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ABSTRACT used in such endeavors, although the basic discharge physics

Electron beam (e-beam) ionization is both efficient atproducr-emalns the same; an applied electric field heats electrons

ing plasma and scalable to large area (square meters) WILtIHt" they have acquired enough energy to ionize the back-
gp 9 q round gas, which is typically well above 10 eV. This descrip-

beam energy and density. With the plasma production emg-

. : Ion pertains to high densitg 10" cn®) inductively coupled
nating from the electron beam, the plasmais largely decouplie P), helicon, electron-cyclotron resonance (ECR) discharges,

from the surrounding vacuum system. Chamber and substrq v density (16- 10°° cm) capacitively coupled, dc glow, rf

geomeltry are no Ionger_gonstral_lnlng factors, perrmttmg NBiode discharges, and hybrid (magnetically enhanced) dis-
only proportional scalability but immense freedom in cham-

ber design and construction materials. Thus, e-beam prgbarges'

duced plasmas provide better control of plasma Constituen}f
over larger areas with higher efficiencies than conventione}!i
discharge sources.

major drawback of these conventional plasma sources is the
ck of control over the plasma. In the majority of these
devices, after initiation the plasma electrons rapidly (< 1
In our laboratory, modulated (0.€millisecond pulse length, mlcro_second) thermalize, with the|r_resultant energy d'St”bl.J'
. tipn given by the Boltzmann equation. The applied electric
up to 50% duty cycles) and continuous e-beam producetao . : )
) ; . . .~~~ ~Tield continues to heat the electrons which sustain the plasma,
plasmas are being studied with the goal of using their unique

characteristics to modify the surface properties of materialsravellng rapidly through the background gas, ionizing and

o T exciting it. Because of the high ionization energies of most
Planar plasma distributions are generated by injecting a maaéses onlvthe high enerav ‘tail’ of the plasma electron ener
netically collimated sheet of 2-5 kV;*dmA/cn? electrons » Oy 9 gy P 9y

into neutral gases (ON,, Ar, SF. and their mixtures). From distribution actually supplies the electrons capable of ioniza-

oo : ; . tion. The plasma sustenance relies on the balance between this
in situ diagnostic techniques, spatially and temporally re- _." " . : :

. . ionization and all the loss mechanisms, which depend on the
solved plasma characteristics are presented along with plasm

to-surface ion fluxes (via mass spectrometry). The demor,oma density, plasma gas, and source geometry. Typically,

strated attributes of these plasma sources over conventiorﬁzﬁésmaeleCtron temperatureg)(Bnge from 2to 8 eV (where

. V = 11,600 Kelvin) while the positive ions remain around
plasma sources are extremely low electron and ion energi€s,
S S room temperature (0.03 eV).
localization of ionization source away from chamber walls

and system scalability. Looking more closely at the electrons in these conventional

plasma sources, the solid black curves in Figure 1 show two
electron energy distributions (with ¥ 1 and 5 eV) while the
The use of plasmas for dry processing of materials has becordashed curves are cross sections for ionization and excitation
vital in numerous fabrication industries [1,2]. Dry processingf argon. It can be seen from Figure 1 that ionization varies
is preferred in many applications because generally it prestrongly with T, since only a small portion of the plasma
vides a wider spectrum and higher densities of reactive spelectrons (shaded area) are capable of ionizing the back-
cies, better control of those species, more directionality of ioground gas. In almost all casegnust rise to an appreciable
fluxes, and less contamination and waste. Moreover, prdraction of the gas ionization energy (W order to produce
cesses like etching, deposition and surface activation of maufficient ionization. Consequently, Ts determined by
terials can be carried omtvacuq that is, in a somewhat clean plasma loss mechanisms in conventional sources. The bal-
vacuum environment and as part of a multi-step fabricatioance of these competing mechanisms is difficult to predict and
process. Many different types of plasma sources have beenusually set by stable operating conditions.
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which in turn heats the plasma ions since the ions are created
out of the neutral species. Again, only the high energy ‘tail’
of the electron energy distribution is energetic enough to
ionize the molecule directly. In many cases, two-step pro-
10" cesses (including Penning ionization) can also contribute
significantly to gas ionization.
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EN The present article discusses a less common plasma source
10 which uses an electron beam to directly ionize the gas, thereby
decoupling the plasma electrons from the primary ionization
process. When a high energy (>>)\&lectron beam passes
through a gas, the dominant energy loss process is ionization
10" of the gas, followed by dissociation and excitation. Hence, an
0 2 4 6 8 10 12 14 16 18 20 electron beam can efficiently ionize a gas while putting little
ELECTRON ENERGY (eV) energy into inelastic collisions. The plasma electrons, which
fre not strictly part of the ionization process now, have a
severely diminished role since the ionization source driving
the plasma is the e-beam and not the high energy ‘tail’ of the
plasma electrons. Moreover, plasma electrons are rapidly

