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The need to substitute SjOwith low dielectric constant(x) materials increases with each
complementary metal-oxide—semiconductor process generation as interconnect RC delay,
crosstalk, and power dissipation play an ever larger role in high-performance integrated circuits.
Fluorinated amorphous carbon filnja-C:F,H) with low-« properties(x~2.0—2.4 deposited by
plasma-assisted chemical vapor depositioh'D) techniques provide several advantages including

low temperature processing, good gap fill capabilities, minimal moisture absorption, and simple
implementation. Several deposition techniques have been examined, including high-density plasma
and parallel-plate plasma-assisted CVD. In each case, it is possible to debBiH films with

widely varying properties, such asand thermal stability. This has led to a good deal of confusion

as to what is required to produce useful material. Results from many different sources are examined
to develop a coherent picture of the relationships between deposition techniques, microstructural
features, and macroscopic properties, and to summarize the scientific and technical challenges that
remain fora-C:F,H implementation. The relationships between film deposition parameters such as
applied substrate bias and film properties are presented in the discussion. In addition, x-ray
photoelectron spectroscopy and network constraint theory are used to develop connections between
microstructural and macroscopic properties, as well as to show how deposition parameters can be
used to create a predictive model. This will demonstrate what process parameters are important in
film formation. Finally, efforts to incorporate this material into integrated circuits, as well as
measurements of the reliability and performance will be reviewed.1999 American Vacuum
Society[S0734-211X99)16006-3

[. INTRODUCTION Of these materialg-C:F,H provides intriguing character-
istics from both the scientific viewpoint of why these films
have such low dielectric constants, as well as the practical
\//iewpoint of developmental cost. It has been shown that
g?ese films can achieveas low as 2.0, and that it appears to

One side effect of downward scaling of integrated circuit
components is that interconnect properties increasingl
dominate circuit performance and reliability. While circuit

design and layout have helped avoid these issues in the pa I " fil S
changes to the materials that make up the interconnect aff controlled by composition and film densityBecause

becoming necessary. The attempts to change interconnellESe aré plasma-deposited films, they have an extremely
materials to enhance integrated circuit performance havBigh crosslink density with respect to spin-on organic films,
concentrated on reducing the dielectric constant of the insi@1d hence do not have a detectable glass transition tempera-
lators or the resistivity of the conductors. Some performancéure. They have structural similarities to hydrogenated amor-
issues where material substitution can have the greatest inRhous carbon(a-C:H), giving them the potential to have
pact are signal propagation delay, as characterized by the Rigigher thermal conductivity than SjOThese structural simi-
time constant, crosstalk, power dissipation, and electromigrdarities may also translate to similar thermal stability and
tion. With respect to lowering the dielectric constant, manystiffness. There are also several practical reasons to examine
materials have been examined such as fluorinated, $i®  a-C:F,H films for integrated circuit applications. The depo-
orinated amorphous carbda-C:F,H), spin-on organic films, sition equipment currently exists in production, and the feed-
spin-on glasses, parylenes, organo-silag@4themical va- stock gases tend to be nonproprietary, inexpensive, and
por deposition(CVD), liquid-deposited glasses, xerogels, readily available. Chemical vapor depositi¢68VD) tech-
aerogels, and phase-separated matetiafsA few of these  niques, in general, have the advantage of being able to com-
materials are already being used in manufacturing, but thepletely fill narrow featuregi.e., features with a high aspect
tend to provide small improvements ik The more ad- ratio, AR) better than other deposition techniques. Finally,
vanced materialéx<3.5), are not yet in volume production. they are also generally considered compatible with dama-
scene process flows as well.
¥Electronic mail: jeremytheil@hpl.hp.com This article is divided into four sections. The background
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section discusses interconnect performance issues such a 2500 T
signal propagation delay, power dissipation, and crosstalk

from a materials point of view, as well as the different ap- :ﬁfg.fféfr?))
proaches to deposé-C:F,H films. The results section pre- W W (9E-6 Q-cm)
sents data in order to characterize and understand the film

formation and microstructure. The data also will be used to
reveal the issues involved with integratirgC:F,H films.
The topics covered include electrical properties, thermal con-
ductivity, thermal stability, adhesion, gap fill capability, and
process integration. The discussion section will present a 500 -
framework for understanding some of the connections be-
tween microstructural and macroscopic properties of the
films using x-ray photoelectron spectroscdpyPS and net- 3000 5000 7000

work constraint theory. A model to predict film properties IerGaniricet et (um)

based on process parameters will be presented. It will aIng. 1. Effect of interconnect metal on line rise time as a function of line
discuss the ramifications of reactor design on films, and thength.

potential of chemical and thermal stability issues. Finally,

the summary section will discuss unresolved issues and open o S _
questions that are still facingC:F,H films before they can strate the relative improvement in circuit performance. Fig-

be incorporated into advanced integrated circuit interconyre 1 is & chart that compares rise time variation for different
nects. conductor metals for different line lengths. Below 2 mm,

there is very little difference between lines, however, 5 mm

lines show a 15% improvement between Cu and Al. In simu-
II. BACKGROUND lations of SRAM circuits, substitution of Cu for Al metalli-

Signal propagation delay is the primary performance metzation, a 33% drop iR decreases the RC delay by 4-7%.

riC for high_speed Comp|ementary meta|_oxide_ By Contrast, deCI’eaSing thefrom 4.0 to 2.5 for a 38% drOp
semiconducto(CMOS) circuits, and is typically expressed in C decreases the RC delay by 8-13%ghis demonstrates
as the RC delay time constant. RC delay is defined as théat a greater delay reduction is obtained by lowefnoy a
product of the resistance and capacitance of a circuit; thesgiven fraction than by lowering by the same fraction. The
are proportional to material parameters by resistivitypf ~ reason for this is that interconnect capacitance contributes
the conductor and permittivity, of the insulator and geom- Mmore to total circuit capacitance than line resistance contrib-
etry. Since circuit scaling generally increases RC delay, on#tes to total circuit resistance. In fact, the main advantage of
way to mitigate it is to lower and/orp. Crosstalk can also using copper is not to lower RC delay, but to improve elec-
limit circuit performance. Crosstalk is a measure of the coutromigration reliability which in turn allows for the use of
pling of a signal from one portion of a circuit to another. It is Smaller wiring dimensions. In this case, optimization of di-
related to material parameters by the ratio of the intralayefensions is the primary factor in RC reductfén.
Capacitance QH)’ over the sum OC” and the inter'ayer ca- Most accounts of circuit delay Only consider the impaCt of
pacitance C,).*®> Normally, crosstalk is confined to a few changes in interconnect material properties on the intercon-
critical areas of the circuit, and is minimized by increasing
the dielectric thickness between lines only in those critical

:

:

Rise Time (psec)
g

areas. Increasing clock speeds and decreasing operating volt- 288 | T Total k=39 1
ages now render circuits more susceptible to crosstalk, mak- — 700 ‘ ==~ Device k=39
ing such spatial corrections less practical. It has been shown & goo T T Doe s
that decreasing the intralayer capacitance relative to the in- g 500 . \ e
terlayer capacitance can minimize crosstalk® The impli- Q 400 % I
cation is that intralayer material changes can benefit crosstalk § 300 N \\\ -
without altering the circuit dimensions. Fromapoint of ® 200 | - > e

view, this implies that using lowex material for the intra- 100 S e

layer dielectric relative to the interlayer dielectric can lower 0 :

crosstalk. Power dissipation of CMOS circuitry is defined by 0 5 10 15 20
p=CV?f, wherep is power,C is circuit capacitancef is Id,sat,n (mA)

