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High-temperature electron-hole liquid and dynamics of Fermi excitons
in a Ing gsAl g 35AS/ Al /Gag §As quantum dot array
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State-filling effects of the exciton in a JRsAlg3As/Alg4Ga gAS quantum dot array are observed by
guantum dot array photoluminescence at a sample temperature of 77 K. The exciton emission at low excitation
density is dominated by the radiative recombination of the states inghell and at high excitation density the
emission mainly results from the radiative recombination of the exciton state ip #ieell. The spectral
interval between the states in tkeand p shells is about 30—40 meV. The time resolved photoluminescence
shows that the decay time of exciton states ingtshell is longer than that of exciton states in g&hell, and
the emission intensity of the exciton state in theshell is superlinearly dependent on excitation density.
Furthermore, electron-hole liquid in the quantum dot array is observed at 77 K, which is a much higher
temperature than that in bulk. The emission peak of the recombination of electron-hole liquid has an about
200 meV redshift from the exciton fluorescence. Two excitation density-dependent emission peaks at 1.56 and
1.59 eV are observed, respectively, which result from quantum confinement effects in QDs. The emission
intensity of electron-hole liquid is directly proportional to the cubic of excitation densities and its decay time
decreases significantly at the high excitation density.
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I. INTRODUCTION critical temperaturéT.), above which the exciton will be not
condense to liquid. In direct-gap semiconductors CUREf.
Semiconductor self-assembled quantum @D) hetero-  12) and CdS'3 the situation is more complicated because the
structrues, with the carriers being confined to an essentiallgystem has more difficulties in reaching quasiequilibrium
zero-dimensional structure, make them an excellent systemfuring the carrier lifetime. This is one of reasons thatThe
for basic physics studies, as well as technological applicasf EHL in direct-gap semiconductors is much lower than that
tions. Optical interactions with these systems are of criticabf indirect-gap semiconductors, such as the higiesof
importance because optical spectroscopy provides insighfirect-gap semiconductors is 55 K for CdS, while that of
into their electron structure and dynamics. The theoreticaindirect-gap semiconductor diamond is 167 K. In the past,
study* describes that the electron and hole occupy the conthe study of EHL is focused on bulk material, and the char-
fined electronic and hole energy and indicate the state-fillingicteristics of EHL in the QD system has not been revealed
effect in characteristic numbers according to the Pauli excluuntil now, while the QD array system is interesting from the
sion principle, and experimental studigsgive evidences of point of view of basic physics for studying EHL.
this state-filling effect of excitons at the QD energy level. |n this work, our experimental results indicate that the
Among them, in an isolated single, /N, As/Al,Ga_As electron-hole liquid in a quantum dot array can be formed at
QD, state-filling effects of excitons are also observed ainuch higher temperature than that in bulk, and some quan-

1.2 K. Nevertheless, the transition dynamics of the excitorrum confinement phenomena in QD are observed.
distributing on different shells of a QD array has not been

studied. - o Il. EXPERIMENTS
In this paper, state filling effects of Fermi exciton and the
dynamics of exciton states in tteeand p shells of an en- The self-assembled Al g 35AS/ Al /Gay gAs QD array

semble of an IpgsAlg 3As/Aly 4Gay gAs quantum dot array is grown by molecular beam epitaxy on semi-insulatifbhd

