Room temperature synthesis of porous SiO , thin films by plasma
enhanced chemical vapor deposition

A. Barranco

Instituto de Ciencia de Materiales de Sevilla (CSIC-Universidad de Sevilla) Avdajcdnvespucio s/n,
E-41092 Sevilla, Spain and Dpto. de @iica Inorganica, Facultad de Qumica,

Avda, Reina Mercedes s/n, Sevilla, Spain

J. Cotrino

Instituto de Ciencia de Materiales dg Sevill;t (CSIC-Universidad de Sevilla) Avd'arjogmlespucio s/n,
E-41092 Sevilla, Spain and Dpto. deska Atanica, Molecular y Nuclear, Facultad de sica,
Universidad de Sevilla, Avda, Reina Mercedes s/n, Sevilla, Spain

F. Yubero, J. P. Espinos, and A. R. Gonzalez-Elipe®

Instituto de Ciencia de Materiales de Sevilla (CSIC-Universidad de Sevilla) Avdajoanéespucio s/n,
E-41092 Sevilla, Spain and Dpto. de @uea Inorganica, Facultad de Qumica,

Avda, Reina Mercedes s/n, Sevilla, Spain

(Received 10 July 2003; accepted 19 April 2004; published 16 July)2004

Silicon dioxide thin films with variable and controlled porosity have been prepared at room
temperature by plasma enhanced chemical vapor deposition in an electron cyclotron resonance
microwave reactor with a downstream configuration. The procedure consists of the deposition of
successive cycles consisting of a sacrificial organic-polymeric layer and, afterward, a silicon dioxide
layer. Toluene and oxygen are used as precursors of the organic layers and)gIGind oxygen

for the SiQ . During deposition of the latter, the organic layer is simultaneously burned off. In these
conditions, the release of gases produced by oxidation of the organic-polymeric layer take place
while the oxide layer is being deposited. Thus, modification of the nucleation and growing
mechanism of the silicon oxide thin film take place. The porosity of the final poroustBi®films
increases with the thickness of the sacrificial organic layer. The poroysfiBi@ prepared with the
aforementioned method are free of carbon and chlorine contamination as confirmed by
Fourier-transform infrared spectroscopy, x-ray photoelectron spectroscopy, and Rutherford
backscattering spectroscopy. Depending on their porosity, thet8i@films are either transparent

or scattered visible light. The former have refractive index lower than that of thermal silicon dioxide
and the latter show membranelike behavior in gas diffusion experiments. All the samples have good
adhesion to the substrates used for the deposition, either polished Si wafer, glass plates, or standard
porous supports. They have columnar microstructure, as determined by scanning electron
microscopy. A preliminary ultraviolet-visible characterization of the optically transparent thin films
reveals that transmission of light through glass increases by 7%—-8% when the porous silica is
deposited on this substrate. These films prove to be very efficient as antireflective coatings and are
of interest for photovoltaic and similar applications. It is possible to deposif 8i@ films with
densities as low as 0.65 g/érfcorresponding to a porosity of 7Q%y adjusting the thickness of the
sacrificial and Si@ layers. The films with high porosity are promising materials for the fabrication
and/or modification of diffusion membranes. The gas adsorption properties and the type of porosity
of the SiQ thin films are assessed by adsorption isotherms of toluene at room temperature measured
with a quartz crystal monitor device. The gas permeation properties of the (fltmsn used as
membranesare analyzed by studying the diffusion rate of different gases through thei200@
American Vacuum SocietyDOI: 10.1116/1.1761072

[. INTRODUCTION talline substrates are required. Furthermore porous layers are
Fabrication of porous metal oxide thin films with con- used as biosubstrates since the roughness of substrates is a
trolled porosity has received much attention during recenvery effective parameter to control the growth and prolifera-
years. They are used as antireflective coatings in optics antibn of cells!!
photovoltaic application;® and in electronics as low- Porous SiQ thin films used as membranes or similar ap-
materials?~® where relatively thin films are deposited on plications can be prepared by either wsbl-gel, etc). or dry
compact substrate;. They are_e_llso_ used as diffusion_ meMiocedured’ 1% Wet routes have been also used for the
branes for separation and purification of flulds” In this preparation of many other oxide thin films with controlled
latter case, thicker films deposited on porous and poncrysI;nicrostructure and porosit{:2-15When using sol-gel and
Pther wet or ceramic methods, the synthesis of membrane

dAuthor to whom correspondence should be addressed; electronic mail; . . .
agustin@cica.es films involves some heating stages to remove solvents, in-
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duce sintering, etc., particularly if the substrate is a ceramications of these thin films are also reported to demonstrate

material. However, for other applications or if the membranethe ample variety of porous structures that can be tailored by

is a polymer or any heat-sensitive material, heating stepthis method of synthesis. Thus, transparent,Si@n films

may have to be avoided and other methods such as evaporme examined as antireflective coatings, while Sitn films

tion or plasma enhanced chemical vapor depositiorwith very high porosities and low densities are used for the