; ; ; 7,18 ;
operating frequency, and is operating voItagé. While FiG. 2. Effect ofl 4 ¢,c0n signal delay. FETlabeled as the Devigend total

the_re are circuit IayO_Ut tephniques to minimi'ze power dis_Si"contribution to circuit delay. The difference between the two curves is the
pation, only decreasing interconnect capacitance will mini-influence of the interconnect. Model assuhe5 mmline length driven by

mize interconnect power dissipation with respect to fre-an inverter in which all FETs are the same size. The solid lines show the
quency total delay, while the dashed lines show the logic gate contribution. The

i . . . X thinner lines are for a dielectrie=3.9, while the thicker lines are for a
Simulations of circuit performance as a function of mate-jow-« material with «=2.4 (courtesy of Sam Nakagawa, Hewlett—Packard

rial changes that affect the RC time delay constant demoncompany.

J. Vac. Sci. Technol. B, Vol. 17, No. 6, Nov/Dec 1999



2399 Jeremy Theil: Fluorinated amorphous carbon films 2399

nect delay. In reality, however, changespimor « affect not 400 7 T R
only the interconnect delay but transistor-based delay phe- 3.50 j ! 1
nomena as well. Figure 2 is a plot of a simulation that illus- S ... *
trates the contribution of field effect transist@ET) and ¥3.00 — — j
interconnect and their interactions as the dielectric constant | = " HDPCVD‘f
. . . 2.50 (] ° PECVD
of the insulator is reduced. There are three features of this . : |-+ 1
plot that demonstrate the benefit of using lawnaterials. 2.00 - ‘ ‘ |
The most obvious is that the overall rise time of the circuit 3 2 FH 1 0

decreases. In addition, the contribution of the FETs in the gg 3.« as a function of gas mixture for HDPCVD and PECVD.
circuit to the rise time actually decreases with decreaging
since the contribution of the devicdBETS for k=2.4 is
below that of the devices at=3.9, shown in Fig. 2. Finally,
the rate of change in the rise time as a functionl @f,

decreases ag decreases. The ramification is that the circuit . N .
: : o - dissociatior? High-density plasma systems have 00
will be more immune to variation in FET characteristics at

lower « values. This holds practical significance since thehlgher plasma density and 108wer pressure than typical

circuit will have increased immunity to FET-to-FET varia- capathely cogpled' @scharges. Higher plf';\sma densities
ion permit higher dissociation rates of polyatomic molecifes.

. . . . The benefit of such sources is that they provide simultaneous
There are several different techniques under consideratio, y P

Qource and bias control at practical deposition rates. By in-
for forming dielectrics withx lower than that of SiQinter- P b y

. . e dependently controlling the substrate bias, it is possible to
layer dlelectrlc(ILD?. They can be ClaSSIerd.IntO three gen- have gap fill and film property control. As will be shown, the
eral categories, spin-on, porous, and chemical vapor depo

. . . o . roperties of HDPCVDa-C:F,H films tend to be independent
ited materials. The spin-on materials include spin-on glas

. . . . f the applied substrate bias. The decoupling of film proper-
(SOG in which dissolved S|on.ane—based preg:_ljgrlsgprs CO%ies from applied bias is desirable from a manufacturing
lesce and react to form glassy filme+{2.5-4.0),”>and

> o 56 . . point of view, since this allows process conditions to be in-
spin-on organic films £~2.6—3.4)>"° Composite materials,

. . ) . . _ X dependent of gap fill control.
including porous films, combine the minimum dielectric con- 5 variety of precursors have been tried for producing

stant of essentially free space with a matrix of silica or or-o_c-F H films by both plasma generation techniques. The
ganic material. Aerogel and xerogel approaches use differentost common combinations are either single fluorine-

film formation methods tolzai:rieve the porous film with a containing compounds, or gas mixtures with at least one
silica matrix (x~1.5-3.0):>"" Organic-based dual-phase fjyorine-containing precursor. Some of these precursors in-

films have been developed using phase-separated materialfude CF, C,Fg, CF,, CsFs, CHFs, CiFg, CeFs, CeHsF,
in which one phase is induced to create the matrix, and thejrpo,  SE, NF,;, H,, N,, He, Ar, CH,, C,H,,

other to create convex-surface shapes that can be removegy 21-22.25-28
(either through dissolution or vaporizatiomo leave free
space (~2.0-3.0)}? Chemical vapor deposition tech- |||. RESULTS

g‘q“‘?s C_overfas\_/vidf_el range of for(;ngtiorll methods: Or(ljeéf/che Developing an understanding of a material created by
uorination of SIQ films deposited by plasma-assiste plasma-assisted CVD requires knowledge of both the pro-

(PACVD) (,K~_3'_5_4'0)'1'2 This process is currently being oqqes that lead to film formation and their physical proper-
_employed in limited manl_,lfacturlng; how_ever, Its mo_de_s_t ties. This understanding forms the basis for predicting how
improvement and potential for fluorine-induced reliability \ese fiims may behave in integrated circuits. Process-related
problems suggest that it will be a short-term solution. Theryeg it will focus on how process conditions such as plasma
mal CVD of organic films called parylene use an aromaticyoer, gas composition, and applied substrate bias affect op-
precursor to deposit films directly onto the wafer via thermalijca| and electrical properties of the films. Experiments of
cracki!"ng .of a dimer source, and subsequent condensation aB?asma power pulsing to control the degree of gas dissocia-
crosslinking (~2.5-4.0):° Another thermal CVD tech- tjon will be presented. Microstructural data related to film
nique uses partially methylated silang®3 condensates t0  chemistry, adhesion, and thermal conductivity will then be
form SiO,-based films withk~2.5-4.01" Finally, there is  presented. The third section results will be presented regard-
PACVD of fluorinated organic films, which is the subject of jng integration ofa-C:F,H films into the interconnect. This
this article (<~2.0-3.2)>* includes chemical and thermal stability studies, attempts to
Many different approaches have been applied to producntegrate the film into a metal/dielectric stack structure, and
ing a-C:F,H films using plasmas, but the two most commonexperiments to show how-C:F,H may affect the perfor-
types employed are capacitively coupled glow dischargesance and reliability of integrated circuits.
[plasma enhanced CVEPECVD)], and high-density plas-
mas (HDP). Capacitively coupled glow discharges typically
operate in the range of 100 mTorr—20 Torr, with plasma The gas mixture has the most profound influence on film
density between foand 163'cm 3, and T, between 3 and properties likex and C—C bonding configurations. Figure 3

10 eV. Variations of glow-discharge techniques include tri-
ode configurations to allow for independent substrate bias
control, and power pulsing to control the degree of precursor

