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Optically pumped InAs quantum dot microdisk lasers
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We have achieved lasing in InAs quantum dot embedded GaAs microdisks under optical pumping.
Above the lasing threshold, a drastic increase of emission intensity is accompanied by a decrease of
the spectral linewidth of the whispering gallery modes. The laser light is linearly polarized. The
polarization direction is parallel to the disk plane. The wide gain spectrum of quantum dots allows
simultaneous lasing in several whispering gallery modes of a microdisk20@ American
Institute of Physicg.S0003-695(00)02824-3

Optoelectronic devices based on highly confined photonsegative resist. The pattern is transferred from d¢Hseam
and electrons are of interest for future low power, high speedesist to the Si@ etch mask by reactive ion etch. It is fol-
application. Recently, there have been many advances in tHewed by two steps of wet etch. The first step is a nonselec-
fabrication of both semiconductor quantum dots and semitive etch, i.e., the sample is unselectively etched down to the
conductor microcavities. Using a self-organized growth techGaAs buffer layer in a dilute water solution of phosphoric
nigue made possible with the highly strained system, InGaAscid (H;PO,) and hydrodioxide (KHO,). The etch rate is low
quantum dots are formed and exhibit three-dimensional corenough to allow a good control of etch depth. The second
finement of electrons. Semiconductor lasers with quantunstep is a selective etch. A dilute solution of hydrofluoric acid
dots as active media have been demonstrattd®n the is used to etch the ALGa, As layer without attacking GaAs
other hand, higl semiconductor microcavities are fabri- layers and InAs quantum dots. With careful control of the
cated and provide strong optical confinement. By modifyingetch time, microdisk structures are formed on top of pedes-
the electromagnetic field distribution, microcavities can sig-tals. Figure 1 is the scanning electron micrograph of a mi-
nificantly enhance the spontaneous emission efficiency anerodisk structure. The edge of the microdisk is quite smooth.
reduce the lasing threshold. Recently, enhanced spontaneous The quantum dot microdisk is optically excited by a cw
emission of InAs quantum dots in GaAs/AlAs micropillars HeNe laser X =633 nm). The pump beam is focused by a
have been observéd Moreover, quantum dot vertical- microscope objective onto a single microdisk. The sample is
cavity surface-emitting lasers have also beenmounted in a liquid nitrogen cryostat. The sample tempera-
demonstrated® As compared to Fabry—Re cavities, mi- ture can be continuously varied from 77 to 300 K. The pump
crodisk cavities exhibit highe® (up to 12000, leading to  beam is incident normally onto the microdisk through the
|arger enhancement of the spontaneous emissiori]-]ram'}_ front window of the cryostat. To efficiently collect the far-
crodisk lasers with quantum wells as active media have beefield emission from the whispering gallery modes, a lens is
fabricated, and very low lasing threshold has beerPlaced next to the side window of the cryostat to collect the
a_chie\/edl_z_:l-7 In this |etter’ we report |asing in quantum dot emission from the side of the microdisk. A bandpass filter is
embedded microdisk cavities. used to block the scattered pump light. The emission spec-

The quantum dot sample is grown by molecular bean{’um is measured by a 0.5 m spectrometer with a cooled
epitaxy. The structure consists of a GaAs buffer layer, 500
nm Aly/Ga As, 45 nm GaAs, 2 monolayefML) InAs
guantum dots, and 45 nm GaAs. The photoluminescence
spectrum of quantum dots at 77 K is centered around 970 nm
with a full width at half maximum(FWHM) of 20 nm.

