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Thin films comprising three dimensional germanium (Ge) quantum dot lattices formed by nitrogen (N) assisted
magnetron sputtering deposition in alumina (Al,O3) matrix have been studied for light harvesting purposes. In
order to expand the application of this material it is necessary to reduce germanium oxidation and to achieve
stabilization of the germanium/alumina interface. Effects of tuning the N concentration, substrate temperature
and Ge sputtering power during the films preparation are monitored. It is shown that the N presence not only
reduces Ge oxidation during annealing but also affects the internal structure, size and arrangement of Ge
quantum dots. Additionally, the deposition temperature and Ge sputtering power are used to tune the Ge
quantum dot size, separation and the regularity of their positions. It is shown that the optical and electrical
properties of the films, especially their photo-induced current, and quantum efficiency are strongly tunable by
the deposition conditions. Moreover, a significant photo-response and effect of multiple exciton generation effect
is observed. The materials presented could be used as a sensitive layer for photodetectors or photovoltaic light
harvesting devices. The presented tools can be used for future fine tuning of the material to achieve the optimal

quantum efficiency.

1. Introduction

The control and manipulation of the structure of thin films at the
atomic scale has been in the focus of the scientific interest during the
past few decades. Semiconductor nanoparticles and quantum dots (QDs)
have been studied extensively because of the possibility to tune the band
gap by the QD size, generate multiple excitons with a single photon and
many other interesting properties which make them an excellent ma-
terial for the application in photovoltaics and detectors [1-9].

Especially interesting are Ge nanocrystals (NCs) in dielectric
matrices and similar low-dimensional structures based on indirect-gap
semiconductors [10-12]. Ge has a higher electron and hole mobility
than Si, so efforts are being made to study the optical properties of Ge
nanostructures and their possible application in photovoltaics [13]. The
Bohr exciton radius of Ge (24 nm) is much larger than that of Si (5 nm),
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causing much stronger confinement effects in Ge NCs. The estimated
radiative lifetime of excitons in Ge is also strongly size dependent and
varies from nanoseconds to milliseconds corresponding to the diameter
of Ge QDs from 1 nm to 3 nm [14]. Ge QDs, annealed in N rich atmo-
sphere, show the possibility to generate multiple excitons after excita-
tion by a single photon [8]. So the materials based on Ge QDs offer many
advantages for an application in solar cells and other photo-sensitive
devices.

Ge QDs in dielectric matrices are of particular interest due to the
numerous possibilities for designing the materials optical and electrical
properties due to the very strong quantum confinement effect in Ge,
combined with specific properties of the matrix. To ensure the strong
confinement in Ge QDs, a matrix with a large bandgap, like alumina
(~6.2 eV) should be used [15]. However, oxide matrices cause the
oxidation of Ge, which affects strongly the material properties. For
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example, the presence of dangling bonds at the Ge/GeO- interface is a
critical issue concerning Ge-based MOSFETs since this interface usually
has some defect-related states [16,17].

In our previous work, we have investigated the production condi-
tions of regularly ordered 3D Ge QD lattices in oxide matrices using self-
assembling growth by magnetron sputtering [18-21]. These materials
have uniformly sized and spaced Ge QDs and show many benefits
regarding their structure, including the control of the Ge QDs size and
shape. However, the Ge oxidation leads to poor optical and
photo-conversion properties of these films. In this work we explore the
effects of N addition during deposition of Ge QD lattices in alumina
matrix on the Ge oxidation, and consequently on the optical and
photo-electric conversion properties of these films. We have shown that
the addition of N strongly reduces oxidation of Ge QDs after annealing,
so the materials absorption shows tenability by Ge QD size, in accor-
dance with the theoretical prediction. The same effect is well visible in
the wavelength dependence of the photon conversion (quantum) effi-
ciency which is found strongly tuneable via the Ge QD size. Moreover,
film deposited at 500 °C, with the largest Ge QDs, shows a multiple
exciton generation effect, i.e. a quantum efficiency larger than 1. The
presented films therefore could be used as a sensitive layer for photo-
detectors or photovoltaic light harvesting devices.

