
A D V A N C E S 

I N B U L K 

I N O R G A N I C 

N O N L I N E A R 

O P T I C A L 

MATERIALS 

Rare-earth calcium oxyborate crystals could potentially break the production bottleneck of nonlinear optical 
materials. Chai looks closely at how these crystals are made, the properties they possess, and a potential display 
application. BY BRUCE H.T. CHAI 

Nature is rarely kind when it 
comes to developing tech
nology, but human ingenuity 
seems to overcome nature's 
obstacles and push technolo
gy to its limits to fit our 
needs. For example, human 
vision is only sensitive to a 
very narrow band of the 
electromagnetic spectrum, 
and it is through this limited 
window that we see the 
beauty of our world. Yet, 
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using technology, we have expanded our "vision" to a 
much wider spectrum through the use of detectors and 
image processing algorithms, which allow us to "see" 
beyond the visible range of our eyes. But, to make these 
images visible in real color, we need low-cost materials 
that can convert the detector's wavelength to the colors 
our eyes can see on a screen display. One option is laser 
displays. Unfortunately, the conversion involved in using 
these devices is not always easy, nor is it efficient, but it 
is possible. This article expores a relatively new nonlin
ear material that may make this possibility a reality. 

Displays and the consumer 
information market 
The optoelectronics industry, 
which underwent a period of 
rapid expansion in the past 
decade, is growing even more 
as it works to keep up with 
the fast-paced areas of PC net
working and new digital video 
and television systems. This 
"consumer information mar
ket" includes information 
transmission, storage, retrieval, 
and display technologies. 
While the technologies in
volved in transmission, stor
age, and retrieval are well 
defined and established, dis
play technology still has much 
room for development. 

As display monitors are 
totally passive devices, they 
are immune from the design 
problems of the transmission, 
storage, and retrieval systems, 
which require non-proprietary, unified systems that 
allow for transparent exchange between all brand 
names. Display monitors, on the other hand, need only 
have a fixed spatial format, aspect ratio, and temporal 
rate. 

There are many types of displays already on the mar
ket, and new displays that test the market are continu
ously emerging from research laboratories. It is clear 
that no one type of display technology will dominate 
the whole market since each carries its own technical 
capabilities and cost. For example, LCD dominates the 
small screen (< 20") market, while CRT is trying to hold 
its ground in medium-sized (20-40") displays. For larg
er displays (40-100"), there are many options, including 
projection TV, micro-prisms, and plasma displays. This 
is an interesting size area where there is no clear winner 
yet. Finally, for very large (> 100") outdoor displays, 
LEDs control the current market. 

Laser displays 
What do all these displays have to do with nonlinear 
optical crystals? The answer is very simple. Nonlinear 
crystals are used to convert coherent IR laser emissions 

from invisible to visible wavelengths by either frequen
cy doubling or sum frequency mixing. Once conver
sion from an invisible wavelength to the correct visible 
wavelength is easily achieved, laser displays will be 
everywhere. Unfortunately, a laser is not a cheap 
device. The costs of traditional nonlinear crystals and 
lasers used for display devices make the cost of a laser 
display even more expensive, not to mention the diffi
culty of finding the right combination of the two to 
give the exact wavelengths and power output neces
sary. In the end, the current cost of a laser display is so 
prohibitively expensive that there is little chance for it 

to be made commercially. 
Nevertheless, the concept of 
a laser display has been 
demonstrated in the labora
tory using three big gas 
lasers1—two Argon lasers to 
generate blue and green 
light, and one Krypton laser 
to generate red—and the 
question now is how to 
replace these three large gas 
lasers with three compact, 
low-cost, solid-state lasers. 

Our ability to produce 
both compact and efficient 
solid-state lasers has changed 
dramatically since the early 
1990s when high-power laser 
diodes and diode arrays 
became available. At present, 
the cost of laser diodes con
tinues to drop at a very fast 
rate meaning that the cost of 
the primary laser source for 
the display is rapidly ap

proaching an acceptable price range. What needs to be 
done now is to find the right nonlinear crystal that will 
convert invisible wavelengths to the visible range for 
display purposes. Once this problem is resolved, laser 
displays may have a good chance to compete in the 
40-100" screen market. 

