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IndirectI'-L scattering within the well, and real space carrier transfer to the barrigstdtes are
shown to significantly affect the carrier dynamics in JgGa, 50P/Ing sAlg 5P multiple quantum

wells. When carriers transfer to the indirect states occurs, the carrier dynamics is modified by the
slow return of the carriers from the low mobility states to the well. As a result, the absorption
recovery time increases by almost an order of magnitude. Carrier transfer to the indirect states also
increases the carrier lifetime to values characteristic of indirect recombinatiori99% American
Institute of Physicg.S0003-695(97)03001-3

INg 146G s PIALLGa _ )0 dNg sP multiple quantum wells namics becomes dominated by the slow return of the carriers
(MQWSs) are commonly used in the design of visible semi-from the low mobility states to the well. As a result, the
conductor lasers operating around 650 hin.the last few absorption recovery time increases by an order of magnitude.
years, an effort in the design of visible laser diodes has beehhe carrier lifetime is also increased reaching values charac-
directed towards obtaining devices operating at wavelengthigristic of indirect recombination.
as short as 630 nfHowever, these devices have been  The effect of carrier transfer to indirect states in
found to have higher threshold current and higher temperaig 4dGa s2P/Ing sAl sP MQWSs was evaluated from time re-
ture sensitivity than those operating at longer wavelengthsolved absorptiofiTRA) measurements as a function of ex-
characteristics which have been associated with poor elecitation wavelength and independently from time resolved
tron confinement. photoluminescencéTRPL) measurements at high pressure.

Several factors can limit the electron confinement, suciThe TRA and TRPL experiments are conceptually different;
as a small conduction band discontinuity, or carrier transfehowever, they provided an independent assessment of the
to indirect valleys. In the visible heterostructures the formerfindirect carrier transfer. In the TRA experiments, carrier
can be essentially ruled out, as the conduction band disconransfer to L in the well and to the barrier %X states was
tinuity in the Iny 4dGay s PAAILGE _4)odNosP system has achieved by selectively photopumping carriers into the well
been measured to be 70% of the direct band gap differenagith sufficient excess energies to reach the indirect states.
between the well and barrier materials for a wide range of AlThe dynamics of the photoexcited carrier population was
compositionsx.>* Scattering to the indirect valleys on the monitored from the absorption changes of a weak probe
other hand, can significantly affect the carrier confinementbeam delayed with respect to the pump beam. In the TRPL
providing a leakage channel for carriers to transfer to thehe dynamics of carrier transfer was evaluated from the
high effective mass |, or X, valleys. In bulk unstrained changes in the PL lifetimerf,) as the separation df,, and
INo 46Ga 5P, Ly is approximately 0.2 eV below ) and can  the indirect Ly, and X, states was modified by using hydro-
be accessible fronl';; by injecting carriers with excess en- static pressure.
ergies of~0.1 eV, thel';-L,. separatiort.In MQWSs even The Iny 4dGa sP/INy sAl o P MQWs used in these studies
lower energies are sufficient as the separation of the MQWyere grown by gas source molecular beam epitaxy1o)]
ground statel(;¢) and Ly is further reduced with increased GaAs and consisted of 30 periods of 85 A wells separated by
carrier confinement. In addition, real space carrier transfer t925 A barriers. The MQWs were nominally undopedq(N
the indirect X, valleys in the barrier (&) may also occur in —N,=<10'® cm 3).” The TRA measurements were con-
the Iy 552 4P AlxGay ) 5N sP MQWSs when the barrier  qucted using a pump and probe configuration, with both
composition X is selected to be larger than 0.5 and the barrig§eams being generated by a synchronously pumped dye la-
becomes indirect. The associated decrease in the carrier mger, which produced pulses of2 ps®® Two different dye
bility that accompanies this transfer has been shown to havgompinations, Rhodamine 6@R6G) and DCM, were used
dramatic effects on the threshold current of Ji5aysP/  as the laser active medium to allow for wavelength selectiv-
(AlL,Ga; )0 5INg 5P lasers. ity in the range 580—600 nr(2.14—2.07 ey and 600—650

In this letter we present evidence of the important'df 3y (2.07-1.91 eV, respectively. The TRPL measurements
scattering and real spadéX carrier transfer on the carrier g¢ high pressure were conducted with the dye laser operating

dynamics of 1g.46G2.sP/IN AlosP MQWSs and show that 4t 580 it The excitation density at the sample was calcu-
when carrier transfer to indirect states occurs, the carrier dyteqd to be 310 cm 2. The photoluminescence decay

was measured using a Hamamatsu M1955 synchroscan
dElectronic mail: carmen@engr.colostate.edu streak camera with a resolution of 10 ps. The TRA and
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though this transfer is typically less than 100'%she return
wavelength (nm) . . .
652 635 619 604 590 of the carriers from the low mobility states to the well is
' ' ' ' ' ' ' much slower and thus, increases. For photon energies
I above 2.03 eV carriers are also createdl'is,, which is
250+ 1 almost resonant with both;L.and X.. Thus in addition to
1 % T I'-L scattering, a new transfer channel which involves real
% and k-space transfer is opened for the carriers. This carrier
. transfer mechanism has been found to be very efficient in
150-] . GaAs/AlAs MQWSs?!
] } ] To estimate the effect of the intervalldyL and real

