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Role of Plasma-Aided Manufacturing
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Abstract—A brief review is presented of the application of Processing Plasmas
plasma-aided manufacturing to semiconductor fabrication. Em-
phasis is placed on current state-of-the-art techniques for which
plasma physics plays a significant role and on current problems
that remain to be solved. 100 i
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I. INTRODUCTION

LASMA-aided manufacturing takes advantage of the

unique properties of plasmas to modify surfaces. It is
a rapidly growing body of techniques, which are carried
out over pressures ranging below 1 mtorr to greater than 1 &
atmosphere (atm) (see Fig. 1). At low pressures (below 1.2
mtorr), the presence of charged particles is the most important 5o,
characteristic employed in manufacturing. Examples are ion \-\._,,_VPS"
implantation out of plasmas (PSIl) [1], [2] or sputtering [3],  o.0001 -
[4]. At higher pressures (1 mtorr—1 torr), plasma etching [5] Physics Chemistry ~ Heat Transport
and deposition take advantage of a combination of charged n body

partlcle physms, plasma ChemIStry’ and material SCIen(I\:?'. 1. Examples of important plasma-aided manufacturing techniques for

At still higher pressures (1 torr-1 atm), the plasma servegtace modification with partially ionized gases. Techniques are shown
mainly as a heat source in arcjet/plasma spray applications [@hematically as a function of neutral pressure and the most relevant academic

Corona discharges [79], silent discharges [9], and intermittefitciPliine:

glow discharges [10] are an exception. They are employed at

atmospheric pressure to modify surfaces and bulk gases @i structures have decreased to 250 nm and gate thicknesses

take advantage of plasma chemistry. have decreased to as small as 2-3 nm. Environmental concern
Plasma-aided manufacturing provides one or more stegss begun to develop over fluorocarbon etching which has

(often out of many steps) in the manufacture of a rapidlyp to now been the workhorse of etching gases. In some

growing number of products. In some situations, such @gplications, fluorine has been replaced by chlorine.

etching of fine structures in semiconductor devices, it is the poore’s law [15], [16], which states that there is a dou-

only way to achieve the needed result. In other situationging in circuit complexity (i.e., the number of transistors

such as etching structures in flat panel displays [11], [12], it b"er die) every 18 months, has dominated the evolution of

favored because it is much more environmentally friendly thaRe semiconductor industry. In 1965, Moore recognized that

etching with wet chemistry. In other situations, such as sprayanufacturers had been doubling the density of at regular

coating [13], .it can sometimes be more cost effecti\_/e th"i‘ﬁtervals (approximately one year) and argued they would
o'ther compgtlng nonplasma based processes. Each S'tua,t'otfbﬁinue to do so. The advance was a combination of ap-
different. This paper concentrates on applications to semicfy,yimately equal contributions from finer dimensions, bigger
ductor fabrication and attempts to provide a brief review ies, and improved circuit and device cleverness. The halv-

the currgnt state-of-the-art of processing techniques with time was re-estimated to be 18 months in 1975 with
emphasis on current problems that remain to be solved. i?‘

0.1 e
Deposition

utral Pressure (Torr)

. . the minimum dimension halving approximately every five
Size has dominated the development of ultra large sc g app y y

intearation semiconductor devices for manv vears. Waf ars. This empirical relationship has continued to the present.
9 Yy ) e semiconductor industry “National Technology Roadmap”

