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Abstract

Light matter interaction in low dimensional structures is a rich field of study involved in
both fundamental and applied research. However, the accurate and scalable processing
of nanostructures required to produce the desired low dimensional devices still remains
a challenge in many cases. This thesis explored the sample processing for the scalable
production of photoconductive films with high spectral sensitivity. The samples consisted
in several thin layers (≤ 100 nm) of SiO2 and SiGe, which were deposited using mag-
netron sputtering. The samples were processed against different deposition and annealing
temperatures and using silicon monocrystal (001) and borosilicate glass as substrates.
Their structure and photoconductive properties were characterized using X-ray reflectiv-
ity (XRR), grazing incidence X-ray diffraction (GiXRD), atomic force microscope (AFM),
optical microscope and optoelectrical measurements. The results show higher degree of
crystallization and better photoconductive properties for the samples deposited on hot
substrate (300-700oC), rather than those deposited at room temperature and annealed
afterwards. In particular, one sample with spectrum-selective photoconductive proper-
ties was achieved. Besides that, the SiGe aggregation phenomenon was observed through
AFM, showing the formation of relatively homogeneous clusters, which are thought to be
precursors in the nanocrystals formation.
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Chapter 1

Introduction

During the last decades, the boosted expansion of semiconductor technology has opened
an endless amount of opportunities for both science and industry. As processed structures
shrinked into the nanometer range, it became possible to directly observe and control sev-
eral quantum mechanical effects, until then hidden in the average properties of materials
bulk. Among them, the quantum confinement effect in low dimensional structures is per-
haps one of the most mindblowing, and the new physics that came with it constitute a
game changer in several fields of science. However, the accurate and reproducible process-
ing of nanostructures is still an open challenge, and many existing methods are of difficult
scalability and implementation in industry.

Figure 1.1: TEM image of SiGe/TiO2 cross section, extracted from [1] with their per-
mission.

In this thesis, the possibility of using low dimensional structures for highly selective
light detection has been explored experimentally. To that end, thin layers of silicon-
germanium (SiGe) and silicon oxide (SiO2) were deposited in the lab using different sput-
tering methods. Upon annealing, the SiGe layers are expected to aggregate forming
nanocrystals inside a matrix of oxide. Due to quantum confinement [2], such structure is
thought to show highly selective photoconductivity. These assumptions build up on the
results recently achieved by [1], where they managed to process a similar sample using
SiGe and TiO2, as it can be seen in the transmission electron microscope (TEM) image
in figure 1.1. The nanocrystals were achieved after deposition and annealing cycles at
different temperatures. Slav et al. demonstrated that such structure is photoconductive
under illumination of ultraviolet (UV) light, possibly due to the intrinsec properties of
TiO2 in the oxide layers. However, they did not achieve the desired functionability in
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the infrared range of the spectrum. In this thesis, the motivation for using SiO2 relies on
its dielectric properties and its ubiquitous industrial implementation. Because of its high
band gap value, SiO2 is expected to behave as a passive layer in the near ultraviolet range,
allowing this study to focus on the nanocrystals as the only active structure. Other rele-
vant state-of-art studies include the work done by [3] where tunneling transport through
germanium nanocrystals in SiO2 matrix was studied, or by [4] who produced strained
SiGe quantum wells (QW) that were used for achieving large quantum coherence gain.

Figure 1.2: Energy band diagram across SiGe nanocrys-
tals (yellow octagons) behaving as quantum wells (QW).
The wells are oblique due to the constant potential gradi-
ent, which is created by the applied electrical bias.

The physical principle be-
hind the selective photocon-
ductivity consists on trap-
ping the photogenerated elec-
trical carriers in well de-
fined states of the nanocrys-
tals; these behave as poten-
tial wells where quantum con-
finement applies in all three
physical dimensions and ap-
proach the zero dimensional
behavior of quantum dots
(QDs) [2]. Under applied
bias, the electron-hole pairs
are able to tunnel through
the SiO2 matrix and to cre-
ate neat charge flow, as sym-
bolically sketch in figure 1.2.
To control the wavelengths
of resonant absorption, the
experimental processing con-
ditions for the growth of
nanocrystals with the desired
sizes are investigated and op-
timized in this study. A the-
oretical background for the basic understanding of the expected phenomena, processing
and characterization methods is included. However, an advanced theoretical modeling of
the photoconductive phenomenon is beyond the scope of this thesis.

The outcome of this thesis is expected to positively contribute into the knowledge
of the experimental processing of nanocrystals and thin films. Due to the widespread
implementation of silicon and germanium in the semiconductor industry, and also to the
simplicity and scalability of the chosen processing methods, the possible applications that
might derive from the developed photoconductive layers are many and diverse. Optoelec-
trical devices for environmental sensing, food safety and biomedical monitoring are only
some examples. In particular, the highly selective photoconductive response might be
useful for applications that require identification between similar spectra. As an example,
identification between the reflection spectrum of icy, wet and dry asphalt could lead to a
major advance in road security.
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Chapter 2

Theoretical background

The following chapter is a quick theoretical review of some topics that the author consid-
ered critical for the proper understanding of the experimental part. While a very simplified
approach has been adopted whenever possible, references to recommended literature have
been included in every section for a deeper and more detailed description.

2.1 Photoconductivity in semiconductors bulk
Photoconductivity is the change of the electrical conductivity in a material upon interac-
tion with incident electromagnetic radiation. This phenomenon can manifest itself either
by an increased electrical conductivity (known as positive photoconductivity) or by a
decreased one (i.e. negative photoconductivity), even though the physical mechanisms
underneath them might be different.

2.1.1 Optical absorption

In general, the absorption of optical radiation1 in a semiconductor takes place through
the photoeffect [5], where electrons are excited from their inital state into states of higher
energy [5]. The photoeffect can either be external2 or internal, depending on whether the
final state is the vacuum level (i.e. a free particle) or a bound state in the lattice band
structure, respectively. In the frame of photoconductivity, the internal photoeffect is the
relevant phenomenon to deepen in.

In undoped semiconductors at any non-zero temperature, electrons tend to occupy
states in the valence band while the conduction band remains almost empty3. As photons
with energy Eph = h̄ωph are irradiated and propagate through the crystal, they can
be absorbed and induce interband transitions. Every absorption event produces one
electron-hole pair, whose components survive independently for a certain time before the
recombination takes place. The probability that a photon is absorbed in the crystal is
defined as the quantum efficiency and denoted as η, and the mean time between the
absorption and the recombination as τr. If the photon flux is high enough, a significant

1The optical range of the electromagnetic spectrum is conventionally defined between 100 nm and 1
mm in wavelength.

