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unidentified phases were also observed.
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Stable copper sols were prepared from

Cu(2,2-EEEn in TIIF. Copper, barium, and
yttrium 2-(2-ethoxyethoxy)ethoxides were

dissolved in TIIF to obtain a homogeneous
solution and were hydrolyzed to form a sol.

70." Evidence suggests that a soluble trimetallic

precursor hydrolyzed to form a sol a with
similar composition as the solution. Rupich et

al. [11] reported the synthesis of a soluble
molecular precursor with the composition

Baz YCu30:!(MeOEtn from a soluble oxide

polymer (CuOht and barium and yttrium

2-methoxyethoxides. The similarity of the two
alkoxides makes the formation of soluble

mixed-metal precursors in our system reasonable.
Barium-yttrium-copper 2-(2-ethoxyethoxy)ethoxide solutions can be used to form films

or hydrolyzed to obtain BYCO powders.
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Fig. 5. XRD pattern obtained from
barium-yttrium-copper precursor powders
precipitated by addition of 1.0 equivalent
HzO in toluene. Powders were heated to
900°C under Oz.
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ABSTRACT

Silicon and phosphorus ions were implanted into Spin-On-Glass (Sol-Gel) Si02
films and were found to modify the material properties. Two SOG types, polysilox-
ane and silicate, were ion-implanted with doses in the 5 X IOu -1.65 X 1016 cm-2
range and energies of 40keV - 190keV. The implanted SOG on silicon samples
were characterized by ellipsometry, infra-red spectroscopy, etching and capaci-
tance measurement of aluminum/SOG/silicon devices. The results indicate that
the polysiloxane type SOG shrinks due to the implant and its effective refractive
index increases. The ion-implant of the polysiloxane SOG also changed its
structure and composition as seen by the variations of the infra-red transmission
spectrum, etching characteristics, and dielectric constant. Silicate SOG exhibits
less shrinkage due to the implant but its other characteristics show dependence on
the dose similar to that of the polysiloxane SOG.

INTRODUCTION

Spin-On-Glass (SOG), or Sol-Gel, layers have become part of the Very-Large-
Scale-Integration (VLSI) technology for Integrated-Circuits (IC) production. The
final properties of the fully annealed SOG are comparable to those of Chemical-
Vapour-Deposited (CVD) Si02, which is widely used in VLSI technology [I]. The
CVD oxide is commonly used as a part of the dielectric insulation between the
first metal level and the substrate or between metal levels on the chip. As the chip
dimensions shrink, the vertical topography dimensions become the same size as the
lateral dimensions. CVD oxide may fail to reliably cover steep steps and narrow
trenches in such topographies. In this case, SOG offers better step-coverage due
to the self-planarizing properties of its liquid state. The fluid SOG coats even
harsh topographies and results in a more moderate topography which can be lIsed
as a base for the subsequent steps (e.g. CVD oxide, sputtered metal). SOG is
typically combined with CVD oxide in multi-layer metal-interconnect structures
realized in VLSI technology. For example, in a layered CVD oxide/SOG/CVD
oxide structure one takes advantage of the planarizing properties of SOG with the
qualified integrity of the CVD oxide.

Spin-on-glass is often called sol-gel, a term which aptly describes the two states
of the material. Initially, it is a silicon compound dissolved in organic solvents. The
liquid is spin-cast on the silicon wafer at a typical spin-speed of 3000-7000 RP 1\1
for 20-30 seconds. After a thermal stabilization step at relatively low tempera-

tures (90°C-120°C) the film is processed at a sequence of increasing temperatures
in the 180°C-450°C temperature range. At elevated temperatures, the material
polymerizes and forms a silicon-oxygen backbone chain with an organic group at-
tached to it. Two types of SOG materials are discussed here [2]: polysiloxane and
silicate. The polysiloxane SOG contains carbon when annealed at temperatures
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below 800-850.C and is converted to carbon free Sia2 at higher temperatures. It
can be as thick as 4000A without cracking and its uniformity over a 6 inch wafer
can be better then 1%. The other SaG studied, the silicate type, contains much
less carbon even after a 260.C anneal. However, thicker films of this type tend
to crack. Therefore, its thickness is limited to the 1000-1500A range. The silicate
SaG discussed here contains 2% phosphorus to increase the material's immunity
to cracking.

