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1. Introduction fycsin

lll-nitride  semiconductors, especially gallium nitride %034l
(GaN), aluminum nitride (AIN), and their compounds (AlZ **
GaN), are promising materials for semiconductor photonic ¢3 .,
vices operating in the ultraviolet wavelength region becalz o.s
of their wide band gaps (3.4 eV for GaN and 6.2 eV for AIN:if« 2:,2
Although the laser diodes operating at 342 nm are now re§ 0

ized using AlGaN, those at shorter wavelength have not bez

o experiment
theory

nonlinear optical material monolithically integrated with ni

tride laser diodes can be a coherent ultraviolet light sour o} - it e
Nevertheless the accuracies of the reported values of quadi Rotation Angle (degree)

nonlinear optical caficients, which determine thefiency
of wavelength conversion devices, of GaN [1, 2, 3] seem to b _ :
quite low mainly because of low crystal qualities of samplg‘gth the (@) s-p (b) p-p () 45s configurations.

used in the measurements. In this paper, we report Maker-

fringe measurements on high-quality bulk single crystallif@rmonic (SH) waves.

samples of GaN and accurate determination of nonlinear optiMaker fringes of HVPE-grown GaN obtained with an s-
cal codficients taking account of multiple reflectioffects.  polarized fundamental input and a p-polarized SH output (s-

lBigure 1: Maker fringes of an HVPE-grown GaN sample obtained

2. Experiment p configuration), a p-polarized fundamental input and a p-
We performed Maker-fringe measurement on HVPE- af@larized SH output (p-p configuration), and°4&larized
LPE-grown bulk GaN samples. (1:1 in-phase combination of s and p polarizations) funda-

HVPE-grown GaN mental input and an s-polarized SH output*#5configura-

We first performed rotational Maker-fringe measuremefi@n) are shown in Fig. 1. The SH powers are normalized
on HVPE-grown GaN. We prepared a 2iiB-thick (0001) With respect to the envelope of the Maker fringes obtained
plane-parallel plate of GaN by polishing the both surfaces f¢m a standard sample (an anti-reflection codtedt quartz
a HVPE-grown bulk GaN. Experimental setup was a standaf@te). As is evidentin the data shown in the figures, the Maker
one similar to that described in Refs. [4, 5]. We used a cfinges are modulated with large amplitude double-period os-
pumped Q-switched Nd:YAG laser (Spectron, SL902) oscilllations which are caused by the multiple reflections and in-
lating at 1.064um as a fundamental light source. The puldgrferences of the fundamental and SH waves. Clear Fabry-
width was 100 ns, the peak power was 5 kW, and the repetitf3@rot patterns of the obtained Maker-fringe data indicates an
rate was 5 kHz. The fundamental beam was incident upon g¥éremely high optical quality of the sample and high accura-
sample as a linearly polarized collimated beam with a radiigs of the experiments. The slight asymmetries of the Maker
of 655 um. We measured the three independent nonlinefifnges are caused by an accidental tilt of the plane direction
optical codficients (lz; = dsp, dis = da4, d33), Which were all of the sample.
the non-zero components deduced from the GaN’s hexagona\e fitted the experimental data with the theoretical calcu-
crystal structure, by changing the configuration of the poldations taking account of the multiple-reflectioffexts [5]
izations of the incident fundamental and the output secorahd misorientation of the plane direction using a standard
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05t (a) parallel to the [0001] axis and SH output polarized parallel to
the [0001] axis @s3 configuration), and a fundamental input
: T&}Z f; polarized 45 from the [0001] axis and SH output polarized
02t f% ¢ 5 1«93’ mm perpendicular to the [0001] axidys configuration) are shown
mﬁ RS

in Fig. 2. The short-period oscillations of the SH power su-

- z'glz T Em 5 316 perimposed upon the sine-squared Maker fringes were caused
5 2'0 by the multiple-reflection féects.

g I I e We analyzed the experimental data fully taking account of
el 15F Ej ‘%} I the multiple-reflection #ects [4, 6]. The refractive indices

5 10f fg%; gg mz g of the samples used in the analyses were those determined
f o for HVPE-grown GaN previously. The open circles are the

o9 S e experimental data, while the solid curves show the theoreti-
cal curves least-squares-fitted to the experimental data. The
agreement between the experiment and theory is quite satis-
factory, demonstrating the reliability of our measurement and
analysis and excellent quality of our sample. The obtained
values of nonlinear optical cfigcients are as followsds; =

.
) 316 2.3+0.1pm/V, dis = 2.6+0.1 pm/V, d3z3 = —-3.8+0.2 pny V.
Sample Thickness (m) By virtue of the sample orientation, experimental accuracy of
Figure 2: Maker fringes of LPE-grown GaN obtained with the (afls3 measured on the (20) sample is much higher than that
d1 (b) das (c) di5 configurations. for the (0001) sample.

