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Abstract:  We report the observation of continuous-wave second-harmonic 
generation in waveguide directional couplers. We employ a GaAs/AlGaAs 
system and observe four resonance peaks in a ~15nm spectral range, with a 
maximal conversion efficiency of 1.6%W-1cm-2. This observation is 
theoretically explained by the coupled-mode theory. This new configuration 
has the potential to open a new range of applications for nonlinear 
frequency conversion. 
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1. Introduction 

Nonlinear-optical frequency conversion generates coherent radiation at frequencies where 
lasers are not convenient. Efficient frequency conversion requires a phase-matching condition 
to compensate for material dispersion [1]. Phase matching can be achieved by exploiting the 
birefringence exhibited in anisotropic crystals [2] or artificial structures [3-4]. Quasi-phase-
matching utilizes spatially periodic modulation of nonlinear coefficients and has achieved 
great success due to its versatility in material and pump frequency [5-7]. Other phase-
matching methods, such as modal-dispersion [8] and Cerenkov phase matching [9], have been 
achieved in single-waveguide structures. In this paper, we experimentally demonstrate second 
harmonic generation in directional couplers (two coupled waveguides) [10], rather than bulk 
crystals or single waveguides. The experimental demonstration is based on a GaAs/AlGaAs 
material system which has attracted much attention as a nonlinear material in recent years due 
to its large nonlinear constants, mature epitaxial fabrication process, and ease of incorporation 
into diode lasers [4, 11-14]. The demonstrated structure opens the way to realize 
semiconductor laser sources by incorporating the directional couplers with diode lasers. Such 
devices can find applications in spectroscopic systems, telecommunication networks, and 
quantum computation.  

Waveguide directional couplers consist of two closely spaced waveguides. Light intensity 
modulates periodically between the two waveguides as a function of distance [15]. The 
oscillation behavior of directional couplers can be explained by the propagation of multiple 
supermodes in compound structures. Second harmonic generation in such structures was first 
demonstrated and explained in the context of phase matching between supermodes [16-17]. In 
Refs. [10] and [18], the phenomenon was investigated in the frame of coupled-mode theory 
and the results were interpreted by quasi-phase matching [18] and resonance between the 
coupling coefficients of directional couplers and the phase mismatch [10]. These explanations 
are certainly equivalent. However, the advantage of using the coupled-mode theory is that it 
considers all possible conversion processes in a single set of equations. This makes it more 
accurate when the resonance wavelengths for different conversion processes are close, under 
which condition different conversion processes may influence each other. In this 
configuration, the resonance can be understood by the following descriptions. Because the 
power in each of the two waveguides can oscillate with the propagation length, the directional 
coupler acts as a harmonic oscillator for the optical wave. The nonlinear polarization P at the 
frequency of the generated wave has the form )kziexp(P Δ∝ , where kΔ  is the phase 
mismatch and z is the propagation length. The nonlinear polarization is analogous to an 
external harmonic force applied on the harmonic oscillator. As is well known, a harmonic 
oscillator driven by an external harmonic force at resonance obtains the largest magnitude of 
oscillation. A similar resonance phenomenon appears here, and it was shown that the 
resonance condition is equivalent to the phase-matching condition [10]. It is to be noted that 
second harmonic generation (SHG) in directional couplers has also been investigated for the 
purposes of optical switching [19] and soliton generation [20].  
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2. Design of experiment 

We implemented a directional coupler as an epitaxially grown dual-core channel waveguide 
on <1, 0, 0> GaAs substrates. The designed epitaxial structure is 1500nm Al0.9Ga0.1As / 
140nm Al0.3Ga0.7As / 300nm Al0.5Ga0.5As / 140nm Al0.3Ga0.7As / 500nm Al0.9Ga0.1As / 140nm 
Al0.3Ga0.7As / 300nm Al0.5Ga0.5As / 140nm Al0.3Ga0.7As / 1500nm Al0.9Ga0.1As. The 
Al0.9Ga0.1As layers serve as cladding and as the separating layer between the two waveguides. 
The Al0.3Ga0.7As/Al0.5Ga0.5As/Al0.3Ga0.7As combination acts as the guiding layer and this is a 
type of “M” waveguide designed for optimizing the field overlap between TE2 mode at the 
second-harmonic frequency and TE0 and TM0 modes at the fundamental frequencies [21]. A 
typical refractive index distribution and intensities for these modes are plotted in Fig. 1.  

