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Carrier relaxation and thermal activation of localized excitons
in self-organized InAs multilayers grown on GaAs substrates
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We have investigated the temperature dependence of photoluminegé&ngeroperties of a number of
self-organized InAs/GaAs heterostructures with InAs layer thickness ranging from 0.5 to 3 ML. The tempera-
ture dependence of InAs exciton emission and linewidth was found to display a significant difference when the
InAs layer thickness is smaller or larger than the critical thickness around 1.7 ML. The fast redshift of PL
energy and an anomalous decrease of linewidth with increasing temperature were observed and attributed to
the efficient relaxation process of carriers in multilayer samples, resulting from the spread and penetration of
the carrier wave functions in coupled InAs quantum dots. The measured thermal activation energies of differ-
ent samples demonstrated that the InAs wetting layer may act as a barrier for the thermionic emission of
carriers in high-quality InAs multilayers, while in InAs monolayers and submonolayers the carriers are re-
quired to overcome the GaAs barrier to escape thermally from the localized $§80¢63-182(06)06440-5

Spontaneous formation of three-dimensiof®D) islands  first at 580 °C, followed by a single InAs layer at 450 °C.
during Stranski-Krastanov-like growth of highly strained Then 20-nm GaAs was grown on the top at the same sub-
InAs layers on GaAs substrates by molecular-beam epitaxygtrate temperature. The growth was monitored by reflection
(MBE) has been proposed as a promising way for fabricatinghigh-energy electron diffractiotRHEED), and the quantum-
high-quality InAs quantum dotéQD’s) in GaAs!~® When ot nucleation was seen directly via the onset of a spotty
the thickness of an InAs layer is beyond a critical thicknessRHEED pattern. The detailed growth description and their
of around 1.7 ML, the structure is usually composed of amjigh quality as evidenced by TEM, scanning electron mi-
InAs wetting layer and conelike InAs islands deposited on 't-croscopy, and x ray will be published elsewhere. The PL
The density, size distribution, uniformity, and coverage of aasurement was performed in a variable-temperaie
such InAs islands were found to be growth condition depen K) closed-cycle cryostat under the excitation of a
dent, and have been investigated by TEM and atomic forcgy 4 5.nm line of an argon laser. The signal from samples
microscopy (AFM) in recent years™ The optical g dispersed by a Jobin-Yven HR250 monochromator and
studied®*° revealed its excellent radiative recombination, yetected by a cooled Ge detector.
which usgally gives a brpadband with a reported full width at Figure 1 shows low temperature PL spectra of InAs layers
half maximum(FWHM) in thlg range of 50-130 meV. Re- i different thicknesses of 1, 1.5, 1.8, 2.5, and 3 ML, re-
cent work by Lubyshewet al: presented the unusual tem- gnectively. All spectra are dominated by a strong lumines-

perature dependence of exciton energy in InAs multilayelzence related to the InAs exciton transitions. GaAs-related
structures. An anomalous decrease of the FWHM was de-

tected and explained in terms of the tunneling process be- —
tween InAs dots.

InAs QDs
In this paper, we studied the exciton relaxation and ther- 12K
mal activation in InAs multilayer structures via the analysis
GaAs

of cw photoluminescenc@L) data under different tempera-
tures. It is found that the temperature dependence of the ex-
citon energy and linewidth is significantly different from that
obtained in InAs monolayers and submonolayers. The un-
usual temperature behavior in InAs multilayers is associated
with the relaxation effect of carriers, resulting from the
spread and penetration of the wave functions of carriers in
coupled InAs QDs. In the study of the thermal activation
process, we found that potential barriers for InAs excitons to
escape thermally from the localized states are different for
different structures. Fohigh-quality InAs multilayers, the
barrier could be the wetting layer, while in the case of mono-
layers or submonolayers the carriers are required to over-
come the GaAs barrier in order to escape thermally from the
localized states.

