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Main goal
Develop structures and 
technologies to 
enhance the efficiency 
of current (Si) solar 
cells.

Two approaches are being pursued:
• To increase efficiency through a better exploitation of the solar 

radiation spectrum (by using up- and down-conversion of the 
incident light’s frequency)

• To increase efficiency through a better harvesting of solar radiation (by 
using plasmonic structures)
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Better exploitation of the solar
spectrum: up- and down- frequency
conversion

LIGHT FREQUENCY CONVERSION
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Light	trapping	by	scattering	from	metal	nanoparticles	
at	the	surface	of	the	solar	cell.	Light	is	preferentially	
scattered	and	trapped	into	the	semiconductor	thin	film	
by	multiple	and	high-angle	scattering,	causing	an	
increase	in	the	effective	optical	path	length	in	the	cell.

Light	trapping	by	the	excitation	of	localized	surface	
plasmons in	metal	nanoparticles	embedded	in	the	
semiconductor.
The	excited	particles’	near- field	causes	the	creation	of	
electron–hole	pairs	in	the	semiconductor.	

Light	trapping	by	the	excitation	of	surface	plasmon
polaritons at	the	metal/semiconductor	interface.	A	
corrugated	metal	back	surface	couples	light	to	Surface	
Plasmon	Polariton or	photonic	modes	that	propagate	in	
the	plane	of	the	semiconductor	layer.	
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G.C.Righini et	al.,	Investigation	of	upconversion luminescence	in	Yb3+/Tm3+/Ho3+ triply	
doped	antimony-germanate glass	and	double-clad	optical	fiber,	Optical	Materials,	58	
(2016)	279–284.

the shift of chromacity coordinates towards blue region on CIE1931
diagram (inset Fig. 4) was observed. The colour coordinates x¼ 0.34
and y ¼ 0.32 which values are closest to chromacity coordinates of
illuminate A of CIE1931 (x ¼ 0.33, y ¼ 0.33) have been obtained for
pumping power equal 1.76 W Fig. 5 shows the relation between UC
luminescence intensity IUP as a function of the pumping power IIR. It
is well known the relation expressed as IUP∝ImIR , where m de-
termines the amount of photons of the optical pump used in the
conversion of excitation process which occurs in a given structure
of energy levels of the RE elements. In glasses co-doped with
0.5 mol%Yb2O3/0.1 mol%Tm2O3/0.2 mol%Ho2O3 the fitted value at
478, 545 and 660 nm are 2.3, 1.7 and 1.5, respectively. Hence, the
blue UC emission at 478 nm corresponding to 1G4 /

3H6 transition

is characterized by three-photon process. The green (545 nm) and
red (660 nm) emission band originating from 5F4 / 5I8 and
5F5/ 5I8 transitions resulting from two-photon processes. It means
that the red UC luminescence is mainly originated from 5F5 / 5I8
transition in holmium energy structure. The calculation results
indicate that the values of m are relatively smaller than theoretical,
hence this may probably be due to the saturation effect which could
be dominant in the up-conversion process [17]. A simplified energy
level diagram and possible UC mechanisms in the Yb2O3/Tm2O3/
Ho2O3 system are shown in Fig. 6. First, due to high absorption of
pump radiation by Yb3þ ions the metastable level 2F5/2 was popu-
lated. Next, part energy form this excited level can be transferred to
adjacent Tm3þ or Ho3þ ions, respectively, by phonon-assisted en-
ergy transfer (PAET), consequently by energy transfer with up-
conversion (ETU) and excited state absorption (ESA). As a result
of multiphoton absorption in each sensitizing channel (Yb3þ/Tm3þ

and Yb3þ/Ho3þ) the blue, green and red emission bands were
estimated. Mechanisms of Yb3þ / Tm3þ energy transfer that are
mainly responsible for the blue UC emissions can be expressed as
follows [34]:

PAET: Yb(2F5/2) þ Tm(3H6) / Yb(2F7/
2) þ Tm(3H5) / MPR / Tm(3F4) (1)

ETU1: Yb(2F5/2) þ Tm(3F4) / Yb(2F7/
2) þ Tm(3F2) / MPR / Tm(3H4) (2)

ETU2: Yb(2F5/2) þ Tm(3H4) / Yb(2F7/2) þ Tm(1G4) (3)

Simultaneously, higher multiplets of holmium ions are popu-
lated due to Yb3þ / Ho3þ energy transfer, in following steps [35]:

PAET: Yb(2F5/2) þ Ho(5I8) / Yb(2F7/
2) þ Ho(5I6) / MPR / Ho(5I7) (4)

ESA1: Ho(5I7) þ photon / Ho(5F5) (5)

ESA2: Ho(5I6) þ photon / Ho(5F4(5S2)) (6)

ETU: Yb(2F5/2) þ Ho(5I6) / Yb(2F7/2) þ Ho(5F4(5S2)) (7)

In consequence of three-photon process in Yb3þ/Tm3þ, the
emission at 478 and 653 nm corresponding to 1G4 / 3H6 and
1G4 / 3F4 transitions were determined. In the Yb3þ/Ho3þ system
the UC emission at 545 and 660 nm corresponding to 5F4(5S2)/ 5I8
and 5F5 / 5I8 transitions, resulting from two-photon process were
determined.

3.4. Optical fiber

The double-clad optical fiber with off-set core co-doped with
Yb2O3/Tm2O3/Ho2O3 system was fabricated using a modified rod-
in-tube technique. Fig. 7a presents the normalised upconversion
luminescence spectra of glass and optical fiber co-doped with
0.5mol% Yb2O3/0.1mol% Tm2O3 0.2mol% Ho2O3. Geometrical pa-
rameters of the manufactured optical fiber are as follows: outer

Table 2
Optical, thermal and material properties of glasses used in experiment.

Parameter Core Inner cladding Outer cladding

Refractive index n (@632.8 nm) 1.73 1.62 1.51
Density r [g/cm3] 3.7 3.61 2.5
Thermal expansion coefficient a400100 [10#7 1/K] 56 92 91
Transformation temperature Tg [$C] (DSC) 430 569 525

Fig. 1. Absorbance spectrum of antimony-germanate glass co-doped with 1 mol%
Yb2O3/0.1 mol%Tm2O3/0.2 mol%Ho2O3.

Fig. 2. Luminescence spectra of antimony-germanate glass doped with different
content of Yb3þ ions and constant Tm3þ/Ho3þ ratio.

J. Zmojda et al. / Optical Materials 58 (2016) 279e284 281

was found to be strongly dependent on the concentration of RE ions
and excitation power. The white emission with CIE coordinates
(x ¼ 0.34, y ¼ 0.32) was determined for glass doped with the
following concentration of RE ions 0.5 mol% Yb2O3/0.1mol%
Tm2O3/0.2mol% Ho2O3 and optical pumping power at 1.76 W. This
glass is characterized by high thermal stability which was proofed
by manufacturing of the double-clad optical fiber with off-set core.
In comparison of UC luminescence spectra of glass the spectral
distribution of fibre emission bands contains strong green UC
emission at 545 nm. For this reason coordinates of fiber (x ¼ 0.37,
y ¼ 0.49) were located in green region of CIE diagram. The results
indicate that the change of interaction geometry of excitation light
with triply-doped core lead to different energy transfer mecha-
nisms between donor and acceptor ions. In practical application,
developed optical fiber can be consider as a tunable source of
visible radiation.
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Luminescence	spectra	of	antimony-germanate
glass	doped	with	different	content	of	Yb3+ ions	
and	constant	Tm3+/Ho3+ ratio.	

Simplified	energy	level	scheme	of	Tm3+,	Yb3+
and	Ho3+ ions	with	possible	energy	transfer	
up-conversion	mechanisms.	
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One	blue	photon	@	488nm

Two	infrared	photons	@	980	nm

Choice	of	the	rare	earths Choice	of	the	host	material

SiO2-HfO2 glass-ceramics
ü Combine the advantages of

glasses and the better
spectroscopic properties of
crystals.

Ag+
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F.	Enrichi et	al.,	Silver	doping	of	silica-hafnia	waveguides	containing	Tb3+/Yb3+ rare	earths	
for	downconversion in	PV	solar	cells,	Optical	Materials,	60	(2016)	264-269.

Photoluminescence	emission	spectra	for	the	TY-
GC	samples	before	and	after	Ag-exchange	and	
annealing;	excitation	wavelength	is	377	nm.	

Photoluminescence	excitation	spectra	for	the	TY-GC	samples	
at	450	nm	(left)	and	543.5	nm	(right)	before	and	after	Ag-
exchange	and	annealing.	

by ellipsometry are reported in Table 1. The waveguides have a
thickness between 0.6 and 0.7 mm and their refractive index con-
firms what observed by the previous structural analysis. Indeed the
Ag doping process is more effective for the G samples, attested by a
significant stronger increase of the index of refraction, while it has a
relatively small effect on the GC samples, where the index of
refraction is almost unchanged.