 
Fig. 1. (a) Refractive index distribution at 1.55µm (solid line) and 0.775µm (dotted line). (b) 
Intensity distribution |E|2 of modes TE0 (solid line) and TM0 (dashed line) at 1.55µm, and TE2 
at 0.775µm (dotted line). 
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Here, 2TE
2ωκ is the mode-coupling coefficient of the directional coupler for the second 

harmonic [15], η  includes the product of the nonlinear optical coefficient and the overlap 

integral of the fundamental and the second harmonic waves, and 002 TM
2

TETE
2 kkkk ωωω −−=Δ  is 

the phase mismatch (k is the wave number). The mode-coupling coefficients indicate how 
rapidly the power in the first waveguide is transferred to the second waveguide.  The first 
terms in the right-hand sides of the above equations describe the coupling effect of the 
directional coupler and the second terms in the right-hand sides result from the nonlinear 
effects. Under the non-depletion assumption which implies that the presence of the second 
harmonic does not influence the motion of the fundamental wave, the amplitudes for the 
fundamental wave oscillate between the two waveguides: 
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where 0TE
ωκ  and 0TM

ωκ  are the coupling coefficients of TE0 and TM0 modes at the fundamental 

frequency, 1c  and 2c  are two constants depending on how much power is coupled into the 
individual waveguides from free space. In our experiment, we align the input polarization of 
the fundamental wave at 45 degrees with respect to the waveguide y-direction, by which the 
input power is divided equally in TE mode and TM mode. Because the modal fields for TE0 
and TM0 do not differ very much, it is reasonable to assume that the power ratio coupled in 
the first to the second waveguide are identical for TE0 and TM0. This results in identical 
constants 1c  and 2c  for TE0 and TM0 modes. 

Substituting Eq. (2) into Eq. (1) results in four resonance conditions at which efficient 
SHG should be observed 
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The above conditions, if expressed by modal-matching configuration, can be interpreted 
by phase matching among TE supermodes and TM supermodes of the fundamental wave, and 
TE supermodes of the second harmonic wave. Since the supermodes appear in pairs, there are 
eight combinations of these conversions. Considering the symmetry requirement, however, 
the number is reduced to four, which corresponds to the number of resonance conditions in 
Eq. (3). One can easily, following the definition of the supermodes, find the corresponding 
matching conversion processes in the language of supermodes. However, we have stressed 
that the advantage of using the coupled-mode theory is that it considers all possible 
conversion processes. In our case, the four resonance conditions in Eq. (3) are derived directly 
by the coupled equations of Eq. (2).   
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Fig. 2. Typical SHG power as a function of the fundamental wavelength. Three curves were 
obtained by varying the position of input beam. It is evident that four resonance peaks are 
found, and the relative peak ratio at resonance can be alternated by the change of input 
location.   

3. Experimental results and discussions 

In the experimental implementation, ridge structures, oriented along the <0, 1, 1> direction 
and of width 5 µm, were dry etched in order to provide two-dimensional confinement. The 
tested directional coupler has a length of 4 mm. Since the optical power oscillates in between 
two guiding layers, it is difficult to precisely measure the waveguide loss. However, with a 
Fabry-Perot technique [22], we approximately obtained the loss figure as ~1.24cm-1 for TE 
input and ~2.71 cm-1 for TM input, both at a 1550nm wavelength. We were unable to measure 
the waveguide loss of the TE2 mode at the second-harmonic frequency. 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Log-log plot of the second-harmonic output power as a function of the input 
fundamental power. The best fit gives a slope ~2.0 which verifies the quadratic dependence of 
the SHG on the pumping power.  
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For the optical measurement, a continuous-wave laser, tunable from 1.5 to 1.6 µm and 
then amplified by an erbium-doped fiber amplifier, was coupled into the waveguide via a 40X 
objective lens. The input has a spectral FWHM of ~0.05nm, measured by a spectrum analyzer. 
A second 40X objective was used to collect the transmitted fundamental wave and the SHG 
signal. A typical set of spectra is shown in Fig. 2, which explicitly demonstrates four SHG 
peaks in the spectral range from 1.565 to 1.580 µm. The resonance take place at, 1.5668, 
1.5686, 1.5730 and 1.5790 µm, and the FWHM spectral widths are ~0.4, ~0.45, ~1.1, and 
~1.1nm, respectively. The SHG polarization was measured by a standard polarizer. The 
dependence of SHG power on the input polarizations was carefully inspected and we 
concluded that all the four resonances correspond to TE + TM input and TE output. The 
appearance of four resonance peaks uniquely verifies the theory proposed in Ref. [10]. The 
spectral widths of the signal are consistent with those reported in similar structures, but for 
single waveguides [13-14].  However, it is difficult to precisely predict, from simulation, the 
exact peak locations because of the lack of the knowledge of the exact refractive index 
distribution and feature sizes. For example, using a two-dimensional simulation of the 
directional coupler, the expected resonance peaks should appear between 1.54 to 1.55 µm, 
which are about 20 nm away from the experimental results (this deviation between experiment 
and design exists in similar GaAs/AlGaAs structures [13-14] and other waveguide systems 
[8]). Nevertheless, we expect that the first to the fourth peaks may correspond to resonance 

