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The location of quantum dots �QDs� embedded in a GaAs matrix is successfully identified by microscopic
photoluminescence �PL� measurement during nanoprobe indentation with a horizontal scan at low temperature
�10 K�. By introducing a high-sensitive load cell and a focused ion beam-fabricated flat-apex nanoprobe, the
indentation force and PL of QDs are measured simultaneously at each point in the direction of the nanoprobe
horizontal scanning with a constant indentation force. The experimental results show that the emission energy
from QDs has a strong dependence on the location of QDs relative to the nanoprobe-indented location.
Consequently, the emission energy shifts with the nanoprobe scan, generating an emission trace with a constant
indentation force. Based on the energy shift of the ground state of the QD simulated by the combination of
three-dimensional finite element strain calculation and strain-dependent k·p Hamiltonian, an estimation
method is developed, which enables us to identify the location of the QD from its emission trace in the
nanoprobe indentation experiment. Results indicate that all the emission traces clearly observed are emitted
from the QDs around the edge of the nanoprobe-indented area. Further discussion reveals that the evolution of
shear strain generates hole accumulation around the contact edge of the indented nanoprobe. Consequently, the
high density of holes enhances the PL of the QDs in that region.
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I. INTRODUCTION

In�Ga�As/GaAs quantum dots �QDs� have extensive
promising applications in electronic and optoelectronic de-
vices, such as semiconductor lasers,1–3 light-emitting
diodes,4–6 single electron transistors,7 infrared detectors,8,9

and quantum communications.10 To improve the perfor-
mance of QD-based devices, it is crucial to gain detailed
understanding on the optical and electronic structure of
quantum dots and their control. It is also significant to mea-
sure the mechanical, optical, and electrical properties of in-
dividual QDs. This involves knowledge on three fronts: lo-
cation of the QD, strain experienced by the QD, and response
of the QD. For the location of the QD, various methods had
been employed to describe the conformation of the QD
sample, such as scanning electron microscope,11,12 scanning
tunneling microscope,13,14 atomic force microscope,11,12 and
surface-sensitive grazing incidence x-ray diffraction.15 For
the strain-based modulation of the QD, much work has been
done to tune the discrete energy levels of QDs by thermal
annealing,16 strain-release capping layer,17 hydrostatic pres-
sure by diamond-anvil cell,18 and local indentation by
nanoprobe.19–26 For response measurement of the QD, a
widely used method was spectroscopy.18–26 However, only a
few experiments have tried to combine mechanical manipu-
lation and optical spectroscopy; for example, the diamond-
anvil cell only measures the energy shift of the whole QD
sample due to the external hydrostatic pressure.18 The inden-
tation of the optical fiber nanoprobe provides an efficient
way to exert local pressure on the QD sample and to measure
the photoluminescence �PL� of the QDs near the aperture of
the probe,19–26 but no effort has been made to identify the

locations of the observed QDs in these studies.19–26 Further-
more, the quantitative understanding of the dependence of
the energy-level shifts of QDs on the external strain has been
insufficient to realize the precise tuning of the energy levels
of QDs in most of the above-mentioned works.19–25 This is
because the shapes of the probes were not fabricated
precisely,19–24 or the two-dimensional analysis was insuffi-
cient to describe the three-dimensional �3D� strain field of
the QD.19,20,23–25 Additionally, the indentation force in these
experiments was estimated indirectly from the displacement
at the end of nanoprobe connected to the piezo-unit.19–25 A
system that can realize the addressing, tuning, and response
measurement of individual QDs is required for a better un-
derstanding of the electronic and optical properties of indi-
vidual QDs.

