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Introduction 

Since Becquerel observed the first photovoltaic effect in 1839, 
harvesting solar energy has been a scientific and commercial goal.1 
Silicon solar cells are the most widely used solar cells today. 
However, with their current efficiencies (27%) nearing the theoretical 
maximum efficiency (31%), researchers are looking for more 
efficient, less expensive solar cells. 

Green and coworkers have proposed an all-silicon tandem cell 
using an existing silicon solar cell as the bottom layer and silicon 
quantum dots (QDs) in a silica (SiO2) matrix as the top layer with a 
theoretical maximum efficiency of 63%.2 This idea is very interesting 
in terms of mass-production, as it incorporates nontoxic and 
inexpensive materials. If an all-silicon tandem cell is to be produced, 
the entire process could take place in the same facility because there 
would be no concern for external contaminants for the silicon wafers 
instead of having to build a second facility to make the second layer. 
Green et al. have been trying to produce this by altering the original 
silicon wafer itself with chemical etching, laser ablation, or co-
sputtering silicon and quartz to produce silicon quantum dots within a 
silicon dioxide matrix, but they have little to no control over the size 
or spacing of the quantum dots using these techniques.2 

The research presented here is based on trying to produce an all-
silicon tandem cell by synthesizing silicon quantum dots, coating 
them with silica using a liquid phase deposition (LPD) method, and 
then arraying the silica coated quantum dots on a silicon wafer (see 
Figure 1). The quantum dots must be in a silica matrix to produce a 
quantum well, which facilitates electron-hole separation. The 
quantum dots cannot be farther than 10 nm from each other to 
facilitate good electron flow throughout the array.  
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cell [6–8]. Their concept involves the use of a uniform array
of silicon quantum dots in a matrix of silica as the top cell.
Such a cell would improve a first generation cell’s efficiency
by 20% (Fig. 1). Green and coworkers attempted to make the
silicon quantum dot (QD) cell by using a top down method
from the existing silicon wafer, but found the results were
not consistent in terms of quantum dot size or spacing, and
they could not determine a way to control either of these
parameters effectively using the methods they employed
[6–8]. Thus, it would be desirable for an alternative approach
to be found that allows for the creation of an array of Si QDs
with a uniform spacing within a silica matrix.

We have previously shown that nanoparticles may be
coated with a uniform layer of silica by liquid phase deposi-
tion (LPD) [9], creating a spherical structure comprising a
nanoparticle coated with silica (nanoparticle@SiO2). It has
been shown that spherical silica particles can be arrayed into
uniform structures from solvent suspension [10]. We propose
that combining these two approaches offers a route to Si QD
arrays. As shown in Fig. 2, if a Si QD is coated with a uniform
coating of silica (i.e., Si@SiO2) and the resulting spheres
arrayed, the resulting QD–QD distance will be defined by
the coating thickness. The present work is aimed at demon-
strating such an approach.

2. Experimental section

Tetraoctylammonium bromide (TOAB), silicon tetra-
chloride (99.998%), lithium aluminum hydride (1.0 M in
THF), methanol (Z99.8%), hexachloroplatinic acid hydrate
(Z99.9%), isopropanol (Z99.5%), allylamine (99þ%),

fumed silica (99.8%), hexafluorosilicic acid (34%), and
dodecyltrimethylammonium bromide (DTAB, 99%) were
obtained from Sigma Aldrich; toluene and ammonium
hydroxide (14.8 M) came from EMD; germanium tetra-
chloride (99.99%) was obtained from Acros Organics;
ethanol (200 proof) was obtained from Decon Laboratories.
Solvents were degassed using a freeze–pump–thaw
method. Silicon quantum dot solutions were prepared by
modification of the literature methods [11]. Silicon nano-
crystals (5 nm) in acetonitrile and germanium nanocrystals
(20 nm) in methanol were provided by Universal Nanotech
Corporation. Quartz plates (75"25"1 mm3) were
obtained from Chem Glass. Indium tin oxide (ITO) coated
glass plates (75"25"1 mm 3, 8–12 O/& surface resistiv-
ity) came from Sigma Aldrich.

