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Optical near-field response of semiconductor quantum dots
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The near-field response of optically excited semiconductor quantum dots is theoretically investigated for the
collection and illumination mode of a scanning near-field optical microscope. The study includes resolution,
spectral line shape, and field distributions of single and interacting dots. It is shown that in contrast to near-field
excitation of molecules with large dipole moments, the line shape and position of typical semiconductor
guantum dots can be determined without a disturbance if realistic values for the intrinsic linewidth are as-
sumed. The comparison of regular and irregular quantum-dot distributions yields characteristic signatures for
disordered arrays, necessary to understand the optical response of realistic semiconductor quantum dot
samples[S0163-182607)04620-1

[. INTRODUCTION there is the strong localization of radiation below the diffrac-
tion limit, thus allowing an enhanced optical resolution. Sec-
Experimental studies of semiconductor quantum-dot sysend, the near-field creating source is close to the sample,
tems using conventional optical techniques, such as pummhich implies the existence of longitudinal field components
probe spectroscopy, nonlinear wave mixing, etc., yield ininteracting with the sample. Third, analytical models, like the
most cases information only of the spatially averaged systerBethe-Bouwkamp solutiofig for the electromagnetic fields
properties. Since real samples usually contain distributionbehind a small cicular aperture, often used as a model for a
of dot sizes, shapes, or compositihthe signals are often fiber tip, suggest a strong enhancement of magnetic field
dominated by inhomogeneous broadening, masking many afomponents in comparison with the electric fields. This en-
the signatures of the individual quantum dots. In addition tchancement of the magnetic fields makes the near-field
the experimental preparation of ultimate samples, which conmethod not only very efficient to study magnetic materials
tain no or drastically reduced distributions, experimental in-but it may be possible that for strong enhancement the estab-
formation on the optical properties of individual dots can belished multipole ordering of the Hamiltonian could break
obtained only by using optical techniques with subwave-down, because the reduced strength of the magnetic material
length spatial resolution? moments in comparison with the electric dipole moments
A very promising tool for high spatial resolution optical can be compensated by the magnetic field enhancement. This
measurements are the recently developed scanning near-fidddhavior, however, is only expected for very small apertures
optical microscope§NOM’s).5 Here, modifications of elec- whose diameter is much smaller than the wavelength of in-
tromagnetic radiation are detected which are caused by thadent light. As shown below, for tips used in current experi-
interaction of the microscope tip with an object smaller thanments, electric and magnetic field show the same order of
the wavelength of light. Hence SNOM'’s seem to be ideallymagnitude, thus favoring electric field effects.
suited to investigate the properties of individual quantum First calculations and their experimental verification of
dots within a dot ensemble realized in a realistic structure. Inmatter-field interaction have been presented for field
order to investigate the potential and limitations of thedistributions® their polarization dependendeand line
SNOM technique we perform model calculations for ideal-shapes of single molecules exposed to fiber ¥igs Investi-
ized near-field geometries. For such a study it is especiallgations of the molecule-tip interaction show that the line-
important to analyze the characteristic signatures of the scanvidth of a molecule is strongly dependent on the respective
ning near-field source or detector, i.e., the tip of a SNOM ,position of tip and molecule, thus allowing for the conclu-
and to extract those signatures which are caused by the ision that measured lifetimes are changed in comparison to
teraction with the quantum dot. Since tip and dot are of comthe intrinsic lifetimes, which in turn are given by spontane-
parable spatial dimension, one has to investigate the stronglyus emission in the presence of the vacuum field and other
coupled configuration of quantum dots and tip. In the vicin-reservoir processes. This behavior results from the strong
ity of the tip, electromagnetic fields are strongly altered bycoupling regime of molecule and tip, due to a large dipole
the object(quantum ddtand thus, scanning the aperture overmoment and very long intrinsic lifetimes of the molecule
a sample, subwavelength resolution by means of an opticatansitions. Besides these studies of molecular systems recent
experiment is achieved. Often, in the experimental setup thexperiments are also applied to manmade solid state devices,
aperture is a fiber tip scanning over the sample. In principlesuch as quantum dots and wéffs.
the fiber tip can be used either for collecting the radiation of In this paper, we go beyond preliminary calculations theo-
the sample or for exciting the sample. The use of a tipretically investigating a SNOM experiment in the vicinity of
smaller than or comparable to the wavelength of light as a quantum dot array. As a detector/source with a subwave-
optical source has several features different from the illumidength aperture we assume a metal coated fiber tip, which
nation by a plane wave or lense focused laser source. Firatpay collect the scattered radiation after excitation of the dot

0163-1829/97/580)/1371511)/$10.00 55 13715 © 1997 The American Physical Society



13716 B. HANEWINKEL, A. KNORR, P. THOMAS, AND S. W. KOCH 55

(a.) 50nm substrate thus inducing evanescent surface waves traveling
«— 600nm — on the surface of the substrifteand interacting with the
quantum-dot ensemble. On top of this geometry, a SNOM
detector working in collection mode is applied. The field
emitted by the quantum dots is collected by the tip. At the

end of the tip o) a photodetector measures the energy flux
density(poynting vectoy of the radiation integrated over the
150nm whole area of the tigv(L):
40nm c
|

W(Lo)zﬂf fdxdyRe(ExH*)z. 1)

In general, these calculations have to be done until the tip
length and the thickness of the fiber allows for a propagating
mode. However, in the numerical scheme we (== Ap-
pendix A this requires immense calculational effort, thus we
restrict the calculations to that length of the fiber tip where
the flux through different planes of the fiber remains quali-
tatively unchanged; besides a gradual decrease due to a finite
penetration depth. The analysis shows that these conditions
are satisfied at a length where the tip diameter has increased
to a value exceeding the wavelength This approach is
consistent with the cut-off wavelength of the fiber and indi-
cates that the calculated signal is propagated through the fi-
ber, finally arriving at the detector, see Ref. 13.