have increased in diameter to 200 mm an_d are progreszpr]gns the smallest size structures will decrease to 50 nm by
to 300 mm and beyond [14]. At the same time, the small 5612 (see Table I)
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TABLE | capacitively coupled plasmas, while the density is linear with
SMALLEST SIZE SEMICONDUCTOR STRUCTURE VERSUS power for inductive sources [19], [24]. Thus inductive sources
YEAR FROM THE “N ATIONAL TECHNOLOGY ROADMAP” . . , .
are more efficient at higher plasma densities. Conventional
capacitive discharges (not enhanced by magnetic fields) are
limited to densities the order of 10 cm=3. The density
1997 250 nm limitation in inductive sources, on the order of'#0cm—3,
comes from the fact that power deposition is limited to a skin
depth (proportional to 14)'/? at the antenna. Helicon and
2001 150 surface wave sources [27], [28] can reach higher densities in
magnetized systems because power deposition is not limited
to the region near the antenna.
2006 100 All RF HDP sources also have capacitive coupling as
well because Faraday shields are not normally employed.
In fact, inductive sources normally take advantage of large
2012 50 capacitive fields from the voltages applied to inductive coils
to initiate discharges and provide sufficient plasma density to

allow inductive coupling [24]. With good Faraday shielding,

—3 i H i C e - . el . .
cm™*) etch tools. High density plasma (HDP) can be realizefscharge initiation is difficult and may require temporarily
with a variety of different types of plasma sources includingyising the operating pressure [29], [30]. Transitions occur
magnetically enhanced capacitive [17], inductive [18], [19%om capacitive to inductive and inductive to helicon modes
helicon [20], [21], electron cyclotron resonant [22], and surfacgyring helicon source initiation [31], so it can be argued that
wave [23] tools. Although the different types of tools capglicon sources are most efficient and inductive sources are
in principle produce some rather different combinations @fqre efficient than capacitive sources. An alternative approach
charged particles and free radical neutral species, all tyResio couple energy into electrons at the electron cyclotron
are presently limited by ancillary considerations, such assgnance (ECR). The usual approach is to make use of 2.45
photoresist survival, to plasma densities on the order &f 105, with a resonant B field equal to 875 gauss. What is
cm~*. Plasma electron temperatur€®.) in RF plasmas are sften ignored is that the resonant magnetic field corresponding
the order of 3 eV because of the requirement of ionization fropy 13 56 MHz is approximately 4.7 gauss so RF sources
the tail of the electron di.stribution function [24] fqr steadyynich employ weak magnetic fields, may still exhibit electron
state plasmas. lon energies at wafers are determined by hgjotron resonance [32], [33]. Processing is a local process
potential difference between the plasma and the wafer surfgggich depends directly on the plasma parameters immediately
that normally occurs in a thin sheath. The operating pressurgyis,ye the wafer and only indirectly on distant parameters.
limited to the order of 1 mtorr or higher by the need to providgnerefore, it is not surprising that Si@tch rates for inductive,
vacuum pumps that can handle flow rates of tens of scCgjicon, and ECR tools were found to be identical when
Note that except in the determination of.elec.:tron temperatyfportant charged particle and neutral species parameters
and the operating power, plasma physics is not the SOUiggre the same above the wafer [34]. The choice of which
of most of the constraints. Insulgtlng polymer _p_roducm_g [Z_Eﬂlpe of HDP source to use does not depend on the ability
gases are employed in both etching and deposition applicatig§Syhtain local plasma parameters. It may depend on radial
so dc sources or dc bias doesn’t work in most cases. Insteggitormity, but most often depends on patent considerations
plasma is produced by RF or microwaves. or tool availability. At the present time, inductive tools make

use of spiral coils [see Fig. 2(a)] or helical coils [see Fig. 2(b)]
Il. RF ISSUES [19] or a combination.

Year Minimum scale size

1999 180

2003 130

2009 70

A. Sources B. Wafer Self Bias
RF is often applied at 1.3'.56 MHz or 2.45 GHz becau_se In all HDP sources, most of th®n energy is provided
the government allows unlimited power at these frequent?

d RE hard X latively i . The simpl acceleration in sheath electric fields established by self-
an ardware 1S reatively Inexpensive. € simpeg asing the wafer chuck. Capacitive coupling is deliberately

method is capacitive coupling (usually at 13.56 MHz). Thi 'ra(ﬁ/ided to self-bias the wafer by a dedicated RF source.

