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Development of ZnSe Blue LED by MBE 

936C3809A Osaka ATARASHI KINOSEI SERAMIKKUSU in Japanese 2 Mar 92 pp 25-34 

[Article by Tsuneo Mitsuro and Kazuhiro Okawa, Central Research Laboratory, 
Matsushita Electric Industrial Co., Ltd.] 

[Text] 1. Introduction 

Light-emitting diodes (LED) currently in commercial use produce visible light 
of wavelengths ranging from the red to green light range. Efforts have been 
under way to develop LEDs generating a shorter-wavelength blue light. Success- 
ful development of these diodes will increase the variety of LED colors 
available and will make it possible to produce LED display units capable of 
rendering a full-color range of visible light. The development of blue color- 
emitting LEDs will also contribute to the development of superhigh-density 
optical disk memory devices by promoting the development of blue-light laser 
diodes (IDs) by taking advantage of the diode's short wavelength. Last year, 
a report disclosed a success in generating bluish-green pulse-oscillation 
light using CdZnSe-system semiconductor devices. 

Semiconductors for generating blue-light LEDs must have the forbidden bands 
wider than about 2.6 eV. As candidate semiconductors, ZnSe and ZnS, as the II- 
VI group compounds, and SiC and GaN are being studied. Among them, research on 
SiC and GaN has progressed to a point where sample shipments of these LEDs has 
started. However, these LEDs must be refined further before they can be used 
in practical applications. SiC makes it possible to create the pn junction 
necessary to produce a high degree of luminescence relatively easily. Its 
drawback is that the material efficiency rate is difficult to increase 
substantially because it is an indirect transition semiconductor. Therefore, 
it is believed that SiC is not suitable for use in developing laser diodes.' 

In GaN, it is very difficult to create p-type crystals, though the material is 
a direct-transition semiconductor. Because of this, the only LED that has been 
developed is the MIS type in which the device is fabricated by forming 
electrodes on the n-type crystal substrate via an insulation layer. In this 
type of LED, the light-emission rate cannot be increased easily. These II-VI 
group materials are all direct-transition semiconductors. In these semiconduc- 
tors, practically usable p-type elements have not been attained yet. 



A reason for this difficulty is believed to be self-compensatory effects in 
these semiconductors cause the generation of doners attributed to the presence 
of the point defects, even if acceptor impurities are introduced into them. 
The adoption of nonthermal equilibrium (low-temperature) crystal growth 
methods is believed to solve this problem. Under these circumstances, low- 
temperature crystal-film growth methods, through molecular beam epitaxy (MBE) 
and metallo-organic chemical vapor deposition (MOCVD) are attracting 
increasing attention in recent years. Active efforts to realize epitaxial 
growth and controlling electric conductivity in ZnSe and other II-VI group- 
compound semiconductors have been made. These efforts have made it possible to 
create p-type crystals. Such crystallized semiconductors were used to develop 
the LD capable of generating bluish green laser light, as mentioned above. 
However, there are still many problems that must be solved before producing 
practically usable LED elements. 

We have conducted research to promote epitaxial growth in ZnSe by the MBE 
method. Research involved the use of a proprietary impurity introduction 
technology to control electric conductivity to obtain low-resistance n-type 
and p-type ZnSe. The research also involved experimental fabrication of pn 
junction LEDs. In the following, we will describe the technique to grow ZnSe 
crystal by the MBE method and the electric and optical characteristics of n- 
type as well as p-type crystals. Though they are still at the rudimentary 
technological level, the results of measurement of the characteristics of the 
pn junction LEDs will also be introduced. 

2. ZnSe Growth by MBE Method 

Figure 1 shows the outline of 
the crystal-growing chamber in 
the MBE apparatus. By using 
this apparatus, a thin film 
single crystal of SnSe can be 
formed on the surface of a 
heated substrate by irradiat- 
ing it with a Zn molecular 
beam and an Se molecular beam. 
These beams are generated by 
the resistor-heated Knudsen 
cell (K cell) crucibles within 
a vacuum environment of about 
10"9 Torr. Commonly, GaAs sub- 
strates are used having a lat- 
tice constant close to that of 
the ZnSe (lattice mismatch: 
0.25%) Our research used GaAs 
substrates and more ideal Se 
bulk substrates to test the homoepitaxial growth. In the bulk-crystal sub- 
strates, it is difficult to remove the deteriorated surface layer caused by 
the processing. We have obtained good results by applying a reactive ion dry 
etching using BC13 gas. Commonly, the crystal growth is carried out under a 
molecular beam strength ratio between Zn and Se of 1:1, and a growth speed of 
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Figure 1. Schematic Representation of MBE 
Apparatus Reaction Chamber 



about 1 jtrn/h by maintaining the substrate temperature between 300~350°C. An n- 
type ZnSe crystal layer can be grown by irradiating the substrate with a ZnCl2 
molecular beam in addition to irradiation with Zn and Se molecular beams to 
carry out a Cl doping of the growth film. A p-type ZnSe crystal layer can be 
formed by irradiating the substrate with a neutral, high-frequency discharge- 
excited active nitrogen molecular beam. The technology involved in these 
doping operations will be elaborated on in later sections of this paper. 
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The evaluation of the 
MBE grown, additive-free 
ZnSe crystalline condi- 
tion by using the half- 
value width of the X-ray 
diffraction rocking 
curves showed that in 
the case of using GaAs 
substrates, the half- 
value width of about 100 
seconds was obtained for 
a film about 5 /an in 
thickness. The crystal- 
line condition varied 
with the change in 
thickness of the crys- 
tallized film because of 
the presence of a lat- 
tice mismatch. In the 
case of ZnSe substrates, 
excellent results have been obtained with a maximum half-value width of about 
20 seconds. The width changed depending on the crystalline condition. Figure 
2 shows the low-temperature photoluminescence spectrum of the no impurity- 
containing ZnSe film formed on a GaAs substrate. The spectrum is dominated by 
the peaks occurring near the ends of the spectrum band representing the 
luminescence caused by free excitons. The luminescence attributed to impurity 
contents and the structural defects is weak. This indicates that a high-purity 
crystal having low defects has been created. However, closer study revealed 
that the splits in exciton luminescence and the energy shifts had occurred as 
a result of the presence of a mismatch in the lattice constants and the occur- 
rence of lattice deformations because of a mismatch in the thermal expansion 
coefficients. ZnSe substrates are free from these problems, making it possible 
to grow crystal under better growth conditions. Electric resistance in these 
ZnSe substrates containing no additives was measured at values higher than 
10A fi-cm, indicating that the crystal films formed on these substrates have 
very low levels of residual doners and high purities. 

Figure 2. Low-Temperature PL Spectrum in 
No-Additive-Containing ZnSe 

3. Cl-Doped N-Type ZnSe 

Used as n-type impurities to create n-type ZnSe, the III group elements, such 
as Al, Ga, and In, have been used popularly to produce doners by causing the 
replacements at the Zn sites. However, the carrier density obtained by these 
replacements is no higher than 1017/cni3, a level insufficient to produce 



practically usable LEDs. So, we adopted 
Cl as a VII group element to promote the 
replacements at the Se sites. Since Cl2 
and HC1 gas, the materials to produce 
Cl, cause damage to the MBE apparatus, 
solid ZnCl2 has been used in our re- 
search. ZnCl2 sublimates easily. It is 
believed that this makes Cl reach the 
substrate surface in a molecular form. 

Figure 3 illustrates the relationship 
between the electric characteristics 
(carrier density, mobility n, resistivi- 
ty p) in Cl-doped ZnSe and the tempera- 
ture change in the ZnCl2 cell. With 
increased cell temperature, the carrier 
density rises to a maximum of 1019/cm3- 
The value of p also increases to reach 
the 10~3 fl-cm level. The carrier density 
curve almost overlaps the Cl vapor- 
pressure curve, indicating that Cl is 
taken into the crystal effectively as an 
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Figure 4 shows the room temperature PL 
spectra for no-impurity-containing 
ZnSe and its Cl-doped counterpart. 
When no additive is introduced, a 
weak luminescence is observed at a 
wavelength of 460 nm near the low end 
of the spectrum (the magnification 
rate in the axis of ordinate is given 
on the right side of the graph). Cl- 
doped ZnSe grown under a cell temper- 
ature of 200°C exhibits a lumines- 
cence intensity about three digits 
higher than the no-additive counter- 
part at the band-end wavelength. This 
improvement is believed to have been p.    4 Room Temperature PL Spectra 
caused as a result of recombination   for No_Additive-Containing Cl-Doped 
between the doner electrons and free   ZnSe Crvstals 
holes. This also suggests that Cl was 
effectively taken into ZnSe to func- 
tion as doners. When the Cl concentration increases further as a result of an 
increase in cell temperature, the longer-wavelength luminescence resulting 
from the appearance of compound defects caused by the high density of Cl and 
the vacancies becomes dominant. However, such defects do not constitute a 
major problem in practical applications because the formation of electrode 
contact layers is the only process in which such a high-level doping becomes 
necessary. 
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4. N-Doped, P-Type ZnSe 
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As candidate p-type impurities to produce p-type ZnSe, there are Li and Na as 
the I group elements, and N, P, and As, as the V group elements. Among these, 
Li was the first to be tested as a p-type impurity. However, considering its 
very high diffusivity, it would be difficult to use it in producing practical- 
ly usable pn junction elements. For the same reason, Na, too, would not be 
suitable. P and As are reported to form deep impurity levels easily, and this 
would make it difficult to attain high-density doping. Under the circum- 
stances, we tested N by supplying N2 and NH3 gases in growing a ZnSe crystal. 
The results indicated that in growing the crystal by the MBE method, the level 
of these elements taken into ZnSe was very low because of their low reactivi- 
ty. In an effort to enhance the reactivity, we tested a method that involved 
irradiating the substrate with a low-energy nitrogen ion beam (about 100 eV). 
The result was that N was taken into function as an acceptor at the shallow 
depth of the crystal (from the study of the PL characteristics). However, an 
increase of the doping level led to aggravation of the crystallization because 
of ion-caused damages, making it impossible to obtain p-type ZnSe crystals. 

Next, we tried a method entailing 
the use of neutral excitons to 
enhance the activity of the ions 
without causing damage. The meth- 
od involved exciting nitrogen gas 
with a high-frequency electrode- 
less discharge, and generating 
neutral particles by using a 
specially-designed MBE gun (Fig- 
ure 1). An N doping using an MBE 
apparatus equipped with the gun 
produced a ZnSe crystal exhibit- 
ing p-type conductivity. Figure 5 
shows the low-temperature PL 
spectra for two types of ZnSe 
having different N-doping levels. 
The spectrum (a) is representa- 
tive of a ZnSe having an N densi- 
ty lower than 10~17/cm3. The spec- 
trum is dominated by Ix line lu- 
minescence, the luminescence 
caused by the excitons restrained 
by neutral acceptors. A weaker 
luminescence caused by the doner- 
acceptor pair (DAP) is also ob- 
served. From the wavelengths of 
these luminescence peaks, the 
ionization energy of the acceptor 
was calculated at about 110 meV. This coincided well with the value reported 
by other researchers, indicating that N replaces the Se to form shallow-depth 
acceptors. The ZnSe specimens we have created had a comparatively high 
electrical resistance, indicating the necessity to increase the acceptor 
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density further. Further increase 
of N density caused the disappear- 
ance of exciton luminescence (Fig- 
ure 5(b)) and an increase in the 
intensity of DAP luminescence. 
Measurement of the hall effects 
confirmed the presence of a p-type 
conduction. 

Figure 6 illustrates the relation- 
ships between doped N concentration 
level and the DAP luminescence in- 
tensity with the data obtained by 
secondary ion mass spectroscopy 
(SIMS) analysis. A p-type conduc- 
tion was obtained between N concen- 
tration levels of about l~3xl018/an3 

in which intense DAP luminescence 
was observed. The room temperature 
carrier density, obtained by the 
hall effect measurement, ranged 
from about 1015-1017/cm3. These val- 
ues indicate that the activation 
rate is still considerably low even 
when the large ionization energy of 
the acceptor was taken into ac- 
count. This suggests that compensa- 
tion by the doner is taking 
place, and it is indicated 
by the fact that the PL 
characteristics are domi- 
nated by DAP luminescence. 
How the doners are formed 
is not known yet. It is 
believed that they are cre- 
ated either by impurities 
finding their way into ZnSe 
crystal from active nitro- 
gen sources, or by the va- 
cancies, or by nitrogen 
atoms that failed to dis- 
place the Se. To solve this 
problem, it is important to 
further improve crystal 
growth conditions. 
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Figure 7. Relationships Between Carrier Density 
and Hole Mobility in N-Doped p-Type ZnSe Figure 7 shows the rela- 

tionships between the car- 
rier density in N-doped p- 
type ZnSe and the hole mobility. Maximum dielectric constant reaches 2xl017/cm3 

with mobility deteriorating markedly when the density increases. It is 
believed that this has something to do with the doner's compensation effects. 



5. PN Junction LEDs 

We have fabricated pn junction LEDs on an 
experimental basis using the above techniques 
for growing n-type as well as p-type ZnSe 
crystals. Figure 8 represents the construction 
of such a pn junction element fabricated on a 
ZnSe substrate. We also fabricated a pn junc- 
tion element using ah n-type GaAs substrate. A 
major obstacle in fabricating a pn junction 
element on ZnSe substrate is the difficulty in 
forming the electrodes on the p layer. Common- 
ly, Au is used as the electrode material; the 
problem is to create good ohmic contacts. In 
our experiment Pt was used as electrode materi- 
al. Pt is believed to be superior to Au. The 
adoption of this process made it possible to 
slightly alleviate the ohmic-contact problem. 
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Figure 8. Construction in 
Fabricated pn-Junction LEDs 

Figure 9 shows the I-V characteris- 
- - . tics in the fabricated LEDs display- 
3 / ing an excellent pn junction rectifi- 

cation ability. Figure 10 shows the 
luminescence spectra for the fabri- 
cated ZnSe as well as GaAs LEDs at 
different measurement temperatures. 
At 77 K, a luminescence (FA) caused 
by the recombination between the free 
electrons and hole acceptor levels 
becomes dominant in both types of 
LEDs. When the temperature increases, 
FA luminescence declines and a lumi- 
nescence (DF) caused by recombination 
between the doner electrons and free 
holes replaces FA luminescence. At 
room temperature, the intensity of DF 
luminescence was high and the inten- 
sity of longer wavelength lumines- 
cence was far weaker in the ZnSe 
LEDs, causing them to produce a 
quasi-blue luminescence. The lumines- 

cence peak appeared at a wavelength of about 460 nm and the half value width 
is narrow with the width standing at 49 meV. In the GaAs LEDs, the intensity 
of blue luminescence was very weak and the spectrum was dominated by longer- 
wavelength luminescences. This difference is believed to have resulted from 
different crystallization conditions, as described above. 
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Figure 10. Luminescence Spectra for pn-Junction LEDs 
(Left: ZnSe substrates, right: GaAs substrates) 

The results obtained from the experimental fabrication of these LEDs are still 
in their elementary stages, hence discussion of their performance including 
luminescence would be premature. 