2Commonly known as photoemission or as photoelectric effect, where electrons are ejected as free
particles.

3For T > 0 K, the tail of the Fermi distribution predicts thermal excitation for a fraction of the
statistical population.
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amount of the valence band electrons may be transferred into the conduction band, giving
rise to the electronic population inversion [6]. For a single event, energy conservation
demands that the absorption may occur only if

Eph ≥ E ′g (2.1)

where E ′g is the minimum energy difference between the bands. The fact that the
states in the conduction band are well defined into the reciprocal space still imposes
further selection rules due to momentum conservation4:

h̄∆k = h̄kph (2.2)

where k and kph are the crystal and photon wave vectors, respectively.
Semiconductor materials can be classified into direct or indirect, depending whether

the highest maximum of the valence band has or not the same momentum as the lowest
minimum of the conduction band in the reciprocal space, as can be seen in figure 2.1a.

(a) (b)

Figure 2.1: Schematic representation of an interband transition in (a) direct and (b)
indirect semiconductors.

While of almost no effect for direct gap semiconductors, where little momentum ex-
change is involved, equation 2.2 has important consequences when dealing with indirect
gaps. The momentum of electrons in the conduction band is approximately of h/R, where
R is the interatomic separation in real space, and transitions through indirect gaps are
expected to exchange crystal momentum of that same order of magnitude. This is no
match for the momentum of an optical photon h/λ, which is much smaller. Therefore, an
optical absorption in an indirect band gap semiconductor can only take place if mediated
through the lattice phonons, which have little energy (∼meV) but can carry high momen-
tum. Due to the broad distribution of phonon momentum, the onset of optical absorption
given by equation 2.1 is much sharper in semiconductors with direct band gap, than in the
indirect ones. However even in direct semiconductors, condition 2.1 might in practice be
relaxed due to the presence of impurities or coupled states (such as excitons), which add
possible states in the absorption spectrum. A final remark about silicon and germanium:
even though they are both indirect band gap semiconductors, the k mismatch for the

4This condition is apparently absent in the external photoeffect, where the momentum of the ejected
electrons is not restricted to specific values by the lattice.
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interband transition of the later one is very small, allowing it to behave similarly as a
direct semiconductor under certain conditions.

2.1.2 Electrical conductivity

The conductivity of any sample, stated as σ, is a relation between the current density j
and the applied field E, defined as

j = σE (2.3)

In order to understand how the absorbed light can affect the conductivity, first we must
work out the mechanism of charge transport in the lattice. If an external electric field
is applied to the semiconductor, the available charge carriers will response by moving
through the periodic potential of the lattice. In a classical formalism5, their movement
can be described by

me

(
dve

dt
+

ve

τ

)
= −eE− eve ×B (2.4)

mh

(
dvh

dt
+

vh

τ

)
= +eE + evh ×B (2.5)

where E and B are respectively the electric and magnetic component of the applied
field, me,h the effective mass of electrons and holes, and ve,h their thermal velocity. The
previous equations follow from the Lorentz force with the addition of the term τ , which
accounts for the random collisions with the lattice ions or impurities. For a direct current
field (DC) field, solving equations (2.4) and (2.5) result in a steady state solution, where
the mean velocity and the electric field appear to be proportional:

ve = − eτ
me

E (2.6)

vh = +
eτ

mh

E (2.7)

The proportionality constant is defined as the carrier mobility, stated as µe,h. In an
intrinsec semiconductor (that is, ne = nh), it follows immediately that

µe,h =
eτ

me,h

(2.8)

In our classical picture, the electric current density parallel to the applied field is just
the amount of charge crossing the section of the crystal per unit time. Using equation
2.3, it leads to:

σ = e2µ

(
ne
me

+
nh
mh

)
= ne(µe + µh) (2.9)

The previous expression has already significant importance; it states that the conduc-
tivity of the sample depends on both the number of available carriers and their mobilities.
When illuminated, the number of carriers in the sample changes as a result of a dynamic
process. As explained in the previous section, absorption events populate the sample while

5A classical formalism is well suited here because it is possible to prove that a quantum mechanical
treatment would give the same equation of motion [6], assuming the wavefunction of the electrons to be
much smaller than the size of the crystal in any dimension.
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spontaneous recombination events depopulate it. Under a photon flux Φ, the number of
carriers changes in time as

dn

dt
= ηΦ− n

τr
(2.10)

and therefore, we reach that the differential photoconductivity is

dσ

dt
=
dσ

dn

dn

dt
= e(µe + µh)

(
ηΦ− n

τr

)
(2.11)

The reader must notice two facts. Firstly, the previous expression is only valid when
the photon flux is low, i.e. when the recombination due to stimulated emission is negli-
gible6. Secondly, solving equation 2.11 introduces an integration constant, namely ndark,
which has important physical meaning. So far, we have dealt with a number of charge
carriers n generated only due to optical absorption, but in practice any crystal contains
a number of intrinsic charges, which also contribute to the current. The constant ndark
accounts for that intrinsic charge, and the current that generates is called "dark current"
in photoconductive experiments.

Finally, there are a couple of cases that are worth solving here, as they will be useful for
the experimental analysis. After a while, equation (2.11) leads to a steady state solution.
In that case, the number of charges remains constant, and therefore:

ηΦ =
n

τr
(2.12)

The second case of interest is when the photon flux is suddenly turned off, i.e. Φ = 0.
In that situation, integration of the differential photoconductivity becomes straightfor-
ward, and the electric current density is:

j(t) = e(µe + µh)
(
n0e

−t/τr + ndark
)
E = (σphoto + σint)E (2.13)

where n0 is the number of existing photogenerated charges (i.e. the total charge
minus ndark) when the photon flux is closed, σphoto is the photoconductivity and σint is
the intrinsec conductivity. It is convenient to manipulate the previous expression to make
the photoconductivity relative to the intrinsec conductivity. Dividing it by jdark and doing
some basic algebra, the following is reached:

jtotal
jdark

− 1 =
σphoto
σdark

(2.14)

where the left hand side of the equation is defined as the normalized photocon-
ductivity; a dimensionless parameter that expresses the amount of conduction due to
photogenerated carriers. In order to give an intuitive idea of the meaning of this concept,
the normalized photoconductivity can be calculated in two cases; samples that are not
sensitive to light illumination will have normalized photoconductivity of 0, while those
where the number of photogenerated charge carriers is the same as the intrinsec charge
carriers will have normalized photoconductivity of 1.

