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Abstract—The electronic structure of spatially indirect excitons, multiparticle excitonic complexes, and neg-
ative photoconductivity in arrays of Ge/Si type-1l quantum dots (QDs) are considered. A comparison is made
with the well-known results for type-11 [11-V and 11-VI QD heterostructures. The following fundamental phys-
ical phenomena are observed in the structures under study: an increase in the exciton binding energy in QDs as
compared with that for free excitonsin homogeneous bulk materials, ablue shift in the excitonic transitions during
the generation of multiparticle complexes (charged excitons, biexcitons), and the capture of equilibrium carriers
to localized states induced by the electric field of charged QDs. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The relative position of energy bands on both sides
of aheterointerface in a heterosystem is determined by
the structure and composition of the constituent semi-
conductor materials [1]. If the lowest energy states of
electrons and holes in the band diagram are located in
one of the two materialsforming the system, the system
is referred to as a type-| heterostructure. If the lowest
energy state for electrons is associated with one mate-
rial and that for holes, with the other, the system is of
type Il. Therefore, in type-ll heterostructures with two
heterojunctions, a potential well can be formed only for
onetype of carrier, electron or hole with abarrier exist-
ing for the other type of carrier. In the literature, the
band diagram of such a structure is often staggered,
implying similar energy steps in conduction or valence
band discontinuities: ascending or descending energy
steps at the heterointerface for each of the bands.

In clusters of a material introduced into the bulk of
another material, the carrier motion is confined in all
the three directions. If the cluster size is comparable
with the de Broglie wavelength of an electron, hole, or
with the Bohr radius of an exciton, then the inclusions
arereferred to as quantum dots (QDs) [2] and semicon-
ductor structures with such clusters are called QD het-
erostructures [1]. In contrast to quantum-well (QW)
and quantum-wire heterostructures (two-dimensional
and one-dimensional systems), the properties of elec-
trons and holes in QD heterostructures cannot be
described as a gas of quasiparticles. A fruitful concept
in this case is that of localized states. The electron or
hole localization radius in a nanocluster is comparable
with the cluster size, and frequently it exceeds the Bohr
radius of single impurity atoms with shallow levelsin
homogeneous bulk semiconductors. On the other hand,
the energy level in a QD may be deep, and thisis one

more feature of QDs as deep-level impurity centers.
Owing to specific features mentioned above, the study
of QD heterostructures now constitutes a separate
branch of condensed-matter physics.

Charge localization in a QD modifies the potentials
in the neighboring space. This gives rise to a potential
well for carriers of opposite sign around aQD and leads
to the formation of bound statesin thiswell. In type-Il
heterostructures, localized states for holes and elec-
trons emerge in self-consistent potential wells on dif-
ferent sides of the heterointerface. Electrons and holes
in these states are spatially separated, and the transition
between these states is spatially indirect.

Finding the energy spectrum parameters, analyzing
the kinetics of trangitions between electron states and the
interaction of elementary excitations, and revealing the
correlation effects constitute the main part of the contem-
porary fundamental studies of QDs. The utmost attention
is attracted by InGa, _,AS/Al,Ga, _ ,Assystemsowingto
the prospectsfor their application in semiconductor lasers
(see, eg., reviews [1, 3] and references therein). Type-l|
QDs formed in (In,GaAlSb/GaAs, (Al,InAs)/InP,
(GaIn,AsSh)/GaSh, Ge/Si, and ZnTe/ZnSe hetero-
structures are less understood [4—11]. Heterostructures
with compound semiconductor QDs are of particular
importance for optoelectronics. Ge/Si heterosystems
with QDs open up new prospects for micro- and nano-
electronics [12-15].

The electronic processes in QD systems have
mainly been studied by optical methods[1, 3, 5, 6]. Our
investigations were the first to apply electrical methods
to reveal the discrete energy spectrum in an array of
self-organized QDs and the Coulomb interaction in
charge transport and to determine the carrier capture
cross sections of localized states [4, 13, 15, 16]. The
existence of awealth of dataconcerning the surface and
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the phase boundaries for Ge and Si [17], aswell asthe
possible application of the developed techniques in
modern silicon technology of discrete devices and cir-
cuits, makes investigating the Ge/Si system a priority.
In this communication, we present data obtained in
studying electronic processes, mainly in the Ge/Si sys-
tem, by means of a set of optical and electrical tech-
niques. Theresults are compared with the available data
for other QD systems.