(PECVD) are required. modification of diffusion properties of commercial mem-
The synthesis of porous thin films can also be achieved bypranes. Finally, a phenomenological model is proposed that

using template procedures. An easily removable materighccounts for the development of porosity during growth

(usually organig serves to incorporate the inorganic compo-based on the characterization of the porous,Sitns and

nent with a defined morphology, being then removed bytheir growth rate.

combustion or similar method$6” After removing the

template, voids are left in the inorganic or ceramic part of the

porous film, thus defining a microstructural arrangement thatl: EXPERIMENT

replicates the distribution of the template. Usually, the re-a  preparation of porous SiO , thin films

moval of the template requires a heating stage with the afore- . ,

mentioned inconveniences. The PECVD procedure to control the porosity of the SiO
The method described in this article for the deposition ofiNin films consists of the deposition of intermediate poly-

porous thin films resembles the template approach describdd€MC 0xygenated layers (O, :H), and subsequently, S}O

above. Thus, an organic material that acts as a sacrificidl"" films. The polymeric layer is easily removed by plasma
layer is used in the procedure. This organic material is re0xidation under the experimental conditions utilized for the

moved simultaneously to the deposition of the silicon diox_deposnpn of SiQ. Several dep05|t.|on cycles are carried out
. sequentially to control the porosity of the films. In each
ide by PECVD. I ic fil d a Siahin fil q ited
Preparation of porous Siroatings in photovoltaic cells cchee, zgigg?]aggz; me?ric?m on%oar:?c Ilamearlgeanzpoc?rlois. 0
by PECVD has recently been reporte@he synthesis was Dep Y9 gar Y P S
thin films are carried out sequentially in the same reactor. It

carried out in a microwave reactor with Sjtds a precursor . :

. . consists of a remote microwave plasma soy&eAN) sup-
of Si and NO as plasma gas. The control of porosity of these . ; :
thin films was achieved by adjusting deposition parameter lied with magnets to achlev_e electror_1 cyclotron resonance

ECR) working conditions. This source is separated from the

such as the geometry of the reactor, pressure during depo déposition chamber by a metallic grid preventing the micro-

tion, etc. Howeve'r,.these variables mamly act by alterlng th(?/vave irradiation of the substrates. The distance from the sub-
gas phase deposition and agglomeration, so that porosity "Sirates to the grid is-10 cm. Basically, the SLAN system

sults from the accumulation Of. oxide aggregates com!nq: nsists of an annular wavegui@ng resonatorwith axial
from the gas phase. However, in such a case the Obta'n%cﬁ)t antennas positioned azimuthally at regular intervals of

layers usually have poor mechanical properties. Also, remotg, o waveguide’s inner side. The ring resonator surrounds the

PECVD has been a widely utilized procedure for deposition, iasma chamber that consists of a quartz bell jar with a di-
of Si0,, ™ although the main purpose of these works WaSameter of 16 cm and a height of 20 cm. An ion concentration

