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This paper describes the properties of low-k materials produced by aE))Iasma copolymerization. Carefully
chosen monomer precursors and suppression of excess dissociation enabled controlling film properties. For
example, moduli of the copolymerized films were improved by enhancing bridging between the monomers.
Dielectric constant of the film could be reduced by using low temperature deposition followed by annealing.

In order to satisfy the requirements for ULSs, an interconnect structure with low didectric congant (Low-K) filmsis one of
possible solutions. We have proposed the gtrategic conoept of "Low-k materias with scaahility gpplicable to afew technology
nodes’ [1]. Themgjor chdlengeto redize the scalable low-k materid isto get solutionsfor controlling the digectric congtant and
mechanica strength. Among severd low-k film deposition methods, a plasma copolymerization technique has been developed
for this purpose [2]. The concept of the technique isillustrated in Fig. 1. Basic film properties will be determined by the matrix
monomer, and modified by copolymerization to achieve the lower didectric constant and higher mechanicd srength.

Figure 2 shows aschematic diagram of the experimentd gpparatus based on aplasma CVD system. DV S-BCB was chosen as
a darting matrix skeleton monomer. The didectric condant of the singly polymerized DVS-BCB film was 2.78 [2]. Typicd
depogtion condition is shown in Table 1. Converged saddle point sructures of DVSBCB monomer by dengty functiond
method (B3LY P/6-31G*) were shown in Fg. 3[3]. Table 2 showsthe list of precursors for copolymerization. Three gpproaches
from (a) to (c) were examined mainly to reduce diel ectric congtant. These precursors were chosen from the view point of possble
copolymerization reactions with the matrix monomer, from caculated didectric congtant of the monomers, and from vapor
pressure. The calculated didectric congants for these monomers were shown in FHg. 4 [4,5]. DV S-BCB monomers show about
the same va ue as the deposited film. Phenyl compounds show higher v uesthan those of diphatic compounds.

The QM S systemn could detect reaction products in the plasma through orifices at the chamber wal. Figure 5 shows the mass
spectrum from 380 to 500 amu during discharge with DVS-BCB molecule in hdium plasma [€]. As the mass number of
DVSBCB monomer is 390, the mass pesks obsarved here can be dtributed to the polymerization reaction products in the
plasma. Figure 6 shows dectron dengty change againgt source power measured by a surface wave probe [7]. The low dectron
dengity suppresses excess disodiation of the monomers, and enablesto inherit origind characters of the monomers.

In method (a), phenyl compounds with unsaturated functiond groups were introduced as modification monomers. They have
amdler molecular volume than the DVS-BCB monomer and can polymerize with DVS-BCB. Therefore, the copolymerized
films were expected to have lower didectric congant by free volume being formed between the monomers, and higher
mechanicd srength by enhanced bridging between the monomers. The didectric constant and modulus of the copolymerized
film are shown in Fg. 7 as a function of the molar ratio of the modification monomers supplied to DVS-BCB. The modulus
increases with the molar ratio. This was due to an increase in the copolymerization ratio [8]. However, the didectric congtant of
the deposited polymers did not decrease. Thisindicatesthat free volume could not be formed in the film by copolymerization.

Low-k hydrocarbon compounds with unsaturated functiond groups were used to introduce diphatic component into the
skdeton gtructure in method (b). Figure 8 shows the rdaionship between the didectric congant and the modulus of the
copolymerswith DVS-BCB. Reaultsfor VNB and TV CH were plotted together with those for the phenyl compounds shownin
Fg. 7. Notice that dl the data points are digtributed over the same range. This indicates that the deposited films had roughly the
same characteridics. One possible reason for this result is the poor thermd ability of the diphatic compounds. Aliphetic
component deteriorated to thermaly stable groups like ngphtha ene on ahigh-temperature wafer, and lost their low-k property.

