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Carrier relaxation in self-organizedyiGa, As/GaAs quantum dots is investigated by time-resolved differ-
ential transmission measurements. The dots have a base dimension of around 14 nm and a height of 7 nm,
leading to an average energy separation of the ground and first excited electronic states much greater than the
LO-phonon energy, so the phonon-mediated electron relaxation is expected to be slow. Our measurements
indicate that, even at low carrier densitidess than one electron-hole pair per)ddhe electron and hole
relaxation time constants are 5.2 and 0.6 ps, respectively; this indicates a lack of any “phonon bottleneck” and
is consistent with a model of electrons scattering from holes which can relax rapidly via phonon emission.
[S0163-182698)52716-9

In recent research on low-dimensional semiconductoGaAs layer with 1um Al Ga, -As carrier confinement lay-
structures, quantum dots have been attracting much attentiqf}s above and below the GaAs. TheG®a, _,As was grown
due to the physical effects observed in quasi-zeront 520 °C at a rate of 0.25 ML per second while the rest of
Q|men3|onal systems and for their potential device applicagye sample was grown at 620 °C at 0.2 nm per second. The
tions. Technologlcally, quantum dots are expected to be esxitial dot layer consists of 7 ML of lyGa, ,As, while ad-
pecially  important for interband and Ir‘ter'SUb'bz’wjditional dot layers contain only 5 MLE® The dot layers are

semiconductor lasers where théhfunction-like density of separated by 2.5-nm-thick GaAs barriers. This structure

states will r_e_sglt in very large differential gains and tempera'closely resembles the quantum dot laser structure grown by
ture insensitivity: and for new types of infrared detectors.

Discovery of the self-organization of quantum dots duringKamath et al. except it is undopefl.Cross-sectional trans-

high-strain epitaxial growth has enabled practical quantunmiss.cijorll erlle(:)tjéton _T]icrobscopy .rg\;]ea]lts that the %Otshh"’?v‘; a ?y-
dot device€*including quantum dot lasefs” Of particular ~ '@midal shap€ with a base width of 14 nm and a height o

importance for both types of devices is the physics of carrief M- Atomlc-fg)rce_zmlcros_eopy reveals a dot dendper
relaxation in the dots, and specifically the possibility of aldyen of 5><1(_)1 cm*. Additional discussion of the charac-
carrier relaxation in small dofs’ This bottleneck is detri- Was antireflection coateftio eliminate Fabry-Perot effects on
mental for quantum dot lasers because it can limit theithe optical spectrum mounted on sapphire, and the GaAs
maximum modulation bandwidth; on the other hand quantunsubstrate was removed by selective etching to eliminate any
dot detectors rely on it for low-noise performance. possible contribution of the substrate to the optical spectra.
In this investigation we study carrier relaxation The sample was held at 10 K.
under low-carrier-density conditions in self-organized An eight-bandk-p model including the strain distribution
Ing .Ga&y As/GaAs quantum dots by means of differential in the dots(described in detail in Ref. dredicts the band
transmission(DT) measurements. We directly time resolve structure shown in Fig. 1. There are two electron levels con-
the relaxation from the GaAs region to the ground state andined in the dots. There are a large number of closely spaced
the relaxation from the first excited state to the ground statehole states in the dots; only the ground state and the first
Although other groups have reported differential transmisthree excited states are shown. The interband optical-matrix
sion measurements on very different systems such -a&l element is calculated to be strong only between electron and
quantum dot$? studies reporting on carrier relaxation in hole levels with the same quantum number; thus the absorp-
[11-V self-organized quantum dot systems have relied on cvion and PL spectra will be dominated by transitions at 1.248
or time-resolved photoluminescen¢PL) techniques that eV (which we labelE1H1) and 1.33 eV E2H2). PL mea-
generally have insufficient time resolution for relaxation onsurements made with an 800-nm 85-fs pulsed excitation
the time scales we observe and are also indirect measurseurce at 10 K are shown in Fig. 2 for different excitation
ments of carrier level occupatidh:4 densities and clearly show the existence of two transitions
The sample considered in this report was grown bycorresponding to the two confined electronic levels. The
molecular-beam epitaxy and consisted of four layers ofpeak at low excitation densities at 980 1iin265 e\ corre-
Ing /Ga& gAs quantum dots in the center of a Qua-thick  sponds tdE1H1 emission and its width is due to inhomoge-

0163-1829/98/5(1.6)/94234)/$15.00 57 R9423 © 1998 The American Physical Society



R9424 T. S. SOSNOWSKEt al.
1.55 - - T
] —— 1.5t , g
) AN o
1.45 :‘: - ’:’ “‘ 14 E
- ,l |‘ 0.5
135+ - iy B
- - 1t iy B
125 - § ,': "n\\‘\“ 7 2 [
1.248 eV & i 50
0.30 - - - - E T Y
- 1.330eV - R
0.20 - - 0.5 i AN
L -
0.10 - - g
850 900 95 1000 1050
Wavelength (nm)

