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Abstract: We previously demonstrated a nested pair of single mode 
(pump/THz) waveguides which produced guided far-infrared (1.3 THz) 

light with a record power-normalized conversion efficiency of 1.3x10
−7

 W
−1

 
by way of continuous phase matched difference frequency generation 
(DFG) [Opt. Express 16, 13296 (2008)]. Using the same numerical 
simulation tools we used to design and model this LiNbO3-based device, we 
show that a lattice-matched AlGaAs heterostructure, with its significantly 
lower absorption losses, can produce guided far-infrared light (3.5 THz) 

with a power-normalized conversion efficiency of 1.3 x 10
−5

 W
−1

 – some 
100 times larger than achieved with the LiNbO3 structure. 
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Introduction 

Ultra-high resolution (i.e., < 1 MHz) linear and nonlinear spectroscopy above one THz (i.e., 
far infrared) provides new windows through which to view both rotational and coupling 
resonances of small molecules. These rotational and vibrational spectral features also serve as 
probes of the internal molecular environment of macromolecules containing these simpler 
molecular subunits. Because of the limited resolution of THz spectrometers, the source itself 
must be spectrally pure. Difference frequency generation (DFG), pumped by narrow-band 
CW optical sources, provides one of the very few methods of producing continuously tunable 
room temperature radiation at and above one THz with sub-MHz linewidth. That said, to 
achieve reasonable output powers (> 1 µW) requires significantly larger conversion efficiency 
than has been demonstrated in bulk materials. 

Larger DFG conversion efficiency requires strong confinement of the two optical pumps 
and THz product, good overlap of the 3 fields over a long interaction length, and maintenance 
of the spatial synchrony between the induced polarization wave and the electromagnetic wave 
product (i.e., phase matching). Under the proper conditions, optical waveguiding can improve 
both the overlap and the confinement-length product above diffractive free space conditions. 

For collinear guided wave DFG, ω3 = ω1− ω2, phase matching can be expressed as ∆β = β1 − 

β2 − β3 = 0, where β1,2 and β3 are the mode propagation constants for the pumps and THz, 
respectively. Continuously phase matched difference frequency generation of THz light 
(approximately 40% more efficient than first order quasi-phase matching [2]) has been 
demonstrated using inter-modal dispersion in waveguides [3,4], but the efficiency gained in 
continuous phase matching is offset by a poor pump/product mode overlap. 

Material constraints usually preclude fabricating a single waveguide which provides 
strong confinement, good modal overlap of pumps and product, and continuous phase 
matching. Recently, we demonstrated by numerical simulation, and confirmed by experiment, 
that a pair of single mode waveguides, one for the two optical pumps (~1550 nm) embedded 
within the THz-bearing guide (231 µm, 1.3 THz), can provide the necessary degrees of 
freedom to achieve continuous phase matching [1]. The LiNbO3-based hybrid waveguide 
configuration exhibited a power normalized DFG conversion efficiency ηp = P3/P1P2 = 1.3 x 

10
−7

 W
−1

 at 1.3 THz, some 23-fold large than the best previously reported results [5]. 
Continuous phase matching arises from the fact that the propagation constant of the 
surrounding THz waveguide (β3) can be manipulated nearly independent of the waveguide 
properties of the smaller pump guides (specifically β1 and β2). 

While LiNbO3 has a large optical nonlinearity for THz DFG (175 pm/V), its absorption 
coefficient is also large and increases rapidly with increasing frequency, e.g., 2α(1.5 THz)~32 

cm
−1

and 2α(3.5 THz) ~1600 cm
−1

 [6], quenching the THz field and thus limiting the useful 
tuning range to ~2 THz (see Fig. 2(b) of [1]). (Al)GaAs, with its significantly lower loss over 

a large range of the far infrared, 2α(1.5 THz)~1.1 cm
−1

 and 2α(3.5 THz) ~2.2 cm
−1

 [7–9], and 
the ability to fabricate index guided structures heteroepitaxially, should be a superior 
nonlinear material, if a continuous phase matching structure can be produced. THz generation 
has previously been demonstrated in bulk quasi-phase matched GaAs [10,11]. In addition to 
its relatively large 2nd order nonlinearity and low loss at both the THz and near-infrared 
wavelengths, (Al)GaAs exhibits a small refractive index difference between the THz and 
near-infrared. We demonstrate here that, by taking advantage of this latter attribute and the 
ability to fabricate epitaxially grown heterostructure waveguides, an AlGaAs pump 
waveguide can be embedded in a THz waveguide, providing strong mode confinement, low 
modal loss, and continuous phase matching between the pumps and THz product. We note 
that while the optical properties of AlxGa1-xAs are well known as a function of Al fraction x in 
the near IR, very few measurements of its optical characteristics have been made in the THz 

