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The dependence of the ridge height on the performance of the ridge waveguide(RWG) lasers has
been systematically studied. It was found that the optimum ridge height corresponds to an etching
depth where all thep-doped layers above the active region were removed. InGaAsN
triple-quantum-well RWG lasers with optimized ridge height were fabricated with pulsed anodic
oxidation. The lowest threshold current densitysJthd of 711 A/cm2 was obtained from a 10
31300mm2 InGaAsN RWG laser. The corresponding transparency current densitysJtrd of the
fabricated InGaAsN RWG lasers was 438 A/cm2 (equivalent to 146 A/cm2 per well). © 2004
American Institute of Physics. [DOI: 10.1063/1.1824180]

Recently, the growth of InGaAsN quantum well(QW)
active region on GaAs substrate has been studied extensively
to realize light emitters at 1.3mm regime for telecommuni-
cation applications.1–8 High performance broad area
InGaAsN QW lasers have been fabricated from wafers
grown by using both molecular beam epitaxy(MBE)1–5 and
metalorganic chemical vapor deposition(MOCVD).6–8 Li et
al.2 have reported that the lowest threshold current density
sJthd of the MBE grown InGaAsN QW lasers is 546 A/cm2

at wavelength of 1317 nm. For the MOCVD-grown
InGaAsN lasers, Tansuet al.8 have reported that the lowest
Jth is in the range of 210–270 A/cm2. On the other hand,
nearly all the reports on theJth of InGaAsN QW ridge wave-
guide(RWG) lasers have shown much higher value than that
of the broad area lasers.3–5 Optimization of the ridge height
is of crucial importance in achieving the lowest possibleJth
of an RWG laser.9,10

Pulsed anodic oxidation(PAO) has been proposed to
produce high quality native oxide on compound semiconduc-
tors for laser diode fabrication.11–13We have recently shown
a significant reduction ofJth in AlGaInP/GaInP lasers by
using PAO in the laser fabrication.13

In this letter, we report the fabrication of high perfor-
mance strain-compensated InGaAsN triple quantum well
(TQW) RWG lasers in the 1.3mm regime by using PAO
method with an optimized ridge height. Since the growth of
InGaAs/GaAs laser structure is much more mature, and fur-
thermore, its structure is similar to InGaAsN laser structure
except their active regions. Thus, we first optimized the ridge
height on InGaAs/GaAs 980 nm, lasers in terms ofJth and
external quantum efficiencyshdd. Then, the TQW InGaAsN
RWG lasers were fabricated with PAO based on the results
obtained from the fabricated InGaAs/GaAs lasers.

InGaAsN/TQW laser structures are listed in Table I
grown by MOCVD. Following the standard photolithogra-

phy process, wet chemical etching at RT was carried out with
H3PO4/H2O2/H2O (1:1:5) as the etchant to form the ridge.
InGaAs/GaAs samples with identical sizes737 mm2d from
the same 2 in. wafer were etched with various time, resulting
in the different etch depths of 0.39, 0.80, 1.23, 1.55, and
1.77mm (below the active region). The etching depth was
measured with an Alpha-step stylus profiler. With photoresist
still on top of the ridge, oxide film with a thickness of
200±5 nm was formed by means of PAO.12,13 Laser output
power versus injection currentsP–Id characteristics of the
InGaAs/GaAs lasers with different ridge height were mea-
sured at RT under cw operation. After optimizing the ridge
height using InGaAs/GaAs laser structure, we fabricated
InGaAsN RWG lasers based on the obtained information.

Figure 1 shows typicalP–I characteristics of three
1100mm long InGaAs/GaAs 980 nm lasers with ridge
heightsshd of 0.39, 1.23, and 1.77mm, respectively, under
cw operation at RT. The correspondingJth shdd were found to
be 136(57.8%), 94 (88.5%), and 116 A/cm2 (77.5%), re-
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TABLE I. Strain-compensated InGaAsN/TQW laser structure.

