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InGaAs—GaAs 980-nm Stripe-Geometry and Circular
Ring Ridge Waveguide Lasers Fabricated
With Pulsed Anodic Oxidation

C. Y. Liu, Yi Qu, Shu Yuan, S. Z. Wang, and S. F. Yoon

Abstract—Ing 22Gag 75 As—GaAs quantum-well stripe-geom-
etry and circular ring lasers have been fabricated with pulsed
anodic oxidation (PAO). The relationship between ridge heights
and laser performance was first studied in the fabrication of
stripe lasers. The lowest transparency current density (J;.) of
61.20 A/cm? was obtained from the stripe laser with a ridge
height of 1.23 pm, corresponding to an etching depth where all
the p-doped layers above active region were removed. With the
PAO process, when the ridge height (1.77 pum) extended below
the active region, J;, is 76.03 A/cm?, only increased by 24.2%.
Based on the experimental results, the circular ring laser, which
needs deep etching (below active region) and subsequent PAO, has
been fabricated. The fabricated circular ring laser worked under
continuous-wave operation at room temperature. Longitudinal
mode spacing analysis clearly indicates that the ring resonator is
a functional part of the whole circular ring laser.

Index Terms—Circular ring resonator, InGaAs-GaAs, laser
diode, pulsed anodic oxidation (PAO).

1. INTRODUCTION

nGaAs—GaAs strained quantum-well (QW) lasers emitting
I in the 980-nm range are currently used to optically pump er-
bium-doped fiber amplifiers for telecommunication systems [1],
[2]. Because of the simplicity in device processing, ridge wave-
guide (RW) laser structures have been widely adopted [3]-[5].
The ridge height of an RW laser affects its threshold current den-
sity (J¢n) a lot; too small or too large a ridge height will both
degrade the device performance [3]. Additionally, since their
first demonstration [6], semiconductor ring lasers (SRLs) have
received much attention due to their potential applications in
photonic integrated circuits [6]-[9]. In the fabrication of SRLs,
the ridge height has to be extended below the active region
and, thus forming sidewalls that provide large index contrast
necessary for guiding the optical mode around “tight” bends
[7]. However, conventional SiO» deposited by plasma-enhanced
chemical vapor deposition (PECVD) may have high chance to
damage the exposed active region during the deposition [10].
Pulsed anodic oxidation (PAO) has been proposed and investi-
gated to produce high-quality native oxide on compound semi-
conductors for laser diode fabrication [11]-[14].
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In this letter, we report the fabrication of
Ing 20Gag 7sAs—GaAs  single quantum well (SQW)
stripe-geometry Fabry—Pérot (F-P) RW and circular ring lasers
with PAO. Laser diode performance versus ridge heights was
systematically carried out in the fabrication of stripe-geometry
RW lasers. Based on the obtained experimental results, circular
ring lasers, with an integrated output stripe defined by using
laser direct writing lithography (DWL), wet chemical etching
(below QW active region) and subsequent PAO, have been
fabricated successfully.

II. EXPERIMENTAL PROCEDURE

Ing 22Gag.7s As—GaAs graded index separated confinement
heterostructure SQW laser structure used in this study was
grown by low-pressure metal-organic chemical vapor deposi-
tion. The structure is shown in the inset of Fig. 2. Two types
of lasers were fabricated from this laser structure, i.e., standard
stripe-geometry RW lasers and circular ring lasers. In the fab-
rication of stripe-geometry RW lasers, following the standard
photolithography process, wet chemical etching was carried
out with H3PO,4 : H5O5 : 5H20 to form the ridge. Five samples
with identical size (7 x 7 mm?) from the same 2-in wafer
were etched with different time, resulting in the different etch
depths of 0.39, 0.80, 1.23, 1.55, and 1.77 pum (below the QW
active region), respectively. With photoresist still on top of the
ridge, oxide film with a thickness of 200 + 5 nm was formed
by means of PAO as mentioned in [12]-[14]. Details of laser
diode fabrication with PAO have been described in [13]. In
the fabrication of circular ring lasers, the major steps were the
same as those of stripe-geometry RW lasers fabrication process
except that the circular ring pattern was generated by using
DWL technique, i.e., a maskless photolithography technique.
After fabrication, individual lasers were cleaved for testing
without facet coating and intentional heat sink. Laser output
power versus injection current (P-I) characteristics were
measured at room temperature (RT) under continuous-wave
(CW) operation.

