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Dynamical behavior of optical gain formation has been assessed at room temperature in the
In,Ga, _ 4N multi-quantum-wel(MQW) based laser diodgé.Ds) by employing pump and probe
spectroscopy with a pulse width of 150 fs. The LDs are composéd) dfiy :Ga, JN—1ng gGay g\

MQW and (b) IngGay N—Ing o=Ga, 9N MQW, whose stimulated emissions correspond to near
ultraviolet (390 nm and blue(440 nm), respectively. The optical gain was contributed from the
nearly delocalized stat¢the lowest-quantized MQW leve(tQL)] in the sampld€a), while it was

from highly localized levels with respect to the LQL by 500 meV for the saniplelt was found

that the photogenerated carriers rapidgss than 1 pstransferred to the LQL, and then relaxed to

the localized tail within the time scale of about 5 ps, giving rise to the optical gain. Such gain spectra
were saturated and other bands appeared in the vicinity of the LQL under higher photoexcitation.
© 2000 American Institute of Physid$s0003-695(00)03240-X]

Recent development of the fabrication technology hasn a series of InGaN MQW LDs whose wavelength of stimu-
opened the way to the commercialization of violet laser di-lated emissions corresponds to near ultravi880 nm) and
odes(LDs),%2 which are composed of InGaN/GaN/AIGaN- blue (440 nm by employing pump and probe spectroscopy.
based heterostructures. The tuning wavelength for the stable Two types of LD structures, whose In content in the
continuous-wavegcw) operation of LDs is currently in the active layers are roughlig) 10% and(b) 30% are assessed
range between 376 nfRef. 3 and 450 nnf, which is much in this study*®~1¥whole sample¥ consist of a separate
narrower than that of light-emitting diodes due to dramaticconfinement heterostructure whéeg a Si-doped 1p,Ga N
increase of 4, with increasing emission wavelength from 420 (3 nm)/Ing oGay ggN (6 NmM) MQW with three periods an¢b)
to 450 nm. This may be because the internal electric field imn undoped I§Ga N (3 nm)/Ing ¢=Gay o\ (10 Nm MQW
so large in In-rich active layers that oscillator strength be-with six periods are sandwiched between GaN waveguide
tween electron and hole is suppressed, and/or because tlagers (0.1 um in each and Al 1Ga g\ cladding layers
optical gain cannot be generated sufficiently due to the inhof0.4 um in each. The top of the AlGa _,N clad and the
mogeneous broadening effect resulting in the limited numbeGaN waveguide are Mg-dopeattype layers, while the bot-
of density of states. Further breakthrough is, therefore, retom of the clad and the waveguide are Si-dopetype lay-
quired to realize pure blue and green LDs using InGaN-ers. The LD operation at room temperatyRT) was per-
based semiconductors. Such targets can be facilitated by tfiermed at 390 nm under cw mode for samée (near-Uv
well understanding of the emission mechanism, as well as biD) and at 440 nm under pulsed mode for samp)e(blue
the well designing of LD structures. LD).

So far, the assessment of stimulated emission has been The pump and probe spectroscopy depicted was per-
reported in  InGaN  multi-quantum-well (MQW)  formed for the measurement of temporal behavior of differ-
structures. 1°However, the mechanism is still controversial, ential absorption using a dual photodiode array in conjunc-
where some groups claim that carrier localization plays a keyion with a 25 cm monochromatdr.The white light used for
role in both spontaneous and stimulated emissiohsvhile  the probe beam was generated by focusing part of the output
another one reports that localized sates are saturated and dmeam from the regenerative amplifier on acell. The
localized states of electron—hole pairs contribute to the optipulse width of both the pump and probe beam was 150 fs.
cal gain® Such discrepancy is probably because the degreBelay time of the probe beam with respect to the pump beam
of localization in InGaN active layers differs according to was tuned by changing the position of the retroreflector
both the mean In-mole fraction and growth conditions, re-which could be controlled by the pulse stage. In order to
sulting in the difficulty in the general discussion on optical detect the probe beam with spatially uniform carrier distri-
properties. bution in the sample, the focus size of the pump bé&ad

In this letter, the dynamics of gain formation is studied um in diameter was set so as to be much larger than that of

the probe beam200 wm in diameter. Furthermore, the
9Electronic mail: kawakami@Kkuee kyoto-u.ac.jp probe beam was perpendicularly polarized with respect to

YPresent address: Materials Department, University of California, Santz;h_e pL_Jmp_beam, and the transmitt_ed probe beam polarized in
Barbara, CA 93106. this direction was detected to avoid the scattered component
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FIG. 1. Time-integrated PL undég,= 100 nJ/cr and optical density spec- g £ ° o
tra under low photoexcitation energy density taken (at sample (a) ® 1 . 8 o, .
(Ing 1Gay N/INg o Gap oN-MQW near-UV LD and (b) sample (b) 0 100 200 300 0 100 200 300 400
(Ing 3Gy N/INg 0sG &y gsN-MQW blue LD). Excitation Energy Density Excitation Energy Density
( uJlem?) ( xJdicm?)

of the pump beam. The whole measurements have been dogs, 3. integrated PL intensity for the emission bands as a function of
at RT. excitation energy density taken @ sample(@) and (b) sample(b).

