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Ge and Si nanocrystals (NCs), quantum dots (QDs), and amorphous nanoparticles (NPs)
have a significant role in the developement of micro- and nanoelectronic devices due to
capability to tune their electrical and photoconductive properties by tailoring the
morphology and structure parameters. Ge and Si NCs/QDs/NPs are zero-dimensional (0D)
systems and the SiO, films containing them are percolative systems. In this review, the
role of deposition and annealing conditions in the morphology and structure of Ge and Si
NCs/QDs/NPs embedded in amorphous SiO, matrix is discussed for a wide variety of
films and multilayered structures. The electrical and photoconductive properties of
nanostructures deposited by different techniques as magnetron sputtering, ion
implantation, chemical vapour deposition, sol-gel and molecular beam epitaxy, and
subsequently annealed in conventional furnace or by rapid thermal annealing under
different conditions are analised. We demonstrate how the electrical and photoconductive
properties of nanostructures can be tuned by varying the deposition and annealing
parameters. The role of Si-rich oxide and defects in the formation of Ge and Si NCs is
shown and the role of defects in improving electrical properties and enhancing the
photoconductivity of films and multilayered structures is highlighted. We evidence the
contribution of quantum confinement effect and show that the most probable transport
mechanisms in these percolative systems are tunnelling and hopping.
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1. Introduction

It is well known that the nanostructures have different properties in respect of
corresponding bulk materials due to the size effect [1-6]. In different nanostructures (nanocrystals,
nanowires and quantum wells) the quantum confinement has two effects, namely the enlargement
of the band gap of materials and the change of an indirect band gap toward a direct one. In the
most of cases, these effects lead to superior properties of nanostructures, for example they enhance
the photoluminescence and photocurrent with few orders of magnitude with respect to
corresponding bulk materials.

The term of nanocrystal (NC) is used in the literature for crystalline nanoparticles (NPs)
with sizes from nm to tens of nm or even higher. The NCs with size less than the exciton Bohr
radius are usually called quantum dots (QDs) [5]. The QDs and small NCs present strong quantum
confinement and therefore they have a great advantage as their size, density, shape and
crystallinity can be tailored [4, 7—11] leading to different properties and consequently to a large
variety of applications [12—18]. The potential applications of films containing Si and Ge NCs and
QDs in nonvolatile memory devices [5, 19, 20], solar cells [1, 21-23], efficient light emitters [5,
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22, 24, 25] and optical sensors [26—29] represent the driving force for improving the preparation
conditions of these films and nanostructures and for studying their properties [30, 31]. For example,
the electrical, photoconductive and optical properties of films containing Ge and Si NCs and QDs
can be tuned by tailoring their size, density, shape, crystalline structure, surrounding dielectric
matrix, and also by controlling the localized states formed at the interfaces between NCs/QDs and
matrix [32—39]. These films contain internal strains (tensile or compressive) that can strongly
influence the properties improving or hindering them [26, 40—42]. The key point in applications is
to tailor the NCs size, to adjust their density and to grow NCs/QDs/NPs in predetermined fixed
positions, in order to obtain the targeted properties. Thus, Ge NCs based photodetectors with high
figures of merit (i.e. low dark current and high responsivity in the wavelength range of interest)
were reported. The sizes of Ge NCs were tailored between 7 and 50 nm, and in this way the
sensitivity was tuned from ultraviolet to near infrared [26]. Also, the photoluminescence emission
in the films containing Ge and Si NCs depends on their size, being due to free exciton
recombination within the Ge NCs [5, 33].

One route to obtain nanostructured films with adequate properties for targeted applications
is to prepare Ge and Si NCs embedded in dielectrics [26, 43] by using the magnetron sputtering
deposition method followed by annealing for films nanostructuring, i.e. for NCs formation. The
films of Ge or Si NCs or amorphous NPs embedded in SiO, matrix are a particular case [44-50].
The films with targeted properties can be obtained by adjusting the size of NCs and choosing a
suitable Ge concentration. In the case of very thin layers the NCs size is controlled by the film
thickness (5 — 20 nm) [26].

Besides magnetron sputtering, which is the most used deposition method, other methods as
ion implantation [51-55], plasma-enhanced chemical vapour deposition (CVD) [56—59], sol-gel
[29, 45, 60—62], molecular beam epitaxy (MBE) [63, 64] etc., are used for the preparation of SiO,
films with embedded NCs of Ge and Si.

In this paper we show how the electrical and photoconductive properties of films formed
of Ge or Si NCs, QDs or NPs embedded in amorphous SiO, matrix can be tuned by modifying the
preparation (deposition and annealing) conditions that determine the film structure and
morphology. These films are percolative systems, and therefore, the electronic mechanisms which
govern the electrical behaviour are essentially tunnelling or hopping. In the case of films with high
photoconductive properties, the trapping centres play an important role in the transport mechanism.
Here, we evidence the strong correlation between structure, electrical and photoconductive
properties and we demonstrate the relevance of controlling the deposition and annealing
parameters for obtaining films with desired structures and targeted electrical and photoconductive
properties.

2. Influence of preparation conditions on structure and morphology
of SiO; films with Ge or Si NCs or NPs

2.1. Influence of deposition conditions on film structure and morphology

In order to obtain films with Ge or Si NCs/QDs/NPs embedded in amorphous SiO, matrix,
firstly Ge-SiO, and Si-SiO, films or multilayers are deposited. The deposition methods are
magnetron sputtering [44, 46—50, 65—74], ion implantation [51-55, 75—-80], plasma-enhanced
CVD [30, 56-59, 81—84], sol-gel [29, 45, 60—62, 85-91] and MBE [63, 64, 92]. In the literature
there are also reports on films and multilayers formed of Ge or Si NCs/NPs embedded in oxide,
prepared by thermal evaporation, electron beam evaporation [93—96], and pulsed laser deposition
[97].

2.1.1. Magnetron sputtering

This method is versatile and permits to vary different deposition parameters like substrate
temperature during the process [46, 48, 65], Ge or Si concentration in respect to SiO, [45, 49, 68]
and ambient gases (H, or O,) concentration in the case of reactive sputtering [48, 65] etc. For
example, films and multilayers of Ge-SiO, are deposited on substrates heated at temperatures
between 250 and 400 °C [46, 65] and the as-deposited films contain Ge clusters and QDs. Usually,



if the substrate is maintained at room temperature (RT), the as-deposited films are amorphous.
The deposition time determines the films thickness, and in the case of very thin films, i.e. two-
dimensional (2D) systems also determines the size of NCs, as mentioned above [66, 98]. The
oxygen partial pressure in the reactive sputtering process controls the stoichiometry and texture of
SiO, films and the size and crystalline structure (cubic or tetragonal) of Ge NCs in
Si0,/Ge/SiO,/Si multilayered structures [65]. In the case of non-reactive magnetron sputtering the
size of Ge or Si NCs is influenced by Ge or Si concentrations in Ge-SiO, films or Si-SiO, films,
respectively [49, 67, 68, 71]. For example, in SiO,/SiO, multilayers (with x < 2) deposited on Si or
quartz substrates, the size and density of Si QDs are controlled by the composition x of Si-rich
oxide, which in turn is controlled by the powers applied on Si and SiO, targets [71]. This is
illustrated in Fig. 1 which presents cross-section transmission electron microscopy (XTEM) and
high resolution TEM (HRTEM) images of annealed SiO,/SiO, multilayers. The Si QDs size
increases when the concentration x decreases (QDs size of 2.2 — 2.5 nm for x =1.3, 3 — 3.5 nm for
x=1and 4 — 4.5 nm for x =0.86).
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Fig. 1. XTEM and HRTEM images taken on annealed SiO,/SiO, multilayers: (al) and (a2)
S|0130/S|021 (bl) and (b2) S|0100/S|021 (Cl) and (C2) S|0085/S|02 [71] (X \] HaO, A P

Podhorodecki, Y. S. Shen, G. Zatryb, J. Misiewicz and M. A. Green, “Effects of Si-rich
oxide layer stoichiometry on the structural and optical properties of Si QD/SiO, multilayer

films”, Nanotechnology 20, 485703 (2009), http://dx.doi.org/10.1088/0957-

4484/20/48/485703 . © IOP Publishing. Reproduced by permission of IOP Publishing. All
rights reserved)

Gourbilleau [48] obtained similar structures as Hao [71], but the structures have been
grown on heated substrate (500 °C) by using alternative reactive magnetron sputtering for Si-rich
oxide layers and magnetron sputtering for SiO, layers. The Si incorporation in SiO, (x < 2) was
controlled by varying the H, partial pressure and substrate temperature.

The Si,(SiO,), « films co-sputtered on Si and quartz substrates at RT show after annealing
different morphologies depending on x (Fig. 2) [49, 70, 73, 74, 99]. The films with low x (~10%)
are practically amorphous, while in those with higher x (~ 20% or higher) (Fig. 2a), the Si NCs are
formed and their diameters increase with the increase of Si concentration. In the case of 50%
concentration of Si (Fig. 2b), the Si NCs form a network and for higher concentrations, the NCs
with larger sizes contain nanotwin defects formed by the relaxation of stress produced by
annealing (Fig. 2¢).
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Fig. 2. HRTEM images of annealed sputtered Si,(SiO,); « films with: (a) x ~ 20% including
selected area electron diffraction (SAED) pattern (formation of NCs); (b) x ~ 50%
(network of NCs); (c) x ~ 75% showing a large Si NC with nanotwins [49]. (Reprinted
with permission from V. S. Teodorescu, M. L. Ciurea, V. lancu, M.-G. Blanchin, Journal of
Materials Research 23, 2990 (2008), http://dx.doi.org/10.1557/JMR.2008.0358. Copyright
2008 Materials Research Society)

2.1.2. lon implantation

lon implantation method is also used for obtaining Ge-SiO, and Si-SiO, films. For
segregation of Ge or Si atoms and formation of NCs in SiO, matrix it is necessary an adequate
annealing. Only a relatively small percent of excess Si crystallizes forming NCs [79]. Mokry et al.
show the role of defects in the Si NCs formation. They observe a strong correlation between the
position of Si NCs and their size distribution and the location of vacancies produced by
implantation in SiO,. During annealing, the defects heal and this leads to slowing the growth of Si
NCs up to stopping it.

