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State mixing in InAs/GaAs quantum dots at the pressure-induced I'-X crossing
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We have measured low-temperature (T' = 10 K) photoluminescence spectra of InAs quantum dots
embedded in a GaAs crystalline matrix under hydrostatic pressures up to 7 GPa. Below 4.2 GPa
the spectra are dominated by the emission related to the I'-like electron—heavy-hole exciton in the
InAs dots. Above 4.2 GPa the spectra show two luminescence bands that shift to lower energies with
increasing pressure. These bands are attributed to the type-I transition between X., and heavy-
hole states in the dots and the type-II transition from X states in GaAs to InAs heavy-hole states,
respectively. In the I'-X crossover regime we find evidence for a pronounced anticrossing behavior
due to mixing between InAs I'-like and GaAs X-like states. The corresponding interaction potential
is estimated to be 9 meV, which is an order of magnitude larger compared to mixing interactions

reported for semiconductor superlattices.

I. INTRODUCTION

Electron states and optical properties of low-
dimensional semiconductor systems like quantum wires
and quantum dots!™ have become increasingly impor-
tant recently. Developments in molecular-beam epitaxy
(MBE) technology offer to fabricate these structures in
a well-controlled way. Using a slightly misoriented GaAs
substrate, it is possible to grow InAs quantum dots in
a crystalline GaAs matrix due to the aggregation of the
deposited InAs on the terraced surface.®* Spectroscopic
investigations of these InAs quantum dot samples have
revealed optical properties which differ drastically from
those of simultaneously grown InAs monolayer samples.
In particular, the dot samples exhibit an inhibited relax-
ation of excitons to the ground state and longer excitonic
lifetimes.® These results confirm the zero-dimensional
properties of the InAs dot structures.

The conduction band I" and X, states (here z stands
for the growth direction) in a spatially confined system
mix with each other due to the potential step at the in-
terface.57 This leads to an anticrossing-type behavior
of these states, if the energy separation of the uncou-
pled states is less than the interaction strength. Mey-
nadier et al.® have observed this type of anticrossing in
a GaAs/AlAs short period superlattice near an electric-
field-induced T'-X crossover. Several detailed studies of
the pressure-induced I'-X crossover in the GaAs/AlAs
layer systems have been reported (see, e.g. Refs. 9-11),
but no evidence of a I'-X anticrossing behavior has been
observed. This is probably due to the small interaction
potential [about 1 meV (Ref. 8)] in these systems. In
quantum dots, however, the movement of carriers is re-
stricted in all three directions in space and the mixing
of states is expected to be more pronounced. Therefore,
quantum dot samples are more suitable for the investi-
gation of mixing effects near a I'-X degeneracy.

Here, we report low-temperature photoluminescence
(PL) spectra of a sample consisting of InAs dots in a
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GaAs matrix under hydrostatic pressures up to 7 GPa.
From the pressure dependence of the PL emission ener-
gies, we obtain clear evidence for an anticrossing behavior
near the I'-X conduction band crossover in the quantum
dots. We find a quite strong interaction potential of 9
meV which is much larger than that in a reference InAs
monolayer sample (3 meV). We attribute this difference
in the coupling constant to the enhanced mixing effect
arising from the breaking of translational symmetry by
the dot potential along all three perpendicular directions.
This is, to our knowledge, the first observation for an an-
ticrossing behavior near a pressure-driven I'-X crossover.

II. EXPERIMENTAL DETAILS

The InAs dots are grown by conventional MBE on
semi-insulating GaAs substrates, misoriented by 3.2°
with respect to the [100] direction. A reference InAs
monolayer (ML) sample with [100]-oriented substrate is
simultaneously grown side by side. Both samples consist
of 10 InAs sub-ML separated by about 100 ML of GaAs.
The InAs dots are formed due to the aggregation of de-
posited InAs at the step edges provided by the specific
terrace configuration, which is induced by the surface
tilt with respect to [100]. Details of the growth proce-
dure have been given elsewhere.® The average InAs layer
thickness is 0.8 ML for the monolayer sample and 0.3
ML for the dot sample, as determined by high-resolution
double-crystal x-ray diffraction. The lateral extent of the
dots is limited by the mean terrace size of 7 nm as deter-
mined by the misorientation angle.

