
Photoluminescence from self-assembled long-wavelength InAs ÕGaAs
quantum dots under pressure

B. S. Ma,a) X. D. Wang, F. H. Su, Z. L. Fang, K. Ding, Z. C. Niu, and G. H. Li
State Key Laboratory for Superlattices and Microstructures, Institute of Semiconductors,
Chinese Academy of Sciences, P.O. Box 912, Beijing 100083, People’s Republic of China

~Received 14 August 2003; accepted 29 October 2003!

The photoluminescence from self-assembled long-wavelength InAs/GaAs quantum dots was
investigated at 15 K under hydrostatic pressure up to 9 GPa. Photoemission from both the ground
and the first excited states in large InAs dots was observed. The pressure coefficients of the two
emissions were 69 and 72 meV/GPa, respectively. A nonlinear elasticity theory was used to interpret
the significantly small pressure coefficients of the large dots. The sequential quenching of the
ground and the excited state emissions with increasing pressure suggests that the excited state
emissions originate from the optical transitions between the first excited electron states and the first
excited hole states. ©2004 American Institute of Physics.@DOI: 10.1063/1.1635988#

I. INTRODUCTION

In recent years InAs/GaAs self-assembled quantum dots
~QDs! have been attracting continuous and popular interest
due to their potential and feasible applications in electronics,
optoelectronics, photocommunication, and quantum informa-
tion due to their prominent zero-dimensional properties, as
well as convenient and economical growth process.1 Appli-
cation to optical fiber communication systems requires 1.3–
1.55 mm long-wavelength emissions from the dots at room
temperature. Many approaches, such as the overgrowth of an
InGaAs strain-reducing layer and the decrease of the growth
rate, have been introduced to extend the room-temperature
emission wavelength to 1.3mm. The InGaAs layer can re-
duce the surface strain in the dots induced by a GaAs cap-
ping layer, and the low growth rate favors the formation of
large dots,2–5 both of which give rise to the redshift of the
dot’s emission energy. The large InAs/GaAs dots studied in
this article are fabricated in this way.

Photoluminescence~PL! measurement under high hy-
drostatic pressure has proved to be an effective tool for ex-
ploring the electronic structures and optical transitions in
bulk crystals or microstructures. To data PL observations un-
der pressure have been mostly focused on small dots, i.e.,
InAs dots less than 5 nm in height and 20 nm in base size,
the PL energy of which is always more than 1.1 eV.6–8 The
measured pressure coefficients of these dots are about 75–90
meV/GPa, 17%–30% smaller than that of the band gap of
GaAs. They are also smaller than the commonly accepted
pressure coefficient~PC! of bulk InAs. It is, therefore, inter-
esting to look for the root cause of the smaller PC. Monjo´n
et al. have recently studied the pressure dependence of the
PL from large InGaAs dots, which are 6–8 nm in dot
height.9 They found that the PC of the large dots was only 65
meV/GPa, smaller than those of the small dots. Their expla-
nation was based on an early work for bulk InAs, which gave

a considerably small PC of about 48 meV/GPa.10 However,
the reason the QDs have so small PCs is still an open issue.
In this article we report on a PL investigation of the large
InAs/GaAs QDs under hydrostatic pressure. Photoemissions
from both the ground and the first excited states were ob-
served. Similar to Monjo´n’s results, the PCs of the ground-
state-related and excited-state-related PL peaks measured
here are also smaller than the previous results for small dots.
In virtue of a nonlinear elasticity theory developed by Frog-
ley et al.,11 we demonstrate here that the built-in strain in
InAs dots may be the main reason for the much smaller PC.

II. EXPERIMENTAL DETAILS

The sample was grown by molecular-beam epitaxy in
the Stranski–Krastanow mode on a~100!-orientedn1 GaAs
substrate. The grown structure consisted of a 510 nm GaAs
buffer layer, then three 2.5-monolayer~ML ! InAs QD layers,
and finally a 50 nm GaAs capping layer. Each InAs QD layer
was covered by a 3 nm In0.1Ga0.9As strain-reducing layer and
a 50 nm GaAs protecting layer. There were growth interrup-
tions during the growth of the InAs QDs: each 0.1 ML InAs
deposition was followed by a 20 s As4 exposure. The whole
growth process and sample structure were similar to those
presented in Ref. 5.

