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ABSTRACT
The effects of ion-implantation on b-oth polysiloxane ?nd silicate spin-on-glass thin films were studied and are reported
here. We have shown,.using various analysis teihniques, that the damige indu"ced b;r the implantation drastically m6amea
the film properties. A -pronounced volume shrinkage was observed in polysiloxane filmJ after the implantafion and a
respective increase in the effective refractive index oTthe oxide laver was mdasured. An infrared transmiSsion studv of the
samples suggests that.the ion-implanted samples-have fewer carbon-based_components and less hydrogen than the unimplanted samples. Similar measurements using silicate-type spin-on-glass fllmshave shown oniy i slig:ht variation of the
thickness, the refractive.index,.a-nd_the infrared transmi-ssion-spectrum. Both material types chdnge tlieir etching characteristics in w_etreagents (i.e., acids, bases,-solvent, etc.) after ion-impla4tation. The etch iate in HFiolutions of thE spin-on
SiO, materials was lowered after the impiant, and occasionaliy an i-nhibition period before any etching cduid be obierved.
Cross sections of ion-implanted sampies with nonplanar topography were studied by secondiry election microscopy and
compar_ed-tosamples annealed in a conventional furnace or a iapid-thermai process6r. The ion-implantation modifies the
argon plasma sputtering rate of the spin-on materials.lVletal-isolator-silicon (MIS) capacitors with Jpin-on oxide additionally were tested before and after the implantation and the results are reported and discussed here. Stress characterization
indicates that a lower overall internal stress exists in the ion-implanted-films compared to the as-deposited layers. Based
on the results presented, we conclt'de that the ion-implantation densifies the spin-on SiO2 fitm and reducesihe carbon
content in the ia;rgr. We suggest that these material modifications are related io the radiition damage induced. by the
implantation and to a reordering stage of the atomic structure during the implantation process.
The increasing interest in spin-on-glass (SOG) technology in recent years is due mainly to the possible performance of high quaiity silicon dioxide films prepared at relatively low temperatures and therefore has become a
promising part of the very-large-scale-integration (VLSI)
technology for integrated-circuit (IC) production.l Spinon-glass materials appear in a sol (liquid) form which contains theprecursors and solvent and some additionai components that both adjust the solution pH and improve
uniformity in the deposited film. Spin-on-glass is compatible with chemical vapor deposited (C\ID).SiOz, which is
widely used in VLSI technology for producing the intermetal level dielectric material. It has been shown previously that SOG layers can be used as part of the first dieiectric level, between the first conducting level (metal or
polysilicon) and the bulk, or between thd upper interconnect levels.t't It also can be used in some applications that
require a high degree of planarization as a part-of the
trench for filling isolation.a
The combination of spin-on-glass and CVD oxides offers
both good dielectric properties and integrity of the CVD
oxide with better step-coverage of the spin-on-glass due to
its self-planarizing properties at the liquid state. The spinon-glass thickness is limited however to about 400-600 nm
for the polysiloxane t;rpe and 300-400 nm for the silicate
type. Thicker spin-on-glass materials that are availabie today tend to crack and lose"processintegrity due to internal
stress.5 Therefore, spin-on-glass films typicaily are combined with CVD oxide in multilayer metal-interconnect
structures. This combination is required to match the spinon-glass processing properties, such as etch rate, with
those of the CVD oxide. A typical spin-on-glass process
starts with spin-casting on a silicon wafer at spin-speed of
3000-7000 rpm for 20-30 s. After a thermal stabilization
step at relatively low temperatures (90-120'C) the fiim is
o Present address: AT&T Bell
Laboratories,
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processed at a sequence of increasing temperatures in the
180 to 450'C temperature range. At elevated temperatures,
the material polymerizes by an hydrolysis condensation
process and forms a silieon-o>(ygen matrix with organic
, groups attached to the silicon.
TWo types of spin-on-glass materials are discussed here:
polysiloxane and silicate. The chemical structure of the
SOG materials is shown schematically in Fig. 1. The polysiloxane spin-on-glass contains carbon when annealed at
temperatures below 800-850"C and is converted to carbonfree SiO, at higher temperatures. The produced fiIm may be
as thick as 400 nm without cracking and its uniformity over
a 6-in. wafer can be better than 1%. The other type of
spin-on-glass studied, the silicate type, contains ferver carbon groupq even after a 260"C thermal treatment. However,
thicker films of this material tend to crack. Therefore, its
thickness is limited to the 100 to 150 nm range. The silicate
spin-on-glass discussed here additionally contains 2Yo
phosphorus to increase the material immunity to cracking.
The final spin-on-glass properties depend on the material
as well as on the annealing conditions, i.e., temperature
cycle, temperature increase/decrease rate, ambient, and
substrate properties such as thermal expansion coefficient
and topography. These parameters affect the spin-on-glass
density and the ability to absorb water from the atmosphere after the production process is eompleted. Annealing at temperatures above 800-850'C usually leads to
sufficient densification of most silicon:dioxide spin-onglass. Above those temperatures the fiIm properties become
comparable to those of the CVD oxide.t Since silicon
wafers with al.uminum as part of their device production
process, cannot be heated above 450-500'C the spin-onglass on such wafers can be a reliability hazard due to the
partly annealed'and not fuily densified structures of the
material.
A study of ion-implantation effects on SiO, spin-on-glass
films is presented here. The properties discussed are those
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which are relevant to material processing as a part of a
VLSI technologyprocess. Parameters such as the refractive
index, thickness, and infrared spectroscopy analysis are
reported first, followed by etching data and stress measurements. The electrical properties of aluminum/spin- onglass/silicon structures also are presented here.
Based on our work we show that the room temperature
ion-implantation effects on the material properties are
similar to those of thermally annealed fllms at temperatures much above 450"C. Upon impact, the impinging ions
may transfer their energ'y 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. The fragmentation of the polysiioxane molecules and
ail the resultant effects may yield similar results to thermal
annealing above the glass transition temperature where the
molecules can rearrange themselves in a denser matrix.
Solvent molecules or fragments which are attracted to the
spin-on-glass matrix may be knocked away by the incoming ion-flux. Infrared studies show a lower carbon content
and a denser polysiloxane spin-on-glass structure after the
implantation process. Silicate type spin-on-glass material
shows less density or spectroscopic changes due to the ionimplantation as compared to the polysiloxane-based oxide
films. These differences may be related to the basic structural differences between the two polymers. We suggest
that the fragmented silicate-t;rpe material rearranges itself
similar to the unimplanted material while the fragmented
polysiloxane tends to reconstruct with less Si-C bond
itructure and hence higher density structure after the ionimplantation.

