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Nanoindentation and near-field spectroscopy of single semiconductor quantum dots
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Low-temperature near-field scanning optical microscopy was used to study the dependence of the emission
spectra of single self-organized InAs on GaAs, InAs on AlAs and InP on GalnP quantui@isson contact
pressure exerted by a near-field optical fiber (fimnoindentation A large energy shifup to 150 meV,
broadeningup to 10 meV, and intensity increasgip to one order of magnituglef single QD emission lines
have been observed at tip compressions up to 70 nm. Ground state energy shift rates from 0.5 to 3.5 meV/nm
have been measured for different aperture tyfresinded and flat, metal coated and uncoptdd sizes
(50-300 nmin agreement with numerical calculations using Picus—Bir orbital-strain Hamiltonian. A reduction
of the hydrostatic pressure coefficient due to a nonuniform In distribution in self-organized QDs has been
observed. Anomalously strong lateral inhomogeneity of the local stress field has been observed.
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. INTRODUCTION piezo-spectroscofly *° to the nanoscale region, allowing
piezo-spectroscopy of a single QD to be realized. However
The coupling of the evanescent electromagnetic field andittle is known about the effect of tip-induced stress on QD
the radiative electromagnetic waves in the vicinity of a nano-energy levels and about indentation properties of NSOM
probe placed near the boundary between two media is a basi@noprobes. There are only a few reports of NSOM spectro-
principle of near-field optics, providing a way to overcome scopic study of single QDs in the nanoindentation
the diffraction limit of light of conventional optickThe re-  regime?®~*° These reports demonstrated an increase of the
alization of this principle nearly two decades ago usingemission energy of the QDs under loading conditions but
nanoapertures® metallic’ and dielectri¢® nanotips gives only for a limited number of indentation points. No detailed
rise to the development of the near-field optical scanningnalysis of the stress produced by the NSOM tip is presented
microscope(NSOM),”~° allowing nanometer-scale spatial in the literature.
resolution in optical experiments. Among the many different In the present paper we used low-temperature near-field
and unique applications of NSOKRefs. 11-16is the pos- photoluminescence spectroscopy to study emission proper-
sibility of optical spectroscopic experiments with single ties of single self-organized QDs under nanoindentation us-
semiconductor quantum dot®Ds).}’~*? The novel atomic- ing an optical fiber probe for a variety of structur@sAs/
like electronic properties of semiconductor QDs arising fromAIAs, InAs/GaAs, and InP/GalnPprobe typegrounded and
strong mesoscopic heterointerface potentials and the abilitffat, metal coated and uncoajemhd sizeg50—-300 nny. Fi-
to control their properties using strained layer epitaxialnite element analysis of the stress distribution and of the
growth present very attractive opportunities for investigatingground state energy shift of QDs have been performed. Near-
the physics of quantum structurésphotonics and electron- field magnetophotoluminescence measurements of the dia-
ics applicatiort® and the demonstration of quantum comput-magnetic shift were used to distinguish dots of different
ing processing®~%" High spatial resolution and the nonde- sizes, In content, and homogeneity. This allows a correlation
structive character of the experiment, in combination withof specific structural properties of the QDs, arising from bi-
high magnetic field and time resolved technicfdé$®®al-  modal size distribution, with their optical properties: emis-
lows the use of NSOM to study structural parametéré, sion energy and spectral dependence on local stress. High
spin fine structure of exciton staté's>® temporal coherence energy shiftsup to 150 meV, broadeningup to 10 meV,
of wave function€® and mechanisms of carrier migratfn  and intensity increas@ip to one order of magnituglef the
and relaxatioftt in QDs. emission from single QDs have been observed at tip com-
The NSOM technique may also be used to produce highlypressions 30-70 nm. “Pressure” coefficier{ienergy shift
localized stress to the sample through the nanoprobe, exactigtes from 0.5 to 3.5 meV/nm have been measured in good
as is done in nanoindentation experiments to study materialgreement with numerical calculations based on Picus—Bir
hardnes§? This can extend the methods of the orbital-strain Hamiltonian. For InAs/GaAs and InAs/AlAs
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TEM measuremenisee Figs. (a), 1(b), and 1d)] we found
a bimodal distribution of dot sizes in both structures. There
are larger dots having basel5 nm and density 3@000
um~2 for InAs/AlAs(InAs/GaA9 QDs and smaller ones
having half of the size and density of large dots. The height
of the dots is~3-5 nm. We will show further that in our
samples the bimodal distribution of dot sizes is accompanied
with incorporation of Al or Ga into the QDs, which results in
different InAs content for dots of different sizes, as was es-
tablished from our near-field magneto-PL measurements to
be described in the Appendix below. The mixing of the QD
and matrix material is well established for strained layer ep-
itaxy at high temperature$;accounting for this mixing we
will call our QDs as either InAlAs or InGaAs QDs instead of
InAs QDs as is usually used in the literature. Moreover, we
FIG. 1. (8—(c) TEM planview micrographs of 2.4 ML InAs || distinguish the InAs QDghigher InAs contentand In-
QDs (a) on AlAs and(b) on GaAs together witlic) 3 ML INP QDs  A|As and InGaAs QDs(lower InAs content It should be
on Gaslng . (d) and(e) are cross-sectional TEM images of INAS/ nqted that a bimodal distribution of dot sizes is often ob-
AlAs and InP/GalnP structures, respectively. served for the deposition 0f1.7—-2.5 ML of InAs (Refs.
51-53 or ~5 ML of InGaAs (Refs. 54—-5p on GaAs. A
QDs comparison of the experimental results with numericatheoretical argument for a bimodal size distribution for the
analysis reveals a decrease of the energy shift rate due tojaas/GaAs system can be found in the thermodynamic equi-
nonuniform In distribution. An anomalously strong lateral librium phase diagram of dense arrays of islands analyzed in
inhomogeneity of the local stress field has been observeqief. 59. Some general speculations about the possibility of
Our results demonstrate the use of NSOM for probing theinetically controlled bimodal distributions in InGaAs QDs
local strain on the nanoscale, opening new possibilities t@re presented in Ref. 56.
study properties of QDs. This has broader impact for high |np QDs were grown at 700 °C by low pressure metalloor-
Spatial resolution piezo-spectroscopy. The ablllty to COﬂtI’ObaniC vapor phase epitaxy. Growth was started with the
the emission properties of QDs using nanoindentation can bgeposition of a 500-nm-thick Gagln, &P lower barrier fol-
important for optoelectronic and quantum computing appli-owed by nominally 3 ML of InP island deposition. After 5 s

cations. growth interruption the islands were overgrown by a 50-nm-
thick upper Ggslng sP [see Fig. &)]. The dots have a base
Il EXPERIMENTAL DETAILS ~100 nm, density 2um 2 [see Fig. 1c)] and height of 13
nm.
A. QD samples The structural and elastic parameters of the QDs are

