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The lasing mode of a two-dimension@D) photonic crystal laser with in-plane multidirectionally distrib-
uted feedback effect is analyzed theoretically and experimentally. From an investigation of the Bragg diffrac-
tion conditions at several points in the photonic band diagram where lasing is expected, we identify a particular
I' point at which lasing occurs due to the coupling of lightwaves propagating in six equitakémlirections
and diffraction normal to the substrate surface. In order to investigate the lasing mode in detail, the distribution
of the electromagnetic field at the band edges aftpeint is calculated, and each band edge is found to have
a different field pattern. The lasing characteristics of the 2D photonic crystal laser at the lasing wavelength
corresponding to thé" point are measured. Single-mode lasing over a broad circular area is observed by
microelectroluminescence measurements under pulsed conditions at room temperature. We also demonstrate
the correspondence between the measured lasing wavelengths and calculated band edges by comparing the
polarization characteristics with the calculated distribution of the electromagnetic field. The results indicate
that 2D coherent lasing oscillation does, in fact, occur due to the multidirectional coupling effect in the 2D
photonic crystal. From the theoretical calculation, we show that the polarization patterns of the lasers can be
controlled by introducing artificial lattice defects.
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[. INTRODUCTION mode in the 2D photonic crystal cavity. In Sec. Ill, we de-
scribe the experimentally observed lasing characteristics of
The semiconductor laser plays an important role in thghe device in detail and discuss the correspondence between
modern information society. Although it is desirable that de-the measured results and the calculated lasing mode.
vices have only one lasing wavelength or one lasing mode, in
practical devices, the number of modes inside a laser cavity 1. THEORETICAL ANALYSIS OF LASING MODE
is proportional to the size of the laser cavity. To control the IN 2D TRIANGULAR-LATTICE STRUCTURE
number of modes, a mechanism called distributed
feedback? (DFB) has been widely utilized in commercial
semiconductor lasers. A grating or one-dimensional periodic
structure embedded in the DFB laser induces Bragg diffrac- In this section, we analyze the lasing mode in the 2D
tion, resulting in coupling between two waves propagating irtriangular-lattice structure. Figure(@ shows a schematic
the forward and backward directions. This coupling effec-and reciprocal lattice of a 2D photonic crystal with a trian-
tively amplifies those modes with wave vectors satisfying thegular lattice. The two arrows in the left side figure indicate
Bragg condition. Recently, lasers based on two-dimensiondhe two specific direction§-X and I'-J. First, we calculate
(2D) photonic crystals or 2D periodic structures have beerihe dispersion relation or the band diagram of the modes in
reported®® Due to the two dimensionality of such devices, our device. We employ the 2D plane-wafR\W) expansion
the Bragg diffraction that occurs is multidirectional. This is method to calculate the band diagram because the device
physically very interesting because multidirectional Braggstructure is two dimensionally periodic. However, the 2D
diffraction may be able to yield coupling mechanisms unat-PW expansion method assumes an infinite length in the third
tainable using traditional DFB lasers, possibly leading todimension, which is not the case in the actual device. To
control of the lasing mode over a large 2D area. From theompensate for this, we consider the fact that in the actual
viewpoint of engineering, such control of the lasing modedevice, the majority of light is confined within the active
may have various important applications such as high-poweryer, and only a small fraction of light is distributed in the
lasers or surface-emitting lasers with very narrow divergenc@D photonic crystal layet.The calculable effect of the 2D
angles. photonic crystal will be smaller than that in an infinite struc-
Previously, we reported room temperature lasing in a 20ure, or more specifically, the effect will be proportional to
photonic crystal surface-emitting laseHowever, the char- the fraction of light confined within the 2D photonic crystal
acteristics of the device have yet to be theoretically or exdayer. To account for this, we must determine two parameters
perimentally investigated in detail. For example, the correfor 2D PW calculation; the dielectric constant for the circular
spondence between the measured lasing characteristics amd (e,) and the backgrounde().
the calculated lasing mode in 2D photonic crystal remains These two dielectric constants are derived by calculating
unclear. In this work, we present detailed theoretical analysethe distribution of the electric field in the vertical direction of
and experimental results for 2D photonic crystal lasers. Irthe device by the transfer-matrix method. The calculated re-
Sec. I, we describe the theoretical results for the lasingult is shown in Fig. (b). From the calculated result, we