(λ<300 µm) for x≠1. Where possible, we have used [9] to extrapolate the values of the optical 
constants of AlxGa1-xAs in the THz from those of GaAs. 
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AlGaAs embedded waveguide structure 

The proposed AlGaAs embedded waveguide structure for THz DFG is shown in Fig. 1. In 
order to take advantage of the ready availability of fiber-based optical circuit elements 
(pigtailed laser diodes, fiber amplifiers, polarization controllers, etc.), the pump rib waveguide 
was designed for single mode operation and reasonably good mode overlap with standard 
1550 nm single mode telecommunications optical fiber. Assuming a minimum pump 

wavelength of λ1 = 1.535 µm, two-photon absorption, 
1

2 ωℏ  = 1.616 eV, can be avoided by 

using AlxGa1-xAs with an aluminum concentration greater than 16% (i.e. 

g 1
E [ ] 1.424 1.24x 2eV ω= + ≥ ℏ  [12,13], where Eg is the bandgap of AlGaAs). The two pumps 

are therefore confined to an Al0.18Ga0.82As/Al0.16Ga0.84As/Al0.18Ga0.82As fundamental mode rib 
waveguide. The THz light, generated through the DFG process, is guided by a larger 
fundamental mode rib air/AlGaAs/Si waveguide, whose core consists of the three inner 
AlGaAs layers. 

 

Fig. 1. Diagram of the AlGaAs nested waveguide structure. The pump rib waveguide is defined 
by the AlGaAs layers and dimensions s, t, and w. The THz waveguide is defined by the pump 
layers and the rib dimensions S, T, and W. 

The modal properties of the pump waveguide are determined by the inner waveguide 
geometry defined by t, s, and w in Fig. 1, as well as by the composition of the AlGaAs 
heterostructure. The refractive index of AlxGa1-xAs as a function aluminum concentration and 

wavelength can be described by ( , ) ( ) 0.45
GaAs

n x n xλ λ= −  for λ > 1.1 µm, where ( )
GaAs

n λ  is 

the refractive index of GaAs [13]. The core layer has an aluminum concentration that is 2% 
smaller than surrounding cladding (18%), which corresponds to a positive refractive index 
difference of 0.009 for λ1 =1.535 µm. The 2% change in aluminum concentration is chosen to 
represent realistic capabilities of Al concentration control in a chemical vapor deposition 
(CVD) growth system. Given ∆n = 0.009, the pump rib waveguide geometry was designed for 
a fundamental TE mode (E-field || x in Fig. 1 and Fig. 2) with a large transverse mode profile 
at 1.535 µm (Fig. 2). The FWHMs of the rib mode along x and y are 7.5 µm and 3.5 µm, 
respectively, which are smaller than the ~9 µm FWHM of standard 1.5 µm optical fiber. 
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Fig. 2. TM (E-field || y) fundamental mode of the inner rib waveguide at a pump wavelength of 
λ1 = 1.535 µm. Rib dimension are t = 2.5 µm, s = 1 µm, and w = 5 µm. The peak electric field 
amplitude is normalized to 1. 

The overlap of the pump rib waveguide mode in Fig. 2 with a standard fiber mode at 1.535 
µm (V parameter = 2.4, core radius = 4.5 µm) was calculated to be 0.78. Further improvement 
could be made by increasing the pump mode size along y by reducing the difference in 
aluminum concentration (and therefore reducing ∆n) between the AlGaAs core and cladding 
layers. 

The THz waveguide is formed by the whole of the AlGaAs heterostructure, clad with the 
silicon substrate on one side and air on the other. Mode field calculations (like those carried 
out in Fig. 2) show that the pump modes are not influenced by the THz waveguide geometry 
(dimensions T, S, and W in Fig. 1), or by the choice of THz cladding materials (Si and air, in 
this case) when the Al0.18Ga0.82As cladding layers of the pump rib structure are greater than ~7 
µm, The choice of cladding materials and geometry of the THz waveguide can therefore be 
made independent of the pump waveguide for single mode operation, good mode 
confinement, and phase matching to the near-IR pumps. Silicon was selected as the lower 

cladding layer because of its low absorption ( 2α  ~0.4 cm
−1

 at λ = 83.3 µm) and refractive 

index value (nSi ~3.4 at λ = 83.3 µm) [14], which is only slightly smaller than that of GaAs in 

the THz (nGaAs ~3.6 and 2α ~2.2 cm
−1

 at λ = 83.3 µm) [7,8]. As a consequence, the THz 
waveguide can support a single fundamental mode whose propagation constant β3 satisfies the 

phase matching condition, ∆β = β1 − β2 − β3 = 0. Given silicon and air as the cladding layers, 
the THz propagation constant is now determined by the total AlGaAs thickness T, shoulder 
height S, and the rib width W. 