The samples studied here were grown by MBE(b60) FIG. 1. Normalized PL spectra at 12 K of InAs layers with
GaAs substrates. A 0.am GaAs buffer layer was deposited different thicknesses of 1, 1.5, 1.8, 2.5, and 3 ML, respectively.
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emissions(1.515 and 1.493 eMare much weaker, even 1.46 : : :
though GaAs has a much larger excitation volume. The ob- L= E ML

served high luminescence efficiency indicates an improved 144 L B NG
confinement of InAs excitons and a low defect density in the F eee ]
samples; the latter was further supported by the observed 1.42 |- '°"‘°\0~-~.\,1-\5ML

linear dependence of the integrated PL intensity on the exci- % > '\0\.
tation power. The high efficiency of the luminescence is also ;’ é_/

indicative of relieving restriction on the energy and momen- g 108 L

tum relaxation of carriers, known as the phonon bottleneck k= | AdAaa,

effect’***The emission energy of the InAs layer is found to % 16| \ZML

decrease monotonically with layer thickness, and could be o | 'F"V*vw\v A

estimated using the effective mass approximatfo@ne re- — 44l 25ML Y .

markable feature in Fig. 1 is a sudden change of the FWHM & | (70meV shifted) Ny

of the InAs emission. When the InAs thickness is larger than 122k \\\
~1.7 ML, the FWHM of the luminescence is dramatically A Q
increased, from 17 meV for 1.5 ML to 56 meV for 2.5 ML. 120 A
This can be understood in terms of spontaneous formation of . L . L . L

InAs quantum dots and their size distribution. The size fluc- 0 50 100 150 200
tuation (both in height and diametecauses a distribution of Temperature (K)

the density of states over a wide energy range, resulting in a

spectrally broad luminescence. Therefore, the sudden change FIG- 2. Temperature dependence of the PL peak energy for InAs
of the FWHM gives direct optical evidence of the formation 1ayers of 1, 1.5, 2, and 2.5 ML, respectively. It is important to point
of InAs QD’s. The size distribution was found to depend out that the line shape of t_he PL spectrg remains Gau_s&an_ in the
strongly on the growth conditions and structure param&fers [€mperature range we studigubw shown, indicating the size dis-
The control of the size distribution has been an open chalfiPution behavior of QD's.
lenge for zero-dimensional quantum structures.

In Fig. 1, it is also noted that no luminescence related towvith each other. The whole system, therefore, can be re-
the wetting layer was observed in PL, although the wettinggarded as a coupled system, and the wave function of carri-
layer was exposed in our TEM. The absence of the luminesers in an individual QD can penetrate into adjacent dots,
cence related to the wetting layer is most likely due to therelieving or partially relieving the phonon relaxation bottle-
fact that the carriers photogenerated in the wetting layeneck by increasing the number of states related to carrier
transfer to the adjacent InAs dots and then recombine thereelaxation. When the temperature increases, the coupling and
Later we will show that this wetting layer may act as a po-relaxation effects will be enhanced due to increased electron-
tential barrier for the thermal quenching process of InAs carphonon interaction. As a result, photogenerated carriers
riers at high temperature. transfer and relax into energetically low-lying states, giving

Figure 2 presents the temperature dependence of the Rise to the fast redshift of the exciton energy. As the FWHM
peak energy in different InAs samples. It is clear that thecan be taken as a measure of the size distribution of QD’s in
energy variation with temperature falls into two categories:a sample, a faster redshift of energy would be then expected
when the InAs layer thickness is smaller than the criticalin a sample with wider linewidth. In our experiments, the
thickness(~1.7 ML) the photon energy of the InAs layer FWHM of the 2-ML sample is 75 meV, compared to 56
follows the InAs band gdp very closely (see the curves meV in the 2.5-ML InAs. This explains the observed faster
denoted 1 and 1.5 ML This behavior is very similar to that redshift of PL energy in the 2-ML sample.
observed in a 2D systefnHowever, when the layer thick- An efficient relaxation process is also expected to reduce
ness is larger than-1.7 ML (see, the curves denoted 2 and the linewidth at higher temperatures. Shown in Fig. 3 is the
2.5 ML), the rate of energy shift with temperature becomesFWHM of the PL as a function of temperature for the
much faster, and also shows sample dependence. For examples of Fig. 2. Again, a significant difference can be seen
ample, the rate for 2 MI(Ref. 18 is measured to be three for InAs layer thicknesses larger or smaller than the critical
times higher than the InAs band-gap variation, while the ratéhickness. When the InAs thickness is smaller thah.7
in the 2.5-ML sample is only 1.5 times higher. Consequently ML, the FWHM increases monotonously with temperature.
in the temperature range from 12 to 160 K, the peak energy¥he increase of the linewidth with temperature in the InAs
of 2-ML InAs was redshifted by 65 meV compared to 35 monolayer was observed before, and attributed to electron-
meV in the 2.5-ML sample. We believe that this unusualphonon scatterinf*>?°However, in the case of InAs multi-
temperature dependence is a typical characteristic of selfayers, an anormalous decrease of the linewidth with increas-
organized InAs QD’s, resulting from the enhanced carrieling temperature was observed in the temperature range from
relaxation process related to the size distribution of quantuni2 to 130 K(see the curve denoted as 2 MIThis can be
dots. explained as follows: The broad linewidth at low tempera-

