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Nanometer structures are fabricated with SiN films prepared by plasma-enhanced reactive sputtering
using He and Ne Penning effects. These structures are characterized by microscopic and
spectroscopic investigations. Films produced with He-N, and with Ne-N, gases consist of
multilayered structures with columnar and equiaxed layers even though the sputtering conditions are
kept constant. The equiaxed layers, which tend to be thin and stressed, are resistant to chemical
etching using buffered hydrogen fluoride (BHF) because of the oxygen- and hydrogen-poor
structures, whereas the columnar layers consisting of oxygen-rich components are thick and easily
etched. The He-N, film with thickness more than 2 um basically consists of a simple two-layered
structure: a thick columnar layer beneath an equiaxed thin top layer. BHF etching forms closely
packed bundles of SiN fibers with mean thickness of 10 nm. The Ne-N, film consists of a
multilayered structure with many layers with thin equiaxed layers inserted between thick columnar
layers. The multilayered structure is probably due to two different surface temperatures that were
used for depositing alternate layers. The combination of these two complementary structures
provides the useful characteristics of hlgh chemical etching resistivity and low film stress. © 1994

American Institute of Physics.

I. INTRODUCTION

In micromachining technology, the increasing usefulness
of hard nitride films for constructing microscale structures
and surface coatings, which are used as corrosion-,
oxidation-, and wear-resistant films, brings with it the need
for advanced characterization of film structure.'™” A variety
of optical, electrical, and mechanical testing procedures has
been used to provide information about the characteristics of
these films. Microstructural characterization of chemical
bonding and atomic states is principally achieved by spectro-
scopic investigation, and morphological insights are prima-
rily obtained by the electron and scanning microscopies.
Film morphology substantially reflects the bonding style of
the film constituents. Combined understanding of both mi-
croscopic and macroscopic perspectives should be effective
in obtaining a clear description of film characteristics.

During construction of film frameworks, the film con-
stituents are likely to undergo physical, chemical, and ther-
mal effects in the plasmas. In the case of reactive plasma
techniques that have many interacting parameters, the origin
in the film morphology is very complicated and cannot be
simplified. According to the structure zone model (SZM) for
sputtering deposition, the most important factors governing
the film morphology are the mobility of the film precursor on
the top surface and the flux of plasma particles impinging on
the substrate.*~'2 In addition, chemical reactivity of the ar-
riving particles on the top surface also plays a significant role
in constructing the film structure in reactive plasma deposi-
tion techniques.

Silicon nitride (SiN) films have been widely investigated
especially using chemical-vapor-deposition (CVD) methods;
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however, CVD methods have the intrinsic disadvantages of
high processing temperature and inclusion of heteroatoms
originated in the undecomposed chemical bonds in the raw
molecules.”®"16 On the other hand, sputtering methods are
likely to provide unstoichiometric films due to selective ni-
trogen elimination and low nitridation reactivity. Concerning
to the residual film stress, CVD films tend to have tensile
stress and the sputtered films tend to have compressive
stress.

We have previously reported plasma excitation methods
using He Penning effects to enhance the nitridation reactivity
during magnetron sputtering.!” This method can provide ex-
tremely low-stress films without post-treatment. The present
study enlarges upon existing information regarding the na-
ture of nanometer structures of the SiN films produced by
plasma-enhanced sputtering using He and Ne gases. The
multilayered structures can be obtained even though the
spuitering conditions are kept constant. These prominent
structures consist of columnar and equiaxed layers and play
substantial roles in film characteristics.

ll. EXPERIMENTATION
A. Film preparation

SiN films were prepared by using planar-diode-type rf
(13.56 MHz) magnetron sputtering equipment with
sputter-up configuration (Anelva, SPF-312H). The subsirate,
an undoped (100} silicon wafer, was held on the grounded
electrode and kept at 50 °C. A 150 mm single-crystal silicon
disk on the lower electrode was connected to the 13.56 MHz
tf power supply. The power density was 2.83 W/cm? and the
interelectrode distance was 50 mm. The background pressure
before deposition was always 8X107° Pa by using the com-
bination of a diffusion pump (600 //s) and a liquid-nitrogen
trap, and the sputtering pressure was kept at 2 Pa. The gas
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ratio between nitrogen and inert gases was determined by
their flow rates controlled by mass flow controllers (Brooks
5877).