Experimentol
Our experiments were designed to cover the spin-onglass properties that are relevant to semiconductor processing. As such, we choose to investigate spin-on silicon
dioxide materials that can represent the SOG material
types that are most used for the VLSI technology. Two spinon glass families were chosen: (i) poiysiloxane type (Allied
Signal Tlrpes 110 and 111, supplied by Diffusion Technology Allied Signal Limited, Fremont, California), and (zi)
silicate type (Allied Signal Tlpe 112P and Tokyo Ohka
OCD-2P supplied by Diffusion Technology Allied Signal
Limited, and by Tokyo Ohka Incorporated, Japan).
The commercialiy available materials were electronics
grade, i.e., compatible with microelectronics processing,
with low metal and alkah.ne ion content, and wdre flltered
to remove any solid particulates. The material was tested
soon after preparation to avbid aging effects. The comparative study between implanted and nonimplanted samples
was performed within the shelf-life of the material.
The spin-on-glass solution was dispensed on the polished
side of single-crystal <100> silicon wafers at spin speed
between 3000 to 7000 rpm. The Si wafers used were polished on one side or both sides, with diameters ranging
from 5 to 15 cm and substrate doping between 2 x 1013cm-3
and 1 x 1016cm-t. Immediately after the spin coating, not
longer than a few seconds, the samples were annealed on a
hot plate at 80oCunder normal clean-room ambient atmosphere, i.e., air at2I t 2'C with 70 t IO"h relative humidity,
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for 60 to 90 s. Further hot-plate anneals at 120, 180, and
260'C were done at the same ambient also for 90 s for each
step. Some wafers were inserted into a furnace at 260280"C and the temperature was increased at 15-20'C per
min and was ieft for about 25-30 min at 420"C.After deposition and thermal processing the samples were inspected
visually under normal light and monochromatic yellow
light. Visual defects and nonuniformities were inspected
further and defective.samples were rejected. The major defects detected were cracks, particles, and gross nonuniformities such as striation. The wafer uniformity was characterized by both ellipsometry and spectrometry measurements at nine points on each wafer. A{ter sorting, the
wafers were transported to a dry-nitrogen box for storage.
The samples were implanted at 7'tilt with either phosphorus or silicon atoms with an energy in the 40 to 190 keV
range and with doses up to 1.65 x 1016cm-2. After ion-implantation, the samples were returned to the nitrogen box.
The storage of samples in a dry-nitrogen box was critical
since some of the samples change their properties after exposure to normal room air ambient.o
The intensive study after the ion-implantation was conducted in the following order: first nondestructive analysis
such as optical measurements, followed by electrical and
chemical studies were carried out. The optical density and
'thickness
of the layers were characterized by Rudolph Research and Gaertner L-117 ellipsometers. Both systems use
HeNe I'asers operated at 632.8 nm and computerized data
transfer and analysis. The thiclaresses of the spin-on-glass
films were measured by the nanometric automatic film
thickness monitor that uses spectrometric reflection analysis in the 480 to 720 nm wavelength range. For the spectrometric analysis we used the ri:fractive index obtained by
ellipsometry assuming a uniform fllm structure. Additionai
measurements of layer thicknesses were obtained with a
Tencor alpha-step profilometer that uses a height-sensitive
tip based on the piezoelectrical effect. Special patterns of
spin-on-glass made by conventional photolithography and
followed by a wet-etch in buffered Hg were used for the
profilometry analysis.
The infrared transmission of the coated wafers was
measured by a Mattson Cygnus-25 Fourier transform infrared (FTIR) spectrometer. The samples were tilted about
20" off the plane perpendicular to the beam direction to
eliminate interference effects due to multiple internal
reflections. This was important especially for the two-side
polished wafers that were used to minimize the noise due to
the backscattering in the singie-side polished wafers.
Following optical characterization, aluminum dots were
evaporated through a shadow mask, forming metal/spinon-glass/silicon (MIS) capacitors. A1/spin-on-g1ass/Al capacitors also were produced where the bottom aluminum
layer was evaporated directly onto the silicon substrate.
The devices were annealed at various temperatures, up to
450'C, in a NrfiI, (L0%) ambient. The capacitance us.
voitage characteristics were measured for various frequencies using an HP-4275 LCR meter. The ac signal level of the
capacitance meter was kept at 50 mV and the device temperature was about 20'C- The leakage current of the same
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capacitors also was measured us, voltage using the HP4 145 semiconductor parameter analyzer.
The etch study described here, which might be important
for the integration of the ion-implantation process in an
integrated circuit, was verified to be in accordance with the
VLSI processing requirements. The compatibility of the
implanted SOG was tested for comrnon wet and dry-etching procedures. The spin-on-glass was dipped in the etching solutions or inserted into a dry-eteh reactor for a given
time, rinsed in DI water and characterized. Here are the
wet reagents that were used for the implanted SOG characterization:
1. Buffered HF solution diluted 1:20 with water in the 18
to 21oCrange. This is a typical silicon-dioxide etchant that
is buffered to reduee its effect on conventional photoresists.?
2. Basic clean process:t
Rinse in DI water,
HCIAI,O,/HOz (1:1:5) at 50-60'C, for 5 min,
Rinse in DI wate4
NH4OHA{rOr/HrO (1:1:4) at 50-60"C, for 6 min,
Rinse in DI water.
The RCA clean is a common process before any hot stage
since it removes both the organic and metallic residues and
does not attack silicon and most of the insulators used in
microelectronics.
3. Sulfuric acid, HrSOn, and 1% hydrogenperoxide, HrOr,
at 120'C.8 This is a typical cleaning solution for removing
both organic and metal-ion contamination.
4. Fuming nitrie acid, HNO., at 22oC. There is a strong
oxidizing agent that is used for cleaning wafers and
chromium quartz masks.It removes organic contamination
as well as particles.
5. Standard positive photoresist developer at 22'C. The
material used was a metal-ion-free developer made by
Shipley Inc. Tlrpe MIF-319 at 22'C. The exact formulation
of that material is proprietary but is mostly made of tetramethyl-aluminum-hydroxide,
which is an organic base
with a pH of about 13.
The sputtering properties of spin-on-glass were characterized for argon plasma. This step is sometimes necessary
prior to the metal deposition process where a sputter clean
of the via contact may remove residues or an undesired
oxide film from the bottom metal. A physical electronics
Auger electron spectroscopy system Model 590A was used
with 1.5 keV Ar* ions for this purpose. Simultaneous monitoring of the peak-to-peak height of the corresponding
I(LL Auger transition of silicon, oxygen, carbon, and phosphorus, was used to monitor the etching end point. This
gave the proflle of these species as a funition of depth in the
spin-on-glass both for the unimplanted and for the ion-implanted SOG layers.
The film stress was investigated as,a function of the implant dose. Stress measurements were performed using the
FLEXUS-F2340 stress measurement system. This enabled
the extraction of the stress induced in the film production
process by the measure of the overall curyature of the
wafer. Such measurements were carried out for the various
implantation conditions and as a function of the temperature between room temperature and 420"C.