6. Summary 

We succeeded in creating pn junction LEDs generating a quasi-blue luminescence 
by developing Cl-doped n-type, low-electric-resistance ZnSe. We activated 
N-doped p-type ZnSe by the MBE method. Some of the techniques and methods used 
in our research were used by 3M of the United States, which succeeded in 
developing bluish-green luminescence LDs last year. These techniques and 
methods will continue to be used in fabricating ZnSe-system light-emitting 
devices. To promote the development of practically usable LEDs and LDs, 
efforts must be continued to promote the improvement of p-layer characteris- 
tics, the development of better ohmic-contact electrodes, and the structural 
optimization in these devices. 



Fabrication of Dielectric Thin Film by Sol-Gel Method 

936C3809B Osaka ATARASHI KINOSEI SERAMIKKUSU in Japanese 2 Mar 92 pp 35-40 

[Article by Shinichi Hirano, Nagoya Institute of Technology] 

[Text] 1. Introduction 

Active research has been under way to develop a technology for synthesizing 
ferroelectric thin films and evaluating them for application to nonvolatile 
memories, capacitors, pyroelectric detectors, sensors, and optical modulation 
elements. To synthesize the films, a number of methods have been used, 
including the liquid epitaxial phase (LPE), chemical vapor deposition method 
(CVD), molecular beam epitaxial growth method (MBE), sputtering method, laser 
abrasion method, and sol-gel method. In recent years, the reduction of the 
dimensions of electronic devices including various functional elements has 
made remarkable progress. In addition, efforts for hybridization and improve- 
ment of circuit integration are continuing. In order to promote the integra- 
tion of required functions, the development of a low-temperature synthesizing 
technology is essential to produce crystallographically preferentially 
oriented thin films. To promote the required characteristics, the capability 
to control the chemical composition is indispensable. 

Among these methods, the sol-gel method is most preferred because it is 
comparatively easy to realize high-accuracy chemical-composition controlling, 
to achieve high homogeneity, to improve purity, to lower the process 
temperature, and to mold into a desired shape. 

Table 1 gives the types of the ferroelectric films developed by this author's 
team by the sol-gel method using metal alkoxide precursors and the application 
fields of these films. 

This author has found that it is possible to synthesize an epitaxially grown 
stoichiometric LiNb03 film at temperatures lower than 400°C by controlling the 
metal alkoxide reaction process. This paper will describe the processes for 
synthesizing LiNb03, LiNb03/Ti, Pb(Zr,Ti)03, and Pb(Mg,Nb)03, some of the 
typical ferroelectric thin films developed at this author's lab, and the 
crystallization controlling technique. 



Table 1. Ferroelectric Thin Films 

Thin-film materials Phenomena Applications 

•Perovskite 
(Titanates) 
BaTi03 Dielectric Capacitors, sensor, 
(Ba,Sr)Ti03 phase shifter 
SrTi03 Pyroelectric Pyrodetector 

PTCR Thermistor 

PbTi03 (PT) Pyroelectric Pyrodetector 
Pyroelectric Acoustic transducer 

Pb(Zr,Ti)03 (PZT) Dielectric Nonvolatile memory 
Pyroelectric Pyrodetector 
Piezoelectric SAW substrate 
Electro-optic Waveguide device 

(Pb,La)(Zr,Ti)03 (PLZT) Pyroelectric Pyrodetector 
Electro-optic Waveguide device, 

optical memory, 
display, SHG 

(Niobates) 
Pb(Mg1/3,Nb2/3)03 (PMN) Dielectric Capacitor, memory 
PMN/PT Electro-optic Waveguide device 

LiNb03 (LN) Piezoelectric Pyrodetector, 

LiTa03 (LT) Electro-optic waveguide device, 
optical modulator, 
SAW, SHG 

KNb03 (KN) Electro-optic Waveguide device, 
frequency doubler, 
holographic storage 

K(Ta,Nb)03 (KTN) Pyroelectric Pyrodetector 
Electro-optic Waveguide device 

•Tungsten-Bronze 
(Sr,Ba)Nb206 (SBN) Dielectric Memory 

(Sr(Ba)0 8RxNa0. 4Nb206 Pyroelectric Pyrodetector 
(R:Cr,Zn,Y) Electro-optic Waveguide device 

(Pb,Ba)Nb206 (PBN) 
(K,Sr)Nb206 (KSN) 
(Pb,K)Nb206 (PKN) 
Ba2NaNb5015 (BNN) 

10 



2. Synthesizing Process 

Figure 1 is a flow chart of the com- 
monly practiced processes for syn- 
thesizing ceramics by the sol-gel 
method using metal-organic compounds 
or organometallic compounds. In syn- 
thesizing double oxides using plural 
types of metal alkoxides, the differ- 
ences of hydrolysis speed in respec- 
tive alkoxide must be taken into 
account. The hydrolysis speed in 
metal alkoxide is dictated by the 
electronegativity of the metal ele- 
ment, the carbon number in the alk- 
oxide radicals (—OR-), and the con- 
ditions in the carbons' three-dimen- 
sional structure. Alkoxide radical is 
a strong Lewis base. It can be hydro- 
lyzed with water easily and produces 
metallic oxides as hydroxides and 
alcohol by way of condensed interme- 
diate products as indicated below: 

Metal-Organic Molecules M-O-C 
Organometallic Molecules M-C 

/ Co 

I Selection of Solvent ] 

REACTION CONTROL 
Control of Chemical Bonds 

Intermediate Compound 

HOMOGENEOUS SOLUTION 

(M-O-M" Bond Formation ) 

-« 1 Partial Hydrolysis ] 

GEL 

( Network Formation ] 

POWDER      FILM       FIBER 
Figure 1. Sol-Gel Processing of 

Electronic Ceramics 

M(OR)n + H20 -► MCORVJCOH) + ROH 

To synthesize double oxides having intended compositions at low temperature, 
it is important to ensure homogeneity throughout the hydrolysis reaction 
process. In order to realize this, suitable types of metallic alkoxides must 
be selected to produce a composite alkoxide to obtain a proper metal-oxygen- 
metal bonding. The characteristic of the precursor compounds can be controlled 
through partial hydrolysis of metallic alkoxides. In order to crystallize the 
gel obtained from the liquid precursor at low temperature by preventing 
inclusion of free carbon molecules, the crystallization must be carried out 
within a flowing mixed gas of vaporized water and oxygen rather than by 
heating within flowing dry oxygen gas. 

In forming a homogeneous coating film on the substrate, optimization 
adjustments will become necessary in the process of chemical bonding of 
condensated metallic alkoxides within the solution, and in the structure, 
molecular weight, and wettability between the solution and substrate. 

3. Thin Film Synthesizing Process 

3.1 Li(Nb,Ta)03 Film 

Figure 2 is a flow chart of the processes involved in synthesizing an 
epitaxially grown stoichiometrical Li(Nb,Ta)03 thin film at temperatures lower 
than 500°C. The crystal condition and the homogeneity of the chemical 
composition in the synthesized film are affected by the conditions under 
which metallic alkoxides dissolved into a solvent are subjected to a refluxing 

11 
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reaction environment. By pro- 
moting reactions within the 
solution, it is possible to 
synthesize a composite alk- 
oxide, LiNb(0C2H5)6. This 
author's team has studied the 
solution's reaction process 
through FT-IR and NMR. Rec- 
ently, the structure of these 
intermediate compounds has 
been reconfirmed by X-ray 
structural analysis. 

Figure 2. Preparation of Li(Nb,Ta)03 Film 
The crystal condition in thin 
film is affected greatly by 
the volume of water involved in the partial hydrolysis. When synthesizing a 
thin film by hydrolyzing LiNb(OC2H5)6 by adding water, it has been found 
possible to promote crystallization and to avert the formation of carbon 
radicals by heating the partially hydrolyzed gel film within a flowing mixed 
gas of vaporized water and oxygen. By optimizing these conditions, it is 
possible to synthesize the crystallized thin films on sapphire and Si 
substrates at temperatures lower than 250°C (Figure 3). 
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film thus synthesized has 
excellent interlayer conti-  ——»- 
nuity. 

UHb0.5Tao.s03FHm 
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Cu K«      20 
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LINbO3Fllm.onSI<100>      [a)[b):   filmg  heated  in 

400X1 M     a mixed flow of water 
vapor and oxygen. 

Cc),Cd):   films heated in 
'b*     flowing of  dry oxygen. 

SI 200 
Ca),Cc): films prepared 
from solutions with par- 

'e' tial hydrolysis. 

—^  (b),(d): films prepared 
. from solutions without 

l?' partial hydrolysis. 

 i 

20 30    40 
Cu K«i  28 

50 60 
The Li(Nb,Ta)03 thin layer 
synthesized on a sapphire 
substrate has been found to       „       „.,   _ , . .%_ „ .^ „,, 
have a crystal orientation FiSure 3. XRD Profiles of Li(Nb,Ta)03 Films 

in the same direction as 
that on the substrate surface. A reflected high-energy electron diffraction 
(RHEED) observation confirmed that epitaxial crystal growth had taken place. 
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In using a thin crystal film to develop electronic devices, the problems ,pf 
boundary face reactions between the substrate and the film and the mutual 
dispersion in the boundary region must be taken into account. An Auger 
electron spectroscopy (AES) analysis and a Rutherford backscattering (RBS) 
analysis found no problematical mutual scattering between the substrate and 
the thin film, with the spectra representing Nb and Al atoms showing 
distinctly sharp profiles. 

The LiNb03 crystal film synthesized on a sapphire substrate at 400°C had a 
refractive index higher than 2.27 and no granular component was found within 
the film, that had thick and very smooth texture. 

Figure 4 shows the D-E hysteresis loop of an 
0.7 /an thick stoichiometrical LiNb03 thin film 
synthesized on a Si(lll) substrate at 60 Hz. 
The dielectric constant and other related 
values of the film were: dielectric constant - 
29, Ps - 0.18 /iC/cm2, Pr - 0.13 /iC/cm2, Ec - 5.7 
kV/cm. 

By using the techniques described above, it is 
possible to synthesize an oriented stoichiomet- 
ric LiTa03 film and an Li(Nb,Ta)03 solid-solu- 
tion film. 

3.2 Ti-Doped LiNb03 Thin Film 

gain an» 
IB 

Figure 4. D-E Hysteresis Loop 
of LiNb03 Thin Film on 
Si(lll) Substrate at 550°C 

In order to use LiNb03 film as a light-transmitting channel, a study is being 
conducted to create a light channel by adjusting the refractive index through 
proton replacement or by diffusing Ti metal into the lattice. However, diffi- 
culties are being experienced in controlling the refractive index because of 
the diffusion coefficients depend on the composition and the defects in LiNb03 
single crystal having a not-right-stoichiometrical composition, and because of 
density change in replaced ions in the depth direction. In addition, disloca- 
tions and cracks occur easily. This author's team has succeeded in forming a 
solid solution epitaxial film on a sapphire substrate by using a homogeneous 
solution of Li(0C2H5) and Nb(0C2H5)5 metal alkoxide by adding up to 5 mol% 
Ti(OC2H5)4. Addition of 5 mol% Ti made it possible to adjust the refractive 
index in a stoichiometric LiNb03 film from 2.28-2.50. By further refining this 
method of channel formation in Ti-doped LiNb03 film, it would become possible 
to create light-transmitting channels having sharper channel profiles. 

3.3 PZT and PMN Thin Films 

In recent years, active research has been conducted to synthesize the thin 
films of Pb(Zr,Ti)03 (PZT) and Pb(Mg,Nb)03 (PMN) ferroelectric substances and 
to evaluate their characteristics. The properties in the thin films of these 
ferroelectrics are affected greatly by the presence of a pyrochlore phase. So 
it is important to promote the formation of a perovskite phase. In general, 
the formation of a thin film of a perovskite phase on the substrate of silicon 
or platinum is more difficult than the crystallization of amorphous particles. 
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On the other hand, on the surface of MgO and SrTi03 substrates, it is possible 
to synthesize a perovskite film with its orientation restrained by the 
crystallized face conditions. 

Figure 5 gives the PZT thin film 
synthesis conditions adopted by this 
author's team. In order to realize 
the crystallization of a perovskite 
figure-phase thin film under low 
temperature, it is necessary to have 
Zr positioned at the B sites of the 
perovskite structure and Ti ions 
properly configured within the solu- 
tion prior to subjecting them to 
reaction with lead acetate anhydride. 
Lead acetate anhydride can be used 
effectively to control the reaction. 
Further, the stability of the precur- 

Zr(OEt)4 TI(0'Pr)4or TI(OEt)4 Pb(OAc)a 
' p=— EtOH 
Reflux 24h 

Reflux _24h 
Li 

PZT 

—La(OrPr)"3"; 

 PLZTJ 
Reflux 24h 

-—Additive(acacH) 
Reflux 12h 

Concentration In dry N2 
Dip Coatlng- 

Firing- 
several times 

sor solution can be improved with the Figure 5. Processing Conditions of PZT 
addition of acetyl acetone. In the Films 
crystallization of this compound, it 
has been found that the calcination 
of the gel film within the flowing mixed gas of vaporized water and oxygen is 
very useful for promoting the crystallization of perovskite phase and the 
synthesis of the oriented film at low temperature. 

