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Operation regimes, plasma parameters, and applications of the low-frequere0 (kH2
inductively coupled plasmédCP) sources with a planar external coil are investigated. It is shown
that highly uniform, high-densityrn,~9x 10*? cm™3) plasmas can be produced in low-pressure
argon discharges with moderate rf powers. The low-frequency ICP sources operate in either
electrostati¢E) or electromagneti¢H) regimes in a wide pressure range without any Faraday shield

or an external multipolar magnetic confinement, and exhibit high power transfer efficiency, and low
circuit loss. In the H mode, the ICP features high level of uniformity over large processing areas and
volumes, low electron temperatures, and plasma potentials. The low-density, highly uniform over
the cross-section, plasmas with high electron temperatures and plasma and sheath potentials are
characteristic to the electrostatic regime. Both operation regimes offer great potential for various
plasma processing applications. As examples, the efficiency of the low-frequency ICP for steel
nitriding and plasma-enhanced chemical vapor deposition of hydrogenated diamond-like carbon
(DLC) films, is demonstrated. It appears possible to achieve very high nitriding rates and
dramatically increase micro-hardness and wear resistance of the AISI 304 stainless steel. It is also
shown that the deposition rates and mechanical properties of the DLC films can be efficiently
controlled by selecting the discharge operating regime.2@1 American Institute of Physics.

[DOI: 10.1063/1.1343887

I. INTRODUCTION Typically, the 13.56 MHz rf is used to drive the induced
Recently, there has been an increasing interest in highqurrents and sustain the _discharge maintaining the ionization
density low-temperature plasmas for material processing a2l neural gas at a required level, although several works
plications, which include the fabrication of microelectronic 'eported discharge operation at different frequencies, ranging
materials and devices, material surface structuring and modftom low® to ultra-high frequencie$.
fication, thin films deposition and etching, and plasma-  To date, a substantial amount of theoretical and experi-
assisted synthesis of novel materiafsHigh uniformity of ~ mental works on inductively coupled plasmas has been car-
ions and active species, high product yield with low damageried out(see, e.g., Refs. 4, 7 and the references theréin
process selectivity, and reproducibility are the common reparticular, it has been clearly demonstrated that at low pow-
quirements for plasma processih@he sources of induc- ers, the ICP discharge starts in the low-density electrostatic
tively coupled plasmaglCPsg with an external planar coil regime, usually referred to as the E-mode. An increase of the
have proven to meet the above requireméritae flat spiral  rf power to a certain threshold results in transition to the
coil is powered by a rf generator through a matching circuithigh-density regimeéH-mode. Transitions between the two
discharge regimes are accompanied by jumps in plasma and
*Paper BI2 5, Bull. Am. Phys. Sod5, 20 (2000. circuit parameters. Furthermore, the-H and H—E transi-
Jnvited speaker. _ tions occur under different values of the coil current, and a
Electronic mail: syxu@nie.edu.sg . L. . . .
cyclic variation of the rf input power results in the nonlinear

