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Sol-gel silicate thin-film electronic properties
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We have explored the effects of various processing parameters on the dielectric and electronic
integrity of sol-gel-derived silicate thin films and have identified several factors that strongly
affect the thin-film electronic properties. We find that sol-gel dielectrics can exhibit excellent
dielectric integrity: viz., low interface trap densities and fairly good insulating properties
approaching those of a thermally grown silicon dioxide film on silicon.

INTRODUCTION

Silicon dioxide thin films are extensively used in micro-
electronic devices as the gate and field oxides in metal-oxide-
semiconductor-field-effect transistors (MOSFETs), passi-
vation layers, diffusion and oxidation barriers, and
scratch-resistant coatings. Currently, thermally grown sili-
con dioxide films on silicon (typical growth temperatures
range from 800 to 1100 °C) are the best insulators and exhib-
it the lowest interface trap densities; they are the heart and
soul of modern day microelectronic devices and are the stan-
dard by which other dielectrics are judged. In recent years,
however, there has been a considerable amount of interest in
the development of lower-temperature shorter-time dielec-
tric deposition schemes'™. Some applications include III-V
compound semiconductor MOSFET processing as well as
primary dielectrics for thin-film transistors.

In this study we have explored the electronic and phys-
ical properties of sol-gel dielectric thin films on silicon. Ox-
ides formed by the sol-gel process are of considerable techno-
logical interest for a variety of reasons: the technique is (1)
inexpensive, (2) simple, and (3) requires a relatively short
annealing time. Perhaps most importantly, the sol-gel pro-
cess allows the use of multicompqnent systems; one may
tailor the electronic properties of the oxide by varying its
chemical composition. Furthermore, since the sol-gel pro-
cess chemistry has been extensively explored in the litera-
ture,”° one may also apply this fundamental understanding
of sol-gel chemistry to control the electronic properties of
the sol-gel films.

We have investigated how various processing param-
eters affect the dielectric integrity of the silicate gel thin films
on silicon. In doing so we have been able to identify factors
that affect the electronic properties of the silicate gel thin
films. We find that (1) the water to silicon alkoxide ratio
strongly affects the film’s electronic and physical properties,
(2) the film’s properties are relatively independent of the
annealing ambient, and (3) a rather short (5 min) anneal
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time at 77> 800 °C is necessary to obtain sufficient insulating
properties. Our results illustrate that sol-gel thin films on
silicon can be of high quality; they exhibit low interface trap
densities ( < 10" cm™2eV ™! at mid-gap) and fairly good
insulating properties ( > 6 MV/cm), indicating that sol-gel
oxides may be of considerable benefit to the microelectronics
community.

EXPERIMENTAL PROCEDURE

Sol-gel processing uses metal alkoxides, M(OR),
(where M is Si, Al, B, P, etc.'and R is often an alkyl group,
C,.H,, . ) as monomeric oxide precursors. In alcohol solu-
tions the alkoxide is hydrolyzed by the addition of water
causing the replacement of alkoxy groups (OR) with hy-
droxyl groups (OH) as shown for a silicon alkoxide
[Si(OR),]

(OR),Si + H,0--(OR),SiOH + ROH.

Subsequent condensation reactions involving the hydroxyl
groups result in the formation of inorganic polymers com-
posed of M-O-M bonds.

(OR),SiOH + HOSi(OR);--(OR),Si-0-Si(OR); + H,O0.

Many factors influence the structure of the inorganic poly-
mers. The most important are the water to alkoxide ratio,
pH, and aging conditions®® of the initial solutions. Film po-
rosity is largely determined by the polymer structure. For
example, weakly branched species are fairly compliant and
form denser oxides; however, highly cross-linked polymers
resist the compressive forces of surface tension during dry-
ing, leading to larger pores that are only removed at higher
temperatures by sintering.

