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In  this  work,  the  physical,  chemical  and  electrical  properties  of  Metal-Oxide-Semiconductor  (MOS)  capac-
itors  with Spin-On-Glass  (SOG)-based  thin  films  as gate dielectric  have  been  investigated.  Experiments  of
SOG diluted  with  two  different  solvents  (2-propanol  and  deionized  water)  were  done  in  order  to  reduce
the viscosity  of the  SOG  solution  so  that  thinner  films  (down  to ∼20 nm)  could  be  obtained  and  their
general  characteristics  compared.  Thin  films  of SOG  were  deposited  on silicon  by  the  sol–gel  technique
and  they  were  thermally  annealed  using  conventional  oxidation  furnace  and  Rapid  Thermal  Processing
(RTP)  systems  within  N2 ambient  after  deposition.  SOG  dilution  using  non-organic  solvents  like deionized
water  and further  annealing  (at  relatively  high  temperatures  ≥450 ◦C) are  important  processes  intended
to  reduce  the  organic  content  of the  films.  Fourier-Transform  Infrared  (FTIR)  Spectroscopy  results  have
shown that  water-diluted  SOG  films  have  a significant  reduction  in their organic  content  after  increas-
ing annealing  temperature  and/or  dilution  percentage  when  compared  to those  of  undiluted  SOG  films.
ourier-Transform Infrared (FTIR)
pectroscopy

Both current–voltage  (I–V)  and  capacitance–voltage  (C–V)  measurements  show  better  electrical  charac-
teristics  for  SOG-films  diluted  in  deionized  water  compared  to those  diluted  in  2-propanol  (which  is  an
organic solvent).  The  electrical  characteristics  of  H2O-diluted  SOG  thin  films  are  very  similar  to  those
obtained  from  high  quality  thermal  oxides  so  that  their  application  as  gate dielectrics  in  MOS  devices
is  promising.  Finally,  it has  been  demonstrated  that  by  reducing  the  organic  content  of SOG-based  thin
films,  it  is  possible  to obtain  MOS  devices  with  better  electrical  properties.
. Introduction

Since state-of-the-art MOSFET devices are continuously shrink-
ng in dimensions to deep-submicron scale, they are now facing
erious issues like higher gate leakage currents (Ig), a more complex
nd expensive fabrication processing, poor reliability characteris-
ics, etc. [1]. As an example, measuring the leakage current flowing
hrough the gate of a 70 �m (channel length) MOSFET will pro-
uce its characteristic low Ig levels; for a 70 nm MOSFET however,

g increases several orders of magnitude because of a reduction
n thickness of its gate oxide (see Fig. 1). In order to reduce the
igh Ig levels present in modern MOSFET devices, high-dielectric
onstant (high-k) materials have been introduced by the semicon-
uctor industry at a price that involves more complex deposition
echniques and which require sophisticated and expensive deposi-

ion systems. In this work, we apply one of the simplest thin-film
eposition techniques for obtaining gate oxide materials so that
abrication and evaluation of MOS  devices containing SOG-based
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oxides can be realized. The sol–gel deposition method offers great
versatility for the deposition of different materials by spinning;
additionally, it is one of the simplest and cheapest methods to
fabricate MOS  structures since the chemicals used for oxide for-
mation are commonly used by the semiconductor industry (for
planarization and inter-level dielectric isolation, see for example
[2,3]) and they are SOG-based materials. SOG are siloxane- and
silicate-based polymers; the silicate-based materials are able to
form hard films of pure SiO2 while the siloxane-based materials
(containing significant amounts of silanol Si–OH groups) produce
oxides with electrical properties inferior to oxides deposited by
other methods [4].  Because of the potential use of silicate-based
SOG oxides as gate dielectrics, correlating the film composition to
device performance of SOG-based MOS  devices is important due to
the advantages already exposed. Additionally, thermal stability of
ultra-thin SOG-based oxides and their subsequent compositional
changes after annealing are subjects that require further investi-
gation since former studies have only considered thicker films not
useful for gate oxide applications [5,6]. This work then correlates