Results
The organization of the following section is similar to the
experimental part. The optical properties of the implanted
spin-on-glass are discussed first, followed by the electrical
properties. The Auger electron spectroscopy profiles are
shown and the etching study as well as the stress measurements are reported.
'
Optical densitg.-After the ion-implantation, the apparent color of the fiIm as illuminated by white light changed
from a royal blue to lighter blue, or transparent. This result
indicates that the spin-on-glass film optical density or its
extinction coefficient was changed by the implantation.
The raw ellipsometric data of Ailied 110 spin-on-glass
films implanted with silicon, phosphorus, or both are summarized in Table I. No differences were observed between
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the results of the zesi, or 3tP implantations into identical
samples with dose in the range of 1015-1016
cm-z implanted
at energies between 40 and 70 keV.
The thickness of the implanted layer was estimated by
simuiating the ion interaction with tlie spin-on-glass using
TRIM computer code predictions.e The material density
was estimated to be in the range of 1.5 to 2.0 g/cm3 by
measuring the sample weight, before and after deposition
and the film thickness as described above. Assumilg a composition of Si"OrC, (r = 0.2-0.4,g = 0.3-0.6,and z - 0-0.4),
as determined by Auger electron spectroseopy (AES), the
phosphorus projected range (Ro)was 90-100 nm with ARoof
30-40 nm for 60 keV impiant and 75-85 nm (AR" = 2535 nm) for 40 keV implant. By assuming that the damage
profile approximately overlaps the impiant profile we may
assume that most of the implanted spin-on-glass volume
was affected by the implant. The results were almost independent of the energy in the 40-?0 keV range. However, the
implantation results at 180 keV were slightiy different from
those in the lower energ'yrange, probably due to the formation of a relatively thick amorphous silicon region underneath the spin-on-glass deposited film. Therefore, the rest
of this work, was focused on the 40 to ?0 keV implantation
energy range.
The eliipsometric thickness results were compared to the
profllometry measurement obtained by the Tencor Alphastep. The film thickness was measured also by the
Nanospec AFT spectrometer assuming n = 3.85 - 0.018j as
the silicon substrate refractive index, and using fihn refractive indexes obtained by the ellipsometer analysis. We report here only on measurements that were withinSo/o scattering as indicated by all the above methods and assume an
experimental uncertainty oI 5%. The raw ellipsometric
data of the Allied 110 polysiloxane spin-on-gLass implantdd with 60 keV phosphorus ions is presented in Fig. 2.
It exhibits a continuous change of A as a function of the
implanted dose while rf is almost constant. The data were
analyzed assuming a single nonabsorbing homogeneous
film on the silicon substrate. The effective refractive index
and the respective change in the film thicknesses are pre-
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sented in Fig. 3 as a function of the implantation dose. A
clear decrease in the measured thickness is detected with
increasing implantation dose until saturation is reached
after a total shrinkage of typically 20o/" oL the initial film
thickness. This decrease is accompanied by an increase of
the refractive index where no saturation was observed up
to doses as high as 1.65 x 1016cm-2.
The results for silicate-type spin-on-glass were different
from those of the polysiloxane material (Fig. 4). The film
thickness jnitially decreases with a low implant dose but
increaseswith the dose in the 1015to 1.65 x 1016cm-2 range.
No change was observed in the effective refractive index of
the silicate layers up to implantation dose levels of 2.0 x
1016cm-2. The relative error in the ellipsometric results was
about 10% for the silicate material and was larger than
that of the polysiloxane (3-4%), mostly due to the inferior
uniformity of the silicate film thickness compared to the
polysiloxane thin films. The results for the phosphorus impiantations at higher energ'y,190 keV, for both types of the
SOG materials are shown in Table II. A large shrinkage of
the polysiloxane materials was observed, accompanied by
an increase in the effective refractive index. The changes
were less dependent on the dose compared to the lower
energy implantations. The silicate material parameters
were affected only -slightly by a similar implantation and
no pronounced change in volume or refractive index could
be detected.

