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Hydrolyzed tetraethylorthosilicate (TEOS) formed SiO2 gel films after being spin-coated onto silicon
substrates and heated to temperatures ranging between 200 and 800 "C to effect different degrees of
transformation from gel to glass. The index of refraction of the films increased from 1.42 at 25 "C to 1.45
after thermal treatment at 800 'C; the thickness of the films decreased by 29 *. 6Vo. These thermally
pretreated gels were coated with a second film of sol-gel-derived SiO2 doped with cesium chloride. Diffusion
of the cesium ion through the undoped SiO2 gels was studied by measurement of the depth profile of cesium
by Rutherford backscattering spectroscopy. Increasing the temperature to which the undoped layer had
been exposed decreased the extent of its infiltration or diffusion by cesium at room temperature. Diffusion
of cesium at high temperature (2750 oC) was, however, independent of the thermal history of the undoped
layer, indicating that the rate at which the silica film transforms from gel to glass is faster than that at
which cesium diffuses.

Introduction
The mobility of dopants in SiO2 films made from sol-gel

precursors-suspensions of silicate particles produced by
polymerization involving hydrolysis and condensation re-
actions of silicon alkoxides2-is important in applications
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of these films.3-e Studies of diffusion in sol-gel systems
have focused on diffusion of liquids into porous gels;lo
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spin-on formulations have provided a phosphorus source
for doping silicon through controlled diffusion.rt

The objective of this work was to study the diffusion of
cesium ion-chosen as a representative monovalent cation
for its availability and ease of analysis by Rutherford
backscattering spectrometry (RBS)-in SiO2 films coated
on a sil icon substrate. The system examined comprised
two superimposed layers. The layer adjacent to the silicon
substrate originally contained no cesium. It was prepared
by coating a sol-gel solution obtained by hydrolysis of
tetraethylorthosilicate (TEOS) onto the substrate and
heating the resulting film at temperatures between 200 and
800 "C to effect different degrees of transformation from
gel to glass.r2 A second film of gel, obtained by addition
of cesium chloride to previously hydrolyzed TEOS, was
coated onto the first. The two-layer system-one originally
free of cesium and the second containing cesium-was
heated. The depth profile of the cesium was subsequently
determined by RBS. The focus of the investigation was
the rate of diffusion of the cesium ion from the doped into
the undoped layer and the influence of the thermal historv
and physical state of the undoped la."-er on the rate of this
di f fusion. We wished to def ine the mi ldest  heat ing cvcle
necessary to t ransform the undoped gel  to a coat ing that
acts as a barrier to diffusion of cesium. Previous work has
illustrated the usefulness of RBS for studies of high-tem-
perature diffusion in glass and ceramic films: TiC in WC,t3
Fe in SiO2,14 and Cu in carbon.15

Several factors affect the rate of diffusion of cations in
conventional SiO2 glasses: the charge of the cation;16 the
amount of water present in the glass;l? the mobility of the
interdiffusing ion or counter anion;l8 the compositionie and
free volumem of the glass; the presence and nature of other
ions.21,22

(2)  Klemperer W. G.;  Mainz,  V.  V. ;  Mi l lar ,  D.  M. Bet ter  Ceramics
Through Chemistry /1; Materials Science Society, Vol. 73; Brinker, C. J.,
Clark, D. C., Ulrich, D.R.,Eds.;Materials Research Society: Pittsburgh,
PA, 1986; pp 3-13,  15-25.

(3)  Streckert ,  H.  H. ;Montgomery,  F,C.;Ti l ley,  T.  D. ;Campion.  B.  K. ;
Heyn, R. H. Ultrostructure Processing of Aduanced Ceramics: N{acken-
zie,  J.  D. ,  Ulr ich,  D.  R. ,  Eds. ;  Wi ley:  New York,  1988; pp 963 912.

