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Heating Mode Transition Induced by a Magnetic Field in a Capacitive rf Discharge
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We show that a recently proposed pressure model of collisionless heating in capacitive rf discharges
predicts that a small magnetic field- {0 G) applied transverse to the electric field will induce a heating
mode transition from a pressure-heating dominated state to an Ohmic-heating dominated state. This
prediction is confirmed by kinetic simulations and experiments.

PACS numbers: 52.50.Gj, 52.65.Rr

Under appropriate conditions a capacitive rf dischargesollisionless to Ohmic heating mode transition analogous
can be excited in large part by a collisionless electrorto the one that can be induced by increasing the discharge
heating mechanism, long believed to be a stochastic irnpressure [7].
teraction between the discharge electrons and the time- The generalization of the pressure heating model of [5]
varying electric fields that are found in the plasma sheathso a magnetized discharge consists essentially of introduc-
The sheaths in a capacitive discharge present a potentigg the magnetic field into the force terms in the momen-
barrier that is large compared to the typical energies ofum and energy balance equations, and a magnetic-field
plasma electrons, so when an electron enters a sheatlependent electron thermal conductivityinto the energy
it is likely to be reflected back into the plasma. Sincebalance equation such that
the sheath fields vary in time, the interaction between the _ 2/ 2
electron and the sheath is usually not conservative and the ke()/Ke(we) =1 + /v, (1)
electron can gain or lose energy. Under certain assumpvhere «.(0) = kgT./m,v,, v, is the electron neutral
tions the energy change can be shown to be positive on thellision frequency,T, is the electron temperature,.
average [1-4]. This model of the electron-sheath interads the angular electron cyclotron frequency, aag is
tion is appealing—indeed almost compelling. Howeverthe angular driving frequency. The analysis of [5] can
in [5] we brought it in question: We constructed a modelbe repeated for these generalized equations. We find the
plasma with periodic boundary conditions but other-generalized result for the ratio of the time-averaged and
wise analogous to a capacitive discharge plasma and wapace-integrated pressure heating and Ohmic heating to be
showed that collisionless heating persisted in the moddtf. Eq. (6) of [5]]
system. We further showed that the collisionless heating P ressure 5 L
could be associated with the compression and rarefaction PEEE = = 20+ y2eAr] 2)
of electrons flowing through the inhomogeneous plasma. Ponmic 16 xo
This effect we described as pressure heating. These rithere L is the half-width of the dischargey is a pa-
sults show that the collisionless heating remains when theameter (defined exactly in [5]) characterizing the space
sheath fields are absent, and therefore that the stochasélgpendence of the electron density and time-averaged elec-
heating model is at least incomplete. (Note that we her&On temperature = 3w;x3 /8% (0), y = 1 + w?/72,
use the term “collisionless heating” to refer to the un-I' = 1 + w?/(w} + 72), and the barred quantities are
doubted phenomenon, and “stochastic heating” and “presspace and time averaged. Equation (2) shows that the ra-
sure heating” to describe contending explanatory modelstjo of pressure heating to Ohmic heating goes rapidly to
In this Letter we extend this argument to show that thezero when some threshold magnetic field is exceeded, since
pressure heating model predicts a novel effect—the 0CPpressure/Ponmic ~ @, ° for w. sufficiently large. The ab-
currence of a heating mode transition in the presence of golute magnitude of the pressure heating also diminishes
weak magnetic field. The pressure heating model implieg@s the magnetic field is increased. The stochastic heating
that the collisionless heating component can be essempodel has also been generalized for the magnetized case
tially removed by a transverse magnetic field of as little adn [6], with the result that

10 G. This is of interest in itself and because a generaliza- 1 w w
tion of the stochastic heating model predictseaance-  Pstochastic = 5 Menev|ugl® ﬁ (Ve + —C>
mentof collisionless heating in the presence of a magnetic 7(v; + o) 7
field [6]. We have explored this issue both experimentally (3)

and using kinetic simulations. The results are consistenvhere i, is the sheath edge velocity amplitude ang

