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Hydrogen-Based Plasmas
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ABSTRACT A simple, plasma-based, low-temperature etch process was developed for the subtractive etching of copper (Cu) films.
Hydrogen (H,) plasma etching of Cu thin films was performed in an inductively coupled plasma (ICP) reactor at temperatures below
room temperature. This process achieved anisotropic Cu features and an etch rate of ~13 nm/min. Cu etch rate and patterning results
were consistent with an etch process that involved both chemical and physical characteristics. This conclusion was reached by
consideration of the plasma as a source of ultraviolet photons, ions, and hydrogen atoms, which promote Cu etching.
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he resistivity of interconnect materials is the primary

determinant of integrated circuit (IC) speed for cur-

rent and future devices (1, 2). Patterns are normally
generated in these materials by plasma-assisted (subtractive)
etching. However, because of the inability to form volatile
Cu etch products during halogen-based plasma etching (3),
damascene technology was introduced to avoid the need for
Cu plasma etching (4). Although damascene technology
played an essential role in the initial implementation of Cu
metallization, a critical limitation has arisen because of the
adherence of the IC industry to Moore’s Law (5) and thus
the reduction of minimum feature sizes. This limitation is
the “size effect” of Cu, where the electrical resistivity of Cu
increases rapidly as lateral dimensions are reduced below
100 nm, thereby approaching the electron mean free path
in Cu (40 nm at 25 °C) (6—9).

Two approaches exist to reduce or eliminate the Cu size
effect: decrease the Cu sidewall/surface roughness and grow
larger Cu grains. However, grain growth of Cu in damascene
technology is dramatically hindered by the narrow geom-
etries (10) and impurities introduced into Cu that result from
chemical mechanical planarization/polishing (CMP) and plat-
ing processes (11, 12). Therefore, development of new Cu
patterning technologies that mitigate the size effect is re-
quired for future device generations. Subtractive etching
may offer a viable approach. Indeed, etched tungsten (W)
lines showed a distinctly lower resistivity than did W lines
defined by the damascene process, where the resistivities
reported were ~13 uQ-cm for plasma etched lines vs 18—23
uQ2-cm for damascene lines (13). A similar advantage may
therefore be expected for Cu.

Halogen-based (specifically chlorine-containing) plas-
mas have to date been the ones investigated to plasma
etch Cu but removal of Cu etch products from the surface
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is hindered due to the relatively low volatility of Cu
halides. Thus, high temperatures (>180 °C) have been
generally invoked to enhance desorption of Cu chlorides
(14—19). Alternatively, photon-enhanced removal of Cu
chlorides at temperatures below 100 °C by laser (20), UV
(21), or infrared radiation (22) has been reported. Both
approaches introduce complexity and control issues into the
patterning process. Cu halide product desorption has been
averted by plasma chlorination or bromination of Cu fol-
lowed by removal of the halides by immersion in dilute HCI
solutions, thereby offering an alternative low temperature
two-step approach to Cu patterning (23). Unfortunately, this
method requires a combination of vacuum and liquid pro-
cess and so increases the system complexity, reduces the
manufacturing throughput, and may lead to process integra-
tion issues.

Recently, we developed a low temperature (10 °C) two-
step Cu plasma etching process (24) based on a thermo-
chemical analysis of solid—gas volatilization reactions in the
Cu—CIl—H system (25). The Cu film is first chlorinated in a
Cl, plasma to preferentially form CuCl, relative to CuCl (26).
In the second step, a hydrogen plasma is used to convert
CuCl, into a product with improved volatility, presumably
CusCls (27). Although this sequence represents an improve-
ment relative to current approaches to plasma-based Cu
etching, the process requires an etch sequence that will
reduce overall etch rate and thus throughput. Our Cu pat-
terning and etching mechanism studies for this two-step
process indicated that the H, plasma treatment (2nd step)
is rate-limiting and a critical component in establishing etch
pattern fidelity (28). Thus in this report, we describe studies
that demonstrate the ability to etch Cu films in a pure H, or
H,-based plasma at low temperatures. This surprising result
offers a straightforward approach to patterning Cu using a
simple plasma (vacuum) single-step process, thereby greatly
improving manufacturability and process control.