A. Calculation of band diagram
by 2D plane-wave expansion method
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FIG. 1. () Schematic and reciprocal lattice of a 2D photonic
crystal. Two arrows in the left side indicate two particular directions
I'-X andI'-J. K; andK, in the right side figure indicate the grating
Bragg vectors of the structuréb) Distribution of electric field in
the vertical direction of the device calculated by transfer-matrix
method. The hatched area corresponds to the 2D photonic cryst
layer.

estimate the effective refractive inday of the fundamental
mode and the fraction of the electric field within the photonic
crystal layer, giving the confinement factor for the photonic
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FIG. 2. (a) Dispersion relation or band diagram of electromag-
netic waves propagating in a 2D photonic crysta). Schematic
showing propagating directions of coupled waves at points I¢€)V.
Enlarged band diagram showing the vicinity of point IIl.

that lasing occurs at specific points on the Brillouin-zone
boundary and at the points at which bands cross and split. At
these lasing points, waves propagating in different directions
couple, significantly increasing the mode density. It is par-
ticularly interesting that each of these points exhibits a dif-
ferent type of wave coupling according to the Bragg condi-
tions (see the Appendjx For example, point | corresponds to
the coupling of only two waves, those propagating in the
forward and backward directions, as shown in Fidp) 2This
@bupling is similar to that of a conventional DFB laser. How-
ever, as there are six equivaldriX directions in the struc-
ture, a cavity can exist independently in each of the three
different directions, forming three independent lasers. Point
Il has a unique coupling characteristic unachievable in con-
ventional DFB lasers, the coupling of waves propagating in

crystal layer. The estimated values are 3.26 and 1.26%, r§nree different direction®.The I'-J direction also exists in

spectively.

Next, we determine, and g, using two conditions(1)
the average dielectric constdnt fe,+(1—f)ey; fis afill-
ing factor] is equal tong?, and(2) the differenceAs =g,
—&,4 is equal to 1.26% of the difference between the dielec
tric constant of In P€£10.5625) and aifthe two materials
composing the photonic crystal layetsing the filling fac-
tor of 0.2 for the fabricated device described in the Sec. Il
we obtaine ,=10.5625 and,=10.6834. Finally, we use the
2D PW expansion and, and ey to calculate the band dia-
gram. The result is shown in Fig(&, and will be discussed
in Sec. IIB. A total of 331 plane waves were used in this
calculation.

We verified the validity of the above approximation by
using the same method to calculate the band(gtgp band

each of the six directions, therefore, two different lasing
cavities in differenf’-J directions coexist independently. The
applicability of this mode is uncertain because the laser light
is emitted in the three different directions. Point Il corre-

sponds to coupling of waves propagating in six different di-
rections. This appears to be a good choice of mode because it
includes in-plane coupling in all six directions; 0%60°,
+120°, and 180°. In addition, the coupled light is emitted
perpendicular from the surface according to first order Bragg
diffraction, as described in the Appendix. This is the same
phenomenon that occurs in conventional grating-coupled
surface-emitting lasers, and facilitates the extraction of light
from the devic€. There are many other points at frequencies
higher than point 1l where waves are multidirectionally

of a 1D DFB laser. The calculated results agreed with theoupled in plane and out of plane. However, the angles of

measured results and the results calculated by convention
theoretical analysis of a 1D DFB laser.

B. Bragg diffraction in 2D triangular-lattice structure

gut-of-plane coupling by Bragg diffraction either vary from
90° entirely or have a component that varies from 90°, i.e.,
light is also coupled out of plane at an angle other than 90°.
For example, at point IV, light is coupled out of plane at an
angle of 54.7diffraction to ai as well as at 90°. Therefore,

Figure Za) shows the calculated band diagram of thewe consider that the point offering the most desirable char-

structure for transverse-electri@E) mode. It is expected

acteristics is point lII.
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FIG. 3. (Color) Electromag-
netic field distributions of six
modes in bandA-D. Red and
blue areas correspond to positive
and negative magnetic fields per-
pendicular to the plane. Black ar-
rows indicate in-plane electric-
field vectors and yellow circles
indicate lattice points(a) BandA,
hexapole mode(b) Band B, pair
of doubly degenerate quadrupole
modes. (c) Band C, monopole
mode.(d) BandD, pair of doubly
degenerate dipole modes.