6As demonstrated in [7], the cross section for excitation and stimulated emission are the same.
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2.2 Photoconductivity in low dimensional structures
So far we have approached semiconductor structures assuming them to be an infinite
crystalline array. The boundary conditions arising from the borders of the crystal were
neglected, and indeed that provides a good framework to understand macroscopic crystals.
However, as the structure shrinks into the nanometer size7, the quantization imposed by
crystal boundaries must be taken into account. In order to deal with photoconductivity in
low dimensional structures, a quantum formalism must be adopted [2]. If the nanocrystals
are assumed to be spherical semiconductor structures within a matrix of insulating oxide,
then the system can be modeled as a set of spherical quantum dots (QDs) with square
potential. In such model, the band diagram of the system can be approximated using
Anderson’s rule [2], i.e. aligning the vacuum levels and combining the energy levels of
its constituents in the regions of the different materials. The resulting band diagram
has been shown in figure 2.2, and predicts the presence of two potential wells within the
nanocrystal; one in the conduction band and one in the valence band.

Figure 2.2: Schematic band diagram of a SiGe quantum dot in a matrix of SiO2.

Electrons can only exist inside the quantum well above the conduction band in specific
states with well defined energy, and the same applies for holes below the top of the valence
band. Therefore, only photons with energy

Ep = Eg + Ee + Eh (2.15)

can be absorbed by the nanocrystals, where Ee and Eh are the allowed energies for
electrons and holes in the quantum wells of their band, respectively. The allowed en-
ergy values inside the wells can be directly measured experimentally in optical absorp-

7Rigorously speaking, the quantum confinement must be taken into account when the size of the
crystal is comparable to the size of the thermal wave function of the electrons in any direction.
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tion experiments8, or calculated theoretically by solving the time independent Shrödinger
equation, which is written in spherical coordinates for convenience as{

−h̄2

2m
∇2 + V (r)

}
ψ(r, θ, φ) = Eψ(r, θ, φ) (2.16)

where the potential is

V (r) =

{
∆Ec,v if |r| > R

0 if |r| ≤ R

and where m is the effective mass and ∆Ec,v is the energy difference between either
the vacuum level and the conduction band of SiGe, or between the valence bands of SiO2

and SiGe, as shown in figure 2.2. Due to the potential spherical symmetry, the differential
equation (2.16) can be written as a product of two functions with separated variables,
i.e. f(r)f(θ, φ). The energy of the system in the ground state only depends on the radial
function, which can be proven to be

− cot(γ) =

√
mV (2R)2

2h̄2
1

γ2
− 1 (2.17)

where the dimensionless parameter γ = kR was introduced for convenience, being k
the wavenumber of electron and E = h̄2k2/2m its energy. The solutions of the previous
equation were calculated numerically for quantum dots of different sizes, and are plotted
in figure 2.3. The reader must realize that the presence of bound states is not granted if
the well is too narrow or too shallow. In any case, for the well depth and effective masses
imposed by the band structure of Si0.5Ge0.5 and SiO2, the ground state becomes unbound
for diameters slightly below 1 nm. Another fact worth mentioning is that equation 2.17
is the same transcendent equation as for a 1 dimensional quantum square well, but con-
sidering only its antisymmetric solutions. This arises naturally as the confinement in the
QD is isotropic in all directions, but with no symmetric solutions due to the spherical
boundary conditions.

Introducing the results of figure 2.3 in equation (2.15) show that resonant absorption
could take place for photon energies ranging between two limits. For increasing values
of the QD size, the energy of electrons and holes in the ground state decreases rapidly,
recovering the photon absorption at Eph = Eg as we approach the macroscopic limit. On
the other direction, equation 2.17 predicts that ground states with energies around 1 eV
can exist for nanocrystals of 1 nm in diameter. This would imply resonant absorption for
Eph ≈ 2 eV, which already belongs to the visible range and is about twice the band gap
of silicon.

8In direct gap semiconductors, photoluminescence (PL) experiments are often the most popular choice
for measuring Eg, Ee and Eh. However, this approach is of difficult application in indirect gap semicon-
ductors, due to their little emission efficiency.
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Figure 2.3: Ground state energy in a spherical quantum well as a function of its diameter.
The Schrödinger equation was solved numerically for a square potential of 4.07 eV depth
for electrons with relative mass of 1.28, and for 10 eV depth for light and heavy holes with
relative masses of 0.097 and 0.41, respectively. Values extracted from [2], considering the
effective mass of Si0.5Ge0.5 to be in the L direction of the reciprocal unit cell.
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Chapter 3

Materials and method

3.1 Instrumentation
Wafers of silicon monocrystal (001) and borosilicate glass were used as the sample sub-
strate. Prior to deposition, the substrates were cleaned in three different ultrasonic baths,
using acetone, methanol and isopropanol for 4 minutes each. When using borosilicate glass
as substrate, the growth of the samples was performed in a vacuum chamber optimized for
magnetron sputtering deposition, which was baked for 24 hours at 180 oC before starting
the experiments as schematically shown in figure 3.1. The chamber integrates two 3-inch
targets of silicon and germanium, with purities of 99.999% in both cases. The targets
were connected to DC and RF power supplies for sputtering in the two respective modes
as desired, and were water cooled. The temperature of the samples during deposition
was controlled using a heater build in the sample holder, which could be set within the
range 25 - 700 oC, and was measured with a thermocouple with precision of ±5oC for
that range1. During deposition, the sample holder was continuously rotated using a mo-
torized arm to even the film growth. The flow of Ar and O2 mixture into the chamber
was adjusted using two mass flow controllers, and the base pressure before introducing
the mixture was below 1 · 10−8 mbar, which was kept by a molecular turbopump. The
deposition process could be easily turned on/off by using pneumatic shutters build on the
top of every target, which were computer controlled. The deposition rate was calibrated
to be of 3.6 nm/min for Ge and 3.45 nm/min for silicon at 25 W and 85 W power in DC
mode, respectively. This provides a SiGe ratio of nearly 50% each, at deposition pressure
of 7 · 10−3 mbar. For deposition of SiO2, 150 W in RF mode were measured to provide
5.3 nm/min, using the Si target in a reactive atmosphere of 4% oxigen at a total pressure
of 2.3 · 10−3 mbar. The sample annealing was performed using rapid thermal annealing
(RTA) [8] at pressure of 3 · 10−5 mbar.