We studied InAs/AlAs, InAs/GaAs, and InP/GalnP QD Summarized in Table I.
samples grown orf001] GaAs substrates. The QDs were
obtained by strained layer epitaxy using the Stranski—
Krastanov growth mode®>° The formation of QDs was ob-
served by transmission electron microscopy measurements The near-field photoluminescend®PL) spectra were
presented in Figs.(&)—1(e). Samples for transmission elec- taken in collection-illumination mode at 10 K under excita-
tron microscopy(TEM) were prepared using standard me-tion of the 514.5 nm Ar-laser line. The spectra were mea-
chanical polishing techniques with final Ar ion-milling, and sured using a CCD detector together with a 280 mm focal
studied in a 200 keV JEOL-2010FEG microscope. Planetength monochromator. The excitation power was 1-50 mW,
view samples were imaged presumably clos€0®@2) two-  which provided power density below the emission threshold
beam conditions giving the highest strain contrast from QDsof QD excited state§<20 W/cnf). The spectral resolution
The cross-sectional images were primarily taken usag) of the system is 0.2—0.4 meV. We measured NPL spectra in
dark-field conditions, which provide strong chemical contrasta magnetic field up to 10 T, which allows us to estimate
in this structure. lateral dot sizes for specific emission lirfés quarter wave-

InAs/AlAs and InAs/GaAs QDs were formed by deposi- plate and linear polarizer were used for separation of right-
tion of 2.4 monolayergsML) of InAs within a short-period and left-hand circular polarization
superlattice(SL) consisting of two/eight ML of AlAs/GaAs An Oxford Instruments CryoSXP cryogenic positioning
(average AlAs content 200y molecular beam epitaxy at system was used for 3D scanning. Contact of the tip to a
500 °C. The QDs, superlattice and 40 nm cap layer in thesample surface was controlled by a tuning fork and further
InAs/AlAs structure are clearly seen in cross-section imagéncrease of the vertical displaceméni produces local pres-
[Fig. 1(d)]. The InAs/AlAs QDs were grown on monolayers sure (nanoindentation on the sample. A small micro-
of AlAs within the SL described above, whereas InAs/GaAsobjective with focal length 5 mm attached to a fiber bundle
QDs were grown on monolayers of GaAs, facilitating diffu- was used to observe light coming from the tip outside the
sion of AlAs or GaAs(respectively into the dots. From cryostat and thus to control probe stability. In near-field scan-

B. Near-field photoluminescence and indentation
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sample. For coated tipsee below the intensity decreases
two—five times at distances 100 nm above the surface.

In nanoindentation experiments the spectra were recorded
under increasing (tip compressiopabove contact value by
7 nm steps. We use total vertical displacement up to 100 nm
after which the tip was raised above the surface and then
moved to another indentation point. This corresponds to the
loading part of a standard nanoindentation experirfieie
also checked that the damage threshold of Qigsrecovery
and reproducibility of the spectra after indentajias ~300
nm. For some indentation points we observed a change the
emission energy of a QD by several meV after unloading.
However we also observed such changes of emission energy
without pressurgtip above the surfageand ascribe these
effects to light-induced spectral diffusidh.

NPL spectra at zero pressure and estimation of the InAs
content and size for QDs from NPL measurements in the
magnetic field are described in the Appendix.

C. Fiber probes

As near-field probes we used tapered single mode fiber
tips coated by metalAl or Au in combination with T) with
thickness~50—200 nnf° The physical structure of the ap-
erture and its optical quality were controlled using scanning
electron microscopyfSEM) imaging, visual observation of
the light coming from the tip under a microscope witi100
objective, and by measuring its far-field transmission for
632.8 nm wavelengtiHeNe laser. The taper was prepared
by using a pulling techniqu&® We used two pulling regimes
150 Hn in which the taper angle increases towards the tip [eee
Figs. 2a) and 2b)]. Both regimeghereatfter referred as type

FIG. 2. SEM images of the near-field optical fiber probes: sidel and I) give flat tips (apertures with diameters>200 nm
view of the two types of tapers uséHa, II-b); 45° tilt images of ~and aperture angles30°-40° [see Fig. 20)] but within a
apertures having diametefism) and coatingsee Table Il for probe  few micrometers from the aperture they have different taper
identification numbess (c) 280 and Au(LAR22); (d) 270 and Al;  angles(the angle is smaller for taper of type).IlTo make
(e) 60 and Al/Ti (L54); and (f) 120 and AI(PB82. The apertures smaller apertures we used further chemical etching in a hy-
were prepared by pulling), etching(d)—(f), and FIB trimming(f). drofluoric acid solutiot® We found that for long etching

times, aperture diameters of 100—200 nm resulted, and the
ning experiments the tip was positioned-©8 nm above the etching procedure produced apertures with small lenslike
surface. To locate the lateral position of the QDs we mearounded bumps at the center, having basé®) nm [Fig.
sured the intensity of the QD line in NPL spectra using sev-2(d)]. We suppose that this happens due to a strong nonuni-
eral line x- and y-scans, with a step of 50 nm. The NPL formity of the distribution of Ge at the SiOtaper cross
spectra strongly decreases by moving the tip away from theection after pulling and resulting selective etching. For ap-

TABLE I. Structural and elastic parameters of QD samfles.

Young'’s Deformation

Matrix QD Density Base modulus Poisson’s potentials
material material (um~?) (nm) (Y) (kban ratio (v) a(—b)° (ev)
GalnP InP 20 100 820/611 0.34/0.36 a®
AlAs/GaAs InAs 100 7 849/514 0.33/0.35 (168

InGaAs 50 15 849/652 0.33/0.34 189
GaAs/AlAs InAs 300 7 849/514 0.33/0.35 (168

INAIAS® 150 15 549/652 0.33/0.34 1B9

#Thickness of the cap layer is 40 nm for InAlAs and InGaAs and 50 nm for InP QDs.
bReference 65.
‘Parameters are given for 60% of InAs content.
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TABLE Il. Parameters of the near-field fiber probes used for nanoindentation.