2. Methods and experimental details

Three series of thin films consisting of 20 alternating Ge and AlyO3
layers were produced by magnetron sputtering deposition (KJLC CMS-
18 system) on Si (100) substrate. The Si substrates were cleaned with
acetone, isopropyl alcohol and deionized water before loading into the
deposition chamber. The substrates were placed on a rotational stage
with a rotating rate of 10 rpm. The substrate size was 5 x 3 cm?. After
the deposition, the substrate was cut into smaller pieces with sizes of
approximately 1 x 1 cm?, which were used as samples for different
measurements. Pure Ge and Al,O3 were used as targets, 3 inch in
diameter, in DC (9 W) and RF (250 W) magnetron discharge modes,
respectively. The ionized working gas was mostly argon with an
admixture of nitrogen. The total pressure (sum of partial pressures of Ar
and Nj) was kept at the constant value of 3.5 mTorr, during all de-
positions. The base pressure in the chamber prior the deposition was 10
8 mTorr. Details about the deposition parameters of all samples, and the
Ge and N atomic percentages in the film, are given in Table 1. After the
deposition, the films were annealed in vacuum at 700 °C for 45 min.

The three series of samples differ by: (a) Ge deposition time, (b) N
flow rate during the deposition, and (c) deposition temperature.
Accordingly, the sample notation is composed of three letters: the first
one (L) is related to the thickness of Ge layer (proportional to the Ge

Table 1

Deposition parameters of the produced Ge QD lattices. F\—No flow rate, T -
deposition temperature, t (Ge, Al,03) - time of deposition of Ge and Al,O3 layers
respectively, % Ge - germanium content and % N - nitrogen content (atomic
percentage in the film). The atomic percentages for Ge and N were measured by
TOF-ERDA after the deposition.

Name/ Fn/ T/ t (Ge/Al,03)/ % Ge % N

parameter scem °C s

LiN; T, 0 400 45/100 11.7 + 0.71 +
0.7 0.09

LiN,Ty 2 400 45/100 12.7 + 2.1+0.2
0.8

LiN3T, 5 400 45/100 12.8 + 6.0 + 0.4
0.8

LiNoT, 2 300 45/100 12.1 + 2.6 +0.2
0.8

LiN,T3 2 500 45/100 13.8 + 2.0+0.2
0.9

LoN,oTo 2 400 65/100 16+1 2.9+ 0.2

L3N,To 2 400 85/100 20+1 29+0.2
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deposition time), the second one (N) refers to the N flow rate during the
deposition, and the third one (T) is related to the deposition tempera-
ture. For each of these parameters three different values are used, so the
indices run for 1-3 for all letters.

High Resolution Transmission Electron Microscopy (HRTEM) in-
vestigations were carried out in an aberration corrected THEMIS mi-
croscope at 200 keV. Formed Ge QDs were also observed using a high
angle angular dark-field detector (HAADF) in scanning transmission
electron mode (STEM). For the Energy Dispersive Spectroscopy (EDS)
mapping a Super-X detector was used. The cross-sectional TEM samples
were prepared by conventional Ar ion beam milling.

The elemental composition of the samples, shown in Table 1, was
measured by Time-of-flight Elastic Recoil Detection Analysis (TOF-
ERDA). The measurements were done using a 20 MeV 12716+ beam, the
angle between sample surface and beam was 20°, and the spectrometer
was placed at 37.5°.

A powerful method for statistical structure analysis is Grazing Inci-
dence Small Angle X-ray Scattering (GISAXS) and Grazing Incidence
Wide Angle X-ray Scattering (GIWAXS). GISAXS is used complementally
with microscopy and provides data collected from a large amount of
nanoparticles (~10') so it ensures statistical relevance of the results,
which is important for QD lattices since their ordering regularity can
significantly vary. These measurements were made at the synchrotron
Elettra (Trieste, Italy) using a photon energy of 8 keV. The scattered
radiation was collected simultaneously by a two-dimensional Pilatus3 1
M detector (GISAXS) and a two-dimensional Pilatus 100 k detector
(GIWAXS). The grazing incidence angle was slightly above the critical
angle for total reflection.

XRD measurements were performed using a D5000 thin film
diffractometer under the grazing incidence angle of 0.4 deg.

The oxidation of Ge in all samples was determined by X-ray photo-
emission spectroscopy (XPS) in a SPECS XPS instrument equipped with a
hemispherical electron analyser and monochromatized Al Ko X-rays of
1486.74 eV. The photoemission spectra were taken around the Ge 2p
core levels and simulated with mixed Gaussian-Lorentzian functions
with Shirley background subtraction. The binding energy scale was
calibrated against the position of the C 1s peak placed at 284.5 eV.