(4)  Covino,  J. ;  Wi lson,  C.  Ul t rastructure Processing r t f  .4,dtanced
Ceramics;  Mackenzie,  J.  D. ,  Ulr ich,  D.  R. ,  Eds. :  Wi ler ' :  Ne'* '  \ 'ork,  1988:
pp 981-993,

(5 )  S im,  S .  M. ;Chu ,  P . -Y . ;K rab i l l ,  R .  H . ;C la rk .  D .  E .  t ' l t r as t ruc tu re
Processing of  Aduanced Ceramics;  Mackenzie,  J.  D. .  L ' l r ich.  D.  R. .  Eds. :
Wi ley:  New York,  1988; pp 995-1010.

(6)  Reed, S. ;  Ashley,  C.  Bet ter  Ceramics Through Chemistr l  I I I ;
Mater ia ls Research Society Symposium, Vol .  121;  Br inker,  C.  J. ,  Clark,
D. 8. ,  Ulr ich,  D.  R. ,  Eds. ;  Mater ia ls Research Society:  Pi t tsburgh,  PA,
1988; pp 631-634.

(7)  Kindred,  D.  S. ;  Moore,  D.T.  Appl .  Opt.  1988, 27,492-495.
(8)  Moore,  D.T.  Appl .  Opf.  1980, /9,  1035-1038.
(9)  Yamane, M.;Kawazoe, H. ;Yasumorim, A. ;Takahashi ,  T.  J.  Non-

Cryst. Solids 1988,99, f60-167.
(10) Bouaziz, J.;Woignier, T.; Bourret, D.; Sempere, R. J. Non-Cry.st.

So/ids 1986, 82, 225-231.
(11) Teh,  S.  T. ;Chuah, D.  G. S.  Sol .  Energy Mater.1989, /9,  237-24i .
(12) Kle in,  L. ;  Gal lo,  T.  A. ;  Garvey,  G.J.  J,  Non-Cryst .  So/ ids 1984,

63, 23-33.
(13) Rudolf, F.; Jaccard, C.; Chollet, L. Thin Solid Films 1980, 65,

331-337.
(14) Wang, P.W.;  Feng, Y.  P. ;  Roth,  W. L. ;  Corbet t ,  J .  W. J.  Non-

Cryst. Solids 1988, 104, 81-84.
(15) Chang, C.  A. ;  Yee, D.  S. ;  Petk ie,R. Appl .  Phys.  Let t . l989,  54,

2545-2547.
(16) Frischat, G. H. Glastech. Ber. 1971, 44,93-98; Frischat, G. H. J.

Am. Ceram. Soc.  1969. 53.625.
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Figure l .  Scheme desrr ib ing the coat ing and thermal  t reatment
of samples. The SiO2 coatings were deposited and heated to either
200,400,600, or 800'C for 2 h each (the temperaturtime profiles
used are indicated schematically in the upper-right corner), cooled,
and coated with the cesium-containing layer. The samples were
heated under argon and the diffusion of cesium was monitored
by RBS.

Additional factors affect mobility of ions in SiO2 made
by the sol-gel route, because the structure of the gel
changes as i t  transforms to glass.rr Between 100 and 110
oC,  the ge l  loses sur f 'ace water ;  between 100 and 200 oC,

i t  loses phvs isorbed w'a ter :  a t  approx imate ly  400 oC,  re-
s i dua l  o rgan i t  g r ( )u l ) :  a re  k r s t  hv  ox ida t i on ;  up  t o  700  oC ,

the re  i :  a  g ra r l r u r l  t ' onc lensa t i on  o f  S i -OH to  S i -O -S i
g r ( ) r - l l ) c .  r r ' i t h  l r ) : :  o f  \ \ a te r .  One  goa l  < l f  < l u r  r esea rch  was
to sLr r \€ \ '  the in t luenc 'e  o f  these changes in  the chemica l
composi t ion and ph1 's ica l  s t ructure o f  the ge ls  on the
mobi l i t l '  o f  ces ium ion in  them.