There are several processes occurring during the SaG film formation: poly-
merization, solvent evaporation, and out-diffusion of by-products. The result is a
change in the chemical and structural characteristics of the material. These pro-
cesses depend on the material properties and on the annealing conditions: tem-
perature cycle, ambient and substrate. In this research, the maximum allowed
anneal temperature is 450.C since the SaG is used to planarize structures with
aluminum metallization. Ion implantation is found to affect the material proper-
ties in such a manner that it can be classified as an annealing technique. Upon
impact, the impinging ions transfer their energy to the material atoms through a
series of collisions. The result is a compositional and structural change due to the
reordering of the material molecules. Solvent atoms which are still attracted to the
SaG matrix also can be knocked away. The ion-implanted material differs from
the original and the properties which are important for the material processing
and its integration within a VLSI process are summarized here.

samples were etched in an argon plasma in a physical Electronics model 590A
using 1.5keV Ar+ ion sputter etch. Simultaneous monitoring of the peak-to-peak
height of the corresponding KLL Auger transition of Si, a, C and P was tlsed to
monitor the etching end point.

RESULTS

Ellipsometry: After the ion implantation, the appearance of that SaG film illumi-

nated by white light changed from a blue colour, which is typical for ,,-,1200A thick
SaG on silicon, to lighter blue, or transparent. This result indicates that the SaG
film optical density or its extinction coefficient is changed by the implant. The
raw ellipsometric data of Allied 110 SaG films implanted with silicon, phosphorus
or both are summarized in Table 1.

Table 1: Ellipsometric characterization of ion-implanted Allied 110 SaG.

EXPERIMENTAL

The spin-on-glass materials under study were:

1. Allied 110 & 111 - polysiloxane type materials supplied by Diffusion Technol-
ogy Allied Signal Ltd

2. Tokyo ahka aCD-2P and Allied 112P - silicate type SaG.

The SaG was dispensed on single-crystal n-type, 100 silicon wafers and immedi-
ately baked on a hot plate at 80-120.C. The samples were then annealed at 180.C,
260.C and 450.C. The samples were implanted with phosphorus and silicon atoms
with energy in the 40-190keV range and dose up to 1.65 X 1016 cm-2. After the
ion-implantation, the optical density and the thickness of the layers were charac-
terized by a Rudolph Research and a Gaertner L-117 ellipsometers. Both systems
use HeNe Lasers operated at 6328A and computerized data transfer and analy-
sis. The SaG thickness was also measured by the Tencor Alpha-Step profilometer
using special patterns of SaG lines on silicon substrate.

Similar samples were prepared on high-resistivity (> 5 X 103Q . cm) silicon
wafers polished on both sides. The coated wafers were characterized by a Mattson
Fourier transform infra-red (FTIR) spectrometer using a similar uncoated silicon
wafer as a reference. The samples were tilted about 20. off the beam path to
eliminate the interference effect due to internal multiple reflections inside the wafer.

Following optical characterization, aluminum dots were evaporated through a
shadow mask, forming MaS capacitors with an area of about 2 X 10- 3 cm2. The
capacitors were annealed at various temperatures, up to 450.C, in a N2/H2 (10%)
ambient. The capacitance versus voltage characteristics were measured using an
HP-4275 LCR meter and the data was transferred to an HP-9000/236 workstation
for storage and analysis.

Implanted samples were used to study etching in a Buffered HF solution mixed
1:20 in water. The etching temperature was in the 18.C-21.C range. Similar

The rest of the results described here are limited to the phosphorus implanta-
tion. Ellipsometric data of the Allied 110 SaG implanted with 60keV phosphorus
ions (Fig. 1) exhibit a continuous change of D. as a function of the implanted dose.
The data were analyzed assuming a single non-absorbing homogeneous film on the
silicon substrate. The effective thickness and the effective refractive index were
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Fig.1: Ellipsometry results for the 60 KeV phosphorus implanted Allied 110 SaG.
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calculated as a function of the dose. The implanted layer thickness, as measured
by the Alpha-Step, agrees to within 10% with the thickness derived from the
ellipsometer measurements. The effective thickness decreases with increasing dose,
while the refractive index increases monotonously.

The results for the silicate type SOG show that the film thickness initially
decreased with a low implant dose but increased with the dose in the 1015 -
1.65 X 1016 cm-2 range. The effective refractive index of tpe silicate decreases
initially with the dose but in the 1016 cm-2 range it increases. 190keV phospho-
rus implanted polysiloxane and silicate SOG also change their colour and optical
density. However, the effective values were almost independent of the dose in the
5 X 1014 - 1.5 X 1015 cm-2 range.