Layer Thickness(nm) Doping scm−3d

GaAs 200 C, 1.431019

Al0–0.5GaAs 100 C, 5.031017

Al0.5Ga0.5As 900 C, 5.031017

Al0–0.5GaAs 200 Undoped
GaAs 35 Undoped
GaAs0.82P 12 Undoped
In0.35Ga0.65As0.85N0.015 Quantum well region

6.4/7/8
/GaAs/GaAs0.82P 3 period
GaAs0.82P 12 Undoped
GaAs 35 Undoped
Al0.5–0GaAs 200 Undoped
Al0.5Ga0.5As 900 Si, 6.031017

Al0.0.5GaAs 100 Si, 5.031017

GaAs 200 Si, 1.031018

s100d GaAs substrate a.u. Si, 1.031018
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spectively. The laser withh of 1.23mm has shown both the
lowestJth and the highesthd. It is clearly seen that the value
of h plays an important role in the device performance. From
the relationship between the reciprocal ofhd and the cavity
length L for 50 mm stripe width InGaAs/GaAs lasers, an
internal optical lossai of 3.54 cm−1 and average internal
quantum efficiencyhi of 95.94% were obtained for the
InGaAs/GaAs laser structure used in this work.

Figure 2(a) plots lnsJthd against the inverse of cavity
lengthsl /L d of the InGaAs/GaAs lasers with different values
of h. It is observed that the laser with anh=1.23mm showed
the lowestJth for all the cavity lengths. This is consistent
with the finding given in Fig. 1. The transparency current
densitysJtrd of the lasers can be deduced from Fig. 2(a) using
the following equation:14

ln Jth = lnSeJtr

hi
D +

ai

Gg0
+

Lopt

L
− 1, s1d

whereai is the internal optical loss,hi is the internal quan-
tum efficiency,G is the optical confinement factor, andg0 is
the material gain. The optimum cavity length is defined as
Lopt=s1/2Gg0dlns1/R1R2d. R1s=0.32d and R2s=0.32d are the
optical power reflection coefficients at the two cleaved fac-
ets.

Figure 2(b) shows the estimated value ofJtr as a function
of h. It is shown that the lowestJtr s61.2 A/cm2d is obtained
from the laser withh of 1.23mm, which corresponds to an
etching depth where all thep-doped layers above the active
region were removed(i.e., p-type contact layer,p-type upper
cladding layer). This value ofJtr (i.e., 61.2 A/cm2) is not too
far from the theoretically calculatedJtr (i.e., 43 A/cm2) for
InGaAs/GaAs lasers emitting at 980 nm.10 Lasers with the
other values ofh such ash=0.39mm (etching off theP+-
GaAs contact layer), h=0.80mm (etching stopped in the up-
per cladding layer), h=1.55mm (right above the quantum
well), h=1.77mm (extended below the active region)
showed noticeably higher magnitude ofJtr. This is because if
lasers with shallower ridges, the injected carriers spread out
laterally and the effective carrier density in the active regions
was lower, thus a higherJtr was required. However, if lasers

with too high ridges(i.e., h.1.23mm), the sidewall area of
the ridge will be large and resulting in a heavy carrier loss
due to interface recombination. In addition, when the active
region is exposed to air, the light will be confined laterally in
the region defined by the high ridge, light scattering at the
side wall of the active region might also cause losses to the
laser field, contributing to the increase ofJtr. Our studies of
InGaAs 980 nm lasers have indicated that the optimal ridge
height can be obtained if thep-doped layers above the active
are completely removed(i.e., including the top contact layer
andp-doped cladding layer).

Using the similar approach for the design of the ridge
height of the InGaAs/GaAs 980 nm lasers, InGaAsN RWG
lasers with ridge height of,1.2 mm were also fabricated
with PAO. Figure 3 shows theP–I characteristics of a
4 mm31260mm TQW InGaAsN RWG laser(without facet
coating and intentional heatsink) under RT and cw operation.
The inset shows the emission spectrum at 1.2895mm with
an inject current of 150 mA.