2. OBJECTS AND METHODS OF STUDY

Presently, the most promising method to produce an
array of QDsis based on the self-organization of semi-
conductor nanostructures in heteroepitaxial systems
[1, 5, 14]. Elastic strainsin an epitaxial film and islands
onitssurface are crucia both for amorphological tran-
sition from aflat film to island growth (Stranski—K rast-
anow mode) and for further changesin the size, shape,
and spatial distribution of the islands. An important
stage in the sequence of the occurring kinetic transi-
tions is the formation of coherent (defect-free) three-
dimensional (3D) idands with a uniform size, which
gives nanometer islands with quantum confinement
energy of about 100 meV [13, 15]. This value notice-
ably exceeds the room-temperature thermal energy of
particles (26 meV); therefore, the thermal redistribution
of carriers over localized states within an energy win-
dow on the order of k,T (kg is the Boltzmann constant,
T the temperature) can be disregarded. These systems
enable room-temperature operation of QD structures
exhibiting temperature-insensitive device characteris-
tics over awide temperature range [18].

We have found the conditions of Ge heteroepitaxy
onto (110) Si that provide a3 x 10 cm sheet concen-
tration of clusters [14]. The size distribution of germa-
nium islands was studied by STM. The average size of
islands (pyramid base) was 15 nm, and the pyramid
height was 1.5 nm, with deviations being no more than
17%. Typica conditions of Ge/Si structure formation
included homoepitaxy at 800°C onto (100) Si at arate
of 1-2 monolayers per second (ML/s); Ge heteroepit-
axy at 300°C, 0.2 ML/s; and S epitaxy over the Ge
islands at 500°C. The effective thickness of the Ge
layer was varied within dg = 0-20 ML. In Ge/Si QD
heterostructures, holesarelocalized in Ge nanoclusters.
Nonuniform structural strains (resulting from a 4% lat-
tice mismatch between Ge and Si) and the positive
charge created in Ge by holes can induce a potential
well for electrons in the conduction band of silicon in
the vicinity of the heterojunction.

3. SPATIAL DISTRIBUTION
OF ELASTIC STRAINS

Nonuniform elastic strains in heterostructures can
cause significant changes in the electrical and optical
properties as a result of the energy-spectrum modifica-
tion by about 0.1 eV [19, 20]. Furthermore, nonuniform
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strains favor the spatial ordering of nanoclusters during
the formation of multilayer structures [21]. Therefore,
determining the fields of elastic strains is a hecessary
step in both calculating the band structure of self-
arranged QDs and modeling the epitaxy on strained
surfaces. The elastic strain fieldsin Ge nanoclustersand
in their environment were calculated by means of an
original method relying upon Green's tensor of the
elastic problem [22]. The sizes of the QDs studied are
so small that the continuum approximation isinapplica-
bleto description of the elastic properties of the system.
The strain was cal culated using the Keating [ 23] poten-
tial, taking into account the atomic structure of the sub-
stance. To reduce the calculation error introduced by
the finite crystal volume, we sought the deformational
field as a convolution of some auxiliary function with
the Green's function (Green’s tensor) of the elastic ato-
mistic problem. This method yields the distribution of
strain at the atomic level for a system containing inclu-
sions of one materia in the matrix of another. The crys-
tal anisotropy and the different elastic properties of the
medium with inclusions of ancther phase aretakeninto
account.

The problem was solved for the objects studied in
our experiments: germanium QDs had the form of tet-
rahedral pyramids with an 11° dope on their lateral
faces, abase size of 15 nm (in the growth plane), and a
height of 1.5 nm. A QD sheet located on top of a
0.7-nm-thick wetting Ge layer was embedded in bulk
crystalline silicon. The solution was abtained for asin-
gle QD, which means that the superposition of elastic
strain fieldsfrom the array of surrounding QDswasdis-
regarded.

It was established that the strain inside a Ge nano-
cluster is tensile in the direction of structure growth
(zdirection) and compressive in the lateral direction
(xy plane) (Fig. 1). The highest strain exists aong the
outline of the pyramid basein the growth plane, and the
most relaxed is in the vicinity of the apex. The highest
strain in the silicon environment of a QD is located in
thevicinity of the pyramid apex. Cal culations show that
thestrainin the central part of the pyramid ispractically
independent of the Ge nanocluster size for the pyramid
base within 6-15 nm. Near the edge of the pyramid
base, the strain grows as alogarithm of the base size.

