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Characterization of porosity and dielectric constant of fluorocarbon porous
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Kazuo Takahashi,® Takashi Mitamura,” Kouichi Ono, and Yuichi Setsuhara
Department of Aeronautics and Astronautics, Graduate School of Engineering, Kyoto University,
Yoshida-Honmachi, Sakyo-ku, Kyoto 606-8501, Japan

Atsushi Itoh® and Kunihide Tachibana
Department of Electronic Science and Engineering, Graduate School of Engineering, Kyoto University,
Yoshida-Honmachi, Sakyo-ku, Kyoto 606-8501, Japan

(Received 28 October 2002; accepted 15 February 2003

Fluorocarbon films obtained in plasma-enhanced chemical vapor deposition wji a@npound

were composed of a carbon cross-linked network and unlinked species encapsulated in the network
[J. Appl. Phys.89, 893 (2001)]. The unlinked species were effectively removed from the films.
Then, the network probably containing the pore of the species was extracted on wafers when the
films were dipped into tetrahydrofrdifHF) solvent. The fact implied that fluorocarbon porous films

with a low-dielectric constant might be formed by using dry and wet processes. In the present study,
x-ray analyses showed that the THF-treated films actually became porous in the dipping process.
The dielectric constant of the THF-treated films was consistently la.9) and reduced by 10%

from that of as-deposited films. The fluorocarbon network as a porous medium may be applied to
interlayer dielectrics for ultralarge-scale integrated circuits2@3 American Institute of Physics.
[DOI: 10.1063/1.1567050

Low-permittivity intermetal dielectrics are investigated in x-ray analyses and the dielectric constant of the film is
for the purpose of reducing the resistance—capacitance tintgeasured.
delay, which is getting more conspicuous due to shrinkage of ~ Films were deposited ofl11) n*-type Si substrates by
the spacing between metal lines in high-density multilayei?lasma-enhanced chemical vapor depositieECVD) with

integrated circuits. Porous film is one of promising materialsthe parallel-plate reactor whose setup is described in Ref. 5.
with a low-dielectric constantk).? Recently, attention has Octafluorocyclobutane was used as a monomer compound.

been focused upon organosilicate porous fifriifie porous Thdg g?s flow rate was 3.4 sclcm.tFloBr ;réel\;/)l:jsma generatlc;n,da
films are obtained by the process involving spin coating a,[a 0 frequency power supply at 1. Z was connecte

: . . . . o the lower electrode via a matching network. The power
mixture of the matrix materiale.g., silsequioxangsnd the

tactant called * » which d by th Idensity was varied between 0.079 and 0.71 W/doorre-
surtactant cafled “porogen, - which was removed by therma sponding to the total powers, 5 and 45 W, respectivéije

curing up to 400°C and formed a mesoscopic pore in theyqnded electrode was set 3 cm above the powered elec-
films. Although the thermal process will not be disadvanta-oge The gas pressure in the reactor was maintained at 23 or
geous in microelectronics fabrication, we demonstrate th&sg mTorr. Then the substrates were exposed to the plasma
synthesis of a porous film under room-temperature condifor 30 min on the lower electrode. Deposited films were
tions. dipped into THF for 3 min at a room temperature. When
In the previous work, we have investigated the structurether solvents such as ethanol and acetone were tested, the
of films prepared in fluorocarbon plasnfaghe films were  solubility of fluorocarbon films was lower than that in case
composed of carbon cross-linked network and unlinked spesf THF. Therefore, THF was employed in this treatment. The
cies encapsulated in the network. The unlinked species weidelectric constant of the films was determined by measuring
easily removed from the films when the films were dippedthe capacitance of a metal—insulator—semicondugwis)
into tetrahydrofurar(THF) So|vent’ since the species corre- structure Consisting of an Al eleCtrOde, fluorocarbon f||m,
sponded to the soluble components in the THF solution. Th&nd n" Siat a frequency of 1 MHz. X-ray reflection mea-
fluorocarbon network remained after the THF treatmenftréments for the film structure analysis, especially for de-

seemed to be porous. In the present study, in order to exantf?Cﬁng apore in the film, were carried out using a Rigaku
ine the possibility of the application of THF-treated films to x-ray diffractometer and a rotating anode x-ray generator of

: \ . ) . . CuKa; radiation (wavelength 0.154 nm) operated at 30
a lowk material, the film structure is precisely investigated KV and 200 mA. Optical methods, e.g., ellipsometry, can
analyze the film characteristic of porosity. However, the re-
?Electronic mail: takahashi@kuaero.kyoto-u.ac.jp flection method using an x ray with a wavelength shorter
PPresent address: Nomura Research Institute, Ltd., 134 Godo-chgnan visible light should be more effective for the THE-
Hodogaya-ku, Yokohama 240-8511, Japan. . g . .
9Present address: DENSO Co., 1-1, Showa-cho, Kariya, Aichi 448-ges1treated films, since a pore in the film seems to be formed by

Japan. the soluble components whose geometrical sizes are esti-
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FIG. 1. Solubility and residual thickness of the films prepared at 23 mTorr R
in the THF treatment as a function of the rf power in the PECVD process. Glancing Angle (26/deg)

FIG. 2. Reflectance of the x-ray radiation as a function of the glancing angle
mated to be on the order of nanometer from their moleculagnto the as-deposited film prepared at 250 mTorr and the THF-treated one.
Weights‘.‘ The refractive index of a film to the x rayn) is The arrows point to the critical angles of total reflection.
represented 1By

n=1-6-ig, (1) mTorr was smaller than that in case of the as-deposited one,
which actually proved that the THF treatment made the films
where porous(Fig. 2). Here, the data of the film prepared at 250
. , X7 A mTorr are shown in Fig. 2, since there was the marked dif-

o= ENA)\ pW, and g= Ak (2)  ference in the critical angle between the as-deposited and the

