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Laser crystal integration using a neodymium-doped yttrium vanadate (or orthovanadate) laser crystal,
and non-doped yttrium vanadate crystals that function as cold fingers has been demonstrated. A newly
developed dry eiching process was adopted in the preparation for contact of mechanically polished surfaces.
In the heat treatment process, temperature optimization was essential to get rid of precipitation of vanadic
acid caused by the thermo-chemical reaction in a vacuum furnace. The bonded crystal was studied via
optical characteristics, magnified inspections, laser output performances pumped by a CW laser diode.
From these experiments, it was clear that the integrated Nd:YVO, laser crystal, securing the well-improved
thermal conductivity, can increase laser output power nearly twice that of the conventional single crystal

which was cracked in high power laser pumping of 10 W due to its inirinsic poor thermal conductivity.
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1. Introduction

A new technique of material integration for laser crystals has been much in demand to improve heat
reduction caused by high power laser pumping. We have investigated obtaining such integrated laser crystals
employing a direct bonding technique using commercially available high quality crystals. In our previous
studies, we succeeded in bonding Ti:sapphire laser crystals.’? In this case, the bonding surfaces of a stable
oxide crystal were treated with chemical processes to clean up and to create a hydrophilic (-OH) thin layer for
hydrogen bonding. However, in applications for different crystal bonding, the chemical processes require the
selection of suitable chemical etchants for each crystal to be bonded and optimization in the handling of the
etching period and temperature. [n most of the cases, hazardous strong acid and alkaline water are used for
the etchant in a time consuming procedure. In addition, these etchants cannot be applied for hygroscopic
crystals and fluoride crystals such as non-linear borate crystals and YLF laser crystals. From the viewpoint
of these problems, we have developed a dry etching process using argon ion beam irradiation instead of the
conventional chemical processes. We have succeeded in bonding a surface area of Smm x 6mm. In this
paper, we report our newly developed bonding process of YVO, and Nd:YVO, laser crystals. Further

investigations of the bonded region from the macroscopic to the atomic level are also presented.
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2. Experiments
The specimens used in bonding were 1.1-at. % Nd:YVO, and non-doped YVO, crystals with a bonding
surface dimension of 5 x 6 mm? 9 x 16 mm’ in a-cut surface, and with a thickness of 0.5mm and 2mm,

respectively. Concerning precise procedure for our bonding method; please refer to ref. 3.

3. Results and discussion
3.1. Transmitted wavefront distortion

Transmitted wavefroni distortion was measured by a Fizeau interferometer (Zygo: GPI-XP).
In order to devise accuraie measuremenis with the system, the

Tabie 1. Transmitied waveiront of crystals.
specimen was iocated in the narrow space between transmission

and reference flat mirrors to reduce the interference fringe motion Crystals Diflt)osi)on
by the fluctuati fairflow. The accuracy of the system is 0.01
y the fluctuation of airflow y y Yvo, 0,002 1
% at 633 nm. Table 1 shows the transmitted wavefront of the Before
Bonding Nd:YVO, 0.045 A
specimens before and after bonding crystals. From the table, it ‘
YVO, 0.034 )

is clear that each crystal has a small distortion, and the sum of

After Integrated

Bonding Crystal 0.116

these distortions was close to measured distortion of the bonded

crystal. From the result, the bonded distortion was assumed on .
A=633nm
the order of marginal detection.

3.2. Magnified inspection at the atomic level

The bonded region was also inspected by a field emission TEM (Hitachi: H-9000NAR) equipped with
an EDX (Noran: Voyager 11l M3100) at a magnification power of 4-million. In the measurements, additional
fabrication using argon ion milling was required to prepare a specimen extracted from the bonded region.
Thickness of the specimen was reduced to around 70 nm in the bonded area. A probe electron beam
accelerated by 300 kV was used for TEM measurements. Fig. 1 shows the magnified image of the bonded
region. From the measured lattice constant of 0.625 nm in this photo, it is recognized that the bonded
interface is paraliel to the crystal c-axis.