not the preparation of thin films with controlled porosity. ¢ 1012 ¢ 3 is achieved at the SLAN center. The concen-
In the present article, we propose a PECVD procedure fofation decays downstream and the average electron density
the room temperature synthesis of porous oxide thin fims. anq energy shows the same behavior. An estimation of ion
The method provides an effective control of film porosity concentration and average electron energy close to the sub-
within a large range of values. The procedure consists of thg ate position gives values of 48m~2 and 1 eV, respec-
deposition of an organic material that is subsequently retively. Typical ion energies range from 5 to 10 eV. Under
moved during the formation of the SjGilm. The porosity  these working conditions, a sheath potential results in the
correlates with the thickness of the organic and oxide layersgypstrate where it is expected that a very low energy ion
The final oxide thin films have gOOd adhesion and mEChanibombardment induces minimum damage_ A more detailed
cal stability, even when the films’ porosity is very high. A description of the source and experimental setup has been
critical point of this procedure is the requirement that bothpublished previousl?2°The source is fitted to a deposition
deposition of the inorganic layer and removal of the organicchamber, where a base pressure lower tharf Irr can be
polymer occur simultaneously. This is accomplished by deobtained with a turbomolecular pump. The toluene and
positing an organic layer with a high oxygen concentration.Si(CHs);Cl flows were dosed over the sample holder with a
Recently, we have reported on the PECVD deposition okhower-type annular dispenser placed 6 cm from the sub-
such an organic thin film by using oxygen and toluene asstrate to ensure its homogeneous spatial distribution. Oxygen
precursors? was dosed directly into the plasma source. Oxygen, toluene,
This article describes the experimental procedure and preand Si(CH);Cl flows were controlled with mass flow con-
sents some results of the characterization of poroug 8i@  trollers. The organic and the Sj@ayers were prepared under
films with different porosities and light scattering properties.completely different working conditions of the source, al-
These films have been obtained by changing the relativéhough in both cases a plasma of oxygen was used to induce
thickness of the organic and inorganic layers. A set of applithe deposition. Si@ thin films were deposited at 2
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%102 Torr using 5 sccm of the organosilicon precursor, 20SEM microscope after metallization of the surface of the
sccm of oxygen, and 200 W of microwave powr. samples. Cross-section SEM images were also obtained for
Deposition of the organic sacrificial layer was possibleSiO, thin films deposited on either aluminum foil or($00)
only when the working parameters were adjusted around thevafers properly cut for examination. The thicknesses of the
following values: microwave power 600 W, oxygen/toluenefilms were obtained from either these cross-sectional SEM
flow ratio 4:1, and total pressurel Torr. To get these con- images and also by using a DekTak profilometer. AFM sur-
ditions, a very precise adjustment was required of the masface images were also obtained in air by using a Topometrix
flow controllers and the pumping capacity of the system, thisExplorer microscope working in the noncontact mode. Both
latter with a throttle valve placed prior to a primary pump. At topographic (constant forcg and direct signal(constant
lower pressures, the organic layer was always burned out biyeighy images were acquired. The cantilever, with a spring
the oxygen plasma and no deposition of the organic polymeconstant of 42.6 Nm!, was oscillated at 130 kHz. Ampli-
was detected. The material of the organic layer was a highlyude reduction was monitored while the surface was scanned
oxygenated polymer with a high concentration of COO-,at a typical rate of one line per second. The scanner was
C=0, and C—-OH groups. An important characteristic of thiscalibrated in X, Y, and Z directions with gratings provided
polymeric-like thin film is that it is easily removed by the with the equipment.
plasma of oxygen used for Sj@eposition. Under these con-  Adsorption isotherms were measured by means of a QCM
ditions, an etching rate of about 200 nm/min was determineih a temperature controlled vacuum chamber. In this case,
for the polymer. This value is lower than rates selected foporous SiQ thin films were deposited on the quartz oscilla-
the deposition of the silicon oxide-16 nm/min.?* It seems  tors used in the QCM. Thus, toluene adsorption isotherms
critical that this sacrificial layer has a very high O/C ratio were measured at 282.8 K. This procedure has been pre-
and, consequently, that the PECVD protocol of preparatioviously applied for the characterization of thin films and pro-
of this polymeric layer utilizes an oxygen rich plasma. Morevides a qualitative assessment of their porous struéfife.
details about the synthesis, characterization and properties of
these highly oxygenated polymeric thin films, including their c. Optical and gas diffusion properties
etching properties under oxidizing plasma treatments, have

been published recents. Porous SiQ thin films can find applications as optical

coatings and gas diffusion membranes.
_ . o Ultraviolet-visible (UV-vis) transmission spectra at nor-
B. Chemical and microstructural characterization mal incidence of samples deposited on glass plates were ob-

Chemical and microstructural characterization of the thinfained with a Shimadzu UV-2101PC spectrometer.
films was studied using several techniques. Chemical analy- Measurements of gas diffusion through porous ;Sikin
sis was carried out by Rutherford backscattering spectrodiims acting as membranes were carried out in @ homemade
copy (RBS), electron recoil detection analysiERDA), and ~ apparatus consisting of two chambechambers 1 and)2
x-ray photoelectron spectroscop¥PS). Fourier-transform separated by thg_membrane. The experimental procedure to
infrared spectroscop§FTIR) was also used to verify the re- 9€t the permeability of a membrane to a gadEyf was the
moval of organic functional groups after deposition of thefollowing. Chamber 2 was set initially under vacuum and
inorganic silicon dioxide. Meanwhile, assessment of micro-chamber 1 under a certain pressure of a &g (Then, the

structure was done by observation of samples by scanninyfiation of the pressure with time in chamber 2R, /At)
electron microscopy (SEM), atomic force microscopy Was monitored. In these conditiond,, can be determined

