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The gain spectra of a submonolay8ML) InGaAs/GaAs quantum deQD) laser working at 30°C

were measured using the Hakki—Paoli method. It is found that the maximum modal gain of QD
ground states is as high as 44 ¢mnd no gain saturation occurs below the threshold at the lasing
wavelength of 964.1 nm. When the injection current is about 0.98 times the threshold, the gain
spectrum becomes symmetric with respect to the lasing wavelength, and zero-linewidth
enhancement factor is observed. These properties are attributed to the high density and the high
uniformity of SML QDs in our laser diode. @004 American Institute of Physics
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As an alternative growth mode to the conventionalstripe, a 628um long cavity and uncoated facets, was fabri-
Stranski—KrastanowSK) mode of growing self-assembled cated and mounted with theside down on a thermoelectric
semiconductor quantum dot®Ds), submonolayefSML)  cooler. The emitted light is dispersed by a high-resolution
deposition has recently received some attention, due to itspectrometer and detected by a Si charge-coupled-device.
potential of fabricating QDs with high density and high Far-field spatial filtering is employed to remove the interfer-
uniformity.l‘3 The deposition of a short-period InAs/GaAs ence of a large number of lateral mod@sveasurements
superlattice on a GaAd00) surface, with an InAs effective were performed at 30°C, under pulsed excitation to elimi-
thickness of less than 1 monolay@4L ) and a suitable num- nate additional heating. The pulse width is @&, and the
ber of periods, results in the formation of nanometer scaleluty cycle is 0.1%.

( In, Ga As QDs of a non-SK cIas‘E.RecentIy, an SML The gain spectrum is measured using the Hakki—Paoli
InGaAs/GaAs QD heterostructure is verified to be a QDmethod%9 The difference between the modal gajp,q and
guantum-well(QW) structure, i.e., the indium-rich QDs are the internal lossy, i.e., the net modal gaigne=Omod— i, IS
embedded in a lateral guantum wgliW) with lower indium  given by
content>® High-power lasers with SML InGaAs/GaAs QDs
as the active region have been demonstrafetalthough =1 (fllz— 1) _1 (RR,) 1
the gain properties of SK InGaAs/GaAs QD lasers have Jnet™ | "M\ (12 1) 7 5 M2 @
been studied intensively’’ the gain properties of SML _ ,
InGaAs/GaAs QD lasers have not been reported. In this let/NereL is the cavity lengthR; andR; are the power reflec-
ter, we report the measurement of the gain spectra and tHity of the cleaved facets, andis the peak-to-valley ratio
determination of the linewidth enhancement factor of an
SML InGaAs/GaAs QD laser. : 235 miL
The epitaxial structure was grown by solid-source [ ng "

molecular-beam epitaxy on am™-doped GaAs(100) sub- -
strate. It consists of antype (10*® cm™)0.5 um thick GaAs | , , ; , ,
buffer, a 1.5um thick n-type (10* cm™3) Al ,Ga, gAs lower
cladding layer, 200 nm thick GaAs confining laye¢s
=10 cmi 2 and p=10'" cm™3) surrounding the laser active
region, a 1.5um p-type (10*® cm™3) upper cladding layer,
and ap*-doped (10*° cm3) 200 nm thick GaAs cap for
ohmic contact. In the active region, 0.5 ML InAs and

2.5 ML GaAs were alternately deposited at 500°C with 10 I 200 MA
periods, to form the SML QD layer. All the other layers were [

grown at 600°C. A photoluminescence signal from the QD -

ground states is still observable at room temperature, for an [ . . . L :
SML InGaAs/GaAs QD sample grown under the same con- 950 955 960 965 970 975

ditions as the QDs in the laser structure. A broad-area edge- Wavelength (nm)
emitting SML InGaAs/GaAs QD laser with a 1Qom wide

230 mA

EL Intensity (a. u.)

FIG. 1. The electroluminescence spectra measured from the side of an SML
InGaAs/GaAs QD laser, at 30°C. The threshold current is 235 mA, and the
¥Electronic mail: zcxu@nankai.edu.cn lasing wavelength is 964.1 nm.