Probe identification Aperture Metal coating
number(taper Ending diameter type (thickness,

Number -type) shape (nm) nm) Transmission
1 L54(11)2 round 60 AlIT(50/50 5x10 4
2 PB7X1I) round 90 A[80) 5x10°3
3 PB82Il) flat (FIB) 120 Al(90) 1.3x10°3
4 L4g(l) bump 140 Al100 3x10°3
5 s2dal) flat 190 Al80) 3x10°8
6 L56(1)2 flat 260 Al(100 1073
7 LAR22(11) flat 280 AU180 3x10°°
8 L6113 flat 300 Al(200 9%x10°3

dndentation was done with metal coating removed.

erture diameters<100 nm the bump dominates the taper,where the superscrifitis a band indexe,; denotes the
leading to a rounded endirdrig. 2(e)]. To produce flat ap- components of the strain tensar,is the angular momentum
ertures with diameters smaller than 200 nm we used a foeperator, c.p. denotes cyclic permutations with respect to the
cused ion bean{FIB) milling techniqué® [Fig. 2(f)]. The indexesyx, y, andz and the quantities in curly brackets in-
transmission of our metal coated fiber probes waglicate the symmetrized productd,,L}= %(LxLy+ LyLy).

10 4-10 2. The parameten!” is the hydrostatic pressure deformation
The metallic coating of the near-field tips plays an impor-potential, and quantities) andd() are deformation poten-
tant role for achieving higher spatial resolution and light con-tials appropriate to strains of tetragonal and rhombohedral
finement at the aperture, but it complicates the numericabymmetries, respectively. Using strain—stress relations the

analysis of the stress. In our indentation experiments wgfamiltonian(1) become®

were able to remove the metal coating frerd00 nm of the

ending of the Si@ core by using tip compressions100 nm. He=—a(S11+2S1p) (0,71 oxxt 07yy) —3b(S11— Sy
Uncoated apertures made in this way have an order of mag- X[(L2—LL2)0,,+C.p]

nitude higher light transmission but they have poorer spatial z 3 227 C-P-
resolution and are less controllable. _

We found that for most of the apertures the transmission (BAV3)Sud{Lrb oy (.:.p.]}, ] @
does not change after20 indentations 0100 nm com- where S, S;,, and S, are elastic compliance constants;
pression each, which indicates great stability of the metaf’«s are stress tensor componerasp, andd are the defor-
coating. This allows us to use the same tip for measurement§ation potentials for the band gap between he valance
of three different samples. The parameters of the 8 fibers tipgand and thd’; conduction band? Using in (2) the matrix

which were used in these nanoindentation experiments a@ements of orbital momentum for heavy-holes tabulated in
presented in Table II. Ref. 66 we obtain the shift of the QD ground state energy

induced by[001] compression to be

Ill. CALCULATION OF INDENTATION-INDUCED 3

a 2b
ENERGY SHIFT OF QDS AEe.hh=7(l—2V)(30h) + 7(1+ v) 5032, (3a)

A. Pressure-induced energy shift in [lI-V QDs or

There are two contributions to the shift of the ground state
energy of the QDs under stress, which arise form the modi-
fication of the band gap and the confinement potential. The
modification of the band gap reflects changing of the bond
lengths and angleglocal symmetry in strained material,
while modification of the confinement potential reflects the
changing of the band offsets between QD and matrix. We

will neglect the latter contribution because the effect of strain’/ere M alnd v 2;?]?“”95 modulus an((ij PuoEsons r:mo,
on the energy bands of QD and matrix is similar. The strainf€SPectively, andr=3(o,,+ oyt ayy) and oz~ 0z,~ 0

. .7 .
induced energy shifts of the band gap states in zinc blend@'® mean and deviatoffcstress components, respectively.

semiconductors can be obtained using the Picus—Bir orbitall '€ €xpressiori3b) is written in term of stress components

strain Hamiltonian for a given band fat= 05264 in an axial coor_dina_lte system as, and o, (a,,+090
=0yt oyy), Which is used below for numerical calcula-

Hi(id=—aD(ewteot+e.)—3b0N(L2=LL2) e, 4CD tions. The two terms in expressi@Ba) are the shift of the
) (fgxx eyt ez L(L= s exctep] band gap due to hydrostatic streg(;) and the linear split-
—(6dV/V3)[{LyL,} €y +C.pl, (1)  ting of the light and heavy hole bands induced [901]

Ozz
AEe_thV a(l_ZV)+b(1+ V)

Ot ogy
+[2&(1—2V)—b(1+1/)]7, (3b)

zz
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“uniaxial” stress (6Eqpy). For oy=o,,=0 they coincide 250 . - T
with corresponding quantitié for pure uniaxial stress. If Ezoe\ = 1] | ez, | |
o, depends linearly on compression, the stress acting on Qs \ ) ) 11 3 o |
QD can be described by a shift rate parame@r g | \°z
=AEghn/z £10047, o,
e-hh!4- ) ) ) & \X a [ewl 50 b

For IlI-V materials the deformation potential(Ref. 65 50{— A .Qic = e A -

and Table ) has values 6—10 eV, increasing with the increase€ B >t | [777° i S A

of the material hardness and proportional to the Young's
modulus. The deformation potentiahas values near?2 eV,
weakly depending on the material type. Thus the fikst-
drostatig term of Eq.(3a) is nearly independent of material
parameters, while the secofhiaxia) term decreases with
an increase of material hardne€acreasingY). Thus the

[«>]
g

~
N

Energy shift rate, S (meV/nm)
N

total energy shift rate will increased with increasivig 0550 100 1%0 200 250 0 50 100 150 200 250
As can be seen from expressi@b), for a given value of Distance from tip center, r (nm)

o,, the energy shift has a maximum value for pure hydro- o

static stress d,,~ U”:qu) and a minimum for pure FIG. 3. Lateral distribution of the stress componefasand b

and corresponding energy shift rgteand d in a QD layer for an
InGaAs dot for tip compression 70 nm and for: roundedshed
curves and 50 nm flat(solid curve$ tips (a) and (c); 150 (solid
curves and 300 nm(dashed curvedips (b) and(d). Inserts show
contours of hydrostati€left) and uniaxial(right) stress for 50(a)

uniaxial stress ¢, = o4q=0). For the QD materials used in

our experimentgTable ) the energy shift will have values

between 5-10 *— 410 ?)0,, eV. The compression co-

efficient for typical SiQ near-field fiber probes can be esti-
46 ; ;

mated to be~1 kt_)ar/nm, assuming no Samp_le COMPressIon 54 150(b) nm tips and corresponding contours of energy shift