The green opportunity 
Undoubtedly, the laser diode is the cheapest, most 
compact, and most efficient coherent light source cur
rently available. At present, red laser diodes with pow
ers in the low watt range are commercially available 
and blue laser diodes, based on a GaN system and 
with output powers in the range of a few tenths of a 
watt, have been reported for a couple years.2 While 
these blue lasers emit more of a purple than a true 
blue light, the technology is developing, and a true 
blue laser diode is on its way. There is, however, no 
reliable green laser diode source yet, nor is there the 
technology to produce one. Green laser diodes based 
on a ZnSe system have been investigated intensely 
during the past decade, but, because of the intrinsic 
weakness of the ZnSe material, it is very difficult to 

Figure 1. ReCOB structure. 
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achieve a long service time (> 50,000 hours) without 
self-destruction.3 

On the other hand, the easiest color to achieve when 
frequency doubling a diode-pumped solid-state laser is 
green. But current green lasers are based on diode-
pumped Nd:YAG or Nd:YVO4 frequency doubled by 
KTP or LBO and, with the exception of Nd:YAG, the 
materials are quite expensive to produce due to current 
crystal growth techniques. To establish a market, the 
cost of the laser and its crystal must be reduced dramat
ically to a fraction of its current cost. Is this a possibili
ty? I think so. 

A new technology based on a periodically poled 
ferroelectric domain structure in LiNbO3 (PPLN) has 
shown promise for frequency conversion. Another pos
sibility is based on self-frequency doubling, where the 
crystal is both laser host and nonlinear frequency con
verter. There are already numerous reports on PPLN 
technology,4 so the remainder of this article will con
centrate specifically on self-frequency doubling tech
nology. The nonlinear crystal we will look at belongs to 
a large family of materials with the general composition 
of rare-earth calcium oxyborates, ReCa4(BO3)3O (or 
ReCOB). The specific compound to be discussed in 
detail is calcium yttrium oxyborate, YCa4(BO3)3O, (or 
YCOB). 

ReCOB and YCOB 
Self-frequency doubling is a rare material property; very 
few crystals have the ability to accommodate the active 
ion dopant as both a laser and a frequency doubler. One 
of the most extensively studied crystals in the past two 
decades is NYAB [Nd:YAl3(BO3)4].5 This crystal has the 
desired property mentioned above, but it is extremely 
difficult to grow, which rules out its chance to become a 
commercial product. When it comes to commercial 
usage, the success of a crystal is dependent on its ease 
and low cost of production, which is the problem with 
many nonlinear optical crystals such as KTP, BBO, and 
LBO. Because of incongruent melting and phase transi
tion properties, they can only be grown using the flux 
method, which is slow and produces a low yield. This 
high growth cost prevents any large-scale, commercial 
application. For many years it was not clear if we would 
ever find a solution to break the "growth bottleneck" of 
nonlinear optical materials; then came YCOB and its 
isomorphs. 

The growth of ReCOB 
The ReCOB structure (see Fig. 1, page 32) was first 
reported in 19896 and, determined to be a calcium fluo
roborate, Ca5(BO3)3F, it was assigned to the curium 
(Cm) space group, whose elements are monoclinic and 
asymmetric. The actual work on calcium rare-earth 
oxyborate compounds was first reported in 1991.7 The 
following year, researchers in Sweden8 reported the suc
cessful synthesis of a number of the rare-earth ana
logues including lanthanum (La), neodymium (Nd), 
samarium (Sm), gadolinium (Gd), erbium (Er), and 
yttrium (Y). The Swedish researchers gave a detailed 

structural determination of these compounds, which 
have the same space group, Cm, as the calcium fluorob
orate. Most importantly, they showed that these com
pounds melt congruently based on their differential 
thermal analysis (DTA) result. DTA is a method of 
determining the melting behavior, as well as the phase 
transitions, of materials. For anyone experienced in the 
synthesis and growth of nonlinear optical crystals, this 
news was like a sound from heaven. 