Fig. 3 reports the PL emission in the visible region of TY-G and
TY-GC series of samples before and after Ag introduction and
subsequent thermal treatment (by exciting the samples at 377 nm).
The intense emission from 5D4 / 7F5 Tb3þ transition at 543.5 nm
can be clearly detected. Moreover, only for the G samples, a very
intense broadband emission in the violet-blue spectral region ap-
pears as the dominant feature after the Ag doping process, but it is
strongly reduced after the subsequent thermal treatment. In
particular, the band presents two emission peaks centred at 415 nm
and 436 nm (3.0 and 2.8 eV, respectively). In agreement with SIMS,
RBS and ellipsometry measurements, we can reasonably attribute
the appearing of this emission to the effective introduction of Ag in
the matrix. Further luminescence investigation is reported in Fig. 4
by exciting the samples at 280 nm wavelength. It is worth
observing that the spectral emission of the violet-blue band is
almost unchanged, i.e. shape and position remained the same. The
analysis on the GC sample series reports only the spectral emission
features related to 5D4 /

7FJ (J ¼ 2e6) transitions of Tb3þ ions: this
is related to the already evidenced ineffective introduction of silver
in the glass-ceramic matrices.

The PLE spectra for G and GC samples are reported in Fig. 5 and
Fig. 6, respectively, for two different emissionwavelengths (450 nm
and 543.5 nm). When the emission at 543.5 nm is observed, the
typical direct excitation peaks of Tb3þ ions are detected. Only for
the TY-G-A sample, a broad excitation band is also present, around
400 nm. This band is much higher and better evidenced by
observing the emission at 450 nm, showing an excitation
maximum at 366 nm (3.4 eV) and a shoulder around 280 nm
(4.4 eV) (Fig. 5).

In principle, photoluminescence excitation and emission spectra
from Ag species can provide information concerning the metal
aggregation process, as mentioned before; at the same time, the
analysis of Tb3þ and Yb3þ emissions can be used to detect the
occurrence of possible sensitization, enhancement and energy
transfer from Ag aggregates to the rare earth ions. The intense
emission in the 400e450 nm range, showed by the TY-G-A sample
(Fig. 3), could be associated to interactions between ions consti-
tuting AgþeAgþ pairs [27,31e34,41e44]. However, by changing the
excitation wavelength we observed an unexpected stability of

shape and position of these bands (Fig. 4), as already mentioned,
suggesting that they could not be completely related to the re-
ported silver structures, whose emissions usually red-shift by
decreasing the excitation wavelength [see for instance: 27,31].
Actually, a very similar emission in the 400e450 nm range was
evidenced in synthetic silica [45], and in particular in sol-gel
derived pure silica [46,47], being related to oxygen-deficiency
centers (ODCs). Moreover, in Ag-doped silica the same emission
was detected much more intense than in pure silica [48], suggest-
ing that the Ag doping of our silica-based waveguides - producing
mainly Ag ions which compete with the other cations for the
available oxygen atoms - probably creates a large number of ODCs
in the glass network as a consequence of the depolymerization of
the structure. In this frame, the ODCs formation related to the silver
atoms entering the matrix suggests that the doping process is the
consequence of a thermal diffusion rather than of an ion exchange.

Due to the very low Ag concentration, we can expect that Ag is
mainly isolated and the presence of multimers could be reasonably
excluded. After annealing, a significant out-diffusion of Ag from the
sample, attested by SIMS, and a general rearrangement of the
matrix as a consequence of the annealing in oxygen-rich atmo-
sphere (air) can explain the disappearance of the PL emission band
mainly related to ODCs.

Fig. 3. Photoluminescence emission spectra for the TY-G (left) and TY-GC (right) samples before and after Ag-exchange and annealing; excitation wavelength is 377 nm.

Fig. 4. Photoluminescence emission spectra for the TY-G (left) and TY-GC (right)
samples before and after Ag-exchange and annealing; excitation wavelength is
280 nm.

