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Lasing Characteristics of GalnAsP—-InP
Strained Quantum-Well Microdisk Injection
Lasers with Diameter of 2—-10m

Toshihiko BabaMember, IEEEMasayuki Fujita, Atsushi Sakai, Mitsuhiro Kihara, and Ryoh Watanabe

Abstract—We have obtained the pulsed lasing operation in
2-54:m diameter microdisk injection lasers using GalnAsP—InP
compressive-strained multiple-quantum-well (MQW) wafer
around room temperature. The effective cavity volume of the
2-um-diameter device is the smallest among those for any types
of electrically-pumped lasers. The threshold current of this
device was as low as 0.2 mA. Cavity modes in emission spectra
observed under cw condition coincides well with theoretically
predicted whispering gallery modes. Further reduction of
diameter to less than 1.5um will realize the condition for
spontaneous emission almost coupling into a single mode, which
results in the thresholdless lasing operation.

Index Terms—GalnAsP—InP, microcavity, microdisk, semicon-
ductor laser, whispering gallery mode.

I. INTRODUCTION

ONTANEOUS EMISSION control [1]-[4] is of great
nterest since it provides novel high performance in laser i
diodes, e.g., thresholdless operation and high-speed modelg-1. SEM photograph of fabricated;an-diameter device.
tion without relaxation oscillation. It is realized in a microcav-
ity whose effective volumé’ satisfies single-mode conditioncondition, which coincide with theoretical ones obtained by a
V < M4/(2r%n3AN), where )\ is the resonant wavelength, simple two-dimensional (2-D) model. From these results, we
the effective refractive index of cavity, and)\ the spectral discuss the potential of this kind of device for the spontaneous
width given by the full-width at half-maximum (FWHM) emission control.
of atomic radiation spectrum. Microdisk lasers [5]-[7] are
promising candidates that realize this condition since theit!: FABRICATION PROCESS ANDLASING CHARACTERISTICS
effective cavity thickness is easily reduced to neaxlj2n In this experiment, we prepared GalnAsP—InP compressive-
by the strong optical confinement into the thin disk layer. Thistrained multiple-quantum-well (CS-MQW) wafer grown on
simplifies the requirement for disk diameter; it is 14 for (001) n-InP substrate by metal organic chemical vapor depo-
A = 1.55m and AX = 100 nm. It is much larger than thesition. Each thickness of quaternai§) well layers was 3—-4
diameter required for air-post vertical cavity surface emittingm and that of 1.2sm-Q barrier layers 10 nm. The strain was
lasers, i.e., smaller than 0/4m [8]. 1%, and the number of wells was four. The total thickness
So far, photo-pumped lasing in a Li@a-diameter device of active layer including 50-nm-thick 1.2m-Q) guide layers
has been reported and the spontaneous emission factor defep@dl 30-nm-thick 1.1sm-Q gradient index (GRIN) layers was
by the coupling efficiency of spontaneous emission energy intearly 0.2 m. We expected the GRIN layers to help the
a single lasing mode has been discussed [7]. The fabricat&mooth carrier injection into the wells and to suppress the
of injection-type devices of 5-Am in diameter has also beencarrier leakage at disk surfaces by the surface recombination.
reported [5]. However, the demonstration of lasing operatiorhe peak emission wavelength was 1.54%. Between the
was limited to no smaller than/@m. In this study, we obtained substrate and n-InP cladding below the active layer, @8-
the pulsed lasing operation for injection-type devices of 2—1Rick n-GalnAs was inserted in order to stop the wet chemical
pm in diameter. The cavity volume of the smallest one is vewtching described below. On p-InP cladding above the active
close to the single-mode condition. We also observed resayer, 1.:m-thick p-GalnAs was grown as a contact layer.
nant modes in emission spectra under continuous-wave (CWDn the substrate surface we evaporated AuGe, while on
the epitaxial surface Au—Zn—Au-Ti. We patterned the Ti film
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Fig. 2. Theoretical curve and experimental plots of light output versyg 0]. In Fig. 2, theoretical curve witlh’ = 0.4 was also shown,
current characteristic, and lasing spectra gfr@-diameter device. : . . .