conditions ( ) 200 TE
2

TMTE k ωωω κ−=Δ+κ+κ− , ( ) 200 TE
2

TMTE k ωωω κ=Δ+κ−κ , 

( ) 200 TE
2

TMTE k ωωω κ=Δ+κ−κ−  and ( ) 200 TE
2

TMTE k ωωω κ−=Δ+κ+κ , respectively. At the first 
resonance, for example, the coupling coefficients are calculated as ~0.04 µm-1 for TE0 and 
TM0 pump and ~0.02 µm-1 for TE2 SHG, which implies that the power of the fundamental 
wave exchanges between the two waveguides about one hundred times. The relative peak 
values of the four resonances can be changed by modifying the position of input beam, as 
shown in Fig. 2, where the three curves were obtained with different locations of input beam. 
This occurs because variation of the input position modifies the power ratio coupled into the 
first and the second waveguide, and therefore modifies the value of c1 and c2 in Eq. (2). This 
imprecision could be avoided in future by the fabrication of a more complex waveguide 
device with a single input waveguide connected to the coupled waveguides with a controlled 
splitting ratio. By optimizing the 1573nm resonance, we achieved a maximum measured SHG 
power of 50nW with a 90mW input power. The SHG power as a function of input power was 
then measured and plotted in Fig. 3. The fitting to the slope results in a value of 2.0 on a log-
log plot. This confirms the quadratic dependence of the SHG power on the pumping power. 
By measuring the transmitted power of the fundamental wave, we estimated that the average 
internal pumping power for the TE and TM is mW5PTE ≈  and mW5PTM ≈ . After taking 
into account the numerical aperture of the collecting lens (0.65) and the facet reflectivity for 
the second harmonic (0.6), we estimate that only 20% of the generated SHG was collected 
[14]. The normalized conversion efficiency is calculated to 

be ( ) -2-12
TMTESHG cm  W1.6%~LPP4/P ==η  (for a detailed analysis of this estimation, we refer 

to Ref. [14]).  Several factors may explain the low SHG power obtained. The coupling 
efficiency to the directional coupler is only ~10% because of the loss from the input objective, 
the input facet reflectivity and the mode-matching factor. Furthermore, the loss of the TE2 
mode at the second harmonic frequency is expected to be very high, which limits the effective 
conversion length. Another reason is that the pump power is distributed into the two 
waveguides, which actually reduce the effective power in each individual waveguide. Further 
optimization, therefore, can include improving the coupling efficiency, reducing the leaky loss 
of SHG mode, optimizing the modal overlap between the fundamental wave and SHG, and 
choosing an appropriate interaction length.  
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4. Conclusion 

The GaAs/AlGaAs directional coupler that we have demonstrated here has application not 
only for the SHG process, but also for difference-frequency generation. By incorporating 
directional couplers in/out of the cavity of quantum-well lasers, tunable compact sources 
which emit light at around 750nm can be produced. Based on the unique properties of multi-
resonance within a small spectral range, multiple wavelength outputs can be generated by a 
single pulsed pump. Such light sources may be very useful in many areas where two or more 
lasers are needed, such as optical metrology, optical switching, and four-wave mixing. 
Furthermore, the directional coupler is intrinsically a two-port device which may be suited to 
construct two-photon optical parametric down-conversion. Such devices can generate 
entangled pairs of photons which can find applications in quantum optics experiments, from 
quantum cryptography and teleportation to the Bell experiment [23-24]. The proposed 
configuration has potential for application in any suitable material system and is not restricted 
to GaAs/AlGaAs. Directional couplers have very modest fabrication requirements when 
compared to quasi-phase matching techniques and potentially open the way to a much broader 
application of nonlinear optical processes across a much wider range of wavelengths.  

In summary, we have experimentally demonstrated continuous-wave SHG in Ga/AlGaAs 
directional couplers. To our knowledge, this is the first experimental proof of frequency 
conversion in semiconductor directional couplers. We show that four resonance peaks appear 
in a 15nm spectral range and η=~1.6%W-1cm-2 is obtained experimentally. To our knowledge, 
this phenomenon has not been shown in bulk materials or single waveguides.   
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