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Abstract

Silicon oxide films containing CdS quantum dots have been deposited on glass substrates by a sol-gel dip-coating process. Hereby the
CdS nanocrystals are grown during the thermal annealing step following the dip-coating procedure. Total hemispherical transmittance
and reflectance measurements were carried out by means of a spectrophotometer coupled to an integrating sphere. For CdS-rich films, an
absorption edge at photon energies in the vicinity of the band gap value of bulk CdS is observed. For lower CdS concentrations, the
absorption edge shifts to higher photon energies, as expected for increasing quantum confinement. The samples show visible photolu-
minescence which is concentrated by total internal reflection and emitted at the edges of the substrate. The edge emission has been char-
acterized by angle-dependent photoluminescent (PL) spectroscopy. Information on the lateral energy transport within the sample can be
extracted from spectra obtained under spatial variation of the spot of excitation. The color of the photoluminescence can be tuned by
varying the annealing temperature which governs crystal growth and thus the cluster size distribution. The characteristic features
observed in the PL spectra clearly exhibit a blueshift for lower annealing temperatures, confirming the presence of quantum size effects.

Advantages of the proposed concept of quantum dot containing coatings on glass panes for photoluminescent solar concentrators are
the high potential for low-cost fabrication on the large scale and the suitability for architectural integration.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Fluorescent planar solar concentrators; Quantum dots; CdS nanocrystals; Quantum size effects; Nanocomposite materials; Sol-gel dip-coating;
Thin film technology; Photovoltaic cells

1. Introduction crystals. Quantum dots are considered as promising candi-

dates for optoelectronic applications including light-

Due to their fascinating optical and electronic proper-
ties, semiconductor nanocrystals have attracted consider-
able attention in the recent years (see e.g. Nirmal et al.,
1996). The three-dimensional quantum confinement in the
so-called quantum dots induces a discretization of elec-
tronic states, very much like in atoms or molecules. The
resulting optical properties depend on the crystal size and
can thus be tuned by varying the dimensions of the nano-
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emitting diodes (Tasco et al., 2004) and quantum dot lasers
(Darugar et al., 2006). Various concepts have been pro-
posed for the use of nanostructured materials in solar
energy conversion (Oelhafen and Schiiler, 2005). Quantum
dots might be used as frequency converters to better match
the spectrum of the incoming radiation to the spectral effi-
ciency of the solar cell (Van Sark et al., 2005). Semiconduc-
tor nanostructures open the way to intermediate band solar
cells with high efficiencies (Luque and Marti, 1997). By
introducing zero dimensional structures into photovoltaic
cells, the creation of multiple electron-hole pairs per
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photon through impact ionization can be achieved, sug-
gesting a potential capability of quantum yields >1 (Nozik,
2002). In quantum dot sensitized nanocrystalline TiO,
solar cells, semiconductor nanocrystals substitute for
organic molecules (Plass et al., 2002; Wijayantha et al.,
2004). Hereby the possible advantages of quantum dots
over dye molecules include the tunability of optical proper-
ties with size and better heterojunction formation with
solid hole conductors. Photovoltaic effects have been
reported for quantum dots immersed in hole-conducting
MEH-PPV (Greenham et al., 1996), and it has been pro-
posed to use a blend of electron and hole conducting poly-
mers as host matrix (Nozik, 2002). One of the most
promising applications might be planar photoluminescent
concentrators for photovoltaics where high concentration
factors on the solar cells can be achieved even for diffuse
solar radiation. Such devices have originally been designed
on the basis of organic dyes (Goetzberger and Greubel,
1977), and might benefit from a considerably improved life-
time when replacing the organic fluorescent substances by
inorganic quantum dots (Barnham et al., 2000; Gallagher
et al., 2004). Additionally, the tunability of the optical
properties by the size of the nanocrystals provide a large
amount freedom for the design and optimization of such
devices.