Atomic force microscopy~AFM! measurements before
the overgrowth of the InGaAs layer show that the QDs have
an average lateral size of 78 nm and height of 7.3 nm. The
QDs could undergo changes in the dot size and shape during
the overgrowth. The density of dots is not very high, and a
few sparsely distributed smaller dots are also found in the
AFM image.

For pressure experiments the samples were mechanically
thinned to a total thickness of 20mm, and then cut into
pieces of 1003100 mm2 in size. High-pressure PL measure-
ments were performed at 15 K by using a diamond-anvil cell
~DAC! to generate pressures up to 9 GPa. Condensed argon
was used as the pressure-transmitting medium. The pressure
was determined from the shift of the rubyR1 fluorescence
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line and was always changed at room temperature so as to
ensure the best possible hydrostatic conditions.

Both the 632.8 nm line~red! of a He–Ne laser and the
530.8 nm~green! line of a Kr1 laser acted as the excitation
sources for the PL measurements. The excited luminescence
was analyzed by using a 0.5 m single-grating monochrom-
eter equipped with a cooled Ge detector. In addition, the
variations of the PL spectra of the samples without mechani-
cal thinning with excitation power and temperature were
measured on a Nicolet FTIR760 Fourier spectrometer at am-
bient pressure.

III. RESULTS AND DISCUSSION

Figure 1 shows the low-temperature~15 K! PL spectra
measured at nearly zero pressure~0.14 GPa! and excited by
the 530.8 nm~a! and 632.8 nm~b! lines, respectively. Up to
five peaks are observed in the 530.8 nm line-excited spectra,
and four in the 632.8 nm line-excited one. These peaks are
labeledP1–P5 as shown in Fig. 1. The dotted curves repre-
sent the fitted Gaussian line profiles. The energy discrepancy
between the same peaks in the two spectra is within experi-
mental uncertainty.

P5 at around 1.493 eV is much weaker in intensity under
the 530.8 nm line excitation than under the 632.8 nm line
one. It is attributed to an impurity-related emission from the
GaAs substrate. Due to more absorption of the green 530.8
nm line in the samples, the GaAs substrate-related emissions
excited by this line get weaker, while those related to the
InAs structures vary little in intensity.

The three peaks,P1 , P2 , and P3 , can be attributed to
the luminescence from the QDs. Similar to Ref. 5, the most
dominant feature,P1 , is attributed to the ground state tran-
sitions of the InAs QDs.P2 at the higher energy side ofP1

has proved to be an emission from the excited states in the
QDs. We measured the PL spectra under different excitation
levels and temperatures, which are illustrated in Fig. 2. With
increasing excitation power,P2 gets more and more distinct
with respect toP1 . That is to say, the intensity ratio between

P2 and P1 increases with the excitation power. This is a
typical feature of the excited state transitions in QDs.4,12–14

In contrast toP2 , P3 at 1.29 eV undergoes little change in its
intensity relative toP1 when the excitation power increases
by 2 orders. SoP3 is independent ofP1 and impossible to
stem from the excited states of theP1-related QDs.12,15 We
tentatively attributedP3 to the PL from the smaller InAs
QDs in the sample. This assignment is also consistent with
the changes of PL spectra with temperature. As shown in Fig.
2~b!, P3 quenches at about 120 K, whileP1 and P2 exist
until room temperature. It is known that smaller dots have
larger localization energy,14,16–18which leads to smaller ac-
tivation energy for the thermal escape of carriers. Therefore
the PL from smaller dots will disappear at a lower tempera-
ture. Actually, as can be seen in the AFM image, some
smaller dots scatter among the crowd of larger dots. Their
size distribution is much more sparse and inhomogeneous
than that of the larger dots; consequently,P3 is far weaker
thanP1 , and its full width at half maximum is broader.