(i) HNlumination mode.As a second example, the illumi-
nation mode is investigated. Here, the tip is used as a near-
field source and spatial resolution is obtained by scanning
this source over the sample and detecting the resulting
changes in the far field. To generate the near field, it is as-

FIG. 1. Sketch of SNOM experiment, working {g) collection ~ sumed that a beam with Gaussian profile is propagated
and (b) illumination mode. through the fiber until it reaches the tip and its transmission

through the tip hole yields to an optical near field.
array with a plane wave, thus working in the collection As observable quantity the intensity of the electromag-
mode. Alternatively, this arrangement allows the excitationnetic fieldE at a positionrg in the far field is detected by a
of the dots through the tip within the illumination mode.  pointlike photodetector. To remove the background, its rela-

The paper is organized as follows. The treatment of thdive change
electromagnetic field and matter is briefly reviewed and a

description of the considered geometry and calculated ob- |E|2—|Eo|?

servables is given in the following Sec. Il. The model for the S(ro)= T @
interaction of the electromagnetic field of the tip and the °

quantum-dot system is outlined in Sec. lll. In Sec. IV spa-due to the presence of the sample is calculated. Hege,

tially resolved optical properties of single dots and dot arrayslenotes the field without the samplg,is the field which

are discussed. Our results are summarized in Sec. V. In twidicludes the full geometry. Our numerical calculations indi-
appendixes we summarize the main steps of the Green fungate that at a distance oP3\ the obtained results are al-
tion method to solve the electromagnetic wave equation foready a good approximation of the far field. In this geometry,
the tip (Appendix A) and we discuss the material equationsthe absorption line shape, defined by the induced polarization

used to describe the quantum-dot sysi@&ppendix B. P(w) is investigated as a function of tip position and cou-
pling strength between tip and dot.
Il. GEOMETRY AND OBSERVABLE QUANTITIES Now, after having briefly described the basic two interac-

tion modes, the corresponding fields must be calculated to
As a realistic model system for near-field optical micros-obtain the observable quantities. The used equations and
copy we study an array of resonantly excited semiconductotheir derivation are outlined in the next section.
guantum dots located on a dielectric, nonabsorbing substrate
with a fi.xed and frequer!cy independgnt rgfractive index. lll. FIELD —QUANTUM-DOT INTERACTION
Two basic modes for the tip-dot interaction will be analyzed:
(i) collection mode andii) illumination mode. These con- In this section we briefly sketch the method to solve the
figurations are schematically shown in Figga)land Ib),  vector Maxwell's equations for the full electric field in the
respectively. linear domair?. We consider the wave equation of the total
(i) Collection mode.A plane excitation wave under an electric field including transverse and longitudinal compo-
angle of total reflection is incident from the bottom of the nents:
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, 1 62  Ax &2 operator, and) is the volume of the elementary cdll;; are
VE-VV-E- Z72E="z 7zP (3)  the intrinsic polarization decay rates and will be chosen to be
0

constant [';;=T"). f;; denotes a static band filling factor,

In the strict regime of linear optics, using a linear suscephich is one for small excitation and is negative for inver-

tibility y, the polarization can be written in the Fourier do- sion. For simplicity we discuss the case of resonant or nearly
main as resonant excitation of one transition{12), thus neglecting

nonresonant terms. For a detailed discussion of the material
P(r,o)=x(r,0)E(r,o). (4)  equations and their validity in the case of near-field interac-
tion see Appendix B. Using the susceptibility, E8), in the

Here, we have assumed that the medium has no optical aj,e equatiori) the problem of near-field — dot interaction
isotropy and a local response. The assumption of a locak t5rmulated self-consistently.

response restricts the application to localized carriers, a situ-
ation well realized in a semiconductor quantum dot where
the spatial confinement is complete in all spatial directions. IV. APPLICATIONS