(d) R
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C. Lasing mode in 2D photonic crystal surface-emitting laser D. Calculation of surface-emitting components of lasing mode

The calculated band diagram in the vicinity of point Ill is ~ These results calculated by the 2D PW expansion repre-
shown in Fig. 2c). There are six bands, resulting from the sent in-plane electromagneti@®M) fields. However, the
six coupling waves. At thd” point, there are two pairs of property of interest observed experimentally is the surface-
doubly degenerate bands and two pairs of nondegeneranitting component of these EM fields. These theoretical
bands. We will call these bands B, C, andD, as indicated results can, therefore, not be compared directly to the experi-
in Fig. 2(c); bandsA and C are nondegenerate and barils mental results. To mal_<e_ a valid comparison, we net_ad to cal-
andD are doubly degenerate. The electromagnetic field disculate the surface-emitting components of each lasing mode
tribution in the plane of the photonic crystal plane calculated”Sing @ 3D method. ,
for each mode by the plane-wave expansion method is Ve émploy the 3D finite-difference time-domaiRDTD)

- : method'? to calculate the surface-emitting components of
Zh_o[\;v nr;r; Zlcqci.v;‘ ?ﬁ:rgfn(ai)itai(gé 21? :Tr]zs;;%rt\g ftiz,l dt;air:]dtshethe lasing mode. Figure 4 shows the model used for the 3D
! b Y- P 9 FDTD calculation. The 2D photonic crystal is formed from a

direction perpendicular to the plane are indicated by the re(giielectric slab with dielectric constaat,=14 and thickness
and blue areas, corresponding to positive and negative a .3 um (or 0.6), containing circular rods with dielectric
plitudes, respectively. The arrows indicate the electric-fiel onstants.—8 ar,ld diameter 0.3m. The cladding layers
vectors in the plane, and the yellow circles indicate the locaz, e anéi below the slab are air. Mur's second-order absorb-
tions of Ia_ttice points. It can be clearly_ seen from the figureing boundary condition is employed. The photonic crystal is
that the different modes are characterized by different magejearly finite in the third dimension, which opposes the infi-
netic patterns, which is useful for classifying the lasingpite assumption in the 2D PW expansion calculations. The
modes according to group thedfyThe magnetic field for parameters used in the FDTD calculation arex
bandA is divided into three positive and three negative areas= sqri(3)/16a, Ay=1/10a, Az=1/10a, and At=0.5Ay/c,
around each lattice point, referred to here as a hexapoMyherec is the speed of light in a vacuum. EM fields are
mode. For band, there are two positive and two negative excited for each lasing mode at the center of the 2D photonic
areas around each lattice point, called a quadrupole moderystal, corresponding to the active region under an elec-
BandsC and D are characterized by monopole and dipoletrode. As the lasing mode is a Bloch wave, the excited di-
modes, respectively. The fabricated 2D photonic crystal lapoles are placed periodically at antinodes according to the
sers can be used in any of the four modes, with the correpolarization pattern of the appropriate mode, as shown in
sponding polarization pattern. Fig. 3. The surface-emitting components of excited EM
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FIG. 4. Schematic of 2D photonic crystal slab consisting of two
dielectric materials; a background =14) and circular rods¢(, (b)
=8). The slab thickness is @6 Solid points indicate dipole loca- ——— i
tions in FDTD calculation. RT PULSE
- (1kHz/500ns)

.

fields are observed in the plane parallel to the slab at a dis-
tance of 2.0um from the surface.
In contrast to thes, ande,, of ~10.6 defined in the 2D

PW expansion modet,, in the 3D FDTD model is set larger

in order to confine most of the light within the slab in con-

sideration of the thinness of the slab, angis set smaller so

as to increase the contrast with and consequently the pho-

tonic crystal effect in order to save computational memory

and time. The band structure used for the FDTD model is the 1 2 3 4 5

same as that used for the 2D PW expansion calculation, ex- CURRENT DENSITY (kA/cm?)

cept for shifted frequencies. The lasing modes can, therefore, ) _ )

be correlated between the two models. The points of interest FIG- 5. (8 Schematic of 2D photonic crystal laser with

are the lasing mode inside the 2D photonic crystal slab an§iangular-lattice structure embedded by wafer fusidm.L-I char-

leakage to the surface of the device. Although this model jcteristics of the device measured from the topside of the device.

not entirely accurate because we were unable to use an exact

structural model due to limited computational resources, th@chieved current injected lasing oscillation under pulsed con-

model preserves the essential properties of the system anddgions at room temperature with a maximum output power

considered to be sufficiently detailed. of greater than 20 mW. As described above, the light is also
coupled perpendicularly out of plane by first-order Bragg
diffraction, which facilitates the measurement of the various

