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The thesis reports on my doctoral studies in the field of light-trapping structure for planar
multilayer thin-film photovoltaic diodes. In this report we consequently pass from plasmonic light-
trapping structures enhancing the PV absorption of photodiodes in a narrow band to broadband
all-dielectric light-trapping structures which were fabricated and successfully tested
experimentally.

The first part of the thesis is focused on a novel regime of perfect absorption in a thin plasmonic
layer that corresponds to a collective mode of a plasmonic nanosperes array. In the theoretical
study we show that the absorption of the incident light occurs mainly in the semiconductor material
hosting plasmonic nanospheres, whereas the absorption in the metal is negligible. The regime
remains the same when the uniform host layer is replaced by a practical photovoltaic cell. Trapping
the light allows the thickness of the doped semiconductor to be reduced to such values that the
degradation under light exposure becomes insufficient. The light-trapping regime is compatible
with both variants: the metal-backed photovoltaic cell and its semitransparent counterpart when
both electrodes are made of a conductive oxide. Negligible parasitic losses, a variety of design
solutions and a reasonable operational band make our perfect plasmonic absorbers promising for
photovoltaic applications.

The second part of the thesis is devoted to synthetic perovskites with photovoltaic properties that
opens a new era in solar photovoltaics. Due to high optical absorption perovskite-based thin-film
solar cells are usually considered as absorbing solar radiation fully under conditions of ideal
blooming. However, actually this assumption does not hold. In this part of the thesis we show that
it is possible to cure this shortage by complementing the basic structure with an inexpensive
plasmonic array of nanospheres.

The last research problem studied in the thesis is the dielectric metamaterial as an efficient light-
trapping structure. It is shown theoretically that this metamaterial can decrease the reflection and
simultaneously suppress the transmission through the photovoltaic layer because it transforms the
incident plane wave into a set of focused light beams. This theoretical concept has been strongly
developed and experimentally confirmed in the experimental work. Also the experiments show that
a submicron layer of a transparent conducting oxide may act as a top electrode of a photovoltaic
cell based on amorphous silicon when properly patterned by notches becomes an efficient light-
trapping structure. The nanopatterning is achievable in a rather easy and affordable way that
makes developed method of the solar cell enhancement attractive for industrial adaptation.
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1. Introduction and literature survey

1.1 Solar cells

Light energy may be converted into electricity in various ways. In this
thesis we concentrate on commonly-known photovoltaic (PV) conversion
of light to electric current, also called photoelectric conversion. This con-
version is based on the PE effect discovered in XIX century by A.Einstein.
Further, technologies of purifying the semiconductors elaborated in 1950s
allowed to obtain high-quality semiconductors really suitable for genera-
tion of electricity under the illumination by sunlight. These novel mate-
rials gave birth to solar photovoltaics — generation of electricity involving
the PV effect [1]. Most part of solar cells (SCs) are photodiodes, though
other devices performing the PV conversion of light are also known (see
below). Photodiodes are used not only for generation of electric power
— the effect can be used for sensing purposes [2], for optical control of
automata [3] and for signal processing in optoelectronics [4]. The main
peculiarity of SCs compared to other PV diodes is that the PV conversion
covers a significant part of the solar frequency spectrum that is ultra-
broad [1]. Therefore, SCs comprise passive components enhancing their
optical efficiency in this ultra-broad band. Another peculiarity is array-
ing the PV diodes connected so that to transfer the maximal power to the

external load. These big modules of SCs are called solar panels.

1.1.1 Solar photovoltaic industry

The development of solar photovoltaics since 1950s has been accompa-
nied by enhancement of the overall efficiency of SCs, and resolving the
key technological and management issues, such as: cost reduction, exten-

sion of the solar panel service life, improvement of its operation stability
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in terrestrial outdoor applications, including domestic sources of electric-
ity and solar electric stations, and in space applications with their specific
ambient. Historically, the first commercialized solar cells had the overall
efficiency close to 6% and were crystalline silicon (c-Si) solar panels with
SCs protected of the hailstones and rain by glass plates [1]. Nowadays
SCs based o ¢-Si and their Ge-based and GaAs-based counterparts are still
produced (where glass plates are replaced by polymer laminate and novel
technical solutions are used for reduction of internal and optic losses).
Such SCs type where the PV conversion holds in a bulk monocrystal semi-
conductor are all photodiodes and referred as first-generation SCs. Silicon
solar cells dominate in the solar PV market occupying 90% of it. They ex-
hibit, on the average, overall efficiency of about 20% that has grown from
19.5% in 2004 [5] to 22.1% in 2014 [8]. It is clear that the fight for per-
cents in the efficiency of these basic SCs is close to saturation. Nowadays
there is a strong demand of a qualitative improvement in solar photo-
voltaics because SCs of the first generation have several drawbacks: still
rather high fabrication cost, heavy weight reducing the demand for do-
mestic needs, and hard implementation making the conformal placement
of these SCs on curved surfaces impossible. Finally, there is toxicity in
production and an amount of toxic waste, accompanying the fabrication of
SCs. At least, it is so for SCs based on GaAs and Ge (10 years ago it was
also so for Si SCs).

Attempts to eliminate these disadvantages led to the development of
alternative SCs, including thin-film solar cells (TFSCs) which are now re-
ferred to as second-generation cells [1,5]. These SCs are usually made
of amorphous silicon (a-Si) that is the cheapest PV material and its pro-
duction does not result in toxic waste. There are also TFSCs based on
microcrystalline silicon (mc-Si) and on polycrystalline Si. Tandems of mc-
Si and a-Si unlike other tandem SCs do not demand expensive monolithic
technologies and are cheaper than SCs based on c-Si. These tandems
are called micromorph SCs [5,6]. Also one developed TFSCs based on
compound semiconductors of III-V type (GaP, InP, GaAs) and II-VI type
(CdTe). Nearly 15 years ago one started to fabricate TFSCs based on such
compound semiconductors as copper indium selenide (CIS), copper indium
gallium selenide (CIGS), and CuZnSnS (CZTS) [4,5].