Recently, results obtained in calculating the strainin
the Ge/Si QD system with the use of two empirical
potentials—Keating and Stillinger—\Weber—have been
compared [24]. Both methods yield similar results for
the lateral tensor components, with a quantitative dif-
ference found for the normal tensor components. As a
result, the authors of [24] recommended that the Still-
inger—Weber potential should be used for Ge nanoclus-
ters with a pyramid base smaller than 10 nm.
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Fig. 1. Distribution of elastic energy in a QD and its neighborhood in the (100) plane passing through the pyramid axis. The figures
indicate the energies per atom in units of 107 eV. Arrows show the directions of increasing energy [22].

4. ELECTRONIC STRUCTURE OF SPATIALLY
INDIRECT EXCITON

For homogeneous bulk semiconductors, the term
“indirect exciton” is applied to an excited electron state
formed upon indirect optical transitions[25]. In type-l|
QDs, there exist optical transitions that are indirect in
the real space. The same transitions may either be indi-
rect in the k-space, where k are the wave vector compo-
nents (e.g., in Ge/Si and GaAgAlAs (the latter system
is of type Il for QD size less than 56 A and type | for
QDs larger 56 A [8]) or direct (e.g., in the INAs/GaSb
system with InAs QDs, belonging to type Il at QD size
lessthan 87 A [8], and in GaSb/GaAs[6]). The excited
states formed upon optical transitions, with electron
and hole localized on different sides of the heterointer-
face, are called spatially indirect excitons.

To obtain the absorption spectrum of a nanocluster
containing N electron—hole pairs, it is necessary
to solve the Schrodinger equation with a Hamiltonian
that includes the kinetic and potential energy of nonin-
teracting electron and hole and the energy of their inter-
action [26].

Wavefunctions and the energy spectrum of electrons
and holesin spatialy indirect excitons were simulated
numerically for a Ge pyramid in Si, with dimensions
specified in Section 3. The band offsets at the Ge/Si het-
erojunction were calculated on the basis of the obtained
spatial distribution of elastic strains both inside and
outside the pyramidal QD as well as on the known
strain potentials for Si and Ge [27]. The elastic strains
in Si lift the 6-fold degeneracy of the A valleys, with 4-
and 2-fold-degenerate valleys were formed. The 2-fold
degenerate valleys are oriented along the [001] and

[001] directions and lie lower in energy than statesin
the conduction band of Ge (the minimum of the con-
duction band). The maximum of the valence band is
formed by heavy holes from Ge nanoclusters.
SEMICONDUCTORS  Vol. 35
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The states of gpatially indirect excitons and exci-
tonic complexes are described in terms of the effective
mass method. A system of 3D Schrddinger equations
was solved: two equations for a single exciton, three
eguations for an exciton—hole complex, and four equa-
tions for two excitonsin a QD.

The interaction between charged particles was sim-
ulated by a static screened Coulomb potential. The con-
duction band offset between the corresponding A min-
ima of unstrained Ge and S was 340 meV, and the
valence band offset was 610 meV. The electron effec-
tive masses in the Si conduction band were m,, =
0.19m, in the QD growth plane, and m, = 0.92m,; the
hole effective masses in the valence band were m,, =
0.39m, and m, = 0.2m,. Only heavy holes were consid-
ered, because the light-hole states were close to the
valence band edge of Si. The exciton wavefunctions
were taken in the Hartree approximation as a product of
the electron and hole wavefunctions.

For the case of a single exciton, the calculations
demonstrated that the electron is localized in aQD in
the region of the maximal strainin Si (in the vicinity of
the Ge pyramid apex), and the hole is confined near the
pyramid base. In a two-exciton complex, the repulsion
of electrons causes their spatial separation; therefore,
the second electron is bound near the interface between
Si and the continuous Ge layer, on which the pyramids
lie (Fig. 2). In this region, there exists a second local
minimum of the conduction band induced by elastic
strains originating from the lattice mismatch between
Geand Si. Inthevicinity of the pyramid apex, thislocal
extremum is shallower than the first one.