YAlso at School of Electrical and Electronic Engineering, Nanyang Tech ) " ’ ) i ]
nological University, Nanyang Avenue, 639798 Singapore. discharge hysteres‘?§. The nonlinearity of inductively
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coupled plasmas is further evidenced by the observation ofhe plasma is generated in a cylindrical, stainless steel
strong second harmonic rf currents even at low inputwalled vacuum chamber with the inner diamet&=232 cm
powers? Physically, higher harmonic signals presumablyand lengthL =20 cm. The chamber is cooled by continuous
originate due to the action of the nonlinear Lorentz force orwater flow in between the inner and outer walls of the cham-
plasma electrons and ioAsAbove all, the strong pondero- ber. Four rectangular side ports and 15 radially aligned holes
motive forces are expected to come into play and stronglyn the bottom allow the access for various diagnostic tools.
modify the plasma parameters through the generation ofhe top plate of the chamber is a fused silica disk, 35 cm
steady-state nonlinear electromagnetic fiéfs. diameter and 1.2 cm thick, which forms a vacuum-tight di-
The low-frequency(LF) devices have recently become electric window. The chamber is evacuated by a 450'1s
very attractive as efficient sources of industrial plasmas. Asurbo-molecular pump backed by a two-stage rotary pump.
has been evidenced by previous wotks?~*"the LF ICPs  The typical base pressure ef2Xx10°° Torr is routinely
possess a number of indisputable advantages that make thexohieved. The inflow rate and pressure of the working gas
especially useful as prototypes of commercial large-areare regulated by a combination of a gate valve and MKS
plasma reactors. In this article, we investigate the key feamass-flow controllers. The pressure is measured by MKS
tures of inductively coupled plasmas produced in low-Baratron capacitance manometer. The operating pressure is
frequency (-500 KH2) plasma sources at Nanyang Techno-typically maintained in the ranggy,=0.3—1000 mTorr, im-
logical University, Singapof@ '’ and the Flinders portant for most plasma processing applicatidns.
University of South Australi&* The implications and ad- The rf field is generated by means of a 17 turn, flat spiral
vantages of the low-frequency operation regime are emphazoil made of 6.35 mm diameter copper tuleéth the cooling
sized. We also confirm that the LF ICPs feature nonlineawater flows insidgfirmly fixed 3 mm above the quartz win-
hysteresis and higher harmonic generation effects. Furthedow atop of the vacuum chamber. A low frequen&p0
more, as the intensity of nonlinear plasma respofisesu-  kHz) rf generator is used to drive the flat spiral coil through
ally declines with operating frequency, we can expect that matching network.
the nonlinear hysteresis and higher harmonic generation ef- The rf generator is connected to the rf coil via a match-
fects will be stronger than in conventional 13.56 MHz ing network. The equivalent circuit of the LF ICP source is
plasma sources. Likewise, we demonstrate the application afiven in Fig. 1b). HereV, andR, are the open circuit volt-
the LF ICP source for the plasma-enhanced nitrogen ion image and resistance of the rf genera¥grandl; are the input
plantation and diffusion into the stainless steel and chemicaloltage and current into the matching netwdrg,andL . are
vapor deposition(CVD) of hydrogenated diamond-like- the resistance and inductance of the unloaded &di}, is the
carbon(DLC) films. variable part of the circuit inductance due to the plasma load,
The paper is organized as follows. In Sec. I, we de-R; is a reflected plasma resistantgijs the coil current, and
scribe the experimental set-up, ancillary equipment, and dit =L.—AL,. Capacitor<, andC, are used to match the rf
agnostic tools. Discharge operation and uniformity of plasmaenerator to the plasma load. In calculating the power depos-
parameters are studied in Sec. lll. Section IV is devoted tdted in the plasma, the power dissipated in the coil has been
the E-H mode transitions and discharge hysteresis andleducted straightforwardly. We note th&t=(V;/1;)sin¢
analysis of the behavior of the plasma parameters, opticak wl—(1/wC,)=X.—AX, is the total circuit reactance,
emission intensity, and electromagnetic fields during theand AX, are the unloaded circuit reactance and a reactance
mode transitions. In Sec. V, the application of the LF ICPchange due to the plasma, agdis the phase shift between
source for rapid steel nitriding and plasma enhanced chemV,; and |, respectively:*’
cal vapor depositiofPECVD) synthesis of diamond-like-
carbon films is demonstrated. The key features of the plasma
source and the implications of the low-frequency operation ) )
are discussed in Sec. VI. We end the paper with Conclusions: Plasma diagnostics
where the results obtained are summarized. The rf voltageV,; and the circuit currentk, |, are mea-
sured using Tektronix P6009 voltage probes and the two
Pearson current transducérsodel 1025, respectively. The
rf signals are digitized by the Tektronik TDS 460 digital
Il. THE LF ICP SOURCE AND DIAGNOSTICS storage oscilloscopes before being transferred to a computer
. . for analysis.
The experiments were carried out at the Nanyang Tech- ¢ (f magnetic fields are measured using two miniature

nological University (NTU), Singapore, and the Flinders aqnetic probes each consisting of 12 turn windings on the
University of South Australia on two similar plasma sources.qq of 5 mm diameter fused silica tube. One of them senses
Here we mainly concentrate on the results obtained at NTUyq radial component whereas the other senses both axial and
and,.where ap_pllcaple, refer the reader to earlier works do”ﬁzimuthally components, with appropriate orientation. The
at Flinders University. probe is inserted either horizontally or vertically through the
holes in the side port or bottom of the chamber.

