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Microcavity-enhanced surface-emitted second-harmonic generation
from 200 fs pulses at 1.5 mm
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We present theoretical results for short-pulse surface-emitted second-harmonic generation and show
that significant cavity enhancement is possible in the femtosecond regime. Experimentally, we
demonstrate enhanced surface-emitted second-harmonic generation using 200 fs fundamental pulses
near 1.5mm by use of a 5lSH/2n vertical microcavity in@211#-oriented AlGaAs waveguides. The
microcavity height is minimized by allowing the distributed Bragg reflectors that define the vertical
cavity to also serve as cladding layers for the fundamental waveguide, thereby increasing the
resonance width and hence the overlap with the second-harmonic spectrum. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1376429#
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Surface-emitted second-harmonic generation~SESHG!
provides a means for ultrafast all-optical signal process
made possible by the colliding-pulse surface-emitting geo
etry. Indeed, optical serial-to-parallel conversion for tim
division demultiplexing has been demonstrated.1,2 The
colliding-pulse geometry, however, limits the optical intera
tion length and hence the conversion efficiency. Reson
cavity enhancement of SESHG via a vertical microcavity h
previously been shown to increase the efficiency by up
two orders of magnitude in the quasi-cw regime,3–5 where
the spectral content of the nonenhanced second harm
~SH! is narrow compared to the resonance width of the c
ity. However, we find that significant enhancement is p
sible even for subpicosecond pulses, where the spectral
tent exceeds the resonance width of the microcavity. T
enhancement afforded by an appropriate microcavity can
able ultrafast optical time-division demultiplexing in the im
portant 1.5mm wavelength region. Here, we report theor
ical and experimental results of the SESHG efficiency
200 fs fundamental pulses in a 5lSH/2n AlGaAs microcav-
ity.

We begin with a theoretical description of short-pul
SESHG. The total SH is determined via the product of
base efficiency and a frequency-dependent enhancemen
ir-
in
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tor due to the resonant cavity. The base efficiency is ca
lated using a Green’s function approach which allows
determination of the single-pass SH from arbitrary nonlin
source terms.6,7 We assume transverse electric~TE!-
polarized fundamental fields in@211#-oriented material for
optimum efficiency in AlGaAs.8 The complex amplitude of
the SH electric field emitted toward the surface in the a
sence of a microcavity is

Ex
SH~z!5E

2`

z 2 ik

2e
PNL~z8!expS 2 i E

z8

z

k~z9!dz9D dz8,

~1!

where PNL
@211#(z)54/)e0d14(z)E1

(v)(z)E2
(v)(z) is the spa-

tially dependent nonlinear polarization,k is the wave num-
ber, e5e re0 is the permittivity, andE1

(v) and E2
(v) are the

counter-propagating electric field strengths. The second i
gral accounts for the phase accumulation of the wave emi
by each source term to the top of the structure.

The frequency-dependent cavity-enhancement facto
separately determined by calculating the total field outs
the cavity resulting from a single plane-wave source with
the cavity9 that emits equally in both directions.10 The result-
ing enhancement factor is
Pt
SH~v!

P0
SH~v!

5~12ur tu2!

~11ur bue2a l !224ur bue2a l sin2S kl2
fb

2 D
~12ur tuur bue2ad!214ur tuur bue2ad sin2S kd2

f t

2
2

fb

2 D , ~2!
nce-
wherePt
SH(v) is the SH power emitted through the top m

ror, P0
SH(v) is the SH power emitted toward the surface

the absence of a microcavity,r b5ur bu exp(ifb) is the field

a!Electronic mail: stephen.ralph@ece.gatech.edu
reflectivity of the bottom mirror,r t is the reflectivity of the-
top mirror, a is the absorption coefficient,l is the distance
from the source to the bottom mirror, andd is the cavity
mirror separation. The frequency dependence of the enha
ment factor is contained in the wave numberk5vSHn/c and
6 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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in the complex mirror reflectivities. Cavity resonances oc
at frequencies where the round-trip phase shift in the cav
given by 2kd2f t2fb , is an integral multiple of 2p. The
net enhancement is obtained by integrationG
5*Pt

SH(v)dv/*P0
SH(v)dv. Figure 1 depicts the net en

hancement versus the top mirror reflectance for a 5lSH/2n
cavity and a 200 fs fundamental pulse. Incorporating h
reflectance and low absorption allows enhancements gre
than 20.

In the short-pulse regime, the cavity significantly mod
fies the temporal characteristics of the SH pulse. Therefor
is useful to describe the efficiency in terms of pulse energ
to facilitate comparison with experiment. The base nonlin
cross section for Gaussian pulses is

A0
NL5

w~v!

E1
~v!

w~v!

E2
~v!

ESH

wSH

2j

vg
, ~3!

where ESH is the SH pulse energy,E6
(v) are the counter-

propagating fundamental pulse energies,vg is the group ve-
locity, w(v),wSH are the widths of the fundamental mod
and the SH beam, respectively, andj5Ap/4 ln 2 is a factor
relating peak power and temporal width to energy. Inclus
of the cavity effects yields an effective cross sectionAeff

NL

5A0
NLG.
For our calculations, we estimate the second-or

nonlinear optical coefficients using the recently repor
absolute value for GaAs,11 d145119 pm/V at 1.533mm. As-
suming the compositional dependence reported in Ref. 7
mains valid at 1.5mm, we estimated14573 pm/V for
Al0.30Ga0.70As and 18 pm/V for Al0.90Ga0.10As. We note that
these values are significantly lower than those commo
cited.