Spectroscopic Ellipsometry (SE) measurements were carried out with
a V-VASE ellipsometer (J.A. Woollam) in the range between 0.5 and 5
eV at an angle of incidence of 70°. Modelling of the ellipsometric mea-
surements was carried out by considering the Ge QDs in Al,O3 composite
film as a single homogenous layer. The photon energy dependence of
Ge-Al»03 layer effective optical constants was represented by a sum of
Gaussian oscillators, due to its flexibility in modelling multi-component
systems. The Ge-Aly03 layer thickness was fixed to the values obtained
by GISAXS measurements. For several annealed samples a thin layer of
surface roughness, modelled with the Bruggeman effective medium
approximation with 50% Ge-Al,03 and 50% void, was added on the top
of the Ge-Al,03 film to obtain satisfactory data fitting. Since sputtered
alumina has an optical band gap around 6.2 eV, it is transparent in the
visible spectrum [22]. Therefore, photon absorption revealed by the
imaginary part of the dielectric function can be associated to Ge QDs in
the measurements spectral range.

For the current-voltage (I-V) and quantum efficiency (QE) mea-
surements, we have used a Photovoltaic Testing System — Spectral
Response and Quantum Efficiency from Sciencetech, (White Light
Quantum Efficiency System), in the spectral range from 320 nm to 1200
nm using a bias voltage of 5 V. The [-V measurements were taken upon
illumination of the samples with 1 sun (100 mW/crnZ), obtained by a
150 W Xenon lamp and an AM1.5G filter.

For the electrical measurements, the films were coated by an indium
tin oxide (ITO) layer on the film surface to serve as an optically trans-
parent contact, and an Al thin layer on the bottom side of the Si sub-
strate. Both contacts were deposited using the same sputtering system as
used for the films deposition. Deposition was performed at room tem-
perature, resulting in the thickness of both contacts of approximately
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100 nm. 4 square-like top contacts were deposited, each of them
covering 9 mm? of the surface, and a single back contact covering
approximately 30 mm? of the surface. The testing of the electrical
properties was performed for all 4 front contacts, and the mean value
was taken.

3. Structural properties
3.1. Quantum dot self-assembly

The ordering of Ge QDs in alumina is investigated by a combination
of the TEM and GISAXS techniques. TEM provides information in real
space, while GISAXS shows the structural properties in reciprocal space
with excellent statistics, and it is very suitable for the precise charac-
terization of the regularity in the QD ordering. Using on adequate
GISAXS analysis procedure it is possible to obtain values for the QD
shape, average size, ordering properties and the statistical distribution
of all mentioned parameters. GISAXS maps of the investigated films are
shown in Fig. 1. All maps show horizontal sheets, centred at Qy =0 nm?,
and clearly visible peaks with the centre at approximately Qy = +1 nm™.
The horizontal sheets are related to the multilayer structure of the films,
while the side peaks show the presence of 3D regularity in the QD po-
sitions. These peaks, therefore, are of particular interest for the analysis
as they reveal the quality of the self-assembled growth. So, all films show
3D ordering of the Ge QDs, however, the quality of ordering as well as
the QD sizes depend on the deposition conditions.

(b) LN, T,

e
—

() LN, T,

0
0,(mm™)

0 (nm™)
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All structural parameters are obtained by numerical analysis of the
GISAXS maps [21]. We assume that the Ge QDs are arranged in a body
tetragonal lattice characterized by the basis vectors a;-as. Vectors a;
and a? are placed in the plane parallel to the substrate (assumed x-y
plane), while the third basis vector az defines the vertical ordering of the
QDs. The separations between QDs are equal in the plane parallel to the
substrate, so |a;| = |az| = a, while the vertical (z) component of as
equals multilayer period c. The shape of the QDs is assumed to be
spheroidal with the radius Ry, in the plane parallel to the surface, and Ry
perpendicular to it. Details about the determination of structural pa-
rameters from GISAXS can be found in Ref. [21], while Table 2 sum-
marizes the main parameters obtained from the fits: in-layer dot
separation a, multilayer period c, deviations of the QD positions from the
ideal ones (6%, 6%, 6%.3), QD radii (R;, and Ry) and the standard devi-
ation of their distribution og. The GISAXS maps of the films annealed at
700 °C are practically the same as from the as-grown ones. Two exam-
ples are shown in the insets of Fig. 1(f)-(i). This is in agreement with our
previous results, showing that the disintegration of the films starts at
800 °C [20].

Self-organized growth of Ge QDs in alumina is regarded as a com-
bination of diffusion-mediated nucleation and enhanced nucleation
probability in the troughs of the underlying substrate. If diffusion-
mediated nucleation would be the only growth mechanism of Ge QDs
there would be only in-layer spatially correlated QDs, with no interlayer
correlations. Since the nucleation is more probable in the troughs of the
previous layer, there should be a correlation in the QD position between

Intensity (a.u.)