Several disadvantages inherent in the first-generation SCs were elimi-
nated in TFSCs. Their fabrication requires less raw materials and con-

sumes less energy, and they are easier to produce in large area than crys-
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tal SCs. It is especially so, if the solar panel is flexible e.g. the mechanical
carrier is metal foil or a plastic films. Such solar panel not only can be ac-
commodated conformal on a non-planar surfaces, it can be also produced
with the use of roll-to-roll technology very promising for mass produc-
tion [7]. These merits led to the rapid development of second-generation
SCs utilizing especially TFSCs based on a-Si [5] because they are cheapest
ones and can be easily implemented on a flexible substrate.

Meanwhile, the overall efficiency of TFSCs industrially adapted 5-10
years ago was on the rather low level — from 4-5% for flexible TFSCs
based on a-Si to 10-12% for best TFSCs implemented on a hard substrate
—micromorph TFSCs and SCs based on compound semiconductors (CdTe,
GaP, etc.) [8].

1.1.2 Modern challenges of thin-film solar photovoltaic industry

Nowadays in the photovoltaic industry you can follow several emerging
technologies such as: multi-junction concentrator solar cells, the multi-
junction SCs and black silicon SCs. The first one holds the current world
record for SC efficiency(46%), the second one dominates in the space PV
market where the power/weight ratio is more important compared to power/price.
The third one addresses both issues allowing a significant decrease of the
reflection loss for the case when the solar panel does not rotates after Sun

and is impinged mainly by the obliquely incident light. As to thin-film

solar photovoltaics, it experiences a decline.

Four years ago, when my doctoral studies started in Aalto University,
TFSCs were on the peak of their development and presented a point of
keen interest for industry and research institutes. Of course, the commer-
cialized crystalline silicon solar photovoltaics with its daytime-averaged
20% efficiency is 2-4 times more efficient than the thin-film solar photo-
voltaics is. However, it is also more expensive, heavy and not conformal.
Five years ago the difference in prices per unit area of a crystalline sil-
icon solar cell and of a micromorph or CdTe solar cell was as high as
10 times. As to flexible TFSCs based on a-Si, they were more than 20
times cheaper [5]. And low costs determined the fast development of thin-
film solar photovoltaics over the world. At that time I found my thesis
very promising and possibly useful in the direction of combining the main
challenges of increasing the PV efficiency in one solution (see. Fig. 1.1)

However, in 2011-2014 the price of mono-crystalline silicon reduced sev-

eral times and became comparable with the price of other components
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Figure 1.1. Schematic representation of the thesis location in the state-of-art context.

of a corresponding solar panel. It resulted from the ramp-up in the pro-
duction of semiconductor devices for consumer electronics. In this period
one started to manufacture silicon crystals for solar photovoltaic panels of
the waste accompanying the fabrication of consumer electronics related to
telecom applications. This manufacturing does not imply additional pu-
rification of Si. Toxic waste accompanying the fabrication of silicon SCs
earlier vanished. In the same time, the cost of amorphous Si — basic photo-
voltaic material for industrially adapted TFSCs — also reduced similarly.
The cost of a-Si is now negligibly small compared to the cost of other com-
ponent of a solar panel. However, the cost of these other components —
anti-reflective coating, current-collecting electrodes, metal contacts, cir-
cuitry for matching the solar panel to the useful load — kept the same.
Therefore, the difference in prices per unit area of a monolithic SC based
on c¢-Si and a TFSC based on a-Si has changed in favor of ¢-Si. This re-
sulted in the crash of all companies specializing in thin-film solar photo-
voltaics. The crush held in 2014 over the whole world. Consequently, an
amount of money allocated for research in this area reduced also over the
world [8]. This situation could be foreseen and had been predicted in [9] 3
years before. Researchers explained how to avoid the collapse of thin-film
photovoltaics, but the companies did not pay attention to this alert.

Well, does the industrial collapse of TFSCs mean that we have to stop
scientific research in this field? No. The paradigm that "energy is needed
where it is consumed" is still actual and will act in favor of the future de-
velopment of TFSCs. The temporal crisis on the market of TFSCs does not

mean the absence of the market prospective for them. TFSCs have sev-
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eral principal advantages which will be listed below after the explanation
of the operation principle and main features of TFSCs. These advantages
have not crashed together with the companies, and the amount of scien-
tific papers on TFSCs in the modern literature has not decreased since
2014.

In the potential market for solar photovoltaics the most volatile is that
for rooftop electricity. The demand of this market implies detailed elabo-
ration of issues related to the physical weight of the panels, their trans-
portation, installation and the main ease of maintenance and replace-
ment. These issues cannot be resolved without reducing the mass of
the solar panel compared to the present design solutions of solar panels
mainly targeted to high-power solar stations. The reduction of the mass
is achievable only via the reduction of the thickness. Also, the conformal
placement on the roof still requires the flexibility. Even nowadays, the
market of TFSCs is not completely dead. It is waiting a pulse for a break-
through. This breakthrough could be a drastic enhancement of the overall

efficiency of TFSCs without the similar increase of their costs.