EUULU1 
Perovskite thin film is synthesized 
at temperatures higher than 450°C. 
Figure 6 shows the X-ray diffraction 
analysis (XRD) profiles of a crystal- 
lized film of Pb(Zr0.53Ti0,47)03 film 
synthesized on a Pt/Ti/Sib2/Si sub- 
strate. This film displayed a typical 
D-E hysteresis and had a dielectric 
constant of about 600. 

It is known that PMN and PT(PbTi03) 
form a solid solution between them. 
To exploit this, effort must be made 
to control the composition of the 
thin film to promote the required 
properties. PMN-system compounds are 
one of those substances that cannot 

QPZT Perovskite 

A PZT Pyrochlore 

20 30 50 60 40 
CuKqt 28deg. 

Figure 6. XRD Profiles of PZT (Zr:Ti - 
be crystallized into perovskite phase 53 4?) Thin Films on Substrate (Pt/Ti/ 
easily. This poses a great challenge si0 /Si) Fired at 600°C for 2h 
to those who try to produce perov- Condition of caicination: 
skite PMN films. ^  ^ flow; (b) H20/02 flow 

Figure 7 gives the processing parame- 
ters for synthesizing perovskite PMN/PT films. 
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On SrTi03 and MgO substrates it is 
possible to crystallize a preferred 
orientation PMN/PT perovskite sin- 
gle-phase film by subjecting it to 
heating of temperatures higher than 
700°C. 

On a Pt/Ti/Si02/Si substrate it is 
more difficult to synthesize a 
single-phase perovskite film. This 
author's team has found that a 
preferred orientation PMN/PT perov- 
skite thin film can be synthesized 
easily on a Pt film by having Mg 
and Nb alkoxides configured at the 
B sites of the perovskite and by 
forming a PZT thin film as an in- 
termediate base film (Figure 8). 
The dielectric constant of the 0.9 
PMN/0.1 PT film at 1 MNz stood at 
about 1,700. No mutual diffusion 
was observed between the base PZT 
film and the PMN/PT layer. 

4. Conclusion 

The chemical synthesizing method 
discussed above involving the use of 
an alkoxide solution produced by 
controlling reactions between metal 
alkoxides makes it possible to pro- 
duce multicomponent oxide thin films 
having high purity and accurate com- 
position at low temperature. It is 
challenging to synthesize thin films 
having Intended properties by opti- 
mizing the conditions for synthesiz- 
ing the precursors (molecular build- 
ing blocks) created by achieving 
metal-oxygen-metal bonding at the 
molecular level by controlling reac- 
tions in the metal alkoxide and the 
conditions for crystallizing the 
precursors, and by considering the 
substrate structure and crystallo- 
graphic orientation. At the same 
time, it is an interesting undertak- 
ing when considering the reaction and 
crystal formation process involved. 

Hb(OBQ, Mg{QMe)a Tl(OEt)« or Tllo'frr)4 

TTiTMeOH I 

BtOH 

Mixing 

PbtOAc), 

Reflux (24h) 

( 
Mixing 

Reflux (24h) 

Concentration 

1 

PMW: PT- 9: 1 

Homogeneous Solution 

IndryNi 

Calcination (300'C In HiQ/Oi FIowl 

Firing IRapId Heatlnf In Oa flow) 

Figure 7.   Processing Parameters  for 
PMN/PT Films 
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OPZT 
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Ll*L 
20 30 50 GO 40 

Cu Ko 20 deg. 

Figure 8. XRD Profile of 0.9PMN-0.1PT 
(2%Pb0) Film on Substrate (Pt/Ti/Si02/ 
Si Fired at 800°C for lh (on PZT) 
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This thin film synthesizing method can also be used for synthesizing fibers 
and fine particles and modifying surface conditions in various kinds of other 
materials. 
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High-Performance Nanocomposlte Ceramics 

936C3809C Osaka ATARASHI KINOSEI SERAMIKKUSU in Japanese 2 Mar 92 pp 41-43 

[Article by Koichi Niihara, Industrial Science Research Institute, Osaka 
University] 

[Text] 1. Introduction 

Improvement of the properties of ceramic structural materials has been carried 
out by controlling the diameter, shape, and porosity in the material powder 
grains and by controlling grain boundary conditions. However, improvement of 
properties through these conventional methods has reached its limits and now 
the introduction of new material-designing techniques is becoming necessary to 
develop materials of higher performance. 

In an effort to introduce new material-designing techniques in the development 
of high-performance ceramics, this author's team has conducted research by 
classifying ceramic materials into monolithic materials and composite 
materials, and by subdividing the composite materials into microcomposite 
materials, nanocomposite materials, and micro-/nano-hybrid materials. The 
results have shown that the mechanical properties of ceramic materials can be 
improved greatly and new functions can be imparted by introducing a nanocom- 
positing technology. These results are described below. 

2. Microcomposite Materials 

Refer to Material 1 (designing of high toughness ceramics) [not reproduced]. 

3. Nanocomposite Materials 

Refer to Materials 1 and 2 (sintered nanocomposite compacts) [not reproduced]. 

4. Micro-/Nano-Hybrid materials 

Research has revealed that the mechanical properties of ceramic materials can 
be improved greatly by introducing nanocomposite technology. Despite this 
improvement, the fracture toughness of these ceramic materials is still lower 
than their metallic counterparts. However, it has been found that the tough- 
ness of ceramic materials can be improved further by reinforcing nanocomposite 
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Table 1. Changes in Strength and Fracture Toughness of Carbon Fiber-Reinforced 
Sialon/SiC Nanocomposite Fabricated by the Sintering Method 

Composite material 
Strength (MPa) Toughness 

(MPam1/2)n 

RT 1,300°C 1,500°C RT 1,300°C 

Long-fiber- 
reinforced Sialon 

314 9.5 

Long-fiber- 
reinforced Sialon/ 
SiC nanocomposite 

705 1,075 790 25.0 22.0 

1) Measured by the V-notch method developed by JFCC. 

ceramic materials with long fibers of reinforcing materials, as demonstrated 
by the data for fiber-reinforced Sialon/SiC nanocomposite materials (Table 1). 
The strength and toughness of these materials attained under room temperature 
conditions are superior to that of sintered hard alloy (WC/Co cermet) 
currently in use widely in industrial applications. As far as this author 
knows there has been no announcement concerning the successful development of 
similar materials that maintain their room temperature mechanical properties 
up to a temperature higher than 1,300°C, with the properties improving further 
at higher temperatures. 

5. Imparting New Functions 

Superplasticity can be imparted to Si3N4 ceramic material by processing it into 
a very fine nanocomposite by controlling the sintering conditions to have 
about 35% of a-Si3N4 remain within the sintered composite (Material 2) . Another 
nanocomposite that has nanolevel amorphous SiC in the SiC grain boundaries can 
be produced by sintering a mixture of SiC powder and polysilastyrene 
[phonetic] organic compound precursor, that transforms into SiC when fired, at 
temperatures between 1,600-1,900°C. This nanocomposite has been found to 
retain most of the room temperature SiC properties at high temperatures, and 
it displays a high strength of about 450 MPa at 1,500°C. The composite can be 
processed mechanically with almost the same grindability experienced in 
machining metallic materials (Material 2). This grindability is believed to 
relate to the nanosize open pore present in the grain boundaries, and nano- 
T-level grain diameter. 

It has also been found that by promoting nanocompositing, the basic physical 
characteristics of the composite, such as elastic modulus, thermal-expansion 
rate, and thermal conductivity, can be controlled. 

6. Role of Scattered Nanoparticles 

In considering relationships between the microstructure and nanostructure and 
the mechanical properties in nanocomposite materials, it is believed that the 
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roles which nanoparticles play within these materials differ considerably 
between oxide systems and nonoxide systems. 

The nanocomposite systems, such as Al203/SiC, Al203/Si3N4, andMgO/SiC, in which 
matrixes have larger thermal-expansion rates than the scattered phase (and the 
scattered phase maintains its room temperature hardness up to high tempera- 
ture) nanoparticles are believed to play the following roles: 

1) Finer structure, restraining the growth of abnormal grains, controlling 
grain shape: reduction strength differences. 

2) Deflection of crack propagation direction, generation of microcracks within 
crystallized grains: improvement of fracture toughness from 1.5-4 times. 

3) Generation of subgrain boundaries caused by localized stress occurring 
within the grains: generation of coarse grains, restraining strength 
deterioration caused by inhomogeneous material composition, reduction of 
strength differences, improvement of strength by reducing fracture sources, 
improvement of high-temperature strength. 

4) Induction of fracture within the grains caused by localized stress 
occurring around the particles scattered within the grains: the deflection of 
the propagation direction of microcracks attributed to the nanoparticles 
improves the toughness of nanocomposites. These particles restrain the lagging 
high-temperature fracture attributed to the presence of impurities in the 
grain boundaries (improvement of high-temperature strength). 

5) Pinning resulting from the movement of dislocation in the hard particles 
scattering within the material grains under high temperature condition: 
contributes to improvements in high-temperature hardness, high-temperature 
strength, fatigue durability, creep resistance, and brittleness/ductility 
transition temperature (maximum usable temperature under high-load condition) . 

6) Controlling Young's modulus, thermal expansion rate, and thermal conduc- 
tivity: improvement of heat-shock resistance as a result of improvements in 
strength and toughness. 

The bar-shaped grains observed in conducting liquid-phase sintering of Si3NA 

is believed to be produced as a result of dissolving a-Si3N4 into the melted 
phase present in the grain boundaries under a high temperature. The melted 
phase is generated as a result of addition of sintering-promotion agents. The 
grains are synthesized when a-Si3NA reprecipitates as y3-Si3NA. So, by using Si- 
C-N composite powder as a starting material, the nanocompositing of the powder 
is believed to be realized due to the SiC grains deriving from Si-C-N powder 
under high temperature scattering to work as growth nuclei when the bar-shaped 
/?-Si3NA homogeneously precipitates from the grain boundary liquid phase. The 
SiC grains are taken into Si3N4 grains in this process. Increasing the number 
of SiC grains as the growth-promoting nuclei restrains the growth of the bar- 
shaped Si3NA grains, causing finer structure in nanocomposites. From these 
observations, the scattered nanograins in this material system are believed to 
play the following roles: 
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1) The scattered SiC grains promote the precipitation of bar-shaped /J-Si3NA 

from the melted phase, and this contributes to an improvement in fracture 
toughness and strength. 

2) The SiC grains scattered in the grain boundaries control the boundary 
structure, contributing to an improved high-temperature strength in nanocom- 
posites. 

3) An increase in the number of these SiC grains causes a decrease of Si3N4 

grain diameter, and this, under proper conditions, makes it possible to 
synthesize nano-nanocomposites having superplasticity. 

7. Future of Ceramic Structural Materials 

Research on ceramic nanocomposites has just begun and there are many problems 
that must be solved. These problems include whether the calculated values of 
the residual stress present inside and outside of these scattered nanoparti- 
cles are correct; when and how the subgrain boundary is created; toughening, 
by the combined effects of crack propagation direction deflection by nano- 
particles and the presence of microcracks; and what roles the nanoparticles 
having reverse-thermal-expansion rates compared to the systems discussed 
above, play. However, in the ceramic systems whose data are given in Table 1, 
nanocompositing greatly improved the ceramic material's mechanical character- 
istics. Future ceramic structural materials are expected to be used in 
monolithic, microcomposite, or nanocomposite form depending on application 
requirements. Considering the performance of the microcomposite and nanocom- 
posite materials introduced in this report, it is expected that ceramic 
materials having excellent toughness even at high temperature can be developed 
by combining microcomposite and nanocomposite materials. It is believed that 
long-fiber-reinforced nanocomposite materials will play a central role in the 
development of these ceramic materials. 

It appears that nanocompositing technology can be used to impart new functions 
to ceramic materials. This author concludes this report with the hope that 
research on nanocomposite ceramic materials will be expanded and increased. 
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Nonlinear Optical Glass Material 

936C3809D Osaka ATARASHI KINOSEI SERAMIKKUSU in Japanese 2 Mar 92 pp 71-79 

[Article by Setsuro Ito, New Glass Development Institute, Asahi Glass Co., 
Ltd.] 

[Text] 1. Introduction 

The increase in communications volume in the next century will promote the 
introduction of optical communications facilities to handle and process a huge 
amount of information at higher speed. This will call for the use of various 
light-transmission controlling materials. Among these materials, nonlinear 
optical materials in which the transmissivity and refractive index change in 
accordance with the strength of incident light will be indispensable to create 
light switches, optical memory, and conjugate-phase elements. Currently, 
active research and development efforts are paying much attention to glass as 
a nonlinear optical material because it is superior to other candidate 
materials in transparency, durability against strong laser-light exposure, and 
moldability. 

This paper will report on the results of this author's research on nonlinear 
optical glass by focusing on the synthesizing method of fine-particle 
scattered glass and its characteristics. 

2. Nonlinear Optical Characteristics 

In general, the polarization, P, caused by optical electric field E is 
expressed as1 

P - x(1) E + x(2) E2 + x(3) E3 + • • • (1) 

where x<n) is called nonlinear susceptibility . The nonlinear characteristics 
become more pronounced when the susceptibility increases. Commonly, in the 
materials that have an inversion symmetry, such as glass, the x(2) term does 
not appear, making x(3) dictating the nonlinear characteristics. In x(3)» 
nonlinear characteristics, the refractive index n and absorption coefficient 
a change depending on the strength of the light, and n and a are expressed as: 
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n n0 + An - n0 + (Rex
<3)/2€on0) E

2 

a - a0 + Aa - a0' + (wlmx
(3)/«onoc) E2 

(2) 

(3) 

where Rex(3) and Imx<3> represent the real part and imaginary part of xC3)» "o 
and a0 denote the linear refractive index and absorption coefficients, and £0, 
C, w, the dielectric constant, light speed, and frequency, respectively. 