0
Q,(mm™)

Fig. 1. GISAXS maps of the films. (a)-(c) nitrogen content is increasing, (d)—(f) deposition temperature is increasing and (g)-(e) Ge layer thickness is increasing. The
GISAXS maps of the annealed films are practically the same as the non-annealed. Two examples are shown in the insets of the panels (f) and (i).
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Table 2
Parameters of the Ge QD array determined by fitting their GISAXS maps shown
in Fig. 1. All values are given in nm.

name/parameter A C oY oy i3 Ry Ry OR
LiN;To 5.3 4.2 1.5 0.9 0.5 1.4 0.9 0.4
LiN,To 5.2 4.1 1.5 0.7 0.1 1.5 0.9 0.4
LiN3T2 5.2 4.1 1.6 0.8 0.3 1.1 0.9 0.3
LiN,Tq 5.3 4.5 1.5 0.9 0.4 1.2 0.8 0.3
LiN,T3 6.0 3.4 1.6 0.8 0.4 2.1 1.7 0.4
LoNoTo 6.1 4.2 1.5 0.9 0.7 2.0 1.6 0.4
LsNoT, 62 43 16 09 08 31 17 05

a = |a;| = |az| -in-layer dot separation.

¢ = |a3|-multilayer period.

61,2. this should be in te same line with the ’xy’

¥, 6%, 61 3-deviations of the QD positions from the ideal ones defined by basis
vectors a;-as.

Ry and Ry -QD radii and the standard deviation of their distribution og.

the layers, as explained in detail in Refs. [20-23].

From the results obtained by GISAXS analysis we can see three
important properties of the deposition process. They are shown in Fig. 2.
First, the addition of nitrogen (N;-N3) to the working gas during
deposition does not influence significantly the deposition rate of Ge.
Therefore, the film thicknesses, as well as the QD lattice parameters are
nearly the same, despite the change of the nitrogen partial pressure (the
total pressure was kept constant). However, the nitrogen influences the
ordering quality of the Ge QDs. The second order of Bragg spots are
narrower and more visible for the film with 2% nitrogen (L;N2T5). The
same follows from the numerical analysis of GISAXS, parameters ¢%”
and o33 (see Table 2). Second, the increase in the deposition tempera-
ture (T1-T3) results in larger Ge QDs. A more significant effect is on the
lateral radius of the Ge QDs, Ry, as it increases from 11.9 nm to 20.8 nm
when the deposition temperature changes from 300 °C to 500 °C.
Therefore, the deposition temperature can be used to control the lateral
size of QDs. Finally, the thickness of the Ge layer (L;-L3) influences
mostly the vertical radius, R,, of Ge QDs, since it changes from 8.3 to
25.9 nm for the Ge layer deposition times 45 s-85 s. However, the lateral
Ge QD size also increases and the QDs overlap for the highest Ge layer
thickness, so actually we get continuous layer of Ge, not separated QDs.

Thus, the nitrogen content, deposition temperature and Ge layer
thickness are important deposition parameters that allow us to control
the size and separation of Ge QDs and their ordering quality. It will be
shown in the following sections that these properties significantly affect
the optical and photo-electrical properties of the materials, so their
control can be a powerful tool for optimizing photoelectric and photo-
voltaic devices.

The incorporation of nitrogen during the magnetron deposition
process implies possible changes in the dynamics of the plasma, since

61 (a) B in-laycr separation (@) 2.0 (b)
- multilayer period (c)
54
1.5
4_ i ?
E £
=31 s 1,01
L% § z
s 2
b
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with increasing number of nitrogen molecules there is a greater proba-
bility for collisions. More collisions promote dissociation of Ny and
provide in this way a continuous source of atomic nitrogen [24]. It has
also been shown that increasing the nitrogen flow continuously de-
creases the thickness of the film as well as the crystallinity. Furthermore,
an increasing nitrogen flow rate seems to have a big effect on the grain
size [25,26].

TEM measurements of the film L;NoT3 are shown in Fig. 3. The figure
shows the formation of ellipsoidal Ge QDs with lateral and vertical sizes
of about 4 nm and 3 nm, respectively, which is in excellent agreement
with the results of the GISAXS analysis. The elemental composition of
the films, shown in Fig. 3(b), is in agreement with the formation of Ge
QDs in alumina matrix. The Si substrate native oxide is also well visible.
It has a thickness of about 2.5 nm. Together with the alumina oxide layer
of similar thickness, it represents a potential barrier for the carriers from
the Si substrate.

