Direct-to-indirect transition observed in quantum dot photoluminescence

with nanoprobe indentation
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Photoluminescence (PL) of InGaAs/GaAs quantum dots (QDs) is found to be enhanced and then
quenched by localized-strain effects induced by the indentation of a nanoprobe. By using a
nanoprobe with a flat cylindrical apex of 600 nm in radius, the quench of individual fine PL peaks
originating from single QDs was analyzed to obtain the relation between the QD location relative to
the nanoprobe and the indentation force required to quench the PL. By analyzing direct-to-indirect
transition in the band lineup of the QDs and surrounding GaAs matrix through numerical
simulation, the authors concluded that the PL quench should be attributed to the crossover of the "
band of InGaAs and the X band of InGaAs. The bowing parameter of the InGaAs X band of
1050+ 50 meV was deduced by fitting the simulation result to the experimental data. © 2009

American Vacuum Society. [DOI: 10.1116/1.3010731]

I. INTRODUCTION

Localized strain is a matter of importance from the view-
point to improve physical parameters such as mobility or
energy band gap beyond that of native unstrained
materials." The most typical example of nanostructures with
localized strains is strain-induced/self-assembled quantum
dots (QDs),** whose energy band gap is affected severely by
lattice-mismatch strain. By applying a localized strain exter-
nally onto such nanostructures, e.g., through the indentation
of a nanoprobe, a further change is evoked in their physical
properties, especially in their optical properties. In our pre-
vious study,s_7 we have already reported a remarkable pho-
toluminescence (PL) enhancement by nanoprobe-induced
localized-strain effects on InGaAs/GaAs QDs and made it
clear that the enhancement is due to the accumulation of
photoexcited holes at a certain area close to the nanoprobe
edge (in the case that the nanoprobe has a flat apex).

When the nanoprobe-indentation force is further in-
creased, the PL peaks once enhanced by the indentation start
decreasing and finally disappear (quenched). This behavior
cannot be explained by the reversal process of enhancement,
i.e., the hole accumulation is not canceled out by further
indentation. Direct-to-indirect transition in the band lineup of
the QDs and surrounding GaAs matrix is the most probable
mechanism that quenches the PL since the QDs become non-
radiative by the transition.

In this article, we focus on the quench of fine PL peaks at
higher nanoprobe-indentation forces, which has not been ex-
plained in our previous study. The I'- and X-band behaviors
of the InGaAs QDs and GaAs matrix were analyzed by nu-
merical strain/energy-level calculations. The direct-to-
indirect transition condition derived by the numerical calcu-
lations was elucidated by the comparison with the
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experimental data. From the fitting of calculations and ex-
perimental data, the bowing parameter of the InGaAs X band
was deduced.

Il. EXPERIMENTS

The QDs measured in this study were strain-induced self-
assembled InjsGagsAs/GaAs QDs prepared with chemical
beam epitaxy (480 ° C).® The QDs have a pyramidlike shape9
with approximately 20 nm in base width and 7 nm in height.
The density of QDs was (5-6) X 10'° cm™. They were em-
bedded in a GaAs capping layer of 50 nm in thickness. Since
the QDs distribute randomly in a plane at 50 nm depth, the
exact location of QDs cannot be observed directly by a
microscope.

An optical fiber nanoprobe with a flat and cylindrical apex
(600 nm in radius) was indented onto the sample surface by
means of a voltage-controlled piezoelectric nanoprobe scan-
ner [lead zirconate titanate; PbZr Ti, O; (PZT) scanner] in
our scanning-tunneling-microscope—PL combination sys-
tem.'’ The measurements were performed at low temperature
(liquid helium cooled, approximately 10 K) under ultrahigh
vacuum (approximately 4 X 107 Pa). A 45°-incident laser
beam (frequency doubled yttrium aluminum garnet laser,
532 nm, 540 mW/cm?) excited the QDs/GaAs optically, and
PL from the QDs was collected through an aperture at the
nanoprobe apex. Figure 1(a) shows typical full PL spectra of
the QDs observed with nanoprobe indentation. The indenta-
tion force was increased stepwise by PZT voltage control.
The relation between the PZT voltage and indentation force
was evaluated separately by using a high-sensitivity load cell
(Tokyo Sokki, CLS-1NLS). One step of the indentation was
chosen as 57 uN increase. At each step of indentation, the
PL spectrum was measured with a monochromator (SPEX,
270M) and liquid-nitrogen-cooled charge coupled device
(SPEX, CCD-2000), with 5.0 s integration.
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FiG. 1. (Color online) (a) Two examples of full PL spectrum of the QDs with
indentation forces of 2.28 and 2.75 mN. (b) Three examples of fine PL
peaks under nanoprobe indentation, i.e., dependence of peak energy and
intensity on the indentation force.

