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f-Barium borate §-BaB,0,, 3-BBO) films were deposited on fused silica substrates by spin coating
poly(vinyl pyrrolidone) (PVP)-modified metallo-organic solutions. Film thicknesses of more than 500
nm were obtained by a single spin-coating step followed byl@sma and thermal treatments. Crack
formation was effectively suppressed by the introduction of PVP. Samples annealed ‘@ 6%0ibit
high transparency over a wide wavelength range (1106-2b® nm) and have a preferred orientation
corresponding to the (006) crystallographic direction. The increased thickness of the BBO films provided
a >10-fold increase in the second harmonic generation (SHG) efficiency when compared to BBO layers
fabricated without the addition of PVP and, ®@eatment. The precursor gels are readily amenable to
contact lithography leading to patterngeBBO films.

1. Introduction each deposition and annealing step. More significantly, the

Dari i i . i optical properties (transparency and second harmonic genera-
p !Barlum borate & BBO'. p Ba_l3204) Is a well known tion (SHG) efficiency) of the films deteriorate as residual
nonlinear optical material with a high second-order nonlinear

susceptibility @ ~ 2.2 pm/V), wide transparency range (189 th)rsnourlt;tneglfarbon deposits produced during annealing ac-
nm—3500 nm), and high damage threshbf®ingle crystals )

have long been incorporated into commercial laser systemsb In pr|n0|plg,hthelcgram|r(]: f||_m tﬂ!ctk]ness can be increased
as components for frequency doubling or tripling and as the t'y statlt_lag W'th SO ut|onts zvtlng ;gékgq_;r)]recurscirhcc&ncentra—
main nonlinear element in optical parametric oscillators lons. 1hese however, tend 1o Crack:” Thus, methods are

(OPO) pumped by a UV lasérThin films of 4-BBO can needed to produce high optical quality but thicker films of

be used in compact optical systems as frequency converters[,g hBBO_ngCh can be fabricated as andfor integrated into
waveguideg,and switches. The nonlinear efficiency of the Photonic devices. _
film is determined by both its crystallinity and orientation ~ Poly(vinyl pyrrolidone) (PVP) is a water-soluble polymer
and by its geometrical structure if fabricated as a photonic made from thé\-vinyl pyrrolidone monomer which has been
crystal’ used as an additive in segel methods to produce thick
Wet deposition methods have been extensively used tocrack-free films (zl.Oy?;)lﬂgerroe_lectrics such as BaTiO
producgs-BBO thinfilms with a preferred (QPorientationt-10  and Pb(Zr,Ti)Q (PZT).%¥ In this work, 5-BBO films
Typically, however, only<100 nm thick crack-free films have been prepared for Fhe first time using a PVI?—modnﬁed
can be obtained by single-step sgel or chemical solution ~ SO—-gel method. The thicknesses of the BBO films were
deposition methods. While thicker films can be obtained by found to increase by a factor6 in a single spin-coating
a multiple coating-annealing process, such a repetitive St€P. while maintaining a (006) crystal orientation. The
procedure is both time-consuming and can introduce randomresultant3-BBO films exhibit very high SHG efficiencies.

islands which are created by crystal beads formed during ) _
2. Experimental Section
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Figure 1. TGA (dashed line) and DTA (solid line) curves of the precursor  Figure 2. (a) UV—visible transmission spectrum of a PBBBO film on
powder used to make PBS8 thin film. The heating was done in air at a heating fysed silica, annealed at 65€ for 1 h. The transmission through bare
rate of 5°C/min. fused silica was set as the baseline. (b)-tiNsible transmission spectrum
of a 5-BBO film made without an @plasma treatment.

