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1. Introduction

Scanning Tunnelling Microscopy (STM) has been being used for the investigation of the
morphology and of the atomic structure of the semiconductor nanostructures extensively since
early 1990-s (Medeiros-Ribeiro et al., 1998). More recently, STM in Ultra High Vacuum (UHV)
has been applied also to the investigation of the spatial and energy distributions of the local
density of states (LDOS) in the quantum semiconductor heterostructures. For example, Cross-
Sectional STM (X-STM) has been applied to the visualization of the envelope wavefunctions of
the quantum confined states in the GaSb/InAs(001) quantum wells (QWs) (Suzuki et al., 2007)
and in the self-assembled InAs/GaAs(001) quantum dots (ODs) (Grandidier et al., 2000). Also,
the surface InAs/GaAs(001) QDs grown by Molecular Beam Epitaxy (MBE) have been
investigated by UHV STM in situ (Maltezopoulos et al,, 2003). The peaks related to the
quantum confined states in the QDs have been observed in the differential conductivity cq =
dl;/dV, spectra of the STM tip contact to the QDs (here I; is the tip current and V is the gap
voltage). The c4(x, ) images of the ODs (x and y are the tip coordinates on the sample surface)
recorded at the values of V, corresponding to the peaks in the 64(Vy) spectra correlated with
the probability density patterns |y(x, y)|2 where y(x, y) are the lateral components of the
electron quantum confined states envelope wavefunctions calculated for the pyramidal
InAs/GaAs(001) ODs defined by the (101) facets (Stier et al., 1999).

The present chapter is devoted to the investigation of the electronic states in the self-
assembled semiconductor nanostructures [namely, the InAs/GaAs(001) QDs, the
InGaAs/GaAs(001) quantum rings (QRs), and the GeSi/Si(001) nanoislands] by Tunnelling
Atomic Force Microscopy (AFM). The samples with the surface self-assembled
semiconductor nanostructures were scanned across by a conductive Si AFM probe covered
by a conductive coating (Pt, W2C, or a diamond-like film) in the contact mode. The bias
voltage V,; was applied between the AFM probe and the sample. Simultaneously with the
acquisition of the topography z(x, y), the -V curves of the probe-to-sample contact I;(Vy)
were acquired in each point in the scans.
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274 Fingerprints in the Optical and Transport Properties of Quantum Dots

Earlier, Tunnelling AFM has been applied mainly to the characterization of the local
electrical properties of the thin dielectric films on the conductive substrates (Yanev et al.,
2008). Also, Tunnelling AFM in UHV has been applied to the tunnel spectroscopy of
individual Au nanoclusters in the ultrathin SiO,/Si films (Zenkevich et al., 2011). The
present chapter summarizes a series of the original studies where the authors have applied
Tunnelling AFM to the mapping of the LDOS in the self assembled semiconductor
nanostructures for the first time (Filatov et al., 2010, 2011, Borodin et al., 2011). The main
advantage of Tunnelling AFM compared to UHV STM is that the former allows the ex situ
investigation of the surface semiconductor nanostructures covered by a native oxide layer
during the sample transfer from the growth setup to the AFM one through the ambient air.
This makes the STM studies of these samples hardly possible.

Another distinctive feature of the studies present in this chapter is that the samples with
InGaAs/GaAs(001) QDs and QRs have been grown by Atmospheric Pressure Metal Organic
Vapour Phase Epitaxy (AP-MOVPE). In most studies reported in the literature, the QDs
grown by MBE or by Low Pressure (LP) MOVPE have been investigated. Nevertheless, the
investigations of the electronic properties of the InAs/GaAs(001) QDs grown by AP MOVPE
are of a considerable interest because this growth method is more promising for the
commercial device production due to its lower cost and higher productivity as compared to
MBE and LP-MOVPE.

Also, the structures with the self-assembled GeSi/Si(001) nanoislands studied in the present
chapter were grown by a novel technique of Sublimation MBE (SMBE) in GeHs ambient. In
this method, the Si layers are grown from an ordinary sublimation source in UHV. To deposit
Ge, GeH,; is introduced in the growth chamber at the pressure of ~ 10-2 + 10~ Torr and
undergo pyrolysis on the heated substrate. So far, this method is some hybrid between the
conventional MBE from the sublimation source and LP VPE. Again, in the majority of works,
the GeSi/Si(001) nanoislands grown by MBE have been studied (Berbezier & Ronda, 2009).
The main advantage of the hybrid technique of SMBE in GeHs ambient as compared to the
ordinary VPE of Si and Ge from silanes and germanes, respectively is that SMBE allows
growing the Si layers of high crystalline quality and purity at relatively low temperatures (450
+ 500°C) keeping the high enough growth rates. In addition, SMBE offers a broader choice of
the doping impurities as well as a wider range of their concentrations achievable than VPE. On
the other hand, the deposition of Ge from a gaseous precursor provides higher uniformity of
the nominal thickness of the deposited Ge layer dce over the substrate surface.

Having applied Tunnel AFM to the investigation of the LDOS in the self assembled
semiconductor nanostructures described above, we have observed the patterning of the probe
current images Ii(x, y) of the InAs/GaAs(001) QDs and of the InGaAs/GaAs(001) QRs as well
as the peaks in the oq4(x, y) spectra of the contact of the AFM probe to the sample surface
attributed respectively to the spatial and energy distributions of the LDOS in the quantum
heterostructures. The results of the LDOS mapping by Tunnelling AFM have been compared
to the results of the calculations of the probability density patterns |y(x, y) |2 reported in the
literature. The Tunnel AFM data allowed the identification of the quantum confined states in
the InAs/GaAs(001) QDs grown by AP MOVPE the interband optical transitions between
which are manifested in the photosensitivity (PS) spectra of the QD structures. Finally, the
direct measurements of the LDOS spectrum in the self assembled Ge,Sii-x/Si(001) nanoislands
demonstrated the type I conduction band alignment in them at x < 0.45.

www.intechopen.com



Tunneling Atomic Force Microscopy of
Self-Assembled In(Ga)As/GaAs Quantum Dots and Rings and of GeSi/Si(001) Nanoislands 275

2. Self assembled InAs/GaAs(001) quantum dots
2.1 Growth and characterization

In this subsection, the details of the growing the samples for the Tunnelling AFM
investigation by AP MOVPE and of their characterization are presented.