The fabrication of nanometer-sized crystallites can be
achieved by growth in colloidal solutions (Murray et al.,
1993; Crouch et al., 2003), on surfaces in vacuum deposi-
tion processes (Lee et al., 2006; Schiiler et al., 1999,
2001), by electron beam lithography (Ishikawa et al.,
2000), or by sol-gel techniques (Parvathy et al., 1997; Lif-
shitz et al., 1998). Often core—shell structures are used to
passivate the surfaces of the nanocrystals (e.g. CdSe core
in ZnS shell). For colloidal quantum dots, strong and tune-
able visible photoluminescence has been observed with
quantum yields in the range from 50% to 85% (Hines
and Guyot-Sionnest, 1996; De Mello Doneg4 et al., 2003).

In this paper we propose to fabricate fluorescent solar
concentrators by coating transparent substrates with
quantum dot containing nanocomposite thin films. We
use the sol-gel dip-coating process for the deposition of
photoluminescent CdS nanocrystal containing silica films.
The absorptance and the photoluminescence of the pre-
pared samples are subsequently characterized by optical
spectroscopies.

2. Theory

Efros and Efros (1982) pointed out that, when the
dimensions of the semiconductor nanocrystal become
smaller than the effective Bohr radius aj, the electron and
the hole should occupy primarily the individual lowest
eigenstate of the quantum well with relatively little spatial
correlation (regime of the individual particle confinement).
Brus proposed a simple one electron—hole pair (exciton)
model of semiconductor nanocrystals, using an effective
mass approximation based on a parabolic band (Brus,

1983). In the limit of strong confinement, the following
expression can be derived for the lowest excited state
energy E (Kayanuma, 1988):
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Here E, designates the 0 K bulk band gap, R the crystallite
radius, me) the effective mass of the electron (hole), and ¢
the dielectric constant. Two major physical effects affect the
lowest excited state energy, the contribution of the spatial
localization of electron and hole varying as R2, and the
size dependent Coulomb attraction varying as R'. For
small R the localization term dominates and E is shifted
to higher energies than E,. As E shifts to higher energies,
its oscillator strength increases as the spatial overlap of
the electron and hole wavefunctions increases. The last
term in Eq. (1) including the effective Rydberg energy is
the remnant of the exciton effect.

The above described model has been modified and
extended by other authors concerning the existence of a
bound state of two electron—hole pairs within a single dot
(biexciton) (Hu et al., 1990), and confinement-induced
band mixing (Kang et al., 1992).

Using a finite depth well model, Nosaka calculated the
energy shift of the lowest excited state for ultrasmall CdS
particles (Nosaka, 1991). Assuming effective masses of elec-
tron and hole m, = 0.19 and m;, = 0.80, the dielectric con-
stant ¢ = 5.6, and the potential depth V, = 3.6 eV, energy
shifts of 0.4eV and 1.2eV are predicted at cluster radii
of 2 nm and 1 nm, respectively. The energy shifts calculated
from Nosaka’s finite depth well model are in general some-
what lower than the values predicted by Eq. (1) derived for
infinitely deep potential wells. This reflects the fact that in
the finite depth model, the wavefunction leaks out to some
extent, implying a weaker quantum confinement. Tight
binding calculations (Lippens and Lannoo, 1989) and
experimental data (Wang and Herron, 1990) yield energy
shifts in the same order of magnitude as those obtained
by Nosaka’s finite depth well model.

3. Experimental

A sketch of the principle of the original proposition
(Goetzberger and Greubel, 1977) of fluorescent concentra-
tors in shown in Fig. 1a. One or several waveguides are fab-
ricated from panes of transparent media doped with
fluorescent dyes. Incoming solar radiation is absorbed in
the volume of the waveguides, and isotropically re-emitted
by fluorescence. A large part of the emitted radiation is
captured by total internal reflection and propagates to
the edges. The likewise concentrated radiation is converted
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Fig. 1. (a) Schematic drawing of the principle of fluorescent solar
concentrators proposed in Goetzberger and Greubel (1977). The incoming
solar radiation is absorbed in the bulk material. The re-emitted radiation
is concentrated by total internal reflection within the waveguides. In
stacked fluorescent concentrators, the absorption edges of the dyes are
chosen in a manner similar to multi-junction photovoltaic cells. (b) When
a fluorescent coating is deposited on transparent substrate, the total
internal reflection will occur mainly at the surface of the coating. The
coating can be made of a quantum dot containing nanocomposite
material, the substrate can consist of e.g. a highly transparent low iron
solar glass. For clarity, the thickness of the coating is exaggerated in the
representation.