. . '28
(AFM), and the measurement of gas adsorption isothermdSing the equatiof?
with a quartz crystal microbaland®CM). _ d V, AP,
RBS and ERDA measurements of porous Siin films HA=A(P1_ P,) RT At

deposited on polished @00 wafers were performed at the
lon Accelerator ARAMIS(Orsay, Franceby using 1.5 and Whered is the thickness of the membrané, is the volume
3.0 MeV o* " particles, respectively. The RBS spectra wereof chamber 2A the membrane ared, is the temperature,
recorded in channeling conditions. The quantification of theandR the ideal gas constant. The ideal separation factor of a
measured ion spectra was performed by means okthee ~ membrane for two gases andB, a@, can be determined as
code. ap=II,/T5. To carry out this analysis, the porous silicon
XPS spectra were acquired in a VG-ESCALAB 210 spec-dioxide thin films were deposited on commercial alumina
trometer working in the constant pass energy mode with #0rous substrates Anodisc 47 from Anopore with nominal
value of 20 eV. Unmonochromatized MgaKradiation iy~ pore sizes of 100 and 20 n(m the following Anodisc-100
=1253.6 eV) was used as excitation source. and Anodisc-20, respectively
FTIR spectra in the 400—4000 crh energy range were
collected in transmission mode at normal incidence in dll. RESULTS AND DISCUSSION
Nicolet 510 spectrometer for samples deposited on intrinsi
Si wafers.
Images of the surface of the porous §itin films de- The method of preparation of porous $iin films con-
posited on SL00) wafers were taken with a JEOL-JSM5400 sists of depositing the silicon oxide by PECVD using ECR

%\. Composition of the porous silicon oxide thin films
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by adjusting the thicknesses of the polymerigOC:H and
SiO, layers. As an example of the possibilities of the
Fic. 1. () XPS spectra of a sacrificial organic layere#5 nm thick and the ~ method, Figs. @)—2(d) shows a series of SEM micrographs
film resulting from the deposition of & 220 nm SiQ thin film on top it. (b) of Si0, thin films with a similar total thickness of 600 nm
FTIR spectra for the same samples. but increasing porosity. These samples have been prepared
by different preparation protocols consisting of two cycles of
deposition. In each cycle, an organic thin fi(ire., the poly-
meric GO, :H described beloyvand a SiQ thin film are
conditions that are very effective for the complete removal ofdeposited. The preparation protocols of these samples are
a previously deposited organic sacrificial layer. It is critical shown in Table |. Deposition is carried out in two steps and
that during this process, total removal of the organic layer ighe thickness of the organic and inorganic materials has been
accomplished and that, therefore, the final Stlin film is  adjusted to achieve the desired porosities. It is apparent in
free from any organic contaminant. Survey XPS spectra ofhis set of micrographs that, for a constant thickness of the
the sacrificial organic layer and after deposition of a SiO final SiO,, the porosity increases as the thickness of the
layer on this sacrificial layer are shown in Figall Note that ~ organic phase increases.
the sacrificial layer shows only peaks due to C and O atoms However, for the same thickness of the sacrificial organic
that evidences the presence of a highly oxygenated organlayer, the final microstructure of the films also depends on
layer. After deposition of the SiCfilm, the Cls peak disap- the final thickness of the oxide film. An example of the effect
pears from the spectrum, indicating that no carbon contamief the thickness of the intermediate oxide films in the final
nation remains in the sample. Moreover, only peaks attribmicrostructure of the porous films is evidenced by the com-
uted to silicon(in particular St* speciesand oxygen atoms parison of Figs. &) and 2e). The corresponding films are
can be seen in this spectrum. obtained by two cycles with similar polymeric films, but dif-
Since XPS is a surface sensitive probe, we have also usddrent thickness of the final oxide filmgf. Table ). It is
channeling RBS to prove the absence of carbon in the SiOpossible to see that as the thickness of the oxide layers in-
layers. Thus, we found that the bulk compositions of thecreases, the percolation degree of the individual aggregates
films are stoichiometric silicon dioxide and that their carbon(i.e., the degrade of interconnection among thesh the

Wavenumber (cm™)

content is below the detection limit of this technique. layer increases and the final structure at the surface becomes
Figure Xb) shows the FTIR spectra corresponding to themore compact.
sacrificial layer(top) and a SiQ deposit on this sacrificial It can be also seen in this figure that the percolation de-

layer (bottom). In the FTIR spectrum of the sacrificial layer gree of the SiQ aggregates is relatively high, and the pore
there are signals due to C and O graps (i.e., G—O, size small, when the oxide is deposited on top of an organic
C=0, C=C, etc) typical of a highly oxygenated organic layer of ~25 nm[i.e., Fig. b)]. For an organic layer thinner
polymeric layer. After silicon oxide deposition, the signals of than approximately 25 nm, the final Si@hin films, although
carbon-oxygen groups completely vanish, indicating that netill having much porosity, are transparent and do not present
carbon remains in the sample after this treatment. Note alsany observable light scattering. However, gilms pre-
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TasLE |. Preparation protocols of selected porous Sg@amples.