However, in principle this restriction is not necessary, and |, yis section, equations for the electromagnetic field un-

can be relaxed, e.g., for the study of semiconductor wireSygsr e jnfluence of the coupled material system of fiber tip

wells, and bulk materials. The total pc|>(lar|zat|on IS SI;“bd"and semiconductor quantum dots are solved for several sce-
vided into nonresonant contributioribackground or refer- aios First, we characterize the action of the tip on the

ence medium subscrip) and the resonant or nonresonant gjectromagnetic field and discuss how a plane wave/
perturbation(subscriptp). Thus we can write the suscepti- Gassian pulse used as excitation field develops into a near-

bility as field distribution for both, illumination and collection mode.
=(xe+ xo) 5) Secon_d, the _interaction of th_e fie_ld with single quantum dots
X=X ™ Xpl- and with various dot arrays is discussed.
Using the definition of the dielectric functionand combin-
ing the susceptibility with the wave equation, we arrive at A. Characterization of the fiber tip
2 In the following calculations, the tip is modeled as a metal

w
VZE_VV’E+E2_[8r(war)+8p(wvr)]E:0- (6)  coated fiber having a quadratic shaped hole, oriented parallel
0 to the axes of the coordinate system. Its aperture is 150 nm in
Similarly, for the magnetic field we have the following wave each direction. The opening angle is 90°. The metallic film is
equation: 50 nm thick, for the calculation the interior dielectric is cho-
sen to be vacuum, assuming that the main influence on the
0y @, @ field is given by the metallic coating. In the following we
N B+c_(2)B_47T' C_OVXP' (7 assume that the field propagates through the fiber from the
. S positive z direction to the negative direction (illumination
Having solved Eq(6) the polarization is given by Eq4)  modg or in the opposite direction reaching the detector at
and thus the magnetic fiell can be calculated by Eq7).  the end of the fiber tigcompare Fig. 1 If not mentioned

The solution of this system of equations can be obtainegtherwise, the polarization of the incoming wave is always
numerically by using an efficient calculation scheme pro-chgsen to be in th& direction.

posed in Ref. 9. The scheme is based on a Green function
approach, WhiC.h consists of a self _ consistent set of 1. llumination mode
Lippmann-Schwinger and Dyson-equations for the corre- ) o . )
sponding Green functions of the perturbed and unperturbed N this mode, the tip is excited by a Gaussian beam propa-
system, respectively. This method is briefly reviewed in Ap-9ating into the tifcompare Fig. ()]. The dielectric surface
pendix A. depicted in this figure is not taken into account in the follow-
We apply this method to study an array of quantum dotdnd calculations. S
interacting with an external electromagnetic field which ful- In Figs. 2 and 3 we plot the spatial distribution of the
fills the appropriate boundary conditions at the tip and at thé&lectric and the magnetic field, respectively, after transmis-
quantum dots. To calculate the fields, the susceptibility of théion through the fiber tip. Figure(@ shows the spatial dis-
array must be determined. The different quantum dots arffibution of the field in the propagation direction at different
well localized in space, their extension is assumed to béX.Y). It can be recognized that the incoming field and the
much smaller than the variation length of the electromagfle|d reflected from the front of the tip interfere within the
netic field. Thus, they are treated as point like particles witHiber z>0 for (x=0, y=0). The evanescent field is seen to
respect to the spatial changes of the light field. Under rathefl€cay rapidly after its transmission through the hole at
general assumptions their susceptibility can be cast into the<0. In addition to this we also plot in Fig.(@ the field

2

following form (see, e.g., Ref.)1 close to the walls of the tipg=0.1 um or y=0.1 um, re-
spectively. We clearly recognize a dramatic field enhance-
i |dij|%f; ment near the walls. Figure(l® and Fig. Zc) shows the

X(r,w>=Q—E T +1(E—E —w) s(r—ry. (8 spatial field distribution inx,y direction for different dis-
0l,),k i j . . . .
tances outside the tip. One clearly recognizes the difference
Herei, j, denote the different quantum states in the quantunof the field structure ix andy direction. Whereas for the
dot, placed at,, d;; are the matrix elements of the dipole y direction, i.e., perpendicular to the polarization of the in-
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FIG. 2. Electric field intensity under a tip in illumination mode FIG. 3. Magnetic field distribution under a tip in illumination
(a) in propagation direction(b) in polarization direction, andc) mode, same setting as in Fig. 2.
perpendicular to both directions. The incoming field is modeled by
a Gaussian beam with beam waistxaty=0 um. The intensity is geometry(see Appendix B for a detailed discussion
normalized to the intensity of the incoming field in this point. The = A characteristic length scale for the variation of both elec-
tip has an aluminium coating of 50 nm thickness, its dielectricmC and magnetic field is 40 nm. This means that a multipole
constant is—26.3+5.2i. The aperture has a diameter of 150 nm. expansion as performed in the Hamiltoniesee Appendix
The tip ranges vertically froz=0 to z=1 um, horizontally itis - g5y yseful if the sample is smaller than 40 nm, because
Se;;ﬁ:zgtiggﬂg&?s’é?é I:f wavelength of the incomingn a only in this case higher order multipole terms can be ne-
' glected. However, for the case of quantum dots with a typi-
cal diameter of an excitonic Bohr radif40 nm studied
here, the neglect of all but the dipole contributions is an
excellent approximation.