. ’
Although obscure parts of thickness 2 nm [ cutting Lapping

:Fﬁ: B <15um

slightly appeared along the bonded interface, the

atoms in the bonded region were well arranged with

4

~T70 nm ‘ J

the same regularity as inside the crystal. It seemed
that the obscure paris were based on the irregularity
of the polished surfaces. In the bonding process,
most of the irregularity is reduced by elastic
deformation and diffusion of the atoms during the

long heat treatment while these effects can be

smaller for large irregular deformations. Figure 1 Magnified image taken by TEM,
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. . . Ton radii (A) d
In the quantitative analysis by EDX, the four Ngygf:"'g.g'; g
. . . v”é4;; 0.56 Intensity
elements of neodymium, yttrium, vanadium and

0*(6): 1.40 (Arb. Unit)
: % Nd: 0.1

oxygen that compose the crystal were selected and 379
measured in spots of 5 nm diameter around the :ZD;:
bonded region. As a reference, we also measured s 3;;
the EDX signal at points 50 nm and 1000 nm from a ;2?
the interface. Concerning oxygen, we neglected s
the measured signal since it was difficult to 3(1);
determine the quantity of the oxygen K, specira that 2
overlap with the vanadium L, specira. = From the Figure 2 EDX signals of three elements at each point.

averaged signal intensities shown in the right column of Fig. 2, vanadium concentration is aimost uniform, that
is, it is independent of the distance from the interface. As V> ion has the smallest ion radius of the
four-element ions composing the crystal, V°* ions are transferable by thermal diffusion. However, each V**
ion is surrounded by four O% ions which have the largest ion radii in the crystal. As a result, each V°* ion
would be trapped by O* ions and could not move in the crystal. Concerning Y** ions, although at a glance
the concentration decreases towards the direction from YVO, to Nd:YVO,, there is no clear evidence of the
Y**ion migration by the diffusion because of the intrinsic tendency appearing in the comparison with reference
signals at points 50 nm and 1000 nm from the interface. On the other hand, Nd** ions slightly move towards
the YVOy, side, which is assumed to be driven by the Gorsky effect caused in the thermal diffusion. Here,

using the equation L=(6tD)"*

where the time duration of heat treatment (t) is in sec and the diffusion length (L)
is in meters,** the diffusion coefficient (D) is estimated to be 2.3x10 m%sec which is the same order of A**

jons in AL,O;.° In the low temperature heat treatment at 873 K., Nd** ions cannot migrate extensively.

3.3. Laser oscillation performance
HR:1064/532nm  Test specimen

Figure 3 shows a schematic diagram of : )
g gr AR:809nm(R5%) ﬂ R9s\v::1064m

the integrated and the normal Nd:YVO, lasers

pumped by a fiber coupled CW laser diode
array. The specimen was located in short cavity
of length 30 mm. Each specimen coated on
both surfaces was held in a copper biock cooled
by water of which temperaiure was confrolied
by a chiller unit at 20°C. in case of normal
Nd:YVO,, the crystal was cooled by heat

conduction through the copper mount, Figure 3 Experimental setup for laser oscillation.

therefore, we used metal adhesives that have a high thermal conductivity of 30~60 W/(m-K) to enhance the
fast heat flow. In contrast, the crystal can be directly cooled by water in case of the integrated specimen which
has water flow space between the two ends. We measured laser output power in these specimens for

comparison. Fig. 4 shows the result of the measurements. From this figure, we cannot find a significant
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S

difference in both output curves till the pump power
35

reaches 10 W. However, in excess of 10 W, the 3 w”mm

£ PYYTTIIN
normal crystal was broken by the strong thermal § 25 é» sibit

o 2 A
load caused by CW laser pumping. On the other b ,‘tﬁf

g, 15 5 o Single
hand, the output power of integrated one still S d".'i_ ;gf::en

]
increased, then saturated at the pump power of 0': o . . .
: i 0 5 10 15 20 25

around 16 W. Laser output power of 3 W is around Pup Power (N}
twice of the output in the normal crystal oscillation. Figure 4 Laser output power of the integrated crystal.

4. Conclusion

Laser crystal integration of Nd:YVO, and YVO, was achieved by way of our newly developed direct
bonding technique. In the preparation of contact, surface improvement was performed by using ion beam
irradiation which is an appealing process for the extension of the bonding technique in other hygroscopic and
fluoride crystals. The bonded region was evaluated in three different methods such as transmitted wavefront
disiortion measuremenis, magnified inspections and iaser osciliation. From interferometer experiments, the
wavefront distortion caused by the bonded region was assumed to be on the order of marginal detection.
Magnified inspection showed that the atoms in the bonded region were well arranged with the same regularity
as inside the crystal although obscure parts of thickness 2 nm slightly appeared along the bonded interface.
In the EDX quantitative analysis, it was found that Nd** jon migration was slightly caused by atomic diffusion
in the bonded region during heat treatment. The diffusion coefficient of Nd** ions in the YVO, crystai was
estimated at 2.3x10°% m%sec. Experiments of laser oscillation suggested that the heat reduction capacity of
the integrated crystai reached iwice that of the normal single crystal. As a result, the integrated crystal could

increase the laser output power in high power laser pumping.
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