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Semiconductor Circular Ring Lasers Fabricated
with the Cryo-Etching Technique

Chia-Ho Tsai, Jiun-Haw Lee, Hsin-Jiun Chiang, C. C. Yang, M. C. Shih, B. C. Chen, T. J. Chuang, and Yih Chang

Abstract—GaAs–AlGaAs multiple quantum well semiconduc-
tor circular ring lasers with a ��� shape were fabricated by using
the deep UV laser-assisted cryo-etching technique. Most of the
fabricated lasers had external quantum efficiencies of more than
18% which were higher than similar devices previously reported.
The modal spacing observed from the resonance spectrum near
threshold was always several times that corresponding to the
circular oscillation of the ring cavity. The observed modal spac-
ing was quite consistent with the theoretical result based on a
coupled-cavity model.

Index Terms—Etching, ring lasers, semiconductor lasers.

I. INTRODUCTION

SEMICONDUCTOR ring lasers have attracted much atten-
tion because of the versatility of integration with other

optical components and the high sidemode suppression ratio.
The cavities of ring lasers may have circular [1]–[3], triangular
[4], [5], and square [6], [7] shapes. Triangular and square ring
lasers do not need bending waveguides and therefore suffer
no bending loss. However, the requirement of reflection facets
(by etching) make them difficult either in fabrication or in
integration with other devices. On the other hand, circular
ring lasers are easier in fabrication although the quality of the
bending waveguides must be high for reducing the bending
loss.

In this letter, we report our results of GaAs–AlGaAs quan-
tum well semiconductor circular ring lasers which were fab-
ricated with the cryo-etching technique. We found that the
external quantum efficiencies of our ring lasers were higher
than those of similar devices previously reported. Also, we
observed the resonance spectra of the ring cavities of different
geometric parameters. The modal spacings in those spectra
were consistent with the theoretical predictions based on a
coupled-cavity model.
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Fig. 1. A pair of ring lasers with radius 300�m under a microscope.

Our ring lasers were fabricated on a four-period
GaAs–AlGaAs multiple quantum well epitaxial structure.
The GaAs wells (6.5 nm thick) and Al Ga As
barriers (20 nm) were sandwiched by two 140-nm-thick
i-Al Ga As separate confinement layers, and p-
Al Ga As and n- Al Ga As cladding layers, both
of 1.5 m in thickness. On the top, a 50-nm p-GaAs layer
was grown for good ohmic contact. The fabrication procedures
were the same as the typical processes for semiconductor
lasers except the etching technique for forming ridge or
ridge-loading waveguides. The top view of a pair of our ring
lasers is shown in Fig. 1, which was taken under an optical
microscope. A cleavage at the middle of such a sample would
give us two -shape ring lasers. Laser outputs emerged from
the cleaved facets. We have designed ring lasers with the
ring radius typically 200 and 300m. The ridge width for
waveguiding was 6 m. The etching depth was 2m for
forming ridge waveguides. The output arm was typically
100 m long. Meanwhile, we designed various tilt angles
(from 0 to 15 ) between the waveguide orientation and the
normal of the cleaved facet.

To fabricate high-quality curved waveguides for reducing
the bending loss, we used the UV-assisted cryo-etching tech-
nique [8], [9]. This technique utilizes a UV laser to define the
etching feature at a low temperature. Compared to the typical
chemical wet etching techniques, it can provide fine etching
features. Compared to the reactive ion etching techniques, it
leads to no damage to the etched surfaces [10]. The operation
procedures of the UV-assisted cryo-etching technique are as
follows: First, the semiconductor sample (AlGaAs in our case)
was cooled down to about 125 K in a vacuum chamber.
Then, a flux of chlorine was directed into the chamber.
At the low temperature, a physisorbed layer of molecular
chlorine is formed on the surface of the sample. Next, a
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Fig. 2. Scanning electron microscopy picture of a cryo-etched Y-junction.

Fig. 3. A typicalL–I curve of a ring laser with radius 300�m.

193-nm excimer laser pulse irradiated the physisorbed layer
of chlorine, producing surface localized source of atomic
chlorine. A percentage of these reactive chlorine atoms then
reacted with the unmasked AlGaAs surface (Au–Cr mask) to
form AsCl and GaCl . These compounds were
desorbed by the deep UV irradiation. This completed a cycle
of the etching process. The etched sidewalls are expected to be
vertical and smooth since the sample is vertically irradiated by
the UV laser beam. With the temperature at 125 K, chlorine
pressure 1 mtorr, 193-nm laser of 15-ns pulsewidth, 5-Hz pulse
repetition rate, and 10 mJ/cmenergy density, the etching rate
for AlGaAs was 27.5 nm/min or 0.09 nm/pulse. Fig. 2 shows
a scanning electron microscopy picture of the cryo-etched Y-
junction in one of the ring lasers. Vertical and smooth etched
walls can be clearly seen.

