Large increase of refractive index and compactness in siloxane-type
spin-on-glass induced by ion implantation
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Drastic changes in index of refraction and volume shrinkage of spin-on-glass films induced by
Pt implantation are reported. An increase in refraction index (n) as large as 20% (from
1.38 to 1.79) has been measured following 1.6 X 10'® cm ~? implantations. The changes

in n are accompanied by a volume shrinkage of similar magnitude. However, at doses
exceeding ~ 10" cm~? the shrinkage saturates while the index of refraction continues to
increase indicating that material changes other than simple densification must be responsible

for the observed rise in refractive index.

In recent years spin-on-glass (S0QG) has found its ap-
plication in the microelectronics industry mainly as a pla-
narization material or as an insulating film between two
metallic layers.”* A difficulty encountered in the use of
SOG for such applications is the requirement for kigh-
temperature { > 800 °C) curing of the material; a process
whick is often noncompatible with device manufacture re-
quirements. In the field of integrated coptics efforts are di-
rected into the search for high quality dielectric films
needed for optical communication in which waveguides
can be realized. To achieve this, one needs an optically
transparent material the refractive index of which can be
locally changed on a micron scale by a low-temperature
process compatible with microelectronic technology. Little
work has been published on this topic to date, and only
most recently, Rochford and co-workers® reported on the
possibility of inducing changes (of up to 8% in the index
of refraction of a particular polymer (poly-4BCMU)} by
photoinduced bleaching. They demonstrate waveguiding in
channels produced in this way.

In the present work we show that both optical arnd
physical properties of SOG films can be drastically
changed by ion implantation. Optically, increases in the
index of refraction as high as 20% have been measured by
us in SOG layers which were subjected to P or Si implan-
tations. Physically, we show that ion implantation into
S0OG causes substantial increases in material density lead-
ing to films with physical properties comparable to those of
high-temperature-treated SOG or native oxide lavers, thus
offering a simple low-temperature process which results in
good quality dielectric layers.

The spin-on material used in the present investigation
was a comunercial siloxane-type SOG (Allied Ltd.), based
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on silicon-organic compounds (5-15%), dissolved in an
alcoholic solution. The films were produced by dispensing
about 1 c.c. of the solution on a (100) 2 in. silicon wafer,
followed by a spin at 7000 revolutions per minute for 20 s,
The coated wafers were baked at £20 and 180°C on an
open hot plate for 5 min. Following this, the samples were
inserted into a furnace (in air}), in which the temperature
was raised from 260 to 420 °C at a rate of 6.5 °C/min and
kept there for an additicnal 30 min. This procedure has led
to films with a uniform thickness of ~ 1200 A.

Identical implantations of different elements (*%Si,
sometimes 2°Si and 31P) were perfoermed at 40 and 70 keV
to a dose of 10'° or 10'® cm 2 keeping the beam current
density below 4 uA/cm? to eliminate beam-induced heat-
ing effects. Since both Si and P implantations are expecied
to cause similar damage due to the proximity in ion mass,
any difference in film properties which may be observed
following the implantation must be attributed to chemical
effects. No such difference in anv one of the measured
quantities (index of refraction and thickness changes—see
below) could be detected. We therefere conclude that the
major effect of the mmplantation is due to radiation
damage—hence all following implantations were of P ions
only. Different implantations with doses ranging from 10!
to 1.65 10" P! /em?® were employed at 60 and 40 keV.

An estimate for the thickness of the layer affected by
the implantation was obtained from TRIM computer
simulations.® These, however, face some difficulties when
applied to the present case since the material density and
composition, which are input parameters to the program,
are not exactly known and both seem to gradually change
during implantation. We have thus performed the TRIM
calculation using a reasonable range of values for the ma-
terial density (1.5-2.0 g/cm?®) and composition 8i,0,C,
(x =0.2-0.4, y=0.3-0.6, and z = 0-0.4) yielding for 60
keV phosphorus implants a range R, of 900-1000 A with a
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FIG. 1. Thickness and refractive index of P-implanted 8OG as function of
implantation dose in Allted 110

straggling AR, of 300400 A. Similar calculations for 40
keV P yielded AR,=750-850 A with R,=250-350 ALK
we assume that the damage profile roughly overlaps that of
the implant, we see that the better part of the SOG film has
been affected by implantation. The similarity of the results
obtained for 70, 60, and 40 keV implantations, regarding
both optical and physical changes, verifies this assumption
and shows that even if the tail of the implantation profile
has somewhat penetrated into the substrate, this had no
remarked effect on the resnits.

