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The performance characteristics of an AIGaAs dual waveguide vertical coupler with a 
nonlinear GaAsf AIGaAs multi quantum well coupling medium are demonstrated. The 
structure was grown by molecular beam epitaxy and fabricated by optical lithography and ion 
milling. The nonlinear coupling and modulation behavior is identical to that predicted 
theoretically. The nonlinear index of refraction and critical input power are estimated to be 
n2 = 1.67 X 1O~5 cm2 fW and Pc = 170 W fem2

, respectively. This device also allows reliable 
measurement of the nonlinear refractive index for varying quantum well and optical excitation 
parameters. 

All-optical coupling and switching of light in dual
channel coplanar waveguides based on intensity-dependent 
change of the refractive index due to nonlinear effects have 
been demonstrated with GaAsl AIGaAs 1 and strained 
InGaAsfGaAs2 multiquantum wells (MQW's). The inher
ent problem in these coplanar guides is that the light energy 
has to be close to the excitonic resonance of the coupling 
region, thereby making the guides, also of the same material, 
very lossy. A vertical waveguide coupler with single layer 
waveguides and a MQW coupling region would solve this 
problem. In such a coupler, the waveguides can be low loss, 
while the MQW can be tailored so that the heavy hole exci
tonic resonance is close to the optical excitation energy. Such 
a vertical coupler, recently analyzed by Cada et al" 3 has not 
been previously realized experimentally. In this letter, we 
report the performance characteristics of a nonlinear verti
cal coupler, which can also be used as a fast all-optical 
switch. 

light is only coupled to the upper guide using the lower guide 
as the input channel. From the cross section of the guides, 
seen in Fig. 2(b), it is apparent that straight walls were not 
obtained, and can even result in the lower guide being muhi~ 
mode. 

The dual channel waveguiding structure, the schematic 
of which is shown in Fig. 1 (a), was grown by molecular 
beam epitaxy in a Varian Gen n system. The entire structure 
is undoped and growth was done under conditions which 
produced undoped GaAs with p = 1 X 1014 cm- 3 at 300 K. 
The substrate temperature during growth was 630 °C, as 
read by an infrared pyrometer. Absorption measurements 
were made at room temperature to characterize the crucial 
MQW region. The experiments were done with a tungsten 
halogen light source and a l-m lareH-Ash scanning 
spectrometer. The data, shown in Fig. 1 (b), exhibit n = 1 
heavy and light hole excitonic resonances at 1.5312 and 
1.5566 eV, respectively. The linewidth, half-width at half
maximum (HWHM) of the heavy hole peak is 5.7 meV, 
which is comparable to the best obtained. In contrast, the 
band gap of the Ala. IS Gao8S As guiding layers is 1.6 e V. 

The coupler was defined by lift-off and ion-milling tech
niques, using Ii 4-,um Ti/TiO., mask. The ion milling was 
done to a depth of 111m into the lower Alo.n GaO.83 As clad~ 
ding layer. An additional feature of the test structures is the 
extension of the lower guide by 900 p.m beyond that of the 
upper guide, as seen in Fig. 2 (a). This is done to ensure that 

Ca) 

1.2 

"I 
§ 0.8-

"*' o .... 
a (J.S· 
o 

i 
2i 0.4 
rn 

~ 
0.2 

30 A GaAs 

0.5 ftm AI" 11Ga As 
<P. 0.83 

. . . . .'. . . . 

<J2i:~:C~C~:~·~·~~·~~~~AS::: 
26 pro GaAs/ 1.10 . 3 Gao., As 

Maw Lz '" 46 A, 1.8:::: 154 A 

@~:::. H:.·~·~o~·~~~.~~·8~·~ 
2 flm AI o. '11 Gill 0.83 As 

C.S flffi AI 0.4 Gs 0.6 As 

5! GaAs subsirate 

T == 300 K 

0- ttl i ~-~ i- ,j 

1.51 1.52 1.53 1.54 UI5 1.56 1.57 1.56 1.59 1.110 

(b) Energy, eV 

.FIG, L (a) Schematics (lfthe MBE gmwn vertical waveguide coupler and 
(b) absorption spectrum of the nonlinear MQW coupling region at room 
temperature. 
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FIG. 2. SEM micrographs of (a) vertical coupler with input extension and 
(b) cleaved cross section of the vertical waveguide coupkr. 

Light coupling measurements were made by providing 
input excitation at the lower or upper guide from a tempera
ture tunable AIGaAs laser. The energy of the output could 
be varied in the range 1.5175-1.5285 cV, and the laser output 
power could be varied by changing the drive current. The 
light incident on the input guide was focused to a 2-3 pm 
spot The guided light in the two guides at the output end was 
collected and detected by an IR camera and viewed on a TV 
monitor. Detailed quantitative measurements of the output 
intensities were obtained by digitizing the displayed images 
and computer analysis of their intensity distributions. The 
input power was accurately measured with a calibrated Si 
photodiode. 

