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Etching organic low dielectric film in ultrahigh frequency plasma
using N ,/H, and N,/NH; gases
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The behavior of species in the gas phase and their effects on the etching characteristics of organic
film with the lower dielectric constar{tow-k) were investigated in 500 MHz ultrahigh frequency
(UHF) plasma using Bl/H, and N,/NH; gases. The absolute H and N radical densities and NH
molecule density in etching plasmas were evaluated by the vacuum ultraviolet absorption
spectroscopy and the infrared diode laser absorption spectroscopy technique, respectively. The
effects of frequency that excited the plasma in the production of H and N radicals were clarified by
comparing the behavior of radicals in the UHF plasma with that in the inductively coupled plasma
(ICP) exciting at the frequency of 13.56 MHz reported in the previous study. H radicals were
produced more efficiently from N§dgas and N radicals more efficiently from, as in the UHF
plasma than in the ICP. H radicals were generated not only through the dissociation of the H
molecule but also from Niimolecules produced in the,H, plasma. On the other hand, the N
radical density was lower by one order of magnitude than the H radical density, and was seldom
produced from the NEK molecule. It was found that the etch rate and etched profile could be
controlled with an internal plasma parameter of the ratio of the H and N radical densities under the
constant electron density in the plasma gas chemistry of bgttiNand N,/NH;. The optimal
conditions for the anisotropic profile and high etch rate were well determined by the ratio of the H
and N radical densities and the substrate temperature. The results of this study are very useful not
only for understanding the fundamental process of organickdilva etching but also for precisely
controlling the etching process. @003 American Institute of Physic§DOI: 10.1063/1.1588351

I. INTRODUCTION profile 8% However, the kinetics of radicals in plasma and
their influence on the etching performance have not been
As the packing density of the ultralarge scale integratedsufficiently clarified.
circuits increases, the linewidth and space between metal in-  So far, etching characteristics have been investigated by
terconnections become smaller. The resistance capacitanttee conventional external parameters such as gas pressure,
(RC) delay becomes a major limitation in device perfor- power, and so on. However, the results obtained using the
mance due to the increase of the parasitic resistance amnventional parameters do not result in common fundamen-
capacitance interconnections. To reduce the RC delay, thal information. Therefore, the etching of organic lewilms
resistance of wiring metals and the parasitic capacitance afhould be performed using the internal plasma parameters
interlayer dielectrics must be reduced. Therefore, insulatinguch as electron density and temperature, radical and ion
materials with a lower dielectric constafiow-k) are avail-  density without using external parameter. Moreover, to ob-
able and are still being develop&tf Various kinds of or- tain high etching performance, information on etching prop-
ganic, inorganic, hybrid material, and these porous materialssrties defined by the internal plasma parameters is very use-
have been proposed, and can be fabricated by either chemidal and applicable to various etching apparatus.
vapor deposition or spin-on techniques. The nonfluorinated In our previous study, this organic lokv- film,
organic lowk material is one of the most promising materi- FLARE™, was etched in inductively coupled plasnizPs
als because it has glass-transition temperatures higher tha@perating at 13.56 MHz employing ;XH, and N,/NHj
450°C, no outgassing below 400°C, good adhesion, angases. The etching plasmas were evaluated by quadruple
gap-filling ability.” The etching process for organic Idw- mMass spectroscopy and vacuum ultraviolet absorption spec-
films can be performed without employing perfluorocarbontroscopy(VUVAS) employing microplasma as a light source.
gases such as,E; of high global warming potential values. From these results, the behavior of the etch rate of an organic
It has been reported that the h|gh-dens|ty p|asma emp|0yin@W'k film Corresponded well to that of H radical densities in
N,/H, and NH; gases are used for etching organic lkw- the No/H; and N,/NHj3 plasma. H radicals were found to be

films without degrading the film quality and the etched&n important species for organic ldwhlm etching, while N
radicals could not etch the film without ion bombardments.

