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We present a one-dimensional defective photonic crystal containing the nonlinear medium, with a single
defect and dual-localized modes. Giant enhancement of second harmonic generation is predicted in numerical
simulation. The mechanism is the strong localizations of fundamental wave and second harmonic in the single
defect, simultaneously. Such a kind of structures can be expected as high-efficency nonlinear photonic devices.
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Photonic crystals(PC’s)1,2 have opened up a subject as a
new kind of microstructure material. The nature of PC’s is
the existence of a photonic band gap(PBG), i.e., a range of
frequencies, in which electromagnetic wave propagation is
forbidden. PC’s have attracted considerable interest because
of the access to many new effects in fundamental physics
and potential applications. Some efforts toward nonlinear
processes such as second harmonic generation(SHG) were
focused on the finite yet perfect PC’s.3–9 If the perfect struc-
ture is frustrated in the appropriate manner, that is to say,
suitable defects are introduced, the resulting some allowed
states within the PBG can give rise to the field enhancement
in the defects. If the nonlinearity is also introduced to the
defective PC’s simultaneously, which may be of great impor-
tance, because they can achieve numerous functional photo-
nic devices based on many new properties. The enhanced
nonlinearities, caused by the remarkable capabilities of local-
izing electromagnetic wave, suggest the impressive opportu-
nity for achieving compact yet high-efficiency photonic de-
vices. Despite the some amount of research on the
nonlinearly defective PC’s,10–13 whether the nonlinear phe-
nomena have still not attention enough. In principle, in the
cases discussed in Refs. 10 and 11, the harmonic efficiencies
could not be high enough; because the SHG originates from
only the nonlinear interaction of interfaces between layers,
whereas the nature of strong localization was not availably
exploited. Shiet al.12 demonstrated the great enhancement of
SHG in the defective PC’s, and Dolgovaet al.13 verified the
enhancement of SHG in PC’s with single and coupled micro-
cavities(defects); both are attributed to the mechanism of the
resonant fundamental field and wave coupling caused by
light localization in defect states. In a recent article14 a re-
view regarding enhancement of nonlinear effects in PC’s can
be found. In the present work, we designed a defective PC,
in which the introducing of a single defect gives rise to the
dual-localized modes(states) at the fundamental wave(FW)
and second harmonic(SH), where the distinctive benefit of
defective PC’s is of most use. Numerical results by the

shooting method15 indicate the giant enhancement of SHG in
such a defective PC.

For simplicity, we choose a one-dimensional structure as
an example. The matrix of the constructed defective PC is a
finite perfect periodic PC, as shown in Fig. 1(a). It is com-
posed of alternately stackedN-L layers surrounded withL
medium, whereN and L indicate the nonlinear and linear
layers. LiNbO3 crystal is chosen as the nonlinear material.
From the temperature dependent dispersion of LiNbO3,

16 the
parameters of the designed perfect PC are as follows: thick-
nesses and refractive indices of theN and L and layers are
lN=304 nm andlL=351 nm, nN (=2.157 atlFW=1064 nm
and =2.237 atlSH=532 nm at a temperature of 150 °C), and
nL=1.0 (air), respectively. We change the thickness of the
centralN layer from lN to lD=737 nm, to introduce a defect,
as shown in Fig. 1(b). Such a defective PC exhibits mirror-
symmetry with respect to the the defect layer(the left and
right sides of the defect layer have the same periodsPN).
There are two kinds of gratings: the linear gratingesxd or
nsxd and the quadratic nonlinear gratingxs2dsxd or dsxd.

Before investigating the SHG problem, we first discuss
some linear behaviors caused by the linear grating. Such a
defective PC can be equivalent to a F-P cavity,17 as shown in
Fig. 1(c). The left and right sides(containing the interfaces)

FIG. 1. (Color online) Geometric structure of PC.(a) Perfect
periodic PC,(b) defective PC,(c) equivalent F-P cavity structure of
defective PC,(d) and sd8d equivalent mirrors.
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of the defect are considered as two mirrorsM8 and M, re-
spectively, as seen in Figs. 1sd8d and 1(d). M8 andM can be
described by transfer matricesM8 and M, respectively. On
the basis of the transfer-matrix method,18 we give M8
=sMLNMNMNLMLdPNMLN and M =MNLsMLMLNMNMNLdPN.
MLNsNLd is the transfer matrix in theL-NsN-Ld interface and
MLsNd is the propagation matrix in theLsNd layer, respec-
tively. They are

MLNsNLd =
1

tLNsNLd
F 1 rLNsNLd

rLNsNLd 1
G , s1d

MLsNd = Fexpf− jknLsNdlLsNdg 0

0 expf jknLsNdlLsNdg
G , s2d

wherek=2p /l, andrLNsNLd andtLNsNLd are the Fresnel reflec-
tion and transmission coefficients in theL-NsN-Ld interface.
If M8 andM are written as

M8 = Fa8 b8

c8 d8
G,M = Fa b

c d
G , s3d

the complex amplitude reflection(transmission) coefficients
of M8 and M could be given byr8=c8a8−1st8=a8−1d and
r =ca−1st=a−1d, respectively.

