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High-temperature light emission from InAs quantum dots
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We study the photoluminescen@@L) properties of InAs/GaAs self-assembled quantum dots in a
temperature rangerE 300—500 K) above that reported to date. Various power excitation densities
were used, allowing us to identify the important contribution of nonradiative channels in quenching
the dot PL as the temperature is increased. The role played by the wetting layer on the dot PL
intensity has been investigated in samples in which the separation of the dot and wetting layer levels
is tuned by post-growth annealing. This experiment reveals that, at a high tempérado@ K),

the relative population of the dot and wetting layer levels is given by a Boltzmann distribution.
© 1999 American Institute of PhysidsS0003-695(99)00432-5

The study of the effect of temperatufg, on the optical electron-diffraction pattern. Atomic force microscopy char-
properties of self-assembled quantum dé@Ds),>? is of  acterization of uncapped samples grown under the same con-
great importance for the exploitation of the zero-dimensionatlitions gave a dot density=2x 10*cm 2, average diam-
properties of the dots in optoelectronic devices working atter d=15nm and average height=1.5nm. The capped
room temperaturd:® Several mechanisms have been consid-sample grown in this way is called S1. For samples S2 and
ered to explain the thermal behavior of the dot optical prop-S3, we applied a 30 min post-growth annealing under As
erties(i.e., the dot luminescence lineshape and intehsityl  overpressure af ,=630 and 680 °C, respectively. PL mea-
their effect on device performance. In particular, the deteriosurements were performed from room temperat®®) (T
ration of the QD optical efficiency with increasirg has =300K) up toT=500K. The optical excitation was pro-
been found to be highly sensitive to the quality of the dotvided by the 514.5 nm line of an Arlaser. The lumines-
growti?~® and to the electronic structure of the Qb3 cence was dispersed by a 3/4 m monochromator and detected

In this letter, we describe the high-temperatur€ ( by a cooled Ge diode.
=300-500K) photoluminescend®L) properties of InAs Figure 1 shows the normalized PL spectra of the unan-
self-assembled QDs embedded in a GaAl§ta)As quantum  nealed sample S1 at various temperatures. The low- and
well. This temperature regime, higher than those reported taigh-energy bands are due to carrier recombination in the dot
date, allows us to identify clearly the main channels respon¢QD) and WL levels, respectively. The temperature range
sible for carrier depopulation of dot levels at typical device(300—-500 K shown in Fig. 1 allows us to resolve clearly the
operation temperature&=300 K). A study of the dot PL  emission from the WL and to establish quantitatively its rela-
under various power excitation densities indicates the domitive weight with respect to that of the dots at differéht
nant role of nonradiative channels in the thermal quenchingpreviously this has not been possible because of the limited
of the dot luminescence. We also investigate the role of theange of temperature investigated300 K).26~13Also note
wetting layer(WL) formed beneath the dots in the redistri- that a clear luminescence signal persists up to 500 K. This
bution of carriers with changing. The analysis involves high thermal stability can be attributed to the low level of
samples in which we vary the separation between the energyermal escape of carriers from the dots and the WL towards
levels in the dots and in the WL. We find that the relativethe two-dimensional levels of the GaMalGa)As QW23
population of the dot and WL levels at high temperatureThe effectiveness of this structure also has been exploited in
(>300 K) is well described by the Boltzmann distribution 3 QD laser device in which we observe lasing action from
and that the relative activation energy corresponds to thene dots up to 400 K*
energy difference of the corresponding lines in the PL spec-  wjith increasing temperature, the overall PL intensity de-
trum. creases and the relative weight of the WL emission increases

