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Local optical spectroscopy of self-assembled quantum dots using
a near-field optical fiber probe to induce a localized strain field
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We introduce and demonstrate a novel operating mode in near-field optical microscopy. The tip is
used to simultaneously optically probe the sample and induce a highly localized strain in the area
under study by pushing the tip into the sample. From knowledge of total tip-sample compression
and tip geometry, we estimate the magnitude of stress, and show that localized uniaxial-like stresses
in excess of 10 kbar can be achieved. We apply this method to a sample of InAlAs self-assembled
quantum dots. A blueshift of quantum dot emission lines consistent with estimates of the strain is
observed, as well as a quenching of the photoluminescence with strain. ©1998 American Institute
of Physics.@S0003-6951~98!04017-0#
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In this letter, we demonstrate a new mode of operat
for the near-field scanning optical microscope1,2 ~NSOM! in
which the NSOM tip, in addition to confining the collectio
of excitation light to a subwavelength region, is used to
duce a localized strain directly below the tip, accomplish
by pushing the tip into the surface. See schematic in Fig
Experimental verification of the technique is done with se
assembled quantum dots~SADs!3 for several reasons:~1! the
dots are sufficiently small (;10– 20 nm) to be considered t
be under uniform external strain;~2! the photoluminescenc
~PL! emission line from a single dot is very narro
(,100meV)4 assuring that small spectral shifts are eas
detectable; and~3! the dots are very bright, facilitating th
use of NSOM, which is intrinsically a low light signal tech
nique.

The sample used in this experiment5–8 consists of
In0.55Al0.45As SADs made by molecular beam epita
~MBE! in the Stranski–Krastanov growth mode9,10 on
Al0.35Ga0.65As, capped with a 10 nm GaAs layer atop
AlGaAs layer embedding the dots. The dot density is
31010 cm22, the average lateral dot size is 18 nm, and
sample has a peak emission around 1.88 eV. All data in
letter are taken atT54 K.

Finding the precise form of the induced stress field
sociated with a specific tip-sample compression and its e
effect on optical properties is a very complicated proble
requiring intensive numerical calculations. This is beyo
the scope of this letter, and here we merely present orde
magnitude estimates of the relevant quantities for comp
son to the data. We estimate the compression of the NS
tip by considering it to be an assembly of slowly taperi
homogeneous cylinders. For such a cylinder, the stress-s
relationship is to first order:

C5
4L

Ypab
F, ~1!

a!Present address: Fakulta¨t für Physik und Astronomie, Universita¨t Heidel-
berg, 69120 Heidelberg, Germany.
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whereL is the cylinder length,a andb are the diameters a
either end,Y is Young’s modulus,C the compression, andF
the axial force. For the tips used in this experiment, wh
were made short and wide with relatively uniform tapers
find, usingYSiO2

572 GPa11 thatC/F'0.2 nm/mN. This cor-
responds toC/s'1.0 ~nm of compression!/~kbar of stress!.
For longer, more typical tips12 we find C/F
'0.3– 0.8 nm/mN, and C/s'0.25– 0.80 nm/kbar. We can
assume that the sample compresses less than the tip, m
the total compression in the range 1–2 nm/kbar.

Two mechanisms impose an upper limit to the stress
~1! the finite compressive strength of glass and~2! buckling
of the tip. The compressive strength of SiO2 is at least 11
kbar.11 Since only a very small volume of the tip has
endure the maximum stress involved, the actual limit
likely significantly higher. A simple model13 for the buckling
of a beam holds that the maximum axial force before a
possibility of buckling is given by

Fmax5YAIk2, ~2!

FIG. 1. The basic principle of the experiment. The tip induces a locali
strain directly below itself, while simultaneously allowing spectrosco
study limited to that region. Lateral scanning is suspended to avoid abra
damage to the tip.
1 © 1998 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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whereA is the cross-sectional area of the beam,I the area
moment of inertia of that cross section, andk the wave vec-
tor of the lowest lateral excitation of the beam consist
with the boundary conditions. For a typical tip, with leng
L5750mm andr 55 mm, we getFmax5155mN, which for
our 250 nm aperture tip corresponds to 31 kbar, and natur
more for a smaller tip. The maximum stress achievable
then at least 10 kbar. Experimentally, it is possible to go
twice this value without damaging the tip.

The shift of band edges with strain are given in terms
the band-edge deformation potentials (a,b,d).14 b and d
govern the behavior under axial and shear strain, and va
to first order for the conduction band. The hydrostatic def
mation potentials,ac andav , are difficult to measure inde
pendently, and in most cases only the totala is known.

In GaAs, whereav and ac are known independently,15

hydrostatic strain mainly affects the conduction band,
ac;10av , the net effect being a blueshift of the excito
under compressive strain. Axial and shear strain split
heavy- and light-hole bands—as shown schematically in F
2. For compressive uniaxial strain, the dominant mechan
here, the heavy-hole band is shifted down, and the light-h
band up. Due to carrier confinement and intrinsic strain
the dots and the wetting layer, such a splitting, although
opposite sign, is already present, and the external indu
strain decreases it.