The total transfer matrix of the whole defective PC should
be M total=M8MDM, whereMD is the propagation matrix in
the defect layer and has the same form as Eq.(2) provided
that lN is replaced bylD. M total is also written as

M total = FA B

C D
G . s4d

Thus the transmittanceTtotal can be calculated byTtotal
= uA−1u2. The transmission spectrum in Fig. 2 shows that there
occurs two sharp peaks atlFW and lSH within two discrete
PBG’s, respectively. The spatial distributions of relative am-
plitudes in Fig. 3 indicate that greatly enhanced light fields at
lFW andlSH are mightily localized spatially near the defect.

The introduction of the equivalent F-P cavity concept is
available for understanding the localization properties in the
defective PC’s. The transmittance of the defective PC and the
relative field distribution inside the defect can be easily
yielded17

T =
1

1 + f4r0
2/s1 − r0

2d2gsin2F
, s5d

uEsxdu = ut8uÎs1 + r0d2 − 4r0 sin2sF/2 − knNxd
s1 − r0

2d2 + 4r0
2sin2 F

, s6d

where F=f0+knNlD, x is the position coordinate
s−lD /2øxø lD /2d in the defect, and r =r0 expsif0d.
In the defective PC the phase shiftf0 is no longer zero
or p. We see from Eqs.(5) and (6) that alone whenF=f0
+knNlD=mp (m indicates the order of localized modes), the
defective PC exhibits a maximum transmittance ofT=1 and
at the same time the field in the defect is greatly enhanced;
otherwiseT and uEsxdu fall rapidly into near zero and very
low level, respectively. IflD= lN, we find from Eq.(5) that
the transmittance atlFW and lSH approach zero, implying
that there are no localized modes within the PBG’s, because
the defective PC has degenerated into a perfect periodic PC.
WhenlD=737 nm, from Eq.(5) the two transmittance atlFW
andlSH arrive at their maximum values ofT=1 and from Eq.
(6) the FW and SH fields in the defect are greatly enhanced
simultaneously. For example, forPN=7, the field amplitudes
uEFWumax and uESHumax are enhanced by,36 and,95 mul-
tiples, respectively. These results agree completely with the
results given by the transfer-matrix method(in Fig. 3). The
spectral linewidths, the orders, the relative fields, and posi-
tions of the localized modes are conveniently given, based
on the equivalent F-P cavity. For instance, the orders of the
localized modes are the third and eighth orders for FW and
SH, due toF=3p at lFW andF=8p at lSH. DlFW andDlSH
(linewidths) as well asuEFWumax and uESHumax as functions of
PN are shown in Fig. 4.DlFW and DlSH narrow while
uEFWumax anduESHumax increase, exponentially, with increasing
PN. The results confirm that a single defect can give rise to
the simultaneous dual-localized modes atlFW and lSH. We
predict that such dual-localization feature should cause the
giant enhancement of SHG. It is of great importance that the
adoption of equivalent F-P cavity can not only give the more
information and the more clearly physical picture for the

FIG. 2. (Color online) Transmission spectrum of the defective
PC.

FIG. 3. (Color online) Relative amplitude distributions of FW
(a) and SH(b) inside the defective PC.
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localized modes but also provide a much easier and simpler
means for designing the defective PC’s.

In such a defective PC, we give a quantitative calculation
for the total conversion efficiency of the forward and back-
ward SH generated. The coupled-wave equations governing
quadratic nonlinear interaction of two monochromatic plane
waves with different wavelengths atlFW andlSH in the de-
fective PC can be written as

d2E1/dx2 + k1
2n1

2sxdE1 = − 2k1
2dsxdE1

*E2,

d2E2/dx2 + k2
2n2

2sxdE2 = − k2
2dsxdE1

2. s7d

Subscripts 1 and 2 in Eq.(7) indicate the physical quantities
related with FW and SH, respectively.njsxd and dsxd is the
spatial dependent refractive index and quadratic nonlinear
optical coefficient, respectively. Eq.(7) can be solved nu-
merically by the use of the shooting method,15 which is a
powerful technique for treating two-point boundary-value
nonlinear problems and is unnecessary to perform the trans-
form between the time-domain and the frequency domain.
For the sake of comparison, we also choose the effective
nonlinear coefficientdeff of theN layers to be 43.9 pm/V as
in Ref. 12.