The electron density, temperature, and plasma potential

A schematic diagram of the experimental set-up ishave been measured using a rf compensated single cylindri-
sketched in Fig. Xnote the coordinates used in this wprk cal Langmuir probe. The probe can be moved radially and

A. The LF ICP source
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axially through one of the four port windows or holes in thelll. SOURCE OPERATION AND PLASMA
bottom plate. The Langmuir probe data on both set-ups arBARAMETERS
cross-referenced by the integrated electron density provided

by the heterodyne microwave interferometer at Flinders N this section, we describe the operation of the plasma
University® source and give insight into measurements of electromag-

The optical emission from the ICP discharge has beer‘f'etic properties of _the discharge. Ra_dial and axial profiles of
collected using a light receiver mounted on the side facind"® Plasma potential, electron density, and temperature are
view-port and transmitted via the optical fiber to SpectroProStudied. We also demonstrate that the plasma source can ef-
750 monochromator/spectrometer. The latter provided resdiciently operate in a wide range of the filling gas pressures.
lution of 0.023 nm scanning over the wavelength spectrum
from 350 to 850 nm. Other details about the experimentaﬁ"
set-ups and plasma diagnostic can be found The source performance experiments have been con-
elsewherd:1415.17 ducted in argon gas in the pressure range of 0.3—1000

Electromagnetic properties
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the coil current has been lowered and the discharge still re-
mains in the H-mode even after passing pdi8t of the
FIG. 2. Reflected plasma resistan@ and change in load reactande) o”gmal E-H trans'_tlon' The inverse HE transition O_CF:UI‘S
versuspower absorbed by the plasma fag=12 mTor. at coil current ;. [point (5)] less than that of E-H transition.

Point (6) corresponds to the E-mode discharge phase. Dis-

charge end at poir{7). We note that the discharge is bistable

if 220 W <P,<840 W. In this case the two different values
mTorr!**" Prior to the discharge, the chamber was filledof circuit parameters correspond to the same rf power. The
with argon at the pre-determined pressure. The matchingibserved process is cyclic and highly reproducible.
tuning capacitors and the generator bank voltage were setto  The global electric quantitieR, andA X, can be used to
initial levels. The rf generator has then been turned on. It isbtain the spatially averaged plasma parameters. Using a
noteworthy that, to avoid damage of generator by strong réimple transformer model, El-Fayoumi and Jdfieister-
currents reflected by poorly matched circuits, the dischargereted their electrical measurements by considering the rf
was always started with low rf powers, and the matching hagoil to form the primary, and the plasma to act as a single-
been adjusted properly thereafter. Thus, the discharge alwaysrn secondary coil, of an air-core transformer. The measured
started in a faint electrostati&) mode sustained by the po- circuit quantities are then linked to the electromagnetic fields
tential drop between the inner and outer rf c8ité. A through the power balance equation. This model provides an
gradual increase of the rf generator output results in disefficient and simple way in design of the rf coupling circuit
charge transition to a high-density and visually muchand in understanding of the general properties of LF ICP
brighter regime(H-mode. Thereafter, the power input has discharges. For further details, we refer the reader to Refs. 8
been slowly decreased back to the minimum starting leveland 14.
The peak-to-peak voltage, coil current and the phase differ-
ence between them have been continuously recorded.

Figure 2 displays the plasma load resistaRgeand re-

actance changa X, as a function of the power dissipated in
the plasmaP,, in 12 mTorr Ar discharge. The process starts ~ The detailed Langmuir probe scans have been performed
at point (1) corresponding to a faint E-mode, the dischargeinside the chamber, and the spatial profiles of electron den-
remains faint until reaching the staf@). The subsequent sity n., temperaturdl¢, and plasma potentiaf, have been
increase of the poweP, leads to a sudden transition to a obtained for various total input power and filling pressure.
bright H-mode point(3). It is clearly seen from Fig. 2 that The axial profiles of the plasma parameters have been mea-
the E—~H transition is accompanied by a substantial raise osured at 7 available axial positions in the side-ports. The
the amount of the plasma resistanRg and a significant radial distributions are obtained by moving the probe along
decrease of the coil currert and the plasma reactance the diameter of the chamber at the central part L0 cm)
AX, . Thereafter, the input power has been continuously inposition.
creased, and the discharge remains in the H-mode. As the rf Figure 3 shows the radial profiles of, T, andV, for
power is increased further, the value A, further de- total input poweP,~1.7 kW in a 22 mTorr, H-mode argon
creases, while the plasma resistafzesteadily grows(Fig. discharge. These profiles reveal that a high density, highly
2). uniform plasma is produced throughout the entire cross-