coming field, a localized distribution is obtained, a double
peaked structure occurs for tlxedirection in which the in-
coming field is polarized. This is similar to the field distri-
bution in a cicular aperture, where the electric field diverges
in the polarization direction at the rifThe z dependence
shows the length within which the evanescent field spatially To characterize the collection mode, we first calculate the
decays, indicating a decay lengthlof'=\/27. The height field distribution only in the presence of the dielectric sub-
of the double peak observed in direction gradually de- strate with no quantum dots on it. Figurdgyand 4b) show
creases with an increasing distance from the tip. the resulting electric field intensity under the tip. We assume
A similar scenario as discussed for the electric field carplane wave excitation with parallgFig. 4(@)] or perpendicu-
be found for the magnetic field in Fig. 3. Similar to the field lar [Fig. 4(b)] polarization with respect to the plane of inci-
distribution in an aperture of an ideal conducting plane thelence. The distance of tip to surface is 40 nm, the field is
magnetic field perpendicular to the polarization direction iscalculated 20 nm above the surface.
enhanced. The ratiB/E depends on the position relative to ~ The comparison of Fig.(4) and Fig. 4b) clearly demon-
the tip. It is mostly smaller than one and does not exceed atrates that the field distribution corresponding to parallel or
value of three in the observed region. This indicates that foperpendicular polarization differs drastically in magnitude.
the tip geometry studied here the material interaction withTo understand these differences we can think of the tip in the
the magnetic field can be neglected, similar as in the far-fieladtollection mode as dipole induced by the wave traveling on

2. Collection mode
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FIG. 5. Magnetic field intensity under the tip in the collection
mode, parameters as in Figal

(b)

barrier. Similar calculations for a dielectric tetrahedral tip in
the same experimental sefiyield a strongly peaked field
distribution, in contrast to our case where we get a fine struc-
ture resembling the shape of the tip.

For comparison with the electric field distribution, the
magnetic field distribution has been calculated in Fig. 5.
While the electric field is peaked under the edges parallel to

o x [nm] the propagation direction of the surface wawedirection
200 "5 o[ 200 the magnetic field distribution peaks under the edges of the
200 tip, perpendicular to the propagation direction. Thus the ratio
of electric to magnetic field has a strong spatial dependence.
o . o _ The maxima are approximately equal. For even smaller tips,

S oo ' o Spatial areas, where the magnetic and the electric interaction
The tip is the same as in Fig. 2. The refractive index of the surface
is n=1.5. The field is normalized to the intensity of the evanescentCan be comparable.
surface wave traveling without the tifg) polarization of incoming
wave in plane of incidencey(z plang, (b) polarization of incoming B. Quantum-dot response
wave perpendicular to plane of incidenoe direction). To study the interaction with quantum dots we first as-

. : L . sume the case of a single dot before quantum-dot arrays are

:getﬁgbsggie;a;gﬁ g}dt%(;e2udt;‘s)?rzsgmje;ée\?v;\zrsfrﬂgﬁd'inﬁ]\ve_stigated. As before, we anglyzg Fhe iIIuminat_ion and col-

i . o .7t~ lection mode separately. For simplicity, we restrict the study
turn, is determined by the incident waves. The direction o . . .

of a dot array to a linear chain of dots extendedidirec-

;gre |Irr11(§jlggﬁ? v(\j/rvoelg ;osoEf}irfeegdﬁ;ﬁﬁﬁgfgnﬁ&;igﬁcee tion. The susceptibility of the dots is chosen corresponding
plane of incidence. Due to the boundary conditions, the totaﬁo _Eq. (8). Here, we use the fqllpyvmg parameters:
r)(o—477)((a)o)/l denotes the susceptibility under resonant

field can be approximated by the dipole field plus a mirro L _ .
dipole field on the other side of the surface, which is orienteuexc'tat'on'_The valuesx(o—o.l,;,lq) qorresponq toa d|pole
trengthd=3 eA, whereas the intrinsic dephasing rhtgis

parallel in the case of a dipole perpendicular to the surfacg

. _ 75 _ 76 _ 77 - -
and antiparallel otherwise. In the first case direct and mirro?’am3d fromI'=10"> I'=10" to I'=10 (|n' units of
wq) to study the weak and strong coupling regimes between

field add constructively, whereas they add destructively i . L
the second case. In the following we concentrate on parallrew1e dot and near fleld..N(.)te that a susceptibility smaller than
zero (yo= — 1) results in inverted quantum-dot levétega-

incidence, depicted in Fig.(d because a larger field en- \ ey ) . .
hancement is expected to improve the signal from a sourchve f in Eq. (8)], thus characterizing optical gain. To obtain
ealistic values for quantum-dot arrays which are under ex-

under the tip. In this case it can be recognized that the eled®d tal study? th ters h 0 be ch i th
tric field is strongly enhanced under the metallic edges of thdenmental study, the parameters have to be chosen in the

tip. In addition, strong interference effects occur as indicated®"9¢ described above.
by the oscillating electric field distribution. The evanescent
surface wave is partly reflected by the tip. Thus, in front of
the fiber standing waves occur, whereas behind the fiber tip a (i) Single dotsFigure &a) shows the computed far-field
weak, spatially decaying field is observed. This behavior issignal S at R,=(0,0,—2)um, Eq. (2), as a function of the

similar to the transmission of a traveling wave through ascanning distance of the tip with respect to a single dot at