The samples were mechanically thinned to total thick-
nesses of about 20 um, and then cut into pieces of about
100x100 pm? in size. High pressure photoluminescence
and optical absorption measurements were performed at
T = 10 K using a diamond-anvil cell in combination with
a helium-flow cryostat. Condensed helium was used as
the pressure-transmitting medium. Pressure was always
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changed at 300 K in order to ensure the best possible hy-
drostatic conditions at low temperatures. Pressure was
measured in situ using the ruby luminescence method2
and the temperature correction of the pressure calibra-
tion according to Ref. 13. The luminescence was excited
by the 514.5 nm line of an Ar* ion laser at a power den-
sity of about 20 W/cm?. For absorption measurements
white light from a tungsten lamp was focused onto the
sample forming a spot of about 35 um in diameter. Both
the PL and the transmitted light were analyzed by a
0.6 m single-grating spectrometer equipped with a GaAs
photomultiplier operating in fast photon-counting mode.
The absorption spectra were corrected for the spectral
dependences of the various optical components.

III. RESULTS AND DISCUSSION

Figure 1 shows zero-pressure PL spectra of the dot
sample (solid line) and the reference monolayer sample
(dashed line) measured at 10 K. The dominant peaks in
the PL spectra (labeled as D for the dot sample and M
for the ML sample) are attributed to the radiative recom-
bination of the heavy-hole exciton in the InAs monolay-
ers or dots. The energy position of peak D is somewhat
higher than that of peak M and its linewidth (full width
at half maximum), 16 meV, is about two times larger
than that of peak M (7.5 meV). The broadening of the
PL emission line in the case of the dot samples is dis-
cussed in detail in Refs. 3 and 5. The two higher energy
lines in Fig. 1 at 1.516 eV (FE) and 1.495 eV (C) are re-
lated to the free exciton and the band-to-carbon-acceptor
recombination in GaAs, respectively.

With increasing pressure the PL peaks shift to higher
energy, as demonstrated by the spectra for the dot sample
shown in Fig. 2(a). The spectra for the monolayer sample
show a similar pressure dependence. At about 4.0 GPa,
an additional very weak PL peak (X) related to the X
excitons in GaAs appears (hardly seen on the scale of
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FIG. 1. Photoluminescence spectra of InAs dots (solid
line) and InAs monolayers (dashed line) in a GaAs matrix at
zero pressure and 10 K. The spectra have been normalized.
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FIG. 2. Photoluminescence spectra at different pressures
for InAs dots in a GaAs matrix for (a) P < 4.2 GPa and (b)
P > 4.2 GPa. The dashed curves in the spectrum at 5.0 GPa
represent fitted Gaussian line profiles.

the spectra in Fig. 2), indicating the I'-X crossover in
the GaAs matrix. Above 4.2 GPa the intensity of peak
D decreases dramatically. Furthermore, above 4.2 GPa,
two new bands (D;, D) appear below the GaAs X-
related peak [see Fig. 2(b)], which shift to lower energy
with increasing pressure at a rate which is slightly larger
than that of the X peak.

The pressure dependences of the PL peak energies are
plotted in Fig. 3. The energy position of the free exciton
in GaAs (FE) is obtained from the absorption edge of
GaAs measured in transmission. Since the PL peaks D,
and D, overlap, their energy positions, linewidths and
peak intensities are determined from a least-squares fit
of Gaussian line profiles, as indicated for the spectrum
at 5.0 GPa in Fig. 2(b). The solid lines in Fig. 3 repre-
sent the results of least-squares fits to the experimental
PL peak energies using first or second-order polynomials.
The corresponding parameters are given in Table I.

The inset of Fig. 3 shows the variation of the peak in-
tensities for lines D and D; with pressure. The intensity
of peak D increases with pressure in the range from 0 to
4.2 GPa. This effect is in part attributed to an increase
in the number of carriers captured in the InAs dots as
pressure shifts the band gap closer to the laser excitation
energy. The intensity of peak D, is nearly the same as
that of peak D;, except at pressures near the crossover
point where D, is significantly weaker than D;.

The spectra of the monolayer sample also show, at
pressures above 4.2 GPa, two X-related bands with sim-
ilar characteristics concerning the pressure dependence
of their peak energies and peak intensities. As we have
previously demonstrated,!? these two bands in the InAs
monolayer sample (labeled as M; and M) correspond to
the type-II transition from the X valley in GaAs to the
heavy-hole state in the InAs monolayer and the type-I
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FIG. 3. Pressure dependence of photoluminescence peak

energies of the InAs/GaAs dot sample. Energies D, D,, and
D; refer to emission bands related to the InAs dots (see text
for the assignment), and FE and X refer to the free exciton
and X-related emission in GaAs, respectively. Data for the
free exciton in GaAs were obtained from absorption measure-
ments. The solid lines represent least-squares fits to the data.
The inset shows the pressure dependence of the peak intensity
of peaks D and D;.

transition within the InAs monolayer from the X, con-
duction band states to the heavy-hole state, respectively.
In view of these similarities, we attribute the peaks D;
and D, of the InAs dot sample to the same optical tran-
sitions.

