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Abstract In this study, we present a promising combination of glass photonics and photovoltaics to develop more efficient types of
solar cells. Following up on earlier suggestions, we demonstrate that fundamental losses due to the intrinsic spectral mismatch of
many photovoltaic devices can be ameliorated using spectral conversion based on rare-earth-doped glass layers. Our goal is to show
work in progress in this field by approaching the topic in two ways: First, we will give a brief introduction to the basic concepts of
photovoltaic devices and their intrinsic losses. Within this standard conceptual framework, we suggest that gains in efficiency due to
spectral conversion layers can be described by an alternative model of absorbing and emitting solar cells, which is based on radiative
transfer. Second, we practically demonstrate spectral conversion in a real device, which combines Tb-doped ZnO thin films with a
typical organic solar cell. To this end, we describe in detail the fabrication of such a device using RF sputtering, carry out a typical
characterization of the glass layer using Raman spectroscopy and analyze the performance of the final device.

1 Introduction

It is quite fascinating to note that an abundant raw material like sand can give rise to some of the workhorses of modern glass
technologies and glass photonics [1] and also to one of the most important (quantum) semiconductor devices, which is the p—n
junction solar cell [2]. But there is a more general problem than just a common ancestor, which brings modern glass photonics and
photovoltaics together, and this is the spectral mismatch of a typical single-junction solar cells. About 50% of the incoming energy
from the Sun cannot be converted into electric energy, either because the incoming photons with frequency w cannot be absorbed
when their energies E = fiw are smaller than the band gap Eg,, of the bulk absorber material. Or their energies are much larger
than the band gap. Then, the free charge carriers generated by the absorbed higher energetic photons will lose a lot of their initial
energies through scattering with the vibrating ionic lattice of the absorber, before they can finally be extracted at the contacts. This
process is called thermalization. Both loss mechanisms are shown in Fig. 1.

Many workarounds have been suggested over the years to reduce the losses caused by spectral mismatch, which range from
multi-junction solar cells to hot carrier extraction. Both approaches form the champions league of solar cell development, but are
either too costly for mass production, or still plagued by fundamental problems and lack of suitable bulk materials [2]. Another idea,
which was originally brought up by Trupke, Green and Wiirfel [3, 4], is the use of frequency conversion layers. Given a suitable
combination of rare-earth ions and a suitable host material in terms of glass (ceramics), up-conversion can turn two photons with
energies lower than the band gap of the bulk absorber into a photon with energy close to the band gap, and down-conversion can turn
a higher energetic photon prone to thermalization losses into two photons with energies close to the band gap. That way, photons can
be absorbed over a wide spectral range with minimal losses, and theoretical efficiencies between 40 and 50% have been predicted
[3, 4]. These ideas will be the main topic of our study.

The paper is structured as follows: In Sect. 2, we briefly discuss the simplest theory of solar cells, which is based on the diode
equation. We also present a more advanced approach, which is based on a fundamental set of equations that are used to describe a
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Fig. 1 (Left) Intrinsic losses in a bulk material with band gap Eg4p due to non-absorption of red photon with energy lower than the band gap, and losses
through thermalization of electrons and holes generated by a blue photon with energy much larger than the band gap. (Right) Fundamental J-V curves of a
dark diode solar cell (blue) and a diode solar cell under illumination (red). The output power is characterized by the maximum working point Py,

standard photovoltaic device. Then, we discuss how spectral conversion enhances the efficiency of such devices by introducing a
theory of absorbing and emitting solar cells, which is based on radiative transfer.

In Sect. 3, we give some insight into the practical use of spectral conversion in a typical solar cell device, and report from
our experimental work on Tb-doped ZnO thin films as down-converting glass components in a standard organic solar cell. We
describe the preparation of the ZnO thin films using RF sputtering, and we go through a detailed analysis of those films using
Raman spectroscopy. A particular focus or that work is the reduction of residual stress in those layers, which is a key factor for their
successful implementation as spectral conversion layers. Then, we finally explore the practical use of these films in organic solar
cells either as pristine thin films, or upon doping with Tb, to serve as buffer and spectral conversion layers.

In Sect. 4, we will summarize our findings and suggest some future work.

2 Absorbing and emitting solar cells containing spectral conversion layers

In this section, we will use various theoretical approaches and concepts to describe the impact of spectral conversion on the efficiency
of solar cells.

