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The photoluminescence spectra of large ensembles of self-organigetl JeAs/Alg ,:Ga, 7sAS
quantum dots were studied. The spectra reveal a number of sharp peaks with energy separation and
full width at half maximum values of-20 meV for 150 ks T=<275K. Significant changes are
observed in the luminescence characteristics with varying temperature, which are attributed to a
changing distribution of photoexcited carriers between dots1999 American Institute of Physics.
[S0021-897€09)02505-7

A highly successful method of realizing quantum dots isto the buried dots for AFM measurements, which reveal a
through strained layer growth in the Stranski—Krastanowtypical island size of~17 nm in base width and 8 nm in
growth mode, commonly referred to as self-organizecheight and a density of 10" dots/cnd.
growth!~® The formation of quantum dots through self- Photoluminescence measurements were made using an
organized growth has been demonstrated with a variety ofr* (A=488 nm) laser a 1 mdouble grating monochro-
heterostructure materials, leading to luminescence in a widgator, and a cooled photomultiplier with photon counting.
range of emission wavelengths. Luminescence measurdhe spectral resolution of the measurements performed cor-
ments on small ensembles of quantum dots have showigsponds to 0.6 meV. The laser spot diameter-&0 um,
sharp and narrow luminescent pedlas expected for quan- Which corresponds to a region containing an estimated 2
tum dots. To improve the usefulness of self-organized quanx 10° dots. The low temperatureT&12K) PL spectra for
tum dots, it is important to understand the growth and optican €xcitation intensity oP = 1500 W/cnt shows a broad lu-
properties of the dots such that the size distribution is reMinescence peak centered at 1.70 eV. The peak is asymmet-
duced and narrow luminescence peaks are obtained for " With a long tail at the low energy side. Weak lumines-
large ensemble of dots. Recently, narrow electroluminesCeNce from the Al:Ga 7As barrier is also observed at 1.86

cence peaks have been reported for large dot ensembl§Y- The PL spectra at=12K were examined fr(:; arange of
emitting in the infrared. In this communication, we report OWer exc:tatlor;] Intensities, iowr? tB=15Ww/ent, anﬂ do
the observation of narrow luminescence peaks from red emift reveal a change in peak shape or position. The broad

. : luminescence is believed to originate from quantum dot
ting self-organized InzAl g sAS/Alg 5:Ga, 75AS quantum dots o

and changes in the nature of the emission with variation Ogrou.nd st_ate transitions from an ensemple of quaptum dots of
temperature varying size, and hence varying transition energies. The lu-

Heterostructures for photoluminesceriB) and atomic minescence peak is asymmetric with a low energy tail. We

: believe that this reflects the dot size distribution with a larger

force microscopyfAFM) measurements were grown by mo- o . )
; . .2 .~ number of smaller dots emitting at higher energies, and a
lecular beam epitaxy. The grown structure is shown in Fig. 1

andConiis o  Gas bl oyt Slowe by B! e o rger o e at ver ences
Aly:Gay7sAs barrier, both grown at 630°C. The ’

| | tum dot th £ 540 °C with luminescence spectra which become more pronounced with
no-‘“’i“ °-5AS. quantum dots were then grown a Wi aincreasing temperature. The sharp luminescence peaks also
nominal thickness of 10 monolayefidlL ). The quantum dot

h tored b - h flection hiah become more pronounced with increasing excitation inten-
growth was momFore Dy examining the reflection hig en'sity, which is in contrast to a recent report where sharp fea-
ergy electron diffraction (RHEED) pattern and three-

) i . tures were observed in electroluminescence spéctnan;
dlmenS|onaK3F)) ls-la.nd growth was fpund to commence af- only for smaller current densities. The sharper features are
ter ~8 ML, which is in agreement with other repoft& 15

: ) , , superimposed on a broad luminescence similar to that ob-
s growth interruption at this point allowed further dot forma- o\ ed aff = 12 K. The overall luminescence feature is from
tion and was followed by the growth of 0.Zm of

g the ground state transition of the quantum dots and the origin
Al 265G 75AS at 630°C. A layer of IpsAlosAS quantum o the narrow peaks will be discussed later. As the measure-

dots was then grown on the surface under conditions similaf,ant temperature is increased to ndar210K and above
we begin to see an additional broad luminescence at higher
dElectronic mail: pkb@eecs.umich.edu energies with sharp features superimposed. The relative in-
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FIG. 1. (a) Schematic of the self-organizedyh\l o sAS/Alg G & 75AS quan- Energy (eV)