(i.e., the sample is much harder than thé.tlp)smg factors of rates (c and d. For the insert the horizontal scale is<0

1 to account for the sample compressmrgbﬁYGaAS) and <100 nm.

the finite thickness of the cap layer one can obtain the energy

shifts of a QD to be in the range from2 to +50 meV for The calculations have shown that the stress components
compression-20 nm (S~ —0.1-+2.5 meV/nm), which is  depend linearly on tip compression. This allows us to use
within an order of magnitude agreement with the energycompression coefficients,;/z to characterize indentation
shifts reportEd in Refs. 46—49. Below we will use finite el- properties of the tipS, and a shift rate paramaw charac-
ement modeling to calculate the stress components of eXgerize the stress in QDs.
pression(3b), allowing us to make a direct comparison with  |n Fig. 3(a) we show the lateral distribution of the stress
the experiment and analyze the effect of the probe and maomponents(tip compression 70 nmin the InGaAs QD
terial properties on the energy shift of QDs. layer calculated for tips having rounded and 50 nm di@n
flat apertures, and in Fig.(® we show the results for tips
having 150 and 300 nm flat apertures. Inserts in Figa) 3
B. Finite element modeling of the local stress and energy shift  gng 3b) show contours of the hydrostaicean and uniaxi-
rate for a QD al(deviatorig stress forD =50 and 150 nm, respectively, for
A two-dimensional axisymmetric finite element model contact region after indentation. Note that the horizontal
was developed to calculate stress components. A comput&cale of the insert cover 100 nm, and can be determined by
tion domain containing four-node bilinear elements was conthe radii of the indented regior25 and 75 nm foi(@ and
structed for the sample and the fiber tip. The element typéb), respectively. Simultaneously Figs.(®) and 3d) show
was CAX4 in ABAQUS. The number of elements rangedthe lateral distribution of the energy shift ra¢r) and its
from 4500 to 6900 while that of nodes ranged from 4722 tocontours(inserts calculated from data in Figs(& and 3b)
7162. The mesh was optimized in terms of convergence ofising expressiort3b). One can see that the stress compo-
the resultgaccuracy and calculation time. The resulting ac- nents decay strongly beyond the contact area/2). Un-
curacy of the stress values 10 nm away from the stress sirgler the tip ¢<D/2) the stress has predominantly uniaxial
gularities was estimated to be within 20%, which is suitablecharacter ¢, o) for rounded and 50 nm flat apertures,
for comparison with experiment. The flat tip was simulatedwhile it has relatively stronger hydrostatic character, [
as a tapered cylinder with taper angle of 40°. The rounded tip- o) for 150 and 300 nm apertures. The increase of the
was simulated by a parabolic curye=x?/60, measured us- Vertical stress ¢, with decreasind is due to the concen-
ing SEM images. The length of the tid6 000 nm was tration of the stress singularity at the tip eddiesmpare the
chosen from the finite element simulations from the condidnsert in Fig. 3a) with 3(b)]. Stress singularity can also be
tion of convergence of the tip displacement in contact withseen as a sharp discontinuity at a QD edge-at0 nm and
the sample, which is 0.29 of the total displacement. Due talepth 40 nm. Due to elimination of the edge stress the
the axial symmetry, only one QD can be inserted in therounded tip has two times smaller stress compared with the
model, and it must be along the axis. We did not model thésO nm flat aperture. At~0 the vertical stressdf,,) de-
metal coating. Indentation was simulated assuming the tigreases as-1/D, while the lateral stresso(, andogg) has a
presses directly into the top surface of the structure. maximum atD ~ 150 nm.
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' Tt ] ' ' i by the near-field optical fiber probe. The main effect here is

a am InAs/GaAs qoz @P3 . . T .
42nm —t ! a strong high energy shift with increasiagas was reported
oo QDa previously?*=#° The lines also broaden. For InAs, InGaAs,
A BB and InAlAs QDs in InAs/GaAs and InAs/AlAs structures
Lo - ooz 4993 (see Appendix this increased halfwidth does not exceed 1
. r r r r T T meV in most cases, but there are a few cases for which the
S0 Ter tak e e e 4z broadening is much greatgup to 6 meV for QD1 in Fig.
L I A AR SRR 4(a)]. For InP QDs the halfwidth can increase up to 10 meV.
-‘Z? A58 *QDSM It should be mentioned that under indentation of InAs/GaAs
2 |42nmm | A and InAs/AlAs QD structures we also observed the appear-
é srom 901 022 °| D3 |M ance pf very broad b_ands with halfwidth up to 20 m_[e_BB
o O01 092 g A band in Fig. 4a)], which cannot be. related to a spe_cn‘lc QD_.
== ; - - Such bands often show much higher energy shifts, which
154 1.56 158 160 162 164 166 168 suggests a possible connection with light-hole transitions.
APAREARARL A AN A We also observed a strong increds@ to one order of
| ! ] magnitude of the emission intensity of single QD lines un-
42nm N der indentatiof QD1 and QD3 in Fig. @), QD3 in Fig.
(21 0m o ] 4(b), and QD1 in Fig. 4c)]. Our preliminary study shows no
[0 nm oo ] direct correlation of the intensity increase with the amount of
pressure produced by the tip, nor with the increased coupling

T T T T T T T
166 168 1.70 172 1.74 1.76 178 1.80

Energy (eV) of near-field radiation to the aperture, resulting from de-

creased distance between tip and @omoreover such an
FIG. 4. NPL spectra of InGaA&, 120 nm tip, InAlAs (b, 120 increase is absent for uncoated tigee below. We propose
nm tip), and InP QDs(c, 200 nm tip and for tip compressions  that the increase is connected with the deformation of the