by photovoltaic cells with band gaps matching the wave-
lengths of the spectral emission lines of the photolumines-
cent materials. By choosing dyes with suitable absorption
and emission properties, stacks of fluorescent collectors
can be designed, with absorption edges chosen in a manner
similar to multi-junction photovoltaic cells. The same
geometry has been used in quantum dot solar concentra-
tors (Barnham et al., 2000; Gallagher et al., 2004), where
photoluminescent semiconductor nanocrystals replace the
fluorescent dyes. Instead of immersing quantum dots in
transparent resins, we deposit CdS quantum dot containing
silicon dioxide films (SiO,:CdS) on highly transparent low
iron glass substrates by sol-gel dip-coating. If the refractive
index of the coating is close to the one of the substrate,
internal reflection occurs mainly at the surface of the coat-
ing, as depicted in Fig. 1b. For clarity, the thickness of the
coating is exaggerated in the representation.

The dip-coating solutions are prepared in a laminar flux
chapel on the basis of tetraethyl orthosilicate (TEOS,
C8H2004Si), cadmium acetate dihydrate (C4H6O4
Cd - 2H,0) and thiourea (CH4N,S), as precursors for sili-
con, cadmium and sulphur, respectively. Tetraethyl ortho-
silicate (TEOS, CgH,904Si) is hydrolyzed in presence of
nitric acid HNO; and water H,O. During hydrolysis, the
solution is stirred and heated to 50 °C for a period of sev-

eral hours. Triton-x-100 is added in order to improve the
wettability in the dip-coating process. A mixture of cad-
mium acetate dihydrate (C4HgO4Cd - 2H,0) and thiourea
(CH4N,S) based solutions is added to the TEOS based
solution after hydrolysis of the latter.

A suitable apparatus provides a vibration-free and reg-
ular movement for the dipping and withdrawal of the
substrates. A servo drive (MKD 25B REXROTH) is con-
trolled by a feedback loop (control unit Ecodrive 03 REX-
ROTH INDRAMAT). The speed of the rotation is
adapted by a Neugart transmission and transformed into
a translational movement by a helix equipped with a spe-
cial ball bearing (compact module CKK 12-90, REX-
ROTH). A microcomputer is used to command the
control unit of the servo drive. For dust-protection the
dip-coater is placed in a laminar flux chapel (SKANAIR
VFC 120). The air quality is monitored by real-time parti-
cle counting (KLOTZ PSSair with isocinetic nozzle). In the
laminar flux chapel typically less than 1 particle larger than
0.3 um is counted per cubic foot (for comparison: ambient
laboratory air: ~10° particles per cubic ft). After dip-coat-
ing, the resulting thin xerogel films are tempered at
250-450 °C in nitrogen atmosphere. During thermal
annealing, samples are enclosed in special containers to
avoid dust contamination during sample transfer and
tempering. Before dip-coating, substrates are cleaned thor-
oughly in an ultrasonic bath (BRANSON 8510). In this
study, highly transparent white glass substrates of the
dimensions 76 mm X 26 mm X 1 mm have been used.

Spectral measurements of the photoluminescence have
been performed in the VIS range (380-820 nm) by a grating
spectrophotometer (ORIEL MS 125™ 1/8m Spectrograph,
with Instaspec™ II Photodiode Array Detector and sight-
ing optics). An argon/mercury discharge lamp serves as
wavelength standard for the calibration of the spectropho-
tometer. Samples are excited by broad band ultraviolet
radiation with wavelengths in the order of 365 nm
(UVA). The concentrated visible light emission from the
sample edge is captured by the sighting optics of the spec-
trophotometer. The angle of observation with respect to
the normal of the edge surface can be varied.

For local excitation, the spot of the UV excitation can
be spatially limited by a slit (width 1 mm). By lateral dis-
placements of the excitation spot, the mean optical path
length for lateral energy transport within the sample can
be varied.