Sputtered SiN films prepared in excited plasma using He
and Ne gases consist of highly saturated Si-N networks and
have low internal film stress. Spectroscopic analysis has re-
vealed that this plasma-excitation effect by He and Ne Pen-
ning effects is prominent when the plasma-working-gas
mixture ratio of nitrogen and noble gases is above nine
[He(Ne)/N,>91.!8 In addition to the chemical bonds in Si-N
networks, the plasma excitation should profoundly affect the
microstructure of the resultant SiN films by improving their
mechanical and chemical characteristics. Therefore, we fo-
cused on revealing the nanometer morphology corresponding
to the chemical structure of the films produced in the
He(Ne)/N,=9.

Chemical etching is an effective post-treatment for ob-
taining the morphological features of hard nitride films.
Chemical etching for the sputtered SiN films was performed
using buffered hydrogen fluoride (BHF) solution
(HF:NH,F=1:7) at 20 °C. The chemical etching characteris-
tics were estimated by measuring step heights between the
Cr-masked (100 A thick) and bare surfaces.

B. Characterization

Film morphology was observed by scanning electron mi-
croscopy (SEM, JEOL JSM-300) and transmission electron
microscopy (TEM, Hitachi H-9000), which operated at 250
kV allowing a spatial resolution of about 0.2 nm. Specimens
for TEM analysis were obtained by using the standard tech-
nique: attaching a dummy silicon wafer, cutting, polishing,
dimpling, and ion etching. Both sides .of the silicon wafer
were ion etched using an Ar* beam with incident angle of
about 15°.

Profiles of the film components were analyzed by
secondary-ion-mass-spectroscopy (SIMS) using a magnetic
sector-type mass spectrometer (Cameca IMF-4F). 14.5 keV
Cs* ions were used for the probing beam and the ion current
was 10 nA. The operating pressure during mass analysis was
kept below 1077 Pa. The focused ion beam was raster
scanned over an area of 125X125 um while secondary ions
were collected from a circular area (60 wm in diameter) in
the center of the raster-scanned region.

Using the cleaved samples, the cross-sectional distribu--

tion of the film constituents was determined by electron
probe microanalysis (EPMA, JEOL JXA-8600). All of the
samples were coated with carbon to prevent charging. The
applied voltage to accelerate the probing electrons was 15
kV and the electron-beam current was 5X107°% A. Elements
with atomic numbers greater than carbon were detectable by
using four x-ray analyzing crystals [LiF (lithium fluoride),
PET (pentaerythriol), TAP (thallium acid phtharate), LDE
(layered dispersion element)1]. The background pressure in
the chamber was below 107° Torr and the signal sampling
area was about 1 um in diameter.

Chemical bonding and diffraction analysis were carried
out by Fourier transform infrared (FTIR) spectroscopy. This
analysis was performed using a JASCO FT/IR-5M with a
microscope equipment (MICRO-10) that used a Cassegrain-
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FIG. 1. BHF-etched film thickness varying etching time.

type focusing system. The IR irradiation was restricted to-
670X670 um and the signal transmitted through samples
was detected by a Hg-Cd-Te detector with a wave-number

resolution of 4 cm™%.

lli. RESULTS AND DISCUSSION

The BHF-etched thickness of the SiN films varying etch-
ing time is shown in Fig. 1. The original film thickness for
the He-N, film was 5.2 um and for the Ne-N, film it was 7.2
pm. The He-N, film shows that its etching characteristics
clearly depend on time. That is, the etched thickness in-
creased rapidly after 5 min, which is presumably due to the
removal of the top resistive surface. Then, two exponential
curves were observed from 5 to 35 min and 35—65 min. This
suggests that there are two stages, in which each of these
curves becomes more resistive to etching as etching time
increases. At the end of the second stage, the remaining film
was estimated to be about three-fourths of the film before
etching. After 70 min, the film was suddenly etched away.
We conclude that the He-N, film is composed of two parts: a
thin durable part near the top surface below 1.3 um and a
thick fragile part underneath the durable top layer. On the
other hand, the Ne-N, film is only slightly etched up to 70
min and the étching rate was estimated at 17 A/m'irrespec-
tive of etching time. The resistive surface layer of the Ne-N,
film seemed to be removed at 75 min and the fragile layer
underneath was etched away; however, one-fourth of the
Ne-N, film remained after 90 min etching. In general, the
He-N, film seemed to be etched and the Ne-N, film to be
highly resistant to BHF etching.