Siloxane-type
Allied 110
Silicate-type
Tokyo-Oka
OCD-2p

n
d (run)
n
d (run)

1.358
727.0
1.438
968

5 x 10ta
10rs
(ion/cm2) (ion/crn2)
1.505
961
1.415
9L4

1.504
940
1.405
950

1.5 x 10rs
(ion/cm2)
1.498
919
1.399
947

cate spin-on-glass annealed at 120 and 420'C are shown in
Fig. 5, curves a and b, respectiveiy. The third curve, c, is for
a sample annealed at 420"C followed by a phosphorus implant. The lines are plotted such that the flat region transmission is about I00% and the g-axis marks are separated
by 5%. The dominant absorption peaks of the silicate material are as follows.
1. Near 1050 cm-r: the major peak due to the Si-O
stretching-vibration mode.1ofhe peak of the unimplanted
spin-on-glass is composed of a major peak plus a smaller
absorption mode at about 1200 cm-l. After ion-implantation the shape and the location of the two peaks remain
almost the same.
2. At 940 cm-t: this peak almost disappears after ion-implantation.
3. At 800 cm-t: the peak remains unchanged after the
implantation.
Tlpical infrared transmission spectra of polysiloxane
spin-on-glass before and after ion-implantation are shown
in Fig. 6. The data cover the range between 400 and
1600 cm-r where five major absorption peaks can be observed.
a. At 1050 em-l: this peak is due to absorption of the
stretching-vibration of the Si-O group.
b. Near 1120 cm-r: this peak is due most probably to the
stretching-vibration
model absorption of Si-O-R groups
where R is assumed to be CHr-.ro
, c. Near 1250 cm-r: this absorption peak is identified as
due to the stretching vibrations of Si-CH3- groups.lo
,
d. Near 800 cm-r: this peak can be related to the weaker
absorption of the Si-CH3- groups or Si-H groups.
e. Near 920 cm-r: this peak is due to Si-OH bonds.l0
The two first peaks are close enough so they were analyzed together as a superposition of two Lorentzian curyes.
The rest of the peaks were analyzed separately.