The parameters specific to implantation are the ions energy and dose which influence the
NCs size and the depth profile of NCs volume fraction in SiO, [80]. By decreasing the
implantation energy, the Si NCs size increases and the depth distribution of Si NCs narrows and
shifts toward the films surface [55, 80]. The Si implantation process generates Si-rich type defects
and oxygen-deficiency centres [54, 79].

In SiO, films implanted with Si ions at high-dose (and then annealed), the presence of
perfect, extended and mismatch dislocations into big Si NCs (20 nm) was evidenced and they were
correlated with the formation of Si NCs [78]. The perfect dislocations (Fig. 3) appear from the
residual stress produced during Si NCs formation. The extended dislocations result by dissociation
of a perfect dislocation, and the mismatch dislocations are produced by coalescence of two small
NCs with different crystalline orientations.

In general, these SiO, films with embedded Si NCs obtained by implantation and
subsequent annealing at 1000 — 1100 °C that are typical temperatures for Si-SiO, films present
intense photoluminescence [54, 100].
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Fig. 3. HRTEM image of a typical Si NC: (a) D1, D2, and D3 perfect dislocations and (b)
Burgers circuit for D2 [78]. (Reprinted with permission from Y. Q. Wang, T. Li, W. S.
Liang, X. F. Duan, G. G. Ross, “Dislocations in Si nanocrystals embedded in SiO;”,

Nanotechnology 20, 485703 (2009), http://dx.doi.org/10.1088/0957-4484/20/31/315704 .
© IOP Publishing. Reproduced by permission of IOP Publishing. All rights reserved)

Ge NCs in SiO, films were also obtained by Ge ions implantation and subsequent
annealing [52, 53, 101]. Similarly to the case of Si, the ion dose influences the sizes and
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distribution of Ge NCs [52], so that for doses smaller than a limit (10" cm®), Ge NCs don’t form
[101]. At higher doses, the average size and concentration of Ge NCs increase, but by further
increasing the dose, both decrease. The size change of Ge NCs with the increase of dose was
correlated with the increase of the concentration of defects produced by implantation [101].
Additionally, Ge ions implantation produces (oxygen) vacancies [52] as in the case of Si. The
implantation method gives the possibility to introduce the Ge ions with single or multiple energies
[53], in the last case the size distribution of Ge NCs is more uniform.

2.1.3. Chemical vapour deposition

Plasma enhanced CVD represents another suitable method for obtaining Si NCs or QDs
dispersed in SiO, films and in Si/SiO, or SiO,/SiO; (x < 2) multilayers [57, 59, 81, 83]. In Ref. [57]
it is demonstrated that in SiO,/SiO, (x < 2) multilayers in which the layers are 2D systems, the size
of Si QDs can be controlled by changing the SiO, layer thicknesses (through deposition time) as in
the case of magnetron sputtering. So, by decreasing the SiO, thickness, Si QDs form and their size
increases. Si QDs are surrounded by a thin suboxide (Si-rich oxide), and defects located at the QDs
interface with matrix are present, which essentially contribute to the photoluminescence in the
multilayers with big Si QDs [57, 59]. The density of localized states at interface is proportional to
the fraction of oxygen-related bonds, which in turn increases with the increase of the Si NCs size
[59].

An important parameter in the plasma enhanced CVD process is the flow ratio of working
gases. Si-rich oxide films were deposited varying the ratio of flow rates of SiH, and N,O
precursors with the aim to control the Si content in the Si-rich oxide SiO, (x < 2) [59].

Plasma enhanced CVD is also used for obtaining Ge NCs if the as-deposited films are
subsequently annealed [30, 58, 81]. By varying the flux of the GeH, or SiH, precursors, Ge-SiO,
films and multilayers with different Ge concentrations and controlled Ge NCs sizes were obtained
[30]. If the substrate is heated (200 — 250 °C), the as-deposited films contain Ge or Si QDs,
respectively [30, 57, 83].

The size and density of Ge QDs can be rigorously controlled by preparing metal-oxide-
semiconductor (MOS) like structures depositing in the gate oxide poly-Si,Ge; layers (1 or 3)
separated from the substrate by a tunnellable dry Si oxide [102]. After ultrahigh vacuum CVD
deposition, the structures were oxidized in H,/O, at 900 °C, resulting Ge QDs with 9 nm size and
~10* cm™ spatial density for the case of one layer, and more packed QDs of ~10%" — 10" cm®
density having 5 nm size for the case of three layers.

A similar structure was prepared by replacing the tunnellable SiO, with SisN, [26].
Surprisingly, the Ge QDs are formed inside SisN, layer and their sizes are controlled by the
thickness of Si,Ge, layers, as seen in Fig. 4.
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Fig. 4. TEM images of MOS-like structures containing Ge QDs with different sizes
dependent on the thickness of Si,Ge;., layers [26]. (C. Y. Chien, W. T. Lai, Y. J. Chang, C.
C. Wang, M. H. Kuo, P. W. Li, Nanoscale 6, 5303 (2014),
http://dx.doi.org/10.1039/C4NR00168K . Reproduced by permission of The Royal Society
of Chemistry)
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2.1.4. Sol-gel method

The sol-gel method followed by annealing is a fast process with a low cost that can be
used for obtaining Ge NCs and amorphous NPs. Usually, the Ge-SiO, films prepared by this
method present near the Si substrate a clear SiO, band (Fig. 5a) formed during films annealing,
which is free of Ge NPs [29, 45, 61].

With the increase of Ge concentration (limited at a low value by the sol-gel method), the
amorphous NPs size practically does not vary, but the NPs density does and for high Ge
concentration, the coalescence of NPs is evidenced [45].

The structure of annealed sol-gel films was compared with the one of magnetron sputtered
films having similar Ge concentration [60]. It was shown that in the sol-gel films, the amount of
amorphous Ge is higher, the density of Ge NCs is much lower, the distance between NCs is also
higher and the NCs are surrounded by boundary shells of GeO, and SiO,. For the formation of Ge
NCs, the sol-gel films are usually annealed in forming gas [60, 61] or pure H, atmosphere [87, 88].
In Fig. 5b, the formation of globular Ge NCs is evidenced [87]. The Ge NCs are polycrystalline
and faceted after annealing in forming gas at 900°C [61].
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Fig. 5. (a) XTEM image of a sol-gel Ge-SiO, film showing the film morphology at the
interface with Si substrate [29] (Reprinted from Digest Journal of Nanomaterials and
Biostructures 6 (1), pages 67-73 (2011), “Study of Ge nanoparticles embedded in an

amorphous SiO, matrix with photoconductive properties”, A. M. Lepadatu, |. Stavarache,

T. F. Stoica, M. L. Ciurea, Copyright 2011, with permission from © Virtual Institute of
Physics S.R.L.); (b) HRTEM images (b1 and b2) and SAED pattern (b3) obtained on sol-
gel Ge-SiO, films annealed in H, (700°C, 30 min) showing the formation of Ge NCs [87]
(Reprinted from Optical Materials, volume 27, H. Yang, X. Yao, S. Xie, X. Wang, S. Liu, Y.
Fang, X. Gu, F. Wang, Structure and photoluminescence of Ge nanoparticles embedded in

SiO; gel glasses fabricated at different temperatures, pages 725-730, Copyright (2005),
with permission from Elsevier).

2.1.5. Molecular beam epitaxy

MBE method is seldom used compared with magnetron sputtering and ion implantation. It
is used mainly for obtaining Ge NCs known as islands, grown on SiO,. The NCs size and density
are controlled by varying the substrate temperature during film growth [63] and also the thickness
of the deposited Ge layer [92]. The increase of substrate temperature produces the NCs density
decrease from highly packed to isolated NCs and the NCs diameter increase [63]. The increase of
Ge layer thickness leads to the increase of both Ge NCs size and density [92]. The growth time of
films influences the shape, size and density of NCs, so with the time increase, the small NCs suffer
coalescence forming multifaceted dome-like NCs [64].

2.2. Changes produced by annealing on film structure and morphology
The as-deposited films grown on substrates maintained at RT are generally amorphous,
independently on the used method in contrast to those deposited on heated substrates that contain



QDs or clusters. For NCs formation (hanostructuring) in the as-deposited amorphous films and for
improving the morphology of films (the increase of QDs or clusters sizes) deposited on heated
substrates, the annealing under controlled conditions is necesarry. The controlled parameters are
the temperature, ramps of increasing/decreasing temperature, duration, atmosphere (N,, H,, Ar)
[44, 47, 103, 104] and sometimes pressure [45, 105]. The annealing can be performed in
conventional furnace (CF) or by rapid thermal annealing (RTA) [98, 103, 104], so that the
morphology and structure of annealed films are dependent on the annealing conditions. Also for
nanostructuring, other methods as the microwave annealing [106], laser annealing [82, 107] or ion-
beam irradiation [108] are reported in literature.