At low temperature, the PL from the InAs wetting layer
is always several orders weaker than the QD’s emission, and
its peak energy is about 1.4 eV.19,20 In Fig. 2~a!, a sharp and
weak peak is well resolved at about 1.4 eV. Furthermore, the
energy position and the line shape of this peak change little
with respect toP1 during the increase of the excitation level.
All these suggest that this peak may be an emission from the
InAs wetting layer. There is also a weak peak,P4 , at 1.37 eV
in the 530.8 nm line-excited spectra shown in Fig. 1~a!. In
view of the similar energy and intensity, this feature may
also be the emission from the InAs wetting layer. The line-
width of P4 in Fig. 1~a! measured in the DAC is much larger
than that in Fig. 2~a! measured before the mechanical thin-
ning of the sample. It may be the result of the strain relax-
ation and defects induced during the mechanical thinning.

The evolution of the PL spectra with increasing pressure
is illustrated in Figs. 3 and 4. All the spectra have been
normalized according to the respective strongest peak. In the
pressure range below 4 GPa, all the features in the spectra

FIG. 1. PL spectra of the InAs/GaAs QDs at 0.14 GPa and 15 K excited by:
~a! 530.8 nm and~b! 632.8 nm lines. The dotted curves represent the fitted
Gaussian line profiles.

FIG. 2. PL spectra of the InAs QDs at ambient pressure excited:~a! under
different excitation levels at 10 K and~b! at different temperatures under 10
mW excitation. The spectra have been normalized according to the respec-
tive strongest peak.
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shift to higher energy with increasing pressure. At about 4
GPa,P5 weakens abruptly and then quenches beyond detec-
tion. Above 4 GPa, other peaks keep on shifting to higher
energy positions with increasing pressure untilP3 disappears
at nearly 6.7 GPa.P1 remains up to 6.8 GPa in the red-line-
excited spectra and up to 7.7 GPa in the green-line-excited
one.

We summarize the pressure dependence of the PL peak
energy in Fig. 5. The solid lines represent the results of the
least-squares fits to the experimental data by using quadratic
relations. Above 4 GPa, the blueshift ofP5 in the red-line-
excited spectra is replaced by a relatively small redshift with
increasing pressure. The data points are located on the
dashed line, which is a commonly accepted pressure depen-
dence of theX-related emission in GaAs.13 The energy posi-
tions of theP3 peaks deviate significantly from the linear
extrapolation when the pressure increases beyond 4 GPa.
Thus, the fits to the energy data ofP3 only cover the pressure

range below 4 GPa. There is no fit to the data ofP4 in the
632.8 nm line-excited spectra due to insufficient data. The
corresponding first- and second-order coefficients are listed
in Table I. The fitting parameters in Table I are obtained from
the 632.8 nm line-excited spectra except those ofP4 . The
PCs obtained under the two excitations are all but the same.

By and large, no PL peaks exceptP1 andP2 exhibit an
anomalous PC. The PC ofP5 is almost the same as that of
the direct gap of bulk GaAs at low temperatures, 108
meV/GPa.21,22 The PC of P4 agrees well with the results
reported recently for the wetting layer,9 and that ofP3 also
lies in the range of 75–102 meV/GPa,6–8,23 the results of
small InAs dots measured before. Surprisingly, the PCs ofP1

andP2 are only 69 and 72 mev/GPa, respectively, which are
35% lower than that of bulk GaAs. The PC of the InAs QD
is sensitive to the size of the QD. Liet al. demonstrated that
the PC measured for the 1 ML thick InAs QDs grown on a
slightly misoriented ~terraced! GaAs substrate is 102~2!
meV/GPa, only 5% smaller than that of GaAs.23 Lyapin
et al. reported the PCs of InAs/GaAs QDs, which are 16 nm
in lateral size and 1.6 nm in dot height, to be 80~2!
meV/GPa.6 The PCs of the InAs dots measured by Itskevich
et al., which exhibit a 15 nm lateral size and 3 nm thickness,
are only 75~2! meV/GPa.8 Each of these results is larger than
ours. On the other hand, the recently reported PC of large

FIG. 3. PL spectra of the InAs QDs excited by 632.8 nm line under different
pressures. The spectra have been normalized with respect to the respective
strongest peak.