a ) ) . . On the other hand, N radicals were found to be effective in
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versity, 1-501 Shiogamaguchi, Tempaku-ku, Nagoya, 468-8502, Japan. etched pattern against etching by H radicals.
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The physical and chemical aspects in plasma are greath
influenced by the electron energy distribution function
(EEDB), which is strongly related with the frequency of the
plasma generation. Therefore, the selection of frequency it
the most important factor in obtaining high etching perfor-
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) . ) ; Bias 1.6 MHz =
in etching plasma, respectively. The correlation between the as z

behavior of the N and H radicals, and the Nhholecule in

UHF plasma and the etching characteristics of organickow- (b) Side View
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of ICP operating at 13.56 MHz. The characteristics of ther|G. 1. Schematic diagram of UHF plasma etcher 8-in.-wafer production
etch rate and the etched profile are discussed using an intéevel (ANELVA: 1-4100) equipped with the VUVAS system employing
nal plasma parameter of the ratio of the H and N radicaMHCL-

densities.

a digital oscilloscope and recorded by a personal computer.
Il. EXPERIMENT The transition lines used for absorptiqn measurements were a
Lyman « at 121.6 nm for the H radical, antPs,—*SJ,,

Figure 1 shows a schematic diagram of an UHF plasm&p,,—“S3,, and*P,,—*Sy, at 120.0 nm for the N radical,
etcher of 8-in.-wafer production levdANELVA: I-4100)  respectively. In order to calculate the absolute density in the
equipped with the IR-LAS system and the VUVAS systemVUVAS measurement with high accuracy, it is necessary to
employing the microdischarge hollow-cathode lampestimate background absorption due to the other molecules
(MHCL) used in this study. The UHF plasma chamber wasand radicals produced in the plasfia® The background
40 cm in diameter and 30 cm in height. A six spoke antennabsorption was evaluated by the broad peak of an Ar excimer
with a diameter of 30 cm was set on a quartz window at theat 122.5 nm. The absolute densities of the H and N radicals
top of chamber. Plasma power operating at 500 MHz wasvere estimated by subtracting the background absorption
applied to the antenna. The gap between the wafer and tifeom the total absorption intensity as described in Ref. 16.
quartz top plate was fixed at 100 mm. The gas inlet pipe wa¥he NH; molecular density was measured using the IR-LAS
ring shaped with eight holes, and was installed in the uppetechnique. The absorption line of the Kliholecule used in
side of the chamber. A wafer was placed on the stage with athis study wasaR(6,1) at 1075.8288 cm'.
electrostatic chuck system. The substrate temperature was The etching conditions were maintained at a total pres-
controlled in the range of 0—80°C with a cooling solvent. sure of 2 Pa and a total flow rate of 100 sccm. The self-bias
The measurement of the plasma parameter and radical spgosltage (V4. was fixed at—500 V by adjusting the rf bias
cies was performed at 40 mm below the quartz top plate. Thgower (1.6 MHz). The cross section of etching profile was
absolute H and N radical densities were measured using thexamined by using a field emission electron microsddle
VUVAS technique. The vacuum ultraviolefvUV) light TACHI, S-4300.
from the MHCL was made parallel and introduced into the
chamber through an MgFlens. The detailed structure of ||| RESULTS AND DISCUSSION
MHCL is described in Ref. 13. The VUV light was passed
once through the chamber at 60 mm above the substrate, a
was focused on the slit of a VUV monochromaid@cton
Research Corp., ARC VM-52(y the MgF; lens and de- Figure 2 shows electron densities measured by a 35 GHz
tected by a photomultiplier tube. The signal was averaged bynicrowave interferometer as a function of the element ratio

