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Ringlike emission profiles in scanning near-field photoluminescence images of single
InGaAs quantum dots
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In scanning near-field photoluminescence images of single InGaAs quantum dots taken with uncoated fiber
tips, we observed sharp ringlike features varying in diameter with detection energy. This is in contrast to the
typical single emission peaks observed using metal-coated fiber tips. These features can be explained by
electrical charges induced by the uncoated fiber tip that lead to a Stark shift of the transition energy depending
on the tip position. Simulations of the electric field at the quantum dot agree nicely with the experimental
observation.
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In conventional photoluminescen@@L) studies on semi- Gaussian anymore, but has a ringlike structure with diam-
conductor nanostructures using scanning near-field opticaters of about 250 nm and very sharp edges.
microscopy(SNOM),! metal-coated fiber tips are used in or-  In order to analyze this astonishing effect in more detail,
der to suppress the background from vicinalwe studied the energy dependence. Representative results are
nanostructure$® The background can also be reduced byshown in Fig. 2, where a single quantum dot is imaged at
performing SNOM PL experiments in internal-reflection ge-different detection energies, again using an uncoated fiber
ometry, i.e., by illumination and detection through the fibertip. It is clearly evident from the images that the shape and in
tip.*~® In this way, even uncoated fiber tips enable a remarkparticular the diameter of the ringlike emission features
able spatial resolution and an appreciable backgroundtrongly vary with energy.
reduction’*® At a detection energy of 0.924 eV, the PL signal is re-

Here we demonstrate that additional effects may contribduced within a circle with a diameter of about 130 nm, mark-
ute in experiments with uncoated fiber tips. When spatiallying the dot position. At 0.938 eV, where we would expect the
imaging the PL signal at a constant detection energy, in mosjround-state transition, the intensity at the edges of the circle
cases the emission profiles are characterized by very sharp
ringlike structures instead of the expected single peak. More-
over, the diameters of the rings are found to vary strongly
with detection energy. These observations can be explained
by assuming a Stark shift of the transition energy in the
guantum dot, which is due to an electric charge induced by
the uncoated tip. In a detailed simulation of the electric field
at the quantum dot as a function of the tip position, an ex-
cellent agreement with the experimental data is achieved.

The SNOM experiments were performed at room tem-
perature using a homebuilt setup in internal-reflection geom-
etry with fiber tips prepared by chemical etchi§.The
Ing ,Ga& gAs quantum dots in a GaAs matrix were grown
using  metal-organic  chemical vapor  deposition
(MOCVD).>%1%n a previous SNOM work at these quantum
dots, Lorentzian linewidths of 10—20 meV were observed in
the PL spectra at room temperature, considerably narrowing
with decreasing temperaturg&Mainly three peaks were ob-
served, with typical transition energies at room temperature
around 0.94 eV for the ground-state transition and 1.01 and
1.11 eV for the first and second excited-state transitions, re-
spectively.

Figure Xa) shows a PL image taken with a metal-coated
fiber tip at a detection energy of 0.938 eV, displaying the
emission from two quantum dots. Clearly evident from the
cross section in Fig.(t) is an almost Gaussian shape of the  FIG. 1. PL image of InGaAs quantum dots taken at room tem-
signals from each dot. A corresponding PL image taken wittperature at a detection energy of 0.938 @y with a metal-coated
an uncoated fiber tip is shown in Fig(hl. Now the spatial fiber tip and(b) with an uncoated fiber tip(c) Intensity-contour
variation of the PL signal above the quantum dots is noplots along the lines ii@) and (b).
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FIG. 2. PL images of a single
InGaAs quantum dot taken with
an uncoated fiber tip at room tem-
perature for varying detection en-
ergies, showing the energy depen-
dence of the ringlike features.
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begins to increase, yielding a ringlike emission profile.electric-field component in the-y direction is zero directly
Gradually this ring becomes sharper and its diameter deabove the dot, increasing to a maximum at a certain lateral
creases when further increasing the detection energy. Adistance and then decreasing again. The corresponding Stark
0.998 eV the ring concentrates to an about 40 nm wide emiseffect leads to a redshift with increasing electric field, result-
sion peak, while the signal intensity decreases around thigg in an energy variation as shown in Figb® Thus the
peak. This peak disappears at 1.014 eV, which is about thgansition energy in the dot is tuned to the detection energy at
energy of the first excited-state transition, and an emissiofour different lateral positions along the cross-sectional line,
profile is observed similar to the one for 0.924 eV. With which would in principle result in two concentric ringlike
further increasing detection energy, the signal profile changesmission features. Since the collection efficiency of the tip
again in a similar way as before, first forming a ring at 1.031decreases strongly at larger lateral distances, as shown in
eV, which gradually decreases in diameter towards a peak @g. 3(c), the signal from the outer ring will be too weak to
1.067 eV that finally vanishes at detection energies betweepe detectable, so that only the inner ring remains visible.
1.086 and 1.105 eV. Now the diameter of this ring decreases with increasing de-