000 L —r-—

FIG. 3. The differential transmission is plotted vs wavelength

FIG. 1. Calculated electronic spectrum for ag JfiGa, As dot
with base width 14.5 nm and height 7.3 nm and 7 ML wetting layer.
Biaxial strain is assumed in the entire dot area. for the probe pulse delayed 67 ps from the pump pulse. The esti-
mated carrier density scaled to the dot density., the effective

neous broadening from a distribution in dot sizes. Withpnumber of electrons per dot injected into the GaAs regisrindi-

higher excitation the ground state fills up and luminescenceated for each curve. The inset shows normalized DT signals for

carrier densities much less than 1 per dot for an 800-nm pump

corresponding to thE2H2 transition at 925 nnil.34 eV is
also observable. These transition energies are in reasonalgilid line) and a 920-nm pumfdashed ling

agreement with the calculated values given the uncertainties

in the exact dot parameters. Time-resolved PL measuremenfé@s used to measure the DT signal. The transmitted probe

on similar samples reveal a ground-state luminescence lifeSPectrum was measured with1-nm resolution. We used
time of ~700 ps that is essentially insensitive to the numbe/PT Mmeasurements to characterize the carrier dynamics be-
cause at low densities the signal is directly related to changes

of dot layers in the sample.

e . .
Differential transmission experiments were performed usin the occupation of the dot levelgAT (% w) [/T(7w) = (fe
tion probabilities anday(% w) is the unexcited absorption

ing a 250-kHz Ti:sapphire regenerative amplifier which pro-+ fn) ao(iw), wheref, (f,) are the electroithole) occupa-

into two and the first beam generated a single-filament whit€oefficient of the quantum dots. On the other hand, lumines-

duces 85-fs 4+J pulses at 800 nrt. The output was split

Figure 3 shows DT signals measured for a range of in-

||ght continuum. The probe pu|S€, with aspectrum extendin ence measurements are sensitive to the OCCUpation of dot

from 900 to 1100 nm, was obtained by filtering the con-levels only through the produdt fy.

tinuum with a Schott Glass Technologies RG1000 filter. For

experiments requiring a 920-nm pump pulse, a continuunjected carrier densities when the probe pulse is delayed 67 ps

was generated with the second beam as well and filtered witfiom the 800-nm pump pulse. For carrier densities much

a 10-nm bandwidth 920-nm interference filter; for experi-above one electron-hole pair for every two dots the signals

ments requiring an 800-nm pump pulse the second beam w& not appear to reflect the energy levels observable from the
S|mp|y attenuated_ The pump beam was mechanica”FL in an ObViOUS Way. In faCt the Sigl’la| iS I’legative at the
chopped at 2 kHz and lock-in detection of the probe beamong-wavelength end of the spectrum indicating induced ab-
sorption. At present we are unable to explain the high-
density spectrum including apparent level shifts. At low car-
rier densities, however, the DT signal matches well with the
PL as shown in the inset of Fig. 3. Also shown in the inset is
the differential transmission spectrum for a 920-nm pump
pulse (corresponding to thé&e2H2 transition, and it also
matches well with the PL. We therefore limit ourselves in the
remainder of this paper to a discussion of the low-carrier-
density regime, where the DT spectrum can be interpreted
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E simply in terms of dot level populations.
S Figure 4 shows DT signals measured using a 10-nm band-
0.25¢ width pump pulse centered at 920 nm and probe wavelengths
of 980 and 923 nm, corresponding to tB&H1 andE2H2
transitions. The pump pulse produced an estimated carrier
density of 18° cm™2 in then=2 state, corresponding to one

1050 electron-hole pair for every 20 dots. These measurements
show that the injected carriers leave the-2 states(the
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FIG. 2. PL measurements at 10 K are shown for the four-layeidecay of the 923-nm signabith the same time constants as
Ing 4Ga, 6As quantum dot sample. The estimated number of carrierdhey arrive at then=1 states(the risetime of the 980-nm
per dot injected into the GaAs barrier region is shown next to eaclsigna). The inset of this figure plots a flipped version of the
curve. The total dot density is>210'* cm™2. 923-nm signal on top of the 980-nm signal to illustrate the
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0.01}
guantum dot system with one electron-hole pair per dot. Tak-
ing the 0.6-ps time constant observed in the 980-nm-probe
0 \ . ] signal as indicative of the hole relaxation time and assuming
0 5 10 15 this is close to the average lifetime of the hole states in the

Time (ps)

FIG. 4. DT signals measured with a 920-nm pump and a

dot, we expect from Fig. 5 an electron relaxation time of
round 8 ps. This is reasonably consistent with our observed

923-nm or 980-nm probe are plotted as a function of time. The lefvalue of 5.2 ps.