ReCOB has all the right ingredients of a good non
linear crystal, namely it is non-centrosymmetric, has a 
BO 3 conjugated ring for both nonlinearity and birefrin
gence, and is congruent melting. In addition, it provides 
two other precious properties: ReCOB is non-hygro-

Czochralski Pulling Method 

Crystals are grown using controlled processes to produce a specific 
shape and orientation. In special cases, the material that is to be 
formed into the crystal melts congruently, which means that the mater
ial crystallized from the melt has exactly the same composition as the 
melt. In this case, it is possible to dip an oriented seed rod into the 
melt when it is near its melting (or freezing) temperature and to slowly 
pull it up. The melt crystallizes around the seed, forming a single crys
tal with uniform orientation. 

This growing method was first described by J. Czochralski in Poland 
at the turn of the century. His name is used to describe this process, 
although the method was really perfected at Bell Laboratories in the 
late 1940s and early 1950s. 

The most common crystal produced using the Czochralski pulling 
method is silicon, the crystal that essentially created the electronics 
revolution. Additionally, the crystals for the first solid-state laser (ruby) 
and for the most commonly used lasers today (Nd:YAG) are formed 
this way, as are two of the most commonly used electro-optic crystals, 
UNbO3 and LiTaO3. 

The advantages of this method are that it's simple and capable of 
producing very large crystals at reasonably low costs. It is also ideal 
for commercial crystal production. 
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scopic and has a rare-earth site for active ion doping. In 
1993, researchers from Russia essentially completed the 
whole series by synthesis, ReCa 4 (B0 3 ) 3 0 with Re = 
lutetium, terbium, and Gd. 9 

It is extremely unusual for a single structure rare-
earth compound to accommodate all the sizes of the 
rare-earth ions from La to lutetium (Lu). In almost all 
other compounds, there will be more than one structur
al modification or phase transition. However, it is inter
esting to note that recent studies show that the stability 
of the structure is much less for both large ions, such as 
La, and for small ions, such as Lu, 9 and that the Cm 
structure is likely to be the low temperature structure of 
this compound. The Cm structure of ReCOB is most 
stable when the size of the rare-earth ion is very close to 
that of the calcium ion. Fortuitously, this is exactly in 
the middle-size range of the rare-earth ions (i.e., 
between Gd and Er, where the melt is also congruent); 
stability falls off toward either side of the rare-earth 
series and the melts are no longer congruent. 

The first group to put all this information together 
and to grow a GdCa 4 (BO 3 ) 3 O, or GdCOB, crystal was 
that of D. Vivien in 1995. 1 0 They confirmed that 
GdCOB is congruent melting and that single crystals 
can be produced by the conventional Czochralski 
pulling technique (see sidebar, page 33). It also appears 
to have less tendency to fracture after growth when 
compared to other ReCOB crystals. They further 
demonstrated that the optical nonlinearity of GdCOB is 
adequate and comparable to that of LBO and that it is 
phase matchable to the second harmonic generation of 
Nd:YAG lasers. Subsequently, by doping the crystal with 
Nd, they were able to demonstrate the self-frequency 
doubling with laser diode pumping. 