The choice of monovalent cesium as a probe ion in our
studies was a compromise between the atomic number of
the dif fusing ion and i ts mobil i ty (monovalent cations
diffuse faster than multivalent cationsl6). We required a
heavy ion to be able to measure a signal by RBS without
interference from lighter elements in the range of depths
<-8000 A; we also required an ion that was mobile enough
to dif fuse at an appreciable rate under accessible experi-
menta l  condi t ions.23

Expe r imen ta l  Sec t i on

Materials. \ \ 'e purc'hased ethyl ether from Mall inckrodt,
hexane from F isher S<' ienti f ic. cesium chloride and tetraethyl-
orthosi i icate ( ' l -EOS) f ' rom Alfa, si l icon wafers from Monsanto,
and absolute ethanol lrom LISI Chemicals Co. Al l  reagents were
used without l 'urther puri f icat ion unless noted.

Preparation of Samples and Condit ions for Studying
Diffusion. F' igure I outl ines our experimental protocol sche-
matical ly. We coated a si l icon (100) wafer (2-in. diameter) by
pipetting enough (undoped) TEOS solution to cover the wafer
(3 m[,),  spinning the substrate at 1500 rpm for 2 min on a

(21) Lengyel ,  B. ;
(22) Lengyel ,  B. ;
(23) Doremus, R.

167-169.

Boksay,  Z.  Z.  Ph1's.  Chem. 1954,203,93-112.
Boksay,  Z.  Z.  Phvs.  Chem. 1955,204,157-164.

H. G/ass Science;  Wi ley:  New York,  1973; pp
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Figure 3. Plot of the index of refraction (n, o) and thickness
(d, t) obtained from ellipsometry of the SiO2 films, as a function
of the maximum temperature to which they had been heated in
air. The temperature profile in the heating is summarized in
Figure 1. The l ines are included only to guide the eye.
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Figure 4. Loss of weight from TEOS-derived SiO2 as a function
ol temperature under nitrogen. The temperature of the sample
i n t r e a . e d  3 1  l l  o ( '  m i n .

a l l ) ( ) -nr l ,  a l iqu,r t  ot  the' I -EOS solut ion,  and the mixture was
.tored in a l ' reezer i - t  oC),  w'here i t  was stable (did not gel)  for
several  months.  For coat ing,  the suspension was di luted by a
t'actur ol i l  * ' i th ethanol (0.62 mmol of Si/mL).2?

Preparation of CsCl-Doped TEOS. To a suspension of
previously hydrolyzed TEOS (10 mL,6.2 mM in Si) was added
a water/ethanol (1.8/5.0 v/v) solution of cesium chloride (0.5 mL,
0.265 mM). The solution was coated immediately.

Results and Discussion

Character izat ion of  SiO2 Fi lms. El l ipsometry of
the Supported SiO2 Fi lms as a Funct ion of  Their
Thermal History. Anal.vsis of the undoped SiO2 coatings
b1'ell ipsometrl ' , after heating, gave both their thicknesses
and indexes of refraction (Figure 3). Data in Figure 3
represent the average values of six measurements; the error
bars, I standard deviation.

The index of refraction for the SiO2 gel prepared at 25
oC was 1.42 + 0.01 (98 + L% dense) and 1.45 + 0.01 (99
+ I% dense) after heating to 800 oC (the index of re-
fraction for dense SiO2 glass is 1.46).28 The room-tem-
perature values of the index of refraction on our spin-
coated samples are consistent with measurements on dense
dip-coated samples made from a solution of TEOS pre-
pared by the same procedure that we followed.2? These
latter samples had less than 5Vo porosity,2e a mean pore
volume of less than 4 A (inaccessible to nitrogen),30 and
a surface area of 0.93 cm2/cm2 of sample.3o Shear stress
increases the density of coatings for formulations designed

(27) Brinker, J.;Keefer, K. D.;Schaefer, D. W.;Assink, R. A.;Kay, B.
D.; Ashley, C. S. J. Non-Cryst. Solids 1984, 63, 45-59.

(28) Kingery, W. D.; Bowen, H. K.; Uhlmann, D. R. Introduction to
Ceramics; Wiley: New York, 1976; p 662.

(29) Brinker, C. J.; Hurd, A. J.; Ward, K. J. Ultrastructure hocessing
of Aduanced Ceramics; Mackenzie, J. D., Ulrich, D.R., Eds.;Wiley: New
York, 1988; pp 223-240.