the chemical composition of SOG-based thin oxide films to their
electrical characteristics after fabrication of MOS  devices. Specif-
ically, understanding the influence of organic based compounds
in the physical and electrical C–V and I–V characteristics of SOG-
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A4, respectively. There, better densification and thus, thinning of
SOG-based oxides can be observed when cured at higher tem-
peratures while their refractive indexes are kept well above 1.43.
Compared to the initial films, where the thinnest oxide produced
354 J. Molina et al. / Materials Science a

ased MOS  devices is of primary importance in order to assess
heir utility as gate oxide materials. On the other hand, the need
or gate oxides as thin as possible (less than 100 nm)  is desired
ince the thinner the oxide, the greatest the field effect at its gate.
or this purpose, the reduction in the viscosity of SOG-solutions is
xplored using two different solvents which produce SOG-oxides
ith different chemical and electrical characteristics. By correlat-

ng both chemical and electrical characteristics for this material,
ays to enhance the electrical performance of even thinner SOG-

ased oxide films could be found in order to produce high-quality
hin oxide films after a quite simple and cheap spin-coating tech-
ique so that their application in some electronic applications like
ET-based memory devices could be systematically explored. The
reat versatility of SOG provide applications that go beyond their
onventional uses, so that producing low-cost, simple and repro-
ucible gate oxide materials for MOS  devices could be achieved and
igh-k Spin-On-Dielectrics could be further developed.

. Experimental

For all experiments, we used a silicate-type SOG material (from
ilmtronics, 700A). Silicon wafers were 2′′ diameter, N and P type
1 0 0) with a resistivity range of 5–10 � cm.  These wafers followed
tandard RCA-cleaning procedures resulting in HF-last surfaces. A
ropper was used to apply SOG solution directly on the wafer sur-
aces. After SOG application, spinning speeds ranging from 4000
o 7500 rpm were used in order to obtain different oxide thick-
esses. All deposited films were initially baked at 200 ◦C (10 min  in
2 ambient) in order to evaporate most of the SOG organic solvents.
2 ambient was  used for all subsequent thermal annealing treat-
ents of the films at T > 200 ◦C so that better densification could

e obtained (30 min  for all curing treatments). All oxide films were
etalized with aluminum (1 �m)  by evaporation and a gate capac-

tor area of 13.34e−4 cm2 was used for all MOS  devices. On the
ther hand, different dilution percentages of SOG with C3H8O (2-
ropanol) and H2O (DI water) were done in order to reduce both
he SOG organic content and its viscosity so that thinner films could
e obtained. A high-quality dry thermal oxide grown on silicon
∼60 nm)  was used as a monitor so that chemical and electrical
haracteristics of SOG-based oxides were compared against it. This
hermal oxide was grown on Si(1 0 0) within dry-O2/TCE ambi-
nt at 1000 ◦C for ∼100 min. The films’ compositional analysis was
one with a Bruker Vector 22 system in order to obtain the FTIR
pectrum of each sample. Both refractive indexes and thicknesses
or all films were measured with a Gaertner ellipsometer L117
quipment. Finally, C–V and I–V measurements were done using a
eihtley Model 82-DOS Simultaneous C–V system and an HP 4156B
emiconductor Parameter Analyzer, respectively.