In the pump and probe spectroscopy, the transmission
spectrum of the probe beam detected in the presence of th . .
pump beam T+ AT) is compared to the spectrum without tﬁezsg tf]"’/mg; gndebr mcre?sleegj cond|t|0{1/s(frﬁ_mhl_0 nJ/ct:)n% i
the pump beamT), giving the frequency ¢)-dependent tp pdient) is about a few te_ns meV, which is substan
AT(w,l o, ty) Of the sample for different intensities of the tially smgller that the energy .d|fference_. These phenpr.ne'na
pump (), and for different time delays after the pulsed were attributed to the localization of excitons whose origin is

- : : ... probably due to In-rich quantum dé®D) like centers. This
Fxgg(ng I([d).td')l']he photoinduced change of optical denSItymodel is supported by the energy-dispersive x-ray mi-
1t exs H

croanalysis using scanning transmission  electron
microscopy> Moreover, the zero-dimensional feature of ex-
citons is revealed especially in blue-emitting quantum wells
(QWs) where almost no temperature dependence of the ra-
diati\ée lifetime was observed from cryogenic temperature to
RT.

The TI-PL spectra were detected with the edge geometry
from the resonator cavity—the length of which was about 1
mm. As shown in Figs. 2 and 3, stimulated emissi{&if)
was observed from every samplelif, is more than about
rISO,u.J/ch?. SE appears on the low-energy side of the spon-
aneous emissiofSPB by 32 meV for samplga), while
rom the high-energy side of the main SPE band by 130 meV
\Xﬁr sample(b). The Large blueshift in sampl&) may be due
to the band-filling effects within localized states, and/or due
to the screening effect of the internal electric field. Neverthe-
less, this energy is still substantially smaller than the local-

-
T+AT
whereAa(w,l ¢, ty) is the photoinduced change of absorp-
tion coefficient andl is the thickness of absorbing layer.
Figure 1 shows time-integrated photoluminesce(ide
PL) spectra under photoexcitation energy density)( of
100 nJ/cr taken at two types of LDs. Absorption spectra
under low photoexcitatioriXe lamp corresponding to the
density of states are also depicted in Fig. 1. The lowest qua
tized energy levels within the wellgesignated a&q,inp
were estimated by electroreflectance spectroscopy. In cmﬁ
trast to sampléa), the PL of sampléb) is composed of two
emission bands, and the main bands are located on the lo
energy side with respect ®.,,n, by 500 meV. Blueshift of

AOD=log

) =Aadx0.434, (1)

(a) sample a (near-UV LD) () sample' b (blue LDJ ization energy(500 meVj observed in the SPE. Therefore, it
is probable that the optical gain was contributed from the
270 p foui? localized centers for the blue LD mean-In composition of
- 250 1 J/om? 1 ) which in the wells is about 30%. However, as shown in Fig.
= ‘5 3(b), these SE bands are saturatedl.ifis more than about
; 20 g 170 u fom? x1.1 100uJ/cnt, then new SE bands grow on the low-energy side
& [Rouen’ : = of the SPE bands originating from tf&, ., transition.
2> § The dynamical behavior of dense carriers was character-
g 801 J/cm? x 24 g 110 p /on? x1.1 ized by measurement of the differential absorption coeffi-
€ X150 3 cient by employing pump and probe spectroscopy. Figure
o o 4(a) shows the variation of differential optical density spectra
50 44 J/cm? X550 70 p font x1.3 as a function of time after pumping at 370 nm undgy
o =200pJ/cnt in sample(a) (Ing;Gay N QW, near-UV LD.
I x370 The optical density spectrum taken under the lwcondi-
AN . tion is depicted as a reference. PL spectra of both RE (
30 31 32 33 24 26 28 30 3.2 =200uJd/cn?) and SPE [.,=100nJ/cr) taken from the
Photon Energy (eV) Photon Energy (eV)

surface are also shown in Fig@h The sheet carrier density

i i 32
FIG. 2. Time-integrated PL from the resonator as a function of excitation!S roughly estimated to be @10 cm under lex

energy density taken &) sample(a) and (b) sample(b). =200uJ/cn?. At the initial stage of excitation t&
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FIG. 4. (Color) (a) Differential optical density spectra as a function of time L J - ; = 3 ;3 5 3:1] ' 3 '2
delay underl o=200uJ/cnt taken at sampldéa) (near-UV LD). Optical 26 F'?‘Iftﬂl‘l Ei'grgft'fw 34 . . -
density (OD) spectrum taken under low photoexcitation energy density, as Photon Energy (eV)

well as PL spectra taken from the surface unidgs 100 nJ/cr [spontane-

ous emission(SPB] and 200 undet .= 200 uJ/cnt [stimulated emission  FIG. 5. (Colon (a) Differential optical density spectra as a function of time

(SB)] are depicted in the figuréb) Dynamics of optical gain evaluated by ~delay under o= 200 J/cn? taken at sampléb) (blue LD). OD spectrum,

the data in(a). SPE spectrum undetl o,=100nJ/crd, and SE spectrum undet,
=200uJd/cnt are depicted in the figure. Two SE bands designated as SE
and SE are also observed for the detection from the surfédmeDynamics

—0.5-0 ps), bleaching of the photoabsorption was observe®f optical gain evaluated by the data @.

in the vicinity of the pumping energy. However, the negativeated carriers rapidlyless than 1 pstransferred to the LQL,
peak of AOD rapidly reached the level deqpnat @ time  and then relaxed to the localized tail within the time scale of
scale of less than 1 ps. The red shifttf;,,was observed  several ps, giving rise to the optical gain.

with increasing time(13 meV att=200 ps), probably be-

cause screening of the piezoelectric field is reduced with de- The authors are grateful for the financial support of the
creasing carrier densify.Optical gain was generated on the Grant-in-Aid for Scientific Research from the Ministry of
low-energy side of the negative peak due to the effect oEducation, Science, Sports and Culture. A part of this work
band-gap renormalization. As shown in Figby maximum was performed using the facility at the Venture Business
optical gain as large as about 8000¢cnwas reached at  Laboratory in Kyoto UniversityKU-VBL).
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