2.1 Shockley diode equation

The simplest description of the fundamental current density J vs. voltage V characteristic of a solar cell at temperature 7 is given

by the Shockley diode equation:
J=1 A N 1
=J;-|ex —1) -
s p nkpT L

Here, J; is a constant (the so-called saturation current density) and n an empirical quality factor between 1 and 2. The term Jr,
describes the light current density being generated under solar illumination. We see in Fig. 1 that the effect of the light current is to
pull the typical J—V curve of a diode down in the direction of negative currents, which corresponds to power being generated by
the solar cell. In other words, the bigger the photocurrent density, the more effective is the solar cell, which can be quantified by
the maximum power point P,, [2]. In this simple model, an additional spectral conversion layer simply increases the light current
density. The underlying mechanisms are, first of all, an extension of the energy range of available photons, and second, the reduction
of thermalization losses, which would lead to a much lower light current density without spectral conversion.
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2.2 The fundamental transport problem in absorbing solar cells

A more fundamental set of equations, which describes the transport of free charge carriers for purely absorbing solar cell devices in
a steady state, is the following:

d?p(x) e
P —gp(x) )
LR Gy + Ryt 3)
e dx
1dJ,(x)
2751 =Gx) - Ry(2) @

where x is a direction perpendicular to the top area of the solar cell across the device, thus assuming a one-dimensional transport
model. Equation 2 is the Poisson equation, which relates the electrostatic potential ¢(x) across the device to the density p(x),
which comprises the densities of negative (electrons) and positive (holes) free charge carriers, but also trapping and donor densities.
Please note the dependence of the Poisson equation on the dielectric function ¢p of the absorbing bulk material. Equations 3 and
4 are continuity equations, which relate the current densities J,, for electrons and J, for holes to the photogeneration rate G(x),
and these equations also contain specific recombination rates R, (x) and R,(x). Thus, the absorption of incoming photons and the
subsequent generation of free charge carriers lead to a photogenerated source term G(x) in both continuity equations, whereas the
recombination processes of free charge carriers lead to sink terms R,(x) and R,(x). The fundamental set of Egs. (2—4), together
with the specification of boundary conditions to model the contacts, are the basis of state-of-the-art solar cell device simulations
[5]. Ignoring reflectivity at the surface, the photogeneration rate G(x) in this model depends on the absorption coefficient a(E) of
the absorbing bulk material and on the photon flux b(E, x). For details, see [2] or [7]. Spectral conversion processes will clearly
modify the photon flux b(E, x), and as a result, we expect to see increases in the photogeneration rate, which leads to larger current
densities of free charge carriers and finally to increases in the resulting device efficiency.

2.3 Charge carrier transport in absorbing and emitting solar cells

Based on the set of equations described in the previous section, one can apply an ad hoc approach to describe the effect of spectral
conversion layers on the incoming photon flux b(E, x). This approach is based on the rate equations that describe a system of
rare-earth ions being pumped by solar radiation rather than by a laser source. We have explored this approach in the framework of
solar cell device simulations [6, 7], and the results were acceptable, but the approach itself was not very elegant.

In the following, we will suggest a more general approach to introduce spectral conversion into the transport problem of solar
cells. This approach is based on the equations of radiative transfer. The idea itself is very simple. We note that the (specific) intensity
I(E, x) of the incoming radiation in an absorbing and emitting solar cell may be described by the following equation of radiative
transfer [8]:

dI(E,
% = —a(E)I(E,x)+ j(E) (&)

Note that ¢ (E) is the absorption coefficient and j(E) the emission coefficient of the bulk material. This equation is readily solved
(i.e., by using Laplace transforms) and we obtain:

_ —aEyx , JE) (1 —a(Byx
I(E,x) = I(E,0)e +a(E)(1 e ) 6)

The first term in this solution describes the exponential decay of the intensity, which is known as Beer’s law [2]. The second
term describes a growing intensity due to emission. Note that the intensity /(E, x) is directly related to the photon flux b(E, x)
within the solar cell by b(E, x) = @, which gives the modified photon flux for an absorbing and emitting solar cell. Finally,
this modified photon flux must be used in the expression for the photogeneration rate G(x).