Infrared spectroscopg.-A signfficant change in the infrared transmission spectra was observed in the polysiloxane spin layers after ion-implantation while only minor
effects were detected due to the ion-implantation of the
silicate spin-on-glass. We present the results of the silicate
material first. Tlrpical infrared transmissibn spectra of sili-
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glass etched in BHF (Fig. 9) show such implanted spin-onglass layers on a narrow trench in silicon. Dipping that
sample after cleavage in BHF reveals a surface layer that is
about 120 nm thick.

The results for the first three peaks are summarized in
Table III. Also in this Table we present the peak relati.ve
intensity, A/d, which is proportional to the area under the
absorptign curve. Each magnitude was normalized sd that
the maximum magnitude for every peak is 1. The magnitude of the fourth peak, near 800 cm-l, decreasesafter ionimplantation almost independently of the impiantation
dose. The intensity of the fifth peak, near 920 cffi-r, is very
small for the unimplanted spin-on-glass and increases after ion-implantation. The increase has a slight dependence
on the implant dose.

Basic clean.-Implanted spin-on-glass was etched in a basic? cleaning procedure at a slow rate. Samples with initial
thickness of about 110 nm lost material at a rate of about
1.4-3 nm per minute.

etch rates
HF (Bl'l'E).-Tlpical
Etching study.-Buffered
in 1:20 BHF at 21'C are more than 250 nm/min for the
polysiloxane type spin-on-glass and 400 nm/min for the
silicate type spin-on-glass. In Fig. 7 we show the film thickness ?rs.etch time for both unimplanted and implanted silicate spin-on-glass layers. After the implantation (60 keY
phosphorus, 1015crn-'), the etch rate of the silicate spin-onglass was decreased by more than 50%. Ion-implantation
was observed to reduce the polysiloxane etch rate drastically in BHF compared to the as-is material. In Fig. 8 we
present the thickness ?rs. time of the implanted spin-onglass. The etching process is not linear with time in this
case. No measurable etching could be detected for the first
45 s and, after about 1 min, the spin-on-glass thickness
started to decrease in a nonlinear faShion with etch time at
an average etch rate of 200 nm/min.r;'SEM pictures of
cleaved samples with ion-implanted polysiloxane spin-on-

H.SO4 at 700"C.-Sulfuric
planted spin-on-glass.

nitric acid also did not etch ionHNO1 at Z2'C.-Fuming
implanted spin-on-glass.
deBasic deueloper (Shipley 319) at 22'C.-Concentrated
veloper did not attack the ion-implanted spin-on-g1ass.
polysiloxane sputtering etch rate by a
Sputteri,ng.-The
low energy (5 keV) argon beam was observed to decrease as
a function of the implantation dose. The sputtering rate of
the silicate-based spin-on-g1ass did not show the same behavior under identical implantation conditions and increased slightly as a result of the phosphorus implantations. The changes in the sputtering rates as a function of
dose observed in both materials are
the implantation
shown in Fig. 10.
Ele ctrical Tneasurernent.- Aluminum/spin-on-glass/si1icon devices were characterized both before and after the
ion implantation for either the polysiloxane or the silicatebased oxides. For 500 pm diam devices the leakage current
was less than 1 nA under -F10 V bias at room temperature-
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spin-on-glossloyerson o norrow trenchin silicon.
The capacitance characteristic of the unimplanted spinon-glass could be fit to a conventional MOS model with a
flatbandvoltage of about -0.7 V and a small hysteresis that
depends on the maximum sweep voltage. The capacitance
measured increased after long exposure to air, probably
due to the effect of the humidity on the oxide dielectric
constant. After a short anneal at 250'C for 30 min the capacitance values became equal to those of the freshly made
devices.
The capacitances of the ion-implanted devices were independent of the sweep voltage and were about 30% lower
than the oxide capacitance of the unimplanted MOS
devices (Fig. 11). The dielectric constant, €o*, of the implanted SOG was extracted from the oxide capacitance at
accumulation and from the oxide thickness assuming a
uniform insulator. The dielectric constant has a slight dependence on the dose for both the silicate and the
polysiloxane-type materials, however this was about 3040% Iower than that of the unimplanted spin-on-glass layers. The silicate spin-on-glass dielectric constant changed
frqgr 7.8-,prior to the implant, to 5.0 after an implant of
1016cm-2 at 40 keV. The ion-implantation
also had a
significant effect in slowing the aging of the SOG oxide in
air. The dielectric constant of unimplanted silicate samples
that were held in air for about two weeks increases to 19.8
after curin g at 420"C and to 3 1.1 foi a sample annealed at

