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It was found that irradiating an array of Ge nanoclusters in n-Si with light that induced interband transitions
gave rise to negative photoconductivity. This result was explained by localization of equilibrium electrons at
the Si/Ge interface in the potential of the nonequilibrium holes trapped on deep states in Ge isdands. © 2000

MAIK “ Nauka/Interperiodica” .
PACS numbers; 73.20.Mf; 73.50.Pz

Interest in studying photoelectric properties of
assemblies of nanosi zed atomic clusters (quantum dots,
QDs) obtained during the growth of mismatched hete-
roepitaxial systemsviaa Stranski—Krastanov processis
due to new possibilities of creating efficient light-emit-
ting devices and photodetectors [1, 2]. Arrays of Ge
islands grown on Si(001) are atypical example of such
asystem.

Strained Ge/Si(001) layers represent heterostruc-
tures of the second type. The characteristic properties
of systems of this class are determined by the relative
positions of the band edges of the source semiconduc-
tors at the interface. The conduction band of one of the
materials (Si) here is close to the valence band of the
other (Ge), which causes spatial separation of carriers.
In this case, holes are localized in Ge quantum dots,
whereas there is a potential barrier for electronsin Ge.
However, the positive charge generated by holes and
the nonuniform structural deformation of the silicon
islands surrounding Ge because of the mismatch of the
Ge and Si lattice constants may give rise to potentia
wells for electrons at the Si/Ge interface. Self-consis-
tent calculations of the energy spectrum of electrons
and holes were carried out in [3] within the effective
mass approximation for pyramidal Ge nanoclusters
with abaselength of 15 nm and aheight of 1.5 nm. The
calculations showed that the localization energy of
holes in QDs is E;, = 400 meV and the localization
energy of electronsin S at QDs is Ej = 40-70 meV
(depending on the number of holesin the dot). The con-
tribution to E, from the deformation of the silicon
matrix comprises only asmall part (7 meV [3]); there-
fore, electrons can be localized at a QD at sufficiently
high temperatures only when the QD is charged by a
hole. In our opinion, in structures with n-type conduc-
tivity, this may lead to such arare phenomenon as neg-
ative photoconductivity (PC). In the mgjority of rea

cases, the conductivity increases upon illumination
(positive PC), because band-to-band illumination
increases the concentration of free charge carriers.

Consider n-type silicon in which undoped Ge nano-
clusters have been introduced (Fig. 1&). The dark con-
ductivity of the system is determined by the free elec-
trons in the Si conduction band. Upon absorption of
light that induces interband transitions and generates
electron-hole pairs, holeswill start to accumulatein Ge
QDs, charging them positively. As a result, potential
wells for electrons will arise at the Si/Ge interfaces in
silicon. If E. > Ep, where Ej istheionization energy of
donor impuritiesin Si, these potential wellswill behave
like photoinduced electron attachment centers
(Fig. 1b). Thelocalization of electrons on these centers
will decrease the concentration of mobile carriers and
reduce the conductivity of the system.

To verify the above considerations, we investigated
the photoconductivity of the Ge/Si epitaxia structure
grown on a Si(001) substrate with the phosphorus con-
centration Ny = 5 x 10 cm3. The substrate thickness
was L, = 300 um. The structure consisted of ten layers
of Ge idands separated by Si interlayers 30 nm thick.
The total thickness of the epitaxial layer was Ly, =
0.3 um. The concentration of donors (Sh) in the epitax-
ial Si layer was Ng;; = 2.5 x 10 cm™. The Ge nanoclus-
ters were of a pyramidal shape with a base length of
15 nm and a height of 1.5 nm [4]. The layer density of
nanoclusters in each layer was nop = 3 x 10" cm=. A
GaAs light-emitting diode with an emission maximum
at awavelength of ~ 0.9 um was used as alight source.
The emission intensity of the light-emitting diode was
modulated with a frequency of 2 kHz. The photocon-
ductivity was measured at the modulation frequency.

The dependences of the relative PC AG/G on the
illumination power P for a Ge/Si structure with quan-
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Fig. 1. Band structure of a multilayer n-type Ge/Si heterostructure with Ge quantum dots (a) in the absence of light and (b) under
illumination. The figure illustrates the mechanism of negative interband photoconductivity (see text).

tum dots at various temperatures are shown in Fig. 2.
The lux—ampere characteristicat T= 77 K for asample
containing no epitaxial layer with islands is also pre-
sented there (dashed line). The photoconductivity in the
sample containing no quantum dots is positive and
increases almost linearly with increasing P. The
structure containing Ge nanoclusters exhibits negative
PC in the range of illumination intensities P = 0—
100 mW/cm?. The effect of a decreasein photoconduc-
tivity upon illumination is suppressed with an increase
intemperature, because thethermal energy kT athigh T
becomes of the order of the localization energy of elec-
trons E,, and most of the electrons are no longer con-
fined by the positive potential of the holes.

As the illumination intensity increases, a transition
to positive PC is observed (at P > 100 mW/cn?). We
associate the change of the PC sign with the saturation
of the number of electrons that can be localized in the
potential of quantum dots charged by holes. The calcu-
lations given in [3] demonstrate that the third or the
fourth electron is aready displaced to the region of
conduction-band delocalized states through the Cou-
lomb interaction with the trapped electrons. Optical
generation directly in Ge cannot markedly affect the
filling of idlands because of the small thickness of Ge.
Note, however, that the diffusion length of nonequilib-
rium carriers in Si (100—1000 um [5]) is much larger
than the light penetration depth (~10 pm). Therefore,
virtually all the photoexcited holes and electronsin Si
can be trapped, diffusing from the bulk, on the bound
states in the region of QDs. Then, taking into account
that the interband recombination times of electrons and
holesin Si and Ge nanoclusters are much the same [3],
we abtain the average number of nonequilibrium holes
and electrons per island N, = Pt/hvngpN, where T isthe
interband recombination time, hv is the photon energy,
and N is the number of QD layers. For T ~ 15 us, hv =
1.4 eV, nop = 3 x 10" cm?, and N = 10, we actually
obtain the degree of filling N;, = 2.5. Thismeansthat the
potential wells in the silicon conduction band are
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already filled with electrons at an illumination intensity
of ~ 100 mW/cm?. Additional generation of nonequilib-
rium electrons will lead to growth of the concentration
of free carriers. Therefore, the PC has a positive sign.

