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Pulsed inductively coupled plasmdKCP9 sustained in electronegative gas mixtures using a
substrate bias are being investigated to achieve improved etching characteristics in microelectronics
fabrication. Experiments have shown that electron temperatures in pulsed ICPs without a substrate
bias monotonically decrease during the afterglow. Under select conditions with a substrate bias,
electron temperatures increase in the late afterglow. These trends suggest a transition in power
deposition from inductive to capacitive. To investigate these processes, a two-dimensional,
computationally parallel model was developed for pulsed ICPs. Resultsfptadsimas indicate that

with a substrate bias the sheath thickness and speed, and hence electron heating, increase during the
afterglow as the electron density decays. When the sheath reaches a critical thickness, capacitive
electron heating begins. @001 American Institute of Physic§DOI: 10.1063/1.1406139

High plasma density sources are widely used to definén the activeglow with or without the substrate bias were
fine features in microelectronics fabricatibh.As device  similar.
sizes continue to decrease, undesirable characteristics such as A moderately parallel implementation of the Hybrid
notching become more pronounceNotching, thought to be  Plasma Equipment ModelHPEM) was used in this
due to differential charging in features, may be alleviated ifinvestigatiorf The parallel mode{HPEM-P employs “task
negative ions can be injected into the feature to neutl’a”Z@arallelism" using compiler directives provided DPENMP
charge deposited by positive ions. Experiments have showfref. 9 to concurrently execute different modules of the
that pulsed electronegative plasmas may perform thiypEM on three processors of a symmetric multiprocessor
function®~* Many previous studies have addressed pulse¢omputer having shared memory. The modules are: the Elec-
inductively coupled plasmadCPs in the absence of sub-  tromagnetics ModuléEMM); the Electron Energy Transport
strate biases and found that the plasma transitions from apoqyle (EETM); and the Fluid Kinetics ModuléFKM). In
electron—ion to an ion—ion plasma commensurate with & degging so, parameters from the different modules can be ex-

cay in the pIa§r7na potential and electron temperature duringngeq on a frequent and, in some cases, arbitrarily speci-
the afterglow’®" This transition bodes well for being able to fied basis without interrupting the time-evolving calculation

extract negative ions, however, the use of a substrate bias b%ing performed in any other module. For example, the
additionally required to accelerate the negative ions into fea- : '

. ) . dpla:sma conductivity and electron collision frequency are
tures. In this regard Malyshev and Donnely investigate Lontinuously undated in the EKM. These parameters are
pulsed ICPs in 10 mTorr Glat 300 W with a continuous y up ' P

radio frequency(rf) substrate bia$.They found that there available in shared memory where they are accessed by the

was no significant difference in plasma characteristics withEM'VI to produce nearly continuous updates of the electro-

or without the rf bias during the ICP power-on pericat- magnetic fields. These fields are then made immediately
tiveglow). However, with a 12.5 MHz bias, during the ICP available to the EETM through shared memor_y, along with
power-off period (afterglow the electron temperature in- parameters from the FKM, to update electron-impact source

creased rapidly after having dropped in the early aftergbw_functions and transport coefficiepts. These parameters are
In this letter, results from our computational investiga- then transferred to the FKM, again through shared memory,

tion of Cl, pulsed ICPs with and without a continuous rf @S they are updated to compute densities, fluxes, and electro-
substrate bias are presented. The results of our model quaftatic fields. The hierarchy captures long-term transients by
tatively agree with the experiments by Malyshev anddirectly interfacing short plasma time scales with long-term
Donnelyf1 We found that the electron temperature drops inneutral time scales. The HPEM-P options we used are conti-
the early afterglow. However, as a result of a decreasinguity, momentum, and energy equations for all neutral and
electron density, the sheath thickens thereby producing morien species, a semi-implicit solution of Poisson’s equation
electron heating. When the sheath exceeds a critical thickising a drift-diffusion formulation for electron continuity,
ness and heating rate in the late afterglow, an increase in trend the Electron Monte Carlo Simulation of the EETM,
electron temperature is then produced. The plasma propertigghich resolves the electron energy distributions in two di-
mensions as a function of time.

aEectronic mail: subramon@uiuc.edu We investigated pulsed. £plasmas with and without a
YElectronic mail: mjk@uiuc.edu continuous rf substrate bias. The ICP reactor geometry,
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/Coils nies the decrease if,. The decay im, is more rapid with-
out the bias, a difference attributed to the more positive time-

averaged plasma potential with the bias. The decap.n

with a bias significantly slows with an increaseTig late in

24

18

g Reference the afterglow. If the afterglow is extended to a few 10§,

= 12|/ Point Nozzle N, attains a quasisteady state corresponding to a capacitively

