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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 straibt99® American Institute

of Physics[S0003-695(98)04017-0

In this letter, we demonstrate a new mode of operatiorwherel is the cylinder lengtha andb are the diameters at
for the near-field scanning optical microscbpéNSOM) in either endy is Young's modulusC the compression, arfe
which the NSOM tip, in addition to confining the collection the axial force. For the tips used in this experiment, which
of excitation light to a subwavelength region, is used to in-were made short and wide with relatively uniform tapers we
duce a localized strain directly below the tip, accomplishedind, usingYSi02=72 GP&'thatC/F~0.2 nmjuN. This cor-
by pushing the tip into the surface. See schematic in Fig. Lresponds taC/o~1.0 (nm of compressiop(kbar of stress
Experimental verification of the technique is done with self-For longer, more typical tigé we find C/F
assembled quantum ddSADs)® for several reasonsi) the  ~0.3-0.8 nmgN, and C/o~0.25—0.80 nm/kbar. We can
dots are sufficiently small{ 10—20 nm) to be considered to assume that the sample compresses less than the tip, making
be under uniform external straif2) the photoluminescence the total compression in the range 1-2 nm/kbar.

(PL) emission line from a single dot is very narrow  Two mechanisms impose an upper limit to the stresses:
(<100ueV)* assuring that small spectral shifts are easily(1) the finite compressive strength of glass d@ybuckling
detectable; and3) the dots are very bright, facilitating the of the tip. The compressive strength of $i® at least 11
use of NSOM, which is intrinsically a low light signal tech- kbar!! Since only a very small volume of the tip has to
nique. endure the maximum stress involved, the actual limit is

The sample used in this experim&fit consists of |ikely significantly higher. A simple mod& for the buckling

INg.ssAlo.4sAS SADs made by molecular beam epitaxy of a beam holds that the maximum axial force before any
(MBE) in the Stranski—Krastanov growth mdd& on possibility of buckling is given by

Alg1:Gay gsAS, capped with a 10 nm GaAs layer atop an
AlGaAs layer embedding the dots. The dot density is 2
x 10'% cm™2, the average lateral dot size is 18 nm, and the
sample has a peak emission around 1.88 eV. All data in this
letter are taken at =4 K.

Finding the precise form of the induced stress field as-
sociated with a specific tip-sample compression and its exac
effect on optical properties is a very complicated problem, ¢
requiring intensive numerical calculations. This is beyond
the scope of this letter, and here we merely present order-of-
magnitude estimates of the relevant quantities for compari-
son to the data. We estimate the compression of the NSON- - --
tip by considering it to be an assembly of slowly tapering ._ ®

Fma=YAIK, 2)

() =
homogeneous cylinders. For such a cylinder, the stress-strail w
relationship is to first order: Wetting layer \\\\ /
- 4L i . SADs
~ Ymab @ o o

FIG. 1. The basic principle of the experiment. The tip induces a localized
strain directly below itself, while simultaneously allowing spectroscopic

dpresent address: Fakitlféir Physik und Astronomie, Universitaleidel- study limited to that region. Lateral scanning is suspended to avoid abrasive
berg, 69120 Heidelberg, Germany. damage to the tip.
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FIG. 2. Schematic of the behavior of band gap and band alignment under 455 |
various types of stress. The upper part indicated tpeint band structure in
the the stressed region and the lower part the spatial band alignment with

surrounding materiaka) Unstressed bulkib) Hydrostatic compressioric) .- 8.0
Uniaxial compression(d) Uniaxial compression, including the effect of & (b)
carrier confinement and preexisting strain. 2 60}
whereA is the cross-sectional area of the bednthe area £ 40}

moment of inertia of that cross section, anthe wave vec-
tor of the lowest lateral excitation of the beam consistent 20 }
with the boundary conditions. For a typical tip, with length
L=750m andr=>5 um, we getF ma=155uN, which for %0300 18500 18700 18900 19100  1930.0
our 250 nm aperture tip corresponds to 31 kbar, and naturally Emission (meV)
more for a smaller tip. The maximum stress achievable is
then at least 10 kbar. Experimentally, it is possible to go td:IG. 3. Comparison between data taken(@ illumination mode andb)
. . . . . collection mode.

twice this value without damaging the tip.