Generally, the value of x(3> is very small, and consequently that of n2 and az 

are also very small, making their effects almost negligible in ordinary light 
in which the optical electric field strength is weak. However, in recent 
years, high-powered lasers and new materials having higher values of x(V have 
begun to appear and the effects of the refractive index and the absorption 
coefficients are no longer ignored. Taking advantage of this nonlinearity, 
research is now being conducted to develop various types of hew optical 
elements. 

Half mirror 

1 N 

uL- .—ü I 

Nonlinear 
substance 

OUT 

I OUT 

> 

Optical Switching 
Characteristics 

Figure 1. Fabry-Perot Resonator 

An optical switch shown in Figure 1 is 
an example of this. In the switch, 
feeding a signal light pulse, Is, to a Figure 2. 
Fabry-Perot resonator having a bias 
light ion (off state) causes a change 
in the refractive index of the switching material, causing a change in the 
strength of the outgoing light (on state), as indicated in Figure 2.2 This 
switching device can also be used as an optical memory because the on state 
can be maintained even after the Is is cut off by a light stabilizing effect.2 

In order to create an optical switch having the above capability, the phase 
difference caused by a change, An, in the refractive index must be made larger 
than half the wavelength, and consequently the following equation can be 
derived: 

/(3> > n0
2 • A x 10"5/I-L (4) 

where I denotes light strength in MW/cm2, A the wavelength in /un, and L the 
interaction length in /am.3 

To promote the application of such a light switch it must be capable of 
performing information processing at a superhigh speed. This requires the 
operation speed to be around 1 picosecond or faster by satisfying the 
following equation3: 

n-L/C ^ 1 ps (5) 
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Provided n - 1.5, the value of L must be lower than 200 /an from Equation (5). 
And when I - 10 MW/cma and IJ - 1 /an, the value of x(3> must be higher than 10"8 

esu from Equation (7). To make the Incident light exit the switching device 
with almost no power loss, the condition expressed by the following equation 
must be met: 

a  • L < 1 (6) 

In addition to optical switches, nonlinear optical glass could be used to 
develop other optical communications and peripheral devices, including optical 
exchangers, optical connectors for interconnection between electrical devices, 
optical memory, and conjugate phase mirrors. In all these applications, the 
value of x(3> mustbe as large as possible. 

3. Kinds of Nonlinear Optical Glass 

3.1 Homogeneous Nonlinear Optical Olass 

High-refractive index homogeneous glass displays more pronounced nonlinear 
optical characteristics than conventional glass because of changes in the 
refractive index caused by electric polarization occurring within the glass. 
In this type of glass, light having the wavelengths in the nonresonance range 
is used, making it possible to confirm the absorption coefficients at a low 
level and achieve fast nonlinear response speed. However, this type of glass 
has lower x<3) values, as given in Table 1. This makes it necessary to process 
the glass into a fiber for use in switching operations by setting the 
interaction length at about In. For this kind of application, As-S-Se-system 
chalcogenide glass is regarded as a promising candidate. 

Table 1. Nonlinear Susceptibility in Homogeneous Glass 

X<3)   (esu) 

Si0a 3 x ID"1* 
SF-6 5 x 10"1* 
Lia0-Ti0a-Te0a 10"12 

Naa0-S i0a-Ti0a-Nba03 10-" 
Ge-As-S 5 x 10"12 

As-S-Se  •. 10-11 

3.2 Scattered Particle Nonlinear Optical Glass 

A scattered fine-particle-containing glass with particle diameter ranging from 
10-100 A is made to display high x(3) nonlinear optical characteristics by 
confining electrons, holes, or excitons within these particles. Such a glass 
is expected to realize a sUperhigh response speed (faster than 10"12 sec), thus 
making the glass a promising material for UBO in optical switches and optical 
memory devices. By using a sharply-cut glass filter having scattered superfine 
semiconductor particles of CdSxSel-x, high values of x(3) have been attained.* 
Research on this scattered-particle glass has been stepped up since finding an 
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optical switching characteristic in glass, as 
shown in Figure 3.5 As candidate hosts for 
accommodating these superfine particles, plas- 
tics, and the media in the form of solution 
and crystal can also be used, in addition to 
glass. However, glass is believed to be the 
most suitable for the following reasons: 
1) ease of controlling the scattered parti- 
cles; 2) higher optical quality; and 3) ease 
of creating light transmission channels and 
process into a fiber form. 

Table 2 gives the nonlinear susceptibility x<3> 

in a number of kinds of glass containing 
different types of superfine particles. As 
seen in the table, there are already some 
glasses having susceptibility levels higher 
than 10-6 esu. 

a 

l 
ft 
•8 
o 

200 400 
Input Powör      (kW/cina) 

Figure 3. Input-Output 
Characteristics of 
Fabry-Perot Resonator 

Table 2. Nonlinear Susceptibility in Fine Particle-Scattered Glass 

X(3) (esu) 

MnO 
CdSxSe!_x 

meltnprecipitation methpc 
ii 

2 x 10-9 

io_8 

CdSe 10"6 

CuCl ii 10"6 

Au it 10"11 

Au sputtering method 10"7 

These superfine-particle-scattered glasses are produced by the melt-precipita- 
tion method, porous impregnation method, sol-gel method, or gas-phase method. 
Nonlinear optical characteristics of glass created by these methods differ 
greatly depending on the kinds of particles used, the scattering conditions, 
and the particles' density and diameter. This makes it important to develop an 
effective method to control these particle parameters. 

This author's group is engaged in the development of a glass containing super- 
fine particles of CuX (X - Cl.Br) semiconductor crystal. This semiconductor 
crystal is believed to be capable of realizing high nonlinear optical effects 
by confining the quantum caused by the small-Bohr radius of the excitons. The 
glass synthesizing method, its microstructure, and the optical characteristics 
centering on the x<3) nonlinear characteristics are described below. 
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CuClrlmol ratio 

SiO, 

OPrecipitation 

• No precipi tat ion 

4. CuX Particle Scattered Nonlinear 
Optical Glass 

4.1 Synthesizing of the Glass and 
Its Structure 

To create base glass having a pre- 
cipitation of CuX fine particles, a 
photo-chromic glass system (Na20- 
B203-Si02 system) containing fine 
AgCl particles, the same type of 
compound as CuX, was used. The 
different types of glass were syn- 
thesized by mixing batches of glass 
material and other material compo- 
nents (content of CuCl - 1 mol 
against 100 mol of the glass mate- 
rials) by introducing silicic anhy- 
dride, boric acid, sodium carbon- 
ate, and cuprous chloride and by 
heating 100 cc of the mixture with- 
in a platinum crucible in the air 
at temperatures ranging from 
1,300-1,400°C for two hours. The 
melted crucible contents were 
poured onto a steel plate, pressed 
between two steel plates, and 
cooled. After retaining these glass specimens for one hour at different 
annealing temperatures they were cooled in an electric furnace. Then, in order 
to have fine CuCl particles precipitate within these specimens, they were 
subjected to heat treatments by changing temperature between the glass crystal 
transition points and the softening points. The precipitation of fine CuCl 
particles within these specimens was confirmed by the measurement of the 
adsorption spectrum characteristics. When CuCl precipitates, an absorption 
spectrum spike appears near the wavelength of 380 nm (Figure 4). In the glass 
composed of the above three material components, it has been found that CuCl 
precipitates more easily in a composition in which the content of Na20 is low 
and that of B203 high. 

On the other hand, in the CuBr system, the area in which fine particles 
precipitate was found to be a little larger than that for the CuCl system; 
however, almost the same measurement results as those shown in Figure 4 have 
been obtained. 

In order to understand the precipitation mechanisms of CuX, the absorption 
spectrum in the preheat treatment glass specimens over a range from near- 
infrared to visible radiation wavelengths was taken by focusing on the 
behaviors of Cu ion within these glasses. Figure 5 shows the absorption 
spectra for those CuCl-system specimens, numbering from 1-4 in Figure 4, in 
the wavelength range between 500-900 nm. Each specimen displays a broad 
absorption peak at a wavelength near 780 nm caused by Cu2+ ion absorption 

Figure 4. CuCl Precipitated Glass 
Composition 
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within these glasses. Within glass, Cu usually 
exists in the form of Cu2+ and Cu+, and CuCl 
precipitates from a glass composition in which 
the content of Cu2+ is low and that of Cu+ high. 

It is believed that oxidation/deoxidation of 
ions within glass changes depending on the 
basicity of the glass. This author has calcu- 
lated the optical basicity of these glasses 
using the equation proposed by Duffy, et al.6 

Figure 6 gives the results of calculations of 
the optical basicities (A) in the above three 
component glass specimens. The figure indicates 
that A values decrease in the order of Nos. 1, 
2, 3, and 4. From these results and Figure 5, 
it has been found that the lower the basicity, 
the lower the absorption of Cu2+ ions. This 
ensures the stable presence of Cu+ ions within 
the glass. 

Naa0 
500      700      900 

Wavelength (run) 

Figure 5. Absorption Spectra 
in CuCl-System Glass 

In an effort to improve the 
stable presence, a fifth speci- 
men (No. 4 composition + 
7.5Al203-0.55SnO) was created. 
The SnO was added as a thermal 
reduction agent and the A1203 
was introduced to improve the 

0.45/IT  -^^TrV^^^it"-^—■—  \     stability of the glass. The 
absorption spectrum of the No. 
5 specimen for wavelengths be- 

B a 0 3 o r n        tween 500-900 nm is given in 
Figure 5. With the addition of 
SnO, the absorption near 780 nm 
disappeared almost completely, 

indicating improved Cu+ stability within the glass. Similar results were 

Si02 

Figure 6. Basicity in Glass 

obtained with the CuBr system. 

4.2 Precipitation of Fine Particles 

By creating 10Na2O-52.5B2O3-7.5Al2O3-30SiO2-0.75CuCl-0.325SnO (mol ratio) 
composition glass specimens and treating them for 30 minutes under different 
temperatures, the microstructures of the precipitated fine CuCl particles were 
studied by transmission electron microscope (TEM). Figure 7 [not reproduced] 
shows the TEM image of one of these specimens that was treated at 435°C for 30 
minutes. 
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Figure 8. Relationship Between 
Particle Diameter Distribution and 
Heat-Treatment Temperature in Fine 
CuCl Particles 

It can be seen that circular parti- 
cles ranging in diameter from 30-60 A 
randomly scatter over the surface of 
the specimen. From these TEM images, 
the particle diameters and the diame- 
ter distribution pattern of the pre- 
cipitated CuCl particles have been 
studied (Figure 8). Results indicate 
that the average diameter of these 
particles increased as heat-treatment 
temperature increased, and the devia- 
tion of particle diameter narrowed 
when the heat- treatment temperature 
decreased. 
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Figure 9. Absorption Spectra in Fine- 
Particle-Scattered Glass 

Figure 9 gives the absorption spectra 
at 77 K for the CuCl-system and CuBr- 
system specimens that were prepared 
by changing heat-treatment tempera- 
tures. As seen in the figure, absorption peaks appear at two places in those 
specimens subjected to heat treatment. These peaks were caused by absorption 
by the excitons (Z12, Z3), as they shifted toward the low-energy side (longer 
wavelength side) and the peaks became higher as heat-treatment temperature 
increased. Almost the same results were obtained by lengthening the treatment 
time while keeping the treatment temperature the same. In the figure, the 
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Electron and hole 
confinement 

arrows indicate the absorption points of Z3 exciton in the bulk crystal. The 
degree of shifting of the absorption points of Z3 exciton from that of the bulk 
crystal ranged from about 10-40 meV in either of the systems, and the degree 
of shifting diminished as the heat-treatment temperature increased. 

50 
The electrons and holes within the fine 
semiconductor particles scattering with- 
in the glass are confined within the 
three-dimensional space defined by the 
deep potential produced by the matrix 
glass. The shifting energy, AE, under 
this condition in which the excitons are 
confined within the fine particles 
through the quantum confinement effects 
is expressed by the following equation1: 

AE (2M)"1 h2 JT2 a"2 (7) 

where M denotes the translational mass 
of electrons and holes, h the Planck's 
constant, and a represents the radius of 
the fine particles. Figure 10 shows the 
relationships between the AE and the 
radius of the particles, with the data 

Exciton confinement 

,-» 3x10 

Figure 10. Relationship Between Fine 
Particle Radius and 
Exciton Energy Shift 
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Figure 11. Schematic Representation of Forward-Incident Degeneracy 
Four-Light Wave Mixing Method 

obtained through TEM observation of the average radius and the absorption 
spectrum measurement. In the figure, the relationships represented by the 
above equation when M takes a value of 2.83 m0 is shown by the straight line. 
It has been found that the value of AE changes in proportion to the changes in 
a-2 value and the measured values almost coincide to the calculated values. So 
it has been found that in using the above equation it is possible to know the 
diameter of the fine CuX particles scattered within glass by measuring the 
absorption energy of Z3 exciton. Based on this finding, this author calculated 
the diameter of the particles precipitated within the specimens treated at 
different temperatures by measuring the absorption energy of the Z3 exciton. 
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The results found that in the 
high-temperature side, the 
particle grew larger in the 
CuBr system than in the CuCl 
system. It was also found 
that fine particles with di- 
ameters ranging from 30-300 A 
can be grown by selecting 
appropriate heat-treatment 
temperature and the appropri- 
ate length of treatment time. 

4.3 Nonlinear Optical 
Characteristics 

The nonlinear susceptibility 
(x(3)) of a number of types 
of glass was measured by the 
forward incident-type degen- 
eracy-four light wave mixing 
method (Figure 11). Glasses 
having 10Na2O-52. 5B203-7. 5A1- 
2O3-30SiO2-0.5CuX-0.25SnO 
(mol ratio) composition have 
been created as specimens for 
heat-treating measurements at 
different conditions. These 
specimens contained CuX par- 
ticles having different diam- 
eters. 

Figure 12 shows the relation- 
ship between the diameters of 
these fine particles and x(3) 

absorption peak wavelength 
values of the Z3 exciton in 
each of these specimens when 
incident light strength is 10 
kw/cm2. The figure shows that 
XC3> takes the maximum values 
when particles have appropri- 
ate diameters. Figure 13 gives the relationship between the x<3) and the 
wavelength. The figure indicates that in either system x(3) takes the largest 
values at the wavelengths where the absorption maximizes. As can be seen from 
the figure, it is possible to obtain values higher than 10"6 esu. 