The structures investigated were grown by moleculakyith respect to that of the dots. Figure 2 shows the tempera-
beam epitaxy o1t100-oriented GaAs substrates. First, 2 0.7-tyre dependence of the total integrated PL intensity for a
um-thick GaAs buffer layer was grown at 600 °C. Then theyariation of power densitied®) over more than two orders of
growth temperature] g, was reduced to 500°C and three magnijtude. The stronger decay rate of the total luminescence
layers of dotgInAs thickness|. = 1.8 ML) were grown, each  yith increasingT (dot and WL bandsfor lower P indicates
layer embedded in a fkGa As/GaAs quantum wellQW) 5 carrier emission out of the InAs confined states toward
(see inset Fig. )1 The GaAs QW and the §kGa As bar-  nonradiative centers, which tend to saturate with increasing
riers each have a width of 10 nm. A 25 nm GaAs cappingp The nonradiative centers are probably located in(fie
layer completed the growth. The dot formation was con-ggas barrier layers which are grown at 500 °C in order to
trolled in situ by monitoring the reflection high-energy ,y0id In segregation and desorption from the QDs. This
growth temperature is well below the optimum value of
dElectronic mail: ppzap2@ppnl.nott.ac.uk ~600°C generally used for optoelectronic-grade
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FIG. 1. Normalized PL spectra of sample S1 at different temperatures. Theerved on the temperature dependence RO’ShC')W” on
excitation power isP=15W/cn?. The low- (QD) and high-energywL)  the left side of Fig. 3. Values oR may be fitted by
bands are due to carrier recombination in the dot and WL levels, respecA exp(—AE/kgT), whereA is a constant. The best fit to the
tively. The inset sketches the conduction band and profile of the sample. data givesAEz 160. 110. and 40 meV for samples S1. S2
and S3, respectively. These values are in remarkable agree-

(AIGa)As.'® The presence of nonradiative recombinationment with the experimental valuesEp_ (see the insert of
centers makes a quantitative analysis of the thermal quenclig- 3. Similar results were obtained for different power
ing of the dot PL rather complicated. In particular, the inte-densities.

grated intensity of the QD line alone cannot be modeled

simply in terms of an Arrhenius plot with a well-defined T(K)
activation energy. These results highlight the importance of 500 400 300
nonradiative channels in determining the luminescence in- T T T
tensity and indicate the relevance of the power excitation in 3
any analysis of the dependence of the dot luminescence on
temperaturé® -

1
The increasing intensity of the WL emission with respect -
to that of the dot with increasing temperature indicates a AE =40 meV

T

- A
R=Ae™®
AEPL=35 meV

redistribution of carriers from the dots towards the two- 1

dimensional WL. The WL acts as a drain of carriers and 83

possibly as an intermediate channel for carrier capture into

nonradiative recombination centers. In order to investigate 110 meV

carrier recycling between the WL and the QDs, we studied

the ratio,R, between the WL and the QD PL peak intensities ] §2

for a set of samples, in which the energy separation between N

the QD and WL bound states is different for the different 0.1F 160 meV ' 170 meV

samples. [ me
The inset of Fig. 3(right side shows the PL spectra [ S1

recorded aff =110°C andP= 15 Wi/cn? of sample S1 and | 11

of the two annealed samples S2 and S3. The dot lumines- ) A

cence undergoes a blueshift and a linewidth narrowing mov- 0.002 0.003

ing from sample S1 to S3. In contrast, the WL peak position I/T(K_l)

does not change. Similar observations have been already re-

ported by other group&'’ and we will not discuss them FIG. 3. Ratio,R, between the WL and the QD PL intensity as a function of

further here. In our investigation, the annealing is simply alemperature for samples S1, S2, and S3. The straight lines are fit to the data

. . by the formulaA exp(—AE/kgT). The fit value of AE is reported in the
means of tuning the energy SeparatlmEP'—’ between the figure for each sample. The insert shows the PL spect®&=a883 K and

dot and WL energy position as measured from the PL SPECh =15 Wient for the samples studied. Also the energy distance between the

tra. The effect of different values akEp, is readily ob- WL and the QD PL band is shown.
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Our data can be explained in terms of a quasi-WL levels where the relative populations follow the Boltz-
equilibrium distribution of carriers between the dots and themann distribution.
WL levels at highT. In fact, the QD(WL) PL intensity can

be written a8 The \_/vork _and one of thg autho(r_ls.E.) are supported by _
the Engineering and Physical Sciences Research Council
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wheren andp are the electron and hole populations of thenical expertise.
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