method has the disadvantage that it can induce large pote strate bias is achieved by applying RF to wafer chucks. The

fluctuations and associated Qe_nsity ﬂuctuatioqs in the IOIaSrC\i'%\'l‘er then adjusts to a time average voltage below the plasma
These fluctuations can be eliminated by applying the RF Sy'f)]étential that balances electron and ion flux to the wafer.

metrically to two equal area electrodes [26]. In most capaciti fluctuations in HDP plasmas are relatively small because

processing tools, the chamber serves as one electrode with citive counling is reduced for high plasma densit
wafer/wafer-chuck serving as the other. The smaller size of t es ping gnp ¥

wafer compared to the chamber increases the relative electric__
field at the wafer [24]. C. Time Scales

For the densities employed in plasma etching, the plasmaRF is the key to processing, but what are the best fre-
density is proportional to the square root of the input power foguencies? What are the problems? The frequency dependence
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reduce heat flux to the substrate, extend discharge pressure and
power operating regimes, and reduce particulate formation.
To Pump Comparing a continuous wave (CW) to a modulated dis-
v charge with the same time average power, the electron density
can be considerably higher for the pulsed discharge. This
means the modulated discharge, operated mdacedtime
average power, can have the samen€litral radical flux to
the walls as a higher density CW discharge. Since tools can
operate at lower neutral pressures, less collisional scattering is
present in the sheaths so improved anisotropic trench etching is
depends on the ratio of the RF frequency to the variogspected. Experiments suggest aspect ratio dependent etching
characteristic frequencies of the plasma. These include the jgrreduced in modulated discharges because of reduction in
and electron plasma frequencies, the ion and electron collisisiiewall charging [39].
frequencies with neutrals and charged particles, ionizationContinuous power corresponds to lower peak density i.e.,
rates, etc. The ion sheath transit time is an important parameterjower wp. If the density is low enough, the ion sheath
It can be shown to be the order of,*, wherew,,; is the ion transit time can be much longer than RF period so a relatively
plasma frequency. For HDP tools, this time is the order of theirrow time averaged ion energy distribution function (IEDF)
period of the commonly used 13.56 MHz RF. Depending atan result at the wafer. On the other hand, operating at high
the details, ions can fall to the walls in a fraction of an Rbeak power can result in a time varying (IEDF). Thus the IEDF
period or over many RF cycles. The former gives a wide rangan be significantly modified by modulating the RF frequency.
of ion energies at the wafer while the latter gives a narrovarying the chuck bias frequency has a similar effect [40]
spread in ion energ|es [35]. For electron cyclotron resonangge Fig. 3). If the bias frequency is much greater thgn
(ECR) discharges; is much less than all characteristic timesons falling through the sheath see a time average chuck bias
exceptw,! so the spread in ion energy at the wafer surface ftential and the ions can have a narrow IEDF at the wafer. If
determined by the additional RF used to self bias the wafehe bias frequency is much lower thap;, ions falling through
Samukawa and Tsukada [36] have shown that choosing the fRE sheath see the instantaneous chuck bias potential and the
frequency to be higher than the electron collision frequen@yns can have a broad IEDF at the wafer.
results in poly-Si and Si@etch rates which do not depend If the plasma density is sufficiently low or if the RF
significantly on the discharge pressure from 3-20 mtorr.  fluctuation level in the plasma is low and no self bias RF is
applied, the IEDF in a pulsed discharge still exhibits a range
) in energy because the plasma potentigl and hence the ion
D. Modulated/Pulsed Discharges energy, scales with electron temperature. Charles and Boswell
Modulated/pulsed RF allows the plasma to go into afterglofg1] demonstrated this effect in a helicon tool used for SiO
and a variety of free radical species and ions, both positive atieposition. In that experiment (see Fig. 4), the IEDF of a CW
negative, can become important. Lieberman [37], [38] notesplasma had a single peak at 32 eV corresponding,favhile a
has been claimed that such discharges can: increasgSsiOpulsed plasma with the same average power had two additional
etch selectivity, reduce aspect ratio dependent etch effeqsaks at 50 and 15 eV. The two peaks corresponded to the high
eliminate notching and charge build-up damage of gate oxidg, during the discharge initiation and the Idi¢ late in the
increase etch uniformity, increase etch and deposition ratafferglow between pulses.