Density Porosity
Sample Step 1 Step 2 Substrate  (g/cnT) (%)
A 600 nm SiQ - Si(100 1.98 10.0
B 25 nm GO, :H+ 25 nm GO, :H+ Si(100 1.66 24.6
150 nm SiQ 450 nm SiQ
C 40 nm GO, :H+ 40 nm GO, :H+ Si(100 1.25 43.2
150 nm SiQ 450 nm SiQ
D 60 nm GO, :H+ 60 nm GO, :H Si(100 1.10 55.4
150 nm SiQ +450 nm SiQ
E 60 nm GO, :H+ 60 nm GO, :H+ Si(100 1.56 29.4
475 nm SiQ 475 nm SiQ
F 250 nm GO, :H+ 250 nm GO, :H+ Si(100 0.78 64.5
150 nm SiQ 375 nm SiQ
G 40 nm GO, :H+ 40 nm GO, :H+ Al sheet - -
275 nm SiQ 275 nm SiQ
H 7 cycles(50 nm GO, :H+275 nm SiQ) Al sheet - -

pared after deposition of thicker organic films had a milky deposited at X 10~ Torr without deposition of the interme-
appearance due to light dispersion in the individual aggrediate polymeric films(i.e., sample A in Table)l The devel-
gates or columns of SiO opment of columns in the porous thin films is justified by a

The micrographs in Fig. 2 also show that by controlling phenomenological model described below.
the thickness of the oxide and polymeric layers, it is possible AFM images were taken to study the surface morphology
to achieve precise control of the final pore size and concenand growing mechanisms of the porous $tBin films. Fig-
tration of the films. With our procedure, successive deposiure 4a) shows the surface of a dense Sifin fim (i.e.,
tion of different oxide layers with specific and tailored po- prepared without mediation of the intermediate organic
rosity would permit the fabrication of thin films with variable |ayen of ~110 nm thickness and Fig(i# that of an porous
in-depth porosity and optical properties. This type of thinoxide film of a similar thickness grown onto a previously
film with gradient porosity is of interest for certain type of deposited organic layer of-25 nm. At first glance, the
optical filters, the so-called rugate filtets>

The microstructure of the SiGsamples was of the colum-
nar type in all cases, except when deposited on top of a very
thick organic film(i.e., 250 nn). In this case, Fig. @) shows
that the film has a granular microstructure. This sample is the
result of the aggregation of small powdered particles and,
therefore, this film's mechanical stability was very poor. To
illustrate the columnar growth of the porous thin films, Fig. 3
shows two cross-sectional views of Si®amples deposited
on an aluminum foil. Both views depict a well-defined co-
lumnar microstructure. Sample G in this figure corresponds
to a film deposited by two cycles,O, :H polymer/SiQ,
while sample H corresponds to a thick film obtained after
seven cycles of deposition of organic and inorganic layers
(cf. Table ). The micrograph of this latter sample clearly
shows that a common columnar microstructure develops in-
dependently of the final thickness of the filfi., ~500 and
~2850 nm for the films shown in Figs(® and 3h), respec-
tively) and of the number of cycles used for deposition of the
film. No boundary interfaces between the intermediate indi-
vidual SiQ, layers can be detected in sample G. This proves
that the final porous thin films are homogeneous in thickness,
even for several deposition-removal steps of the sacrificial
organic layers.

A similar microstructure to that reported in Fig. 3, with
vertical pores and columns, was found for all the samples,
although the pore size and type of columns depend on the
actual preparation conditions used in each case. Such a Cfg 3. cross-sectional SEM micrograph corresponding to samples G and H
lumnar microstructure does not develop in the Sidms  in Table I.

30kV x20.000

30kV x7.500

JVST A - Vacuum, Surfaces, and Films



1280 Barranco et al.: Room temperature synthesis of porous SiO  , thin films 1280

‘: —o— Sample |1
{ —+—Sample I12
—a— Sample 13

g,
il P2

Toluene isotherms

Amount adsorbed (a.u.)

