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Germanium Quantum Dot Gritzel-Type Solar Cell

Jonathan Cardoso, Sarita Marom, Justin Mayer, Ritika Modi, Alessandro Podesta,
Xiaobin Xie, Marijn A. van Huis, and Marcel Di Vece*

Solar cells fabricated from sustainable quantum dot materials are currently
not commercially available, but ongoing research provides a steady increase
in efficiency and stability of laboratory devices. In this work, the first
germanium quantum dot solar cell made with a gas aggregation nanoparticle
source is presented. UV-vis spectroscopy reveals quantum confinement, and
the spectral response of the germanium quantum dot Gritzel-type solar cell
confirms the presence of large and small band gap optical absorption due to
a mix of particle sizes. Some of the particles are small enough to have
substantial quantum confinement while others are so large that they have
bulk-like properties. The efficiency of the germanium quantum dot solar cells
is very low but could reach 1% if the formation of germanium oxide layers is
avoided in future experiments. This first quantum dot solar cell made with a
gas aggregation nanoparticle source demonstrates, as a proof of concept, the
technological potential for research and applications combining the fields of

photovoltaics and gas aggregation nanoparticle sources.

1. Introduction

Quantum dots are an interesting form of matter because their
band gap is tunable via control over the size of the
semiconductor particle, typically well below 10nm,’*? due to
quantum confinement.? The inspiration to use quantum dots in
solar cells are the tandem or multi-junction cells in which more
photons of different energy are harvested. Although tandem
solar cells are commercially available and they indeed have a
higher efficiency,! they are very expensive, leaving ample space
for research toward economically viable materials, such as cheap
quantum dots. These quantum dots?®! allow the use of a single
cheap semiconductor in a tandem solar cell. Quantum dots of
different size and therefore different band gaps could harvest
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different parts of the solar spectrum.
Although commercial quantum dot solar
cells based on sustainable materials such as
Ge are currently not available,”” in this
work we demonstrate its potential. The
quantum dot based emitting displays
(QDOT)"! demonstrate that this technol-
ogy could become a commercial product in
the near future.

Solar energy conversion to electricity in
laboratory quantum dot solar cells remains
too low (currently 12%®)) and therefore
requires fundamental improvements. One
of the key factors is the efficient transport of
charge carriers (electrons and holes) toward
the opposing electrodes. The chemical
properties of the quantum dot surface, the
material between the quantum dots and the
contact properties with the electrodes are all
veryimportantto obtain the bestefficiency. A
class of well-studied quantum dots are the
PDb- or Cd-based chalcogenide family (e.g.,
PbS, PbSe, and CdTe QDs), which are conveniently produced and
have promising optical and electronic properties,’” however, these
materials are also toxic, and development of solar cells based on
more sustainable material solutions is highly desired.

Although new concepts and materials are intensively investi-
gated to further increase solar cell efficiencies, silicon remains a
very attractive photovoltaic (PV) material. Silicon as quantum dot
for solar cells may lead to enhanced device performance.!"” Silicon
quantum dots, which are employed in a tandem cell have the
potential to not only tune the band gap of silicon,""! but for the
smallest sizes, a direct band gap may also appear.'? In principle, a
direct band gap increases absorption as compared to the indirect
band gap of bulk crystalline silicon.!**) However, small quantum
dots have a low density of states which in turn reduces their optical
absorption. Quantum confinement in silicon nanoparticles has
been demonstrated by photoluminescence, which yielded a clear
size dependence."*'® Another interesting property is the
generation of multiple excitons, which was observed by step-like
enhancement of the luminescence quantum yield," which was
even possible in adjacent silicon nanoparticles.*”

The main reason why silicon quantum dots are not yet
implemented in solar cells is the difficulty to produce high-
quality silicon quantum dots both by physical and chemical
methods. Some proof of principle silicon quantum dot solar cells
have been developed, such as the silicon-rich silicon oxide or
silicon carbide, in which nanoparticles are formed upon
annealing whereby the silicon atoms aggregate to form
particles.*!??l However, these silicon nanoparticles have a large

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/pssa.201800570
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

size distribution and are often separated by large distances,
which hinders electrical conductance. The large size distribution
will prevent accurate tuning of the band gap and forms exciton
trapping centers.