The processes of segregation and diffusion of Ge or Si play an important role in the
formation of NCs or NPs [44, 54, 86, 98]. Frequently, with the increase of annealing temperature
the degree of Ge and Si crystallization increases together with the size of NCs [44, 47, 53, 59, 60,
75] as Raman spectroscopy and TEM show.

2.2.1. Films with Ge NCs/NPs in SiO,

Ge NCs are formed by annealing at 600 — 1000 °C and are evidenced in Raman spectra by
the presence of a peak, which is located at a position near the peak corresponding to bulk Ge
(299.8 cm™ [98]). This peak corresponding to Ge NCs is wider and asymmetric, and red- or blue-
shifted in respect to the bulk Ge peak [52, 53]. The increase of the intensity of Ge NCs peak when
the annealing temperature increases shows the increase of Ge crystallization degree [44, 47] as it is
revealed in Fig. 6a. Annealing in CF at 700 °C in N, was shown to be favourable for obtaining
films with fully crystallized Ge in NCs embedded in amorphous SiO, [44]. However, the annealing
in CF is efficient for the Ge NCs formation up to 700 — 800 °C, only [44, 109]. In this temperature
range, the segregation rate of Ge is higher than its diffusion rate. For annealing in CF at higher
temperatures (800 — 1000 °C), the intensity of Raman peak corresponding to Ge NCs strongly
decreases [44, 47, 110] (Fig. 6a) or even no Raman signal related to the amorphous or small
clusters of Ge is evidenced. This is explained by the oxidation of Ge. In this case, the Ge diffusion
is enhanced spreading the Ge atoms in the oxide matrix, hindering the Ge segregation that has a
much smaller rate [98]. In Ref. [47] it is shown that the decrease of Raman signal is due to the
decrease of NCs density and sizes (Fig. 6b and 6¢). At high temperatures a part of Ge is lost as Ge
oxide [61], as Rutherford backscattering spectrometry confirms [60]. This outdifussion of Ge was
evidenced in TEM images by the presence of a zone either free of Ge near the free surface [61] or
having a very low Ge concentration [47, 60] (Fig. 6¢).
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Fig. 6. Ge-SiO, films annealed in forming gas for 15 min: (a) left - Raman spectra for 700
to 1000 °C annealing temperatures and right - XTEM images of films annealed at (b)
900 °C and (c) 1000 °C. HRTEM images in insets evidence Ge NCs [47]. (Reproduced
with permission from W. K. Choi, H. G. Chew, F. Zheng, W. K. Chim, Y. L. Foo, E. A.
Fitzgerald, Applied Physics Letters 89, 113126 (2006),
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[(Ge+SiO,)/Si0O,]0/Si multilayers annealed at different temperatures (belonging to five
intervals) have different morphologies [108]. So, up to 300 °C no clusters are formed, weak
clustering is observed between 300 and 550 °C, prominent clustering in the 550 — 750 °C range and
strong clustering from 750 to 850 °C and for annealing temperature higher than 850 °C, the layered
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structure is destroyed. It was shown that the nanostructuring can be also realized by irradiation of
multilayers with Si or O ions. The five temperature intervals used for nanostructuring presented
above were found again by adjusting the ion energies.

The competition between the processes of Ge segregation and diffusion was demonstrated
by comparing the effect produced by annealing in CF with that produced by RTA on Ge/SiO,
multilayered nanostructures [98]. So, in the case of nanostructures annealed in CF between 650
and 700 °C, amorphous Ge NPs are evidenced in the middle of SiO, layers as TEM images show,
while Raman spectra show the presence of Ge NCs only in the 650 °C annealed nanostructures
(Fig. 7). At higher temperature (800 °C) annealing, the Ge difussion is very strong, so that the
multilayer aspect is destroyed. The drawback of the strong diffusion can be overcome by using
RTA annealing that has been proved to be efficient in producing Ge NCs at fixed positions in
multilayers annealed at all temperatures as is shown in Fig. 7 [98]. In the case of RTA, the initial
multilayer aspect of nanostructures is maintained after RTA annealing at similar temperatures of
650, 700 and 800 °C as those used in CF. This means that the RTA annealing has the advantage to
favour the Ge crystallization and to hinder the Ge diffusion. Other reports show that RTA in
comparison with CF annealing produces a better crystallization of Si leading to the formation of Si
NCs [104], but in other works no influence of the type of annealing (RTA or CF) was observed
[94].
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Fig. 7. XTEM images and Raman spectra of Ge/SiO, multilayered nanostructures: as-
deposited and annealed (650, 700 and 800 °C) in CF or by RTA [98]. (Reprinted with
permission from Journal of Nanoparticle Research 15, 1981 (2013), “Dense Ge
nanocrystal layers embedded in oxide obtained by controlling the diffusion—crystallization
process”, A. M. Lepadatu, T. Stoica, I. Stavarache, V. S. Teodorescu, D. Buca, M. L.
Ciurea. Copyright © 2013, Springer Science+Business Media Dordrecht)
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The annealing of sol-gel films at 800 — 950 °C in N, using RTA leads to the formation of
Ge NPs that are mainly amorphous, but some NPs present in HRTEM images, traces of lattice
fringes corresponding to the tetragonal Ge structure, which is a typical high pressure phase [29,
45]. Annealing processes in pure H, at relatively low temperatures (500 °C) [45] and in forming
gas at temperatures from 600 to 900 °C [60] were also performed on the sol-gel films. In the films



annealed at low temperatures in pure H, Ge NCs are not formed, but amorphous Ge NPs. Some of
NPs show traces of tetragonal structure [45]. The annealing at higher temperatures in forming gas
leads to the formation of Ge NCs and the Ge NCs concentration is greatest in films annealed at
highest temperature (900 °C) [60].

From the above, one can see that the atmosphere in which the samples are annealed
influences the structure of films. The annealing of Ge-SiO, films with low Ge concentration in
forming gas in CF leads to the formation of Ge NCs, while in N, atmosphere Ge NCs do not form
(Raman spectroscopy) as H, reduces Ge oxides and increases the diffusivity of Ge atoms [47].
Other group [45, 105, 111] has found that the annealing in H, at 500 °C and 2 atm of Ge-SiO,
sputtered films leads to the formation of big Ge NCs with Ge-I111/ST12 tetragonal structure
evidenced in Fig. 8a and having low density. Besides the big Ge NCs, the films contain a network
of small amorphous NPs with high density. This double-morphology is the result of two
mechanisms of Ge segregation [105]. On one hand, the segregation starts from the Ge nuclei due
to the local fluctuation of Ge concentration. Then, these nuclei collect many Ge species forming
big Ge NCs. This process produces local stress. On the other hand, the small amorphous NPs result
from a uniform nucleation in the whole film volume. Also, big Ge NCs with tetragonal structure
were found in the SiO,/Ge/SiO, layers deposited by reactive magnetron sputtering on heated
substrate at 400 °C [65]. The big tetragonal Ge NCs coexist with small cubic Ge NCs, as results
from X-ray diffractograms. The tetragonal NCs are reported to be obtained using oxygen with high
partial pressure during deposition. In this case, the roughness of the bottom SiO, layer increases
and determines the increase of number of Ge nucleation centres. The tetragonal structure is a
unusual phase for Ge NCs in SiO, matrix, usually the Ge NCs with cubic structure are reported in
literature (see Fig. 8b) [68, 112].
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Fig. 8. () XTEM image revealing the double-morphology of a Ge-SiO, sputtered film
annealed in H, at 500 °C and 2 atm [111] (Reprinted with permission from Journal of
Nanoparticle Research 14, 930 (2012), “Structure and electrical transport in films of Ge
nanoparticles embedded in SiO, matrix”, 1. Stavarache, A. M. Lepadatu, A. V. Maraloiu, V.
S. Teodorescu, M. L. Ciurea. Copyright © 2012, Springer Science+Business Media B.V.).
Inset: HRTEM image showing a 10 nm Ge NC with tetragonal structure (0.45 nm fringe
spacing) [45] (Reprinted with permission from Journal of Nanoparticle Research 13,
221-232 (2011), “Structural investigations of Ge nanoparticles embedded in an
amorphous SiO, matrix ”, I. Stavarache, A. M. Lepadatu, N. G. Gheorghe, R. M. Costescu,
G. E. Stan, D. Marcov, A. Slav, G. lordache, T. F. Stoica, V. lancu, V. S. Teodorescu, C. M.
Teodorescu, M. L. Ciurea. Copyright © 2010, Springer Science+Business Media B.V.);
(b) HRTEM image of a Ge-SiO, film deposited on heated substrate evidencing Ge NCs
(encircled) with cubic structure (inset showing the lattice fringes of (111) lattice planes of
cubic Ge) [112] (B. Zhang, Y. Yao, R. Patterson, S. Shrestha, M. A. Green, G. Conibeer,
“Electrical properties of conductive Ge nanocrystal thin films fabricated by low
temperature in situ growth”, Nanotechnology 22, 125204 (2011),
http://dx.doi.org/10.1088/0957-4484/22/12/125204. © IOP Publishing. Reproduced by

permission of IOP Publishing. All rights reserved).