Characteristics of ultrahigh frequency N ,/H, and
»/NH3 plasma
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8.0x10" and the filled circle§®) represent the etch rate using the
N,/NH; plasma. In the BI/H, plasma, as the H atom in the
N/NH, feed gases increased, the etch rate increased, reaching a
6.0x10°| B~ N{';'(';'/;O N/NH, - 2=0/100 maximum of 400 nm/min in H atom in the feed gasds7
[ s o0 (N, /H,=30/70 sccm), and then decreased. In the MH5
plasma, as the H atom in the feed gases increased, the etch
rate increased, and reached a maximum of 450 nm/min at H
atom in the feed gased.75 (N,/NH;=0/100 sccm). The
etch rate of the D/NH5 plasma was higher by about 10%
than that of the B/H, plasma in spite of constant electron
density. In our previous study using ICP, the etch rate de-
® N,/NH, Plasma pended on the ratio of the H atom in the feed gases, and was
0.0 X . . . . independent of the kind of gases under these etching

0 20 40 60 8 100 conditions®! In the case of the UHF plasma, the etch rate in

H Atom in Feed Gases (%) the N,/NH; plasma showed behavior similar to that in the

FIG. 2. Electron densities measured by a 35 GHz microwave interferomete’r\lzlH2 plasma in its variation in H atom ratio in the, N+,

as a function of the H atom in feed gases, in UHF plasma employinigiy ~~ @Nd No/NH3 gases. However, the etch rate in thg/N, and
and N,/NH; gases. N,/NH; plasma was not determined solely by the H atom in

the feed gases as shown in Fig. 3.

) ) Figures 4a) and 4b) show the N and H radical densities
of the H atom to the sum of the H and N atoms involved ineasured using the VUVAS technigue as a function of the H
the chemical structure of _g\de and NZ/N_H3 feed gases. 5iom in the feed gases in the UHF plasfRrag. 4(@)] and in
For example, the H atom in feed gases is 75% when undqep(rig. 4(b)] reported in Ref. 11. In Figs.(d and 4b), the
N,/NH3=0/100 sccm. The plots in Fig. 2 indicate the aver-onen symbolgO, A) represent the H and N radical densities
ages of five measurements, and the error bars correspond j{p he N,/H, plasma, and the filled symbo(®, A) repre-
the maximum and minimum values. In the case o/, gent the H and N radical densities in the /NH5 plasma,
plasma, the electron density in the purg plasma, corre- | oqnactively. The electron densities in the UHK/N, and
sponding to the H atom in the feed gasd®%, is the high- /NH, plasmas were the same as those in the previous ICP
est. As the H atom in the feed gases increased, the elec”‘?ﬁ(periment to adjust the UHF power. With the UHE /M
densities were almost constant. The electron density dras{f)'lasma as shown in Fig(#, as the H atom in the feed gazlses
caIIy_de_cregsed in the zl-plasma. Th_|s IS due to the _small increased, the absolute H radical densities increased, reach-
total ionization cross section of,H which is about 2.5 times ing a maximum of 1.% 10'3 cm™3, then decreased at a pure
qu_ver than that of . On the_other hand, the electron den- H, plasma. This decrease is due to the electron density that
sities were almost constant in the, NNH; plasma because was lower by one order of magnitude at the purepthsma
the total ionization cross section of,Nind NH; are almost as shown in Fig. 2. Compared with the results in ICP as

the samé’ o : D
. . - shown in Fig. 4b), the H radical densities in the UHF,MH,
Figure 3 shows the etching characteristics of FLARE™ lasma were almost the same as those of the IR On

atsr? function Of. tge ': at(tnhm E)TVOILV??'Im ffeESA?;lé?MS.TEh he other hand, the N radical densities increased gradually
etehing was carried out on the bianket fiim o - "€ \ith a decrease in the H atom in the feed gases. It is note-

substrate temperature was fixed at 20 °C. In Fig. 3, the open

. . worthy that the N radical densities in UHF,NH, plasma
triangles(A) represent the etch rate using the/N, plasma, were twice as high as those of the ICR/N,. In the case of