—
(=)

OUTPUT POWER (mW

lll. MEASUREMENTS OF LASING CHARACTERISTICS characteristics of the device from the top. Lasing oscillation
AND COMPARISON WITH THEORETICAL was observed over a large area where the 2D photonic crystal
CALCULATIONS was formed according to a near-field patt¢éNFP) of the

device (see Fig. 6 centerwith a very narrow divergence
) . ) angle (less than 1.8°, see Fig).8 The narrow divergence
Figure 3a) shows a schematic of the 2D photonic crystal gngle is due to the extensive 2D-area lasing oscillation of the

laser reported previousfyThe structure consists of two INP gevice. The divergence anghe of the Gaussian beam emit-
wafers,A andB. WaferA has seven periodic structures of an teq from an area of raditR can be estimated by the follow-

INGaAsP {s=1.36um)/InGaAsP §4=1.1um) multiple- ing equation:

quantum-wel(MQW) active layer that emits light at a wave-

length of 1.3um. Wafer B is an n-InP substrate having a )

triangular-lattice 2D photonic crystal formed over a 480 Ag=2tan [N(7mR)],

diameter circular area by electron-beam lithography

(ELIONIX ELS-3700 and reactive ion etchingSAMCO  where\ is the lasing wavelengthl.285 um). Here, we as-
RIE-10N). The 2D photonic crystal consists of air holes ( sume a radiu® of 32.5 um, taken as an approximation of
=1.0) and InP (=3.25). The wafers are fused together by the area of the ring of width-65 um. The present device has
heating at 620 °C for 30 min in a hydrogen atmosphere. Aa Af of 1.44° according to this calculation. These calculated
circular electrode with a diameter o350 um is formed results are considered to be consistent with the observed las-
over the region where the photonic crystal is embeddedng mode. The difference between the measured and theoret-
leaving a ring of the device exposed for the surface emissiorical values is considered to be due to the fact tiatthe

The lattice constant is 0.462 um, and the spontaneous fabricated device has a ringlike beam spot, &)dhe beam
emission wavelength of the MQW active layer coincidesdoes not have a Gaussian beam profile, rather, the beam pro-
with the frequency of point Ill. Figure (5) shows the light file decreases exponentially in a similar manner to conven-
output-current (L-1) characteristics of the device. We tional 1D grating-coupled surface-emitting las@rs.

A. Fabrication and basic lasing characteristics
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FIG. 6. Lasing spectra at various points on the lasing area as obtained by microelectroluminescence measurements. The near-field pattern
of the device is shown at the center of the figure. Circles in the near-field pattern show the measurement points, each with diameter of about
15 um. Top left: Top view of device showing the electrode and gold wire. Top right: Far-field pattern of the device.

B. Distribution of lasing wavelength and polarization white arrows indicate the thrdé-X directions. The hatched
characteristics of 2D photonic crystal laser arrows indicate the direction of polarization at each measure-

The lasing spectra was examined at different points ovef’€nt point. Each point in eadhX direction is polarized in
the lasing area by microelectroluminescer(®4EL) mea- e azimuthal direction, and each point between X
surements in order to confirm that lasing occurs at the sam@"e€ctions is polarized radially. The theory predicts that this
wavelength over the entire surface area. The results ar@Sing mode should resemble the hexapole mode shown in
shown in Fig. 6. The circles in the NFP indicated the meaF19- 3§a). However, as .descnbed in Se(_:. IID, FigaBshows
surement points; each point is aboutAf in diameter. Las- the field pattern inside the photonic crystal plane; the
ing does indeed occur at the same wavelength at all mea-
sured points, despite the large afd@ameter 48Qum). This
is strong evidence that the lasing mode is singular and co-
herent over a large area, supporting the previous NFP and
far-field pattern resultgFig. 6). We measured the lasing
spectra of seven devices and found that the lasing wave-
lengths can be grouped into three bands, as shown in Fig. 7.
Comparing this result with the calculated band diagram in
Fig. 2(c), these groups appear to correspond to the band
edgesA, B, andD. The correspondence between the lasing
wavelengths and the calculated band diagram was confirmed
by investigating the polarization distribution for tieband
device (device No. 4 through MEL measurements. The re-
sults are shown in Fig.(8). The dark central area in the FIG. 7. Lasing wavelengths of measured devices and corre-
figure is the region covered by the electrode, and the thresponding lasing bands.