ALY A T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P )

Fic. 6. Selected adsorption/desorption isotherms of toluene vapor on porous
thin films 11, 12, and I13(see text

thickness obtained by cross-sectional SEM images and/or
profilometry. The porosity™ of each film was calculated us-
ing the relationshipl’=100x (1—p/pg), where pg corre-
sponds to the density of compact bulk sifita(ps
=2.20 cnt/g). Our results show that it is possible to control
0nm the density of the Si©films in the range 1.98—0.65 g/émn
Fic. 4. AFM images of densé) and porougb) SiO, thin films prepared by ~ 1-€., @ Set of values which corresponds to porosities from
PECVD. The films have a thickness 6fL00 nm. The porous layer has been 10% to 65%. Table | lists the density and porosity of the
prepared according to the protocol 20 nyOg:H+100 nm SiQ. films whose SEM micrographs have been shown in Fig. 2.
The reported values clearly prove that for a fixed thickness of
the intermediate oxide film used in the cycles, the thicker the
latter depicts a more corrugated aspect than the former. Trl?rganic sacrificial layer, the larger the porosity, and the
statistical analysis of the particle size distributions, depicted,majier the density of the porous silicon oxide thin films.
in Fig. 5 in the form of bearing plots, shows that the mean Tpe analysis of the adsorption—desorption isotherms
size of the aggregates in the porous sample is higher by 11§ 5 gas or vapor in a material provides informa-
nm than that in the compact thin film, although the size dis+jon about its porous microstructufgIn the present work,
persion profiles are similar in both cases. A rather homogeye have used a QCM to measure gas adsorption isotherms
neous size distribution points to a growth mechanism coni, our thin films according to the procedure described in
trolled by the aggregation of material to a given number ofihe experimental section. A similar procedure has been
initially formed nuclei and not to a complex process involv- ,sed for the analysis of porosity of silica thin films using
ing both growth of particles and formation of new nuclei. nonpolar adsorbaté&?” Figure 6 shows three selected
The densityp of the films was determined from the Si, O, agsorption/desorption isotherms of toluene carried out on
and H atomic surface concentratiofby means of three thin films with well differentiated adsorption proper-
channeling-RBS and ERDA measuremenid the film  ties The isotherms correspond to samplesdicycles of
8 nm GO,:H+300nm SiQ), 12 (4 cycles of 30 nm
COy:H+150 nm SiQ), and I3 (4 cycles of 70 nm

100, ' ' ' C,0, :H+100 nm SiQ). The shapes of the isotherms of
— ) samples I1, 12, and I3 in Fig. 6 are close to types I, IV and Il
2 801 €Oy + Si0, PECVD of The International Union of Pure and Applied Chemistry
® o pd (IUPAC) classificatiort® respectively. According to this clas-
8 sification, the pores are characterized by their average width
§ 401 11.5 nm w, i.e., the diameter of a cylindrical pore, or the distance
5 between the sides of a slit-shaped pore. Type Il and IV iso-
2 201 / therms are indicative of macroporosityw# 50 nm) and me-

oA Sio, PECVD soporosity (Zw=50nm), respectively. Both isotherms
' . i have hysteresis loops that approach to the typeoHthe
0 10 20 30 IUPAC classification for isotherms with hysteresis loops.

This type of hysteresis is characteristic of the adsorption in
slit-shaped pore® It is therefore likely that the pores be-
Fic. 5. Bearing plots of samples whose AFM images are reported in Fig. 4tween the columns that define the microstructure of the films

aggregate size (nm)
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100

: 7 ' covered by a dense 500 nm Si@in film prepared directly
by PECVD, and to a porous SjCthin film deposited by
bare glass substrate two cycles GO, :H/SIO, (i.e., 5 nm GO, :H, 150 nm SiQ

AN +5nm GO, :H, 375 nm SiQ). In this latter case, an en-
hancement of about 7%—-8% transmission occurs for the
N whole range of visible wavelengths. Such an effect is not
reference PECVD SiO, thin film observed when a compact Sidayer is deposited without
intermediate polymeric film§cf., Fig. 2a)], for which the
transmission is lower than that of the bare glass plate.
B — —_— Although similar results have been reported recently for
300 400 500 600 700 800 SiO, thin films prepared by PECVD in a rf setdphe ad-
A(nm) vantage of the method reported here relies on the fact that the

porosity is controlled in a reproducible way within a very

Fic. 7. UV-Vis spectra of a bare glass substrate and this substrate covered bgarge set of values.
a compact and a porous Sihin films.

