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Highly efficient second-harmonic generation in doubly resonant
planar microcavities
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A theoretical study of second-harmonic generation in planar microcavities with periodic dielectric
mirrors is made. Strong enhancement of the nonlinear conversion is predicted when double
resonance for the pump and harmonic fields, as well as phase matching, are achieved. For a given
structure design, the finite angle of incidence is used as a tuning parameter and the splitting between
cavity modes with different polarizations is used to compensate the material dispersion. Examples
are given for GaAs cavities with AlGaAs/Alox dielectric mirrors. 2804 American Institute of
Physics [DOI: 10.1063/1.1786657

Frequency conversion in cubic materials like GaAs isdielectric mirrors. GaAs cavities with AlGaAs/Alox reflec-
limited by the difficulty of achieving phase matching, which tors are considered. Like in Ref. 9, we use the finite angle of
is instead easily obtained in birefringent nonlinear materialsincidence# as a tuning parameter to achieve double reso-
Various methods to overcome the short coherence lengthance for pump and harmonic waves as well as phase match-
arising from refractive index dispersion have been proposethg: the polarization splitting of the Fabry—Pérot modes plays
and practically realized, including tailoring of photon disper-an important role, as is explicitly shown. The use of periodic
sion relations by a dielectric modulatiohand use of form  mirrors results in a conversion efficiency that increases ex-
birefringence in multilayers’ A high efficiency of nonlinear ~ponentially with the number of periods in the Bragg reflec-
conversion is a key factor for a number of device applicators and becomes very large in a highly compact monolithic
tions, e.g., for ultracompact, coherent optical sources. cavity device.

Another possible route for increasing the conversion ef- We consider the symmetric microcavity structure
ficiency for second-harmonic generati®HG) relies on the  sketched in Fig. 1: a central cavity layer of lendth is
use of resonance effects in Fabry—Pérot cavities. Confinesandwiched between two identical distributed Bragg reflec-
ment of the electromagnetic field mode at the pump and/ofors (DBRs) with layer thicknessek;, L, andN+1 (N) lay-
harmonic wave frequencies leads to a strong enhancement 8fs of material 1(2). The polarizations of pump and har-
the nonlinear effect depending on the cavity finesse. Singl&onic waves at a given angle of incidengare taken to be
resonance at either the pump or harmonic frequency can Heands, respectively. Only the cavity layer is assumed to be
realized in planar microcavitie@VCs) with \/4 Bragg re- nonlinear. The dielectric mirrors are characterized by a com-

flectors. Simultaneous double resonance has been achievetgx reflection amplitude/Re?, where ¢ is the phaseR is
with external-cavity configuratioris® It would be desirable the mirror reflectance, and the transmittaricel -R. The
to obtain doubly resonant, highly efficient SHG in mono- cavity enhancement of SHG is defined as the ratio between
lithic cavities, especially in planar microcavities with dielec- the SH power transmitted by the whole structure and the one
tric mirrors, which have very high finesse and low lossas. generated by the isolated nonlinear layer. Neglecting pump
theoretical study of SHG in microcavities with both metallic depletion, the expression given in Ref. 8 can be generalized
and dielectric mirrofSclarified the conditions to be fulfilled t0
for increasing the conversion efficiency through resonance
effects: in particular, when dielectric mirrors are used, the [ S 2
layer thicknesses should depart from thit condition (in n= T\ Tou{1 +R§\‘ Ro,, €XP(19m)} ,
order to have stop bands for both pump and harmonic fields {1-R,, exp15,)}11 = Ry, expli 52,)}
and in addition a phase-matching relation should be satisfiegyhere
However, working at normal incidence it is difficult to meet
all these conditions simultaneously, especially for the lack of
a suitable tuning parameter and for the complications intro-
duced by material dispersion which requires the use of a
thick cavity.8 Experimental realization of a doubly resonant
Al sGa 7As/AlAs microcavity structure at non-normal inci-
dence has been achieved in Ref. 9 with the use of dual-
wavelength nonperiodic dielectric mirrors. Optimization of N-periods N-periods
structures for third-harmonic generation has also been = Tl T E
reported®

In this theoretical work we propose an approach for ob-
taining highly efficient SHG in planar MCs with periodic

1)

80 =2, + 2L, (2)

026 = 26h2 + 2Ky 20,1, (3
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¥Electronic mail: liscidini@fisicavolta.unipv.it FIG. 1. Schematic layout of the microcavity structure.
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5m = ¢j,w + ¢k,w + 2kZ,wL + ¢i,2w + kZ,ZwL’ (4)

k, is the field wave vector along the growth axiandi,j,k

are the Cartesian components coupled by the nonlinear sus-
ceptibility x'2.** The conversion efficiency is maximum
when §,, &,, and &,, are all multiples of 2r. These condi-
tions correspond to the simultaneous resonance of pump and
second harmonic and to an effective phase matching of the
cavity. From expression@)—(4) it follows that, in a doubly

resonant symmetric microcaviPRM), &,, can be only an

Energy (eV)

evenor odd multiple of 7. In the first case, whe@,,,=2nr, 30 " 60 20
n e Z we haveeffective phase matchirand the highest effi- Incidence Angle 6
ciency. In the second casé,=(2n+1)7 and the numerator
vanishes orR, ,—L: we refer (o tis situation aanl- 16, freges sbpoaiied pnsold oe ancepoines Sn dlee,
phase matchingln the. limit of high mirror reflectance at Tt?e ZZrk and Iig‘;]t gray areas dznote trLlje regions outsidge the stop band for
both w and 2, the cavity enhancement becomes the pump and SH wave, respectively. Parameters laye104.8 nm, L,
4 =408.9 nm,L.=675 nm.
"= (1-R)A1 R’ ©
2 shows the angular dispersion of the defect modes and
1(1-Ry,) 2w, the latter being divided by two in order to visualize the
Mapm = Zm (6) double-resonance condition. The two defect modes are seen

