Generating Short-Wavelength Light
Using a Vertical-Cavity Laser Structure

Second-harmonic generation from a GaAs/AlAs vertical cavity fabricated
on a (311)B GaAs substrate has been demonstrated. The experimental
results and a theoretical analysis show that a GaAs/AIAs vertical cavity
optimized both for efficient confinement of the fundamental power and for
quasi-phase-matching can offer efficient second-harmonic generation.

by Shigeru Nakagawa, Danny E. Mars, and Norihide Yamada

There has been great interest in compact short-wavelength
light sources, especially blue light sources, for a number of
applications such as full-color displays and high-density
optical storage. Full-color displays require compact light
sources of three colors: red, green, and blue. Red light
sources have been developed and are commercially avail-
able in the form of AlGaAs laser diodes and light-emitting
diodes (LEDs). Green LEDs have recently become commer-
cially available as well. Compact devices emitting blue light
have been demonstrated, but their reliability is not good
enough for commercial products. Optical storage uses laser
diodes to read and write data. Shorter-wavelength laser
diodes can give higher storage density. Blue lasers can store
data at about three times the density achievable with the
infrared lasers currently used for optical storage.

A laser diode made of a wide-bandgap semiconductor such
as zinc cadmium sulfur selenium (ZnCdSSe) is one of the
approaches being taken to realize compact blue light
sources.1,2 The advantages of this device include compact
size and direct modulation of blue light. The feasibility of
such a device has been demonstrated, but its reliability is not
yet good enough for commercial applications.

Another approach being taken to make compact short-
wavelength light sources is second-harmonic generation. In
nonlinear optical materials, a fraction of the propagating
fundamental optical wave is converted to an optical wave of
double the frequency or half the wavelength. Using this
second-harmonic generation technique, blue light at a wave-
length of 430 to 490 nm has been generated from an in-
frared light of wavelength 860 to 980 nm. Reliable and com-
pact short-wavelength blue light sources have been
prototyped employing nonlinear dielectric materials such as
lithium tantalate (LiTaO3) and lithium niobate (LiNbO3).3-5
However, these second-harmonic generation blue light
sources are hybrid and much larger in size than laser diodes.

Second-harmonic generation to realize compact short-wave-
length light sources has been demonstrated in semiconduc-
tors such as GaAs and AlGaAs.512 Second-harmonic genera-
tion in semiconductors can bring about monolithic
short-wavelength light sources, since semiconductors like
GaAs or AlGaAs can work as both laser materials and
second-harmonic generation materials simultaneously. In
some devices, a stack of GaAs and AlGaAs with a period
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of half a wavelength of the second harmonic has been incor-
porated to give quasi-phase-matched second-harmonic gen-
eration.10-12 In most optical materials, the refractive index
changes depending on the wavelength, causing a phase dif-
ference between the propagating fundamental light and the
propagating second-harmonic light. The phase of the gener-
ated second-harmonic light is exactly twice that of the prop-
agating fundamental light, so it is different from the phase of
the propagating second-harmonic light, resulting in negative
interference between the generated second-harmonic light
and the propagating second-harmonic light. For some crys-
tals, it is possible to cancel this phase difference and negative
interference by choosing a certain axis for the light propaga-
tion direction. This is called phase matching. Another way to
reduce the negative interference is by alternating the magni-
tude or sign of the generated second-harmonic field in phase
with the phase difference. This phase-matching scheme does
not eliminate the negative interference completely and so it
is called quasi-phase-matching.

The second-harmonic power coming out of a GaAs/AlGaAs
second-harmonic generator gets saturated in a limited dis-
tance because of the large absorption of second-harmonic
power by GaAs or AlGaAs. To extract the second-harmonic
power efficiently, most of the GaAs second-harmonic gen-
erators reported so far are surface emitters. The second-
harmonic wave comes out normal to the surface after prop-
agating through only a small distance in the absorbing
semiconductor.”-89:11,12 One way to increase the conversion
efficiency in the limited GaAs/AlGaAs distance is to resonate
the fundamental field with a Fabry-Perot cavity and to in-
crease the intensity of the fundamental field inside the re-
gion, since second-harmonic power has a second-order de-
pendence on fundamental power.

We have experimentally demonstrated second-harmonic gen-
eration from a GaAs/AlAs vertical cavity fabricated on a
(311)B GaAs substrate. A vertical cavity offers efficient con-
finement of the fundamental field because highly reflective
mirrors can be fabricated on both sides of the cavity. In this
paper, we will present experimental results and a theoretical
analysis showing that a GaAs/AlAs vertical cavity optimized
both for efficient confinement of fundamental power and for
quasi-phase-matching can offer efficient second-harmonic
generation.
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Fig. 1. Structure of the AlAs/GaAs vertical-cavity second-harmonic
generator.