After having presented the gross features of the
pressure-induced changes of the electronic structure of
the InAs dot sample, we now turn to the discussion of
state mixing effects near the I'-X crossover. Represen-
tative PL spectra of the dot and monolayer samples in
a narrow pressure range around 4.2 GPa are shown in
Fig. 4. The bottom and top spectra represent the situa-

TABLE I. Energies and pressure coeflicients of PL peaks
in a InAs/GaAs quantum dot sample as obtained from fitting
a quadratic relation E(P) = E(P =0)+a1 X P+ a2 X P? to
experimental data.

Peak E(0) a; az
(eV) (meV/GPa) (meV/GPa?)
D 1.468(2) 102(2) 1.3(5)
FE 1.510(2) 109(2) -1.8(5)
D, 1.939(5) -16(1)
D, 1.919(5) -17(1)
X 1.978(2) -14(1)
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FIG. 4. Photoluminescence spectra of (a) the InAs dot

sample and (b) the InAs monolayer sample in the pressure
range near the ['-X crossover (see text for peak assignments).
The spectra have been normalized. Spectra were measured
using an excitation power density of Ip = 20 W/cm?, except
for the part represented by a dashed curve.

tion just below and above the I'-X crossover, respectively.
The middle spectra correspond to the crossover points
where all I'- and X-related PL peaks can be observed.
In Fig. 5, we summarize the results obtained in the
range near the I'-X crossover for the PL peak energies
of the dot (full symbols) and ML sample (open symbols)
as a function of pressure. The intensities of peaks D and
M decrease dramatically after the crossover, such that
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FIG. 5. Pressure dependence of photoluminescence peak
energies in the pressure range near the I'-X crossover. The
full and open symbols represent the data of the dot and mono-
layer samples, respectively. The solid lines represent results
of least-squares fits (see text for details).
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the energy position at higher pressures is obtained with
relatively large error. The solid lines in Fig. 5 represent
fits to the data using a linear energy versus pressure rela-
tion. To obtain the fitted lines, only data well below and
above the crossover point were used for peaks D (M)
and D; (M), respectively. It is obvious from Fig. 5
that near the crossover the energies of peaks D (M) and
D; (M) deviate significantly from the extrapolated lin-
ear pressure dependences. This effect is more pronounced
for the dot sample. The deviation from a linear behav-
ior points to an anticrossing behavior of the energies of
peaks D (M) and D; (M), which is a manifestation of
mixing effects among conduction band states. In addi-
tion, the dot as well as monolayer sample show a peculiar
jump between energies of the D(M) and D, (M;) peaks
just at the crossover point near 4.2 GPa. We show below
that this jump rises from the difference in exciton binding
energies of I'- and X-related states.

As mentioned above an interaction or mixing between
the I" and X, conduction band states is expected to occur
in semiconductor heterostructures due to the potential
step at the interfaces.® In first-order perturbation the-
ory the energy position of two interacting states can be
expressed as”

Ey = %{(Ep + Ex) + [(Er — Ex)? + 4V?]'/2}

(1)

where Er and Ex are the energies of the I' and X, states

without interaction, and V is the interaction potential.

If we write for the pressure dependence of Er and Ex
Er=E(P.)+ar(P - P,), (2)
EX:E(PC)-}-ax(P—PC) , (3)

the pressure dependence of E. will be

E+(P) = E(P.) + L(ar + ax)(P - P.)
+{(3(ar —ax)(P = P)P+ V?}/2,  (4)

where P, and E(P.) are pressure and energy [Er(FP.)
= Ex(P.)] at the crossover point, ar and ax are the
pressure coefficients of Er and Ex, respectively. Since
the observed PL peaks correspond to the recombination
of excitons, the PL peak position is

Epu(P) = E_(P) - R(P), (5)

where R is the exciton binding energy. Taking into ac-
count an anisotropy of effective masses, the binding en-
ergy is given by!®

e‘ny
= 2he? 2, (6)
with
\/lmarcsh(\/la ), a<0
z=4q1, a=0 (7)
ﬁarcsin(\/a) , a>0.