In sol-gel Ge-SiO, films annealed either in N, at high temperature (800 °C) or in H, at
lower temperature (500 °C), no differences in structure and morphology were evidenced. These
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films are formed mainly of amorphous Ge NPs embedded in SiO, matrix [45]. On contrary, in the
sol-gel films annealed in Ar:CO or in Ar:H,, Ge is crystallized forming Ge NCs with cubic
structure [86].

The annealed films, independently on the method used for their deposition are stressed. A
number of reports show the presence of the compressive stress in sputtered Ge-SiO, films that can
be easily evidenced by the shift of Ge NCs Raman peak to higher energies [47] or can be seen in
X-ray diffractograms [66]. The increase of stress is correlated with the increase of Ge
crystallization degree and with the increase of Ge NCs size, as well [47]. The compressive stress
was observed in sol-gel films, too, which presence is correlated with the formation of GeOy or SiOy
boundary shells that cover the Ge NCs and form the interface with the SiO, matrix [60]. In the
multilayered structures deposited by magnetron sputtering on heated substrate (360 °C), the
compressive stress is present even in the as-deposited structures [66] that partially relaxes by
subsequent annealing. In this case, the stress is also correlated with a core-shell structure in which
Ge NCs (cores) are covered by an amorphous Ge-rich shell.

In the films with Ge NCs in SiO, obtained by Ge ions implantation and further annealing,
besides the compressive stress, defects inside the Ge NCs were observed [75]. The most evidenced
defects are twinning and stacking faults (planar defects) and dislocations (linear ones) (Fig. 9). The
concentrations of these defects were found to vary in a different way with the increase of annealing
temperature. Particularly, the concentration of dislocations is correlated with the intensity of the
stress field (evaluated from the variation of interplanar spaces), meaning that the concentration of
dislocations has similar dependence on the annealing temperature as the stress field intensity. The
dislocations concentration reaches its maximum together with the stress field intensity in the films
annealed at 1100 °C.

Fig. 9. HRTEM images of a Ge-SiO, film obtained by implantation and annealing at
850 °C evidencing: (a) a Ge NC with nanotwins (TB1 and TB2 twin boundaries); (b) NCs
with different orientations about to connect and a dislocation (D) near a twin boundary; (c)
NCs A and B with different orientations and three dislocations (T) present at the interface
between NCs A and B [75]. (Reprinted from Materials Characterization, volume 93, M.
Zhang, R. Cai, Y. Zhang, C. Wang, Y. Wang, G. G. Ross, D. Barba, Evolution of
microstructural defects with strain effects in germanium nanocrystals synthesized at
different annealing temperatures, pages 1-9, Copyright (2014), with permission from

Elsevier)

2.2.2. Films with Si NCs/NPs in SiO,

In the case of Si-SiO; films or multilayers deposited by magnetron sputtering and annealed
in CF, the most efficient annealing temperatures for obtaining Si NCs are in the range of 1000 —
1200 °C [48, 49, 70-72]. For example, 1100 °C is the optimum temperature for obtaining Si
nanoclusters in SiO, (x<2) / SiO, multilayers [48]. After annealing of these structures, the defects
are healed and the photoluminescence emission from Si NCs becomes optimum. Using Raman
spectroscopy, Si NCs are evidenced by the peak corresponding to the transverse optical mode of
phonons in Si NCs, located close to the bulk Si position (520 cm™) [57, 91]. This peak is wider and
slightly asymmetric than the one corresponding to bulk Si as one can see in Fig. 10. The less
intense broad maxima located around 150, 300, 380, and 480 cm * correspond to different phonon
modes in amorphous Si [59]. With the increase of annealing temperature, the crystallization is



enhanced, being demonstrated by the increase of intensity of Si NCs peak together with the strong
decrease of amorphous Raman contribution (Fig. 10) [59]. Additionally, with the increase of the
annealing temperature, the size of Si NCs increases and therefore it can be controlled [48, 50].
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Fig. 10. Raman spectra measured on Si-rich oxide films annealed at 1000 °C, 1100 °C,
and 1150 °C for 1 h in N, [59]. (Reprinted figure with permission from X. X. Wang, J. G.
Zhang, L. Ding, B. W. Cheng, W. K. Ge, J. Z. Yu, Q. M. Wang, Physical Review B 72,
195313 (2005), http://journals.aps.org/prb/abstract/10.1103/PhysRevB.72.195313.
Copyright (2005) by the American Physical Society)

Annealing of Si-SiO, films or multilayers can be made either by RTA or in CF (as above)
[54, 83, 94]. No influence of the type of annealing was observed on the formation and size of Si
NCs in SiO,/SiO, multilayers. These nanostructures contain a high density of defects located at the
interface between NC and matrix, being higher in the RTA annealed multilayers [94]. To diminish
the defects density, a postannealing passivation in H, was performed, which is more efficient in
CF annealed structures.

The annealing is usually performed in N, and Ar atmospheres. For example, by annealing
Si-rich oxide/SiO, multilayered structures in N,, Si NCs with small size and low density are
obtained in contrast with the case of annealing in Ar when bigger NCs with higher density are
observed [56]. The effect of annealing in N, on Si NCs formation is explained by the suppression
of Si diffusion produced by the presence of N,. The annealing in N, leads to the decrease of
fraction of Si=0 bonds, but Si-N bonds form by incorporating N in the shell of Si NCs [59]. These
films have strong photoluminescence emission explained by quantum confinement in Si NCs.

Similarly to the case of Ge-SiO,, in Si-SiO, films and structures containing Si NCs, the
presence of stress field and defects should be considered [113, 114]. In Si-SiO, films with high
concentration of Si NCs having diameters higher than 10 nm, nanotwins (Fig. 2c) and stacking
faults were observed [49]. They are formed by the partial relaxation of the local stress field present
in the films. Twin boundaries were evidenced within Si NCs [48]. Zatryb et al. [115] produced
compressive stress in Si NCs by varying the partial pressure of H, during reactive sputtering
deposition. The authors observed that with the increase of H, partial pressure, the order degree of
oxide matrix increases (FTIR) together with the compressive stress (Raman).

3. Electrical and photoconductive properties of structures formed of
Ge or Si NCs or NPs embedded in SiO;

The films with Ge or Si NCs/NPs in SiO, are percolative systems, therefore the electrical
transport takes place either by hopping or tunnelling mechanisms.

3.1. Films with Ge NCs/NPs in SiO,

In Ge-SiO, films (3 — 5 um thick) formed of Ge NCs randomly distributed in amorphous
SiO, and separated to each other by few nm, the thermally activated tunnelling of carriers between
neighbouring Ge NCs was evidenced [68]. The conductivity-temperature (o — T) characteristics
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measured on films with different concentrations of Ge NCs have been shown that the conductivity
depends on temperature according to the formula o = Aexpl— (TO/T )]/ZJ (Fig. 11), in which A'is a
constant and T, is the characteristic temperature. T, is given by the expression
T, =(2PCSmax Eamex )/(kBa), being dependent on the percolation threshold P, which in its turn

depends on the concentration of percolation sites. Also, Ty depends on the maximum separation
distance spa between nearest NCs, on the maximum activation energy E, .., and on the decay

length a of the wave function. The authors consider the system of Ge NCs embedded in
amorphous SiO; as a 3D network of Ge NCs that play the role of sites that are connected to the
neighbouring NCs by finite tunnelling “resistances” (in the percolation theory). The finite
“resistances” actually are tunnelling barriers given by the thin SiO, layers (Smax being 3 nm)
between NCs. The charge transport is ensured by the carriers that tunnel barriers between the
nearest-neighbour NCs. The activation energy necessary for this process is the sum of the
electrostatic charging energy of NC and the energy difference corresponding to the shift of the
conduction band edge in respect to the bulk one. This energy difference is due to the quantum

confinement effect. Actually, E, ., represents the maximum activation energy corresponding to

the tunnelling from the biggest to the smallest NCs. T, was evaluated by calculating E; max knowing
P. = 0.25 for a cubic lattice of sites and a = 1 nm. The characteristic temperature was
experimentally determined and was found to decrease with the increase of Ge NCs concentration.
As an example, by increasing the concentration from 4.2% to 15.3%, the diameter increases from
3.8 to 8.9 nm, and T, decreases from about 2 x 10° to 1 x 10°> K. For all films (with different
thickness and with different concentration of Ge NCs), o is almost independent on the voltage
increase, and increases by four orders of magnitude with the increase of Ge NCs concentration
from 4.2% to 15.3%.
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Fig. 11. o — T characteristics measured on Ge-SiO, films with different Ge NCs
concentrations of 4.2%, 8.8% and 15.3%: o = Aexp[— (To /T)]/z] dependence [68].

(Reprinted with permission from M. Fujii, O. Mamezaki, S. Hayashi, K. Yamamoto,
Journal of Applied Physics 83, 1507 (1998), http://dx.doi.org/10.1063/1.366858.

Copyright 1998, AIP Publishing LLC)

In contrast, the Mott variable range-hopping was found in Ge-SiO, films of 200 nm
thickness, containing Ge clusters dispersed in SiO, matrix. This process takes place through
localized states associated with clusters [116]. The measured o — T characteristics show a

dependence of conductivity on temperature following the Ino o< T¥* law from about 100 to 300
K. In accordance with the Mott model o = Bexpl— (T,/T )“J B is a constant and the characteristic
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temperature T, is given by the formula T, = 2.06a3kBN(Ef ) in which a is the decay length of the

wave function of localized states and N(E;) is the density of states at Fermi energy.