which fits to experimental plots with small error. Excess power

observed below threshold seems to be that from the center
by methane-based reactive ion beam etching (RIBE) [9Egion. Above threshold, the spectrum showed single-mode
Formed circular mesas were nearly;4n in height. From lasing with FWHM of 0.2 nm, the resolution limit of the
the topographic image by field emission scanning electromeasurement. CW lasing was not obtained due to large heat
microscope (SEM), the roughness of side walls was measucgdised by large series resistance of 0.662&nd no heat
to be 5 nm or less. After annealing the wafer for making ohmginking structure. However, some device chips exhibited sharp
contact, we formed the disk shape by selective wet etchingrésonances, as shown in Fig. 3; the resonance width was 1 nm
InP claddings using HCI solution at 2C. The disk width for CW current as low as 5@A. This indicates a very high
projecting from the center region supported by remained IrfRiality of the cavity.
pedestals can be/Am for etching time approximated 3D We theoretically analyzed the lasing characteristics, taking
[s], whereD is the disk diameter in the unit of micrometersthe following features of microdisk lasers into account: 1)
To manage both sufficient carrier diffusion into the disk eddegarithmic gain characteristic of CS-MQW; 2) large optical
and suppression of scattering loss at the edge of InP pedesg@gfinement factor; 3) low absorption loss and long sponta-
we controlled the disk width of all the devices to 0.5#h Nheous emission lifetime [11] in semiconductor/air waveguide;
for maintaining whispering gallery modes. Fig. 1 shows 4) scattering loss and diffraction loss; 5) surface recombination
side view of the 2zm-diameter device. The diameter of topt disk surfaces; 6) current passing through the center region;
contact was reduced to 1‘/2“ by the RIBE process. The and 7) decay of carrier concentration toward disk edge. We
current was flowed from a tungsten probe direct|y touchir{y)ticed in the analySiS that threSh0|d current iS SenSitive to the
the top contact. The light radiation was directly detected bys&rface recombination velocity, as well as the assumed car-
Sharpened Sing'e_mode fiber and ana|yzed by an 0ptica| sp@.%[ ConcentratiorNS in GRIN |ayerS. The minimum thl’eSh0|d
trum analyzer. For smaller devices, the radiation was uniforfrent was 0.7 mA fo) = 3, 0.9 mA forD = 5, and 2.5
inside the substrate plane. For devices larger thambin mA for D = 10. These data almost fit to theoretical v_alues
diameter, it was uniform above threshold, but was slighthpr vs = 1 — 3 x 10‘% cm/s andN, = 0.2N, where N is
stronger in(110) and (110) directions below threshold. Thisthe carrier concentration in quantum wells. Low threshold of
seems to be caused by the difference between the scattéf@dA is expected forD = 1.5 if the surface recombination
radiation of whispering gallery modes above threshold afRi SUPPressed to negligible order. This may be achieved by
the relatively strong radiation below threshold from the centéicreasing the barrier height of GRIN layers so far as the
region supported by InP pedestals whose cross section RN layers are not removed by the wet etching.
square shape for larger devices.

In Fig. 2, open circles show the light output versus current!!- CAVITY MODES AND SPONTANEOUSEMISSION FACTOR
characteristic for 2:m-diameter device observed at 286 K Cavity modes of microdisk lasers were calculated by a
under pulsed condition. The threshold current was estimated® model, in which a circular region having guided-wave
be 0.2 mA. This value seems to be at the smallest level amasguivalent index of microdisk is surrounded by an outer region
those reported for GalnAsP lasers, even though considerimaving index of 1. The guided-wave equivalent index, resonant
the relatively low environmental temperature. For this devicejavelength and field distribution inside the 2-D plane for
the spontaneous emission factor C [8] was calculated to be thdéde orderM were obtained by simultaneously solving the
when assuming the polarization anisotropy of CS-MQW wafguided-wave equation and axially symmetric wave equation
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condition. If the spectral width is reduced to less than 100 nm,
which is typical for quaternary lasers, the number of modes
in the spectra will be limited to 4-5. Disk diameter less than
1.5 um will satisfy the single-mode condition of spontaneous
emission except for a small amount of free mode radiation
in the vertical direction. On this condition, the spontaneous
emission factor reaches 0.5 [8], the upper limit for single
polarization, or larger for the polarized spontaneous emission
from CS-MQW. The effective cavity volume calculated from
the distribution of whispering gallery mode in the -
diameter device was estimated to be Q. This value seems
{0 be the smallest among those for any types of electrically
pumped lasers ever reported.

(b)

Fig. 4. Simulated magnetic field distribution of cavity modes
5-um-diameter microdisk laser.

IV. CONCLUSION

We have demonstrated the smallest microdisk injection laser
with low threshold current of 0.2 mA. Further reduction
of disk diameter to less than 1.am will achieve large
spontaneous emission factor close to 1. The size will soon
be realized by improvements on the RIBE process. CW lasing
and suppression of surface recombination at disk surfaces are
key issues to clearly evaluate the spontaneous emission factor
and expected effects of spontaneous emission control.

Intensity (a.u.)
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Fig. 5. Spontaneous emission spectra observed for different disk diameters
under CW condition. [1]

with boundary conditions. Fig. 4 shows some examples of!
magnetic field distribution in s#m-diameter microdisk. Here, |3
the electric field vector is fixed inside the 2-D plane since
it almost simulates the polarized emission in CS-MQW [10].
Fig. 4(a) displays typical whispering gallery modes. The dif{4]
ference of resonant wavelength of such modes is 63 nm and
this value increases by reducing the disk diameter. Fig. 4(6?
displays lower order modes, which have resonant wavelengths
close to that of Fig. 4(a) and maximum amplitude relatively
inside the disk. If the disk width of actual devices is wider thar "
1 um, lower order modes acquire low loss condition and high
gain, resulting in multimode lasing operation. Although wel’]
showed single-mode lasing spectra in Fig. 2, we also observed
multimode lasing in many device chips with diameter of largei8]
than 5 pum.

Fig. 5 shows spontaneous emission spectra under CW copt
dition and arrows indicate resonant wavelengths calculated
for mode orderif. It is seen that many peaks observe
well coincide with calculated resonant wavelengths, and that
the number of peaks simply decreases as the disk diameter
decreases. The spectral width\ of these spectra was as

Furukawa Electric Co., Ltd., Japan.
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