P (W)

B. Plasma parameters
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FIG. 4. The same as in Fig. 3, axial profiles. 00\'
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\
section of the discharge chamber. The radial nonuniformity 3 6} E-H .
of the electron density is estimated to be less than 8% ovel | . H-E i
the radii of the chambeR<<15 cm. The value of the electron 4r T
number density is very highng~9x 10%2 _cm‘3). The ol (® 0 0°% @ ee® oot % |
plasma potentia(13—17 \) is quite low; so is the electron
temperature £ 2.5 eV). ol Hymode
The axial profiles o, T, andV, measured at=0 0 200 400 600 800 1000 1200 1400 1600 1800
for the same discharges are displayed in Fig. 4. It is seen tha P, (W)

the electron density, temperature, and plasma potential
gradually decrease along the axial direction. This resulfIG. 6. The changes of, (2) and T, (b) in the course of E+H transitions.
agrees with the Chakrabarty’s heterodyne microwave interParameters are the same as in Fig. 3.
ferometer measuremerts.

Another important fe_ature of the LF ICP dischz_arge IS|\/. DISCHARGE HYSTERESIS
that it can be operated in a broad range of the filling gas
pressures. Figure 5 depicts how the electron density, tem- As was mentioned above, the cyclic variation of the in-
perature, and plasma potential vary with the argon gas prefut power results in strongly nonlinear hysteresis of the cir-
sure. It is seen that, increases with pressure ;<200  Cuit parameters. Here, we reveal that hysteresis is also the
mTorr and declines in the succeeding range. The electrofase for the plasma parameters and the optical emission in-
temperature and plasma potential also diminish with increagensities. It will also be shown that the-EH transition is
ing the filling gas pressure. It is worth emphasizing that thedccompanied by the generation of strongly nonlinear electro-
source operation is highly reproducible in a broad gas presnagnetic fields.

sure range0.3—900 mTory. A. Variation of plasma parameters

The important feature of the LF ICP is a discontinuous
transition of the plasma parameters during the HE mode

' ' ' ' ' 1 transitions. Figure 6 reveals that in the 22 mTorr discharge,
L ¢ -n | the electron density instantaneously increased by about two
s ° : I/e 18 orders of magnitude fromn,~6x10° cm 3 to n,~8
o 12| o s X 10" cm™2 in the vicinity of E~H transition. The inverse
E,E © 92 4o 0o g0 o 46 ~ H—E transition, which occurs if the input power diminishes
2 ..° ¢ P, 2020 °° o 2 to ~400 W, is accompanied by a sharp down-jumpnegf
8l * 14 e Within the H-mode discharge, the electron temperature re-
s> | ;' mains almost constanfT{(~2.5 eV) and is not affected by
o . the variation of the input power in the range 400—1700 W. In
S R O IR YR Y S oo 12 the E-mode, the average valueTf (~8.5 eV) turns out to
be higher than in the electromagnetic regime.

0 1 " 1 L 1 1 i 1 0
0 200 400 600 800 1000 B. Optical emission spectra

Pressure {mTorr)

The optical emission spectra of excited neutral and/or
FIG. 5. Electron density, electron temperature, and plasma poteetsis  10Nized argon atoms have been mvestlgated_ln the wave-
argon pressure foP,,= 1700 W, measured at the chamber center. length range 350—850 nm. The plasma species have been
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' ’ sition the OEI decreases to the level corresponding to the
sl A=833.22 nm (Ar) | dim E-mode. In the electrostatic regime, the OEI does not
change much and remains low.