However, these measurements of the etched thickness
merely reflect the etching resistance to the removal of film
components in the direction of film thickness. Cross-
sectional SEM analysis provides detailed information about
the etching behavior including side etching at the cleaved
film surface. This analysis is especially informative for films
with multilayered structure. SEM photographs illustrating
the etching characteristics and microstructure of the He-N,
film for various etching times are shown in Fig. 2. The whole
structure of the as-deposited film can be explained using the
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(b} 25 min

(a) 5 min

(¢) 30 min

(d) 35'min

{e) 50 min.

(f) 65 min

FIG. 2. BHF-etched He-N, film features for various etching times.

slightly etched specimen [Fig. 2(a)]. In accordance with the
results for the etched thickness (Fig. 1), the He-N, film gen-
erally consisted of two categories of film components: The
equiaxed surface layer is about one-fourth of the total film
thickness and the rest is a columnar layer. We observe that
both of them are divided into several layers. From the 25 min
etched specimen, we observe that the side eiching of the
columnar layers is greater than the surface etching of the
equiaxed surface layer [Fig. 2(b)]. The surface equiaxed
layer became thinner and rougher due to the residue of the
equiaxed layer remaining even after the 30 min eiching [Fig.
2(c)]. At 35 min, the equiaxed first surface layer almost dis-
appeared and the second equiaxed layer began to be etched
[Fig. 2(d)] at 35 minutes. After 50 min etching, the lower
part of the columnar layer attached to the substrate was con-
siderably side etched [Fig. 2(e)]. Even though it was highly
resistive to etching, the equiaxed second layer almost com-
pletely vanished at 65 min [Fig. 2(f)]. The remaining colum-
nar structures without protective equiaxed layers were sud-
denly etched away after 70 min etching. These results
indicate that the equiaxed layers are strongly resistive to
BHF etching and the columnar layers are fragile. Using a
He-N, film produced in the He/N,=25 plasma, we obtained
closely packed fibrous nanometer structures (Fig. 3) with
mean thickness of 10 am.

The Ne-N, film also consisted of two kinds of film com-
ponents: equiaxed and columnar layers (Fig. 4); but, in this
case, the equiaxed layers were thinner and separately in-
serted into the columnar layers that contained several nod-
ules. This is clearly identified after 15 min etching [Fig.
4(a)]. As in the He-N, film, the columnar layers are prefer-
entially etched; however, the etching durability seems to be
increased, compared with the He-N, film. In particular, the
short densely packed columns attached to the substrate are
nearly intact when the upper columnar layers are thinned out
after 25 min etching [Fig. 4(b)]. We observed holes sur-
rounded by corrugated strips spreading radially (Fig. 5). This
pattern is probably due to the internal film stress, and the
formation of these holes is probably initiated by the removal
of the nodular structures.'”® The equiaxed top layer be-
comes thinner and rougher after the 65 min etching [Fig.

J. Appl. Phys., Vol. 76, No. 12, 15 December 1994

10 um
FIG. 3. Finely packed fibers produced by BHF etching of He/N,=25 film.

4(c)]. The upper layer then partially sinks resulting in a large
number of holes after 75 min etching [Fig. 4(d)]. Finally, the
upper columnar layers containing a thin equiaxed layer dis-
appear after 85 min etching [Fig. 4(f)]. The large difference
in etching rate between the He-N, and Ne-N, films (Fig. 1) is
mainly due to the etching durability of the columnar layers
directly attached to the substrate. Conventional sputtered SiN
films produced in pure N, and Ar-N, plasmas consist only of
an equiaxed layer with high internal film stress. On the other
hand, we found that plasma-enhanced sputtering using He
and Ne Penning effects produces multilayered structures
with a combination of columnar and equiaxed layers. This
multicomponent structure should play an important role in
reducing the internal film stress?! and in maintaining high
resistivity to etching. Using the 4-um-thick films, we fabri-
cated 20-um-wide microcross beams. The beam formed
from pure N, cracked and broke due to high internal film
stress, but the beams formed from He-N, and Ne-N, main-
tained their cross-beam structures even though they were
slightly deformed downward (Fig. 6).