=0, 21, and 42 nm. metal coating which increases the coupling of light with sur-
_ o _ face plasmons at the aperture.
The energy shift rate distributiorf$igs. 3c) and 3d)] From Fig. 4 one can see that for a compression of 42 nm

show similar decaying behavior beyond the tip as the correthe energy shift is 30—40 meV for InAs QPD1 and QD2
sponding stresses in FiggaBand 3b). For 150 and 300 nm in Figs. 4a) and 4b), respectively and 60 nm for InP QDs
apertures a local maximum due to an increased hydrostatf@D1 in in Fig. 4c)]. The InGaAs and InAlAs QD$§Figs.
component is seen at the tip edges. For rounded and 50 nata) and 4b)] show smaller shift§<20 me\). In our present

flat apertures the shift rate is close to zero near the tip CentQ:preriments we observed an energy shift as much as 150
due to the predominantly uniaxial character of the stress. ThgeV for compressions up to 50 nm. These observed shifts
energy shift rate has values 3.8 meV/nm for 50 and 300 nngorrespond to th&values 1-3 meV/nm, which give an order
tips and 6.2 meV/nm for the 150 nm tip. The higher value ofof magnitude agreement with calculations presented in Figs.
S for the 150 nm tip reflects the compromise between thei(c) and 4d). However to make comparison between experi-
decrease of the vertical stress and the increase of the hydreent and calculations more reasonable one needs to check
static contribution asD increases. Dividing the values of the linear dependence of the energy shift on tip compression
stress components acting on the Q& 40 nm from the (no plastic deformation specify the distance between the
sample surfagepresented in the inserts in FiggaBand 3b)  indentation point and the QD and account for the metal coat-
by the value of tip compressiof70 nim one can relate the ing. We shall attempt to do so below.

energy shift rate values to compression coefficients of the

hydrostati¢uniaxial) stress components as @)L and

0.86(0.57) kbar/nm for 50 nm and 150 nm tips, respectively. B. Energy shift of QD emission lines
Theﬁro.uniiedFUp h:?\s onte—hallz.tr&(\gluej gg;j compression The dependence of the energy of the ground state emis-
'::r?;[Slilzlrzjz.s[a?vmvellrrzesrtshlenstrlgsss C;ﬂ ct)nt_a ctr;\]n see tsion line of a single QD K49 on tip compressiornz) is a
o ponents in the inser pectroscopic analog of the nanoindentation load-
in Figs. 3a) and 3b)] strongly decay away from the surface displacement curve in mechanical systé¥ngve found that

Lg;\r}?nvmegfﬁ:edgjggggl ;?gﬁgg\ggaggm‘n:ovﬁg?ig Vat'nhe shape of th&y{z) curve depends on the presence of the
’ 9 etal coating and lens-shape bump at the aperture ending.

ues~1 meVinm forz>D. Contour plots representing a set of the spectra taken for dif-
ferent compressions are shown in Fig&)55(c) for three
IV. NEAR-FIELD PL SPECTROSCOPY OF SINGLE QDS types of aperturegia) coated flat,b) uncoated flat, andc)
UNDER NANOINDENTATION coated nonflafwith rounded bump at the ending of Fig.

A NPL spectra 2(d)]. In the figure tthgs(z) dependence can be traced by'
curves created by bright dashes corresponding to the emis-
In Figs. 4a)—4(c) we present selected spectra of oursion energy of individual QD lines at various valueszofhe
InAs/GaAs, InAs/AlAs, and InP/GalnP samples showing thegray scale shows the emission intensity. We can see that for
behavior of the single QD emission lines under indentatiorcoated aperturg$a) and(c)] the intensity of single QD lines
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FIG. 5. Dependence of near-field PL speda3® contour plot Tip lateral position, r (nm)
on tip compression. The aperture tyfgee inserfsand size(num- . . .
ben, and the ODs aréa) coated, 120 nniPB82 and InGaAs(b) FIG. 6. Measured InP QD shift rat® values(circles in a—g¢,

uncoated, 260 nniL56) and InP:(c) coated/nonflat, 130 nr(L48) zero pressure QD line intensifgquares in d9eand contact vertical
and InAIA:s Dashed lines are o]rawn for clarity ' displacement value@riangles in d—g at different tip locationgr)
' ' for fiber LAR22 (a and d, 280 nm, Au coatgd.56 (b and e, 260,

uncoateg, and L54(c and f, rounded, uncoatetlps (see Table)l

increases strongly under indentation, as was mentionedolid curves are calculated results for 250 nm fatand b and
above, but for the uncoated apertikg it decreases. rounded(c) tip; dashed curves in d—f are Gaussian contour fitting.

A linear E4(z) dependence is observed in Figabfor
the flat coated aperture. We found that the rounded coategrtures: 260 nm flat and rounded. In Figéd)s-6(f) we plot
aperture as in Fig. () also gives a linear dependence. Forthe corresponding zero pressure emission intensity together
the uncoated aperture the dependence is close to linear with the contact value of the vertical displacemeng)(to
compressions up to 30 nm and then the slope decr¢B&pes monitor the aperture stability and surface roughness.
5(b)]. The change of the slope at high compression reflects The data from Figs. @)—6(f) reveal that in a sequence of
the fact that the metal coating comes in contact with theseveral successive nanoindentations of a single QD, its zero
sample, which reduces the contact force. There are also inpressure emission intensity follows a distinct Gaussian-type
tial contact nonlinearities <10 nm), which often take lateral distribution, which demonstrates both aperture stabil-
place for the coated tips. The nonflat aperture has a stronglyy and the reversibility of the spectra. This agrees with the
nonlinearEy(z) curve with increasing slope. We did not use linearEy{z) dependencfFig. 5a)] and absence of the plas-
these apertures further in our nanoindentation experimentstic deformation. These results clearly demonstrate that we

Our observation of the linear dependence of the energgan measure the space QD position angalues. The data
shift on tip compression agrees very well with numericalshow higher spatial resolution for the metal coated aperture
calculations for flat and rounded apertures. The linear deperi~200 nn) compared with uncoated tips-300 nm. The
dence indicates that no plastic deformation of the QD occurspatial resolution for uncoated tips, 300 nm, agrees with re-
under the indentation of the near-field probe for compressults of Refs. 28 and 71.
sions up to 50—-70 nm. This agrees qualitatively with nanoin- At the same time the contact valagshows strong lateral
dentation experiments using a diamond Berkovich pyramidyariations—up to 70 nm in Fig.(6) and up to 30 nm in Figs.
in which a threshold depttioad) for the plastic deformation 6(e) and &f). Such variations cannot reflect surface rough-
of Ill-V compounds was found to be 20-30 nf@00 ness, as this contradicts the line intensity behavior. Indeed,
uN).5%7% In our experiment the significantly higher plastic the strong dependence of the NPL intensity on the vertical
deformation threshold which we observed results from thedisplacement observed for the tip positioning above the sur-
QD position 40-50 nm below the surface, and from theface (up to five times intensity decrease faz~ + 100 nm
lower stiffness of the quartz core of the fiber. for coated tip, cannot lead to a smooth Gaussian-type shape
of the intensity curve assuming thai(r) is related to the
surface roughness. We can therefore assume that the strong
lateral variation ofz, is due to some attractive forces be-