2 Wafer coupled discharge.

- | Electrode T, during the steady state of the activeglow is nearly the
same, 2.5-3 eV, with or without the bias. When the ICP

power is first turned onT, peaks in both cases, a conse-
quence of power being deposited into the initially smaller
inventory of electrons remaining at the end of the previous
1011 afterglow. A higherT, is required for the smaller inventory
of electrons to dissipate the desired power. The pedk, iis
~9 eV without the bias and 5 eV with the bias, a conse-
guence of the smaller electron inventory at the end of the
afterglow without a bias. During the first 2&s of the after-
glow, T, monotonically decreases in both cases, a result of
electron thermalization in the absence of ICP heating and
diffusion cooling. During this time, the electron density is
still sufficiently large, and sheath thickness sufficiently
small, that sheath heating by the bias is not important. There-
S fore, there is little difference i, with or without the bias.
b) o 20 40 60 80 100 T, in the late afterglow is quite different with and with-
Time (us) out the bias. Without the bia3, continues to fall until ther-
6.0 : : : —— 1011 malizing with the gas, accompanied by a monotonic decrease
' in the plasma potential. After 2as into the afterglow with
the bias, T, begins to increase. Recall that sheath heating
scales with the square of sheath spegdthe sheath thick-
ness\ scales as, 2 and vs~w\.' (w is the bias fre-
qguency) The total rate of sheath heatihy therefore, scales
asH~v§ne, which is then not a function af,. The specific
heating rateg(power per electron h, scales a#d/ng~1/n,.
Therefore, as, decays, primarily by dissociative attachment
to Cl,, sheath thickness increases, producing an increase in
vs and a net increase in specific heating tat&his results in
© 2 & 101008 an increase ir(or slowing in the rate of decrease)df,.
Time (us) Whenh is sufficiently large . sufficiently small in the late
6. 1. Electron densit it wre 10 mTor with afterglow that sheath heating exceeds the rate of collisional
e o o 0S5, T Inreases. Resuls from the model Ty and, are
gas flow rate of 100 sccm with and without substrate hiasSchematic of ~ cOmpared with the experiments by Malyshev and Dorthely
the ICP reactortb) comparison of model predictions with measurements by in Fig. 1. The experimental trends are well captured.
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M_alyshev and Donne_l)(see Ref. % at the ref_erence point shown (@) T, with a bias at different times during the power on-
without a substrate bias; ar(d) electron density and temperature with a . . . . .
substrate bia250 V). and-off cycle is shown in Fig. 2. After 4s into the active-

glow T, peaks near the coils with an extended skin depth due

shown in Fig. 1a), is based on the experiments of Malyshevtol the quy initial electron densit.y.. At this early time, is

and Donnely The base case conditions are 10 mTorr, time-Still sufficiently small, and\ sufficiently large, that sheath
averaged ICP power of 300 \{peak power 600 Wat 10 heating is still important and there is a second peaITgn
MHz, continuous substrate bias of amplitude 250 V at 107€ar the substrate. After 10s, n. has started to increase,
MHz (approximately 70 W time averageculse repetition thereby reducing. andh , and soT, near the substrate de-
frequency(PRP of 10 kHz, and duty cycle of 50%. The creasesT, peaks only under the coil in a more confined
electron temperatureT¢) and density ) as a function of ~region due to the shorter skin depth. At 45 in the late
time at the reference point without and with a substrate biagctiveglow, the peak ifT, has decreased due to the larger
are shown in Fig. 1 compared to the results of Malyshev andle, Which is able to dissipate the desired power at a lower
Donnely? The ramp-up im, during the activeglow is similar temperatureT, is also more uniform due to the higher ther-
in both cases, reaching a maximum-e8x 10'°cm 2 atthe =~ mal conductivity. Sheath heating at the substrate is negligible
end of the power-on perio0 us). Upon termination of the due to the highn, and small\. At 80 us (35 us into the
power,n, rapidly decays, largely due to the decrease in ion-afterglow, T, is low throughout the reactor in the absence of

ization and increase in attachment to,Glvhich accompa- ICP heating.n, is still sufficiently large(and N smal) that
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FIG. 3. The onset time for the capacitive mode, as indicated by a sharp
increase in electron temperature, as a function of rf bias amplitude for ICP
powers of 450 and 600 W. The ICP power is turned off at&0

onset of the capacitive mode as a function of bias voltage
amplitude.(The afterglow begins at 5@s. Larger biases
produce capacitive heating at shorter times. The afterglow is
not long enough for the onset of the capacitive mode with
biases less than 50 V. With a larger ICP powgrat the end

of the activeglow is larger and the decay in the afterglow
from attachment is smaller due to the larger degree of disso-
ciation of Cb. As a consequence, the critical electron density
and sheath thickness required to trigger the onset of the ca-
pacitive mode occurs later in the afterglow, as shown in
Fig. 3.

One of the purposes of pulsed ICP sources with biases is
to accelerate negative ions into features. The onset of the
capacitive mode in large part prevents this from occurring
due to the reestablishment of large positive plasma poten-

0 g 12 180 8 12 18 tials. These results indicate that for a given set of operating
Radius (cm) Radius (cm) conditions (e.g., power, pressure, gas mixture, PRF, duty
o NN EE 5oV cyqle), there is_g critical bia_s voltag(anq frequen(_:y above
which a capacitive mode will be established during the after-
FIG. 2. (Color) Electron temperature in a £plasma at different times for glow. Operating below this critical value is necessary in or-

the conditions of Fig. 1 with a substrate bias. The power is turned off at 56H€T t0 optimally extract negative ions.
us. Results are shown fde) 4 us, (b) 10 us, and(c) 45 us during the

Height (cm)

Height {cm)

power-on period andd) 80 us, (€) 90 us, and(f) 100 us during the after- This work was supported by the National Science Foun-
glow. Sheath heating occurs when the electron density falls below a criticafiation (Grant CTS99-74962and the Semiconductor Re-
value in the afterglow. search Corp.
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confirmed by the results in Fig. 3, which show the time for Chap. 11.
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