" RF

(b)

Fig. 2. Schematic diagram [19] of a planar spiral inductive source (La
9600) and a helical inductive source (applied omega).
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35 — A SNSR A e Investigators have not yet taken advantage of the energy
control at surfaces available for charged species or of many
. 30 r ki ) of the novel combinations of species present in the plasmas.
w 251t . J With the exception of etching, most investigations are carried
2 ‘. out in small cylindrical tools and only very limited attention is
o 20 . 1 paid to the plasma. Chemists tend to ignore the ions. Plasma
E 15 k . ' 4 physicists tend to ignore many of the free radical species.
> .
=z 10 | : .
5 05 D j B. Negative lons
= ' ;o ; Negative ions play an important role in many processing
0.0 e | il I ! . . . .
plasmas. They are especially important in low power/high
10 20 30 40 50 60 70 80 pressure capacitive discharges [43] and in HDP afterglow
Energy (eV) plasmas [44]. 'I_'se_ndin [45] was the first to suggest that negative
ions are not distributed uniformly throughout the plasma but
@) had negative ions in its core and positive ions on the edge.
T Lichtenberget al. [46] solved the nonlinear diffusion equation
| | for a positive ion, negative ion, electron plasma for a variety
~ 8} : ] of assumptions. Three parameter ranges were distinguished
o - corresponding to a range in which a parabolic approximation is
;g' s L i appropriate, a range for which the recombination significantly
o modifies the ion profiles, but the electron profile is essentially
> flat, and a range where the electron density variation influences
= Ar N the solution. It was shown that a plane parallel discharge
2 - A ] operating with chlorine gas at 30, 300, and 2000 mtorr
L 2F : / . 1 and n.o = 10'° cm~3 corresponded to the three parameter
= . . .
- I ,\—/ L ; regimes. A weak double layer separates the two regions. It
0 et — L : : should be noted that such structures have not yet been found
10 20 30 40 SO 60 70 80 90 experimentally.

Energy (eV)

(b) IV. DIAGNOSTICS AND SENSORS

Fig. 4. |EDF ofoj ions measured escaping from a helicon plasma at 800
W and 2 mtorr. (a) CW plasma. (b) Pulsed oxygen plasmas260/125s-off . .
[40]. A. General Considerations
Diagnostics are employed to characterize processing plas-
. SPECIES ISSUES mas to provide data on charged particle plasma parameters
and on neutral species parameters [47]. Charged particle pa-
rameters include plasma density, electron temperature, plasma
potential, and electron and ion distribution functions. Absolute
Plasma chemistry enormously expands the parameter spacd relative densities as well as spatial profiles of neutrals and
of ordinary chemistry. The presence of electrons, with mugcteutral temperatures can also be determined. Noninvasive, ex-
greater energies than those found in conventional chemis#él diagnostics are favored because plasma purity is often
systems, gives rise to a variety of new free radical species.dssential. Techniques include those based on optical and in-
addition, the presence of charged species means that positikared emission and absorption [48], [49] and techniques based
and in some cases negative, ions can deliver controlled eneogylasers [50].
to a substrate, controlled by the substrate bias energy. ThiVhile a variety of diagnostics have been developed to
allows creation of a variety of novel surfaces such as hightharacterize the low temperature plasmas used in plasma
cross-linked Teflon or surfaces with novel surface functiongbrocessing, most are not suited to be sensors. Sensors are
ities. Under certain circumstances, ions rather than neutralmployed to control plasmas and usually are different from
can be the precursor of polymers [42]. There is a weltliagnostics. They must be rugged and simple to use and not
developed understanding of the plasma chemistry involvedrequire any scientific interpretation, i.e., able to be operated
plasma etching of semiconductor materials by fluorocarbaith someone with only a high school education. The most
and Ch plasmas [5], [24]. A large number of free radical€ommon approach is to use whatever diagnostic/sensor data
are usually present and the concentrations of many have baemavailable and hope there is a connection. End point sensors
identified in laboratory experiments. Considerable modeling afe a good example where this approach has worked. The
the various reactions has also been carried out. Nevertheledsence of sensors that can monitor radial uniformity is now
the broad discipline of plasma chemistry is now in its infancyn especially serious problem.