The InAs/GaAs(001) QD structures for the tunnel spectroscopy of the LDOS in the
conduction band were grown on the n*-GaAs(001) substrates by Dr. B. N. Zvonkov in
Research Institute for Physics and Technology, N. I. Lobachevskii University of Nizhny
Novgorod, Russia using a homemade setup for AP MOVPE from trimethylgallium,
trimethylindium, and AsHj. The schematic of the QD structures for the Tunnelling AFM
investigations is shown in Fig. 1, a. The substrates were misoriented from (001) by 3 + 5°
towards <110>. The donor concentration in the substrate material was ~1018 cm-3. The GaAs
buffer layers with the thickness d, * 200 nm were doped by Si heavily up to the donor
concentration ~ 108 cm-3 using pulsed laser sputtering of a bulk Si target placed in the
MOVPE reactor. More detains on this growth technique can be found elsewhere (Karpovich
et al, 2004a). The 3 nm thick intentionally undoped GaAs spacer layers were grown
between the n*-GaAs buffers and the InAs ODs. The latter were grown at the substrate
temperature Ty = 530°C, the nominal thickness of the InAs layers dinas was = 5 monolayers
(ML).

The morphology of the grown samples was first examined by ambient air AFM using NT
MDT® Solver Pro™ instrument in Contact Mode. The NT MDT® CSG-01 silicon AFM
probes were used. The curvature radii of the probe tips R, were < 10 nm (according to the
vendor’s specifications).

The morphology of the surface QD arrays was characterized quantitatively by the following
parameters:
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Fig. 1. The schematic (7) and an ambient air AFM image (b) of a structure with the InAs/n-
GaAs/ n*-GaAs(001) surface QDs.
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e  The average height of the QDs <h>

e The averaged diameter of the QDs <D>. The value of D for given QD was defined as D
= P/2n where P was the perimeter of the AFM image of the QD measured at the level of
0.1 <h> above the surface of the wetting layer

e  The surface density of the QDs N;

The morphological parameters of the QD arrays listed above were determined by the digital
processing of the AFM data. In order to identify the QDs on the surface of the wetting layer,
a threshold particle recognition algorithm has been applied.

The key issue in the investigations of the morphology of the surface InAs/GaAs(001) QDs
by AFM was the effect of convolution (Bukharaev et al., 1999) originating from a relatively
large AFM probe tip radius R, (~ 10 nm) as compared to the typical sizes of the
InAs/GaAs(001) QDs defined by the (101) facets (D =12 + 18 nm, h =5 + 6 nm). In order to
extract the actual size and shape of the InAs/GaAs(001) QDs grown by AP MOVPE from
the AFM data, we have applied the digital processing of the AFM images using an original
software for the correction of the convolution artifacts (so called “deconvolution”). This
software utilizes the “virtual AFM” algorithm (Bukharaev et al., 1998).

In order to apply this algorithm to the correction of the convolution artifacts, one needs to
know the exact geometry of the actual probe tip used in the experiment. The specifications
provided by the AFM cantilevers” vendors appear to be insufficient often. The actual probe
tip shape may be determined by the measuring of a standard sample with the geometry
known a priori. However, the theory of the convolution artifacts sets up an essential
requirement on the geometrical parameters of the standard sample to be close to these ones
of the samples under study [i. e. the InAs/GaAs(001) QDs in our case]. In order to evaluate
the AFM tip shape, we have used a structure with the surface self assembled GeSi/Si(001)
pyramidal-shaped nanoislands (Medeiros-Ribeiro et al., 1998) as a standard sample. The
structure was grown by Dr. A. V. Novikov, Institute for Physics of Microstructures, Russian
Academy of Sciences (Nizhny Novgorod, Russia) using standard MBE. The self assembled
GeSi/Si(001) pyramidal-shaped nanoislands are defined by the (105) facets, their heigt can
be extracted just from the AFM data directly. Note that the convolution artifacts do not
affect the acuracy of the measurements of the heights /1 of the GeSi/Si(001) nanoislands as
well as of the InAs/GaAs(001) QDs. So far, all the parameters needed to determine the
actual probe shape can be determined from a single AFM scan of a single GeSi/Si(001)
pyramidal island.

Another ulitmate requrement is that the hieght of the topographic elements on the standard
sample should exceed the heihgts of the invesitgated objects [namely, the InAs/GaAs(001)
QDs]. The self assembled GeSi/Si(001) pyramid islands satisfy this requirement as thier
height 1 may reach ~ 10 nm when grown in the appropriate conditions, that is well enough
for the InAs/GaAs(001) QDs (typically, h = 5 + 6 nm). So far, the GeSi/Si(001) pyramid
nanaoislands appear to be a good natural standard for the measurement of the probe shape
in the particular case of the deconvolution of the AFM images of the self-assembled
InAs/GaAs(001) QDs.

The raw images of the QDs seemd round, their lateral sizes D were 30 to 50 nm (Fig. 2, a). In
the AFM images after the deconvolution (Fig. 2, b) the (101) faceting of the InAs/GaAs(001)
QDs grown by AP MOVPE is seen clearly.
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Fig. 2. The AFM images of a surface InAs/GaAs(001) QD grown by AP MOVPE: as
measured (a) and after the deconvolution (b).

The base sides were directed along <110>, their length b = 14 + 18 nm like the ones grown by
MBE (Ledentsov et al., 1999, Maltezopoulos et al.,, 2003). The top of the pyramid was
truncated slightly (Fig. 2, b) that could be explained noting that the top of the pyramid is a
concentrator of the tensile strain. So far, the truncation of the pyramid reduces the overall
elastic energy of the QD. Similar shape of the QD tops has been observed by UHV STM
(Maltezopoulos et al., 2003). Therefore, the aspect ratio Ar of the InAs/GaAs(001) QDs is
less than 1:2 slightly.

The size quantization energy spectrum of the InAs/GaAs(001) QDs grown by AP MOVPE
has been examined by photoluminescence (PL) spectroscopy at 77K and by the photoelectric
spectroscopy at 300K. The structures for the PL spectroscopy have been grown on the semi-
insulating GaAs(001) substrates, the buffer layers have been undoped intentionally. The
InAs QDs in these structures have been capped by a 30 nm thick GaAs cladding layer. The
structures for the photoelectric measurements had the same design except the substrates
were form n*-GaAs. The InAs in all three types of the structures (for Tunnelling AFM, for
PL, and for the photoelectric spectroscopy) have been grown in the same conditions (T =
530°C, dimas = 5 ML). The details of the measurement techniques as well as the analysis of the
experimental results can be found elsewhere (Karpovich et al., 2004b).

2.2 The conduction band states

In this subsection, the results of the Tunnelling AFM investigations of the quantum confined
electron states in the surface InAs QDs are presented and discussed. Also, the results of the
studies of the laterally coupled surface InAs QDs are presented.