The calculations also demonstrated that the electron
binding energy in exciton formation E; = 38 meV. The
main contribution to the electron localization energy
near the Ge/S heterointerface comes from the elec-
tron—hole Coulomb interaction (the exciton binding
energy is 29 meV). The remaining part (9 meV) is due
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Fig. 2. (a) Calculated potential profile (along the z-axis passing through the apex of a Ge pyramid) in which electrons and holes
move, constituting an excitonic complex. (b) 2D image of the modulus of electron and hole wavefunctions (Y| and |y,|) inthe cross
section of aQD and its neighborhood. The extents of black denote regions at whose boundaries the wavefunctions decay to 75, 35,

and 10% of the maximum value |P|hax [26, 28].

to the contribution from the nonuniform distribution of
strainsto the potential well formation at the Ge/Si inter-
face. Infact, thelatter valueisthe energy of the electron
state in the potential well of aneutral Ge nanocluster.

5. EXCITONIC ABSORPTION

The absorption peak related to the electron transi-
tion from the Ge QD valence band to the Si conduction
band with the formation of an exciton is observed at
760-770 meV [26, 28]. This transition yields the
ground state of a spatially indirect exciton (a hole is
formed in the HO ground state in a Ge nanocluster, and
an electron passes into the EO ground state in Si at the
heterojunction). A weaker absorption peak in the range
850-860 meV is attributed to an excited exciton, with
an electron and a hole in both the H1 and E1 excited

states. The band width of 50-70 meV is presumably
due to fluctuations of the shape and size of Ge clusters.

5.1. Sngle Exciton

The oscillator strength f of the excitonic transitionin
Ge/Si was determined from the optical absorption data.
The obtained value of 0.5 isabout 20 times|essthan the
oscillator strength for direct (in real and k-space) exci-
tons in INAS/GaAs QD structures having f = 10.9
[29, 30]. The oscillator strength of an excitonic transi-
tion is proportional to the squared overlap integral of
the electron and hole wavefunctions. In InNAS/GaAs QD
structures, the €l ectron and hole arelocalized within the
same nanocluster. Therefore, the overlap of their wave-
functionsis relatively large, about 80% [31]. The solu-
tion of a self-consistent problem for Ge/Si system
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yields a 15% overlap of the electron and hole wave-
functions[28]. The smaller overlap in Ge/Si (compared
with that in INAS/GaAs) is a direct consequence of the
gpatial separation of the electron and holein type-11 het-
erostructures. At the same time, the overlap in type-l|
QD structures depends on the height of the barrier sep-
arating the electron and the hole as well as on the QD
size. Evidently, an infinite barrier corresponds to com-
plete separation of wavefunctions and zero overlap.
This situation virtually does not occur in the discussed
structures with finite barrier height.

Of more interest is the dependence of the overlap
factor on the QD size at constant (finite) barrier. The
wavefunction is* squeezed out” of the QD volume with
a decreasing QD size or barrier height. This enhances
the overlap of the electron and hole wavefunctions and
makes the correlation of their motion stronger. Accord-
ing to calculations made in [9], the overlap factor starts
to grow dramatically when the ratio of the QD size to
the Bohr radius of the hole becomes |ess than four. The
overlap factor decreases with an increasing QD size (in
Bohr radius units). The conclusion that the oscillator
strength may become appreciable in type-1l QDs was
also made on analyzing the kinetics of the photolumi-
nescence decay in an array of pyramidal GaSh/GaAs
QDs|[7].

The measured absorption probability (o = 1.6 x 10%)
allows the evaluation of the effective interband absorp-
tion cross section in Ge QDsto be 0, = a/204 = 2.5 %
1076 cm?, where 04 is the density of QDs. This value
exceeds the typical photoionization cross sections of
deep levels in Si (~107Y cm? [32]) by more than an
order of magnitude. This fact is an indication that the
absorption band at 750-850 meV is not associated with
defects or impurities in Si. Another argument in favor
of the developed concept is furnished by experiments
on annealing of Ge/Si QD structures. The absorption
band at 750-850 meV is not affected by a 30-min
annealing at 500°C, whereas many point defectsin S
are annealed at thistemperature, being transformed into
more intricate complexes.

