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Energy levels in self-assembled InAs/GaAs quantum dots above the pressure-induced
G-X crossover
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Low-temperature photoluminescence~PL! studies of InAs self-assembled quantum dots~SAQD’s! embed-
ded in a GaAs matrix have been performed under hydrostatic pressureP up to 70 kbar. A strong blueshift of
the PL line from the SAQD’s withP up to 53 kbar changes to a relatively small redshift at higherP. This is
the fingerprint of aG-X crossover. Above the crossover pressure, we find experimental evidence for type-II
band alignment in the InAs SAQD/GaAs heterostructure system. This gives a reference point that allows us to
determine independently the energies of the electron and hole levels in the QD.@S0163-1829~98!52132-7#
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A large number of experimental studies of the electro
properties of In~Ga!As/Ga~Al !As self-assembled quantum
dots1,2 ~QD’s! grown by the Stranski-Krastanov mode ha
been performed in recent years. These include a wide ra
of optical,1,3–10 capacitance,3,11,7,12 and tunneling13–16 spec-
troscopy measurements. As a result, extensive and, in s
cases, conflicting information is now available onG-valley
electron and hole states in these systems. On the other h
L- and X-valley-related electron states in self-assemb
QD’s have not yet been studied experimentally, to o
knowledge, and only recently theoretically.17,18 X-valley
states can be investigated by the application of a high hy
static pressureP. With increasingP, the conduction-band
G-valley states move to higher energy and at some pres
crossX-valley states that move to lower energy, resulting
the so-calledG-X crossover. The high-pressure investig
tions of self-assembled QD’s reported to date have been
formed in a liquid-clamp cell10,19 that restricts the available
pressure range to 10–15 kbar. Experiments in a diamo
anvil cell, which can cover theG-X-crossover pressur
range, have been reported only for the related but dist
system of InAs quantum dots grown on a slightly miso
ented~terraced! GaAs surface.20

A key question concerning theG-X crossover in a hetero
structure system is the nature of theX-valley-related electron
ground state. For InAs/GaAs QD’s it might be either a siz
quantizedX state in the QD or theX-valley edge in the bulk
GaAs matrix. In other words, is there a type-I or type
alignment forX-valley states in self-assembled InAs/GaA
QD’s? The latter case gives a reference point for indepen
determination of the energies of the electron and hole st
in the QD. For the similar system described in Ref. 20, typ
band alignment was reported for pressures above the c
over, although the energy difference between bulkX states
and theX level in the QD’s was estimated to be only a fe
meV.
PRB 580163-1829/98/58~8!/4250~4!/$15.00
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Here we report high-pressure photoluminescence~PL! in-
vestigations of self-assembled InAs/GaAs QD’s atP up to
70 kbar that allow us to observe theG-X crossover. From the
qualitative change observed in the PL spectra above
crossover, we conclude that there is type-II alignment
X-valley-related states, i.e., the crossover corresponds t
intersection of the energies of the size-quantizedG states in
the InAs QD’s andX-valley free-electron states in the bu
GaAs matrix. We use this information to determine the e
ergies of the of electron and hole states localized in the Q

The sample was prepared by molecular beam epitax
450 °C on a~100! GaAs substrate with a growth interrup
after deposition of 1.8 monolayers of InAs that formed t
quantum dots. The dots were then capped by a GaAs la
grown at 600 °C. The sample (;1003100 mm2) was
placed in a diamond-anvil cell with He used as a pressu
transmitting medium. Experiments were performed at 12
in a continuous-flow4He cryostat. Photoluminescence w
excited by an Ar1 laser (l54880 Å), dispersed by a Jobi
Yvon T64000 triple spectrometer~1800 grooves grating! and
detected by a nitrogen-cooled charge-coupled device ar
The R1 fluorescence line from a ruby crystal was used
measure the pressure.

Figure 1 shows a representative series of PL spectra f
our sample at various pressures. As expected forG-point
transitions, the PL line exhibits a blueshift with increasi
pressure up toP'53 kbar. The pressure dependence of
energy of the maximum of the PL line recorded at lo
pumping densities ('0.5 mW/cm2) is shown in Fig. 2~a!.
We can see that at higher pressure the blueshift is repla
by a relatively small redshift with increasingP. This is ac-
companied by a strong decrease in the integrated line in
sity, as shown in Fig. 2~b!. Both these features are finge
prints of theG-X crossover.

