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A novel surface emission of coherently generated second-harmonic wave is reported for the 
first time. The technique is used for the observation of the difference in propagation constant of 
the TEo and TMo mode of GaAsl AIGaAs waveguide cavity to a high degree of accuracy. In 
this technique the second-harmonic signal propagates out from the top surface of the 
waveguide structure, converting the modal phase difference between TEo and TMo modes into 
intensity variation along the waveguide length. The second-harmonic signal is easily observable 
by the naked eye, and the technique does not require wavelength tuning or mechanical 
movement for the measurement of birefringence. 

In this letter we report phase-matched, coherent, sec
ond-harmonic generation of a mode-locked Nd:YAG laser 
beam propagating pependicular to the direction of flow of 
the fundamental beam. In conventional second-harmonic
generation techniques, the amount of second harmonic 
propagating out perpendicular to the direction of a forward 
propagating fundamental beam is negligible, since the phase
matching condition is violated. However, in the technique 
presented here, a standing wave of second-harmonic polar
ization is generated along the waveguide cavity. The second
harmonic signal generated this way is show to be coherent 
and to satisfy the wave vector conservation. To the best of 
the authors' knowledge, this is the first time the second-har
monic wave has been generated in this manner and used to 
study waveguide parameters. 

The parameter studied in this experiment is the modal 
birefringence of a waveguide structure. The difference in 
propagation constants of the TEo and TMo mode of a GuAsl 
AIGaAs waveguide is of paramount importance for an effi
cient electro-optic waveguide TE ........ TM mode conversion' 
and wavelength filtering.2 Waveguide polarization conver
sion is a basic signal processing function and will be useful in 
realizing single-mode communication systems, In addition 
to its integrability, the TE.,c>TM mode convertor together 
with integrated polarizerl can be used as a high-speed optical 
modulator. TE+-l> TM mode convertor can be realized as a 
broad-band or narrow-band (full width at half-maximum 
~4.5 A)2 polarization convertor. Thus TE ... ,.TM conver
tors can be used as a polarization convertor, an optical mod
ulator, or a wavelength filter in future opto-electronic cir
cuits. However, to realize any of the above devices, an exact 
know ledge of modal phase difference M = f3 TE - /3 TM is 
required. The observation of surface emission ofthe second
harmonic signal gives the modal phase difference accurately 
(error 51%), directly, and without any ambiguity. Fur
thermore, the requirement that the second-harmonic signal 
is not absorbed strongly by the top cladding layer of the 
waveguide is not severe, since some sommon electro-optic 
polarization modulators on GaAs are made with transpar
ent top cladding layer. I 

The experimental setup used is shown in Fig. 1. Abut 20 
mW average power from a mode-locked Nd:YAG 
(It = 1.064 lIm) laser output with a repetition rate of 82 

MHz and pulse width of 100 ps was focused by a 40 X objec
tive lens on a facet of a waveguide cavity 1 mm long. The 
waveguide structure is shown in the inset of Fig. 1. The out
put power from the other facet was measured to be - 1 m W. 
The second-harmonic generation was monitored by looking 
into a low-magnification microscope and optimized by 
changing the polarization ofthe incident fundamental beam 
by using a half-wave plate to equalize the power coupled into 
TEo and TMo mode of the waveguide. Once the green light 
(532 nm) was optimized by eye, the image ofthe near field 
was recorded on a 1600 ASA Fuji film exposed for 3 min. 
The picture was taken by using a commercial camera and 
looking into the eye piece of the microscope. The picture is 
shown in Fig. 2. There are 16 periods of intensity modulation 
in 1 mm corresponding to f3 TEo - f3 ™o = 50 rad/mm. This 
result is obtained by theoretical consideration of the relation 
between second-harmonie-intensity modulation and modal 
phase difference. 

