
the decomposition of GeH4.[11] The fragmentation of 1 via
pathway C is in contrast to the fragmentation of the homol-
ogous Me5C5SiH3, where the homolytic cleavage of the
Cp±Si bond represents the decisive step.[12] The difference
between the decomposition mechanisms of organosilanes
and organogermanes is understandable because germanium
is the first element of the fourth group of the periodic table
that forms reasonably stable compounds in its 2+ oxidation
state. For the cyclopentadienyl germanes 2±4 fragmentation
schemes that correspond to pathway C are found.

The germanium film deposited from 1 at 350 �C was
analyzed with sputter Auger electron spectroscopy (AES).
Inside the layer, the Ge content reaches 92 at.-% with no
measurable content of oxygen. The carbon content of the
film (with a thickness of about 20 nm) is 8 %.

In summary, we have shown that the cyclopentadienyl
germanes 1±4 are useful novel precursors for the deposition
of thin germanium films. One major advantage is the ease
of handling, which allows CVD experiments without the
expensive safety equipment necessary in the case of GeH4.
Furthermore, the low decomposition temperatures (> 200 �C)
for 1±4 allow the deposition of germanium films under
mild conditions. Decomposition temperatures between
140 �C and 440 �C have been described for the cyclic
germylene 1,3-di-tert-butyl-1,3,2-diazagermolidin-2-ylidine
but, due to a bimolecular decomposition process, only half
of the germanium content in this compound can be used
in the low temperature regime.[6] The quality of the ger-
manium films using 1±4 is comparable to that obtained
from the decomposition of GeEt4 (deposition above
500 �C).[5] It is our experience with other Cp-containing
metal±organic (MO) CVD precursors that the carbon con-
tent of the layers can be decreased by optimization of the
deposition parameters.[8] Thus, the cyclopentadienyl
germanes 1±4 should be applicable as a liquid Ge source,
at least in university or other non-specialized laboratories.
Combined with the low decomposition temperatures and
the high stability of its organic fragments, these com-
pounds show promise as suitable precursors for the de-
position of germanium-containing materials.

Experimental

The synthesis of cyclopentadienyl germanes is described elsewhere [13].
The thin film depositions are made in a stainless steel reactor (Fig. 4), evac-
uated by a drag pump. The substrate is mounted on a resistive heater, which

allows temperatures up to 700 �C, controlled by a thermocouple. A quadru-
pole mass spectrometer HIDEN HAL 511 was used to measure the gas
phase composition and its changes during the thermal decomposition. The
sampling of the gas from the reactor was carried out through a fine tube
near the substrate. Thus, the sampled gas reflects the real gas compositions
on the glass substrate surface. The mass spectra are measured with an ion-
ization energy of 20 eV in order to keep a low level of fragmentation in the
mass spectrometer.
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E-Beam Patterning of Hot-Filament CVD
Fluorocarbon Films Using Supercritical CO2

as a Developer**

By Hilton G. Pryce Lewis, Gina L. Weibel,
Christopher K. Ober, and Karen K. Gleason*

Microelectronics processes are increasingly designed
with environmental impact in mind. As technologies
change, new process insertion points occur. While polymers
have traditionally been employed as photoresist materials,
their potential applications in microelectronics have ex-
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Fig. 4. Cold-wall MOCVD reactor.
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panded to include low dielectric constant (low-k) materi-
als.[1] Non-plasma CVD techniques, such as hot-filament
(HF) CVD (also known as pyrolytic CVD), have been
shown to offer the ability to tailor the chemistry of films
with polymer-like structure.[2,3] In particular, HFCVD per-
mits more control to be exercised over precursor fragmen-
tation pathways than conventional plasma-enhanced (PE)
CVD. Thermal activation is limited to the gas phase, and
independent control of the substrate temperature can be
exercised. HFCVD using hexafluoropropylene oxide
(HFPO; CF3CF(O)CF2) as the precursor gas has been
shown to produce fluorocarbon films spectroscopically sim-
ilar to polytetrafluoroethylene (PTFE).[3] Bulk PTFE has
the lowest dielectric constant of any non-porous material
(k ~ 2.0), making films produced by this method attractive
candidates for interlayer dielectrics. Similar to other fluo-
rine-containing materials, they are highly transparent at
157 nm,[4] but are insoluble in aqueous developers cur-
rently used. Supercritical carbon dioxide (SCF CO2) is a
promising development medium for fluorinated polymer
resists.[5] Performance enhancement is possible due to the
unique properties of the supercritical phase, including low
viscosity, negligible surface tension, high diffusivity relative
to the gas phase, and a density similar to that of the liquid
phase. The solvating capability can be fine-tuned by tem-
perature and pressure control.[6] Pattern collapse caused by
surface tension in liquid developers can also be avoided.
Indeed, superior performance in producing high aspect
ratio features has already been demonstrated using SCF
CO2 as a drying agent following resist development.[7] In
this communication, we present the results of a collabora-
tion intended to merge the role of resist and dielectric
material, resulting in directly-patterned low-k films. These
patterned films serve as insulating material compatible
with metallization schemes, including the damascene pro-
cess. In this way, it may be possible to eliminate multiple
steps presently required in producing patterned insulators.
Environmental, health, and safety benefits are also earned
by the elimination of wet chemistry in photoresist applica-
tion and development steps. Using such a scheme, we have
demonstrated positive-tone contrast in fluorocarbon
HFCVD films using e-beam exposure and SCF CO2 devel-
opment.