In order to measure spectra of the total hemispherical
transmittance and reflectance, the spectrophotometer can
be combined with an integrating sphere (LABSPHERE
RT-060-SF/IG) and a suitable light source (150 W Xenon
arc lamp). For measurements of the total hemispherical
reflectance, a highly reflecting calibration standard (LAB-
SPHERE SCS-99-020) has been used, with a total
hemispherical reflectance above 98.8% for all wavelengths
in the visible spectral range. The acquired raw data are
corrected by the known reflectance of the reference
sample.



1162 A. Schiiler et al. | Solar Energy 81 (2007) 1159-1165

4. Results

From measurements of total hemispherical transmit-
tance and reflectance, the spectral absorptance of the
deposited coatings has been inferred. Fig. 2 illustrates the
results for CdS containing silicon dioxide films (SiO,:CdS).
In the representation, the spectral absorptance data are
plotted as a function of the energy of the incident photons.
For CdS-rich films (at% Cd:at% Si = 0.84) an absorption
edge in the vicinity of the energy of the band gap of bulk
CdS (E;=2.42¢V) is observed. For lower Cd concentra-
tions the onset of the absorption edge shifts monotonously
to higher energies. The values observed in the range from
2.7eV to 2.9 eV correspond in finite well and tight binding
calculations (Nosaka, 1991; Lippens and Lannoo, 1989)
approximately to cluster radii between 1 nm and 2 nm.

The coatings exhibit visible photoluminescence, which is
concentrated within the sample, and emitted from edges.
PL spectra are obtained under broad band ultraviolet
UVA illumination as a function of the emission angle
(see Fig. 3a). The angle-dependence of the spectra is illus-
trated by Fig. 3b. For a SiO,:CdS sample annealed at
250° (with at% Cd:at% Si=0.11) two emission bands are
observed, a dominant feature centered at 550 nm, and a
smaller contribution at 480 nm. For an emission angle 0
of 45°, the feature at 480 nm forms a shoulder located on
one of the wings of the main peak. For decreasing angles
the relative contribution of the band at 480 nm becomes
more dominant (0 =30°) and the shoulder turns into a
peak (60 =15°).

Photoluminescence spectra can also be obtained for a
constant emission angle 0 by exciting the sample locally
and varying the spot of UV radiation, inducing different
mean path lengths for the radiation laterally guided within
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Fig. 2. Spectral absorptance of SiO,:CdS films on low iron glass, as
determined by measurements of total hemispherical transmittance and
reflectance. For CdS-rich films (at’% Cd:at% Si=0.84), an absorption
edge is observed for photon energies in the vicinity of the energy gap of
bulk CdS (E, =2.42¢V). For lower CdS contents, the absorption edge
shifts monotonously to higher energies. From the blueshift, CdS cluster
radii in the order of 1-2 nm can be estimated by comparison to finite
potential well and tight binding calculations.
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Fig. 3. (a) For measurements of photoluminescence spectra, the sample is
illuminated by broad band UVA radiation. Spectra are obtained for
different angles 0 of emission from the edges. (b) Angle-dependent
photoluminescence spectra obtained from a SiO,:CdS thin film on low
iron glass. Two emission bands are observed, one at approx. 480 nm and a
second band at approx. 550 nm. The relative contribution of the band
around 480 nm is higher for smaller emission angles 0.

the sample (see Fig. 4a). Fig. 4b shows data for the same
Si0,:CdS sample described above. For the spot of UV exci-
tation localized at a distance of 5 mm from the emitting
edge, a peak is observed at wavelengths around 480 nm.
This feature becomes less pronounced for an increasing lat-
eral path. The shape of the large emission band around
560 nm remains nearly unchanged regarding variations of
the lateral path in the given range. The reabsorption of
the PL emission in the spectral region around 480 nm is
thus stronger than around 550 nm. This observation can
easily be explained by the onset of interband absorption
(compare with Fig. 2).

Photoluminescence spectra obtained from a series of
CdS quantum dot containing SiO, samples are shown in
Fig. 5. The only parameter varied has been the temperature
of thermal annealing, the chemical composition (at%
Cd:at% Si=0.11) has been kept constant. The emission
angle 0 was 30°, and the samples were excited globally with
UVA radiation. For annealing at 450 °C, the PL signal is
dominated by a large band centered around 590 nm. For
annealing at 350 °C, the dominating component shifts
slightly to approx. 580 nm, and a shoulder at approx.
490 nm appears. For annealing at 250 °C, the dominating
peak shifts to approx. 560 nm while the component at
shorter wavelengths becomes clearly distinguishable around
480 nm.