The Tunnelling AFM studies were carried out at 300K using Omicron® MultiProbe P™
UHYV system equipped by Omicron® UHV VT AFM/STM. A typical topographic image z(x,
y) and the probe current one Ii(x, y) of an InAs/GaAs(001) QD sample are presented in Fig.
3, a & b, respectively. An increasing of I; every time the AFM tip encounters the QD surface
had been observed. This observation has been attributed to the electron tunnelling between
the AFM tip and the conductive buffer layer through the quantum confined states in the
QDs (a qualitative band diagram of a contact of a Pt coated AFM tip to an InAs/GaAs/n*-
GaAs biased negatively is presented in Fig. 4, b).

www.intechopen.com



278 Fingerprints in the Optical and Transport Properties of Quantum Dots

[ H 0pA

Fig. 3. The topographic (a) and the probe current (b) images of the surface InAs/GaAs/n*-
GaAs(001) QDs. V; = -3.7 V. Reproduced from (Filatov et al., 2010) under license by IoP
Publishing Ltd.

The differential conductivity spectra c4(Vy) = dl;/dV, of the tunnel contact of a Pt coated
AFM tip to different points of the surface an InAs/GaAs/n*-GaAs(001) QD are presented in
Fig. 4., a. The c4(Vg) spectra have been calculated from the measured (V) curves of the
probe-to-sample contact by the numerical differentiation with the nonlinear smoothing. The
points on the QD surface where the respective Ii(V) curves had been measured are marked
in Fig. 5, a. The peaks observed in the 64(Vy) spectra were attributed to the tunnelling of the
electrons between the metallic tip coating and the conductive substrate through the
quantum confined states in the QDs (Fig. 4. , b). The native oxide on the sample surface
formed a potential barrier, the second triangle potential barrier was formed by the depletion
layer of the contract of the metal tip coating to the GaAs/n*-GaAs. In the UHV STM studies
(Maltezopoulos et al., 2003) the first potential barrier was formed by the vacuum gap
between the metal STM probe and the sample surface.
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Fig. 4. The differential conductivity spectra c4(Vy) (a) and the qualitative band diagram (b) of
a negatively biased contact of a metal coated AFM tip to an InAs QD on the n-GaAs/n*-
GaAs (001) substrate. The curve numbers denote the points of the I — V curves’
measurements marked in Fig. 5, a. Reproduced from (Filatov et al., 2010) with permission
from ©Pleiades Publishing, Ltd.
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o

110
Fig. 5. The UHV AFM (a) and the probe current (b — d) images of an InAs QD on the n-
GaAs/n*-GaAs(001) substrate. Reproduced from (Filatov et al., 2010) with permission from
©Pleiades Publishing, Ltd. Below, the surfaces of the equal probability density |y (x, y, z) |2 =
0.65 calculated for several quantum confined electron states | n11;13> in a pyramidal
InAs/GaAs(001) QD with the base side length b = 16 nm are presented. Reproduced partly
from (Stier et al., 1999) with permission from © American Physical Society.

The AFM and the probe current images of an individual InAs/n*-GaAs QD are presented in
Fig. 5. Note that because of the convolution effect, the AFM image of the QD is rounded and
enlarged as compared to the actual QD size revealed using the deconvolution (b = 14 + 16
nm, see Sec. 2.1 above).

Following (Maltezopoulos et al., 2003), the patterns of the Ii(x, y) images at certain values of
Vg corresponding to the maxima of the c4(Vy) spectra in Fig. 4, a have been related to the
spatial distribution of the LDOS in the (x ,y) plane:

N;N,N;

Pe(xy) e (M

nyn,n;=0

‘2

Zn1n2n3 (X' Y)

Here the envelope wavefunctions y(x, y) were considered to be spin-independent and
twofold spin-degenerated. The summation in (1) was taken over the states below the Fermi
level in the probe coating material Er. In other words, in the case of the QDs grown on the n-
GaAs/n*-GaAs(001) substrate the energies of the respective quantum confined states must
satisfy the following condition:

E <Eps+eVg, )

npnyng

where Eps is the Fermi level in the n*-GaAs buffer ( see Fig. 4., b). Condition (2) defines the
upper limits of the summation Ny, N2, and N3 in (1).

Again, following (Maltezopoulos et al., 2003), the tunnel current images of the QDs Ii(x, y)
were compared to the probability density patterns |y(x, y, z)|2 = const calculated for the
quantum confined electron states in the pyramidal InAs/GaAs(001) QDs (Stier et al., 1999).
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The probe current images of the QDs obtained by Tunnelling AFM were more noisy than
the ones obtained by STM in UHV (Maltezopoulos et al., 2003) that was attributed to the
nonuniformity of the thickness of the native oxide covering the QDs. Nevertheless, several
electron quantum confined states in the QDs were identified, the respective images of the
| x(x, v, z) | 2 = 0.65 surfaces (Stier et al., 1999) are shown in Fig. 5.

In order to associate the spectral positions of the peaks in the c4(Vy) spectra with the
quantum confined level energies E, . ., one must take into account the partial voltage

drop on the depletion layer between the QDs and the n*-GaAs buffer layer as well as the one
on the surface states at the semiconductor/native oxide interface. Following (Suzuki et al.,
2007), we have applied a simple one-dimensional model based on the solution of one-
dimensional Poisson’s equation (Feenstra & Stroscio, 1987) to account for the voltage drop
on the depletion layer of the probe-to-sample contact. In order to account for the surface
charge density on the surface states on the interface between the sample surface and the
native oxide, we have applied Hasegawa’s model (Hasegawa & Sawada, 1983). The
calculations have shown that approximately %2 of Vg drops on the surface states.

The InAs/GaAs (001) surface QD structures grown by AP MOVPE are featured by the
presence of a considerable number of the QDs arranged in the pairs along the growth steps
in a close proximity to each other (see Fig. 1, b) that may result in a considerable overlap of
the envelope wavefunctions of the quantum confined states in the adjacent QDs. An
example of the UHV AFM image as well as a series of the probe current images of a pair of
the laterally coupled surface InAs/GaAs(001) QDs are presented in Fig. 6.

b d

Fig. 6. The UHV AFM (g, b) and the probe current (c — f) images of the laterally coupled
surface InAs/GaAs(001) QDs. The symbols in fig. (b) mark the points of the measurement of
the respective tunnel spectra presented in Fig. 7.
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Fig. 7. The differential conductivity spectra cq4(Vy) of the tunnel contact of a Pt coated AFM
tip to the laterally coupled InAs/n-GaAs/n*-GaAs(001) QDs. The points of measurement of
the initial I — V curves are denoted in Fig. 6, b by the respective symbols.