(Vewor/ Vaerosion= 10:1) to produce a concentration of 0.2 M. The  gnd 2-EtOEtG-.17 The PVP begins to decompose at 380
miXture Solution was then I’efluxed at 8C fOI’ 16 h. AfterWard, The Complete decompos":lO” and removal Of the PVP reS|due
0.8% (wt %) of PVP (MW~ 360 000) was added, and the mixture 5 not completed until the temperature reaches 8D0ONo
was stirred fo 2 h toform the final viscous homogeneous precursor further weight loss is observed at higher temperatures. In
solution. total, the TGA curve indicates an 80% weight loss.

The viscous precursor solution was spin cast at 1000 rpm onto  The DTA curve exhibits one exothermic peak at 88D
a fused silica substrate for 1 min. Thel cn? films obtained were that is assigned to the phase transition frgaBBO to
prebaked at 150C for 30 min to remove any residual solventand ¢-BBO. On the basis of previous repofts,the phase
then hydrolyzed at 25€C using a gas mixture of water vapor and  {rgnsition from the low-temperaturg-phase tof-BBO
air (air bubbled through water at50 °C) for 1 h toform low- without PVP addition takes place around 6G®O0 °C. In
temperatures-phase BBO. The films were then,@lasma treated this work, the broad peak between 300 and 800°C in
to break the PVP chains down into smaller more volatile species. the DTA ’Curve is due to the decomposition of PVP which
Last, the film was annealed at higher temperaturd b toinduce makes it difficult to determine the exact phase transition
a phase change to the crystalljiBBO phase. temperature for the composite system. Carbon produced by

The films were characterized by a number of techniques including the decomposition of PVP generated blackish color on the
thermogravimgtrig analysis (TGA), differential thermal .analy.sis surface of the sample (powder and film), which seriously
(DTA), transmission spectroscopy, and power X-ray diffraction geteriorated the quality of the BBO sample. The blackish

(XRD) using a Co sourcel(= 1.792 A). Images were obtained ¢, persisted even after heating the sample at°TDor
using a scanning electron microscope (SEM) located in the

Nanofabrication Facility of the Physics and Astronomy department

at the University of Western Ontario. Carbon is always generatedrBBO thin films fabricated

by sol-gel method%and is extremely difficult to remove.
_ . An O, plasma®2° was therefore implemented to remove
3. Results and Discussion organic remnants at low temperatures.plasmas are often
) L i used to ash the substrates of micro-electro-mechanical
(@) Film Characterization. The f-BBO films formed ¢ g1emg (MEMS) and clean away all organic residues on
using PVP were compared to those fabricated by establishedy,qir surfaces.
sol-gel method%® using identical concentrations of the gel In this work, most of the PVP and other organic residues
precursor. Thin film samples prepared using 0.8 wt % and ¢oy|d be removed after $20 min of O, plasma treatment.
2.0 wt % PVP are labeled in this work as PB8 (0.8%) and A transmission spectrum of a PB8 film after heating at
PB20 (2%), respectively. The film prepared without PVP is  650°C for 1 h isshown in Figure 2a). The film is transparent
labeled PBO. between 1100 and 210 nm. In contrast, the transparency of
Precursor powders were obtained by drying the solution /-BBO films made without @ plasma pretreatment is
at 150°C to remove the solvent. Figure 1 shows the TGA su'bstantially reduced due to the presence of carbon deposits
and DTA curves of the powder made with 8 wt % PVP but (Figure 2b).
untreated by an ©plasma. Several major weight losses are _
observed by TGA. The weight loss below ZIDis attributed  (12) araior M. - Bort. 6. £ Fulor N. G Datiea 3. Appl.
to the evaporation of any remaining solvent, while the weight Phys.2006 100, 083301. )
loss between 216C and 390°C is most likely due to the 9 Jgﬁg&‘g’?\h *j*viackasrzf”fesc%r%?toé&a'\ggtst.)“fga' M.; Fujiwara, N.;
decomposition and removal of organic groups such as-EtO  (20) Tanaka, K.; Inomata, T.; Kogoma, Mlasmas Polym1999 4, 269.
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Figure 3. XRD spectra of BBO films after thermal treatment at 6%0
(A) PBO film made without @ plasma treatment, (B) PBO film made after
O, plasma treatment, (C) PB8 film made aftes flasma treatment, and
(D) a PB20 film made after ©plasma treatment.

