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Abstract We have fabricated two-dimensional GaAs/AlGaAs quantum well wire (2D-QWW)
semiconductor laser arrays by metalorganic chemical vapor deposition on nenplanar substrates
and performed surface-emitting electroluminescence to study their subband structures. Using
an appropriately high Al mole fraction (40%) and low growth temperature, we have achieved
the lowest subband separation as large as 27meV, which is almost equal to thermal energy at
room temperature. Even though the effective width of QWWs is extremely small (~ 6nm),
the linear light output power of the laser arrays has still reached over 100mW under pulsed
conditions (1gs pulses at 1kHz) at room temperature. It is mainly due to the adopting 2D laser

array structures in QWW device design.-

PACC: 7320

Two-dimensional (2D) quantum confinement and small active volume in quantum well
wire (QWW) semiconductor lasers are expected to result in improved performance com-
pared to conventional quantum well. (QW) laserst?). Among many approaches, to fabri-
cate QWW lasers by metalorganic chemical vapor deposition (MOCVD) on nonplanar sub-
strates is more poten.tial for this purpose due to formation of defect-free interfaces entirely
during the epitaxial growth process®. With this approach, some expectation are verified

including enhanced optical gain®®) and reduced threshold current™”. However, large
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QWW subband separation greater than thermal energy 25T (~25meV) at room tempera-
ture is still desirable and should be achieved by reducing the wire size®®. The small active
volume, however, is disadvantageous in realizing powerful light output of QWW lasers for
some practicél applications. To circumvent it, it is helpful to adopt a structure with QWW
lasers line-arranged parallel as well as perpendicular to the direction of epitaxial growth,
which we call as 2D-QWW laser array structure. _

In this paper, we report on GaAs/AlGaAs 2D-QWW laser arrays grown by MOCVD
on nonplantr substrates at 700°C. Surface-emitting electroluminescence spectra indicate
the subband separation as large as 27meV, which is almost equal to the thermal energy at
room temperature. The effective width of QWWs is estimated to be about 6nm, however,
l;,he linear light output power of the laser arrays has reached over 100mW under pulsed
conditions (1ps pulses at 1kHz) at room temperature. To our knowledge, the above light
output power is the highest value reported to date for all kinds of QWW lasers, and the
subband separation is the largest reported to date for the GaAs/AlGaAs QWWs having
been incorporated in laser structures. - _

The (100) n*-GaAs substrate was patterned into sawtooth-shaped oriented. along
[011] direction using conventional photolithography and wet chemical etching tech-
niques’®. The sawtooth-shaped grating with a period of 6pum included sets of V-grooves
separated by mesas. The grooves were ~ 2. 5um deep and ~4. 5pm wide. A multiple
quantum well (MQW) graded-index (GRIN) separate confinement heterojunction laser
structure was grown on the patterned substrate in a horizontal, low pressure MOCVD re-
actor, as previously described in more detail®®. The grown layer sequence consisted of
200nm n-GaAs buffer layer (Se doped, 5X10"em™*<2<{10*cm™®), 3pm n-Al, ;Ga,.,As
lower cladding layer (Se doped, n=2~5 X 10"cm™®), 110nm undoped graded index
(GRIN) Al.Ga,_.As (z linearly graded from 0. 6 to 0. 4), four 5nm GaAs QWs separated
by five 26nm Al, ,Ga, sAs barriers, 110nm undoped GRIN Al.Ga,-.As (z from 0 4 to 0.
6), 1um p-Al, :Ga, (As upper cladding layer (Zn doped, p=7X10"cm™*), and 200nm p™-
GaAs cap layer (Zn doped, p=10"cm™*). All thicknesses correspond to the growth rates
on a plénar substrate. All layers were grown at 700°C except for the p-GaAs cap layer
grbﬁrn at 650C. Au-Zn-Au and Au-Ge-Ni were used for the p- and n-side metallizations,
respectively. Proton implantation (120keV energy, 3 X 10*cm™* dose) was employed to
define ~1pm-wide conductive stripes above the centers of the bottoms of the V-grooves in
order to provide current confinement.

Figure 1(see last page) shows (011) cross-sections of the 2D-QWW laser arrays. At
the bottoms of the V-grooves, crescent- shaped QWWs are produced due to the combined
effects of groove sharpening during the AlGaAs growth and migration of the Ga species to
the bottoms of the grooves!™. As indicated in Figure 1 (b) and (c), each of the four cres-
cent-shaped QWWs is 7nm thick at the centers and ~60nm wide totally, and the GaAs
QW layers are 1. 8nm thick on the side walls of (111) and 8nm thick on the tops of the
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mesas. The effective widths of these wires, however, are considerably smaller due to the
lateral tapering in the thickness of each crescent'*’. This lateral tapering gives a rise to the
lateral potential well that leads to 2D quantum confinement in the QWWSs'), In addition,
resharpening of the V-grooves during the growth of Al, (Ga, ¢As barriers formed four
wires with similar cross-sections, which is important for minimizing inhomogeneous gain-
broadening effects due to wire size variation. Furthermore, the GRIN waveguide layers
are also tapered and thus forms a 2D optical waveguide surrounding the QWWs, which is
particularly important for maximizing the model gain provided by these lasers with the ex-
tremely narrow wires™!.