Figure 1 shows FTIR spectra for four of the samples
described in Table 1. The FTIR spectrum of sample 5 was
identical to that of sample 4, and has not been included in
Figure 1 for the sake of brevity. The samples show strong
absorption bands at 1155 cm±1 and 1215 cm±1, assigned to
CF2 symmetric and asymmetric stretching.[8,9] Other bands
typically associated with CF2 moieties are also present
below 700 cm±1. The spectra differ from one another and
from bulk PTFE primarily in the presence of a broad
absorption band centered around 3400 cm±1, and in the
presence of bands at ~1680 cm±1 (in samples 1, 2, and 3),
1780 cm±1, and 1880 cm±1. The broad band above 3000 cm±1

is usually assigned to bound OH and indicates the presence

of hydroxyl groups within the film.[10] The ratio of OH/CF2

for each sample was estimated by integrating the areas of
the corresponding absorption bands in Figure 1. The ab-
sorptions between 1700 cm±1 and 1900 cm±1 are associated
with C=O moieties, particularly those in COOH and
COF.[11,12]

The presence of groups such as COOH and COF is ratio-
nalized by considering the decomposition pathway of
HFPO. During thermal activation, HFPO gas can decom-
pose to form CF2 radicals and the stable gaseous byproduct
trifluoroacetyl fluoride (CF3CFO; TFAcF).[13,14] The CF2

radicals can then polymerize to form linear chains and pro-
duce fluorocarbon films similar to PTFE. This decomposi-
tion pathway, however, does not provide a means of termi-
nating the polymerization process. Unterminated radicals
at the end of chains can readily react with oxygen to pro-
duce peroxy radicals, which can further decompose to form
COF, or react with water to produce COOH.[15] This is
analogous to the reactions that occur upon exposing irra-
diated bulk PTFE to air.[11,12] From Figure 1, it is observed
that the concentration of these groups can be minimized by
careful design of the HFCVD process, as has been de-
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Fig. 1. FTIR spectra of hot-filament CVD fluorocarbon films from HFPO,
showing the change in ±OH and ±COOH content as a result of varying
process conditions. OH/CF2 ratios were estimated by integrating the area of
each absorption stretch in the FTIR spectra. The FTIR spectrum of sam-
ple 5 was identical to that of sample 4.

Table 1. Deposition conditions for CVD films that showed sensitivity to
e-beam exposure.



scribed previously.[15,16] OH and C=O moieties were unde-
tectable in the FTIR spectra of sample 4 and sample 5.

The films examined in Figure 1 were exposed to e-beam
and developed using supercritical CO2. Positive tone pat-
terning was achieved, as shown in the contrast curves,
Figure 2. Complete development was observed in sample 4
with a dosage of 6000 lC cm±2. Sample 5 also showed com-

plete development at 6000 lC cm±2, and a contrast behav-
ior identical to sample 4. The contrast for each sample in
the series correlates qualitatively with the concentration of
OH and C=O species. It is observed that the lower the OH/
CF2 ratio, the higher the contrast under e-beam exposure.

The high doses required for development suggest that
the order of magnitude increase in sensitivity desired for
appropriate lithographic processing will require an explicit
understanding of the contrast mechanism, coupled with
specific molecular design of future films. Addition of moi-
eties for chemical amplification at e-beam (and eventually
157 nm) may also be necessary. An atomic force micro-
scope (AFM) image of 1.0 lm lines and spaces is shown in
Figure 3. These 1.0 lm lines showed complete positive-
tone development with high contrast. Sub-micron lines/
spaces of 0.25 lm have also been obtained. AFM images of
the films after e-beam exposure, and prior to development,
indicated that ablation was not responsible for the high

contrasts observed. Rather, supercritical CO2 acts as a
developing medium to remove the irradiated material.

We have demonstrated successful patterning of 1.0 lm
lines/spaces in fluorocarbon CVD films using a novel pat-
terning process. Ongoing work includes the incorporation
of moieties during the CVD process to improve sensitivity
and resolution.