The multilayer AlGaAs waveguide structure includes
five-layer quasi-phase-matched~QPM! waveguide core in-
corporated between two distributed Bragg reflectors~DBRs!.
The structure is comprised of a 35 perio
Al0.45Ga0.55As/AlAs bottom DBR (R599.7%), a 2.5 period
Al0.30Ga0.70As/Al0.90Ga0.10As QPM waveguide core, and
19.5 period Al0.45Ga0.55As/Al0.90Ga0.10As top DBR (R
594.8%). By allowing the DBRs to also serve as cladd

FIG. 1. Calculated SESHG enhancement for 200 fs fundamental pulses
5lSH/2n vertical microcavity as a function of top mirror reflectance a
intracavity loss. The bottom mirror reflectance is fixed to 99.7%.
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layers, the cavity size is reduced to 5lSH/2n, producing a
large resonance width and increasing the overlap with
nonenhanced SH spectrum. Al0.90Ga0.10As is used instead o
AlAs for the low-index layers in the top DBR to minimiz
possible oxidation after the strip defining the channel wa
guide is etched, exposing these layers to the atmosph
Note from Eq.~2! that the constructive interference of th
two SH components requires positioning of the SH sou
such thatkl2fb/2 is an integral multiple ofp, which is
equivalent to centering the standing wave peaks in the Q
core layers. This is achieved by placing high-index DB
layers (Al0.45Ga0.55As) in contact with the top and bottom
Al0.30Ga0.70As core layers.

The @211#-oriented AlGaAs structure was grown b
molecular-beam epitaxy, and channel waveguides were
fined by etching 3 and 4mm wide strips via reactive ion
etching. The strips were etched 2.33mm deep, penetrating
slightly into the waveguide core layers, and the etch
sample was coated with a Si3N4 quarter-wave layer via
plasma-enhanced chemical-vapor deposition for passiva
A finite-difference beam-propagation technique12 was used
to model the transverse mode profile of the fundamenta
the operational wavelength of 1476 nm, resulting in f
width at half maximum~FWHM! mode intensities of 0.8
31.5mm for 3 mm strips and 0.831.7mm for 4 mm strips.

SESHG experiments were performed with 200 fs fund
mental pulses using a rear-facet reflection geometry~Fig.
2!.13 A single pulse is launched into the waveguide and
lowed to propagate down its entire length. The Fresnel
flection due to the AlGaAs–air interface at the rear facet
the waveguide creates a counter-propagating signal, so
SESHG is produced by the fundamental pulse reflecting b
on itself. For accurate efficiency assessment, the fundame
power is determined by measuring the power transmit
through the rear facet. The SESHG signal is collected wit
200 mm core optical fiber positioned above the rear fac
and detected with a calibrated Si avalanche photodiode.
effective nonlinear cross section and SESHG spectrum w
measured for several waveguides defined by 3 and 4mm
strips using a TE-polarized fundamental for optimu
SESHG in@211# AlGaAs.

The measured efficiency data is shown in Fig. 3 for m

a

FIG. 2. Rear-facet reflection geometry for characterizing SESHG in
microcavity structure. A portion of the fundamental is reflected at the r
facet, folding the pulse back on itself, thereby creating the required collis
geometry. The surface-emitted second harmonic is collected above
waveguide using an optical fiber.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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tiple waveguides with a 3mm strip width. The results are
highly uniform among the different waveguides and nea
identical results were obtained from multiple waveguid
with 4 mm strip widths. Note that the SH power displays t
expected quadratic dependence on pulse energy. The e
tive nonlinear cross sections for the two different strip wid
were calculated using the mode widths obtained via sim
tion, yielding a value of;1.631026 W21. In contrast, the
maximum theoretical effective nonlinear cross section~ne-
glecting loss! for this structure is 1.431025 W21. We note
that this efficiency is sufficient for all-optical demultiplexin
of 160 Gb/s optically time-division multiplexed dat
streams.2 Using a loss ofa51300 cm21 yields an enhance
ment factor of 2.92 and an effective nonlinear cross sec
of 1.831026 W21, which compares well with the exper
mental value. We note that this loss may be associated
significant stress-related material degradation that was
served with the@211# structures.

We can separately assess the microcavity loss by c
parison of the measured SESHG spectrum and the calcu
absorption-broadened spectrum. The measured spectrum
hibits a 2.9 nm width~FWHM!, which agrees well with the
2.6 nm width calculated for the microcavity witha
51300 cm21 (ad'0.07) as shown in Fig. 4. The width o
the nonenhanced SH spectrum, calculated to be;6 nm, is
also shown. It is clearly seen that both the measured SES
spectrum and the calculated spectrum fora50 cm21 are in-
deed significantly narrower than the calculated nonenhan
spectrum, thus demonstrating that significant enhanceme
possible for spectral widths not well matched to the mic
cavity resonance.

We have demonstrated significant enhancement of
SESHG conversion efficiency for 200 fs pulses in AlGa
QPM waveguides incorporating a vertical microcavity

FIG. 3. SESHG efficiency data for a structure with a 2.5 period wavegu
core between two AlGaAs DBRs. The channel waveguides are defined
mm strips, and the mode widths used in theANL calculations are determined
by numerical simulation using the measured strip etch depths.
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which the cavity resonance is much narrower than the sp
tral width of the nonenhanced SH. Ultrafast optical tim
division demultiplexing with practical input powers may b
achieved by the reduction of losses, the use of higher ind
contrast DBRs~e.g., Al2O3 /AlGaAs!5 to reduce the cavity
dimension and broaden the resonance, and the use
domain-inverted material.14
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FIG. 4. SESHG spectrum for a 4mm strip and a 5lSH/2n vertical micro-
cavity. Open circles: experimental data; solid line: calculated spectra
a51300 cm21; dashed-dotted line: calculated spectra witha50 cm21;
dashed line: calculated spectrum without cavity.
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