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Abstract. B-BaB,0, (8-BBO) thin films were successfully synthesized by the sol-gel method using metallo-
organic compounds. A stable BBO precursor solution was prepared from barium metal and boron triethoxide
or 2,4,6-triethoxycyclotriboroxane in a mixture solvent of ethanol and 2-ethoxyethanol. As-precipitated powder
formed by hydrolysis of the precursor solutions crystallized tphase, which was transformed fophase at

higher temperatures. The transformation temperatures of powderg/ftong phase of the ethoxide system and

the boroxane system were 600 and @B0respectively. The calcination of precursor films in a mixture gas of
water and oxygen was found to decrease the crystallization temperatgr8BO films on Pt sheet substrates.

The precursor films prepared from the ethoxide system and the boroxane system crystalfzB8@on Pt
(111)/glass substrates at 500 and850espectively. The BBO films on Pt(111)/glass substrates showed the strong
(006) preferred orientation. Th&BBO films on Pt(111)/glass substrates showed the second harmonic generation
(SHG) of the 532 nm light on irradiation with 1064 nm light. The SH power from the BBO films was correlated
with the fundamental power through the square-law proportionality based on the theory. The SHG efficiency of the
BBO films was dependent upon the film thickness.

Keywords: barium metaborate, metal alkoxide, sol-gel method, thin film, preferred orientation, second harmonic
generation

1. Introduction of the barium by oxygen. On the other handBBO

is reported to have a chain anion structure similar to
Barium metaboratef-BaB,0,4, 8-BBO) belongs to Li,B,04, CaB,04 and SrBO,, and no (BOg)*~ rings
the space group of R3c with acentric symmetry, and has in the structure [5, 6], although the detailed structure
a layer step type of crystal lattice built up by alternative has not been reported yet.
Ba?t and (B0g)°~ rings [1-3]. The other well-known Only B phase is second order nonlinearly active, and
polymorph of BaBO, is a-phase, which belongs to is characterized by many remarkable features, such as
the space group of & having the centric symmetry  the large effective second harmonic generation (SHG)
[4]. The difference between the (high-temperature)  coefficients, the wide transparency range, the broad
and theg (low-temperature) form is the coordination phase-matched region, and the high damage threshold
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[7, 8]. B-BBO is one of the useful materials for the

phase matchinginthe ultravioletfrgquency region. The Ba(meEtOH- EGMEE
flux method and the Czochralsk|. method have been Reflux (Et0-BO)s

used for the growth oB-BaB,0, single crystals [9— EtOH
11]. Thestructure of meltis closely related to the nucle- 1

ation of 8-BaB,0, from melt, and reflects the structure Stirring in dry N

and crystallinity of starting powders [11]. Recently, Reflux n dry B2

the preparation of oriented thin films 8fBaB,0,4 has

been receiving great attention because of its applica- H°m°g°n°?“s Solution

tions in integrated non-linear optical devices.

The sol-gel process has many advantages, such aj Dip Coating Hydrolysis
h|gh_pur|ty of pr_o_duct, low processing temperature, Evaporation
precise composition control, and the formation of :
epitaxial coating films. Low temperature crystalliza- Calcir!ation Dry‘ing
tion and highly preferred orientation of alkoxy-derived
niobate and titanate thin films can be promoted by Crystallization Crystallization

controlling the structure of double alkoxides insolution <0 Fitm
[12] and the crystallization atmosphere of gel films as

well as the crystallographic plane of the substrate [13— Figure 1 Scheme for processing of alkoxy-derived BBO powders
15]. Highly oriented LiNbQ film can be crystallized ~ 2nd films using 2,4,6-triethoxycyclotriboroxane.