lll. SIMULATIONS

In numerical calculation, strain distribution was analyzed
on the basis of elastic small deformation theory with finite
element method. Since the size of the nanoprobe apex was
more than one order of magnitude larger than the size of the
QDs, we separated the calculation into four steps: (1)
indentation-induced strain distribution in uniform GaAs ma-
trix (without the QDs) was calculated for 4.0(x) X 2.0(y)
X2.0(z) um3, (2) the indentation-induced strain inside/
around a single QD (pyramidal shape of 7 nm in height and
20 nm in base width) at a certain horizontal distance away
from the nanoprobe center (hereafter, the location of QD is
represented as 600 nm in QD location, which means that the
QD is located at the distance of 600 nm away horizontally
from the nanoprobe center at 50 nm in depth) was calculated
for 200X 100X 140 nm*® with applying the displacement
boundary condition derived from the first step, (3) the lattice-
mismatched strain inside/around a single QD was calculated
(separately from indentation-induced strains) for 50X 25
X 150 nm?® with a periodic boundary condition along the x
and y directions, and (4) the strains derived from (2) and (3)
were superimposed to finalize the strain distribution induced
by lattice mismatch and nanoprobe indentation. The details
of strain calculation can be found in our previous reports.6

Band gap shift induced by the strain distribution was cal-
culated with the 6 X 6 strain Hamiltonian of Pikus and Bir''
for valence band behavior. I'-band shifts and X-band shifts
were calculated with the following equations, respectively:

JVST B - Microelectronics and Nanometer Structures

TaBLE 1. Material parameters used in the simulation. All the parameters
were taken from Ref. 14 except for Z,, E,, and valence band offset (VBO),
taken from Refs. 12 and 13.

GaAs InGaAs

a (A) 5.653 25 5.863 88

¢,; (GPa) 122.10 101.92

¢1, (GPa) 56.60 50.70

¢4, (GPa) 60.00 49.39

a, (V) -7.17 -6.74

a, (V) -1.16 -1.08

b (eV) -2.00 -1.90

d (eV) -4.80 -4.18

A, (eV) 0.341 0.329

E, (eV) -0.87 -0.37

2, (eV) 8.61 6.47

Eg(T) (eV) 1.518 75 0.826 64

E(X) (eV) 1.980 79 1.346 37

VBO (eV) -6.806 -6.680
AE.(T') = A Ehydros (1)
AEL(X) = (Ed + %Eu)shydro - %Eusshear' (2)

The material parameters used in the calculation are summa-
rized in Table 1>

IV. RESULTS AND DISCUSSION

Figure 1(b) shows the intensity and peak energy depen-
dences on the nanoprobe-indentation force for three typical
fine PL peaks originating from individual QDs. Fine PL
peaks were not observed when the nanoprobe was not in-
dented onto the sample surface. For indentation forces from
~0.1 up to ~3.5 mN, 20-30 fine PL peaks appeared in the
full PL spectrum individually, as shown in Fig. 1(a). With the
indentation force increase, the intensity of the fine PL peaks
increased by more than one order of magnitude and then
decreased down to zero (quenched), as shown in Fig. 1(b).
An almost constant blueshift was observed for each fine PL
peak, ranging from 20 to 80 meV/mN. The changes in the
fine PL peaks induced by indentation are reversible, i.e., the
changes are retraced as the load is removed, unless the in-
dentation does not exceed the elastic limits, as we previously
reported.7