electric field intensity

-400

y [nm] 400

1. lllumination mode
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0.0002 solution with the situation where the interaction of dot and
(a) - o=l tip material is neglectedFig. 6b)]. We see that without
A near-field interaction the signal is much less pronounced, and
0.0001 SN X0 X! its maximum is about one order of magnitude smaller. The
SR AT ratio of the maximum to the surrounding wiggles is de-
creased, so that a detection of the dot is more difficult. Only
for increasing distance of dot and tip the interaction becomes
e weaker and the difference between both signals gradually
-1.0 0.5 0.0 0.5 1.0 decreases. This shows that the sources of the near field have
X (pum) a strong effect on the signal and cannot be neglected.
We also discuss the line shape of the polarization at the
0.0002 — el position of the dot. The line shape and position contain in-
® Y e no interaction formation on the polarization decay and a possible line shift
in the presence of a near-field tip. The line shhp# the dot
is defined as the frequency dependent polarization
L=|P(w)| at the position of the dot for a pulsg,~ 5(t)
containing all frequencies with a unit amplitude. Note that
for a dot in a homogeneous surroundiffigr field excitation
the line shape is proportional tsee Ref. 18

0.0 pirsssis

0.0001

0.0

-1.0 -0.5 0.0 0.5 1.0
x (um) 3 ( e—1

=x(w— %Fo). ©
FIG. 6. (a) Signal of a dot in the illumination mode for various
Xo. the dot is placed at=0 and 40 nm under the tip. The scanning Hence the line shape is determined by the susceptibility, with
direction is parallel to the polarization of the incoming light (3 shifted resonance frequency. This line shape shows the
direction. (b) Signal of a dot in the illumination mode fofo=1,  ydth determined by the intrinsic decdy=I",, of the tran-
with and without the neglect of the near-field interaction. sition and the polarization would decay withlﬁgl in a
pulsed excitation.
the positionx=0. The different curves represent a set of Because we are interested in the modification of the decay
different susceptibilities of the do¢;=0.1,1,10-1. It can time and the line shape due to the near field we study the
be recognized that an interference pattern is formed due tsituation where the unit fiel&, has to travel through the tip
the superposition of the field of the tip and the induced di-before arriving at the position of the dot. Figure 7 shows the
pole of the quantum dot. The main signal contribution isline shape for different intrinsic lifetimes, depending on the
peaked at the dot position because here the induced dipotiistance from the center of the tip. The frequency shift due to
field is strongest. However, a weak interference pattern reEg. (9) has been compensated for.
sulting from the interference between the induced polariza- From Fig. 7 it can be recognized that the line shape in
tion and the tip field extends up to several tip diameters awapresence of the tip depends strongly on the intrinsic life time
from the dot. ~1/ly. Even for long lifetimesI' =107, xo,=10 the ob-
The signal rises with increasing quantum dot susceptibilserved near-field line shape resembles more or less the far-
ity and changes its behavior qualitatively. For small suscepfield line shape, thus indicating the possibility for an error-
tibilities the observed signal has only weak modulationsfree measurement of the intrinsic line shape. However, if we
whereas for large susceptibilities a double peaked structuri@crease the lifetime even further a line broadening, and for
develops. This double peak structure follows the positions o¥ery high couplings, line shape modifications and even a
the tip walls with respect to the quantum dot and is a direcsplitting of the lines is observed. The linewidth broadening
consequence to the electric field enhancement below thieas been observed and theoretically calculated for molecules
walls of the tip in the strong coupling reginieompare Fig. on a substrat&? However, to our knowledge, the linewidth
2(b)]. splitting for very high couplings has not been discussed so
For the dot having optical gainyg= —1) we see a more far.
or less inverted signal with respect to that of an absorbing (ii) Linear quantum dot arraysin contrast to atomic
dot with the same absolute value pf. Thus, we conclude physics where the study of single molecules/atoms is desir-
that within a near-field study the optical absorption and gairable, in solid state device optics one is often interested in
of single dots can be distinguished as long as a single dot isaving a high dot density to optimize the emission and non-
covered by the area of the tip focus. This situation is oflinear properties of quantum-dot samples. Here, due to the
particular interest for quantum-dot gain media where typi-strong inhomogeneous broadening, which spatially modu-
cally only a fraction of the dots experiences gain after thdates the optical properties of the quantum dot samples, a
arrival of an optical pump or a pump current due to thenear-field study with high spatial resolution is desirable. The
inhomogeneous distribution in the dot arfay. resolution of single dot properties such as optical gain or
A typical difference between near-field and far-field op-absorption using the near-field method will strongly depend
tics is that the sources of the incident radiation cannot ben the density of the dots and their interaction strength. A
neglected in a near-field situation. To study the influence ofeasonable measure of the dot densityis in dots per av-
the sourcegin our case the fiber tjp we compare the full erage spot size of the near-field tip. A typical sample is, e.g.,
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FIG. 7. Line shape study. Each curve represents the line shape FIG. 8. Far-field signa$ for different arrays of dotga) Regular
of a dot placed in distance (in polarization directiop from the  array of 1, 3, 5 dots with a distandex=0.7 um. The dots are at
center of the tip, the line shape is given in units of the intrinsicx=0 um; at x=-21.4 um, 0 um, 1.4um and atx=—1.4 um,
linewidth and the curves are normalized to a maximum of one. —0.7 um, 0 um, 0.7 um, 1.4 um. (b) Five dots with distance