as low as 250C using a HO-O, gas flow during cal-

cination under the controlled crystallization conditions monoethyl ether, EGMEE) was dried with molecu-
[13]. Water vapor during calcination plays a prominent |51 sieve and distilled before use. Barium metal and
role for _the crystallization into the perovskite phase of 101 triethoxide were commercially available. 2,4,6-
Pb(Zr,Ti)Gs [16], K(Ta,Nb)Gs [17]and Pb(Mg,Nb)@- Triethoxycyclotriboroxane, (B(OEt)-Q) was pre-
PbTIG; films [18] without any pyrochlore phases, pared according to the literature [21]. Figure 1 il-
which degrade ferroelectric properties. lustrates the experimental procedure for preparing
_Hirano et al., synthesizef-BaB,O4 powders and  ggo powder and thin film from barium metal and
films using boron ethoxide and barium alkoxide 5 4 g triethoxycyclotriboroxane. All procedures were
[19, 20]. This paper describes the synthesis of highly ¢aried out in a dry nitrogen atmosphere. The pre-
oriented 5-BaB,0O, films on Pt sheet substrates and  ¢,rsor solution synthesized from barium metal and
Pt(111)/glass substrates from two kinds of starting 5161 ethoxide or 2,4,6-triethoxycyclotriboroxane in
boron compounds, boron ethoxide and 2,4,6-trieth- apso)yte ethanol was slightly unstable and inhomo-
oxycyclotriboroxane. 2,4,6-triethoxycyclotriboroxane geneous. As an additive, 2-ethoxyethanol (EGMEE)
consists of a six-member ring of alternating borons and |4 found to yield a homogeneous precursor solution
oxygens, whichiis included in the structure of B&R. for BBO. Ba metal chips were added by portions to
Crystallization of f-BaB,0O, thin films were depen- 5 mixture solution of ethanol and EGMEE and re-
dent strongly upon the precursor structure and calcin- g,,xeq producing a barium alkoxide solution. 2,4,6-
ing conditions. The calcination of precursor films in a Triethoxycyclotriboroxane dissolved in ethanol was

gas mixture or water and oxygen was found to be ef- 5qqed to the solution. The mixed solution was reacted
fective for low temperature synthesis of highly oriented by refluxing for 20 h to yield a clear and homoge-

crystalline-BaB,0, films. 5-BaB,0; thin films with neous solution. The solution (boroxane system) was
preferred orientation were successfully synthesized on ynqdensed to about 0.1 mol/l by removal of solvents at
Pt(lll_)/glass substrate_s from nje_tal alkoxides. &he  5,0und 80C, which had appropriate properties for the
axis oriente8-BaB, O, films exhibited the frequency  fiim preparation by dip coating. Similarly, a precursor
doubling of Nd:YAG laser light. solution (ethoxide system) was prepared from barium
metal and boron triethoxide.
2. Experimental Procedure The solution was hydrolyzed with excess water, and
the solvent was evaporated yielding powders. The pow-
Ethanol was dried over magnesium ethoxide and dis- ders were then heat-treated at temperatures from 350
tilled before use. 2-Ethoxyethanol (Ethylene glycol to 1000C for 1 h at aheating rate of 1GC/min.

Powder
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Figure 2 Experimental setup for the SHG measuremerg-®&BO films on Pt(111)/glass substrates.

Films were fabricated using the precursor solution

(SHG) effect. The peak power of laser light irradiated

by dip coating on Pt sheet substrates and Pt(111)/glasson the films was 200 kW. The reflected light from the
substrates. Pt layers were deposited on glass platesspecimen was analyzed by a spectrometer with a pho-

(Corning 7059) by RF magnetron sputtering. The dip

coating on substrates was carried out by dipping a sub-

strate in the precursor solution and withdrawing at a
fixed speed of 1.5 mm/sec followed by drying in dry
N, for several minutes. The precursor films were cal-
cined at 350C for 1 h in a gasnixture of water and

oxygen. The oxygen gas bubbled through water kept

at 54C (Py,0, 112 mmHg) was introduced to the fur-

tomultiplier and a box car integrator as shown in Fig. 2.

3. Results and Discussion

3.1. Characterization of BBO Precursor

Figure 3 shows'*C NMR spectra of BBO precur-

nace. The calcined films were placed into a preheated sors formed from B(OgHs); and (B(OEt)-O). The
furnace at a desired temperature and heat-treated at thehemical shifts of 2-ethoxyethoxy group of BBO pre-

temperature fol h in flowing dry oxygen. This pro-

cursors shown in Fig. 3 are as follows: BBO precur-

cedure was repeated several times to increase the filmsor from (B(OEt} (Fig. 3(a)); 72.5 ppm (O8,CH,

thickness. The crystallized film thickness per dip coat-
ing was about 0.0xm.

Carbon-13 nuclear magnetic resonané€ (NMR)
spectra were measured in CRCIsing tetramethylsi-
lane (TMS) as the reference of chemical shift. Infrared
(IR) spectra were measured by the KBr method using
a Nicolet 5DXB spectrometer.