For P,40 kbar the pressure dependence of the PL l
energy \v is clearly linear, with pressure coefficien
R4250 © 1998 The American Physical Society
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d\v/dP5(8.060.2) meV/kbar, slightly smaller than tha
obtained for the pressure range below 10 kbar.10 The ob-
served pressure coefficient for the QD’s is significan
smaller than that reported for bulk GaAs forP,40 kbar
pressure range, 10.7 meV/kbar,21,22 and bulk InAs, 10–12
meV/kbar.23 This might in part be due to a decrease of ele
tron size-quantization energy due to an increase of the e
tron effective mass with pressure,24 and is consistent with a
description of the QD states asG related within an effective
mass approximation. AsP approaches 50 kbar,\v increases

FIG. 1. A representative set of PL spectra at various pressu
~a! P51 bar, ~b! 220.7 kbar,~c! 237.2 kbar,~d! 258.8 kbar, and
~e! 271.7 kbar. Peak heights are normalized.

FIG. 2. Pressure dependence of~a! the energy position of the
maximum of the QD PL line and~b! the integral intensity of the
line in logarithmic scale. Inset to~a! shows a schematic diagram o
the pressure dependence of the energies of the electron and
ground states of the QD’s~dashed lines! and of theG- andX-valley
edges of bulk GaAs~solid lines!. Both energies are relative to th
GaAs valence-band edge. Arrows indicate optical transitions be
and above the crossover.
-
c-less rapidly withP. We see no clear evidence for the inte
action of theG- and X-electron states in the QD’s, as re
ported in Ref. 20. This interaction has been recently p
dicted to be very small for quantum dots.25 Above the
crossover pressure, the line exhibits a steady redshift w
increasingP, with d\v/dP'2(2.460.2) meV/kbar. This
is consistent with the recombination of electrons fro
X-valley-related states.

Our spectra provide at least two pieces of experimen
evidence that theX-valley states are those in the bulk-GaA
matrix. First, above the crossover the PL line energy
comes very sensitive to the pumping intensity. A strong~up
to 25 meV! shift of the line is observed at pressures abo
crossover when the pumping density is increased fr
20 mW/cm2 to 200 W/cm2. A representative series of spect
at P571.7 kbar is shown in Fig. 3. A characteristic feature
that the energy shift is not accompanied by any noticea
change in the asymmetric line shape except for a small
mogeneous broadening at the highest pumping intensitie

This behavior is typical of a type-II heterostructure sy
tem. In this case the recombination involves electrons from
quantum shell surrounding the positively charged InAs
gion. Due to the spatial separation of the photoexcited e
trons and holes, their accumulation with increased pump
is accompanied by strong band bending~see inset to Fig. 3!.
Therefore an additional carrier quantization energy cont
utes to the energy of the PL transition. This effect is w
known for type-II quantum wells.26,27 It has been recently
reported for InSb, GaSb, and AlSb self-assembled QD’s
have type-II band alignment at ambient pressure.27–29 In our
case the effect is not as strong as that for quantum wells,
to the smaller quantization energy for the heavyX electrons
in the GaAs.

We note that a small blueshift of the QD PL line wit
pumping can be also observed in our sample for press
below crossover, i.e., forG-G transitions. However, it may be
easily distinguished from that above crossover; it is sma
(<10 meV), it saturates rapidly with pumping, and it is a

s:

ole

w

FIG. 3. Evolution of the QD PL atP571.7 kbar with increase
of pumping intensityW. Spectra~left to right! correspond toW
50.5, 5, 50, and 200 W/cm2. Inset: Schematic band profile fo
QD’s for type-II alignment without~dashed line! and with ~solid
line! band bending due to accumulation of spatially separated
riers.
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companied by a strong change in the line shape. A sim
observation of the effect of pumping on the PL spectra
been reported recently for self-assembled InAs/GaAs Q
at ambient pressure30 and was attributed to additional stru
ture within the PL line.