In Ref. [44], the tunability of electrical properties through the variation of the annealing
conditions was demonstrated. In Ge-SiO, films with atomic ratio of Ge/Si=1.9 and 200 nm
thickness, the transport mechanism is governed either by tunnelling or hopping in function of
annealing temperature. So, the electrical behaviour of films formed of Ge NCs (12 nm) embedded
in amorphous SiO, after 700 °C annealing was compared with the behaviour of films containing
small disordered Ge clusters obtained for 800 °C annealing. The current-voltage (I — V)
dependence measured on Al/Ge-SiO,/Si/Al diodes shows a rectifying behaviour for both types of
films, mainly due to Al contacts on backside of Si wafers. The temperature dependence of the
current (I — T) was measured by biasing the samples with a voltage higher than a voltage threshold
from where the film contribution to the current is dominant in respect of the contribution of
contacts.

In the films formed of Ge NCs in SiO, (700 °C annealing) it was shown that the current

versus temperature has a | oceXp|_— (TO/T)]/ZJ dependence with Ty = 2.4 x 10° K (Fig. 12). This is
to be expected for the system of Ge NCs embedded in amorphous SiO,, the exp(T %) behaviour
being the signature of the mechanism of thermally activated tunnelling between neighbouring Ge
NCs [117]. In contrast, the | — T characteristic measured on the films containing only small
disordered Ge clusters (800 °C annealing), shows a | ocexpl— (T0 /T )“J dependence with T,
having the value of 1.6 x 10® K (Fig. 12). In the last case, the authors of Ref. [44] considered the
Pollak model as the best one for explaining the In 1 oc T¥* behaviour observable up to RT, which
cannot be explained by the Mott model of variable range hopping. According to the Pollak model,
the carriers hop between localized states which form a band of 2E, width (0.36 eV) that is located
near Fermi energy. The total concentration of localized states N can be estimated from the formula:

N= Tt (E/e, JoE.

where the density of states at the Fermi level go can be derived from the expression of the
characteristic temperature T, =(C4/ kBgoa3) in which the constant C = 1.84 corresponds to

amorphous Ge. The total concentration of localized states from the 0.36 eV-wide band was found
to be about 2 x 10 cm™. In these films the localized states are related to the small disorder Ge
clusters Ge produced by the diffusion of Ge in SiO, after annealing.
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Fig. 12. | — T characteristics measured on Ge-SiO, films: 1 o exp[— (T, /T)]/z]

dependence for 700 °C annealed films (Ge NCs in SiO,) and 1 o exp[— (T, /T)]/“]

dependence for 800 °C annealed films (small disordered Ge clusters) [44]. (Reprinted
from Applied Surface Science, volume 285(B), I. Stavarache, A. M. Lepadatu, T. Stoica, M.
L. Ciurea, Annealing temperature effect on structure and electrical properties of films
formed of Ge nanoparticles in SiO,, pages 175-179, Copyright (2013), with permission
from Elsevier)

Similar T~"* behaviour was evidenced in thicker Ge-SiO, films (2.5 um) having a lower
Ge concentration (atomic ratio Ge/Si=0.73) [111]. In these films, the preparation conditions



(deposition and especially annealing) lead to the formation of big tetragonal Ge NCs having low
density and of a network of small amorphous NPs with high density, all NCs and amorphous NPs
being embedded in SiO,. The I — T characteristics measured at different biases have two
dependences, one at rather low temperatures (up to RT) and the other one at higher temperatures
(Fig. 13) [111, 118]. At low temperatures, the current behaves on the temperature as
Iocexpl— (TO/T)]“J with To = 2.2 x 10° K, while at higher temperatures, the current has an
Arrhenius dependence with an activation energy of 0.34 eV. These results are well correlated with
the structure of films. The T-"* behaviour at low temperatures is also explained by the Pollak
model, in this case the band of localized states with concentration of 1.5 x 10'® cm® is related to
the uniform network of small amorphous Ge NPs. On the other hand, at high temperatures the
activated conductivity to extended states was found. The contribution of big NCs (few in the film)
to the electrical transport is negligible. Conductivity-voltage (o — V) characteristics were measured
at low and high temperatures at which T¥* and 1000/T behaviours were found and it was shown
that o practically does not vary with the voltage.
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Fig. 13. 1 — T characteristics measured at biases of 6, 15, 30 and 50 V on Ge-SiO, films
formed of low density big tetragonal Ge NCs and a network of high density small
amorphous NPs: (left) Igl = f(T ™) representation and (right) Igl = f(1000/T)
representation [111]. (Reprinted with permission from Journal of Nanoparticle Research
14,930 (2012), “Structure and electrical transport in films of Ge nanoparticles embedded
in SiO, matrix”, 1. Stavarache, A. M. Lepadatu, A. V. Maraloiu, V. S. Teodorescu, M. L.
Ciurea. Copyright © 2012, Springer Science+Business Media B.V.)

As it can be seen from the above, in a system with small amorphous Ge NPs or disordered
Ge clusters randomly distributed in the oxide, the electrical transport mechanism is essentially the
same, namely Pollak hopping in a band of localized states near Fermi energy. In the case of films
with smaller Ge concentration, the characteristic temperature T, is one order of magnitude higher
than in the films with higher Ge concentration, while the total concentration of localized states N is
one order of magnitude smaller. Interestingly, a similar exp(T ***) behaviour with a much higher T,
(2.0 x 10" K) was observed in films (250 — 280 nm thickness) prepared by sol-gel method that
have a much lower Ge concentration than the other films discussed above [29]. These films
contain only amorphous Ge NPs with a high density. By considering again the Pollak model with
the same values for C and 2E,, the authors find a much smaller total concentration of localized
states (1.6 x 10" cm®) which correlates very well with the low Ge concentration in the sol-gel
films.

In SiO,/Ge/SiO,/Si multilayers containing Ge NCs with cubic and tetragonal structure,
different types of hopping mechanisms were evidenced by measuring resistivity-temperature (p — T)
characteristics. The thickness of layers was controlled by the deposition time of 15 min for SiO,
layers and 2 min for Ge layers. The p — T characteristics show different temperature dependences
[65], so that, at 35 — 60 K, three dimensional Mott variable range hopping was observed, while at

higher temperatures of 60 — 160 K bidimensional Mott variable range hopping (In p o« T¥®) was

found. As it was mentioned in Sections 2.1 and 2.2 the formation of Ge NCs is strongly influenced
by the oxygen partial pressure during reactive sputtering that determines the roughness of SiO,.



For low roughness, small NCs are formed and (three- and bidimensional) Mott variable range
hopping mechanism was identified, while for high roughness, big Ge NCs are observed that are
responsible for Efros-Shkovskii hopping mechanism.

A mechanism of thermally activated hopping was shown to take place between nearest
neighbouring NCs in films of Ge NCs embedded in SiO, matrix [112]. The films of 250 — 300 hm
thickness sputtered on heated quartz substrates contain Ge NCs with sizes between 3.8 and 8 nm,
separated by distances of 1.5 — 4.5 nm. Hall measurements showed that holes are responsible for
electrical conduction, their concentration being high of 3.2 x 10" cm 2. The holes are induced by
the acceptor-like surface states related to dangling bonds and present in a 1 nm shell layer around
NCs. The electrical properties of the as-deposited films were improved by a subsequent annealing
(RTA), meaning that the conductivity of RTA films increases with almost three orders of
magnitude than the one of as-deposited films (Fig. 14). This happens despite of the fact that the
annealing produces minor changes in the film structure (the stoichiometry of matrix improves from
SiO, to SiO, and the holes accumulate in Ge NCs due to enhancement of dangling bonds produced
by Ge-O bonds decomposition). The | — V characteristics are linear for both as-deposited and
annealed films and the conductivity increases with the annealing temperature increase. The ¢ — T
curves for both films have an Arrhenius dependence with one activation energy. This behaviour is
explained by hopping of carriers from a NC to the states from nearest neighbouring NC by
overcoming the electrostatic charging energy. The activation energy is also dependent on the
annealing temperature and decreases from about 0.2 to 0.1 eV with the increase of annealing
temperature from 650 to 800 °C, while for the as-deposited films its value is about 0.3 eV (Fig. 14).
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Fig. 14. As-deposited (AS) and annealed Ge-SiO, films formed of Ge NCs embedded in

SiO, matrix: conductivities and activation energies plotted in function of RTA
temperatures [112] (B. Zhang, Y. Yao, R. Patterson, S. Shrestha, M. A. Green, G.
Conibeer, “Electrical properties of conductive Ge nanocrystal thin films fabricated by low
temperature in situ growth”, Nanotechnology 22, 125204 (2011),
http://dx.doi.org/10.1088/0957-4484/22/12/125204. © IOP Publishing. Reproduced by
permission of IOP Publishing. All rights reserved).

In thin Ge-SiO, films (14 and 27 nm thickness) formed of Ge NCs in SiO,, the | — V
characteristics measured at low temperatures (5 — 77 K) on samples with up-down geometry of
contacts present nonperiodical “step-like structures” [119] (voltage intervals in which the current is
practically constant). These “step-like structures” are dependent on the film thickness and are
explained by the interplay between resonant tunnelling through discrete quantum confinement
energy levels in the NCs and single electron charging effect of Ge NCs. The “step-like structure”
appears as a result of carriers transport through the lowest resistance path, which probably contains
the biggest NC (12 or 25 nm in thin or thicker films, respectively). The width of steps decreases
with the increase of the NCs size, and it was shown to have almost similar values with the
differences (divided by the electron charge e) between the energies of consecutive discrete energy
states in Ge NCs.