with the pressure model predictions—we find no indica-is the electron thermal speed, so that whenis large
tions of enhanced collisionless heating when the magnetiBgochastic ~ wﬁ and Pgochastic/Ponmic 1S independent of
field is applied. On the contrary, we find evidence of athe magnetic field, since in the cases we consider here the
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variations ofu; and vy, are relatively unimportant. Al- into the three parts denoted in Fig. 2, which shows that the
though this expression is not valid for weak magnetic fieldscollisionless heating component indeed diminishes mono-
with w. < w., v, Wwe should expect to find enhanced sto-tonically as the magnetic field is increased. The absolute
chastic heating whew, = w, v,. value of the ratio given by Eq. (2) is in only fair agree-
Our simulation is based on the particle in cell algorithmment with the simulation results; from the simulation we
with Monte Carlo collisions (PIC-MCC) [8—10], as in [5]. havePo1iisiontess/ Ponmic ~ 2 in the absence of the mag-
The results we discuss here were obtained from a boundetbtic field but when appropriate parameters are inserted
simulation extended along theaxis with a uniform mag- into Eq. (2) we findPpresqure /Pormic ~ 1. Given that the
netic field applied in the direction and no fields in the plasma density and temperature profiles assumed in the
y direction. Collision frequencies appropriate for a dis-derivation of Eq. (2) are approximations limited in accu-
charge in argon gas at 10 mTorr were used in the Monteacy by the functional forms of.(x) and7.(x) adopted
Carlo collision handler. The electrodes were assumed tm [5], this is reasonable agreement. The parametric varia-
absorb all incident particles, and the discharge was drivetion with the magnetic field is in much better agreement
by a current source with an amplitude ®fmAcm 2  as Fig. 3 indicates. The magnetic field induces a heating
at angular frequencyw,s = 27 X 13.56 MHz. We se- model transition analogous to the effect of increasing the
lected the numerical parameters to satisfy the usual stabipressure [7], and the analogy extends to the change in the
ity and accuracy conditions for explicit PIC codes [8,10].character of the electron energy distribution function which
Figure 1 shows the time-averaged electron heating as lzas the well-known bi-Maxwellian form [7,12] when the
function of the applied magnetic field. It is clear that theB field is absent and changes to a Druyvestyn-like shape
bulk heating increases monotonically with the magnetionith a sharp increase in the effective temperature when
field while the heating in the sheath regions varies in ghe magnetic field is applied. This transformation of the
more complicated way. The heating in the sheath regionslectron energy distribution function can be seen in experi-
is not entirely collisionless; we need to separate the comments [13]. It may seem surprising that there is no overt
ponents due to different processes to obtain a clear picturadication of the electron cyclotron resonance in these data,
The total heating in this bounded system may be regardédout the resonance appears in the electric field in the bulk
as composed of the collisionless heating, Ohmic heatingglasma, shown in Fig. 4, which passes through a mini-
and evaporation cooling associated with the escape of elemum atw. = w,¢. This feature is less clear in the analytic
trons to the walls. The Ohmic heating can be calculatednodel results (also shown in Fig. 4), in which the electric
using the Langevin conductivity while the cooling term canfield connected with the pressure effect masks the electron
be estimated by noting that the majority of electrons thatyclotron resonance.
escape do so when a sheath is fully collapsed, or nearly so.
At this time the potential between the bulk plasma and the

wall is approximately the floating potential [11]. Hence we 6 . . . .
can separate the time-averaged and space-integrated power
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- S = ered to the electrons as a function of the applied magnetic
= /2//5 N W % field expressed as the ratio of the cyclotron frequesagyto the
S T se / driving frequencyw,;. The solid line shows the total power,

the dashed line shows the evaporation cooling t€,oration
FIG. 1. Results from the PIC-MCC simulation described inthe dotted line shows the collisionless heatifg,jisionless,
the text. The time-averaged electron heatifdg- E) as a and the dot-dashed line shows the Ohmic heating ®gmic -
function of applied magnetic field expressed as the ratio of théill the component terms are computed as described in the text;
cyclotron frequencyw, to the driving frequencyo,s. the total power is taken directly from the PIC-MCC simulation.
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FIG. 3. The ratio of the collisionless heatim,isionless 1O FIG. 5. Experimental measurements (symbols) of the effec-
the Ohmic heatingPonmic arbitrarily normalized at the origin. tive electron temperatur@, at the midplane of the discharge
The solid line is the pressure-heating prediction from Eq. (2)compared with the results of PIC-MCC simulation (solid line),
and the symbols denote the ratio of the simulation results showfor the experimental conditions described in the text.
aSPcullisionless andPOhmic in Flg 2

the vacuum chamber. While the magnetic field was varied
The experiments were performed on a capacitively couthe plasma was characterized using tuned Langmuir probes
pled rf discharge formed in 10 mTorr of argon betweenand a microwave interferometer [14]. Here we report only
a pair of plane stainless steel electrodes of approximatelhe most essential results; details have appeared elsewhere
10 cm radius and 7.5 cm separation. One electrode wgs3]. In Fig. 5 we show the effective electron tempera-
grounded while the other was driven with a rf voltage at &ure measured by the Langmuir probe, compared with the
frequency of 13.56 MHz. The voltage was adjusted durresults of a PIC-MCC simulation with parameters appro-

ing the experiments to maintain a constant current of 1 Apriate to the experiment. There is evidently a sharp rise in
Both electrodes were enclosed in a stainless steel vacuufie temperature produced by the magnetic field, with good
chamber. A continuously variable and approximately uni-agreement between simulation and experiment. Figure 6
form magnetic field was applied to the discharge regiorshows the electron density measured by the Langmuir
using a pair of Tesla coils, the arrangement of which deprobe and by microwave interferometry. These data show