From Figure 1 we see that a large fraction of plasma electroﬁgmed by the k_)ackground gas, through virtually all collision
are energetic enough to excite the gas, thranghastic processes available. The resultant plasma electron tempera-
collisions where the electron energy gets stored in an excitd resare thus extremely low, 1-2 eVin atom|<_: gases and <.0'5
state of the atom. In the noble gases, the lowest excited sta in molgcular gases. Because of the additional |0n|z_at|o_n
are roughly 3/4 the ionization potential. In molecular gase om (|:|002“rl1g tze plafsma el_i:c(tjroTs, thethplastrﬁwabdens%y IS
(or mixtures containing molecular gases) there are many mo%tp'ca_r?: ) Iotr' ers o l_mag?'tﬂ € arlge; ar:j_ te'b (?[f’im en-
inelastic collision channels due to additional electronic level§'Y: 'N€ relative scaling ot these electron distributions are
and the increased degrees of freedom (e.g. vibration) of t own in Figure 3, along with the nitrogen cross sections from

EEDF (normalized)

T==1 eV

—
<
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Figure 1: Electron energy distribution functions (solid) an
excitation/ionization cross sections (dashed) for argon.

molecular states. Figure 2 illustrates the case of nitrogen. igure 2.
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Figure 2: Electron energy distribution functions (solid) an

T . i dFi ure 3: Inelastic collision cross sections (dashed) and
excitation/ionization cross sections (dashed) for nitrogen. 9 ( )

illustrative electron energy distribution function (solid) for an
electron-beam produced plasma in nitrogen.

As seen in Figure 2, the dominant inelastic process at low
electron energies is molecular excitation, such that little of th

i . '© OTtGith the ionization process being driven by an e-beam instead
energy absorbed goes into ionization. These non-ionizin b 9 y

. : - . ; 8fbyexternallyheatingthe plasma electrons (through rf or dc
inelastic collisions ultimately serve to heat the gas, Smcﬁelds) plasma operating conditions become much broader.
additional collisions typically lead to redistribution of mo- The béam ‘onization is not confined by anv aeometric con-
lecular vibrational states and not ionization. The increase : oyanyg )
iguration and the plasma characteristics are controlled inde-

population of vibrational levels thus heats the neutral gaspendently by the beam current and energy. Furthermore,
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energy distributions of ionized species are determined by thechieve consistent data. Typical probe construction consisted
gas composition instead of by the species with the lowestf a 0.25 mm (10 mil) thoriated tungsten wire protruding 2 mm
ionization threshold. E-beam produced plasmas have beeuat of an 0.156 cm diameter, four bore alumina tube. A4 cm
used to fill large areas or volumes with reactive species whiltairpin’ of nichrome wire was fed through two bores and was
maintaining a high level of efficiency over a wide parameteused to heat the probe tip locally. Ceramic paste coated the

regime. exposed portion of the heater element. For all but the last two
inches of the probe, all wires and connections were enclosed
EXPERIMENTAL APPARATUS/TECHNIQUES in a grounded tube which was shielded from the plasma with

Plasma Sources and Chambers another alumina tube. It was found that if the probe tempera-
ture was kept at around 5@, reproducible results could be

Identlcal_or nearly identical e-beam produced plasmas Wers i ained. Typical probe I-V traces were obtained by applying
created in a variety of vacuum systems constructed from

plexiglass, (38 cm in diameter x 50 cm tall; base pressure O.Og-blas voltage to the probe and mqmtormg the collection
4 mtorr), aluminum (50 cm in diameter x 65 cm tall: basecurrent through the probe by measuring the voltage across a

pressure ~ 5x10torr) and stainless steel (50x120x50 Cm;star_1dard carbon r_eS|stor. Data were recorded on a digital
base pressure < 5xi@orr). Details of particular vacuum oscilloscope or using boxcar averagers (Stanford Research