We usedEy{z) dependencies measured at different tiptween the tip and the sample, which cause the moving of
locations to study the lateral distribution of the energy shiftmaterials under the contact area after the indentation, leaving
rate values. In these experiments the emission of a single Qihe distance between the QD and sample surftiiekness
is used as a local probe of the stress field produced by thef the cap layer unchanged. We suppose that these forces
near-field fiber tip. In these experiments the lateral distanceepend on the roughness of the sample and théntigtal
between the QD and the tifF) can be specified and thus coating. The strong lateral inhomogenitiy of such forces can
direct comparison between calculatéeig. 3) and experi- explain the anomalously strong lateral variation of the shift
mentalS(r) distributions can be made. In Figgap-6(c) we  rate value in Fig. @), which is not predicted by the calcu-
present experimental and calculat®d) data for InP QDs, lations. It can be seen from Fig(& that S (and hence the
for a coated 280 nm flat aperture and for two uncoated apstress valugschanges several timesrat 50— 100 nm, being

C. Lateral distribution of local strain in QD structures
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35 , = , e T data in Fig. 7 taken with uncoated tips. We obtained this

o B a " b| Imaas—~ C factor by comparing of th& values for coated and uncoated
e TS / \ tips with the same aperturgsee, for example, Figs(# and
gz-“ e /-3 / 6(b) and Fig. Ta) for ~250 nm apertures and Figg.cband
320 /; A / 6% { Pl N \ 7(a) for rounded aperturésThe physical meaning of this
N / A‘K‘ a3 \ i 6\‘ factor can be a renormalization of the contact force. A de-
'§1"‘ / X %" 8 ' >y crease of the contact force indicates that the metal coating
£1.0 ; * ™3 3 acts as a soft shell, i.e., it has lower stiffness and can slide
™ 2 | 8 along the tip core.

10> The calculated curves show that for flat apertures the en-
0.0 ergy shift has maximum values at tip diameters 150—200 nm,

0 100 200 300 O 100 200 300 O 100 200 300

Aperture diameter (nm) which reflects the compromise between the decrease of the

vertical stress and the increase of the hydrostatic contribution

FIG. 7. Values of the shift rate vs aperture diameters of coateds D increases, as was described above. Bhealues of
tips for (a) InP (solid circles, (b) InAs on GaAs(open starsand  rounded apertures is one-half of the 50 nm flat ones. For
InAs on AlAs (solid star$ and (c) InGaAs (open trianglesand  similar aperture sizes the calculat&lvalues are~20%
INAlAs (solid triangleg QDs. Solid lines are calculations for un- smaller for InP and~10% higher for InGaA8nAIAs) QDs
coated tips divided by a factor of 2: curves are for flat tips andcompared with the InAs QDs. These differences result from
horizontal straight line are for rounded tips. The curves are quathe thicker cap layef50 nm of InP/GalnP structure and the
dratic polynomial approximations of discrete calculated points. DOt'greater hardness of INGaAsAlAs) QDs, respectively.
ted curve in c is the calculation accounting for nonhomogenity of = o |np QD9Fig. 7(a)] the measure& values for all tips
the InAs_ distribution(see text Numbers near experimental points used(~0.7 meV/nm for rounded tips and2.1 meV/nm for
denote tip types from Table I. 200-280 nm tipscoincide with the calculated values within

10%.
minimum near the QD center. We also observed similar non-  For InAs QDs[Fig. 7(b)] the agreement is also good but
regular variations ofS(r) for InAs, InGaAs, and InAIAs  for one rounded tigPB71; number 2 in the figuyeand the
QDs, as was reported in our preliminary stily. 120 nm flat tip(PB82; number 3 in the figuyehe measured

As can be seen in Figs(l§ and Gc), smallerz, varia-  Svalues differ from the calculated ones by 1.5 times. Such
tions result in smoother behavior of ti8¢r) curves. Here a scatter of the measured shift rate values can be attributed to
gradual decrease of the shift rate with increasingan be the high dot density, i.e., high elastic inhomogenity, of these
observed for some directigifor r>0), but is nonmonotonic QD structures, which results in stronger elastic interactions
for the others (<0). between neighboring dots.

In Figs. 6b) and G&c), for the smooth parts of th&(r) For InGaAs and InAlAs QDs the agreement is poor; all
curves(i.e., r>0) the agreement between experiment andneasured values are much lowep to two timeg than the
calculation is very good. The calculations agree with the exealculated ones. Our analysis has shown that the strong re-
perimental result that the maximum shift rate for a roundedduction of theSvalue for these QDs can be attributed to the
aperture(1.5 meV/nm is approximately half of that mea- reduction of the hydrostatic pressure coeffici®ht=3a(1
sured for the~260 nm aperturg¢3.5 meV/nm. We should —2v)/Y [first term in expressiori3a)] due to the nonuni-
point out that no adjustable parameters have been used in tfierm In composition, resulting in the localization of the ex-
calculations. We feel that these are extraodinary resultsiton in the central InAs-rich region of the QD. Such local-
showing that we can reproducibly produce known amountszation, established from our magneto-NPL measurements
of strain (in agreement with calculationsepeatably, using (see Appendix reduces the effective hydrostatic deforma-
various tips of glass fibers that have been prepared in ouion potentiala (higher In concentrationand will decrease
laboratory. Pn, as well asS assuming that the elastic properties

Below we will use maximum shift rate values obtained (Young's modulus are determined by the “physical” QD
from S(r) data for different fiber tips to the study depen- volume (lower In concentration Revised calculations,
dence of the shift rate values on aperture diameter. which qualitatively account for this effect are presented in
Fig. 7(c) by the dotted line; these results show better agree-
ment with experiment. It should be noted that the reduction
of the hydrostatic pressure coefficient was observed experi-

In Figs. 1a)—7(c) we present shift rate values for InP, mentally for INnAs/GaAsRefs. 72, 73 and InAlAs/AlGaAs
InAs, and InGaAs and InAlAs QDs measured with different(Ref. 74 QD ensembles.
aperture sizes. We should point that each set of data points We should point that the overall good agreement between
has been measured twice with the same tip, to eliminate pogalculated and experiment8lvalues gives strong evidence
sible uncertainties in the measurements due to scatter of thieat such instrumental factors as the difference in taper type
indentation properties of different tips. In this figure we also(tips of type | and I}, deviation from exact right-angle in-
show calculated results for uncoated apertures, divided by dentation conditionsdifference in contact ar¢abending of
factor of 2 to adjust to the fact that the fibers used werehe tip, friction between tip and sample, etc. give small con-
coated, as described below. We also used the same factor foibutions on the measure8lvalues in our QD structures.