{a) 15 min {c) 65 min

(e) 80 min

(d) 75 min

1um

FiG. 4. BHF-etched Ne-N, film features for various etching times.
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10 um
FIG. 5. BHF-etched hole produced on the Ne-N, film surface.

X-ray-diffraction analysis suggests amorphous structures
for both films without any periodical structure.!” Electron-
diffraction analysis shows hollow patterns, also indicating
that these films have amorphous structure. High-resolution
cross-sectional TEM images for the He-N, and Ne-N, films
are shown in Fig. 7. They show that both films contain a
large number of bright stripes, whose sizes are larger for the
Ne-N, film than for the He-N, film. We think that the bright
stripes represent the lines of voids and intercolumnar bound-
aries because their direction of propagation is the same as for
the columnar structure. The formation of these bright stripes
may be due to shadowing effects® 0 or trapping of the un-
reacted plasma species, such as He or Ne. gas. High-
resolution images show that the bright stripes are made up
from aligned bubblelike components, whose diameter is less
than 10 nm (Fig. 8) even for the Ne-N, film. We think that
the columnar structures showed poor resistivity to BHF etch-
ing because the intercolumnar boundaries are eroded by ex-
posure to etchants; however, the columnar structures prob-
ably play crucial roles in reducing the internal film stress.

The depth profiles of film constituents were analyzed by
SIMS (Fig. 9). We prepared other specimens for BHF-
etching analysis. By comparing the slightly BHF-etched
specimens, we found that the equiaxed surface layer was

pure-No film He-No film Ne-No film

100 pm

FIG. 6. Free-standing microcross beams using SiN films prepared in the
pure N,, He-N,, and Ne-N, plasmas.
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He-N2 film A—

0.1 um  (x14000)

Ne-,N2 film

Tpm  (x14000)
FIG. 7. Cross-sectional TEM images: (a) He-N, film; (b) Ne-N, film.

thinner for this He-N, film [Fig. 10(a)]; however, the basic
structure was identical for both He-N, films which consisted
of columnar structures. The Ne-N, films had the same struc-
ture with a complicated combination of equiaxed and colum-
nar layers, even though the location, thickness, and number
of equiaxed layers were slightly changed [Fig. 10(b)]. All of
the species were detected as negative ions to reduce back-
ground interference. The silicon and oxygen profiles are
clearly observable in Fig. 9 as the profiles of the rare isotopes
(3%Si and '80). The nitrogen profile can be expressed in terms
of the NSi, molecular ion profile because the silicon distri-
bution is almost uniform.

Both films show a slight decrease in silicon and nitrogen
atom intensity with increase in etching depth. Besides the
film constituents (Si and N atoms), oxygen and hydrogen
atoms were detected. They must have been incorporated
through plasma reactions with residual contamination gases,
such as water and oxygen molecules.”” For the He-N, film,
the atomic density of nitrogen and oxygen increased at the
film-substrate interface. The oxygen enrichment near the
film-substrate interface may be caused by the surface oxide
layer of the silicon substrate. Moreover, the concentration of
hydrogen and oxygen atoms is reduced at depths below 0.4
pm from the film surface. Comparing the film morphology
[Fig. 10(a)], this hydrogen- and oxygen-deficient area corre~
sponds to the equiaxed layer located at the film surface.

Comparing secondary ion counts of both film constitu-
ents, the nitrogen background level of the Ne-N, film is

Sugimoto, Nakano, and Kuwano
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He-N film —
10 nm (x950000)

(b)

Ne-Ng film —
10 nm (x950000)

FIG. 8. High-resolution cross-sectional TEM images: (a) He-N; film; (b)
Ne-N, film.

larger than that of the He-N, film; however, the Ne-N, film
does not show a nitrogen-rich profile at the film-substrate
interface. Oxygen enrichment at the film-substrate interface
is likely as with the He-N, film. This Ne-N, film has the
characteristic profiles of hydrogen and oxygen atoms. Their
signal intensities change synchronously suggesting that there
are several oxygen- and hydrogen-deficient layers. Compar-
ing the SIMS profile [Fig. 9(b)] with the SEM photograph
[Fig. 10(b)], these less-contaminated layers correspond to the
equiaxed layers as described for the He-N, film. Taking into
account the high resistivity to BHF etching, these equiaxed
layers are composed of oxygen- and hydrogen-deficient com-
ponents. These results suggest that columnar layers contain
inevitable contaminant oxygen and hydrogen atoms and the
equiaxed layers are less contaminated.