In this paper, a method of location identification of QDs
based on the combination of nanoprobe indentation system
and high-sensitive load cell is developed to realize the ad-
dressing, tuning, and PL measurement of individual QDs.
First, based on the simultaneous measurement of the inden-
tation force and PL of QDs achieved by introducing a sensi-
tive load cell into a nanoprobe indentation system,26 the PL
spectrum of the QDs is measured at each point in the direc-
tion of the nanoprobe horizontal scanning with a constant
indentation force. Second, a theoretical analysis is performed
through a three-dimensional finite element �FE� calculation
and six-band strain-dependent Hamiltonian. Finally, the lo-
cations of the QDs relative to the nanoprobe are determined
from fitting of PL peak energy shifts with the horizontal
scan. PL enhancement due to strain-induced hole accumula-
tion is also discussed.
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II. EXPERIMENT

The sample of In0.5Ga0.5As QDs was prepared on a �001�
GaAs substrate by chemical beam epitaxy.27,28 Next, the QDs
were capped with a 50 nm thick GaAs layer. The configura-
tion for the nanoprobe PL measurement is given schemati-
cally in Fig. 1. A solid-state laser �532 nm and
540 mW/cm2� was used to excite photocarriers in GaAs with
an incidence angle of 45°. The apex of Au-coated nanoprobe
was cut by focused ion beam �FIB� to obtain a flat top sur-
face with an aperture of 850 nm in diameter. The nanoprobe
was used to apply indentation force on the QD sample, and
at the same time to collect the PL of the sample through its
aperture. The indentation force was measured by a cylindri-
cal load cell of the resistance-bridge type �Tokyo Sokki Ken-
kyujo�. The PL collected by the nanoprobe was analyzed in a
monochromater �SPEX, 270M� and a charge coupled device
�CCD� detector �SPEX, CCD-2000�. With this apparatus, the
simultaneous measurement of indentation force and PL of
QDs was successfully achieved.26 In the experiments de-
scribed in this paper, a series of the measurements was per-
formed as follows: one PL spectrum from the QDs was mea-
sured at the location where the nanoprobe was pressed onto
the sample with a fixed force of 1.3 mN. The force was
measured directly by the high-sensitive load cell. After the
acquisition of one PL spectrum, the probe was lifted up to
the load-free state, moved horizontally by 6.6 nm, and
pressed on the sample with the same force again for the next
PL spectrum measurement. This sequence was repeated 287
times, which corresponds to a scanning distance of more
than 1.8 �m. In the scan experiments, the PL enhancement
was found with the indentation force ranging from 0.5 to at
least 1.5 mN. The indentation force of 1.3 mN was adopted
as a typical one because the emission traces were clearly
resolved at the force. Other forces were also examined in the
similar experiments. It was found that almost the same re-
sults were obtained from the viewpoint of QD location iden-
tification. The dependence of the energy shifts on different
indentation forces and scanning will be discussed in detail in
the future work.

Figure 2 shows the dependence of the emission energy of
QDs obtained with the horizontal movement of the probe as
described above. A vertical slice of this figure contains the
PL spectrum for a given location of probe under a constant
force. The brightness in Fig. 2 corresponds to the PL inten-
sity. The bright streaks �traces� show the shift of the emission

energy of individual QDs due to the nanoprobe indentation
with the horizontal scan. By tracing the typical bright streaks
in Fig. 2�a�, the shifts of the emission energy of the repre-
sentative QDs are obtained, as shown in Fig. 2�b�. It can be
seen from Fig. 2�b� that the emission energy of QDs has a
strong dependence on the indented location of the nano-
probe, which is in agreement with our previous results.26 The
different shapes in the traces of the emission energy of QDs
indicate the different locations of QDs relative to the nano-
probe, which will be used to identify the location of the QD
in Sec. IV. It is also impressive that the vast majority of the
emission lines in Fig. 2 has positive slope, which indicates
that the corresponding dots are positioned in front of the

FIG. 1. Sketch of the experimental setup.

FIG. 2. �Color online� Dependence of the emission energy of
QDs on the indented position of the nanoprobe �F=1.3 mN�. �a�
The whole experimental results. �b� Illustration of the typical emis-
sion traces from QDs �part of the total 42 traced streaks, refer to the
abscissa for the relative position in �a��.

LIANG et al. PHYSICAL REVIEW B 75, 195318 �2007�

195318-2



approaching nanoprobe rather than behind it, as will be dis-
cussed in Sec. IV. This is because the excited laser illumi-
nates the area in front of the approaching nanoprobe. No
permanent damage was resulted in QDs or the nanoprobe
during experiment since the PL results were repeated when
the nanoprobe was rescanned along the same trace.