1.1.3 About PV diodes

Photovoltaic effect is conversion of a photon absorbed by a PV material,
such as semiconductor, into a pair of two charges — electron with nega-
tive charge e and hole with positive charge |e|]. The valence electrons in
semiconductors can be excited to the conduction band in order to create
mobile charge carriers. It is evident, that the minimal frequency of a pho-
ton that can be converted into the electron-hole pair is equal to that of
the semiconductor bandgap w, — forbidden zone energy divided by Planck
constant. To separate these charges creating the photocurrent is possible,
for example, using the p-n junction. As it is commonly known from gen-
eral physics, this junction results in a depletion region — lack of electrons
at the n-doped side and lack of holes at the p-doped side of the junction.
The depletion region has a very small thickness — typically few dozens of
nm — that is identified with the effective thickness of the junction [1, 6].
So, depletion region as a double charged nanolayer and is characterized
by a contact voltage that nearly equals Aw,/|e| [1,5,6]. This voltage rep-
resents a potential barrier for the photoinduced charges if the PV diode
is illuminated but its contact are not connected to the external circuit.
Open-circuit voltage of an ideal PV diode is equal to the contact voltage.

In the open-circuit regime there is no electric field in the bulk of the diode.
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Practically, by some reasons the open-circuit voltage is smaller than the
contact one [6]. For a loaded diode this voltage drop results in Ohmic
losses.

When the electrodes of the diode are shortcut the electric field extends
to the bulk of the p- and n-doped parts and the corresponding voltages
compensate the contact voltage. In the short-circuit case the equilibrium
of Coulomb’s attraction forces and repulsion forces resulting from the con-
tact voltage in the depletion region is broken. Static electric field in the
bulk of the photodiode move electrons and holes in the opposite directions,
that results in the photoinduced current. This current flows oppositely
to the direct current in the electrically open diode. In the short-circuit
regime the photoinduced current is maximal and output voltage of the
PV diode is nearly zero (the exact zero is prevented by finite Ohmic resis-
tance of the diode). Usually, the term "photocurrent" refers namely to the
short-circuit current [1, 6].

A proper choice of the load (i.e. matching of the PV diode to the exter-
nal circuit) implies a deal between the maximal (open-circuit) voltage and
maximal photoinduced current (short-circuit current) so that to maximize
the power transferred to the load. In some PV diodes, i.e. those based on
amorphous silicon (a-Si) the p-n junction is replaced by a heterojunction
of p-i-n type. Such diodes are called pin-diodes. The minority charge car-
rier mobility in the doped a-Si is very low and their diffusion length is of
the order of 100 nm. In the p-n diode of thickness 200 nm and more (when
the thickness of p- and n-doped parts approaches or exceeds to 100 nm)
the carriers of the photoinduced current thermalize and recombine before
have attained the electrodes. This effect named the loss of charge carriers
by recombination of electrons results in the heating of the diode by pho-
toinduced charges. The p-n structure with doped layers thicker than the
diffusion length is not a PV diode, it is a PV absorber. Consider the oppo-
site situation — the p-n diode based on a-Si is much thinner than 200 nm.
Then only a small part of the incident light will be absorbed in it because
the optical decay in a-Si is not very high. A part of the sunlight power that
can be absorbed in the PV layer but is not absorbed due to some reasons
is called optical loss of the SC. So, for a p-n diode based on a-Si in one
situation we have overcritical recombination losses, in the other situation
— high optical loss.

In order to resolve this issue one reduces the thickness of the p- and

n-doped parts do few dozens of nm and inserts a relatively thick intrinsic
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a-Si part sandwiched between them. In this intrinsic sub-layer the main
PV conversion occurs in photodiodes based on a-Si. Usually, the term "PV
absorption" for photodiodes based on a-Si refers namely to the absorption
in the intrinsic part of the PV layer. However, even in the intrinsic a-
Si the diffusion length of electrons and holes is as small as one micron.
Therefore, the optimal thickness of this sub-layer from the point of view
of maximal photocurrent is nearly equal to 300-400 nm. Further decrease
of this layer is not necessary because the cost of a-Si is very low and re-
combination loss it is also very low if the thickness is as small as 300 nm.
On top of the p-i-n structure (illuminated by sunlight) the front electrode
is located and on the bottom — the rear electrode. The total thickness of
the whole structure including the top and bottom current-collecting elec-
trodes does not exceed 1 micron and may be mechanically carried by a
mm-thick flexible substrate. PV diodes based on a-Si and targeted to the

solar energy conversion refer to the class of thin-film solar cells.

1.1.4 Solar cells as ultra-broadband PV diodes

Solar spectrum is ultra-broad, 5% of it occupies the ultraviolet range of
wavelengths 300-400 nm, 43% — the visible range 400-700 nm and 52%
the near-infrared range 700-2500 nm. But it is important to notice that
the 90% of energy accumulated at the range of 380-740 nm. If the bandgap
wavelength of a semiconductor of which the PV diode is prepared corre-
sponds to 1800 nm, the PV conversion holds for the whole solar spectrum.
This is a good point of the low bandgap. However, in this case too many
absorbed photons have the excessive energy compared to /w,. When the
conductive electron and hole in the photodiode move in opposite directions
they spend their excessive energy W, = hw—hw, to the thermal movement
in the medium. This relaxation loss reduces the drift velocity of charges
to the minimal value and the kinetic energy of the photocurrent carriers
is much lower than the potential one. As a result, relaxation losses result
in the decrease of both photocurrent in the shortcut regime and in output
voltage in the loaded regime.