Using the OEI data, one can obtain the dependence of
the minimal starting current that initiates the—#H transi-
tion, and the minimal H-mode maintenance currghtesh-
old current for the H-E transition on the operating gas
pressuré® The E-~H and H—E transitions are initiated at
4 different values of the gas pressure for the same coil current
I ., which confirms that hysteresis also occurs with variation
of the filling gas pressure.

a-p,=41 mTorr
b-p,=51 mTorr
¢ - p,=70 mTorr

Intensity (a.u.)

C. Nonlinear electromagnetic fields

15 20 25 30 35 To demonstrate that the nonlinear effects are important
in the low-frequency ICPs, the components of the rf mag-
FIG. 7. Variation of the optical emission intensity of%Aine (833.22 nm n.etlc fieldB have been measur?d in both dlsch{;\rge regimes.
during E<>H-mode transitions. Figure 8 shows the radial profiles of the amplitudes of the
fundamental and second harmonics of the field measured at
z=4 cm. It is seen that in the low power, E-mode discharge,
identified by wavelengths and intensities of their emissiornonly fundamental harmonics of the magnetic fields are
lines. The optical emission intensitYEIl) profiles for vari-  present.
ous species have also been obtained as a function of radial After transition to the electromagnetic mode, the mag-
and axial position. It has been observed that the OEI undemetic fields change dramatically. The fundamental harmonics
goes considerable changes during the HE transitions. of B, andB, components diminish compared to their values
The cyclic variation of the OEI corresponding to the in the E-mode&noteP,~230 W in the E-mode and 817 W in
833.22 nm line of a neutral Ar atom with the coil current is the H-mode.
depicted in Fig. 7 for different gas pressures. It is clearly =~ However, as can be seen from Fig. B, component
seen that the EH transition is accompanied by an instanta- undergoes the most significant changes. In the E-mode, this
neous raise of the OEI. In the H-mode regime, the OEI furdis a purely linear signal with a sharp dip in the vicinity of
ther increases with the coil current. A similar tendency hag =8 cm. After transition to the H-regime, the strong second
been reportetifor mode transitions in a helical inductively harmonic signal, with the amplitude four-fold higher than
coupled plasma source. However, the intensity diminishethat of the fundamental harmonics, is generated. Bhje
linearly with reducing the coil current, and the discharge iscomponent in the electromagnetic mode peaks-aé cm.
still in the bright H-mode even for coil currents smaller thanWe note that a similar result has been observed in a higher-
the E—H transition current. Near the point of the+E tran-  frequency ICP discharg®.The azimuthal rf magnetic field

p-p

H - mode; Pp=81 7W E - mode; Pp=230 w

4= . 4 .
® o ® o
3r O 20 &l
S of 2
e
1 1
(d L)
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0.6 o ® o | 06; ® o
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= 04 2 ‘g ° 20 0.4l | FIG. 8. Radial profiles of the amplitudes Bffield in
e - o “a ' the H- and E-mode measured at the mid-plane for a 51
o 0.0 9" ' mTorr Ar discharge showing the generation of a strong
T e te o second harmonics d@,, .
. -
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o
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is presumably generated by the second harmonic poloidal — - v
(r—z plane current driven by the nonlinear Lorentz force
arising as a result of action @&,(w) and B,(w) magnetic
fields on the azimuthal rf current,(w).

1600 i

Hv)

1200

~

V. APPLICATIONS OF THE LF ICP SOURCE

In this section, we demonstrate the usefulness of the LF
ICP source for the plasma enhanced nitrogen ion implanta-
tion and diffusion into the stainless steel and chemical vapor 400
deposition of the DLC films.

It should be noted that depending on the process, either . L. . .
one of the two distinctive operation regimes can be used, 320 340 360 380 400
which implies very high flexibility of the plasma source for T (°C)

Certal.n apphc_atlons. For instance, for rapid steel mm_dmg’FIG. 9. Dependence of the micro-hardness on the substrate tempéFature
the high-density H-mode appears to be preferable, while the
diamond-like carbon films can be deposited in either one of

the E or H regimes with different deposition rates. (Fig. 10. Dramatic enhancement of the steel hardness also
results in~ 10 times improved wear resistance, which is evi-
denced by the ball-on-disk tribological wear tests.

