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Pressure-induced energy level crossings and narrowing of
photoluminescence linewidth in self-assembled InAlAs/AlGaAs
guantum dots
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We present a study of the hydrostatic-pressure dependence of the photoluminescence from
Ing sAl g sAS/Al -Ga 75AS self-assembled quantum dots. Three distinct regions of quantum-dot
peak-energy shift with pressure are observed and are attributed to energy level crossings and band
mixing effects. In addition, a large reduction in photoluminescence linewidth with applied pressure

is noted. ©1999 American Institute of PhysidsS0003-695(99)01211-5

Self-assembled quantum dots have proven to be an ethan 30 mW for all measurements with a diameter of
cellent method in realizing quasizero-dimensional structures-50 um, corresponding to a region containing an estimated
through nearly conventional epitaxial growth technigties. 2x 10 dots. A Merrill-Bassett-type diamond anvil cell and
The quantum-dot formation is dependent on both epitaxiaf closed cycle helium cryostat were used for the high pres-
growth kinetics and the strain in the systéifihe band struc- sure measurements at low temperature. A 4:1 methanol—
ture of these quantum dots needs to be better understood @hanol solution served as the pressure transmitting medium
properly design quantum-dot devices. One technique used ®1d the pressure calibration was done using fluorescence
obtain deformation potentials in strained systems and inforfrom a small piece of ruby mounted with the sample. Pres-
mation on band structure is measurement under applied presure was adjusted at room temperature for all measurements.
sure. ltskevichet al® have studied self-assembled InAs/ ~ The low temperature PL spectra of the quantum-dot
GaAs quantum dots under applied pressure and have fouri@mple for varying pressures are shown in Fig. 1. At 1 bar,
evidence of al'—X crossover and type-Il band alignments. three peaks aE=1.5, 1.705, and 1.845 eV are observed
Here we report a study of the photoluminescence oforresponding to luminescence from the GaAs buffer,
Ing sAl o AS/Alg ,:Ga -AS self-assembled quantum dots un- InAlAs quantum dots, and AlGaAs bulk, respectively. The
der hydrostatic pressure in the effort to further understand’L Peak energy shifts with pressure are shown in Fig. 2. The
the band structure and strained nature of the quantum dots/nderlying GaAs buffer peak was observed for all pressure

Heterostructures for photoluminescerifd) and atomic

force microscopyfAFM) measurements were grown by mo- —— T
lecular beam epitaxy. The grown structure consists of a T=12K
GaAs huffer layer followed by a 200 nm #JGa, 7sAS bar-
rier, both grown at 630 °C. The §rAl,sAs quantum dots 26 kbar
were then grown at 540°C with a nominal thickness of
10 ML. The quantum-dot growth was monitored by reflec- z
tion high energy electron diffraction and three-dimensional 5| 23kbar
island growth was found to commence afte8 ML, which g
is in agreement with other repofts\ 15 s growth interrup- bt
tion at this point allowed further dot formation and was 2| s kbar
followed by the growth of 200 nm of Ab{Ga ;sAs at 11:3
630 °C. A layer of Ig Al sAs quantum dots was then grown 3
on the surface under conditions similar to the buried dots &l skbar X20
for AFM measurements, which reveal a density of GaAs
~1x10"dots/cn?. In addition, a reference fbsGaysAS X 20 AlGaAs
sample was grown under similar conditions, but without the Lbar X 20
guantum-dot layers.
Photoluminescence measurements were performed using 145 155 165 175 1.85 1.95 205
an Ar" (A=488nm) lasera 1 m monochromator, and a Energy (eV)