The sol-gel solutions were prepared with varying water
to silicon alkoxide ratios; the ratios investigated were 2.5,
5.0, 7.5, 10.0, 12.5, 15.0, and 20.0 to l. Details regarding
further solution preparation can be found in Ref. 5. The solu-
tions were deposited on n-type (100) Sisubstrates with resis-
tivities of 1-10 Q2 cm. The substrates were cleaned using a
standard RCA procedure.'® The substrates were then imme-
diately coated using either a dip coating apparatus or a com-
mercial spinner. In dip coating, a constant withdrawal speed
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insures a uniform thickness which can be controlled by the
pull rate and/or multiple dippings. During film deposition,
the evaporation of solvent produces a rigid porous silicate
layer. After deposition, the thin porous silicate layers were
heat treated in air at 80 °C to help burn off some of the residu-
.al organics and adsorbed water, followed by an anneal at
higher temperatures in either an argon, air, or oxygen am-
bient. The annealing temperatures investigated were 500,
650, 725, 800, 900, and 1000 °C. After the anneal Al was
deposited on the films using an electron beam evaporator
and a standard post-metallization anneal (5% H,/95%
N, ) at 400 °C for 30 min was performed.

Two factors that degrade MOSFET performance are
interface traps (with either fast or slow time constants) at
the silicon-oxide interface and large leakage currents
through the dielectric. To evaluate the interface trap densi-
ties MOS high-frequency (1 MHz) and quasi-static C¥ mea-
surements were performed. The mid-gap interface trap den-
sities were calculated using the Terman'' and combined
high-low'? frequency methods.

The breakdown strengths (the electric field at which
substantial leakage currents flow through the oxide) were
evaluated using a corona discharge apparatus.'® The corona
ions charge the films surface; by measuring the potential
across the film’s surface using a Kelvin probe and electro-
static voltmeter several minutes after charging, we evaluate
an arbitrarily defined breakdown field correspondmg toa
current density about 10X 10~'® A/cm.?

The etch-rate experiments were performed using a buf-
fered HF solution which etches a thermal oxide around 1
A/s. The etch rate gives an indication of film porosity and
stress; more porous oxides exhibit faster etch rates. Deposit-
ed oxides typically etch faster than thermal oxides, for exam-
ple air pressure chemical vapor dep051ted at 700°C etches
eight times faster than a thermal oxide.'

Refractive index experiments were made using a Rudolf
Auto-ELIV ellipsometer. Again higher refractive indicies
are generally indicitive of a denser oxide'®. For comparison,
the refractive index of a thermal oxide was measured to be
1.461 4 0.002. -

RESULTS

In Figs. 1 and 2 we illustrate the breakdown strength
and etch rate of silicate gel thin films prepared using solu-
tions with different water to silicon alkoxide ratios annealed
in either oxygen (Fig. 1) oran argon (Fig. 2) ambient. Com-
paring Figs. 1 and 2 we noted that the film’s properties are
relatively independent of the annealing ambient. Although,
the remaining data presented in this paper are for films an-
nealed in an argon ambient, very similar results were also
obtained for films annealed in air or oxygen ambients.

Figures 1 and 2 also illustrate that the solutions water to
silicon alkoxide ratio strongly affects the insulating proper-
ties (density) of the sol-gel thin films. Figure 3 further dem-
onstrates the effect of the water to silicon alkoxide ratio (#)

on the refractive index of the films. When ris between 10 to

15:1, the film’s refractive index (and density) is about maxi-
mized. The refractive index measurements correlate extre-
memly well with the breakdown strength and etch rates of
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FIG. 1. Breakdown strength and etch rate of sol-gel films on silicon pre-
pared using solutions with different water to silicon alkoxide ratios. All
films were annealed in oxygen for 5 min at 7'= 800 °C.