Plasma etching of 100 nm Cu films was performed in
an inductively coupled plasma (ICP) reactor. Figure 1a
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FIGURE 1. Cross-sectional SEMs of SiO, masked 100 nm Cu films. (a) After SiO, etching but prior to Cu etching; after 8 min plasma Cu etching
with flows of (b) 50 sccm H,, (c) 25 sccm H, + 25 sccm Ar, (d) 10 sccm H, + 40 sccm Ar, and (e) 50 sccm Ar. Other etch conditions were RF1
=100 W, RF2 = 500 W, 20 mTorr pressure, and 10 °C electrode temperature.

shows a scanning electron microscope (SEM) image of an
SiO,-masked Cu film prior to etching; Figure 1b indicates
that an 8 min H, plasma completely removed a 100 nm
copper film (above a 20 nm Ti adhesion layer) under the
conditions RF1 (platen power) = 100 W, RF2 (coil power)
=500 W, with flow rate and pressure 50 sccm and 20 mtorr,
respectively. The temperature of the substrate electrode was
assumed to be the same as that of the chiller (10 °C); clearly
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this is not the Cu surface temperature, but substantial
temperature excursions (>20 °C) are unlikely over the etch
time and conditions used. Figure 1b shows that etching
terminated at the Ti adhesion layer, indicating that etch
selectivity of Cu over Ti is possible. In addition, the Cu profile
is anisotropic, although the sidewall surface is rough. This
result demonstrates the feasibility of etching Cu with a pure
H, plasma at low temperatures.
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FIGURE 2. (a) Cu and (b) Ti 2p spectra (XPS) of 100 nm blanket Cu films before and after an 8 min (pure) H, plasma treatment. Atomic
percentages of the surface before and after the H, treatment are Cu 2p, 15.92; O 1s, 35.81; C 1s, 48.26%; and Ti 2p, 16.47; O 1s, 48.12; C 1s,
28.31; F 1s, 2.91; N 1s, 4.18 %, respectively. The carbon and oxygen detected are from exposure of the surfaces to air after etching. The small
amount of F on the Ti surface after H, etch arose from the reactor chamber where a fluorine-based plasma is used to etch the SiO, mask in

patterning studies.

Etch studies on blanket Cu samples were performed to
gain additional insight into this H, plasma etching process.
X-ray photoelectron spectroscopy (XPS) was used to probe
blanket Cu surfaces before and after an 8 min H, etch cycle.
Figure 2 shows that the untreated sample displays four
characteristic peaks for Cu, but Ti is not detected since the
sampling depth of XPS is <10 nm; after the H, plasma
treatment, Cu peaks are not apparent which indicates
removal of the Cu film by the H, plasma at least to the
detectability limit of XPS. The appearance of Ti peaks after
the etch process indicates that a H, plasma does not sub-
stantially etch Ti under these etch conditions.

This result is unexpected because copper hydrides are not
predicted to have significant volatility (this issue is discussed
in the following paragraphs), and H, should not efficiently
sputter Cu because of the low molecular (or atomic) weight.
We also note that the same H, etching capability was
observed on electroplated Cu samples (145 nm electroplated
Cu on 80 nm physical vapor deposited seed layer), which
indicates that this phenomenon is not unique to e-beam
evaporated Cu films. To gain additional insight into the role
of ion bombardment in this Cu plasma etching process,
argon was used as a Cu etchant to allow comparison of this
more efficient sputter gas to results obtained with Hy.

Images ¢ and e in Figure 1 are cross-sectional images of
a 100 nm Cu film etched for 8 min in a 1:1 H:Ar plasma
and in an Ar plasma, respectively. Both etch runs were
performed with RF1 = 100 W, RF2 = 500 W, 20 mTorr
pressure, and an electrode chiller temperature of 10 °C. The
gas flows were: 50 sccm Ar for Ar plasma, 25 sccm H, plus
25 scem Ar for Hy/Ar plasma. Figure 1e demonstrates that
under these conditions, Ar is able to etch Cu, albeit at a low
rate of <4 nm/min; this represents a pure sputter rate for
Cu. However, significant ablation of the SiO, mask is appar-
ent, consistent with the ability of Ar ion bombardment to
remove materials by momentum transfer. However, the H,/
Ar plasma (Figure 1c¢) displays a much improved etch result
compared to Ar (Figure 1e) and an improvement relative to
that of a pure H, plasma (Figure 1b), with a smoother etched
surface and higher etch rate (~ 16 nm/min under the
conditions used). These results indicate that the mechanism
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involved in the H, plasma etching of Cu has a chemical
component. The fact that directional etching with no dis-
cernible undercutting of the SiO, mask is observed in a H,
plasma suggests that a physical (sputtering) component due
to ion bombardment is also involved.