The fabrication of mono disperse quantum dots with
controllable separation distance is a prerequisite for successful
application in a solar cell. In a recent publication by Di Vece,**!
the gas aggregation nanoparticle source has been proposed as a
promising device to produce semiconductor quantum dots. In a
recent work by Tang et al,” silicon nanoparticles were
fabricated with such a gas aggregation nanoparticle source. In
this work, we fabricate nanoparticles of the other group IV
semiconductor: germanium, which is a novelty on its own.
Germanium has similar chemical properties as silicon, with the
advantage that the band gap (0.66 eV at 300 K2*!) is much smaller
and that the Bohr radius of germanium, the size at which
quantum confinement sets in, is about 24 nm."*®! This very large
Bohr radius makes it an excellent material to explore the
quantum confinement and implement this in a solar cell.
Moreover, the optical absorption cross-section of germanium is
much higher than that of silicon,””! which makes it ideally
suitable for very thin film solar cells. In this work, the
germanium quantum dots, as produced by the magnetron
sputtering gas aggregation nanoparticle source, were deposited
on one electrode of a Gritzel-type solar cell.”® Although the
efficiency of this germanium quantum dot solar cell remains to
be improved, a proof of principle germanium quantum dot solar
cell fabricated with a gas aggregation nanoparticle source opens
up a new avenue for quantum dot solar cell research and is
therefore of high-technological value.

2. Experimental Section

The germanium nanoparticles were deposited with a gas
aggregation nanocluster source based on magnetron sputtering
(NC200U-B Oxford Applied Research Ltd.)***% on glass with
ITO (80nm) substrates (1cm?). For the deposition of nano-
particles, argon gas was used as both sputter and carrier gas
inside the gas aggregation chamber with a flow rate of 15 sccm.
The germanium target had a purity of 99.999% and the dopant
concentration Sb <0.06 pgg™". The magnetron DC power was
~110W for all samples and the aggregation length was varied
between 30 and 60 mm.

The germanium nanoparticles were investigated with two
transmission electron microscopes (TEM): 1) Philipps CM10
(FEI) electron-microscope operated at 80kV and 2) FEI Talos
F200X TEM operated at 200kV and equipped with Super-X
energy-dispersive X-ray spectrometry (EDX). The TEM micro-
graphs were taken of germanium nanoparticles deposited for
1min on holey a-C TEM grids keeping the deposition
parameters identical to the parameters used for the nano-
composite samples which were deposited on ITO. The
morphological characteristics of the electrode surfaces were
determined by atomic force microscopy (AFM) using a Bioscope
Catalyst AFM by Bruker operated in Tapping Mode in air,
equipped with standard probes with radius below 10 nm. AFM
raw images were flattened by subtracting a paraboloid in order to
remove the scanner-induced bow and the sample tilt. A median

Phys. Status Solidi A 2018, 215, 1800570

1800570 (2 of 8)

physica
status
solidi
]

Www.pss-a.com

filter was applied to AFM images to remove high-frequency
noise. UV-vis absorbance spectra of the samples were recorded
with a commercial double beam Agilent Cary-100 spectropho-
tometer with a wavelength range from 190 to 900nm and a
wavelength resolution of 0.5 nm.

To construct the Gritzel-type solar cell,* a few nm thin gold
layer was evaporated on an ITO substrate to function as the
cathode. The ITO sample with germanium nanoparticles was
placed against the gold layer with about a 0.5mm gap in
between. The two 1cm?” plates were held together by a small
metal frame. A standard I"/I;~ redox couple organic electrolyte
was used between the two electrodes to accommodate the
regeneration of the photo excited germanium nanoparticles and
charge transport. The current-voltage characteristics were
recorded with a Keithley 2400 Source measurement unit and
a Xenon Short Arc 80 W lamp was used as light source. The
xenon lamp has a smooth spectrum in the visible from 300 until
about 800 nm after which a range with sharp peaks and valleys
dominate the spectrum. The spectrum is a good approximation
of the solar spectrum. Monochromatic light was obtained by
placing an Oriel Omni 300 monochromator between the lamp
and solar cell. The light from the lamp was focused into an
optical fiber which illuminated the solar cell.