If the maximum number of bound electron states at
each idand eguals two, a minimum of the photocon-
ductivity is reached when each QD contains one non-
equilibrium hole. In this case, both equilibrium and
nonequilibrium electrons can be confined at a QD, thus
making no contribution to the conductivity.
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Fig. 2. Dependence of the relative photoconductivity on the
interband illumination intensity in n-type Si with Ge quan-
tum dots and in a sample without Ge nanoclusters at various
temperatures. The light source is a GaAs light-emitting
diode whose emission maximum corresponds to a photon
wavelength of ~0.9 um.
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Fig. 3. Temperature dependence of the photoconductivity
minimum. The solid line shows the result of approximating
the experimental data (points) by Eq. (4) for thelocalization
energy of electrons on the photoinduced attachment center
Eje =44 meV.
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Fig. 4. Dependence of the relative photoconductivity on the
interband illumination intensity in p-type Si with Ge quan-
tum dots.

The expected value of negative PC can be estimated
within asimple model. When photoinduced attachment
centers appear at the interface of positively charged
QDs, free electrons, on leaving Si, will start to quit the
conduction process. Because the relationship Nngp >
NeiLoi isfulfilled at the given parameters of the epitax-
ial Si layer (impurity concentration and thickness), part
of the electrons will go out of the substrate to the layer
with islands, leaving there a region of space charge of
ionized donors with the width w. The value of w can be
found from the electroneutrality condition

NnQD = Nepl I-ep| +N sW. (1)

YAKIMOV et al.

Thelayer conductivity in the absence of illuminationis
determined by the egquation

G = epNgL exp(—Ep/KT)
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where i isthe electron mobility in the substrate, [, iS
the electron mobility in the epitaxial Si layer, Ep isthe
ionization energy of the phosphorus level in the sub-
strate, and Eg, is the ionization energy of the antimony

level inthe epitaxial layer. Thelayer conductivity under
illumination takes the form

Gph = ellst( Ls - W) exp(_EP/ kT)
+ elgpNNgp eXp(—E/KT),

where Loy isthe electron mobility at the Si/Geinterface.
Assume for the estimations that all the mobilities
Hei» and Hop are equa to each other. Then the relative
value of PC can be obtained from Egs. (1), (2), and (3):
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The pointsin Fig. 3 show the experimental temper-
ature dependence of the minimum of the relative pho-
toconductivity. The calculated curve obtained using
Eq. (4) isaso drawn there as a solid line. The electron
energy on the attachment centers E,, wasthe only fitting
parameter. For Ep = 45.2 meV and Eg, = 42.5 meV [6],
the least deviation of the calculated curve from the
experlmental dataisreached at E, = 44 meV. The self-
consistent calculations [3] give the following values of
E,. for various variants of QD filling: 38 meV for one
electron in the potential of one hole, 70 meV for one
electron in the potential of two holes, and 50 meV for
the first of two electrons in the field of two holes. The
experimental energy E,. fallswithin the samerange and
has quite a reasonable value. It is evident in Fig. 3 that
the simple model reproduces well both the value and
the temperature dependence of negative photoconduc-
tivity. However, the temperature and concentration
dependence of the mobilities must be correctly taken
into account for obtaining results that are more accu-
rate.

As noted at the beginning, the appearance of an
electron-localizing potential when holes are trapped in
QDsi s the crucial factor in the occurrence of negative
PC. It is clear that illumination should not lead to a
decrease in the concentration of equilibrium carriersin
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the p-type structures. Thisis because the occurrence of
apotentia well in the Ge valence band is mainly deter-
mined by the discontinuity between the Ge and S
valence bands. However, the Coulomb interaction
energy of an electron and a hole bound into a spatialy
indirect exciton (=25 meV [3]) is much lower than the
localization energy of a hole (~400 meV in the ground
state).

The lux—ampere characteristics of a Ge/p-Si struc-
ture are presented in Fig. 4. The sample was grown
under conditions similar to those for the synthesis of
the Ge/n-Si sample, except for the conductivity type of
the substrate and the upper epitaxial Si layer with Ge
islands (the concentration of the acceptor boron impu-
rity was =10 cm2 in the substrate and =10% cm= in
the epitaxial Si layer). It is clear that the region with
negative PC isabsent in the p-type structure. Instead, an
extended region with low positive PC is observed, after
which a step increase in the photocurrent occurs. This
behavior at low illumination intensities is due to trap-
ping of nonequilibrium carriers of both types on the
bound states in the vicinity of Ge islands (holes on the
states in Ge islands and electrons on the states at the
Si/Geinterface). The growth of PC at high intensitiesis
explained by filling of the electron levels and the
appearance of free nonequilibrium electrons.

We emphasize in conclusion that the mechanism of
negative photoconductivity proposed in this work is
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accomplished only in quantum dots of the second type,
because both electrons and holes in heterostructures of
the first type are localized in the same semiconductor
independently of the charge state of QDs.
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