195306-5



IMADA, CHUTINAN, NODA, AND MOCHIZUKI PHYSICAL REVIEW B 65 195306

defect

FIG. 9. (@) Schematic of defects introduced into 2D photonic
crystal.(b) Electric-field pattern above the device calculated by 3D
FDTD. The light gray area indicates the center of the device.

(square, resulting in a nonzero interference pattern in the
field above the crystal. The crystal examined here clearly has
a complicated polarization pattern, which in conjunction
white arrows indicate each of tH&-X directions, and the hatched %Ith the rng _sha_pe of the emission area, limit the range of
potential applications. However, both these problems can be

arrows indicated the polarization directioftb) Surface-emitting . . . .
component of hexapole mode calculated by 3D FDTD. The circledddressed by the introduction of defects into the photonic

indicates the electrode, and the three arrows indicated each of tHgYStal structure, affording simple unidirectionally polarized
I-X directions. (c) Electric-field distribution in the plane of the €mission with circular beam cross section.

photonic crystakleft) and above the plane of the photonic crystal ~From the above results, it is confirmed that the observed
(right) calculated by 3D FDTD method. The large broken circle lasing oscillation really occurred at the band edgébser-
indicates the electrode area. The small circle represents the argations of polarization patterns of other devices also sug-
where the corresponding interference pattern above the crystal bgrested good correspondences between the lasing oscillation
comes zero as indicated by the thick solid arrow. The square indipf other modes and the theoretical predictions.

cates the area where the corresponding interference pattern above

the crystal is nonzero.

FIG. 8. (a) Polarization pattern of lasing mode of device No. 4.

L C. Polarization control by defect engineering
surface-emitting component must be calculated before the

theoretical result can be compared directly to the results The lasing observed here is unique to the 2D photonic
shown in Fig. 8). The surface-emitting component of the Crystal structure. However, the lasing modes have relatively
hexpole mode calculated using the 3D FDTD method, show§omplicated polarization patterns, affecting the range of ap-
in Fig. 8b), clearly agrees with the measured polarizationplication. These devices would be more readily applicable if
pattern. the laser light were unidirectionally polarized. This can be
It is physically interesting that a polarization pattern onachieved by introducing defects. Laser light from band edges
the scale of the lattice constant shown in Figa)3when A, B, C, or D is emitted in various polarization patterns de-
emitted through the surface, leads to a similar pattern on thpending on the field distribution in the plane of the 2D pho-
much larger length scale of the electrode. This can be exanenic crystal(see Fig. 3. The two degenerate modes of band
ined in terms of the electric-field distribution. FigurécB edgeD have the potential to exhibit unidirectional polariza-
shows the electric-field distribution ofleft) and above tion if the modes can be excited separately. However, due to
(right) the plane of the photonic crystal calculated by 3Dthe degeneracy, these two bands are always excited simulta-
FDTD method. Note that the right part of Fig(cBis the neously, and the resulting pattern is unpolarized. Therefore,
same as Fig. ®) without the electrode shown. The large by adding defects that eliminate the degeneracy, each split
broken circle in the left figure indicates the electrode area. Iband of band edg® will yield a unidirectionally polarized
can be seen in the left part of Fig(dB that the field pattern emission. For example, we introduced defects into the 2D
resembles that of the Bloch wave shown in Figa)3or the  photonic crystal as shown in Fig(#. Using one of the split
area under electrode, however, the fields weaken or vanidhands of band edde, the surface-emitting component of the
outside the area of the electrode. The pattern observed aboetectric field calculated by 3D FDTD is now unidirectionally
the photonic crystal plane loses the periodicity of the fieldand uniformly polarized at the center of the device, as shown
pattern. The underlying physics of this phenomenon idn Fig. 9b). In addition, the laser has a simple circular beam
thought to be interference of electromagnetic field patterngrofile in contrast to the result shown in Fig(c8 which
originating under the electrode leaking to the surface. Fomakes the device more readily applicable. The details of po-
example, the amplitude of electric field in six equivalent di-larization control in the 2D photonic crystal cavity will be
rections is equal in the center are@anall circle, as a result, reported elsewher€. From these results, we anticipate that
corresponding interference pattern above the crystal becoméy introducing an appropriate defect into the 2D photonic
zero. Similarly, the amplitude of electric field in six equiva- crystal, a laser with precisely controlled lasing mode and
lent directions is not equal at the boundary of the electrod@olarization direction over a large 2D area can be realized.
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(b)

FIG. 10. Wave-vector diagram &) point | and(b) point Il. k;
(solid line) and kg4 (double ling indicate incident and diffracted
wave vectors.

