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Abstract—The generally accepted notions about the formation mechanisms for germanium islands with
nanometer-scale sizes in a Ge-on-Si system are reviewed on the basis of analysis of recent publications. The
presence of elastic strains in the epilayers and in the three-dimensional Geislandson Si is akey factor that not
only initiatesamorphological transition from aplanar film to an island-containing film (the Stranski—K rastanov
mechanism) but al so influences the subsequent stages of theislands’ evolution, including their shape, size, and
spatial distribution. In many cases, this factor modifies appreciably the classical mechanisms of phase-forma-
tion and their sequence up to the quasi-equilibrium coexistence of three-dimensional Ge nanoislands at the sur-
face of the Si substrate. The methods for improving the degree of the ordering of nanoislandsto attain the small-
est possible sizes and large density of areal distribution of these islands are discussed. The published data on
optical absorption in the multilayered Ge-Si systems with quantum dots are considered; these data are indica-
tive of an anomalously large cross section of intraband absorption, which makes this class of nanostructures
promising for the development of photodetectors of the infrared region of the spectrum. The results of original
studies of electrical and optical properties of heterostructuresthat involve Ge quantum dots and are synthesized

by molecular-beam epitaxy on the Si substrates are reported. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Nanostructures based on the germanium-on-silicon
heterosystem attract the attention of technologists
owing to significant progress in the development of
new gquantum-effect devicesin spite of a 4% difference
between thel attice parameters of Geand Si. We witness
the appearance of silicon—germanium light-emitting
and photodetecting devices that make silicon technol-
ogy quite competitive with those of conventional opto-
electronic materias, such as the Il1-V compounds
[1-5]. In recent years, the potential applications of the
Ge-Si-based semiconductor materials containing the
nanometer-sized Ge clusters (quantum dots) embedded
in the Si matrix have become apparent. Interest in the
Ge and Si nanoclusters is related to the following cir-
cumstances. (i) progressin the development of technol -
ogy for producing a Ge-nanocluster array that is fairly
uniform in size; (i) the sizes of nanoclusters have been
reduced to the values that ensure the manifestation of
the size-quantization effects and the electron—electron
interaction up to room temperature; and (iii) compati-
bility of the developed methods with existing silicon
technology for the production of discrete devices and
circuits. Such designs that have been considered exotic
until recently may bring about an actual revolution in
silicon integration technology.

A steady increase in the number of publications
worldwide devoted to low-dimensiona heterostruc-

turesisindicative of the growing interest in these struc-
tures. Figure 1 shows the histograms for the number of
annual publications that include the keywords “quan-
tum wells’ and “quantum dots.” In the latter case, a
steady increase in the annual humber of relevant publi-
cations is observed. Starting in 1992, changes became
evident in the technology producing the structures with
guantum dots. Before that time, the main method for
forming such structures was photolithography, with the
constraint on the minimum sizes inherent in this
method. Manifestation of the effect of ordering in the
array of nanometer-sized islands in the Ge-Si and
InAs-GaAs heterosystems made it possible to obtain
guantum dots that had no defects, had the smallest pos-
sible size (10-100 nm), and had the density of
100-101 cm2, which made the atomlike characteris-
tics of these systems more pronounced in the relevant
electronic and optical spectra. The development of
studiesinthisfieldisillustrated in Fig. 2 by histograms
of the annual number of publications devoted to a
Ge-Si system. It is in this system that the arrays of
islands were first used to observe the one-electron
effects [6]. Later, most studies of electronic properties
of quantum dots (QDs) were based on III-V com-
pounds. This was caused by the following factors:
(a) progress in the technology of heteroepitaxy for
I11-V compounds; (b) the possibility of producing the
heterostructures of type | (the offsets of the conduction
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Fig. 1. The number of annual publications according to the
data of the Materials Science Citation Index (MSCI) for
1990-1998. Search was based on the keywords “ quantum
wells’ and “ quantum dots.”

and valence bands are of opposite signs), which is
important for the optical properties of these systems;
and (c) the small value of the charge-carrier effective
mass, which ensured the manifestation of size-quanti-
zation effects for islands of arelatively large size. The
first studies of QDs in 1l1-V compounds were per-
formed on the basis of InAs-GaAs structures |7, 8].

A transition from the layer-by-layer [i.e., two-
dimensional (2D)] growth of the film to the formation
of three-dimensional (3D) islands (the Stranski—Krast-
anov mechanism) has been studied for a long time in
the germanium-on-silicon heterosystem. The first pub-
lication devoted to this heterosystem, in which the
observation of pseudomorphous Ge stripes (referred to
now as quantum wires) that follow the outlines of steps
and of the nanometer-sized islands (currently, quantum
dots) was reported, was apparently that of the study [9]
performed at the Institute of Semiconductor Physics
(Siberian Division, Academy of Sciences of USSR) as
far back as 1974. At relatively low temperatures of syn-
thesis, such islands do not contain the misfit disloca-
tions even if the thickness of the islands exceeds appre-
ciably the critical value, which was demonstrated most
clearly in studies of the Ge-Si [10] and InGaAs-GaAs
[11] systems. Following these publications, a sharp
increasein the study of the mechanisms of formation of
strained islands and the special features of their order-
ing set in, because an opportunity arose to form 3D
objects that have no defects (no misfit dislocations),
have nanometer-scale sizes, and may find practical
applications in nanoel ectronics.

The objective of this review was to analyze the
development and current ideas about the mechanisms
of ordering of the QD ensembles in the course of hete-
roepitaxy. This has been the subject of a number of
reviews [12-14]. However, without laying clam to
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completeness, as concerns a review of all heterosys-
tems, we have attempted to outline the generally
accepted concepts of the Ge-on-Si system and to sup-
plement these with an anaysis of the newest data,
including the results of our experiments with synthesis
of aGe-Si heterosystem with QDs, and the study of the
electronic and optical properties of this heterosystem.

In Section 2, we consider the driving forces and
main mechanisms of evolution and ordering of nanoob-
jects in heterosystems with a large lattice mismatch in
the course of molecular-beam epitaxy (MBE) and heat
treatment. In Section 3, we analyze the experimental
observations of cluster formation and self-organization
for Ge-Si nanostructures at the silicon surface and dis-
cuss the feasible methods for enhancing the ordering,
reducing the sizes, and increasing the density of the
germanium QDs. In Section 4, we summarize the orig-
inal results of our studies of the electronic and optical
properties of heterostructures and multilayered compo-
sitions with Ge QDs.

2. BASIC PREMISES

It is possible to distinguish between the stages of
nucleation and further development in the formation of
3D idlands. The main pattern in the nucleation of
islands in an epitaxial heterosystem is governed by the
balance between the surface energies of the film and
substrate and also between the energy of the film—sub-
strate interface and internal energy of the island bulk.
Thefree energy of anewly formed island nucleus at the
substrate surface may be expressed as the sum of three
terms[15]; i.e.,

AG = —VAp+ys+ E(V, hil).
SEMICONDUCTORS  Vol. 34
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Here, thefirst term accountsfor the formation energy of
a new nucleus with the volume V, with Au standing for
the thermodynamic forcefor crystallization in the event
of supersaturation. The second term corresponds to the
work required for the formation of additional surface
area s, with y standing for the nucleus surface energy.
The third term describes additional energy that is
brought about owing to elastic strain in the nucleus.
Thefirst and second terms in the above expression cor-
respond to the classical version of the nucleation theory
(see, for example, [16]), whereas the third term appears
only in the case where strained films are grown. For
large values of the lattice mismatch, such as those that
occur in a Ge-Si system, this additional energy
depends not only on the nucleus volume, but also on its
shape (i.e., on the ratio h/l, where h is the height and |
is the cross-sectional dimension of the nucleus), and is
important in the transition from the 2D to 3D growth
mechanisms. According to calculations[15], the contri-
bution of thisterm is represented by arapidly decreas-
ing function of h/l. The more pronounced the 3D state
of astrained nucleus, the larger the contribution of elas-
tic relaxation (a decrease in the strain in the regions of
the nucleus that are the most remote from the sub-
strate), and the smaller the additional contribution of
the strain energy to the free energy of the nucleus. The
surface energy of a system composed of the Ge film
(with Ge idand) and the Si substrate also depends on
the Ge coating thickness (and the shape of the Ge
island) [15, 17]. At present, it is generally believed that
the key factor in the transition from the 2D (layer-by-
layer) to the 3D (island-type) growth of pseudomor-
phous filmsis an energy gain due to adecrease in €las-
tic stresses via their elastic relaxation. We note that, in
the case of homoepitaxy on afairly clean surface, the
bulk islands are not formed for almost all semiconduc-
tors, and the film grows owing to either the motion of
step (the step-ayer growth) or the formation and coa-
lescence of 2D islands. Aswill be clear from what fol-
lows, stresses also play an important role in the devel-
opment of 3D islands and their distribution in size.