The differential conductivity spectra 64(Vy) of the tunnel contact of a Pt coated AFM tip to
the laterally coupled InAs/n-GaAs/n*-GaAs(001) QDs are presented in Fig. 7. The
asymmetry of the current images in Fig. 6, c — f (as compared to the ones of the single QDs,
see Fig. 5, b —d), which had varied with increasing V, along with the splitting of the peaks
related to the quantum confined states in the coupled QDs (Fig. 7) were attributed to the
hybridization of the quantum confined states in the laterally coupled QDs. Similar patterns
of the tunnel current images and tunnel spectra as well as of their dynamics with varying V,
have been observed while studying the hybridization of the quantum confined states in the
GaSb/InAs(001) double symmetric QWs by X-STM in UHV (Suzuki et al., 2007).

2.3 The valence band states

In this subsection, the results of the Tunnelling AFM studies of the hole quantum confined
states in the InAs/GaAs(001) QDs are presented. It is worth noting that the authors of the
present chapter had applied Scanning Probe Microscopy technique for the studying of the
valence band states in the InAs/GaAs(001) self assembled QDs for the first time.

The InAs/GaAs(001) QD samples for the investigation of the valence band states in the InAs
QDs by Tunneling AFM have been grown on the p*-GaAs(001) substrates. The GaAs buffer
layers were also doped heavily by Zn from diethylzinc up to the acceptor concentration Na
~ 1018 cm-3. The intentionally undoped 3 nm thick GaAs spacer layers were grown prior to
the deposition of InAs, as in the InAs/GaAs/n*-GaAs(001) QD structures for the
investigations of the electron states described in the previous subsection. The technological
parameters of the process of growing the InAs QDs were the same, as in the case of the
structures grown on the n*-GaAs substrates: Ty = 530°C, dimnas = 5 ML.

The differential conductivity spectra 64(Vy) of the tunnel contact of a Pt coated AFM tip to
an InAs QD on the GaAs/p*-GaAs (001) substrate are presented in Fig. 8, a. The oscillations
of the 64(V,) spectra have been attributed to the tunneling from the valence band states in
the p*-GaAs buffer to the free states above the Fermi level in the metal tip coating through
the quantum confined hole states in the InAs QD (Fig 8, b).
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Fig. 8. The differential conductivity spectra c4(Vy) (a) and the qualitative band diagram (b) of
the positively biased contact of a Pt coated AFM tip to an InAs QD on the GaAs/p*-GaAs
(001) substrate. The curve numbers denote the points of the initial I — V curves’

measurements shown in Fig 9, a. Reproduced partly from (Filatov et al., 2010) under license
from ©loP Publishing, Ltd.

Comparing the c4(Vy) spectra of the QDs on the p*-GaAs (Fig. 8, a) with the ones of the QDs
grown on n*-GaAs (Fig 4, a), one can note that the peaks related to the tunnelling via the
quantum confined electron states in the QDs were well resolved in the case of the InAs/n+-
GaAs QDs while a nearly exponential curves with the weak oscillations only have been
observed in the InAs/p*-GaAs QDs(Fig. 8, a). This observation could be explained noting
that according to (Stier et al., 1999), the energy spacing between the electron levels in the
InAs/GaAs(001) QDs with the base size length b = 15 + 20 nm is ~100 meV while the one for
the hole levels is 10 + 20 meV only. As a result, the peaks in the 64(V}) spectra related to the
quatum confined hole states in the InAs QDs were resolved poorly because of the thermal
and structural broadening. Note also that the spectral spacing between the peaks in the
c4(Vg) spectra ascribed to the quantum confined hole states in Fig. 8, 2 was much less than
the one for the conduction band states (Fig. 4, a), that agrees with proposed interpretation of
the QDs’ tunnel spectra as well.

The AFM and the probe current images of an individual InAs QD on the GaAs/p*-
GaAs(001) substrate are presented in Fig. 9. The probe current images I(x, y) of the QD
measured at different values of V; were related to the lateral spatial distribution of the
LDOS of the quantum confined hole states in the QD pg(x, y) at the respective vaules of E. In
the case of the InAs QDs grown on the GaAs/p*-GaAs(001) substrate, the hole quantum
confined states, the energy of which satisfies the following condition:

EFs - eVg < Enmzn3 < EFs ’ (3)

where Ef;s is the Fermi level energy in the p*-GaAs buffer (see the band sketch in Fig. 8, a)
can manifest themselves in the probe current images Ii(x, ).

Again, the maps of the probe current Ii(x, y) have been compared to the equal probability
density patterns |y(x, y, z)|2 = const calculated for several lower quantum confined hole
states (Stier et al., 1999). Although the quality of the probe current images was not so good,
several quantum confined states have been identified (Fig. 9).

www.intechopen.com



Tunneling Atomic Force Microscopy of
Self-Assembled In(Ga)As/GaAs Quantum Dots and Rings and of GeSi/Si(001) Nanoislands 283

Fig. 9. The AFM (a) and the probe current (b —d) images of an InAs QD on the GaAs/p*-
GaAs(001) substrate. Reproduced partly from (Filatov et al., 2010) under license from ©IoP
Publishing, Ltd. Below the surfaces of equal probability density |y(x, y, z) |2 = 0.65
calculated for several quantum confined hole states | n1113> in a pyramidal
InAs/GaAs(001) QD with the base side length b = 16 nm are presented. Reproduced partly
from (Stier et al., 1999) with permission from © American Physical Society.

Having identified the quantum confined electron and hole states in the InAs/GaAs(001)
QDs grown by AP MOVPE, we succeeded to identify the states the interband optical
transition between which are manifested in the PS spectra of the QD structures grown by
AP MOVPE.
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Fig. 10. The photosensitivity spectrum (2) and the band diagram (b) (300K) of an
InAs/GaAs(001) QD structure grown by AP MOVPE. Reproduced from (Filatov et al., 2010)
with permission from ©Pleiades Publishing Ltd.
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An example of the PS spectrum Spn(hv) of an InAs/GaAs(001) QD structure measured by the
photovoltage spectroscopy in a liquid electrolyte (Karpovich et al., 2004b) is presented in Fig.
10, a. The QDs in this particular structure were grown in the same conditions as in the samples
for the Tunnelling AFM investigstions described above. Several peaks related to the interband
optical transitions between the quantum confined electron and hole states in the QDs are
present in the PS spectrum. Also, the PS bands related to the transitions from the ground hole
state in the QD | 000> to the ground electron states in the InAs wetting layer | WL> and to the
conduction band states in GaAs have been observed. The band diagram of an InAs/GaAs QD
structure with the transitions manifested in the PS spectrum (Fig. 10, 2) shown schematically is
presented in Fig. 10, b. This diagram was based on the best fit between the interband transition
energies extracted from the PS spectrum in Fig. 10, a2 and the ones calculated from the data on
the quantum confined level energies in the pyramidal InAs/GaAs(001) QDs as the function of
the QD base size b (Stier et al., 1999). The best fit was found at b ~ 16 nm that is consistent with
the ambient air AFM data obtained using the deconvolution (see Sec. 2.1). Note that many
possible transitions are not manifested in the PS spectrum, because the overlap integrals
between the envelopes of the respective electron and hole states are close to zero (Stier et al.,
1999). Only the transitions between the states the overlap integrals for which are close to unity
are manifested in the PS spectrum.