III. STRAIN ANALYSIS

The FE method is used to develop a 3D model to calcu-
late the strain field in and around a specific QD that is pro-
duced by the lattice mismatch and the indentation force. In
the model, elastic anisotropy is adopted, with elastic con-
stants of GaAs and In0.5Ga0.5As listed in Table I.29 For the
nanoprobe, Young’s modulus and Poisson’s ratio of SiO2 are
taken to be E=73.1 GPa and �=0.17, respectively.30 Here,
we assume that the chemical composition of the QDs is uni-
form �In0.5Ga0.5As� and the QD shape is �110� faceted pyra-
midal in the typical and ideal case, although the composition
and shape of the QDs fluctuate due to the growth conditions
�growth temperature, growth rate, and capping process�.31–34

Based on the microscopic observations,35 a QD with a
base width �2l� of 20 nm and a height �h� of 7 nm is mod-
eled. The GaAs capping layer in our sample has a thickness
�t� of 50 nm, and the nanoprobe has a diameter �2R� of
850 nm, as shown in Fig. 3. Due to the large difference in
size between the QD and the nanoprobe apex, the submod-
eling technique is employed in the strain analysis about the

nanoprobe indentation. In the global indentation model, we
neglect the QDs and the sample is assumed to be homoge-
neous GaAs since the size of the QD is 100 times smaller
than the dimensions of the sample in the global model
�4000�4000�2000 nm3 in x, y, and z directions�. With the
coordinates shown in Fig. 3, the submodel used to simulate
the indentation-induced deformation in and around a specific
QD has the dimensions of 200 nm in the x and y directions,
and 150 nm in the z direction. Both the global model and
submodel are taken large enough to suppress the influences
of the surrounding boundary. Using this submodeling tech-
nique, the indentation-induced strain in and around the QD is
calculated.

In the calculation of the lattice-mismatch strain, the di-
mension of the unit cell in the x and y directions is 50 nm
with the coordinates shown in Fig. 3, determined from the
average space between the neighboring QDs �the density of
the QDs is �5–6��1010 cm−2�. The periodic boundary con-
dition is adopted in the x and y directions and uz=0 at the
bottom surface �z=150 nm� for the calculation of lattice-
mismatch-induced strain. Figure 4�a� shows the mesh divi-
sion of the global model. Half of the nanoprobe indenter and
the sample of GaAs are modeled due to the symmetric x-z
plane. Figure 4�b� shows the mesh of the half submodel to
calculate the indentation-induced strain and the mesh of the
half FE model to calculate the mismatch-induced strain. As
shown in Fig. 4�b�, the FE model to calculate the mismatch-
induced strain is only a part of the submodel to calculate the

TABLE I. Material parameters used in the calculation of strain
and energy-band shift. The values of InAs are only used for the
linear interpolation of In0.5Ga0.5As.

GaAs In0.5Ga0.5As InAs

a �Å� 5.6533 5.8558 6.0584

c11 �GPa� 118.8 101.05 83.29

c12 �GPa� 53.8 49.53 45.26

c44 �GPa� 59.4 49.49 39.59

ac �eV� −7.63 −6.06 −4.49

av �eV� −1.00 −0.93 −0.85

b �eV� −1.77 −1.81 −1.85

d �eV� −3.10 −3.21 −3.32

�0 �eV� 0.33 0.35 0.36

FIG. 3. Illustration of the simulation model in the nanoprobe
indentation �not to scale�.

FIG. 4. The FE model. �a� The mesh of the global model; �b�
Submodel along x axis �left side�, half of the QD is modeled due to
the symmetry. The small FE model �right side� which is the center
part of the large submodel is used for lattice-mismatched strain
calculation. The mesh of the QD is also shown in the insert.
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indentation-induced strain, and the mesh division is identical
in their common part. When the calculated QD is not located
in the symmetric x-z plane, a full submodel is required.