From theory we have 
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FIG, 1. Experimental setup used. L, couplcslight into the GaAs waveguide. 
L2 collimates the light to the power meter P. L3 and L4 form a low-magnifi
cation microscope. L, and beam splitter B arc used to adjust coupling 
through lens L I to the waveguide. TheA /2 plate is used to change the polar
ization of the incident fundamental beam. The waveguide under considera
tion is shown in the inset. It was grown by molecular beam epitaxy over 
[100] oriented GaAs wafer. 
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FIG. 2. Picture of the square orthe Ilcar-field pattern of the second harmoIl
ic ofNd:Y AG generated across the waveguide. There are 16 periods ofvari
at-ion over 1 111m of waveguide length, giving a period of A ~ 63 pm. 

where i = x andy corresponds to the Ex and Ev component 
of TEo and TMo modes, respectively (z is th~ direction of 
propagation along the waveguide), Eo; is the incident elec
tric field on the input facet of the waveguide, ti and 1'i are 
transmission and reflection coefficients, and Yi = eli + i!3i is 
the complex propagation constant. The wafer under consi
deration has [100 I surface orientation. This fact combined 
with the symmetry of the nonlinear susceptibility tensor /1":,(2) 

of GaAs yields second-harmonic polarization of the form 
p(2{,,) <X (2Ex E/x + E;Y). The first component of pol ariza
tion is along the polarization ofTEn, and the second term is 
polarized like the TMo mode. The TMo-like component of 
second-harmonic polarization has y-directed polarization 
and hence cannot contribute to the radiation of second har
monic coming out ofthe top surface of the waveguide, How
ever, the TEo-like polarization of the second harmonic can 
radiate out of the top surface. If we keep only the sum fre
quency term and using Eq, (1), we obtain 

p(Z",) 0:: Re(E
j
E

2
) 

= Re[ e2i(," (A lA2 e - 2yz + B j S2e I 2j/Cz - 2L) j 

r 
T Re l e2i

"'! (A \.B2e- 1YL
) 

x(e "ylz- L) + RIA2 eD,ylz Ll)'J" (2) 
AIE2 

where r = ~(rl + yz) = a + //3, .6.1' = 1'1 -]/2 =.6.a 
+ if1J3, The tenn of the form e2iCW 

-L j/z) cannot radiate per
pendicular to z direction and will be i.gnored. Also from Eq. 
(1), R[A2/A1E2 = r1/r2 • Using this in Eq. (2), we obtain 

pl2UIJ_Re[e2"U'(A1B2e -2YL)(e-Ll.y(z-n + :~ e<ly(z-n)]. 

The time-averaged second-harmonic radiation is then 

(P(2w»), ex (p(Z"')p*(2oJ» 

<X IA R 12e- 4iXL 
I 1 2 

(3) 

x [+(a + ~)+COS{2il/3(Z-L)]], (4) 

where a = (rt/r2)e2Lia(z - L) = l. - t:.a. In terms of .6.a, Eq, 
( 4) reduces to 

(P(2{uJ)! <X IAIB~12e-4iXL(1 + (.6.a)2 + O(t:.a)3 
- 2 2 

+ cos (2.6.P(z - L) l) . (5) 
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Farlow-loss birefringence (12AaL ! = 21a l - a 2 1L < 1), Aa 
becomes 1 - 1'/r2 , which is less than 0.2 for usual wave
guides.4 Therefore, we can safely ignore i::J.a in Eq. (5). Fig
ure 3 shows the theoretical variation of (P(2,,'), as a func
tion of length across the waveguide. For the purpose of 
calculation, the actual waveguide is approximated by a slab 
waveguide shown in the inset of Fig. 3. As can be seen, the 
theory agrees well with the experimoentaIly observed second
harmonic variation of Fig. 2. The most uncertain parameter 
of/he waveguide is the aluminum mole fraction of the clad
ding layer, which was approximately 20%. Then according 
to Eg. (5), the birefringence at /l. = 1.0642 pm is given by 