to cross at an angle of incidence aroufrd30°.
at the phase matching and anti-phase matching conditions, We now calculate numerically the SH conversion effi-
respectively. ciency by the nonlinear transfer matrix methiddrhe non-
When the DBR reflectivityR— 1, the factor(1-R)™ |inear transmittance™- normalized to that of an isolated
(which is proportional to the quality factdp of the Fabry—  cavity layer directly yields the cavity enhancementn Fig.
Pérot modg grows with the number of periodN as 3 we compare the linear and nonlinear transmittance of SRM
exp(2NkA), wherex is the imaginary part of the field wave and DRM with(111) orientation. While in the first case the
vector in the stop band anti=L,+L, is the DBR period. In  structure is designed to obtain only a pump resonginé¢é
a single resonant microcaviggRM), when only the pump DBRs and no gap atad, in the DRM all aspects of har-
frequency is tuned at resonance, the conversion efficiency isonic generation are optimized. In fact, in the DRM we
proportional to exfN«,A). For a DRM we have two dif- have at the same time pump field confinement, good extrac-
ferent possibilities. In a phase-matched microcavitis pro-  tion efficiency of the SH, and phase matching between the
portional to the productQ?Q,,>exf2N(2«,+k,,)A],  two waves. Notice that the cavity modes ab are shifted
while in the case of anti-phase matching the efficiency isoward lower energies with respect to the pump by the ma-
proportional to the ratidgf,/QZwocexp[ZN(ZKw—KZw)A)]. It terial dispersion: double resonance fBfrs SH conversion is
is important to emphasize that the quality factors of singleachieved by taking advantage of the polarization splitting.
and double resonant microcavities are generally different, The main idea of this method is mmpensate the dis-
therefore a phase-matched DRM is more efficient than #@ersion of the cavity refractive index,rusing the polariza-
SRM when tion splitting of the defect mode$he splitting depends on
DRM . DRM SRM the angle of incidence through the reflection phase shifts at
2Kyt Ky > 2Kg @) the dielectric mirrors, and is esgecially large for DBRs with
This condition can be fulfilled at a finite angle of incidence high refractive index contraéi‘:l_ Experimentally, a further
by proper structure design, as shown in the following. tuning parameter may be provided by sample inhomogene-
The following results refer to single and double resonant

microcavities with a GaAs cavity layer and with DBRs con- Energy (eV) Energy (eV)

stituted of alternate layers of NGa, ¢As (layer 1) and Alox g 100621 0820 0810 0821 0620 0619,
(oxidized AlAs, layer 3. The field components coupled by 5 08 : 2 log
the ¥'? tensor depend on the growth direction of the sample. E o6 06
We have considered two different orientations of the nonlin- E o4 04
ear GaAs layer(111) [with plane of incidence110)] and g 02 02
(001) [with plane of incidenc&010)]. In all calculations we - :’(:3 A . o
take into account the refractive index dispersion of the L ,
materials:? 3 105 105

The design of a DRM structure is made for a pump gw 10
wavelength\ =2 um. We optimize the thicknessés, L, of 210 10°
the DBR layers in order to obtain first and second-order stop 10 506 2000 2004 1506 2000 2o0a®

bands(or photonic gapsof comparable siz& Moreover, we A (um) A (um)
choose the CaVity Iayer thickness in such a way that the de-G 3. Linear and nonlinear transmittance vs pump wavelength for a
fect modes are resonant with the pump and harmonic WaveF' gle-resonantleft) and doubly resonant microcavitfight) with N=6

at a finite angle of incidence. The following parameters areriods, at9=30°. The SH calculation assumesld1) orientation and—s

obtained:L,=104.8 nm,L,=408.9 nm,L.=675 nm. Figure conversion.
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where the SH intensity is a substantial fraction of the pump

11

- e : field intensity.

10°{ * DRMapm ] We have shown that double-resonance and phase-
7 : matching conditions can be fulfilled in GaAs microcavities
g 1074 1 with periodic AlGaAs/Alox dielectric mirrors by working at
= ] - 1 a finite angle of incidence and using the polarization splitting
E 1°: . 1 of the cavity modes to compensate the material dispersion.
4

Under these conditions, the SH conversion efficiency grows
exponentially with the number of DBR periods with the
. i . maximum slope. SH enhancement in excess df tan be
3 4 5 6 achieved with a device lengtk8 um, meaning that an ap-
Number of periods preciable conversion efficiency can be attained with present-
FIG. 4. Nonlinear transmittance as a function Nffor double-resonant day pU|Sed laser source. Experimentally, the effect may be
micr.océvities with both phase matching and anti-phase matching, and fotruned by varymg the angle_ Of mCI,dence and also by taklng
single-resonant microcavities. The symbols denote the resuilts of the transf@dvantage of thickness variations in the wafer. Further work
matrix calculation, while the lines represent the trends given by@he Will consider other microcavity structurege.g., with
factors. GaAs/AlGaAs DBR$ and effects beyond the nondepletion
approximation.
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ities, which yi(e;7ld a uniform variation of all thicknesses Useful discussions with M. Agio, M. Centini, and M.
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