A. Plasma Chemistry
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B. Sensors E L B s A B B S
1) End Point: End point sensors are among the best de- g } J

veloped sensors in plasma etching. End point is the time

when etching through a particular layer, e.g., Si@as been | —e— Spatially Resolved

completed. The simplest end point sensor simply monitors 084  w— | ine Integrated :

optical emission at a widow. Filters are used to monitor
changes in emission (at several wavelengths) which occur
when the etch process goes beyond end point. End point 41 }.l )
determination becomes difficult to measure when the area %
being etched represents a small fraction of the total wafer , .
area, e.9.<1%. One approach that has had some successisto % -2
monitor multiple emission lines. [51] Reitmaat al. have had
some success with a neural net approach [52] in which patterns
from all available diagnostics are used to identify end points.
The best way to determine the end pdieforeit is reached
is to measure the etch rate real time. So far, only etch rates
of transparent unpatterned wafers have been measured real-
time. It is easy to make an estimate of the etch rate by
counting fringes in the intensity of monochromatic light (with
wavelength)) reflected from the front and back surfaces of
the films. New fringes are observed when the film thickness
changes by\/2. Therefore, counting fringes is not very sen-
sitive when the film thickness is on the order bf as they
are for visible light where\ ~ 0.5 um and film thickness on
semiconductor devices the order ofuin. 00 -y P PR S SRS A R A
2) Real Time: Sarfatyet al. [53] have solved this problem Radial Distance (cm)
by developing a technique that measures etch rate from ap-
proximately 0.1 of a fringe. They were able to measure real ()
time etch rates of unpatterned Si@nd Si films. Fig. 5. Spatial profiles of Cl in a gldischarge and F in a GFdischarge.
A full wafer interferometer [54] can in principle be used
to determine the radiql etch rate_un_iformity. It employs in- The major parameter that is not well known is the wall
terference of plasma-induced emission from the surfaces @fompination coefficients. Without this knowledge, models
transparent thin films on the wafer surfaces. The tempofalye 5 free parameter that limits their usefulness. Recent
variation of interference fringes is Fourier analyzed to dete;q i (both theoretical and experimental) has begun to impact
mine the etch rate over the entire wafer. This sensor can & problem. For example, Meekt al. [58] predicted the
used to inspect wafers after etching or deposition is completgdnendence of species concentrations on the atomic-chlorine
but cannot be used to determine end point because of a@,mpination rate at the walls of an HDP reactor. Com-
requirement of Fourier analysis. In practice, the full waf€faison of model predictions to measured composition trends
interferometer cannot be used in most commercial plasma el§fyyed the wall-recombination probability for chlorine atoms
and deposition tools because adequate sensor access isyAQf chiorinated anodized-aluminum surface must exceed 0.1.
provided. Panonet al. [59] have used actinometry [60] to establish the
wall recombination probability as a function of the temperature
V. MODELING of a Pyrex wall for O atoms flowing in a DC glow discharges
for, pressures ranging from 0.36-2 torr. Sarfatyal have