The growth of YCOB 
Interest in YCOB began in the mid-1990s when two 
groups—one in Japan and one in the U.S.—began 
investigating this crystal for slightly different reasons.11 

In 1997, the Japanese group published a paper on the 
growth and nonlinear properties of the YCOB single 
crystal. They reported that in comparison to GdCOB, 
YCOB has a larger birefringence and is thus phase 
matchable to shorter wavelengths, but also has a slightly 
smaller nonlinear coefficient.12 Large birefringence is 
needed to get phase matching at shorter wavelengths. A 
later study found that because of its slightly larger bire
fringence, YCOB is phase matchable to the third har
monic generation of a 1.06-μm Nd:YAG laser, which 
GbCOB, with its smaller birefringence, is not. In order 
to get this third harmonic generation from YCOB, we 
have to cut the crystal from one of its principle axes, but 
this cutting gives walk-off. By mixing a specific compo
sition of YCOB and GdCOB, however, we can adjust the 
birefringence exactly to the amount needed to achieve 
non-critical phase matching without walk-off. Concur
rently, the U.S. group has been concentrating primarily 
on active doping to achieve a visible coherent laser 
source by self-frequency doubling. The dopants of par
ticular interest are Nd and Yb. 1 3 

Crystal growth of 
YCOB 
ReCOB compounds 
have a congruent 
melting nature, mean
ing that there is the 
possibility to produce 
large, nonlinear, single 
crystals similar to 
LiNbO 3 and Nd:YAG.1 4 

This is a tremendous 
breakthrough for non
linear optical crystals, 
since none of them 
can be grown directly 
from the melt. If a crystal can be produced with large 
dimensions, then it is possible to provide large apertures 
for nonlinear conversion of high-power lasers. At the pre
sent time, only the water soluble KDP crystals are capable 
of producing apertures greater than 2 X 2 cm 2. 

The ready availability of highly pure and low cost 
Y 2 O 3 , the YCOB starting material, makes this a good 
material to work with. Moreover, based on a semi-
empirical model, the emission gain-crossing of the Nd 
ion is higher if it is fitted into a smaller, tighter site 
(such as Y) versus a larger, looser site (such as La). Even 
when comparing the Y versus the Gd site, there is still a 
clear advantage to using Y. 

To grow a crystal, the YCOB charge is melted in an 
iridium crucible and a single crystal is pulled using the 
conventional Czochralski method. In our case, we use a 
two-loop cascade adaptive weight control system devel
oped at the laboratory to enhance growth. Power is sup
plied by a 10 kHz 30 kW RF generator, and the YCOB 
melts at about 30°C higher than GdCOB, or at 1510°C. 
Even though the melt behaves quite nicely, evaporation 
causes loss of the material during growth, so that cur
rently about 50% of the melt is being converted to high 
quality crystals.15 After using up about 50% of the melt 
(or mass), the remaining melt composition has offset so 
much that, if it's grown further, inclusions begin to form 
in the crystal, making it useless. 

YCOB is not an easy crystal to grow as it has two nat
ural sets of cleavage planes, (010) and (20-1), and it 

Figure 2. A large Nd:YCOB crystal 
(with a wine bottle for comparison). 

Figure 3. Birefringence change of YCOB as function 
of Yb dopingconcentration. 
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cracks easily. The cracking often, although not always, 
follows these planes, and can occur while the crystal is 
simply lying on a table. Due to its piezoelectric effect, 
during cracking it generates both a deep blue light spark 
as well as an electric discharge. The discharge is some
times sufficient enough to jolt a person if they happen 
to be holding the crystal while it is cracking. 

Despite this cracking problem, high-quality, YCOB 
single crystals with sizes suitable for production pur
poses are now being produced (see Fig. 2). Pure YCOB 
and Nd- and Yb-doped YCOB for both nonlinear con
version and self-frequency 
doubling applications 
have also been successfully 
produced. The feasibility 
of growing the La and Lu 
analogues of ReCOB have 
been explored, and in both 
cases, the melt is incongru
ent because the congruent 
melting nature of the melt 
is very sensitive to the size 
of the rare-earth ions. 
There is a maximum limit 
to the amount of Y ion 
substitution that can occur 
if we are to retain congru
ency. Even if the melt 
behaves congruently, sub
stitution reduces crystal 
yield. This stability behav
ior can be explained by the 
not so usual six-fold coor
dination of the rare-earth 
ions. In this case, Y 3 + ion 
(0.900 A) seems to have the 
best fit and thus the highest 
melting point. 