3.2. Ge QD internal structure

The internal (crystalline) structure of the films, measured by the
diffraction technique, is demonstrated in Fig. 4. XRD patterns for all as
deposited samples show two broad maxima centred at ~27 deg and ~48
deg (Fig. 4(a)-(c)), revealing an amorphous nature of the Ge QDs in the
as deposited films. Interestingly, it is noticeable how the degree of short-
range ordering of Ge atoms varies with the deposition conditions, as
suggested by the relative intensity of the second maximum at ~48 deg.
This maximum gets more suppressed with more N within the film,
indicating that the presence of nitrogen further decreases the degree of
spatial ordering of Ge atoms. The degree of local atomic ordering also
depends on the Ge layer thickness (Fig. 4(c)): it increases with the
thickness which can be related to the concurrent increase in size of Ge
QDs, while it does not depend significantly on the deposition tempera-
ture (Fig. 4(b)).

The diffractograms of the annealed films (Fig. 4(d)-(f)) match with
the simulated XRD spectra of Ge nanocrystals (crystallites) (shown by
dashed lines at the bottom), revealing crystallization of Ge QDs during
annealing. A small shift of the reflection positions is visible in the
measured curves indicating the presence of stress in the formed QDs
causing smaller lattice constants than in the bulk Ge. This effect has
already been investigated in Ge QDs in alumina matrix [20]. The size of
the formed Ge crystallites is estimated from the FWHM of the Ge (111)
reflection using the Scherrer formula. This method does not yield ac-
curate sizes, but we take the trend of the change in the crystallite size as
reliable. These trends are shown in the insets of Fig. 4(d)—(f) for the three
varied deposition parameters. First we note that the sizes of the formed
Ge crystallites are significantly smaller than the sizes of the Ge QDs
found by GISAXS analysis (see Table 2). This indicates that, after
annealing the Ge quantum dot consist of several smaller crystallites. In

- S, ny &9 (c)

.- —5
= -
13

_

£

g

P

=

LIN3T2 0.0=

LIN2T1

LIN2T2 LIN2T3

Fig. 2. Bar plots of the main structural parameters of the films. (a) In layer separation a of the Ge QDs, and the multilayer period ¢ in dependence on the N con-
centration. (b) Disorder parameters 1.3 * in dependence on the N concentration. (c¢) Lateral and vertical radii (R, and Ry) in dependence on the deposition

temperature.
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Fig. 3. TEM images of L;N,Tjs film. (a) HRTEM images with different magnifications, (b) (HAADF-STEM) image together with EDS coloured elemental maps.

N concentration

Ge layer thickness
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Fig. 4. XRD spectra of all samples after (a)-(c) deposition and (d)-(f) annealing in vacuum for 45 min. The simulated curves of crystalline Ge QDs are shown by
dashed lines. The insets show the c-Ge QD radii obtained from the fitting of the corresponding diffraction curves. The X-axis in the insets indicates the number of the

changing index in the sample name for each series.

addition, the crystallite size and the whole Ge QD size shows opposite
trends (Fig. 4(e) and Table 2). This suggests that a higher deposition
temperature, in combination with the presence of nitrogen, results in
more crystallization centres within the QDs, as observed previously [25,
26]. The Ge crystal size increases with the Ge-layer thickness as expected
and found by GISAXS analysis.

3.3. Germanium oxidation

The formation of Ge-O bonds and the oxidation states of Ge can be
determined from the chemical shifts in XPS spectra taken around the Ge
2p and O 1s core levels. We focus here on the Ge 2p photoemission as it
shows larger chemical shifts and a more distinctive structure than O 1s
(Ref. [19,27]). The representative spectra from the selected films pre-
pared with three different concentrations of nitrogen (LjN;Ta, LiNoTy
and L1N3T5) are shown in Fig. 5. Before the XPS analysis, the samples
were slightly etched by 2 keV Ar" bombardment within the analysis

chamber to remove surface contamination (sputtering off approximately
2 nm from the film surface). In general, the ion bombardment of semi-
conductor surfaces, used as a method of surface preparation (surface
cleaning or ion-assisted etching) can create some damage in the
near-surface region, including implantation of Ar ions, preferential
sputtering, cascade mixing, and amorphization, or even changes in the
electronic structure, all of which can influence the XPS data interpre-
tation. The ion-induced damage was minimized in the present study by
the use of relatively low energy and bombardment time of Ar™ ions,
resulting in no detectable changes in the XPS spectra.