5.2. Multiparticle Excitonic Complexes

The existing methods for studying QD structures
make it possible to create conditions under which sev-
eral charged excitons are formed in a single QD. For
example, holes are accumulated at the top of the
valence band in Ge nanoclusters in injection of holes
into Ge/Si QD structures[28]. An 11-meV blue shift of
the line of main excitonic absorption (HO-EQ) was
observed in single-charged Ge QDs. Figure 3 showsthe
shift of the excitonic absorption peak in relation to the
average number of holes per QD. The transition energy
increases sharply when an extra hole appearsin the QD
ground state, thus enabling the formation of a charged
(2 holes3electron) excitonic complex on photon
absorption. The observed blue shift is accounted for by

SEMICONDUCTORS  Vol. 35

No. 9 2001

1099

the dependence of the excitonic transition energy on the
QD charge state: generation of an exciton in ahole-con-
taining QD requires more energy than that in a neutral
QD. The positive sign of this effect is a specific feature
of type-Il QDs, which means that the energy of the
hole-hole Coulomb interaction in a QD—E;,, (repul-
sion)—exceeds the hole—electron interaction energy
E,, (exciton binding energy).

Thisresult contradictsthe previous datafor spatially
direct excitons in INASGaAs QD arrays, when the
energy of the excitonic transition decreases upon the
formation of excitonic complexes[29, 30]. In the case
of direct excitons, the electron—hole interaction domi-
nates and the absorption line of a charged exciton is
redshifted [29]. For type-11 QDs, it would be natural to
expect that E,, > E,, owing to the spatial separation of
an electron and a hole. This will cause a shift of the
excitonic line to shorter wavelengths upon the forma-
tion of acharged complex.

The additional energy of the charged exciton as
compared with a neutral one is determined by the dif-
ference E, ., = B, — E4, €gual to the experimentally
found 11-meV shift of the optica transition. Taking
into account that E,;, = 36 meV [33], we obtain the el ec-
tron—hole interaction energy Eg, = 25 meV, which cor-
relates with the solution of the self-consistent problem.
The obtained Eg, exceeds the free exciton binding
energy for Ge by nearly an order of magnitude and is
twice that for Si.

The optical absorption peak of the excited exciton
state is shifted to shorter wavelength to a lesser extent
upon the appearance of a hole in the QD ground state
(Fig. 3). Thisis due to aweaker electron-hole interac-
tion because of the smaller overlap of their wavefunc-
tionsin states with large localization radii.

An dternative way to produce excitonic complexes
inasingle QD consistsin the additional illumination of
a structure with interband light when measuring the
absorption spectra [28]. Additional illumination leads
tofilling of hole levelsin aGe QD and the electron lev-
elsin S in the vicinity of the heterojunction with non-
equilibrium carriers. Thus, optical absorption of radia-
tion causing HO—EO excitonic transition in a structure
containing a single exciton gives rise to a biexciton,
whereas injection of holes in optical absorption yields
an exciton-hole complex.

A stronger blue shift of the excitonic absorption line
was observed under the additional illumination as com-
pared with that in the case of injection of holes into a
QD. If we assume that, during the formation of an exci-
ton—exciton complex, a pair of holes is in the ground
state of the Ge QD and a pair of electronsisin one QW
at the phase boundary, then the energy of exciton—exci-
ton interaction increases by

AIE(e><-ex = Ehh+ Eee_ZEehv

where E. isthe energy of electron—electron interaction
in the QD. Using the experimental values AE, o, =
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Fig. 3. Shift of excitonic absorption peak vs. the average
number of holes per QD in aGe/Si structure (1) under illu-
mination and with injection of holesfor (2) the ground state
and (3) excited state of exciton.

20meV (blue shift of the excitonic absorption line
under additional illumination), E;;, = 36 meV, and Eq, =
25 meV, weabtain E,.=34 meV, i.e, E.= Eq,.

However, this result contradicts rather obvious con-
cepts. The localization radius of a hole (localized
within a Ge nanocluster) must be considerably smaller
than the radius of the electron localization at a QD.
Sincetheinteraction energy isinversely proportional to
the characteristic radius of the wavefunction, the rela
tion Eg < E;, must be alwaysvalid. The estimated value
E. = 34 meV indicates that the above assumption
where two electrons are present in the same QW is
wrong. If the second electron is in another potential
well at the heterointerface, additional single-particle
energies E,, E, for each electron in its own potential
well must appear in the relation for AE,, o, and the cor-
responding potential wells are not equivalent (see
Sec. 4). In this case, the expression for AE,, o, must
include one more positive term (E, — E;) and the E.
value obtained using this relation may be substantially
smaller than E;;,. As shown by calculations of the elec-
tronic configuration of the exciton (Sec. 4), the first of
thetwo electronsislocalized in Si at the apex of the Ge
pyramid; the second, under the pyramid base.