D. Effect of aperture size on the energy shift of QDs
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The overall good agreement between calculated and ex ' T
perimentalS values allows us to evaluate, from these calcu- [ T=10K.514.5nm,
lations, the compression coefficients (;/z) for the tip- -
induced hydrostaticniaxia) stress components acting on

InAs/GaAs QDs

I R F

NPL intensity ]
(5 cps/div)

QDs in our structures, i.e. at the depth of 40 nm for InAslg | 130 135 140 145
GaAs and InAs/AlAs structures and 50 nm for the InP/GalnP & InAs/AlAS QDs Eneray (V)
structure. For coated tips which is favorable for high spatiale [

resolution near-field spectroscopy, these coefficients ares (L b a

~0.6(1), ~0.4(0.3), and~0.2(0.2) kbar/nm for flat apertures
having diameters 50, 150 nm tip and 300 nm, respectively.
For rounded tips they are-0.3(0.5 kbar/nm. Higher com- - ” 90
pression coefficients and energy shift rates values can b WMM
obtained in self-organized QD structures with very thin cap [ . ¢ — 50 nm
layers(~10 nm). In nanoindentation experiments using op- T ; T T
tical fiber near-field probes, extremely large shifts of the QD 154 156 158 160 162 164 166 168
ground state energwp to 0.5—1 eV can be achieved in Energy (eV)
sug:h structures. For such structures ml_Jch higher spatial reso- ¢\ g Low-temperature NPL spectra of InAlAs QDs taken
lution (~30 'nn‘) can be obtained aIIowmg one to study the with tips having aperture diametdtransmission nm: (a) 300
effect of tip-induced pressure on the excited and mult|ex0|toqlo—z); (b) 90 (5x10"%); and(c) 50 (5% 10~%). Insert shows the
states of a single QD. spectra of InGaAs QDs taken with fiber tip diameter 140 nm (2
xX107°).

NPL inten:
o
-
-
% w ;%
Q
o
3
3

V. CONCLUSION . L .
port for these investigations was provided by the W. M. Keck

In conclusion we studied the emission spectra of singld~oundation, the DARPA/ONR Grant No. N00014-01-1-
self-organized InAs, InGaAs, InAlAs, and InP QDs using 0658, by the NSF Materials Research Science and Engineer-
low-temperature near-field photoluminescence. We investiing Center for Nanoscopic Materials Design at the Univer-
gated the dependence of these spectra on the local presswsity of Virginia and Notre Dame, and by the MACRO-
produced by the optical fiber proljeanoindentation Ahigh ~ DARPA Focus Center for Interconnects for Gigascale
energy shift(up to 150 meY, broadeninglup to 10 meV, Integration at the State University of New York at Albany.
and intensity increas@p to one order of magnituglef the
single QD emission lines have been observed at tip COMPrexppENDIX: CHARACTERIZATION OF THE QDS USING
sions of 30—70 nm. “Pressure” coefficien(snergy shift NEAR-FIELD MAGNETO-PL SPECTROSCOPY
rateg from 0.5 to 3.5 meV/nm have been measured for dif-
ferent aperture typegounded and flat, metal coated and un- 1. InAs/AlAs and InAs/GaAs QDs
coated and sizeg50-300 nm, in good agreement with fi- In Fig. 8 we present the near-field photoluminescence
nite element analysis. It was shown that the observed shiftNpPL) spectra of InAs/AIAs QDs; insert shows the spectra
rate values reflect the interplay of hydrostatiean and  from InAs/GaAs QDs. For InAs/AlAs QDs the spectra were
uniaxialdeviatorio stress components under indentation oftaken with three fiber probes having aperture diameter 50,
the near-field probe and correspond to tip-induced compresso, and 300 nm. The spectra consist of a number of sharp
sion coefficients of 0.2—1 and 0.2-2 kbar/nm, respectivelyjines (up to twenty corresponding to ground state emission
For InGaAs and InAlAs QDs comparison of the experimentof single QDs. The halfwidth of the sharp lines is equal to
and numerical analysis shows a decrease of the energy shifie spectral resolution of our set(22—0.4 meV. The num-
rate due to the nonuniform In distribution. Anomalously per of lines depends weakly on the aperture diameter and for
strong lateral inhomogeneity of the local stress field has beeg dot density 30Qum™? corresponds to a spatial resolution
observed. The reproducibility of these results, and the agree=200 nm. Scans of the line intensities also give a value of
ment between theory and experiment obtained in this studyg00 nm. This spatial resolution is much poorer then expected
demonstrate the possibility for using the NSOM fiber tofor the 50 and 90 nm aperture diameters used and can be
probe local strain on the nanoscale, which opens up newttributed to a lateral spreading of the near-field component
possibilities for studying the properties of QDs. The ability in the 40 nm thick cap lay€Pr.
to control the emission properties of QDs with local strain  The lines are observed at energies 1.50—1.7 eV for InAs/
can be i'mportant for optoelectronic and quantum computing\|As and 1.3—-1.45 eV for InAs/GaAs QDs. We attribute this
applications. difference in the emission energy of InAs/AlAs and InAs/
GaAs QDs with the differences of the band-gap energy of the
matrix material. We can also see that for each sample the
lines are grouped in two distinct energy ranges separated by

The authors wish to thank Sergei Osinski, Pavel Blagnovil00 meV(1.55 and 1.64 eV for InAs/AlAs and 1.31 and 1.42
and Valeri Larionov for fiber fabrication, Yri Musikhin for eV for InAs/GaAs QD% which reflects the bimodal distri-
TEM measurements of InP/GalnP structure, and Alexandepution of dot sizes.