260"C. However, €o*in the implanted regions increased to
5.? for the sample annealed at 420"C and to 6.55 for the
sample annealed at 260"C after the same exposure to air.
Similarly, the dielectric constant of the polysiloxane spinon-oxide, Allied 110, decreased from 6.1 prior to the implantation, to 4.1 after a phosphorus implant with doses in
the range of 1015-1010
cm-z at 40 keV. Similar implanted
samples (1.5 x 1015cm-2) had retained a constant eo*of 4.3
even after long exposure to air, where corresponding unimplanted regions on the same wafer had a much larger
dielectric constant, in the range of 20 to 40 as measured at
100 kHz.
Similar results were obtained for the Al/spin-on-glass/
Al capacitors. .In Fig. 12a we present the capaeitance of
such devices as a function of the frequency. The capacitance of the unimplanted spin-on-glass showed a frequency dependence and a large dielectric constant at low
frequency. The implanted device capacitance was lower
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and showed a smail frequency d.ependence. The conductance of those devices is presented in Fig. 12b as a function
of the frequency. The dielectric constant of the implanted
devices was as low as 4.0. By plotting the ratio G// we see
that the ion-implanted samples have different characteristic behavior than the implanted samples identically
treated. Assuming a dielectric constant with real and imaginary parts (e = e. - j.,), the admittance of the MOS capacitor can be written as
f = jor(e" - ei)A/d"*+ G

tll

where cois the frequency in rad/s, A is the capacitor area,
do* is the oxide thickness and G is the parasitic conductance due to leakage. The real part of Eq. 1 is the effective
conductance which can be written as
G"n/a = G/a + e,A/do*

tzl

The G/o results for SOG MOS capacitors have the same
functional shape as in Eq. 2. Therefoie we assume that after
the implantation, both G and e,decrease. This decreasemay
be due to a more compact structure of the layer and to a
lower amount of water that typically causes polarization
effects. The oxide capacitance as function of tlie implantation dose is shown in Fig. 13 for both silicate and polysiloxane-[rye materials. The lines plotted in the graph are only
to guide the eye.
Sfress rneasurernent.-The stress os. temperature of an
implanted, compared to an unimplanted polysiloxane spin-
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on-glass samples, is presented in Fig. 14. The shown results
are for the second sweep since the unimplanted sample was
annealed at 120'C oniy before the temperature srveep and
its -stress changed considerably during the sweep, especially at the oxide-forming temperature range, between
200 and 300"C. The unimplanted sample has a higher stress
over the whole temperature sweep. In addition the slope os.
temperature of the unimplanted sample was smaller. ihese
two results could be fit to a linear expansion coefficient of
?.5-3.q ppm/C for the unimplanted simple and 0.5 ppm/C
for --the implanted
sample. The thermal explnsion
coeffieient of the implanted spin-on-glass was similar to
that of quartz.s