Figure 4(a) shows the relationship between the recipro-
cal of hd and the cavity lengthL from a batch of unbonded
as-cleaved InGaAsN lasers with a contact ridge width of

FIG. 1. Light output powersPd vs injection currentsId characteristics of
InGaAs/GaAs lasers with different ridge heightshd of 0.39, 1.23, and
1.77mm, respectively. The cavity lengthsLd for all the lasers is 1100mm,
with contact ridge widthswd of 50 mm.

FIG. 2. (a) Logarithm of threshold current density, lnsJthd, vs inverse cavity
length s1/Ld for InGaAs/GaAs lasers of different ridge heightshd of 0.39,
1.23, and 1.77mm, respectively, with contact ridge widthswd of 50 mm. For
each height, the laser cavity lengthsLd ranged from 500 to 1300mm. (b)
Transparency current densitysJtrd of InGaAs/GaAs lasers with different
ridge heightshd of 0.39, 0.80, 1.23, 1.55, and 1.77mm, respectively.
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10 mm. The internal quantum efficiencyhi and internal op-
tical loss coefficientai were determined to be 92% and
12.5 cm−1, respectively. Figure 4(b) shows a plot of lnsJthd vs
1/L from the same batch InGaAsN lasers presented in Fig.
4(a). Using Eq. (1), a Jtr of 438 A/cm2 was obtained
(equivalent to 146 A/cm2 per well). The lowestJth in this
work was obtained from a 10mm InGaAsN laser with a
cavity length of 1300mm, which was 711 A/cm2. Riechert
et al.3 reported pulsed operation of InGaAsN RWG laser
emitting at 1.29mm with a Jth of 1.71 kA/cm2; Borchertet
al.4 reported cw, RT operation of InGaAsN RWG laser in the
1.29mm with a Jth of 1.5 kA/cm2; recently, Fischeret al.5

reported cw operation of InGaAsN RWG laser in the 1.3mm
with a Jth of 875 A/cm2. These indicated that our InGaAsN
RWG lasers emitting at 1.29–1.30mm regime have the low-
est value ofJth when compared with the literatures. The high
performance of our InGaAsN RWG lasers is attributed to the
proper selection of ridge height to achieve minimum scatter-
ing and absorption losses. Furthermore, since the native ox-
ide in the PAO process was formed by consuming a part of
the semiconductor material, better passivation of the side-
walls after wet etching can be expected.

In conclusion, we have systematically studied the influ-
ence of ridge height on the performance of RWG lasers. It is
found that the optimum ridge height can be obtained by re-
moving all thep-doped layers of the RWG. The lowestJth
andJtr as well as the highesthd can be obtained from lasers
under this optimal condition. High performance InGaAsN
TQW RWG lasers were fabricated with PAO using the opti-
mum ridge height. The lowestJth was 711 A/cm2 obtained
from a 10mm31300mm InGaAsN RWG laser, with aJtr of
438 A/cm2 (equivalent to 146 A/cm2 per well) for the
InGaAsN RWG laser. PAO has also presented itself again as
a cost-effective, reliable method in the fabrication of high
performance RWG lasers.
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FIG. 4. (a) Inverse external quantum efficiencys1/hdd as a function of
InGaAsN TQW RWG laser cavity lengthsLd, with contact ridge widthswd
of 10 mm, ridge heightshd of 1.23mm. The internal quantum efficiencyshid
and internal optical losssaid were determined to be 92% and 12.5 cm−1,
respectively.(b) Logarithm of threshold current density, lnsJthd, as a function
of InGaAsN TQW RWG laser inverse cavity lengths1/Ld. The transparency
threshold current densitysJtrd was determined to be 438 A/cm2 (equivalent
to 146 A/cm2 per well).

FIG. 3. Light output powersPd vs injection currentsId characteristics for a
4 mm31260mm InGaAsN laser diode with 1.23mm ridge heightshd; the
inset shows the emission spectra of the same laser with the injection current
of 150 mA.
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