tum dot heterostructure under study gbgatomic force microscope image

of the surface quantum dots showing a typical dot density of

~ 10" dots/cnf. FIG. 2. Photoluminescence spectra of self-organized
Ing Al sAS/Alg »6Gay 75ASs quantum dots for several temperatures in the
range of 10—300 K. Notice sharp modulations in the spectra for tempera-

tensity of the higher energy luminescence increases witffres above 150 K.
temperature. AT=300K, the sharp peaks are not observed
any more and the broad peak at higher energy is more promi-
nent. At this temperature, the PL signal is weak and it isseparation of 19—24 meV corresponds to a cavity thickness
likely that the sharp peaks may be present, but the signal-tdsetween 3.7 and 4.Zm, which is too large for the layer
noise ratio is small. We believe that the broad peak at highethicknesses in our sample. Likewise, the longitudinal optimal
energy is due to excited state transitions in the quantum dot$l.O) phonon energies in AlAs, GaAs, and Inf&0, 35, and
which has similarly been observed in(@Ba)As/GaAs quan- 29.6, respectivelyare too large to account for the energy
tum dots’° separation of the observed sharp peaks. If the sharp peaks
At T=300K, the two broad luminescence peaks atwere due to fluctuations in dot size or alloy composition,
1.582 and 1.672 eV have full width at half maximum they should be more pronounced at low temperatures which
(FWHM) values of 120 and 61 meV, respectively. The sepa<contradicts the observed temperature dependence shown in
ration between the two peaks is 90 meV, which is similar toFig. 2.
the 60—100 meV separation for(fBa)As quantum dots mea- We believe that the observed temperature-dependent
sured by photoluminescenfc@ and far-infrared absorptidh  characteristics of the luminescence spectra can be understood
measurements. At temperatures betw&€enl50 and 275 K, in terms of the distribution of carriers among the dots.
the apparent sharp peaks in the PL spectra allow good GausShanges in the PL line shape of InAs/GaAs self-assembled
ian fits to be obtained. The fitted peaks have FWHM valuegjuantum dots with varying temperature have similarly been
between 18 and 22 meV and a separation of 19—24 me\gbserved and attributed to carrier transfer in the dbtéAt
with no superimposed baseline or broad continuum in theery low temperatures,T< 100 K), the photoinduced carri-
fitting. Both the FWHM and energy separation of the peaksers are frozen in the dots in a nonequilibrium distribution. A
decrease with the lowering of temperature, but only by 4single broad PL peak reflects ground state transitions from
meV for the FWHM, and 5 meV for the peak energy sepa-this group of dots. As the measurement temperature is in-
ration. This is significantly less than the change in KT in thiscreased (108 T<280 K), the photoinduced carriers are dis-
temperature rangé8 meV), indicating that the sharp peaks tributed more widely among the entire dot population. Since
do have some associated inhomogeneous broadening. Sertbe latter vary in size, and perhaps slightly in shape depend-
of sharp PL peaks, such as those shown in Fig. 2, are usuallgg on growth conditions, the ground state transition energies
attributed to fringes in a Fabry—Rx cavity or phonon rep- vary by small amounts. The origin of the observed sharp
licas. In the present case, however, both of these possibilitiggeaks may therefore be attributed to discrete groups of dot
are ruled out for the following reasons. The observed energgizes. Evidence of this phenomenon has also been reported
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600 0.3 which is characteristic of any semiconductor laser. A
I similar behavior is also displayed by the threshold current
Jin- The characteristic temperatuiig,, given by [Jy(T)
=Jin(0)exp(T/Ty)], remains at a constant high val(z600
) K) for T<100K, and drops to~80-100 K for 100 KT
100 | gIK A" <300K, as shown in Fig. 3.

[ T,>670K 102 In summary, we have observed sharp luminescence fea-
[ u tures in a large ensemble of self-organizeg il sAS/
_ Alg G 7sAs quantum dots. The sharp features are attrib-
uted to luminescence from discrete groups of dot sizes.
These features also exhibit a temperature dependence which
is due to the changing distribution of carriers in the dots at
100 5'0 1(')0 I;O‘ 0 250 30(?4 varying temperatures. With further understa.ndlng apd con-

Temperature (K) trol of self-o_rganlzed growth, a narrow dot size d|§tr|but|on
may be realized for large ensembles of dots leading to nar-

FIG. 3. Measured slope efficiency and characteristic temperature of a fourow luminescence linewidths useful for optoelectronic appli-
layer Iy /Gay sAs/GaAs quantum dot laser. The clear increase in charactergations.

istic temperature and slope efficiency n@ar 100— 150 K suggest a change
in carrier distribution in the dots, similar to the sharp modulations occurring
near T=150K in the photoluminescence spectra of the gilgsAs/

Al ,:Ga 75As quantum dots.

100K .-
.'.
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