(30) Frye, G. C.; Ricco, A. J.; Martin, S. J.; Brinker, C. J. Better
Ceramics Through Chemistry 111; Materials Research Society Sympo-
sium, Vol. 121; Brinker, C. J., Clark, D. E., Ulrich, D. R., Eds.; Materials
Research Society: Pittsburgh, PA, 1988; pp 349-354.
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Figure 2. Depth profiles of oxygen (o) and cesium (O ) from
unsmoothed data (a, best case; b, worst case). The data in a are
for the SiO2 undercoat previously heated to 600 oC and in b are
for the SiO2 undercoat previously heated to 800 oC. Both samples
had no thermal treatment after the cesium chloride doned TEOS
was applied.

sp in - coa te r ,  p i pe t t i ng  more  so lu t i on  on to  t he  coa ted  subs t ra te .
and sp inn ing again .  The samples u 'ere then heatec l  in  a  pro-
grammable furnace at  1  oC min.  he ld  for  2  h  a t  e i ther  l (X) . .1( .X) .
600.  or  800 "C.  and cooled at  I  oC min. l :

In  para l le l  u ' i th  these exper iments .  us ing the same undoped
sol-gel suspension of TEOS, we coated a KBr plate and collected
IR spectra at each stage of thermal treatment. The melting point
o f  KBr  is  73.1 oC.2a

Thermogravimetric analysis (TGA) of the unheated coating
was carried out on a powder obtained by scraping a film from the
si l icon substrate with a razor blade.

For studies of diffusion, we recoated the undoped, thermally
pretreated SiO2 film with a sol-gel suspension prepared by ad-
dition of CsCl to previously hydrolyzed TEOS. RBS established
the depth profile of cesium. After initial heating of the sample
to 300 oC, the signal due to chloride in the RBS profile decreased
to 40 mol % relative to cesium; by 700 oC, it was less than 10%.
This observation indicated that chloride ion had volat i l ized
(probably as HCI), and the anionic counterion of the cesium cation
had become either OH- or O2- (from water) or Si-O- (from the
si l icate network).

Ellipsometry of Samples. Measurements were made using
a thin-film ellipsometer equipped with a He-Ne laser. Thicknesses
and indexes of refraction were obtained by using "A FORTRAN
Program for Analysis of Ellipsometric Measurement".25

RBS Analysis. The depth profiles of cesium were obtained
with a 2-MeV He+ beam. Depth profi les of cesium and oxygen
were calculated by using srncrnuu ANALvSN.26 The depth profiles
presented in Figure 7 were smoothed, and representative profiles
from unsmoothed data are presented in Figure 2 for comparison.

Hydrolysis of TEOS. A solut ion containing TEOS (61 mL,
2?3 mmol of Si),  ethanol (43 mL), doubly dist i l led water (5 mL),
and aq HCI (0.2 mL of 1 M acid) was heated at 60 oC for 1.5 h.2?
After cooling the solution to room temperature, an additional 4.0
mL of doubly dist i l led water and 12 mL of HCI were added to

(24) Handbooh of Chemistry and Physics,55th ed.;Weast, R. C., Ed.;
CRC Press:  Cleveland,  1974-1975; p 8-121.

(25) 'A FORTRAN Program for  Analysis of  El l ipsometr ic
Measurements" was written by Frank L. McCrackin (NBS). McCrackin,
F. L.; Passaglia, E.; Stromberg, R. R.; Steinberg, H. L. J. Res. Natl. Bur.
Stand.  Sect .  A 1963, 67,  363-3??.

(26) specmuM ANALysIs, a FORTRAN program based on algorithms
from ref 35, was written by Patrick M. Smith, Division of Applied Sci-
ences, Harvard University.
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Figure 5. IR spectra of an SiO2 coating on a KBr plate, obtained
for samples prepared at room temperature (28 oC) and after
heat ing to 2C0, 400, and 600'C.

to give porous coatings,m and we expected th'; shear stress
due to spin-coating would contribute to the formation of
dense coat ings for o ' r r  samples as wel l .  The ,ndex of  re-
fraction did not change significantly until the sample was
heated to 800 oC.