TEM were performed with a JEOL 2010 transmission
electron microscope at 100 kV with a CCD camera. High
resolution TEM was performed on a JEOL 2100 field emission
gun TEM at 200 kV with a CCD camera. Atomic force
microscopy (AFM) was performed on a Digital Image Nano-
scope IIIA in tapping mode. UV–visible spectroscopy was
performed on an Agilent 8453 UV–visible spectroscopy
system with 1 cm quartz cuvettes. X-ray photoelectron
spectroscopy (XPS) was performed on a PHI Quantera X-ray
photoelectron spectrometer equipped with a differential
argon ion gun with indium foil as a substrate for the samples.
Characterization of the thin films was performed with an FEI
Quanta 400 ESEM FEG scanning emission microscope
equipped with an EDAX energy dispersive spectroscope.

The photoconductivity of the QD@SiO2 thin films was
tested with white light and UV light (254 nm). Indium tin
oxide (ITO) coated glass plates (75"25"1 mm3, 8–12 O/&
surface resistivity) purchased from Sigma Aldrich, were
used as the substrate for films of Si@SiO2 and Ge@SiO2.
The thin film was painted with conductive graphite on part
of the plate that was not coated with the film and on
spots that were coated to make contacts to complete the
circuit. Fig. 3 shows the circuit diagram of the photocon-
ductivity test, and the cross-sectional view of the test setup.
The voltmeter and 0.1 O resistor were placed on a bread-
board with the cell and battery as the diagram indicates.

2.1. Germanium QDs

The entire synthesis of the quantum dots was performed
in a glove box under a controlled nitrogen atmosphere to

Fig. 1. Schematic of a tandem solar cell using a first generation silicon
solar cell and a cell comprised of silicon quantum dots in a silica matrix.

Fig. 2. Schematic representation of a bottom-up approach to Si QD arrays.

Fig. 3. Circuit diagram and experimental setup for photoconductivity test.
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Figure 1.  Schematic of the overall goal for this project. (Reprinted 
with permission from Oliva, B. L.; Barron, A. R. Mat. Sci. Semicon, 
Proc. 2012, 15, 713-721. Copyright 2012 Elsevier.)3 
 
Experimental 

Quantum Dot Synthesis. Both silicon and germanium QDs 
were synthesized with a “bottom-up” method.3,4 Because the 
quantum dots are very oxygen sensitive, the synthesis was completed 
in a glove box under an argon atmosphere. The QDs were required to 
be hydrophilic in order to coat them with silica, so an additional step 
to make these particles hydrophilic was done to cover them with 
allylamine.3,4 

Silica Coating. The QDs were coated with silica using two 
different liquid phase deposition (LPD) methods.3,5 One method used 
H2SiF6 as the silicon precursor, and the other method was a modified 
Stöber reaction with TEOS as the silicon precursor. Both methods 
use low temperatures (25-30°C) to produce the silica coating on the 
quantum dots.3,5  

Array of Silica Coated QDs. Once the coated QDs were made, 
these particles were suspended in water, ethanol, or a mixture of 
water and ethanol to determine which solvent produced the best film. 
A quartz slide was submerged vertically in a suspension of the 
particles, and the solution was allowed to evaporate to produce the 
array.3  

Characterization. TEM were performed with a JEOL 2010 
transmission electron microscope with a CCD camera. HRTEM was 
performed on a JEOL 2100 field emission gun TEM with a CCD 
camera. AFM was performed on a Digital Image Nanoscope IIIA in 
tapping mode. XPS was performed on a PHI Quantera X-ray 
photoelectron spectrometer. SEM was performed with an FEI Quanta 
400 ESEM FEG scanning electron microscope equipped with an 
EDAX energy dispersive spectroscope. Photoconductivity of the 
films was tested with white light and UV light (254 nm) in a circuit 
that included a voltmeter, a 0.1 Ω resistor, a 9 V battery, and the solar 
cell on a breadboard.3,5  
 