are observed and their temporal properties are studied by)-oriented GaAs substrate with a 500-nni-S8aAs buffer
time-resolved laser spectroscopy. On the other hand, at highyer. The self-assembled QDs are obtained using the spon-
excitation density, the photogenerated dense electron-hotaneous island formation in the initial stages of the Stranski-
liquid (EHL) of which the physical properties are similar to Krastanow growth mode during the epitaxy of highly
those of liquefied metdishas been an important research strained 18 gsAl g 3AS/Alg Gay gAs layer. It is an undoped
subject. EHL has been observed in’SGaP? AlGaAs?  heterostructure with six layers ofdggAl o s5As (usually five-
SiC0 and diamond! In these indirect-gap semiconductors, monolayer overage quantum dots. A 10-nm layer of
the density of photogenerated carries can be varied within Al /G& ¢As barrier layer separates each dot layer. These six
wide range. The transformation from an insulator to a metalfayers are sandwiched between two 200-nm-thick AlGaAs
lic phase is referred to as the exction Mott transition at thevaveguide layers and two 1500-nm N-AlGaAs carrier con-
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Atomic force microscopy scans reveal a dot density of about
5X 10 cm2 per layer. A more detailed description of the
fabrication of I gAlg3AS/AlyGaAs self-assembled
guantum dots can be found in Ref. 14. Figur@) lis an
atomic force micrographs image of the surface of one-layer
Ing g5Al g 35AS/ Al /Gy 6As QD, and Fig. tb) is a cross-
sectional transmission electron microscopy image illustrating
the vertically aligned six-layer hysAlg35As/AlyGay e QD
array. The optical measurement is performed with a fre-
guency double mode-locked Nd:YAG lag&pectra Physics,
Model 3000 operating with a repetition rate of 82 MHz and
80 ps pulse duration as an excitation source. The excitation
laser is focused through a lens of focal len§tfb5 mm to a

O A spot radius of about 11am. All measurements presented in
B 2 , this paper are performed at a sample temperature of 77 K in
% a liquid nitrogen cryostat. The emission is detected by a syn-
chronously streak camer@amamatsu Model C1587, time
resolution of 10 ps connected to a polychromator. The
photoluminescence signal is collected in a backscattered
geometry.

S0 nm IIl. RESULTS AND DISCUSSION

) . . A. State filling of Fermi excitons and its transient behavior
FIG. 1. (a Atomic force micrograph image of an

INo.65Al 0.35AS/ Alg 4Gy 6AS quantum dot array(b) Cross-sectional I?ho_toluminespencca_ experiments are perfornjgd at various
transmission electron microscopy image of the active region of aXcitation densities. Figure(@ shows the state-filling spec-
Ing g5Al g 35S/ Alg 4Gay gAS quantum-dot array. troscopy of exciton and multiexciton shows state-filling

spectroscopy of exciton and multiexciton with the excitation
finement layers. A 300-nm*PGaAs cladding layer acts as an densities ranging between 0.29 and 1420 WA.chAt an ex-
up-contacting layer that is subsequently removed througlitation density not higher than 1.24 W/énonly the emis-
etching to enable optical measurements. Thesdhlg3As  sion of state in the unsaturatedshell (at 1.776 eV is ob-
dots are grown at 530 °C while the rest of the sample isserved. As the excitation density increaeses to 2.43 \¥,/cm
grown at 600 °C. Six dot layers are grown without generatthe emission of the saturatexishell has a redshift. At an
ing additional defects to improve the dot uniformity and to excitation density of 59.6 W/cfthe emission is dominated
increase the photoluminescence signal levels. The lendy states in the shell, which has a 30—40 meV blueshift
shaped IggsAlp.35As quantum dot is a part of a sphere with than that of in thes shell. Further increasing the excitation
a fixed height of 3.4 nm and base diameters of 38 nmdensity(such as higher than 355 W/émthe emission has a
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FIG. 2. Photoluminescence spectra of exciton in afgdfl g 35As/Alg ,Gay gAs quantum dot array for different excitation density at
77 K. The spectra are normalized and vertically offset for clafdy State-filling spectra on quantum dots. The spectra from the lowest to
the uppermost are recorded, respectively, at excitation densitiBs,80.29, 1.24, 1.92, 2.43, 4.68, 15.2, 36.5, 59.6, 243, 355, 365, 737,
1065, and 1420 W/cfn (b) A sketch of quantum dot energy levels distributing exciton and multiexcitons. Spin orientations are sketched
with arrows.(c) Spectral peak energy of the exciton emissi@®) as a function of the logarithm of the excitation dengityPe,). The dot
line is a guide.