The determining role of elastic relaxation, which
brings about the morphological instability of the film
surface, was demonstrated by Asaro and Tiller (1972)
[18] and by Grinfel’d (1986) [19]. The basic aspect of
this model isthe proposition that the rough surface of a
strained layer hasalower total energy (the strain energy
combined with the surface energy) as aresult of elastic
relaxation of stresses at the tops of asperities. An
increase in the surface energy due to an increasein the
rough-surface areais afactor that opposes the devel op-
ment of the film’s surface relief; however, this factor
reducesthe energy gain viarelaxation only in part [19].
The larger the mismatch between the film and substrate
lattices, the smaller the thickness of the pseudomor-
phous film at which morphological stability islost. The
formation of idands is an extreme manifestation of
morphological instability of strained films and is com-
monly observed in systems with large values of mis-
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match between the film and substrate lattices (€ > 2%);
the Ge-Si and InAs-GaAs structures are typical repre-
sentatives of such systems. If the surface energy of a
new phase is somehow reduced, the strained film can
lose its morphological stability even for small values of
mismatch. Thus, if the strained film isin contact with a
liquid phase, in which case the surface energy of the
film is appreciably lower than that of the film—vacuum
(or film—vapor) interface, formation of islands is
observed in a Ge Si; _,—Si(001) system for low values
of the mismatch x = 0.05 (¢ = 0.2%) [20]. The same
small values of elastic strains brought about a branch-
ing in the shape of the idand-type film in an
InGa, - As-GaAs(111)A system formed also in con-
tact with aliquid phase, and the splitting of this system
into separate micrometer-sized islands [21]. In this
paper, aaunique example of observing the dislocation-
freeislands that are formed on the substrate with (111)
orientation and have a thickness exceeding the critical
value for the introduction of misfit disocations is
reported; apparently, this result is a consequence of a
decrease in the surface energy of thefilm that isin con-
tact with the liquid phase.

According to classical notions (see, for example,
[22]), formation of a new phase includes the following
main stages: nucleation of the new-phase centers, their
independent growth, and, finally, the development of
these centers in interaction with each other (the so-
called Ostwald ripening). This phenomenon represents
the latest stage of evolution of the new-phase nuclei. If
the objective of the study consists in producing an
island-type film (as in the case under consideration),
this stage of the Ostwald ripening may happen to bethe
main stage that defines the shape of the island distribu-
tion by size. Therefore, the applicability of the Ost-
wald-ripening model to the analysis of the self-organi-
zation of guantum-dimensional clustersin aGe-Si sys-
tem (and other systems) has received much attention in
available publications.

Thefirst comprehensive theory of Ostwald ripening
to describe the formation of clusters (grains) in a vol-
ume of supersaturated solid solutionswas developed by
Lifshitz and Slyozov [23]. Later, this theory was modi-
fied by Chakraverty [24] so asto be applied to the sur-
face. Recently, this theory has been widely used to
interpret the processes observed at the semiconductor
surface using modern high-resol ution methods (see, for
example, [25-29]). According to this model, the later
stage in the development (ripening) of clustersis gov-
erned by the interaction of nuclei found within a satu-
rated “sea’ of adatoms via the Gibbs-Thomson effect
(the equilibrium vapor pressure above the curvilinear
surface of the nucleus should be higher than in other
cases). The small-sized islands decrease in size owing
to a more pronounced curvilinearity of the surface (or
the pedestal of a cluster) and, ultimately, ceaseto exigt,
whereas the large islands grow. A characteristic feature
of the Ostwald-ripening mechanism is a continuous
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Fig. 3. Schematic representation of theinitiation and forma-
tion of anew monolayer according to classical conceptsfor-
warded by Kukushkin and Osipov [22] as applied to molec-
ular epitaxy (for example, epitaxy of silicon on silicon). For
details, see the text.

increase in the average idand size with time and a
broadening of the unnormalized distribution of islands
insize.

Experimental observations of the development of
2D Si islands at the Si(100) surface are in close agree-
ment with inferences from the Ostwal d-ripening model
(see, for example, [26]). Figure 3 illustrates schemati-
cally the formation and development of anew epitaxial
monolayer according to classical concepts of the three
stages [22]. In the initial state (representation a), there
is a supersaturated adsorbate of Si atoms (a “sea’ of
adatoms) at the substrate surface, and, in thefirst stage,
nucleation of 2D centers occurs (representation b). Fol-
lowing this comes the second stage consisting in the
independent growth of the centers (representation c).
During this stage, supersaturation around the centersis
reduced; however, these centers do not yet interact with
each other because their diffusion-source “feeding”
fields do not yet overlap. Therefore, nucleation of new
centers continues at the sites away from the islands that
have been already formed (representation c, the center
at theright). After the diffusion-sourcefields have over-
lapped (representation d) and the supersaturation
between the islands has been reduced even more, there
comes the third stage that consists in the correlated
growth of the islands or the Ostwald ripening. Accord-
ing to Kukushkin and Osipov [22], the interaction
between the islands occurs via a“ generalized self-con-
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sistent diffusion-source field” (in the case under con-
sideration, thisfield is represented by the Si adsorbate).
Large islands grow, whereas the smdl idands cease to
exigt (representation €). This stage may span along time
if the system is closed and the number of adatoms
amounts to less than a single monolayer [26]. The
island-size distribution is a reproducible function that
depends appreciably on the substrate orientation (see,
for example, [30]). In the case of a continuous supply
of atoms to the surface (an open system), the islands
grow until they are in contact with each other; thus, a
continuous monolayer isformed (representation f).

Lifshitz and Slyozov studied the ripening of grains
and stated [23], in particular, that elastic strains in the
grains may be taken into account, although this would
not appreciably affect the shape of the final distribu-
tions, because the strains constitute a second-order cor-
rection. In fact, in the 3D case considered by Lifshitz
and Slyozov, the strainsin the 3D grains of anew mate-
rial may be treated as an addition to the free energy of
a cluster; this addition affects the nucleation and the
growth rates of the cluster. Such an approach was used
by Drucker [31] to evaluate the development of 2D
islands at the substrate surface in the case of the Ost-
wald ripening. However, recent studies have shown that
elagstic strains in epitaxia films and nucleating 3D
islands constitute akey and amultivalued factor that, in
the majority of cases, changes radically the pattern of
the classical phase-formation mechanisms. Thus, for
the growth of Geon S and InAson GaAs, it isthe pres-
ence of these strains that induces the transition from
layer-by-layer growth to the formation of 3D clusters at
the surface of underlying Ge (or InAs) layer; asaresult,
the Stranski—Krastanov mechanism comes into effect.
Significant nonuniformity of the elastic relaxation of an
island over its height causes the energy gain to depend
on the island shape. Severa discrete shapes that are
most favorable energetically (a“hut,”, a“dome,” and a
“superdome™) comeinto existence. Elastic strainsat the
cluster periphery increase with increasing cluster size,
which affects the rules of attachment of adatoms to a
cluster; as a result the growth rate of the clusters
decreases[32-34]. It isbelieved that the emergence and
heightening of the barrier related to the above consti-
tute one of the main causes of the observation that the
island-size distribution is narrower compared to theo-
retical predictions based on the Ostwald ripening (see,
for example, [33]). Under certain conditions, therole of
elastic strains and their relaxation in the islands
becomes dominant until a quasi-equilibrium state is
established. In this state, both the shape and the size-
distribution of islandsistime-independent; correspond-
ingly, the ensemble of islands cannot be described in
the context of the model based on the Ostwald ripening
[29, 35-40].