Experimental

HFCVD films for patterning were deposited on silicon wafers in a cus-
tom-built vacuum chamber. Undiluted HFPO, donated by DuPont, was used
as the precursor gas. For the hot filament, Nichrome wire (28 AWG, 80 %
Ni, 20 % Cr) was resistively heated using a constant voltage of 60 V. The fil-
ament temperature was 500 ± 50 �C. The filament to substrate distance was
maintained at 2.5 cm. Using backside water cooling, the substrate tempera-
ture was maintained below 48 �C during deposition. Details of the reaction
chamber and filament have been described elsewhere [17]. An investigation
of the effect of three major process variables (filament preconditioning time,
precursor flow rate, and pressure) was undertaken and is described in detail
elsewhere [15,16]. In this study, preconditioning was accomplished by burn-
ing a virgin filament at deposition conditions for a predetermined period
prior to deposition. Some effect of post-deposition annealing was also con-
sidered. From the results of this work, five representative samples were
selected for e-beam exposure and SCF CO2 development. Deposition condi-
tions for these samples are summarized in Table 1.

Films were characterized while on the substrate by Fourier transform-
infrared spectroscopy (FTIR), using a Nicolet Magna 860 spectrometer in
normal transmission mode. Film thickness was determined by profilometry.
Exposure was performed using a Leica/Cambridge EBMF 10.5/CS with
40 keV beam energy and a current of 1±10 nA. Supercritical CO2 develop-
ment was carried out using a commercial supercritical fluid extraction
(SFE) system from Applied Separations, as described previously [5]. SCF
grade 4.0 liquid CO2 (99.99 % pure), with less than 100 ppm compressible
contaminants and a 1500 psi He headspace (from Mattheson), was used at a
temperature of 80 �C and a pressure of 6000 psi at a flow rate of 2±4 L
(vapor CO2) min±1.

Received: December 8, 2000
Final version: April 11, 2001

±
[1] See for example: a) W. W. Lee, P. S. Ho, MRS Bull. 1997, 22, 19.

b) T.-M. Lu, J. A. Moore, MRS Bull. 1997, 22, 28. c) N. P. Hacker,
MRS Bull. 1997, 22, 33. d) E. T. Ryan, A. J. McKerrow, J. Leu, P. S.
Ho, MRS Bull. 1997, 22, 49.

[2] S. J. Limb, K. K. S. Lau, D. J. Edell, E. F. Gleason, K. K. Gleason,
Plasma Polym. 1999, 4, 21.

[3] K. K. S. Lau, K. K. Gleason, J. Fluorine Chem. 2000, 104, 119.
[4] R. R. Kunz, T. M. Bloomstein, D. E. Hardy, R. B. Goodman, D. K.

Downs, J. E. Curtin, J. Vac. Sci. Technol. B 1999, 17, 3267.
[5] N. Sundararajan, S. Yang, K. Ogino, S. Valiyaveettil, J. Wang, X. Zhou,

C. K. Ober, Chem. Mater. 2000, 12, 41.
[6] C. F. Kirby, M. A. McHugh, Chem. Rev. 1999, 99, 565.
[7] H. Namatsu, K. Yamazaki, K. Kurihara, Microelectron. Eng. 1999, 46,

129.
[8] C. Y. Liang, S. Krimm, J. Chem. Phys. 1956, 25, 563.
[9] R. E. Moynihan, J. Am. Chem. Soc. 1959, 81, 1045.

[10] W. K. Fisher, J. C. Corelli, J. Polym. Sci., Polym. Chem. Ed. 1981, 19,
2465.

[11] N. P. G. Roeges, A Guide to the Complete Interpretation of Infrared
Spectra of Organic Structures, 1st ed., John Wiley & Sons, New York
1994.

[12] W. Bürger, K. Lunkwitz, G. Pompe, A. Petr, D. Jehnichen, J. Appl.
Polym. Sci. 1993, 48, 1973.

[13] W. Mahler, P. R. Resnick, J. Fluorine Chem. 1973, 3, 451.
[14] P. J. Krusic, D. C. Roe, B. E. Smart, Isr. J. Chem. 1999, 39, 117.
[15] K. K. S. Lau, J. A. Caulfield, K. K. Gleason, Chem. Mater. 2000, 12,

3032.
[16] K. K. S. Lau, J. A. Caulfield, K. K. Gleason, J. Vac. Sci. Technol. A

2000, 18, 2404.
[17] K. K. S. Lau, K. K. Gleason, Mater. Res. Soc. Symp. Proc. 1999, 544,

209.

Communications

Chem. Vap. Deposition 2001, 7, No. 5 Ó WILEY-VCH Verlag GmbH, D-69469 Weinheim, 2001 0948-1907/01/0509-0197 $ 17.50+.50/0 197

Fig. 2. Contrast curves of samples 1, 2, 3, and 4, showing e-beam sensitivity
following SCF CO2 development. Sample 4 developed completely in posi-
tive-tone. Sample 5 exhibited contrast behavior identical to that of sample 4
and is not included in this plot.

Fig. 3. AFM image of 1.0 lm lines/spaces in sample 5. Left image is a top-
down view, right plot is a cross-section through the line shown in the left image.