o ] ) Figure 4. SEM images of BBO films thermal treated at 6%0. (a) A
The XRD spectra of the PBO thin films with and without PBO film, (b) a PB8 film, (c) a PB8 film under high magnification, (d) a

O, plasma treatment are similar (Figure 3, traces A and B). cross-section_al view_of a PB8 film shovying athic_knes§00 nm, and (e)
. . . a cross-sectional view of a PB20 film showing the porous surface

The results in Figure 3 indicate that the @asma treatment  yorphology and a thickness 900 nm.
does not introduce or induce chemical changes in the films.
The dominant feature a2~ 50° corresponds to the (006) further, as shown in Figure 4e for the PB20 sample,
crystallographic plangd-BBO has a lattice structure consist- nanopores begin to develop, and there is a loss of crystallinity
ing of layers made of Ba and anionic (BOs)*~ rings normal  which degrades the nonlinear optical properties of the film.
to thec-axis* A (006) orientation corresponds to the situation Instead, 1um films are best obtained by repeating the
where thec-axis lies perpendicular to the {B¢)*" rings, synthesis twice under the optimum conditions.
and the rings are aligned in the plane of the film. One important metric is the extent that (006) is the

The absolute XRD (006) peak intensity for the PB8 sample preferred orientation of the films as this is expected to have
is considerably higher than that obtained for the sample madea strong effect on their nonlinear efficiency. The degree of
without PVP (Figure 3, trace C) due to the enhanced orientatiof was found from the XRD spectra to be90%
thickness of the gel precursors prepared using PVP. In thesefor both the PB0 and the PB8 films. The PB20 films were
experiments the thickest films that could be made without substantially less orientated, exhibiting only a 15% preference
the addition of PVP were-80 nm. Still, the addition of too  for the (006) plane. These results indicate that the addition
much PVP adversely affects the crystallinity of the material of 8% PVP has no effect on the orientation of {B&8BO
as shown in Figure 3, trace D, for the PB20 film. but still dramatically improves the morphology of the films.

An SEM image of the PBO thin film is shown in Figure This is consistent with previous work where PVP was used
4a). Film cracking creates a mosaic pattern with typical as a stress-relaxing agent in the formation of ceramic
domain sizes of 510 um in length. Cracking is attributed  films.13'4 Here, PVP was thought to slow condensation
to the internal stresses that result when the films are heat-reactions in the gel and promote structural relaxation.
treated. As the films adhere to the substrate, they can no The XRD patterns of the PBS8 films annealed at different
longer contract along the directions parallel to the substratetemperatures are shown in Figure 5. Below 86Ghe BBO
surface. The resultant tensile stress produces the cracksilm is in an amorphous state. The conversion toghghase
observed:!?14 begins around 608C. Three small peaks attributed to (113)

In contrast to PBO, the PB8 film is crack-free over its entire plane at 2 = 29.6, the (104) plane at@= 34.2, and the
surface (Figure 4b). This smoothness exists even on the(006) plane at 2 = 50° are clearly observed. The (006)
nanometer scale (Figure 4c). A film thickness>500 nm orientation dominates at 65C but then decreases at higher
was measured by using a focused ion beam (FIB) to mill temperatures. Small XRD features attributed to the conver-
out a cross-sectional area of the film (Figure 4d). Thus, the sion of 3-BBO to thea-phase appear 2at 26.8 and 45.8
introduction of PVP increases the thickness of the films by due to the (018) and (214) planes, respectively) when the
more than a factor of 6. This thickness agrees with optical sample is annealed at 75@. At 800 °C, the film is
ellipsometry measurements which also gave an effective completely converted ta-BBO. These results are consistent
refractive index for the film of~1.66 at 632 nm. This value  with the TGA and DTA analyses.

is similar to that determined for bufkBBO.2 The increased (b) Nonlinear Optical Characterization. The quality of
thickness correlates with the increased viscosity of the the films was also assessed by measuring SHG signals
precursor solutiof® obtained by irradiating the samples using the infrared

Although thin film thicknesses of>900 nm can be  fundamental beam at 1064 nm generated by a Nd:YAG laser
achieved in a single step by increasing the PVP concentration(Spectra-Physics Pro-250, 20 Hz repetition rate, 4 ns/pulse).