Figure 4 illustrates schematically the main stages of
formation of the strained-island ensemble and their dif-
ference from the classical variant. Similarly to what
was shown in Fig. 3, there isinitially a supersaturated
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adsorbate at the surface (a); however, this adsorbate is
now formed at the surface of underlying (wetting) layer
from the deposited material (Ge). Nucleation of the 3D
hut-shaped clusters (representation b) is caused by the
elastic-strain relaxation (thisisthefirst difference from
the classical theory). Later (representation c), two dis-
tinct shapes (“hut” and “dome”’) come into existence.
The energetic advantages of thefirst and second shapes
depends on their volume; however, under certain condi-
tions, the coexistence of these shapes is possible
[35, 36] (the second difference from the classical the-
ory). The flow of atoms to the islands with shapes that
are more energetically favorable was observed [41]
(representation d). In this case, the model of the Ost-
wald ripening isapparently valid (small islands ceaseto
exist, and large islands grow); however, the island-size
distribution is now bimodal rather than unimodal
[36, 41]. A reverse transition from a dome shape to a
hut shape was also observed (the third difference from
the classical theory) [38, 40, 42]. A quasi-equilibrium
state of the system is possible, in which case the sizes
and shapes of the clusters are virtually time-indepen-
dent if there is no external flux [39] (representation €)
(the fourth difference from classical theory). Chiu [43]
has demonstrated theoretically that the probability of
the state of the ensemble being stable increases with
increasing surface-energy anisotropy (as this energy
increases at the facets of the idands). Under certain
conditions (when the islands are closely spaced), the
interaction of clusters via overlapping elastic-deforma-
tion fields in the substrate was substantiated theoreti-
caly [44, 45]; thisinteraction may be conducive to the
ordering of spatial distribution of islands at the surface
(the fifth difference from the classical theory). Consid-
eration of elastic interaction via the substrate in a sys-
tem of GeSi—on-Si isands made it possible to interpret
the experimental results [46] correctly.

3. GROWTH AND SPECIAL FEATURES
OF ORDERING IN THE ENSEMBLES
OF Ge NANOCLUSTERS

3.1. Morphological Reconstructions

Severa stages of the island evolution are observed
experimentally in the Ge-Si systems. These stages dif-
fer for the substrates with (001) and (111) orientations.
From the standpoint of producing quantum objects, the
(001) surfaceis unique, because the compact 3D dislo-
cation-free islands 10-100 nm in size were observed at
thissurface alone (Fig. 5). Emergence of suchislandsis
observed after a continuous Ge film has been formed;
the superstructure domainsin thisfilm are easily distin-
guished between theislandsin Fig. 5. The onset of for-
mation of the 3D clusters is accompanied by the emer-
gence of strandsin the patterns of high-energy electron
diffraction (HEED); these strands are formed as aresult
of electron scattering by the {105} faces. Such islands
arereferred to as hut-clusters dueto their shape[47]. As
the average film thickness increases, the HEED pat-
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Fig. 4. Schematic representation of the stages of formation
of three-dimensiona islands in a Ge-Si(001) system. For
details, see the text.

ternsindicate the presence of {113} and { 102} facesin
addition to the { 105} faces. It should be noted that the
first study where the HEED method was used to reved
these faces of the Geidlands at the Si(001) surface was
carried out the Ingtitute of Semiconductor Physics
(Siberian Division, Academy of Sciences of the USSR)
as far back as 1987 [48]. The formation of the dome-
shaped clustersis characteristic of this stage of growth.
A transition from the hut-shaped clusters with sizes of
15-20 nm at the pedestal of the dome-shaped clusters
(with average sizes of 50—100 nm) isaccompanied with
an increase in the degree of relaxation of stresses.
According to the data obtained by Floro et al. [49], the
material in the hut-shaped clustersis elastically relaxed
by 20% on average, whereas in the dome-shaped clus-
ters, the relaxation amounts to more than 50% due to a
larger ratio between the height and the pedestal size; in
this case, the islands remain coherently matched to the
substrate. As follows from numerous experimental
observations, the last stage in the development and
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Fig. 5. An STM image of hut-shaped clusters on the Si(001) surface covered with a Ge sublayer with athickness dg = (a) 4.6 and
(b) 8 ML; Ty =300°C. The side of the image amounts to 160 nm. STM stands for scanning tunneling microscopy.

structure of GeSi;_, iands on Si(001) and Si(111)
consists in the formation of 3D plastically strained
islands with misfit dislocations at the interface with the
substrate, which is accompanied with a rapid increase
in theidand sizes (see, for example, [50-52]).

3.2. The Effects of Ordering

Ordering brings about the emergence of islandswith
preferential sizes, shapes, interisland distances, and rel-
ative positionsin the system. Thisisaresult of the min-
imization of the total free energy of the system. The
existence of preferential characteristics should mani-
fest itself in the scattering and diffraction spectra of
electrons and X-rays interacting with the surface that
contains the nanostructures and also in the electronic
and optical spectra.

The distribution of Geislandsin sizeis given much
attention in various publications because this parameter
of the QD system is extremely important for practical
applications. Typical island-size distributions and the

Frequency
o/ll= 3.2%
o/~ 10-30%

o/~ 50-90%

:
I
I b

a c

I~ 15-20nm O~ 60nm O~ 100nm
Average lateral dimension, /

Fig. 6. Characteristic rms deviations (o/00) of the island
sizes in a Ge-Si system: (a) for the hut-shaped islands,
(b) for the dome-shaped islands (according to [29]); and
(c) the distribution obtained by Jiang and coworkers [53].
The distributions are shown schematically.

range of normalized rms deviations o/IJ(ICis the
average size) that define the broadening of the distribu-
tions are shown schematically in Fig. 6. According to
the data reported el sewhere [29], narrower distributions
are observed for the dome-shaped islands with average
sizes of 50-100 nm (in [29], the Ge islands were grown
by chemical deposition in an atmosphere of hydrogen
that affects the mobility of Ge adatoms). The narrower
distributions for the dome-shaped cluster are explained
by the fact that an increase in elastic strain in the sub-
strate, and in the cluster pedestal as the cluster size
increases, reduces the growth rate of the cluster (in con-
trast with cluster development according to the mecha-
nism of the Ostwald ripening). For the hut-shaped clus-
ters obtained by the MBE [34], a similar pattern was
observed; i.e., the growth rate of a hut-shaped Ge clus-
ter decreased as its size increased (this phenomenon
was studied in more detail in [34]). The above brings
about an appreciable narrowing of the isand-size dis-
tribution. An estimation of the broadening of the distri-
butionsfor the Ge hut-shaped clusters (shown in Fig. 5)
yields o/dI0~ 0.2-0.25, which is appreciably smaller
than for the hut-shaped clusters grown in the hydrogen
atmosphere [29] (see Fig. 6, curve a). The most uni-
form Ge island-size distribution was reported in [53]
(o/lIC= 0.032), and, with permission granted by the
authors, such islands are shown in Fig. 7a. Such a nar-
row distribution, was obtained (according to the
authors of [53]) owing to a thorough selection of the
growth conditions.