. Results and discussion

Since spinning undiluted SOG produces oxides whose thick-
esses are well above the requirements of gate oxide dielectrics
a few nm for most submicron MOS  technologies), obtaining thin-
er oxide films is of primary importance. By increasing the spinning
elocity, a linear trend in oxide thickness reduction is obtained as
xpected (see Fig. 2). In this figure, we can see that by increas-
ng the spinning velocity from 4000 rpm up to 7000 rpm, the oxide
hickness (after a 200 ◦C bake in N2, 10 min) lowers from 280 nm to
40 nm,  which is quite a moderate reduction indeed, not enough
o produce thinner films suitable for the gate of a MOSFET device.

n the other hand, the refractive index for these films is kept
ithin 1.45–1.47, which is an indicator of the films’ low poros-

ty and whose magnitude is quite close to the refractive index
f high-quality thermal SiO2, 1.46 [7].  Since baking the undiluted
Fig. 1. Gate leakage current versus gate voltage (Ig–Vg) characteristic for MOSFET
devices with channel lengths of 70 nm and 70 �m,  gate oxide thickness is 2 nm and
14  nm,  respectively.

SOG films at 200 ◦C produces relatively thick SiO2 films (no matter
how fast we  increase the spinning velocity), an additional thermal
treatment at higher temperatures or curing, is needed in order to
obtain thinner oxides with better physical properties simultane-
ously (after evaporating most of the remaining organic solvents
that can produce poor electrical characteristics). When cured at
425 ◦C for instance, the dielectric constant of the resulting films
is slightly higher than SiO2 but when the SOG films are cured at
higher temperatures, up to 1000 ◦C, a glass film similar to SiO2
with superior dielectric characteristics and slower etch rates is
obtained [4],  so that increasing the final curing temperature will
produce oxides with better physical and electrical characteristics.
Fig. 3 shows the oxide’s thickness and refractive index dependence
with increasing curing temperature. For those films, undiluted SOG
(100%) was deposited atop Si surfaces with the following con-
ditions for all samples: spin velocity of 7000 rpm followed by a
10 min bake in N2 at 200 ◦C. For curing, different temperatures
were used: 450, 600, 800 and 1000 ◦C for samples A1, A2, A3 and
Fig. 2. Oxide thickness and refractive index dependence with spinning velocity. A
linear trend in oxide thickness reduction with spinning velocity is observed while
keeping refractive index between 1.45 and 1.47.
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Table  1
Main chemical-bonds found for SOG films after high-temperature annealing in N2.

Peak 1 2 3 4 5 6 7 8 9

Wavenumber 450 584 642 800 1070 1139 1500–1675 2346 3000–3800
Bond type Si–O rocking CS-rings CS-rings Si–O bending Si

CS, cyclosiloxane; AQ, alquene aromatic; HDX, O–H hydroxyl.
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ig. 3. Oxide thickness and refractive index dependence with curing temperature.
n  additional thermal treatment in N2 at relatively high temperatures enhances the
xide densification in order to obtain thinner oxide films.

as slightly above 240 nm,  increasing the curing temperature up to
000 ◦C, can produce oxide films as thin as ∼120 nm (half the pre-
ious thickness), and having a refractive index quite close to that
f pure SiO2. Fig. 4 shows the FTIR spectrum (taken from 4000 to
00 cm−1, in absorbance mode) for these samples with the char-
cteristic Si–O peak found at 1070 cm−1 (stretching mode) and
he peak related to alcohols and other carbon-related compounds
ound at 1139 cm−1 [8],  those are peak numbers 5 and 6, respec-
ively. A summary of the main chemical-bonds composing these

lms is shown in Table 1. In Fig. 4, we notice that peak number

 gets smaller as the curing temperatures increases for the sam-
les, thus making evident the reduction in the density of organic

ig. 4. FTIR absorbance spectrum for samples shown in Fig. 3. The main Si–O peak
s  observed at 1070 cm−1 (stretching mode) while the peak at 1139 cm−1, related
o  some organic compounds like alcohols and ethers, gets reduced for samples
nnealed at higher temperatures.
–O stretching Alcohols, ethers AQ group CO2 HDX groups