T T T
porous SiO, thin film

\

954

90

854

Transmission (%)

80

2. Porous SiO, thin films as gas-diffusion membranes

I2 and I3 are responsible for the shape of the hysteresis loops Another possible application of porous thin films is as
found for the isotherms of these two samples. By contrastnembranes for separation of fluids. Here we present a pre-
sample |1 presents a smaller porosity with practically no hysliminary characterization of the gas-diffusion behavior of
teresis loop between the adsorption and desorption brancheeme SiQ thin films. The purpose is to show that by adjust-
of the isotherm. This isotherm is close to type | of the IUPACing the porosity of the films, it is possible to prepare mem-
classification and the pore size falls within the range of mi-branes with different gas-diffusion rates.

cropores Ww<2nm). Therefore, from this analysis of iso-  Table Il summarizes the results of gas-diffusion experi-
therms, it is concluded that the present PECVD method proments with selected samples deposited on commercial alu-
vides an effective control of the porosity of thin films in the mina Anodisc 47 porous substrates. The table also reports the

range of macro-, meso-, or micro-pores. values corresponding to the bare alumina porous substrates
without SiO, covering layer. Sample M1 in the table corre-
C. Potential applications sponds to a Si@sample of~800 nm thickness prepared by

PECVD at 2< 10" 2 Torr without any intermediate sacrificial
layer [i.e., similar to the sample whose SEM micrograph is
The incorporation of porous Sidhin films as antireflec- shown in Fig. 2a)]. The low gas permeability found for this
tive coatings has been claimed as a possible way to increasample indicates that the film is compact and grows without
the light transmission through glass or polymer covers usedracks and voids onto the porous alumina substrates. This
in photovoltaic modules and other applications in opfits. compact SiQ film acts as a barrier against diffusion of
An increase in the light transmission coefficient is expectedjases.
when a layer with a low refractive index is deposited on Similar experiments were carried out with samples of
these substrates. With our method, transparent porous Si@ontrolled porosity(cf. Table Il). Thin films M2 and M3,
thin films with negligible light dispersion are prepared whenwith a thickness of~500 nm, were deposited on the
using sacrificial organic layers thinner thar25 nm. Anodisc-100 substrates. The preparation protocols of these
To demonstrate the antireflective character of the,SiOtwo samples differ in the thickness of the organic layer, with
thin films prepared with our method, we have measured00 nm for sample M2 and 65 nm for sample M3. Both
the UV-vis spectra of a glass plate covered with such aamples have been prepared with two cycles-@00 and
thin film. Figure 7 shows three UV-vis absorption spectra~300 nm of SiQ, respectively. As expected, the permeabil-
corresponding to a bare glass plate, to one-side of this plaiéy of sample M2 is about 10%-20% higher than that of

1. Porous SiO, thin films as antireflective coatings

TasLE Il. PermeabilityTI (molm *s ! Pa ) to several gases of selected Si®embranes deposited on
Anodisc 47 substrates. The ideal separation factor of the membranes faar@-CQ, o™ is also included.

o,
Film/substrate B CH, CsHg Kr agg‘;
M1/Anodisc-20 1.4 10% 31104 2210 - -
M2/Anodisc-100 7.6 10%° 3.3101% 241010 1510 1.60
M3/Anodisc-100 6.3 10'° 2.6101° 1.810%0 1.410% 1.62
M4/Anodisc-20 4.410%° 1.8101° 1.3101° 77104 1.58
M5/Anodisc-20 8.6 10%° - 161071 1.010% -
Anodisc-20 9.0 10%° - 2210 17101 -
Anodisc-100 - - - >310° -

JVST A - Vacuum, Surfaces, and Films
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sample M3, although the permeability of both samples is
much smaller than that of the Anodisc-100 substratie
Table Il). The permeabilities of samples M2 and M3 are even
lower than those found for the Anodisc-20 substrate. These
results evidence the possibility of adjusting the transport
properties of commercial bulk membranes by depositing thin
porous layers on their surface.
Samples M4 and M5 in Table Il have a thickness-af50
nm and were deposited on Anodisc-20 substrates. They were
prepared using two intermediate organic layers 60 and 4.5
nm thick, respectively. In the first case, the decrease in gaBe. 8. Evolution of the amount of material Q deposited on a quartz oscil-
permeability was higher than for samples M2 and M3, reach!ator and detectgd with a_QCM during_dgpo.ﬁition of the sacrificial organic
ing a percentage of 40%—-55%. In the case of sample M5, |Jf’1 yer and posterior deposition of the Si@in film (see text
is possible to observe in the table a dramatic decrease in the
as permeability of several orders of magnitude. Many pro- . .
geduﬁes have t))/een reported in the Iitergture to restr)i/c? thé‘lth_Ough a model of the Sipydeposition ca_nnot be fully
flow of gases through bulk porous membranes. For examplémthnmj at Fhe present stage, we can con5|_d_er severa_l phe-
: - .._flomena which, under our experimental conditions, are likely
methods have been reported that consist of depositing differ-