F. Enrichi et al. / Optical Materials 60 (2016) 264e269 267

The emission in the 400e450 nm range is widely extended in
the whole near-UV region and could provide a significant contri-
bution for enhancing the efficiency of solar cells, downshifting the
solar spectrum from near-UV to the visible; the combination with
Tb3þ and Yb3þ rare earth ions can further shift the emitted wave-
length to the region of best absorption of the cell. It was not
possible, however, to clearly prove the energy transfer (ET) be-
tween Ag-induced ODCs and rare-earth ions, probably due to the
very low amount of silver introduced: the ET, on the contrary, was
evident in Tb:SiO2 systems for Ag doping as high as 1 mol % [48].

4. Conclusions

This paper reports on the possibility to introduce Ag in 1% Tb3þe
4%Yb3þ doped glass (G) and glass-ceramic (GC) sol-gel silica-hafnia
waveguides by immersion in molten salt bath. The films were
prepared by sol-gel deposition, annealing at 900 "C (G) or 1000 "C
(GC), and subsequent immersion in a molten salt bath containing
1 mol% of silver followed by a final thermal treatment in air at
380 "C or 440 "C. RBS and SIMS analyses showed the successful
introduction of Ag for the G films, but the silver total amount was
limited to approximately 0.2 at.%. Moreover, the following thermal
treatments further reduce the Ag amount at 40% of the starting
value. On the contrary, Ag was not detected in the GC films. PL
analysis of the as-exchanged G sample evidenced a strong broad-
band UV excitation centred at 365 nm and extending up to 420 nm,
responsible for an intense blue emission, which can be reasonably
ascribed to oxygen-deficiency centers induced by the silver

presence and e to a less extent e to AgþeAgþ interactions. This
emission completely disappears after annealing, due to the reduc-
tion of the Ag amount and/or changing of Ag aggregation form, and
was not detected at all in GC samples. Controlling the spectral
features of this band and combining it with absorption and emis-
sion of other rare earths like Tb and Yb could be very interesting for
increasing solar cells efficiency by downshifting UV radiation into
the visible and more. Further work will be focused on increasing
the Ag concentration in the films to better clarify the role of this
element and its interaction with the silica-hafnia matrix and, as a
consequence, with the embedded rare earth ions.
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Simulation	code:
• The	MIT	Photonic-Bands	(MPB)	package	is	a	package	for	computing	the	band	structures	

(dispersion	relations)	and	electromagnetic	modes	of	periodic	dielectric	structures.
• The	MIT	Electromagnetic	Equation	Propagation	(MEEP)	implements	the	finite-difference	time-

domain	(FDTD)	method	for	computational	electromagnetism.
• Custom	python	addons!!

Temperature	difference	as	a	function	of	incoming	
wavelength	for	a	single	gold	nanoparticle,	and	for	
an	matrix	of	gold	nanoparticles.	

Quandt et	al.,	Chapter	of	the	book	“Computational	Plasmonics”,	Springer,	in	press.

Lateral	temperature	map	for	a	
matrix	of	16	gold	nanoparticles.	



Plan of activities 2017 (this is the last year of the project)
- Development and characterization of films (glasses and glass-ceramics) containing rare earth ions and 

Ag+;
- Development of plasmonic waveguides to capture the solar radiation;
- Development of computer codes for the simulation of the proposed structures.

- Development of a proof-of-concept device, with enhanced efficiency with respect to standard 
silicon solar cells !!
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www.centrofermi.it/PLESC



Expected funding: this project will end this year.

Request of funding by Centro Fermi

- In 2017 we ask ~25k€ cash funding to co-finance the contribute given
by MAECI.

- Part of the co-financing by Centro Fermi is provided in-kind (FC’s
salary)

Potential external funding
• The funding by the Ministry of Foreign Affairs (MAECI) in 2017 is 

expected to be ~ 30,000 €. (Science attaché of the embassy in SA 
took part in our workshop 2016 in Johannesburg).

• Luleå University of Technology is financing the activity of Dr. Enrichi
(~10,000 €)
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Schematic	representation	of	the	
different	stages	and	routes	of	the	sol-

gel	technology.
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Plasmon Polariton

Collective	oscillations of	electron	gas	
(conducting electrons),	characterized	by	

plasma	frequency	 𝜔$% =
'()

*+,∗

Quasiparticles that	are	a	mixture of	photon	
modes	and	polarization	modes.

Model:	Vibrations of	electron	gas
relative	to	fixed	lattice	of	positive	ions,	
and	within	external	electromagnetic	
field.		

Model: Interaction of	electromagnetic field
with	polarizable	matter	(𝜀(𝜔)).	

PLASMONICA	e	NANOANTENNE	per	
CELLE	SOLARI	(PLANS)
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