Govorov for helpful discussions of theoretical results. Sup- In Fig. 9 we present the observation of the Zeeman split-
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1376 1378 1380 1.382 1384 1.386 1.388 FIG. 11. Low-temperature NPL spectra of InP QDs taken at 1
Energy (eV) and 2 tip positions of spatially and spectrally resolved NPL scan

(left inserd.
FIG. 9. o— (solid) ando+ (dotted circularly polarized compo-

nents of the NPL spectra of InGaAs QDs measured at magnetif:

. aching values 1QueV/T? for InAs/AlAs QD and 15
field strengths 0, 2, 4 6 8, and 10 T. Insert _shows dependence ?feV/Tz for InAs/GaAs QDs. For InAs/AIAs QDs the in-
the energy ofr— (solid circles ando+ (open circles components

. . . . creasing diamagnetic coefficient, which corresponds to an
and the_ur average Va|L{eI’C-)SS: experiment; dashed curve, qu‘fjl(]lratlcincrease of the dot size, correlates well with decreasing Zee-
approximation vs magnetic field strength for one particular QD. man spliting (from ~1 to 0.5 meV at 10 I76 For InAs/
GaAs QDs the Zeeman splittin@.2—0.7 meV at 10 JIde-
pends only weakly on the energy. Using these measured
dvalues of the diamagnetic coefficient and the value of exciton
effective mass 0.05@Refs. 77—-79we calculated the lateral

: . .- . i f INAs/GaAs and InAAs/AlAs QDs as was described in
We found that the diamagnetic coefficigit) has differ- SIZ€ 0 . T
ent values for two sets of emission energy ranges of InAs/Ref' 22. The calculated dot sizes are plotted in Figec)10

AlAs and InAs/GaAs QDgsee Figs. 1@&) and 1Q@b)]. For and 103(_1)- _They agree well with TEM dat_a from _Ta_ble | for
low emission energ;@%ag nearlygcong’:mt vall?eg]df and low emission energysmall QD9 but for high emission en-
~7 ueVIT? for InAs/AIAs and InAs/GaAs QDs, respec- ergy the diamagnetic shift gives 30% smaller values, as in-

. . o : : dicated by horizontal arrows.
ively. For higher emission energi r lly incr ) . . . N .
tively. For higher emission energigs gradually increases, Our observation of increasing QD size with increasing

emission energy is quite unexpectédnd implies lower In

ting and diamagnetic shift for INnAs/GaAs QDs in a magnetic
field. Each line observed in the spectra splits inté and
o— circular polarized components in the magnetic field, an
thus corresponds to different QDs.

T; 20 , , content for larger dots, which compensates the usual quan-
EPR InAs : naas] ] b InAs InGaAs & | tum co_nfineoment effects. According to eight-barkdp
£ : ; ‘. calculation€P a change of InAs QD base dimension from 10
o 10] poowmo ) g i ] to 20 nm leads to a decrease of the confinement energy of
g a a" sam | 200 meV. Thus smaller dots havirgl00 meV lower emis-
g 51" m .-l 1 1 i ] sion energy have-300 meV lower band gap. Taking into
2, .. A ; " j ; L ; ; account the change of the band gap of InGaAs-4yY)0 meV
c : d i per 10% of Inf! and the change of the exciton energy by 70
g2 ; : & meV with a change of the In composition by 10% in InGaAs
£ 451 3 1 : — QDs (from 50% to 60% obtained from first principles
§ 10 S B v 7 calculation€? one can estimate the difference in In compo-
T | g i & vvw Y w sition in the small and large QDs to be 30% or 40%. Ac-
% 5{- v W &75 e ; ] counting for this difference we will henceforth refer to the
IR 16(; = = 1' T aaEyTIaEy small dots as InAs QDS and to the large ones as InGaAs or
Energy (oV) Energy (eV) InAlAs QDs. Accordingly we used InAs composition values

of 100% and 60%, respectively, for the material parameters
FIG. 10. Diamagnetic shifta and b and lateral sizéc and d of ~ Presented in Table I.

INAIAs (a, 9 and InGaAs(b, d QDs vs emission energy. Horizon- The smaller QDs sizes obtained from diamagnetic shift

tal arrows in ¢ and d show dot base measured from TEM datameasurements compared with TEM measurements indicate

Vertical dashed line separates emission energies of different siZéat excitons are localized on only a part of the “physical”

dots. volume of the dot. Such localization can occur at the central
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region of the dot, where higher In concentration has already~ 0.2 meV) from the wetting layeWL) centered at 1.95

been well documented for InGaAs QEfs8 eV and the GalnP matrix band at1.97 eV (y=15 meV).
The QD density estimated from these data is2
2. InP QDs X 10° cm 2, which agrees well with TEM datgFig. 1(c)].

) ) o Inspecting the spectra of25 QDs we found that in most
~ In Fig. 11 we present the near-field emission spectra ofases the emission manifold of the single InP QD has three
individual InP QDs. In the left upper insert we show Spat'a||YComponents, denoted as A, B, C, having halfwidths of 3—-5
and spectrally resolved near-field PL intensities plotted usingneV and energy splitting of 4—15 melQD4). For some
a set of spectra taken at 10 tip positions along a line. Thigjots we found a fine structure of the components consisting
allows the determination of individual QD$QD-QD7, of a several ultranarrow lines witi=0.2 meV (QD3). For
QD1e-QD4¢. The spectra in Fig. 6 were taken when the tipthese dots, the splitting between the A, B, and C components
was located on QD3 and QDéositions 1 and 2 in the reduces to values as small as 1-2 meV. Several meV half-
inser). We see that the emission of a single QD dominatesvidth and multiple peak structure with splitting up to 20
each spectra due to the low density of QDs in this samplemeV is the intrinsic feature of the low-temperature emission
The spectra of InP QDs contains a strong emission manifoldf single InP/GalnP QDs independent of their size®:8®
at ~1.71 eV related to a central QD, weak manifolds atThe energy splitting of up to 20 meV of the emission mani-
1.7-1.79 eV related to the QDs located close to the tip edgéold in InP/GalnP QDs can be attributed to quantized heavy
(QD2e and QD3g ultranarrow lines (with halfwidth  hole levels®’
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