ent oxide thin films by thermal chemical vapor depositionto control the final porosity. The first is the modification of
(CVD) or the impregnation with colloidal SiO par- the nucleation and initial growth steps of SiBecause of the

ticles~49The deposition of either compact or porous SO presence of the organic layer. The fact that this organic film

thin films by PECVD according to the present procedure's.f.Ormed by hlghly oxygenated carbonaceous chains seems
" . . ._critical to provide access pathways to the substrate surface to
may be an interesting alternative to these methods, partic

. ) T . Yctivated precursor molecules and other species of the
larly when no heating step during preparation is required. |

thi i Id also b ted that thod. furni lasma. A critical clue for the process is that the polymeric
IS Sense, It could aiso be expected that our methad, furnis layer is easily removed by plasma oxidation under the ECR

Ing an arrangement of pores perpendicular to the surfacey,,jiions tilized for SiQ depositior? Under these condi-
could be an alternative to the anodic oxidation used COMMELons  the polymer etching rates are about ten times higher
cially ~for thfé synthesis of supports with  controlled 1, the deposition rate of the SiCyers. This means that
permeability” _ o deposition of the inorganic film mainly occurs when the
Table Il also reports the separation coefficients for,CO polymeric layer has already been burned off. Figure 8 shows
and CI—L_ th_rough the different films. The obtained vaI_ue; areéy plot of the amount of material Q deposited on the quartz
rather similar for the four samples M2, M3, and M4, indicat- osillator during a deposition cycle of an organic layer fol-
ing that within the degree of porosity studied here, the selecyyyeq by the Si@ material. Initially, during the initial depo-
tivity for these two gases is practically the same. This behavsition of the organic layer, Q increasés. Then, during the
ior is expected when diffusion of gases occurs throughpitial stages of deposition of the Sj@b), Q decreases, thus
membrane thin films whose porous size falls within the ranggndicating that the removal of the organic layer is the pre-
of mesopore§:#4° dominant process. The zone where Q decreases is followed
D. Growth mechanism of porous SiO  , thin films by the other with a smooth increase of and(d) that ends
o ) o up with a last region with a sharp increase ofeé@ The latter
Porosity in SiQ or other metal oxide thin films prepared jngicates a net deposition of the Si@ithout interference by
by plasma CVD procedures is usually controlled by adjustyny other removal process. We assume that the intermediate
ing the pressure during deposition and/or by modifying geozones (b)—(d), characterized first by a negative slope and
metrical parameters of the plasma reactor, such as distanggen by a small positive slope, reflect a sequence of the ex-
between the shower dispenser and the substraleese periment where etching of the organic layer and deposition
changes modify the condensation processes of oxide pagf the inorganic oxide take place simultaneously. With re-
ticles in the gas phase. Thereby, porosity is controlled by thgpect to this behavior, it is important to stress the importance
different size of particles and nuclei coming from the plasmaof using sacrificial organic layers which can be efficiently
Deposition of porous Si@thin films by accumulation of removed by plasma etching. Experiments carried out in our
aggregates was also possible with our reactor setup by usingboratory with other sacrificial layers which are burned out
Si(CHs)3Cl as precursor and oxygen as plasma gas, with anore slowly show the formation of sandwich structures
working pressure over 0.5 Torr. Under these conditions, gaghere the organic layer is embedded within an oxide layer
phase deposition processes were maximized and the filwith less porosity than that of the porous thin films described
grew by the accumulation of powder particles. However,in the previous sections.
these films had very poor mechanical properties. Taking into account the results of Fig. 8 obtained during
The sacrificial layer method relies on a different concepteach cycle of deposition of the porous $ithin films, Fig. 9
A polymeric-organic film is plasma oxidized and removed shows a schematic description of a mechanism which is pro-
simultaneously to the deposition of the inorganic Si@yer.  posed to account for the evolution of the microstructure of

amount of material Q (a.u.)

time (a.u.)
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a) Polymer deposition b) Etching Since the preparation protocol is based on a PECVD pro-
cedure, the method is compatible with the silicon technology
(e.g., as lowk materialg.
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