The suggested approach based on radiative transfer becomes most powerful, if one is able to establish approximate relations
between the absorption coefficients and the emission coefficients in the case of spectral conversion processes. The absorption
coefficients are usually much easier to determine than the emission coefficients, and in particular when using first principles
methods [9]. For the ideal case of a black body at temperature T, the relation between its absorption coefficient and its emission
coefficient amounts to % = B(E, T), where B(E, T) is the spectral radiance of that black body [10]. Furthermore, McCumber
[11] has derived a relation between absorption and emission cross sections, which refers to what could be characterized as a dirty
two-level system and which might also be an interesting starting point in this regard. Further details are work in progress, and they
will be discussed elsewhere.
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Fig. 2 Eigenvectors of the ZnO optical phonon modes. For every mode, the red arrows represent the dominating displacement vectors. The A1, By (high),
E1 and E (high) modes are oxygen-dominated, while B (low) and £, (low) modes are Zn-displacement dominated

3 A case study: organic solar cells with ZnO-based spectral conversion layers

Interest in the development of bulk heterojunction organic solar cells has continuously increased over the years, because of their low
cost and because of improvements in device efficiencies, which have recently surpassed the 19% threshold [12—14]. At this rate, the
photoconversion efficiency (PCE) in organic photovoltaics (OPV) will soon surpass the efficiency of the more costly Si based PV.
This enhancement is driven primarily by the development of novel polymers such as non-fullerene acceptors, which have shown
excellent optical properties, a modulation of the photoactive layer to form ternary heterojunctions with an extended absorption range,
and lastly the incorporation of spectrum conversion layers. While the first two strategies have already led to larger improvements
in the performance of OPV devices, light management through plasmonic and frequency conversion offers further advantages in
the extension of PCE values, which would be comparable to those of multi-junction devices [15, 16]. In this section, we present
as a proof of concept the efficiency enhancement strategy of an organic solar cell based on non-fullerene acceptor polymer, where
we use rare-earth-doped ZnO as the glass photonic spectral conversion layer. The dual effect of applying a non-fullerene acceptor
(NFA) derivative and rare-earth-doped trivalent elements in ZnO in a typical inverted organic solar cell device nicely illustrates the
practical use of combining glass photonics and photovoltaics [17]. In the subsequent sections, we will study the physical properties
of these thin-film ZnO layers, which were fabricated by RF sputtering and subsequent thermal annealing to improve their structural
and optoelectronic properties.

3.1 Properties of ZnO thin films

ZnO is a transparent conducting wide band gap semiconductor with extensive applications in optoelectronic devices [18, 19]. From
the point of view of glass photonics, it provides a direct band gap and strong absorption in the near-UV spectral region. Therefore,
it is also used as a template photoelectrode and as an electron transport layer for various solar cell applications. Additionally, the
large energy band gap may be modified through doping with rare-earth elements to allow for tunable frequency conversion. These
properties make ZnO a rather unique glass photonic component for practical implementations of spectral conversion layers. The
efficiency of these layers is highly dependent on the crystal structure and even nano structural characteristics of the host material,
where size effects and fundamental interactions may strongly affect the basic energy transfer mechanisms. Here, Raman spectroscopy
may be used to analyze the electron-hole pair interaction with the phonons propagating in the wurzite—ZnO through an inelastic
scattering process [20, 21]. Then, the phase purity of the wurtzite lattice of ZnO is probed by the analysis of the 12 vibrational
eigenmodes corresponding to the P63mc space group. As such, we identify the essential three acoustic ' = 2A1 +2B1 +2E1+2E>
and nine optical phonons, Iopical = A1 + 2By + E1 + 2E>. That determine atomic configurations in the respective unit cells and
the corresponding phonon modes over the Brillouin zone [22]. These vibrational modes characterize the structural and composition
purity of ZnO compound in the bulk and in the thin films.

The dominant optical and acoustic modes also include E{(TO), E1(LO), E; (high), which can be signatures of defects and
vacancies in ZnO. These modes are illustrated by their respect atomic displacements in Figs. 2 and 3 for bulk ZnO with six
first-order Raman active modes. More details on the polar and non-polar Raman active modes in ZnO can be found in [23], [24].

3.2 Experimental

3.2.1 Growth of ZnO thin films for PV applications

The properties and the quality of the glass photonic layers are highly dependent on the fabrication methods. For the present study,
ZnO and Tb-doped ZnO thin films have been deposited by RF magnetron sputtering of a ZnO target of purity 99.95% on (100) Si

and quartz substrates. The substrates were thoroughly cleaned with organic solvents and dried prior to film deposition with a vacuum
chamber of base pressure 1.8 x 10 mbar. Plasma ignition was carried out in an argon gas atmosphere at a flow rate of 13.0 sccm.
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Fig. 3 Unpolarized Raman
spectrum of bulk ZnO showing
Raman active modes with the
corresponding vibrations of the
ions. The red arrows specify the
dominant ionic displacements
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The RF power and the deposition time for the ZnO were varied from 100 to 260 W and between 1 and 20 min for variation of the
physical properties of the ZnO thin film as verified by Raman spectroscopy. The Tb-doped ZnO thin films were deposited at room
temperature, and in the organic solar cells, they served as electron transport and spectral conversion layers. We finally compared the
performance of these devices to the performance of reference OPV devices with pristine ZnO layers, in order to probe the effect of
spectral conversion.