Discussion
The densification of the ion-impianted polysiloxane-t5rpe
spin-orr-glass was similar to that after a high temperature
anneal (seealso Ref. 5). However, the changes in the optical
properties were much different. While the refractive index
of spin-on-glass annealed at about 850.C was similar to
that of a thermal oxide, about 1.4, the refractive index of
the ion-implanted material increased to above 1.g. The
change in the refractive index can be due partly to the
change in the densification. Plotting l/thickness of the
spin-on-giass fiims us. (n2 - I)/(nz + 2) gives a straight line
only for the low implantation dose region (Fig. 1b).r1At
doses above 5 x 1015cm-z the relation is different and indicates that the large change of the refractive index of the
impianted spin-on-glass materiai is due to other effects.
Four basic models have been proposed for shrinkage (see
Ref. 12): (i) capiilary contraction, (ii) condensatiin, (iii)
structural relaxation, and (iu ) viscous sintering. We present
here effects of spin-on-giass densification related to the
molecular rearrangement of the material and loss of organic residues, both due to the energy of either the thermal
annealing or the ion-implantation. During implantation
the ions are losing their energ"ythrough a series oi collisions
with electrons and nucleus of the stopping matter. They
have enough energy to break bonds and even knock away
atoms from their original sites. The ion-implantation induces rearrangement and residue evaporation at the same
time, thus a process results that tends to maximizethecomqact packaging of the atoms. The thermal annealing affects
the material in a different way. The solvent residue usually
leaves the materiai at temperatures below the material
glass point. Therefore, it leaves behind a loosely packed
structure that may collapse at higher temperature untii
finai densificatibn occurs near 8b0-900.C. The phvsical
mechanism for the increase of the material refractive index, up to 1.8 for polysiloxane material is not clear since
the material density and molecular structure is similar ro
that of a thermal oxide. One possibility to be considered is
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the effect of the high concentration phosphorus in the oxide. This possibility was ruled out since similar silicon implant yielded almost identicai results. In addition, oxygen
implantations have resulted in an anomalously large increase of the material refractive index in a similar manner.
Another possible explanation is that the refractive index is
nonuniform due to an implant tail in the substrate, which
might interfere with the analysis. In most of the stages of
the present research, however, the dose of the tail implanted into the silicon was lower than 1013cm-z. which is
below the level where silicon becomes amorphous. Therefore, the tail effect is not assumed to be responsible for the
refractive index increase. The film thickness was verified
by profilometry and it comes out close to the ellipsometry;
therefore it was assumed that uniformity effects could not
affect the optical characterization of the dielectric material. The etching results in a buffered HF solution also show
that the conversion of the spin-on-glass due to the ion-implantation is more or less uniform at the impianted region.
Cross sections of implanted regions (Fig. 11) show that the
etch rate of the implanted layer is slower than that of regular spin-on-glass and it is uniform in the implanted region.
That picture was taken from an ion-implanted spin-on-oxide over a trench.
The infrared analysis also may explain some of the effects discussed so far, i.e., densifi.cation and composition
reaffangement after the implant. The Si-O absorption peak
(Fig. 6a) increased in wave number with dose and also in
rvi.dth while its magnitude remained constant. This may be
explained by the density increase of the implanted spin-onglass compared to the unimplanted samples. The change is
due most likely to a relative increase in the average bond
energ'y as the material density increases. This effect may
lead to a stronger coupling between the molecules and thus
to a higher vibration freqirency. The number of absorbing
centers remains constant, as found from the relative magnitude, suggesting that the effect of the ion-implantation is
to rearrange the Si-O-Si groups in a denser form. Although
the ion-implantation prbcess is accompanied by the breaks
of many Si-O bonds and also may knock atoms out of place,
most of the atoms, silicon or oxygen bond themselves again
shortly after being dislodged. The peak (FiS. Ob)seemsto be
shifted toward lower energies, and to decrease its magnitude and increase the width, with increasing dose. Simiiar
effeets have been reported for furnace-annealed material.s
The decrease in the reiative peak intensity can be related to
a loss of the methyl grgups and the shift may be due to a loss
of water or OH bonds that may be attached to the methyl
group. The third peak (Fig. 6c) was shifted to higher energies as the doses increase while the,peak width remains
unchanged. This peak also is related to the SiCH3 bond and
to the change in the material density. The peak relative
magnitude was reduced to half after ion-implantation.
Therefore, it is assumed that the hydrogen atoms actually
leave the glass. The fourth peak is assumed to be due to
Si-CH- bond absorption. The maximum absorption was
shifted to higher energies as the doses increase whiie the
peak width remained unchanged. The relative magnitude
of the absorption decreased with increasing doses and it
may suggest that ion implantation breaks silicon-carbon
bonds. The carbonyl ion may recombine with hydrogen and
disappear or becomes attached to a free oxygen bond. The
last peak is assumed to be due to Si-OH bond. The magnitude of that peak increases with increasing dose. However,
this increase in hydrogen content is less than the decrease
in Si-O-R groups. The increase in the OH-related absorption can be due to water adsorption from the atmosphere
after the process by dangling silicon bonds. This increase
may affect the spin-on-glass reliability since water is not a
stable component in the solid matrix.
The infrared study of the polysiloxane spin-on-giass indicates the following effects of the ion-implantation: (i) it
decreasesthe carbon and hydrogen bonded to carbon content, (ii) it increases the Si-OH bonds, and (iii) it changes
the oxide structure as appears in the major Si*O bond absorption peaks.
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The measured increase of the Si-OH bonds after the im_
plant is similar to the increase after furnace anneal in o4vgen ambient. It is assumed that the energy transfer during
the deceleration of the implanted ions, is sufficient to breaf
oxygen bonds that, in their radical state, may eatch a hy_
drogen from the ambient. This result is important since it
indicates a higher sensitivity of the implinted spin-onglass properties to the ambient humidity,
Capacitance measurements show that the material
dielectric constant decreases after ion implantation. The
presence of more OH bonds may result in an increase in the
dielectric constant. Therefore, it may be assumed.that the
increase in the material density may negate the expected
polarization of the excess hydrogen in the implanted samples. The detailed FTIR analysis can be used for the investigation of the chemical and physical changes in spin-ong]ass due to ion-implantation. The relative magnitude of
the absorption peaks describes the total absorbing centers
in the material. Although the spin-on-glass films were very
thin, the signal was sufficient for a uselul analysis; 100 nm
thin spin-on-glass absorbs about 207" of.the radiation near
the Si-O major peak at 1050 cm-t. Therefore, the peak absorption coefficient is about 2.2 x 10{ cm-l.