085304-2



HIGH-TEMPERATURE ELECTRON-HOLE LIQUID AND.. PHYSICAL REVIEW B 71, 085304(2005

line). The decay time of single exciton state in fhshell at

2 or excitation density of 59.6 W/cfris 399 ps(dash ling. The
g 600 decay time of multiexciton states in thpeshell at excitation
£ 450} density of 1420 W/crhis 428 ps as shown ifdot line).
= The phenomena above can be discussed as follows. First,
2 300} e
g the concept of the state-filling effect means that the shells are
éf 150 populated according to Pauli exclusion principle. Bhell
ol is twofold spin degenerate, and can be occupied by not more
. L . L . L than two excitons. The emission peak of the state in the
00 03 06 05 12 15 saturateds shell has a slight redshift, which originates from
ExcitationdensityPex(*103W/cm2) the electron-electron and hole-hole interactions as well as

correlation effectd® The p shell can hold a maximum of four
FIG. 3. The excitation density dependence of the integrated luglectron-hole pairs. The recombination of the states insthe
minescence of exciton (®) and EHL (A) in an  andp shells indicates a remarkable dependence on the num-
Ino.65Al0.35AS/ Alo 4Ga 6AS quantum dot array. The solid line is per of exciton, which is explained by the fundamental prin-
guidance of nonlinear dependence. ciple of hidden symmetries associated with this degeneracy

. . . as a rule determining the electronic structure of electron-hole
obvious redshift than that at 59.6 W/énmwvhich means that . g 16

oo . . e ~*complexes in quantum dots:
multiexciton states in thp shell dominate the emission. Fig-

I - : Secondly, inhomogeneous broadening of QD results in
ure 2b) show; a ske'.[ch'of t'he radiative tran3|t|on of e?(C'tonthat the radiative emission of states in theand p shells
and multiexcitons distributing on fully or partially filled

. . .. cannot be discerned as that of states in a single QD. How-
She”S of Q.D arrays. The shel_l in QD arrays IS populgted .W'.thever, the vertical coupling of multilayered QD arrays is ben-
an increasing number of carriers according to Fermi statistic

i issi 18,0/ hi .
orinciple. Figure 2c) shows the peak energy of the recom- &ficial to sharpen the emission beht;!8which makes state

S o : .. filling effects can be directly observed in QD arrays.
bination of exciton in QD arrays as a function of the excita- tiing I y ved in Q Y

tion densities. Th tates in tandp shell q Thirdly, that the decay time of multiexciton states in the
lon densities. These states in \andp Shetls are degener- g jq longer than that of single exciton can be explained as
ate except for a slight difference due to Coulomb exchan

q lation int i a5 Y%llows: the electron distributing in larger region for satu-
anTr(]:orre|%|on Iln erac |o_nsF§m%nghcarr| thS. i int t dratedp shell, which decreases probability of recombination
emiss?oioiktecri/scit?/ g?rt\k/li ngc:tgdn ass gv:‘ljnct(iaor:rg?_tlaeeg;iitea of excitons; and Pauli blocking more strongly prevents the
. . o L “state in thep shell from rapidly relaxing as comparison to the

tion density. As the excitation density is lower than ;s picly 9 P

i 9
59.6 W/cn?, only the recombination of the state in tise state in thes shell of QD arrays:
shell and the recombination of a single exciton state inpthe
shell occurs(see Fig. 2 The emission intensity is linearly B. Electron-hole liquid with high temperature
proportion to the excitation density. As the excitation density in the quantum dot array

is higher than 355 W/cfy the recombination of multiexci- ] ] o
ton states in the shell (see Fig. 2 is dominated; the rela- In the photoluminescent experiment, a new emission band