With the above-mentioned global model, the indentation
effects between the nanoprobe flat apex and the top surface
of the QD sample are calculated using a small sliding contact
with the assumption of no friction. The indentation force is
1.3 mN measured by the load cell. Our calculations with
friction coefficients of �=0.1 and �=0.2 show that the fric-
tion effects are negligible in the current work. With the dis-
placement calculated in the global model, we obtain the
indentation-induced strain field in and around the QD at any
position under the contact area using the submodeling tech-
nique. The lattice-mismatched strain between the
In0.5Ga0.5As QD and the GaAs matrix is calculated in the FE
model of lattice mismatch according to Mura’s theory on
eigenstrain.36 The lattice-mismatched QDs within the matrix
can be assumed to be one type of inclusion for a given eigen-
strain, and the total strain eij is given by the sum of the
eigenstrain �ij

* and the elastic strain �ij,

eij = �ij + �ij
* , �1�

where i and j take x, y, or z. The eigenstrain due to the lattice
mismatch, �ij

* =�*�ij, can be calculated as

�* =
aIn0.5Ga0.5As − aGaAs

aGaAs
= 0.0358, �2�

where �ij =1 when i= j, and �ij =0 when i� j. aGaAs and
aIn0.5Ga0.5As are the lattice constants of GaAs and In0.5Ga0.5As,
respectively. In the FE calculation, the thermal expansion
coefficients of the QD and the matrix are set as �* and 0,
respectively, and the temperature of the FE model is raised
by 1 K. Finally, the strain field in and around the QD, which
is produced by the combination of the indentation force and
the lattice mismatch, is obtained by the summation of the
indentation-induced strain and lattice-mismatch-induced
strain.

Figure 5 shows the elastic normal and shear strain com-
ponents along the x axis in the global model in the x-z plane
and z=46.5 nm, which corresponds to the center level of the

QD layer. It can be seen that �yy and �zz have compressive
strain within the entire contact region, while �xx is tensile in
the region close to the contact edge �r̄��x� /R�0.82�.
Among the three normal strains ��xx, �yy, and �zz�, �zz is
outstanding with its magnitude, about five times that of �xx
and �yy in the center part of the contact region �r̄	0.6�. The
hydrostatic strain ��hydro� has weak dependence on the x
value and decreases quickly with position approaching the
contact edge �r̄�0.7�. As we discussed in another paper,26

the hydrostatic strain dominates the energy shift of the
InGaAs/GaAs system since the shift of the conduction band
is far larger than the valence band. It is noteworthy that �xz
has a �-shaped peak about ±0.013 at the edge of the contact
area. In Fig. 6, the distribution of �xz in the GaAs matrix due
to the indentation is plotted. The indentation results in a
maximum area of ��xz� in the GaAs matrix under the edge of
the contact region. As discussed in Sec. V, the maximum area
of ��xz� causes a minimum-energy valley for the holes in the
GaAs matrix. The strain distribution in and around the QD
due to the indentation and lattice mismatch calculated in the
submodel has already been discussed in detail in our previ-
ous work,26 where we found that the strain due to lattice
mismatch was strongly localized in the QD region and dis-
appeared quickly to zero in the matrix �about 10 nm outside
the QD�. The distribution of the superposed strain can be
described by the mismatch-induced strain modulated by the
indentation-induced strain.

IV. IDENTIFICATION OF THE QD LOCATION

Based on the strain field obtained from the FE analysis,
the strain-induced shifts of the discrete energy levels of the
QD are calculated using Pikus-Bir theory.37 In this theory,
the elastic strain field is coupled to the quantum-mechanical
behavior of the charged carriers in semiconductors through
the deformation potentials of the materials. In general, band
gaps of GaAs and InGaAs are enlarged by the hydrostatic

FIG. 5. Strain components along the x axis due to indentation
�1.3 mN� calculated in the global model �GaAs matrix� at z
=46.5 nm in the x-z plane.