J. Appl. Phys., Vol. 76, No. 12, 15 December 1994
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FIG. 9. Depth profiles of film constituents analyzed by SIMS: (a) He-Ny;
(b) Ne-N, film.

We also determined elemental depth profiles by cross-
sectional EPMA for both samples used in the SIMS analysis
(Fig. 10). Besides silicon and nitrogen atoms, EPMA also
revealed that oxygen atoms take part in forming both the
He-N, and Ne-N, film frameworks, even though the He-N,
film was BHF etched for 13 min and the Ne-N, film was
BHF-etched for 13 min. Atomic ratios for the He-N, and

(a) (b)

Ne-Ny film

1 Fm

He-No film

ﬁl_m

FIG. 10. Cross-sectional view of SiN films used for SIMS analysis; (a)
He-N, film; (b) Ne-N, film. ‘
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(b)

FIG. 11. Cross-sectional elemental mapping obtained by EPMA: (a) He-N,
film (BHF etched for 13 min); (b) Ne-N, film (BHF etched for 30 min).

Ne-N, films were evaluated at Si:N:0=43.53:4 and Si:N:O
=44:55:1. Cross-sectional views of the elemental mapping
are shown in Fig. 11 in order to compare the morphology and
elemental distributions revealed by SEM and SIMS analyses.
Taking into account the spatial signal resolution, no elemen-
tal distribution structures are detectable for the He-N, film.
On the other hand, the Ne-N, film has a nitrogen-rich struc-
ture near the Ne-N, film surface. As with the SIMS analysis
for the Ne-N, film, we observe synchronous changes be-
tween nitrogen-poor and oxygen-rich layers distributed near
the film substrate. Based on the 1 wm spatial resolution, the
nitrogen enrichment without fine structure near the Ne-N,
film surface is probably caused by the overlapping of the
stronger nitrogen signals from the equiaxed layers whose in-
terlayer distance is less than 1 um. Compared with the mor-
phological SEM analysis, these SIMS and EPMA investiga-
tions show that the thin equiaxed layers consist of oxygen-
poor and nitrogen-rich components, which are chemically
inert and mechanically strong.

In general, the He-N, film has a simple bilayer structure,
that is, the thick columnar layer is covered with a thin equi-
axed layer. From SEM analysis we found that the develop-

8102 J. Appl. Phys., Vol. 76, No. 12, 15 December 1994
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FIG. 12. Si-N stretching band changes for various He-N, film thicknesses.

ment of the surface equiaxed layer is greatly affected by total
film thickness. The He films with thickness less than about 2
pm consisted of only a columnar layer without the surface
equiaxed layer. We therefore investigated the growth of the
equiaxed layer by FTIR spectroscopy. Besides providing
atomic bonding information, FTIR spectroscopy gives infor-
mation about multilayered structures which produce interfer-
ence signals. Figure 12 shows the Si-N stretching bands for
various thicknesses of He-N, film. The absorbance increases
with increasing film thickness. Over 2 um thick, we observe
the inversion of the upper part of the band at a center of 895
cm ™!, This inversion of the Si-N band is induced by inter-
ference between the refracted signals through the multilay-
ered structure.”®?® Therefore, we estimate that the develop-
ment of the surface equiaxed layer becomes noticeable for
films with total film thickness over 2 um. This structural
information is also important for practical applications.
Based on the SZM which explains the sputtered film
microstructures, we deduce the mechanism for constructing
the alternate structures of the equiaxed and the columnar
layers for the He-N, and Ne-N, films (Fig. 13). The maxi-
mum process temperature was measured with a thermal in-
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FIG. 13. Schematic mechanism for constructing the alternate structures between the columnar and equiaxed layers for He-N, and Ne-N, films.