Infrared spectroscopv: The change in the IR spectrum due to the implant (Fig. 2)
was more pronounced for the polysiloxane than for the silicate. The as-is polysilox-
ane absorption peak due to the Si-O bond stretching is at ",1030 cm-1 and it shifts
to "'1010 cm-1 after 1015 cm-2, 60keV phosphorus implant. The peak becomes
wider and more symmetric after the implant. Another change due to the implant
is the decrease of the absorption band due to C H3 - Si bond stretching at ",1200

cm-1 [2]. The water related absorption bands near 3500 cm-1 are slightly lower
after the implant.
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Fig. 2: Infra-red transmission spectra of a) polysiloxane (Allied 110) and b) sili-
cate (OCD-2P) SOG.

The Si-O bond absorption peak at '" 1060 cm -1 of the as-is silicate (Fig. 2b) is also
shifted by about 20 cm-1 to "'1040 cm-1 after the implant. However, the overall
shape of the Si-O absorption peak is only slightly changed. The small absorption
band near ",1200 cm-1 remains almost unchanged after the implant while the
Si-OH absorption peak near ",940 cm-1 is lowered.

Etchine: studv: Typical etch rate in 1:20 BHF at 21°C is more than 2500 A/min.

for the polysiloxane and", 4000 A/min. for the silicate. After the implant (60 keY,
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phosphorus, 1015 cm-2), the etch rate of the silicate SOG drops to '" 1200 A/min.
The ion implantation also reduces the polysiloxane etch rate in BHF. However,
the etch is not linear with time; there is no measureable etching for the first 45
seconds. At about 1 minute, a very thin layer was detached and the SOG thickness
started to decrease nonlinearly with etch time at an average etch rat~ of ",.200

A/min.
The polysiloxane sputtering etch rate in argon plasma was 82A/min and after

a 1015 cm-2 60 keY phosphorus implant it decreased to 68A/min. The silicate

sputtering r.ate was 49A/min, under identical conditions and it increased slightly

to MA/min after the 1015 cm-2, 60 keY phosphorus implant.

Capacitance measurement: Aluminum/SOG/silicon devices with unimplanted
SOG give conventional CV curves with a flat band voltage of about -0.7 Volts
and a small hysteresis which depends on the maximum sweep voltage. The ion-
implanted device capacitance was independent of the sweep voltage and it was
about 30% lower than the oxide capacitance of the unimplanted MOS devir.es.
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Fig. 3: The oxide capacitance (100KHz) as a function of the dose of 40KeV phos-
phorous ions implanted into SOG.

The maximum capacitance could be converted to a dielectric constant assum-
ing that the SOG layer thickness is similar to the effective thickness as derived by
the ellipsometric technique. The oxide dielectric constant has a slight dependence
on the dose and it is about 30% lower than that of the unimplanted SOG layers.

DISCUSSION

The first issue to be discussed is interpretation of the ellipsometry results.
The data is analyzed assuming a single transparent uniform layer on a silicon
substrate. In the case of the 60KeV phosphorus implant, the ion range may be
smaller than the layer thickness and part of the layer may be unchanged. In this
case, the SOG film consists of a modified layer on top of an unmodified layer and
should be analyzed as a two-layer structure. However, comparing the ellipsometry
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results to the height measurement of SOG steps showed only a 10% difference.
A different situation may occur at higher energy; we can assume a uniform SOG
layer. For high dose, it is possible that the dose reaches the substrate and forms
an amorphous silicon layer. In that case, analyzing the data assuming a uniform
SOG layer on a thin amorphous layer on top of the single-crystal silicon may yield
more accurate results.

The second issue is the interpretation of the infra-red transmission spectra.
The results indicate that the ion implantation does change the material specific
absorption peaks and therefore we may assume that there are structural and com-
positional variations. In the polysiloxane, there is a change in the Si-O bond
absorption peak which indicates a different distribution of those bonds. There
is also less Si-CH3 related absorption which indicates the annealing effect of the
implant.

The compositional and structural changes of the ion-implanted SOG results
in a reduction in the etch rate in BHF. This fact can also be explained by assuming
that after the implant the material is denser and less porous. Also there is a de-
crease in the dielectric constant which suggests a different molecular arrangement.
The last two results are important for the integration of such SOG films into an
integrated circuit technology.

CONCLUSION

The ion implantation is shown to change the material properties of both SOG
types studied. The change in the film characteristics can be monitored by ellip-
sometry, assuming a single transparent layer on silicon. However, a multi-layer
model is required for more accurate results. Changes in the molecular bonding ab-
sorption due to the implant are observed by infra-red spectroscopy. These changes
are similar to those observed after elevated temperature annealing. Therefore, the
ion-implantation technique of SOG formation is suggested as a low temperature
annealing process. The ion-implant also affects the material stress which is of
great concern for the overall integrated circuit reliability. The etch rate in DH F
of the implanted SOG can be lowered to a value such that it would be compatible
with CVD oxide for a multilayered structure. The ion-implanted SOG capacitors
have lower capacitance than unimplanted devices. This is important for applica-
tions where the multi-level interconnect delay time is of concern. In summary, ion
implantion into SOG results in a material with interesting properties that should
be investigated.