5. Conclusion 

This author has studied the nonlinear optical characteristics of glass 
containing CuX particles by creating CuX particle-scattered glass specimens by 
the melt-precipitation method. CuX particle-scattered glass theoretically 
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Figure 12. Relationship Between xl3)  and the 

Fine Particle Diameter 
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makes it possible to enhance the nonlin- 
ear characteristics by making the parti- 
cle finer. The study found that in boro- 
silicate-system glass it is possible to 
precipitate fine CuX semiconductor parti- 
cles having diameters ranging between 
30-300 A by controlling heat-treatment 
conditions. It was also found that the 
nonlinear susceptibility of the glass 
changes greatly depending on the scat- 
tered particle diameter and the wave- 
length of light. Under experimental con- 
ditions it was found that susceptibility 
reaches values higher than 10"6 esu. 

Experiments have achieved high x(3) values 
in a few types of superfine particle 
scattered glass, including the one con- 
taining CuX systems. Continued progress 
in this field of research Will make it 
possible to develop glass-based optical 
controlling devices in the hear future. 
However, there are still many problems 
that must be solved before realizing 
this. They include the necessity to make 
response time faster, smaller than 1 
picosecond, and lowering the absorption 
coefficients below 100 cm"1 while main- 
taining high xC3) values. The techniques 
for analyzing and evaluating the nonlin- 
ear characteristics and measuring the 
response time must also be developed. 

To promote progress in this research, it 
is essential to push comprehensive re- 
search encompassing material development, 
analytical evaluation technology. 

382.5 383 383.5 38-1 3815 385 
WAVELENGTH (nm) 

10" 
<f-182A   ^b'        77K 

500 

lo-' '   -s\ 
400 

a 
iß       ■ 

m 

~ 10-* 

300 ~ 
» 
E 

200 ~ 
a 

100 

io-'° .    ■ .      ..      .     Jf—♦ 0 
410 411 412 413 414 415 416 417 

WAVELENGTH (nm) 

Figure 13. Relationship Between x<3) 

and the Wavelength 

device development technology, and 
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Nonlinear Optical Material Using Dielectric Crystal 
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[Article by Takatomo Sasaki, Osaka University Department of Engineering] 

[Text] 1. Introduction 

In recent years active research has been conducted to obtain green, blue, and 
ultraviolet light through light-wavelength conversion based on the nonlinear 
optical effects in crystallized dielectric substances. Needs for visible as 
well as ultraviolet light sources have been mounting for use in ultraviolet 
beam lithography, medical applications, machining, and nuclear fusion. The 
fine tunability of the wavelength is required for the lights used in the 
fields of photochemical reactions, and isotope separation using lasers. For 
application to optical information processing, computer displays, and optical 
measurement, the development of compact, light, and long-service-life light 
sources capable of providing green, blue, and ultraviolet light is needed. 
Current efforts by researchers are aimed at developing solid-state lasers to 
replace conventional bulky, comparatively short-service-life, not easily- 
maintainable gas-discharge lasers and liquid lasers. Researchers are trying to 
obtain lights having wavelengths up to that of ultraviolet rays through the 
wavelength conversion using nonlinear optical materials. Toward these ends, 
researchers have made efforts to develop organic/inorganic nonlinear optical 
crystals for their application to the development of optical devices. 

Polarization caused when a substance was irradiated with a light having an 
electric field strength E is expressed by the following equation: 

X( l) E + x(2)  E.E + ^(3) E-E-E + 

Usually, the coefficients in the orders lower than x(2) are ignored because 
their values are smaller than that of x(1)- In the case of a laser light having 
a powerful electric field strength E, the contributions by the higher orders 
of these \ terms increase, making a dielectric substance exhibit nonlinear 
optical effects. The value of x<2> assumes zero when a substance has a 
symmetrical crystal structure. However, x does not take zero value. The 
effects produced by the terms higher than x(2) include the second higher 
harmonics generation (SHG), sum frequencies and difference frequencies, and 
wavelength conversion by parametric oscillation. In recent years, extensive 
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research has been conducted on the effects of x(3) f°r application to high- 
speed optical switching, and the photo-refractive effects for use in optical 
information recording. This paper will describe the materials in which the 
greatest progress has been made in the efforts to apply them to the develop- 
ment of wavelength-conversion devices. Developments in wavelength-conversion 
technology will also be introduced. 

The dielectric crystals to fabricate wavelength-conversion devices are 
required to: 

(1) have high nonlinear optical coefficient d (x(2)/2); 
(2) have high angular as well as temperature tolerances for making the 
phase matching easy; 
(3) have wide transmission range in operating wavelength; 
(4) have high laser-damage-resistance capability; 
(5) be easily grown into optically excellent large crystal; 
(6) have high chemical stability, particularly good antihumidity 
capability; 
(7) be mechanically strong and easy to process; and 
(8) be inexpensive in material costs. 

At present, no crystal is available that satisfies all these requirements. 
Under the circumstances, in practical applications those types currently 
available can be used by choosing the type that best meets the requirements of 
a specific application. 

2. Inorganic Nonlinear Optical Materials 

The nonlinear properties in inorganic nonlinear optical materials are caused 
by the constrained electrons within the molecules of these materials. Those 
that contain P-0, 1-0, Nb-0 intermolecular bonding structures manifest strong 
nonlinear effects. Those materials having such bonding structures are 
KDP(KH2P04) family, LiI03, LiNb03, KNb03, and Ba2NaNb5015 (BNN). 

Chalcopyrites such as AgGaS have high Nicaloceram optical coefficients. 
However, their use is currently confined to infrared and near-infrared 
applications because of their narrowband gap. In China, excellent inorganic 
crystals for ultraviolet-ray generation, such as beta barium borate (BBO) and 
lithium borate (LBO) have been developed recently. 

2.1 Materials for High Power Lasers 

Crystals for use in wavelength conversion of high power lasers are required to 
have high laser-damage-resistance capability and have the properties that make 
it possible to grow large optically excellent crystal. Representative 
nonlinear optical crystal materials for use in high power laser applications 
are KDP, KTP, BBO, and LBO. 

For use in high power output, such as high repetitive action frequency lasers, 
nonlinear optical crystals are required to have high heat-withstanding 
capability and high conversion efficiency. For the conversion of a light 
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having a wavelength of 1 /im, KTP crystal is the most suitable, and for the 
generation of ultraviolet rays, BBO and LBO are preferred. Crystal for these 
applications must have high heat-shock withstanding capability and be 
nonwater-soluble. 

KDP crystal has been used in practical applications for a long time because 
the material can be grown into a large crystal, is transparent up to a 
wavelength of 200 nm, and can withstand laser damage. Currently, it is 
possible to grow a KDP crystal having a diameter of 45 cm and a height 
reaching about 1 m for use in the generation of the third harmonics (0.35 /im) 
for nuclear fusion experiments.3 Figure 1 [not reproduced] shows large KDP 
crystals created by this author's group. They are water-soluble, thus making 
it difficult to grind them and apply a nonreflective (AR) coating. However, 
recently better grinding methods and an AR coating technology4 have been 
developed which alleviate this problem. 

KTP crystal has many advantages that make it useful for practical applica- 
tions. The advantages include a high conversion efficiency (nonlinear optical 
coefficient d being higher than 10 times that of KDP), high temperature and 
incident laser light angular tolerances (25°C-cm, -50 mrad>cm), nonwater- 
solubility, and high material hardness and strength. The defect of the crystal 
is its inability to attain phase matching at wavelengths shorter than 1 /im, 
although it has a transmission wavelength range extending up to 0.35 /im. KTP 
crystal can be grown by the hydrothermal method or flux method. Figure 2 [not 
reproduced] shows a KTP crystal grown by this author's group in about 40 days. 
The crystal, measuring 32 x 42 x 87 mm3 (a x b x c axes), was grown by using 
K6Flux and by cooling the temperature from 960°C. Considering that the flux 
method makes it possible to grow a crystal comparatively easily, it could be 
possible to grow a still larger crystal. In KTP crystal, the refractive index 
changes when it grows. Because 
of this, it has been found re- 
cently that the phase-matching 
angle for generating the second 
harmonics changes depending on 
the locations on the crystal 
(Figure 3).5 This must be taken 
into account in using the crys- 
tal in practical applications. 
KTP is also useful as a materi- 
al for fabricating a low-power- 
laser wavelength converter and 
parametric oscillators for gen- 
erating lights with wavelengths 
ranging between 1.5~2 /im. 
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Figure 3. Change of the Phase Matching Angle 
Depending on the Locations on a KTP Crystal 

BBO (^-BaB204) crystal elicits 
interest because it can gener- 
ate ultraviolet rays having 
wavelengths shorter than 0.2 /im at high efficiency. It has a nonlinear optical 
coefficient value 4.4 times that of KDP type II and a large temperature tole- 
rance of 23°C-cm. The crystal has a high laser-damage withstanding threshold 
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value, but it is not completely water-insoluble. The crystal has an incident 
laser light angular tolerance about half that of KDP, and the conversion 
efficiency deteriorates when used with laser lights having wide divergent 
angles and lasers involving high repetitive action frequency. BBO crystal was 
first grown successfully at a Fujian research center in China by the flux 
method. Since then, similar BBO crystals have been grown successfully at 
Cornell University and Stanford University in the United States. Recently, NEC 
Corp. has attracted attention by successfully growing high quality BBO 
crystals by the melt method.6 High hopes are being placed on the melt method 
because it prevents mingling of flux in the crystal and is suitable for volume 
production. Research is being conducted to use BBO crystal to generate super- 
short wavelength (VUV) light shorter than 200 nm,7 and to generate a laser 
light having a wide wavelength range using optical parametric oscillators 
(0P0).8 

LBO (LiB305) crystal was also grown for the first time at the Chinese Research 
Center,9 and with as a wide range of transmission factors extending in wave- 
length from 160 nm to 2.6 (im. The crystal has a comparatively wide incident 
laser light angular tolerance close to that of KTP. However, its nonlinear 
optical coefficient is 2.5 times that of KDP, and this is slightly lower than 
that of BBO. It has a transmission wavelength range extending up to 160 nm, 
however, phase matching cannot be made up to 555 nm in fundamental wave. 
However, the crystal can be used in generating Nd:YAG 3w optical sum frequency 
(1.06 fim + 0.35 /«it - 0.355 /im), and a conversion efficiency of 70 percent has 
been reportedly realized using a 12.6 mm long LBO crystal. LBO crystals are 
grown by the top-seed flux method. It is reported that LBO crystals have high 
laser-damage threshold values thanks to their crystal structure that prevents 
mingling of impurities into the crystal during the growth process. LBO has 
been developed recently and its application fields have yet to be developed 
The d value of the crystal is not very high. However, the crystal could be 
used for generating CW ultraviolet rays by fabricating internal resonator-type 
devices because the crystal has low operational loss. 

2.2 Materials for Low-Power Lasers 

Needs for inexpensive, long-service-life light sources for generating laser 
beams in the green-blue wavelength range are mounting for use in high-density 
optical memory disk application and other fields. Lab-level laser oscillations 
have already been achieved using the II-VI group semiconductor materials. 
However, at least five more years would be required before practically usable 
semiconductor lasers become available. On the other hand, efforts to develop 
wavelength conversion technology are beginning to produce very good results by 
conducting experiments combining conventional inorganic nonlinear optical 
materials, such as LiNb03 (LN), LiTa03 (LT), and KTP, with a pseudo-phase 
matching technology. At present, it is not clear which will become usable 
first on a commercial basis—the II-VI group semiconductor lasers or the 
technology for the wavelength conversion of near-infrared lasers. 

LiNb03 Crystals and LiTa03 Crystals: Among the nonlinear optical coefficients 
in LiNb03, the diagonal element d33 has a large value of 40 pm/V. The d33 
element is not suitable for use in the angular matching, but can be used in 
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Domain inversion 
area 

Cherenkov radiation mode as 
well as pseudo-phase matching 
mode wavelength conversions. 
Until recently, active re- 
search has been conducted on 
the wavelength conversion us- 
ing the Cherenkov radiation 
mode involving the use of 
LiNb03 waveguide. Today, em- 
phasis is shifting to the de- 
velopment of the pseudo-phase 
matching method by making use 
of the domain reversal effect. 
Experiments have been conduct- 
ed by using LiNb03 substrates, 
LiTa03 substrates, and LiNb03 
optical fibers.10 Figure 4 
shows the schematic diagram of 
a device for generating double 
harmonics by the pseudo-phase 
matching method involving the 
use of the waveguide. The most advanced result reported to date concerns the 
generation of a blue light with an output power higher than 10 mW using 
Ti:sapphire laser light source and a device equipped with an LiTa03 waveguide 
having excellent laser-damage-withstanding capability.11 Table 1 gives the 
methods for causing the domain inversion in LiNb03 and LiTa03 that have been 
developed to date.12 Among these methods, the one using an electron beam draws 
particular attention as a method that could be used to cause a bulk mode 
conversion.13 

Proton exchange 
waveguide 

LiNbO, 
substrate 

Figure 4. LiNb03 Waveguide Device for Double 
Harmonics Generation Incorporating Pseudo- 
Phase Matching Technique by Making Use of 
the Domain Inversion Effect 
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Figure 5. Block Diagram of Structure of a Device for Generating 
Double Harmonics of a Semiconductor Laser 

The device incorporates a KNb03 monolithic ring-type external 
resonator. 