: ) . . . . Systems SR250) with 1-1% sample gates positioned during
systems will be given with the appropriate diagnostic (seenol after the e-beam.

below). Electron beams were generated by a hollow cathod&

which has been discussed at length in the scientific literature . . L
; . Ih the plexiglass chamber, microwave transmission measure-

[3]. The cathode consisted of a 1 cm wide channel, approxi- . : -,
: : ments were carried out to calibrate electron densities mea-

mately 1.5 cm deep and 22 cm long, in 2.5 cm diameter brass

. . . - sured with the Langmuir probe. A pair of 20 dB horns
rod stock. An insulating sheet (teflon or machinable ceramic :
; : . traddled the plasma sheet outside the chamber, and a Hewlett-
and ground shield cover the inactive cathode surfaces

. ackard frequency synthesizer (1-25 GHz) was used as the
suppress unwanted electrical breakdowns. The electron beam X . . : )
. : ; .~ microwave signal source. The microwave signal is amplitude
generated by the cathode is physically skimmed by a stainless . . .
. - . -modulated at ~20 kHz to clearly identify baseline levels of the
steel shim stock anode containing a 1 x 20 cm slot aligned with : . o
nal during the plasma modulation. These calibrations gave

the cathode hollow and placed ~ 5 cm downstream. A second’ ) : . o
: : high confidence in repeatability when similar probes were put
solid anode, placed ~ 25 cm past the first slot acts as the bea
: : _into other systems.
dump. The beam between the anodes is centered in a pair 0

50 cm diameter Helmholtz coils, which provides an axial.. . .
oo . . : Since contaminated probes have dramatic effects on the

magnetic field of ~165 Gauss with uniformity better than 2% S .
etermination of the plasma potential and electron tempera-

between the anodes. The resultant e-beam sheet was therefore . .

. . tures [4], emissive probes were used to independently cor-
defined by the slotted anode (1 cm x 20 cm) and the dIStan?gborate the plasma potentials determined in the externally-
(~25 cm) to the beam dump anode. The cathode was driven P P Y

with high voltage (2.5 kV) pulses, 0.5-5 ms in length at eated Langmuir pr(_)be measurements [5]_. Similar ceramic
. : and tungsten materials were used for this probe as well.
repetition rates of 1-50 Hz. A continuous cathode source has . . .
. . mission of the probe was controlled by a [floating] DC
also been used in our laboratory by floating a hollow cathode :
ower supply operated in constant current mode. Complete

discharge operating atlowvol_tage (~300 V)_and acceleraltlnE‘ets of emission characteristics were not possible in the
plasma electrons through a high voltage grid.

presence of the magnetic field used to collimate the e-beam;

Gases were introduced into the systems either through ma%%n)xlelz% pltz:]semea-lts)eaili(r):g I?semn;af?nn dezzllzli?]ellgﬁhvgsrtehgabselgm
flow controller units (MKS 1179 Series) or variable leak 9 y P

valves (Leybold). Chamber pressures were then set by throvfl-ent off, even at low probe emission currents.

tling the vacuum (turbomolecular) pump with various gate OR 1ass/lon Energy Analyzer

butterfly valves. The purity of gases used in these SXPEass spectrometry was carried out in the aluminum and

ments was 99.999% argon and >99.8% nitrogen and oxygen,_. .
I stainless steel vacuum chambers using a quadrupole mass

Convectroft and/or Pirani-type vacuum gauges were used tQ . .
: X . analyzer (Hiden EQP300). The mass spectrometer was differ-
determine operating pressures and the reported readings hav

. eneflally pumped and sampled plasma species through a small
been corrected for the particular gas type. orifice in the 5.7 cm diameter head before energy and subse-
. quent mass separation. No noticeable deviation in the data
Langmuir Probes o .