A. Process related
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direction as the applied rf power. However, bias effects
which are present for PECVD films, are absent for HPDCVD
films. In HDPCVD depositionk is relatively constant over a
wide range of applied bias voltagédzor example, for a
given gas mixturex remains around 2.4 for applied rf biases
up to —120 V. Infrared spectra of the filmsee Fig. % also
shows the effect of gas mixture ok for HDPCVD and show no measurable change as a function of applied®bias.
PECVD films®?” For electron cyclotron resonan¢ECR) In subtractive metal process flows where gap fill by the
HDPCVD films, the dielectric constant for the films de- dielectric is required, it has been shown that HDPCVD pro-
creases monotonically from 3.3 for an F:H ratio of 1.5 to 2.0cesses need a substrate bias applied to produce complete fill-
for an F:H ratio of 3.6 For PECVD films using CHHCH, ing. Unbiased HDPCVDa-C:F,H films tend to leave large
gas mixtures, on the other handonly decreases from 3.8 voids. However, only a modest bias power30 W bias
with an F:H ratio of 0 down to 3.4 with an F:H ratio 0?3?®  relative to 2000 W plasma poweproduces excellent gap
For both classes of films, the trend is the same, as the F:fill, especially for 2:1 aspect ratio gaps, relative to films with
increases the dielectric constant decreases. Even though the applied rf biag>3° One observation is that the peaked
parameter space of the data does not have much overlap, jmofile of deposited material on top of the metal feature has a
general, the HDPCVD films have a lower dielectric constantsteeper slope than that observed for Si-based films. This is
Applied substrate bias for PECVD techniques is oftenrelated to differences in the angular dependence of the sput-
used to modify film properties through ion-induced mecha-tering yields between carbon-based films and silicon-based
nisms. Raman spectroscopy has been used to study the effdiins 3! Since other film properties tend remain constant as a
of an applied substrate bias on the microstructura-6fF,H  function of applied substrate bias, the implication is that con-
PECVD deposited films. Raman spectroscopy is sensitive ttrollable gap fill is possible with minimal impact on film
molecular vibrations that have no dipole like C—C bonds,performance. From a manufacturing perspective, this is ad-
making it ideal for detecting qualitative changessip? and  vantageous since it provides for an extra degree of freedom
sp>C—C concentrations, the bonds that make upeti@F,H  for achieving gap fill with applied bias.
film backbone. In the study shown in Fig. 4, 8%Fgin H, Plasmas create uniqgue molecular intermediates for film
was placed in a triode react@which provides for indepen- deposition via various gas-phase impact mechanisms. The
dent substrate bias control with respect to the plasmad appropriate molecular mean free path, plasma volume, gas
films were grown under substrate biases ranging from 0 téime constant, and plasma densities can create conditions that
—200 V2 At low biases, the Raman spectrum revealed evi-subject precursor molecules to multiple excitations, greatly
dence of a film dominated byp? bonds, implying that the expanding the number of species that contribute to film
films had a relatively low crosslink density and hence weregrowth. Sometimes it is desirable to limit the number of
more chain-like. At higher bias voltages arounrdlO0 to  species to control film composition. Power pulsing is one
—150 V, the films had an increasingly higher fractionsgf method by which the plasma chemistry can be tailored to
groups as in diamond-like carbon. This is clear evidence thatontrol the composition of the deposited film. Pulsing the
the bias directly affects surface processes that contribute tdischarge lowers the mean number of excitation steps for a
film growth for PECVD films. For films grown in a parallel molecular fragment when the pulsing duty cycle is on the
plate PECVD system it has been shown that for a constardgrder of the molecular transit time through the plasma. Sev-
CH,/CF, gas mixture, changes in power produce changes irral groups have developed pulsed HDPCVD and PECVD
« for films grown on the powered electrode, but not thetechniques to deposi-C:F, H films?2233233For example,
grounded electrod®. Generally, in parallel plate systems, Gleason and co-workers used hexafluoropropyleneoxide

wavenumber. (cm-1)
Fic. 4. Effect of applied substrate bias on PECHEL:F,H film properties

(see Ref. 2. The applied voltages af@) 0 V; (b) —50 V; (c) —100 V; (d)
—150 V; (e) —200 V (courtesy of J. Vac. Sci. Technol.)A
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(HFPO), which when thermally excited, decomposes produc-T4ste I. Effect of fluorination on C % binding energy.
ing the Ck radical which creates films consisting of pre- Binding energy Eunctional
dominantly networked CFgroups, or Teflon®-like films* V)

group
When HFPO is subjected to a continuous plasma, the result
ing film shows a significant fraction of GRnd CF groups as 285.1 —C- or-C-H
33 X 287.1 —-C-CF
measured by XP%33 Takahashi and co-workers have used 289.3 _CE—
ECR HDPCVD and simple fluorocarbon gases, with power 2915 ~Ch-
pulsing at about 5%—15% duty cycle also produce films in 293.7 -Ckg

which the Ck peak dominates XPS spect’ It is gener-
ally believed that the Cfand CF radicals are formed by
more extensive gas-phase dissociation of the precéfsor.
Shorter on-time pulses minimize the degree of precursor disstanding will allow exploitation of the microstructure to
sociation, leaving mostly GRo form the film. Electron spin  achieve desired performance. To this end, there has been a
resonance measurements of these pulsed power low-dulgt of activity to try to understand the microstructure of
cycle films show a 18 drop in dangling bonds compared carbon-based networks and how to probe them. In the previ-
with the continuous plasma deposition. This is an elegan@us section, work has been presented relating the film prop-
example in which a PECVD process mimics a thermal CVDerties to process conditions. This section examines work to
process but at lower temperatures. elucidate details of the microstructure itself through XPS,
Understanding the influences on plasma chemistry is th§hermal conductivity measurements, and adhesion studies.
first step in developing a model of plasma-assisted CVD Infrared and Raman spectroscopy are complementary
processed>36 |n the CHF, plasma chemical system, it has techniques that can be used to identify most molecular
been shown that the reactor waltsamely, temperature and groups and interactions between them. Identification of the
surface compositionhave a great influence on plasma com-groups can be used to narrow the range of possible configu-
position. For example, an increase in the gas-phased€f~  rations present in the film, which can be used to gain a fun-
sity can be achieved by increasing the reactor wall temperadamental understanding of the microstructure. Because many
ture or by allowing the reactor wall to be covered with,CF potential vibrational modes can contribute to the spectral
polymeric films®>®’In the case of reactor wall temperature, bands, the overall spectra of either infrared or Raman spec-
the concentration of CGFfragments in the chamber was troscopy can be used to identify subtleties in the film struc-
monitored using mass spectrometry of the plasfiawas ture that may be related to the film formation method. At the
found that all CE; species increased as a function of temperasame time, the breadth and separation of the modes makes it
ture; a 50 °C change in wall temperature lead to x fie.  difficult to decouple them from each other. Figure 5 is an
This has the effect of shortening residence times for adinfrared absorption spectrum of arC:F,H film deposited by
sorbed species. The wall condition itself also influences adan HDPCVD technique and a mixture of gases containing C,
sorbed species residence times. For example, it has beéh and F. The most intense band between 950 and 1550
found that the gas phase density of some, Gpecies is cm ! is related to C—F and C-Fgroups of various vibra-
dependent upon the buildup afC:F,H films on the reactor tional modes. Single phonon-like processes may also exert a
wall; as the film builds up, the steady state concentration ogmall influence in regiod®*® Multivariate regression analy-
CF, groups increase¥. Changes not only in the elemental sis of the band suggests that it may be composed of up to
stoichiometry but also in the molecular structure of the in-seven distinct subbands.From around 1400 up to 1860
jected gas mixture can affect the dissociation products. Foem ! are a series of groups that are assigned=eQvinyl
example, H dilution of perfluorinated compounds assists inand phenyl group&’ Also, between 1680 and 1750 ¢y
the rate of their dissociation for HDP plasmas, whereas icentered around 1720 crh there is a possibility of a band
actually inhibits dissociation in partially fluorinated that might belong to €O (carbony). A discussion about
compounds?® the existence of £-O groups in these films will be presented
in the discussion section. When hydrogen is used during
deposition there can also be a weaker band in the 2920-3000
cm ! range due to alkane stretching mod&4 band in the
Carbon has multiple stable hybridizatioss®, sp?, and  region of 3650 cm’ is sometimes seen as well; it is nor-
sp, all of which are relatively immune to oxidation. Disor- mally attributed to adsorbed @ or OH, and irreversibly
dered allotropic carbon films vary from waxy polymeric ma- disappears upon heatifg.
terials, to graphitic complexes, to diamond-like networks. In the C—F system, XPS data provide details about local
This means that the local environment for any atom in aonding configurations between C and F, due to the very
carbon-based film has greater variation than for silicon-basedide separation of C4d peaks as a function of the degree of
films. It also implies that transformation of the local environ- fluorination®* The wide peak separation is caused by the
ment can be more complex. So paradoxically, while it isstrong localization of the Cdlresulting from bound F. Table
more difficult to define a picture of the microstructure for thel shows the group assignments for the peaks as a function of
film network, it is more important to try to understand it as it the binding energy. The height of each peak is proportional
plays a larger role in defining film properties. Such under-to the fraction of C atoms with a given degree of fluorination

