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Time-resolved ion flux measurements in pulsed, electron-beam-generated plasmas
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Time-resolved ion flux and energy distributions were measured at an electrode located adjacent to pulsed,
electron-beam-generated plasmas in argon and oxygen. Temporal variations in the incidedt Aand Q*
energy and flux were correlated to changes in the electron temperature and plasma density. The decay time of
the oxygen plasma is found to be shorter than that of the argon plasma, which is understood by considering the
different loss mechanisms of each ion species.
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Pulsed plasmas have been investigated for some time amtifferentially pumped and consists of an electrostatic ion-
are thought to be well suited for certain materials processingnergy analyze{ESA) in series with a quadrupole mass
applications[1,2]. For this reason, experiments involving spectrometefQMS). lons enter the probe through a 12t
pulsed plasmas are numerous and not limited to a speciﬁ@iameter aperture located in the center of the electrode. lons
type of sourcg3—7]. One attractive feature of pulsed sys- passing through the aperture are first energy selected and
tems is the added control over the ion flux at the surfacethen mass filtered prior to detection by a channeltron
which is introduced by taking advantage of the modulationssecondary-electron multipliglSSEM). The ESA selects ions
in electron temperature, plasma density, and species profilesf a given energye = AE/2, whereAE is the resolution of
In this work, we report the results of investigations usingthe ESA.
pulsed, electron-beam-generated plasmas in argon and oxy- Measurements were carried out using both a fixed and
gen. The experiments were performed in the Naval Researcdtanning gate on the probe outpl8EM) such that only
Laboratory’s large area plasma processing sys§@mvhich those ions arriving during the gate period were counted. To
utilizes a well-collimated, high-energy electron beam to ion-achieve a reasonable signal-to-noise ratio, the signal was ac-
ize the background gas and thus produce a plasma. Electrogumulated over several hundred pulses. The probe was not
beam-generated plasmas have several unique feffyi€} ~ calibrated to determine the flux at the electrode surface from
including high densities and cold electron distributions overthe reported signal intensity. However, it is reasonable to
the volume of the beam. In previous experimefits] we compare relative signal intensities when the probe settings
have measured plasma densities above @ 2 and elec- are held constant for a given set of experimental parameters.
tron temperatures less than 1.5 eV. Outside the beam, the
outwardly diffusing plasma interacts with the background Helmholtz Coil 5 = Helmholtz Coil
gas and remotely located electrodés substrateds We REEERREREER REBEREEEREE
present time-resolved ion energy distributions and flux mea-
surements at a grounded electrode surface located adjacent tc
the beam. The results are correlated to the fundamental Hollow
plasma parameters and demonstrate the role of simple gas-Cathode
phase kinetics in the plasma decay.

The experimental apparatus, schematically represented in
Fig. 1, has been described elsewhgt2], and will only be
briefly discussed here. The electron beam is produced by a
long hollow-cathode discharggl3]. The emergent beam, ..
collimated by a 150 G magnetic field, passed through a slot pgeq
in a grounded anode and then terminated at a grounded bearr
dump. The electron beam volume between the slotted anode Bellows
and dump defines the plasma source region. For all measure- lon Gauge_
ments reported here, the beam pulse was 1.0 ms long with a
repetition rate of 33 Hz, and the beam energy was nominally ams
1.0 kV. Pulsed plasmas were produced in either 90 mTorr of SEM
argon or 60 mTorr of oxygen.

lon flux and energy distributions were measured at a
stainless steel electrode located 1.0 cm from the beam edge
using Hiden’s EQP 300 Plasma Proffég. 1). The probe is
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FIG. 1. Schematic diagram of the reactor and the plasma probe.
*Permanent address: SFA, Inc., Largo, Maryland 20774. ElecThe probe consists of an energy analyzer in series with a mass
tronic address: sgwalton@ccs.nrl.navy.mil spectrometer.
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FIG. 2. Kinetic-energy distributions of Ar (triangles and O
(circles sampled 1.0 cm from pulsed, electron-beam-generated FiG, 4. Time-resolved O flux measurements at various inci-

plasmas in 90 mTorr of argon and 60 mTorr of oxygen, respectivelygent ion energieg+0.5 eV) for pulsed plasmas in 60 mTorr of
The distributions are accumulated during the steady-state period @fyygen.

the plasmaopen symbolsand over all times for which there is a

significant flux(solid symbol. and resolution(see figure captionsthe sum is an accurate

representation of the total time-resolved flux.