The Ge 2p photoemission is characterized by the large spin-orbit
splitting of the 2ps,» and 2p; /3 levels while in Fig. 5 we show only the
part of the spectra around Ge 2ps3,,. From the fitting of the experimental
curves, we note that, in addition to metallic Ge (Ge (0)), Ge is oxidised in
all samples mostly in the +4 oxidation state (GeO3). The first two films
with 0% and 2% of N, respectively (Fig. 5(a) and (b)) have a similar ratio
of Ge (0) and Ge oxides. The third film has a significantly larger amount
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of oxide, but that film also has the smallest Ge QDs (larger dot surface
per unit volume ratio, providing a larger oxidation area). From these
measurements we conclude that the presence of N during the deposition
does not influence significantly the formation of Ge oxides. The most
interesting results of the XPS measurements are obtained on the same
films after annealing as shown in the right column of Fig. 4. The
annealed films with N (Fig. 5(b) and (c)) show a significant reduction of
oxides with the amount of nitrogen. Although the oxide has not been
completely removed by annealing, this result could be an important
guideline for the preparation of oxide-free Ge QDs. A similar observa-
tion was found in Ref. [28] where a stabilization of the GeO,/Ge
interface by N addition was demonstrated.

4. Optical properties

Fig. 6 shows the dependence of the imaginary part e of the films
dielectric function on the photon energy, closely related to the absorp-
tion of the films, obtained from the ellipsometry measurements. The
measurements show a strong dependence on the deposition conditions
and on the annealing treatment. Fig. 6(a)-(c) show the spectra of the
films before annealing, while the annealed ones are shown in Fig. 6(d)-
®.

First we consider the €5 of the non-annealed films. Although the QD
sizes and their separations are very similar for the first series of the films
differing by the N amount (L;N;.3T»), as well as the Ge atomic per-
centage, their curves differ significantly. The first two spectra (N; and
Ny) are similar, they both have a relatively sharp double peak, with the
maxima close to 3.5 eV and 3.8 eV, superimposed on a broader signal.
The third spectrum (highest N content) has a lower signal with no sharp
peaks. That film has practically no second Ge diffraction peak (Fig. 4(a))
and shows the highest relative amount of GeOy (Fig. 5(c)).

The second series, differing by the deposition temperature (L;NoT;.
3), again shows similar features for the first two films, while the third
one, deposited at the highest temperature, is again lower in the intensity
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Fig. 6. Imaginary part of the dielectric function determined by ellipsometry measurements for all investigated films (a)-(c) before and (d)-(f) after anneal-

ing treatment.
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and with no sharp peaks. Although the last film shows similar optical
properties as the one with the highest N content from the first series, this
film shows the presence of the second diffraction Ge peak (Fig. 4(b)).

The third series differing by Ge layer thickness (L;.3N2T5), shows the
sharp peaks only for the thinnest Ge layers (L). The overall intensity of
the other two films increases with Ge-layer thickness and the peak po-
sition shifts toward smaller energies. All of these films show a well-
developed second peak in the diffraction curves.

Considering all above, it seems that the appearance of the sharp
peaks is not related to the crystalline structure of Ge, but most probably
it is related to the presence of Ge oxide. In order to understand better all
the features, we analyse the spectra of the annealed films shown in Fig. 6
(d)-(f). It is interesting that the sharp intense peaks disappeared for all
annealed films except the one with no N addition (Fig. 6(d)). According
to the XPS analysis, the relative amount of Ge oxide increases after
annealing only for that film, while in all films with addition of N, the
amount of GeO, decreases. Therefore, we believe that the strong peaks
are related to the presence of GeOy around the Ge QDs. However, ac-
cording to the data from the literature, GeOy should not have some
intense peaks in that energy range [28], so it is very possible that the
features are related to some specific structure forming at the Ge/GeO,
interface [29], and/or to the modification of the Ge properties due to the
GeO; shell. Alumina matrix has a very low absorption in this energy
range so we do not take it into account [30]. In our previous work we
have shown that the presence of a Si shell around Ge can significantly
influence their optical properties [31,32] also showing that sharp fea-
tures in their absorption spectra become enhanced when the
shell-to-core radius ratio increases. Thus, the formation of a GeO shell
around a Ge core could affect the absorption curves of the QDs.

Finally, we consider the position of the peaks in the €5 of N-con-
taining films after annealing in Fig. 6(d)-(f). These peaks are broader
than the previously considered ones, but their positions strongly depend
on the deposition conditions. It is interesting that the positions show a
correlation with the sizes of crystalline Ge QDs as demonstrated in the
insets of Fig. 4(d)-(f). When the crystal size decreases, the peak position
shifts toward higher energies, which is well visible in Fig. 6(e). The
opposite shift is visible if the crystallite size increases, as demonstrated
in Fig. 5(f). These shifts are in accordance with the confinement theory
and the size-dependent Ge bandgap. The energy positions of the peaks
are close to the theoretical values, with a small extra shift toward larger
energies [20,33].