FIG. 4. PL spectra of the InAs QDs excited by 530.8 nm line under different
pressures. The spectra have been normalized with respect to the respective
strongest peak.

FIG. 5. Pressure dependence of the PL peak energies of the InAs/GaAs QDs
under the excitation of:~a! 632.8 nm and~b! 530.8 nm lines. The solid lines
represent the results of least-squares fits to the experimental data. The dotted
lines are the pressure dependence of the indirect transition from theX valley
to the valence band in bulk GaAs~see Ref. 13!.

TABLE I. Coefficients describing the dependence on pressure of the PL
peaks of the InAs/GaAs QDs obtained from least-square fits to the experi-
mental data by usingE(p)5E01A13P1A23P2.

Peak
E0

~eV!
A1

~meV/GPa!
A2

~meV/GPa2!

P1 1.088~4! 69~3! 20.5~4!
P2 1.152~6! 72~4! 21.1~7!
P3 1.278~3! 85~3! 0.1~9!
P4 1.359~3! 95~4! 20.9~11!
P5 1.479~3! 106~4! 20.7~11!
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InGaAs QDs, 6–8 nm in height,9 is slightly smaller than our
results. Figure 6 displays the measured PCs as a function of
the PL peak energy. It can be seen clearly that the PC is
reduced with the decrease of the PL peak energy. In other
words, the increase of the dot size~mainly the dot height!
results in the decrease of the PC, provided that the PL peak
energy is negatively correlated to the dot size/height.

It is interesting to compare the PCs of the InAs QDs
with that of bulk InAs even though the PC for the band gap
of bulk InAs is still a controversial issue. The PC value, 96
meV/GPa, which is a little smaller than that of bulk GaAs, is
obtained from most theoretical calculations and experimental
measurements.24 Although Edwards reported that the PC of
the absorption edge of bulk InAs was only 48 meV/GPa,10 it
does not seem well accepted. If we take 96 meV/GPa as the
PC of bulk InAs, a majority of the measured PCs of InAs/
GaAs QDs is smaller than those of both bulk GaAs and bulk
InAs. Note that 96 meV/GPa corresponds to the PC value of
strain-free InAs bulk materials. It is well known that self-
assembled InAs/GaAs QD structures are characterized by
huge built-in strains due to the large difference between the
lattice constant of InAs and that of GaAs. The variation of
the internal strain with pressure then seems certainly to affect
the PC of the InAs band gap. Itskevichet al. mentioned the
possible influence of the strain in the dots on the PCs, but
neither detailed qualitative analysis nor quantitative estimate
was made in their paper.7 Frogley et al. estimated quantita-
tively the strain’s effect on the PC of an InGaAs strained
layer grown on a GaAs substrate. They concluded that the
change of misfit strain and elastic constants with pressure
accounted for the anomalously low band gap PCs of strained
InGaAs layers.11 Following their treatment, we can also
evaluate the PC of an InAs strained layer. According to Fro-
gley’s model, the heavy-hole band gap of the InAs strained
layer grown on a~001!-oriented GaAs substrate,Eg

hh, is ex-
pressed as

Eg
hh5Eg1~aCB2aVB!evol2bVBeax, ~1!

whereEg is the band gap of unstrained InAs,aCB and aVB

are the hydrostatic deformation potentials of its conduction
band and valence band, respectively, andbVB is the axial
deformation potential of the valence band.evol denotes the
volumetric strain, whileeax the axial strain. In the biaxial
strain condition the two types of strain are given by

evol5~22n2D!e ~2a!

and

eax5~11n2D!e, ~2b!