We investigate in detail the dependences of the conver-
sion efficiency on the incident FW intensityI0FW and PN.
Figure 5 shows the efficiencies as functions ofI0FW when
PN=7, the squares and the circles arehDL for the dual lo-
calization andhSL for the single localization,12 respectively.

It is clear that the efficiency in the case of dual localization
is about 4 orders of magnitude higher than that in the
case of the single localization. ForPN=7 and when
I0FW=50 kW/cm2, hDL can achieve 50%, whereashSL is
only ,3310−4. For the film sample with the same total
thicknesss9.907mmd and the samedeff as the defective PC,
the efficiency is only,10−8 at I0FW=50 kW/cm2, which is
only 8 orders of magnitude lower thanhDL. Even if in the
bulk material with 1-cm length anddeff=43.9 pm/V, the ef-
ficiency is only,1.5% atI0FW=50 kW/cm2. Figure 6 shows
the dependence ofI0FW (required for achievinghDL =50%)
on PN. I0FW decreases exponentially with the increase ofPN,
because the field localized in the defect grows exponentially
as increasingPN, see Fig. 4. Although the increase ofPN
can significantly fall the FW intensity, nevertheless the line-
width of the localized mode narrows rapidly(see Fig. 4). For
the largePN, the linewidth of FW must be narrow enough;
otherwise the most energy of the incident FW should be cut
off and then lead to the sharp decrease of efficiency. There-
fore, we must choose the appropriate number of PN to give
attention to the suitable linewidth and the incident FW inten-
sity. For PN=7, DlFW is ,0.09 nm (a coherent length of
,12.6 mm) that is very easily obtained from many commer-
cial lasers. ForI0FW=50 kW/cm2 required for achieving the
efficiency of 50%, if a beam is focused to a 40-mm spot in
diameter, correspondingly the required total FW power is

FIG. 4. (Color online) Linewidths of localized modes and maxi-
mum relative amplitudes in the defect as functions ofPN.

FIG. 5. (Color online) Dependence of conversion efficiency on
FW intensity (for clarity hSL has been magnified by a factor of
53103).

FIG. 6. (Color online) FW intensity required for 50% efficiency
as a function ofPN.

FIG. 7. (Color online) Dependence ofuEFWumax, uESHumax, andh
on DT.
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only ,600 mW, such low power can be generated even if
from the continuous-wave lasers. Therefore, the dual-
localization defective PC should be a promising nonlinear
photonic device for performing the SHG of low power
continuous-wave laser. If such a defective PC is integrated
with the near IR laser diode(for instance, 890 nm), we can
construct a compact and high-efficiency blue emitting de-
vice. However, for the defective PC’s based on single
localization12 and the perfect PC’s using band edge effect,7 to
obtain the efficiency of 50%, the required value ofI0FW is at
least a few MW/cm2 even GW/cm2 order of magnitude. We
also find such a feature that, in principle, the conversion
efficiency in the defective PC’s based on the localization
character cannot achieve 100% because such a kind of SHG
is not the perfect phase matching. A deviation of any one
parameter from its designed value will change the perfor-
mance of a device. As an example, we discuss the tempera-
ture effect, because the refractive index of theN layers
sLiNbO3d is temperature dependent. It can be found from
Fig. 7 that the temperature deviationDT with respect to the
designed temperature results in the rapid decrease of en-

hancement of FW and SH fields(uEFWu and uESHu) within the
defect layer and the conversion efficiencyh. The tempera-
ture band width of 46.0 K foruEFWu is obviously broader
than that of 1.0 K foruESHu, which is agreement with the
narrower spectral widthDlSH shown in Fig. 4. The tempera-
ture band width ofh is 1.8 K having the same order as that
of uESHu, because which mostly depends on the narrowest one
amonguEFWu and uESHu.

In summary, we suggest a single defective PC with the
dual-localized modes to realize the giant enhancement of
second harmonic generation, analyze the features of local-
ized modes based on the equivalent F-P cavity concept, and
calculate the conversion efficiency by using the shooting
method. Due to the salient features of high efficiency and
low power density, such dual-localization defective PC’s can
be expected as a compact and high-efficiency nonlinear
frequency-conversion photonic devices.
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