Due to limited availability to access the experimental equipment described above, the
sample growth on Si substrate was performed in a different vacuum chamber with base
pressure of 5 · 10−7 mbar, which was kept by a cryopump. The chamber integrated a two
inch SiO2 target with purity of 99.999%, which was sputtered using a RF power supply.
A SiGe target was build by carefully assembling pieces of Si and Ge crystal on a two
inch Si wafer, giving measured rate of deposition of Si0.4Ge0.6, and was sputtered in DC
mode. The purity of the assembled target was unknown, but it was of 99.999% for the

1Even though the thermocouple had much higher precision, the heat transfer process from the build-in
heater until sample required some time to stabilize and reach a nearly-steady temperature, and even then
the presence of heat waves arose as small temperature oscillations.
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Figure 3.1: Scheme of the sputtering chamber used for the sample processing.

Figure 3.2: Scheme of the optoelectrical set up for the characterization of photoconduc-
tive properties.

used crystal pieces. The deposition rate was 1.6 nm/min for SiO2 at power of 150 W
and pressure of 2 · 10−3 mbar using a gas mixture of 91%Ar and 9% O2, and 3 nm/min
for SiGe at power of 35 W and pressure of 3.3 · 10−3 mbar. The sample heating during
deposition was performed by clamping the Si substrate between two wires and passing
electric current through it, and the temperature was measured using a pyrometer with
accuracy that in practice reached ±25 oC in the range 500-900 oC. The deposition was
turned on/off using a shutter manually controlled. The sample annealing in this case
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was performed in furnace using enriched nitrogen atmosphere. In all cases, electrical
aluminum contacts were deposited on the samples using an electron beam evaporator.
The structural characterization was performed in an X-ray chamber (PANalytical X’Pert
Pro) using XRR and GiXRD methods, and optical and atomic force microscope (AFM).
The characterization of the photoconductive properties took place using an optoelectrical
set-up, shown in figure 3.2, which consisted on a sample holder with two pin connectors,
an electrometer (Kithly 28775), a computer controlled monochromator (SpectraPro 150,
600 grating) and a lamp with known emitting spectrum (ThorLabs OTH10/M). The
monochromator scanned over the 300-2300 nm electromagnetic spectrum at 6 sec/nm.

3.2 Experimental strategy
The relationship between processing conditions, sample morphology and photoconductiv-
ity was explored through four different experiments, which were designed as follows:

• First of all, the effect of annealing temperature was investigated. Identical samples
were grown on silicon substrate by deposition at room temperature, and annealed
afterwards at different temperatures.

• Second, the effect that depositing on a hot substrate may have was explored by
growing samples at different temperatures on silicon.

• Third, the effect that the substrate may have over the sample growth was explored
by growing samples using a different substrate. Borosilicate glass was chosen due
to convenience.

• Finally, the internal morphology of the SiGe layer was studied. To that end, the
capping layer was not deposited, leaving the SiGe layer exposed to atmosphere and
therefore accessible for STM measurements.

3.3 Magnetron sputtering
Sputtering is the ejection of atoms from a surface (the target) due to the bombardment
of energetic particles [9]. The ejected atoms lose energy as they interact with the sur-
rounding medium until they get deposited again. When this phenomenon is conveniently
implemented and optimized for depositing the ejected atoms onto the desired surfaces
(i.e. the substrate), sputtering becomes a powerful technique for the processing of thin
films and coatings. As the sputtering phenomena can be implemented in many different
configurations, in practice there are a variety of sputtering methods to choose from. In
this project, direct current magnetron sputtering (DC-MS) and radiofrequency magnetron
sputtering (RF-MS) where used.

A basic arrangement for the sputtering processing is shown in figure 3.3. For all the
three mentioned methods, the setup is placed inside vacuum chambers, into which small
amounts of controlled gas mixtures are injected. Even though chemically inert gas species
are most commonly used, it is also possible to sputter using reactive mixtures in order
to form compounds; a strategy known as reactive sputtering [10]. In order to start
the sputtering process, a plasma discharge through the gas is first created between the
negatively biased target and the grounded metallic sheath around it. The generated ions
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Figure 3.3: Basic setup for magnetron sputtering, extracted from [9]. The set up can
be optimized by tuning the distance between the target and the substrate (L), the size of
the target R, the characteristics of the power supply (pulsed or continuous bias) and the
gas mixture.

are then accelerated towards the target, bombarding its surface and sputtering atoms that
will eventually land and deposit on the substrate. During the bombardment, secondary
electrons and ions are also generated. The electrons accelerate towards the substrate,
ionizing more gas atoms on its way and contributing into the sustainability of the plasma.
The secondary ions are accelerated back towards the target, inducing further sputtering.
It is known that the quality of the deposited films, as well as the deposition rate, are
enhanced by increasing both the plasma density and ion energy [9, 10]. To this end, the
plasma is magnetically confined over the target by placing an array of magnets under it,
hence the name magnetron sputtering.

Direct current magnetron sputtering (DC-MS) is the simplest sputtering method
used in this thesis. As the name states, it is powered by a DC power supply that keeps
the target in a constant bias. It provides the highest deposition rate among all sputtering
methods and can be used both for metallic and semiconductor targets.

Radiofrequency magnetron sputtering (RF-MS) is powered by an RF power
supply that continuously inverts the polarization of the biased target at a high frequency
(typically ∼MHz). It was developed in order to overcome charge accumulation on poorly
conductive targets and, because of it, this technique is able to sputter insulating materials.
However, it provides slow deposition rate, and since the resistance of dielectrics change
with the applied frequency the impedance of the system must also be taken care of.

For a more detailed insight of the different sputtering methods, the author recommends
[9].

3.4 X-ray characterization methods
X-rays are electromagnetic radiation with typical energy values ranging between 100 eV
and 100 keV. They are usually produced by the electronic relaxation of atomic K-shells
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in high voltage lamps2, or by the deflection of highly energetic charged particles (as in
synchrotron accelerators). Their short wavelength (typically between 10 and 0.01 nm) and
their flexible implementation in experimental research convert them into a very powerful
tool for the characterization of nanostructures. In many cases, a semiclassical approach3 is
enough to understand the interaction between matter and X-ray, but we shall indistinctly
consider the radiation as a wave or a photon as it fits more conveniently in every specific
case.