Plasma processing tools have been successfully mOdeé%%wn (see Fig. 5) that the concentration of fluorine in @ CF

using codes that employ analytic, Monte Carlo, or particle n . . . .
; : L asma increases rapidly near the wall while the concentration
cell (PIC) approaches either separately or in combination [5 . ) .
. .Of atomic chlorine decreases rapidly near the wall when the
Most of the recent effort has concentrated on HDP inductive . .
same tool is operated with £l
sources. Analyzes of surface wave source are how becoming
available. Results on modeling collisional plasmas are sum-
marized in a previous special issue of IEERATSACTIONS
oN PLasma Science [56]. Because of the great difference
in electron and ion time scales, many codes concentrate
on accurate description of the ions and assume BoltzmanrRadial (and azimuthal) uniformity of etch rate, selectivity,
electrons. Recently, the nonlocal approach, first developett., is a goal of semiconductor processing. Uniformity can
by Bernstein and Tsendin, to establishing the electron eneflgy accomplished by either achieving uniformity separately
distribution function (EEDF) in weakly collisional plasma, hasor charged particle, neutral species, and wafer parameters
been reviewed [57]. across the wafer or by adjusting plasma and neutral parameters

204
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VI. PLASMA CONTROL

Radial Profiles
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Fig. 6. Schematic of magnetic field coils in MORI source together with a
representative B field. The wafer is normally located at the magnetic cusp.

to compensate for variations across the wafer. While both
approaches work, the latter is often easier to achieve than the Time 1 (us)
former. Unfortunately, the compensation approach does not
scale well with wafer size and with varying chemistries. ~ Fig- 7. Experimental data [39] for plasma decay in @hd Ar afterglow
L . . . lasmas.

Establishing process windows continues to be a major slpep
in the application of plasma tools. The standard approach
is to carry out statistically designed experiments in whicyariety of phenomena contribute to the radial etch rate profile.
all the tool parameters that can be varied are varied. ThBese include the RF power deposition profile, capacitive
success of this approach depends on the extent to whf@¥pling, the neutral density profile, and the electron cyclotron
plasma parameters near the wafer depend on the available f§§pnance at 4.7 gauss for 13.56 MHz _
parameter control knobs. Many investigators have found that?) Multiple Sources:An alternative approach is to employ
etch rate and selectivity depend on the ion energy deliver®¥0 Or more separately controlled inductive coils or helicon
to the wafer [61], [62]. This in turn depends on the Se|f_biagogrce§. Such sources rqulre much more attention to maintain
voltage since most of the ion energy is acquired in the plasn+é[ll_f0f_mlty and symmetry IS not gqaranteed. For example,
wafer sheath. Thus self-bias voltage is a good control knob fgginrich et al. describe a high-density plasma tool for large
overall selectivity and overall etch rate but does not provide®€@ flat panel display etching [64]. Plasma was produced by an
way to adjust the radial etch rate or selectivity profile. Radi&fray of four inductively coupled plasma sources driven by one
profile parameters are now controlled by careful tool desig®Mmmon 13.56 MHz generator. A second RF generator serves
such as coil location in a planar inductive source or carefl@f Substrate biasing. The substrate was &0€00 mnt. Chen

design of showerhead gas feeds combined with careful chofle?l have described a large array of helicon sources [65].

of wall materials and temperature. 3) Small Source:Yet another alternative for achieving uni-
1) MORI Source: In most tools, appropriate control knobsfor_mity is to use a source which is smaller tha_n the object

are not available for radial selectivity and etch rate control. B€iNg etched. For example, a large flat panel display can be

notable exception is the MORI helicon source [63]. This tod0ved at a constant rate under a uniform line source, which

is shown schematically in Fig. 6. only matches the transverse dimension of the flat panel [66].
The wafer is located at a magnetic cusp where the magnetic ] o

field is close to zero. One unique feature of this source is tHat SPecies Control of Selectivity

the cusp field is produced by twooncentricmagnetic field 1) RF Modulation: RF modulation has the potential of

coils rather than two coils located at different axial locationsecoming a very useful “control knob.” In afterglow plasmas,