FIG. 11. Wave-vector diagram @8) in-plane and(b) vertical
directions at point IIl.

PHYSICAL REVIEW B 65 195306

FIG. 12. Wave-vector diagram d8) in-plane and(b) vertical
directions at point IV(c) Wave-vector diagram showing diffraction
in an oblique direction at point IV.

This could lead to the fabrication of an unprecedented type
of laser with superior features such as a high power, single
mode, and large-area surface emission with a very narrow
divergence angle and controlled polarization.

IV. CONCLUSION

We have theoretically investigated the band structure of
the 2D photonic crystal laser and the electromagnetic field
distributions of the possible lasing modes. The measurement
of emission spectra over a large lasing area revealed that
lasing occurs over the entire area at a single wavelength due
to the multidimensional DFB effect, despite the large lasing
area. The electric-field distributior{polarization character-
istico) of the lasers were found to be in good agreement with
the theoretical predictions, confirming the theoretically pro-
posed model of lasing in 2D photonic crystal lasers. We have
shown that the polarization patterns of the lasing modes can

195306-7
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be precisely controlled by introducing lattice defects into thelouin zones of the structure. From E@?2), the diffraction
photonic crystals. The 2D photonic crystal laser examined irtondition is satisfied whelky| is equal to the diameter of the
this study represents an unprecedented type of laser wittentral circle. It can be clearly seen that the diffraction oc-

outstanding features. curs only in the backwar@80°) direction at point |, whereas
diffraction occurs in two different’-J directions at point I,
APPENDIX: BRAGG DIFFRACTION IN 2D as shown in Fig. 1®). Figure 11a) shows thex-y plane at
TRIANGULAR-LATTICE STRUCTURE point 111, at which the lightwave is diffracted in five different

N ) - I'-X directions;k; + K; also reaches thE point. In this case,

For simplicity, we consider a slab structure consisting Ofihe incident lightwave is diffracted normal to the substrate
three layers. The 2D triangular-lattice structure is formed ing rface because the Bragg condition is satisfied, as shown in
the second layer. The reciprocal lattice of the structure iq:ig_ 11(b). This is the same phenomenon that occurs in con-
shown in Fig. 1a). K, andK, are the Bragg grating vectors, yentional grating-coupled surface-emitting lasers: the device,
with magnitude|K|=2m/a, wherea is the lattice constant. therefore, functions as a surface-emitting laser. Figurés) 12
When we consider the Bragg diffraction of the TE modegng 12b) show the in-plane and vertical diffraction at point
Ilghtwave in the structure, the |nC|_dent _Ilghtwave and theyy |n this case, the lightwave is diffracted in fideJ direc-
diffracted lightwave satisfy the relationship, tions and in the vertical direction similar to point Ill, and

_ _ ki+q:K;1+0g,K, reaches the siX'’' points. Figure 1g)
Kg=kiT QKo+ aKe, (012702 1,22,.) (AD g ois the wave-vector diagram of ofié point where the
wg= i, (A2) !ightwave_ is diﬁrac_ted in an obliquc_a direc’Fion._The lightwave
is also diffracted in a bottom oblique direction. The same

whereky, ki, andq are thexy-component wave vectors of diffraction phenomena occur at the other fivé points, re-
diffracted lightwavesxy-component wave vectors of the in- sulting in diffraction in 19 directions at point IV.
cident lightwave, and order of coupling, respectively. In Eq.
(A2) wyq and w; are the frequency of diffracted and incident
lightwaves, respectively. EquatigAl) represents the phase-
matching condition, and EqA2) represents the constant-  This work was supported in part by a Grant-in-Aid
frequency condition. First, we consider the Bragg diffractionfor Scientific Research in Priority Areas from the Ministry
of the lightwave at points | and Il in Fig.(B). Figures 10g) of Education, Culture, Sports, Science and Technology of
and 1@b) show the wave-vector diagrams at points | and Il,Japan, and by the Venture Business Laboratory of Kyoto
respectively. The hexagonal regions are the tiled first Bril-University.
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