The other following methods for enhancing the uni-
formity of the island sizes should be mentioned: (i) the
use of tilted substrates, and (ii) the use of a special
method for ensuring the simultaneous nucleation of the
clusters [54]. The substantiation of these methods can
befound in thefollowing known facts and reasoning. In
the publication by Goldfarb et al. [27], the details of
transition from 2D to 3D growth and the initial stages
of formation of the hut-shaped clusters were elabo-
rated. The 3D islands appear at significantly different
No. 11
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points in time and are nucleated at imperfections of the
2D Ge layer, which confirms the generally accepted
opinion that cluster nucleation is heterogeneous. Con-
sequently, the preliminary formation of the sites that
are preferential for the cluster nucleation may consti-
tute auseful method for enhancing the ordering of these
clusters. A preliminary ordering of steps at the surfaces
that are disoriented with respect to (001) iswidely used
to form the QD arrays in an InAs-GaAs system (see,
for example, one of thelatest publicationsby Kim et al.
[55] and the references therein). In the case of growing
the Ge islands on Si, such an approach is used to a
lesser extent; however, in order to enhance the ordering
of steps at the 2D stage of growth, the authors of [56]
not only used the steps’ ordering related to the deviation
of the substrate from the singular direction but also
improved this ordering by preliminary overgrowth of
the multilayered strained GeSi—Si superlattice. As a
result [56], Ge idands having a uniformity of distribu-
tion both in height and in area of better than 10% with
simultaneous significant spatial ordering were obtained
(Fig. 7b).

According to the data obtained by Johansson and
Seifert [57], the width of the island-size distribution
(for INAYINP) depends nonmonotonically on the
growth rate. The distribution width decreases with
increasing growth rate and reaches a minimum. As the
growth rate increases further, the distribution broadens
again. Such behavior verifies the importance of a sin-
gle-moment heterogeneous nucleation. As the growth
rate increases, the probability of theisland nucleation at
the onset of the process becomes higher; asaresult, the
islands grow for the same length of time and have
almost the same dimensions. A further increase in the
growth rate gives rise to the adatom supersaturation at
the surface becoming so high that new islands are
nucleated continuously. Because of this, the instant of
nucleation again becomes spread, and the island-size
distribution broadens.

It is possible to ensure an amost simultaneous
nucleation of islands over the entire surface area of the
substrate by providing an appreciable supersaturation
of germanium adatoms at the initial instant of growth.
This can be ensured, for example, by a short-term
increase in the molecular-beam density or by a short-
term decrease in the substrate temperature. The effect
of synchronizing periodic short-term variations in the
surface supersaturation on the 2D nucleation was
observed by us previoudy in the case of homoepitaxy
of silicon and germanium. On the basis of this effect,
the MBE method with synchronization of nucleation
was substantiated and implemented [54]. Later, an opti-
mized method for the synthesis of quantum-dimen-
sional structures such as the vertical superlattices,
nanosystems consisting of quantum wires or dots, and
the like, was suggested and substantiated theoretically
for cyclic variation of supersaturation during the
growth of each atomic layer of the film [58].
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Fig. 7. Geidands at the Si surface: (a) at asingular Si(001)
facewith the growth conditions specially selected (with per-
mission given by the authors of [53]) and (b) at a vicinal
Si(001) facewith apreliminarily grown GeSi/Si superlattice
[56] (with permission given by the authors of [56]).

Ordering with respect to the area is the weakest
form of ordering, which is related to the fact that the
islands interact weakly with each other at the initial
stage of their formation. Therefore, the preliminary for-
mation of ordered sites for the nucleation of nanoclus-
ters is the most important method for ensuring their
subsequent spatially ordered state. This statement is
confirmed by an analysis of the two distributions of Ge
islands over the singular (Fig. 7a) and vicinal (Fig. 7b)
(100) S faces. Figure 8 shows the spatial-ordering
characteristics obtained by statistically processing the
data shown in Fig. 7: the radia correlation functions
that define the probability of finding the cluster at a cer-
tain distance from an arbitrarily chosenisland (Figs. 8a,
8b). It can be seen that, in spite of an extremely small
scatter in the parameters of the islands [53] whose
microphotographs are shown in Fig.7a, their spatial
distribution is almost unordered. A certain degree of
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Fig. 8. Radial distributions of the normalized density of
islands as a function of the normalized distance from an
arbitrarily chosen particle for the above microphotographs
(Figs. 8aand 8b correspond to Figs. 7aand 7b).

ordering is evidenced by the presence of a poorly pro-
nounced preferential distance between the nearest
neighbors and by the absence of 3D centers spaced at
smaller than average intervals (Fig. 8a). Spatial distri-
bution of theislands shown in Fig. 7b [56] may be con-
sidered as the most ordered among those observed in
the Ge-Si system. The form of the correlation function
shown in Fig. 8b is indicative of the presence of the
short-range order in the first and second coordination
shells. Spatial ordering of the islands becomes more
pronounced with increasing coverage (the ratio
between the total area of the islands and the substrate
area), which is caused by minimization of repulsive
forces of elastic interaction between neighboring
islands [46, 59]. Because of this, the most highly spa-
tially ordered arrays of islands occupy the largest frac-
tion of the substrate area (see, for example, Fig. 7b,
wheretheidands are nearly in contact with each other).

It was shown previously [13] that the sequential
growth of layers with Ge idands overgrown with a
material that is lattice-matched to the substrate (Si)
causes the ordering (with respect both to the sizes and
areas) to become more pronounced. The e astic-defor-
mation fields are perturbed by clusters; these perturba
tions penetrate into the overgrown layer to different
depths, depending on the volume of a specific isand
and on the degree of the island accumulation. The sites
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Fig. 9. Schematic representation of variationsin the sizes of
the hut- and dome-shaped clusters with increasing silicon
fraction in an island on the basis of publications by
(a) Kamins et al., (b) Vostokov et al. [42], (c) Ross et al.
[63], and (d) Floro et al. [49]. The dotted line represents the
calculated waviness of the surface of a strained GeSi solid
solution according to Obayashi and Shintani [64].

of preferential nucleation of new islands at the next
level are formed at the surface of the overgrown layer.
By varying the overgrown-layer thickness, one can sup-
press the influence of small islands. Corresponding
studies have been performed both theoretically and
experimentally, and we can cite several identical exam-
ples for 111-V [14] and Ge-Si [13, 60] systems. Such
multilayered heterostructures with QDs are of practical
importance in relation to arising new possibilities (for
example, the electron coupling of clustersin the verti-
cal direction and the formation of 3D arrays consisting
of idands—clusters that are often referred to as “artifi-
cial atoms’ [61, 62]).

3.3. The Szes and Density of the Islands:
Methods for Control

Figure 9 shows the characteristic sizes of GeSi clus-
ters of the hut and dome types; it can be seen that the
sizesincrease with an increasing Si fraction in the GeSi
solid solution (the datareported in[29, 42, 49, 63] were
used). Theoretical dependence of the period of the sur-
face undulation for the GeSi/Si(100) filmisalso shown;
thisundulation isaresult of the elastic relaxation of the
strained solid solution (this dependence was derived by
Obayashi and Shintani [64]). As the fraction of S
increases, strains in a cluster decrease and the neces-
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sary gain in energy due to elastic relaxation in the
islands occurs for the larger island sizes. Studies of
GeSi solid solutionswith alarge Si content, convenient
for simulation experiments, make it possible to easily
clarify the main laws of the island formation due to
their relatively large sizes [49]. However, the practical
interest of researchers focuses on the systems that con-
tain the idands of about 10 nm or lessin size (pure Ge
on Si), which is primarily due to the optical properties
of such systems. The density of islands is also very
important because the response of the system to exter-
nal effects is directly related to the number of islands
and, correspondingly, to their density. Both of these
parameters (the size and density) depend on the growth
conditions such as the substrate temperature and the
growth rate. A decrease in the growth temperature, as
well as an increase in the Ge flux, causes the diffusion
length of Ge adatoms at the substrate to decrease. Cor-
respondingly, the collection region of adatoms for a
single island decreases, the island size also decreases,
whereas the island density increases. Abstreiter and
coworkers [65] regularly varied the island density to
10 cm by decreasing the growth temperature to
550°C and increasing the Ge flux. Further decrease in
the growth temperature to 300°C made it possible to
appreciably increase the density of Ge nanoclusters to
~3 x 10 cm [66]. Peng and coworkers [67] used
antimony as a surfactant that reduced the surface diffu-
sion length of Ge adatoms and managed to obtain an
island density of ~5 x 10* cm (the highest so far).