If wy corresponds to 1800 nm, W, for wavelengths A = 320 — 500 nm is
much larger than the useful part of the photon absorbed energy hw,. It
means that for such a low-bandgap semiconductor the dissipative losses
are huge, that implies high parasitic (Ohmic) resistance of the PV layer
and strong heating. The last effect is harmful — the dark current of a PV

diode increases with the temperature and is opposite to the photocurrent.
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It is clear that the bandgap of a semiconductor for solar photovoltaics
should not be very high so that to minimize both useless sub-bandgap
absorption and relaxation losses. From this point of view a-Si with its
optimal A\, = 800 nm is a very good material. However, as a PV diode it
has drawbacks. One of them — insufficient absorption (low optical losses)
— was already mentioned. Another drawback is rather low PV spectral
response SR(w) — factor that determines the internal quantum efficiency
SR(w) of a PV diode. Quantum efficiency gives the number of electrons
output by the SC compared to the number of photons incident on the
device, while the spectral response is the ratio of the current generated
by the SC to the power incident on the SC. Internal quantum efficiency
IQE(w) is related to SR(w) as

he
le]

It does not take into account optical losses and is the property of the semi-

IQE(w) = —SR(w).

conductor. For example, for PV diodes based on a-Si it is the property of
a-Si. In semiconductors with direct-bandgap SR(w) is close to its ideal-
ization: SR = aXif A < A\j and SR = 0if A > A,. This proportionality
results in the uniform quantum efficiency over the converted part of the
solar spectrum.

For a-Si spectral response is a non-linear function of wavelength whose
maximum corresponds to A =600 nm. As the result /Q E(w) also has a pro-
nounced maximum far from the bandgap. This results in lower integral
power of converted solar spectrum compared to GaAs, CdTe, and other
direct-bandgap semiconductors. Amorphous silicon also does not stand
comparison with best indirect bandgap semiconductors, such as c¢-Si. The
PV spectral response of a-Si at its maximum is only slightly lower than
the maximum of SR(w) for c-Si. However, the sub-band radiation losses
are higher due to shorter bandgap wavelength (800 nm against 1050 nm
for c-Si). Therefore, the overall efficiency of an idealized (no optical losses
and negligible resistive losses) SC based on a-Si is almost twice lower as
the overall efficiency of an idealized SC based on ¢-Si [11]. The last draw-
back of a-Si SCs is nearly 30% degradation of the efficiency after a long
solar exposure. This degradation is called Staebler-Wronsky effect [6] and
its physics is still disputable [8].

However, if we compare a-Si with other amorphous PV materials (except
perovskites, that we will discuss below separately) a-Si gains in the spec-

tral response compared to them. Also, it has tunable bandgap — tunability
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in the range 1.7 + 0.1 eV (A =690-770 nm) is offered by hydrogenization.
Also its Fermi level may be controlled by doping, as phosphorous for the n-
type materials and boron for the p-type [6]. The tunability of a-Si enables
the optimization with different materials of electrodes so that the Ohmic
loss can be minimized and the open-circuit voltage can be kept practically
equal to the contact voltage. This allows the TFSCs based on a-Si to be
a potential competitor to silicon solar photovoltaics. The lack of efficiency
(compare to SCs on ¢-Si) and 30% degradation after a durable solar ex-
posure (that hopefully will be eliminated in the near future) are compen-
sated by such advantages as low production costs, low weight, absence of
production waste and flexibility. The last one allows the conformal place-
ment of SC on waved surfaces such as the roofs, integration with clothes

and even with human skin (see below).

1.1.5 Optical efficiency of thin-film solar cells

Optical absorption in a-Si is not very high. Even 400 nm of thickness for
the intrinsic sub-layer is not enough in order to absorb the whole incident
light per one passage across the PV diode. If the total thickness of the p-i-n
structure of a-Si is equal to 500 nm (50 nm for hydrogen-doped sub-layers
with optimal carrier concentration (usually 1...3 - 10'%1/cm?3) and 400
nm for the intrinsic sub-layer), the absorbance of light with wavelengths
600-800 nm (slightly shorter than the effective! bandgap wavelength of
intrinsic a-Si A\, =800 nm) in the PV layer is close to 50% [13]. For a-Si
photodiodes whose PV layer is optimized so that to attain the maximal
current and minimal Ohmic losses the transmission losses exceed 50%.
These losses arise because in these TFSCs, the bottom electrode is not a
reflector performed of a polished metal. Such electrode can be an Al foil
whose Ohmic contact with the semiconductor is ensured by a conductive
paste. Alternatively, it can be a transparent conductive oxide (TCO) or
other transparent conductive material — the same of which the top elec-
trode of the SC is prepared. For both these design solutions the light
transmitted through the PV layer must be dissipated.

For thin flexible PV diodes the transmission optical losses become a crit-
ical harmful factor [8]. Therefore, companies that produced a-Si SCs be-
fore 2014 preferred to sacrifice the low-level of recombination losses in

favor of high optical efficiency and fabricated their TFSC with intention-

1Amorphous silicon has no direct bandgap, its band structure is different from
that of c-Si.
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ally increased thickness of the PV layer. In [7] it is asserted that a one
micron thick p-i-n structure is the best choice for the a-Si SC on a flexible
substrate, because it allows the angle-averaged optical efficiency higher
than 80%.

For such TFSCs the situation with optical efficiency is the same as for
usual SCs having optically thick PB layers such as wafer SCs. Optical
losses are practically equal to the reflection losses. The reflection losses
of a bare SC averaged over the daytime are as high as 35-40% or even
higher. If the collection of the photocurrent from the top interface of the
PV layer is performed by a mesh of wires, nearly 10% of light is reflected
by these wires. This reflection loss corresponds to the shadowed area
where the reflection is total because the metal is not transparent. This
reflection cannot be reduced. However, in the mm-sized gaps between the
wires the top surface of such the PV diode is that of a semiconductor — a
material with high refractive index (3.5 — 4 and even more). This implies
a high reflection also in the mm-scale gaps between the current-collecting
wires. And this reflection can be reduced by a layered structure called
anti-reflective coating (ARC).