0003-6951/2004/85(15)/3259/3/$22.00 3259 © 2004 American Institute of Physics
Downloaded 05 Apr 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1806564

3260 Appl. Phys. Lett., Vol. 85, No. 15, 11 October 2004 Xu et al.

18 E —@— 235 mA| —~10 - [ -
—*— 230 mA| ' [| 12
5F —m— 220 mA P / E 10}
o ——210mA £ Il :
o~ SF —0— 200 mA 3-10 808
£ 10} —e— 180mA = = o6
<] s
= 15} —sp— 160 mA B-20} 5
‘@ 20 } —&— 140 mA = g 04f ;
(—3 25 F —0—120mA B30} 02b
T -30 b el 100 mA . . : . .
S 35 | 4 100 150 200 250 100 150 200 250
T 40 b (a) Current (mA)  (b) Current (mA)
z
:gg E % FIG. 4. Net modal gaina) and differential gain(b) vs current at lasing
55 | AN wavelength.
¥
1.24 126 1.28 1.30 1.32 1.34 1.36 semiconductor laser applications, thdactor must be mini-
Energy (eV) mized in order to reduce filamentation effect. Thdactor

can be found from the relatiéh
FIG. 2. Net modal gain spectra of an SML InGaAs/GaAs QD laser at

different injection currents. 2 AN A
am - )
ON-L Agnf Al
where 6\ is the Fabry—Perot mode spacirigjs the cavity
- length, AN/ Al is the mode wavelength shift with current
approaches zero, therefore, the meas ill be equal to L . A . .
_2? from which the spectrum of thegﬁr%\do\éjal gai?l can be(equwalent to the cha_mge in refractl_ve index with pumping
obtained?® Figure 1 shows the typical emission spectra atcurren), andAg“et/Alh'S therﬁ:hange 'ln ngxthmogalhgamhv?th
' : current. Figure 3 shows the wavelengthand the shift
200 mA, 230 mA, and 235 mAly,). Figure 2 shows the net AN/ Al as a function of current, for the lasing mode. In Fig.

modal gain spectra at several currents. The mirror reflectivit)é(b) the abscissa of the graph markers is placed at the aver-
is assumed to be 0.35, corresponding to a mirror lgs®f age of the two current levels used from Figa3 As the

_1 - .
16.7 cn”. It can be seen from Fig. 2, that the maximum of current increases, the wavelength blueshifts at a constant rate

the gain spectrum curve moves toward higher photon eNeITy A1 =1 5% 102 nm/mA for currents below 0.98, and

gies with incr.easing injection current. As this takes place, th. hen almost stays constant, resulting in a drastic decrease of
shape of gain spectrum becomes more symmetrlc hear I3)\/AI| which is nearly zer’o from 0.98 to 0 1.0y, Figure
maximum. When the current is 230 mA, just below the4 shows the net modal gain and the differential gain

threshold, the halt-width of the gain spectrum is abOUtAgneJAl as a function of current at the lasing wavelength.

26.7 meV. This value is two to three times narrower thanT L . . .
: . he net modal gain increases linearly with the increase of
that of typical SK InAs/GaAs QD lasers reported in Ref. 2 -current when the current is below 011 and superlinearly

The narrower gain spectrum is due to higher uniformity Ofabove. CorrespondinghAg../ Al is almost a constant be-

the St[?[haérlz )ﬁ_ér;]grur d“erxlltc(el 25 eV}, the spectra converge low 0.91l4, and then increases significantly. These trends are
oy ; ’ P 9€ i contrast to the current dependence of differential gain in

—_ =1 H
(gt;‘et_ ????iglCZTA), thherlefqre, Lhe |r:1t|edrnarll loss §hould be similar-design InGaAs/GaAs QW lasers, which was pre-
about 33 cm."" At the lasing threshold, the maximum Nnet go e in Ref. 23. In QW lasers, the differential gain was

modal gain is measu'red tobe 11+1 ém_:orrespond'r_‘g 002 f5nd to be the highest at low current density, gradually de-
maximum modal gain of about 44+3 i The maximum creasing with increasing the carrier density as the states as-
modal gain of QD ground states for a single sheet of SKsociated with then=1 transition fill. In addition, no satura-
lnGaAS/GiAS QDs ha_sl .been reported to be betweeﬂon of the gain and the differential gain is observed belgw
(11£4) cm™ and 33.8 cm” in Refs. 9-15. Thus, our result "o, g\I”grown QD lasers, while saturation is very pro-

represents, a very high value of the modal gain from thg,, ,nced for typical SK-grown QD laset&l” when the cur-
ground states of a single sheet of self-assembled QDs.  ontis near to the threshold.

Another important parameter of semiconductor lasers is
the linewidth enhancement fact@e-factor). In high-power

of the Fabry—Perot oscillations in the intensity of the light
emitted from the device. In the long-wavelength linG,oq
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FIG. 5. Linewidth enhancement factor at the lasing wavelength as a function

FIG. 3. Wavelengtha) and its shift(b) vs current for the lasing mode. of current, for an SML InGaAs/GaAs QD laser.
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