Results and Discussion 

The quantum dots were synthesized according to the procedures 
in literature.3,4 The quantum dots were then immediately coated with 
silica. Due to imaging issues, Ge QDs were used for analysis instead 
of Si QDs to determine if and where the QDs were in the silica 
particle because silicon inside of silica is difficult to observe. Figure 
2 shows a HRTEM image of a Ge QD within a silica particle. Most 
of the silica particles had multiple QDs within it, which is better for 
intra quantum dot distances. Figure 3 is the XPS data from these 
particles, which also shows both silicon (in the form of SiO2) and 
germanium (in the form of Ge and GeO2). The silica coated QDs 
were originally synthesized using hexafluorosilicic acid as a silicon 
precursor.3 This reaction was easy to control in terms of size and 
shape of the particle with a surfactant (DTAB); however, this 
reaction produces a toxic byproduct of HF, and Ostwald ripening is 
observed over time. Because of these drawbacks, another method of 
coating the QDs with silica was investigated. The traditional Stöber 
method produces 300 nm silica particles, which is not ideal for this 
project. However, a modified Stöber method using L-lysine as a 
bulkier base has been proven to produce 12-20 nm silica 
nanoparticles.5 This method produced particles that had <10 nm 
between each QD in 68% of the sample. Due to the size of the 
particle, the intra QD distances, and the non-toxicity of the reaction, 
this method is the preferred method used to coat the QDs with silica. 
 

 
 
Figure 2.  HRTEM image of Ge@SiO2 nanoparticle. (Reprinted with 
permission from Oliva, B. L.; Barron, A. R. Mat. Sci. Semicon, Proc. 
2012, 15, 713-721. Copyright 2012 Elsevier.)3 
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The particles produced using the unmodified Stöber
method were analyzed by TEM. A representative example
is shown in Fig. 4, showing that while the reaction
produced spherical nanoparticles incorporating the Ge
QDs, they appear to be coating the outside of the SiO2

particle rather than incorporated within the nanoparticle
as intended (i.e., compare Fig. 4 with the ideal structure
shown schematically in Fig. 1). Furthermore, these parti-

cles are not mono-dispersed, unlike the typical Stöber
particles (Fig. 5). This result suggests that the QDs did not
seed the formation of the silica nanoparticles. Since these
do not meet our requirements, no further analysis of these
particles was conducted.

In the case of the Ge QDs coated by the modified Stöber
method in the presence of L-lysine, the as prepared
samples were analyzed with XPS. The high resolution Si
2p and Ge 3d spectra (Fig. 6a and b, respectively) con-
firmed the presence of Si–O bonding environment
(102 eV), SiO2 (104 eV), elemental Ge (27.5 eV), and oxi-
dized germanium, GeO2 (29 eV) [11,18]. The presence of
germanium peaks is evidence that the particles were
either adhered to the surface or imbedded within the
silica. If they had not bonded with (or become imbedded
within) the silica particles, they would not be present post
washing in the XPS analysis due to their hydrophilic
nature.

TEM analysis confirms that the QDs are actually coated
with, not just on the surface of, the silica (Fig. 7a and b).
However, we note that not all the particles are ideal core
shell (c.f., Fig. 1) and some show the presence of a single
Ge QD at the edge of a SiO2 particle. However, the
important observation is that the Ge QDs are uniformly
dispersed throughout the film rather than aggregated on
the surface of SiO2 particles as seen in Fig. 4. From the TEM
images it is possible to determine the nearest neighbor
QD…QD distances within the films. The distribution for the
Ge@SiO2 particles produced with stirring for 12 and 24 h is
shown in Fig. 8a and b, respectively. From this data an
average distance of 9.0 nm and 10.3 nm is calculated,
showing the ability to control the QD…QD distance
through reaction time. As may be expected with increased
reaction time, and increased particle size, the standard
deviation of the QD…QD distance also increases from
2.6 nm to 3.4 nm. Irrespective of reaction time, however,
the majority of the QDs are close enough to neighbors to
allow electron transport [8–10]. It is also important that
the particles have a small size distribution so that they will
array with minimal defects. In this regard, the particles are
spherical and mono-dispersed. It is interesting to note,
however, that with longer reaction times the average

Fig. 6. High resolution (a) Si 2p and (b) Ge 3d X-ray photoelectron
spectra of Ge@SiO2 nanoparticles.