3. Results and Discussion

Germanium nanoparticles were initially investigated by TEM, as
shown in Figure 1, which demonstrated primarily monodis-
persed germanium nanoparticles with occasionally secondary
adjacent nanoparticles. The diameters of the germanium
nanoparticles were measured and resulted in a nanoparticle
size distribution which could be successfully modeled with a
lognormal distribution.*"*? The inset plot of Figure 1 repre-
sents a statistical analysis of single and adjoined nanoparticle
diameters with a lognormal fitting. Adjoined nanoparticles were

Figure 1. Germanium nanoparticles deposited on a holey carbon TEM
grid for 10 min at an aggregation length of 30 mm. The inset plot is a
statistical analysis of the 825 identified particles with a lognormal
distribution (fit) with a mean diameter of 14 nm. A significant majority of
the particles are within the quantum confinement regime.
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rectified by taking negligibly overlapping spherical approxima-
tions. The mean diameter of 14nm lies below germanium’s
large exciton Bohr radius of 24nm, likely giving rise to a
significant quantum confinement effect.

High resolution TEM (Figure 2A—C) images reveal the typical
nano-porous “cauliflower” structure as recently found in silicon

Www.pss-a.com

nanoparticles from the same apparatus®®! and similar techni-
ques.* The “cauliflower” nanoparticles are aggregates of
smaller germanium nanoparticles, likely of a quantum confined
size. The quantum confinement may be affected or even lifted at
the nanoparticle contact points, while quantum confinement
remains present in the direction were particles are well
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Figure 2. TEM images (recorded at a FE| Talos F200X) of Ge nanostructured particles of different morphologies. A) Larger “cauliflower” type germanium
nanoparticle with smaller nanoparticles in close proximity. B) Another typical cauliflower nanoparticle with its center displayed in high resolution in panel
(C), displaying Ge(111) atomic lattice fringes. D) An amorphous matrix with much smaller Ge nanoparticles embedded within. The area indicated with
the green square is magnified in panel (E) where many particles displaying diffraction contrast, indicating polycrystallinity, are visible. F) High-resolution
image of the area indicated with a green square in panel (E), showing nanodomains with Ge(111) atomic lattice fringes. The insets in panels (C) and (F)
are Fourier transforms of these images, showing peaks belonging to Ge(117) lattice spacings. G) EDS spectrum of one particular area and deposition,
showing a clear Ge and Sb signal.
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separated. Figure 2D-F shows an example of very small
germanium nanoparticles embedded in an amorphous germa-
nium matrix. Occasionally, nanosheets and irregularly shaped
particles were observed as well. As each TEM sample
corresponds to different depositions, it is clear that the
nanoparticle source produces a wide range of nanoparticle
sizes, shapes and forms, which all together form the basis of
the thicker layers deposited on the electrodes. It is very likely that
pockets of crystalline, polycrystalline, and amorphous germa-
nium coexist, in agreement with other work.?* The areas of
crystallinity are apparent from the (dark) diffraction contrast
displayed by many of the particles in Figure 2, while high-
resolution Ge(111) atomic lattice fringes are clearly visible in
Figure 2C,E, as is also clear from the corresponding Fourier
transforms (insets in Figure 2C,F).

Energy dispersive X-ray spectrometry (EDS, Figure 2G)
analysis provided concentrations of 96 at% Ge, doped with 4 at
% Sb. Sometimes the germanium particles consisted of 100%
Ge. The large particles with smaller germanium nanoparticles
embedded were composed of 80at% Ge and 20at% Sb. Again,
the composition also has a wide range of values, resulting in a
wide range of concentrations present in the thicker layers on the
electrodes. Because of the high O background from the organic
contaminations (due to pre-deposition dust), the O content in the
Ge particles could not be quantified.