B-BBO Thin Film PVP-Assisted SeGel Deposition Chem. Mater., Vol. 19, No. 20, 20021

i N 800°C The SHG intensityl(2w), generated from either the quartz
750°C or the BBO sample by a fundamental beam with intensity
I(w) is given by12?

/flz(w)deﬁz\s'”z(i)
() n(20)] (ﬂ_/)

1(2w) O ( 1)

2/

C

A I 650°C where4 is the thin film thicknessp(w) andn(2w) are the
P A 600°C film indices of refraction at frequency and 2v, respec-
e 550°C tively, and4 is the coherence length of the film. Because
no heating the coherence length, defined Byso = A/(4[n(w) — n(2w)])
" ~ 16 um for 5-BBO is much larger than the film thickness
Figure 5. XRD patterns of a PB8 film baked at different temperatures for ‘680, th.e fas:tor SIﬂﬂéBd%’BBo)/(néBd%’BBo)z ~ 1. This
1h. approximation, however, cannot be made for the quartz plate
because its coherence length20 um) is much less than
PB0 650°C the plate thickness.
PB8 550°C In the calculation of the SHG intensity ratio between
B-BBO and quartz platelggo(2w)/lo(2w), where the sub-
script Q denotes quartz, the ratigso(w)? Ngso(2w)/[No(w)?
no(2w)] ~ 1.25. Therefore, the intensity ratio can be written
PBS 650°C as

10 20 30 40 50 60

PB8 600°C

PB8 700°C

o)
|BBo(2‘U)N(4330)2( Tdey® ) %,

~|— 2
1 o(2w) Q| \1.25d; & nz(n/z) 2)
Q/lsi
2,

Figure 6. SHG response of PBB-BBO films as a function of annealing
temperature. The top trace is the SHG signal of a PBO film annealed at . .
650 °C. They-axis is the intensity of the SHG signal plotted on the same Where di1q = 0.34 pm/V is the second-order nonlinear

scale for each graph. coefficient of quartz and represents the measured transmis-

sion of the sample (measured to be 0.9 in these experiments).
The SHG signal was dispersed from the fundamental beamEquation 2 can be rearranged to yield the following expres-
using an infrared cutoff filter in front of a monochromator, SIion for e

detected with a photomultiplier, and monitored on a digital -
oscilloscope (Tektronix, TDS744A). The SHG response of sin( 'QQ)

a 5-BBO PBS8 thin film is shown in Figure 6 as a function A~ é 1.28p\ 2 2, 3)
of annealing temperature. The SHG efficiency correlates T Veso/\ Tl B

strongly with the intensity of (006) peak in the XRD spectra 2/,

which is a maximum for PB8 at 65%C. Not surprisingly,
this shows that the nonlinear response of the thin film
depends critically on its crystallinity. Again, this enhance-
ment is due to the increased film thickness and more uniform
morphology. The decrease in the SHG signal at 700s
due to the conversion g8-BBO to the inactivea-phase.
The SHG is also>10x more efficient than that for films

The maximum values afe; for the PBO and PB8 films were
calculated using eq 3 to be 6.8 pm/V and 1.71.9 pm/
V, respectively. These results are similar to those reported
for thin 5-BBO films elsewhere and are comparable to the
dx, value of the bulk crystal=2.2 pm/V)?23 The differences
made without PVP and annealed at 6%D (the PBO trace in the d’ff va!ue; for the PBO and PBS films are not very
in Figure 6). large wh_lch indicates '_that the SHQ enhancement_measured
for PB8 is due to the increased thickness of the film.

