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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. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1786657]

Frequency conversion in cubic materials like GaAs is
limited by the difficulty of achieving phase matching, which
is instead easily obtained in birefringent nonlinear materials.
Various methods to overcome the short coherence length
arising from refractive index dispersion have been proposed
and practically realized, including tailoring of photon disper-
sion relations by a dielectric modulation1,2 and use of form
birefringence in multilayers3,4 A high efficiency of nonlinear
conversion is a key factor for a number of device applica-
tions, e.g., for ultracompact, coherent optical sources.

Another possible route for increasing the conversion ef-
ficiency for second-harmonic generation(SHG) relies on the
use of resonance effects in Fabry–Pérot cavities. Confine-
ment of the electromagnetic field mode at the pump and/or
harmonic wave frequencies leads to a strong enhancement of
the nonlinear effect depending on the cavity finesse. Single
resonance at either the pump or harmonic frequency can be
realized in planar microcavities(MCs) with l /4 Bragg re-
flectors. Simultaneous double resonance has been achieved
with external-cavity configurations.5,6 It would be desirable
to obtain doubly resonant, highly efficient SHG in mono-
lithic cavities, especially in planar microcavities with dielec-
tric mirrors, which have very high finesse and low losses.7 A
theoretical study of SHG in microcavities with both metallic
and dielectric mirrors8 clarified the conditions to be fulfilled
for increasing the conversion efficiency through resonance
effects: in particular, when dielectric mirrors are used, the
layer thicknesses should depart from thel /4 condition (in
order to have stop bands for both pump and harmonic fields)
and in addition a phase-matching relation should be satisfied.
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
Al0.3Ga0.7As/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
structures for third-harmonic generation has also been
reported.10

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

dielectric mirrors. GaAs cavities with AlGaAs/Alox reflec-
tors are considered. Like in Ref. 9, we use the finite angle of
incidenceu as a tuning parameter to achieve double reso-
nance for pump and harmonic waves as well as phase match-
ing: the polarization splitting of the Fabry–Pérot modes plays
an important role, as is explicitly shown. The use of periodic
mirrors results in a conversion efficiency that increases ex-
ponentially with the number of periods in the Bragg reflec-
tors and becomes very large in a highly compact monolithic
cavity device.

We consider the symmetric microcavity structure
sketched in Fig. 1: a central cavity layer of lengthLc is
sandwiched between two identical distributed Bragg reflec-
tors (DBRs) with layer thicknessesL1, L2 andN+1 (N) lay-
ers of material 1(2). The polarizations of pump and har-
monic waves at a given angle of incidenceu are taken to be
p ands, respectively. Only the cavity layer is assumed to be
nonlinear. The dielectric mirrors are characterized by a com-
plex reflection amplitudeÎReif, wheref is the phase,R is
the mirror reflectance, and the transmittanceT=1−R. The
cavity enhancementh of SHG is defined as the ratio between
the SH power transmitted by the whole structure and the one
generated by the isolated nonlinear layer. Neglecting pump
depletion, the expression given in Ref. 8 can be generalized
to

h = U Tv
ÎT2vh1 + Rv

ÎR2v expsıdmdj
h1 − Rv expsıdvdj2h1 − R2v expsıd2vdj

U2

, s1d

where

dv = 2fv + 2kz,vL, s2d

d2v = 2f2v + 2kz,2vL, s3d

a)Electronic mail: liscidini@fisicavolta.unipv.it FIG. 1. Schematic layout of the microcavity structure.
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dm = f j ,v + fk,v + 2kz,vL + fi,2v + kz,2vL, s4d

kz is the field wave vector along the growth axisz and i , j ,k
are the Cartesian components coupled by the nonlinear sus-
ceptibility xi jk

s2d.11 The conversion efficiency is maximum
when dv, d2v and dm are all multiples of 2p. These condi-
tions correspond to the simultaneous resonance of pump and
second harmonic and to an effective phase matching of the
cavity. From expressions(2)–(4) it follows that, in a doubly
resonant symmetric microcavity(DRM), dm can be only an
evenor odd multiple of p. In the first case, whendm=2np,
nPZ we haveeffective phase matchingand the highest effi-
ciency. In the second case,dm=s2n+1dp and the numerator
vanishes forRv,2v→1: we refer to this situation asanti-
phase matching. In the limit of high mirror reflectance at
both v and 2v, the cavity enhancementh becomes

hpm .
4

s1 − Rvd2s1 − R2vd
, s5d

hapm.
1

4

s1 − R2vd
s1 − Rvd2 . s6d

at the phase matching and anti-phase matching conditions,
respectively.

When the DBR reflectivityR→1, the factors1−Rd−1

(which is proportional to the quality factorQ of the Fabry–
Pérot mode) grows with the number of periodsN as
exps2NkLd, wherek is the imaginary part of the field wave
vector in the stop band andL=L1+L2 is the DBR period. In
a single resonant microcavity(SRM), when only the pump
frequency is tuned at resonance, the conversion efficiency is
proportional to exps4NkvLd. For a DRM we have two dif-
ferent possibilities. In a phase-matched microcavity,h is pro-
portional to the productQv

2Q2v~expf2Ns2kv+k2vdLg,
while in the case of anti-phase matching the efficiency is
proportional to the ratioQv

2 /Q2v~expf2Ns2kv−k2vdLdg. It
is important to emphasize that the quality factors of single
and double resonant microcavities are generally different,
therefore a phase-matched DRM is more efficient than a
SRM when

2kv
DRM + k2v

DRM . 2kv
SRM. s7d

This condition can be fulfilled at a finite angle of incidence
by proper structure design, as shown in the following.