In the following, the strong changes in emission charactection energy, as observed in Fig. 2. The strong energy
teristics when going from metal-coated to uncoated fiber tipsariation with lateral tip position also explains the sharp
are discussed. Only considering the results presented in Figdges of the rings. In the present case, widths down to about
1(b), it could be assumed that a polarization effect of the tip10 nm were observed, as shown in Figc)1 which mainly
is responsible for the ringlike emission features, as discussegepend on the spectral linewidth of the optical transitién.

in several SNOM studieS**In the present case, the polar-  |n the following, the influence of the Stark effect on the

ization would be related to the tip shape as well as to the

structural properties of the quantum dot, which do not vary @ ﬁt‘ger electric

in size during the experiment. Therefore the strong variations P | /charge

in ring diameter with detection energy shown in Fig. 2 can- - _-" X

not be explained on the basis of polarization effects. = Z _ surface
On the other hand, also a charging of the tip can occur r

when omitting its metal coating, resulting in an electric field &% = 3nm

in the vicinity of the tip. In several studies the influence of an tsluaIllZlIllI?‘lldot GaAs

electric field on the optical transitions in quantum dots was

studied, leading to a Stark shift of the transition energies to (b)

lower values by several 10 mé¥,;?>which is in the order of T on

the energy changes where the variations in ring diameter are / energy

energy

observed here.

In Fig. 3(a) we show schematically the charged tip above
the dot. Based on structural data from MOCVD-grown dots,
the dot shape comes close to a truncated pyramiid.par- © >
ticular, transmission-electron microscopy images of the dots
studied here yield a height of about 3 nm and a base length
of about 17 nm, with the dot located about 30 nm underneath
the surfacé:¥® The low aspect ratio indicates that the dots
are mainly polarizable in plane, yielding a much larger Stark
shift by electric-field components in thxey direction than by FIG. 3. () Schematic model for the origin of the Stark effect
those in thez direction. due to a charged fiber tigb) Variation of the PL energy of the

In this way, the observed ringlike structures can qualitaquantum dot with tip position, an@) the influence of the collection
tively be explained, as shown schematically in Fig. 3: Theefficiency on the resulting emission features.
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FIG. 4. Comparison of(a)

) 2 simulated SNOM images witth)

o the experimental data for different

'g detection energies angt) corre-

= ponding intensity profiles. A tip-

®© charge-induced Stark effect was
(©) g assumed for the simulations.
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SNOM images is simulated quantitatively, as shown in Fig. The results of the simulation in comparison with the re-
4. For this simulation, a parabolic potential is assumed fospective experimental images are presented in Fig. 4 for dif-
the electron and hole states in the quantum dot, leading to farent detection energies. An excellent agreement of the
quadratic Stark effect in the-y direction?*?® while the  simulation with the data is found. Both the diameters of the
Stark effect in thez direction may be neglected because ofrings and their disappearance are described by the model.
the small dot height. Two transition energies at 1.00 eV antnly the depressions observed experimentally at 0.952 eV
1.09 eV with Lorentzian widths of 20 metRefs. 5and 6 and 0.998 eV within the rings are not found in the simula-

were assumed for the quantum-dot emission, correspondingyns. This effect is not understood up to now and requires
to the first and second excited-state transitions, respectively, ther investigation.

The ground-state transition, in contrast, is expected o be gy it should be noticed that it is irrelevant for this

strongly suppressed due to the field-induced reduction of thﬁwodel if the fiber tip is charged itself or if charges develop at

overlap of eleptron and hole wave fl.mCt'onS' o . or underneath the sample surface. In both cases no ground
For determining the signal intensity, the excitation radia- o . ; )
connection is provided, which could be realized, e.g., by a

tion of the tip is assumed to vary withrf/ For the detection metal coating of the ti
an arbitrary in-plane polarization of the quantum-dot emis- 9 P i . .
In conclusion, we observed ringlike emission features in

sion is used®?’ This radiation is collected by the tip using ) )
the collection efficiency of a near-field dipole polarized in SNOM images of single InGaAs quantum dots. Because of

the x-y direction?® the observed strong variation of the ring diameter with the

A good agreement with the experimental data was obdetection energy, a tip-charge induced Stark shift of the
tained by approximating the charged tip by a point charge ofMission lines was assumed. A simulation of_ the emission
about 400e in the center of the spherical tip apex with a Profiles resulted in an excellent agreement with the experi-
radius of 60 nm, leading to a maximury component of mental data. Our results also demonstrate that a SNOM tip is
the electric field of about 300 kV/cm. It should be noted thatcapable to apply strong electric fields to the investigated ob-
the dielectric properties of tip and sample only result in ajects. If this effect can be better controlled in the future, e.g.,
screening of the electric field, so that they could be neglectetly biasing a metal-coated tip, an interesting new field of
here for simplicity. A more sophisticated treatment consider-SNOM applications would develop.
ing dielectric effects and the true tip geometry only would o )
yield a larger tip charge with otherwise very similar simula- F- Heinrichsdorff and D. Bimberg are acknowledged for

tion parameters. providing the samples.
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