III. RESULTS AND DISCUSSION

Fig. 1 shows typical RT, CW P-I characteristics of three
1100-pm-long F-P RW InGaAs—GaAs lasers with ridge heights
(h) of 0.39, 1.23, and 1.77 pm, respectively. Their J;}, was 136,
94, and 116 A/cm?, respectively. Their external quantum ef-
ficiency (n4) was 57.5%, 88.5%, and 77.5%, respectively. The
laser with “A” of 1.23 pum presented both the lowest “.J;;,” and
the highest “n,.” It is clearly seen that the ridge height plays an
important role in the device performance. The inset of Fig. 1
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Fig. 1. P-I characteristics of InGaAs—GaAs lasers with different ridge height

(h) of 0.39, 1.23, and 1.77 pm, respectively, at RT under CW operation. The
cavity length for all the lasers is 1100 pm, with contact ridge width of 50 xm.
The inset shows the RT, CW emission spectrum from the fabricated laser.

shows the emission spectrum, which is in the 980-nm range, of
the fabricated laser diode. From the relationship of reciprocal of
“na” versus cavity length (L) for F-P RW InGaAs—GaAs lasers,
an internal optical loss “cv;” of 3.54 cm~! and average internal
quantum efficiency “n;” of 95.94% were obtained for the In-
GaAs—GaAs laser structure used in this work.

The “In(Ji,)” as a function of “1/L” is plotted in Fig. 2 for
the InGaAs—GaAs F-P RW lasers with different ridge heights.
Again, the laser with a ridge height “h” of 1.23 pm showed the
lowest threshold current densities for all the cavity lengths. The
transparency current density (.J;, ) of the lasers was derived from
Fig. 2 using the following equation [15]:

J 0 Q; Lopt

S = (m) T L

where «;, n;, I', and go are the internal optical loss, in-
ternal quantum efficiency, optical confinement factor, and
material gain, respectively. The optimum cavity length is
defined as Lo,e = (1/20go) In(1/R1R2), and Jy = eJ,.
Ry = R; = 0.32 are the optical power reflection coefficients
at both facets.

The determined “J;,” as a function of “h” is shown in the
inset of Fig. 2. The lowest J;, (61.20 A/cm2) was obtained
from the laser with “A” of 1.23 pm, which corresponds to an
etching depth where all the p-doped layers on top of the ac-
tive region were removed. This J;, (61.20 A/ cm?) is close to
the theoretically calculated .J;, of 43 A/ cm? for InGaAs—GaAs
lasers emitting in the 980-nm range [4]. Lasers with other ridge
height such as: h = 0.39 um (etching off the P*-GaAs con-
tact layer), h = 0.80 pm (etching stopped in the upper cladding
layer), h = 1.55 um (right above the QW), h = 1.77 um (ex-
tended below the active region) showed higher J;, than that of
the laser with “A” of 1.23 pm. Hu et al. [5] has reported that the
laser performance is significantly deteriorated when the ridge
is extended below the active region due to strong surface re-
combination. In our case, when the ridge is deeper than the ac-
tive region, 1.77 um, J;, is 76.03 A/cmz, compared with the
lowest 61.20 A/cm? from “h” = 1.23 um, increased by only
24.2%. This is presumably attributed to the isolation nature of
PAO, since the oxide was formed by consuming a part of semi-
conductor material, better passivation of the sidewalls after wet
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Fig.2. Logarithm of threshold current density “In(.Ji1 )” versus inverse cavity
length “1/L” for InGaAs—-GaAs lasers with different ridge height (k) of 0.39,
1.23, and 1.77 pom, respectively. For each height, the laser cavity length ranged
from 500 to 1300 pm. The inset shows transparency current density (.Jy,) of
InGaAs—GaAs lasers with different ridge height of 0.39, 0.80, 1.23, 1.55, and

1.77 pm, respectively.
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Fig.3. RT, CW P-I characteristics of InGaAs—GaAs stripe laser and circular
ring laser. For both lasers, ridge width is 50 ¢m and the ridge height is 1.77 pm.
Laser cavity length is 1196 gem for the ring laser and 1100 gem for the stripe laser.
The inset (left) shows the optical microscopy image of the stripe and circular
ring pattern (top view). Radius of the outer ring: Router = 250 pm. Radius of
the inner ring Ry,ner = 200 pm. The inset (right) (a) and (b) show the RT, CW
emission spectra of the stripe laser and circular ring laser with different injection
current, respectively.

etching can be expected. The above results assure of the cir-
cular ring lasers fabrication, which needs deep etching and sub-
sequent PAO process.