The calculated interaction energy of two electrons
Ee = 19 meV. Then, using the known interaction ener-
gies E,, = 36 meV and Eg, = 25 meV, we obtain AE,
=5meV. Thismeansthat, if the electrons had equal sin-
gle-particle energies, the excitonic absorption line
would shift by only 5 meV upon the formation of an
exciton—exciton complex. The experimental value of
this shift is 20 meV. Therefore, the “blug” shift
observed upon formation of two excitons in a single
QD is related to the higher quantum-confinement
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energy of the second electron as compared to that of the
first, with the difference in energies arising from the
localization of two electronsin noneguivalent potential
wells.

6. NEGATIVE PHOTOCONDUCTIVITY

Along with the spatial separation of the exciton
ground state in Ge/Si QDs, solving the self-consistent
problem to determine the electron and hole energy
spectrum yielded results that allowed us to predict and
experimentally find the effect of negative interband
photoconductivity [34, 35] consisting in that the con-
ductivity of the QD layer decreased under additional
illumination. For most data on the photoconductivity in
semiconductors, the conductivity of a materia
increases under interband illumination. It was found
that a QD containing N holes can trap N + 1 electrons,
with the energy of the extra electron dependent on the
number of holes. Figure 4 shows the cal culated binding
energy of the (N + 1)-th electron in the vicinity of a Ge
island containing N holes in relation to the number of
holes in a QD. Since interband illumination generates
electrons and holes in pairs (i.e., at equal concentra-
tions), such an additional (and, consequently, unfilled)
state would be a trap for the equilibrium conduction-
band electrons.

Let us consider n-Si with undoped Ge nanoclusters
introduced into it (Fig. 5). The dark conductivity of the
system is determined by free electrons excited into the
Si conduction band viathermal ionization of donors. As
mentioned above, even in the absence of holes in the
QDs, a shallow electron level with the binding energy
E; = 9 meV exists at the Si/Ge heterointerface owing to
nonuniform strains that create a potential well for elec-
trons (Fig. 4). Therefore, the equilibrium concentration
of electrons in the conduction band is lowered because
of the electron capture to thislevel. In the absorption of
light, which induces interband transitions to form elec-
tron-hole pairs, holes are accumulated in Ge QDs,
charging them positively. Consequently, the potential
wells for electrons appear in Si at the Ge/Si heteroint-
erfaces, with photoe ectrons accumulated in these wells
(Fig. 5b). With an increasing number of holes in the
islands (on raising the illumination intensity), the
energy depth of the“excess’ electron level increases (at
N < 3) (Fig. 4). Since the electron filling of the level
increases asits energy becomes|ower, the electron con-
centration in the conduction band must decrease with
the conductivity of the system.

Negative photoconductivity in semiconductors was
first observed by A .F. loffeand A.V. loffe, who demon-
strated that, under conditions of strong surface absorp-
tion of light, a situation is possible when a maority of
the carriers recombine in the skin layer and the inward
diffusion of minority carriers enhances the recombina-
tion in the bulk, i.e., suppresses the bulk conductivity
[36]. Since, in our case, the recombination time in the
2001
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Fig. 4. Binding energy of the (N + 1)-th (excess) electron at
the Ge/Si interface vs. the number of holesin Ge nanoclus-
ter, N [28].

surface layer with QDs is longer than that in the bulk
[35], this mechanism is inoperative.

Another known mechanism of the negative photo-
conductivity observed earlier in bulk p-Ge samples is
the modulation of the mobility of hot holes upon carrier
excitation of carriers from a heavy- to alight-hole band
[37, 38]. However, this situation only occurs under
intraband illumination (photon energy =120 meV).

Negative photoconductivity — associated  with
recharging of scattering centers by light was also
observed in layered GaSe and InSe crystals[39].

It should also be noted that a decrease in the carrier
concentration in 2D subbands and an increase in the
structure resistance under illumination with hv > E,
photons has been observed in 2D systems based on
INg 25sGay 75Sh/INAs [40], InAgAlysGaysSh [41], and
Zns,_,Sg/Zn,_,Cd,Se heterostructures [42]. The
effect was ascribed to the capture of photoexcited elec-
trons from the quantum valley to electronic trapswithin
the barrier. The presence of electronic traps accounted
for the negative photoconductivity in PbTe [43] and
Pb, _,Sn, Telln[films [44].