The burn-out and crystallization behaviors of pow-
ders were analyzed by differential thermal analysis
(DTA)-thermogravimetry (TG) at &/min. Prepared
powders and crystallized films were characterized by
X-ray diffraction analysis (XRD) using CuKradia-
tion with a monochromator and by scanning electron
microscopy (SEM). The powders were also analyzed
by transmission electron microscopy (TEM). The BBO

OCH,CHg), 66.5 ppm (OCHCH,OCH,CHg), 60.6
ppm (OCHCH,OCH,CH3) and 15.2 ppm (OCH
CH,OCH,CH3), BBO precursor from (B(OE)Q)
(Fig. 3(b)); 72.2 ppm, 66.3 ppm, 60.1 ppm and
14.9 ppm. The ethoxy group of starting B(g5)s
appears at 59.1 ppm (®) and 17.3 ppm
(OCH,CHz3). (B(OEt)-O) shows the signals of ethoxy
groups at 60.0 ppm and 17.0 ppm. Although free
ethoxyethanol (EGMEE) is observed in the spectra
(Fig. 3(b)) [22], the signals of ethoxy group of start-
ing alkoxides disappear by the reaction with bar-
ium in ethanol-ethoxyethanol. The ethoxy groups of
starting B(OEt} and (B(OEt)O) are substituted for
2-ethoxyethoxy (OCKLCH,OCH,CHj3) groups. The
difference of chemical shifts of ethoxyethoxy group

films on Pt(111)/substrates were exposed to 1064 nmin each BBO precursor reveals the formation of dif-

light from Nc*:YAG laser with the pulse duration

ferent precursors, which originate from the different

of 5 ns to investigate the second harmonic generation backbone structures [23].
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Figure 3 13C NMR spectra of BBO precursor prepared from

(a) B(OGHs)3 and (b) 2,4,6-triethoxycyclotriboroxane.

3.2. Crystallization of Alkoxy-Derived Powders

The precursor solution of alkoxides was hydrolyzed
with an excess amount of water for complete precipita-
tion. Figure 4 shows the DTA-TG curve of the powder
formed from the boroxane system from room tempera-
ture to 1000C at a heating rate of 2@/min. On heat-
ing, the TG curve shows a weight loss below 1G@due
to the evaporation of low boiling components includ-
ing water and alcohol. Large exothermic peaks from
200 to 450C are attributable to the burning of organic
moieties.

The products from the boroxane system were
analyzed by XRD after quenched from various

TG
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[
S j ABY C p'E
!
8
i 1 | I |
100 300 500 700 900
Temperature(C)

Figure 4 DTA-TG curves of BBO powders formed from the
boroxane system. A; 58C, B; 640C, C; 750C, D; 830C,
E; 925C.

temperatures during DTA-TG measurement. After
most organics were removeg, phase of low crys-
tallinity was observed at 58C (point A). Although
y phase remained at 640 (point B), the crystallinity
of B phase increased markedly. Thus, the exotherm at
620°C is attributed to the crystallization gf phase.
B phase was observed at 780(point C), which was
just after an endothermic peak at 680 The small
endotherm at 68, therefore, corresponds to the
transformation ofy phase tog phase on heating at
10°C/min. B8 phase was observed at 880(point D).
Sincea phase was confirmed at 925 (point E), an
endothermic peak at 830 is derived from the trans-
formation of8 toa phase. Based upon a similar quench
experiment, the powder from the ethoxide system was
found to crystallize tg8-BBO at 600C [20]. The for-
mation temperature #-BBO in the ethoxide system
was lower by 80C than that of the boroxane system.
Figure 5 shows the IR spectra of powders heat-
treated in HO-O, flow for 4 h followed by the heat
treatment in @flow for 4 h at 450C. The OH absorp-
tion remains at 3400 cm in the both spectra due to
the water vapor treatment. The CH absorptions at 2900
cm™! disappear by the treatment. The absorptions at
1400, 990, 746 and 569 crhin the ethoxide-derived
powder shown in Fig. 5(a) are assigned to the character-
istic band of chain-type phase [5, 24]. The bands at
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Figure 5 IR spectra of powders heat-treated at 45Grom ethoxide system and boroxane system. (a) ethoxide system, (b) boroxane
system.

1400, 1180 and 711 cm are ascribed t¢-BBO. The The powders were also analyzed by TEM. The se-
specimen shown in Fig. 5(a) consistgaindy phases.  lected area diffraction (SAD) of the powder from the
On heating the powder above 48 the absorption at ~ ethoxide system at45Q exhibits several rings consist-
1180 cntt increased in intensity with decreasing in- ing of spots (Fig. 6(a)). However, the SAD of the pow-
tensities of the absorptions at 990, 746 and 569%cm  der from the boroxane system comprises hallo rings as
This change corresponds to the transformation td shown in Fig. 6(b). The diffraction pattern of Fig. 6(a)