The interaction between X-ray and matter takes place mainly at the atomic electron
cloud. This means that the strength of the interaction will be heavily dependent on
the electron density of the medium. The cross section σ for a scattering event with an
atom changes rapidly with the atomic number Z, following σ ∼ Z4, and for macroscopic
structures the density of the medium will also contribute to the overall interaction. On top
of that, when studying crystalline structures, the directionality of the interaction must also
be taken into account. The crystal lattice introduces anisotropy, as a propagating wave
does not effectively span through the same electronic density in different lattice planes.
In the following sections we shall see how this and other properties can be exploited in
practice to study chemical composition, sample density and sample structure, including
crystallinity and morphology. For a further insight on the fundamentals of light-matter
interaction the reader may refer to [7] (especially chapter 7), or to [11, 12] for a more
applied reading on X-ray analysis, XRR and GiXRD techniques.

3.4.1 X-ray reflectometry (XRR)

X-ray reflectometry, or XRR, is a powerful technique for the characterization of thin films
(below or around 100 nm). It relies on the wave interference phenomenon between several
X-ray beams, after the incident beam is reflected and transmitted multiple times through
the different sample interfaces, as schematically shown in figure 3.4a. The principle is very
similar as the one used in ellipsometry [13] or in X-ray crystallography [11]4. A sketch of
the experimental set-up is shown in figure 3.4b.

2X-ray lamps also produce a continuous spectrum due to the Bremsstrahlung effect.
3In a semiclassical description, one takes into account the quantization of the interacting matter, but

describes the radiation as a classical wave.
4The angles for constructive interference in X-ray reflectometry are much smaller than in X-ray crys-

tallography. This follows from the fact that the analyzed distances are different in both cases; thin
deposited films are always thicker than the spacing between atomic planes in a crystal.
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(a) (b)

Figure 3.4: a) Multiple reflection and transmission through the sample layers. Even
though in theory integration through an infinite number of beams have to be considered,
in practice only the first order beams are important. b) Experimental set-up sketch for
XRR, where θi must always kept equal to θr

In XRR, the source scans the sample over a given angular range while the detector
is always kept at the specular angle, that is θi = θr. The interference pattern provides
information about the optical path inside every layer, which can be used to calculate the
sample thickness. While the pattern created by a single ideal layer could in principle
be determined analytically, the standard analysis (especially when studying a multilayer
arrangement) is performed by fitting the experimental data with computer simulation
models. Comparing the deviation between the experimental data and an ideal simulated
system, XRR can also provide information about the sample roughness and hints of the
chemical composition.

Figure 3.5: Simulated XRR scan of a 5 nm iron layer on a silicon substrate. The line
at 0.2 degrees indicate the critical angle.
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A typical XRR interference pattern is divided into three well differenciated regions,
as can be seen in figure 3.5. The conventional way of presenting XRR data is to plot
the measured intensity (in log scale) against the 2θ angle (i.e. twice the angle between
the incident beam and the sample surface). For very small angles (region I), the intensity
gradually increases as the incident beam starts falling onto the sample surface. Region II is
characterized by a more or less constant plateau where almost all of the incident intensity
is reflected to the detector, consequence of the total internal reflection phenomena. When
the critical angle [11] θc is reached (actually 2θc as we work in the 2θ frame), the intensity
drops several orders of magnitude as the incident beam starts transmitting into the sample
layers. It is therefore in region III where the interference phenomena is expected to take
place.

Layers with well defined interfaces will produce interference patterns with higher am-
plitude, while the thickness of the layers will influence the separation between intensity
peaks. For a single layer, the interference pattern is expected to show straight forward
periodicity with an inverse relationship between sample thickness and pattern period. For
a multilayer stack, more complex interference patterns will occur. The roughness of the
different interfaces is calculated by comparison of the interference pattern intensity with
the diffuse intensity background.

3.4.2 Grazing Incidence X-Ray Diffraction (GiXRD)

The GiXRD is a diffraction technique that exploits the total internal reflection phenomena
together with an important and inherent property of X-rays. In contrast to the lower
energetic electromagnetic spectrum (including the visible range), the refractive index for
X-rays propagating in vacuum or air is higher than of any solid medium5. According to
Snell’s law of refraction, this allows for the total confinement of the X-ray wave outside
the sample surface when it is hit from below the critical angle θc. However, it is known
that the confinement creates an evanescence field that propagates behind the surface.
Because of it exponentially decaying nature, the evanescent field is very surface sensitive,
and it is an excellent probe for the study of thin layers.

5At this point, the reader might feel uncomfortable with the idea that the previous statement violates
the principles of special relativity, as n < 1 implies higher velocity than the speed of light in vacuum.
However, this is a wrong argumentation. Relativity theory prevents anything to have higher group
velocity than the speed of light in vacuum, but the refraction index refers to the phase velocity. Because
of it, refraction indexes lower than the unity are not in any conflict with fundamental laws.
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(a) (b)

Figure 3.6: a)Set up configuration in GiXRD; the incident angle is kept fixed while the
detector scans above the specular angle. b) Example of diffraction signal in a GiXRD
experiment, where the different Bragg maxima are shown for a rutile Ti crystal. Extracted
from [11].

In GiXRD the source is fixed at an angle below θc, while the detector scans over the
sample to capture the diffracted photons, as shown in figure 3.6a. According to Bragg’s
law, the evanescent field will scatter in constructive interference at different angles which
depend on both the crystalline structure and spacing between atoms in a unit cell (which
is in turn dependent to the chemical species involved). A typical example of GiXRD data
is shown in figure 3.6b. In practice the registered intensity peaks are usually analyzed
in three different ways. First, the angular position of the peaks is compared with a
database for the chemical composition and crystalline structure. Second, the peak’s width
can be used to calculate the average crystallite size [11], expecting thinner peaks for
bigger crystallites and ticker peaks for small crystallites. And third, the peak’s intensity
compared with the background gives a hint about the degree of crystallization.