the UHF N,/NH; plasma, as shown in Fig(&, as the H
500 atom in the feed gases increased, the absolute H radical den-
N,/NH, N,/NH, sities increased, reaching a maximum of 810" cm™ 2 at
Nz/_N';g/w.:s%so ¢ =onoo the pure NH plasma. Unlike ICP, the H radical densities in
400 - B /A the UHF N,/H, and N,/NH; plasma were not determined
A—_A/A by the H atom in the feed gases as shown in Figa). dnd
300 - 4(b). It is noted again that the H radical densities in UHF
N,/NH; plasma were much higher than those of the ICP.
This behavior of the H and N radicals in the UHF plasma is
200 explained by the difference in EEDFs between that in the
ICP and the UHF plasmas. The dissociation cross-sections of
the N, gas by electron collision is quite a lot larger than that
—A—N/H, Plasma of H,, though the dissociation of the,Nyas needs higher
® N/NH, Plasma electron energies above 10 &/° Moreover, the dissocia-
tion cross-section of the NHmolecule at the lower electron
energy is thought to be larger than those of theadd N,
gases. On the other hand, it has been reported that the EEDFs
FIG. 3. Etch rate of FLARE™ as a function of the H atom in feed gases. in ICP and UHF plasmas are very differéAtn the case of
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(a) H and N radical densities in UHF plasma FIG. 5. NH; molecular densities measured using IR-LAS technique as a
function of the H atom in feed gases.
—0— H Radical
. —A—. z Eagfca: (in N/H, Plasma) reaching a maximum at the H atom in the feed gases of 75%,
IO L N Radical (in NJNH, Plasma) that is, pure NH plasma. The behavior of NHmolecular
e g density was similar to that of the H radical densities as
=2 shown in Fig. 4a). The NH; molecular densities under these
> .y . _ .
= 1.0x107 ° conditions were estimated on the order of3ém™2 using
S P——¢ the line strength calculated from the Nligas at 2 Pa when
o AA the gas temperature of the NHnolecule is assumed to be
8 5.0x10%2 F 5 300 K. It was found that a large amount of Nlmolecules
E were synthesized in the MH, plasma. From these results, in
o A\A\ the N,/H, plasma, the H radical would be generated not
o0 ly f th lecule but also f th lecul
ool o only from the H molecule but also from the NHmolecule
~L g a0 60 a0 110'&0 produced in plasma by electron impact dissociation. On the

other hand, less N radicals would be produced from thg NH
molecule with electron impact dissociation in the present
conditions.

H Atom in Feed Gases (%)

(b) H and N radical densities in ICPI!1]

FIG. 4. N and H radical densities measured using the VUVAS technique a?' Evaluation of etch rate and etched profile using an
a function of the H atom in feed gases in UHF plastaaand in ICP  internal plasma parameter

(reported in Ref. 11.(b). The etch rate of FLARE™ employing UHF plasma etch-

ing, as shown in Fig. 3, was not dependent on the H atom in
the feed gases. Therefore, the etch rate was replotted as a
UHF plasma, the non-Maxwellian EEDF can be formed. Itfunction of the internal plasma parameter that is proposed in
has been reported that a large amount of electrons are dithis study. Figure 6 shows the etch rate as a function of the
tributed in the range from a few eV to 10 eV and, moreoverratio of H and N radical density, H/(HN), measured by
the electron population is relatively large at high-energy tailghat VUVAS technique in the UHF plasma. It is considered
of above 10 eV¥? Therefore, the distribution of electrons in that the ratio of H and N radical density is the most impor-
high-energy tails of above 10 eV in UHF plasma would re-tant value related to the coverage of the active site in the
sult in the efficient generation of the N radical from as.  etched subsurface. In Fig. 6, the open trianglssrepresent
In addition, the efficient generation of the H radical from the etch rate in the N'H, plasma, and the filled circle®)
NH; is attributed to the majority of relatively low-energy represent the etch rate in the, NNH5 plasma. In both the
electrons together with higher-energy electrons, which is duél, /H, and N,/NH; plasma, as the ratio of H and N radical
to the specific EEDF of UHF plasma. densities in the plasma increased, the etch rate linearly in-
Figure 5 shows NK molecular densities in an UHF creased under the constant electron densities as shown in
plasma as a function of the H atom in feed gases employin§ig. 2. The large deviation in etch rate from the line at pure
the IR-LAS technique. In the NH, plasma, as the H atom H, plasma results from the electron density being lower by
in the feed gases increased, the absolutg Midlecular den- one order magnitude at the,Hblasma, as shown in Fig. 2,
sities increased, reaching a maximum at the H atom in théecause the electron density is nearly equal to the ion density
feed gases of 70%, that is,NH,=30/70 sccm, then de- that causes the etching subsurface reaction. Furthermore, in
creased. In the N'NH; plasma, as the H atom in the feed the case of ICP etching, a linear relation between etch rate
gases increased, the NHmolecular densities increased, and the ratio of H and N radical densities measured by the
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FIG. 6. Etch rate of FLARE™ as a function of the H and N radical density m *Taper E/ﬂ/
ratio.
VUVAS technique was observed. As a result, it was found O 02 o2  os o8 10
that there was an obvious quantitative relation between the H/(H+N) Radical Density Ratio