FIG. 6. The distribution of �xz in the GaAs matrix due to inden-
tation �1.3 mN�.
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pressure, leading to a blueshift of PL peak. In our indentation
experiment, the compressive hydrostatic strain component is
predominant over the shear strain, which results in blueshift
of the PL from QDs. Shear strain components contribute

only a small amount through the shift of the valence band.
For the valence-band shifts of both InGaAs QD and GaAs
matrix, the six-band strain-dependent Hamiltonian is written
as

H�
V = −�

P + Q − S R 0 �1

2
S − �2R

− S† P − Q 0 R �2Q −�3

2
S

R† 0 P − Q S −�3

2
S† − �2Q

0 R† S† P + Q �2R† �1

2
S†

�1

2
S† �2Q −�3

2
S �2R P + �0 0

− �2R† −�3
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,

P = av��xx + �yy + �zz�, Q = b��zz −
1

2
��xx + �yy� ,

R =
�3

2
b��xx − �yy� − id�xy, S = − d��xz − i�yz� , �3�

where av, b, and d are the hydrostatic and two shear defor-
mation potentials, respectively, and �0 is the split-off energy
gap.38 The matrix elements indicated with a superscript of †
are the corresponding conjugate complexes. In the
In0.5Ga0.5As/GaAs QD system, we calculated the energy
shift in the six-band Hamiltonian neglecting the interaction
between the conduction band and valence band because the
conduction band and valence band of strain-free bulk
In0.5Ga0.5As are separated by a rather large energy gap of
850 meV and the strain due to indentation and lattice mis-
match is not as large as the large-misfit material pair such as
the InAs/GaAs QD system.39 The shifts of the valence
bands, �Ev, are calculated as eigenvalues of H�

V,

�H�
V − �EvI� = 0, �4�

where I is an identity matrix and � � denotes the determinant.
For the conduction band of III-V semiconductors, the effect
of strain is to produce a hydrostatic energy shift proportional
to the fractional volume change given by

�Ec = ac��xx + �yy + �zz� , �5�

where ac is the deformation potential of the conduction
band.38 Our previous calculations showed that the
indentation-induced energy shifts of the QDs were mainly
determined by the strain-induced potential change, not by the

strain-induced change in the confinement barriers
�	2 meV�.26 Thus, we can approximate that the energy
shifts of the QD levels in our experiments are the same as the
difference of the shifts between the conduction-band mini-
mum �CBM� and the valence-band maximum �VBM� of the
QD �neglecting the quantum confinement effects�. For the
strain components at position �x ,y ,z�, the energy-band-gap
shift is

�E�x,y,z� = �Ec�x,y,z� − �Ev�x,y,z� . �6�

The energy-band-gap shift ��E� of a QD under the indenta-
tion force �F� can be calculated with the volume average
assumption,

�E =
1

V0
�

V0

�E�x,y,z�dV , �7�

where the volume integration is performed over the QD vol-
ume. This spatial averaging in our calculation is the same
scheme adopted by Pryor et al., where they obtained reason-
able results for the band-edge diagrams for strained III-V
semiconductor quantum wells, wires, and dots.40 The defor-
mation potentials used in the calculation were listed in Table
I,41 in which the parameters of In0.5Ga0.5As were obtained by
linear interpolation between those of GaAs and InAs.41
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In Figs. 7 and 8, the energy shifts of CBM and VBM of
the GaAs matrix due to indentation are plotted, respectively.
It can be seen that the CBM and VBM of the matrix under
the nanoprobe shift significantly. The shift decreased quickly
away from the indented region. At the depth where the QD
layer exists �z=50 nm�, the upward shift of CBM due to the
large hydrostatic pressure is predominant compared with the
shift of VBM under the contact region �x	425 nm�, leading
to a wider gap between the CBM and VBM. Since the
lattice-mismatch-induced hydrostatic strain component is
also compressive in an InGaAs/GaAs quantum dots, an ad-
ditional blueshift of PL from QDs is expected when the hy-
drostatic strain due to indentation superposed on the one due
to lattice mismatch. In Fig. 8, it can be seen that the inden-
tation results in a maximum shift of VBM around the bound-
ary of the contact area. This is also shown clearly in Fig. 9,

which plots the shift of VBM in the x-y plane at z
=46.5 nm. In addition, we can find in Fig. 9 that the
indentation-induced energy shift of VBM in the GaAs matrix
is almost axisymmetric about the rotation axis of the cylin-
drical nanoprobe. Our calculation shows that the energy shift
of CBM in the GaAs matrix by the indentation is also almost
axisymmetric about the rotation axis of the cylindrical nano-
probe.