; : . was seen when the orifice size was changed from 100 to 50
Langmuir probe measurements were carried out in the . . S :
- ) . microns, implying little if any perturbation of the plasma due
plexiglass and aluminum vacuum chambers. Due to higher o o
. . o the presence of the orifice. The orifice was grounded and

operating pressures, various gas compositions and usually . : : .
o . sitioned parallel to the e-beam, simulating a substrate

low duty factors, surface contamination of Langmuir probe

made it necessary to continuously heat the probe externally%rface for materials’ processing applications. In the mea-
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surements here, the stage was located 1 cm away from ttecay is diffusion dominated, since recombination of atomic
edge of the e-beam [6]. Detection of charged species wasns is a three-body and therefore unlikely process. In mo-
averaged over large times (comparable to the e-beam puleeular gases, it is believed that the plasma decay is dominated
width) for global information on individual specie distribu- by electron-ion recombination. In this case, after the beam
tions. For high temporal resolution, ions were counted aseases, the plasma density decays from its density at the end
single-particles using a gated pulse counter. Further detaits the pulse, n(0), according to fiit = n?, whereg is the

are available in Reference [6]. recombination coefficient and electrons are the only negative
charge carriers. Solving this equation, we see that the ion
Processing Stage density varies as n(t) = n(0)/[Br(0)t] where tis the time after

A sample processing stage designed similar to the head on ttie pulse. As a verification of this decay mechanism, the
EQP was used to expose standard negative photoresist sampéaporal profile from probe measurements is shown in Figure
to plasma sheets under varying conditions. The front platé for a plasma created by an §00e-beam pulse.
was stainless steel which was electrically isolated with a .

boron nitride spacer from the surrounding ground support. A BEAM ON :BEAM OFF
thermocouple was embedded in the insulator to monitor the 933 ———————————————30
front plate temperature. Applying radio frequency (rf) signals T
at 13.56 MHz allowed appreciable induced dc bias levels to 0.30
form on the stage from the e-beam plasma before parasitic rf
breakdown occurred. Photoresist was spun onto silicon sub- 025
strates and patterned in-house with a ~ 50 nm chromium m

to interrogate material removal rates and process anisotropg.
Test samples (1 chwere cleaved from parent wafers con-&"
taining patterned photoresist and mounted with silver print
adhesive.

0.20
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RESULTS AND ANALYSIS 005' N Py
Langmuir Probes ' 0 200 400 600 800 1000 1200
Langmuir probe measurements in these plasmas have been TIME (us)

extremely repro_duc_ible_ across vacuum platforms, once thE‘igure 4: Temporal Langmuir probe measurements for an
surfgce contamination issues were addressed appropriate ectron-beam produced nitrogen plasma.

Typical plasma parameters measured for a 90 mtorr argon

plasma showed electron densitieg 4md temperatures (o
be 2-4x1® cm® and 1.2-1.4 eV in the ionization region
respectively, and plasma potentialspII\bf 5-7 V. Two
centimeters outside the ionization region.afd n drop to
approximately one half these values, as dq)pdh/molecular
gases, plasma temperatures are significantly lower.
nitrogen and oxygen plasmas at 50 mtorr=10.2-0.3 eV,
respectively, and n~ 2-2.5x16" cm® while V, = 1-2 V.

" An experimental recombination coefficient was calculated
by fitting 1/n, from the afterglow portion in Figure 4 to a
straight line. This fit yieldg = 8.1x1 cm¥/s for the initial

I:decay. In N the recombination coefficient varies as [7]
%f: 4.3xX1CX[T J**which when equated to our experimental
value, results in an afterglow plasma temperature of 0.19 eV,

. - . in excellent agreement with the data in Figure 4. Because the

Inelastic PO”'S.'O”S n th_e_se gases cause the TGr(_)p much plasma temperature decreases with time, a perfect fit would

lower while still maintaining high electron densities. Evenn t be expected over the entire decay range. While this result

Lrace a_m(_)luntsl oftmole(;]ular ?as_ets addﬁd to nobled%iges &' 'somewhat fortuitous, given the weak temperature depen-
ave simitar electron characteristics.  However, addition Oyanca of the recombination coefficient, the low electron

stronglyelectronegaﬁuive gaseswhich aII(_)Wlowe_nergy plas mperatures (<< 1 eV) measured nevertheless support the
electrons to attach, like sulfur hexaflouride, rapidly consume oo decay mechanism. A similar analysis in the O
the !ow energy plasma electrons and_ form negative ion ischarge (using [8} = 2.4x1GX[T ]°9) results in the same
leaving only hotter plasma electrons which have low prObab'l_éfterglow temperature, which is slightly higher than the mea-