For the K-Alpha-1 transition (8.05 keV), the main diffractive peaks for policrystalline
Si are expected to be at 27.2o, 46o and 55.8o, and for polycristalline Ge at 28o, 46o and
54.4o, in a two theta frame. The reader must note that the most common angle convention
for X-ray experiments is different from the one used in optics. In the two theta frame, the
angle for the incident beam is measured respect to the surface plane, while the outgoing
beam is measured respect the elongation of the incident beam.
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Chapter 4

Results and discussion

Sample morphology and crystallization were studied against growth on two different sub-
strates and using different sputtering and annealing conditions. Several identical samples
consisting in a trilayer of SiO2 (100 ± 5 nm, bottom), SiGe (100 ± 5 nm, middle) and
SiO2 (50± 2.5 nm, top) were grown at room temperature and on Si substrate. They were
annealed in furnace for 5 min at different temperatures, and investigated through XRR
and GiXRD.

Figure 4.1: Relative reflected intensity against the reflection angle (in a two theta
frame) for a layer of SiGe (100 nm) surrounded by two layers of SiO2, deposited at RT
and annealed at different temperatures in furnace.

The reflectivity profile in figure 4.1 shows that the period and the amplitude of the
intensity oscillations are approximately the same for all the annealed temperatures. This
indicates that the thickness of the deposited layers and the contrast between them is not
importantly affected by the annealing process. However, the fact that the oscillations
survive different angles before the signal is lost in the background noise suggests that
the interlayer roughness is affected. Annealing around 500oC seem to provide the lowest
roughness among all measured samples. Besides that, the graph also shows a small angle
shift between the different curves for the absolute intensity maximum, found around a
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reflection angle of 0.4o. That maximum, located at the critical angle, is where the total
reflection phenomenon takes place, and its position is dependent on the sample density1.
The results show higher critical angles for higher temperatures, suggesting that the density
of the films increases with annealing temperature.

Figure 4.2: Diffracted intensity as a function of angle (in a two theta frame) in a GiXRD
measurement for samples deposited at RT on silicon substrate and annealed afterwards.

Figure 4.2 shows the GiXRD measurements of the same annealed samples. The po-
sition of the diffracted peaks are in good agreement with the theoretical values stated
in chapter 3.4.2. The size of the crystallites were deduced from the mean width of the
diffracted peaks, found to range between 5 and 12 nm, for 700 and 500 oC respectively.
However, as the theoretical values for Si and Ge peaks are very similar, concentration
gradients between both elements2 in the crystallite must lead to an artifact, and therefore
this evaluation method must be taken as a rough lower minimum approximation rather
than an accurate measurement. The broad bump that extends from 45o to 60o is char-
acteristic for amorphous SiGe; even though there is not long order arrangement, there is
still a range of preferred intermolecular distances, which contribute to the scattering over
a broad angle distribution. The decaying background intensity observed from 17.5o to 40o

is thought to be a reminiscent influence from the monocrystalline Si substrate.
There is still one more feature worth mentioning in figure 4.2; the sample annealed at

550oC shows a split peak around 55o that is not present in any other case. The position of
the splitted peaks are in good agreement with the theoretical values for Si and Ge, showing
respectively at 56.1 and 54.6o, and may suggest a phase separation between two elements

1Actually, its position is dependent on the refractive index, which happens to be dependent on the
density.

2Among other factors, this might be produced by difference in the oxidation rate between both ele-
ments. Oxygen may penetrate in the layer either by diffusion from the atmosphere or by a non stoichio-
metric deposition of SiOx while sputtering.
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during the crystallization process. The small difference between the experimental and the
tabulated values might arise from the material strain, introduced as thermal stress while
cooling in the annealing cycles.

Figure 4.3: Optical image with enhanced
contrast of a sample deposited at RT and an-
nealed at 550oC for 5 min.

Figure 4.4: Optical image of a SiGe sample
deposited at 700oC on a Si substrate

The hypothesis of phases separation
was further supported by measurements
performed with optical microscope, which
show different crystalline domains with
sizes ranging between 1 and 10 microme-
ters approximately, as shown in figure 4.4.
The spherical defects that are appreciated
in figure 4.4 were further investigated and
are thought to be located in the SiO2 lay-
ers, as they could be reproduced in control
experiments when depositing this material
alone. It was found that both the density
and size of the defects are influenced by the
deposition conditions, in particular by the
external biasing of the sample by charg-
ing the sample holder using 20, 40 and 60
V respect the ground potential. However,
the presence of defects was not noticed un-
der optical microscope when sputtering on
hot substrate or when performing reactive
sputtering with a Si target.

When performing optoelectrical mea-
surements, the only samples that revealed
photoconductivity were those annealed at
500 and 550oC. Their response against il-
lumination of white light, shown in figure
4.5a, show that the relative number of pho-
togenerated charge carriers is below 2% in
both cases. Figure 4.5b shows the behavior
of the films when the light source is turned
off after being illuminated for a long time
(i.e. for several times the recombination

time). The relative number of photogenerated charges and their recombination times
were calculated as described in section 2.1.2, and they are shown in table 4.1. Overall,
these results suggest that the optimal annealing temperature range for the production of
functional photoconductive films is less than 250 oC; between 450oC and 700oC. In both
cases, the absorption efficiency was too low to perform spectrum dependent measurements
with the available optoelectrical equipment.
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Table 4.1: Characteristic photoconductive parameters measured at 1 V on SiGe samples
sputtered on silicon substrate at RT.

Annealing temperature (oC) nphoto/ndark τr (sec)
500 0.0173 3.893
550 0.0142 4.8216

(a)

(b)

Figure 4.5: Relative photoconductivity of samples grown at RT and annealed afterwards,
for white light illumination turned on (figure 4.5a) and off (figure 4.5b). Data fitting
using equation 2.14 was performed and the resulting curve is plotted as a solid line in
figure 4.5b.

In order to understand the effect that depositing on a hot substrate may have in
the crystallization process and how that may affect the photoconductive properties, new

26



samples with the same layered structure were grown on a heated substrate at different
temperatures. The processing was performed using the same methods, but this time
the Si substrate was heated by passing electrical current through it. No annealing was
performed after the deposition, in contrast as before.

Even though the same layer thickness was attempted, XRR measurements showed a
SiGe layer of 75± 25 nm, and the fact that the different layer thickness had an effect on
the results cannot be ruled out. The GiXRD measurement of those samples are found in
figure 4.6, showing thinner and higher peaks in the positions tabulated for SiGe. This fact
suggest higher degree of crystallization and bigger crystallite size. Using the width and
the position of the diffracted peaks, the crystallites were estimated to have a minimum
size of 16 nm. However, later measurements revealed that the crystallites for deposition
temperatures of 450oC, 600oC and 700oC were big enough as to be imaged under optical
microscope, as may be seen in figure 4.4. For deposition of 300oC, the distance between
crystallites was too small to be resolved using optical microscope.