B. Microstructure related
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TaBLE Il. Thermal conductivities of thin filmgsee Ref. 4p silicon-rich sub-oxide layer improved adhesion even
— more**4°XPS data shows that the appearance of Si-€C 1
Thermal conductivity L fﬁ
Material (102 W em LK) band co_rrelates Wlth improved adhgs iOther work shows
that a SiC adhesion layer works with moderate suctess.
a-Sio, 1.4
DLC 0.3-1.0
a-Diamond 5.2-9.7 C. Integration related
c-Diamond 2100 . . L . .
PMMA 0.2 One of the major potential applications for these films is

to use them as an ILD for high-performance integrated cir-
cuits. Such applications require thatC:F,H is compatible
with many other materials under adverse conditions without
near the surface of the sample, which allows for relativeinterfering with their formation or operation. Much effort has
comparison of group concentration. XPS spectra of HD-also been made to explore haaC:F,H would affect other
PCVD films deposited with and without applied bias showaspects of interconnect fabrication. This section presents a
there is no real change in the film chemisthHowever, as  summary of the work to date to examine the stability of these
will be shown later, the ability to chemically discern the films with respect to thermal cycling, and how chemically
degree of fluorination will prove to be helpful in relating inert they are. Once films are deposited for ILD applications,
deposition conditions to film properties that rely upon theit is important that they remain chemically stable, in that they
coordination number of the amorphous film network. neither react with other compounds nor release compounds
One concern for integrated circuit reliability is heat dissi- that may react with other films. In addition, incorporation of
pation, making it important that the materials in the intercon-a-C:F,H into the interconnect, and its impact on thermal per-
nect have adequate thermal conductivity. Therefore anjormance of the circuit are presented.
change in the materials in the interconnect must be viewed in  Chemical stability is one of the most important concerns
terms of impact on thermal conductivity. Moragh al. have  with respect taa-C:F,H films. It has generally been believed
developed a relatively straightforward technique to measuréhat a-C:F,H films might be chemically prone to oxidation,
the thermal conductivity of thin film& They locally heatthe and a few papers have been devoted to this possibility. In
film with a 200 fs laser pulse, and indirectly monitor the work on plasma-polymerized films, the oxygen content on
temperature decay rate from the spot by measuring the rédm surfaces by XPS, and bulk oxygen content were exam-
flectivity change of the spot. They used this technique tdned by secondary ion mass spectrosc@yvS) profiling of
measure the thermal conductivity of a seriesad®:H films  selected samples after agiffgPECVD films were grown at
and found that the thermal conductivity ®C:H films has a  different power levels on polycarbonate substrates that were
roughly proportional correlation with fraction afp>’C—C  only between 200 and 400 A, and found that immediately
bonds*? Table Il shows the thermal conductivities for a se- after deposition, a film deposited at 600 W had higher oxy-
ries of carbon-based materials. Diamond-like caridhC) gen content than a film deposited at 100 W. It was also found
and a-diamond films both have a high fraction 8p>C—C that the film surface oxygen content increased when exposed
bonds, however DLC films are defined as having a higheto 65 °C, 85% relative humidity air for prolong periods of
degree of network-terminated bonds than found intime. Another type of chemical stability concerns the mobil-
a-diamond.(A network-terminated bond is one in which a ity of fluorine in the film. Data from numerous sources show
multivalent atom bonds to a mono-valent atpifherefore, it  that films tend to lose fluorine as a function of heating, as
is expected that DLC films have a lower thermal conductiv-shown by infrared spectra collected before and after
ity. The significance is that sinaediamond and DLC films heating®>#84°
can be deposited by PECVD techniques, thermal conductiv- One concern about incorporating organic materials into
ity of a-C:F,H will depend heavily on the type of film integrated circuits is how they withstand the thermal cycling
formed. One note: it is well known that the mechanical ri-during subsequent processing steps. Many spin-on polymers
gidity and thermal conductivity of materials are related; dia-suffer from degradation of electrical properties, volumetric
mond is very rigid and has high thermal conductivity, while shrinkage, adhesion failure, flow, and evolution of gases
polymeric materials do not. The same applies to carbonupon heating to 400 °Cthe temperature of the final hydro-
containing thin films, in which films with more hydrogen are gen drive-in for gate oxidesTherefore, one test required for
softer and have lower thermal conductivify. organic films is to measure the thickness loss upon heating; a
Adhesion ofa-C:F,H films to other materials tends to be typical criterion is <1% thickness loss after 60 min at
worse than that of other low-dielectrics. Much work has 400°C. Most of the published work shows that neither
been done to improve adhesion to the point wree@F,H  PECVD nor HDPCVD produces better films with better ther-
can be incorporated into most film stad®$**°The most mal stability than the othe¥**® It is possible to produce
promising approach is to use deposited adhesion layers. fiilms with either great thickness loss, or virtually no thick-
has been found that while HDPCVBC:F,H does not ad- ness loss by both methods. It has also been reported that the
here to SiQ, nor does SiQadhere ta-C:F,H, some success film thickness can increase slightly upon heating in certain
can be achieved by using a 30 r&C:H film on either side circumstanced?®® In the case in which film thickness in-
of the a-C:F,H film28 A 30 nm film of a-C:H and a 30 nm creases with heating, it has been confirmed that the thickness
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Torr Ar. Fic. 8. Portion of infrared spectrum-C:F,H films deposited by HDPCVD

as a function of post-deposition thermal cycling duration at 400 °C in 4 Torr
Ar.