tionship between the emission intensity and the excitatiorftt 1.56 €V is observed in dRsAl o5/ Al Gay AS QD ar-
density can be fitted by a function of 132P§x‘ 10.,, 'ays at an excﬂqﬂon density higher than 243 WicRigure
+80.9, indicated by a solid line in Fig. 3. 5(a) shows the tlme-_res_olved ph_otolumlnescent_spec_trum of
The decay times of single exciton states in thandp QD arrays at the excitation density of 1065 W Fgin which
shells as well as multiexciton states in fhshell are shown the band around 1.79 eV is the exciton emission band, and
in Fig. 4. The decay time of single exciton states in the the emission around 1.59 eV is the emission b.and qf EHL in
shell at an excitation density of 0.29 W/iis 395 ps(solid ~ QP arrays. The phenomena and their properties will be de-
scribed in detail as follows.
First, as shown in Fig.(®), the emission band of EHL has
a redshift of 200 meV from the excitom emission band.
Second, Figure () shows the spectral profiles of EHL
band at the time of 109, 217, 327, 826, and 954 ps after
excitation and at the excitation density of 1065 Wfcm
While Fig. 5c) shows the spectral profiles of EHL band at
excitation densities of 243, 355, 365, 737, 1605, and
1420 W/cnd, respectively. Figures (B) and 5c) reveal a
new phenomenon: there are two states in EHL in QD, one
appears at high excitation densitsuch as 737, 1065, and
1420 W/cn?, or at the first half of decay curve of high ex-
FIG. 4. Decay times of a single exciton state in rghell(solid  Citation density. The other appears at low excitation density
line) and in thep shell (dash ling, and decay time of multiexciton Or at the tail of decay process. Both spectral profiles do not
states in thep shell (dot line) as well. The spectra are normalized change within rather wide range of the excitation density. It
for clarity. means that quantized states exist in EHL.
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12 14 16 18 20 2.2 FIG. 6. Decay times of EHL bands at lower excitation density of

355 W/cnt (dash ling and at a higher excitation density of
Energy (eV) 1120 W/cn? (solid line). The spectra are normalized for clarity.

Third, the dash curve in Fig. 6 demonstrates the decay
time of EHL band at lower excitation density of 355 W/&m

Time (ps)
l the decay time is about 360 ps. The solid curve in Fig. 6
109 EHL shows the decay time of EHL band at higher excitation den-
sity of 1120 W/crm, which is obviously shorter than that at
217 the lower excitation density.
Fourth, the solid triangle curve in Fig. 3 shows the rela-
327 tionship of time-integrated emission intensity of the EHL and
82 the excitation density, which can be fitted by a function of
> 1=32.9P3 +90.4P2, ~132.5°,,+60.7, whereP,, is the exci-

tation density.
These phenomena about the EHL above can be discussed

' ' 4 as follows.
14 13 16 L. First, for this sample, there is no known emission around
Energy (eV) 1.56-1.59 eV except from EHL and GaAs substrate. The

emission band of GaAs substrate is at 1.49Fé%1and its

PpT] ) excitation density-dependent properti@scluding temporal,
EXCltatlogl densrcy spectral, and intensipyare entirely different from experimen-
‘ (W/em') EHL tal results above. Therefore, the phenomenon observed in

f: 1420 this work is EHL in QD arrays.
e: 1065 Secondly, the high critical temperatu(@.) can be dis-
d.' 737 cussed as follows(1) The spatial confinement in QD is in

favor of EHL formation. The binding energy of EHL is as-
sociated to the confinement potential and perturbed by
Coulomb-exchange and -correlation interactions among car-
riers. As the exchange- and correlation-induced interactions
among the high-density photogenerated carriers in QDs are
—= enough to circumvent the Fermi repulsive potential due to
— Coulomb screening among electrons or holes and to reduce
14 1.5 1.6 1. the chemical potential below the electron-hole pair energy,

(- 2l <]

and electron-hole pairs become ionized, i.e., the Fermi con-
Energy (eV) densate in the forms of EHL appea(®) The discrete energy

level of QD makes interactions of carriers with acoustic
phonons being inhibite¢bhonon bottleneck Carriers in QD
usually exhibits much long dephasing time than that in the
bulk??> which benefits the electron-hole system to reach
quasiequilibriumt? in particular for coupled QD% (3) The

FIG. 5. (a) Time-resolved photoluminescence spectrum of
Ing.65Al g 35AS/ Al 4Gy 6AS quantum dot array at the excitation den-
sity of 1065 W/cnd and 77 K. Exciton: the exciton emission band;