Alternatively, the top electrode can be performed as a layer of a trans-
parent conducting material. Then there is no shadowed region2. However,
the reflection of solar light in absence of the ARC keeps high. Transparent
conducting materials have the refractive index close to 2, that implies a
significant optical contrast with both free space 3 and semiconductor. As a
result of this optical contrast the reflection arises at both interfaces of the
transparent top electrode and contributes into the total reflection. After
averaging over the daytime incidence angles the integral reflection loss of
the bare TFSC based on a-Si with a transparent top electrode turns out
to be slightly (5-7%) lower than that corresponding to the SC with a wire
mesh. And this slight advantage is compensated by the optical loss in
the transparent electrode. Really, a static conductivity is not possible for
a completely lossless materials. Only in dielectrics the optical losses are
negligibly small. For transparent conductive oxides the complex permit-
tivity in the optical range has a rather noticeable imaginary part of the

order of 1072. And a typical thickness of the transparent electrode cannot

2More exactly the shadowed region still exists because there are contacts wires
in order to connect the top electrode to the external circuit but their shadow can
be made negligibly small.

31n fact, a practical SC is covered by a laminate of macroscopic thickness protect-
ing the SC from the abrasion in the Earth atmosphere. However, the refractive
index of usable laminates is in the range 1.34 — 1.38 i.e. close to that of free space.
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be very small, otherwise the electrode brings high ohmic losses. As a re-
sult, there is no noticeable difference in optical losses inherent to TFSCs
with a TCO layer and to TFSCs with a wire mesh.

To reduce the reflection losses to acceptable values anti-reflective coat-
ings (ARCs) are used. In some exotic SCs, multilayer ARCs are used.
They comprise from 4 to 12 nanolayers performed with nanometer pre-
cision and allow decreasing the integrated reflection in the whole sun-
light spectral range down to 1%. Of course, such coatings are very ex-
pensive and not suitable for SCs used in everyday situations. They are
used in multijunction SCs and GaAs SCs. We do not concern such SCs
in this thesis. Though multijunction SCs are very efficient (overall effi-
ciency for normally incident light attains 38%) they are also very expen-
sive and, therefore, used mainly on satellites [1]. As to GaAs SCs — they
are also more efficient than SCs based on ¢-Si, but their PV material is
much more expensive and the waste accompanying its production is very
toxic [5]. Moreover, multilayer ARCs applied to such SCs though are ex-
cellent for the normal incidence lose their advantage for large incidence
angles. Their use is justified only if the solar panel rotates after the sun.
This complication is only acceptable for solar panels dedicated for mass
production of electricity in the solar power parks. Moreover for such pan-
els the crystalline silicon still has no valid counterparts [5].

As to TFSCs, the paradigm of cheap solar electricity for domestic and
mobile usage implies that the ARC must be as cheap as the SC itself. It
means that a one-layer ARC should be used. It order to achieve the wide-
angle suppression of reflection one suggested a composite ARC realized
as a dielectric film with random arrays of sub-micron inclusions [10]. It
can be also a monolayer of densely-packed dielectric particles on top of the
structure (see below).

However, for TFSCs based on a-Si, the advantages of these design solu-
tions (offering few additional percents of reduction for the angle-averaged
reflection coefficient compared to a flat dielectric nanolayer) are not prin-
cipal. For such SCs the ARC performed as a nanolayer of SiN (wire mesh)
or silica (transparent electrode) resolves the problem of reflection losses.
Notice, that in TFSCs based on a-Si the top electrode is most often per-
formed of flexible transparent conductive material with nanometer pre-
cision and the whole structure is already a multilayer with rather high
optical contrast. Reflection losses of a bare TFSC for normal incidence

do not exceed 15-20%, and the use of an affordable ARC performed as a
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nanolayer of SiN or silica reduce them to few percents. For the daytime-
averaged reflection losses a flat one-layer ARC offers the reduction of re-
flection losses from 35-40% to acceptable 15-17% [10].

However, for flexible a-Si TFSCs, the utilization of ARCs does not re-
solve the problem of high losses. If we increase the thickness of the PV
from its optimal values 300-400 nm to 1 micron as it was reported in [7],
we substitute the transmission optical losses by the increased recombina-
tion losses. Then the result for the overall efficiency is the same 4.5% [7].
If we reduce the recombination losses to the minimum choosing the op-
timal thickness of the PV layer an ideal ARC basically replaces the re-
flection losses by the transmission losses. In both cases the result for the
overall efficiency is within the same pitiful 4-5%. Moreover, in the second
case the dissipation of sunlight in the bottom electrode results in its heat-
ing. It can be harmful for the substrate and one has to take care about
cooling such the SC. This is the reason why the industry preferred to use
micron-thick p-i-n structures.

In order to prevent the parasitic transmission keeping the optimal thick-
ness of the p-i-n structure, one needs to substitute (complement) an ARC
by a special structure would trap the light inside the PV layer prevent-
ing its propagation downward. Such passive structures are called light-
trapping structures (LT'Ss). The target for an LTS is to suppress both
reflection and parasitic transmission. To have a commercial perspective
LTSs should be efficient in the ultra-broad spectrum of wavelength, in
the wide spectrum of incidence angles and to be inexpensive. This is a
challenging but feasible task.