The films decreased in thickness by 29 *,6Ta on heating
to the highest temperature studied (800'C). This decrease
in thickness represents a loss of volatiles (water, organics,
and possibly low molecular weight sil icon containing oli-
gomers). The loss of volatile organosilicon oligomers would
allow for the loss of material without a large change in the
index of refraction and would be consistent with the
unexpectedly small change in the index of refraction over
this temperature range.

Thermogravimetr ic Analysis (TGA) of  the SiO2
Coating. Figure 4 shows the TGA of a gel, heated under
ni t rogen at  10 oC/min.  The sample had lost  6.2 + 15%
of its weight by 200 oC, and an additional 8.5 + 1.0% by
800 oC. The rate of loss of weight is faster between 25 and
200 oC than between 200 and 800 oC. These observations
correlate with processes important in the gel-to-glass
transition: at 400 oC and below, surface and physisorbed
water and organic groups are lost; up to 700 oC, a gradual
loss of water results from further condensation of the
Si-OH groups.l2 The loss of volati le organosil icon oli-
gomers could occur throughout the thermal treatment until
condensation reactions incorporated them into the gel
network.

The loss of  weight of  the sample of  15 *  2Vo, as mea-
sured by TGA, is not consistent with a decrease in fi lm
thickness of 29 + 6% with an accompanying decrease in
porosity (or increase in density) of 1.5 + L.0%. These
changes in thickness and density would require a loss of
weight of 28 + 6Eo.3r

IR Analysis of SiO2 Coatings as a Function of
Thermal History. Figure 5 presents IR spectra, collected
at room temperature and after each thermal cycle, of an
SiO2 coating on a KBr plate. Samples were heated at 1
oC/min, held for 2h at 200, 400, or 600 oC, and cooled at
1 oC/min.32 Below 200 oC the decrease in intensity of the

Counts
f i 1 0 3 )

0 200 400 600 800 1000

Channe l

Figrrre 6.  I lepresentat ive RBS data for  ( top) the s i l icon substrate
n i t h  n , r  c o a t i n g ,  t n r i d d l e t  a  s i l i c o n  s u b s t r a t e  w i t h  a n  S i O 2  f i l m ,
i rnc l  t b , rnonr r  . r  - i l i c i , n  > l l l ) s t ra te  r r ' i t h  an  S iO"  f i lm  under  an  S iOo
l ' i l n r  r ' , , n t a i n r n g  (  e : i L l n r  r  h l o r i d e .

H20 and S i -OH absorbances  is  cons is ten t  w i th  loss  o f
physisorbed water.r ' r  t4 \ \ 'hen the sample is heated from
200 to 800 oC the decrease in the Si-OH absorbances is
consistent with further condensation of Si-OH groups with
accompanying Ioss of H2O.

Measurement of the Depth Profi le of Cesium in
SiO2 bV RBS. To examine diffusion of cesium, we heated
samples to 750-800 oC under argon. At these tempera-
tures, two processes could, in principle, occur concurrently:
transformation (or further transformation, for the undoped
SiO" laver) ofthe silica layer from gel to glass, and diffusion
ol  cesium. I lv  studving the relat ive rates of  migrat ion of
cesium into gels that had been carried to different stages
of the gel- to-glass t ransl 'ormat ion by pr ior  heat ing,  we
hoped to determine, at least qualitativell ' , rvhether diffu-