photomultiplier with photon counting. Excitation was less

FIG. 1. Photoluminescence from the quantum-dot sample for various pres-
sures showing luminescence peaks for the InAlAs quantum dots, AlGaAs
3E|ectronic mail: pkb@eecs.umich.edu barrier, and GaAs buffer.
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FIG. 2. Photoluminescence peak intensity shift with pressure for the
quantum-dot sample. GaAs data points are not shown between 22 and 28
kbar to avoid confusion with quantum-dot data. FIG. 3. Schematic of proposed band alignment for quantum dots and
AlGaAs barriers for the three pressure regions observed. The levels denote
measurements, with a linear pressure coefficient of 10.§|OetSAIGaAs band edge or quantum confined ground state in the quantum
meV/kbar, serving as a good reference for verifying pressure
calibration. Other PL peaks shift linearly with applied pres-
sure up to 8 kbar with pressure coefficients for AIGaAs andenergy than that aX,. There is also a strong built-in hydro-
InAlAs quantum dots of 11.5 and 9.0 meV/kbar, respec-static pressure component. It is therefore possible to have a
tively. The pressure coefficient of InAlAs quantum dots istype-I alignment forX,, and type-Il forX, energy levels.
smaller than that expected for InAlAs bulk, but is consistentThe pressure coefficient of 9.0 meV/kbar indicates that the
with that reported for self-assembled InAs/GaAs quantundeformation potential of the quantum dot is not very differ-
dots® We believe that the reduced pressure shift is due to thent from bulk material. This result will be analyzed in detail.
highly confined energy levels in the dots, similar to the re-We believe that the change in the pressure coefficient at 8
duced pressure coefficients reported for increasing confindébar results for the crossover between the quantized levels in
ment in InGaAs/AlGaAs quantum wellsBetween 8 and 20 thel’ andX,, bands in the quantum dots, as shown in Fig. 3.
kbar, there is no significant energy shifir a small redshift  After this crossover, we believe that the observed PL origi-
of ~1 meV/kbaj in the quantum-dot peak with pressure. nates from theX,, levels which are the low energy states for
Above 20 kbar, there is a gradual redshift in peak energy’>8 kbar. The significantly reduced pressure shift of the PL
with pressure, and finally the quantum dot luminescence isupports that the PL is froX conduction band transitions.
guenched above 26 kbar. The true cause of the photolumiFhis explanation suggests that there exists an efficient scat-
nescence peak shift with pressure cannot be deduced frotering mechanism that allows a fast relaxation frbrto X,
these measurements alone; however, a possible explanatiand an efficient radiative recombination betweég, and
is given below and is schematically shown in Fig. 3 for thehole states in the quantum dots. The recombination can be
three distinct pressure regions. defect assisted, impurity assisted, or phonon mediated. It
The energy states in self-assembled quantum dots ahould be noted that the peak intensity of the quantum-dot
quite different from those in the corresponding bulk materialluminescence remains fairly constant up +d8 kbar and
because of quantum confinement and the built-in strain bedecreases significantly thereafter, as shown in Fig. 4. Addi-
tween the quantum dot and barrier material. Application oftionally, above 18 kbar, we observe a redshift in peak energy
external pressure modifies the strain field in and around thposition with pressure which we believe is due to the onset
guantum dots due to the differences in the bulk moduli of theof a crossover betweeh states in the quantum dots axd
two materials. In addition, pressure-induced energy levestates in the AlGaAs barrier. Extrapolation of the initial 9
crossings also influence the pressure coefficient of theneV/kbar shift of the quantum-dot peak intersects the ob-
guantum-dot PL peak. Due to the much larger hole effectiveservedX state for the AlGaAs near 23 kbar, supporting this
mass, the valence band states are not expected to shift sigxplanation. The mixing of th& and X bands causes an
nificantly with pressure as compared to conduction bandnticrossing behavior, resulting in a redshift similar to that
states. Therefore, only conduction band states are consideretiserved for InAs/GaAs quantum dots grown on misoriented
in this discussion. From the known composition dependenceubstrateS. The PL peak intensity additionally becomes
of theI” and X conduction band energies in ternary alloys, it weak after this crossovér-26 kbap since the transition be-
is seen that th& andX conduction bands in InAlAs/AlGaAs comes indirect in both real ardspace. In addition, attention
have type-l and type-Il band alignments, respectively, for allshould be given to the fact that radiative transitions between
values of the valence band offset. Theoretical calculations oX states and hole states should be dominated by phonon rep-
the strain tensor in these quantum @qisedict a large de- licas. The quantum-dot PL in these measurements is particu-
gree of built-in biaxial strain which may lift the degeneracy larly broad and therefore does not clearly show phonon rep-
of the X, andX,, bands, with theX,, ground state lower in licas in regions where we suggesstate transitions. For the
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1o —————————7 in quantum wells has been attributed to a pressure-induced
[ ] decrease in carrier density.Carrier density decrease may
100 mm u E contribute to the observed quantum-dot PL linewidth de-
% [~ A B B 12 crease. However, a carrier density decrease does not explain
E g0 | = ... 15 the disappearance of the low energy tail with increasing pres-
c [ ] » E e . . . )
s [ . ] g sure, but instead will pe expected. to cause a redgchon in
I o0f-%e .-f 4 ; luminescence on the high energy side. An increase in the PL
E | e \. {a linewidth observed above 18 kbar can be attributed to the
S 70f .. ] Jg I'-X energy band crossover.
] L N i= ;
3 ! . {x In conclusion, we have shown that s«_alf_—asse_mbled
é’ bk 0\\ o .o,- 19 Ing Al g sAS/Alg ,:Gay 75AS quantum dots exhibit unique
3 [ ‘e ® o - ® z changes in PL spectra under applied pressure. The PL peak
a 50 ] ‘o ‘/’0 1 energy shows three distinct regions with different pressure
i e coefficients which are attributed to energy level crossovers.
[ ‘ . . . , Further experiments involving theoretical calculation and
400 5 10 15 20 25 30 temperature-dependent measurements should more clearly

reveal the transitions involved at varying applied pressure. In
addition, the photoluminescence linewidth shows a signifi-
cant decrease with applied pressure which we believe is due

FIG. 4. Photoluminescence linewid{full width at half maximum and to Varying pressure coefficients for dots of different size.
peak intensity as a function of applied pressure.
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