Because Ar ion bombardment should assist in the re-
moval of Cu etch products due to the high atomic weight
and thus momentum transfer, the effect of different H,/Ar
plasma mixtures was investigated. Figure 1b—e shows cross-
sectional SEM images of masked Cu samples after 8 min of
etching using different H,: Ar ratios. Clearly, the etch profile
anisotropy degrades with increasing Ar concentration. Also,
the etch rate of Cu relative to SiO, increases and then
decreases as the Ar concentration increases. Specifically, the
etch rates for these different ratios were 13, 16, 10, and 4
nm/min, respectively, which indicates that an optimum
combination of chemical and physical effects exists for
efficient Cu etching. Enhanced ion bombardment assists
desorption, but the presence of hydrogen, probably H, is
critical to effective etching. Finally, the increased sidewall
slope that results from increasing Ar concentration (Figures
1b—e) is consistent with increased sputter rate of the SiO,
mask which vyields sloped sidewalls (29). These results
confirm our conclusion regarding the importance of a chemi-
cal component in the plasma-assisted etching of Cu in H,-
based plasmas.

Preliminary effects of temperature changes were also
investigated by increasing the substrate temperature from
10 to 40 °C in 15° increments. H, plasma etch conditions
were the same as those of previous etch studies, although
300 nm thick Cu samples were used to allow etch depths to
be measured by profilometry and thereby obtain etch rates.
Over this small temperature regime, etch rates were not
affected by temperature; etch rates for all experiments were
~13 nm/min. Because of equipment limitations, higher
temperatures were not possible with this reactor system;
further studies are underway using other plasma reactors.
These observations indicate that at least over the narrow
range of temperatures investigated, H, plasma-based etching
of Cu films offers a wide temperature control window for
implementation of a manufacturable etch process. Possible
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reasons for the volatilization of Cu in these low-temperature
processes are discussed in the following paragraphs.

Hydrogen, especially in the atomic form, has a high
chemical reactivity and lattice mobility; indeed, H embrittle-
ment of Cu is an important source of Cu degradation (30).
In a plasma environment, H* or H* can react with film
material and release H into the solid, which can cause the
formation of defects or highly metastable phases (31).
Introduction of hydrogen into fcc metals has resulted in
microstructure changes; specifically with copper, microbub-
bles may be generated (30). These observations suggest that
Cu hydrides may form as a result of plasma exposure.
However, thermodynamic calculations indicate that the
vapor pressures of Cu hydrides (CuH, CuH,, or other CuHj
species) are too low to substantially enhance vapor phase
Cu removal or etching (25). Because we observed that the
Cu etch rate in a pure H, plasma was higher than that for
the two-step etch process (chlorination followed by hydrogen
treatment) (28), alternate mechanisms for Cu etch product
desorption must be considered.

In a H, plasma, the Cu surface is bombarded by ions and
electrons, as well as UV and visible photons; these particles
and photons supply energy to the Cu surface and can
enhance etch product removal. Indeed, photodesorption of
metal atoms have been reported upon exposure of alkali
metals such as Na, K, and Cs to photons (32); specifically,
desorption of sodium atoms was detected even with 40 mw/
cm? cw laser exposure, where the excitation wavelength was
514 nm (33). As indicated by the atomic spectrum of
hydrogen (34), intense atomic lines in the UV wavelength
range of 90—120 nm will be present in the H, plasma.
Although CuH is reported to be thermally unstable, even at
0 °C (35), more recent studies suggest that in the presence
of a high hydrogen pressure or high hydrogen activity, CuH
might be formed (36). It is also likely that this reaction may
be promoted by the presence of H (e.g., from the plasma
atmosphere) which can react with Cu. If sufficient stability
of CuH is achieved, desorption of this product may be
enhanced by ion and/or photon bombardment. Therefore,
photon-assisted desorption of products such as CuH may be
important in Cu removal using H, plasmas.