We have failed to identify one of the higher energy hole states marked as |---> in Fig. 10
because the data for the respective hole energy band are not presented in the publication by
(Stier et al,. 1999). In the other aspects, the data on the morphology, on the electronic
structure, and on the energy spectrum of the InAs/GaAs(001)QDs grown by AP MOVPE
provided by ambient air and Tunnelling AFM, by the PL spectroscopy, and by the PS one
appeared to be consistent with each other as well as with the results of the theoretical
calculations reported in the literature (Stier et al., 1999).

3. InGaAs/GaAs(001) quantum rings
3.1 Growth and characterization

In this subsection, the details on the growth of the InAsGa/GaAs(001) QRs by AP MOVPE
as well as of their characterization are presented.

The procedure of growing the self-assembled InAsGa/GaAs(001) QRs by AP MOVPE was
different from that used in the standard MBE. Usually, in order to grow the
InGaAs/GaAs(001) QRs by standard MBE, the InAs/GaAs(001) QDs are capped by a thin
GaAs cladding layer with d. ~ <h>, and then the structures are annealed at the temperature
Ta =600 + 630°C for several tens of minutes (Lorke et al., 2002). However, the QRs grown by
AP MOVPE have been proven to form just during capping of the InAs QDs by the GaAs
cladding layer (Baidus’ et al., 2000). This phenomenon had been attributed to the enhanced
surface diffusion of In adatoms in the AP MOVPE process as compared to MBE because in
the former case the surface dangling bonds are passivated by hydrogen residual from the
cracking of the metal organic compounds and/or arsine.

The InGaAs/GaAs(001) QR structures for the Tunnelling AFM investigations described in
the present chapter have been grown on the n*-GaAs(001) substrates misoriented by 5°
towards <110>.
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Fig. 11. The ambient air AFM image of an InGaAs/GaAs(001) QR structure (a); a liquid AFM
image of an InGaAs/GaAs(001) QR structure with a 30 nm thick GaAs cladding layer

removed by selective wet etching. Reproduced from (Filatov et al., 2011) with permission
from ©Pleiades Publishing, Ltd.

The 3 nm thick intentionally undoped GaAs spacer layers have been grown on the n*-GaAs
buffer layers. Then, the InAs/GaAs QDs were grown at Ty = 530°C and capped by a GaAs
cladding layer with the thickness d. = 10 nm at Ty = 600°C. The nominal thickness of the
InAs layerdinas was = 5 ML. The ambient air AFM measurements have demonstrated the
InGaAs QRs to form during capping the InAs QDs at elevated temperatures (Fig. 11, a). The
QRs of various diameters D = 150 + 400 nm have been observed on surface (Fig. 11, a). As it
had been found earlier (Karpovich et al., 2004b), the structures with the surface
InAs/GaAs(001) QDs grown by AP MOVPE are features by a number of the relaxed InGaAs
clusters present on the surface (Fig. 12, b). These clusters are formed via the coalescence of
the smaller InAs coherent QDs during growth, which, in turn, has been attributed to the
enhanced surface diffusion in the AP MOVPE process. Within this paradigm, the formation
of the smaller QRs has been attributed to the transformation of the smaller coherent
InAs/GaAs QDs during capping while the formation of the larger QRs has been attributed
to the transformation of the larger relaxed InGaAs clusters.

Also, the structure with d. = 30 nm was grown on a semi insulating GaAs(001) substrate in
order to examine the optical properties of the QRs by PL spectroscopy. In order to reveal the
morphology of the overgrown QRs, we have employed the removal of the GaAs cladding
layer by wet selective etching followed by AFM investigation in liquid (Karpovich et al.,
2004a). The application of liquid AFM was to avoid the probe fadeouts due to the residual
etching solution contamination (Fig. 11, b).

The PL (77 K) and PS (300 K) spectra of the structures with the thickness of the GaAs
cladding layer d. = 30 and 10 nm, respectively, are presented in Fig. 12, a. A peak of the edge
PL of GaAs with the maximum energy hvy, = 1.51 eV (GaAs) and a peak with hvy, = 1.41 eV
(WL) originating from the interband radiative transitions between the ground quantum
confined states in the InAs/GaAs(001) wetting layer are present in the PL spectrum. Also, a
broad PL band with hv, ~ 1.2 eV attributed to the ground state transitions in the
InGaAs/GaAs(001) QRs have been observed. This band has a longer wavelength shoulder
and can be decomposed into two Gaussian components with hvy, = 1.2 and hvy, = 1.1 eV
related to the smaller and larger QRs, respectively.
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Fig. 12. The PL (77 K) and photosensitivity (300K) spectra of the InGaAs/GaAs(001) QR
structures with the 30 nm and 10 nm cladding layers, respectively (). Reproduced from

(Filatov et al., 2011) with permission from ©Pleiades Publishing Ltd.; an AFM image of a
surface InAs/GaAs(001) QDs (b).

Also, the PS bands with the edges at hv = 1.36 eV (WL), 1.29 eV, and 1.09 eV corresponding
to the above PL peaks have been observed in the PS spectrum (Fig. 12, a). The difference in
the values of the PL peak energies and the band edges ones in the PS spectrum could be
related to the different in d., and, in turn, to the difference in the morphology, in the
composition, and in the elastic strain of the QR material in these structures. Note that since
the structure was photoexcited through the substrate, playing a role of a low-pass optical
filter, the PS spectrum was truncated at hv = 1.43 eV that is the optical gap energy of n*-
GaAs. The PS band with the edge at hv = 0.8 eV was related, most likely, to the impurity PS
from the defect complexes in GaAs (Karpovich et al., 2004b).

The In molar fraction x in the QR material (In.Ga;-xAs) was estimated from the PL and PS
spectra to be 0.35 + 0.4. The estimates were made by the best fit between the energies of the
PL peak and of the PS band edges related to the ground state transitions in the QRs and the
calculated values of the ground state transitions in the QRs Ey, x being the fitting parameter.
The values of Ep as a function of the QRs’ sizes determined form the AFM images and of x
were calculated by solving the Schrodinger’s equation in the effective mass approximation
for a model potential of a flat gasket-shaped ring (rectangular in the cross-section) with
potential wells of finite height (Barticevic et al., 2000). The ring material was assumed to be
pseudomorphic to the GaAs matrix. The materials parameters (the effective masses of
electron and holes masses, the band offsets, etc.) were taken from (Stier et al., 1999).