Shown in Fig. 2 are the Arand O" energy distributions The shape and average energy of the distributions in Fig.
accumulated over two fixed gate time periods. The first pe2 depend upon the time over which the distributions are ac-
riod extended from 20Qus to 1.0 ms, i.e., only while the cumulated, indicating that the incident ion flux and energy
electron beam was on and the plasma was in steady state. Farne time dependent. The details of these time dependencies
the second period, the time window was expanded to includare evident in the time-resolved flux measurements of Figs. 3
all times for which there was a significant flux, that is to say,and 4, and the features of each energy distribution are readily
the entire “active glow” and “afterglow” periods. correlated with these flux measurements. In argon, for ex-

The time- and energy-resolved flux of each ion species immple, when longer accumulation periods are used, the low-
shown in Figs. 3 and 4. For these measurements, the ES#nergy componer(t<3.0 eV) of the Ar* distribution(Fig. 2)
was set to pass a fixed energy AE/2) and the SEM signal is attributed to the flux of ions that peaks in intensity for
was monitored by a scanning, gated pulse counter. The flusimes longer than 1.0 ms. In oxygen, the bias toward higher
was accumulated during a 1@s gate that was scanned in energies in the O distribution (Fig. 2) results from the in-
steps of 10us. Note that the zero of the abscissa is definecclusion of ions arriving in times less than 2. In both
by the front of the hollow-cathode pulse and the data arg@lasmas, the energy is found to reach a maximum early in
offset, in part, by the ion transit time in the probe45 us  time and then decay to a constant value during the pulse.
for O" and ~70 us for Ar"). Shown in Fig. 5 is the total After the beam is extinguished, the energies decrease and the
time-resolved flux of each ion, which is approximated byion signal decays.
summing the time- and energy-resolved signals of Figs. 3 Consider now the relationship of the measured quantities
and 4. Here we have assumed that, given the energy steps the fundamental plasma properties, namely, the electron

temperature T,) and the plasma densityng). For a colli-
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FIG. 3. Time-resolved At flux measurements at various inci-

dent ion energie$+0.25 e\) for pulsed plasmas in 90 mTorr of

FIG. 5. The time-resolved, total ion flux of Ay O*, and Q*.

argon. The dashed line indicates the end of the electron beam pul3de total flux is estimated by summing the time- and energy-
(t=1.0 ms).

resolved fluxes from Figs. 3 and 4.
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sionless sheath, the incident ion enekjyis determined by dn,

the ion kinetic energy at the presheath-sheath boukgary at —kKenen; — BN (4)

and the potential drop across the shedih and is given by

[14] WhereB=[kcng+(Dai/I2)]. For the dominant ion species,
we can seh;=n, and then directly integrate E¢4) to ob-

Ei=EpsteVe=kT[1/2+InyM;/27m,], () tain

wherek is Boltzmann’s constaniyl; is the ion mass, anih, 1 (nedk.n+B)

is the electron mass. In separate experimglitf the steady- t(n)=— |n<L 7 (5)

stateT, is found to be~1.0 eV in argon and<0.3 eV in B\ ni(knsst B)

oxygen. The maximum ion energies in the energy distribu- . .
tions taken during the steady stdféig. 2) agree with these vyhere Nss=ni(0) is the steady-st.ate plasma density. The
values according to Eql). Possible causes for the spread in iMe for ni(t) to drop by onee-fold is therefore

energies below the maximum value are spatial and temporal

variations inT, and collisions within the sheath. . zlln o ﬁ+ B o+ B ®
The ion fluxT’; leaving the plasma can be expressed as ¢ B e ng " ngg |
[15]