compounds for SOG cured at higher temperatures. These A1–A4
oxide films were then metalized in order to obtain their C–V and
I–V electrical characteristics. Depending on the curing tempera-
ture, the oxide film’s thickness will change accordingly and so will
the accumulation capacitance Cox of that MOS  capacitor, so that
comparing all C–V curves of samples A1–A4 from accumulation to
inversion regions is somewhat difficult. In order to simultaneously
compare the C–V characteristics for all samples, normalization of
all curves to Cox was realized and the results are shown in Fig. 5.
There, we  notice that depending on the curing temperature, dif-
ferent slopes for the accumulation to inversion transition will be
obtained, which is a sign of the strong influence the final thermal
treatment has on the properties of the SiO2–Si interface. For the
sample annealed at 800 ◦C (sample A3), we also notice an anoma-
lous increase in the C/Cox relation at negative Vg or inversion
regime and this could be related to a weak re-oxidation mecha-
nism triggered from this particular temperature since the refractive
index for these films increases once the annealing temperature goes
from 800 ◦C to 1000 ◦C (see Fig. 3). A weak re-oxidation mechanism
would increase fixed charge density (without significantly increas-
ing oxide thickness for these relatively thick samples) thus shifting
flat-band voltage Vfb to more negative values while screening out
some of the electric field needed for charge depletion. Since we are
focused on samples annealed at 1000 ◦C in this work, this impor-
tant effect requires further and detailed study. Fig. 6 shows the I–V
characteristics for the same samples. Although samples annealed
at 450 ◦C and 600 ◦C (A1–A2) were thicker than those annealed at
800 ◦C and 1000 ◦C (A3–A4), we  notice that the gate leakage current
in both inversion and accumulation is higher for A1–A2 samples.
This is somewhat expected since higher curing temperatures are
able to enhance the densification of the films, turning into more
insulating or resistant to electronic conduction and closer to the

structure and properties of thermal oxide as well [9].

Up to now, our thinnest oxide film (∼120 nm)  was obtained after
a 7000 rpm spinning velocity, an initial baking at 200 ◦C and a final

Fig. 5. C–V characteristics for samples shown in Fig. 3 normalized to Cox. High-
temperature thermal treatments have strong effects on the final characteristics of
these MOS  devices.
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channel L ≥ 2 �m MOSFET applications). In that same figure, the
oxide’s refractive index dependence to H2O dilution percentage
shows a refractive index of ∼1.27 for the 33% dilution (well below
ig. 6. I–V characteristics showing the gate leakage current density Jg for samples
hown in Fig. 3. Jg is smaller for the thinnest films since they were better densified
fter higher curing temperatures.

ure thermal treatment at 1000 ◦C, both in N2. Because of its still
oor electrical characteristics and thicker dimensions, this oxide
annot be useful as a gate dielectric in any standard MOS  tech-
ology. On the other hand, this oxide was obtained after using a
OG solution that was not diluted with any specific solvent previ-
usly. In order to obtain thinner oxides, diluting the SOG solution
ith 2-propanol or DI water (C3H8O or H2O) reduces the viscos-

ty of the SOG prior to spinning and this proved to be an effective
ay to produce oxides well below 100 nm.  For the thinnest oxides,

ig. 7 shows that H2O is a better solvent for SOG as compared to
-propanol (C3H8O). A ∼40 nm oxide is obtained after diluting the
OG solution down to a 50% in volume with H2O and after the ini-
ial baking in N2 at 200 ◦C. Such a thin oxide could be obtained
ithout need to apply a high temperature curing treatment. On the

ther hand, Fig. 8 shows that compared to H2O-diluted SOG sam-
les, the FTIR spectrum of C3H8O-diluted samples present higher
eaks related to chemical bonds that are associated to Si atoms

onded to C-based molecules like CH3 and C6H5 (band between 500
nd 750 cm−1) [8].  By evaluating the C–V characteristics of C3H8O-
iluted SOG oxides, we notice that a highly organic-based oxide
roduces poor electrical characteristics as shown in Fig. 9, where

ig. 7. Oxide thickness dependence with C3H8O and H2O-based dilution percentage
f  SOG after annealing in N2 at 200 ◦C. H2O can be used as a better solvent for SOG
n  order to obtain thinner films.
Fig. 8. FTIR absorbance spectrum for SOG diluted 50% in C3H8O and H2O. Because
of  the higher organic content of the C3H8O solvent, higher density of peaks related
to  C-based molecules are found for SOG diluted with this organic solvent.