Data obtained from experiments done with the input 
light 13 meV lower in energy than the peak energy of the 
heavy hole resonance of the MQW are shown in Figs. 3(a)-
3 (c) for different coupling lengths. In these experiments, 
both guides are ofthc same length, and the input light, 3pm 
diameter, is coupled to the upper waveguide. The data 
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shown in Fig. 3, where the power remaining in the input 
guide is plotted as a function of the incident excitation, indi
cate that for small lengths, 0.9 mm, full transfer of power 
does not occur. On the other hand, with a 2.0-mm guide 
length, Fig. 3 (b), aU the power is transferred to guide 2 for 
Pi~"";; 11.5 pW, which is perhaps close to the critical power 
Pc for this geometry. This is the linear coupling region. As 
the incident power is increased, the local refractive index in 
the MQW decreases, thereby reducing the coupling between 
the guides. This has been referred to as the nonlinear back
coupling effect by Li Kam Wa et al. J However, as the power 
in the input guide increases due to increased confinement, 
the local refractive index in the MQW increases again, re
turning L", the coupling length for maximum power trans
fer, to a finite value. Therefore, beyond the critical input 
power, coupling between the two guides is restored, though 
at a reduced level due to a lower refractive index in the 
MQW. This is the cause for the oscillations of the input guide 
power at higher input intensities in Fig. 3 (b). The data of 
Fig. 3 (c) for a longer guide length and at higher input levels 
are similar. It should be noted that in Fig. 3 (b) the power in 
the input guide should reach - 100% at 25 f.l W of incident 
power, but does not do so probably because of the unequal 
propagation constants in the two guides due to the trapezoi
dal etching profile. The coupling experiments were repeated 
with a 3.5-meV energy separation between the laser output 
and the exciton resonance of the MQW. The coupling behav
ior for a 2.0-mm guide is shown in Fig. 3(d), which is essen
tially identical to the previously discussed results. In general, 
lower powers are measured in the output guide due to the 
stronger absorption in the MQW region. We expect a small 
birefringence in the MQW, but can make no measurement 
due to the output fiber from the AIGaAs laser which carries 
hybrid modes. 

We have analyzed the data by considering the theory of 
the nonlinear coherent coupler developed by Jensen.4 The 
power flow in the two coupled guides can be expressed as 

- i dd
al = Qaa[ + QbOZ + (Q" ladz + 2Qd la2 12 )a1, 
z 

(1) 

- i ~1 = Qa02 + Qbal + (Qe 102 12 + 2Qdl o lI 2)az, 

(2) 

where aI' a2 are the field amplitiudes in each guide and Qa, 
Qb are related to different types offield overlapping integrals 
of guided modes in both waveguides. Q" is the perturbed 
susceptibility induced by changes infJ, which is negligible in 
our case. Qb is the linear coupling coefficient. Qc and Qd are 
nonlinear coupling coefficients which are proportional to 
the nonlinear refractive index. Because of the slight asymme
try in the guide shapes and because of multiple modes form
ing in the lower guide, it is difficult to get an accurate esti
mate of the overlapping field integrals. We have therefore 
simply used the coupling coefficients as fitting parameters in 
order to estimate the behavior of light transmission in the 
nonlinear coupler. 

The above set of equations was solved numerically with 
appropriate experimental parameters used in our study. The 
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FIG. 3. Power remaining in input guide as a function of excitation power for different guide lengths. (a )-( c) are for the case when the laser energy is 13.0 UleV 
below the heavy hole cxcitonie resonance ofthe MQW. (d) is tor the case when the separation is 3.5 me V. The solid lines in (a) and (b) afe calculated plots. 

calculated values of the power remaining in the input guide 
are shown in Figs. 3 (a) and 3 (b) by the beld lines. It is clear 
that the experimental results mimic the calculated data. A 
value of Lc = 2.3 mm was measured by the cutback method 
using light energy far from the exciton resonance. Using this 
value of Lc in our fitting, we estimate n2 = 1.67 X 10 5 

cm2/W. A higher value of 112 is obtained from the data of 
Fig. 3(d), being closer to the excitonic resonance. 

From the data of Fig. 3 (b) it is obvious that large modu
lation of the input light can be obtained by changing the 
intensity of the excitation. This makes such devices very at
tractive for ultrafast modulation and switching applications. 
One potential application is the optical switching between 
field-effect transistors, where the guides (with a single quan
tum well channel) are formed underneath the gate contacts. 
Weare in the process of investigating such a device. Another 
application is the photonic modulation of external cavity 
lasers. More importantly, if the two gllides have identical 
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propagation constants, then the nonlinear refractive index 
coefficient, n2 , and the nonlinear susceptibility, XC 3), can be 
obtained from an accurate fitting of the coupling character
istics. 
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