Summory
, The properties of the ion-i.mplanted spin-on-glass SiO,
discussed here are the most relevant to the materials processing part of a VLSI technology process. parameters iuch
as the refractive index, thickness, and infrared absorption
were investigated and are reported here as well as an btctring study, stress measurements, and electrical characterization of the dielectric material as function of the implantation dose.
Ion-implantation changes the material properties of both
spin-on-glass types studied. The change in the film characteristics can be monitored by ellipsometry assuming a single
_transparent layer on siU.con. However, a multilayer
model i". required for more accurate results. Changes in ihe
molecular bonding absorption due to the implant are observed by infrared spectroscopy. These changes are similar
' to those observed
after elevated temperature annealing.
Therefore, the ion-implantation technique of spin-on-giass
formation is suggested as a low temperature annealing aiternative process. The ion-implantation also affectJ ttre
material stress that is of concern for the overalr integrated
circuit reliability. The etch rate in BHF of the implanted
spin-on-glass can be lowered to a value such that i^twouid
be compatible with CVD oxide for a multilayered structure. The ion-implanted spin-on-glass capacitors have
lower capacitance than unimplanted devices. This may be
important for applications coneerning multilevel interconnect delay time.
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ABSTRACT
sy.ste.m,.Siuminum-tinWe report the results of preliminary investigations into the suitabilit-y of -thq Ingtalgation
nickel, as 6n ohmic contact to both p-type and n-type GaAs. We have found that the Al-Sn-Ni contact is similar to Al-Ge-Ni
in that it makes an adequate ohmic"c-ontact to-6oth typeq of GaAs (with s!,ec-ific contact resistances as lorv as 1.0 x
10-a O-cm2), but the Al-Sn-Ni metaliization has more iihiform surface morphology after annealing. This metailization
scheme is most appropriate for test structures in which rapid turnaround and low processing costs are essential.
After thirty years of fabrication of GaAs devices and integrated circuits, it has been established that the best
ohmic contacts are made from gold alloys, and different
alloys are needed for n-type and p-type contacts.r This
eomplicates GaAs processing, requiring separate deposition steps, separate masking or etching procedures, and so
on. An additional problem in the extensive use of gold-.
based contacts is the high cost of the base material. Consequently, there has been a steady search for a low cost metal
system that can be used for both n- and p-type contacts.'
One promising alternative is the Al-Ge-Ni system, first employed by Zuleeg et al.2 who demonstrated that this metalIization can produce ohmic contacts to n-type GaAs with
high radiation hardness and specffic contact resistance
competitive'rvith Au-Ge-Ni. Additional work by Graham
et al.3 revealed that this metallization made an excellent
contact to p-type material and maintained an atomically
the
flat interfaee with the GaAs after alloying,'without
spiking so prevalent with Au-Ge-Ni. Unfortunately, the
Al-Ge-Ni contact shows a tendency to produce unusual
surface features after alloying, Ge-rich, raised protrusions,
which could interfere with later processing steps like wirebonding.s An investigation for an alternative to germanium
has been carried out, and it has been discovered that tin
appears to be a suitable choice. As the results in this paper
detail, the Al-Sn-Ni metallization can produce a contact
ohmic to both n-type and p-type GaAs, and it has morphological characteristics superior to the Al-Ge-Ni contact. It
is especialLy easy to pattern Al-Sn-Ni with the lift-off process and the surface remains remarkably smooth and planar after alloying.

Experimentolond MeosurementDetoils
In the search for an alternative to germanium in the aluminum based contact, the various column IV elements, silicon, tin, and lead, were tested for suitability with a simple
procedure. In- separate experiments, metallizations coniistlt g of 300 A cotu*tr IV element, 300 A Ni, and 1000 A Al
were evaporated onto n-t;rpe GaAs substrates (No = I x
1018cm-3), fashioned into large circular patterns (100 pm
diam) by iift-off photolithography, and tested electrically
for ohmic character before and after alloying steps. Curi* ElectrochemicalSocietvActive Member.

ously enough, the Al-Si-Ni contact always demonstrated
rectifying characteristics, regardless of alioying time, temperature, or ambient. This is consistent with the recent
work of Costa et al-,6 who demonstrated that both Al/GaAs
and Al/Si/GaAs structures act as Schottky diodes. However, the Al-Pb-Ni contact was ohmic as deposited and always remained ohmic after alloying. But the Al-Pb-Ni eontact had peculiar surface morphology, featuring a vast
amount of undulations, protrusions, and hillocks. Consequently, neither the silicon or lead containing contacts
were examined further. On the other hand, the Al-Sn-Ni
contact showed promising results from the start, including
a rem'arkably featureless surlace morphology which did
not change after alloying, a tendency to lift off with ease,
and good ohmicity with short alloying schedules. This is
really not unexpected as more than ten years ago, Keramidas showed that contacts containing gold and tin can be
ohmic to both GaAs and Gar-"Al"As.? A more systematic
studv of the Al-Sn-Ni metallization was initiated.
Layers of 300 A sn-goo A wl-rooo A Al were evaporated
onto six GaAs epitaxial samples and photolithographically
defined (by the positive resist liftoff method) for the TLM
specific contact resistance measurement.s This particular
ordering of the elements was chosen so that the Al-Sn-Ni
contact could be directly compared to the Al-Ge-Ni contact
which is routinely produced with this ordering and thickness schedule.t-s However, a side experiment in which the
Sn and Ni were ieversed in evaporation order showed es"standard" indicating that
sentially the same results as the
electrically the contact is not sensitive to the evaporation
ordering, although there maybe substantial structurat differences which were not explored in this study.It should be
mentioned that thermal, not e-beam, evaporation was used
and the configuration of the evaporator was such that vacuum had to be broken between the Ni and the A1 evaporation (to exchange filaments). It is quite likely that the resuiting Al-Sn-Ni contacts are less than ideal, that is, the
resulting specific contact resistance results are probabi;r
systematically high. But on the other hand, the results
"forgiving" and respectable results
show that the contact is
can be obtained in less than ideal circumstances.
The six GaAs samples were grown by metal oxide chemically vapor deposited (MOC\ID) ou.^semi-insulating substrates to a thickness of approximately 0.5 pm. Three of the