A photograph of the SiO,:CdS samples formed at
250 °C, 350 °C, and 450 °C is shown in Fig. 6. The samples
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Fig. 4. (a) Local excitation of the sample by ultraviolet radiation. The
optical path length for the radiation guided laterally within the sample can
be varied simply by displacing the spot of excitation. (b) Photolumines-
cence spectra at an emission angle 0 = 30° for spatial variation of the spot
of localized UV excitation. Increasing the mean optical path of lateral
energy transport within the sample results in a decrease of the relative
contribution of the band at 480 nm.
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Fig. 5. Photoluminescence spectra obtained from a series of SiO,:CdS
samples annealed at temperatures of 250 °C, 350 °C and 450 °C. For lower
annealing temperatures, a blueshift of the dominating peak and the
appearance of a higher wavelength component are observed. Since the
annealing temperature is the only parameter which has been changed
regarding the preparation of the samples, it can be assumed that the
displayed spectra reveal quantum size effects.

are illuminated by UVA radiation. The strong emission
from the edges of the samples is due to the concentration
of the photoluminescent radiation in the waveguides by

annealing temperature

350°C

Fig. 6. Photograph of the SiO,:CdS samples formed at 250 °C, 350 °C,
and 450 °C. The strong emission from the edges of the samples is due to
the concentration of the photoluminescent radiation in the waveguides by
total internal reflection. The obtained colors of the visible photolumines-
cence, ranging from green for 250 °C to yellow for 350 °C and orange for
450 °C, illustrate the effects of quantum confinement.

total internal reflection at the surface of the coating. The
obtained colors of the visible photoluminescence range
from green for 250° to yellow for 350° and orange for
450°. Since the cluster growth during the thermal process-
ing step is governed by the annealing temperature, it is
straightforward to assume that for higher temperatures lar-
ger clusters are formed. The different colors in the photo-
graph (Fig. 6) and the spectra shown in Fig. 5 reflect
thus directly the effects of quantum confinement.

5. Discussion

It has been shown that anorganic photoluminescent
coatings can be produced by the sol-gel dip-coating pro-
cess. The optical data of as well the spectral absorptance
as well as the photoluminescence strongly suggest that we
have succeeded in synthesizing CdS nanocrystal containing
Si0; films. For SiO,:CdS films with a CdS volume fraction
above the percolation threshold, an absorption edge at
photon energies close to the value of bulk CdS would be
expected. The blueshift of the absorption edge observed
for low CdS volume fractions can be explained by quantum
confinement and suggests the formation of nanometer-
sized CdS crystallites. A finite potential well model
(Nosaka, 1991) and results from tight binding calculations
(Lippens and Lannoo, 1989) have been used to estimate the
mean cluster radii to be in the range of 1-2nm. The
photoluminescent properties of the coatings are developed
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during the thermal annecaling step. It can thus be inferred
that the growth of the nanocrystals takes place during ther-
mal annealing. The temperature of annealing plays a cru-
cial role in the crystal growth progress, and it seems
obvious that higher annealing temperatures result in an
increasing mean cluster size. The effects of quantum con-
finement are thus expected to be stronger for samples pro-
duced at lower temperatures.