dicator label directly attached to the substrate. When the film
thickness was about 1 um, the maximum substrate tempera-
ture was about 160 °C irrespective to the plasma—working-
gas composition. This maximum substrate temperature in-
creases to over 300 °C when the film thickness is increased
to 2 um. According to the SZM, the former temperature is
less than the critical value T, for oxides or nitrides, i.e.,
0.2<T,/T,<0.3 at 2 Pa (T,: substrate temperature; T, :
melting point of SiN, assumed to be 1500 °C) which is the
criterion for deciding between the equiaxed and columnar

nar temperatures. Moreover, the period of this change de-
creased with increase in film thickness due to the reduction
in the cooling ability of the thicker insulating SiN film.
Therefore, the interlayer distance between the equiaxed lay-
ers tends to become smaller as they approach the resulting
film surface. These results show that the equiaxed layers
have oxygen- and hydrogen-deficient structures because
these contamination species have shorter residence time at
higher surface temperatures.

structures.® =12 For film thickness below 2 um, the surface -

migration of the film components was sufficiently reduced to
allow the columnar structure to be formed (zone 1 or T)
under conditions of low temperature (T,/7T,,<<T,) and low
gas pressure (2 Pa in this study). As the film thickness in-
creased, the temperature of the top surface of the deposited
film increased due to the insulating effect of the SiN film.
Therefore, the surface temperature exceeded T', and the mo-
bility of the film components increased, thus changing the
columnar structure of the equiaxed structure. This increase in
surface temperature should change the morphology to an
equiaxed layer growing on a columnar layer. The increase in
saturation of Si-N networks caused by He and Ne Penning
effects!” may inherently contribute to the construction of the
columnar structures which is unique for He-N, and Ne-N,
plasma products.

The morphological difference between the He-N, and
Ne-N, films may be due to the difference in thermal conduc-
tivity of the plasmas which produce these films. This infer-
ence is based on the fact that films prepared in pure N, and
Ar-N, mixture gases consist only of equiaxed structures. He
and Ne gases can reduce the temperature of the N, plasma by
mixing with them because their atomic weights are lower
than the molecular weight of N,, so they increase the thermal
conductivity of the gas mixture plasmas.®® Ar gas, however,
does not have this N, plasma gas cooling effect. He is more
effective than Ne in reducing the temperature of N, gas
plasma. Therefore, the rate of increase of plasma temperature
is higher for Ne-N, plasma and the equiaxed layer appears
faster than with He-N, plasma. In the course of developing
the equiaxed layer, the temperature of the top surface should
be reduced again to the temperature needed to form the co-
lumnar structure (T,/T,,<T.) by effective thermal radiation
of the densified equiaxed structures. The Ne-N, films had
several thin layers forming multilayered structures, because
the temperature of the growing top surface was changed al-
ternately at short intervals between the equiaxed and colum-

J. Appl. Phys., Vol. 76, No. 12, 15 December 1994

IV. CONCLUSIONS

We discussed the nanometer structures of SiN films pro-
duced by highly reactive magnetron sputtering using He and
Ne gases which enhance the nitridation reactivity through
Penning effects. SEM and TEM analyses in combination
with elemental depth profiling using SIMS and EPMA re-
vealed microstructural features of the resulting films that cor-
related with the elemental distribution. BHF-etching charac-
terization showed that these He-N, and Ne-N, plasmas
preferentially form columnar layers which do not occur
when using conventional pure N, and Ar-N, plasmas because
of the high thermal conductivity of the He-N, and Ne-N,
plasmas. The columnar layers are easily etched due to the
hydrogen- and oxygen-rich and voidous structures. Using a
He-N, film that was mainly composed of the fine columnar
structure, we prepared closely packed bundles of SiN fibers
by BHF etching. The other products of the He-N, and Ne-N,
plasmas were thin equiaxed layers which were stressed and
resistant to BHF etching due to the hydrogen- and oxygen-
poor structures. The He-N, films are likely to have a simple
bilayer structure; a thin equiaxed layer develops at the film
surface encapsulating the thick columnar layer underneath.
By analyzing interference signals from He-N, films by FTIR
spectroscopy, we identified the formation of this equiaxed
layer in He-N, films with thickness over 2 um. On the other
hand, the Ne-N, film consisted of multilayered structures in
combination with equiaxed and columnar layers. SZM
showed that this self-multilayered structure is caused by the
alternating changes in surface temperature during develop-
ment of the Ne-N, film. These He-N, and Ne-N, films
should be useful for microstructural films with low internal
film stress and high durability against chemical etching,.
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