!JfJ = !3n" - i3T M" = 1T/ A = 50 fad/mm, (6) 

where A ::::::63 pm is the period of the variation of the second 
harmonic signal observed, The experimentaIiy observed 
A;::::; 63 pm agrees well with the theoretical prediction of 
A ~ 60 p.m (Fig, 3). There are several points that need 
further discussion. For small 6.a (that is r/r2:::::: 1), the sec
ond-harmonic polarization has a standing-wave profile, 
varying sinusoidally in z along the direction of the wave
guide. This standing-wave polarization acts as a source for 
the radiation of second-harmonic signal. Assuming that the 
waveguide is charge free, the polarization profile generates 
an electric field along its direction, E = _. 41TP. Since the 
lens of the camera in our experiment maps the near-field 
pattern of the electric field across the waveguide to the image 
plane on the film negative, the resulting picture of Fig. 2 
registers the time-averaged square of the near-field pattern 
or the time-averaged square of polarization profile across the 
waveguide. This point shows the relation ofEq. (5) to Fig. 2. 

Another point to consider is the coherence of the second 
harmonic signal (SHS). The far-field pattern is approxi
mately proportional to the Fourier transform of the near
field pattern, With the use of the near-field pattern discussed 
above, the far-field pattern is caiculated to have intensity 
peaks at angles I e I = A 2w /2A < 1 rad, where the angle is 
measured in the )'-z plane (Fig. 1) with the)' axis referring to 
e = o. This prediction of the theory can account for the fact 
that when the lenses L3 and L4 in Fig. 1 were tilted from the 
direction perpendicular to the sample surface in the y-z 
plane, the intensity of SHS would sharply decrease. This 
observation confirms the coherent nature ofthe second-har
monic signal. 
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FlG. 3. Theoretical variation of <P' 2,,» I along the waveguide length. The 
actual waveguide is approxin;ated by an equivalent slab waveguide shown 
ill the inset of th" figure. For the parameters used, we obtain A ~ 60 lim. 
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The third point to consider is the phase-matching condi
tion. A standing wave can be decomposed into a forward and 
a backward propagating wave with wave vector K and - K. 
Therefore, the net wave vector of the standing wave is zero. 
Furthermore, if we express the fundamental electric field 
profile [Eq. (1) 1 in terms of a sum of a standing wave and a 
propagating wave and following the steps leading to Eg. (5), 
we find that the second-harmonic radiation perpendicular to 
the waveguide surface is only the result of interaction of the 
standing-wave component of TEo and the standing-wave 
component ofTMo modes. Also, the near-field pattern of the 
SHS is described by a standing wave. This means that the 
sum of the initial interacting fundamental wave vectors is 
equal to the sum of the final second-harmonic wave vectors 
(which equals zero). It should also be noted that since the 
SHS is not generated collinear to the fundamental beam, the 
concept of phase matching is not applicable in its conven
tional sense. For noncoIlinear second-harmonic generation, 
the condition for the highest possible efficiency is the conser
vation of total wave vectors. 

In summary, a novel second-harmonic generation tech-

424 Appl. Pl1ys. Lett., Vol. 52, No.6, 8 February 1988 

nique is theoretically and experimentally analyzed. The sec
ond-harmonic signal obeys wave vector conservation, is co
herent, and propagates perpendicular to the fundamental 
beam. This perpendicular propagation makes this technique 
useful for the study of waveguide parameters. The experi
ment reported yielded the modal phase birefringence 
M = fJ TEo - (J TM" accurately, directly, and unambiguous
ly in the GaAsl AIGaAs waveguide structure under consi
deration. The knowledge of the modal phase birefringence is 
crucial in design of TE...,.l> TM mode convertors, wavelength 
filters, and TE~ TM optical modulators. These devices are 
important part of wavelength multiplexing systems and oth
er future integrated opto-electronics circuits. 

This work was supported by Bell Communications Re
search and the National Science Foundation grant No. ECS-
8410838. 
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