The blueshifts in the fine PL peaks are caused by the
increase in energy band gap of InGaAs QDs evoked by the
indentation-induced strain. The energy-band-gap increase is
mainly due to the conduction band upward shift, which de-
pends linearly on the hydrostatic component of the strain.
The observed constant blueshift of the fine PL peaks is there-
fore related to the linear dependence of hydrostatic strain on
the indentation force. By the calculation of strain-induced
energy-band-gap increase, we can deduce the location of
each QD from the rate of the blueshift of each PL peak.
The details of the estimation of QD location will be re-
ported separately, but it is approximated well (=3 nm) by
(QD location in nm)=-1.59 X (blueshift rate in meV/mN)
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+671 nm for the QD location range from 550 to 650 nm.
Most of the QDs, whose fine PL peaks were observed, were
located at the 550—630 nm in QD location. This is reason-
able since the PL enhancement occurs for the QDs located at
around the edge of the nanoprobe (600 nm in QD location)
through the strain-induced hole accumulation in the GaAs
matrix (and hence in the QDs), as we discussed in our pre-
vious reports.6’7

The quenching of fine PL peaks cannot be attributed to
the reverse mechanism of PL enhancement, i.e., hole-
accumulation reduction, because the hole accumulation in-
creases monotonically with indentation force for a nanoprobe
with a flat cylindrical apex. Direct-to-indirect transition in
the band lineup of the QDs and surrounding GaAs matrix is
the most probable mechanism responsible for the PL. quench-
ing since the transition changes radiative QDs to nonradia-
tive. The direct-to-indirect transition can take place for three
patterns, i.e., I' (InGaAs) versus X (InGaAs) crossover, I’
(QD) versus I' (GaAs) crossover, and I" (QD) versus X
(GaAs) crossover. I' (InGaAs) represents the I" band for
strained bulk InGaAs, where no quantum confinement effect
is involved. On the other hand, I" (QD) is the I'-band quan-
tum ground level of the InGaAs QD, which is higher than T’
(InGaAs) due to the quantum confinement effect in the QDs.
When I' (InGaAs)-X(InGaAs) crossover occurs, I' (QD) is
not the lowest energy level in the QDs anymore, but X (QD)
becomes the ground level (reciprocally indirect). When I'
(QD) versus I' (GaAs) crossover takes place, the electrons
are not confined in the QDs anymore, but they are localized
around the QDs (spatially indirect). The I' (QD) versus X
(GaAs) crossover brings therefore reciprocally and spatially
indirect situation.

Itskevich et al. analyzed the intensity decrease in PL of
the InAs/GaAs QDs ensemble observed in the hydrostatic
pressure experiment and attributed it to the I' (QD) versus X
(GaAs) crossover.> However, unlike in the case of hydro-
static pressure experiments, the strains evoked by the nano-
probe indentation have a large shear strain component (espe-
cially at around the edge of the nanoprobe), which drastically
affect the X-band behaviors. For the following discussion,
we elucidate that the quenching of the fine PL peaks ob-
served in our nanoprobe-indentation experiment should be
attributed to the I' (InGaAs) versus X (InGaAs) crossover.

The distributions of hydrostatic and shear strains and
those of energy shifts in the I' and X bands obtained from
strain/energy-level calculations are given in Fig. 2 for the
case of the QD located at the edge of the nanoprobe (600 nm
in QD location) with 3.0 mN indentation. Horizontally sym-
metric (asymmetric) components of strain/energy-shift distri-
butions are due to the lattice mismatch (nanoprobe indenta-
tion). It can be seen that the X-band shifts correspond mostly
to the shear strain distribution, whereas I'-band shifts are
proportional to the hydrostatic strain. We have derived the
I'-and X-band levels for strained InGaAs inside the QD by
volume averaging the variation in the energy shift inside the
QD.'® For the energy levels of GaAs matrix, we took also

J. Vac. Sci. Technol. B, Vol. 27, No. 2, Mar/Apr 2009

volume averaging of a 2 nm thick layer covering the QD
since the energy shifts are mostly concentrated in the 2 nm
thick layer, as can be seen in Fig. 2.