inset shows a flipped version of the 923-nm probe signal plotted

Having determined the electron and holee2 to n=1

with the 980-nm signal to emphasize the similarity. The right inset'€laxation rates, we then applied the DT technique to mea-
shows a curve fitting for the 920-nm pump 980-nm probe signal fitsure the capture rate of carriers from the GaAs barrier region
by signalo1—0.5e~10-62— 0 52152, into the dots. Figure 6 shows the normalized DT signals
measured with an 800-nm pump pulse at probe wavelengths
excellent agreement. We therefore believe we have an acc@f 980 and 925 nm. The pump pulse injected carriers into the
rate measurement of the=2 state to the=1 state relax- GaAs barrier region at an estimated density of'xn™2
ation time (r,;). Because the electron and hole- 1 states 1he 925-nm-probe signal is fit reasonably by a rate equation
contribute equally to the DT spectrum at 980 nm, we fit theModeling the barrier tm=2 state relaxation time(,,) as
dynamics with two exponential components of equal weight2-8 Ps andr,; as 5.2 ps as measured above. This rate equa-
An excellent fit is obtained for time constants of 0.6 and 5.2tion model also fits the rise of the dot ground-state popula-
ps as can be seen in the right inset of Fig. 4. As the phonorfion (980-nm-probe signalquite well, although we should
mediated hole relaxation rate is expected to be relatively fagiote that the 980-nm signal can also be fit simply by a single
in this and similar quantum dot systems, we attribute the fasxponential with an 8-ps time constant. It is not clear why
component to hole relaxation. The longer time constant oféparate hole and electron relaxation times are not observ-
5.2 ps, however, would be surprisingly short for phonon-able for the 800-nm pump 980-nm probe signal, although it
mediated relaxation between the electrea? andn=1 lev- does seem that the present signal-to-noise ratio is insufficient
els, considering that the separation of the electronic levelfor a rate equation fitting procedure to be sensitive enough to

(58 meV averageis much larger than the LO phonon energy
of 30 meV. It is possible that some of the dots in the inho-
mogeneous distribution may have electronic levels which
can relax via resonant two LO-phonon emission. A two pho-
non transition could not explain the results, however, be-
cause it is a highly resonant transition and would occur only
for a very narrow range of dot sizé$and not for the entire
distribution. Auger-type scattering processes mentioned in
other reports}® such as scattering of an electron in the
guantum dot with an electron in the GaAs barrier, cannot
occur at the carrier densities in these measurements.
Electron-hole scattering involving discrete dot states might
naively be ruled out as a possible relaxation mechanism, as it
would be difficult to satisfy strict energy conservation in the
scattering process. However, if we include the nonzero line-
width of the hole levels due to hole-phonon scattering, the
strict energy conservation requirement is relaxed, and
electron-hole scattering can provide an efficient channel for
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FIG. 6. DT signalgsolid lines measured with a 800-nm pump

the electron to lose e_neréf/.zo Figure 5 shows the calculated and a 925-nm or 980-nm probe are plotted as a function of time.
electron-hole scattering time as a function of the hole relaxRate equation curve fits, as described in the text, are shown as
ation time using the model given in Refs. 18 and 20 for ourdashed lines.
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determine if there are multiple time constants for either theeling is needed to completely characterize this relaxation
925- or 980-nm probe signals. In any case it is clear that botbathway. The rapid relaxations observed in this work indi-
carriers relax to the=1 state within 8 ps. cate that interband lasers made from these structures may

In summary, we have used femtosecond differential transhave maximum modulation rates comparable to those of
mission measurements to time resolve the2 ton=1 re-  guantum-well lasers, for which the carrier capture times are
laxation and the GaAs barrier tm=2 relaxation for typijcally 1-10 ps, although the dynamics observed in high-
Ing 4Gy As/GaAs self-organized quantum dots at low car-gensity experiments remain to be correlated with the ob-
rier densities. Direct photoinjection of carriers into the  served laser modulation bandwidths. On the other hand, far
=2 states reveals tha, for holes is 0.6 psr,, for electrons  jnfrared or midinfrared lasers and detectors that operate
is found to be 5.2 ps, which is much more rapid than exyrely on intersubband electronic transiticiasid which re-

pected for the electrons and indicates the phonon bottleneqi"re long excited state lifetimgsnay still have a very long

IS not effe_ct|ve for_ this system. The observed time C?”Staf“%l since the hole concentration in such devices is essentially
are consistent with a model for electron relaxation via

. zero. Measurements of relaxation in unipolar structures re-
electron-hole scattering, where the scattered holes can rap. .
. . . ain to be done.
idly lose their excess energy through phonon emission.
When carriers are photoinjected into the GaAs barrier region,
relaxation into then=2 andn=1 states of the dot occurs  This work was supported by ARO Grant No. DAAHO04-
with time constants of 2.8 and 8 ps, respectively. The latteP6-1-0414 and the NSF through the Center for Ultrafast Op-

relaxation times are also extremely rapid, and further modtical Science.
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