ACKNOWLEDGMENT

This research was partly sponsored by National Semiconductor Inc. The au-
thors wish to thank A. Peer, the Technion - LLT , L Rotstein, and E. Teerosh,
National Semiconductor Inc., and Liang-Yuh Chen and J. Keddie, Comel! Uni-
versity, for their technical support. In addition, the authors wish to thank Pro!"
N. MacDonald, Cornel! University, for his support and S. Kugelmass and Miss C.
Kuhl for their help in preparing the manuscript.

REFERENCE LIST

[1] F. Dupuis, W.G. Oldham, and Y. Shacham-Diarriand, VLSI Symposium, 52
(1985).

[2] P. Pai, A. Chettey, R. Roat, N. Cox and C. Ting, J. of Electrochemical Society,
1l, 2830 (1989).

[3] Y. Shacham-Diamand and L Nachumovski, J. of Electrochemical Society, 137,
190 (1990).

709

CHEMICALSYNTHESISOFAlUMINUMNITRIDEPOWDERS

PHllLlP R. COFFMAN*,WllLlAM T. PETUSKEY*,ANDSANDWIPK. DEY**
*DEPARTMENTOF CHEMISTRY
**DEPARTMENTOF CHEMICAL,BIO,ANDMATERIALSENGINEERING
ARIZONASTATEUNIVERSITY,TEMPE,AZ 85287

ABSTRACT

An organoaluminum precursor was synthesized by a low temperature reaction and characterized
by NMR, FTIR and mass spectrometry. This compound was pyrolyzed under several experimental
conditions to obtain aluminum nitride powders. The pyrolyzedproducts were subsequently
characterized by XRD and SEM. The mechanisms of precursor developmentand subsequent pyrolysis
are discussed.

INTRODUCTION

Aluminum nitride, AIN, is a ceramic being developed for use in the electronics industryas a
substrate material for VlSI packaging [1]. The current method of substrate production involves
dispersing AIN powders in a slurry, tape casting into green sheets, electroding, stacking and co-tiring.
The powders used in this process are usually synthesized by the direct nitridation of aluminum or the
carbothermal reduction of alumina. There are several detriments to these powders; they contain
residual reactants (alumina, carbon, or aluminum) and they have large and irregular particle sizes,
making them difficult to densify.

The synthesis of AIN powders by chemical methods offers the distinct advantage of being able to
control the morphologyand size distribution of the powder. Several groups have made aluminum nitride
powders by the pyrolysis of organometallic precursors [2-4].

The precursor chosen for pyroiysis in this study was dimethylaminoalane, AIH2N(CH3)2' It was
first synthesized by Wiberg and May [5] in 1955 and then by Ruff and Hawthorne in 1960 [6]. It is
formed in high yields (63-89%) from the reaction of lithium aluminum hydride, LiAIH4' and

dimethylamine hydrochloride, [NH2(CH3)2]CI.

LiAIH4 + [NH2(CH3)2]CI > ,A1H2N(CH3)2+ 2H2 + LiCI

Dimethylaminoalane was reported by Wiberg to have a melting point of 89 - 90°C, to decompose at

around 130°C, and to sublime under vacuum at 40 - 60°C. Thereisa discrepancybetweenWibergand
Ruff as to what is the degree of association in solution. In diethylether, Wiberg stated that it was 2.16,
and in benzene 2.36. Ruff reported that the degree of association is 2.99 in benzene. A mass spectral
study was done of this compound and it was found to be trimeric in the gas phase [7].

There are a number of reasons why dimethylaminoalanewas selected as the precursor to
aluminum nitride. First, aluminum-nitrogen bonds are formed quite readily at a low temperature. The
ease of formation of amine adducts to aluminum is AI-H > AI-C > AI-X where X is a halogen.
Dimethylaminoalane is quite volatile and thus can be easily purified by sublimation. The theoretical
ceramic yield of aluminurn nitride from dimethylamionoalaneis 56.1%. In solution, the trimeric form
already has formed the six-membered ring that is found in the wurtzite structure of aluminum
nitride (Fig. 1). Consequently, polymerizationat low temperatures followed by pyrolysis could be a
facile, alternative low temperature route to dense, monolithic AIN, thus completely bypassing the
powder processingstep.

This paper discusses a route to the synthesis of aluminum nitride powders via the pyrolysis of
dimethylaminoalane.
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