The AISI 304 stainless steel substrates have been used to  Furthermore, it is found that distribution of the content
study the nitrogen ion implantation and diffusion into a sur-of chromium remains constant over the entire substrate/
face layer. The H-mode plasma has been generated in arg@itrided layer whereas the nitrogen content gradually de-
and nitrogen gas mixtures. An additional inlet of hydrogencreases in the nitrided layer and quickly drops near the
allowed nitriding rates to be controlled. The substrates wergoundary[Fig. 10b)]. Hence, the problem of chromium

negatively biased with respect to the plasma. The nitridingjepletion affecting the steel corrosion properties has been
rates and morphology analysis have been performed with agignificantly minimized.

inverted metallographic microscope. The surface hardness To demonstrate the uniformity of the nitrogen
and tribological properties have been analyzed by means giplantation/diffusion depth, a large, 22 cm diagonal

the Vickers microhardness and wear tests. The element@||S|304 plate was placed on a modified substrate holder. To
composition of the nitrided layer has been studied using the

Energy Dispersive x-ray Analysi€DXA).

The substrate temperature appears to be a key parametc 1600 ' ' ' ' '
of the nitriding process. The drawback of many conventional
technologies is that relatively high nitriding rates are 1200 1 o ¢ . \T/ i%%i? i
achieved with substrate temperatures, well above 500°C= ¢ o”
However, such temperatures adversely affect the corrosiors
performance of stainless steels owing to the precipitation of § 800 N
CrN, which removes chromium from a solid solution. In this
experiment, the process has been performed at lower
(~330 °O steady-state temperatures achievable using an exT
ternal heater control system.

Figure 9 displays the dependence of the Vickers hard- 00 20 4'0 elo alo 1(')0
ness value on the substrate temperature, measured with a 1 54, . ‘ ' . .
g load at the nitriding depth of 2am. It is seen that very (b) —o—Cr
high values of hardness<(1300 Hv can be achieved at a ¢ . —®—N
temperature of 330 °C, which is much lower than the usual :
substrate temperatures.

Figure 1Q@a) shows the hardness profile against the depth
measured along the cross-section of the nitrided layer. The
sample has been treated for 2 hours at the substrate temper
ture of 395 °C and the bias potential of 200 V. It is seen that
2 hours of plasma processing result in the 7-fold increase in
the hardness value. The latter decreases slowly as one move . . .
away from the top surface and eventually reaches the hard 0 20 40 60 80 100
ness of the steel matrid85 Hv). The result implies that the Nitriding layer depth d (um)
hitrogen ion implantation/diffusion into the steel in the LF FIG. 10. The hardness profile versus the depth measured along the cross

ICP Source_is a really very fast process. Inc_ie_ed, the 2-hOWection(a) and the elemental distribution of chromium and nitrogen over the
treatment yields approximately 8@m deep nitrided layers nitrided layer(b).
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25F — v T 3 Figure 12 shows the film deposition rate and hardness as
V, =45V ] a function of the rf input powefat the bias voltage of 200
20k t =50min _ V). It is found that the deposition rate of the DLC film in-
| creases with rf power. In the low-power electrostatic regime,
~ 15 ® 4 e e * e o * e . * A the film deposition rate is typically below 7.5 nm/min. Vary-
g ing the rf power from 700 W to 1200 W, a substantial, from
;’ w0l i 10 nm/min to 35 nm/min, increase in the film deposition rate
is clearly seen. Furthermore, the deposition process has been
enhanced most noticeably in the power range of 700—-800 W.
5t 1 The subsequent mechanical hardness tests reveal the im-
provement of the DLC film hardness from 15 to 21 GPa in
0 s 0 5 20 the same range of input powers.
x (cm)
FIG. 11. Nitriding depth versus position VI. DISCUSSION