livered magnetic fields of up to 20 G; larger fields werea collapse in the electron density that the simulation does
produced by applying permanent magnets to the outside of
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FIG. 6. Experimental measurements of the electron density at
FIG. 4. The amplitude of the electric field at the dischargethe discharge midplane using the Langmuir probe (triangles)
midplane, from pressure-heating theory (solid line) and theand the microwave interferometer (diamonds), for the experi-

mental conditi

ons described in the text.
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not predict adequately. We note that this problem occurpredicted for stochastic heating [6]. In spite of successes
also in simulations of unmagnetized discharges when &e.qg., the excellent agreement with experiments of [4]), the
heating mode transition threshold is crossed [12], and hergtochastic heating model is therefore in difficulty. We note
magnetic confinement effects contribute and are exaggein closing that the results in this Letter have another im-
ated by the use of a one dimensional simulation. Therglication: We have shown that a capacitive rf discharge is
is a striking parallel between these experimental resultmeasurably perturbed by a magnetic field less than an order
and those of [7], where the pressure induced heating mods magnitude larger than the geomagnetic field. It is not
transition was first reported. It seems inevitable that welifficult to inadvertently produce such a field. Evidently,
should interpret our data as showing a heating mode trarcare needs to be taken to ensure that this does not occur in
sition also—the one predicted above by the pressure modgptecision experiments.
of the collisionless heating mechanism. We have extended
our computational and experimental investigations to mag-
netic fields substantially larger than those reported here (UR1] v. A. Godyak, Soviet Radio Frequency Discharge Re-
to ~100 G) and we have not found any evidence for col- search(Delphic Associates, Inc., Falls Church, VA, 1986).
lisionless heating scaling according to Eq. (3). [2] M. A. Lieberman, IEEE Trans. Plasma StB, 638 (1988).

These results have a significance that goes further tharj3] 1. D. Kaganovich and L.D. Tsendin, IEEE Trans. Plasma
the theory of magnetized capacitive discharges. Orthodox  Sci. 20, 86 (1992).
stochastic heating models applicable to unmagnetized dis{4] B.P. Wood, M.A. Lieberman, and A.J. Lichtenberg,
charges [1-4] locate the electron heating at the sheath edge  'EEE Trans. Plasma Sc23, 89 (1995).
and associate it with the large electric fields that occur in [2] M-M. Tumer, Phys. Rev. Letf75, 1312 (1995).
the sheath. Consequently, it is usually thought permissiblel®] M-A- Lieberman, A.J. Lichtenberg, and S. E. Savas, IEEE
to neglect the relatively weak electric fields in the plasma Jrans. Plasma Scl9, 189 (1991).

. calf . {7] V.A. Godyak and R.B. Piejak, Phys. Rev. Lef5, 996
adjacent to the sheath, and nearly all non-self-consisten (1990).
treatments do neglect these fields. Against this view, weg] ¢ k. Birdsall and A.B. LangdonPlasma Physics via
showed in [5] that these presheath fields are responsible for * computer SimulatiogAdam Hilger, Bristol, 1991).
the powerful collisionless heating process that we called[9] C.K. Birdsall, IEEE Trans. Plasma Sdi9, 65 (1991).
pressure heating. This conclusion was somewhat presaggid] R. W. Hockney and J. W. Eastwoo@pmputer Simulation
in [15,16]. The pressure heating mechanism was shown Using Particles(Adam Hilger, Bristol, 1988).
[5]to account for at least a large fraction of the collisionlesd11] D. Vender and R.W. Boswell, IEEE Trans. Plasma Sci.
heating that is observed in capacitive rf discharges. How- 18 725 (1990).
ever, it remained as a possibility that there are two heat?] éggg)hed' et al,
ing mechanlsm.s, and that some.of the coII|_5|0nIess heatin 3] D.A.W. Hutchinson, M.M. Turner, R.A. Doyle, and
could be described as stochastic. ‘We believe that the r€="" \1.B. Hopkins, IEEE Trans. Plasma S&3, 636 (1995).
§ults of the present Letter subst_antlally re_dgce the rémaif 41 | 3. Overzet and M. B. Hopkins, J. Appl. Phy#s, 4323
ing scope for this case. If there is any collisionless heating ~ (1993).
that is not pressure heating, we have shown that it has §a5] M. Surendra and M. Dalvie, Phys. Rev4B, 3914 (1993).
scale in the presence of a magnetic field in a way consigi6] M. Surendra and D. Vender, Appl. Phys. Le#5, 153
tent with Eg. (2) and this is not the scaling that is presently ~ (1994).
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