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Second-Harmonic Generation in AlGaAs/Al O
Artificial Birefringent Microring Resonators

Linsen Li, Junqiang Sun, and Tao Chen

Abstract—We propose a highly efficient second-harmonic
generation (SHG) scheme based on AlGaAs/Al O artificial
birefringent microring resonators. This scheme can realize
the quasi-phase-matching (QPM) between fundamental trans-
verse-electric (TE) and transverse- magnetic (TM) mode in
microring resonators. The theoretical analysis and numerical
simulation demonstrate that the conversion efficiency of this
model is considerable. The relationship of input power, total loss,
and coupling constants with conversion efficiency has also been
discussed.

Index Terms—Artificial birefringent, conversion efficiency, mi-
croring resonators, quasi-phase-matching.

Q UADRATIC optical interaction plays a very important
role in frequency conversion, signal processing, high
speed optical switch, quantum optics and so on [1], [2].

It has been intensively studied in the last three decades. A key
of this field is how to improve the nonlinear conversion effi-
ciency. In order to obtain highly efficient nonlinear conversion,
choosing an appropriate material tends to be very important.
The material with large second order nonlinear susceptibility is
known to be the best choice. AlGaAs, as an easily integrated
semiconductor material with huge nonlinear coefficient, has
attracted much attention.
This letter focuses on second-harmonic generation (SHG) in

AlGaAs. In the process of efficient frequency doubling, phase
matching is a key technology. At present, phase matching can
be grouped in two families, birefringent phase matching (BPM)
and quasi-phase-matching (QPM). BPM is very popular and ef-
ficient in optically anisotropic crystal. Unfortunately, AlGaAs
is optically isotropic crystal. In recent years, the scheme based
on artificial birefringent waveguide structure to obtain phase
matching has been reported [3], [4]. QPM, introduced by Arm-
strong et al. [5] in 1962, has been widely used in ferroelectric
crystals, such as lithium niobate (LiNO ). In AlGaAs, conven-
tional QPM periodic domain inversion can be obtained by wafer
bonding and epitaxial grown [6]–[8], however, this process is
very complex and will cause large corrugation loss, thus having
negative influences on the conversion efficiency.
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Fig. 1. Schematic of a doubly resonant artificial birefringent microring.

Dumeige et al. [9] proposed an angular quasi-phase-
matching (AQPM) scheme to achieve second harmonic gen-
eration in AlGaAs microdisk. Yang et al. [10], [11] extended
it to microring resonators and used it in quantum optics. This
AQPM scheme avoids corrugation loss and reduces the non-
linear trigger threshold. Although this design has attracted
much attention, there might be considered to its two disadvan-
tages: one is the large bending loss will occur if the ring radius
is too small; another is the phase matching obtains between
different order mode fields, and as we know the mode coupling
of different orders is very weak.
Here we propose second harmonic generation in Al-

GaAs/Al O artificial birefringent microring resonators, which
will solve those problems of previous microring model by
the aid of birefringent structure. It realizes the QPM between
fundamental TE and TM mode in microring resonators, at the
same time, the matching radius can be enlarged by adjusting
the effective mode index, which reduces the bending loss, and
therefore, the conversion efficiency is improved. This model is
shown in Fig. 1.
The main idea of AQPM can be addressed by the effective

nonlinear polarization periodic changes due to the angular vari-
ation. This effective nonlinear polarization can be written as
below in cylindrical coordinates:

(1)

where is radial and tangential field component inside
the resonator, respectively, and . This effective non-
linear polarization depends on the angular , and this angular
dependent effective nonlinear polarization can be used to reach
the QPM condition.
As we have already emphasized that others realize AQPM

between different order modes and the coupling efficiency is
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Fig. 2. Mode field of fundamental (a) FW TE and (b) SH TM.

Fig. 3. TE and TM effective index at different wavelength.

very low. Our model is to use artificial birefringent doubly res-
onant microring cavity to realize AQPM in fundamental mode.
In this model, The phase matching obtained between TE-polar-
ized fundamental wave (FW) field at frequency and an out of
plane TM-polarized second-harmonic (SH) field at frequency
. Here Al composition we chosen is 0.33, so as to avoid

two photonics absorption at FW frequency and at this condi-
tion (pm/V).
The layer structure of our model is a multilayer core (120 nm