B phase. In the boroxane system, however, the bandsis in good agreement with those of BBO, althoygjh
are broad, and no distinct absorptiongaindy phase phase is not distinguished from thegohase. The result
are observed as shown in Fig. 5(b). At 460 the also indicates the facile formation of BBO crystallite
product from the boroxane system is amorphous solid in the ethoxide system at lower temperature.

including (B—0), bonds. This result reveals the fea- Figures 7 and 8 show XRD profiles of powders pre-
sible formation of borate phase in the ethoxide system pared from the ethoxide system and the boroxane sys-
below 450C. tem, respectively, after heat treatment above°800
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Figure 7. XRD profiles of BBO powders synthesized from the
ethoxide system crystallized at 500 and 55Gor 1 h. (a) 500C,
(b) 550C.

(b) 650°C V B-BBO

Figure 6 Microstructures and selected area diffractions of powders
(a) powder from the ethoxide at 480, (b) powder from the boroxane
system at 500C.

for 1 h. The ethoxide-derived powder is X-ray amor- 10 20 30 40 50 60
phous at 500C (Fig. 7(a)), and crystallizes £BBO at
550°C for the duration timefdl h as shown iifrig. 7(b).
However, the powder from the boroxane system heat- Figure 8 XRD profiles of BBO powders prepared from the borox-
treated at 550C has low crystallinity without any sharp ~ @ne system crystallized at 550 and 850for 1 h. (a) 550C, (b)

26(degree) CuKa

reflections (Fig. 8(a)). Crystalling-BBO phase is 650°C.

obtained from the boroxane-derived powder after heat
treatment at 650 for 1 h as shown ifrig. 8(b). of starting compound gives a ring-opened chain struc-
The formation ofy phase in the both systems sup- ture, which again yields ()3~ ring structure in the
ports that the chain-type borate is formed from amor- g-BBO. Similar to borazine, (BHNH) there is prob-
phous powder before the formation of3B)3~ ring ably = bonding character in the boroxane ring, which
of 8-BBO. B phase crystallized in the ethoxide sys- is more stabilized by delocalization sfelectrons than
tem at lower temperatures compared with in the borox- the B—O bonds of boron alkoxide. As the borox-
ane system. The bond scission of the boroxane ring ane ring is cleaved during heating, the more energy
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film from the boroxane system gives a X-ray amor-

the ethoxide-derived precursor. Accordingly, the chain phous film at 500C, which crystallizes tg phase at
of y phase was formed at higher temperatures in the 550°C (Fig. 9(b)). The BBO films synthesized from

boroxane system. Above 60D, the (BOg)3~ ring

the both systems show a (006) preferred orientation on

was formed again as a constituent of the BBO crystal Pt(111)/glass substrates, since 113 reflection has the
lattice. On the other hand, the ethoxide-derived precur- maximum intensity fo3-BBO powders.

sor directly produceg phase, which was transformed
to g phase below 60C.

3.3. Formation of BBO Thin Films on
Pt(111)/Glass Substrates

Since theg-BBO films on Pt(111)/glass substrates

The characteristic (BDg)®~ ring of g phase is
formed at about 60, when the precipitated pow-
der from the ethoxide system is heated. On the other
hand, the precursor films on Pt(111)/glass crystallize
to B phase at 500 which is lower than that for
powders. The hydrolyzed powder from the boroxane
system crystallize t@-BBO at 670C. However, the
B-BBO film crystallizes on Pt(111)/glass substrates at

have a better orientation than those on Pt sheet sub-550°C. The feasible formation ¢f-BBO phase in film
strates, Pt(111)/glass was employed as a substrate [20]is attributed to the assistance of nucleation sites with

Figure 9 shows XRD profiles of 1 @m-thick films on

atomic alignment of substrates.

Pt(111)/glass substrates from the ethoxide system and The anion (BOs)3~ group ing-BBO is nearly planar
the boroxane system after heat treatments at 500 andwith its plane perpendicular to the threefold axis which

550°C. The precursor films were calcined at 360
for 1 h in a gasmixture of water/oxygen. The pre-
cursor films formed from the ethoxide system crystal-
lize to B phase at 500 as shown in Fig. 9(a). The

(a) pr111 = BBBO
0006
0104
W
(b)
10 20 30 40 50 60

26 (degree) CuKa

Figure 9 XRD profiles of BBO thin films on Pt(111)/glass sub-
strates calcined at 35Q for 1 h in HLO/O, flow, and then crystal-
lized at 500 and 55 1 h in & flow. (a) ethoxide system, 50G,
(b) boroxane system, 55G.

passes through the center of the ring. The planar ring
anion (B0g)>~ has a threefold symmetry, and is paral-
lelto (006) plane of the unit cell gf-BBO. The Pt(111)
plane of Pt is the most close-packed plane, and has
a threefold axis, which matches that of the;(®8)3~

ring parallel to (006). Thus, the (006) orientation is
generally observed on Pt(111)/glass substrates. On the
other hand, the interaction between(®)*~ rings and
Ba?* ions is considered to be strong for the (104) plane
direction in the unit cell [1]. Therefore, the (104) plane
is also easily developed during crystallization.