Ax=100 nm, centered ix=0. (c) Disordered array, one dot is

described in Ref. 14 where the dot density is approximately“r’e1 zfl;T:geg;it?iﬁticgng?isg dr;;::'fefgrggz curves correspond to differ-

No=0.5. For this situation it should be possible to resolve
single dots as long as they are more or less uniformly dis-
tributed. Figure &) shows the computed far-field responseresponse. The spatial width of the observed signal is 2-3
S(x,) for a scan of a linear quantum-dot array equally dis-times larger than the tip width. From such an experimental
tributed in x direction at a density ofNy~0.3 (yo,=1, measurement it could only be concluded that several dots are
I',=10©). At this density the individual quantum dots are distributed within the focus.
easily resolved and even a line shape analysis yields the In general, the analysis of a quantum dot ensemble is
same answer as that of a single doot shown. The modi-  difficult not only for large dot densities but also due to the
fication of the signal due to the presence of several dots areccuring inhomogeneous size distribution which modulates
neglegible at the positions of the dot. However, in the rethe transition energies and thus the susceptibilities. To model
gions between the dots, field interference strongly changeiis behavior we have studied a regular sample of dots where
the signal distribution, because here the induced fields ofhe properties of one irregularly positioned dot is different in
neighboring dots are comparable. However, the signal teomparison to the surrounding dots. Figute)&hows a plot
background contrast is even increased due to the destructivéhere the surrounding dots have the same parameters as in
interference in the presence of a small dot density. Fig. 8(@), however, the dot that was originally positioned at
In contrast to this idealized configuration, in real samplesxo=0 is now shifted to the positiory=500 nm. In addition
local clusters of dots may complicate the analysis even if théhe  shifted dot has a different susceptibility
average dot density is low. Figurél$ shows a scan for five x=0.1,1,10;-1. If the shifted dot has a much smaller sus-
dots at a distance of 100 nm which is comparable to theeptibility (xo=1) than the surrounding dots it can hardly be
densityNy=2.5. The observed signal indicates that the dotgletected. If the two closely spaced dots have the same sus-
react as a cluster of dipoles within the tip spot. A strongceptibility (xo=1) they show again the cluster effect and a
interference of the individual dot signals modulate the totalbroader spatial width than the tip size, whereas for different
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0.0004 1~

FIG. 10. Signal of one dot, detected in the collection mode, the
dot with susceptibilityyo,=1 is placed in (0,0).

the surface. The oscillating variations of the signal are
caused by the interference of the incoming wave and field
scattered by the sampl@egativey in Figs. 1) and the
interference of the incoming wave and field scattered by the
. ) ) tip (positivey in Fig. 11). Only if these variations are small
susceptibilities o=10) the dot in the weak coupling re- iy comparison with the signal due to the direct interaction of
gime is strongly surpressed in comparison to the dot with thqp and sample can the sample be analyzed in a useful way.

high susceptibility. In the case that the shifted dot has gainhjs is the case if the distance between tip and dot is in the
due to interference effects, the signal of the other dot is engagion of the diameter of the sample.

dots, surrounding the distortion is not strongly altered.  yer three dots at the positions-0.4,0.4)um, (0,0.3)m,

_ Figure 9 presents the calculated results for a two dimenang (0.3,0.2).m. The signal is strongly influenced by inter-
sional scan over five dots at the positions@.4,—0.4)um,  ferences between incoming surface wave and waves scat-
(=0.3,-0.3)um, (0,0.3um, (0,0.4um, and (0.3,0.2um  tered by the quantum dots. However at the density assumed

with xo=1. We see that the two pairs of closely spaced dotshe dots are easily resolved and each dot is characterized by
cannot be resolved, they appear as one dot with a slightly

higher susceptibility. In principle, using our calculations and

FIG. 9. Signal of five dots in the collection mode, the dots are
placed in 0.4,—0.4)um, (-0.3,—0.3)um, (0,0.3lum,
(0,0.2)um, and (0,3-0.2)um.

making assumptions on the linewidth, experimentally ob-

: 0.0015
served mappings of quantum dot arrays could be recon-
structed. 0.001

2 0.0005
2. Collection mode ool
(i) Single dots.Figure 10 presents the calculated energy T

flux Eq. (1) for different relative positions of the tip and -0.0005
sample in thex-y plane having one quantum dot positioned 0.4 02 0.0 0.2 0.4

at the origin of thex-y plane. The height of the tip and of the

dot over the plane are 40 nm and 20 nm, respectively. The

figure shows that the obtained signal is strongly enhanced 0001

under the edges of the tip indicating that the resolution is

given by the diameter of the tip. Figure 11 presents the signal 0005

for a scan iny direction atx=0 um for different parameters. 3

In Fig. 11(a) different linewidths are considered, showing an

approximately linear dependence of the coupling to the par-

ticular susceptibility. For a medium with gajp,= —1 the

observed signal shows a sign change in comparison to the -0.0005

absorbing casg,=1. -0.4 0.2 0.0 0.2 0.4
Figure 11b) compares different scanning heigi¢® nm, y (pm)

50 nm, 60 nmimplying different distances of tip and sample

(20 nm over the surfageThe results show that the dot in- FIG. 11. Signal of one dot placed aty=0 in the collection

duced signal strongly decreases relative to the surroundingiode for (a) different susceptibilities andb) different scanning

interference pattern when the tip has a larger distance froreights.