The nature of a trapping center is specific to each
particular material. For example, the traps in GaAs
structures are, presumably, DX-centers [45]. We were
the first to demonstrate [34] that it is possible for pho-
toinduced trapsin type-Il QD arrays of onetype of car-
riers to be unrelated to structural defects but to arise
from fundamental quantum effects.

To verify the proposed concepts, we studied the
photoconductivity of epitaxial Ge/Si structures grown
on (001) Si substrate with phosphorus concentration
N.= 10% cm3. The substrate thickness was L, =
300 um. The structures comprised ten layers of Ge
islands interspersed with 30-nm-thick Si layers. The
overal thickness of the epitaxial layer was Ly, =
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Fig. 5. Band diagram of Ge/n-Si heterostructure with Ge
QDs (@) inthedark and (b) under illumination. Solid circles,
electrons; open circles, holes.

0.3 um. The donor (Sh) concentration in the epitaxial
Si was Ng, = 2.5 x 10" and 8 x 10" cm. The sheet
nanocluster density was 04 = 3 x 10" cm,

A GaAs LED with peak emission at ~0.9 pm was
used asalight source. The LED emission intensity was
modulated at a frequency of 2 kHz. The lateral photo-
conductivity was recorded at the modulation frequency
in the linear (Ohmic) region of the current—voltage
characteristic (at electric field strengths no more than
0.5V/cm). Electric contacts were fabricated by Al sput-
tering, with subsequent heating of the structure to
450°C in an N, atmosphere. To preclude the illumina-
tion of contacts, which could induce spurious negative
photoconductivity [46], the contacts and the adjacent
region were screened with an opague coating.

Figure 6 presents the relative photoconductivity
AG/G asafunction of theillumination intensity (P) for
Ge/n-Si QD structures at different temperatures (solid
and dotted lines) and for a sample having no epitaxial
layer with QD-islands at 77 K (dashed line). In this
sample, the photoconductivity is positive and increases
practically linearly with P. A negative photoconductiv-
ity isobserved in the structures with Ge nanoclusters at
illumination intensities P < 100 mW/cm?.
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Fig. 6. Relative photoconductivity vs. the interband illumi-
nation intensity in n-Si with QDs, at temperatures T:
(1,1,1") 77, (2) 87, (3) 99, (4) 102, and (5) 180 K. Anti-
mony concentration: (1-5) 2.5 x 1016 and (1") 8 x 101% cm 3,
(1) Structure without QDs.

The negative photoconductivity is not observed in
p-layers with Ge QDs. Figure 7 shows the photocon-
ductivity of aGe/p-Si structure as afunction of theillu-
mination intensity. The conditions of sample growth
were similar to those for the Ge/n-Si structures, with
the exception of the conduction type of the substrate
and the top epitaxial Si layer with Ge idlands (boron
acceptor concentration ~10% cm). As seen, thereisno
region of negative photoconductivity in these curves.
Instead, an extended region with a small positive pho-
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toconductivity is observed, after which there occurs a
sharp rise in the photocurrent. Such a behavior at a
small illumination intensities is associated with the
capture of both types of nonequilibrium carriers to
bound states in the vicinity of Geidands (holestied to
states inside the islands; electrons tied to states at the
Ge/Si heterointerface). The risein photoconductivity at
highillumination intensitiesis dueto thefilling of elec-
tronic levels and the generation of free nonequilibrium
electrons. This result also indicates that the observed
negative photoconductivity is not related to the carrier
mobility modulation under illumination.

The described mechanism of negative photoconduc-
tivity isonly operative in type-1l QDs, since both elec-
trons and holes are localized in one semiconductor in
type-l heterostructures irrespective of the charge state
of QDs.

7. COMPARISON OF PARAMETERS
OF PHOTOSENSITIVE QD STRUCTURES

It is of interest to compare the available data on the
photon absorption cross sections and detectivity for
structures with both types of QDs. For the Ge/Si sys-
tem, the wavelength range 6-20 um corresponds to
interlevel transitions [47, 48], and the range 1.7-3 um,
to indirect (in real and k-space) interband transitions.
As seen, the larger cross section corresponds to transi-
tions between states related to the vertical confinement
of particle motion (in the z-direction). The exceptions
are INAgInAIAs and Ge/Si systems, in which large
cross sections of photon absorption have also been
observed in lateraly polarized transitions (light beam
polarization in the xy-plane of the QD sheets). This
property allows usto regard these systems as good can-