The second piece of evidence of type-II alignment is t
the PL line shapes for below- and above-crossover press
are very different. Above the crossover, the line becom
strongly asymmetric, with a relatively sharp blue edge. F
ure 4 shows the line asymmetry at various pressures th
defined as the ratioD r /Db , whereD r (Db) is the energy
difference between the line maximum and the red~blue!
edge of the line taken at half maximum~so D r1Db is the
line full width at half maximum, see inset to Fig. 4!. The
change in line asymmetry occurs at about-crossover pres
50–55 kbar.

The sharp blue edge of the PL line that occurs above
crossover is consistent with recombination fro
X-valley-related electron states of the GaAs matrix. The
combination time is long enough for these electrons to
grate between the quantum shells surrounding the QD’s
reach a common equilibrium. Consequently, at low tempe
tures there is an abrupt edge between filled and empty e
tron states, which leads to the sharp blue edge of the PL
If the electrons were recombining fromX-valley states local-
ized within the QD’s, there would be no possibility of
common chemical potential and we would expect a symm
ric line shape, as at lower pressures. A similarly asymme
PL line has been observed in the spectra of type-II QD’s
ambient pressure, see Figs. 1–3 from Ref. 29.

Due to the type-II alignment ofX-like states, theG-X
crossover gives a reference point for the determination of
energies of the electron and hole levels in the QD@see the
inset to Fig. 2~a!#. The hydrostatic pressure dependence
the energies of theX-valley edge in GaAs has been report
as EX(P)5(2.01060.008)2(1.3460.04)31023P @eV#,21

whereP is in kbar. If we neglect the electron-hole Coulom
interaction energy, at the crossover@P553 kbar, \v

FIG. 4. Asymmetry~defined asD r /Db) of the QD PL line re-
corded at low excitation power at various pressures. The line
guide for the eye. Inset: PL line atP563.3 kbar showing clear
asymmetry.
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5(1.64560.005) eV# we immediately obtainEh5(290
610) meV for the hole ‘‘binding energy,’’ which is define
as the difference between the energy of the hole level in
QD and theG-point valence-band edge in bulk GaAs. T
obtain the value ofEh at P50, we need to extrapolate th
linear dependence in the Fig. 2~a! of the line position above
the crossover to the zero pressure. We believe that the li
extrapolation is valid both above and below the crossov
assuming that the difference betweend\v/dP anddEX /dP,
which might be due to either the QD quantization energy
the InAs/GaAs band offsets changing with pressure,18,31 is
not affected by the crossover. AtP50 the extrapolation
gives \v5(1.77560.01) eV for theX-state transition en-
ergy. With the band gap of bulk GaAsEG51.519 eV and the
zero-pressure emission energy\v5(1.25560.005) eV, we
obtain Eh5(235615) meV for holes, and the remarkab
small value ofEe5(30615) meV for electrons localized in
the QD.

If we take the electron-hole Coulomb interaction into a
count, we find that the above values of the binding energ
are overestimated. ForG electrons and holes in the QD, th
Coulomb interaction energy has typically been estimated
EC

G'15– 20 meV.32 From reasonable estimates forX elec-
trons that are outside the QD, the energy of interaction w
holes in the QDEC

X does not exceed 10 meV, and its effe
on the transition energy is even smaller due to the b
bending. Therefore,EC

X'5 – 10 meV is the degree of over
estimation of the above ‘‘binding energy’’ of holes andEC

G

2EC
X is the degree of overestimation for electrons.

Another possible source of errors might be due to inh
mogeneous strain in the GaAs matrix around a QD.32,18 A
uniaxial component of the strain might split strongly theX
valleys in GaAs.18 This lowers our reference point that is th
energy of the lowestX-valley edge in bulk GaAs close to th
QD. Recent calculations have estimated this correctiond loc
as 30–35 meV.18 Our binding energy is overestimated fo
holes and underestimated for electrons by the value ofd loc .

Finally these corrections give a more reasonable value
Ee'50 meV. We therefore obtainEh'215 meV. The bind-
ing energy for electrons is still much smaller than that o
tained both from calculations32,18 and capacitance measur
ments on other samples.7

To conclude, we have investigated the low-temperat
photoluminescence from self-assembled InAs quantum d
at high pressures up to 70 kbar, which allowed us to obse
the G-X crossover for the QD’s. The results of excitatio
power-density studies provide experimental evidence
type-II alignment of X states in the InAs/GaAs self
assembled–quantum-dot heterostructure. The energy p
tions of the electron and hole levels in the QD have be
estimated.
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