increase is associated with a density decrease and that the
flms undergo other changé®.As the density decreases,
there is a corresponding drop in bottand tans (see Fig. 6.
(Tané is a measure of the attenuation of the signal throug
the dielectric) It has been shown that the density drop ac-
counts for virtually all of the decrease in*®*°For example,
when HDPCVDa-C:F,H films are heated they can exhibit a
decrease irnx, tand, dangling bond density, film thickness,
density, and the fluorine contefdee Fig. 7. There are also
notable changes in the infrared spectrum between 1400 a
1850 cm?® (see Fig. 83%°°0 The spectrum shifts upward
with time around 1450, 1630, and 1830 ¢hnand decreases
slightly around 1730 crt. All of the changes occur up to 30
min of heating at 400 °C, except for the band at 1830 tm
which stabilizes in less than 5 min. This region of the infra-

red spectrum is associated with=€C vibrational modes. Il dielectric is ol A | interf il load t
Attempts to improve the thermal stability &f-C:F,H overafl Clelectric IS planar. A nonpianar interface wil iead to
more difficult control of the sidewall profile and erosion dur-

films typically rely on changing film composition. The most . 2 etch. H . h led ful
common method is to lower the ratio of F:H in the incoming INg via etch. HoWEvVer, Since no oné has revealed a successiu

gas feed It is possible to completely eliminate thickness ?Ianané?tlor; techm?ule fca—C:F,I]:: fllms;,htftns IS (lndne Oflzhil
loss by adjusting the F:H ratio, but it is usually at the ex-t(haW SE thrac |vekmfeél dpr?c?gs prsg d a WOl: hwor T
pense of an increase infor as-deposited films. Another is to oug ewor. otEndet al. in Fig. = coes not Snow vias
add N, to the feed gas for PECVD film¥.It was found that through thea-C:F,H layer, a separate picture has been pub-

; : : lished showing an etched via through the material that has
for CF,/CH,4 gas mixtures, adding N-educed thickness loss . ; . :
from 40% to 0% at 300 °C for 60 min. These stable filmsPee" filled with a CVD Al procesgdimethyl-aluminum-

contained about 12% nitrogen. This technique works at tthd”de(DMAH) 180°Cland a TiN barrier. Endet al. have

expense of about a 15% increase #nbut once agairk
rpecomes stable with respect to heating.

Despite the uncertainties of chemical stability and diffi-
culty in achieving adhesion, integration aefC:F,H into a
multilevel stack has been demonstrat&c? Figure 9 shows a
scanning electron microscog$EM) micrograph of a three-
level metal structure with two layers afC:F,H films serv-
rirag as the interlayer dielectri®. Most of the subtractive
metal process flow modules are demonstrated: metal deposi-
tion, lithography, metal etch, low-deposition, hardmask
deposition, and hardmask chemical mechanical polishing
(CMP).2%%50ne feature to note is that there is no CMP of the
a-C:F,H dielectric. This leads to a nonplanar dielectric
hardmask/lowk interface between metal levels, although the
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Fic. 7. Effect of thermal cycling for 30 min at 400 °C in 4 Torr Ar on FiG. 9. Three level metal stack with two layers o&<C:F,H film deposited
infrared spectra for HDPCVD films. by HDPCVD (see Ref. 3D(courtesy of the Materials Research Socjety
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shown that it is necessary to fabricate the entire interconnegiroperties. Raman and infrared spectroscopies can be used to

structure below 300 °C, the thermal limit for their films.
With the ability to incorporate organic low-materials

identify local bonding groups in the films. XPS can quantify
the relative concentrations of C with various degrees of fluo-

into simple interconnect structures, there has been some aifination. As will be shown later, these data can be used to
fort to test their effect on performance and reliability. The predict film mechanical properties. Furthermore, this relation
impact on capacitance by substitutiagC:F,H films for SiQ can be extended to other properties such as thermal stability
in the intralayer region of the interconnect has beerand used to develop a model for the film properties as a
studied®®“° It was shown that the capacitance does drop byfunction of deposition conditions. Finally, such a model can
about 50% when replacing Sj@vith a-C:F,H. However, as  be helped in establishing connections between microscopic
mentioned previously, circuit speed enhancement does n@ind macroscopic properties.

scale entirely with reduction ir. The effect of lowering the One of the most interesting observations is that applied
thermal conductivity of the interlayer dielectric was studiedsypstrate bias influences film properties for PECVD but not
to see if there would be a significant degradation in elecHppCVD films. For PECVD, depositing on the powered

tromigration lifetime>® A spin-on organic lowx material
with a thermal conductivity lower than that of Si@as used
in three different dielectric configurations: pure $i@ SiO,

electrode(where self-biasing can be a function of poyyer
there is a change in dielectric constant not seen for the
grounded electrod® It has been shown that an applied bias

layer between metal layers and an organic film betweeian even limit material accumulation below certain process-
metal lines, and all organic material. It was found that thergng pressures, while unbiased surfaces accumulated material
was no significant decrease in metal line lifetime for reasonz; 4 pressure§7. It is apparent that ion-activated processes
able cu.rrent densitigs any of thg cgnfigurations. However, dominate PECVD film growth under certain process re-
very slight shortening of the lifetime was noted for the gimes through control of desorption rates and possibly de-
samples made entirely of polymer. composition processes. With an ionization fraction around
105, the structure of the precursor gases may influence the
film. Applying a bias to the substrate can result in the rear-
rangement of atoms on the surface, hence driving certain

b hat scattered. it | ble to start develooi deposition reactions. In HDPCVD systems, on the other
een somewhat scattered, 1t 1S possible 1o start developing nd, applied substrate bias does not appreciably affect film
picture of how it forms, it structure, and the issues confront-

. ; . T N roperties. With very high ionization and dissociation rates
ing the integration of them into integrated circuits. In termsp b y g

of physical understanding-C:F.H provides a unique oppor- for high-density plasmas, it is generally considered that mo-

. . . lecular fragmentation i ntiall mplete. Therefore, th
tunity to glimpse at the connection between molecular fea—ecu ar fragmentation 1S essentia’ly complete eretore, the

. . g .. ~composition of the atomic flux density is what dominates
tures and macroscopic properties of thin films. By examinin

the average carbon coordination number within the film, it is llm composition, so applying a substrate bias tends not to
roduce a net rearrangement of atdths.

possible to relate deposition parameters and film chemistr9 o ) .
to macroscopic properties such as mechanical stiffness, ther- tPOer ' thIS'T(gf'S an otk;)er r:etk_;_(r)]d of |nf|uenc]1ng the ChTr'
mal conductivity, stress, and perhaps thermal stability. Th cter of network forming bonds. 1he purpose of power puls-

chemical stability of these films with respect to oxygen con-"9 1S to enable plasma processes to approximate a thermal

tent, reaction with ambient oxygen sources, and mobility ofProcess but at lower process temperatures. It has been used

fluorine will also be discussed. The effect of deposition and® produce-stable films Fhat havg an order of magn!tude
reactor conditions on plasma chemistry will be presented©Wer dangling bond density than films formed from continu-

The focus will be on the effect of the reactor design, wall®US Plasma deposition processes. The impact is to produce

condition, and gas dilution on precursor dissociation rates. fOW-« films that are less lossy. While it has not yet been
will be shown that the films may not be as reactive with demonstrated, there is no reason to expect that these films

environmental oxygen sources as sometimes assumed. would suffer from significant degradation in thermal stability
or mechanical properties with respect to continuous plasma
films. The major drawback of power pulsing is that it could