The microdisks are fabricated by electron beam lithog-
raphy and two steps of wet etch. 100 nm silicon dioxide
(Si0,) is deposited on the wafer and used as the etch mask.
Disk patterns are defined by electron beam lithography with
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Y0n leave from College of Precision Instrument and Optoelectronics, Tian-
jin University, Tianjin 300072, China. FIG. 1. Scanning electron micrograph of a microdisk
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the emission peak is 0.4 nm. As the pump power increases,
o 1002.7 .. . .
[— the emission linewidth decreases. At a pump power of 29
oF ‘ ‘ - uW, the spectral linewidth is reduced to 0.18 nm. The de-
950 960 970 980 990 1000 crease of the spectral linewidth corresponds to an increase of
Wavelength (nm) f[emporz_all cpherence. Therefore, Figs. 2—4 |_Ilustr_ate that las-
ing oscillation occurs in the quantum dot microdisk.
FIG. 2. Spectra of emission from the side of a® disk when the incident We calculate the whispering gallery modes of the micro-
pump power i@ 5 uW and (b) 26 uW. disk. When we design the sample structure, we choose the

thickness of the disk layer to be 90 nm so that it supports
charge coupled device array detector. The spectral resolutiasnly the lowest order transverse electfiEE) mode. All
is about 1.7 A. transverse magneti@M) modes and higher order TE modes

Figure 2 shows the measured emission spectra at diffemre suppressed. For the TE mode, the electrical field is par-

ent pump powers. The diameter of the disk iuB. The allel to the disk plane; while for the TM mode, the electrical
sample temperature is 77 K. In the wavelength range of 9454ield is perpendicular to the disk plane. We calculate the
1005 nm, we observe four sharp emission peaks. Their wavespatial profile of the TE guided wave in the disk layer. The
lengths are 962.7, 970.2, 992.1, and 1002.7 nm, respectiveljowest order TE mode has a spatial width of 140 nm in the
As the pump power increases, the four emission peaks belirection perpendicular to the disk plane. Hence, part of the
come narrower, and their peak intensity increases drasticallyvave function of the lowest order TE mode is extended into
Figure 3 plots the integrated emission intensity as a functiothe air. From the guided mode profile, we calculate the ef-
of the incident pump power. A threshold behavior is clearlyfective index of refractiomg4=2.53. Using the effective in-
seen. When the incident pump power exceedsu®0, the  dex of refraction, we find the frequencies of the whispering-
emission intensity increases much more rapidly with thegallery modes of the microdisk structure. The radial variation
pump power. Figure 4 plots the spectral linewidth of theof the mode field is given by theth order Bessel function
emission peak at 962.7 nm as a function of the incidentl (27rng4/\,), wherer is the radial coordinate, anah is
pump power. When the pump power is 38/, the width of  the azimuthal numberd(27rng/\y) is zero whenr is

equal to the disk radius. By solving for the zero pointd gf

6000 we obtain the wavelength,, of the whispering gallery
¥ modes. The order of the zero points fiy, gives the radial
—~ 5000 numbern. For a fixed azimuthal numben, a smaller zero
i point, i.e., a zero point with smallex, corresponds to a whis-
:>f 4000 - pering gallery mode of a larger effective radius. Therefore, a
2 whispering gallery mode is represented by, [E We iden-
2 3000} o tify the four lasing modes at 962.7, 970.2, 992.1, and 1002.7
< 4" nm are TEgy, TEj5, TEigy and TEy, respectively.
‘@ 2000 To confirm our calculation, we have measured the polar-
£ . ization of the laser light from the side of the disk. Figure 5
Y 1000} . shows the intensity of the lasing mode at 962.7 nm as a
L 2 function of the polarization angle. We can see that the laser
0 0""‘ TS : 2‘0 : 30 light is TE polarized, i.e., the polarization direction is paral-
) lel to the disk plane. Similar measurement shows that the
Incident pump power (1W) other three modes at 970.2, 992.1, and 1002.7 nm are also
FIG. 3. The integrated emission intensity as a function of incident pump! E Polarized.
power. Next, we increase the sample temperature. We have
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1600 dot embedded GaAs microdisks. Above the lasing threshold,
14001 a drastic increase of emission intensity is accompanied by a
3 - decrease of the spectral linewidth of the whispering gallery
g 1200 modes. The laser light is TE polarized. The wide gain spec-
2 1000l i trum of quantum dots allows simultaneous lasing in several
g ’ whispering gallery modes of a microdisk.
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