Figure 10 shows the indentation-induced energy shift of
QD levels, calculated by the difference of the energy shift of
QD levels in lattice-mismatch state and superposition state
�lattice mismatch and indentation�. We cannot directly use
the energy shift of QD levels by the indentation without tak-
ing into account the influence of lattice-mismatch strain be-
cause the calculation with �without� the lattice-mismatch
strain leads the heavy hole band �light hole band� to be the
top valence band in the QD.42 In Fig. 10, every corner

FIG. 7. Shift of CBM in the GaAs matrix due to indentation
�1.3 mN�.

FIG. 8. Shift of VBM in the GaAs matrix due to indentation
�1.3 mN�.

FIG. 9. Shift of VBM in the GaAs matrix due to indentation
�1.3 mN�. The slice is plotted at z=46.5 nm plane and the dashed
line in the figure is the boundary of the contact area.

FIG. 10. Indentation induced energy shift of individual QDs
calculated in submodel �F=1.3 mN�. The cross points of the dashed
grid represent the individual InGaAs QDs.
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“node” of the “grid” represents a QD, and the contours are
plotted based on the energy shifts of these individual QDs.
The energy shift of QDs shows a large gradient around the
boundary of the nanoprobe contact area. The annular region
with large gradient in �E in Fig. 10 coincides with the an-
nular region with maximum shift in VBM in Fig. 9. It is also
seen that �E under the contact region is almost axisymmetric
about the rotation axis of the cylindrical nanoprobe, resem-
bling the CBM and VBM shift of the GaAs matrix in the
distribution. Since the indentation-induced energy shift of
QDs has a strong dependence on the location of each QD
relative to the nanoprobe as shown in Fig. 10, we can esti-
mate the position of QDs by their emission traces.

Assuming the initial location of the nanoprobe is the ori-
gin of Fig. 11. During the experiment, the nanoprobe moves
on the fixed QD sample along the x axis with indentation.
During the horizontal scan of the nanoprobe, PL from a QD
�xd ,yd� is first detected as a trace when the location of the
nanoprobe is x0. It finally disappears when the location of the
nanoprobe is xn. In order to evaluate the location of the QD
�xd ,yd� its emission trace is traced from Fig. 2 as illustrated
in Fig. 12, in which the experimental energy change com-
pared with the starting point is defined as

�Eexp�xk� = E�xk� − E�x0� , �8�

where E�x0� and E�xk� are the emission energies of the first
point and the kth point of the emission trace, respectively.
We introduce another variant �E0 defined as

�E0 = E�x0� − Eg, �9�

where Eg is the initial emission energy of the QD in the
load-free state and �E0 is the indentation-induced energy
shift of the QD when the nanoprobe is indented at x0.

In Fig. 2, the emission traces varied in shapes and were at
different indented locations along the horizontal scan axis.
Since the indentation force was constant in the experiment
�1.3 mN�, we can reasonably attribute the different locations
and shapes of the emission traces to the QD locations relative
to the nanoprobe. The segment of emission traces, which is
in best agreement between experiment and simulation can be
found by comparing the shape of the emission traces in Fig.
2 to any part of the predicted emission traces parallel to the x
axis at any y values �along with the horizontal scan of the
nanoprobe�. Based on the least-squares method, this idea can
be written as follows:

Position: J = ��Emax
exp �−2�

k=0

n

��Eexp�xi� + �E0
*

− �Esim�xk;xd
*,yd

*��2, min J , �10�

where �E0
*, xd

*, and yd
* are the variants for �E0, xd, and yd,

respectively. �E0, xd, and yd take the values of �E0
*, xd

*, and
yd

* when the minimum of J is found for the emission trace.
�Emax

exp is used for the nondimensional. With Eq. �10�, the
locations of typical QDs corresponding to the emission
traces are identified as shown in Fig. 13, in which each of the
identified QDs is plotted at the location of the QD by a
rectangular symbol. The coordinate in the y direction is the
absolute value due to the symmetry �the indenter is cylindri-
cal and it scans along the x axis in the experiment�. The sign
of the y value will be determined by y-scan experiments. Our
calculations with another set of elastic constants and defor-
mation potentials39 showed that the identified locations of
QD09 and QD15 in Fig. 13 changed from �579,�327�� and
�380,�382�� to �564,�334�� and �392,�385��, respectively. The
small changes �less than the dimension of the QD� reveal
that our simulation results are robust under the variation of
material parameters. A representative comparison between
the experimental and the simulated results is plotted in Fig.
14. The abscissa is the difference in the x coordinate between
the nanoprobe and the QD. The ordinate is the energy shifts
of �Eexp+�E0 �shown in open circle� and �Esim �shown in

FIG. 11. Illustration of the coordinate used in the location iden-
tification of QD.

FIG. 12. Illustration and definition of the emission traces ob-
tained in scan experiment.

FIG. 13. The identified locations of typical QDs by the horizon-
tal scan experiment �part of the total 42 QDs�. The QDs are repre-
sented by the rectangular symbols and the serial numbers corre-
spond to the traced peak in Fig. 2.
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solid line�. For example, the QD09 emission trace corre-
sponds to the No.9 peak in Fig. 2, and the location of No.9
QD is 327 nm away from the scan axis in Fig. 14 ��yd�
=327 nm�. Its emission was observed from the point where
the center of the nanoprobe is 262 nm behind the QD along
the horizontal scan direction �xd−x0=262 nm� to the point
where the center of the nanoprobe is 176 nm behind the QD
along the horizontal scan direction �xd−xn=176 nm�. In ad-
dition, see Fig. 11 for an illustration. Figure 14 shows that
the results of the experiment are in good agreement with
those of the simulation. Different shapes of emission traces
correspond to the different locations of QDs. The positive
�negative� gradient of the slope of the emission trace in Fig.
2 corresponds to the fact that the center of the nanoprobe is
behind �in front of� the QD along the horizontal scan direc-
tion. In Fig. 15, the relative positions between the center of
the nanoprobe and the 42 emission traces are plotted. It is
remarkable that all the observed emission traces are located
around the edge of the contact area �R=425 nm�, within an
annular region with radius 314 nm	r	478 nm, especially
in the vicinity of r̄=r /R=1.0.

V. DISCUSSION

The reason why only the emissions of the QDs located in
the annular region around the contact edge were observable
in our experiment can be found in a comparison of Fig. 9
with Fig. 15. The annular region with a large upward shift of
VBM in Fig. 9 coincides with the annular region where the
observable QDs are located. This coincidence suggests that
the large upward shift of VBM around the contact edge is
critical for the emissions from the QDs shown in Fig. 15.
Recall from Figs. 6 and 8 that the similar distribution of �xz
and shift of VBM around the contact edge is a hint of the
possible dependence of a large upward shift of VBM on the
�-shaped maximum of ��xz� around the contact edge. Figure 5
shows that the indentation results in a peak of about 0.013
for the ��xz� at r̄=1.0. When only �xz is the nonzero strain
component, the dependence of VBM shift on �xz can be cal-
culated as follows:26