Much of the published work has concentrated on the efcreate plasma-induced damage in CMOS transistors. This is
fect of deposition conditions such as gas precursor, gas flovd problem that would not be easily minimized by process
plasma generation technique, power and the like, on the deénodification, as it would be difficult to remove spatial and
posited film properties. However, faC:F,H films, other temporal voltage gradients from the plasma of processing
aspects of the reactor play an influential role in the type ofquipment.
film produced. For example, the plasma etch community has The influence of reactor geometry and wall condition is
studied analogous processes to understand etch selectivit@rely well characterized, although it often has been shown to
and sidewall film formation as a method of etch profile affect process results. Experiments performedas@:F,H
control®* What they have shown is that the composition ofdepositions show that these are no exception. Increasing wall
reactor wall surfaces and wall temperature variation can altelemperature has been shown to increasg €facentrations
the radical mixture in the plasma by orders of magnitudein the discharge, since all radical concentrations scale at
Several techniques have been employed to ex@dteF,H  roughly the same rate, this causes a decrease in the desorp-

V. DISCUSSION

While research into understandiegC:F,H behavior has

A. Process
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tion time3® This translates into a higher Ghpartial pres- 3.75 5
sures, and can increase the film growth rate. For PECVD g 35 T
systems, this may lower the ion/neutral flux ratio at the sur- § 3.25 R

face which could alter film properties. The change in gas- s 3 |

phase radical equilibration time as a function of bias and §2-75 o . 0 C-F-H Fi,;r;;'f
pressure highlights two issue&t) the wall condition con- g 2573 A CFFims
trols the partial pressure of Cadicals, and2) for PECVD, G 2.25 3

applied substrate bias controls film formation kinetics. Be- 2
cause the wall conditions may be continuously changing, the

partial pressures of GRadicals do not remain proportional

to one another, which shifts the reactant concentrations at th@e. 10. Coordination number as a function of the product of C:F ratio and
substrate surface. These shifts have the potential to formower density.

graded films. The ramification of changes to the surface state

and wall temperature is that the deposition processes that

control film properties may vary during the course of depo-shown that XPS spectra of HFPO CVD and PEC¥D:F,H
sition and influence depositions from sample-to-sample by §ims can be used to successfully correlatdo the fracture
reactor history effect. If these are not controlled or characiechanisn? The estimate of the coordination number

terized, they will lead to inconsistencies in the results of(shown in the following equatioris the sum of the product

0 2 4 6
C:F * Power Density

process studies. of the number of network bonds associated with each carbon
group for each degree of fluorination and the fraction of
B. Microstructure those network bonds as shown by the XPS spectrum:

As with any material, it is desirable to understand the m=0.01%CF;)+0.02%CF,)+0.03%CF
relationship between microstructural phenomena, and macro-
scopic properties in order to refine development. The C-F +0.04%C-ChH+%(C-0), @
system in particular presents a unique opportunity to definiwherem is the coordination number, and the ,Qierms are
tively make such connections. XPS will be used to predicthe fraction of each type of group that corresponds to the
the rigidity of the network and in turn this is related to film appropriate XPS binding energy peZkOne caveat to con-
properties such as stiffness and thermal conductivity. In adsider is that the calculation ah does not distinguish be-
dition, density changes, electrical characterization, and infratween sp?> and sp® bonding. Even though this does not
red spectra will be used to develop a picture of the majocchange the coordination number, the rigidity of the network
contributors to the film dielectric constant. will be lower with increasing presence sfp?>. However,

The C—F chemical system provides a unique opportunitysince it has been shown that the fracture mechanics roughly
to probe the microstructure @C:F,H films. The ability to  correlate tom, then the concentration afp? bonding is not
know the degree of fluorination of C atoms by XPS, enablechigh enough to greatly change the analysis.
by the ~2 eV shift for each fluorine atom bound to a carbon  Since the coordination number explains physical film
atom (see Table | for the binding energjesllows one to properties, a model that describesin terms of process pa-
determine the degree to which C atoms are constrainechmeters would be a powerful predictive tool. One way to
within the thin film network. Coordination number informa- relate the film properties with deposition conditions is to
tion is normally quite difficult to deduce due to the lack of develop a simple empirical model that describes the data.
readily available measurement techniques. However, witlirigure 10 is a plot ofn calculated for several different films
these data it is possible to start tying together microstructurads a function of the product of the substrate power density
features of-C:F,H with macroscopic behavior like stiffness. and the C:F ratio of the gas mixture. The data in Fig. 10