0.0
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dots. The analysis is more complicated if the dot density is
larger, especially if the dots have different oscillator
strengths, which is the case, e.g., for dots with a size distri-
bution. In this case interference effects prevent a unique in-
terpretation of the obtained signal and a supporting calcula-
tion of the tip-dot interaction must be carried out.

0.0015

0.0010 We compare the two modes regarding the strength of the
signal, which is the relative change of energy density or en-
0.0005 ergetic flux induced by the presence of the dot. For a reso-
%) nantly excited dot withyo,=1 the signal has a maximum of
0.0000 0.0002 in the illumination mode and 0.0007 in the collection

mode. For the collection mode, on the other hand, there are
strong interference effects from the scattering of the surface
wave by the dot. The variations of the signal due to this
effect make the detection of the dot impossible, unless the
distance of the tip and sample is very small. A numerical
analysis indicates that the illumination mode is not limited
by this. In both cases the resolution is of the order of the tip
diameter. In general, it seems that the resolution could be
improved by using imperfect metalliced tips, where only one

FIG. 12. Signal of three dots in collection mode. The dots arewall guides the field to the object. In this case, the resolution
placed in (- 0.4,—0.4)um and (0,0.3xm, and (0.3 0.2)um. of the tip is of the order of the wall width.

a double peak, which has approximately the size of the tip. ACKNOWLEDGMENTS

The maxima of the peaks are twice as high as the maximum .
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V. CONCLUSIONS APPENDIX A: GREEN FUNCTION METHOD

In conclusion, we have discussed the equations of motio%rg;r:hf'jni{)igﬁnrﬂz(tr‘%%g”S(Zfll\sllerfgéevvzaierzceun;g’oEué)clghed

for an array of quantum dots interacting with the near-field o A d

distribution of a fiber tip. Within these equations, a singlefor the electric field. The Green functio@ (here a 3«3

quantum dot couples with the other quantum dots and th&ensor for the electric field in the wave equation is defined

near-field tip via the self-consistent electric and magneticpy

field at the position of the dot. In contrast to the situation of R R

far-field excitation where the magnetic field is often ne- {VZ—VV-+kz[sr(r)+sp(r)]}G(r,r’)=5(r—r’),

glected, the magnetic field may be enhanced in comparison (A1)

to the electric field if very small apertures are used. Hence, . . . .

more interaction terms than the well known electric dipoleWhére —the —dyadic & function is given by

coupling may be important in the material equatigpesm- ~ &r)=3(r)2;e®e. In the following G denotes the

pare with the appendjxHowever, for the tips used in these Green function for the reference system only, this means the

calculations, which come close to the tips used in recengolution of Eq.(Al) for ,=0. The division ofe into a

experiments, the magnetic field enhancement turns out to bgference system, described by and a perturbatior , is

negligible. Thus, the numerical solutions presented here fodone in such a way that for the reference system the Green

cus on the material coupling to the electric field. function G" is known, and also a solution of the homoge-
The investigation of a single dot indicates that the nearneous wave equatioB,, representing the incident field.

field induces strong line shape changes only if the ratio of the Let S be the region to which the perturbation is restricted,

intrinsic linewidth and the transition frequency is smaller this means, vanishes outside d. The full Green function

than 10°°. For extremely small ratios even a splitting of the can then be calculated via the standard Dyson equation:
line which results from the strong coupling between the tip

and dot is observed. The field distributions in the collectioné(rl r)=6r(ry,r)

and illumination mode show that the signal is strongly en- ’ ’ (A2)
hanced at the metallic edges of the tip. The investigation of

an array of dots shows that as long as the dot density is as _sz ér(rl,r’)sp(r’)é(r’,rz)dr’.

low as one per tip extension in the scanning direction the s

dots can be measured independently. In this case the emitted )

fields can be viewed as a linear superposition of individuaWith the help ofG electric fields within the perturbation
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N 1 1
E(r)=Eo(r)—kzLG(r,r’)sp(r’)Eo(r’)dr’ (A3) A’=—fodur><B(ur), U’=—J1)dur-E(ur).

as well as outside 0, After a multipole expansion the Hamiltonian for a single

quantum dot aR=0 reads

E(r)=E0(r)—k2J' Gr(r,r")e,(rHE(r)dr’,  (A4)

S H=Hy—d-E(0)—m-B(0t), (B2)
can be calculated. The computational problem is to solve the
Dyson equation(A2) for G(r,r’) with r,r’ in the source Whered=—eZr; is the electric dipole moment anth=
regionS. An effective scheme to solve the Dyson equation— (€/c) Z;r; X p; is the magnetic dipole moment of the dot.
has been proposed in Ref. 9. The key idea is the followingrhe HamiltonianH, contains the internal electromagnetic
feature inherent to the structure of the Dyson equation: If thénteraction of the particles as well as their kinetic energy.