respectively, wheree5(al2as)/al is the misfit strain in-
duced by the difference between the lattice constant of the
substrate,as , and that of the epilayer,al . n2D52C12/C11 is
the biaxial Poisson ratio.C12 and C11 represent the elastic
constants. Under applied pressure the lattice constants of the
substrate and the epilayer vary, as does the misfit strain. The
misfit strain e(P), deduced from Murnaghan’s equation of
state and then expanded to the first order in pressure, is

e~P!'
al

02as
0

al
0

1
1

3

al
0

as
0 S 1

Bs
2

1

Bl
D P5e01e8P, ~3!

whereBl andBs are the bulk modulus of the InAs epilayer
and that of the GaAs substrate, respectively. Similarly, the
Poisson ratio also varies with pressure. Assuming that the
elastic constants,Ci j , depend linearly on pressure and taking
Ci j8 as the linear coefficients, one obtains the biaxial Poisson
ratio

n2D~P!52
C12

0 1C128 P

C11
0 1C118 P

'n2D
0 1n2D8 P. ~4!

The superscripts or subscripts 0 in Eqs.~3! and~4! indi-
cate the values of the parameters at ambient pressure. Apply-
ing the expressions~3! and~4! to Eq.~1! gives the PCs of the
strained layers as

]Eg
hh

]P
'

aCB2aVB

Bl
1$~aCB2aVB!@~22n2D

0 !e82e0n2D8 #%

2bVB@~11n2D
0 !e81e0n2D8 #, ~5!

where (aCB2aVB)/Bl is the PC of the band gap of unstrained
bulk InAs. Based on Eq.~5! and the values of the concerned
parameters given in Ref. 11, we can calculate the PCs of the
fully strained InAs layers grown on~100!-oriented GaAs
substrates. The calculated result is 77 meV/GPa, much lower
than that of unstrained bulk InAs, 96 meV/GPa. Though the
strain in InAs QDs may be somewhat different from that in
two-dimensional InAs layers, the strain effect is one of the
main reasons for the low PCs of such large flat InAs QDs as
studied here.

In addition to the effect of the internal strain on the
band-gap PC of InAs, the variations of the confined energy
of electrons and that of holes with pressure work on the PCs
of the QDs. The decrease of the PC with the increase of the

FIG. 6. Pressure coefficients of the InAs/GaAs QDs as a function of the PL
peak energies. The solid square are the results of the peaksP1 , P3 , andP5

in this work. The open circle is from Manjo´n et al. ~see Ref. 21!, the open
triangle from Itskevechet al. ~see Ref. 8!, the open square from Lyapin
et al. ~see Ref. 6!, and the open diamonds from Liet al. ~see Ref. 23!.
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dot size, as shown in Fig. 6, may be largely due to the change
of the confined energy. In fact, the PL peak energy of the
dots can be written as

EPL~P!5Eg
hh~P!1E1e~P!1E1h~P!2Eex~P!, ~6!

whereEg
hh is the heavy-hole band gap of strained InAs,E1e

and E1h are the confined energy of electrons and that of
holes, respectively.Eex is the exciton binding energy. Then
the PC of the PL peak energy of the QDs is

dEPL

dp
5

dEg
hh

dp
1

dE1e

dp
1

dE1h

dp
2

dEex

dp
. ~7!

The four terms on the right side of the above equation
can be treated in different ways. The first term, which is 77
meV/GPa in the two-dimensional and fully strained InAs
layer, has been intensively discussed above. The fourth term
can be neglected on account of the small magnitude ofEex.
As a result, the second and third term play an important role
in the PCs of the emission from InAs QDs.