Asshownin FHg. 8, it isdifficult to preserve diphatic componentsin an organic skeleton Sructure a a deposition temperature
of 400 °C. On the other hand, in slica-basad low-k materids, these diphatic compounds are often used as porogensto form pores
in the film after curing the spin-coated film. Thus we conceived that it might be possible to form pores even in organic-based
films obtained by low-temperature deposition with diphatic compounds followed by anneding to vaporize some of the diphatic
components. Thisis method (€). A 2-dimethylvinylsiloxane-tricyclodecane (2DMVS-TCD) monomer having an diphetic and
Sloxane molecular dructure was used as a matrix skdetfon monomer. This monomer has a lower didectric condant then
DVSBCB asindicated in Figure 4 (c). Figure 9 shows the effect of deposition temperature and subseguent anneding on the
didectric congtant. Acetylene (C;H,) was added to enhance the deposition rate. It can be seen that the low-temperature deposition
led to a lower didectric constant. Moreover, annediing a 400 °C after the deposition did not change the didectric congant. A
didectric constant of 2.48 was obtained by deposition a 300 °C followed by annedling a 400 °C.
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Fig. 3 Converged molecular dructures of DVS-BCB
monomer by density functional method (B3LY P/6-31G*).

Table 2 Skdeton monomer and modification monomer to
reduce didectric congtant by three different goproaches[5)

Molecule

Abbreviation

Matrix Skeleton

divinylsiloxane-bis-benzocyclobutene

DVS-BCB

(a) Free volume formation divinylbenzene, diisopropenylbenzene, diethynylbenzene, trimethylbenzene DVB, DIPB, DEB, TMB
(b) Introducing aliphatic vinylnolbornene, trivinylcyclohexane VNB, TVCH
(c) Low temperature deposition trivinylcyclohexane, 2-dimethylvinylsiloxane-tricyclodecane TVCH, 2DMVS-TCD (as matrix)
3 10
= E k (ionic) Schi H‘C\%‘,CH,‘ _ 310
S 28 k (electronic) SCH, S",CH ) o, I @
3 o \CQ—\EOE mé@w;& ‘O B E 25107
526 m/e=408 mle=422 = =
3] — v ‘ & m/e=450 > o
o . \ / . ey = 210"
524 Y \ 4 NS
8 r— CH iH; N K é‘n‘ ‘c‘u‘ o
S 52 ; mle=391 <P miemass S 15100
[a) i 5
H — 10 : : =
2 L ) 2 o 110°L [ ]
72 2gg 25 B 8 1|3 g
e o o 3 0o > 2 = — S [} o
8 m & Q a W 510}
g 8 : © 1000
& G
3 3 h € 100 O
a =} 0 100 200 300 400 500 600
Matrix (a) (b) (c) o
Molecule O 10 ] Source power [W]
Fig. 4 Cdculaed didectric constant by density 380 400 420 440 460 480 500 Fig. € Hecron densty
Mass [amu]

functiond method (B3LY PI6-31G*) [4,5]. Both
dectronic and ionic polarizations are displayed.
(@ to (¢) indicate monomers for different

, agang source power for hdium
Fig. 5 Mass gectrum of the plasma hagyg with DVSBCB molecdle
polymerization reaction products, and thelr - nenq rred by surfacewave probe[7).

approaches molecular Sructures|[6).
2.8
ITMBJrDVBk gTMBJrDVBE : TMB(+DVB) ) ' ’ ' '
DIPB k DIPB E DIPB
~&-DEBK O-DEBE 7.5 =  DEB r « 27| 2DMVS-TCDIC H,
3 = = = 7.5 O vnB =
o T,,,=400°C 7} O 1veH * 8 556l 0
= 29 17 = & T,,,=400°C 2 inifial ="
= a O 651k su - 8 25 "----.._e'-’—
R T s, 00 g8 0 e 7T
3 le Y o 6 I ) s 24 after 400 °C anneal
L 5 =2 5 & 3 4f
3 S © 55} Q
S VI > 32 DVS-BCBE a 23}
T et - ———- S = | g™ _ DVSBCBI
O 2.s@REFT e BVSECEE "] 5 s5F '
B 22 1 L 1 L L
24 . . . . das 45 R . 150 200 250 300 350 400 450
0 1 2 3 4 5 2.6 2.7 28 29 3

Mol ratio (X/DVS-BCB)

Dielectric constant k

Deposition temperature [°C]

Fig. 7 Didectric congant and modulus
of copolymerized film of DVSBCB
with phenyl compounds as afunction of
upplied molar ratioto DVS-BCB [2,5].

Fig. 8 Reation between didectric congant k  Fig. 9 Effect of deposition tempereture on
and modulus for copolymer of DVSBCB didectric condant of 2DMVS-TCD/CH,
with phenyl compounds (dosed) and copolymerized film.  Low  didectric
hydrocarbon compounds (open) [5]. condant of 248 wasachieved [5].