3.2.2 OPVs device fabrication

In this subsection, we describe the procedures for fabricating an inverted organic solar cell device containing ZnO and Tb-doped
ZnO as an electron transport layers and/or frequency conversion layers. Pristine ZnO layers of thickness 120 nm were foremost
deposited onto an ITO-coated glass substrate at 100 W for 1 min. Subsequently, the photoactive layer of a PTB7:ITIC-4F polymer
blend solution (Sigma-Aldrich) in dichlorobenzene was prepared at 1:1 mass ratio and with a total concentration of 20 mg/ml. This
mixed solution was spin-coated at 2000 rpm for 60 s to form a homogenous film of 215 nm thickness serving as the electron transport
layer. Thereafter, PEDOT:PSS (1.3 wt% dispersion in H,O) was spin-coated at the same speed to form a hole transport layer. The
final step was a metallization of the device with aluminum, which was deposited through thermal evaporation at high vacuum. These
procedures lead to a device with inverted architecture in the form ITO/photonic layer/PTB7:ITIC-4F/PEDOT:PSS/AL The resulting
device was finally annealed in Argon ambient at 100 °C for 15 min to remove organic polymer solvent and any residual water.

3.3 Results and discussion

The optimum ZnO thin film was found by a series of characterizations that would probe elemental composition, high phase purity and
microstructural quality. All properties strongly influence the optoelectronic behavior of ZnO layers through quantum confinement
effects, and they are crucial for their dual function as an electron transport and as a frequency conversion layer. The following
sections summarize the results of these characterizations.

3.3.1 Elemental composition

The elemental composition of the ZnO thin films was determined using Energy Dispersive X-ray Spectrometry (EDS). Thin films
containing Tb (reported earlier in [25] using Rutherford backscattering spectroscopy) were marked by the absence of impurities
during their growth, which is also evident from the EDS spectrum of Fig. 4.

A similar analysis of our Tb—ZnO thin film using EDS essentially confirmed the composition and the microstructural purity of
these layers.

3.3.2 Raman spectroscopy analysis

Band alignment in organic solar cells is a critical parameter that determines the efficiency of charge transport and recombination
channels [26, 27], and it strongly guides the choice of the photonic layers to be incorporated as the electron transport layer. The
characteristics of a typical electron transport layer reveal its dual role: first, in reducing the lifetime of the charge carriers through
optimal energy band offset, which can be tuned by microstructure modification to induce quantum size confinement effects on/within
the host compound. Additionally, this layer should selectively block the unwanted charge carriers through mobility filtering [28].
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Fig. 4 EDS analysis of the ZnO
thin film grown using RF
sputtering on a Si wafer substrate
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Concerning the photonic layers, the tuning of their microstructures would involve energetic parameters (RF power) and kinetic
parameters (deposition time), and their functionality was further enhanced by incorporating rare-earth ions [29]. Moreover, the
formation of multilayers using thin-film deposition techniques always requires a balance between their residual stresses, which is
discussed in the following sections.

Effect of annealing on ZnO thin films deposited for 1 min Figure 5 shows the Raman spectra of a ZnO thin film deposited on Si
(001) for 1 min at an RF power of 100 W. The film had a thickness of 120 nm and was annealed for 2 h under an argon atmosphere
in a temperature range of 500-900 °C. The strong peak of the reference film round 434.5 cm™! is assigned to the non-polar optical
phonons E; (high) modes of the ZnO film. The peaks at 522 and 303 cm™! are attributed to the optical phonon modes of the silicon
substrate, and the broad peak at about 565 cm ™! is attributed to the E; (LO) mode of ZnO. After annealing, the E, phonon frequency
is blue shifted from 434.5 to 437 cm™". This shift of 2.5 cm™! is a strong indication for a decrease in the tensile stresses within the
layer.