Radial etch rate control is achieved by fine tuning the cuspe electron density, temperature, and plasma potential all

magnetic field by varying the relative currents in the coils. AMlecay (see Fig. 7) [67], [68]. With th&, decay, negative
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ion production can be enhanced. At the same time, the gas plasma
species continually vary. By varying the afterglow time, ie., .~
the modulation duty cycle, with RF at a constant frequency, it t )
is possible to achieve continuous variation of several plasma presheath
parameters. This approach has the important advantage that it (few cm)
does not require physical modification to the interior of plasma ions electrons
processing tools.
2) Decoupled Plasma and Neutral®lasma chemists have sheath @
succeeded in separating plasma chemistry from plasma (mm)
physics. There are two different approaches to decoupling
the roles of ions and neutral species. One is to employ l_
“downstream” sources [69] in which the plasma is allowed to ,
decay spatially leaving mostly neutral species. This approach feature
is employed in photoresist ashing tools in which oxygen depth -
plasmas serve as sources of atomic oxygen and ozone. The (um)

other approach to decoupling the roles of ions and electrons
is to take advantage of plasma afterglows. Both work because _L
the particle confinement time of ions is generally much less

than the neutral radical species.

VIl. SOME REMAINING PROBLEMS

match

A. Radial Uniformity

As wafers grow in size, radial uniformity is becoming —
an increasingly important issue. Radial uniformity must be

achieved etch rate selectivity anisotropy wafer chargin ig. 8. Schematic of a model for differential charging as the source of aspect
! ’ ’ tio dependent etching. lon deflection by wall charging prevents some ions

?‘nd wafer cooling and heating. Radial Unifo_rmity must Bfom reaching the bottom of the trench. Smaller aspect ratios correspond to
independent of aspect ratio and structure location on the wafigeper trenches.

B. Wafer Charging Phenomena ions to reach the bottom of the trench. On the other hand,
A variety of problems have been at least partially attributetie electron velocity distribution function is approximately
to nonuniform wafer charging. Among these are radiation dansotropic both in the bulk plasma and in the sheath. This
age, notching, and aspect ratio dependent etching. Nonunifgerevents the electrons from reaching the bottom of high
charging can be the result of pattern layout on the wafer or apect ratio sheaths and gives rise to net negative charging
nonuniform plasma charged particle or neutral particle radiaf photoresist at the top of the trench sidewalls. If a trench

profiles. Ramp voltage breakdown measurements were shasretched in poly-Si on SiQ) the poly-Si sidewalls, below
to be correlated with the presence of plasma nonuniformitiee photoresist, will be approximately equipotential surfaces.
across the gate-oxide layers of the MOS capacitor test striicthe trench is an outermost line located next to a wide
tures [70]. Nonuniform profiles can be addressed by carefypen space on the edge of a structure, electron conduction
source design. from the open space can partially discharge the positive
1) Aspect Ratio-Dependent Chargingispect ratio depen- charging at the trench bottom resulting in an electric field
dent etching can be the result of reduction of ion anisotropwhich directs ions asymmetrically into the interface between
Photoresist and dielectric charging deflects ions acceleratbd poly-Si and the Si© near the bottom of the trench.
by sheaths resulting in reduced etch rates at the bottomGifapis et al. [73] and McVittie et al [74] have argued the
high aspect ratio features as well as sidewall bowing. Thisigns are directly responsible for the subsequent development
shown schematically in Fig. 8. Recent experiments [71] hae# the notch. Notching has been addressed by lowering the
shown this effect can be eliminated by using electron beamlectron temperature parallel to the surface [75], by the use of
to discharge positive dielectric charging (as shown in Fig. 9nodulated discharges for unbiased wafers [76], [77] and by
2) Notching: Notching is localized sidewall etching. It isuse of electron beams [67] and modulated source plus wafer
found at the bottom of an outermost line located next to ldas for RF biased wafers. Sawin [78] has argued the directed
wide space after over etching a poly-Si line and space structima flux only serves to remove a passivating layer and that
(see Fig. 10 [72]). Notching is the result of ion deflectiothe subsequent etch notching is the result of stress enhanced
toward the line, which has a lower potential from receivinghemistry at the interface between the poly-Si and;SiO
more electrons from a side facing the wide space. Notching has also been observed in overetching of widely
The origin of notching can be understood as follows (sesparated lines (see Fig. 12) [71] and isolated structures when
Fig. 11). lon acceleration in the plasma wafer sheath resultsself bias is present. In these cases, nonuniform charging is the
an anisotropic ion velocity distribution function, which allowgesult of the ion anisotropy.
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Fig. 9. Experimental data [71] showing: (a) aspect ratio dependent etching ef I8i@ GH:F4; and (b) reduction in aspect ratio dependent resulting
from discharging with an electron beam.