The germanium nanoparticle depositions on ITO resulted in
three types of samples: thin (358 nm), medium (965 nm), and thick
(8.9 pm) layers. The actual thickness was estimated by the optical
absorption at 500 nm using the Lambert-Beer law and the optical
absorption coefficient of a 20nm thick germanium film.>"
Measuring the thickness by AFM is unfortunately not possible
because the films are too thick (many monolayers) and the
substrate is not exposed. The edge range is too large for the AFM
scale. The analysis of AFM profiles provided information on the
sizedistribution of the nanoparticles in the uppermostlayer, which
is nevertheless representative of the particles assembled in the
bulk of the film. The mean height (diameter) of the particles was
about 18+ 3nm. In the medium thick film also larger nano-
particles are visible, which are likely the “cauliflower” particles
(Figure 3a) with an average size of 40+ 12 nm. Glimpses of the
underlying structure of smaller particles aggregating into larger
particles can be seen in Figure 3b. Neither freestanding
nanoparticle profiles nor the primary “cauliflower” structure
could be imaged for the thick nanoparticle assembled film, due to
the high-surface roughness and high density of nanoparticles.
Instead, the height differences between large protruding
nanoparticle features was measured, yielding an average size of
824 34nm.

UV-vis optical absorption spectroscopy on the three different
types of samples resulted in different Tauc plotsi®® for each
electrode, in line with the difference in morphology (Figure 4).
The Tauc plots were calculated from the optical absorption
spectrum taking into account the Lambert-Beer law. Although
the absorption lines are not straight, they could be fitted over the
entire range with good accuracy.*”! This yielded a band gap of
1.02+0.01eV, 1.42+0.02¢eV, and 1.34£0.01eV for the thin,
medium, and thick samples, respectively. This is strong evidence
that although the germanium nanoparticle layers are composed
of a wide range of sizes and shapes, small quantum confined
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Figure 3. AFM images of germanium nanoparticles deposited with a
magnetron sputtering gas aggregation nanoparticle source on ITO. A)
Large nanoparticles are visible, likely of the typical “cauliflower” shape
consisting of an aggregation of smaller germanium nanoparticles. B) A
more detailed image clearly shows that the nanoparticles form a multi
layered structure.

regions are present in abundance. Because the optical absorp-
tion may become a direct transition for quantum dots, its effect
in the optical measurement may be enhanced as compared to the
bulk germanium with an indirect optical transition, and it
therefore dominates the spectrum. Although amorphous
germanium is likely present in the nanoparticles and its band
gap is 0.88eV,* it is not enough to account for the measured
band gaps exceeding 1eV. A relation between the band gap and
the layer thickness (surface morphology) is not possible due to
the presence of small features hidden to AFM.
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Figure 4. Tauc plots of the UV-vis absorption spectra of the thick, medium
and thin germanium quantum dots on ITO/Glass. Afit (orange) through the
region of interest provides the germanium quantum dot layer band gap.

Previous quantum dot experiments found that the energy band
structure of germanium is rich in several indirect and direct
bandgap transitions between 0.6 and 6 eV.*® The size-dependent
quantum confinement in spherical germanium nanoparticles
were calculated with effective mass approximations (EMA)P%
which were extended to contain Coulomb corrections.[*”
Alternative empirical tight binding methods (ETBM)*" and sp*
tight binding models'*? were developed to compensate for EMA
deficiencies. The simplified EMA for 3D germanium quantum
dots experience weak, medium, and strong confinement.?® The
germanium nanoparticle minimum size of
6nm in this work (Figure 1a) corresponds to a
bandgap of 1.08eV (using a bulk value of
0.66 eVI**) while the mean diameter of 14nm
corresponds to a band gap close to that of the ITO
bulk value. Thick surface oxide shells can
account foras much as 50% of the recorded size,
creating significantly greater quantum con-
fined non-oxidized germanium cores.***’!
From the band gaps measured by the Tauc
method, it can therefore be concluded that the
observed germanium nanoparticles must con-
tain smaller germanium crystallites to result in
larger band gaps.