Effect of annealing film grown using 5-min deposition To further determine the effects of film thickness and annealing on the tensile
stress in ZnO thin films, we also used deposition times of 5 min. The resulting film thickness was measured to be 132 nm. The
results of the structural properties after annealing are shown in Fig. 6. It is evident that the E» (high) mode is very sensitive to
deposition time, since it appears at a lower wavenumber of 432 cm™! compared to that of a film grown for 1 min. The decrease of
the wavenumber with increasing deposition time is indicative of increasing tensile stresses with these thin films.

Effect of annealing film grown using 20-min deposition An increasing tensile stress is also evident for films grown with 20-min
deposition time (Fig. 7). Those films had a thickness of 230 nm. The tensile stresses are attributed to the atomic peening effect, which
locally increases the temperature gradient between the film and the substrate, and it leads to a pronounced mismatch in thermal
stresses.
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Fig. 6 Raman spectra of ZnO thin i — Reference
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Effect of varying thin-film deposition time To determine the effect of microstructure on the film properties, we carried out a systematic
annealing study of films grown to a different thickness. A general comparison of the Raman spectra of ZnO thin films as a function of
deposition time is shown in Fig. 8. Our results demonstrate the appearance of the B silent inactive mode in the vicinity of 275 cm ™.
This mode is gradually red shifted shift to 277 cm~! for films grown over 20 min. The presence of this mode conforms to earlier
work by Serrano et al. [30], whose theoretical calculations attribute this mode to the displacement vectors of Zn- and O-sublattices
during the presence of symmetry breaking defects, grain boundary impurities or localized electric field distributions [30-33]. The
disappearance of this mode with annealing temperature indicates enhanced crystallinity, which would generally require higher
annealing temperatures for thicker films. This observation emphasizes again the necessity to establish optimal growth conditions in
order to obtain enhanced thin-film properties.

The controversial but silent £; (LO) phonon mode at 580 cm™~! confirms the wurtzite hexagonal phase in the ZnO films fabricated
by RF sputtering [34, 35] and [36]. The presence of this peak may indicate the existence of native defects that are correlated to
thermally activated particle size effects. The latter drive a competition between the surface and volume effects to minimize the
number of defect states, which is strongly suggested by decreasing scattering intensities of the respective phonon modes [37]. We
also observe the disappearance of this peak at 700 °C, 800 °C and 900 °C for the 1-min, 5-min and 20-min deposition times,
respectively. It is well known that thermal activation leads to the decrease in oxygen vacancies, and therefore, the reduction in peak
intensity could be attributed to the recombination with oxygen interstitials or migration into sinks [36]. According to Al Asmar
et al. [38] the 580 cm~! peak refers to charge trapping at grain boundaries and the presence of localized interface and/or surface
phonon modes. On annealing, the grain boundary density is gradually reduced as the grain size increases. In consequence, the charge
trapping effect at grain boundaries vanishes when the annealing temperature increases. And finally, we observe that the £ (high)
peak gradually increases in intensity, similar to the film grown for 5-min deposition time. In both cases, the pristine films are partially
crystalline due to the low signal-to-noise ratio of the E; mode of the reference films.

Effect of varying thin-film deposition RF power The Raman spectra as a function of RF sputtering power are shown in Fig. 9. One
notices the distinct Raman peaks at 275 cm™!, 522 cm™! and 565 cm™!. The sharp 522 cm™! peak corresponds to Si phonon modes.
The 275 cm™! peak is attributed to the B; silent inactive mode. It slightly shifts to 277 cm™!, and we observe an increasing peak
intensity with increasing deposition time. This shift in the peak position could be attributed to a decrease in tensile strain.
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Fig. 8 Raman spectra of ZnO thin " T " T T T T
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According to Manova et al. [39], the use of controlled energetic ion bombardment in thin-film formation leads to improved
adhesion, reduced substrate temperatures, the control of intrinsic stress and adjustments of surface texture, phase formation and
nano-topography. Our results agree with these observations, and we see an evident shift in the peak positions with increasing RF
power, which reflects the phase transition from amorphous to highly crystalline growth. The films deposited at 260 W power showed
a sharp crystalline B; silent inactive mode peak at 277 cm™!, which indicates that the crystallization of our thin films increases with
increasing RF power.

In summary, all of our structural characterizations confirm that thermal activation minimizes the number of native defects effects
and also reduces tensile stress. These features are essentially good news for OPV device application, and particularly in the inverted
device architecture. In the next section, we finally study the use of ZnO layers in a typical photovoltaic application.