3.4. A Comparison of the S {001} and {111} Surfaces

The vast majority of theoretical and experimental
studies of formation of Ge islands have been devoted to
these processes at the Si(001) surface because it is this
surface that is most favorable for the formation of high-
density coherent nanoislands. Nevertheless, the prob-
lem of the influence of the substrate-surface orientation
on the idand formation in a strained heteroepitaxia
film remains topical; therefore, in this section, we
attempt to dwell briefly on the special featuresthat dis-
tinguish the Ge/Si(001) and Ge/Si(111) systems with
respect to morphological instability.

When Ge is deposited on the Si(001) surface, the
formation of the wetting layer is followed by the emer-
gence of the coherent (without misfit dislocations) hut-
shaped clusters (Fig. 5) and then by the dome-shaped
clusters whose height significantly exceeds the critical
thickness that corresponds to the onset of the introduc-
tion of the misfit dislocations [10]. These dislocations
appear in islands whose height exceeds 50 nm [10] (the
so-called superdome clusters [39]). Thus, in a
Ge/Si(001) system, there is an extended domain of con-
ditionsfor the existence of Ge 3D coherent islands. The
3D Ge islands formed at the Si(111) surface differ
gppreciably in shape and condtitute triangular pyramids
withflat tops(Fig. 10) and { 113} laterd faces[48, 68—70];
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Fig. 10. A perspective STM image of typical Ge islands
after the deposition of (a) 4.1 and (b) 6.8 Ge hilayers on the
(111) surface of silicon. The image areais 330 x 330 nm2.
The average height of the islands in panel (b) is 8 nm. For
details, see [68].
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it isimportant that nanoidands contain the mi<fit disoca
tionseven at theinitia stagesof idand formation[71, 72].

As mentioned in Section 2, morphological instabil-
ity of the strained-layer surface and the ultimate mani-
festation of this instability (the formation of the
3D coherent islands) develops if the gain in the free
energy of the system due to elastic relaxation of
stressesin theislands exceeds an addition to the surface
energy due to an increase in the surface area and to the
emergence of facets with a higher surface energy. We
now compare the Ge/Si(001) and Ge/Si(111) systems
taking into account the above considerations.

The facet closest to the (100) plane both for germa-
nium [73, 74] and for silicon [75] is the (105) face and
deviates by 11.3° from the (100) plane. According to
the data reported elsewhere [76], this face consists of
(100) terraces separated by steps. Formation of Ge—on—
S hut-shaped clusters faceted exactly by the {105}
planesisdue (according to the assumptions by Liu, Wu,
and Lagaly [77]) to an insignificant distinction
between the surface energies of the {100} and {105}
faces. On the other hand, the (113) face that facets the
Ge 3D idands at the initial stage of their formation at
the Si(111) plane [68] deviates from the basal plane by
at least 29.5°. The surface energy (y) of this face was
determined experimentaly for Si by Eaglesham and
coworkers [78] and was found to be larger by a factor
of 1.13 than the value of y for the {111} plane. It was
also experimentally demonstrated [78] that the step
energy at the Si(111) surface is five times larger than
that at the (001) surface, which is apparently the main
factor conducive to the greater atomic smoothness of
the (111) surface compared to the (001) surface and,
correspondingly, to the greater morphological stability
of thisface. Barbezier and coworkers[72] also empha-
size the deciding effect of the enhanced formation
energy of the steps at the (111) surface compared to the
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Fig. 11. Kinetic diagram of structural transitions at the film
surface in the course of germanium heteroepitaxy onto the
Si(111)7 x 7) surface.

(001) surface, which results in a higher morphological
stability of the (111) face. Because of this, the 3D Ge
islands at the Si(111) surface are shaped as truncated
pyramids whose upper surface remains the same (111)
plane and whose height is within 0.1-0.13 of their
cross-sectional sizes [68]. We may assume that the
clusters with such shapes are considerably less proneto
stress relaxation due to elastic strains compared to the
hut-shaped clusters at the (001) surfaces.

Thus, the Ge idands formed at the Si(111) surface
are bound to gain less free energy due to elastic relax-
ation of stresses compared to the hut-shaped clusters at
the (001) surface and should lose more surface energy
dueto alarger inclination angle of the nearest facet. We
add to this comparison the fact that the (111) surfaceis
the glide plane for dislocations, whereas the presence
of an abrupt (111)—«113) step at the edge of a3D idand
results in the so-called geometric enhancement of
stresses, which reduces the energy barrier for the mis-
fit-dislocation initiation. Correspondingly, such ashape
of islandsis conducive to the rapid onset of their plastic
relaxation [79]. In our opinion, it is the combination of
the aforementioned factors that gives rise to the fact
that the existence domain for Ge 3D coherent islandsin
a Ge-Si(111) system is extremely narrow or is not
present at all.

3.5. The Factors Influencing the Process
of Ordering

It was mentioned above that the morphology of the
surface at which the 3D islands are formed plays an
important role and can be used as a controlling factor
conducive to the ordering of the islands with respect to
both their sizes and spatial distribution. The surface
parameters may be controlled by the following meth-
ods:
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(i) The use of the substrates that are tilted from the
(001) surface and the various related methodsfor order-
ing the steps representing further the stencils for initia-
tion of the idands [56, 80-86];

(if) The use of surfactants that modify the surface
characteristics (the surface energy and the diffusion
length of adatoms) of both the substrate and the epil-
ayer [67, 87-90];

(iii) The formation of microstressors at the substrate
surface; these microstressors initiate the nucleation of
islands at certain sites [91-93]; and

(iv) The use of lithography making it possible to
form windows in the substrate; these windows restrict
the region of collection of adatoms in the islands and
separate the islands from each other [94, 95]. The pho-
tolithography-induced formation of facets that localize
the initiation sites for the Ge islands [96, 97].

Each of these avenues of research are being devel-
oped; however, the studies are at the early stage.
Because of this, we call the reader’s attention to these
avenues of research without analyzing them in detail.

3.6. Thein situ Control

A strong dependence of theisland parameters on the
technol ogical -process conditions makes it necessary to
continuously control the growth surface of the sub-
strate. A convenient method suitable for this purposeis
the reflection high-energy electron diffraction
(RHEED). As atypical example of athorough study of
the surface during heteroepitaxy, the RHEED was used
[98] to plot the phase diagrams of structures that
existed during epitaxy of Ge on the Si(111) and Si(001)
substrates.

Figure 11 shows an example of such a diagram for
the Si(111) surface. Two structures with a period mul-
tiple of 7 were observed during the epitaxy of Ge on
Si(111). These structures are Si(111)—(7 x 7)Ge and
Ge(111)«7 x 7)Si. Here, the first chemica symbol
indicates the material at whose surface a given super-
structure was observed, whereas the second symbol
indicates the material that stabilizes the given super-
structure. The Si(111)—«7 x 7)Ge superstructure is
formed at ahigh temperatureif thereis small amount of
Ge at the S surface. The highest temperature at which
this superstructure was stable in the course of the film
growth was 950°C. According to an estimate [98], the
fluxes of adsorbing and desorbing Ge atoms are equal
to each other at this temperature. As the temperature is
increased further, the concentration of Ge atoms at the
surface decreases rapidly.

