REPORT DOCUMENTATICH P\ﬁ._-s‘

AR
~eeaed ang
€ et B e

N RITIE S AL A R L

-
LA L S B

2 ennnee

11 AGENCY USE ONLY (leave dlane) 2 RKEPORT DATE

3 RFGORT TYPE AND D2 LS GeiRED

FINAL 0l Jul 93 To 30 Jun 96

+ 6. TITLE "D SUBTINLE

GRADIENT INDEX LENSES FROM SOL-GEL LAYERING:

PE uiTend wowbr RS

F49620-93-1-0364
3484/XS

76. AUTHCR]S)
Dr John D. Mackenzie

7. PERFORMING ORGANIZATION NAMEIS) AND ADDRISSILS)

University of California, Los Angeles

Dept of Materials Science & Engineering

405 Ailgard Avenue

B33 aBoetier ek 00951595

P e e

611030

AFOSR-TR-9¢
Cua

§. SPONSTRING/ MOTORING AGENTY NANE'S) AKD 2DORIZSIES

AYOSR/NL

I DUNCAN AVE SUITE Bl15
B0LLING AFE DC 20332-0001

- e ert bny  emesoweam ml

JPSRUPIP. S
L ERA A N

oo 5t -

distribution unlimiced

e 19961017 134

Approved for public

This is the
covering the period

to measure the density of doped semicenductors.

R

fhifd‘énh final znnual technical report of an AASERT graent award

from 1 July 1993 to 30 June 1996, The research proposed
is based on the concept of the liquid gradient density column,l which is used

This technique uses a column

mede from two miscible liquids of different densities, configured to exhiblt
2 continuous variation in density from the bottom to the top of the column.
With the most dense 1iquid at the bottom and the lighter liquid at the top,

density measurement

the gradient is a function of the starting densities of the starting materials.
Such gradient columns are stable up to several months and allow an accuracy in

of up to five significant digits. It is assumed that

density differences can be directly correlated with differences in refractive

index. 1In this research the principle of the gradient density column is applied

to the sol-gel process.
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recent past, as it is an interesting alternative chemical route to conventional
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Introduction and Background

This is the third and final annual technical report of an AASERT grant
award covering the period from 1 July 1993 ia 30 June 1996.

The research proposed is based on the concept of the liquid gradient
density column,! which is used to measure the density of doped
semiconductors. This technique uses a column made from two miscible
liquids of different densities, configured to exhibit a continucus variation in
density from the bottom to the top of the column. With the most dense liquid
at the bottom and the lighter liquid at the top, the gradient is a function of
the starting densities of the starting materials. Such gradient columns are
stable up to several months and allow an accuracy in density measurement of
up to five significant digits. It is assumed that density differences can be
directly correlated with differences in refractive index. In this research the
principle of the gradient density column is applied to tﬁe sol-gel process. The
sol-gel process has been widely studied in the recent past, as it is an
interesting alternative chemical route to conventional glass and ceramics
processing. The set-up is simple and »s illustrated in Figure 1. Two sols
having difference in density are placed in two | separate containers. the
beakers are positioned in such a way as to allow the lower density liquid to be
fed into the higher density liquid, at a controlled rate with stirring. As soon
as the higher density liquid (in container 2) is allowed to flow into the higher
density liquid. In this manner, the density of liquiid 2 is gradually altered
and a gradient in denzity is formed as the liquid of changing composition and
density and hence changing refractive in%iex, is fed into an empty container.
The gradient index liquid column is then allowed to gel. The solid gel column
is then densified to become a glass with gradient index. Currently, there is a
fairly widespread interest in gradient refractive index (GRIN) lenses. The
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Figure 1. A schematic drawing of the gradient casting set-up.




or compact disc systems.!* and a wide variety of devices for optical fiber
communications.® At present, several techniques are used to pi-o&ace gradient
index glass™1% but most of the pre&esses are limited by the small index change
they are able to achieve, as well as the small size of the gradient region. The
present method is new and unique. The successful preparation of dense GRIN
lenses by the UCLA technique should find immediate applications.

The first system chosen for a demonstration of this technique for the
fabrication of an axial gradient refractive index glass was Si02-7102. It is well
known that the addition of titania to silica leads to an increase in refractive
index. Furthermore, this system' has been extensively studied. It was
expected that by feeding a Si0: sol into an Si0,-TiO: sol, a gradient in
composition can be formed and hence a gradient in refrastive index can be
obtained. Other systems zelected for demonstration were the PhO-TiO: and
ZrOx-TiO; systems since high refractive index glasses have already been

prepared by the sol-gel method.