Figure 4.6: Diffracted intensity as a function of angle in a GiXRD measurement for
samples deposited at different temperatures on a silicon substrate.

Even though the exact size of the crystallites could not be directly resolved throught
the available characterization methods, a higher limit estimation was performed counting
the number of crystals per unit area in image 4.4. For deposition temperature of 700oC,
77.5 crystallites were counted inside an area of 39 µm2, giving an average density of 2
crystals per µm2. Assuming spherical shape, the radius of the crystals was estimated to
be around 400 nm. Using the information provided by GiXRD and optical microscope,
the size of the crystallites was estimated to be between 20 and 800 nm in diameter.

Optoelectrical measurements revealed higher relative number of photogenerated charge
as compared with the samples that were grown at RT, but in many cases similar recom-
bination times. The reaction of the normalized conductivity upon activation and deacti-
vation of the white light illumination is shown in figures 4.7a and 4.7b, respectively. The
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measured photoconductive parameters are shown in table 4.2, being the best efficiency
values for the samples grown at 300 and 700 oC.

(a)

(b)

Figure 4.7: Relative photoconductivity of samples grown on Si substrate heated at
different temperatures, for white light illumination turned on (figure 4.7a) and off (figure
4.7b). The black and vertical line if figure 4.7a indicates the time when the light source
was turned on. Data fitting using equation 2.14 was performed and the resulting curve is
plotted as a solid line in figure 4.7b.

The sample deposited at 300oC had efficiency high enough as to perform spectral mea-
surements, showing selective photoconductivity for light illumination with wavelengths
between 500 and 1150 nm. The electrical intensity was normalized taking into account
the spectrum of the white light source, and the measurements were performed at low bias
(0.5 V) in order to avoid strong interference in the band structure. The results are plot-
ted in figure 4.8, and show what could be resonant absorption in the stated wavelength
range. This range is not in agreement with the expected resonant energies for transitions
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Table 4.2: Characteristic photoconductive parameters measured at 1 V on SiGe samples
sputtered on silicon substrate at different temperatures.

Annealing temperature (oC) nphoto/ndark τr (sec)
300 0.123 1.055
500 0.018 4.486
600 0.055 1.324
700 0.086 0.381

between electron-holes ground states (see section 2.2) if the crystallite size measured by
GiXRD is to be trusted. However, as previously discussed, the GiXRD measurements for
crystallite size are not accurate for SiGe due to the closeness of the diffraction peaks. To
the best of our knowledge, the available results are not enough to conclude whether the
observed photoconductivity is due to resonance absorption in SiGe quantum dots or just
an artifact of the measurement.

Figure 4.8: Spectral dependence of the normalized photoconductivity in a sample de-
posited Si substrate at 300oC. The data were normalized using the spectrum of the white
light source.

After that, the effect of the substrate was studied. Six samples were grown at room
temperature on borosilicate glass substrate, sputtering Ge and Si targets with either
neutral or oxidizing gas mixture to deposit Ge, Si and SiO2, respectively. The intended
layered structure was similar as before, but omitting the deposited layer of SiO2 at the
bottom, and with a thicker capping layer of 100 nm SiO2 at the top (it was 50 nm in
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previous samples). The thickness of the SiGe layer was kept at 100 nm. The samples were
annealed using RTA at 500oC, 600oC and 700 oC, and measured using XRR and GiXRD.
The reflectivity measurements in figure 4.9 show that the roughness of the interphases
between layers decreases respect the not annealed sample with increasing temperature,
reaching a minimum at 600oC. However, the definition between layers is completely lost
at 700oC. This could be related to the fact that borosilicate softens near 800 oC due to
its glassy nature. As the material diffusivity increases, molecular mixing between the
different layers might take place, creating concentration gradients rather than a steep and
well defined interphase.

Figure 4.9: Diffracted intensity as a function of angle in a GiXRD measurement for
samples deposited at room temperature on a borosilicate glass substrate and annealed
afterwards at different temperature.

The GiXRD measurements for the annealed samples did not show any diffractive
peaks, neither any other difference compared to the not annealed control. Besides, elec-
trical measurements with voltages up to 20 V found the samples to be completely insu-
lating, with electrical resistances higher than 1010 Ω, and no photoconductivity could be
measured. The previous facts seem to suggest that the SiGe layer remained amorphous
upon annealing, and perhaps became oxidized. This is in clear contrast to the results
found for the samples deposited on Si substrate3, where crystallization was achieved for
all annealing temperatures above 450oC. This might indicate that the layer underneath
SiGe (the borosilicate substrate in this case) plays a critical role in the crystallization
process. The roughness or the chemical influence of the boron are thought to be the
possible key factors.

For completion, growth with deposition on hot borosilicate substrate was performed at
different temperatures using the same methods as when deposited at room temperature.
However, in order to acces the morphology of the SiGe layer with AFM, deposition of the

3Recall that a layer of 100 nm SiO2 was deposited on every Si substrate before SiGe was sputtered.
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top oxide layer was omitted. The reflectivity results in figure 4.10 show that deposition
at temperatures between 450oC and 600oC produce very rough films when compared to
those deposited at RT and annealed afterwards (figure 4.9). The reason underneath this
fact is not well understood, but it is thought to be related with the absence of spatial
confinement in the transverse direction (i.e. the absence of the capping layer). As A.
Slav et al. discuss in [1], annealing a deposited nanolayer of SiGe without capping layer
may result in the formation of nanoislands as the SiGe aggregates around crystallization
centers.

Figure 4.10: Relative reflected X-ray intensity against the reflection angle (in a two theta
frame) for layer of SiGe (100 nm) deposited at different temperatures on a borosilicate
substrate.

The GiXRD measurements of the same samples, plotted in figure 4.11, showed crys-
tallization taking place between 450oC and 700oC. The sample at 300oC, which presented
the lowest roughness in the XRR measurements, seems to be amorphous as no diffraction
peaks could be appreciated. This is in contrast with the samples deposited on heated
Si substrate, where deposition at 300oC clearly produced crystalline structure. Further
comparison between the results in figures 4.6 and 4.11 show higher peaks, and thus higher
degree of crystallization, when depositing on hot Si substrate (covered by a grown SiO2

layer) than when directly depositing on borosilicate substrate at the same temperature.
Again, this seems to point to the chemical interaction between the layers as a possible
differential factor.
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Figure 4.11: Diffracted intensity as a function of angle (in a two theta frame) in GiXRD
measurements for samples deposited at different temperatures on borosilicate substrate.