Creation of LTSs for TFSCs became actual in early 2000s. Hundreds of
LTSs for a-Si TFSCs have been suggested since that time (see in overview
[8]) and leading scientific journals continue to publish corresponding pa-
pers [12—-14]. Most of these LTSs represented nanostructures of plasmonic
metals, some of them are arrays of dielectric/semiconductor nanoparticles.
However, no one of these design solutions was, to our knowledge, indus-
trially adapted. And it is not surprising. Since the light-trapping was
achieved due to the involvement of evanescent waves, high-order spatial
harmonics of regular LTSs and/or resonator modes of nanocavities the
successful operation of these structures implied strict fabrication toler-
ances and nanometer spatial resolution. This made such LTSs too ex-
pensive for mass production. Second, many authors did not apply their

LTSs to truly optimal TFSCs. In order to stress the advantages of their
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LTSs they made the p-i-n structure thinner than 300 nm demonstrating
the positive impact of their LTSs by price of reduced overall efficiency.
This approach is harmful for the idea of a light trapping structure as a

promising alternative to an anti-reflecting coating (ARC).

1.1.6 Advantages and disadvantages of thin-film solar cells

Let us sum up advantages and disadvantages of TFSCs based on a-Si

compared to c-Si. Advantages are as follows:
¢ lower cost;
* practically no waste accompanying production;
¢ lighter weight;
* possible flexibility;
Disadvantages are as follows:
¢ lower efficiency;
* Wronsky-Staebler degradation.

Here one advantage and one disadvantage mentioned first have key im-
portance for the future of thin-film photovoltaics based on a-Si (Wronsky-
Staebler degradation is, to our opinion, an important but not a vital issue
for TFSCs).

Currently, the price per square meter of commercially available silicon
solar panels is only twice higher than that of a-Si TFSCs. This differ-
ence is insufficient so that to compensate the lack of efficiency of TFSCs.
However, on condition of sufficient demand the roll-to-roll fabrication of
flexible TFSCs will grant much lower prices per square meter [7]. Next,
currently the overall efficiency of industrially adapted a-Si TFSCs on flex-
ible substrates is nearly 4 times lower than that of silicon SCs. The rea-
son is transmission losses in TFSCs having the optimal thickness of the
PV layer. In industrially adapted TFSCs the transmission losses are ab-
sent but substituted by recombination losses (the PV layer is taken much
thicker than its optimum). On condition of the successful commercializ-
ing of new LTSs suggested below, in this thesis, the optical efficiency of
TFSCs higher than 80-90% can be achieved for the whole daytime. This
high optical efficiency can be obtained for TFSCs having the PV layer of
optimal thickness 300-400 nm.
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If the optical efficiency grows twice compared to that achieved nowadays
for a-Si TFSCs with optimal deisgn parameters, the overall efficiency will
also duplicate. Then the overall efficiency of a-Si TFSCs will be still lower
than that of silicon SCs, but lower only twice and not four times. And if
this increase of the efficiency is not accompanied by the increase of the
cost, the twice lower efficiency will corresponds to the twice lower price.
If the ratio efficiency/cost is the same for both counterparts, such advan-
tages of the thin-film photovoltaics as low weight and flexibility will over-
turn the present situation. Thin-film photovoltaics will get a strong pulse
and will, most probably, gain the contest with the crystalline silicon for

ever.

1.1.7 Excitonic PV devices and perovskite solar cells

As well as SC based on a-Si excitonic PV cells are also intrinsically TF-
SCs. Though exitonic solar cells have not been commercialized, yet, they
seem to be promising. The most popular design of an exitonic SC with flat
heterojunctions comprises a nanolayer of organic polymer named donor lo-
cated on the bottom electrode and coated with a nanolayer of transparent
material having the electron type conductivity named acceptor. A trans-
parent electrode is located on the acceptor. In both nanolayers — donor and
acceptor — solar light generates a specific electron-hole pair called exciton.
The difference of the exciton from a usual electron-hole pair is the high
energy of coupling. High potential energy implies high quasi-static field
in the exciton. At the interface of the donor and acceptor layers excitons
split onto free electrons and holes. This dissociation results in the pho-
toinduced current if such the PV device is loaded by a finite impedance or
is shortcut. Excitons have the finite lifetime and their diffusion length is
of the order of 100-200 nm. Since excitons that do not achieve the bound-
ary recombine and do not participate in the photocurrent, the thickness
of the PV material is such SCs must be essentially submicron.

Metal-organic perovskite SCs are also referred by many authors as exi-
tonic PV devices, however, to our opinion they deserve to be classified sep-
arately. The hottest topic in the literature of modern solar cells is namely
the field of metal-organic perovskite SCs. Since 2014 the dominant liter-
ature on TFSCs has referred namely to perovskite SCs.

Perovskite crystals were revealed in nature and described by V. Gold-
schmidt in 1926 [16]. Recently one created artificial metal-organic ana-

logues of natural perovskite crystals. Perovskites have polycrystal struc-
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ture with several lattices of micron and even sub-micron areas that can
be within one domain coordinated in different crystal planes. This makes
perovskite compounds mechanically amorphous. Metal-organic perovskites
are very cheap synthetic materials that possess a high optical absorption
in the visible range and a surprisingly high internal quantum efficiency
(at least in few days after fabrication). This makes them promising for
flexible thin-film photovoltaics [52]. In perovskite TFSCs the generation
of excitons occurs in the central layer typically sandwiched between the
electron-conducting and hole-conducting nanolayers. However, due to a
rather high dielectric constant of a typical 3D perovskite, the exciton bind-
ing in it is much smaller than in an organic material. This central layer
has also an essentially submicron thickness and namely the central layer
is performed of a perovskite compound.