ity of attachment. In these plasmas when the electron densg red 0.15 eV temperature derived from probe measurements.
drops to < 0.1% the negative ion density, the plasma potentia

drops to ~ 0 V as positive and negative ion currents beconmassllon Energy Analyzer

comparable. In atomic gases, dominant ion species at the stage are the

arent atom followed by ~ 5% of the doubly ionized atom. In

Once the e-beam is turned off, the source of 'On'zat'oﬁolecular gases (zQ’r Nz)' the atomic ion is dominant with

fjlsappear’s and the_ plasma (_Jle_cays_or is said to be in a0 being the molecular ion. This is presumably due to
afterglow’. In atomic gases, it is believed that the plasma
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dissociative ionization directly from the electron beam, al-
though the probability of this ionization mechanism does not [ 9
account for such disproportionate ratios. When gases are -

mixed, ion species are commensurate with the relative gas
density, as shown in Figure 5 where relative ion species are
given as the background gas is changed from pure argon to
pure nitrogen. Secondary ions are also shown on the sa
scale with similarly filled/open symbols as the dominant ion. ¥
It can be easily seen that dominant ion increases monotorlz
cally with gas concentration. Such control over ion flux i%
contrary to conventional discharges where the dominant i
species is determined by the lowest ionization threshold a
not gas mixture.

ION INTEN:
O -
[ %]
—+ 3
l -5

1.0 -
) - 4
N 08 -
E leV
8 06 1 [ 2eV ]
5 0.4 - N 3V X ]
% 0 200 400 600 800 1000 1200 1400
=02 . TIME (ps)
0.0 . Figure 6: Temporally and energy-resolved ion fluxes mea-
sured in an electron-beam produced oxygen plasma.

%N,

Processing Tests on Photoresist Material

Figure 5: lon fluxes measured for an electron-beam producéf order to further investigate these plasma characteristics and

p|asma as feedstock gas is Changed from argon to nitrogeﬁ:y to control them effectively, surface modification tests were
carried out in the aluminum vacuum chamber with a 55 mtorr

oxygen plasma. Because of the very low ion energies, no

The energy of the incident ions measured was also quif8aterialremovalwas seen atroom temperature with agrounded
different from conventional discharges. With the energysubstrate. By applying an rf bias to the stage, the additional
passband of the EQP fixed at discrete values and single-i@fergy imparted to the ions appeared to stimulate the desorp-
counting over very small time intervals, the data in Figure ¢ion of volatile species, whose removal rate increased nearly
were acquired for a one millisecond e-beam pulse. Upolinearly as the stage bias was increased to —100 V. Poor
ignition of the plasma, a large flux of high energy (3 eV) iongdattern transfer (or anisotropy) was seen at low ion energies
is seen, then rapidly decreases. A similar spike is seen hit became quite good above —75 V.

electron temperature and density (cf. Figure 4). The signal for

lower energy ions (1 eV) build up (or reach the analyzer) latefypically hydrocarbon film removal with oxygen plasmas in
during the pulse, becoming the largest fraction. These iogonventional plasma sources is carried out without additional
energies are commensurate with the measured plasma potéHbstrate biasing, but plasma potentials are also much larger
tials (~1 V) as expected — the ions can only get energies §0-20 V) and rapidly heat the surface of the sample as well,
large as the plasma’s internal fields. (In conventional sourceB0th of which may stimulate surface activation. In order to
p|asma potentia|s are typ|ca||y an order of magnitude |argé}letermine whether surface reactions were neutral ml,l,@

and therefore ions hit surfaces with significantly more enlimited, the oxygen was removed from the gas mixture and
ergy_) After the pu|se' the atomic ions rap|d|y Charge exreplaced with argon while the substrate bias was kept at -50
change with background gas to form molecular ions. All ol (@and 10% duty factor). The results are shown in Figure 7.

the molecular ions in turn recombine with plasma electrons d&is seen that the oxygen partial pressure drops to below 20%
seen previously in the Langmuir probe results. before an appreciable drop in removal rate is noticed. Thus,
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surface coverage is complete above 20%p#tial pressure make electron beam sources interesting prospects for materi-
and it does not appear that the ion species are as importantds modification especially where low energies and control of
ion energy. thermal properties are important process parameters.
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