THF-treated films which was derived from the higher solu-
Here,rc, Na, N, p, Xj, zj, M;, and u, are the classical bility of the film than that of the film treated at 23 mTorr. The
electron radius (2.81810" *°m), Avogadro’s constant, X-ray tendency in the change of the critical angle before and after
wavelength, atomic density in the film, composition ratio of the THF treatment did not essentially depend on the pressure
the jth element, atomic number, atomic weight, and absorpfor the PECVD process. The components dissolved by THF
tion coefficient, respectively. In x-ray reflection on the film were verified to be fluorocarbon molecules with the molecu-
surface, the difference af from unity, 6, is proportional to  |ar weight less than 200DHence, the pore size was esti-
the atomic density §<p), and critical angle of total reflec- mated to be a few subnanometérs.
tion, 6, is given by/25.° Therefore, one can compare the  In the x-ray analyses, we calculated the x-ray reflectance
films in relative difference of the atomic density by measur-of a two-layer film. The calculation was based on the formu-
ing the critical angle. Surface morphology of the films waslas reported in Refs. 8 and 9. The curve fitting to the experi-
observed with an atomic force microsco@M). mental data of the THF-treated film gave a good approxima-
Several film samples were prepared on the powered elegion of the two-layer model as the structure of the filRig.
trode by changing the rf power from 5 to 45 W at the con-3). The model showed that the porous layer 97 nm in thick-
stant pressure of 23 mTorr. First, we measured the solubility
of the films in the THF-treatment, which is defined as the o
ratio of the weight of a film lost in the treatment to the total 10
weight of the film. The solubility decreased with decreasing i
rf power as shown in Fig. 1. Here, it should be noted that the 10 .
absolute values of the self-bias voltage of the powered elec-
trode were measured to increase linearly from 4 to 27 V with
increasing the rf power from 5 to 45 W. These results indi-
cate that the cross-linking reactions within the deposited
films are enhanced by increasing energy and flux of ion bom-
bardment onto the surface of the growing films, in which the
kinetic energy deposited by the ion bombardment can con- [
tribute to the polymer network formation. 10 F 4+ THF-treated
Second, the residual thickness of the films after the THF F —— Fitting Curve
treatment was measured as a function of the rf pdpletted 5 [
together in Fig. 1 Although the solubility of the films pre- 10 " ' ' '
pared at the power less than 30 W was higher than 20%, the 0.0 0.5 1.0 1.5 2.0
thickness loss of the films was less than 10%. This presum- Glancing Angle (26/deg)
ably indicated that the films became pOI’QL_IS In structure afteIEIG. 3. X-ray reflectance of the THF-treated film. Crosses and solid line
the THF treatment. Furthermore, the critical angle of totalgicate the experimental data and the fitted curve, respectively. In the

reflection in case of the THF treated film prepared at 25Qyraph, the schematic shows the two-layer model assumed in the calculation.
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erably affect dielectric properties. No chemical reaction is
22 expected to occur between the deposited fluorocarbon films
without radical sites and the THF solvent, since the chemical
20 composition of the polymerized fluorocarbon films is similar
< to poly-tetrafluoroethylene being known as a chemically
o 18 stable substance to the solvent. The reduction of the dielec-
S tric constant was owed not to chemical reactions on the films
g 1.6 but to a decrease of atomic density of the films by the dis-
o solution of the noncross-linked molecules to form the porous
-§ 14 O asdeposiod structure.
3 —.—THF-tpreo:ted To summarize, the pore formation using the THF dip-
g 12 ping process was demonstrated for films deposited 4if; C
plasmas. The dielectric constant of the THF-treated films was
1.0 & ' ! : ' reduced by 10% from that of as-deposited films. The fluoro-
0 10 20 30 40 50 carbon porous films may be useful as one of the candidates
Power (W) of the lowk materials for application to ultralarge-scale in-

tegrated circuit{ULSI). The films, however, cannot be di-
FIG. 4. Dielectric constant of the as-deposited and the THF-treated filmgectly applied to the present processes for ULSI fabrications,
shown as a function of the rf power in the PECVD process. due to the properties of the film which are poor in thermal

stability, hardness, and so on. Therefore, further investigation
ness with the surface roughness of 5.85 fimot-mean  4nq innovative ideas will be necessary to improve the film
squarg, whose atomic density was 23% less than that of theEroperties to be acceptable in future ULSI processes. On the
non-THF-treated film, stacked on the as-deposited film Opther hand, the dipping process combined with chemical va-
132.5 nm. Strictly speaking, the atomic density may have,or deposition is practical for forming the porous media with
changed gradually from the surface to the bulk of the film,5 nanometer-scale pore, which can be applied to other indus-

and the boundary between two layers should have been arfa| materials, e.g., optical films, as well as the ULSI dielec-
biguous, since the penetration amount of the solvent depengigcs

on depth in the film. Furthermore, the depth of the boundary

between the layers, which corresponds to the penetration The present work was supported in part by the Murata
depth of the solvent, depended on time spent for the THFScience Foundation. The authors thank Dr. Tatsuru Shirafuji
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the THF treatment. On the rough surface, the peak-to-vallegervation.

height was lower than 38 nm. The height was much lower

than the thickness of the porous layer estimated in the x-ray
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