200

spacel’-X transfer processes on the carrier dynamics, we
calculated the corresponding scattering rates. We assumed

100

absorption recovery time (ps)

50 E‘ g; that _Llc gnd )él’c were quantiz:_ad and cal_culated th?ﬁ rates as-
1e * N * xbf LTI suming intervalley deformation potential scatterifigFor

9 . : Ilc , ,

.05

. Lie this mechanism, the rate is dependent on the overlap of the
1.90 1.95 2.00 2.0 2.10 square of the wavefunctions of the initial and final states, and
energy (eV) thus should yield much larger values for thel scattering

rate than for thd'-X?_ transfer rate, for which the wavefunc-

FIG. 1. (a) Variation of the absorption recovery time with excitation energy. tions are spatially separated. Tﬁ@e"—lc and F2e'|—lc scat-
A and O identify the decays obtained by pumping with R6G and DCM, tering rates were calculated to be Gﬂ)sand 2 st 13 gimi-
respectively. The arrows mark the energy position of the band gamid 9 . . p ! 100
that of Ly, and X, with respect to E. lar to intervalley scattering rates measured in bulk GaAs.

The rate of return of the carriers fromyLto the well was
a(_:alculated by multiplying thé'-L scattering rate by the ratio
of the density of state mass of landI ;..

b . .
The variation of the absorption recovery time,)) with I Thzl’ f'xlc trgnsfer rate_ vlvas also_ calculgtid us:(r?g m_ter-
excitation energy is shown in Fig. &, decreased from 75 ps Valléy deformation potential scattering and by taking into

to 20 ps for energies between 1.925 and 1.975 eV. Furthdiccount state mixing of the well and barrier X, states
increase of the photon energy dramatically increasgd close in energy? The wavefunctions of the mixed initial and

which reached values as large as 200 ps for photon energi(gglal state were expressed as a linear com.bllnatlon O_f t_he un-
around 2.02 eV. This behavior can be understood in re|ati0,perturbedl“ and XQC wavefunctions. .The mixing coefﬁmgnt

to the conduction band structure of the,lgGa P/ \Vas taken equal to AE, whﬁre Als a phenorrgenologlcal
Ing Al o P MOWs?*5 schematically shown in Fig. 2. Around C€0uPling coeff|C|en(~k;3 meV) andAE is thel-X;; energy
1.92 eV, photoexcited carriers are created itgwith very  difference. The'oe X andl'y X3 transf_e3r rat_ef, were cal-
small excess energies ang is basically the recombination Cculated to be equal to 0.3 psand 6<10°° ps*, respec-
lifetime, determined from TRPL measurements to be 80 psively:

For energies between 1.93 and 1.98 e)s 20 ps is a mea-

Using the calculated™-L scattering andl’-X transfer
sure of the intraband relaxation time from the 30 meV widea(es, and the measured intraband relaxation time, we mod-
optically coupled region. The increase offor energies be-

eled the evolution of the photoexcited carrier distribution in
tween 1.98 eV and 2.02 eV can be explained by considerinbe

velsT 1o, Ty, Licand X, using a 4 level system of rate
. 5 . .
that in this energy range photoexcited carriers are creategauations? The T';. and I'5, carrier populations were al-
into I" 4 with sufficient excess energy to transfer tq. LAI-

0

TRPL experiments were both performed at room temper
ture.

lowed to transfer to L, and X, and to relax within the well
with interband and intraband rates of 0.1 psand 0.05
ps !, respectively. For the {. and xﬁ’c populations we only
r, included transfer td" ;. and ', and did not allow Iic-xkl’c
transfer, as this process should be very improbable due to the
InAIP InGaP ? large change in momentum required. The simulations
b DTS 0.46eV showed that when onll/-L scattering is included, the return
10.04eV 2e of the carriers into the well states increases the relaxation
14e " Too7ev . B[ He time to~130 ps, as found experimentally. When the transfer
channel to X_ is opened, the slower dynamics of carrier
1.88eV 2,036V transfer to and from ¥ increases the carrier decay to values
2.27eV 1.904eV of the order of 270 ps, in agreement with the experimental
results.

The I'-X transfer was independently evaluated from
TRPL measurementd. L. transfer was not observed in
these experiments, as it is masked by m@XEC transition

which occurs at a crossover pressuge=B.13 GP# Below
FIG. 2. Band structure of the 85 A/225 AdnGaysP/INosAlos® MQWS, b e p| gpectra was that characteristidgf,, and had a
showing the separation of the electronic conduction states associated with!

I'ie, Lic, and X. The shaded region corresponds to the energy range fo 'feti_me 7'PL_: 80 ps. This sh_or'_c carrier decay indicates that
which long recovery times are measured. 7p. is dominated by nonradiative proces$®sery close to

B—1hh=0.008eV i

11h=0.02eV
2hh=0.03eV O'ZeV
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XEC is also expected to modify the output characteristics of
MQW lasers, when the separation of the lowest confined
states and ¥ is small, as it occurs in highly compressive
and tensile InGaP/InAIP MQWA.
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