2. Research performed
(@) _ The Ti0.-Si0O; System o
Ti02-810: and Si0: sols were prepared following the procedure outlined

in Figure 2. Tetramethylorthosilicate (TMOS, 98% purity) and titanium
isopropoxide (T:OP, 97% purity) were purchased from Aldrich Chemical
Company. Metehanol, 99.8% pure, and hvémch}snc acid 37%, were both
obtained from Fisher scientific.

Because of differences in gelation times between Si0: sols and TiOz-
Si02 sols, as the Ti/Si ratio changes. it was nesesséry to adjust the chemical
esmpasmen of the Si0; sol. For higher titanmm in the system, a lower acid

content was reqaxnéé Three compasitions in {,he T;i}* -8i0; system, containing
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Figure 2. Flow chart illustraﬁng the breparaﬁon steéps of the TiOz-Sioz and SiO, sols.




7.5, 15 and 30 mol% Ti were studied. All chemical cem?esitians are listed in
Table 1.

The S10:-TiOz solutions were prepared via prehydrolysis of the TMOS.
The silicon alkoxide was prehydrolyzed with one mole of water per mole of
TMOS, prior to the addition of the remaining alkoxide/alcohcl/water
solutions. |

As far as the pure SiO: sol is concerned, it was prepared according to
the compositions listed in Table 1, and then refluxed for 3 hours in order to
bring the gelation time to close to that of the Ti0.-Si0: sols.

Following the sol preparation, the sols were cast according to the set-up
deseribed earlier and represented in Figure 1. Equal volumes (25 ml) of TiO.-
Si02 and SiO2 sols were placed into two separate glass beakers equipped with
a faucet. Because the Ti02-Si0- sol had a higher density than the SiOq sol, it
was placed in beaker number 2. The flow rate of the $i0; sol pouring into the
Ti02-5i02 sol was adjusted to twice that of the Ti0:-SiO: sol being fed into the
empty polypropylene container. Therefore, both beakers numbers 1 and 2
emptied siinultaneously.

After gradient casting, the containers were tightly sealed and placed in

an oven at 50°C. Gelation took place within a few hours. The GRIN ge}s wére

aged for ane day and allowed to dry for 1 week at 50°C. Pinholes were made in

the cover seals and the gels were diied at 120°C. some of the gels were furihet

heat-treated up to the desived temperature at a slow ramp rate (0.5 -

1'Cimin). 4 ‘ ‘ ;
Energy dispersive X-ray angfysis (ED)D Kevex Ins{.) was performed on

a Scanning Electron Microscope (Cambridge/Stereoscan 250). Analysis was

carried out on along the gradient axis of both dried and fired gels. Refractive

index measurements were carried out on cut segments of a GRIN glass using

the Becke Line method. The gel segments were obtained by cutting partially-

-5



Table 1 - Chemical Composition of Gels

Sol Alkoxides |  IPrOH H,0 HCI
7.5Ti0,-02.55i0, 1 5 10 0.1
Si0, Sol 1 5 10 0.05
12Ti0,-88Si0, 1 3 4 0.05
Si0, Sol 1 3 7 0.1
30Ti0,-70Si0, 1 2 2.6 0.005
Si0, Sol 1 3 4 0.15




dried gels perpendicular to the gradient axis. The segments were

subsequently heat-treated to 900'C. Gels were immersed in liquids of known
refractive indices, purchased from Cargille Laboratories. The existence of a
gradient was visually demonstrated by bending a He-Ne laser light beam
through GRIN gels. The EDX results for a dried and a fired GRIN gel are

shown in Figures 3 and 4. Both plots show a gradient in composition. for the

dried 30TiO:-708i0: gel, some titanium is present at the bottom of the
sample, as 10% Ti is the minimum Ti concentration achieved. A similar
feature is observed for a fired gel (Figure 4). It is apparent that profiles are
retained from the solution through the dried stagers. Some deviation from a
straight line gradient ave observed, is aseribed to slight deviations from ideal
flow rates.

The attainment of composition gradient is confirmed by refractive
index measurements as shown in Figure 5 for a 15 Ti0.-855i0: GRIN. A
refractive index difference An = 0.07 is achieved for a sample size of 10 mm.
The silica-rich end of the GRIN had a refractive index of 1.474 at a distance of
1 mm away from the tip: whereas the titania-rich side of the sample exhibited

a refractive index of 1.544. If the relative flow rates were slightly modified, a

- different profile resulted, as shown in Figure 6. A GRIN sample made from

identical starting solutions was made, and the flow rate of the Ti0-Si0- sol
was adjusted to a slightly higher value. The resulting gradient profile is

slightly different with An of 0.04.