In order to compute the decay timg, we need to deter-
[i=Te=n.Up=AnyVKTe/M;, (2)  Minengs, k., andB. The steady-state plasma density has
been measured under similar conditigd4] and was found
whereu,=(kT./M;)? is the Bohm velocity and is the  to bengg~10' cm 2. The electron-ion recombination rate
number density at the presheath-sheath boundary which @oefficient is small for atomic ion®22] compared to that for
assumed to be proportional to the bulk plasma density ( molecular ions[23]: k,~10 B cm®s™! for Ar™ and O
=An,) [16]. versusk,~10 8 cm®s ! for O,". Magnetization of the
By correlating the ion energies and signal intensities withplasma electrons reduces the ambipolar diffusion coefficient
the electron temperature and plasma density from Efs. [24] to a value ofD,;~10° cn? s ! for all ions of interest
and (2), we can infer a time-dependent description of theand it is assumed to be nearly constant over the time range
plasma. From the ion energies, the electron temperatureonsidered. Considering only destructive charge exchange
spikes early in time and then settles to a steady-state valueeactions and ignoring all interactions with impurities, the
During this time, the ion flux and the plasma density build toreaction of interest here (G- 0,—O+0,") has a rate co-
steady-state values. Once the beam is turned off, the electraificient[23] of k.~10 't cm®s 2.
temperature and the plasma density decay. Similar behavior For Ar* and O", k,<B/nssand therefore Eq6) reduces
has been observed in other pulsed plasmas in oxy§jéh to
and argor{7,18] and is compatible with global mode]45]
and simulation$19] employed to describe such plasmas. o~ 1IB. (7)
While the variations in the ion flux for oxygen and argon
plasmas are qualitatively similar, the time scales differ. Thisror Ar*, diffusion is the dominant loss mechanism since
is well illustrated in the total ion flux measuremefisg. 5  there is no destruction via charge exchange, and fus
and in particular by the characteristic decay times of the~(D,;/1?)~10°> s %. In contrast, charge exchange is the
signal. The decay time for the Arsignal is greater than the dominant loss mechanism for 'O where B~keng
decay times for both the Oand G *, which differ as well.  ~10* s™%. For O,", charge exchange is not important but
These differences may be understood in terms of the diffuelectron-ion recombination is, depending on the plasma den-
sion, electron-ion recombination, and charge exchange ratesity ngg. Assumingngs~10t cm 3~ (D,;/1%k,), and thus
Note that in these oxygen plasmas, the formation of negativéor O,* Eq. (6) reduces to
ions is negligible[20] and so, unlike other electronegative

plasmag15,21], negative ions have no impact on the plasma 1 [1+e 1
decay. Te™ —In T ~ 2—, (8)
To understand the plasma decay, consider the evolution of B B
the densityn;(t) for a given ion speciesi]: where 8~ (D,;/1%). Using Egs.(7) and(8) we find the fol-
lowing:
dr'|i Dai
E:S_krneni_kcngni_l_zni ) (©)) N 5
To(Ar7)~19/D,4=1.0 ms, 9

where S; is the gas ionization rate, is the electron-ion

recombination coefficientk. is the ion destruction coeffi- 7e(0")~(keng) 1~0.1 ms, (10
cient due to charge exchand®,; is the ambipolar diffusion

constant| is the source-electrode distancg, is the neutral and

density, andh,, is the electron density. If the beam is turned

off at t=0, Eq.(3) reduces to, 7o(0, ") ~12/2D,;;~0.5 ms. (12)
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The decay times from Eqg9)—(11) are in qualitative In summary, time-resolved ion energy distributions and
agreement with the decay in ion intensity observed in Fig. 5ion fluxes from pulsed, electron-beam-produced plasmas in
where 7(Art)>7,(0,")>7,(0"). The differences be- argon and oxygen were measured and used to develop a tem-

tween the calculated and measured values are presumatﬁa(?raI profile of each plasma. The observed plasma decay was
und to agree with a simple description based on gas-phase

due to the est'lmates a”‘?' apprommaﬂop; used. In argon, f%netics. In argon, the decay is dominated by diffusion while
example, using a diffusion coefficient ofDa~3 iy oxygen, electron-ion recombination and charge exchange
X 10° cn?s™t in Eq. (9) would give better agreement with reactions are significant. In the future, we expect a more
the observed decay. We have also assumed a constant eleiggorous approach will allow us to account for all time-
tron temperature, which impacts the diffusion coefficients independent features and the interactions within pulsed,
both plasmas and the electron-ion recombination rate in thelectron-beam-generated plasmas.

oxygen plasma. Nonetheless, the results are useful in under- This work was supported by the Office of Naval Re-
standing how the various reactions influence the plasmagearch. D.D.B. gratefully acknowledges the support of the
decay. National Research Council.
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