Manipulation of ReCOB 
linear and nonlinear 
ontical properties 
It is well known that the 
refractive indices of a crys
tal are proportional to the 
electron density of its con
stituents. In the case of 
ReCOB, because of the 
large extend of substitu
tion, we expect refractive 
indices to also change 
accordingly. Among them, YCOB has the lowest refrac
tive index, and any substitution of Y increases this value. 
Also, since the crystal has very low symmetry, when sub
stituting different sized ions, the substitution effect is 
not expected to be uniform along the different crystallo
graphic directions. Indeed, this non-uniform change 
affects the birefringence of the crystal, and a systematic 
change has been noted when substituting Yb in YCOB, 
even though this substitution is quite small (see Fig. 3). 

Unfortunately, this birefringence change is not easy 
to predict as it depends entirely on the extend of bond 
bending and stretching through substitution. In fact, 
bond bending is the primary cause of birefringence 
change. For example, quite large birefringence increases 
from GdCOB to YCOB have been observed. If the trend 
holds true, LuCOB, the smallest rare-earth ion, would 
have the largest birefringence. While this is indeed true, 
the actual effect is not so linear and the net change from 
YCOB to LuCOB is very small because by the time it 
reaches the Y ionic size, the structure is already quite 

straight. Furthermore, 
reducing ionic size does 
not bend the bond very 
much. In any case, the 
change of linear optical 
properties by ion substitu
tion is very systematic and 
comparatively easy to 
understand. 

When substituting Yb 
for Y, a clear increase of 
second harmonic conver
sion efficiency was noticed. 
With a 20% Yb substitu
tion, Yb:YCOB increases 
the nonlinear conversion 
efficiency by almost 20%.16 

This is quite unusual and I 
am unfamiliar with any 
other crystal reported in 
the literature that shows a 
similar effect. To investi
gate this phenomenon, a 
series of crystals that sys
tematically increased the 
Yb substitution from 
1-40% was grown. It was 
found that this effect 
increases rapidly at low Yb 
substitution and saturates 
quickly at higher concen
trations (see Fig. 4). When 
the absorption spectra of 
these Yb-doped YCOB was 
measured, it was noted 
that there is quite a dra
matic change of the 
absorption edge with the 
substitution (see Fig. 5). It 
seems that there should be 

a common mechanism to produce both of these effects 
simultaneously. 

It may be that both changes are due to the change of 
polarizability of the delocalized electrons in the BO 3 

conjugated ring structure.17 The reason for the increase 
of polarizability is due to the bonding nature of the 
rare-earth-oxygen bond. The same oxygen is also linked 
to the BO 3 conjugated ring structure. For the Y ion, 
bonding is the most ionic and polarizability is the Weak-

Figure 4. Nonl inear c o n v e r s i o n e f f ic iency c h a n g e a s 
a funct ion of Y b c o n c e n t r a t i o n . 

Figure 5. A b s o r p t i o n e d g e c h a n g e a s a funct ion 
of Y b c o n c e n t r a t i o n . 

Optics & Photonics News/January 1999 35 



est. The Gd ion is less ionic, and therefore the nonlinear 
coefficient of GdCOB is slightly higher. For ions such as 
Yb, which have unstable valence states of 2 + and 3+, the 
ionic nature is the weakest. Therefore, a Yb-oxygen 
bond is more covalent than a Y-oxygen one. 

It is the increase of covalent bonding, which acts as 
either a donor or an acceptor, that provides the mech
anism to delocalize the electrons. To prove this, a 
number of YCOB crystals substituted with other rare-
earth ions with unstable valence states, such as ceri
um, praseodymium, and Sm, were grown. In all cases, 
the same effect was observed. Thus, the degree of the 
nonlinear enhancement depends on the degree of 
covalency of the rare-earth ion. 1 8 This kind of der
ealization of electrons by the attachment of a donor or 
acceptor radical is well known in organic conjugated 
molecular chain and ring structures. However, this 
may be the first evidence of this phenomenon in inor
ganic crystals. 