After the critical thickness (corresponding to origi-
nation of the misfit dislocation) of the film has been
attained, the Ge(111)«7 x 7)Si superstructure is
formed at the surface of Ge islands; this superstructure
isstabilized by Si atomsthat diffuse from the substrate.
Thisconclusionisconfirmed by the fact that the surface
of the Gefilm grown at atemperature below 350°C has
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the Ge(111)—(2 x 8) superstructure, whereas the subse-
guent annealing of the film at 600-700°C gives rise to
the Ge(111)—7 x 7) superstructure. In addition to the
aforementioned structures, the Ge(111)—5 x 5) super-
structure was also observed [99, 100]. The presence of
the latter superstructure is related to the pseudomor-
phous state of the Ge film. After the pseudomorphism
ceases to exist, this superstructure transforms either
into Ge(111)—7 % 7)Si or into Ge(111)—~(2 x 8). Thelat-
ter structure is characteristic of the atomically clean
(111) surface of the bulk Ge. Consequently, the (5 x 5)
structure is an indication that there are stresses in the
film; relaxation of these may stimulate the formation of
theidands.

Typically, the (2 x 1) and (2 x 8) superstructures are
present at the surface during the growth of the Ge Si; _,
film on the Si(001) substrates. On the basis of the anal-
ysis of variations in the diffraction patterns in the
course of the growth of Ge film on Si, we plotted [98]
the phase diagram shown in Fig. 12. After the islands
have been formed, the facets (Fig. 12) with the {105},
{118}, and {311} faces are observed [47, 101-103].
Correspondingly, in this case, the appearance of
strands, which are related to the relevant crystal faces,
at the RHEED pattern is an indication that the islands
have been formed.

The shape of oscillations of a specular reflection in
the electron-diffraction pattern observed during growth
is aso highly sensitive to morphological rearrange-
ments at the surface of the growing film. This inher-
ently high sensitivity of specular reflection to morpho-
logical features becomes even higher when the diffrac-
tion occurs under the conditions of surface resonance
[104]. In these cases, the emergence of idands is
accompanied by a drastic decrease in the specular-
reflection intensity, which makes it possible to pre-
cisely determine the instant corresponding to the onset
of theisland formation.

4. ELECTRONIC PROPERTIES OF SYSTEMS
OF “ARTIFICIAL ATOMS’

Electronic properties of Ge-Si structures were stud-
ied by electron tunneling spectroscopy, capacitance
spectroscopy, and conductance spectroscopy; in addi-
tion, the hopping conduction and the field effect were
studied. The Ge-Si heterocombination belongs to het-
erostructures of the second type, in which the Ge
islands constitute potential wells for holes. This fact
governs the choice of the conduction type in the sys-
tems under consideration.

4.1. Electrical Properties

4.1.1. Electron tunneling spectroscopy. If the
Fermi level in the emitter coincides with the allowed
level of the charge carrier in a quantum well, a reso-
nance enhancement of tunneling current should be
observed. By changing the energy of the injected
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Fig. 12. Kinetic diagram of structural transitions at the film
surface in the course of epitaxy onto the Si(001)—(2 x 1)
substrate.

charge carrier by varying the voltage, one can obtain
dataon the energy spectrum of QDs. This spectroscopic
method was first applied to the arrays of self-organized
QDs in 1992 [6]. The structure studied included two
parallel electrodes (Ge, ;S ;7 layers doped heavily with
boron) between which the Ge-nanocrystal layer [105]
was confined, with potential barriers (Si interlayers)
separating this layer from the electrodes. The depen-
dence of differential conductance on the voltage is
shown in Fig. 13. The upper panel corresponds to sym-
metric silicon barriers (both of them are 9 nm thick).
The lower panel shows the conductance spectrum
occurring in the situation when one of the barriers is
thinner (the barrier thicknesses here are 9 and 6 nm);
negative polarity of the voltage corresponds to the situ-
ation when a charge carrier (hole) first passes through
the thin layer and then through the thick layer. In both
cases, distinct oscillations of tunneling conductance of
the structures are observed; these oscillations indicate
that there exists a well-resolved discrete spectrum in
the Ge islands. The oscillations in the vicinity of the
zero biasare accompanied by the emergence of aregion
with negative differential conductance which is a char-
acteristic feature of resonance tunneling. For the sym-
metric configuration of the barriers (see the upper panel
in Fig. 13), the conductance oscillations are nearly
symmetric with respect to the zero voltage and have a
characteristic period of ~150 mV, which makes it pos-
sible to estimate the distance between the size-quanti-
zation levels at ~150/2 = 75 mV.

In the asymmetric structure, the conductance peaks
are split into a series of oscillations with a smaller
period in the region of negative biases. For this polarity
of the voltage, accumulation of holes in the islands
occursasaresult of alarge difference between the coef-
ficients of transit through the left and right barriers;
thus, the processes of the charge-carrier Coulomb cor-
relations caused by the carrier—carrier interaction
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Fig. 13. Dependence of differential conductance of vertical
two-barrier structures with Ge quantum dots for (a) asym-
metric structure (the width of both Si barriersis 9 nm) and
(b) an asymmetric structure (with barriers 6 and 9 nm wide).

become important. The Coulomb interaction removes
the degeneracy of single-particle levels of size quanti-
zation since a hole overcomes the energy of electro-
static repulsion of charge carriers that are already
present in the QD. Such an effect has been previously
observed in the form of steplike current—voltage char-
acteristics in tunneling transitions through metallic
granules and has been named the “ Coulomb staircase’
[106]. The correlation energy of holesintheislands can
be estimated from the distance between the conduc-
tance peaks at E; = 35 meV in the ground state and at
Ec- = 18 meV in thefirst excited state.

4.1.2. Capacitance tunneling spectroscopy. The
capacitance spectroscopy of QDs is based on the fact
that the charge in zero-dimensional systems can change
only discretely by a value of dQ = eN, where e is the
elementary charge and N isthe number of quantum dots
in the sample [107]. The external voltage V at the gate
electrode shifts the potential in the islands with respect
to the Fermi level in the contact separated from the
island-containing layer by a tunneling-transparent bar-
rier and stimulates, either the capture of charge carriers
from the contact by the QD levels, or the depopulation
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of these levels, depending on the polarity of V. If the
Fermi level in the contact coincides with the bound-
state energy in a QD, the differential capacitance
C(V) = dQ/dV, is bound to feature a peak that isindic-
ative of the presence of a discrete energy level. The
total capacitance of the structureisasum of two contri-
butions: the first of these is due to the presence of a
space-charge region in the materia (in the case under
consideration, thisissilicon) that surroundstheislands,
whereas the second contribution (Cp) isrelated to the
recharging of the QDs.

In the studied structures with the Schottky barrier,
the effective layer thickness d was varied [108]. The
structures included the following sequence of layers
beginning at the substrate: (i) the p*-Si(100) substrate
serving as the lower electrical contact; (ii) a SigsGe,
layer having athickness of L = 10 nm and ensuring an
abrupt heteroboundary of the next Si tunneling barrier;
(iii) atunneling-transparent Si barrier (p =7 x 10% cm3
and L =7 nm); (iv) alayer containing the Ge nanocrys-
tals; (v) ablocking Si layer (p=7x10%cm=3and L =
50 nm); and (vi) an Al electrode controlling the occu-
pancy of theislands and forming the Schottky barrier at
the boundary with silicon. The area of the Al contact
region was ~8 x 10~ cm?; a cylindrical mesastructure
was etched off to adepth of about 5 um according to the
outline of this contact area.