In order to measure the photoresponse of the
germanium nanoparticle assembled layer, a
Gritzel solar cell was fabricated with a counter
electrode and electrolytel®® as depicted in
Figure 5. The advantage of a Gritzel solar cell
isitsrelatively simple construction, avoiding the
deposition of high-quality layers with well-
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Figure 5. Schematic of the germanium Gritzel-type solar cell with the
germanium quantum dots deposited by the magnetron sputtering
nanoparticle source on top of the ITO. Between the cathode with a thin
gold layer and the germanium quantum dots, a standard iodide/triiodide
electrolyte was applied.

contactofthe cell. The oxidized dye is replenished through electron
transfer from the redox in an electrolyte solution, which is in turn
replenished by the counter electrode. In the germanium quantum
dot solar cell the germanium nanoparticles act as the photosensi-
tive dye and the semiconductor at the same time. The photo excited
electron in the germanium particles moves through the
nanoparticle network toward the ITO electrode, where it delivers
apotential difference with respect to the cathode. The regeneration
of the germanium quantum dots is provided by I, which injects
electrons into the valence band. Therefore, the electrolyte redox
potential should be aligned with the valence band of the
germanium quantum dots. Although many other auxiliary
reactions are present, in Figure 6 the two most relevant energy

Cathode

ITO

CB

Band Gap = 0.66 eV

ITO E;~4.4 eV
VB 4.8 eV F €

5.2eV

L/ 2eV

Load

tuned energy levels. In the dye sensitized solar
cell (Gritzel cell), photons are absorbed into a
molecular photosensitive dye covalently bonded
to the surface of a thin film of TiO, nano-
particles. Excited electrons in photosensitizers
are injected into the conduction band of the
semiconductor — flowing through the back
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Figure 6. Schematic diagram depicting the germanium quantum dot solar cell electrodes, the
Fermi energy levels, the germanium band gap, and the relevant 17 /I3~ redox couple energy
levels (red). The electrons promoted to the conduction band of the germanium quantum dots
provide a voltage and are transported to the cathode. At the cathode surface the electrons are
transferred to the 17 /I3~ redox couple, after which the electrons are injected into the valence
band of the germanium quantum dot.
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levels of the regenerative cycle are shown (red). The electron
injection into the germanium valence band depends on the degree
of quantum confinement, which shifts the valence band level. The
energy levels depicted in Figure 6 are taken from the
literature.”>*6~*8

In Figure 7a, the photo generated power as a function of
voltage is shown when the solar cell is illuminated with white
light. The slow response time required sufficient time for
the performance characterization.***% The distinct difference
between the solar cell with germanium quantum dots and the
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Figure 7. A) Solar cell current-voltage (/-V) curve response of layered
samples and the control sample (black) under the average white light
intensity of 556 W m 2. The solar cell with germanium particles has a
much stronger response to light than the control cell, confirming the
photo activity of the germanium quantum dots. B) Spectral response
curves for the thin (green) medium (red) and thick (blue) germanium
quantum dot solar cells. The black curve is the control measurement
without germanium quantum dots. The difference in EQE can be
explained by the difference in thickness: the more germanium quantum
dots are present, the more photons are converted to electricity. The high
EQE response below 450 nm is likely the result of a much larger band gap
than crystalline or amorphous germanium. The solar cells were
illuminated through the gold layer (solid) and through the germanium
layer (dashed).
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control solar cell without nanoparticles confirms the photo-
activity of the germanium quantum dots. The open circuit
potential is about 0.08 V, which is much lower as compared to the
band gap of 0.66 eV. There are several mechanisms which can
affect the open circuit potential, of which the very high
abundance of defects, both at the surface and inside the
germanium quantum dots, is the most likely cause. Moreover,
on the oxide layer at the surface of the germanium quantum dots
a considerable potential drop is expected due to its high electric
resistance. By taking an oxide layer of several nm thick, a surface
area of about 0.5 cm? and a resistivity of about 108 Q m®Y a series
resistance of the order of 10k() is reasonable. Considering that
the resistance of this type of solar cell is of the order of several
Ohm, this should lead to a voltage reduction in the order of a
thousand or more. Since the actual voltage reduction is of the
order of 10, it is clear that very likely, the electrons are able to
tunnel through the thin oxide layer, lowering the overall
electrical resistance. The efficiencies of the thin, medium, and
thick solar cells are 1.6x107°, 5.4x10° and 0.011%,
respectively. When the oxide layer can be avoided, the latter
percentage could be easily multiplied by a factor of 100 (factor of
10 in voltage and factor of 10 in current), resulting in an
efficiency of about 1%.