The shift of band edges with strain are given in terms of
the band-edge deformation potentiaks,if,d).* b and d rier diffusion, which degrades spatial resolution in illumina-
govern the behavior under axial and shear strain, and vanigipn mode, but not in collection mode. In Fig§ a comparison
to first order for the conduction band. The hydrostatic defor-Of data taken in the two modes is shown. Each line in these
mation potentialsa, anda, , are difficult to measure inde- spectra can be attributed to emission from an individual
pendently, and in most cases only the tatds known. quantum dot. Since many more dots are observed in illumi-

In GaAs, wherea, anda, are known independentfy, nation mode, we would expect to see significantly smaller
hydrostatic strain mainly affects the conduction band, aspectral shifts for a given compression, as the less strained
a.~10a,, the net effect being a blueshift of the excitons area surrounding the tip is then being probed.
under compressive strain. Axial and shear strain split the Figure 4 shows a typical data set taken in illumination
heavy- and light-hole bands—as shown schematically in Fighode. The compression is varied from 0 to 45 nm in steps of
2. For compressive uniaxial strain, the dominant mechanisrd0 and 5 nm. We note a linear blueshift of most emission
here, the heavy-hole band is shifted down, and the light-holénes at rates in the range 0.024-0.073 meV/nm, several
band up. Due to carrier confinement and intrinsic strain in
the dots and the wetting layer, such a splitting, although of

£>24 peV/nm (G} 4 1870.0

opposite sign, is already present, and the external inducec so} DA
strain decreases it. 52 hevinm () { 18650
Using data for the IpAl,_,As system® 8 we estimate ol %H <
the band-gap shiftdE,/dP) in our sample to be 14.0 meV/ 3 M« 1860.0%
kbar for hydrostatic stress, and 9.1 meV/kbar for uniaxial 2 <] 1550 =
. . . . 540 f -]
stress along001]. We expect the tuning rate in this experi- £ AR g
ment to lie between these values, though closer to the lowel W 1850.0 10
bound, as the strain should be predominantly uniaxial. 20 f o450
Two distinct methods were used to collect the data. In O/Q/G/Q/M '
illumination modethe tip optically excites the sample lo- 2 . T o T
cally, and the PL is collected with traditional far-field optics. s400 plsé,?‘e?gy(mev) 5o Tip Compression (nm)

In collection modehe far-field objective delivers the excit-

; : : : i FIG. 4. Tuning of quantum dot PL lines with tip-sample compression. Data
Ing |Ight to the region around the tp, and the tip I used tOtaken in illumination mode. Each line in the spectra at left represents ground

collect PL only from the area directly beneath it. The impor-giate pL emission from a single quantum dot. Due to their varying position

tant difference between these modes is the influence of carelative to the tip, each dot tunes at a different rate.
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mining the relation between tip-sample compression and ac-
tual stress. Once the form of the strain field has been calcu-
lated, however, calibration can be done using a better known
system than the one in this experiment, such as a GaAs/
AlGaAs quantum well. Since tips of the same size generally
i will have a similar shape, this calibration will be valid for
other material systems if adjustments for the different elastic
constants are made, and if the tip can be made sufficiently
perpendicular to the sample. Efforts in this area are under-
. way.

/ This localized strain technique adds a new degree of
1840.0 freedom to NSOM experiments. Not only can the magnitude

of strain be varied, but the type of strain can also be changed,

1900.0

1880.07

¥

1860.0

Emission line (meV)

0.0 50 100 150 20.0 since this varies with the distance to the axis of the tip. The
Compression (nm) effect of strain gradients can also be studied by varying the

FIG. 5. Tuning of quantum dot PL lines with tip-sample compression. Datathe t'P size. In Ilght of its h'gh experlmental dlﬁ'.CUIty and
taken in collection mode. low signal levels, NSOM often presents a relatively small

advantage over far-field techniques such as confocal micros-

copy. The ability to regulate a local strain field in the area

times slower than the estimated rate for the dots experiencingnder ootical studv mav helb expand the number of apolica-
the hardest strain, as expected. The tuning of selected Iinefs P y may help exp PP

. . . . . tions where the use of NSOM can be justified.
from a similar data set taken in collection mode is shown in

Fig. 5. The rates are in the range 0.2-2.4 meV/nm, which  Thjs work was supported by NSF Grant No. DMR-
according to our estimates corresponds to 0.2—-2.4 meV/kbag701958. The authors gratefully acknowledge P. M. Petroff,
This still falls short of the estimated lower bound. However,yhose laboratory produced the sample used for these studies.

we have not taken into account several factors, such as thehey also thank Uma Venkateswaran and David Broido for
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