Here, o = 1—p, /p is the anisotropy parameter, ., and
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uy are the reduced effective masses perpendicular and
parallel to the z axis, respectively. For the I' states, we
assume that ,u_—Ll = p.il = me"1+m;,:. For the X, states,
py and g are the longitudinal and transverse reduced
effective masses of excitons formed by an electron at the
X valleys and a heavy hole at I'. The effect of the state
mixing is taken into account in the calculation of the
binding energy by using an approximate expression,

py = Arpy(T) + Axpy (X)) (8)
where
V2
A= BB+ V2
Ax=1-Ar,

are the squared coefficients of I" and X, state wave func-
tions forming the mixed states. Equation (8) implies that
a mixing takes place only between the z component of the
wave functions.

Calculated energies E_ and Epy, are presented in Fig. 6
together with the experimental energies of peaks D(M)
and D;(M;). The solid and dot-dashed curves corre-
spond to the dot and monolayer sample, respectively.
The parameters used in the calculation, which are the
same for both samples with the exception of the inter-
action potential V, are listed in Table II. The values for
P,, gap energies at P, and interaction potential were ob-
tained from a least-squares fit. The agreement between
experimental data and calculated results is within exper-
imental uncertainty.
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FIG. 6. Calculated results for the anticrossing behavior of
the I and X, states. The solid and dot-dashed curves refer to
the dot and monolayer sample, respectively. The two upper
curves represent the results [Eq. (4)] for the E branch of the
I'-X coupled states. The curves through the data points for
PL peaks D(M) and D, (M) are obtained if the change of the
exciton binding energy at the crossover pressure is taken into
account.



18 424

TABLE II. Parameters entering the calculation of the
pressure-induced I'-X anticrossing behavior of PL peaks in
InAs/GaAs dot and monolayer samples: electron effective
masses at the I' and X point, heavy-hole effective mass, linear
pressure coefficients of the I' and X conduction band minima
near the crossover, crossover pressure and energy, and the in-
teraction potentials. The effective masses are taken from Ref.
16.

Parameter Value
mr 0.067
mX, 0.23
meX“ 1.3
mhy 0.48
ar 0.085 eV/GPa
ax -0.018 eV/GPa
P, 4.23+0.05 GPa
Er(P.) = Ex(P.) 1.896+0.005 eV
V (monolayer) 3+1 meV
V(dots) 9+1 meV

In the calculation, the state mixing is revealed by the
anticrossing behavior of the emission peaks, i.e., the de-
parture of Epy, from a linear pressure dependence while
approaching P. from below and above. The observed
jump in the energy Epj, at the crossover pressure orig-
inates from the large difference in binding energy be-
tween the I' and X excitons. The I'-X state mixing
due to the potential step at the InAs/GaAs interfaces in-
volves mainly the component of the electron wave func-
tion which depends on the z coordinate. As a conse-
quence, the excitonic properties change abruptly at the
crossover, resulting in a discontinuity of the pressure de-
pendence of the PL peak energy.

The interaction potential for the monolayer (3+1 meV)
is comparable in magnitude to the result of Meynadier
et al.® They obtained an interaction potential of 1 meV
for a GaAs(35 A)/AlAs(80 A) superlattices from the
electric-field-induced I'-X anticrossing. On the other
hand, the interaction potential for the quantum dots
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(9+1 meV) is significantly larger than that of the mono-
layers. This is direct experimental evidence that the mix-
ing between I' and X, states is enhanced by the potential
step at the edges of the dot, which cause the breaking of
translational invariance also in the plane perpendicular
to the z direction.

In summary, we have investigated the low-temperature
photoluminescence of a sample with InAs dots in a GaAs
matrix at high pressures. At pressures below 4.2 GPa
the dominant peak in the PL spectra (D) corresponds to
the radiative recombination of the excitons formed from
electron and heavy hole states at I'. Above 4.2 GPa,
this peak vanishes and two new emission bands (D; and
D,) appear, which are attributed to the type-II transi-
tion from X states in GaAs to the heavy-hole states in
InAs and the type-I transition within InAs involving the
Xy and heavy-hole states, respectively. Thus, the I'-X
crossover occurs at about 4.2 GPa in the InAs dots which
is close to the direct-indirect transition in GaAs. Near
the I'-X crossover, the pressure dependence of the ener-
gies of peaks D and D; show a significant deviation from
a linear behavior, indicating an anticrossing behavior.
This effect is attributed to a relatively strong interaction
between the InAs T'-like state and GaAs X-like state in
the case of quantum dots. A reference InAs/GaAs mono-
layer sample is also measured. The spectral character is
similar to that of the dots except at the I'-X crossover
point, where the emission lines of the monolayer sample
show a less pronounced nonlinear pressure dependence.
A perturbation theory expression has been used to simu-
late the anticrossing behavior at the I'- X crossover point.
The interaction potential of I' and X, states is then esti-
mated to be 9 and 3 meV for dot and monolayer samples,
respectively.
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