Previous work on the $i0:-TiO; gel systems have shown that up to 25
wt.% of TiO: could be added to SiO:. leading to increases in refructive index
and density. Hench showed that a siraple containing 3% TiO2 had a refiactive

% o = o * s % - : * s - -~ - - - — c— . ~
Ea ottt Ll EEFPFToosE s ewcoserneweo cc S s oS O aspdr TR PR s -

refractive index and its correlation with chemical composition in the gradient

are in reasonable agreement with our work.

.
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A He-Ne laser light beam was used to demonstrate optically the
- presence of the gradient. In a wct gel, Figure 7 shows that the bending is
present shortly after gelation. It is also visible after the gel has been dried
_ (Figure 8). The heams are) visible in both materials because of some
scattering due to their porosity. v

Although the Ti02-Si0: system was selected for this experiment, it is
clear that any other system could be used. Térnary systems, which would
increase the maximurn theoretical An. may also be considered. A key element
in the success of the j)roccss is that the reactivity of both starting sols (e.,
their gelation times) ‘must be similar. A large disparity‘ between gelation
times leads to casting difficulties or inhomogeneities. If gelation times are
not similar, they must be made so by appropriate chemical modifications of
- the alkoxides. Current research efforts are placed on the study of profile

tailoring as well as densification of sol-gel derived GRIN glass.

(b)  The Si0- - Pb() Svstem

TiO2-PbO monoliths have recently been fabricated by the sol-gel

technique.!! Altnhdugh these matexials werc initially investigated for their
high nonlinear optical coefficients. they are of gz'eat felevance to our study
because they also exhivbit’ a ]éx‘ge vaviation in refractive index with
composition. Transparent glasses have been fabricated over a wide
compositional range. The rvefractive indéx of a 60%mole Ti02-40%mole PhO is
2.030, and that of a 805 Ti0-20% PbO is 2.268. Two solution compositions
- were prepared, one containing 80T TO: (solution A), the other 60% TiO:
(solution B), were prepared. Using the set-up previously described, a gradient

, (gel was cast in polypropylene containers. The refracﬁw indices of gels of both
- .éiu:eme‘ &nmpoisitmns_; aré 'm-.és}errxtad m "l“a'blé 2 ."I"‘hrc'é‘gvalﬂu‘es”\i"ére obf'ained

by ellipsometry on thin films (0.2 - 0.4 um) deposited on silicon substrates by

-12-
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spin-coating. The maximum An measured was 0.3C for a gel dried at room

temperature and 0.28 for a gel fired at 500°C for 1/2 hour.

Table 2 - Refractive Indices of PbO-TiO; Gels

§0Ti0:-20PbO | 60TiO--40PbO An
np (gel 1.77 2.15 038
o (500°C) 2.84 2.56 0.28

The An value of the fived gels are in agreement with that reported by Nasu et
al.!! The existence of an axial gradient was demonstrated by observing the

path of a laser beam though a wet gel.

©)____The Zy0O; - Si0): System
Zr0;-Si07 gels with ZyO: contents ranging from 10 mol% to 90 mol%

were prepared according to the procedures shown in Figure 9 with the use of 2-
methoxyethanol as the solvent. This was found to be superior to ethanol. The
solvent/water ratios had to be altered far‘ each composition to avoid
precipitation and to enable the formation of clear gels. Samples of 2r02-Si02
gels are shown in Figure 10. Theoretically, if dense glasses can be made, large
refractive index gradients can be achieved with this system since the
refractive index of a 50 2r0.-50 SiO: glass is reported ?:e be 1.865,!2 and that
of 4 90% ZrQ. sample should approach 2.3. o |

-15=
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(d)  Preparation of Dense Glass Gradient Samples

In order to fabricate a dense glass sample from the gel, the latter must
be first dried, washed to remove unreacted organics and then heated’ to some
temperatures for the oxidation of all the trapped remaining organics prior to
densification. During the last year of this program, we have succeeded in the
removal of all the remaining trapped organics to obtain small clear glass
samples. However, the last problem was the brittle fracture of the glass
during firing. Up to the conclusion of this project on 30 June 1996, we were
unable to fabricate an entire unbhroken gradient dense glass sample. _ Fwrther
rescarch must carried out to opiimize the firing procedures befox;e a gradient

dense glass lens can be made.

3. Student Traihing ; ,

Three female U.S. citizens have been trained under this AASERT
grant. Ms Eva Wong and Ms, Tanimy Chau Both received their M.S. degrees
in Materials Science and Engincering and are employed by industry in
- California. A third graduate student, Ms. Willa Larsen is currently
~ completing her MS. thesis at UCLA under Professor J.D. Mackénzie. |
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