The effective second-order nonlinear coefficiedy, for (c) Patterning 8-BBO Films by Contact Lithography.
the 5-BBO thin films was evaluated by performing SHG The fabrication of patternegg-BBO films by contact
measurements and comparing those results with the SHGjithography now becomes a possibility because the addition
response of a Y-cut quartz crystal plate (CVI, 0.690 mm of pyp |eads to thickeB-BBO films and a more viscous

thick) >t In each set of measurements, the BBO and quartz ge| precursor. This represents a significant advance because
reference samples were tilted and rotated with respect to the

incident beam axis to attain the maximum SHG efficiency. (22) Lu, H. A.; Wills, L. A.; Wessels, B. W.; Lin, W. P.; Zhang, T. G.;

Wong, G. K.; Neumayer, D. A.; Marks, T. Appl. Phys. Lett1993

62, 1314.

(21) Shen, Y. RThe Principles of Nonlinear Optic&Viley: New York, (23) Maia, L. J. Q.; Feitosa, C. A. C.; De Vicente, F. S.; Mastelaro, V. R.;
1984; p 98. Siu Li, M.; Hernandes, A. CJ. Vac. Sci. Technol., 2004 22, 2163.
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| using a screw. This design allows the pressure applied to
the sample to be reproducibly measured using a torque
wrench. A two-dimensional mask with a hole periodicity of

1 um and hole depth of Am was fabricated in Si by a two-
Drive step process where interference lithography was first used
to form a template in an organic photoresist, followed by
RIE (Figure 8a). The PB8 film (without baking) and mask
were placed inside the press and brought into contact with
each other by adjusting the position of the screw. The press
Plate 1 assembly was then transferred to an oven and heated to
100 °C. The heating expanded the metal plates which
provided a more intimate contact between the mask and the
gel. After 10 min, the oven was cooled to room temperature
Plate 2 and the press was removed. The Si mask could then be peeled
off and reused if desired. The patterned gel precursor was
then heated to high temperatures to form fRBBO phase
(confirmed by XRD). A SEM image of the resultant inverse
pattern is shown in Figure 8b). The quality of the structure
is excellent in that the periodicity is preserved by the masking
and baking processes. The spin-coated gel precursor is thicker
than the final BBO film due to shrinkage during the heating
process. An optimization of the process targeting the limits
of achievable depth and periodicity for one-dimensional and
two-dimensional structures is underway. Nevertheless, these
initial results are encouraging.

Mask

Bl ] .gﬂ

Figure 7. Schematic of the press used for contact lithography

a)

4. Conclusions

-BBO films have been made using a PVP-modified-sol
gel synthesis involving an Oplasma treatment. Smooth
crack-free films with excellent optical quality andb00 nm
thickness were produced in a single-spin coating step. The
optimization of the procedure involves three crucial steps:
the addition of an appropriate amount of PVP, lasma
treatment to eliminate the formation of carbon deposits at
the temperatures required to form fhphase, and controlled
temperature annealing. The resultgsBBO films are highly
orientated (006), and their thickness leads to an improved
SHG efficiency compared to films produced without the
Figure 8. SEM images of (a) the Si mask used for contact lithography addition of PVP.
and (b) the patterned-BBO (PBS) film. The viscous gel precursor can be patterned by contact
lithography. Both thick unpatterned and patterge8BO
films arising from the results of this work are expected to

the 3-phase of the hygroscopic BBO inorganic salt is formed
at a temperature which lies lower than its melting goamid, . i o . . .
once formed, is not easily patterned using standard methodg'ﬂdtw'qe app:u:latlon in photonic devices and as nonlinear
of patterning such as interference lithography combined with photonic crystals.
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