etch rate and the ratio of H and N radical density even when

the different mixtures of B/H, and N,/NH; gases were FIG. 7. The amount of bowing at the sidewall of the line pattern as a
employed. Consequently, the etch rate of an organic low- function of the H radical density ratio measured by the VUVAS technique in
film can be determined by the ratio of H and N radical den-N2/Hz and No/NHs plasmas.

sities under constant electron density, independent of the

kind of gas. This "’?d'cates that the etch rate |s_determ|ned .athe amount of bowing increased linearly. From these results,
a balance of reaction of enhancement of etching by H radi

. : . . " the etch rate and etched profile characteristics could be con-
cals and suppression of chemical etching by N radicals with

ion bombard q bed i ; td trolled by the ratio of H and N radical densities, because they
out lon bombardment as described in previous stady. are decided dominant by the balance of chemical etching by

diff Thet etcgetd |t3roI|Ie n U:_”: pla_ls_f:na was :nvestlgate(: ztthe H radical and the protection layer formation by the N
f' e:eren_ subs ;aHe e(;npe/rsﬁresl. € satmpte;s lwere ete ?gdical together with a byproduct, which is strongly depen-
or I minin N;/H, and N 3 plasmas at a total pressuré go . o gypstrate temperature. Moreover, it was found the

of 2 Pa, a total flow rate of 100 sccm, a_nd a self-bias voltag rocess window could be extended by controlling substrate
of —500 V. The patterned sample, which has a pattern siz emperature

of a 0.3 um line and space structure, was etched under the By optimizing the conditions of the internal plasma pa-

same conditions as those used for the etch blank%\meter where the ratio of H and N radical dens#i€s8

FLARE™. The sample used in this experiment consists of E{NZINH3=50/50 scem) in the plasma, and substrate tem-
i i ™ i ’
photoresist/SIIFLARE™/SIO,  stacked structure.  The perature was 20 °C, the anisotropic profile with an etch rate

:E:gt::: ?):‘ tEE:;EdHT\?VZZ g:)eg insn?i,Ovas 200 nm and the of about 400 nm/min was obtained as shown in Fig. 8. The

Figure 7 shows the amount of bowing at the sidewall of
the line pattern as a function of the ratio of H and N radical
densities in N/H, and N,/NH; plasmas measured by the
VUVAS technique. The amount of bowing is defined as the
difference between the width at the bowing position or the
center point of the etched depth “B” and the width at the line
at the top “A” as shown in Fig. 7. At the substrate tempera-
ture of 0 °C, the tapered profiles were observed at ratios of H
and N radical densities below 0.6 and then the anisotropic
profiles were obtained at ratios of H and N radical densities
above 0.6. When the substrate temperature was 20°C, the
amount of bowing was constant and negligibly small for the
variation in the ratio of H and N radical densities. Anisotor-
opic profiles were obtained over the wide range from the
ratio of H and N radical densitiess0.5 to 0.8. When the
sybstra}te'temperature was above 20°C,' as the H radical defj; 5 sem image of etched profile employing, ANH, plasma at H
sity ratio increased, the amount of bowing was almost conragical density ratic=0.8 (N, /NH;=50/50 sccm), and substrate tempera-
stant up to a ratio of H and N radical densities of 0.6, thenure of 20 °C.
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scientific information resulting from the internal plasma pa-FLARE™ samples and Dr. K. Miyata, Dr. T. Tatsumi, and
rameter of the radical density ratio obtained in this study isDr. S. Kadomura of Sony Corporation, Dr. S. Takashima of