�Ev��xz� = �− 
3 + �
6 − �
2 + �d�xz�2�3�1/3 + �− 
3

− �
6 − �
2 + �d�xz�2�3�1/3 − 
 , �11�

where 
=�0 /3 and d is the shear deformation potential. Us-
ing Eq. �11�, we can estimate that the peak of ��xz� around the
contact edge causes the upward shift of VBM for about
40 meV, which is coincident with the maximum value in
Figs. 8 and 9. To determine the relationship between the
large upward shift of VBM and the peak of ��xz� around the
contact edge, we plot the VBM shift of the GaAs matrix in
the global model at z=46.5 nm and y=0 nm under the inden-
tation force of 1.3 mN in Fig. 16. The shift of VBM in Fig.
16 has a maximum value under the edge of the contact area.
Compared with the five other strain components ��xx,�yy,�zz,
�xy, and �yz�, ��xz� has a predominant contribution to the large
upward shift of VBM around the contact edge. Since ��xz� is
localized around the contact edge, the upward shift of VBM
induced by ��xz� is large only around the contact edge. The
holes in the GaAs matrix tend to move into this narrow en-
ergy valley, resulting in a high hole density in the annular
region around the contact edge. The high density of holes
enhances the PL of the QDs in this region probably with the
similar mechanism as p-type doping.43 Consequently, only

FIG. 14. Comparison between the experiment and simulation
results for some emission traces. The abscissa is the difference in
the x coordinate between the nanoprobe and the QD. The ordinate is
the energy shifts of �Eexp+�E0 �shown in open circles� and �Esim

�shown in solid lines�.

FIG. 15. Illustration of the relative locations of emission traces
in experiment �Fig. 2� to the indented location. Each emission trace
starts from right and ends at left side in this figure. Emission traces
from QD9 and QD15 corresponds to the emission lines in Fig. 14.

FIG. 16. Illustration of the holes concentration due to nanoprobe
indentation in global model. The shifts of VBM are plotted accord-
ing to the results of GaAs matrix at z=46.5 nm in the x-z plane.
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the PL of the QDs located at this edge can be observed
effectively. According to a simulation work with atomistic
empirical pseudopotential,44 a truncated cone-shaped
In0.5Ga0.5As/GaAs QD �height of 3.5 nm, base diameter of
20 nm, and top diameter of 16 nm� has a ground emission
energy of 1282 meV, together with the confinement potential
of 107±1 meV for electrons. With our measured PL peak
energy without indentation �1270 meV� and the size of our
pyramidal In0.5Ga0.5As/GaAs QDs �base of 20 nm, height of
7 nm�, we reasonably assume that the confinement potential
for electrons in our QD is 110±20 meV, taking into account
of the shape and size effects.45 The largest repulsive potential
slope in Fig. 7 is 28 meV within the length of a QD base
�20 nm� along the x direction at z=50 nm. Thus, the elec-
trons are confined strong enough against the repulsive slope
generated by the indentation. The enhanced PL of QDs is
obviously helpful in the observation of the optical properties
of QDs. However, this phenomenon depends on the radius
�R� of the nanoprobe and the indentation force �F�. When the
nominal indentation pressure �PN=F / ��R2�� is constant, the
hole energy valley tends to locate in the region close to the
top free surface with a decrease in R �Fig. 17�. The larger the
radius of the nanoprobe, the wider the energy valley of the
hole. Consequently, in the indentation experiment, it is easier
to observe the enhancement of the PL of QDs with a larger
nanoprobe. For the indentation experiment with a small
nanoprobe �	100 nm�, one should adjust the indentation
force and thickness of the capping layer to obtain the en-
hanced PL of QDs.

VI. CONCLUSION

In conclusion, we have succeeded in the simultaneous
measurement of the indentation force and PL of QDs in the
nanoprobe indentation experiment with a horizontal scan,
which enables us to evaluate the location of QDs. The loca-
tion of QDs relative to the nanoprobe was successfully
evaluated by comparison of the emission traces from QDs
obtained in the horizontal scanning experiments and simula-
tion. In this experiment, we effectively observed only the
emission traces of QDs located at the edge of the contact
area. The simulation revealed that the increase in the strain

component ��xz� at the edge of the nanoprobe was responsible
for the large upward shift of the VBM �about 40 meV�,
which resulted in an annular energy minimum valley for the
holes in the GaAs matrix. Consequently, the holes were con-
centrated in this annular region and enhanced the PL of QDs
located in this region. The strain-induced hole concentration
realized in our nanoprobe indentation provides an effective
way to evaluate the influence of p-type doping on the elec-
tronic and optical properties of QDs, since the effects of the
hole concentration can be tuned by the indentation force un-
like in real p-type doping experiments.
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