KNb03 crystal attracts attention because it has high d32 value suitable for use 
in bulk-type wavelength inversion at high efficiency. Figure 5 is a schematic 
diagram of a blue-light generation system employing an external resonator 
setup.14 The system uses a 7 mm KNb03 ring-type monolithic resonator to effect 
wavelength conversion. In this method, it is important to match the wavelength 
between the laser light and the external resonator. Matching is achieved by 
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Table 1. Domain Inversion-Inducing Methods 

1. Inward-Ti Diffusion Method 
• Formation of a Ti coating 50-300 A in thickness on +z plane 
• A heat treatment lasting for a few tens of minutes at tempera- 

tures ranging from 1,000-1,100°C 
• Occurrence of a domain inversion with Ti's diffusion inward to 

a depth of a few micrometers 

2. Outward Li02 Diffusion Method 
• Quenching of LN after heating it at temperatures ranging from 

1,050-1,100°C 
• Diffusion of Li02 outward and occurrence of a domain inversion 
on the +z plane 

• No inversion in the portion coated with Si02 layer 

3. Si02-Loaded Heat-Treatment Method 
• Coating of the +z plane of LN with Si02 to a thickness of 1,000 K 
• Heat treatment at 1,000°C for a duration ranging from 1-2 hours 
• Diffusion of Li02 and occurrence of a domain inversion 

4. Proton Exchange Heat-Treatment Method 
• Proton exchange on the -z plane of LT at 260°C using pyrophos- 
phoric acid 

• A heat treatment at temperatures ranging from 500-600°C and 
occurrence of a domain inversion 

5. Pyroelectric Field Method 
• Heating at 400°C by attaching a pair of metallic electrodes on 

the y plane of LN 
• Generation of a high voltage between the electrodes caused by 
pyro effects and occurrence of a domain inversion in the z 
direction 

6. Electron Beam Radiation Method 
• Scanning the -z plane by grounding the z plane of LN and LT 
• Electron beam, up to 0.3 mA, 25 kV 
• Possible to cause a bulk-type domain inversion 

comparing the frequencies of the light bouncing back from the KNb03 resonator 
with the semiconductor laser light at the comparison electronic circuits to 
generate feedback signals. The system is capable of outputting 41 mW of laser 
light against an input of 105 mW at a wavelength of 428 run (conversion 
efficiency r) - 39%). With a further reduction of system size, this method will 
be used more commonly along with the pseudo-phase matching method. 

KTP crystal is of interest because it has very large incident light angularity 
as well as temperature tolerances and it can be grown easily compared to other 
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types of crystal. The drawback of the crystal is that it has a nonlinear 
optical coefficient about a quarter of the value of KNb03 and thus blue light 
cannot be generated by the angle-matching method. However, recently a 
successful generation of the second harmonics by the pseudo-phase matching 
method has been reported.10 Using this method, KTP crystal is capable of 
generating lights up to the wavelength of blue light. Experiments using an 
0.85 /im wavelength semiconductor laser produced a 2 mW blue light by inputting 
a laser beam into a KTP device having a length of 5 mm and a domain cycle of 
4 /im. Compared to LiNb03, KTP has better laser-light-damage-withstanding 
capability and good temperature characteristics. These advantages make KTP 
suitable for generating blue light by the pseudo-phase matching method. Also, 
KTP crystal, a bulk-type domain inversion can be obtained through chemical 
reaction only. 

KTP crystal is also being used to fabricate the internal resonator devices for 
generating the second harmonics. In these devices KTP crystal is used by being 
inserted into the laser resonator. This makes it possible to generate a strong 
electric field within the resonator easily and realize a high wavelength 
conversion efficiency. In addition, the use of KTP crystal makes it possible 
to obtain the TEM0o mode easily even when the special pattern of the semicon- 
ductor laser beam is not in good condition. By inserting a KTP piece and a A/4 
output stabilizing plate into an Nd:YAG laser resonator, a continuously 
generated green light with an output of 1 W has been obtained.15 In addition, 
by inserting a KTP piece into the resonator of a 1 mm thick Nd:YV04 laser 
microchip, a green light (0.53 /im) with an output of about 10 mW has been 
generated in a single mode against the laser-exciting power of 760 mW.16 This 
will make it possible to reduce the system size greatly and to obtain a single 
mode light in both vertical as well as horizontal directions. 

3. Organic Nonlinear Optical Materials 

In recent years active research has been conducted to develop organic 
nonlinear optical materials, and in Japan many low-molecular weight organic 
materials displaying nonlinear optical effects higher than that of KTP crystal 
have been developed. Those organic materials and products currently being 
developed include low-molecular weight crystals.17 The disadvantages of these 
organic materials are their comparatively low material stability and the 
difficult of processing because of material softness.18 Efforts to apply them 
to device fabrication have yet to come. 

4. Future of the Nonlinear Optical Material Crystal Development Effort 

Considering that a variety of wavelength-variable solid-state lasers, includ- 
ing semiconductor lasers and Ti:sapphire lasers, have been developed to cover 
a wavelength band ranging from red light to near-red light, there should be no 
need to divert nonlinear wavelength conversion devices to the red band 
applications. However, for infrared range applications, mainly for measure- 
ment, with the wavelength involved longer than 2 /im, the usefulness of 
parametric oscillators fabricated using KTP, LiNb03, and other nonlinear 
optical substances would increase. KTP crystal is the most suitable for 
generating green light. BBO and LBO crystals are regarded to be the most- 
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suitable for generating pulsating blue-to-ultraviolet range lights. Efforts 
are under way to develop smaller, longer-service-life devices capable of 
continuously generating ultraviolet light by combining these crystals and 
solid-state lasers. 

Research for generating blue light through the wavelength conversion of 
semiconductor lasers may be focused on the refinement of the pseudo-phase 
matching method by using the crystals of LiNb03, LiTa03, and KTP. Continued 
efforts must be made to understand the mechanism of the occurrence of domain 
inversion better by studying the crystal structure. To promote the practical 
utilization of LiNb03, light damage-withstanding capability must be improved, 
and in LiTa03 the technology to grow optically higher quality crystal must be 
established. Concerning optical devices, efforts must be made to develop 
easier-to-use bulk-type devices, in addition to waveguide-type pseudo-phase 
matching devices. To achieve this, it is important to establish a domain 
inversion technology that will make it possible to achieve high-efficiency 
wavelength conversion at lower conversion loss. 
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Development of Ultra-Ion-Conductive Glass, New Ultra-Ionic-Conductive Hybrid 
Material 

936C3809F Osaka ATARASHI KINOSEI SERAMIKKUSU in Japanese 2 Mar 92 pp 89-100 

[Article by Tsutomu Minami, Osaka Prefectural University Department of 
Engineering] 

[Text] The three pillars propping up the high technology community today are 
said to be biotechnology, information, and high performance materials. The 
reason for materials development drawing such high attention is that it has 
now been recognized widely that genuine technological innovations can be 
promoted by the development of high-performance materials. 

Glass is one of these materials. Extensive research has been conducted to 
develop new functional glass, including glass fibers for optical communica- 
tions. The ultra-ion-conductive glass that will be introduced in this paper is 
another such glass product. 

Table 1. Comparison of Electric Conductivity Between Ultra-Conductive Glass 
and a Few Other Substances 

Electric conductivity/S cm x 

(25°C) 

5% NaCl solution 
5% AgN03 solution 
75AgI-25Ag2Se0A glass (mol%) 
Soda lime glass* 

6 x 10-2 
2 x 10"2 

2.2 x 10"2 
3 x 10"13 

* 73% Si02, 16% Na20, 5.5% CaO(wt%) , and also including MgO, A1203, 
and K20 

Commonly, glass is regarded as an electrical insulator. However, contrary to 
common knowledge, glass that conducts electricity very well has been 
developed. As listed in Table 1, 75Agl-25Ag2Se04 glass displays an electric 
conductivity at 25°C, that is by more than 10-digits-worth higher than that of 
conventional soda-lime glass. ??conductivit of the advanced glass is almost at 
the same level with that of 5%NaCl solution and 5%AgN03 solution. This tells 
that the above common knowledge, glass as insulator is now scientifically 
groundless. 

41 



Glass exhibiting an ion conductivity as high as that of electrolytic solutions 
is called "ultra-ion-conductive glass." This name was adopted considering that 
"ultra-ion conductive" in many cases refers to a crystal displaying high ion 
conductivity. 

This paper will touch on methods to produce high ion conductivity in solid- 
state materials, the results of comparison of ion conductivity between glass 
and crystals, the examples and the reason for glass displaying generally 
higher ion conductivity than crystals (the merit of vitrification), examples 
of newly developed high-ion-conductive glass, and the example of the 
successful development of a novel hybrid material by freeze confining a-Agl—a 
material that displays ultra-ion-conductive glass under high temperature— 
within glass at room temperature. This paper will also refer to the mechanism 
of ion conduction, the relationships between the electron configuration in ion 
and the conductivity, the relationships between the ion-mixing effects and the 
conductivity, and glass structure. 

Ultra-Ion-Conductive Glass 

In the field of electronics, today's prosperity in the industry has been 
realized as a result of solid-state material (transistor) replacing gas-filled 
parts (vacuum tube), leading to an improvement in the reliability and smaller 
size of electronic systems. While in the field dealing with ion-conductive 
materials, fluid-form electrolytes still play a major role and the development 
of solid-state counterparts has made not much progress. Because of this, 
active efforts have been made to develop solid-state electrolytes (ultra-ion 
conductors). 

1. Improvement of Ion Conductivity in Solid-State Substance 

An ion has an electric charge and has a considerably large radius and mass. 
This makes it difficult for an ion to move around within a solid-state 
substance. So the phenomenon of ion conductivity is observed only when the 
required conditions are satisfied. 

The following three conditions are well known.1,2 

(1) Presence of Lattice Defects 

When CaO was added to Zr02, bivalent Ca takes up the positions for quadrivalent 
Zr electrons. This disturbs the electric neutrality, generating the lattice 
defects of oxygen. This causes oxygen ions to move. 

(2) Presence of a Special Crystal Structure 

^-alumina assumes a laminar crystal structure having an Na20-llAl203 structure. 
Bonding between the adjoining layers is weaker than the bonding within the 
layer. Na+ ions present between these layers can thus move around comparatively 
easily. There is also a structure called horandite [phonetic] existing within 
a crystal that serves as a tunnel for easy movement of ions through it. 
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(3) Presence of a Balanced Structure 

This can be considered as a variant of the above case of special crystal 
structure. However, this differs from the case considerably, so it will be 
handled as an independent structure. For example, o-Agl has a crystal 
structure in which I", having a large ion radius, forms a body-centered cubic 
structure with two I" ions present within each of the unit lattices. In order 
to satisfy the Agl stoichiometry, the same number of Ag+ ions must be present. 

There are 12 equivalent places for those Ag+ ions. The fact that these ions are 
not immobilized at specific places but are distributed in a statistically 
balanced mode makes Ag+ ions capable of moving around just like they are in a 
solution. 

2. Merits of Vitrification 

The above three represent the methods for obtaining high-ion conductivity from 
crystallized substances. Recently, a fourth method has been found in which 
high-ion conductivity can be obtained from amorphous or vitrified substances. 
Compared to crystals, ions are believed to move around ore easily within glass 
that has less tight structure than crystal. 

Figure l3 gives a comparison of ion con- 
ductivity between crystallized glass and 
AgI-Ag20-P205-system materials. Over the 
entire composition range, crystallized 
glass displays conductivities 5-20 times 
higher than their counterparts. 

In the case of electron-conductive sub- 
stances, making the substances into an 
amorphous state causes a decline in the 
conductivity because the electrons or 
holes are scattered violently by the 
lattice vibration. However, in the case 
of ions, conductivity improves by promot- 
ing the change into an amorphous state 
(vitrification), as is clear from Figure 
1. In addition to these features, vitri- 
fication produces a number of other ad- 
vantages as given in Table 1.* Consider- 
ing these advantages, the importance of 
glass and other amorphous materials in 
the development of ion-conductive materi- 
al will increase in the future. 

is** 

10-' 
*S^ 

„"*                <" 
. S                 «' V^                 •'* 

S\                   *' 

r io-' 
i / 
R X 

s$ s 
* 

M «,' 
to '             1 ° Ag,0/PtO, content = 3 

io-* 
* Glass 1 * Ag,0/P,0, content = 2 

*Ag.O content =25   mol % 

#i» Ag, O/P, 0,  content. = 3 
Glass  U Ax.O/P.O,  content = 2 

&Takahashietal.(1972) 

IO"» 1 _i        ii        i        i        i 
40 70 50      60 

Agl content (mol X) 

Figure 1. Comparison of Ion Conduc- 
tivity Between Agl-Ag20-P205-System 
Crystals and Same-System Glass at 
25°C (Cited from Ref. 3 material) 

In many cases, a term "ultra-ion conduc- 
tor" denotes a substance in a crystal- 
lized form. In order to differentiate 
from this clearly, glassy substances are 
commonly called "ultra-ion-conductive glass" or "high-ion-conductive glass." 
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3. Development of New Glass Synthesizing Material Systems 

Items 6 and 7 features of vitrification as described in Table 1 will be 
elaborated below with the help of Table 2.5 Table 2 lists four ion types—Ag+, 
Li+, Cu+, and Na+—as movable ions. Among these, research has most progressed 
on Ag+ ion. However, recently emphasis is shifting toward Li+ ion. Those items 
in the table are listed as glass-formation material systems and they do not 
represent the chemical compositions of glass. They are the most representative 
systems and many other variations are available (Table l6). 

Table 1 [as published]. Advantages of Vitrification (cited from Ref. 4) 

(1) Realization of high-ion conductivity 
(2) Homogeneity, isotropy 
(3) No grain boundary 
(4) Good moldability 
(5) Ease in forming thin film 
(6) Availability of many glass formation material systems 
(7) Ease in controlling characteristic value with availability of wide- 

ranging chemical composition 

Table 2. Ion Conductivities in a Number of Kinds of Ion-Conductive Glass 
(cited from Ref 5) 

Movable ion Glass formation Ion conductivity Reference 
material systsem (S/cm,25°C) number 

i  Agl-Ag20-Mo03 l(T*~l(r2 6 
Ag+ Agl-Ag20-P205 l(T*~l(r2 3 

Agl-Ag20-B203 Kr6~l(T2 7 
Agl-Ag2-Se04 io-4~io-2 8 

i  LiI-Li2S-B2S3 KrA~i(r3 9 
LiI-Li2S-P2S3 10-*-10"3 10 
Li2S—GeS2 10-7~10"5 11 

Li+ Li20-LiCl-B203 10-7~1(T5 12 
Li20-Si02-Zr02 thin film 10"8~10-6 13 
Li2Si04-Li3P04  thin film l(T6~l(r*   (200°C) 14 

Cu+ L_ 
Cul-Cu20-P203 i(r7~i(r3 15 
Cul-Cu20-Mo03 10"3~10-2 16 

Na+ Na20-Zr02-P205-S i02 10_6~10_5  (150°C) 17,18 

As for these material systems, they have their individual compositional ranges 
that make it possible to form glass. However, the availability of many kinds 
of material components allows making glass having greater varieties of the 
chemical composition than its crystal counterparts (Table l7) . 
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This paper will describe Ag+ ion-conductive glass first, followed by a 
description of Li+ ion-conductive glass. In addition, a reference to Cu+ ion- 
conductive glass will be made in the section on ion-conducting mechanism. 