For C—F films, XPS spectra provide a complete descripcome from five separate experimefiteluding parallel plate
tion of the bonding of carbon atoms; therefore this can be?ECVD and HDPCVD sources, as well as,Céhd CKH,
used to determine the coordination numfreFor example, gas mixturel and all data points lie on a roughly straight
the fracture mechanics of the films can be predicted by deline. In order to estimate the substrate power density, the
termining the coordination numbém), which is the average substrate area was divided into either total plasma power was
number of bonds that a carbon atom makes to other networkised for parallel plate configurations, or applied substrate
forming atoms>°%% The coordination number is theoreti- bias power for nonparallel plate configurations. The fact that
cally calculated by estimating the limits of attainable net-data from five separate sources all lie on the same line sug-
works of C atoms given all bonding configuratioidt has  gests that this relation accounts for relatively fundamental
been shown that fom>2.67, the film is overconstrained, effects that control film growth. These effects are also rela-
and fails with a brittle fracture, whereas far<2.15, the tively independent of many details of the process conditions;
film is underconstrained and fails with a good deal morefurthermore, the C:F ratio in the gas mixture, and the power
plastic deformatior’® Since fluorine is monovalent, it termi- density are the major factors.
nates the network where it bonds to carbon, therefore, the The model works well for films in which the coordinating
more fluorine the lower the coordination number. It has beeronfiguration for the network-terminating groufetoms or
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dangling bonds are measurable. But one question that re-the film is substantially lower than in the feedstock gas mix-
mains is why does this model also hold true for films grownture. Incorporated hydrogen may be removed at the deposi-
with hydrogen in the gas mixture, and how do danglingtion surface, either through thermal desorption, abstraction
bonds affect these film properties. For XPS, H and danglingeactions with fluorine, or insertion reactions by carbon con-
bonds provide less than a 0.1 eV shift, compared with theaining groups.
fluorine-induced ~2.0 eV) shift of the C Is binding energy Since network constraint describes the degree to which
making these difficult to resolve. Therefore, the concentranetwork forming atoms, i.e., C, can move within the film, it
tion of hydrogen-terminated and dangling bonds must alstvas been shown to govern mechanical properties such as
be considered to see how they may perturb the analysis. Istiffness®? It is likely, though, that it can also describe other
representative infrared spectisee Figs. 5 and)8the bands macroscopic film properties such as thermal conductivity and
around 2900 cm! for C—H(s), and the 950—1550 ciiband  mass thermal stability. With respect to mass thermal stabil-
for C—Hs) can be used to estimate the relative amount ofity, certain mechanisms such as rates of desorption or disso-
hydrogen to fluorine in the film. The absorption intensity for ciation of light molecular fragments are intimately related
C—H(s) varies from 0.45 for saturated hydrocarbons down towith the degree of crosslinking and therefore rely on the
0.08 in halogenated methyl groups, whereas Gr-Ras a network constraint. For films in which these mechanisms
value of 0.10%° Assuming that the band from 950 to 1550 dominate, the mass loss process, then it is possible to predict
cm ! band is primarily related to C«8), then the area ratio thermal stability from the C:#power density product in
of C—Hs) to C—H(s) is roughly around 300:1. Since F:H can much the same way it can be used to predict stiffness. There-
be estimated from the ratio of the product of peak areas anfibre, this relation provides a powerful tool to limit the range
the relative intensity terms, the ratio can be from 67 for theof acceptable process conditions, aids in the development of
saturated hydrocarbon intensity to 375 for a halogenated mex physical understanding of film structure and formation, and
thyl group. Given the sizable fraction of fluorine atoms in theprovides a benchmark for optimizing the deposition process.
film (upwards of 40% which is likely to push the C—t4) Thermal conductivity of carbon allotropes is also likely to
intensity towards halogenated methyl group strengths, thdepend on network rigidity. As shown in Table II, polymeric
ratio is probably closer to 3788 n either case, it is clear films which have lowm numbers also have much lower ther-
that the H content of the films is likely to be quite low, and mal conductivity than rigid networks such as diamond.
can be neglected. Dangling bond concentrations are also very One interesting correlation in the heating ®&C:F,H is
low. From ESR data, the maximum dangling bond concenthat tans decreases upon heating while peaks in the infrared
tration is estimated at #&cm® in the as-deposited state, and spectra in the 1400-1850 crhrange generally increase.
for the thermally treated state concentration as low as Jand is a measure of the sum of attenuation of an electric
X 10'/cm? dangling bonds account for only a few tenths of field as it passes through a dielectric, and represents interac-
a percent of the network terminating sif€$®and can also tions of the electric field with dangling bonds, dipoles, and
be neglected. The linearity of the Gjower density product low energy chemical bonds. Since the infrared spectrum in
implies that the term is the dominant parameter in determinthe 1400—1850 cit range is associated with-€C bonds,
ing the coordination number. While the functionality of the the phenomena could be linked by the conversion of dan-
relation is still open to interpretation, intuitively, the param- gling bonds in neighboringp® bonded carbon atoms into
eter can be thought of describing conditions favorable tsp? bonds. This is supported by recent electron-spin reso-
crosslinking. Since both increasing the amount of carbon andance(ESR work that demonstrates that there is a decrease
energy available for film formation, the greater opportunityof the dangling bond concentration upon heafthi.is rea-
for atomic rearrangement to promote crosslinking. sonable to expect that heating the films could assist in mi-
What Fig. 10 shows is that the product of C:F and powercrostructural rearrangement, and that the potential energy
density is proportionally related to the crosslinking of C at-within the dangling bonds could overcome the energy barrier
oms in the film. While it is generally accepted that increasedo convertsp® into sp? bonds. Other contributions to the
ion bombardment of a growing film normally increases theincrease of €=C concentration include the dissociation of
crosslink density, and that power density is proportionallyC—F and C—H groups, and an associative desorption mecha-
related to ion bombardment, then it follows that power den-ism between neighboring monovalent atoms to create gas-
sity increases the crosslink density. What is also seen is tha&ous products. These sorts of reactions tend to increase the
the presence of fluorine in the feedstock gas somehow inhitthermal stability of the amorphous network with respect to
its crosslinking. While it is not clear what influence fluorine subsequent heating.
has on the mixture of the impinging flux at the film surface, Infrared spectra can be quite useful in developing a pic-
it is possible that fluorine preferentially ties up bonding sitesture of the molecular groups comprising a dielectric. How-
of the growing film. Crosslinking inhibition leads to lower ever, making firm assignments of infrared features to specific
film density and therefore lowet. This would be an addi- molecular groups in amorphous films is not trivial due to the
tional mechanism by which fluorine contributes to loweringpresence of disorder. While specific modes have been iden-
« (the other mechanism being electron localizatidkso, it tified for C—F, C—C, C-0, and C—H groups of various com-
appears that fluorine inhibits the degree to which H is incorbinations for pure compounds, it can be difficult to cleanly
porated in the film, given that the apparent amount of H indelineate them from one anotff@rPart of the issue is that
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the local environment perturbs the wavefunction of the vi-diffuse towards the gate regions, transistor performance
brating group and can shift its energy level tens of wavenummight be degraded by creation of electrical defects at the gate
bers from its free-space position. In a crystalline solid, theinterface and channel regions, Wy, shifts, and by lowering
shift is discrete due to the narrow range of local environmengate dielectric breakdown voltage. On the other hand, there
configurations, but in a disordered solid the shift can b%re a Variety of Strategies that have been deve|0ped to pre-
spread between the free space and crystalline environmentgent other contaminating elemerfiie Na, Cu, etc. from
Since the spacing of different modes may be narrower thageaching the substrate. For example, gettering and barrier
the amount of shifting, overlap is inevitable. In the specificfimg are routinely inserted into the interconnect. Diffusion
instance of carbon-based materials, the presensgosp*,  parrier materials like transition metal nitrides are used to clad

configurations, thus increases the number of wbranonatore' in order for the films to become realistic candidates for

bands |_3055|ble. Finally, bega_use of th? disorder, Symmetr?(nerlayer dielectricsILD), they either must be created such
constraints that would prohibit a net dipole moment for a . : . S
that mobile fluorine concentrations are minimized, or appro-

given vibration are removed, thereby allowing normally riate barriers must be inserted to prevent diffusion of fluo-
infrared-inactive vibration to contribute to the spectrum. This? P

symmetry breakdown provides low-level absorption not seefy"¢ to vulnerable structures and the films outgassed imme-

for other infrared systems with similar molecular groups. diately before. capping. i
Several articles have suggested #h&:F,H films are sus-

C. Integration ceptible to post-deposition=20 formation. So far there has

Thermal stability of films is always important for CMOS been no conclusive evidence to show that carb@@y-O)
circuit fabrication, regardless of the interconnect fabricatiordroups are an intrinsic feature efC:F,H films. It has been
technique. One of the main reasons for this is that a formingroposed thaa-C:F,H films may be chemically prone to oxi-
gas anneal is required at the very end of the process flow tdation, but to date there is little firm data to support the
remove process-induced damage to the gate oxide and stalsientention. Most references te=60 groups point to infrared
lize the interface. This forming gas annédb—-50% H in  spectral bands that are in the same spectral region where
N,) is typically around 350-450 °C for 30—120 min. This is carbonyl bands would exist. Work on plasma-polymerized
true even for the Cu-damascene process flow, in which afiiims examined the oxygen content on film surfaces by XPS
process temperatures except the forming gas anneal can bad attempted to examine bulk oxygen content by SIMS pro-
limited to 300 °C. Fora-C:F,H films, it is also necessary that filing after aging’’
they are stable with respect to ambient oxygen sources, and Infrared spectroscopy is often used to identify the pres-
have minimal fluorine mobility. Most carbon-based materialsence of =0 groups within thin films because of its distinct,
tend to have limited thermal stability, in the range of thenarrow band in the 1720-1740 cfhrange. However, using
forming gas anneal. In fact, it is not expected that organignfrared spectra to identify a specific band in the region from
films can meet the mass and thickness loss requirements @50 to 1850 cm' for a-C:F,H films can be quite difficult
inorganic films like SiQ. However, once the film is depos- gince this is also the region for most=&C stretching
ited, losses must be minimized to avoid unacceptably higRjiprations?® The G—C bonds are among the bonds that form
structural strains. The above requirements lead most COMpe amorphous network, and probably have a concentration
mon thetmal stability screening metrlcs that are applled. foln the order of 1% cm 2. Given that the intensity of the
organic films to converge at1% thickness loss after 30 min C—0 band is about 28 stronger than that of the-EC, the
at 400°C. _ _ sensitivity for G=0 detection is roughly Z§cm™3. The car-