Phase matching analysis 

GaAs has the point group symmetry 43m  for which the nonzero nonlinear coefficients are 

14 25 36
d d d= = . In the analysis that follows, the crystal orientation of the AlGaAs is assumed 

to be (100) ([100] parallel to the y – axis of Fig. 1.). In this case, TE polarized pumps 

propagating along the [011]  or [0 11]  crystal directions (which would be oriented parallel to 

the z-axis in Fig. 1) generate a TM polarized THz field (E-field along y in Fig. 1.) It should be 

noted that the (111) orientation has a larger effective nonlinearity 2
143effd d= , compared to 

14eff
d d=  for the (100) orientation [15]. In the (111) case, the pumps and THz product are TM 

polarized and the waveguides can be oriented along any direction in the x-z plane in Fig. 1. 
The (100) orientation is considered here because it is a widely used substrate for AlGaAs 
CVD growth. 
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Fig. 3. Phase mismatch ∆β for the (100) AlGaAs nested waveguidestructure. S = 15 µm and W 
= 50 µm. 

Figure 3 is a contour plot of the phase mismatch 
1 2 3

β β β β∆ = − −  as a function of THz 

wavelength and total AlGaAs thickness T for the (100) AlGaAs crystal orientation. The THz 
rib shoulder height S and width W are fixed at 15 µm and 50 µm, respectively, and the 
wavelength of the higher frequency pump λ1 was fixed at 1.535 µm. The pump waveguide 
geometry used in the simulation is identical to that given in the caption of Fig. 2. The mode 
propagation constants for the two pumps and THz were calculated using a 2-D beam 
propagation software. Refractive index data for AlxGa1-xAs in the near-IR and for silicon in 
the THz were taken from references [14,16]. All of the AlGaAs layers were assumed to have 
the same refractive index and absorption values as GaAs in the THz [7–9]. (The THz 
refractive index measurements in references [7,8] were taken from a GaAs sample with an 

electron density of 1.8 x 10
16

 cm
−3

.). The material absorption coefficients of GaAs and silicon 
were included in the THz mode calculations. In the (Al)GaAs case, the absorption values 

were a function of wavelength, ranging from 2.2 cm
−1

 at 80 µm to 1.4 cm
−1

 at 94 µm [7–9]. 
The imaginary part of the refractive index for Si was assumed to be constant from 80 to 94 

µm, with a value of Κ=λα/2π=2.9 x 10
−4

 [14]. The THz rib waveguide was found to be single 
mode for all combinations of dimension T and the THz wavelength shown in Fig. 3. By 
choosing the appropriate thickness T, the embedded waveguide structure can be tailored to a 
specific THz output frequency. 

THz output power and conversion efficiency 

The THz output power of the AlGaAs nested waveguide was calculated for T = 30 µm in  
Fig. 3 using from [1]: 

 ( )3 3

22 2

3 2

3 1 2 p 1 222 2

3 3

( ) 2 cos( ) 1 .
4( )

o L L
P L PP e e L PP

α αω ε
β η

α β
− −Γ

= − ∆ + =
+ ∆ Ω

 (1) 

For comparison, the device length and pump powers were chosen to be identical to the 
values used in the LiNbO3 based structure [1], L = 11 mm, P1 = P2 = 760 mW. The overlap 
integral in Eq. (1) is defined as 

 ,1 ,2 ,3 ,eff t t td E E E dxdy
∗Γ = ∫∫  (2) 

where Et,,m and Ht,m (m = 1,2,3) are the fundamental transverse electric and magnetic mode 
profiles at ωm and are normalized according to 

 ( )1
, , , ,2

ˆRe  1 W, ( ) .
t m t m t m m o t m

dxdy i ω µ × ⋅ = = ∇× ∫∫ E H H Ez   (3) 

The orthogonality constant for the lossy THz mode in Eq. (1) is given by 
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 ( )3 ,3 ,31 2  .t t dxdyΩ = × ⋅∫∫ E H
⌢
z  (4) 

The amplitude absorption coefficient for the THz mode is represented by α3. Here we have 
used the deff value associated with that of GaAs, since to the best of our knowledge, values for 
AlxGa1-xAs have yet to be determined for THz DFG. The effective nonlinearity for the (100) 
AlGaAs embedded waveguide structure (TE polarized pumps and TM THz output) is 
therefore taken to be deff = d14 = 47 pm/V, where d14 is the nonlinear coefficient of GaAs 
[10,17]. Equations (1-4) assume that the two pump powers are undepleted and that the pump 
waveguide losses are zero. 