We conclude that the absorptions of the as-grown films and the film
with no N added are strongly influenced by the presence of Ge oxide
around the Ge QDs. It causes the appearance of strong and sharp ab-
sorption peaks, with approximately the same energy position. The
annealed films, which were prepared with the presence of N, show
broader peaks with the positions strongly dependent on the c-Ge size, in
accordance with the confinement theory for Ge nanocrystals.

5. Photo-response

Photo-current and electrical properties were measured by contact
geometry as described in section 2. Typical I-V measurements of the as-
grown and annealed films are shown in Fig. 7, together with the scheme
of the geometry used for the measurements. It is clear from the mea-
surements that light enhances the current in both cases (before and after
annealing). However, the photo-generated current is more than 100
times stronger for the same film after annealing. The reason of such
current improvement is double. The first one is a strong reduction of Ge
oxidation by annealing as shown by the XPS measurements. The second
reason is a strong decrease of the defects number by annealing as the Ge
QDs crystallize. A similar effect was observed by other authors [34,35].
All films show a similar behaviour. Therefore, we shall consider only the
annealed films in the further analysis.

The photo-electrical properties of all annealed films are shown in
Fig. 8. The dependence of the current on the applied voltage is shown in
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Fig. 7. I-V curves of the (a) as-grown and (b) annealed film L;N5T5. The
scheme of the geometry for the measurement is shown in the inset of panel (a).

Fig. 7(a)-(c). The strongest photo-current is generated for the middle-
amount of nitrogen (L;N5Ts, see Fig. 8(a)), similarly to the imaginary
part of the dielectric function. The comparison of currents from films
deposited at different temperatures is shown in Fig. 8(b). The strongest
current is generated in the film deposited at the highest temperature
(L1N2Ts). This film is also characterized by the strongest current ob-
tained from all investigated films. The dependence of the current on the
Ge-layer thickness (Fig. 8(c)) shows the opposite trend. An increase in
the layer thickness with the corresponding increase of the amount of Ge
causes a decrease in the photo-generated current. The films are not
prepared in the solar cell configuration, so the values of the open circuit
voltage and the short circuit current are close to zero.

The difference between the photo-generated and dark current for all
films at a bias voltage of 1.8 V is demonstrated in Fig. 8(d)-(f). As dis-
cussed before, the result of an increased deposition temperature is an
increase of the photo-generated current, while an increase in the Ge-
layer thickness causes a decrease of the current. The number of photo-
generated carriers is related to the materials properties, i.e. the oppo-
site trend with respect to the Ge crystallite size. The reason of such
behaviour is further explored by measurement of the quantum efficiency
(QE).

The photo-generated current show relatively small fill-factor. To
understand better such behaviour, we have determined the resistance
and shunt resistances from the dark current measurements, according to
the procedure described in Ref. [36]. The obtained values are plotted in
Fig. 8(g)-(i). The general property of the resistances is that they are high
for the small values of the photo-generated currents (please compare the
panels (d)-(f) and (g)-(i) in Fig. 8). The shunt resistances are in the range
of kQ, so they should not alter much the photo-generated current.
However, the series resistances are quite high for most of the films, and
they very probably reduce the fill-factor. Such behaviour is probably
caused by strongly isolating alumina matrix, and large separation of Ge
QDs.

The dependence of the photo-generated current on the light energy is
shown in Fig. 9. The curves represent the QE, i.e. the number of
extracted electron-hole pairs per one incident photon. The arrows
indicate the positions of the bandgaps for the Ge QDs as determined
from the structural parameters, all of them given in Table 3. From the
measurements follows that the QE strongly depends on the films prep-
aration conditions.

The influence of N addition on the QE is shown in Fig. 9(a). The best
efficiency is obtained for the middle N concentration, in accordance
with the I-V measurements shown in Fig. 8(a) and (d). The positions of
the peaks in the QE correspond roughly to the Ge QD bandgap values for
the films containing nitrogen, (LjN2T2 and LiN3Ty). The film without
nitrogen, LN Ty, does not show a matching of the maximum of the QE
curve and the bandgap values, which is probably a consequence of oxide
formation. The same film showed different optical properties caused by
the same reason (see Fig. 6).
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Fig. 9. Quantum efficiency (number of generated electron-hole pairs per photon) for all investigated films after annealing. The arrows indicate the positions of the
bandgap calculated from the radius of the Ge QDs (dashed arrow) and the Ge crystallite size (full-line arrow), see Table 3. The colour of the arrows corresponds to the
colour of the QE lines of the same film. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