Most screening metrics do not account for mass Iossbonyl band can appear in the range of 1680—1780cm

since as long as the film retains sufficient structural 'megmy’depending on whether the-€0 is present as a Ketone, ester,
overall mass loss could be advantageous. However, certain

issues, such as the fraction of potential outgassing materia?,r carboxyl, a-n.dlwhether or not it is halogenated. Therefore,
the temperature-dependent rate of outgassing, and the forn%]other possibility is that cgrbony!—related spectral feg tures
in which fluorine may outgas, should be taken into accounf'® spread out over a relatively wide range. If the=0 is

by any mass-loss metric. Even if fluorine is only released agncorporated during film growth, then most of the aforemen-

an inert gas it does so after it is buried, which may result infioned bond groups are possible, so it is not likely to have a

a buildup of pressure to cause delamination and catastrophfiStinct band. Changes that are seen in this region could also
failure. Therefore, the film must be stabilized in a singlePe attributed to conversion of dangling bonds amC-C
thermal cycle. bonds into G=C bonds>*°*°

It is clear from the infrared data that fluorine diffuses In the plasma-polymerization work on polycarbonate sub-
from most of these films. Since atomic and molecular fluo-Strates, it was demonstrated that the film surface can oxidize
rine, and hydrogen fluoridgHF) are quite reactive, this leads over time?’ However, it is not clear that the film bulk oxi-
to the question, if these are liberated in any significant quandized significantly over time, since XPS is a surface sensitive
tity how will they affect integrated circuit reliability? It is technique and SIMS profiling was performed only after ag-
widely known that HF and fluorine will corrode metal lines ing. More importantly, the films deposited are so tt00—
if they can penetrate through metal diffusion barriers. If they400 A), that it is unlikely that bulk SIMS data could be
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extracted from the scans, and that the microstructure wouldrowth. It has been shown that for other organic materials
not represent bulk films. Also, it is quite possible that oxygencontinued outgassing can extinguish some metal CVD pro-
is being incorporated during deposition. Depending on theesses, and in other CVD processes lead to changes in metal
configuration of the reactor, and deposition rate, it is possiblenorphology. It is also conceivable that physical vapor depo-
for oxygen to be incorporated as a function of plasma powersition (PVD) film growth can be disturbed. For example,
At higher powers, the plasma volume may increase and libsince PVD Al grain growth can be interrupted by air expo-
erate oxygen from newly exposed reactor surfaces. Also, theure, organic material adsorption would most certainly have
polycarbonate substrate itself contains a great deal of oxygesn analogous effect. If it is not possible to produce a film that
that may be incorporated during deposition, especially foistops outgassing, then it would be necessary to produce
such thin films. If the deposition rate is low, with aT0Torr  metal and barrier deposition processes that are not surface
base pressure and a T0Torr operating pressure, the partial sensitive; however, this is a rather remote possibility.
pressure of oxygen might be high enough to have significant A three-level metal process flow has been demonstrated
amounts of oxygen incorporated into the film. It is possiblefor a-C:F,H films, showing it is possible to successfully in-
that the oxidation phenomenon that was reported is simply gegrate the materidf. However, the process flow is quite
surface mechanism and does not apply to the bulk. In angifferent than other subtractive metal process flows. The
case, these films are likely to be too thin to be representativeon-planar dielectric topography over metal lines left by this
of integrated circuit applications, which typically use films process may prove difficult to work with for advanced via
for ILD that are at least 18thicker. photolithography and etch. In addition, the entire process
There are several types of experiments that can be pesequence was limited to 300 °C, presumably to not allow
formed to answer some of these question with regard to posexcessive thermal cycling for the material. Since forming gas
deposition oxidationln situ capping of the films with silicon anneals are required at the end of the process, this tempera-
nitride coupled with post-deposition monitoring, one way toture restriction is too low. However, since adequate thickness
determine whether or not there is a post-deposition oxidatiostability has been demonstrated up to 400°C for other
effect. SIMS profiling of thick films deposited in oxygen-free a-C:F,H films, it is still possible to maintain more traditional
environments(including the substrajeas a function ofex  process flows:*8 It will be easier to integrata-C:F,H films
situ exposure time can also indicate if the films accumulatento damascene process flows since CMP of the film would
oxygen. However, care must be taken to differentiate benot be required. Metal CMP steps could make use of rela-
tween surface and bulk incorporation. Measuring the oxygetively thin inorganic hardmask layers, such as SiSisN,,
content as a function of substrate bias, gas flow rates, poweoy SiC for the polish stop and adhesion layer. This would
and deposition rate can also point to potentiaditu sources. also probably require that the premetal dielectric not be
a-C:F,H, since dielectric CMP planarization would be neces-
sary. Regardless of process flow, certain other issues remain
to be tackled. Via and trench etch process modules need to
There are several issues that remain unresolved at thigature. It is likely that oxygen-based plasma chemistries will
time. They mainly refer to adhesion, fluorine containmentbe used to etcla-C:F,H, but etch profile control may be
and process flow. Befora-C:F,H can be considered for ILD difficult without hardmask erosion, as would resist stripping
applications, these issues need to be more or less resolvedvithout a-C:F,H erosion or hardmask sputtering.
The two primary issues concerning adhesion are the ap-
licability of the current process flows that utilizeC:F,H,
gnd the impact of adhesign promoting layers. While adequatg' SUMMARY
adhesion ofa-C:F,H has been demonstrated for one type of In plasma deposition dd-C:F,H films, as the gas mixture
subtractive metal process, there are still some questions thgbes towards fluorine-rich films, decreases but thermal sta-
need to be addressed for more conventional process flowbility tends to fall. One of the role of fluorine is to inhibit
a-C:F,H can be inserted with adequate adhesion to form arosslinking. Applied substrate bias has been shown to affect
multilayer interconnect structure in a CMP-free process flowfilm properties for PECVD films but does not affect those
The adhesion layers that are most effective are bilayer filmgroperties for HDPCVD films. However, it does improve
of silicon-rich oxide anda-C:H, anda-SiC films. In both  gap-fill capabilities for HDPCVD deposited films. Power
cases, the films are highermaterials, and may have higher pulsing can be used to produce films that have lower dan-
tan 6. As these layers would lie adjacent to metal lines, theygling bond density and hence lower signal attenuation, but
will have a disproportionately high influence on the compos-this may come at the cost of increased plasma induced dam-
ite k, since they would lie in the path of the fringing electric age. Wall temperature and composition have been shown to
fields. Work to reduce the adhesion layer thickness and paaffect the plasma density of radicals, and are expected to
sitioning relative to metal lines will prove fruitful in improv- affect the deposition rate accordingly. In addition, the non-
ing performance. linear change in radicals as reactor walls “season” has the
One issue that has not been addressed is the effect pbtential to create graded films.
a-C:F,H outgassing on subsequent film deposition processes. While fluorine does lowek through electron localization,
If outgassing continues during later heating cycles, organid also contributes to a lowet by lowering film density. In
adsorption on deposition surfaces can interfere with filmtwo reports, changes ir correspond closely to changes in

D. Open integration issues
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