The best samples of such SCs before the degradation of their constitutive
materials exhibit the overall efficiency as high as 20% and even more. The
record for these TFSCs exceeds 30% [8]. Even produced in the university
laboratory perovskite SCs are very cheap. The main problem with these
SCs is a low stability of material properties that will be probably resolved
with the creation of a reliable and non-damaging encapsulation technique.
Also, the issue of flexibility for such TFSCs is not completely resolved [8].
However, first promising results for flexible perovskite SCs were obtained
— the efficiency 15.6% was recently reported in work [17]. We hope that
the problems hindering the commercialization of perovskite SCs will be
resolved in the near future. Therefore, in the theoretical part of this thesis

there is a chapter about perovskite SCs.

1.2 Light-trapping for thin-film solar cells

For hard TFSCs such as TFSCs based on epitaxial silicon the problem of
possible increasing the optical absorption is resolved utilizing ARCs and
surface texturing by pyramids or prisms with typical sizes of few microns.
This texturing has been known since 1970s (see e.g. in [8]). If the sun-
light impinges the textured surface normally, it enters into the PV layer
obliquely and then reflects from the polished back electrode. Then its
strongly tilted path is sufficient for a total absorption of light. Texturing
the surfaces in this way is often referred as light trapping, though in our
terminology such TFSCs have no LTSs.

We need to trap the light incident on a surface that is flat in the scale
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of the light wavelength. A good LTS for our non-textured TFSCs should
reduce the parasitic transmittance without increasing the reflectance. If
it is located on top of the TFSC it should also perform the antireflective
functionality. This enhancement of optical efficiency must be achieved
without a drastic increase of the fabrication cost. This task became a key
issue of thin-film photovoltaics based on a-Si since its commercial start in
early 2000 [11].

The majority of works in the field of LTSs for TFSCs corresponds to two
approaches: so-called plasmonic LT'Ss and so-called photonic crystal LTSs.
Numerous plasmonic LTSs were suggested for a-Si TFSCs and photonic
crystal LTSs — for TFSCs based on poly-crystalline Si (see e.g. in [20-27]
). We do not aim to review this literature. For our purposes it is enough
to mention general drawbacks of all these structures. Photonic crystals
embedded into a TFSC are regular nanostructures obtained by electron
or ion beam lithography (in rare cases by nanoimprint lithography). They
are expensive structures, whose cost is hardly compatible with the idea of
cheap solar electricity. Let’s concentrate on more affordable LTSs.

In the dominant literature of LTSs for a-Si TFSCs the increase of the
optical efficiency granted by the LTS is claimed. This is hardly relevant
because bare TFSCs — without ARCs — are not practically used. In order to
properly describe the advantage granted by an LTS the optical efficiency
of the SC enhanced by this LTS must be compared with that of the SC
enhanced by a typical ARC.

I have mentioned above that a typical ARC for TFSCs based on a-Si and
utilizing the transparent top electrode (T'CO) is a simple nanolayer. The
material of this layer has refractive index whose value would be in the
middle between unity (that of free space) and that of the TCO. For TFSCs
based on a-Si the top electrode is often performed of aluminium-doped zinc
oxide (AZO) or indium-tin oxide (ITO) having the refractive index close to
2. In this case the suitable material for ARC is silica. Notice, that if the
top electrode is fabricated of silver nanowire network [18] or network of
carbon nanotubes [19] whose refractive indices are close to 1.6 the ARC is
not required — its role is played by the transparent electrode itself [18,19].

However, the fabrication of such electrodes is, for the present time, pos-
sible only in few scientific groups, and the question of costs for mass pro-
duction is not clear, yet. We will compare our LTSs with typical ARCs
of silica and silicon nitride. Such materials have a suitable refractive in-

dex and allow the ARC to be fabricated with the nanometer precision us-
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ing the standard and cheap technique called plasma-enchanced chemical
vapour deposition. We have already mentioned that a so simple ARC with
optimized thickness reduces the angle-averaged reflection losses from 35-
40% to 15%. Our LTSs may yield a little to the ARCs in the anti-reflective
operation. Then this disadvantage must be overcompensated by the re-
duction of transmission losses so that the LTS is advantageous compared
to the ARC.

1.2.1 Resonant light-trapping structures

Plasmonic LTSs (see e.g. [25]) are affordable if they are metal island films
— random arrays of nanoislands of silver or gold on top interface of he
PV layer or on its bottom interface. Such amorphous structures can be
grown chemically. Their location on the top interface is hardly reasonable
because metal elements of the surface increase the reflection. However,
even their location on the bottom interface between the PV layer and the
bottom electrode has an inherent drawback. Metal island films possess
inherent resonant losses at the plasmon resonances. These losses occur
namely in the metal elements: the region of the resonant local field en-
hancement called plasmonic hot spot cannot be fully eliminated from the
metal. In practice, in such LTSs transmission losses in the bottom elec-
trode are substituted by similar losses in their own. It is not surprising
that no one of known irregular plasmonic LTSs gives an enhancement
compared to that offered by a usual ARCs [8].

A noticeable enhancement can be obtained using regular structures of
gold or silver nanoelements. These regular arrays when located beneath
the PV layer or incorporated into it can mimic an effective optical facet
converting the incident plane wave into eigenmodes propagating in the
PV layer as in the waveguide [25,28]. Here it worth to note that usual
phased optical gratings serving in the integral optics to the same pur-
pose — conversion of the incident wave into a waveguide mode (this is
how nowadays flat optical waveguides are connected to external optical
circuits) are inefficient for a-Si TFSCs. The reason is the strongly sub-
micron thickness of the PV layer, much smaller than the height of a teeth
of the optical facet. This smallness makes the excitation of the waveguide
mode by the grating inefficient. The functionality of the phase grating is
performed by the regular plasmonic grating [8].

