 1610°cm™2. Table Il contains a listing of Thin films of SiO, were deposited on silicon or copper
published line integrated densities measured during laser alsubstrates by electron beam ablation of fused silica. Figure 8
lation. Examining Table Il and comparing it to the results ofis a scanning electron microscope image of a cleaved silicon
this work shows that at early times and very near the targegioxide film on a silicon substrate, magnified 10 6Q0The

E. Thin film deposition
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FIG. 9. Histogram of the relative occurrence of particle diameters in channel
spark electron beam deposited films of fused silica. Films deposited with
channelspark charging voltages of 10 and 16 kV are included. The bin
widths are 10 nm.

FIG. 8. Scanning electron microscop$EM) image of a fused silica film

deposited on a silicon substrate. Image shows a cleaved film and SUbStraWhlch presents atomic percentages of Si and O from the

Substrate normal is 75° from the direction of viewing. SEM electron beam

voltage was 3.00 kV. Magnification was 10 000Film was deposited in target and two positions on the same film. The stoichiometry

2400 shots at 1 HZa) Si substrate(b) Cross-section of the fused silica film. iS observed to be accurately preserved in the film compared

(c) Surface of the film. to the fused silica target, an advantageous result for the chan-
nelspark electron beam ablation system.

Since the films appear to contain particulate, the produc-
film has been cleaved through its thickest point, and is position of particulate by the channelspark electron beam was
tioned in the photograph with the target normal pointing 75°also studied. Films with very few shots, ranging from 60 to
from the direction of viewing. The film itself was deposited 300, were deposited to examine the isolated particulate, be-
over 2400 shots at a 1 Hz repetition rate. The channel sparore a very thick film could be formed. The isolated particles
was charged to 16.5 kV and operated in a background of 1ould then represent the source particulate distribution pro-
mTorr of Ar. The surface of the film is observed to be quiteduced by electron beam ablation. Figure 9 is a histogram plot
rough, seemingly composed of large, coagulated particlesf the relative distribution of particulate diameters for two
The interior of the film appears to be quite continuous ancchannelspark charging voltages, 10 and 16 kV. These par-
solid, with few voids. The film thickness was found to be ticulate depositions were performed in a background of 15
1.58+0.11um. To one standard deviation, the film thicknessmTorr of Ar. The lower voltage deposition was performed in
varies by 7%. This thickness yields an average depositioan attempt to reduce the diameter of the particulate produced
rate of 0.66 nm/shot. by electron beam ablation by reducing the electron range in

The stoichiometry of the channelspark deposited silicorthe target and therefore reducing the melt depth. For the 16
dioxide films was examined through x-ray energy dispersivekV deposition, the mean particle diameter was 64 nm with a
spectroscopyXEDS). The film examined was deposited in most frequently observed diameter between 50 and 60 nm.
3000 ablation shots of fused silica at 1 Hz repetition rateThe sampled population included 398 particles covering an
onto a Cu substrate. The Cu substrate was chosen to elimirea of 96.7um?. The 10 kV deposition resulted in a mean
nate ambiguity regarding the origin of the Si x-ray signal. Aparticle diameter of 60 nm with a most frequently observed
piece of the fused silica target used for the deposition wagiameter between 40 and 50 nm. The sampled population in
also studied to provide a calibration standard for the stoichithis case included 216 particles covering a g area. The
ometry. The results of the analysis are presented in Table Illpwered voltage did result in smaller average diameter par-

ticles, but only slightly smaller. Smaller droplets would be
expected from a shallower melt depth.
TABLE llI. List of atomic percentages and parameters of XEDS analysis of An attempt was made to determine the mass of material
channel spark electron beam fused silica target and film. deposited on the film, per shot, in the form of particulate.
Sample Atomic %0 Atomic %si  The distributions discussed above were examined near the
Fused siica target pr— 3232 center of the film, the densest (No./@nregion of the film.
Fused silica film on Cu-spot 1 69.18 20.82 Assuming a cosme.shaped film ywth cylindrical symmetr'y,
Fused silica film on Cu-spot 2 68.02 31.08 the data presented in the preceding paragraph could be inte-
grated over the surface of the film to calculate the total vol-
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ume of particulate deposited. Assuming a density equal taeposition rate of 0.66 nm/shot. XEDS analysis found that
that of fused silica2.21g/cn?, the total mass in the form of the film stoichiometry matched the target to within a few
particulate could be calculated. For the 10 kV deposition, th@ercent. Analysis of the particulate deposited on the substrate
mass of deposited particulate per shot was estimated to showed that the mean particulate diameter ablated by the
about 10 ng/shot. For the 16 kV deposition, the deposite@¢hannelspark was 64 nm at 16 kV charging voltage, and 60
particulate mass was estimated to be 7 ng/shot. Using a simitm at 10 kV charging voltage. The mass of ablated particu-
lar analysis of the film shown in Fig. iamely assuming a late per shot was estimated to be about 10 ng/shot. The mass
cosine shaped film whose maximum thickness is 46  deposition rate of the film as a whole was estimated to be
over 2400 shots and using the density of fused giliadotal  about 350 ng/shot. Thus, particulate accounts for about 3%
mass of the film deposited per shot could be calculated. Thief the total film mass. It would appear that electron beam
mass was estimated to be 350 ng/shot. Thus, the particulagblated SiQ plumes are deposited predominately in the form
compose 2%—3% of the total deposited film mass. of atomized/ ionized material, with only a few percent of the
deposited mass being accounted for by particulate. This re-
sult is corroborated by the ablated mass of Si calculated from
IV. SUMMARY AND CONCLUSIONS RUVI data of 1 ug/shot. This result takes no account of

Electron beam ablation has been studied extensively bifansport efficiency after 400 ns nor of the sticking coeffi-
nonperturbing plasma diagnostics such as optical emissigH€Nt at the substrate, but does show that electron beam ab-

spectroscopy, dye laser resonance absorption photograpf‘@ﬁon is relatively efficient{~30%) at generating atomized/

(DLRAP), nonresonant interferometry, and resonant ultralonized material for deposition.

violet interferometry(RUVI). The relative emission intensi-
ties of singly ionized titanium transitions in electron beam
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