(32) We at t r ibute the absorbances at  3600-3100 cm I  to the OH
stretching modes of  H2O and SiOH (N{aniar .  P. ;  Nawotsky,  A. ;Rabino-
v ich,  E.  M.;  Wood, D.  L. ;  Kopylc i r ' ,  \ .  A.  Belrer  Ceramics Through
Chemistry 111; Materials Research Striety Smposium, Vol. 121; Brinker,
C.  J. ,  Clark,  D.  E. ,  Ulr ich,  D.  R. ,  Eds. ;  Mater ia ls Research Society:
Pittsburgh, PA, 1988; pp 32;3-329); at 1620 cm-rto the H2O bend (Maniar,
P.Ibid.); at 1180 and 1090 cm I to SiO, network vibrations (Wood, D. L.;
Rabinovitch, E. M. J. I 'on-Cr,rsr. Solids 1986,82, 17l-176. Wood, D. L.;
Potkay, E.; Clark, H. R.; Kometani, T. Y. Appl. Spectrosc. 1988,42,
299-30a); at 980-950 cm I to the Si-OH stretch (Walrafen, G. E.; Hok-
mabadi ,  M.S.;  Holmes, N.  C.  J.  Chem. Phys.  1986,85,771-776. Wal-
rafen,  G. E. ;  Hokmabadi ,  M. S. ;  Holmes, N.  C. ;  Nel l is ,  W.J. ;  Henning,
S. J. Chem. Phys. 1985, 82,2472-2476); at 800 cm-I to vibrations char-
acteristic of cyclic sil ica tetrahedra (Tohge, N.; Moore, G. S.; Mackenzie,
J.D. J. . lVon-Cr-r ,st .  Sol ids 1984,63,95-103);at  550 cm-r to the O-Si-O-
bend (Tohge, N. Ibid.); and at 440-480 cm-l to O-Si-O bending (Wood,
D. L.; Rabinovitch, E. M. Ibid. Wood, D. L.; Potkay, E.; Clark, H. R.;
Kometani ,  T.  Y.  Ibtd.) .

(33) Decottignies, M.; Phalippou, J.;Zarzycki,J. J. Mater. Sci. 1978,
13, 2605-2618.

(34) Bertoluzza, A..; Fagnano, C.; Morell i, M. A. 
"/. 

Non-Cryst. Solids
1982.48. tr7-r28.

0.5

0.0

(31) We cannot explain this discrepancy, but speculate that the dif-
ferences in the conditions under which these samples were heated had
a significant effect on these results. In the TGA experiment, the sample
form was a powder heated under dry nitrogen at 10'C/min from room
temperature to 800 oC. In contrast, the samples analyzed by ellipsometry
were films heated in ambient air (approximately 70% humidity at 2b oC)
at I oC/min, held for 2 h at the holding temperature, and cooled at 1oC lm in  to  30  oC.
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Figure 7. Depth profiles for cesium in the two-layer systems
summarized in Figure 1. The top four figures show the intensity
of the cesium signal as a function of depth. The temperature at
which the undoped layer was heated before applying the cesi-
um-doped layer is indicated on each (200,400, 600, and 800'C).
Each box contains three traces, corresponding to the temperature
at which the twefilm svstem was heated to effect cesitrm diffusion:
no  hea t  ( 20  " c .  o ) :  750  0c , ' 2  h  ( t ) :  8C)0  0c  / 2  h  ( r ) .  ' f he  

bo t t r im
traces are representative oxvgen profi les for samples having both
s i l i ca  f i lms ,  be fo re  and  a f t e r  hea t i ne  as  i nd i ca ted  ro .  r r .  Th rs
prof i le  def ines the aggregate th ickness of  the s i l i ca  lar .er ,  and
demonst ra tes that  ces ium does not  d i f fuse in to  the s i l i con sub-
strate under our experimental condit ions. The size of the errors
in individual points are represented on the plots by the error bars.

sion or transformation was faster.
We monitored the diffusion of cesium by RBS. For this

system (cesium in SiO2), the depth resolut ion of RBS is
approximately +200 A, and the minimum detectable
concentrat ion of cesium is 0.03 x 1020 atoms/cm' (up-
proximately 0.03 atom 7o, assuming a packing density of
1022 atoms/cm3).35 Representative plots of RBS data are
presented in Figure 6.36

Figure 7 shows the cesium profile as a function of the
temperature in which the sample had been heated; this
figure also shows (bottom) the oxygen profile for unheated
and heated samples and provides a direct measure of the
total thickness of the two si l ica f i lms against which the
cesium profi le can be compared.

(35) Chu, W.K.;  Mayer,  J.W.;  Nicolet ,  M. A.  Bocf tscat ter ing Spec-
trometry; Academic: New York, 1977; p 126.

(36) The chloride signal is small but detectable. We note a progressive
decrease in chloride content in the samples with increased thermal
treatment. Halide salts could, in principle, be lost from the sil ica fi lm
either as HX or, following oxidation from atmospheric oxygen, as X2. An
examination of the mechanism f loss of halide ion from sol-gel coatings
on heating will be published separately.