EHL: electron-hole liquid emission band with the peak energy Ofdecrease of the dielectric constant in QD also contributes to
1.59 eV.(b) The spectra show time-resolved luminescence spectr?h : 11 . o
e formation of EHL (4) Using the modified Thomas-

of EHL at times of 109, 217, 327, 826, 954 ps after excitation. The - . . . h itical denitl f
spectra are normalized to the emission intensity of EHL and ar €'MI SCreening approximation, the critica ensito) 0

: o nadlheTF — 3
offset for clarity.(c) The spectra are illustrated for different excita- the €Xxciton Mott transition is described 8910 = (4arg)

tion densities ofa) 243, (b) 355, (c) 365, (d) 737, (¢) 1065, andf)  =1.56x 10'%/cm? corresponding to the excitation density of
1420 W/cni. The spectra are normalized to the emission intensity208 W/cnf, the critical temperaturéT,) (Ref. 7) of EHL is
of exciton. T=8ne?a3Nyon/ 1.1%e(r)kg=106 K, where ag=10 nm
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(Ref. 29 is electron-hole pair Bohr radius in QD aa¢) is V. CONCLUSIONS
the dielectric constant of QD. In RsAl g 35AS/Alg ,Gay AS
self-assembled quantum dots, exciton Bohr radius is larger N summary, by using ps time-resolved PL, in a six-layer
than the height of QOr=3.4 nm), and the strong confine- Vertically coupled 1g¢Alg35AS/Alg 4G AS quantum dot
ment effects of QD overcome the Coulomb screening éffect array and at the sample temperature of 77 K, Fermi statistics
and reduce the dielectric constdht’ The size-dependent of exciton state in thes and p shells of QD arrays is also
dielectric constant is given BY272 g(r)=1+(ep—1)/[1  observed at a sample temperature of 77 K. The observation
+(9.7/r)13]=10.2, wheresy; =122° of state-filling effect is due to the spectral linewidth shrink-
Thirdly, about the new phenomenon of quantized states ofige in an ensemble of QD array. The quantum dots are ver-
EHL, it implies that at lower excitation243—365 W/crf), tically aligned, leading to vertical coupling between exciton
electrons and holes has a certain density. Then, at highetates ins and p shells from the different QDs. The time
excitation (737—-1420 W/crh), if the density of electrons resolved photoluminescence reveals that the decay time of
and holes in EHL is still same as that at lower excitationeXxciton states in the shell is longer than that of the exciton
density, the volume of EHL may be larger than that of QD,state in thes shell of QD array. On the other hand, the spec-
which is impossible since they cannot go out from QD,tral characteristics of EHL in QD array are demonstrated.
therefore, the higher state of EHL appears. As high densitffter the formation of EHL and when the excitation density
excitation, most of decay time is dominated by the high denis not less than 365 W/cththe recombination of the low-
sity quantized state of EHL, and Auger recombination at theenergy state from EHL is observed at 1.56 eV. While the
high densit§® plays an important role for shortening of the excitation density is higher than 737 W/&nthe recombina-
decay time. tion of the high-energy state from EHL is also demonstrated
Finally, some other things are discussed as follows. Thé&t 1.59 eV. The spectral shape of the recombination of each
emission peak of the recombination of EHL is determined byquantum state shows independence on the excitation density
two factors, one is confinement effects of QD causing bluewithin a certain range. The fact is attributed to the quantum
shift, another is many-body effects among electrons angonfinement effect of QD. The lower peak energy shows a
holes in QD resulting in the redshift:31-33Because the in- redshift of 200 meV away from that of the recombination of
tensity of laser beam has a Gauss distribution, carrier densitgxciton states in the and p shells. The transient spectral
at the center of the beam is much higher than that in outeprofile of the recombination of EHL keeps unchanging.
As EHL forming at the center of beam, the recombination ofHowever, after the long decay the central frequency shifts to
exciton still can be observed in the outer of beam. Thereforghe low. At the excitation density of 355 W/&nthe lifetime
the emission of the exciton recombination is always in com-f electron-hole liquid is about 360 ps, while the decay time
pany with the emission of EHL. Similarly, the EHL will at the high excitation density decrease significantly.
coexist with the electron-hole plasma, because critical exci-
tation density always exists in Gauss distribution laser beam.
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