The metal-insulator-semiconductor (MIS) structures using as insulator Ge-SiO, films
present high photoconductive properties (400 — 1000 nm wavelength) either when Ge-SiO, films
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are as-deposited (on heated substrate) or when they are annealed at 800 °C [27, 120]. The as-
deposited films (~250 nm thick) contain densely packed amorphous Ge NPs (2 nm size and 2x10*°
cm’® density), while in the annealed films, more dispersed big Ge NCs (8 nm size and 6x10'" cm®
density) are formed [27]. The | — V characteristics measured in reverse bias in dark and under
illumination are given in Fig. 15. Under illumination with monochromatic light, the reverse current
increases with two orders of magnitude in respect to the dark current. The good photoconductive
properties of MIS devices are explained by the trapping of photogenerated holes at Ge NCs or NPs
interface states, which produces the supplementary injection of electrons (from 1ZO contact)
enhancing the photocurrent. The spectral responsivity was calculated for low and high reverse
biases and it was found that the curves are very broad as it is shown in Fig. 15. At high bias, the
responsivity is very high (4 A/W) for both as-deposited and annealed films, but the maxima are
located at different positions due to increase of the NCs size after annealing and films densification,
as well. The internal quantum efficiency was found to be high (700% — 800%) and practically
independent on annealing because the optical gap is fixed by the interface states at the value of 1.6
eVv.
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Fig. 15. Left: dark current and photocurrent curves versus reverse biases taken on MIS
structures containing as-deposited Ge-SiO, films and annealed ones; Right: spectral
responsivities for both as-deposited and annealed films [27]. (Reprinted from Thin Solid
Films, volume 548, S. Cosentino, S. Mirabella, P. Liu, S. T. Le, M. Miritello, S. Lee, I.
Crupi, G. Nicotra, C. Spinella, D. Paine, A. Terrasi, A. Zaslavsky, D. Pacifici, Role of Ge
nanoclusters in the performance of photodetectors compatible with Si technology, pages
551-555, Copyright (2013), with permission from Elsevier)

The MOS-like structures prepared by ultrahigh vacuum CVD and oxidized at 900 °C,
containing stacks (1 or 3) of Ge QDs into the gate Si oxide present very high photoconductivity,
the photocurrent being with 3 — 4 orders of magnitude higher than the dark current [102]. In these
MOS diodes the transport mechanism in dark is the thermally activated tunnelling between
neighbouring Ge QDs as it is demonstrated by the exp(T ¥4 dependence of the conductance
G expl— (T0 /T)]/ZJ. The high photoconductivity and spectral photoresponsivity are explained by
the quantum confinement effect in Ge QDs. The MOS devices obtained by replacing the
tunnellable SiO, with SisN4 present better photoconductive properties, the photocurrent being with
at least four orders of magnitude higher than the dark current from ultraviolet to near infrared (300
— 1500 nm) [26]. The main contributions to the enhanced photoconductive properties are the
guantum confinement effect (for small QDs) and the tensile strain that makes the indirect band gap
of big NCs to become direct band gap.

Sol-gel films mainly formed of amorphous Ge NPs embedded in SiO, also present good
photoconductive properties [29]. Some NPs present traces of lattice fringes corresponding to
tetragonal structure as HRTEM images reveal, which suggests the presence of tetragonal clusters.
The photocurrent has a broad spectral distribution between 350 and 900 nm with one maximum at
513 nm, two shoulders at 405 and 460 nm, and a narrow peak (full width at half maximum of few
tenths of nm) positioned at 862 nm. The photocurrent-voltage (Is — V) curves show good



photoresponse at both maxima (513 and 862 nm), the photocurrent being higher with at least two
orders of magnitude than the dark current (Fig. 16). The structure of the spectral distribution
curves is explained by considering both contributions of tetragonal clusters and localized states
produced by RTA at the interface of NPs with matrix. The enhanced photocurrent is explained by
the increase of the lifetime of free carriers by trapping the opposite sign ones.
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Fig. 16. I;— V characteristics obtained on sol-gel films mainly formed of Ge NPs

embedded in SiO, but containing also some tetragonal clusters [29]. Also, for comparison

is included the dark I —V curve. (Reprinted from Digest Journal of Nanomaterials and
Biostructures 6 (1), pages 67-73 (2011), “Study of Ge nanoparticles embedded in an

amorphous SiO, matrix with photoconductive properties”, A. M. Lepadatu, |. Stavarache,

T. F. Stoica, M. L. Ciurea, Copyright 2011, with permission from © Virtual Institute of
Physics S.R.L.)

3.2. Films with Si NCs/NPs in SiO,

The electronic transport in Si NCs based films and multilayers is dependent on thickness
and morphology of films, which in their turn depend on the preparation methods and parameters.
So, the nanocrystalline Si films with thickness less than 10 nm are formed of Si NCs separated to
each other by amorphous Si grain boundaries, the films with intermediate thickness (tens of nm)
consist of nanochains of Si NCs (10 — 30 nm diameter) separated by SiO, necks with similar sizes
or less, and the thick films (hundreds of nm) are formed of discrete Si NCs covered by SiO, shell
[121]. In the nanocrystalline Si films thinner than 10 nm, an Arrhenius dependence of conductivity
o on temperature T, Ino oc1/T was observed. This was explained by thermionic emission over

potential barriers formed by amorphous Si grain boundaries. The measured activation energy from
the Ino oc /T plot is given by the height of these potential barriers. If the NCs are small, the

quantum confinement effect is strong, and therefore, single-electron charging takes place. In the
case of nanochains of Si NCs separated by SiO, necks, | — V curves measured in an up-down
geometry, at RT present multiple step Coulomb staircases explained by single electron charge
effects.

In thick films formed of Si NCs (8 nm) with SiO, shells of 1.5 nm the transport is
described at high temperature (200 — 300 K) by the space charge limited currents in the presence
of trapping states with exponential distribution, while at low temperature by thermally activated
tunnelling between adjacent NCs [122, 123]. The authors measured | — V curves (in up-down
geometry) at different temperatures and found a power law dependence of current on voltage

| V™, the exponent m linearly increasing with the reverse of temperature 1/T from 1.8 to 4 in
the 300 — 200 K range. This is explained by injection of free carriers from the substrate/contact in
the conduction states of NCs, part of them being trapped. By increasing the voltage, the Fermi
level crosses the traps distribution, so that the concentration of free carriers rapidly increases.

At lower temperatures less than 200 K, the conductivity depends on temperature following

the aerxpl—(To/T)WJ law (with A constant, T, characteristic temperature



T, =(2Pcsmax Ea,max)/(kBa), P. percolation threshold, smax maximum separation distance between
nearest NCs, E, ., maximum activation energy, and a decay length of the wave function), which

is explained by thermally activated tunnelling between adjacent NCs in the frame of the
percolation-hopping transport model [122]. The validity of the model was checked by comparing
the characteristic temperature calculated from the model with the one determined from experiment,
they being in good agreement. By varying the Si NCs sizes from 8 to 6 and 11 nm, the authors
showed that T, decreases with the increase of NCs size (Fig. 17) [124].
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Fig. 17. Ino oc T2 curves measured on films formed of Si NCs (6, 8, and 11 nm)
covered by SiO, shells [124]. (Reprinted and adapted from X. Zhou, K. Usami, M. A. Rafiq,
Y. Tsuchiya, H. Mizuta, S. Oda, Journal of Applied Physics 104, 024518 (2008),
http://dx.doi.org/10.1063/1.2952036. Copyright 2008, AIP Publishing LLC)

The SiO, films with embedded Si NCs obtained by Si-implantation present different
behaviours of | — V characteristics taken in up to down geometry contacts [55]. The shape of | — V
curves reflects different transport mechanisms on different voltage intervals and it is dependent on
the distribution of Si NCs (Fig. 18a and 18b). Therefore, the observed transport mechanisms are
the Fowler-Nordheim tunnelling from Si substrate to SiO, matrix, Frenkel-Poole emission and
NCs-assisted tunneling. In films with narrow depth distribution of Si NCs located close to the free
surface of films, the electrical behaviour is similar to the one of a SiO, layer of similar thickness,
but showing a lower onset voltage of Fowler-Nordheim tunnelling of electrons from substrate into
the oxide. In the films with wider depth distribution, the conduction mechanisms related to NCs
become important and many percolative paths are present. The percolative character is
demonstrated by the power law behaviour of | — V characteristic.
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Fig. 18. (a) Different Si NC distributions in the SiO, implanted films, resulted from SRIM
simulation: Sample A - narrow depth distribution close to the films surface, Samples B and
C - wider depth distribution; (b) I — V characteristics taken on samples A, B, and C and
on a pure SiO, [55]. (Reprinted and adapted from J. I. Wong, T. P. Chen, M. Yang, Y. Liu,
C. Y. Ng, L. Ding, Journal of Applied Physics 106, 013718 (2009),
http://dx.doi.org/10.1063/1.3159013. Copyright 2009, AIP Publishing LLC)
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In other reports from literature, the | — V characteristics taken on percolative films of Si
NCs dispersed in SiO, with different concentration x of Si NCs show different behaviours
dependent on the Si NCs density [125—129]. The measurements were performed on samples with
planar geometry. In the films with low Si NCs concentration (e.g. x = 20%), the NCs are randomly
distributed [49], while in the ones with higher concentration between 20% to 75%, the Si NCs are
bigger, their diameter increasing from 3.5 to 6.4 nm. They start to form a chain-like percolative
network [130] when the concentration exceeds a threshold. The | — V curves taken on films with
relatively low Si NCs concentration of 33.7% and 35.7% are linear, and from their analysis the
percolation threshold in concentration x, was found to be 34.7%. By further increasing the Si NCs
concentration, the | — V characteristics become superlinear (Fig. 19). The conduction mechanism
that explains this behaviour is tunnelling assisted by high electric field, eV >> kgT [73, 99]. In this
case, the charge carriers tunnel the potential barriers produced by the amorphous SiO, regions,
which separate the Si NCs. The | — V characteristics are described by the formula:

= tosign (0 M|V <expl- 1 Vs )-expl- )

where Io = [ap, Vo = Nole, a = Syp™?, ¥ = (8md/#%)"?, the constant a is proportional to the number
of equivalent paths of carriers, ¢ = (2.2 + 0.2) eV and ¢ are the height and width of barriers
between NCs, N is the number of barriers, e is the elementary charge, m; is the free electron mass
(inside the NC). From the fit of the experimental |1 — V curves with the above formula (Fig. 19) N
and ¢ were determined for films with different Si NCs concentrations. The authors found a very
small number of barriers of tens up to 150 compared with the big number (~5x10° — 10%) of
barriers between contacts evaluated from TEM. This is plausible if we consider that carriers
choose the path of lowest resistance. On their path the carriers move along the NCs chains and
tunnel the potential barriers they found.

| (nA)

3

X 74 vol.%
O 72 vol.%
+ 69 vol.%
O 67 vol.%

- TR Hh UV)

Fig. 19. Experimental | —V curves (symbols) and fit (model of high electric field- assisted
tunnelling) curves (continuous curves) measured on percolative films of Si NCs dispersed
in SiO, with Si concentrations of 67, 69, 72 and 74 vol. % Si [99]. (Reprinted from Journal
of Optoelectronics and Advanced Materials 6 (1), pages 53-56 (2004), “Conduction
mechanisms in silicon-based nanocomposites”, V. lancu, M. Draghici, L. Jdira, M. L.
Ciurea, Copyright 2004, with permission from © INOE Publishing House)

The I — T curves measured on films with middle Si NCs concentration (66%) present
Arrhenius dependence with three or two activation energies depending on the bias (4, 5 and 25 V)
illustrated in Fig. 20. These activation energies actually represent electric field-assisted transitions
between quantum confinement energy levels [36, 73, 131, 132]. At high bias, the smallest
activation energy is not observed as at the start temperature of I — T measurement the electrons
from the fundamental level are excited to the first excited level by the high electric field.
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Fig. 20. I — T curves measured at different biases on films with 66 vol. % Si NCs embedded

in SiO, [36, 73]. (Reprinted from Chemical Physics Letters, volume 423, M. L. Ciurea, V.

S. Teodorescu, V. lancu, 1. Balberg, Electronic transport in Si-SiO, nanocomposite films,
pages 225-228, Copyright (2006), with permission from Elsevier)

In the films with middle Si NCs concentration the voltage percolation thresholds described
by a plateau region of current saturation followed by an abrupt current increase were evidenced
[126]. In Fig. 21 (left) are presented | — V characteristics taken on films with 39.8% and 43.9% Si
NCs on which several voltage percolation thresholds are evidenced by arrows. A voltage
percolation threshold is related to the opening of a new path with lower resistance, which the
carriers choose [133]. At the same time by increasing the voltage, more paths are open including
ones with larger barriers (assured by the trapezoidal barrier shape) that are tunnelled by carriers,
leading to the abrupt increase of the current.

In contrast, in the |1 — V curves measured in the films with high Si NCs density of 94.89%
(Fig. 21 right), the voltage percolation thresholds are no longer observed because all available
paths for carrier transport are opened.
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Fig. 21. I — V curves measured on Si-SiO, films with (left) intermediate Si NCs
concentrations of 39.8% or 43.9% and (right) high Si NCs concentration of 94.89% [126].
(Reprinted from Journal of Optoelectronics and Advanced Materials 9 (8), pages 2644-
2647 (2007), “Percolation phenomena in Si — SiO, nanocomposite films”, |. Stavarache,
M. L. Ciurea, Copyright 2007, with permission from © INOE Publishing House)

More than that, the initial differential conductance, meaning the derivative of current with
respect to voltage calculated at zero voltage, shows a power law dependence according to
percolative behaviour, G, oc(x—x_)' . The exponent t was found to be 0.88 and it was
demonstrated to be related to the tunnelling probability P, according with

Gy c R < P, oc(X—XC)t,
where P, is the percolation probability [128].
The transport mechanisms in similar Si-SiO, films [70] with Si NCs density very close and

above to the percolation threshold were discussed. In the films with high Si NCs concentration the
NCs are connected in a network (“touching” NCs), whereas in the films with smaller concentration



than the percolation threshold, most NCs are isolated. The expected percolative behaviour was
evidenced by the o o« (x — X )t power law, X, being in the range of 30 — 40 vol. % and t between 2

and 4. More, the photoconductivity has a similar dependence on Si NCs concentration [134]. The
temperature dependence of conductivity measured in samples with planar geometry of Si-SiO,
films having Si NCs concentration higher than the percolation threshold and containing Si NCs
with size smaller than 10 nm is similar to the one of a disordered semiconductor. The proposed
model assumes the presence of band-tail states (due to disorder and doping) with continuous
energy distribution. The thermal excitation of carriers takes place from band tail states to the
conduction band. This model is sustained by the NCs “touching” characterized by low height and
width potential barriers between NCs that act as scattering centers (local potential fluctuations) and
not as barriers to be overcome by carriers. On the contrary, in the films with concentration very
close to the percolation threshold, the charging effect of NCs was evidenced.

On contrary, Mott variable range-hopping characterized by oocexp(— B/T]/“) (measured

in samples with up-down geometry) taking place through localized states associated with clusters
was evidenced in films with different Si vol% concentrations, being formed of ~ 2 nm Si clusters
dispersed in SiO, matrix [116]. The constant B decreases with the increase of Si vol.%
concentration explained by the increase of size and/or density of Si clusters with the increase of Si
concentration.

Also, from ab initio density functional calculations of Si NCs embedded in SiO, matrix it
is shown that the tunnelling through the potential barriers produced by thin SiO, between NCs is
dominant [135].

Different tunneling mechanisms were evidenced in multilayers of Si NCs/SiO, [72, 81,
136]. So, the direct and phonon assisted tunnelling were evidenced in the structures containing Si
NCs that have two diameters of ~3.5 nm and ~5.5 nm. The concentration of smaller NCs is higher
than the one of bigger NCs [72]. The R — T characteristics are dependent on the applied gate
voltage, so that the curves measured at low voltage have an Arrhenius behaviour with two
activation energies, one of few tens of meV at low temperatures and the other one of 100 — 200
meV at high temperatures. The values of the activation energies linearly decrease with the increase
of gate voltage. The authors of Ref. [72] describe the electronic structure of NCs by a quantum
well with energy levels Eq, E; and so on. It is shown that at low temperatures direct tunneling takes
place via the first level E, (first activation energy), while at high temperatures, phonon-assisted
tunneling of carriers occurs via the next level E; (second activation energy). More than that, it is
demonstrated that only big NCs participate to the charge transport, they being separated by smaller
distances. The | — V curves measured at RT at low electric field can be explained only by
considering both contributions of direct and phonon-assisted tunneling.

In the multilayers of SiO,/Si NCs/SiO, where Si NCs layers are 2D systems, the transport
mechanisms are determined by the thickness of layers [81]. If the SiO, layer has 1 nm thickness
and Si NCs layer is 3.8 nm thick, the direct and resonant tunnelling are evidenced. Direct
tunnelling is evidenced at low voltage and by increasing the voltage resonant tunnelling occurs
showing two peaks in the | — V curve (Fig. 22a). The current peaks have small ratios of peak to
valley current. For higher voltages, direct tunnelling is enhanced and current peaks are less
observable as fewer carriers are available for resonant tunnelling. In multilayers with slightly
increased thickness of SiO, layer (1.5 nm), the direct tunnelling is restricted, and at higher voltages
the trap related tunnelling takes place. In this case, only one current peak is clearly observed,
having higher peak to valley current ratio (Fig. 22b). If the SiO, and Si NCs layers are much
thicker (5.2 nm and 6 nm respectively), then trap related tunnelling is the dominant mechanism
because of higher concentration of defects produced during the growth of a thicker SiO,. More
than that, for higher voltages, the Fowler-Nordheim mechanism dominates, and a current peak that
appears under resonant tunnelling conditions is evidenced, being much broader. The ratio of peak
to valley current is very high because the energy levels in bigger Si NCs are less separated in
energy. By analysing all multilayers, the authors observed that the voltages corresponding to the
current peaks vary from one structure to another one, and this fact could be due to the wide
distribution of Si NCs sizes.
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Fig. 22. 1 — V curves measured on: (a) multilayers with SiO, layers having 1 nm thickness
and 3.8 nm thick Si NCs layer; (b) multilayers with slightly increased thickness of SiO,
(1.5 nm) layer [81]. (Reprinted from D. Y. Chen, Y. Sun, Y. J. He, L. Xu, J. Xu, Journal of
Applied Physics 115, 043703 (2014), http://dx.doi.org/10.1063/1.4861737. Copyright
2014, AIP Publishing LLC)

The resonant tunnelling mechanism was also found in structures of SiO,/Si QDs layer/
Si0,/SiGe QDs layer/SiO,/Si deposited by low pressure CVD. The Si QDs and SiGe QDs layers
as well as the SiO, layers are 1D systems [136]. By using an up to down contacts geometry for
measurements, it was observed that the tunnelling occurs at the alignment of the second quantum
confinement level of Si QD with the first quantum confinement level in SiGe QD.