lots of electrical defects are observed from the accumulation to
depletion regimes like huge spreading of the accumulation capaci-
tance and lateral shifts in Vfb. Nonetheless, Cg at the strong inversion
regime was  almost the same thus suggesting uniform distribution
of the depletion layer under the oxide after C–V measurements at
1 MHz. For this specific sample, even though an additional RTP-
based high temperature annealing was applied in N2 ambient (so
that most of the organic solvents could be evaporated out of the
oxide), its electrical behavior could not be recovered.

Using H2O to dilute the SOG, the thinnest oxide films with bet-
ter properties were obtained. Fig. 10 shows a good linear trend in
oxide thickness reduction when the SOG solution has been increas-
ingly diluted with H2O. These oxides were also baked at 200 ◦C
and finally cured at 1000 ◦C in N2. For a 50–33% of diluted SOG,
a ∼30–20 nm oxide can be obtained (thin enough for some long-
1.46 of thermal SiO2), which is close to the refractive index of water

Fig. 9. C–V characteristics for SOG samples diluted in C3H8O. This highly organic-
content oxide does not produce good electrical characteristics since lots of electrical
defects are observed.
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Fig. 12. C–V characteristics for SOG samples diluted in H2O and compared to those of
ig. 10. Oxide thickness and refractive index dependence with H2O-based dilution
ercentage of SOG after annealing in N2 at 200 ◦C and 1000 ◦C. Thinner oxides down
o  ∼20 nm can be obtained.

ce 1.3, thus indicating a direct increase of the porosity within the
xide film [10]. The chemical and electrical characteristics of these
2O-diluted oxide samples are shown in Figs. 11 and 12,  respec-

ively. The FTIR spectrum shows a “cleaner” material while the
eak related to the chemical bonds present in alcohols (shown by
he arrow) gets smaller as more solvent is used. The C–V charac-
eristics show an increase in Cox as the oxide gets thinner and

 low dispersion in Cox for each set of samples is also shown.
btaining a low Cox dispersion is indication of the good oxide uni-

ormity throughout the silicon surface. In Fig. 13,  the same C–V
ata of Fig. 12 is presented after taking the average curve of sev-
ral measurements for the same oxides and normalizing all curves
o their correspondent Cox. There, we notice that even the thinnest
xide films (having the highest dilution percentage in H2O) present
ood C–V electrical characteristics. The slope of the accumulation
o inversion transition is greater for a 33% SOG sample compared to
0% and 100% SOG; this is direct consequence of both thinning of
he oxide (greater capacity to handle electronic charge for the same

pplied electric field) and better interface properties with the sil-
con surface. In this specific case, a 33% diluted SOG-based oxide
resent C–V characteristics that are similar to those of thermal
xides grown on silicon (thickness of 60 nm). On the other hand,

ig. 11. FTIR absorbance spectrum for SOG diluted in H2O. The peak related to the
hemical bond of organic molecules and alcohols gets proportionally reduced with
he H2O dilution percentage.
a  dry thermal oxide grown on silicon. Good electrical characteristics are observed for
all  samples, where a low Cox dispersion indicates good oxide thickness uniformity
throughout the silicon surface.