Al Ga As/100 nm Al O /120 nm Al Ga As) on
top of a 2.5 m thick Al O , the thin Al O layer does not sig-
nificantly affect the TE mode profile at FW but generates large
discontinuities in the electric field distribution of the TM mode
at SH. The SH mode effective index is thus lowered enough
to achieve phase matching. The width of the waveguide is
1100 nm. The distance between the microring resonator and
the bus waveguide can be adjusted to get an optimal coupling
coefficient.
The layer structure can be grown by molecular beam epi-

taxy (MBE), where Al Ga As is used for the cladding
layer. E-beam lithography and then followed by the dry
etching in chlorine plasma is used to obtain the ridge wave-
guide. The sample is then thermally oxidized to convert the
Al Ga As to Al O . The mode field of TE and TM in
this model is shown in Fig. 2.
The effective index of fundamental TE and TM mode in dif-

ferent wavelength is shown in Fig. 3.
In the rest of this letter, the FW we chosen is 1.84 m and

the SH is 0.92 m, at this condition, the effective index for fun-
damental TE and TM is and
[12] respectively. For achieving angular dependent QPM in mi-
croring resonators, the matching condition that results as

(2)

where is the microring radius. In
this assumed condition, m. Of course, it needs
to ensure the FW and the SH resonance in microring.
In microring resonators, the loss exponentially increases with

the decrease of the ring radius [13], [14]. And this loss is
associated with conversion efficiency, which will be addressed
later.
As it has been mentioned before, the conversion efficiency

is in close relation with coupling coefficient while the coupling
coefficient is related with the distance between the bus wave-
guide and the microring resonator. Generally, the coupling co-
efficient is not as the same for different wavelength and mode at
a fixed , but here for simplicity, we assume the coupling coef-
ficient is the same for fundamental TE-FW and TM-SH. In mi-
croring, at steady and resonance state, the transmission-transfer
function of the resonator can be written as [15]:

(3)

The ratio of the circulating field to the input field is given by:

(4)

where is the input and throughput field at the bus wave-
guide respectively, is the field inside the resonator.

is the resonator round trip phase, is the cir-
cumference of the ring, is the round trip field
transmission, is the total loss (contain bending loss and in-
terface loss) of the microring, and are the field coupling and
transmission coefficients between the bus waveguide and the
microring resonator such that .
We define the “conversion efficiency” as the ratio of output

SH intensity to the input FW intensity, in the case of small signal
model, and taking into account of the light intensity increase
and the effective nonlinear polarization periodic variation in mi-
croring, it can be written by:

(5)

where represents the phase mis-
matching in the microring. is the intensity of input
power, here and rep-
resents the effective nonlinear polarization variation with . If
link these parameters to factors, and the factors is defined
as [15] , then the con-
version efficiency can be written by

(6)

where
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Fig. 4. Conversion efficiency at different coupling coefficients.

Fig. 5. Efficiency at different (a) input power and (b) total loss.

We calculated the conversion efficiency with different cou-
pling coefficients ( from 0 to 1) and the result is shown in
Fig. 4.
The calculation condition is input power at 10 mW and total

loss at 20 dB cm . The calculated result shows that when the
coupling coefficient is , the factors is

and respectively. The conversion effi-
ciency reaches the peak, it is 18.83%, which means when the
input power (FW) is 10 mW, it can get an 1.883 mW (SH)
output power. Provided the total loss remains constant, keeping
at 20 dB cm , Then we calculated conversion efficiency at dif-
ferent input power, it is found that the conversion efficiency lin-
early increases with the input power, and the optimal coupling
coefficient remains unchanged, the maximum efficiency still ap-
pears at , the result is shown in Fig. 5(a). We also cal-
culated the conversion efficiency at different total loss, and it
is indicated that the efficiency exponentially increases with the
decrease of the total loss, for instance, when the input power
is kept at 1 mW, the loss is 20 dB cm , the conversion effi-
ciency is 1.88% and the optimal coupling coefficient is 0.42;
while when the loss is 30 dB cm , the conversion efficiency is
0.64% and optimal coupling coefficient is 0.51. The result is
shown in Fig. 5(b).
It can be concluded that the total loss severely affects the con-

version efficiency. So it is significative to use artificial birefrin-
gent structure to enlarge the microring matching radius and re-
duce the total loss. It is also demonstrated that when the total
loss varies, the optimal coupling coefficients varies correspond-
ingly.
In conclusion, it is proposed that utilizing the artificial bire-

fringent microring resonators to realize second harming gener-

ation in III–V semiconductors is feasible. This model keeps the
merits of the microring to realize nonlinear conversion, which
is not relied on material periodic domain inversion to obtain
quasi phase matching, and the microring resonance enhance the
light intensity, thus the trigger power is reduced. Not only for
this, compared with the previous reported nonlinear interaction
that obtained in different order mode, our model, aiming at im-
proving the conversion efficiency, is designed to make the non-
linear interaction obtained between fundamental TM and TE,
because the mode coupling in the same order is more compet-
itive. Moreover, considering the great impact of the total loss
on conversion efficiency, our model is aimed to reduce the total
loss by enlarging the microring matching radius; therefore, the
conversion efficiency is extensively improved.
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