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Second-harmonic generation in the proton-exchanged LiTa@veguide is greatly enhanced by
reducing the amount of proton exchange in fabricating the domain grating and the waveguide. To
reduce the amount of proton exchange, a Ta,Si@sk is used for the periodic domain inversion
and a SiQ mask for the proton-exchanged waveguide. The fabricated device generates
second-harmonic blue light of 1 mW at 429 nm with the fundamental wave power of 10.3 mW. Its
normalized efficiency is 1500 %/Wdcmwhich is the highest value for LiTaQvaveguide devices
reported to date. ©1996 American Institute of Physid$§0003-695(96)02518-]

The quasi-phase-matched second-harmonic generatiaress uses a small amount of initial PE owing to the proton-
(QPM-SHQ in a periodically domain-inverted waveguide is conserving property of the Sinask. PD is carried out at a
a promising technique to get a compact blue light source. lhigh temperature using the Si@nask above the waveguide
has been already demonstrated in LiNb@nd LiTaQ;  channel. During PD the SiOmask promotes proton indiffu-
waveguides:? LiTaO; is a favorable nonlinear optic crystal sion by inhibiting proton outdiffusion, which facilitates the
owing to its high optical damage resistance and high nonlinappropriate index increase for guided modes in the depth
earity (dz;=26 pm/V).2 LiTaO; waveguides fabricated by direction. By using this process, good waveguides in Y-cut
proton exchangéPE) and a short-time annealifgnay have  LiNbO, were demonstratéd without surface damage and
a tight mode confinement that is required to achieve a higlilegradation of electrooptic effect. On the other hand, the

conversion efficiency. The conversion efficiency overannealed proton exchang&PE) method has some difficulty
1000%/Wcend is expected by a theoretical calculatiblow-  in fabricating a Y-cut LiNbQ single-mode waveguide be-

ever, the reported efficiency is about 230%/\Wcm pos-  cause of the surface damage resulting from PE.

sible explanation for this difference is a reduced nonlinearity  Recently, we also reported DI in LiTadormed by PE
due to the PE process for domain inversi@) and wave-  and subsequent heat treatment with a nfa$kThe heat
guide formatior?. It is reported that the nonlinearity of treatment with the mask was found effective to form a deep
LiTaO; is severely degraded near the crystal surface by &) with a reduced amount of PE. In this process a Ta,SiO
high PE rate, and the damaged nonlinearity cannot be recoypask is used, instead of a thick Si@im, to enhance its
ered in the whole waveguide cross section by the convergectl® The SiQ, film thicker than 1xm on the surface of
tional short-time annealin For example, if a device has LiTaO;, often cracks during the heat treatment above 500 °C
zero nonlinearity from surface to &m depth due t0 the g g the difference of thermal expansion between LifaO

dhamagedo r}onlirr%earirt]'i_/,the galﬁulated hefficiency dis Iolwer substrate and Sigfilm. Instead of Si@ film, Ta film can be
than 200%/Wcrh This is similar to the reported values. used as a mask. However, the discoloration at the crystal

Therefore, it is desirable to reduce the amount of PE to fu”ysurface occurs due to thermal oxidation of the metal film at

utilize the original nonlinearity in LiTag) high temperature. To prevent these problems, we inserted a

In this letter, we have shown that the SHG efficiency in_, = .~ . : )
the LiTaO, QPM waveguide can be greatly enhanced bythln SiG; film with about 250 nm thickness between Ta film

reducina the amount of PE. To reduce the amount of PE Wand the top surface of the crystal. The combination of Ta and
g th ' ) : . ' %io2 film is better than a thick Si©film for suppressing the
use a Ta-Si@Qmask for the domain grating and a Si@ask

for the waveguide. The second-harmonic blue light of 1 merotgn rq:tdtl;fgsrﬁ;{ treatment the mask promotes oroton dif-
at 429 nm is generated with the fundamental wave of 10.:? ount tg th bstrate b K P i d'fFf) . ! ¢
mW. Its normalized efficiency is 1500%/Wénwhich is the usion Into the substrate by suppressing proton difiusion ou

highest value for LiTa@ waveguide devices reported to of the su_bs_trate_. According to the DI mgchar_lﬁmhe en-
date. hanced indiffusion causes a strong poling field inside the

Previously, we proposed proton diffusid®D) with a substrate, and it results in a deep DI. For the same DI depth

Si0, mask to fabricate good quality waveguidesThis pro- fth.e. heat treatment vyith the mask requir'es less amount of
initial PE than that without the mask. Typically, the amount

) of PE is reduced to about 50% of that used in a conventional
Present address: Optical Communicati®e & D Team, TelecomR & D DI process without the mask
Center, Samsung Electronics Co., Ltd., Suwon P. O. Box 105, Kyungki-Do P )

440-600, Korea. Therefore, by reducing the amount of PE in fabricating
PElectronic mail: syshin@eekaist.kaist.ac.kr the domain grating and the waveguide, the original nonlin-
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FIG. 1. Etched surface photographs of heat-treated santplewithout
mask andb) with mask. Both samples were proton-exchanged in pure ben-
zoic acid at 220 °C for 2 h, subsequently heat-treated in dyyfl@v at

550 °C for 30 s, and then etched in IHEHNO; at 25 °C for 30 min.

earity in LiTaO; can be maintained. Thus the second-
harmonic blue light is generated efficiently.