3.2 Tunneling AFM investigations

In this subsection, the results of the investigations of the electronic structure of the self
assembled InGaAs/GaAs(001) QRs by Tunnelling AFM are presented. Again, it is worth
noting that the authors of the present chapter had applied Scanning Probe Microscopy
technique for the studying of the LDOS in the self assembled semiconductor QRs for the
first time.
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Fig. 13. The UHV AFM (a) and the probe current (b) images of an InGaAs/GaAs(001) QR
structure. Vy = -1.37 V. The figures (1) and (2) mark the points of measurement of the [ - V

curves (the respective c4(Vs) spectra are presented in Fig. 14). Reprinted from (Filatov et al.,
2010) under license by IoP Publishing Ltd.

The UHV AFM and the probe current images of an InGaAs/GaAs(001) QR structure are
presented in Fig. 13. The QRs are manifested in the probe current image Ii(x, y) by the
increased probe current I; that was related to the tunnelling of the electrons from the probe
coating material into the n*-GaAs buffer through the quantum confined states in the
InGaAs/GaAs(001) QRs (Fig 4, b). The differential conductivity spectra c4(Vs) of the contact
of a Pt coated AFM tip to the surface of the InGaAs QRs on the n-GaAs/n*-GaAs (001)
substrate are presented in Fig. 14. The peaks related to the quantum confined states in the
QRs are well expressed in the c4(Vg) spectrum of the smaller QR (Fig. 14, b). However, the
features, which could be related to the quantum size effect are present in the cg4(Vy)
spectrum of the larger QR as well (Fig. 14, a). So far, the larger QRs could be classified as the
quantum size structures as well in spite of their relatively large sizes. The calculations have
shown that the size quantization in z direction (normal to the substrate) affects the energy
spectrum of the electrons and holes in QRs most.
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Fig. 14. The differential conductivity spectra c4(Vy) of the contact of a Pt coated AFM tip to
the surface of the InGaAs QRs of larger (2) and smaller (b) size on the n-GaAs/n*-GaAs
(001) substrate. The points of measurement of the initial I -V curves are marked in Fig. 13,
a. Reproduced from (Filatov et al., 2011) with permission from ©Pleiades Publishing, Ltd.
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Fig. 15. The AFM (a) and the inverted probe current (b — d) images of an InGaAs QR on the

n-GaAs/n*-GaAs(001) substrate. Reproduced partly from (Filatov et al., 2011) with
permission from ©Pleiades Publishing, Ltd.

The AFM images and the inverted probe current images of an individual
InGaAs/GaAs(001) QR measured at different values of V, are presented in Fig. 15. The
probe current images of the QR change with increasing V. The most important result of the
studies presented in this section was the observation of the angular patterning in the probe
current images of the QRs. Ideally, in the circularly symmetric potential (Curie group of
symmetry C,), the angular dependence of the envelope eigenfuntions of the quantum
confined states is expressed in the polar coordinates (r, ) by the term exp(-ilp) where i is
the imaginary unity and I = 0, #1,... is the angular quantum number. As |exp(-ilp)|2 =1 for
any [ and ¢, no angular dependence of I; should be observed.

The observation of the angular patterning in the current images of the QRs has been
attributed to the asymmetry of the QRs' shape. In addition, one should take into account the
effect of the piezoelectric field in the strained InGaAs, which also reduces the potential
symmetry from C, downto Cp, even in a perfectly round QR (Stier et al., 1999).

In order to account for the effect of the effect of the strain-induced piezoelectric field on the
angular pattern of the LDOS in the InGaAs/GaAs(001) QRs, we have applied a simple
model in the framework of the first-order perturbation theory. The lateral part of the spin-
independent eigenfunction for the model flat gasket finite well height potential (Barticevic et
al., 2000) can be written in the form:

Hont (1,0) = 2ot () exp(—ilg) - (4)

where y.(r) is the radial part ofy.u(r, @) expressed via the Bessel functions and m is the
radial quantum number. As the perturbation piezoelectric potential has the C, symmetry,
an additional integral of motion, parity of states, appears. So, one can write the angular
components of the correct envelopes of the zero-order approximation as

15,03(40)=ﬁc08(ﬂ¢)f (5)
£ (9)=—=sin(up)

wherepy=|1|=1,2, ..., |[m-1].
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d

Fig. 16. The model maps of the spatial distribution of the lateral component of the
probability density of the envelope wavefunction of the quantum confined states | yu(r, ¢) |2
in the plane of an Ing3sGaoesAs/GaAs(001) for different values of m and p. (a, d): no
perturbation potential; (b, ¢, ¢, f): the perturbation potential Vocos(2¢) is imposed.
Reproduced from (Filatov et al., 2011) with permission from ©Pleiades Publishing Ltd.

The model perturbation potential to account for the effect of the piezoelectric field has been
selected in the form V(¢)= Viocos(2¢). Such a model potential satisfies the symmetry Cp, and
is convenient for the calculations of the matrix elements which appeared to be equal to zero
except the <ml| ml+2> ones.

The model maps of | yu(r, ¢)|? calculated for the Ing3sGaoesAs/GaAs(001) QRs with the
outer and the inner radii of 70 and 140 nm, respectively, are presented in Fig. 16. When no
perturbation potential is imposed, no angular patterning of the probability density maps
takes place (Fig. 16, a&d). However, the model | 7. (r, ¢) |2 maps calculated in the first order
of the perturbation theory for Vo = 5 meV demonstrate well expressed angular patterning.
Note that the probability density images keep the Cy, symmetry regardless to the number of
knots in the circle, in accordance with Curie’s theorem.

Comparing the calculated | yu(r, ¢)|? patterns with the the experimental probe current
images of the QRs (cf, for example, Fig. 16, ¢ & Fig. 15, b; Fig. 16, f & Fig. 15, d) demonstrate
that in general the model presented above describes the qualitative features of the
experimental current images more or less accurately. In turn, this could be considered as an
evidence for the asymmetry of the quantum confining potential in the QRs as the origin of
the angular patterning of these ones.
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4. GeSi/Si(001) nanoislands
4.1 Growth and characterization

In this section, the results of the investigation of the LDOS in the self-assembled
GeSi/Si(001) self assembled nanoislands by Tunnelling AFM are presented. Again, it should
be stressed here that the authors of the present chapter had applied Scamming Probe
Microscopy to the investigation of the LDOS in the self-assembled GeSi/Si(001) nanoislands
for the first time. (Borodin et al., 2011).