Edge-on SEM photomicrographs of BBO films on
Pt(111)/glass substrates from the ethoxide system and
the boroxane system are shown in Fig. 10. The film
from the ethoxide system (Fig. 10(a)) comprises a
smooth surface with no cracks and voids, and is su-
perior in film quality to the film from the boroxane
system (Fig. 10(b)).

3.4. Second Harmonic Generation (SHG)
of BBO Thin Films

The SHG effect was analyzed f8fBBO thin films on
Pt(111)/glass substrates synthesized from the ethoxide
system at 55QC. The films were exposed to incident
light of 1064 nm from a Nd:YAG laser. The reflected
light from 8-BBO film was found to include 532 nm
light. Figure 11 shows the relations between the pow-
ers of incident light and of reflected light (SH wave)
from B-BBO films on Pt(111)/glass substrates. The
slopes of curves of 0.4m and 1.0um thick-films
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(a)

Figure1Q0 Edge-on SEM photographs of fractured BBO films crys-
tallized at 550C for 1 h onPt(111)/glass substrates. (a) ethoxide
system, (b) boroxane system.

are 1.90 and 2.06, respectively, which are almost equal
to 2. Therefore, both lines satisfy the square-law pro-
portionality between the fundamental powey,YRnd

the harmonic power (). The SH power from the
thick film (1.0 um) is larger than that from the thin
film (0.4 «m) as shown in Fig. 11. The SHG efficiency
from the power relation increases from18to 10-1°

with increasing film thickness from 0.4 to 1,0m.
The phase-matched efficiency®BBO crystal (4 mm
thickness) is usually 1 ~ 10~. The film thickness

is sufficiently small compared to the coherence length
of bulk BBO (. = 15 um) [7]. The efficiency of the
current film is smaller than that of the single crystal,
since the phase match condition is not satisfied. The
better efficiency of the 1.@m-thick film results from

10710

SH power (mdJ)
=

10°12¢
10°7

|
10°
Fundamental power (mdJ)

Figure 11 The relation of power between fundamental light (1064
nm) and second harmonic light (532 nm) f&«BBO thin films on
Pt(111)/glass substrates crystallized at 850(a) film thickness:
0.4 um, (b) film thickness: 1.Qum.

the longer interaction length between the film and the
light.

4. Conclusions

Crystalline 8-BBO films with highly preferred orien-
tation were successfully synthesized on Pt(111)/glass
substrates from metallorganics. The results are sum-
marized as follows:

1. A homogeneous and stable precursor solution
was prepared from boron ethoxide or 2,4,6-
triethoxycyclotriboroxane, barium metal, with an
ethoxyethanol in ethanol additive.

The hydrolyzed powder from the ethoxide system
crystallized tog phase at 60, which was lower

by 80°C than that from the boroxane system. The
ethoxide system was found to be more promising
than the boroxane system for the low temperature
synthesis 0-BBO.

Water vapor during calcination of gel films was
found to have a pronounced effect on the low tem-
perature crystallization g8-BBO.

B-BBO films with c-axis preferred orientation were
synthesized from the ethoxide system and borox-
ane system at 500 and 5%0 respectively, on
Pt(111)/glass substrates.

2.

3.

4,
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5. The (006)-oriente@-BBO films on Pt(111)/glass 9. L.K. Cheng, W. Bosenberg, and V.L. Tang, J. Cryst. Grc8@h
substrates crystallized at 5%D were confirmed 553 (1988).
as a generator of the second harmonic wave. 10. R.S.Feigelson, R.J. Raymeker, and R.K. Route, J. Cryst. Growth
The SHG efficiency increased with increasing film 97, 352 (1989).
. y 9 11. K. Itoh, F. Marumo, and Y. Kuwano, J. Cryst. Grovith6, 728
thickness. (1990).

12. S. Hirano and K. Kato, Adv. Ceram. Mat2r.142 (1987).
13. S. Hirano and K. Kato, Adv. Ceram. Mat8y.503 (1988).
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