Setf-frequency doubling of Nd:YCOB 
One of the unique characteristics of the ReCOB struc
ture is its ability to dope active rare-earth ions by substi
tution. Since the rare-earth ion site in the structure is 
totally ordered, it does not have the undesirable prob
lem of inhomogeneous broadening. The nonlinear coef
ficient of YCOB is about 1.0 pm/V, which is adequate 
and comparable to LBO, but still quite small when com
pared to most ferroelectric crystals such as KTP and 
LiNbO3. To increase the second harmonic conversion 
efficiency requires either an increase in the peak intensi
ty of the circulating power inside the cavity or an 
increased crystal length. Because the phase matching is 
type I critical phase matching, only a restricted amount 
of the crystal's length can be due to walk-off. However, 
if high conversion is really needed, there are ways to 
compensate for walk-off and increase the length of the 
crystal for nonlinear conversion. 

As a solid state laser crystal, the performance of 
Nd:YCOB is not bad either. Over 45% slope efficiency 
has been achieved in emission at 1060 nm when 
pumped with an 812-nm laser diode. Like many other 
Nd laser hosts, Nd:YCOB also has three transitions of 
interest at 1330, 1060, and 940 nm. Since YCOB is capa
ble of phase matching and frequency doubling in all 
three wavelengths, it is then, in principle, possible to 
generate the three primary colors (RGB) by self-fre
quency doubling. The same criteria also applies to the 
Nd:GdCOB crystal system. 

The self-frequency doubling scheme is appealing as it 
simplifies laser cavity design. In a conventional intracav
ity doubling system, both the Nd laser medium and the 
nonlinear crystal are housed inside the cavity. There are 
the costs to fabricate both crystals to begin with, and the 
final assembly is quite time consuming since there are 
many optical elements to be aligned. For self-frequency 
doubling, one crystal serves as both laser and frequency 
doubler, thereby cutting the crystal cost in half. Because 
the crystal is cut to orientation, there is less alignment 
required during assembly, which, combined with the 

crystal costs, helps to significantly reduce the cost of the 
laser. In a cost analysis scheme, self-frequency doubling 
is very attractive for low-power, pointing or illuminat
ing, laser systems. 

In the laboratory, lasing over 60 mW in the green 
with about 900 mW absorbed diode pump power at 
812 nm by self-frequency doubling of Nd:YCOB (see 
Fig. 6) has been achieved, and self-frequency doubling 
of Nd:YCOB in the red (665 nm) with diode pumping 
has been demonstrated. Work continues on the red, and 
on achieving blue. 

Even though Nd:YCOB has all the right ingredients 
to be a self-frequency doubler and to generate the 
three colors needed for display purposes, achieving 
this is by no means an easy task. As mentioned before, 
Nd:YCOB is not the best laser, nor the best nonlinear 
crystal, but it is the only crystal with both properties. It 
provides a clear advantage to a low-power laser system 
where cost is critical. For high-power devices, where 
performance is more critical than cost, self-frequency 
doubling offers no advantage at all. Moreover, one of 
the most desirable properties for high-power laser 
devices is high thermal conductivity. In this respect, 
ReCOB is not very good as its thermal conductivity is 
about half that of YVO 4 and one-fourth that of YAG. 
This will put a severe limit on its maximum output 
power. 

One possible solution to increasing output power is 
to fabricate a thin crystal plate (around 1-mm-thick) so 
that heat can be removed more effectively from the 
active region. Another solution, to be combined with 
the first, is to use segmented crystal pieces, where one 
section with active dopant is attached to a second 
undoped section by diffusion bonding. Since both sides 
have the same structure and orientation, bonding is 
possible. To compensate for walk-off, one section can be 
rotated 180° and bonded with another. The advantage of 
YCOB over traditional systems is that all the optical ele
ments are made from the same crystal. Additionally, 
since it is possible to produce very large pieces of this 
crystal, the optical design is not physically limited by 
material availability. 