Fig. 7. Representative TEM images of Ge@SiO2 prepared with (a) 12 h and (b) 24 h reactions.
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Figure 3. High resolution XPS data of (a) Si 2p and (b) Ge 3d. 
(Reprinted with permission from Oliva, B. L.; Barron, A. R. Mat. Sci. 
Semicon, Proc. 2012, 15, 713-721. Copyright 2012 Elsevier.)3 
 

Once the silica coated QDs were successfully synthesized, they 
were deposited on quartz slides as a thin film using a vertical 
evaporation technique. Solvents including water, ethanol, and a 3:1 
ratio of water:ethanol were tested to determine which would yield 
more closely packed arrays.3 The ethanol suspension produced a very 
sparse deposition of particles on the slide because it evaporated too 
quickly to allow the particles to arrange themselves on the surface. 
The water/ethanol mixture was a little bit better in terms of covering 
the surface of the slide, but the film was not uniform in any 
direction.3 Figure 4 shows SEM images of silica coated silicon 
quantum dot particles deposited from a water-only suspension. These 
particles were made much larger (150 nm) so the SEM could image 
the individual particles. From afar (Figure 4a), the film looks very 
uniform. However, up close (Figure 4b) the film is not quite a close-
packed array although it is very near to being so.3  

The films were then tested for photoconductivity. The particles 
were deposited on ITO coated quartz slides, and silver paste was used 
as front and back contacts. White light and 254 nm UV light were 
both used to test the photoconductivity of the cells.3 Both Si@SiO2 
and Ge@SiO2 films were made. With white light, only the Ge QD 
film showed areas of photoconductivity equivalent to a 2 mA 
photocurrent.3 With UV light, both cells produced a greater 
photoconductivity. The Si QD film showed a change in potential 
equivalent to a 4 mA photocurrent. The Ge QD film showed a change 
in potential equivalent to a 7 mA photocurrent.3 Although the 
photoconductivity of the cells was variable across the sample surface, 
these are positive results suggesting that the cells, with further 
improvement and optimization, could be completely 
photoconductive.  
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and UV–visible spectrum (Fig. 5) are consistent with this.
There is not a published correlation between UV–vis and
particle size (as there is for Si QDs); however, from AFM

measurements (Fig. 9) the Ge QDs were slightly less
monodispersed (2.770.6 nm) than their silicon analogs.

Using the DTAB modified LPD process employed for
the silica coated Si QDs, the Ge QDs were coated. Fig. 10 is
an HRTEM image of a Ge@SiO2 particle synthesized with
DTAB for 6 h; the Ge QD can be clearly seen in the middle
of the silica particle although interestingly it appears to be
off centered. The quantum dot can be seen as being less
than 10 nm away from the edge of the silica in parts and
more than 15 nm away from other edges of the silica. It
should be noted that some coated particles appear to
contain multiple Ge QDs per particle, i.e., Gex@SiO2. The
use of commercial germanium quantum dots (20 nm) was
also investigated, but as with the commercial Si QDs the
spheres appear fused. We propose that the successful
formation of individual spheres of Si@SiO2 or Ge@SiO2, as
compared to fused particles, is due to the hydrophilic

Fig. 12. SEM images of Si@SiO2 films using (a) 1:3 (v:v) EtOH:H2O and
(b and c) EtOH.

Fig. 13. SEM images of a Si@SiO2 films formed from H2O suspension.
Average particle size¼150 nm (a) and 170730 nm (b).
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Figure 4.  SEM images of Si@SiO2 films formed from H2O 
suspension. (Reprinted with permission from Oliva, B. L.; Barron, A. 
R. Mat. Sci. Semicon, Proc. 2012, 15, 713-721. Copyright 2012 
Elsevier.)3 
 
 
Conclusions 

Si QDs and Ge QDs were successfully synthesized and coated 
with silica using LPD methods to create Si@SiO2 and Ge@SiO2 
nanoparticles. The silica thickness could be controlled depending on 
the LPD method used. A thin film of these particles was made using a 
vertical evaporation drying technique. Although, the film produced 
was not a true uniform array, the intra quantum dot distance was 
small enough (<10 nm) throughout most of the particles, which is 
important for electron transfer.  
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