It is well recognized that the size fluctuation has been dure is mainly determined by the distribution of the local-
problem in the fabrication of QD’s. In the self-organized energy minimum of QD’s caused by size fluctuation of InAs
growth of InAs/GaAs layers, the uniformity of InAs dots islands. When temperature increases, the thermalized carriers
depends strongly on growth conditioh30n the other hand, can relax over a long distance and find a lower local-energy
when the InAs coverage is large enough, the dots may coupl@inimum, resulting in a shrinkage of the linewidth. When
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FIG. 3. FWHM of PL spectra as a function of temperature for ~ FIG. 4. Temperature dependence of the wavelength-integrated
the samples in Fig. 2. The inset is the results of the 2.5-ML sampléntensity of InAs layers.
with an enlarged vertical scale, showing clearly the same common

behavior as the 2-ML sample. out that the thermal activation energy measured from the

the temperature further increas@bove 130 K, both the  Arrhenius plot is not always comparable to the values related
electron-phonon scattering and thermal distribution becomé GaAs or InAs wetting-layer barriers. Any defects and dis-
important. Consequently, the FWHM increases with temdocations in the material will provide nonradiative channels
perature. We note that the above-mentioned behavior is come quench the luminescence, and consequently reduce the
mon for both 2 and 2.5-ML samples, although the rate ofthermal activation energy. This was observed in our tiig&k
variation could be different. We believe that this difference isand 6 ML) InAs samples.
partly associated to the uniformity of sample. In conclusion, by studying the temperature dependence of
~ The temperature dependence of the wavelength-integrat@fle PL we are able to study the exciton relaxation process
intensity of InAs luminescence is displayed in Fig. 4. Usingang thermal activation in self-organized InAs quantum dots.
the dependence df=C expE,/kT),” " we extract the cor- A sydden increase of the PL linewidth at an InAs thickness
responding thermal activation energies from the high-3roynd~1.7 ML indicated a spontaneous formation of InAs
temperature region of the figure, where the observed therm@yps and their size distribution. The enhanced relaxation of
quenching of the PL is mainly related to the escape processnotogenerated carriers was evidenced by the experimentally
of the dl_ssomatgd excitor(glectron-hole paipsinto the cor-  ypserved fast redshift of PL energy, and an anomalous de-
responding barriers. . crease of linewidth with increasing temperature. In studying
Thermal activation energies of 27, 64, 110, and 105 meMpe thermal activation process we found that the potential
were estimated for 0.5-, 1-, 2-, and 2.5-ML InAs, respec-parriers for InAs excitons to escape thermally from localized
tively. Note that the values of 27 and 64 meV are very closgiates are different when the InAs thickness is larger or
to 28 and 67 meV, the energy differences between GaAgmalier than the critical thickness. For high-quality InAs
band-gap and InAs exciton emissions in the 0.5- and 1-Mlytjjlayers, the barrier could be the wetting layer, while in
samples, respectively. While the values of 110 and 105 meYhe case of monolayers or submonolayers the carriers are

are comparable to 106 and 120 meV, the energy differencegquired to overcome the GaAs barrier in order to escape
between the PL emissions of InAs QD’s and the Wemngthermally from the localized states.

layerg” for the 2- and 2.5-ML InAs samples, respectively.

Our results suggest that, for INnAs monolayers or submono- This work was supported by the National Natural Science
layers the barrier is GaAs, while for high-quality InAs mul- Foundation of China and the State Key Program for Basic
tilayers the wetting layer may serve as a barrier for the therResearch, and Grant MFG 94/95. SC03 at Hong Kong Uni-
mionic emission of carriers. Finally it is important to point versity of Sciences and Technology.
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