The heterostructures with the surface GeSi/Si(001) nanoislands for the Tunnelling AFM
investigations had been grown on the p*-Si(001) substrates by SMBE in GeHy ambient using
a home-made UHV setup (Svetlov et al.,, 2001). The qualitative band diagrams of the
structures for the Tunnelling AFM investigations are presented in Fig. 19, b & c. The buffer
layers of ~ 200 nm in thickness were doped heavily by boron up to the hole concentration ~

1018 cm-3. More details on the growth technique can be found elsewhere (Filatov et al.,
2008a, 2008b).

The topography of the samples destined to the Tunnelling AFM investigations was
examined first by ambient air AFM. The AFM images of the structures with the surface
GeSi/Si(001) nanoislands grown at various growth temperatures Ty are presented in Fig.
17. A dense array of the pyramid-shaped nanoislands (Ns ~ 1011 cm-2) has been observed
on the surface of the sample grown at T, = 500°C (Fig. 17, a). The (105) faceting of the
pyramid nanoislands was resolved poorly, again, due to the convolution effect. A bimodal
size distribution of the nanoislands took place on the surface of the sample grown at Tg =
600°C (Fig. 17, b). Along with the dome-shaped GeSi islands, a small number of larger so
called super dome islands (Kamins et al., 1999) has been observed on the surface. The
super dome islands originate from the coalescence of the smaller dome ones. It should be
noted that in the structures grown by MBE the formation of the super dome islands has
been observed in the process of the post-growth annealing (Kamins et al, 1999). In
contrary, in SMBE in GeH4 ambient the formation of the super dome islands has been
observed just during growth (Filatov et al., 2008a, 2008b), that was attributed to Ostwald
ripening.

The surface density of the islands N decreased and their sizes increased with increasing T,
while the bimodal size distribution remained in the structures grown at Ty = 700°C and
800°C (Fig. 17, ¢ & d), in accordance with Lifshits-Sloyzov-Wagner theory.

Fig. 17. The ambient air AFM images of the surface GeSi/Si(001) nanoislands grown by
SMBE in GeH4 ambient at various growth temperatures Tf.
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Fig. 18. The UHV AFM (a) and the probe current (b) images of the GeSi/Si(001) nanoislands.
Vg =2.0V. Reproduced from (Borodin et al., 2011) with permission from ©Pleiades
Publishing, Ltd.

The composition of the GeSi/Si(001) nanoislands’ material has been examined by PL
spectroscopy (Filatov et al., 2008a, 2008b) and by Confocal Raman Microscopy (CRM,
Mashin et al., 2010). The GeSi/Si(001) structures grown on the p-Si substrates with the
nanoislands grown in the same conditions as the surface ones destined to the Tunnelling
AFM studies but capped with the 40 nm thick cladding Si layers had been used for the
optical investigations. It has been found that the nanoislands grown within Tz = 600 + 800°C
consisted of Ge;Sii_, alloy with the Ge molar fraction x decreasing from ~0.55 downto ~ 0.25
with Ty increasing from 600°C up to 800°C (Filatov et al., 2008b, Mashin et al., 2010).

4.2 Tunneling AFM investigations

The UHV AFM and the probe current images of the surface GeSi/Si(001) nanoislands grown
at Ty = 700°C are presented in Fig. 18, a and b, respectively. The GeSi islands of various sizes
and shapes have been observed on the sample surface (Fig. 18, a). The smaller islands were
dome shaped while the larger ones (super dome islands) were shaped as the truncated
pyramids defined by the (101) facets.

The spots of increased probe current I; in the probe current image (Fig. 18, b) were located at
the places corresponding to GeSi islands. The increased probe current has been related to
the tunnelling of the electrons from the electronic states in the valence band of the GeSi
islands into the free states above the Fermi level Er in the Pt AFM tip coating through the
native oxide layer covering the island surface. The band diagram of a positively biased
contact between the Pt coated AFM tip and a surface GeSi/p-Si/p+-Si island is shown in Fig.
19, c. It should be noted that the sizes of the spots of increased I; in the probe current image
(Fig. 18, b) are larger than the sizes of the topographic images of the respective islands in
Fig. 18, a. This has been attributed to the convolution effect due to the relatively large radius
of the curvature of the AFM tip R,. Typical values of R, for NT MDT® NSG-01 Pt coated
AFM probes are ~ 35 nm, according to the vendor’s specifications.

The differential conductivity spectra c4(Vg) of the contact of a Pt coated AFM tip to the
structure with the surface pyramid Ge/Si(001) nanoislands grown at T, = 500°C are
presented in Fig. 19, a.
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Fig. 19. The differential conductivity spectra c4(Vy) of the contact of a Pt coated AFM tip to
the structure with the surface pyramid Ge/Si(001) nanoislands grown at Tz = 500°C (a), the
qualitative band diagrams of the positively biased contact s of the Pt coated AFM tip to the
pyramid islands (b) and to the dome-shaped or the super-dome islands (c).

Again, as in the cases of the InAs/GaAs(001) QDs and of the InGaAs/GaAs(001) QRs (see
Sec. 2 & 3 above), the differential conductivity spectra c4(V;) have been calculated from the
measured [i(V) curves by numerical differentiation with non-linear smoothing. The spectra
presented in Fig. 19, a were the results of the averaging of 25 I;(V;) curves measured in the
different areas on the sample surface 5 x 5 pixels by size. The peaks in the 64(V}) spectra
were ascribed to the tunneling of the electrons from the valence band states in the p*-Si
buffer through the quantum confined hole states in the Ge/Si(001) pyramid islands into the
free states above the Fermi level in the Pt AFM tip coating (Fig. 19, b).

We have failed to obtain the probe current images, which could be associated to the probability
density patterns| y(x, y)2| of the quantum confined hole states in the pyramid Ge/Si(001)
nanoislands. The most probable cause for this, in our opinion, were too small sizes (b = 50 + 80
nm and /1 =5 + 8 nm) and too large surface density (Ns ~ 101! cm2) of the Ge nanoislands on the
surface of this particular sample as compared to the AFM probe tip dimensions (R, = 35 nm).
As a result, the islands have been resolved poorly in the UHV AFM images due to the
convolution artifact unlike the ambient air AFM (Fig. 17, a) measured with NT MDT® CSG-01
probes without metal coating (R, < 10 nm, according to the vendor’s specifications).