Figure 2 shows a light output versus

injection current characteristic of a typical 2D-

QWW laser arrays operated at room temperature e
under the pulsed conditions. ( lgs pulses at R.T.
1kHz). The cavity length of the lasers is 200um, 100l - Ue-operation
the width of the chip is 120um, and the laser mir-
rors are uncoated. The threshold current is 0. 7A %
for this array consisting of nineteen QWW lasers, %‘ 80
and the linear pulse light output reaches up to g
115mW at 3. OA injection current. The light out- :
put should be more powerful if the current & r
sources could afford bigger currents in our experi- %
ments. The near-field patterns of the laser array = ol
shown in the inset of Figure 2 are nineteen uni- g
form circular spot arrays centered about the
QWW regions. This indicates that our 2D-QWW 20—
laser arrays have a good uniformity along the di-
rections not only parallel but also perpendicular J
to that of the epitaxial growth, and the laser ar- ) ' 1.[0 &]0 3.0
rays are operated at the fundamental spatial i /A
mode,
Figure 3 shows the lasing spectra of the 2D- Fig.2 Light output vs injection current
QWW laser array at room temperature under the characteristic of a 2D-QWW laser arrays

The inset shows a photograph of the

pulsed conditions. The lasing wavelength is cen-
near-field pattern when I=2, 5A.

tered at 755. Onm. The spectra feature multiple
longitudinal mode structures. The half-width is 1. 2nm at 1. 0OA and enlarged to 2. 5nm at
3. 0A. Furthermore, the center wavelength gradually shifts to longer position above 2. 0A
due to thermal effect, which is consisted with the “kink” of the line within the region from
1.4 to 1. 6A in Figure 2.

The surface-emitting electroluminescence measurements were performed at 10K. Dif-.



158 ¥ 8 Kk o= # 17%

INTENSITY/a.u.

<

800.0 760.0 755.0 720.0
WAVELENGTH/nm

Fig.3 Room temperature spectra of the ZD-QWW laser arrays
at various injection currents

ferent from the above fabrication process, on the p-side of a chip with 200pm width and
300um length (the cavity length of the lasers), a 50pm X 50pm window was opened while
the Au-Zn-Au metallization layer within it was etched out. The chip was not processed
with the proton implantation, and thus, the uncoated laser arrays consisted of both the
QWW lasers at the bottoms of the V-grodves and the QW lasers.on the tops of the mesas,
and they have been operated CW at 10K with threshold current of 4mA, and the electrolu-
minescence was detected from the window.

As shown in Figure 4, the structure (A), (B) and (C) are attributed to the QWs on
the tops of the mesas (Top QWs), the QWs on the (111) sidewalls (Sidewall QWs), and
the QWWs at the bottoms of the V-grooves, respectively. Compared to A and C, the rela-
tive intensity of peak B decreases with the increase of injection current because of the effi-
cient carrier capture from the Sidewall QWs into the Top QWs and QWWs[!, In addi-
tion, the wavelength positions of peak A (780. 0nm) and B (679. Onm) in Figure 4 are in

. agreement with the calculation results corresponding to 1. 8nm GaAs Sidewall QWs and
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8nm GaAs Top QWs, respectively, using

Kronig-penning model™.

ENERGY(eV)
The three lowest subbands (=0, 1, 2) 2033 1.908 1.797 1.698 1.610 1.530
of the QWWs observed in Figure 4 are at 736. [_ | ! Q“(’:W:S TO(IJA]QWS
10K (C)

8nm, 724.4nm, and 714. 4nm at 10K, respec-

714.4 724.4

tively, which correspond to 780. 8nm, 768.
7nm and 755. 7nm at room temperature, re-
spectively. Therefore, the 2D-QWW laser ar-
rays were still operated at the high-order (/=
2) subband at room temperature deduced from
Figure 3 and 4. However, the separation be-
tween the two lowest subbands has reached up

to 27meV, which is almost equal to the ther-

EL INTENSITY/a.u.’
o =

mal energy at room temperature.
The lowest subband (/=0) at 780. Onm

corresponds to energy 1. 588¢V. As we have

Sidewall QWs, | I
I=2.0mA (B)

mentioned above, the center of the GaAs cres-

cents is 7nm thick, which corresponds to the

I=1.5mA
calculated QW lowest subband of 1. 504eV. 0l e’ i I i
. e 610 650 690 730 770 810
Thus, there exists a 84meV blue shift of the WAVELENG THy/nm

lowest subband position of the QWWs com-

Fig.4 Surface-emitting electroluminescence
pared to that of 7nm GaAs QWs at the centers g &

spectra of the uncoated laser array

of the crescents. This blue shift results from
operated CW (I, =4mA) at various

the lateral potential well at the crescents and injection currents at 10K
confirms the formation of QWWs there. Us-

ing the model previously described™, the effective width of the QWWs is estimated to be
about 6nm. |

Further improvements would be expected in the QWW laser petformance. Figure 2
shows the output power efficiency is less than 0. IW/A, which is too low for practical ap-
plication. This is partly due to the current leakage and the ununiformity of injection cur-
rent distribution on the nonplanar substrates. In addition, the device structure needs fur-
ther optimization.

In conclusion, we have fabricated GaAs/AlGaAs 2D-QWW laser arrays by MOCVD
on nonplanar substrates and performed surface-emitting electroluminescence to study their
subband structures. Using an appropriately high Al mole fraction (40%) and low growth
temperature (700°C), we have achieved the lowest subband separation as large as 27meV,
which is almost equal to the thermal energy at room teniperature. Even though the effec-

tive width of the QWWs is extremely small (~6nm), the linear light output power of the

laser arrays has still reached over 100mW under pulsed conditions at room temperature. It
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is mainly due to the adopting the 2D laser array structures in QWW device design. These
efforts would be helpful for realizing powerful QWW lasers for some practical applica-
tions. _
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