Table 4.3: Characteristic photoconductive parameters measured at 1 V on SiGe samples
sputtered on borosilicate substrate at different temperatures.

Annealing temperature (oC) nphoto/ndark τr (sec)
600 0.097 4.398
700 0.065 3.726

Optoelectrical measurements were performed and the results are shown in figure 4.12
and table 4.3. The results reveal absorption efficiencies around 9.7 and 6.5% for the
samples deposited at 600oC and 700oC, respectively. The samples deposited at lower
temperature did not show measurable photoconductivity. Results in figure 4.12a show
a non expected photoconductive behavior; for times between 20 and 40 seconds, the
normalized photoconductivity seems to increase linearly. This trend is more accute for
the sample deposited at 700oC, and it is also noticeable during the discharge process shown
in figure 4.12b, where the normalized photoconductivity for the sample deposited at that
temperature seems to decrease with a linear component after t = 10 s. The possible
introduction of additional terms in the exponential decay stated in equation 2.13 suggests
that the generation and recombination of charge carriers might take place through other
mechanisms of statistical nature. A recombination process mediated by several impurity
levels [14], is proposed as a possible mechanism. The fact that this trend was observed
in samples where the capping layer is missing might suggest that the impurities might be
located at the SiGe layer surface. However, taking into account that discussed trend is
more acute in the sample deposited near the softening temperature of borosilicate glass
might suggest that the defects could be created by diffused borosilicate molecules into the
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SiGe layer. The absorption efficiency of the samples was not enough to perform spectrum
dependent measurements in this case.

(a)

(b)

Figure 4.12: Relative photoconductivity of samples grown on borosilicate substrate
heated at different temperatures, for white light illumination turned on (figure 4.12a)
and off (figure 4.12b). Data fitting using equation 2.14 was performed and the resulting
curve is plotted as a solid line in figure 4.12b.

The tendency of SiGe to aggregate around crystallization centers was further inves-
tigated by AFM measurements. The aggregation was the most obvious for the sample
deposited at 700oC, which showed as the roughest in the XRR measurements (figure 4.10),
and its surface profile is showed in figure 4.13. The shown crystalline aggregates have sizes
ranging between 50 and 200 nm inside the layer plane, and height ranging between 1 and
20 nm. The sample annealed at 600oC showed a similar aggregation structure, but with
broader (400 - 700 nm wide) and shallower (1 - 8 nm height) aggregates. The AFM
measurement for the sample annealed at 300oC revealed a very flat surface, with protu-
berances of only few hundreds of picometers. The aggregation phenomenon is thought to
be key in the formation of nanocrystals, and it was further investigated on samples with
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different layer thickness. Figure 4.14 shows the AFM picture of a (19 ± 2nm) nm SiGe
layer that was deposited under the same conditions as the one showed in figure 4.13. The
results show clear evidence that the layer thickness is a determinant parameter in the
aggregation phenomenon, showing in this case wider (18 ±4 µm) and higher (40± 5 nm)
aggregates. The uniformity of the aggregates shape shown by the right inset in figure 4.14
is also remarkable, suggesting that their size might be controlled with high accuracy. The
elongated shape of the clusters is thought to be due to the uneven bent of the borosilicate
substrate that took place when the sample was cooled after deposition. The fact that the
hight of the clusters was as much as the double of the deposited layer suggests that the
aggregation might have left parts of the substrate uncovered by SiGe, which is critical for
the formation of well defined and separated nanocrystals.

Figure 4.13: AFM image of the surface of a SiGe layer (100±5 nm) deposited at 700oC
on borosilicate substrate. The right inset corresponds to a horizontal sectional profile
located in the middle of the image.
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Figure 4.14: AFM image of the surface of a SiGe layer (19±2nm) deposited at 700oC on
borosilicate substrate. The right inset corresponds to the sectional profile perpendicular
to the elongated aggregates.
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Chapter 5

Outlook

In this thesis, the processing of thin SiO2 layers (thickness ≤ 100 nm) functionalized
with SiGe nanoparticles for highly selective photoconductivity was studied. Different lay-
ers of SiO2 and SiGe were deposited using DC and RF magnetron sputtering, and their
structural and photoconductive behavior characterized. The sample processing was per-
formed against different annealing and deposition temperatures, and using two different
substrates: monocrystalline Si (001) and borosilicate glass. The results clearly showed
higher crystallized structure when depositing on hot substrate, with bigger crystallite size
for increasing temperatures. Depositing at room temperature and annealing afterwards
happened to produce smoother films with better defined interphases, but more prone to
remain amorphous. Using monocrystalline Si (001) as substrate seemed to be advanta-
geous for sample crystallization in comparison to borosilicate glass. The reasons behind
this fact are not well understood, but the different substrate roughness and chemical
interaction are suggested as possible influential factors.

Optoelectrical measurements seemed to show that films with crystalline structure show
better photoconductive properties. However, the results were not conclusive about the
relation between sample roughness and photoconductivity. One sample with selective
photoconductivity was achieved using deposition on hot Si substrate (300oC), showing
maximum sensitivity for light of 780 nm in wavelength. However, whether the absorption
selectivity is due to resonant absorption in SiGe nanocrystals or to an artifact in the
characterization measurements due to a wrong calibration of the white light source is not
clear. Further investigation with more advanced optoelectrical setup and transmission
electron microscope (TEM) to directly determine the internal structure of the samples
could be beneficial in order to better understand the relation between sample morphology
and photoconductivity.

The aggregation of SiGe in nanoislands was observed and investigated. The role of
nanoislands formation is though to be key for the processing of selective photoconduc-
tive films, as they might be precursors of the nanocrystals formation. If that was the
case, higher layer roughness would be preferred, as it indicates a sharper aggregation. It
was found that the aggregation phenomenon in SiGe films with thickness of 19 nm was
more prominent than in films with thickness of 100 nm, suggesting that thinner films are
preferred for the formation of nanoislands. However, as the film thickness decreased the
aggregated clusters seemed to become wider. Further investigation on the aggregation
effect in nanoislands is thought to be key in achieving a controlled processing of SiGe
nanocrystals, and therefore further pursuing this experimental line is highly auspicated.
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