Three main factors: barrier height, effective mass, and
dot size~usually referred to as dot height! have influence on
the confined energy of electrons and holes. First of all, since
the PC of InAs is smaller than that of GaAs, the barrier
height increases rapidly with increasing pressure.25 Hence,
the confined energy of electrons and that of holes grow
higher, which results in a positive contribution to the PCs.
For narrow and shallow InGaAs/GaAs quantum wells
~QWs!, the smaller the well width, the more the change of
the barrier height affects the PCs.25 This effect is still true in
the case of the InAs QDs and is the major reason for the
increase of PC with the blueshift of the PL peak correspond-
ing to the reduced dot size. Second, owing to the pressure-
induced nonparabolic effect,26 the electron effective mass
grows heavier with increasing pressure giving rise to the
drop of the electron-confined energy and thereby a negative
contribution to the PCs.6,7,27 If the influence of the increased
effective mass prevails over that of the elevated barrier
height, the PC of the PL from the QDs will be even smaller
than that of the InAs band gap. Finally, similar to the well
width in QWs, the dot size, especially the dot height, de-
creases with increasing pressure. As a result, the confined
energy becomes larger leading to the increase of the PC.
However, this positive contribution was proved to be small
in the InGaAs/GaAS QWs.25

The above discussion is still qualitative. The formation
of InAs QDs will somewhat relax the strain in the dots.28,29

Thus, the QDs may not be so fully strained as two-
dimensional InAs layers. Moreover, a more detailed calcula-
tion is required to ascertain the confined energy of the elec-
trons and that of the holes in the dots with different sizes and
their variations with pressure. In other words, it is necessary
to perform a further theoretical study to obtain the exact
value of the PC of the PL from the QDs and the PC’s depen-
dence on dot size.

Figure 7 depicts the changes of the integral intensities of
various PL peaks with pressure. For clarity, the intensities of
P3 andP5 are multiplied by the factors 0.1 and 0.01, respec-
tively. Consistent with the previous measurements,8,21,22 the
intensity of the GaAs-related peak,P5 , decreases abruptly

by about 2 orders of magnitude above 4 GPa, which indi-
cates theG –X crossover in the GaAs substrate.P3 begins to
weaken at about 5 GPa, not so dramatically asP5 . Both the
intensity drop and the significant deviation from the extrapo-
lated linear pressure dependence at 4 GPa, as mentioned
above, suggest that theG –X state mixing effect is evident in
the small dots.23 Without X-related experimental data avail-
able, the corresponding interaction potential has not been
estimated. With increasing pressure, the PL linesP2 andP1

sequentially quench at around 6.2 and 7.8 GPa, respectively,
and P2 drops more rapidly thanP1 in intensity. Itskevich
et al. have pointed out that if all optical transitions are from
the same ground electronic state in the QD, all the corre-
sponding PL lines should quench simultaneously at the same
pressure.8 Therefore, we ascribeP2 andP1 to the transitions
from different electron states. That is to say,P2 , the excited-
state emission in the dots, is related to the optical transition
from the first excited electron state to the first excited hole
state, rather than from the ground electron state to the excited
hole state, as has been predicted in small InAs/GaAs
dots.16,14 Theoretical calculation confirms that there is more
than one bound-electron state in InAs/GaAs dots if their
bases are large enough.17 Here the InAs QDs are 7.3 nm
thick and 78 nm long on average; therefore, it is probable
that excited electron states exist in them.

IV. SUMMARY

To conclude, we measured the PL from large, flat, and
strained InAs/GaAs QDs under hydrostatic pressure up to 9
GPa at 15 K. The five features observed in the PL spectra are
attributed to the emissions from the ground and the excited
states of the large dots, the PL from the small strained dots
and the wetting layer, and the impurity-related emission in
the GaAs substrate, respectively. They all exhibit a blueshift
with increasing pressure below the crossover. The PCs of the
first two peaks are only 69 and 72 meV/GPa, respectively,
which are smaller than those of small InAs/GaAs dots. The
analysis based on the nonlinear elasticity theory reveals that
the change of the misfit strain and elastic constants with

FIG. 7. Peak intensities vs pressure of the features in the PL excited by:~a!
632.8 nm and~b! 530.8 nm lines. The solid lines are guides for the eye.
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pressure can significantly reduce the PC of the band gap of a
strained InAs layer. It may be the main reason for the con-
siderably low PCs of the large dots studied here. The sequen-
tial quenching of the PL peaksP2 and P1 suggests that the
excited-state emissions from the large QDs are related to the
transitions from the first excited electron states to the first
excited hole states.
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