These observations are consistent with reports of photon-
enhanced removal of copper chloride etch products using
UV (21) or even IR radiation (22). In these studies, UV
radiation was believed to promote the surface reaction
between Cu and chlorine by lowering the activation energy
of Cu to preferentially form specific Cu chlorides (CuCl or
CuCly). However, our studies (28) as well as those of previous
investigators (26), have demonstrated that Cu chlorination
occurs rapidly and thus should not limit Cu removal rates.
Thus, the enhanced etch rates of Cu in chlorine plasmas due
to photon irradiation as demonstrated in previous studies
may have resulted from photon assisted etch product re-
moval rather than from reaction rate enhancement. Such
observations combined with the high energy photon emis-
sion that occurs in H, plasmas (34) and the reduced removal
rates with Ar which is known to be an effective sputter gas,
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suggest that UV enhanced desorption of Cu etch products
in a H, plasma is plausible; studies to investigate this
possibility are underway.

The surprising results in this study showed that thin Cu
films (blanket and SiO, masked) were etched in a H, plasma
at temperatures below room temperature, with an anisotro-
pic profile and high selectivity over Ti. Etch rate variation of
pure Ar and H,/Ar plasmas indicated that chemical and
physical components were involved in the etch process.
Although the etch mechanism is not yet understood, these
preliminary studies suggested that chemical effects and ion
bombardment play a role in the low-temperature H,-based
Cu etch process, and photon enhancement may be involved
as well.

EXPERIMENTAL METHODS
Copper films of 100 or 300 nm thickness were deposited

by e-beam evaporation (CVC E-Beam Evaporator) onto
silicon wafers that had been coated with 20 nm of titanium
to promote Cu adhesion to silicon. Electroplated Cu films
(145 nm electroplated Cu films grown from an 80 nm
physical vapor deposited (PVD) seed layer followed by
annealing at 200 °C in forming gas for 30 s) were also
studied. Because no differences in etch properties were
observed, the results reported in this paper are from e-beam
deposited Cu films. Cu-coated substrates were sectioned into
etch samples ~1 cm?. Plasma etching of thin Cu films was
performed in an inductively coupled plasma (ICP) reactor
(Plasma Therm ICP). The substrate temperature was main-
tained at ~10 °C using a water cooled chiller connected to
the substrate electrode. The H, gas flow rate was 50 standard
cubic centimeters per minute (sccm) and the reactor pres-
sure was maintained at 20 mtorr. The radio frequency power
applied to the ICP coil (RF2) was 500 W, whereas the power
applied to the substrate (RF1) was 100W. Both blanket and
masked Cu films were investigated in these plasma etch
atmospheres. Masked Cu films invoked SiO, (~150 nm) as
the mask layer. The SiO, film was deposited in a Plasma
Therm PECVD (plasma enhanced chemical vapor deposi-
tion) system with 400 sccm SiHg and 900 sccm N,O as
precursors; the substrate electrode was heated to 250 °C,
the power applied to the electrode was 25 W, and the
pressure was maintained at 900 mtorr during the deposition
process. Mask patterns were generated by fluorine-based
plasma etching within the same ICP reactor: the etch gas was
a mixture of 25 sccm Ar, 2 sccm O,, 14 sccm CFy, and 6
sccm Cy4Fg, RF1 was 200 W and RF2 was 100 W, whereas
the process pressure was maintained at 5 mTorr. Chemical
analysis of the films and surfaces before and after plasma
etching was performed using X-ray photoelectron spectros-
copy (XPS). XPS spectra were collected using a Thermo
Scientific K-Alpha XPS. Cu film patterns were examined with
a scanning electron microscope (SEM, Zeiss SEM Ultra60).
Thickness changes of the Cu layer were determined from
SEM images and a Wyko Profilometer.
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