Figure 6. Resul t of d iode -pumped N d : Y C O B 
and sel f - f requency doub l ing . 
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Future prospect of ReCOB 
It is undeniable that R e C O B will have a major impact 
on the field of nonlinear optical materials. For the first 
t ime we wi l l be able to economical ly produce very 
large, nonlinear crystals for practical applications. This 
situation was totally inconceivable just a couple of years 
ago, and now there are a number of places that can pro
duce high quality R e C O B crystals on a more or less 
routine basis. Even though crystal cracking is still an 
issue when a crystal is too large, this is just a technical 
problem. Given time, it should be solved. Therefore, as 
a pure second harmonic converter, Y C O B and its ana
logues have a strong position. R e C O B / Y C O B is the only 
crystal that can simultaneously provide both a large 
aperture and a long conversion length. Once its growth 
technology is fully established, the cost of this crystal 
will be significantly cheaper than any existing nonlinear 
optical crystal. 

Add i t iona l ly , because the Y C O B crystal is n o n -
hygroscopic, it presents no problem to optical coatings. 
It has a very large optical damage threshold—in the 
range of at least 1 G W / c m 2 — w h i c h is comparable to 
other borate crystals such as B B O , L B O , and C L B O . 
Unfortunately, its birefringence is not sufficiently large 
enough to do quadruple phase matching, however it can 
do triple phase matching of an N d 1064-nm emission. 
Like other borate nonlinear crystals, ReCOB's thermal 
conductivity is not great. Thermal management will be 
a critical issue for all these crystals. But one unique 
character of the R e C O B compounds is the high trans
parency and low scattering loss of the material. This 
property will be greatly appreciated by laser engineers. 

In terms of a low-power (< 10 m W ) , green laser 
source, N d : Y C O B and N d : G d C O B are clearly the mate
rials of choice. Current conventional green laser point
ers sell for around $300-400 each, quite beyond the 
reach of an average person. The price of a red laser 
pointer has dropped to $10 each. A n N d : Y C O B self-
frequency doubling green pointer is probably the only 
technology capable of breaking the $100 barrier. 

A n d finally, returning to the question posed at the 
beginning of the article, what about laser display? This 
is a much more difficult question to answer as the per
formance of N d : Y C O B has not yet fully been explored. 
The reason is that for a 40"-100" screen size display, a 
few watts of the three primary colors will be needed. 
Even though N d : Y C O B has three laser transitions capa
ble o f generating the three pr imary colors by self-
frequency doubling, the problem is the thermal issue. At 
present, we are not quite sure the maximum power the 
crystal can deliver. Two possible solutions (i.e., thin 
plate geometry and segmented piece by diffusion bond
ing) were mentioned that would reduce thermal loading 
and enhance the generation of higher power visible laser 
emissions. Since the lasing segment generates the largest 
amount of heat, it is possible to make a hybrid design 
with the active lasing segment substituted with Nd:YAG 
and/or N d : Y V O 4 . Either pure or Yb-doped Y C O B can 
be used as the nonlinear converters. The bottom line is 
that just a couple of years ago, there seemed to be no 

cheap solution that would resolve the R G B laser source 
problem. At least we now have a real system that is capa
ble of tackling this difficult issue. The advantage here is 
that all three colors would be made by the same diode 
pump package and the same N d : Y C O B crystal with just 
a different phase matching orientations. 

In conclusion, R e C O B single crystals have truly bro
ken the bottleneck in producing nonlinear optical crys
tals. Large aperture, high quality crystals will not only be 
available, but will also be affordable. The feasibility of 
adding active lasing elements brings a new dimension to 
the design of laser and nonlinear optical systems. We 
now need to rethink many of our optical designs to see 
if they can take advantage of the properties R e C O B 
offers. I am sure that we will hear more on this in years 
to come. 
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