Fig. 2. At very low (r<5:1) or very high (#> 15:1) ratios
film properties are significantly degraded. The low refractive
indicies and low breakdown strengths of the films prepared
using solutions with lower water to silicon alkoxide ratios,
came as a surprise. It is well documented that bulk monolith
silicates prepared using solutions with low water ratios form
more weakly branched polymers;*!¢ these species are quite
compliant and during drying form denser oxides with small
pores that collapse at lower temperatures via viscous sinter-
ing. Highly cross-linked polymers formed at higher r values
are sufficiently stiff to resist the compressive forces of sur-
face tension during annealing, leading to larger pore sizes
that sinter only at higher temperatures. The larger pore sizes
will increase film porosity generally leading to lower refrac-
tive indicies and lower breakdown strengths.
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FIG. 2. Breakdown strength and etch rate of sol-gel films on silicon pre-
pared using solutions with different water to silicon alkoxide ratios. All
films were annealed in argon for 5 min at 7= 800 °C.
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FIG. 3. Refractive index of sel-gel films (n) on silicon prepared using solu-
tions with different water to silicon alkoxide ratios. All films were annealed
in argon for 5 min at 800 °C.

However, in this thin-film study we find (1) that films
prepared using solutions with low r values (#<7.5:1) are
more porous dielectrics “(lower refractive indicies, lower
breakdown strengths, and faster etch rates), (2) films pre-
pared with intermediate water to silicon alkoxide ratio solu-
tions (10:1 to 15:1) are the densest oxides, and (3) films
-prepared using solutions with ratios > 15:1 tend to again
become porous. A possible explanation for our results is pro-
vided by the work of Hurd eral,'"'® who observed the drying
front of a dip coated film using imaging ellipsometry. Their
results'® on water alcohol mixtures demonstrate that during
dip coating, water becomes concentrated near the drying
line. Since all solutions contain excess water [#> 2 according
to Eq. (1)] and since water has about a factor of 3 greater
surface tension than alcohol, the capillary pressure exerted
on the solid phase at the final stage of drying is larger for
greater water to alkoxide ratios. '

Our work strongly suggests that it is this additional
“compacting” force in the films prepared using solutions
with r values between 10 and 15 that leads to higher densi-
ties, smaller pores, and lower sintering temperatures. This
compacting force can be as high as 1000 atm. In contrast,
larger r values ( > 15) apparently promote aging leading to
much stiffer structures that resist collapse by additional ca-
pillary pressure. This would explain the increase in porosity
of the films prepared using the highest water ratios. These
results strongly demonstrate that the polymer structure and
deposition conditions affect the thin-film properties and fur-
thermore illustrate that one may employ different water to
silicon alkoxide ratios to tailor the refractive index.

Figure 4 illustrates some of our C¥ measurements for a
sol-gel thin film annealed at 800 °C for 5 min in an argon
ambient using a water to silicon alkoxide ratio of 12.5:1.
Curves 4(a) and 4(b) areé typical high-frequency and quasi-
static CV curves respectively, for sol-gel films on silicon an-
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FIG. 4. High-frequency (A) and quasi-static (B) CV measurements for a
silicate gel film annealed in argon for 5 min at 800 °C. The water ratio is
12.5:1.

nealed at 7> 725 °C in any ambient as long as the water to
alkoxide ratio is between 10:1 and 15:1. The mid-gap inter-
face trap densities are always quite low (=~8X 10" ¢m~?
ev ! ); the films exhibit strong accumulation and inversion
characteristics, and there is very little fixed net charge in the
dielectric. All these properties are indicative of a fairly high-
quality dielectric. Figure 5 illustrates that the mid-gap inter-
face trap densities are quite low (~8Xx10"°cm ~'eV~") for
various anneal temperatures in an argon ambient. For com-
parison, we measure the mid-gap interface trap density of a
high-quality thermal oxide tobe =2 X 10"°cm~?eV ~', the
detection limit of our apparatus. We measure the mid-gap
interface trap densities using the combined high—low fre-
quency method. Interface trap densities <1107
cm ™2 eV~ !aretypical for high-quality thermally grown sili-
con dioxide films on silicon after a forming gas or post-me-
tallization anneal.