Parameters of photosensitive structures with QDs and superlattices

(QQ%%Z?E‘;‘ T, K Ay UM n Oph, 10%cm? |D*, 108 cm HZzY4W |  Source
INAYGaAs 300 6 z 3 [51]
INAS/GaAs 90 7 z 3 [52]
INAYGaAs 120 11 Xy 0.16 [53]
INAYGaAs 120 6-8 Xy 0.25 [53]
InAS/INAIAS 300 138 Xy 15 [54]
INAYGaAs 300 106 Xy 0.3 [55]
InGaAsInGaP 77 55 Xy 0.47 [56]
GelSi 77 6 Xy 200 [50]
GelS 300 10-20 Xy 0.8 0.7-17 [57]
Ge/Si 300 1.7-3 Xy 1 [57]
2D systems
Si,_,Ge/Si 77 9 z 10 [58]
INAY/GaSh 77 10.3 z 13 [59]

Note: T isthe temperature of the experiment, A, is the wavelength in the spectral sensitivity peak, n is the radiation polarization, oy, is

the cross section of photonic absorption, D* is the detectivity.
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Fig. 7. Relative photoconductivity vs. the interband illumi-
nation intensity for a Ge/p-Si structure with Ge QDs.

didates for the fabrication of photodetectors ensuring
the absorption of radiation under normal incidence of
light onto astructure[49, 50] (seetable). A similar con-
clusion for the Ge/Si heterostructures follows from a
comparative anaysis of the detectivities D* of photo-
detectors with different kinds of QDs, presented in the
table. It is seen that the room-temperature D* for Ge/Si
system is more than twice as large as the value obtained
for INAs/GaAs QDs (type-l heterosystem).

A comparison of the detectivities of photodetectors
based on structures with 2D electron gas and QD struc-
tures (see table) shows that the D* for 2D systems is
about an order of magnitude higher than the values that
have been achieved in QD structures. We believe that
this is due to the higher carrier concentration in 2D
superlattices (~10*2 cm™). The photosensitive struc-
tures in this work contain no more than 10 QD layers.
Simple evaluations show that raising the number of Ge
QD layers must bridge the detectivity gap.

8. CONCLUSION

The performed investigations of type-I1 QD systems
have been aimed at determining the electronic spectra
of excitations and their interactions and finding the
physical parameters characterizing the class of zero-
dimensional structures under study. The fundamental
physical phenomena specific to type-1l QDs are asfol-
lows:

(1) a higher exciton binding energy as compared
with the free exciton binding energy in homogeneous
bulk semiconductors, which results from the confine-
ment of an electron and a hole, and a higher contribu-
tion of the overlap of their wavefunctions, resulting
from their mutual penetration into a potential barrier of
finite height;
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(2) ablue shift of the excitonic transition in the for-
mation of exciton—hole and exciton—exciton com-
plexes; spatial separation of electronsin a biexciton in
the Ge/Si structure;

(3) negative photoconductivity under interband illu-
mination due to the capture of equilibrium carriers to
localized states formed by the field of charged QDs.

Further, there exist a number of phenomena that
have been discovered in type-1l QDs but which may
also be characteristic of type-I QDs:

(1) alarger cross section of photon absorption as
compared with that associated with point defects in
bulk semiconductors;

(2) a blue shift of the interlevel absorption line in
QDs at a higher carrier concentration (lateral depolar-
ization effect) [26, 47, 48, 57];

(3) a larger cross section of carrier trapping into
QDs[60];

(4) an oscillatory behavior of conductivity in an
array of tunnel-coupled QDs when varying the extent
their filling [61, 62];

(5) auniversal character of the preexponential factor
in the temperature dependence of conductivity along
the tunnel-coupled QD sheets equal to €?/h [63].

We should also mention the most important (as
regards application in semiconductor devices) results
the studies performed:

(1) a“single-electron” FET with a channel of tun-
nel-coupled QDs[61, 62];

(2) absorption of light in itsnormal incidence onto a
QD structure [49];

(3) IR photodetectors operating on optical transi-
tions between the quantum confinement levels and on
interband transitions; control by means of external bias
over the spectral range of light absorption [49].

Important technological features associated with the
development of this line of research consist of self-
organization in low-temperature epitaxy, the investiga-
tions of controlling the nanocluster formation by means
of irradiation with low-energy ions during molecular-
beam heteroepitaxy [64], and application of silicon-on-
insulator structures.
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