 

Fig. 4. Calculated THz output power P3 for the (100) based AlGaAs embedded waveguide 
structure. The device length and pumps powers were L = 11 mm and P1 = P2 = 760 mW, 
respectively. 

The output power vs. THz wavelength is shown in Fig. 4, with λ1 fixed at 1.535 µm. A 
waveguide offset of h = 10 µm (see Fig. 1) provides optimal pump/THz mode overlap. The 
maximum output power of 7.5 µW occurs at a wavelength of 85.75 µm (3.5 THz). The DFG 
power-normalized conversion efficiency, given by ηp = P3/(P1P2), for the (100) AlGaAs 

structure is ηp = 1.3 x 10
−5

 W
−1

. This result is ~100 times larger than the experimental result 
for the LiNbO3 embedded waveguide structure [1], and ~2000 fold larger than the best 

demonstration to date in bulk (estimated from data in [5] to be ~5.6 x 10
−9

 W
−1

). Unlike the 
LiNbO3 result of [1], which requires weak THz mode confinement to achieve phase matching, 
the small index difference in AlGaAs between pumps and product permits phase matching 
while maintaining strong THz confinement to the AlGaAs structure. Conversion efficiency 
also benefits from low waveguide losses in the THz. Figure 5 is the electric field profile of the 
phase matched THz mode (λ3 = 85.75 µm). The THz mode is reasonably well confined to the 

AlGaAs core layers with a low mode absorption coefficient of 2α3= 1.4 cm
−1

. 

#120268 - $15.00 USD Received 19 Nov 2009; revised 9 Jan 2010; accepted 11 Jan 2010; published 21 Jan 2010

(C) 2010 OSA 1 February 2010 / Vol. 18,  No. 3 / OPTICS EXPRESS  2337



 

Fig. 5. TM (E-field || y) fundamental mode of the THz rib waveguide at λ3 = 85.75 µm (3.5 
THz). The rib dimensions are T = 30 µm, S = 15 µm, and W = 50 µm (see Fig. 1). The power 

absorption coefficient is 2α3 = 1.4 cm−1. The peak electric field amplitude is normalized to one. 

We find that phase matching results for the (111) orientation are essentially the same for 
the (100). The difference in the pump propagation constants between TE and TM 
polarizations in the IR waveguide is negligible; as a result the phase mismatch plot for (111) 
is identical to (100) shown in Fig. 4. The maximum output power occurs at the same 
wavelength of 85.7 µm, but the output power and normalized conversion efficiency are 4/3 

times larger (P3 = 10 µW; ηp=1.8 x 10
−5

 W
−1

) because of the higher effective nonlinearity for 
the (111) orientation. 

Conclusion 

We have shown by numerical simulation that an AlGaAs single mode 1550 nm rib waveguide 
embedded within a composite (Si/AlGaAs/air) single mode far-infrared (THz) waveguide can 
produce continuously phase matched light by difference frequency generation at ~3.5 THz 
with record high efficiency. In particular, the calculated normalized power conversion 

efficiency ηp=1.3 x 10
−5

 W
−1

 at 3.5 THz for (100) oriented AlGaAs is some 100 times larger 
than that achieved with a similar LiNbO3 structure [1], and ~2000 fold larger than the best 

demonstration to date in bulk (estimated from data in [5] to be ~5.6 x 10
−9

 W
−1

). We note 
finally that the embedded waveguides of the type depicted in Fig. 1 can be fabricated using 
standard semiconductor growth and processing techniques, such as chemical vapor deposition 
(CVD), photolithography, and wet etching. While the heterostructure would be grown on a 
GaAs substrate, InGaP or AlAs etch stop layers can be incorporated in the lattice-matched 
structure to facilitate the substrate removal and the transfer of the AlGaAs heterostructure to 
the silicon platform. Such processing can utilize current wafer bonding techniques and tools. 
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