In addition, the heat treatment with the mask gives an ) . !
important advantange. That is, the mask prevents a formatioproton-exchanged region due to the dehydration rea&ﬁon_
of the crystal defect on the proton-exchanged surface during | "€ fabrication procedures of a LiTgQPM waveguide
the heat treatment for the domain grating. After a convend€Vice are shown in Fig. 2. After depositing periodic Ta film
tional heat treatment without the mask in dry @ow an  StiPes with a 3.3um period and a 2.Qum stripe width on
opalescent compound is usually observed in the proton= C face of LiTaQy, we put the sample for PE in pure ben-
exchanged region by naked-eye or microscope inspectiof©iC acid melt at 220 °C for 40 min. After removing Ta
However, if the heat treatment is done with the mask, thiStiPes, & Ta-Sip mask is deposited on the proton-
compound is not found. To confirm that this compound is€Xchanged surface to get a deep DI. The sample is heat-
different from bulk crystal, we may etch the heat-treatediféated at 570 °C for 30 s using a rapid thermal annealing
samples in a mixture of HF and HNQand detect crystal (RTA) furnace. We use a rapid heat-up rate of BQ °C/s. Both
defect$ 12 Figure 1 shows the etched surface of the sample®! depth and width are equal to 1,8m as shown in Fig. 3.
heat-treated without and with the mask, respectively. Th&/V& form channel waveguides with a pattern width of 4
proton-exchanged regions are severely etched in the sampt™: Perpendicular to the domain grating. PE is performed in

without the mask, but they are hardly etched in the sampl@Ure benzoic acid melt at 220 °C for 40 min. After PE, a
with the mask. The formation of this compound is obviously 5102 Mask is deposited in the waveguide region to get a tight

related to the proton outdiffusion. This compound will be aM°de confinemeﬁtby suppressing the proton outdiffusion.
Li-deficient phase of LiTa@induced by proton outdiffusion. PP W'”: the SiQ mask is performed for 5 min in a furnace
During the heat treatment of ki ,,H,Ta0;, lattice hydro- at 409 C Both en_d faces of the sample are polished for the
gen combines with lattice oxygen to give rise to water mol-€nd-fire light coupling. Our sample length is 8 mm long after
ecules, which may evaporate near the crystal surface as pr82/ishing. _ _ _

ton outdiffusion. This dehydration reaction results in the Li-  12aPle | shows estimated PE depths in the conventional
deficient layer of Lj, ,yTaQj_ o9 Near the crystal surface. procedure and in our procedure. The_ estimated am_ount of PE
From the surface observation of the proton-exchanged OUr Procedure is 50-60% of that in the conventional pro-
LiINbO, specimens heat-treated at 550 °@ #oh by using cedure. After the PD is done, the exchange factoof

the transmission electron microscof{EM), it was reported i (1-xHxT@0s in the whole region of our waveguide is es-
that the Li-deficient phase of LiNbQis formed in the timated to be lower than the critical vafuef 0.16. Below

this critical value, the crystal phase is maintained in the
single originale phase, and the crystal nonlinearity is com-
pletely restored.

FIG. 3. Revealed domain-inversion structure.

PE region Ta stfipes PE region The characteristics of our SHG device are measured by
LiTaO3 TABLE |. Comparision of the amount of proton exchange.
SiO2 mask
_g?o";a,ﬁ'gsk Conventional procedure Our procedure
| | Domain PE for 20 min at 260 °C, PE for 40 min at 220 °C,
inversion d=0.55 um?¢ d=0.28 umP
U\ U fU PE PE for 14 min at 260 °C, PE for 40 min at 220 °C,
v i - a,d — b
dom?ain-inv/erted waveguide region waveguide d.=0.46 um de=0.28 um
region 3pE depth for pyrophosphoric acit,d,=6.81x 10° \t exp(—4.73x 10¥/
(a) (b) - _
PPE depth for pure benzoic adll,d.=1.15x10° \t exp(—6.27x 10%
T).
FIG. 2. Fabrication procedures of a SHG devi@.domain grating andb) °PE conditions in Ref. 16.
waveguide. 9PE conditions in Ref. 2.
2494 Appl. Phys. Lett., Vol. 68, No. 18, 29 April 1996 Yi et al.
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dependence of the fundamental and the second-harmonic
B wave power is shown in Fig.(8), which also demonstrates
the maximum conversion of the fundamental wave at 858.5
nm into the second-harmonic wave. The measured FWHM
bandwidth is 0.17 nm that agrees reasonably with theoretical
bandwidth of 0.12 nm.
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i . zrgrm 7 In conclusion, we demonstrated that the SHG efficiency
021 A=85850m | of LiTaO, waveguide is significantly enhanced by reducing
01k Ny = 1500%Wem? — the amount of PE in fabricating the SHG device. To reduce