perturbatiore , is split into two part$pzsé+8‘2), the Dyson  Note, that the occuring field is the total electric field which

Eq. (A2) can be solved fo;;p:gé, defining the Green func- contains longitudinal and transverse components. To pro-
Lo L1 A1 ceed, the formalism of the second quantization is applied for
tion G* of the perturbatiore; alone.G* can be regarded as a . : : .

p the material dipole moments which are expanded in the

new reference system, thus insertig for G' apd sf, for  eigenfunctions of the Hamiltoniald :

&, into Dyson equatiorfA2) now defines the totdb. This is

an alternive way for solving EqA2) in two steps instead of

one. This procedure works not only for splitting into two ~ H=2, Ejalaj— >, djE()aja;— > m;B(taa;.

parts but for splitting into arbitrarm. ! . ! 53
All involved functions are discretized in real space (B3)

fi=f(r) mtoln components, and the perturbatiepis split Here, aiT,ai are the construction and destruction operators

into n partse, 1=1n where the components are chosen {0t 5 electron within the quantum statavhich is supposed

be spi=sp(ri)5i|, |=_1,n. In this case the_ summe_ltlon inthe {5 pe an eigenstate of the Hamiltonikly.
Dyson equation vanishes and the followimgquations have At this point it is worth while to discuss an important
to be solved: difference between far-field and near-field optics. For far-

field excitation the multipole expansion is usually truncated
after the electric dipole term, thus neglecting the magnetic
term, with the following argument. For transverse fieltis
fields) one hagE|~|B|, and the related interaction energies
in the Hamiltonian can be estimated to be different by the
Y . A . - fine structure constant, modified by semiconductor mate-
ing Gj; again leaves us witks;; for abitraryi,j. rial parametersl; - E/m;;- B~a<1. In the case of an opti-
This method does not require that the valyeis small, 5| near field, the estimation of the different parts in the
however, for each step the whole fiel; is required. Nu-  Hamiltonian is more difficult because the electrical and the
merically this is mainly a storage problem, e.g., a mesh ofnagnetic fields are not necessarily on the same order of mag-
500 points with 16 byte per complex number leaves us withmitude. However, a rough estimate is possible if the Bethe-
about 35 MB. So the regiors of the source has to be Bouwkamp solutiohis used to estimate the fields in a small
bounded and the scheme is most effective for a localizedircular aperture. The magnetic fields are enhanced by a fac-

G =Gl '~ K°G & \V|G};, (A5)

starting froml=1 to I=n, with G°=G&" and G™=G. V,
denotes the volume of the site |. Each EA5) is solved for
j=| first (this is only a 3x 3 linear equation systeminsert-

perturbation. tor (ak) !, |E|/|B|~ak, with a being the aperture radius
andk= w/c the wave number of the incident light. For real-
APPENDIX B: MATERIAL EQUATIONS istic apertures this may be of the order of100. Thus,

electric and magnetic terms in the Hamiltonid@®2) may be
‘of the same order of magnitude. These estimations are only
Jalid in the case ofik<1, and it is guestionable to general-
jze them for tips used in todays experiments. Therefore, we
id calculations of the magnetic field. They indicate that the
magnetic terms can indeed be negledtsee section on the
e 2 characterization of the tip, Fig.)5As indicated by these
pi+=A(r; ,t)) — > eU(r;,t)+Hyy, numerical calculations, the used apertures are still too large
¢ i to make the magnetic field important. Thus only the electric
(B1)  dipole interaction will be considered in the following.
where the Hamiltoniai;,, contains the internal electromag- [N the strong quantization limitsmall dot3 where we
netic interaction of the electrons with chargeand their ~Neglect the formation of excitons and biexcitons, the quan-
interaction with the ion background. Because the carriers ar®im numbe contains the conduction or valence band num-
well localized in a quantum dot, one can take advantage of Be" #=C,v, as well as the subband numberof the enve-
Poincaregauge transformation for the external potentialslope function in a confinement potentigii) = &, u,, . In this
(see Ref. 15 The Poincargauge requires the new potentials case, the dipole moments are given by the following inte-
to have the form: grals over the volume of the dot:

In this appendix, the material equations for electromag
netic near-field excitation of a quantum dot are derived and
comparison of the results with far-field excitation is given.
The Hamiltonian for a system of charge carriers in externa
potentialsA,U read:

H

~2m4
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. . n;=c,v only. To derive the susceptibility which enters in the
P —eJ’“OdVUerUMZfSnl,nZ wave equation as a source, the equation for the polarization
P has to be derived:

. (B4)

1:42
P=M§L2 al, a0, (B5)

Here, (), is one elementary cell. As can be recognized, the
electric field induces intersubband transitions within the va-Calculating the Heisenberg equations of motion and taking
lence and the conduction band. In this paper, we focus on thilne expectation value of the polarization, the standard ex-
lowest subband in the qguantum confined potential only angbression for the susceptibility E@8) is obtained. The gen-
restrict the calculations to a two band model with a stricteralization for many quantum dots at different positions is
s-like conduction band and @-like valence band, hence straightforward.
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