/(t) 
3.1 Ag+ Ion-Conductive Glass ,^500 

10 

Figure 219 shows the temperature depen- 
dence of ion conductivity in some of 
the Ag+-system ultra-ion-conductive 
glass. For comparison, the data on the 
temperature dependence of several 
types of crystallized substances are 
also shown in the figure (those at- 
tached with a mark "(c)"). Among 
these, RbAg4l5(c) is one solid-state 
ion conductor and has a very large 
room temperature conductivity of 2 x 
10"1 S/cm. (The largest value attained 
to date stands at 4.7 x 10"1 S/cm20 

realized in a RbACu16I7Cl13 compound in 
which part of the Rb was displaced 
with K.) 

To avoid the figure becoming over- 
crowded, only the data for the most 
representative types of glass are 
shown. It can be seen that compara- 
tively high conductivities are exhib- 
ited not only by Agl glass, but also 
by AgBr and AgCl glass. At tempera- 
tures higher than 146°C, Agl crystal 
exists as a-Agl, and displays very 
high-ion conductivity. 
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For comparison, the data of several types 
of crystallized counterparts are also 
shown by being distinguished with a mark 
(C) from other noncrystallized ones. 

Figure 2. Temperature Dependence of 
Conductivity in Typical Ion- 
Conductive Glass 
(Cited from Ref 19 material) 

The reason for glass containing Agl 
exhibiting high-ion conductivities can be explained by such high-ion 
conductivity level of a-Agl. However, AgBr crystal and AgCl crystal do not 
contain a phase displaying such a high-ion conductivity as a-Agl, and they 
have low conductivities as shown in the figure. As shown above, other 
components making up these glass, too, have very low-ion conductivities as 
individual components. The fact that they display high-ion conductivities when 
they have been vitrified serves as another example of the merit of vitrifying 
them in the development of high-ion-conductive materials. 

As far as ion-conductive values in Table 2 are concerned, Ag ion-conductive 
glass systems have almost the same values with Li+ systems. However, the number 
of papers published covering the research on the former is far larger than the 
latter, indicating the former has been researched more extensively. The reason 
for this is that Ag+ glass is easier to process, is stable at room temperature, 
and has higher ion conductivity. 
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The basic Ag+ ion-conductive glass is 
composed of AgI-Ag20-MmOn-system sub- 
stances (MmOn denotes various types of 
oxides). There are many kinds of MmOn, 
and each of these glass material systems 
has a comparatively wide glass formation 
condition range. This allows much free- 
dom in determining glass composition in 
developing ion-conductive glass.8 It is 
known that ion-conductive glass can also 
be made by displaying I and 0 With other 
VII group or VI group elements, as de- 
scribed in Figure 3.4-21 This diversity 
in the glass formation material system 
has contributed greatly to the research 
on the structure of Ag+ ion-conductive 
glass and the ion-conducting mechanism. 
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Figure 3. Expansion of Glass Forma- 
tion Material Systems by Displac- 
ing I and 0 in Agl-AgaO-MmO,, 
Systems 

(Cited from Refs. 4, 21 materials) 
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3.2 Li+ Ion-Conductive Glass 

Figure 419 shows the temperature depen- 
dence of ion conductivity for the most 
representative of Li+ ion-conductive 
glass listed in Table 2. compared to 
Ag+ counterparts, the number of glass 
types available is comparatively fewer 
and the conductivity attained is con- 
siderably lower. The conductivity val- 
ues for the LiI-Li2S-B2S3 system and 
LiI-Li2S-P2S5 system glass are the high- 
est attained to date as Li+ ion-conduc- 
tive glass. 

2LiC! • 3LI.O • 7B.O, 
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Figure 4 also shows the data for a few 
types of crystals (carrying a mark 
"(c)" for comparison. Among these crys- 
tals , Li supersonic conductor (LISICON) 
is a representative Li+ ion conductor 
and its chemical composition is ex- 
pressed as LiuZn(Ge04)4.

22'23 The 
Li4Si04-Li3P04-system forms solid solu- 
tions and ion conductivity in the sys- 
tem peaks at 1:1 mo1 ratio between the 
two components.2* In Li3N, conductivity 
decreases when its purity improves, and 
high conductivity is measured when 
moisture is present within the materi- 

al.  One of the problems in Li3N includes its low stability in the air.25 

For comparison,   the data of several 
crystallized counterparts are also shown 
by being distinguished with a mark (c) 
from those noncrystallized ones. 

Figure 4.   Temperature Dependence of 
Conductivity in Typical Li+ Ion- 
Conductive Glass 
(Cited from Ref.   19 material) 
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In glass, it is difficult to achieve high-ion conductivity by using high 
purity oxides. Attempts have been made to improve Li+ ion conductivity by using 
lithium halide-containing material systems of sulfides instead of using oxide 
systems. These material systems must be handled carefully because they are 
unstable in the air. On the other hand, efforts are being made to use 
currently available material systems by processing them into thin films to 
reduce the apparent resistance value in these systems. 

3.3 Ultra-Rapid Cooled Glass 

As described above, it is difficult to develop high-ion conductivity in oxide- 
system materials through conventional techniques. Attempts are being made to 
increase conductivity in Li+ ion-conductive glass by cooling the material at 
ultra-rapid cooling speeds. Current efforts were prompted by the data released 
by the Bell Laboratory of the United States in 1977, that is shown in Figure 
5.26 The figure indicates the temperature dependence of the dielectric constant 
in lithium niobate glass that can be produced by cooling LiNb03 at ultra-rapid 
cooling speed. The Ordinate axis gives the dielectric constant («) values and 
the abscissa axis testing temperature (K). In general, crystallization of a 
substance causes the dielectric constant of it to shrink greatly. However, in 
ultra-rapid cooled lithium niobate glass, the dielectric constant reaches a 
very high value, in the order of 105. In the glass, another dielectric constant 
peak appears before the material crystallizes. Finding these double peaks 
attracted great attention when it was reported that the double-peak feature 
shows the possibility of the material exhibiting a phenomenon similar to a 
ferroelectric dislocation, despite the fact it assumes an amorphous glass 
state. 
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Figure 5. Temperature Dependence of 
Dielectric Constant in LiNb03 Glass 
(Cited from Ref. 26 material) 

Figure 6. Ultra-Rapid Cooling System 
Combined an Infrared Light-Focused 
Furnace and Twin Rollers 

(Cited from Ref 27 material) 

Encouraged by this report, this author and other researchers have attempted to 
produce oxide glass using the ultra-rapid cooled technique. Figure 627 gives 
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the schematic representation of the cooling system. In the system, a 
temperature of 1,800°C can be generated by focusing the light from a tungsten 
halogen lamp placed within an elliptical mirror. That temperature can be 
obtained in a few seconds after the lamp is turned on. As test specimens, the 
sintered compacts of the mixture of material powders with the composition 
adjusted to desired compositions were used. The system makes use of no 
crucible and the melting conditions can be adjusted somewhat by changing the 
environment within the quartz tube. The system allows for observation of the 
melting condition through a lens. Increasing the temperature brightens the 
inside of the tube. 
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This author has conducted experiments 
to confirm the data given in Figure 5. 
Lithium niobate (LiNbO3-50Li2O-50Nb2O5) 
is a material that is very difficult to 
vitrify. So to promote vitrification, 
5% barium oxide was introduced by keep- 
ing the mol ratio of Li20 and Nb203 at 
a constant level. Figure 728 gives the 
characteristics of temperature vs. di- 
electric constant and ion conductivity 
of the glass thus produced. The glass 
achieved a very high dielectric con- 
stant (A value reaching to an order of 
105). However, crystallization caused 
the constant to shrink to a very low 
level. This caused the specimens to 
display a conspicuous peak in the value 
of the dielectric constant. However, no 
twin peaks as were observed in the 
above instance of LiNb03 were observed 
in this author's experiment. The ion 
conductivity (o) in the specimens dis- 
played a change pattern that was quite 
similar to that of dielectric constant, 
and the value plummeted by an order of 
about 10 digits as a result of crystal- 
lization. From these results in which 
the dielectric constant and ion conduc- 
tivity exhibited almost the same tem- 
perature-dependence patterns, it is be- 
lieved that these phenomena do not indicate the manifestation of ferroelectric 
characteristic caused by ultra-rapid cooling, but the appearance of an 
apparently large dielectric constant caused by the polarization of the ions 
induced by ion conduction. 

Figure 829 shows the changes of ion conductivity (500 K) when a number of kinds 
of third-material components were introduced into Li20-MxOy-Nb205-system glass. 
It can be seen that conductivity increases exponentially as the content of Li20 
increases, though there are fluctuations in the conductivity value amounting 
to an order ranging from one to two digits of value depending on the kind of 
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Figure 7. Temperature Dependence of 
Dielectric Constant and Ion Con- 
ductivity in Ultra-Rapidly Cooled 
Glass (Cited from Ref. 28 material) 
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Figure 9. Compositional Dependence 
of Ion Conductivity in Li4Si04- 
Li3B034-System Ultra-Rapidly 
Cooled Glass 

(Cited from Ref. 31 material) third component introduced. This indicates 
that ion conductivity in the glass is dic- 
tated by the content of Li20. So in order 
to improve conductivity, Li20 content must be increased. This may cause 
deterioration in the strength of glass when producing a glass having a very 
high-ion conductivity. 

However, the relationships between material composition and ion conductivity 
are not so simple, as indicated in Figure 9.30'31 The figure shows the 
compositional dependence of ion conductivity in a glass composed of lithium 
orthosilicide (LiASiOA) and lithium orthoboride (Li3B03). The ion conductivity 
peaks at a specific composition. In this system of glass, lithium represents 
the only cations involved, however, as anion, two different substances are 
contained—orthosilicide and orthoboride. It is believed that the peak in ion 
conductivity resulted from mixing of two different anions, with a phenomenon 
known commonly as "mixed-anion effects" occurring. 

4. Ion Conduction Mechanism 

Generally, ion conductivity in glass can be calculated from an equation, 

o  - ne fi (1) 
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where n denotes charge carrier, e electric charge, and p the mobility. The 
value of a changes exponentially when the composition of a glass changes, as 
is clear from Figure 2. The important thing in discussing the ion conduction 
mechanism in glass is to clarify the mechanism causing the change of the 
conductivity when glass composition changes, and whether some of the movable 
ions within glass or all of them are contributing to the manifestation of the 
conductivity as charge carrier. (Through experiment it has been confirmed that 
almost all the glass discussed in this paper are ion conductors in which 
electrons play little role in promoting ion conductivity.) 

As for the conduction mechanism, three conduction models have been proposed: 
1) the random-site model32,33 focusing on the change of \i value, 2) the weak- 
electrolytic model33,34 taking into account the change of n value, and 3) the 
diffusion-channel model8,19,35 combining the change of n and n value (Table 3). 

Table 3. Ion-Conduction Mechanisms for Three Condition Models 

Model Density n Density /* Density a 

Random site 
model 

All cation 
(change by the 
composition being 
small) 

Changes greatly 
depending on the 
composition 

Value of a  dic- 
tated by change 
Of fi 

Weak electro- 
lytic model 

Part of cation 
(equivalent to 
dissociated 
cation) 

At a constant 
level irrespec- 
tive of composi- 
tional change 

Value of a dic- 
tated by change 
of n value 

Diffusion 
channel model 

Part of cation Changes depending 
on compositional 
change 

Value of a  af- 
fected by change 
of both n and ft 

In the random-site model, all types of ions, such as Ag+ and Li+ that have the 
possibility of contributing to ion conduction function as charge carrier. 
Also, the activation energy has a distribution pattern in which the energy 
level varies from site to site, causing change of the mobility depending on 
the change of the composition reflecting the difference of energy level. In 
general, the change of ion density caused by changing the composition is 
small. So the change of conductivity caused by the compositional change is 
dictated by the change of the mobility. 

In the weak-electrolytic model, all those ions that have the possibility of 
improving conductivity do not serve as charge carriers. Like the situation 
within weak electrolytic solutions, a small portion of the cations dissociates 
to generate ions that contribute to ion conduction. In the model, mobility 
remains at a constant level not affected by the composition. This means that 
the change of conductivity associated with the change in composition is 
dictated by the density of the dissociated ions (density of charge carrier). 
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The diffusion-channel model assumes that diffusion channels for movement and 
diffusion of ions exist within glass. The length of these channels determines 
the degree of mobility, and the condition of the channels is believed to 
change depending on the composition and structure in a glass. Among those 
ions, the ones that are located in the diffusion channels only function as the 
charge carrier. Considering that part of cations contributes to the improve- 
ment in conductivity and mobility changes when the composition in a glass 
changes, it is believed that the change of conductivity when there is a change 
in composition is affected by both the density of the dissociated ions and the 
mobility. 

At present, it is not known yet which of these models is most suitable to 
explain the conduction mechanism. However, the diffusion-channel model 
proposed by this author's group is gaining increasing support. 

The structure model shown in Figure 1036 

may give a clearer idea of this model. 
(This structure model will be detailed in 
the next section.) The structure model is 
for AgI-Ag2MoO<|-system glass. The trian- 
gles represent MoO^2- tetrahedron ions, 
the circles filled with oblique lines, I 
ions, and the smaller circles, Ag+ ions. 
Compared to the irregular three-dimen- 
sional mesh structure of conventional 
glass, the structure shown in the figure 
is unique. 