The band lineup diagram obtained from the above calcu-
lation is illustrated in Fig. 3 for the QD at 600 nm in QD
location, with 0.0 (lattice mismatch only) and 3.0 mN inden-
tations. Here, we assumed that the bowing parameter of the
X band of InGaAs is 1050 meV based on a reason described
later. With 3.0 mN indentation, the X (InGaAs) level be-
comes 24 meV lower than the I' (InGaAs) level, while the X
(GaAs) level is still higher (300-400 meV) than the I (QD)
level. Therefore, our calculation indicates that the I (In-
GaAs) versus X (InGaAs) crossover takes place for the QDs
with 3.0 mN indentation, whereas I' (QD) versus X (GaAs)
does not. The indentation force required to achieve the I'
(QD) versus X (GaAs) crossover was estimated to be ap-
proximately 7.4 mN [X (GaAs) becomes lower than I’
(GaAs) for the indentation above 6.3 mN].

In order to elucidate our I'-X crossover estimation, we
have compared the experimental results with the calculation
as follows. From the experiments, the indentation forces re-
quired to quench the individual fine PL peaks were derived
together with each QD location. On the other hand, the in-
dentation force to evoke the I' (InGaAs) versus X (InGaAs)
crossover can be derived from the calculation as a function
of the QD location. The experimental results and the simu-
lation prediction are plotted together in Fig. 4. For each fine
PL peak, two connected points are plotted in Fig. 4 to indi-
cate the indentation force where the fine PL peak achieved
the maximum and that where the peak disappeared. The I'-X
crossover should take place between the two points. The QD
location is derived from the blueshift rate of each fine PL
peak.

The calculation gives a curve of the boundary where the I
(InGaAs) versus X (InGaAs) takes place. In order to derive
the curve, we need the bowing parameter of the InGaAs X
band. Although two values were found in references for the
bowing parameter (experimentally obtained 80 meV by
Kelso et al. '"'* and theoretically derived 1400 meV by Po-
rod and Ferry19 and Adachi 20), there seems to be no estab-
lished value so far. Therefore, we treated it as a fitting pa-
rameter in our calculation. The experiments and calculation
agrees well in Fig. 4 with the bowing parameter of
1050 meV. This shows that direct-to-indirect transition by
the I' (InGaAs) versus X (InGaAs) crossover is the mecha-
nism of the quenching of the fine PL peaks. The best-fitted
curve was obtained with the bowing parameter of the In-
GaAs X band of 1050 meV, and its deviation should be
*50 meV. The bowing parameter of 1050+ 50 meV de-
duced in this study will contribute to the evaluation of the
X-band bowing parameter of InGaAs experimentally.

Further investigations on strain nonuniformity and L-band
behavior (as well as detailed data analysis) are required for
the complete understanding of the nanoprobe-induced strain
effects. The detailed reports including these issues will be
presented in the near future.
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FIG. 2. (Color online) Calculated distributions of strain (hydrostatic and principle shear) and energy shift (I" and X bands) for the QD located at the edge of
the nanoprobe with 3.0 mN indentation.
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Experimental data are plotted as two connected points (intensity maximum
FiG. 3. (Color online) Band lineup diagram calculated for the QD located at and totally quenched) for each fine PL peak. The solid curves were derived
the edge of the nanoprobe with 0.0 mN (lattice mismatched) and 3.0 mN from simulation with the InGaAs bowing parameters of 1000 (top), 1050
indentations. (middle), and 1100 (bottom) meV, respectively.
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V. CONCLUSION

The quenching of fine PL peaks originating from indi-
vidual InGaAs/GaAs QDs by nanoprobe indentation is at-
tributed to the I' (InGaAs) versus X (InGaAs) crossover. The
experimentally obtained relation between the quenching in-
dentation force and the QD location agrees well with the
direct-indirect boundary predicted by the numerical simula-
tion. The bowing parameter of 1050 =50 meV was deduced
for the InGaAs X band from the experiment/simulation com-
parison. This result shows a high feasibility of nanoprobe-
indentation experiments/simulations, in which material pa-
rameters relating to higher energy bands can be deduced with
nanometer-scale resolution.
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