Fig. 3 shows RT, CW P-I characteristics of F-P RW laser
and circular ring laser from the same wafer. The laser cavity
length was 1196 pm for the circular ring laser and 1100 pm for
the stripe-geometry laser, with “h” of 1.77 pm for both lasers.
The inset (left) of Fig. 3 shows the top view optical microscopy
image of the circular ring pattern with an outer radius of 250 pm,
an inner radius of 200 pm, respectively, the contact ridge width
is 50 pum for both the ring and the stripe. The stripe and ring
lasers had J, of 126.7 A/cm?, 105.87 A/cm?, respectively.
The slope efficiency is 0.285 W/A per facet for the ring laser, and
0.49 W/A per facet for the stripe laser, respectively. Insets (right)
Fig. 3(a) and (b) show the emission spectra of the F-P laser
and circular ring laser under different injection currents, respec-
tively. With injection current increasing, a primary mode dom-
inated in the stripe-geometry laser, but two competing modes
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Fig. 4. RT, CW longitudinal mode spectra of stripe laser with injection
current of (a) 65 mA and circular ring laser with injection current of (b) 165
and (c) 185 mA, respectively. For both lasers, ridge width is 50 pm and the
ridge height is 1.77 pm. Laser cavity length is 1196 gm for the circular ring
laser and 1100 pm for the stripe laser.

coexisted in the circular ring laser as shown in insets Fig. 3(a)
and (b), respectively. To determine where these modes are from,
the longitudinal mode spacing of both stripe-geometry laser and
circular ring laser was calculated, as shown in the following.
Fig. 4(a) presents the longitudinal mode spectra of stripe-ge-
ometry lasers and that of circular ring lasers with injection cur-
rent of (b) 165 and (c) 185 mA, respectively. For Fig. 4(a),
whose AX was 1.2 + 0.05 A, which agrees extremely well
with the calculated value of 1.22 A, obtained by applying the
AN = X2/2LN.g (Neg = 3.6, L = 1100 pm). For the cir-
cular ring laser, when applying the equation AA = A2 /2LN .,
L = Ls;or L = Ls+ L., where L, stands for the cavity
length of stripe and L. stands for the circumference of the cir-
cular ring part. From Fig. 4(b), the measured value of A\ was
1.0740.05 A, which corresponds to the calculated AX of 1.12 A
when we adopt L. = Lg; = 1196 um. When the injection
current is increased to 185 mA, the longitudinal mode spacing
is obviously different, as shown in Fig. 4(c). From Fig. 4(c),
AN = 1.0£0.05 A, AXy = 0.5£0.05 A, it means that A\,
still corresponds to the A\ = )\2/2LNeff (L = Ly = 1196 pym)
based on earlier discussion, while Ao corresponds to the cal-
culated AN = A2 /2L N og (L = Ly+Le, Lo = 2X 7 X225 1m)

which is 0.52 A. This observation clearly indicates that the ring
resonator is a functional part of the whole cavity when the in-
jection current reaches a certain degree.

IV. CONCLUSION

Ing.22Gay 7sAs—GaAs SQW stripe-geometry RW and cir-
cular ring lasers have been fabricated with PAO. The lowest .J;,
of 61.20 A/cm? was obtained from the stripe-geometry laser
with ridge height of 1.23 pm, which corresponds to an etching
depth where all the p-doped layers above the active region were
removed. The fabricated circular ring laser worked under RT,
CW operation with a Jyy, of 105.87 A/ cm?, a slope efficiency
of 0.285 W/A per facet. Longitudinal mode spacing analysis
clearly indicates that the ring resonator is a functional part of
the whole circular ring laser.
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