very useful for developing the etching of organic films. Nippon Laser and Electronics Laboratory, and Dr. M. Naka-
mura of Association of Super-Advanced Electronics Tech-
IV. CONCLUSIONS nologies(ASET) for useful discussions.

Organic lowk film etching was carried out on 500 MHz
UHF plasma employing WH, and N,/NH3 gases. The cor-
relation between the etching characteristics of organickow-
film and the kinetics of N and H radicals, and the Nidol- !B. Cruden, K. Chu, K. Gleason, and H. Sawin, J. Electrochem. B8
ecule in an UHF plasma were investigated using the VUVAS ,4590(1999. . .
and IR-LAS techniques, respectively. It was found that the N ;th_Ag?t?: ’ f'VZEhSE?O+ELC'hF;gﬁEqu§€g ggg;fjez’ J. C. Cheang-Wong,
and H radicals were efficiently generated from thg and 3A. Kohl, R.’Mimna, R. Shick, L. Rhodes, Z. L. Wang, and P. Kohl,
NH; gases, respectively, due to the specific EEDF of the4Electr0_chem. Solid-State Le®, 77 (1999. _
UHF plasma. The behavior of the MHmolecular density éo%dKlm' S. K. Lee, H., and J. Kim, J. Vac. Sci. Technol.18, 1216
corresponded to that of H radical density in/M, and sy xy,'y. Tsai, K. N. Tu, B. Zhao, Q.-Z. Liu, M. Brongo, G. T. T. Sheng,
N,/NH; plasmas. Therefore, in the,MH, plasma, the H and C. H. Tung, Appl. Phys. Let?5, 853(1999.
radical would be generated not 0n|y from the kmolecule 6B. P. Gorman, R. A. Orzco-Teran, J. A. Roepsch, H. Dong, and D. W.
but also from the N molecule produced in plasma by elec- 7'}\<"”§”igf‘g’";:glf'#8:78}1221%(2:03&0'@ b, E. Schilling, and H. W
tron impact dissociation. On the other hand, less N radicals THoﬁpsoh,F.’roceed,inés-of the 14th International Conference on .Ver.y
would be produced from the NHmolecule with electron Large Scale Integrated, Multilevel Interconnectid®anta Clara, Califor-
impact dissociation. Furthermore, the organic loditm was ~_nia (1997, p. 577. _ o
etched by controlling H and N radical densities in the plasma c'\ﬂ SF;'T‘]?;?I’Z% Z‘anzlegi‘;"cz 935?32%nicgr:iyKigE%u?;gﬁgglggs
under constant electron density, independent of feed gasesyp, 175, ' ' '
The etch rate and etched profiles could be controlled pre®M. Fukasawa, T. Tatsumi, T. Hasegawa, S. Hirano, K. Miyata, and S.
cisely by selecting the ratio of H and N radical densities and Kadomura, inProceedings of Symposium on Dry Proces@seda Uni-
substrate temperature. By optimizing the condition of thelo\\'(er,\s/:;);}k;?,:go’sﬁzﬁln?n%’ F\)/\'/zéﬁem T. Hayashi, and T. Uchida, J. Vac
internal plasma parameter of the radical density ratio H/H sci. Technol. A19, 1747(2000). n ' ' T
+N=0.8 and with a substrate temperature of 20 °C, the antH. Nagai, S. Takashima, M. Hiramatsu, M. Hori, and T. Goto, J. Appl.
isotropic profile with a high etch rate of about 400 nm/minlzghézmg\};fn%o?Tsukada Jpn. J. Appl. Phys., P36t 1646(1997)
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