Structure of the Device

Fig. 1 shows the structure of the vertical-cavity second-
harmonic generator, including a GaAs/AlAs distributed Bragg
reflector and a TiO,/SiO, distributed Bragg reflector as
highly reflective mirrors. The GaAs/AlAs distributed Bragg
reflector absorbs the second-harmonic power, while the
TiO,/SiO, distributed Bragg reflector has high transmission
at the second-harmonic wavelength, so that generated light
can pass through it. To generate second-harmonic power
efficiently in the cavity, a periodic stack of AlAs/GaAs is in-
corporated for quasi-phase-matching. The conventional se-
cond-harmonic generation surface emitters demonstrated in
the literature have also used a periodic structure for quasi-
phase-matching whose period was equal to half a wave-
length of the second harmonic.19-12 However, our calcula-
tions indicate that the period should be a little shorter. This
difference comes from the fact that while the absorption of
second-harmonic power is assumed negligible in the con-
ventional quasi-phase-matching scheme, second-harmonic
power generated in the AlAs/GaAs layers is strongly ab-
sorbed, especially by the GaAs layers. From the calculated
curves shown in Fig. 2, it can be seen that second-harmonic
power in our quasi-phase-matched structure is generated
much more efficiently than in a conventional half-wave-
length quasi-phase-matched stack.

For the vertical-cavity second-harmonic generator, the
second-harmonic field must be generated colinearly from the
fundamental field. In zinc-blend crystals such as GaAs or
AlAs, this is possible only when the substrate is oriented
other than (100), such as (111), (110), or (311). A GaAs/AlAs
distributed Bragg reflector (19.5 pairs) and a GaAs/AlAs
stack of 19 layers were grown on a (311)B GaAs substrate
by molecular beam epitaxy (MBE), resulting in good surface
morphology. A TiO,/SiO; distributed Bragg reflector (10
pairs) was fabricated after the MBE growth using an
electron-beam evaporator and the substrate was polished to
a thickness of 200 um. We measured the total reflectivity of
the device and observed a dip in the reflectivity at 984 nm,
which indicated a resonance of the fundamental field in the
Fabry-Perot cavity. The reflectivity of the GaAs/AlAs distrib-
uted Bragg reflector and the TiO,/SiO; distributed Bragg
reflector were measured to be 98.4% and 99.9% at 984 nm,
respectively.
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Fig. 2. Distribution of second-harmonic power in (a) a conventional
half-wavelength quasi-phase-matched device and (b) a device that is
quasi-phase-matched taking into account the absorption of second-
harmonic power. The rectangular curves show the distribution of
nonlinear coefficient in the devices. The higher and lower levels
indicate GaAs and AlAs, respectively.

Results and Discussions

A frequency tunable Ti:Sapphire laser was used as a funda-
mental light source. The light was shot vertically through the
polished GaAs substrate. We measured the second-harmonic
power generated from the cavity and the fundamental power
of the exiting beam. Fig. 3 shows how the second-harmonic
power varies with the polarization angle of the fundamental
field, in which the direction of the fundamental electric field
is rotated toward the (011) direction (90°) from the {233)
direction (0°). The points are measured data and the solid

February 1995 Hewlett-Packard Journal 73



Second-Harmonic Power (arbitrary units)

0.0 k233>

<011>

0° 45° 90° 135° 180°
Polarization Angle of Fundamental Field

Fig. 3. Normalized second-harmonic power as a function of the po-
larization angle of the fundamental field. The points are measured
data and the line shows the calculated values. 0° is identical to the
(233) direction.

line shows the calculated values. The details of the calcula-
tions are not given here because of their complexity. How-
ever, agreement of the measurement results with the calcula-
tions indicates that the observed power is purely
second-harmonic power.

Fig. 4 shows the second-harmonic power at a wavelength of
492 nm coming out of the cavity as a function of the input
fundamental power at a wavelength of 984 nm, indicating
that the conversion efficiency of the device is 1.4x10~4 %/W.
The conversion efficiency of second-harmonic generation is
defined as the output second-harmonic power divided by
the square of the input fundamental power (the generated
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Fig. 4. Second-harmonic power coming out of the vertical cavity as
a function of the input fundamental power. The wavelength of the
second-harmonic power is 492 nm.
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second-harmonic power is proportional to the square of the
fundamental power). It is possible to increase the conversion
efficiency in several ways. An efficient way is to improve the
confinement of fundamental power inside the cavity. This
will increase the second-harmonic power by the square of
the factor by which the fundamental power in the cavity is
increased, without any increase in the input fundamental
power.

We found four ways to improve the conversion efficiency of
our device. First, by comparing the resonant wavelength of
the measurement with that of the design, we found that the
actual layer thickness of the grown material was 4% smaller
than the design value. As a result, our quasi-phase-matched
condition was not completely satisfied. The second-harmonic
power coming out of the device has been calculated both
for the designed structure and for the actual structure. The
calculations indicate that by making the device exactly as
designed, the second-harmonic power will be increased 8.1
times compared to the device tested.