The differential conductivity spectra cq(Vg) = dl;/dV,; and the normalized differential
conductivity spectra (dl;/dVy)/(I/ V) of the contact of the Pt coated AFM probe tip to the
GeSi/Si(001) nanoislands grown at various temperatures and to the sample surface between
the islands (WL) are presented in Fig. 20. The points on the sample surface where the initial
Iy(Vg) curves have been measured are marked in Fig. 21. The spectra presented in Fig. 20
were the results of the averaging of 25 I[;(V) curves measured in the spots on the sample
surface 5 x 5 pixels by size.
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Fig. 20. The differential conductivity spectra c4(Vy) (4, ¢, e) and the normalized differential
conductivity spectra (dl;/dVy)/(I/ V) (b, 4, f) of the contact of the Pt coated AFM probe tip
to the GeSi/Si(001) nanoislands and to the sample surface between the islands (WL). The
points on the sample surface where the initial I;(V;) curves have been measured are denoted
in Fig. 21. Reproduced partly from (Borodin et al., 2011) with permission from ©Pleiades
Publishing, Ltd.
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Fig. 21. The AFM (g, ¢, i) and the runnel current (b—d, f—h, j —I) images of the individual
GeSi/Si(001) nanoislands grown by SMBE in GeHy ambient at various growth temperatures
T,. The points of measurements of the I;(V) curves the derivatives of which are presented in

Fig. 20 are denoted in the AFM images (g, ¢, i). Reproduced partly from (Borodin et al., 2011)
with permission from ©Pleiades Publishing, Ltd.

According to the theory of the tunnel spectroscopy, the normalized differential conductivity
spectra (dl/dVg)/(I/ V) of the contact of a metal STM tip to a sample is proportional to the
LDOS at the sample surface. The relationship of the energies in the LDOS spectra to Vg,
again, has been established taking into account the partial drop of Vg on the depletion layer
of the tip-to-sample contact on the base of one-dimensional Poisson’s equation (Feenstra &
Stroscio, 1987). Unlike the case of the InAs/GaAs(001) QDs considered above in Sec. 2, the
charge on the surface states on the boundary of the semiconductor with the native oxide has
been neglected because the SiO;/Si and GeO./Ge interfaces are known to be featured by
low density of the surface states.

As it is evident from Fig. 20, tunnel spectra of the GeSi/Si(001) nanoislands grown at Ty =
700 and 800°C demonstrate the I-type conduction band alignment. Traditionally, the
GeSi/Si(001) heterostructures had been being considered to be the II-type ones, i. e. the GeSi
layer had been being treated as a potential barrier for the electrons with respect to the ones
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in Si (Berbezier & Ronda, 2009). However, there has been an increasing number of
publications, both theoretical and experimental, where the Ge,Si;_,/Si(001) heterostructures
have been reported to be of the I type ones at low enough values of x, i. e. the GeSi layers
were proven to be the potential wells for the electrons. More recent 30-band kp calculations
(El Kurdi et al., 2006) have demonstrated the pseudomorphic Ge,Sii-,/Si(001) heterolayers
to be the ones of the I type when 0.05 < x < 0.45. In contrary, the GeSi/Si(001) nanoislands
were reported to be always the II type heterostructures within the whole range of 0 < x <1
due to the nonuniform tensile strain of Si near the tops and the bottoms of the islands (El
Kurdi et al., 2006). Anyway, the magnitude of the conduction band offset AE. do not exceed
several meV.

The Ii(x, y) images of the GeSi/Si(001) islands were found to depend on V,. At lower Vg
corresponding to the extraction of the electrons From the electron states near the top of the
valence band in the GeSi islands (see Fig. 19, b), the probe current images had more or less
round shape (Fig. 21, b, f, j). At higher V, the current image patterns transformed into the
ones having a twofold-like symmetry Fig. 21, ¢, g k). With further increasing of V,,
corresponding to the extraction of the electrons from the electron states near the Si valence
band edge, the current images took a 4-fold-like symmetry Fig. 21, d, h, I) that was attributed
to the elastic strain relaxation at the pyramidal island edges.

The values of AE. at the Ge,Sii—,/Si(001) nanoislands’ heterointerface determined from the
tunnel spectra of the individual islands presented in Fig. 20 are plotted vs the averaged Ge
molar fraction in the nanoisland material <x> determined by PL spectroscopy and CRM
(Filatov et al., 2008b, Mashin et al., 2010) in Fig. 22, a. Also, the theoretical dependence of AE.
on <x> calculated for a strained Ge,Sii-,/Si(001) heterosturcture at 300K according to
(Aleshkin & Bekin, 1997) is presented in Fig. 22, a. The theory predicts the strained Ge,Si;-
+/Si(001) heterostructures to be the ones of the I type when 0 < x < 0.44, the conduction band
minima in the strained GeSi are related to the A4 valleys. The experimental data of the tunnel
spectroscopy agree qualitatively with the theory by (Aleshkin & Bekin, 1997) as well as the
one by (El Kurdi et al., 2006), although the magnitudes of AE. at the respective values of <x>
are larger than the ones predicted by the theory.
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Fig. 22. The dependencies of the conduction band offset AE. (7) and of the valence band one
AE, (b) in the surface Ge,Si;-x/Si(001) nanoislands on the averaged Ge molar fraction in the
island material <>. The theoretical curves have been calculated for the strained Ge,Si;-
+/5i(001) layers according to (Aleshkin & Bekin, 1997).
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This disagreement could be attributed probably to the partial strain relaxation in the surface
GeSi/Si(001) nanoislands as compared to the pseudomorphic GeSi/Si(001) heterostructures
or to the coherent GeSi/Si(001) nanoislands embedded into the single crystal Si.

Also, the values of the valance band offsets at the Ge,Si;-x/Si(001) nanoislands’
heterointerface AE, determined from the tunnel spectra presented in Fig. 20 are plotted vs
<x> along with the ones calculated according to (Aleshkin & Bekin, 1997) in Fig. 22, b. A
rather good agreement between the calculated and measured values of AE, supports the
conclusions about the type of the conduction band alignment in the self assembled
GeSi/Si(001) nanoislands derived out from the tunnel spectroscopy data. Note that unlike
the tunnel spectra of the Ge/Si(001) pyramid islands (Fig. 19, a), the tunnel spectra of the
larger GeSi/Si(001) islands with lateral sizes D > 100 nm and height > 20 nm (Fig. 20) do
not exhibit any features, which could be attributed to the size quantization. This is not
surprising taking into account the relatively large sizes of the islands grown at T, > 600°C as
compared to the de Broglie wavelength for the holes in GeSi alloy at 300K.

5. Conclusion

The results presented in this chapter demonstrate applicability of Tunneling AFM to the ex
situ investigations of the LDOS of the quantum confined states in the InGaAs/GaAs and
GeSi/Si nanostructures covered by the native oxide. The observed patterns of the probe
current images agree with the results of the quantum confined states eigenfunction
calculations reported in the literature. Besides, the application of Tunnelling AFM technique
have brought some fundamental results on the basic properties of various nanostructures.
Particularly, the angular patterning of the current images of the InGaAs/GaAs(001)
quantum rings was related to the asymmetry of the confining potential. Also, the self
assembled Ge,Sii-,/Si(001) nanoislands have been proven to be the I type heterostructures
atx <0.45.
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