In multilayered structures formed of 2D array of touching Si NCs separated by SiO, layers,
the lateral electrical transport and photocurrent mechanisms were studied (Fig. 23) [137]. The
structure was grown in five successive steps, in the first one a Si NC layer was deposited by low
pressure CVD and subsequently it was thermally oxidized in order to form a dielectric interlayer.
This step was five times repeated. The grain boundaries of Si NCs in the Si NCs layers represent
scattering centres. The | — V characteristics present at low voltages (~1 V) a linear dependence. For
higher voltages a superlinear dependence is observed and the log-log plot gives a slope higher than
2 showing that the space charge limited conduction controlled by traps in Si NCs band gap is
dominant.

The | — T curves show at high temperatures a T behaviour (thermally excited carriers into
the conduction band) and at low temperatures, the current increases more slowly (Fig. 23). At low
temperatures the authors of Ref. [137] identified a transport mechanism of hopping assisted by
phonons taking place between localized states around Fermi level.
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Fig. 23. (left) Structure for lateral electrical and photocurrent measurements and (right)
| — T characteristics on multilayered structures formed of 2D array of touching Si NCs
separated by SiO, layers [137]. (Reprinted from P. Manousiadis, S. Gardelis, A. G.
Nassiopoulou, Journal of Applied Physics 113, 043703 (2013),
http://dx.doi.org/10.1063/1.4789354. Copyright 2013, AIP Publishing LLC)

The It — V measurements performed at 200 K show an ohmic dependence up to 1.5 V and
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then a superlinear dependence. In the I — T curves, two behaviours were observed, too. At high
temperatures, the photocurrent is smaller than the dark current and has a T dependence. The I; —
T curve has an activation energy smaller than that in the case of the dark current. At lower
temperatures, the photocurrent is higher than the dark current, but is practically constant with
temperature, this behaviour being explained by carriers hopping between states with low energy,
thus they progressively lose their energy.

A more extended study of photoconductive properties was made in SiO, (x<2)/SiO,
multilayers in which different thicknesses of SiO, layers control the Si NCs sizes [138—141]. The
photocurrent spectral distribution curves measured between energies of 1 and 3.75 eV (in lateral
geometry) present a broad maximum of which position shifts to higher energies when the NCs size
decreases, evidencing the quantum confinement effect in NCs. The curves of I; dependence on
energy E measured at different biases (Fig. 24) show that the photocurrent has two components,
one given by carriers tunnelling between Si NCs through the SiO, potential barriers and the other
one by hopping between defect states present in the SiO, matrix. The Iy — V curves measured by
illuminating samples with monochromatic light with the wavelength corresponding to the
maximum of spectral distribution curve are quasilinear and are explained by carriers transport
through Si NCs chains and tunnelling the potential barriers given by thin SiO, between NCs. The I;
— E curves show that at high temperatures (100 — 300 K), the maximum shifts to higher energies
when the measurement temperature decreases, explained by the NCs gap variation with the
temperature, while at low temperatures (13 — 100 K), the maximum position practically does not
change. At high temperature, the photocurrent is due to thermionic emission through NCs, while at
low temperatures, tunnelling through potential barriers is dominant.
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Fig. 24. The Iy — E curves measured at different biases on SiO, (x<2)/SiO, multilayers
with Si-rich silicon oxide (SRSO) layer having different thicknesses of (a) 8 nm, (b) 6 nm,
(c) 3nm, and (d) 1.5 nm [138]. (Reprinted from B. Dridi Rezgui, F. Gourbilleau, D.
Maestre, O. Palais, A. Sibai, M. Lemiti, G. Brémond, Journal of Applied Physics 112,
024324 (2012), http://dx.doi.org/10.1063/1.4737579. Copyright 2012, AIP Publishing
LLC)

4. Conclusions

We have reviewed a number of deposition methods often used for obtaining Ge-SiO, and
Si-SiO, films or multilayers and annealing procedures employed for their nanostructuring. The
influence of deposition and annealing conditions on the structure and morphology of resulting
films or multilayers formed of Ge or Si NCs/NPs embedded in amorphous SiO, matrix was
investigated. Special attention has been paid on the changes produced by annealing under
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controlled conditions (e.g. temperature and atmosphere) on electrical and photoconductive
properties of nanostructures (films and multilayers) related to their morphology and crystalline
structure. We have demonstrated the relevance of controlling the deposition and annealing
parameters for obtaining films and multilayers with desired structure and targeted electrical and
photoconductive properties.

The films with targeted properties can be obtained by tailoring the size of NCs or the
thickness of layers which limits the NCs size and by choosing suitable Ge or Si concentration.
Magnetron sputtering is succesfully used as deposition method, but other methods such as ion
implantation, CVD, sol-gel and MBE are used as well. The annealing under controlled conditions
is performed either for nanostructuring of amorphous as-deposited films obtained on substrates
maintained at RT or for improving the morphology of films deposited on heated substrates, which
usually contain at least clusters or even NCs. The parameters that are efficient in NCs formation
are the annealing temperature and atmosphere, but the employed annealing procedure (e.g. in CF
or by RTA) is also very important. From this analysis, we can conclude that a special care has to
be taken in choosing the proper annealing conditions by considering both processes of diffusion
and segregation of Ge or Si that play an esential role in the formation of NCs or NPs.

In the case of Ge, RTA annealing has been proved to be the most efficient in producing Ge
NCs at fixed positions in multilayers compared with the annealing in CF at similar temperatures
(650 — 700 °C). In the multilayers annealed in CF, Ge segregates in amorphous NPs located in the
middle of SiO, layers, while in those annealed by RTA, the amorphous Ge layers are completely
transformed in (fixed positioned) NCs. On the contrary in the Ge-SiO, films Ge NCs are formed
by annealing in CF up to 900 °C.

In the case of Si-SiO, films or Si-rich oxide/SiO, multilayers, the annealing in CF or by
RTA doesn’t influence the formation and size of Si NCs. The optimal temperatures for the
formation of Si NCs are between 1000 and 1200 °C.

Both kinds of films/multilayers containing Ge or Si NCs embedded in SiO, matrix present
stress field produced by annealing. In SiO, films with Ge or Si NCs, the tensile and compressive
stress are evidenced together with nanotwins and stacking faults defects and also with dislocations.
These defects are produced by the partial relaxation of the stress in the films.

The electrical and photoconductive properties mainly depend on films morphology and
structure (NCs size, concentration, separation distance between them and crystallinity) that in turn
are produced by the annealing. So, the annealing can tune the electrical and photoconductive
properties by changing the transport mechanisms. In contrast, the properties of films or multilayers
are weakly dependent on the deposition method, but strongly dependent on the substrate
temperature during deposition.

The films based on NCs of Ge or Si embedded in SiO, are percolative systems, and
therefore, their electrical behaviour is essentially governed by tunnelling or hopping mechanisms
in different regimes. The parameters corresponding to the different mechanisms are dependent on
the structure characteristics (e.g. NCs diameter, concentration and separation distances). The
electrostatic charging and quantum confinement effects play an important role in the
nanostructures with Ge or Si NCs.

In the films formed of amorphous Ge NPs, different hopping mechanisms (variable range
hopping of Mott and Pollak) govern the electronic charge transport at relatively low temperatures,
while at higher temperatures the thermal activation mechanism (Arrhenius dependence) is
evidenced. In the films which contain Ge NCs embedded in SiO,, the charge transport is controlled
by tunnelling of carriers, usually between neighbouring Ge NCs, such as thermally activated
tunnelling and resonant tunnelling on quantum confinement energy levels of NCs taking into
account the single electron charge effect of Ge NCs.

The high photoconductive properties of SiO, films with embedded Ge NCs or NPs are
mainly produced by quantum confinement effect in NCs and/or by localized states (usually)
located at the interface of NC with oxide matrix. The strain can enhance the photoconductive
properties. The photosensitivity spectral intervals can be tuned by tailoring NCs size, localized
states and strain. The phototransport in the high photoconductive films is due to holes trapping in
NCs or on localized states which produces supplementary injection of electrons.

In the films based on amorphous Si NPs embedded in SiO,, only variable range hopping



(Mott) was observed, whereas in the films with Si NCs, phonon-assisted tunnelling and high
electric field-assisted tunnelling, direct and resonant tunnelling between neighbouring NCs are the
main transport mechanisms. The carriers tunnel the potential barrier produced by SiO, or
amorphous grain boundaries between adjacent NCs. These films are also percolative systems, so
that the percolative threshold in concentration and percolative voltage thresholds were determined
by varying the concentration of NCs. In the films with concentration of NCs higher than the
percolation threshold, the electron transitions between gquantum confinement energy levels of NCs
were evidenced.

The photoconductive properties of Si NCs-based films are also governed by the quantum
confinement effect in NCs.

The tunning of the electrical and photoconductive properties by tailoring the morphology
and structure (NCs size, concentration, separation distance between them, and crystallinity) offers
the possibility to prepare films with desired properties for targeted applications.
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