o E the amount of PE we used a Ta-Sihask in the heat-

0050—1 1 L 11l ] treatment for the domain grating and a Si@®ask in the
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proton diffusion process for the waveguide. In the fabricated
device, the second-harmonic blue light of 1 mW at 429 nm
was generated with the fundamental wave power of 10.3
mW. Its normalized efficiency is 1500%/Wémwhich is the
highest value for LiTa@ devices reported to date.

This work was partially supported by Korea Science and
Engineering Foundatiof(KOSEF-OERC-95K3-0809-01-01-
1).

Fundamental Wave Power (mW)

1.0 :‘ (b)
0.8

0-6 ey = 0.17am
- —

0.4
1K. Kintaka, M. Fujimura, T. Suhara, and H. Nishihara,Rroceedings of
CLEO/Pacific Rim '95Chiba, Japan, July, 1995. 176.

2K. Yamamoto, K. Mizuuchi, Y. Kitaoka, and M. Kato, Appl. Phys. Lett.
62, 2599(1993. .

3R. C. Miller and A. Savage, Appl. Phys. Lef, 169 (1966.

4T. Suhara and H. Nishihara, IEEE J. Quantum Elect&1265(1990.

Fundamental Wavelength (nm) SH. Ahlfeldt, J. Appl. Phys76, 3255(1994).
Y. S. Son, H. J. Lee, and S. Y. Shin, IEEE Photon. Technol. 2ett84

FIG. 4. Measured characteristics of SHG devigesecond-harmonic wave 7(1990' ) ) )

power vs fundamental wave power afil second-harmonic wave power vs Y.S. son, H. ‘] Lee, S. Y. i, and S Y. Shin, froceedings of SPIE on

fundamental wavelength. Integrated thlcs and Optoelectronics 8an Jose, 1990, Proc. SPIE 1374
(SPIE, Bellingham,WA, 1991 p. 23.

8S. S. Lee, M. C. Oh, Y. K. Jhee, and S. Y. Shin, IEEE J. Lightwave

. . . Technol.12, 872(1994.
using a widely tunable Ti:AlO; laser as fundamental wave o5 v vi's 'y, Séin ,?_H' Yun, Y. S. Jin, and T. K. Yoo, Proceedings

source. The measured results are shown in Fig. 4. The con-of IEEE LEOS '94 Annual Meetingoston, 19941EEE, Piscataway, NJ,
version efficiency is calculated by measuring the powers 01;01994), paper OM2.2.
the fundamental wave and the second-harmonic blue lightS: Y- Yiand S. Y. Shin, Electron. Let81, 1234(1995.

. . K. Mizuuchi, K. Yamamoto, and H. Sato, J. Appl. Phy$, 1311(1994.
through the Wayegu'de end face. The SHG device StablyZF. Laurell, J. Webjm, G. Arvidsson, and J. Holmberg, IEEE J. Lightwave
generates blue light of 1 mW at 429 nm when the fundamen- Technol.10, 1606(1992.
tal wave power is 10.3 mW. The conversion efficiency is”zNéSEé Lee, N. A. Sanford, and A. H. Heuer, J. Appl. Phg8, 2629

- L : 1986.
0 0,
almost 10% and the normalized efficiency is 1500%/\flcm 4. Mizuuchi and K. Yamamoto, J. Appl. Phy&2, 5061 (1992,
The dependence of SHG on the fundgmental Wave POWEr i8p. . Matthews, A. R. Mickelson, and S. W. Novak, J. Appl. PI.
shown in Fig. 4a). The second-harmonic wave power is pro- 2562 (1992.

portional to the square of the fundamental wave power. Thé&K. Mizuuchi, K. Yamamoto, and H. Sato, J. Appl. Phys, 1311(1994.

0.2

0

Fundamental Wave Power (mW)

1 1 |
8675 858 8585 859 8595

Second-Harmonic Wave Power (mW)

Appl. Phys. Lett., Vol. 68, No. 18, 29 April 1996 Yi et al. 2495

Downloaded 17 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