The capacitance-voltage (C-V) characteristics of
the structures without a Ge layer had a shape typical of
ap-Si depletion layer (Fig. 14). In the case of dg; = 2
monolayers (ML), aplateau appearsin the C-V charac-
terigtics; this plateau is characteristic of a 2D charge-
carrier gas. In the range of the effective Ge thicknesses
of 8 < dy; < 13 ML, peaks appear in the C-V curves; the
distance between these peaks, their width, and their
position on the voltage scale (the energy scale) depends
on dy;: as dg; increases, the peaks become narrower and
their energy separation decreases. The energy distance
between the levels corresponding to two capacitance
peaks can be determined from the relationship AE =
AV,yb/L [109], where AV, is the distance between the
peaks in the C-V characterigtic, b is the distance
between a QD and the lower electrode, and L isthe dis-
tance between the top and bottom electrodes. Calcula-
tionsyield AE = 87 (dg; = 8 ML), 36 (for 10 ML), and
32 meV (13 ML) [108]. The value of AE = 36 meV for
the sample containing the amount of Ge that corre-
spondsto dy; = 10 ML is consistent with the recharging
energy (Ec) of aQD inthe ground state aswasfound in
the experiments with resonance tunneling. Because of
this, splitting of the peaks was attributed to the electro-
static Coulomb interaction.

The emergence of the capacitance oscillations is
related to the formation of an array of Ge nanocrystals;
this array is presumably rather uniform with respect to
the island sizes, and the density of hole states in the
array is a deltalike function of energy. For a large
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Fig. 14. The capacitance-voltage characteristics of
Ge-Si(001) heterostructureswith adifferent effective thick-
ness (dgf) Of the Ge layer. The characteristics were mea-

sured at T =300 K. Numbers at the curvesindicate thevalue
of dggs measured in monolayers (ML).

amount of deposited Ge (dgs = 20 ML), plastic relax-
ation of elastic strains occurs and large (=100 nm)
islandswith dislocations are formed. Thisis manifested
by the disappearance of the capacitance peaks in the
C-V characteristics. A largeincrease in the capacitance
accompanied with adrastic increase in conductance for
des > 20 ML isapparently al so related to the appearance
of didocations and the breakdown of the space-charge
region.

Theareaunder each peak (inthe C-V characteristic)
divided by the elementary charge was found to be
amost exactly equa to the surface density of Ge
islands (2nqp = 6 x 10 cmr?). Thismeans, first, that all
Geidands are involved in the process of recharging of
the system and, second, that degeneracy in energy is
removed owing to the Coulomb interaction.

Experimental verification of the Coulomb origin of
splitting was found in the measurements of C-V char-
acteristics for two layers of Ge idands with identical
sizes[110]. Inthiscase, the peak splitting caused by the
Coulomb interaction increases.

4.1.3. Thefield effect. Variation in the conductance
of MIS transistors, in which the conducting channel
includes a layer of Ge nanocrystals, was found to be
quite informative for studying the effects of electron
correlations and quantum confinement [111]. Sequen-
tial population of the islands by charge carriers was
accomplished by applying a voltage to the transistor
gate. For the Ge-island density used (~3 x 10 cm™),
tunneling transitions between the states localized in dif-
ferent islands becomes important. The probability of a
hole hopping between the QDs is defined by (1) the
overlap of the wave functions for the occupied and
empty states and (I1) the occupancy of a given hole
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Fig. 15. Relative variation in the channel conductance of a

field transistor that contains 10° guantum dots as a function
of the gate voltage (the field effect) at different tempera-
tures.

shell. If the relevant level is exactly half-occupied, the
conductance is bound to be the largest and the activa
tion energy for hopsis bound to be defined by the elec-
trostatic energy of interaction of a given hole with all
charges in the nanocrystals. If the level is completely
occupied, the charge carrier has to execute a transition
to the excited states of the next shell. The activation
energy increases by a value equal to the quantum-con-
finement energy, and the conductance decreases. Asthe
occupancy of the excited state increases further, the
activation energy required for the excitation of acharge
carrier to the given level in other QDs decreases and
again becomes a function of the electron—electron
interaction, which brings about an increase in the con-
tribution of the hopping conductivity, and so on. Thus,
the hopping conductivity at a given temperature and
also the activation energy for electrical conductivity are
bound to oscillate with variations in the gate voltage,
thus reflecting the structure of the spectrum of states.
Such oscillations are inherent only in zero-dimensional
systems where the electronic spectrum is discrete
(atomlike).

Oscillations in the hopping conductivity under the
conditions of the field effect were observed in MIS
transistors that had a Ge layer with an effective thick-
ness of more than 6 ML and contained up to 10° Ge
islands[111]. A high-resistivity n-Si wafer was used as
the substrate. In the low-temperature region (T < 9 K),
oscillations were observed in the dependences of the
channel conductance on the gate voltage; these oscilla-
tions corresponded to the occupation of the ground and
excited statesin aQD (Fig. 15).

In a MIS transistor with the QD layer formed on a
silicon-on-insulator structure [separation by oxygen
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Fig. 16. (a) The admittance of the Schottky diodewith quan-
tum dots (10 ML of Ge) and with a continuous Ge layer
(6 ML). Thedashed linesrepresent the results of the decom-
position of the experimental spectrum into Gaussians. The
symbols E4, E,, E3, and E4 denote the response of discrete

states in quantum dots. Figure 16b shows the derivative
dG/dv.

implantation (SIM OX) technology was used] [112], the
leakage currents through underlying Si layers were
minimized; as a result, the conductance oscillations
were observed at temperatures as high as ~150 K. The
temperature dependence of conductance followed the
Arrhenius law, which distinguishes the occurring pro-
cesses from the resonance tunneling and substantiates
the hopping mechanism of the charge transport over
QDs.

4.1.4. Conductance spectroscopy. Measurements
of admittance of the silicon Schottky barriers with a
buried Ge-QD layer made it possible to gain additional
information about the energy-spectrum structure of the
QDs and the hole-state parameters [113]. In this case,
the response of the QDs s equivalent to that of a capac-

PCHELYAKOV et al.

itor with losses [114] and is characterized by the time
constant T = RypCqp. AS the reverse bias increases in
magnitude, the depletion layer penetrates deep into Si
and, thus, brings about the depopulation of hole levels
in a QD. Figure 16 shows the conductance (divided by
the frequency of the periodic signal) asafunction of the
bias voltage for a structure with QDs (the sample with
10 ML of Ge) and a structure that contains only awet-
ting layer (6 ML of Ge). Inthelatter case, two peaksare
observed at 0.1 and 0.6 V. Amplitudes of these peaksis
frequency-independent in the range of 10-100 kHz;
apparently, the peaks arerelated to the recharging of the
wetting layer. For the sample with QDs, four additional
peaks (denoted as E;, E,, E;, and E, in Fig. 16) are
observed. The temperature dependences of emission
times made it possible to determine the activation ener-
gies (the depths of the corresponding levels): E; =
(201 £ 7) meV, E, = (228+ 7) meV, E; = (267 £ 12) meV,
and E, = (288 + 10) meV; the relevant capture cross
sections were also determined (Fig. 17). The cross sec-
tions for the capture of holes by QDs increase with
increasing level depths (Fig. 17) and exceed the known
values for deep levelsin Si by many orders of magni-
tude.

4.2. Optical Properties

Interest in the optical properties of QDsis caused by
application-oriented considerations and by a number of
advantages of such zero-dimensional objects compared
to 2D QWs. Specia features of QDs include, first, the
possibility of controlling the spectral range of photore-
sponse by preliminarily populating the discrete states
with the required transition energies; second, the pres-
ence of lateral quantization in zero-dimensional sys-
tems removes the forbiddenness of optical transitions
polarized in the photodetector plane and, consequently,
makes it possible to accomplish the absorption of light
at anormal incidence of photons; and, third, an appre-
ciable increase in the lifetime of charge carriers photo-
generated in a QD due to the so-called “ phonon bottle-
neck effect” [115].

4.2.1. Absorption in the infrared region of the
spectrum. Absorption of light in the infrared (IR)
region of the spectrum in Ge-Si multilayered hetero-
structures with self-organizing QDs has been studied
previously [116, 117]. In both cases, the idands were
~40-50 nm broad at the base and were 2—4 nm in
height. The density of the islands was ~108 cm™. The
Ge islands were doped with boron [116] in order to
populate the QD ground state with holes. A broad
(~100 meV) line was observed in the absorption spectra
within the wavelength range of 5-6 pm; the amplitude
of this line decreased appreciably when the light with
polarization perpendicular to the layer plane was used.
This line was attributed to transitions between two
lower levels of transverse quantization of heavy holes
inaQD.