Schutte and Whitesides

To induce detectable diffusion of cesium, the samples
were heated under argon by using the same profi le as
shown in Figure 1: heating and cooling rates of 1 oC/min,

and 2 h at the holding temperature (750 or 800 oC). For
calibration, one sample in each set was not heated. We
note from the depth profiles of cesium in these samples
that the thermal history of the undoped silica layer in-
fluences the extent to which cesium infiltrates accessible
pores (<5% total porosity) and/or diffuses before heating
the two-fi lm sample. For example, at a depth of 180 nm
(20 nm above the interface between the undoped silica film
and the sil icon substrate), the cesium content is approx-
imately 0.1 x 1020 atoms/cm3 for the sample treated ini-
t ia l ly  at  200 oC for 2 h,0.1 x 1020 atoms/cm3 at  400 oC,

and less than 0.05 x 1020 atoms/cm3 for samples taken to
both 600 and 800 o9.35

Estimation of the Apparent Diffusion Coefficient
of Cesium in SiO2 Gels. We estimated the apparent
diffusion coefficient, Dc. (cm2/s),3? of cesium in the SiO2
gel using the thin-fi lm solution.38 Figure 8 presents the
calculated apparent diffusion coefficients. Those for the
samples that were previously heated to 200 and 400 oC

represent an effective diffusion coefficient, reflecting an
aggregate of the room-temperature infiltration of cesium
and the diffusion of cesium at elevated temperature. There
is no significant difference in the apparent diffusion
crrcfficients <'alc'ulated for samples previouslv heated to 200,
-1(-X),600. an<l 8fX) oC: thev are all in the order of magnitude
o l  1 0  I t '  c m - ' s .

(37) For a fi lm with a quantity of solute, a, diffusing into a material
from the surface, the thin-fi lm solution (Crank, J. The Mathematics ol
Diffusion; Clarendon: Oxford, 1975; pp 11-13) is

I
a  l - x 2 l

,  =  
nDt . -o \nDr /

To extract the diffusion coefficient, D,ln c is plotted versus 12. The slope
of the line is (4Dt) t. The thin-film solution is valid for diffusion into an
undoped gel, provided that the gel can be considered infinite; no loss of
mater ia l  occurs through the other s ide of  the f i lm at  the SiO2 gel /Si
i  n te r tace .

r : l , t r  
- f he  

th in  t ' i l n r .o lu t i on  i - s  a  reasonab le  assumpt ion  fo r  the  es t i -
mat i ,n , ,1 'un appr i rent  d i f fusron coef f ic ient  for  our sJ-stem, where a th in
l i l r n  , , 1 ' : , , l u le  i .  p la ted  r rn  a  - :em i in f i n i t e -  and  so lu te - f ree  med ium.  ' l ' he

i r , , , l ndan  tonc l i t ron  tha t  the  l l ux  a t  t he  su r face  i s  ze ro  (dc /d r  =  0  a t  r
= ot  sat is i ies the th in- f i lm solut ion.  1 'he under ly ing assumpt ions here
are that the diffusion coefficient is not a function of the concentration
r.if cesium and that the driving force to diffusion, the gradient in the
chemicai potential, is the same as the gradient in concentration-a
measurable quantity. The SiO2 coating can be considered an infinite
medium only if it passes the *leak test." Following Shewmon (Shewmon,
P. G. Diffusion in Solids; J. Will iams Book Co.: Jenks, OK, 1983; p 9):
*a short bar can be considered infinite if the quantity of solute which
would lie outside its length in a truly infinite bar is an insignificant
portion of the total solute present." With 0.1% as the insignificant
portion of material to *leak" out, eq 1 is the ratio of the solute that has

t0-3 = f J,-o-*,0o, or][J-" ,zrnt 6rf '  (r)

diffused beyond the distance r'to the total content of solute in the bar,
where D is the diffusion coefficient (cm2/s), f is time (s), and r is distance
(cm). The solution of r'is x' = 4(Dt)r/2. For our system, with an apparent
diffusion coefficient of 1.4 x tg-tr .62/s at an annealing time of 7200 s,
there is less than 0.i % diffusion beyond -4.2 x 10-5 cm (4200 A). Our
SiO2 films extend to approximately 5000 A from the surface (longer than
the minimum length for an 'infinite" medium for the given diffusion
coefficient and annealing time), and the assumption that the thin-fi lm
solution holds is correct. Qualitatively there was little or no diffusion of
cesium into sil icon (Figure 7).