3.4 Applications of pristine and Tb-doped ZnO thin films in organic solar cells

This section describes the measured performance of ZnO-based thin films as electron transport layers and as frequency conversion
layer in a typical inverted organic solar cell. Figure 10 shows the current density to voltage (J-V) characteristics under AM 1.5
irradiation conditions for two prototype OPV devices with pristine ZnO and Tb-doped ZnO layers. The inverted structure of these
prototype devices was ITO/ZnO:Tb>*/PTB7:ITIC-4F/PEDOT:PSS/Al, where the ZnO and ZnO:Tb>* thin films were obtained using
RF sputtering onto ITO-coated glass substrates. The films used for device fabrication have not been subjected to annealing due to
the floppy behavior of ITO glass substrates, which soften at 7 >400 °C. Furthermore, annealing may lead to the thermally activated
diffusion of indium, which deteriorates the electrical properties of the ITO films.
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Fig. 10 J-V characteristics of 2 T T T T T
devices formed using pristine and — ZnO
Tb-doped ZnO as the layers. The —2Zn0O:Tb

inset shows the UV-visible 0+
absorption spectra of the active

Absorption (arb. units)

layer with different ZnO layers N/E\ 5
o
2 4
E
z 4 -
‘D
S T T T T
'g 400 500 600 700 800
c -64 Wavelength (nm) .
(9]
=
3
(&]

-10 T T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4
Voltage (V)

The open circuit voltage, series resistances and the fill factor of the two devices remained unaltered, which indicates that the
electronic properties of ZnO layers have not been altered by Tb doping. The short circuit current density increases from 7.5 to
7.9 mA/cm?, which indicates the spectral down-conversion due to the presence of Tb atoms in the ZnO layer. The enhanced
photocurrent corroborates with the absorption measurements shown in the inset. There is an obvious increase in the absorption
range after introducing the Tb atoms, which leads to an enhanced number of photons in the visible region after converting higher
energetic photons in the UV region. The spectral conversion process has modified the UV properties of the original solar emission
spectrum, and it leads to an enhanced photo-absorption in the wt—m* transition of the donor polymer in solar cell and thus to a
larger concentration of free charge carriers. This is a very promising result, and a nice practical example for the significance of glass
photonics to improve the efficiencies of photovoltaic devices.

4 Conclusion

With this study, we want to point out the use of glass photonics as a very promising strategy to increase the efficiency of standard
photovoltaic devices. The suggested techniques can be modified to allow for a variety of rare-earth-doped glass (ceramics) layers
to be deposited on standard photovoltaic devices. And with the necessary meticulous fine tuning and cleaner fabrication methods,
spectral conversion based on glass photonics may be taken from the conceptual stage with relatively low gains in efficiency closer
to the theoretical gains described in the literature.

From a theoretical and conceptual point of view, we discussed the main aspects of the standard approaches to describe photovoltaic
devices, and we pointed out intrinsic and rather fundamental losses due to spectral mismatch in this framework. Then, we picked up
earlier suggestions in the literature, where authors have strongly advertised the use of spectral conversion based on rare-earth-doped
glass layers to circumvent spectral losses, and to increase the efficiency of standard photovoltaic devices. Based on their ideas, we
developed a more general theoretical and conceptual framework of absorbing and emitting solar cells, which was derived from the
basic equations of radiative transfer. We are optimistic that by systematically expanding on older approaches based on non-ideal
black body emitters, this general framework may be taken from the conceptual stage toward its final implementation in standard
solar cell device simulations.

From a practical point of view, we also demonstrated the practical implementation of spectral conversion in solar cells based on
glass photonics. To this end, we described in detail how ZnO thin films with different thicknesses and different annealing temperatures
were prepared on silicon substrates by RF magnetron sputtering. The pressure in the vacuum chamber during the deposition was
lower than 5 x 1075 Pa. Using Raman spectroscopy studies, the surface structure was studied as a function of deposition rate and
post-deposition annealing temperature, with a temperature range of 500-900 °C. The films show a peak near 275 cm™! attributed to
the B silent inactive mode which drastically reduces intensity with annealing temperature, and we pointed out further dependencies
on deposition time and power. The incorporation of pristine and Tb-doped ZnO thin films into organic solar cell device resulted in
an increase in absorption below and beyond the visible range, which is an indication that these films can be used as a buffer layer
and as a down-conversion layer to enhance the OPV device performance.
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