M. Tkalcevi¢ et al.

Table 3

Parameters of the Ge QD sizes (Rgp, Reryst) and bandgap values (EC QD> Eccryst)
obtained from the Ge size determined from the GISAXS and XRD measurements
respectively, according to the theory given in Ref. [12].

name/parameter Rop (nm) E%p (eV) Reryst (nm) EC s (€V)
LiN;To 1.2 2.0 1.05 2.3
LiN,To 1.3 1.9 1.2 2.0
L,N5T2 11 2.3 1.1 23
LiN,Ty 1.4 1.8 1.4 1.8
LiN,T3 2.0 1.3 1.1 2.3
LoNoTo 1.9 1.4 14 1.8
LsNoTs 25 12 15 17

The deposition temperature dependence of the QE (Fig. 9(b)) shows
two interesting features. The first one is its dependence on the Ge
nanocrystal radius. The QE curve is shifting toward larger energies with
decreasing Ge crystalline size (see Fig. 4(c)), which is in agreement with
the confinement effect in Ge crystals. The positions of the bandgaps
correspond to the maxima of the QE curves, as visible from the positions
of the arrows. The second very interesting property is the value of QE
which is larger than 1, measured for the film grown at the highest
temperature (LyN2T3). The same film also has the highest photo gener-
ated current (around 3 times larger than the second one), as discussed
earlier (Fig. 8(d)—(f)). The position of the QE peak with the intensity
larger than 1 is around 2.5 eV. This value should be two times the Ge QD
bandgap value, if two exciton generation caused its appearance. The
value of the bandgap for this film should be around 1.3 eV according to
the size of the Ge QDs for this film, which is around 4 nm (see Table 3
and Refs. [6,12]). This indicates strongly that the observed effect is
indeed the consequence of two exciton generation after single photon
excitation. The same film also shows a much stronger QE at energies
larger than 3 eV than all other films. We believe that three exciton
generation (expected at the energies 3.5-4.0 eV) also occurs and rises
the QE at larger energies. It is not clear the influence of Ge QD and Ge
crystallite size. These two parameters show the opposite trends with the
deposition temperature increase. It seems that both of them have an
influence on the photo-electric properties. The crystalline size on the
optical, and the QD size on the photo-electrical.

Finally, the effect of the Ge layer thickness i.e. the Ge QD size is
demonstrated in Fig. 9(c). A clear shift toward smaller energies with the
Ge QD size is evidenced, as well as a decrease of the overall QE.
Increasing the Ge layer thickness, the Ge QDs become larger and they
start to touch each other, as discussed in the section of the GISAXS
measurements, causing the appearance of many defects at their
boundaries. Additionally, the confinement effects decrease, as the QDs
are not surrounded by the high-bandgap matrix. They form a 2D system
instead. Therefore, the observed energy shift toward smaller energies is
expected in accordance with the formation of 2D Ge layer and of course
by increasing of the Ge QDs size. The decrease of the intensity is prob-
ably caused by the increased number of defects in germanium, which
form at the Ge crystallite grain boundaries for high Ge layer thicknesses
which causes Ge QD overlapping. The larger number of defects causes an
increased recombination of carriers within these layers, and a smaller
spectral response as well as a smaller photocurrent, as visible from Fig. 8
(¢) and (f).

In summary, all QE measurements are in accordance with the I-V
measurements and the number of photo-generated carriers.

6. Conclusions

We have investigated the effect of nitrogen addition during magne-
tron sputtering deposition of materials consisting of 3D-ordered Ge
quantum dots embedded in an alumina matrix on their structural, light
absorption and photo conversion properties. We have shown that the
addition of N strongly affects the material optical and photo-generation
properties, while it does not affect significantly the self-assembled
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growth of Ge quantum dots and formation of 3D ordered Ge quantum
dot lattices. The addition of N reduces oxidation of the Ge quantum dots,
so the effects of quantum confinement are clearly visible in their optical
properties. The optimal conditions for photo-induced current are
explored, and it is shown that higher deposition temperatures and
thinner Ge layers leading to the formation of isolated Ge quantum dots,
improve the photo-induced current. The material produced at the
highest temperature (500 °C) shows the effect of multiple exciton gen-
eration, while the quantum efficiency of all materials deposited with N
assistance shows a peak corresponding to the bandgap of the Ge quan-
tum dots. The above mentioned effects and the material itself could be
very useful in light harvesting and the production of heavy-metal free
high-efficient solar cells and photodetectors.
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