The spectral response of the germanium quantum dot solar
cell in Figure 7b also shows a strong difference between the solar
cells with germanium nanoparticles and without (control
experiment). It is also clear that the solar cell with the thickest
germanium quantum dot layer, provides the largest external
quantum efficiency (EQE) due to the larger amount of photo
converters. Between 800 and 400nm the photo response is
rather constant after which the EQE strongly increases (below
400nm). Since the band gap of 0.66 eV corresponds to 1879 nm,
a jump in photo response at 400 nm can only be explained by a
germanium nanoparticle band gap increase toward about 3.1 eV.
This energy corresponds to germanium quantum dots with a
diameter of about 2nm according to calculations by Niquet
et al.*? Such small germanium nanoparticles could be the
constituents of the larger nanoparticles, such as the “cauli-
flower” shaped particles, maintaining a certain amount of
quantum confinement. However, thin Germanium layers of 0.4
and 1.5nm previously exhibited bandgaps in excess of 1.3eV,
which were likely a result of interfacial contributions to carrier
confinement.®? Such interfacial effects could also significantly
affect the band gaps observed here. Alternatively, electrons
promoted from the valence band by photons exceeding about
3.1eV may be more efficiently transported by an intermediate
conducting level in germanium or ITO. Although AFM and TEM
images suggest that the conditions for quantum confinement
are plausibly met, the extent of it is difficult to establish, due to
other contributing effects. The high density of transitions and
the nanoparticle size dispersion likely contribute to a wide
spread of overlapping bandgap availabilities.

Figure 7b shows that when the solar cell is illuminated from
the gold layer side, the photo response is considerably higher
than when the solar cell is illuminated from the germanium
nanoparticle side, particularly for the thick germanium quantum
dot solar cell. Because very little light reaches the germanium
particles at the electrolyte side when illuminated from the
germanium nanoparticle side, this suggests that the transport of
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charge carriers inside the germanium nanoparticle network is
limited, likely due to an abundance of defects.

The peak value of the photo response of the thin solar cell
around 330nm could be the result of a transition to a distinct
energy level. Because quantum confinement not only affects the
band gap, but also introduces discrete intermediate energy
levels. Since the thin solar cell photo response is averaged over
less particles, an abundance of one particular germanium
quantum dot size may allow the appearance of such a discrete
line.

Future experiments could involve quadrupole®®® or time of
flight®***) mass selectors to obtain narrow size dispersions to
increase the control over the band gap for each particle. Because
mass selection results in a much smaller amount of nano-
particles, the possibility to deposit sufficiently thick quantum dot
layers remains to be investigated.

4, Conclusions

In summary, for the first time, to the best of our knowledge, a
proof of principle germanium quantum dot solar cell has been
fabricated, in which the quantum dots were produced using a
(magnetron sputtering) gas aggregation nanoparticle source.
Although the germanium quantum dot solar cell had a very low
efficiency, a clear spectral response suggests quantum confine-
ment, which is supported by the TEM and UV-vis spectroscopy
experiments. Future work should focus on combining the
germanium (or silicon) nanoparticles from the gas aggregation
cluster source with semiconductor and conducting thin films to
prevent oxidation and provide well leveled p—n junctions. In
principle, a full quantum dot solar cell constructed with a gas
aggregation nanoparticle source could be fabricated in such a
way. This work demonstrates for the first time the feasibility of
using an industrially interesting gas aggregation nanoparticle
sources for fabricating quantum dot based solar cells, paving the
way for higher efficiency sustainable quantum dot solar cells.
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