The coated wafers were analyzed, before and after im-
plantation, by performing ellipsometry (at 633 nm) and
profilometry measurements. The & and ¢ values obtained
from the ellipsometer were used to calculate the thickness
and refractive index of the SOG film assuming it to be of
uniform composition on a Si substrate of infinite thickness
with 7 = 3.85-0.018;. To verify the thicknesses deduced
from the ellipsometry, step height measurements were also
performed on the same samples using two different instru-
ments (TENCOR Alpha-step and Nanospec AFT-200).
As all measurements yielded results which were in agree-
ment to within 5%, we quote here the results of the ellip-
sometry measurements only and assign them an uncer-
tainty of 5%.

Very significant changes in refractive index and in film
thickness were observed foliowing ion implantation. These
changes are presented in Fig. 1 from which it can be seen
that with progressive implantation the fim thickness
shrinks and its index of refraction increases. Both effects
seem to go hand in hand for doses below =35X% 101
cm "2 For higher implantation doses the material density
saturates, while the index of refraction keeps increasing
with dose.

In order to check whether the observed changes in
index of refraction are just due to the increased compact
ness of the material, we have analyzed our data using the
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FIG. 2. Lorenz-Lorentz relation plot of 1/thickness vs 1)/
(n? +2).

Lorenz-Lorentz relation.” According to this relation the
density of a dielectric material is proportional to (n> — 1)/
(n? 4+ 2). Therefore, assuming no material loss during im-
plantation, a piot of 1/thickness of the SO0G film versus
(n2 — 1)/(n* + 2) should give a straight line. Such corre-
lation is indeed observed at low doses, up to 5X 103
cm 2, as shown in Fig. 2. At higher doses the film thick-
ness reaches saturation and the changes in the refractive
index must be due to other effects.

It is interesting to note that while the final compact-
ness of the implanted spin-on-glass very much resembies
that of high-temperature-baked SOG,* their optical prop-
erties differ remarkably. In high-temperature-treated SOG
(above 850 °C) the optical properties are similar to those
of thermal oxide (n=~1.4), whereas those of the implanted
layers reach an index of refraction as high as =~ 1.8.

The similarity in densification between high-
temperature-treated and ion-implanted SOG can be related
to possible molecular rearrangement in the material and to
loss of remaining organic residues, both being the resuit of
energy deposited to the material by either heat or by the
implantation process. During implantation the ions lose
energy by a series of collisions with electrons and atoms in
the stopping medium. This may break existing bonds and
knock atoms from their original location thus aiding rear-
rangement of the material. Such rearrangements may also
be thermally induced, hence the similarity in the final re-
sults. Since the spin-casting deposition process, in contrast
to the chemical vapor deposition technique, is a rapid pro-
cess that takes place at low temperatures much below the
material glass point, molecules which are probably trapped
in a loosely packed mesh with some solvent may effuse or
change position leading to a different, more dense, struc-
ture.

The observed large differences in index of refraction-
between high-dose-implanted layers and high-temperature-
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treated SOG, despite both having rather similar final den-
sities, is still unclear. One possibility to be considered to
account for this difference is that a phosphorus doping
effect, due to the high-dose implantation, is responsible for
the further increase in index of refraction beyond the com-
pactness saturation. This possibility can, however, be ruled
out in light of the fact that similar, high-dose (10'® cm ~?)
Si implantations (Si not being a dopant in Si0,) has re-
sulted in an increase in # identical to that caused by the P
implantations. Nevertheless, those differences are being
further investigated, and detailed infrared and dielectric
measurements on implanted and thermally treated SOG
are currently underway.

Both optical and physical effects that ion implantation
has on SOG films, reported in the present work, may have
important technological implications. The possibility to
drastically alter the refractive index of the SOG layer by
ion implantation, a technigue which is well suited for sub-
micron technology, may find uses in integrated optics ap-
plicaticns. The compactness of SOG layers induced by ion
implantation can offer a low-temperature process for the
production of high quality dielectric films and may replace
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the undesirable high-temperature curing stage currenily
employed in the very large scale integrated circuits tech-
nology.
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