these samples contain the lowest density of organic components
within (see Fig. 11). Fig. 14 compares FTIR spectrums between a dry
thermal oxide (∼60 nm)  and H2O-diluted 66% SOG-oxide (∼60 nm),
both having similar thicknesses. In that figure, we notice a reduc-
tion in the Si–O peaks (1070, 800 and 450 cm−1) for the H2O-diluted
film. However, it is clearly shown that a H2O-diluted SOG oxide
presents chemical bonds quite similar to those of a dry thermal
oxide grown on silicon. Reduction in the organic components of
the H2O-diluted films (mainly CH3) is signal of the high quality of
the oxide, and this effect is evident after comparing the C–V charac-
teristics already presented in Figs. 12 and 13.  Finally, Fig. 15 shows
the I–V data for H2O-diluted SOG oxides. Here we  notice that even
though these were the thinnest oxides obtained (compared to undi-
luted SOG with thickness down to ∼120 nm), electrical conduction
processes within these oxides are quite restrained for both inver-

sion and accumulation regimes. These characteristics are quite
different from the I–V data presented in Fig. 6 where, although
undiluted and thus thicker SOG oxides were cured at temperatures

Fig. 13. C–V data of Fig. 12 normalized to Cox. A 33% diluted SOG-based oxide
present characteristics that exceed those of a thermal oxide. This 33% diluted SOG
sample contains the lowest density of organic compounds.
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Fig. 14. FTIR absorbance spectrum for SOG diluted 66% with H2O and a dry thermal
oxide. Both oxides have the same thickness. The chemical bonds present in both
films are quite similar, the only difference being a broadening of the 1139 cm−1

peak (related to organic compounds) for the H2O-diluted sample.

Fig. 15. I–V characteristics showing the gate leakage current density Jg for SOG
s
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amples diluted in H2O. Even though these were the thinnest oxides, compared
o  the data shown in Fig. 6, they present good electrical isolation properties for both
nversion and accumulation regimes.

p to 1000 ◦C in N2, they present a highly conductive Ig behavior.
n contrast, thinner H2O-diluted oxides present relatively constant
–V characteristics so that, as evidenced by their C–V and I–V data,

2O-diluted SOG oxides could be further improved in order to
ssess their real potential as gate dielectrics in long-channel MOS-
ET devices.
Up to this point, obtaining high-quality and very thin layers
down to ∼20 nm)  of SOG-based oxides has been demonstrated. The
lectrical characteristics for these oxides were obtained from MOS
apacitors, which are simple devices ideal for the initial evaluation

[

gineering B 176 (2011) 1353– 1358

of the quality of the oxide. Nevertheless, the next natural step to
evaluate their true potential as gate dielectrics would be inserting
these oxides within any CMOS fabrication process and extract all
possible gate oxide parameters from MOSFET devices’ performance
so that a better assessment of the quality of these dielectrics can be
obtained.

4. Conclusions

By adjusting the deposition and processing parameters of SOG-
based films, it is possible to obtain thin oxide films (down to 20 nm)
with good electrical characteristics for MOS  devices. Thick non-
diluted SOG-based gate oxides resulted in regular C–V and I–V
MOS  characteristics but these features were both enhanced after
diluting the SOG solution in H2O-based solvent. Using C3H8O as
a solvent for SOG will produce relatively thick oxide films with
highly organic content and poor C–V characteristics compared to
H2O-diluted oxides, where thinner oxides with low Cox dispersion
and low gate leakage current for these dielectrics were obtained
along with a reduced organic content. On the other hand, the C–V
characteristics for a SOG oxide diluted in H2O at 33% are quite sim-
ilar to those of a thermal oxide grown on silicon (which was  used
as a monitor) and the overall enhancement on the electrical char-
acteristics of these oxides is related to a reduction in the organic
content of the SOG-based oxides (confirmed after FTIR spectrum
measurements showing a reduction in the density of chemical
bonds related to organic compounds). Even though the use of SOG-
based oxides has been traditionally focused to inter-level dielectric
planarization and dopant sources for junction formation processes,
it could be possible to use them as good quality gate oxides for the
fabrication of MOS  devices using a very simple, cheap and yet repro-
ducible spinning technique. Development of Spin-On-Dielectrics
could then be explored by just adding the necessary chemicals (in
the same way  as the H2O-dilution process shown here) in order to
obtain for example, high-k dielectrics needed for advanced MOSFET
technologies or even for other electronic applications.
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