We now discuss the features and implications of the

avoid overheating of the dc power supply by the excess iofPW-frequency operation of the inductively coupled plasma
current drawn by the large substrate, the nitriding proces§ource. First, operating in the twi@& and H regimes, the
was undertaken at a minimal bias voltage of 45 V for rela-atter simultaneously embodies the asymmetric capacitive
tively short time(50 min). The nitriding depth profiléFig. and f_Igt spiral coil inductive p_Iasma sources. Depending on a
11) reveals that the nitrided layer is indeed highly uniform. SP€cific problem, the operation regime can be selected ac-
The averaged variation of the layer thickness does not exeordingly. For instance, the deposition rates and mechanical

ceed 7% across the entire sample. properties of the DLC films grown in the E and H discharge
regimes appear to be different.
B. PECVD of DLC films In the electromagnetic mode, the LF ICPs feature uni-

form, large-area, high-density plasmas with low sheath po-

Another example of the application of the LF ICP sourcetentials near the substrate surface, independent control of the
is the PECVD synthesis of the hydrogenated diamond-likglasma density and the ion energy, high power transfer effi-
carbon (DLC) films. For DLC film deposition, polished ciency, low circuit loss and easy handling, and stable opera-
SI(lOO) substrates have been placed in the discharge in thﬁ)n in a wide range of f||||ng gas pressures. We need to
CH, (20 sccm and Ar (2 sccm gas mixture. The thickness stress that high-density, uniform plasmas is generafi¢t-
and the surface roughness of the films have been measurgdtany external magnetic confinement. This feature is highly
with a surface profilometer. The hardness and Young'sjesirable for low damage, large wafer semiconductor
modulus were characterized by a nanoindenter, using thgrocessing:?
continuous stiffness option with the maximum load of 10 In the electrostatic discharge mode, lower-density plas-
mN. mas, with higher electron temperatures and plasma potentials

The deposited films appear to be smooth and mechangre produced. We note that the ICP feature excellent unifor-
cally hard. The surface roughness ranges from 0.1 nm to O.fity of the electron/ion number density through the entire
nm, depending on the rf power. The bonding states of thejischarge cross-section and volume in the H-regime, and
film material were analyzed by the Raman spectroscopyhigh cross-sectional uniformity in the E-mode.

which reveals the two typig?l peaks at 1374 cm(disor- The low-frequency operation offers several practical ad-
dered, D bangand 1546 cm*” (graphitic, G banficharac-  vantages including low skin-effect related circuit loss, easy
teristic to hydrogenated diamond-like carbon. control of the matching unit, high power transfer efficiency,

easy diagnostics, and low voltage across the coil. The
40 T T T T

Deposition rate (nm/m)
°
1 1 1
- - N n
[=>] [=2] o N
Hardness (GPa)

o
o
m
o
1
N

equivalent circuit analyst§ shows that the capacitive rf field
is too weak to cause any significant window sputtering. Fur-
o Rate thermore, lowering of the operating frequency enables one to

30 @ Hardness make the rf wavelength much longer than the coil length and
eliminate the standing-wave effects peculiar to 13.56 MHz

ool S o i ICPs. This provides a practical solution for up-scaling of the

g / ICP reactors without affecting the uniformity of electron and

H ion number densities?°

10 o Another important feature of the LF ICP discharge is the

wide range of operating pressures, which is very promising

. . for multifunctional semiconductor processing. Indeed, the

0 400 800 1200 1600 low pressure regime is favorable for deep-micron etching

Total input power (W) whereas high pressure is ideal for photo-resist striping.

FIG. 12. The deposition rate and hardness of the DLC films as a function of 1 N€ experimental studies of plasma parameters and op-
the input rf power. tical emission manifest that the nonlinear hysteresis effects
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are inseparably associated with the mode jumps in LF ICPssuch as very high plasma density, excellent uniformity over
The reasons leading for hysteresis are still unclear and alarge areas, low electron temperature and a moderate plasma
the subject of ongoing investigatioAsHowever, this phe- potential, absence of the Faraday shield or multipole mag-
nomenon, alongside with generation of strong second hametic confinement, low circuit loss, easy up-scaling, and easy
monic signals, favors the implication that the entire behaviowoperation, have been shown. We have also demonstrated that
of the low-frequency discharge is strongly nonlinear. Physithe LF ICP source is very efficient for plasma-enhanced ni-
cally, the plasma nonlinearities are stronger at lowerriding of solid materials and PECVD thin film deposition.
frequencies® Thus, the amplitudes of the nonlinear Lorentz These results imply very attractive prospects for industrial
force appear to be inversely proportional to the rf. Hence, th@pplications of the planar-coil LF ICP source.

nonlinear interaction oB, , B, with the azimuthal rf current
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