The results from spectral photoluminescence measure-
ments confirm the hypothesis of the presence of CdS nano-
crystals in such films. The characteristical two-band
structure of the emission spectra has also been observed
by other researchers for CdS nanocrystals immersed in silica
matrices (Capoen et al., 2001; De la Rosa-Fox et al., 2003).
Capoen et al. designated the high- and low-energy compo-
nents of the PL emission by the labels “band I’ and ““band
I1”, respectively, and explained the former by the direct
recombination of the exciton pairs while ascribing the latter
to a recombination of the exciton pairs via trap surface
states. The underlying model (Hésselbarth et al., 1993)
includes two surface trap bands associated with interstitial
S (Pedrotti and Reynolds, 1960), and excess Cd (Wang
and Herron, 1988). Due to the non-radiative relaxation of
electronic states (hole relaxation to excess Cd surface trap
band), some energy is lost in the cycle of excitation and band
IT emission. However, as shown by the measurements, the
large Stokes shift for band II results in a lower reabsorption.
The transversal type of measurement as illustrated by Fig. 4,
where the optical path within the quantum dot containing
material is relatively long, is much more sensitive to weak
absorption than the determination of spectral absorptance
by measuring normal transmittance and reflectance (see
Fig. 2). Since the reabsorption is the main limiting factor
for the concentration, this effect is also beneficial because
it implies the possibility of higher concentration factors. It
is interesting to note that not only the emission related to
direct recombination (band I) but also the emission related
to surface states (band II) shift to higher energies for sam-
ples annealed at lower temperatures. Quantum confinement
has obviously an effect also on the electronic states involved
in band IT emission. For samples annealed at lower temper-
atures, the relative contribution of the emission attributed
to direct recombination increases, which might be under-
stood in terms of the growing oscillator strength for increas-
ing quantum confinement due to the increasing spatial
overlap of electron and hole wavefunctions.

Preliminary investigations of similarly prepared SiOj:
TiO, films by means of transmission electron microscopy
have shown evidence for a granular structure with grain
sizes in the order of several nanometers. A structure model
based on cadmium sulfide nanorystallites immersed in sili-
con dioxide appears thus as reasonable for ternary Si-O—
Cd-S films. However, a detailed characterization by com-
plementary experimental methods such as e.g. transmission
electron microscopy and X-ray diffraction would be neces-
sary to exclude the formation of ternary and quaternary
phases and to confirm the presence of nanocrystalline CdS.

The sol-gel process has a large potential for large area
deposition at low cost and is considered as promising also
in other fields of solar energy conversion, concerning opti-
cal selective absorber coatings (Bostréom et al., 2003), and
thin films on thermal collector glazing (Grangvist, 1998;
Gombert et al., 2000). Therefore, the proposed concept
of anorganic thin film photoluminescent solar concentra-
tors could be very promising regarding the criterion of
energy cost. The use of quantum dots provides stability
against photobleaching under solar irradiation as well as
a great flexibility in emission wavelength due to the benefi-
cial effects of quantum confinement. Additionally, there is
some hope that the purity of the material is less critical
than for photovoltaic cells, where electron transport has
to be assured everywhere in the semiconductor materials.
This could imply a reduction in “grey” energy involved
in the production process. Finally, the proposed collectors
based on coated glass panes might be very suitable for
architectural integration into the building envelope. In
order to estimate the efficiency and possible concentration
ratios for such devices, detailed optical characterizations of
the coating materials are still necessary. The choice of envi-
ronmental harmless constituents and the optimization of
their photoluminescent properties belong to the major
challenges for future work.

6. Conclusions

Quantum dot containing nanocomposite coatings might
be an interesting alternative for the production of planar
quantum dot solar concentrators. By sol-gel dip-coating,
photoluminescent anorganic thin films have been deposited
on low iron glass substrates. The optical data on absorp-
tion and photoluminescence strongly suggest that the syn-
thesis of cadmium sulfide nanocrystallite containing silicon
dioxide films SiO,:CdS has succeeded. The blueshift of the
absorption edge observed for low Cd concentrations
directly reflects the effect of quantum confinement. A finite
potential well model and results from tight binding calcula-
tions can be used to estimate the mean cluster radii to be in
the range of 1-2 nm. In the photoluminescence spectra, two
emission bands are observed, which are associated with
direct recombination and recombination via trap surface
states, respectively. For lower annealing temperatures, a
blueshift of the occurring features in the PL spectra is
observed and associated with the increasing quantum con-
finement due to shrinking cluster size. As seen from angle-
dependent emission spectra and for variation of the optical
path length in the sample, the emission band at lower pho-
ton energies propagates more easily in the waveguide than
the high-energy band. The lower reabsorption is related to
the larger Stokes shift and could be advantageous for
achieving higher concentration factors. Given the suitabil-
ity of thin film technology for large area deposition at low
cost, quantum dot containing nanocomposite coatings on
highly transparent substrates can be considered as an inter-
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esting alternative for the fabrication of photoluminescent
planar solar concentrators.
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