Fig. 3 shows the light output versus current (– ) curve of a
ring laser with the ring radius 300m, the output arm length
about 100 m and the tilt angle 10. The threshold current
is near 50 mA. A simple calculation leads to the threshold
current density 384 A/cmand the external quantum efficiency
18.74%. The values show that the performances of our ring
lasers are better than those of similar devices [1]–[3], [7].

Fig. 4. A typical ring laser output spectrum.

Fig. 5. Output spectrum near threshold of another laser with radius 300�m
and output arm tilt angle 5�.

This improvement can have several possible reasons including
more quantum wells, high-quality epitaxial growth and process
work; however, this result of cryo-etching is quite encouraging
for further development. Fig. 4 shows a typical laser spectrum.
High-quality spectral features were not obtained because of the
poor spectral resolution of the spectrum analyzer used and the
possible mode hopping in the laser.

In studying the semiconductor ring lasers, the other major
concern of ours is the dependence of modal spacing on the
geometric parameters. We have observed periodical resonance
patterns of our ring lasers near the thresholds. Fig. 5 shows a
typical result from a ring laser of 300m in ring radius and 5
in tilt angle. The modal spacing is about 0.88 nm. This number
is eight times the modal spacing of a 300-m-radius ring
cavity, which can be easily calculated to give 0.11 nm. From
the results of the lasers of different geometric parameters, we
found that the modal spacing was always in the range from
0.7 to 0.9 nm. In the following, we demonstrate the coupled-
cavity model for evaluating the modal spacing and give some
numerical results.

Fig. 6 shows the coupled-cavity model for our-shape laser
cavity. We assume that optical signals can couple into any
of the three branches, strong or weak, at the Y-junction no

Authorized licensed use limited to: National Taiwan University. Downloaded on February 6, 2009 at 02:08 from IEEE Xplore.  Restrictions apply.



TSAI et al.: SEMICONDUCTOR CIRCULAR RING LASERS 753

Fig. 6. Coupled-cavity configuration, consisting of one main cavity and two
auxiliary cavities, for our theoretical model used to evaluate the modal spacing.

matter the signal coming from any branch. This assumption
is confirmed by a preliminary calculation based on a finite-
element method (FEM). Hence, we regard the three possible
signal oscillation paths as three linear cavities: the clockwise
circular oscillation along the ring, the counterclockwise circu-
lar oscillation along the ring and the linear oscillation in the
output arm. Since the three oscillation paths couple through
the Y-junction, their equivalent linear cavities also couple in
a Y-shape, as shown in Fig. 6. In this figure, we use the
notation to represent one-half the ring length, i.e., ,
where is the ring radius. Also, is the length of the
output arm. Meanwhile, and stand for
the incident and reflected wave fields of the associated cavities,
respectively. In addition, and represent the feedback
coefficients of the three cavities, respectively. In other words,

, where is the effective
refractive-index of the waveguide, is the signal wavelength,

when and when . Therefore,
include the effects of bending loss and signal gain.

To calculate the modal spacing of the whole system, we
regard the cavity for the output arm as the main cavity and
evaluate the phase of which is defined as . The
resonance wavelengths are those solutions to the resonance
equation

(1)

where is an integer. Then, the modal spacing, , can be
obtained from the difference equation

(2)

For fitting the data shown in Fig. 6, we consider the following
parameter values for numerical computations: 300 m,

100 m, 3.4, 840 nm, 2.1, 1.01,
and certain reasonable values for the Y-junction coupling
coefficients. The numerical results for the modal spacing is
0.878 nm, which is close to the experimental value. We have
also tried other cases and found that the numerical results
were always in the range from 0.6 to 1 nm, indicating that the
agreement between the results based on our coupled-cavity
model and the experimental data was not a coincidence. Note
that in choosing values for the calculations above, we
purposely balance the gain and loss in the clockwise and
counter-clockwise oscillations in the ring.

In conclusion, we have fabricated semiconductor circular
ring lasers in a shape with the UV-assisted cryo-etching
technique. The external quantum efficiencies of our lasers were
always higher than 18%. Also, the modal spacing observed
near the threshold condition was always seven to nine times
that corresponding to the circular oscillation of the ring cavity.
A coupled-cavity model was developed to fit the data well.
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