Using data for the InxAl12xAs system16–18 we estimate
the band-gap shift (dEg /dP) in our sample to be 14.0 meV
kbar for hydrostatic stress, and 9.1 meV/kbar for uniax
stress along@001#. We expect the tuning rate in this exper
ment to lie between these values, though closer to the lo
bound, as the strain should be predominantly uniaxial.

Two distinct methods were used to collect the data.
illumination modethe tip optically excites the sample lo
cally, and the PL is collected with traditional far-field optic
In collection modethe far-field objective delivers the exci
ing light to the region around the tip, and the tip is used
collect PL only from the area directly beneath it. The impo
tant difference between these modes is the influence of

FIG. 2. Schematic of the behavior of band gap and band alignment u
various types of stress. The upper part indicates theG-point band structure in
the the stressed region and the lower part the spatial band alignment
surrounding material.~a! Unstressed bulk.~b! Hydrostatic compression.~c!
Uniaxial compression.~d! Uniaxial compression, including the effect o
carrier confinement and preexisting strain.
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rier diffusion, which degrades spatial resolution in illumin
tion mode, but not in collection mode. In Fig. 3 a comparison
of data taken in the two modes is shown. Each line in th
spectra can be attributed to emission from an individ
quantum dot. Since many more dots are observed in illu
nation mode, we would expect to see significantly sma
spectral shifts for a given compression, as the less stra
area surrounding the tip is then being probed.

Figure 4 shows a typical data set taken in illuminati
mode. The compression is varied from 0 to 45 nm in steps
10 and 5 nm. We note a linear blueshift of most emiss
lines at rates in the range 0.024–0.073 meV/nm, sev

er

ith

FIG. 3. Comparison between data taken in~a! illumination mode and~b!
collection mode.

FIG. 4. Tuning of quantum dot PL lines with tip-sample compression. D
taken in illumination mode. Each line in the spectra at left represents gro
state PL emission from a single quantum dot. Due to their varying posi
relative to the tip, each dot tunes at a different rate.
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times slower than the estimated rate for the dots experien
the hardest strain, as expected. The tuning of selected
from a similar data set taken in collection mode is shown
Fig. 5. The rates are in the range 0.2–2.4 meV/nm, wh
according to our estimates corresponds to 0.2–2.4 meV/k
This still falls short of the estimated lower bound. Howev
we have not taken into account several factors, such as
metal coating of the tip, the non-zero distance between
and dots, and the fact that the barrier material is stiffer th
the dot material, all of which would reduce the estimat
tuning rates.

The strong nonlinearity in the Fig. 5 cannot be due
nonlinearities in the relationship between stress and b
structure, which is linear to a good approximation belo
;40 kbar. We believe it is due to the presence of an an
between the flat end of the NSOM tip and the sample s
face, resulting in an uneven strain as they come in con
with each other.19

Another effect we see in the data is quenching of the
with increasing compression. This effect is particula
strong in collection mode, where no luminescence is
served for compressions larger than 25 nm. We ascribe
quenching to the potential gradient induced by the inhom
geneous strain. Since all data shows a blueshift of the
line, this gradient will always cause excitons to move aw
from the tip, providing a simple explanation for the quenc
ing in collection mode. It is harder to explain the presence
this effect in illumination mode. Sincea affects mainly the
conduction band, andb and d only the valence band, it is
reasonable to assume that the character of the strain-ind
potentials experienced by electrons and holes are very di
ent. This, coupled with the fact that electrons have a lar
mobility and therefore a faster escape rate could lead
spatial separation of electrons and holes, reducing the e
ton capture rate into and subsequent recombination from
dot states. Other effects that may be important are the dir
to-indirect gap transition, or the possibility that valence ba
mixing will make the ground state holep-like, both of which
would cause a quenching of the photoluminescence as
served.

The main difficulty with this mode of operation is dete

FIG. 5. Tuning of quantum dot PL lines with tip-sample compression. D
taken in collection mode.
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mining the relation between tip-sample compression and
tual stress. Once the form of the strain field has been ca
lated, however, calibration can be done using a better kno
system than the one in this experiment, such as a Ga
AlGaAs quantum well. Since tips of the same size genera
will have a similar shape, this calibration will be valid fo
other material systems if adjustments for the different ela
constants are made, and if the tip can be made sufficie
perpendicular to the sample. Efforts in this area are und
way.

This localized strain technique adds a new degree
freedom to NSOM experiments. Not only can the magnitu
of strain be varied, but the type of strain can also be chang
since this varies with the distance to the axis of the tip. T
effect of strain gradients can also be studied by varying
the tip size. In light of its high experimental difficulty an
low signal levels, NSOM often presents a relatively sm
advantage over far-field techniques such as confocal mic
copy. The ability to regulate a local strain field in the ar
under optical study may help expand the number of appl
tions where the use of NSOM can be justified.

This work was supported by NSF Grant No. DMR
9701958. The authors gratefully acknowledge P. M. Petr
whose laboratory produced the sample used for these stu
They also thank Uma Venkateswaran and David Broido
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