Figure 10. Structure Model of Agl- 
Ag2Mo04-System Glass 

(Cited from Ref. 36 material) 

In the structure model, it can be seen 
that there are two types of Ag+ ions—an Ag+ ion positioned close to an oxygen 
ion and an Ag+ ion surrounded with iodine ions. It is believed that the latter 
plays an important role in ion conduction with these Ag+ ions moving along the 
diffusion channels formed by iodine ions. 

There is one more important problem in considering the ion-conduction 
mechanism. 

As may be surmised from Table 2, there are many Ag+-system substances whose 
conductivity reaches 10"2S/cm-1. However, in an Li+ system, none have such a 
high conductivity, with only a few substances displaying a value of 10"3S/cm-1 

at the highest. In an Na+ system, the conductivity is far smaller. A comparison 
of ion conductivity among these three types of glass having similar chemical 
compositions showed that there are the following conductivity relationships 
among them: a(AgA/cm2) > a(Li+) > a(Na+). Considering the radius of those ions 
listed in Table 4, this order of conductivity is worth nothing. That is, an Ag+ 

ion having a radius about twice that of an Li+ ion exhibits a conductivity that 
is far larger than that of its Li+ counterpart. 

Two reasons may contribute to the large-radius Ag+ ions displaying the highest 
conductivity. 
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Table 4. Ion Radius and Electron Configuration in a Univalent Cation 

Ion Radius/A Electron configuration 

Ag+ 

Cu+ 

Li+ 

Na+ 

1.26 
0.96 
0.68 
0.97 

[Kr shell ]4d10 

[Ar shell]3d10 

[He shell] 
[Ne shell] 

The first assumption is that there is a relationship between the ion radius 
and the structural gap dimension that contributes to the movement of Ag+ ions. 
Among various types of /?-Al203> it is well known that Na+j9-Al203 displays the 
highest conductivity.37 It is explained that such high conductivity is realized 
because of the presence of an appropriate relationship between the ion radius 
and the gap dimension. It is believed that similarly high conductivity could 
be measured in other types of glass of similar material systems. 

The second assumption attributes the high conductivity to the electron config- 
uration in Ag+ ions. As described in Table 4, Ag+ takes d10 in electron config- 
uration in the outermost orbit. While Li+ and Na+ take a rare-gas structure 
such as sz and s2p6. The assumption assumes that the d orbit's lower screening 
capability of nuclear charge compared to that of the s orbit and the p orbit 
and the softer orbit makes Ag+ ions easier to move around prompted by small 
shocks caused by collision with the lattice when they move through the gaps. 

In /9-Al203 crystal it is believed that the 
sturdy crystal lattice secures a struc- 
tural gap that is suitable for the ions 
to move around. In amorphous substances 
such as glass and those in solution form, 
it is commonly known that in principle 
smaller ions are easier to move around. 
All in all, it is difficult to explain 
ion conduction mechanisms by the first 
assumption. There is a high possibility 
that ion radius and ion electron configu- 
ration play important roles, as described 
in the second assumption. 

eg 

Figure ll16 shows the compositional depen- 
dence of ion conductivity (25°C) in Agl- 
Ag2Mo04-system and CuI-Cu2Mo04-system 
glass. As is shown in the figure, Cu- 
system glass displays a higher conductiv- 
ity among the two similar material system 
glass. Considering the fact that Cu+ ions 
have the d10 structure, the structure the 
same as Ag+ ions, and have a smaller ion 
radius than that of Ag+, the results 

20  30  40  SO  60  70 
Cu,Mo04,Ag,MoO< <mol#> 

Figure 11. Compositional Dependence 
of Ion Conductivity (25°C) in 
CuI-Cu2Mo04-System Glass and 
Ag2MoO^-System Glass 

(Cited from Ref. 16 material) 
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shown in the figure seem to demonstrate the validity of the second assumption. 
That is, in order to obtain high-ion conductivity in glass, the ion radius 
must be small and the electron configuration assumes the d10 structure, rather 
than the rare-gas structure. 

To prove the validity of this conclusion, it is necessary to create many more 
Cu+ ion-conductive glass specimens to obtain more objective data. However, 
there are a number of problems in doing this. The largest obstacle is the fact 
that the Cul-Cu2-MoO<, system,

16 Cul-Cu20-P205 system,
15 and CuI-CuCl-RbCl system38 

are the only Cu+ ion-conductive glass known to date, and at present they are 
difficult to produce. Another problem is the fact that in many cases, within 
glass, Cu is present in the form in which the univalent and bivalent forms 
coexist, rather than being present in univalent form only. (The condition of 
the coexistence deteriorates the ion conductivity greatly just as in the case 
of Na20-Ca0-Si02-system glass.) Even if the glass can be created, the dis- 
crepancy in glass-formation ranges between the Ag system and Cu system makes 
it difficult to make direct comparison. In addition, there are substantial 
differences in the exponential terms associated with the conductivity's 
temperature dependence between the Ag system and Cu system,16 and there may be 
differences in the conduction mechanism. There are still many research 
problems to be solved. 

Wavelength dm) 

10      15 

5. Glass Structure 

This section will introduce typical exam- 
ples of the infrared absorption spectrum 
and the Raman spectrum of Ag+ ion-conduc- 
tive glass. These spectrum conditions are 
closely related to the conduction mecha- 
nisms discussed above. 

Figure 1236>39 shows the infrared absorption 
spectra in AgI-Ag20-Mo03-system glass. The 
chemical composition for each of these 
spectra is illustrated in the triangular 
diagram inserted in the figure. The spectra 
(a) to (d) exhibit the chemical composi- 
tions corresponding to an Agi-Ag2Mo04 
pseudo-two component system, and the spec- 
tra (e) and (f) represent the chemical 
compositions that contain small amounts of 
Mo03. In the spectra (a)~(b) the absorption 
of Mo04

2~ tetrahedron ions in v3 and v4 modes 
may be observed. In the spectra (e) and 
(f), the symmetrical as well as asymmetri- 
cal absorption in Mo-O-Mo binding caused by 
the condensation of Mo04

2~ in addition to 
the above absorption may be observed. Spec- 
tra (a)~(d) indicate that the glass is com- 
posed of isolated MoC^2- monomer ions, I~ ions, and Ag+ ions, and the spectra 
(e) and (f) reveal that the glass additionally contains tiny amounts of 

1.400 1,200 1,000  800  600  400   200 

Wave number (cm'1 ) 

Figure 12. Infrared Absorption 
Spectra in Agl-Ag20-Mo03-System 
Glass (Cited from Ref. 36, 39) 
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condensed anions. Spectra (c) and (d) are for glass that have the same 
chemical composition, but were created using different starting materials— 
Agl, Ag20, and Mo03 for (c) glass and Agl, and Ag2Mo04 for (d) glass. The 
difference starting materials causes almost no difference between the two 
spectra. (The starting materials of (a) glass and (b) glass are the same as 
that of (c) glass.) 

The glass structure shown in Figure 10 was drawn based on the results 
described above. 

Experiments involving shifting of the absorption-band peak through ion 
exchanges with Ag+ ions and K+ ions have found that there is a considerably 
strong partial covalent binding between Ag+ ions and the oxygen ions within 
Mo04

2-.36'39 In Figure 10, the Ag+ ions (small circles with an asterisk within 
them) located close to Mo04

2" ions are tightly bound with the oxygen ions 
within MoOA

2~ ions. The glass structure shown in Figure 10 has the features of 
the so-called ion glass. Conventional structure ion glass contains two types 
of cation and usually one of them is bivalent cation. It is said that vitrifi- 
cation occurs as a result of this cation interacting strongly with anions. 
Different from this conventional glass, the glass described above contains 
only Ag+ ions as cation. The phenomenon of a strong, partially covalent, 
binding is believed to play an important role in the formation of glass. 
Moreover, this phenomenon is believed to be responsible for the presence of 
two types of Ag+ ions—easily movable Ag+ ions and not-easily-movable Ag+ ions. 

The infrared absorption spectrum provides 
information about the anion structure, but not 
about the structure around the Ag+ ions, (the 
information about the surrounding structure 
can be obtained from the Raman spectrum.) 
Concerning this, an interesting result has 
been reported that is shown in Figure 13.40'*1 

The spectra shown in the figure are those of 
40AgX-60AgP03 (mol%) glass. Here, X represents 
halogens, such as I, Br, and Cl. It is said 
that the spectrum band observed around 60 cm-1 

represents a condition in which Ag+ ions are 
surrounded by oxygen atoms (not-easily-movable 
Ag+ ions), and the band ranging from 190-115 
cm-1 in which a shift of spectrum peak is 
observed as a result of the change of halogen 
type represents the presence of AgX4 (easily 
movable Ag+) . These Raman spectra data back up 
the diffusion-channel theory to explain the 
ion-conduction mechanism effectively. 

6. Application Field 

Wave number (cm' ' ) 
Spectra are presented in relative 
strength based on the *»FO| 
strength measured at 1,142cm"' 

Figure 13. Raman Spectra of 
40AgX-60AgPO3 (mol%) Glass 
(Cited from Ref. 40 material) 

Ion conductors, including ion—conductive crystals, can be applied to ion 
censors, fuel cells, capacitors, solid-state batteries, and display materials. 
In connection with these application fields, this section will refer to 

54 



"electromechanism" and an instance of utilization as the cathode material in 
secondary batteries, as in the cases in which the problem of intercalation 
reaction is involved. 

Figure 14*2 gives the electrochromism spec- 
tra for W03-Nb205-Li20-system ultra-rapid 
cooled glass. When univalent cations and 
electrons are injected simultaneously into 
a vapor-deposited amorphous W03 film placed 
under an electric field, MxW03 is created as 
a result of the chemical reaction shown 
below: 

xM* + W03 + xe -» MxW03 

A blue substance is created by this reac- 
tion. Active research is under way to use 
the substance to create character/image 
display elements and as a material to 
control light strength. Addition of Li20 to 
W03 causes a change in the response speed 
without affecting the color noticeably. 
However, introduction of Nb205 causes the 
peak of the spectrum to shift toward the 
low wavelength side as the added amount of 
the substance increases, as shown in Figure 
14. This suggests that by proper selection 
of the third components introduced, it 
would be possible to produce multicolors. 

800 600   700 

Wavelength(nm) 

Content of Nb,0| increases 
from specimens No. 1 toward No. 5 

Figure 14. Electrochromism in 
The possibility of generating multicolors Li20-W03-Nb205-System Ultra- 
by applying an electric field in one polar- Rapidly Cooled Glass 
ity and making it disappear by applying in (Cited from Ref. 42 material) 
opposite polarity could produce display 
elements that have better performance than liquid crystal display elements. In 
addition, the electrochromic glass could be used in light-strength-adjustment 
applications. 

In order to make this research bear fruit, effort must be made to develop 
superior ultra-ion conductors as ion supply sources and to develop electro- 
chromic materials having better response and stability. Development of ultra- 
ion-conductive glass will contribute to these efforts. 

The reaction occurring at the cathode (positive electrode) of the secondary 
batteries is similar to the one described by the above chemical-reaction 
equation in the formation of MxW03. During the discharge period, a reducing 
reaction in the direction from the left side to the right side of the equation 
takes place, and an oxidizing reaction in the direction from the right side to 
the left side occurs during the period of recharging. 
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Active research has been conducted on the intercalation reactions in TiS2 and 
MoS2 having a laminar crystal structure. In recent years, however, attention 
is shifting to amorphous materials because it has been found that they can 
produce products of larger capacity and longer service life because of the 
smaller volume changes between discharge and recharge cycle. 

To date a number of types of amorphous glass have been developed by introduc- 
ing various types of components into V205 glass that was created by the ultra- 
rapid cooled technique. The characteristics of these are shown in Figures 1543 

and 16.4A The battery whose data are shown in these figures is composed of 
Li/IM LiC10A-propylene carbonate/V205-system glass. 

W/Ahkg-' 

»I 

> 
u 

■ —i 1       i r- 1—■ 
-o-VtO, glass 

-1— T 

4.0 >• • V,0, crystal 

! 
^^£"--#" «#- »^ 

3.0 

*'-•■.• • • 

2.0 - - 

■   i i       i       i        i        i ■ ■ 

4.0 

0.2 0.8 0.4     0.6 
X i. Li.xV.O, 

Figure 15. Open-Ended Voltage in 
Li/IM LiC10A-PC/V205 Battery 
(Cited from Ref. 43 material) 
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-1 
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20th 
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
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Current density .5.6A/m* 

Figure 16. Discharge/Recharge Cycle 
Characteristics in Li/IM LiC104-PC/ 
CuO • 20Fe203 • 80V205 Glass 
(Cited from Ref. 44 material) 

Figure 15*3 compares the open-ended 
voltages between a V205 glass battery and a V205 crystal battery. A feature 
common to these batteries is that they have high electromotive force exceeding 
3 volts. In the crystal version battery, the characteristic curve displays a 
step-mode change when the injected amount of Li+ ions changes, while in the 
glass version, the curve exhibits smooth change. It is reported that the glass 
version has a considerably higher discharge capacity. 

Figure 16*4 gives the discharge/recharge characteristics in the battery that 
uses 20Fe2O3-80V2O5 glass in the positive electrode at a current density of 
5.6 A/m2. The x-axis indicates both the ratio of intercalated Li+ ions against 
the total metal atom volume within the glass and the discharge capacity. 
Though the output voltage deteriorates gradually with advancement of 
discharge/recharge cycle, the battery has favorable discharge/recharge 
characteristics. From these results, it can be seen that the glass is a 
promising candidate for use in the cathode of secondary lithium batteries. 

This paper has described the creation of ultra-ion-conductive glass, the 
features of the glass, the conduction mechanism, the structure, and the 
application fields of the glass. 
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A special supplement combining 14 papers on ion-conductive glass, edited by 
this author, has been published in the JOURNAL OF MATERIALS CHEMISTRY AND 
PHYSICS.45 I am grateful if these papers are of any help in furthering research 
on ion-conductive glass. 
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