Since the obtained values d§; and d;s codficients for

least-squares fitting routine. All the experimental data chtYPE- and LPE-grown GaN, which are determined with suf-
be closely fitted with the following set of fitting parameterdicient accuracies for the both samples, agree well within the
L = 2748 um, n% = 2.2671,n¢ = 2.3008,n% = 2.3612, experimental accuracy, we are convinced that highly accurate
nZ» = 2.4003, and the misorientation anglé = 0.537. Al- Vvalues of quadratic nonlinear optical ¢heients of GaN are
though these values of refractive indices are smaller than @géermined by precise measurements on state-of-the-art high-
values reported by Sanford et al. [F)(= 2.304,n% = 2.342, quality samples.

nZ = 2.397, andn?” = 2.435), we believe these values ard. Conclusion

highly reliable as accurate refractive indices of the preseniVe have determined all the three independent components
high-purity GaN sample. Based on the fitting combined wigff quadratic nonlinear optical ciicients of GaN using high
relative measurements using quadz; (= 0.30 pmV [6, 8]) quality samples as followsds; = 2.4 + 0.1 pnmyV ,dis =

as a reference material, we determined the magnitudes ofdtget 0.1 pnyV, dsz3 = —3.8+0.2 pnyV, where theds; andd; s
nonlinear optical co@icients of HVPE-grown GaN as fol-values are averaged ones of those obtained for two samples,
lows: d3; = 25+ 0.1 pm/V, dis = 24 + 0.1 pm/V, dsz = and we adoptlzz value determined using the (2(1) sample
-7.0 + 3.5 pm/V. Relatively large error oflz; codficient is that dfers much higher accuracies then the (0001) sample.
due to the small contribution of this ciieient expressed ap-These nonlinear optical cigients are larger than those of
proximately with a projection factor of si#’, where¢’ is the conventional ultraviolet wavelength conversion crystals.

internal refraction angle, becomes small owing to high refrdgeferences
tive indices. [1] T. Ishidate, K. Inoue, and M. Aoki: Jpn. J. Appl. Phyk9

LPE-grown GaN 2] 519'\/?0) 1|6£§L D.K. Wickenden, T. J. Kistemacher, and W.A.
Iragliotta, ickenden, Istemacher, an
We then performed the wedge measurement on LPE-grovJ Bryden: J. Opt. soc. Am. B0 (1993) 1447,

GaN. We obtained a (£D)-oriented plate by cutting a 0.3- 13} \ ‘A sanford, A. V. Davydov, D. V. Tsvetkov, V. Dmitriev, S.

mm-thick (0001) plane parallel plate of bulk single-crystalline’ ~ kelier, U. K. Mishra, S. P. DenBaars, S. S. Park, J. Y. Han, and
GaN grown by LPE using the Na flux method [9] perpendicu-  R. J. Molnar: J. Appl. Phy€7 (2005) 053512.

larly to the [1220] direction. Both the input and output facets[4] I. Shoji, T. Kondo, and R. Ito: Opt. Quantum Electros¥
of the plate, the sizes of which were 838 mn¥, were then (2002) 797.

polished to the center thickness-a300um and tapered with [5] M. Abe, I. Shoji, J. Suda, and T. Kondo: J. Opt. Soc. An2B
the apex angles of 0.10 degree. The experimental setup for the (2008) 1616.

wedge measurements was similar to that used in the rotatiori&l !- Shoji, T. Kondo, A. Kitamoto, M. Shirane, and R. Ito: J. Opt.
Maker-fringe measurements except that the fundamental beam S°¢- Am. B14(1997) 2268. _

was focused onto the sample with a radius of 3ioin order  [/] N- A Sanford, L. H. Robins, A. V. Davydov, A. Shapiro, D.

to ensure the resolution of Fabrv-Perot patterns V. Tsvetkov, A. V. Dmitriev, S. Keller, U. K. Mishra, and S. P.
y P : DenBaars: J. Appl. PhyS4 (2003) 2980.

The measured SH power as a function of the sample thiclfs] D. A. Roberts: IEEE J. Quantum Electra8 (1992) 2057.
ness obtained with a fundamental input polarized perpendicyg] F. Kawamura, H. Umeda, M. Morishita, M. Kawahara, M.
lar to the [0001] axis and SH output polarized parallel to the  Yoshimura, Y. Mori, T. Sasaki, and Y. Kitaoka: Jpn. J. Appl.
[0001] axis @i3; configuration), a fundamental input polarized  Phys.45(2006) L1136.
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