SEMICONDUCTORS  Vol. 34
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Fig. 17. Temperature dependence of the times of hole emis-
sion (1) from excited state in quantum dots. Dependence of
the cross section of the hole capture (o) by the levels in
quantum dots on the energy depth E; of the levelsis shown

in the insert.

In order to activate optical transitions within an
undoped QD, additional optical pumping was used
[117]. The photoinduced absorption of light polarized
parallel to the layer plane featured an asymmetric peak
in the vicinity of 4.2 um and wasrelated to atransition
of holes from the QD ground state to the valence-band
delocalized states. The determined cross section for
absorption [117] was unusually large (2 x 1072 cm?)
and exceeded at least by an order of magnitude the
known cross sections for photoionization of local cen-
tersin Si [118] and by three orders of magnitude the
similar quantity for QDs in InNAs-GaAs [119]. These
data[117] indicate that a Ge-Si system has the poten-
tial to be used in IR photodetectors.

4.2.2. Photoconductivity. Observations of a photo-
current generated by photons with energy less than the
band gap of siliconin Ge/Si heterostructures with QDs
were first reported in [65, 120]. The possibility of
developing a QD-containing photodetector tunable to
the near- and medium-IR regions of the spectrum was
demonstrated recently [66]. The photodetector was a
silicon p—i—n diode, the base layer of which incorpo-
rated a 2D array of Ge nanoclusters. The average width
of the QDswas 15 nm, and the height was 1.5 nm. The
photocurrent spectra for various reverse-hias voltages
are shown in Fig. 18. There was no photoresponse in
the sample with continuous (dg; = 6 ML) Gefilm. Ina
structure with QDs, two peaks were observed at the
wavelengths of 1.7 and 2.9 um for photon energies
lower than the energy corresponding to the fundamen-
tal-absorption edge in silicon (~1.12 eV). The heights
of both peaks depended strongly on the reverse-bias
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Fig. 18. The photocurrent spectra of a Si p—i—n diode with
Ge quantum dots under areverse biasindicated (in volts) at
the corresponding curves. The dashed line demonstrates the
absence of photoresponsein thisrange of photon energiesin
astructure with a continuous Ge layer (dgg = 6 ML).

voltage, with these dependences being correlated with
each other. More specifically, as the magnitude of the
bias was increased to 1.4 V, the photoresponse ceased
to exist in the medium-IR region (at 2.9 um, line T,)
and a signa in the near-IR region of the spectrum
emerged (at 1.7 um, line T,). The photon energy corre-
sponding to the peak of line T; (430 meV) coincides
with the energy depth of the ground state of aholein a
QD [121]. Therefore, line T, was related to atransition
of a hole from the ground state localized in a QD to
delocalized states in the valence band. As the magni-
tude of the reverse bias increases, the hole levelsin a
QD arefilled with electrons. In the region of voltagesin
the vicinity of 1.4 V, a QD becomes completely
depleted of holes and transition T, turns out to be “for-
bidden.” Starting from this moment, the band-to-band
transitions of electrons between the valence and con-
duction bands become possible (process T,). Since the
system under consideration belongsto heterostructures
of the second type (holes are localized in Ge regions,
whereas these regions constitute potential barriers for
electrons [122]), the band-to-band optical transition is
indirect in the coordinate space and is accompanied
with the transfer of eectronsfrom Geto Si. The energy
of transition should be governed by the difference
between the band gap of Si (1.12 €V) and the energy of
the hole state in a Ge QD (0.43 eV); i.e,, it should be
equal to 700 meV, which is consistent with the experi-
mental position of line T, (=730 meV).

4.2.3. Photoluminescence. Conventionally, mea-
surements of photoluminescence (PL) spectra are used
to check the formation of the self-organizing QD lay-
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Fig. 19. The energy of the photoluminescence peak as a
function of the lateral dimension of germanium islands in
silicon.

ers; these measurements make it possible to determine
the energies of the ground and excited states in a QD.
For an InAs/GaAs system, the PL data were summa:
rized and analyzed in [123]. In particular, it was shown
[123] that the photon energy of the emission from QDs
is controlled by the effective thickness of the deposited
InAs layer and, as aresult, by the QD size. The results
of PL measurements as an illustration of the nucleation
and evolution of QDs are also reported in many publi-
cations devoted to the epitaxy of Ge-Si structures. The
appearance of aband in the vicinity of 800-900 meV in
the PL spectrais related to the formation of Ge islands
[13, 117, 120, 122-130]. The width of this band istens
of millielectronvolts; only once [124] were narrow
(~2-10 meV) PL lines observed and attributed to the
formation of an array of QDs that were uniform (to
~3%) in size. Nevertheless, in our opinion, theinterpre-
tation of the PL spectra for Ge-Si structures is some-
what contradictory. Figure 19 shows the position of a
PL peak related previously to Ge islands as a function
of the lateral size of nanoclusters. Here, we used the
data reported in [13, 117, 120, 122-130]. In contrast
with an InNAS/GaAs system, a distinct dependence of
the radiative-transition energies on the QD size is not
observed; at the same time, it should be reasonable to
expect that, as the QD size increases, the PL peak
would shift to lower energiesin the spectrum as aresult
of adecrease in the quantum-confinement energy inthe
islands. In addition, the observation of an emission with
energy larger than the band gap of silicon [125] (the
leftmost point in Fig. 19) seems surprising. All these
circumstances have no generally accepted satisfactory
explanation at present and will stimulate further thor-
ough studies of mechanismsfor PL in Ge-Si structures.

PCHELYAKOV et al.

5. CONCLUSION

In this review, we analyzed scientific publications
worldwide and noted the growing interest of scientists
and technol ogistsin the problems of the production and
the application of nanostructures that are based on sili-
con and germanium and consist of Ge clusters of
nanometer-scale size (quantum dots) embedded in the
Si matrix. Elastic strain in epilayers and 3D Geislands
on Si isakey factor that not only initiates the morpho-
logical transition from a planar film to an island-con-
taining film (the Stranski—Krastanov mechanism) but
also influences the subsequent stages of evolution of
the islands, including their shape, size, and spatial dis-
tribution. In many cases, this factor modifies substan-
tially the classical stages of the phase-formation mech-
anisms and their sequence to the point of a quasi-equi-
librium coexistence of 3D Ge nanoislands at the surface
of Si substrate. In the considered systems of nanoclus-
ters, we separated out various types of ordering: order-
ing with respect to the cluster shape, to its size, to the
distance between idlands and their mutual arrangement,
and also ordering in the vertical direction (in the
sequentially formed multilayered heterostructures with
quantum dots). The method for enhancing the degree of
ordering in nanostructures with arrays of quantum dots
and attaining ultimately small sizes and a large density
of distribution over the surface area was discussed.

In thisreview, we also cite the published data on the
absorption of light in multilayered Ge-Si systems;
these data are indicative of an anomaloudly large cross
section of intraband absorption, which makes the class
of nanostructures under consideration promising for
the development of the IR-region photodetectors.
Applying the tunneling, capacitance, and conductance
spectroscopies, and also the field effect to the transistor
structures that contained no less than 10° Ge nanoclus-
ters, we observed well-resolved peaks related to a sin-
gle-electron capture of up to six holes by each quantum
dot. The main factors controlling the spectrum of states
are the quantum confinement and Coulomb interaction
between charge carriers. A new factor arising in the QD
array and distinguishing it from the situation with asin-
gle QD isthe Coulomb correlation between theislands.

Studies of the electrical and optical characteristics
of arrays of Geidandsin Si make it possible to draw a
conclusion regarding the formation of arrays of “artifi-
cial atoms’ that feature a discrete energy spectrum; the
latter is observed up to room temperature.
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