The following results refer to single and double resonant
microcavities with a GaAs cavity layer and with DBRs con-
stituted of alternate layers of Al0.4Ga0.6As (layer 1) and Alox
(oxidized AlAs, layer 2). The field components coupled by
thexs2d tensor depend on the growth direction of the sample.
We have considered two different orientations of the nonlin-

ear GaAs layer:(111) [with plane of incidences11̄0d] and
(001) [with plane of incidence(010)]. In all calculations we
take into account the refractive index dispersion of the
materials.12

The design of a DRM structure is made for a pump
wavelengthl=2 mm. We optimize the thicknessesL1,L2 of
the DBR layers in order to obtain first and second-order stop
bands(or photonic gaps) of comparable size.8 Moreover, we
choose the cavity layer thickness in such a way that the de-
fect modes are resonant with the pump and harmonic waves
at a finite angle of incidence. The following parameters are
obtained:L1=104.8 nm,L2=408.9 nm,Lc=675 nm. Figure

2 shows the angular dispersion of the defect modes atv and
2v, the latter being divided by two in order to visualize the
double-resonance condition. The two defect modes are seen
to cross at an angle of incidence aroundu=30°.

We now calculate numerically the SH conversion effi-
ciency by the nonlinear transfer matrix method.13 The non-
linear transmittanceTNL normalized to that of an isolated
cavity layer directly yields the cavity enhancementh. In Fig.
3 we compare the linear and nonlinear transmittance of SRM
and DRM with (111) orientation. While in the first case the
structure is designed to obtain only a pump resonance(l /4
DBRs and no gap at 2v), in the DRM all aspects of har-
monic generation are optimized. In fact, in the DRM we
have at the same time pump field confinement, good extrac-
tion efficiency of the SH, and phase matching between the
two waves. Notice that the cavity modes at 2v are shifted
toward lower energies with respect to the pump by the ma-
terial dispersion: double resonance forp–s SH conversion is
achieved by taking advantage of the polarization splitting.

The main idea of this method is tocompensate the dis-
persion of the cavity refractive index nc, using the polariza-
tion splitting of the defect modes. The splitting depends on
the angle of incidence through the reflection phase shifts at
the dielectric mirrors, and is especially large for DBRs with
high refractive index contrast.14,15 Experimentally, a further
tuning parameter may be provided by sample inhomogene-

FIG. 2. Energies ofp-polarized pump(solid line) ands-polarized SH defect
modes in the stop bands(dotted line) as a function of the angle of incidence.
The dark and light gray areas denote the regions outside the stop band for
the pump and SH wave, respectively. Parameters are:L1=104.8 nm,L2

=408.9 nm,Lc=675 nm.

FIG. 3. Linear and nonlinear transmittance vs pump wavelength for a
single-resonant(left) and doubly resonant microcavity(right) with N=6
periods, atu=30°. The SH calculation assumes a(111) orientation andp–s
conversion.
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ities, which yield a uniform variation of all thicknesses
across the wafer.7

In Fig. 4 we present the normalized nonlinear transmit-
tance for single and double resonant microcavities, as a func-
tion of the number of periodsN in the DBRs. In all casesTNL

depends exponentially onN through theQ factors: TNL

~Qv
2Q2v for a DRM with phase matching,TNL ~Qv

2 /Q2v for
a DRM with anti-phase matching,TNL ~Qv

2 for a SRM
(lines). The DRM with phase matching is obtained with a
(111) substrate orientation: indeed, choosingxz as the plane
of incidence, the relevant nonlinear polarization is propor-
tional toEx

2 [i.e., a=b in Eq. (4)], anddm=0. In this case the
cavity enhancement of SHG is larger than for a SRM since
condition(7) is fulfilled. If we use instead the same structure,
but with (001) orientation, the performance of DRM is
strongly reduced by the anti-phase matching condition. In
this case the SH depends on the productExEz (i.e., aÞb)
and sincefx,v=fz,v+p we havedm=p, so the resonance at
2v determines destructive interference between the nonlinear
polarization contributions. In this case the DRM is less effi-
cient than a single resonant microcavity.

In the phase-matched case shown in Fig. 4, the exponen-
tial increase as a function ofN is potentially much faster than
with the band-edge resonance in periodic one-dimensional
systems.16,17 SHG enhancement in excess of 1010 can be
achieved in phase-matched DRMs with a modest number of
periods: with commonly used pulsed laser sources, this
means that the conversion efficiency can grow up to a point

where the SH intensity is a substantial fraction of the pump
field intensity.

We have shown that double-resonance and phase-
matching conditions can be fulfilled in GaAs microcavities
with periodic AlGaAs/Alox dielectric mirrors by working at
a finite angle of incidence and using the polarization splitting
of the cavity modes to compensate the material dispersion.
Under these conditions, the SH conversion efficiency grows
exponentially with the number of DBR periods with the
maximum slope. SH enhancement in excess of 1010 can be
achieved with a device length,8 mm, meaning that an ap-
preciable conversion efficiency can be attained with present-
day pulsed laser source. Experimentally, the effect may be
tuned by varying the angle of incidence and also by taking
advantage of thickness variations in the wafer. Further work
will consider other microcavity structures(e.g., with
GaAs/AlGaAs DBRs) and effects beyond the nondepletion
approximation.
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