The breakdown strengths and etch rates of silicate gel
thin films vs anneal time are illustrated in Fig. 6. As demon-
strated in Fig. 6 only a relatively short anneal time (5 min) is
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FIG. 5. Mid-gap interface trap densities of sol-gel silicate thin films on sili-
con annealed at different temperatures. All anneals were performed in ar-
gon for 5 min. The films were prepared using solutions with a 12.5:1 water
to silicon alkoxide ratio.
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FIG. 6. Breakdown strength and etch rates of sol-gel thin films on silicon
annealed for different times in an argon ambient at 900 °C. The solution’s
water to silicon alkoxide ratio was 12.5:1

needed to optimize the film’s properties; longer anneal times
did not generally improve the film’s properties. This obser-
vation may be of considerable interest to applications that
can withstand high temperatures for only short times. A sol-
gel-derived thin film would be a viable candidate.

The films illustrated in Fig. 6 were all annealed in an
argon ambient. The film thicknesses annealed for 5, 15, or 30
min were all identical ( + 4 ;X). This is consistent with the
premise that we are not growing a thermal oxide. However,
it is conceivable that some of the absorbed water in the films
react at the 8i/SiO, interface forming a very small thermal
oxide, i.e., a few angstrons at most.

In Fig. 7 we show the corona current density versus
electric field measurements for the silicate gel films annealed
in argon at various temperatures. The results are compared

1

3¢'10'°A/em?)

12

O 1 2 3 4 5 6 7
Electric Field (MV/cm)

FIG. 7. Current-density vs electric field measurements for sol-gel thin films
annealed at (a) 500, (b) 650, (c) 725, (d) 800, (e) 900, and (f) 1000 °C for
5 min in an argon ambient. Curve (g) is for a thermal oxide grown in steam
at 1050 °C to a thickness of 2500 A.
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FIG. 8. Refractive index (n) of silicate gel films annealed at different tem-
peratures. All anneals were for 5 min in an argon ambient. The solution’s
water ratio to silicon alkoxide was 12.5:1.

to a thermal oxide. As shown, the films annealed at
T = 800 °C exhibit fairly good insulating properties. The sol-
gel films annealed at 900 ° and 1000 °C for 5 min are nearly
identical to a thermal oxide structure.

The refractive index of the silicate gel thin films versus
anneal temperature is illustrated in Fig. 8. The anomalously
high refractive indicies at lower temperatures (7 < 650 °C)
are most likely due to retained organics in the films. As the
anneal temperature is increased (7>725 °C) the refractive
index increases, indicative of a denser dielectric. The refrac-
tive index measurements agree quite well with the break-
down strength and etch rate of the sol-gel thin films annealed
at different temperatures (Fig. 9). Figures 8 and 9 show that

@ Breakdown Strength M Etch Rate
0+ i : ] } ; + : : : 0
5§00 550 600 650 700 750 800 850900 950 1000
Anneal Temperature

FIG. 9. Breakdown strength and etch rate of sol-gel films annealed at differ-
ent temperatures. The anneals were performed in an argon ambient for 5
min. The solution’s water to silicon alkoxide ratio was 12.5:1.
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the films need to be annealed at 7> 800 °C in order to exhibit
fairly good breakdown characteristics and to obtain fairly
dense dielectrics, i.e., higher refractive indicies and lower
etch rates.

OBSERVATIONS AND CONCLUSIONS

In summary, we have been able to fabricate high-quality
sol-gel silicate thin films on silicon. We have been able to
sucessfully fabricate sol-gel silicate thin films that exhibit
low interface trap densities, low etch rates, and fairly high
breakdown strengths. By systematic variation of processing
parameters, we have been able to provide insight for fabricat-
ing silicate gel films of high dielectric integrity. We find (1)
that the sol-gel film properties are strongly affected by the
water to silicon alkoxide ratio, (2) that film properties are
independent of annealing ambient, and (3) that a relatively
short anneal (5 min) at temperatures > 800 °C is needed to
obtain sufficient densification and insulating properties.
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