The Si/SiOo interface was fixed-no detectable oxidation occurred.
Samples were heated in argon to effect diffusion of the cesium at elevated
temperatures. There was no significant detectable increase in the depth
profiles of oxygen of the films after thermal treatment (see Figure 7,
bottom profile).

Since cesium is a charged species, it must either ion exchange with
another cationic species, for example, H+ on Si-OH, or diffuse with an
anion. Here we cannot examine these processes directly, because we
cannot measure H* bv RBS.
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Figure 8. Plot of Dg. (x10-4 cm2/s) at 750 and 800 oC for samples
previously heated to 200 oc (o),400 oc (a),600 oc (l), and 900
"C (A). The points are shown displaced from the nominal tem-
peratures to avoid overlap.

Conclusions
Increasing the temperature at which the undoped layer

was treated before applying the cesium-containing gel
decreased the extent of infi l tration into accessible pores
and/or diffusion of cesium into the undoped gel at room
temperature. This observation indicates that the phvsical
state of the gel (probably its SiOH content) was importanr
in determining ionic mobi l i t l ' .  Cesium di f fused at  room
temperature into undoped f i lms that had been heated to
200 and 400 oC but not into those heated to 600 or 800 oC:

the extent of diffusion of cesium was greatest for the film
heated only to 200 "C. Thus, it seems to be necessary to
have heated the undoped film to approximately 600 oC to
prevent infiltration and/or diffusion of cesium into it when
it is overcoated with a cesium chloride containing gel layer
at room temperature.

The rate of diffusion of cesium in the undoped gel
correlates qualitatively with the concentration of SiOH
groups in this gel, as measured by IR spectroscopy.3e At
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room temperature, the gels retained chloride ion, and part
of the relatively high room-temperature mobility of cesium
ion into the undoped gels that had not been heated to
temperatures greater than 400 oC may be due to the
presence o1'both cat ion (cesium) and anion (chlor ide) in
this svstem in diff 'usible form. Since the chloride ion
rapidlv disappears (to i lT % of the concentration of cesium
by' 300 oC and approximatelv to I0% by 700 oC) from the
gel, we assume the counterion for most of the cesium ion
at high temperature is either SiO or 02 at temperatures
above 300 oC.

Cesium diffusion was negligible at T 1750 oC. When
detectable migration of cesium did begin to occur (T > 750
oC), its rate was independent of the thermal history of the
undoped layer over the range of temperatures used in
treating these layers (200-800 'C). The extent of diffusion
of cesium at elevated temperatures did not depend on the
temperature of thermal pretreatment of the undoped gel.
Thus. when the sample reached a temperature at which
cietectalr le di l ' lusion of  cesium occurred (T > 750 oC),  the
cesiunr "sa\ \ '  s i l ica f i lm previously heated to any tem-
perature benveen l tXl  and 800 oC as having the same
phvsical stat€. \\ 'e int'er from this observation that the rate
at which the. i l iea i ' i lnt  t ransforms from gel  to glass is fast
re la t i ve  to  ces ium migra t ion .  a t  the  h igh  tempera tures
required for th is migrat ion to be detectable by RBS.
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Registry No. Cs+, 18459-37-5; vitreous silica, 60676-86-0.

2 . O

(39) The SiOH content in a glass can strongly influence its properties.
Incorporation of 0.1 wt 7o water in SiO2 reduces its viscosity by 3 orders
of magnitude at 1000 oC. The Si-OH groups may bind Cs+ (plausibly
as SiO-Cs*) and increase its mobility. Doremus, R. H. Gloss Scfence;
Wiley: New York, 1973; pp 170-172.
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