Second, the 4% reduction of the layer thickness also reduces
the reflectivity of the AlAs/GaAs distributed Bragg reflector
to 98.4% from the predicted value of 99.8%. This decreases
the confinement of the fundamental field in the cavity. Third,
the full width at half maximum (FWHM) of the Ti:Sapphire
laser spectrum is 0.17 nm, which is much larger than that of
the cavity, which is 0.03 nm. This causes a large part of the
input fundamental light from the laser to be reflected, result-
ing in smaller confinement of the fundamental field in the
cavity. Improvement of these second and third factors is
expected to increase the fundamental power confined in the
cavity to 90 times that of the present device, thereby increas-
ing the second-harmonic power by a factor of 8.1 x 103.

Fourth, the fundamental beam from the Ti:Sapphire laser is
focused on the device with a FWHM spot diameter of 18.6
um. The conversion efficiency is proportional to the power
density of the fundamental field, and would be increased
13.8 times with a fundamental beam diameter of 5 um.
Based on these considerations, we concluded that the con-
version efficiency of the device would be 1.3 x 102 %/W if
optimized.

Conclusions

We have demonstrated second-harmonic generation from an
AlAs/GaAs vertical cavity fabricated on a (311)B GaAs sub-
strate. We have observed a conversion efficiency of 1.4 x
104 %/W. We have theoretically shown that we can increase
the conversion efficiency up to 1.3 x 102 %/W by optimizing
both for quasi-phase-matching and for efficient confinement
of the fundamental field.

Acknowledgments

Many people contributed to the second-harmonic generation
from an AlAs/GaAs vertical cavity. We would like to express
our special acknowledgment to Nobuo Mikoshiba, director
of HP Laboratories Japan, for his support and for his techni-
cal discussions. We would like to thank Jeff Miller of HP
Laboratories for his useful suggestions on the experiments
and for his technical discussions. We also want to thank all
of the members of the photonics group of HP Laboratories
Japan for their support and help.

[ Hewlett-Packard Company 1995



References

1. M.A. Hasse, J. Qiu, J.M. DePuydt, and H. Cheng, “Blue-Green
Laser Diodes,” Applied Physics Letters, Vol. 59, 1991, p. 1272.

2. H. Jeon, J. Ding, V. Nurmikko, W. Xie, D.C. Grillo, M. Kobayashi,
R.L. Gunshor, G.C. Hua, and N. Otsuka, “Blue and Green Diode
Lasers in ZnSe-Based Quantum Wells,” Applied Physics Letters, Vol.
60, 1992, p. 2045.

3. EJ. Lim, M.M. Fejer, R.L. Byer, and W.J. Kozlobsky, “Blue Light
Generation by Frequency Doubling in Periodically Poled Lithium
Niobate Channel Waveguides,” Electronics Letters, Vol. 25, 1989,
p. 731

4. S. Matsumoto, E.J. Lim, H.M. Hertz, and M.M. Fejer, “Quasi-Phase-
Matched Second-Harmonic Generation of Blue Light in Electrically
Periodically Poled Lithium Tantalate Waveguides,” Electronics Let-
ters, Vol. 27, 1991, p. 2040.

5. K. Yamamoto, K. Mizuuchi, and T. Taniuchi, “Quasi-Phase-
Matched Second-Harmonic Generation in a LiTaO3z Waveguide,”
IEEE Journal of Quantum Electronics, Vol. 28, 1992, p. 1909.

6. N. Ogasawara, R. Ito, H. Rokukawa, and W. Katsurashima, “Second-
Harmonic Generation in an AlGaAs Double-Heterostructure Laser,”
Japanese Journal of Applied Physics, Vol. 26, 1987, p. 1386.

[J Hewlett-Packard Company 1995

7. D. Vakhshoori, M.C. Wu, and S. Wang, “Surface Emitting Second-
Harmonic Generator for Waveguide Study,” Applied Physics Letters,
Vol. 52, 1988, p. 422.

8. H. Dai, S. Janz, R. Normandin, J. Nielsen, F. Chatenoud, and R.
Williams, “An InGaAs/GaAs SQW Laser Integrated with a Surface
Emitting Harmonic Generator for DWDM Applications,” IEEE Pho-
tonics Technology Letters, Vol. 4, 1992, p. 820.

9. R. Lodenkamper, M.L. Bortz, M.M. Fejer, K. Bacher, and J.S. Harris,
Jr., “Surface Emitting Second-Harmonic Generation in a Semiconduc-
tor Vertical Resonator,” Optics Letters, Vol. 18. 1993, p. 1798.

10. S. Janz, C. Fernando, H. Dai, F. Chatenoud, M. Dion, and R.
Normandin, “Quasi-Phase-Matched Second-Harmonic Generation
in Reflections from AlyGaj_xAs Heterostructures,” Optics Letters, Vol.
18, 1993, p. 589.

11. D. Vakhshoori, R]. Fischer, M. Hong, D.L. Sivxo, GJ. Zydzik,
and G.N.S. Chu, “Blue-Green Surface Emitting Second-Harmonic Gen-
erators on (111)B GaAs,” Applied Physics Letters, Vol. 59, 1991, p. 896.
12. D. Vakhshoori, “Analysis of Visible Surface Emitting Second-
Harmonic Generators,” Journal of Applied Physics, Vol. 70, 1991, p.
5205.

February 1995 Hewlett-Packard Journal 75