of ions and neutrals flowing out of the plasma as well as
other forces. When the plasma is shut off and the sheath
decays away, the dust falls to the wafer surface. Dust larger

1000 W
50 scem Cl, than the smallest structures on the wafer (e:§.3 mm is

2 mTorr very detrimental to device operation. Grooves in electrodes
no bias

have been developed as a technique to reduce dust growth
in capacitive discharges [81]. The use of HDP plasmas have
improved problems with dust formation by increasing the

processing rate so dust has less time to form, but the problem

Fig. 10. Etch profiles measured with a line and space structure etched aigostill present to some extent.
a Si wafer coated with SiD+ poly-Si + photoresist.

D. Cu Deposition and Filling

. O O

W ® Plasma v @ As the minimum feature size continues to decrease, the
. 0 need for low-resistance local interconnections is becoming in-
creasingly more important. To address this problem, the semi-
conductor industry is moving toward on-chip interconnects
with copper metallization and polymer interlevel dielectrics
to provide the lowesRC delay, lowest parasitic coupling,
and highest electromigration resistance. Such interconnect
structures can be obtained by damascene patterning. In the
“damascene” [82] process, high aspect ratio trenches etched
in a dielectric are filled with metal and then planarized with
chemical-mechanical polishing [83], [84]. The damascene Cu
process makes use of ionized physical vapor deposition of Cu.
C. Dust Copper is sputtered into a high density inductively produced
rgon plasma where it becomes ionized. This process can result
. . L . high Cu fractional ionization (as large as 85%) leading to
in_semiconductor appllcatlons. This often must be a t. igh directionality of deposition at a biased substrate which
pronged _strgtegy, which attac|_<s dust f.r om both the outsi akes it possible to fill high aspect ratio trenches with copper.
anq the |n§|de of the processing tO_OI itself. Fabs are basqus features continue to shrink, the major obstacle does not
on impressive clean room facilities with class ten clean roOMBhear to be the plasma but rather lithography. However, |
having no more than ten dust particles per cubic foot or bettgjieve that plasma physics in the form of presheath scattering
The use of polymer producing gases in processing plasm@Sons will provide the eventual limit to anisotropy [85]. In
leads to the formation of spherical “cauliflower-like” polymelypp tools, presheath lengths are determined by the ion-neutral
dust (see Fig. 13) [80] in the plasma both from nucleation illision lengths [86], which are the order of a few cm. lon-
the gas phase and by sheath electric fields pulling polym&sutral collisions allow ions to gain velocity parallel to the
from the surface of the substrate. Wall flaking is currently ngtafer surface that can be a significant fraction of the ion
well controlled. The polymer dust charges become trappedagjoustic velocity. This limits the maximum anisotropy that
the sheath-plasma boundary by the balance of the force of tzn be obtained and becomes increasingly more important as
sheath electric field and the force associated with collisiodémensions shrink and aspect ratios increase.

Sheath

VZZZZ. 777, 7771 s
@ (b)

Fig. 11. Cartoon of the origin of the notch structure shown Fig. 10.

Great care is taken to avoid introduction of dust [79
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Fig. 13. SEM photo of cauliflower-like dust (diam= 650 nm).
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