Alternatively, a regular array of specially designed metal nanoelements

may convert the plane wave into collective oscillations of the array itself.
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These modes are located on the frequency axis rather far from the plas-
mon resonances of individual metal elements. Plasmonic hot spots are lo-
cated in the gaps between the elements and parasitic losses in the metal
turn out to be much lower than those inherent to island films [29, 30].

At a first glance, these advantageous regimes make regular plasmonic
LTSs promising for the enhancement of TFSCs. However, for a-Si solar
photovoltaics dedicated for the mass production and consumption it is ap-
parently not so. Regular arrays of metal nanoelements obviously imply
high fabrication costs, and their market prospectives are as doubtful as
the future of LTSs based on photonic crystals.

Recently, all-dielectric LTSs exploiting different kinds of resonances in
an array of dielectric spheres (whispering gallery resonance, magnetic
Mie resonance, combination of these resonances, and spatial resonance
of a photonic crystal of dielectric spheres) have been suggested for a-
Si TFSCs. These arrays are located on top of the SC. In accordance to
works [31, 48] they combine the light-trapping and anti-reflective func-
tionalities being densely packed. In view of commercially available mi-
cron and submicron dielectric spheres, including quartz and silicon ones,
and possibility to pack them densely in a very simple way (see below)
these structures seem to be promising for commercialization. However
their resonant behavior implies a narrow frequency range for the light
trapping effect. Therefore, they grant a only very modest (2-3%) increase
of the useful absorption compared to a flat ARC even for the normal inci-
dence. Their behavior for oblique incidence was not studied in cited works.
However, the resonances of these ARC keep the same narrowband effects
for large incidence angles as they are for the normal incidence. In this
thesis we aim a much more significant suppression of the parasitic trans-
mittance in TFSCs than that granted by resonant dielectric LTSs, known
to the present time.

The key issue for a-Si solar photovoltaics is to approach to the overall
power conversion efficiency of an idealized SCs based on amorphous sili-
con (15-16%). Practically, for flexible TFSCs one has to achieve, at least,
10% of the overall efficiency. And this target seems to be achievable.

At least, for TFSCs employing the bottom electrode of polished metal
such the efficiency has been already demonstrated. Namely, the over-
all efficiency 10.2% was obtained (for the normal incidence) in a TFSC
comprising a 310-nm thick p-i-n structure and a hard bottom electrode

of polished silver [15]. In this structure, an ARC of silica was used and
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the optical efficiency for the normal incidence exceeded 90%. This record
was achieved without any LTS because in this case the light is reflected
by the bottom electrode and not lost in it. This internally reflected light is
almost fully absorbed during its second passage through the 310 nm thick
PV layer.

However, for industrially adapted a-Si TFSCs with flexible substrates
the overall efficiency is still as low as 4-5% because of half of the inci-
dent light is absorbed in the bottom electrode and no one of numerous
suggested LTS has been industrially adapted. Meanwhile, the flexibil-
ity is the key point of the amorphous solar photovoltaics, it is the fea-
ture making this industry potentially attractive for customers. This is
why the amorphous silicon solar photovoltaic industry has declined and
is presently fully substituted by the photovoltaics based on c-Si.

If it only were possible to obtain 10% for flexible a-Si TFSCs, this would
give a strong pulse to this stagnating branch of photovoltaics. And what is
the key obstacle in the approach to the targeted 10% for flexible a-Si TF-
SCs? High level of transmission losses in the case of 300-400 nm thick PV
layers (or high level of recombination losses for an intentionally increased
PV layer). Light-trapping structures is the tool to eliminate the transmis-
sion losses for TFSCs with PV layers having 300-400 nm thickness? All
we need is to develop LTSs which would deserve commercialization rather
than publication in high-level scientific journals.

The main achievement described in this thesis is creation of such novel
LTSs.

1.2.2 What is my thesis about

The main goal of my thesis is achieved involving non-resonant matemate-
rials. However, some partial goals are targeted by resonant ones. Meta-
materials (MMs) are artificial media with extreme electromagnetic prop-
erties not achievable in natural media and advantageous for applications.
Most part of MMs are performed of resonant constituents and our original
research starts namely from a resonant MM.

In the next chapter of this thesis we report the study of a-Si PV diodes
illuminated by a rather narrow-band light. In this case we do not need
an ultra-broadband operation. We will theoretically show that an afford-
able plasmonic MM incorporated into the PV layer grants a significant
enhancement to the PV absorption. Further, we will theoretically study

a perovskite PV diode operating as a TFSC. It will be also enhanced by
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a similar resonant MM. It is possible because the issue of transmission
losses arises for perovskite TFSCs only in a narrow frequency band. Ad-
vantageous properties of these narrow-band LTSs and their affordable
fabrication technique, to my opinion, make them promising for commer-
cialization, at least more promising than their previously known counter-
parts. This part of the thesis is purely theoretical.

The most important part of this thesis is targeted to a-Si TFSCs. These
potentially high-efficiency flexible TFSCs required of us very broadband,
easily feasible and cheap design solutions. We have found these solutions
introducing two types of non-resonant light-trapping MMs. These novel
design solutions are theoretically and experimentally studied in two last
chapters of this thesis. Their fabrication refers to cheapest types of known
micro- and nanotechnologies. Meanwhile, we have shown the unprece-
dent enhancement of the useful optical absorption granted by such LTSs
to a-Si TFSCs with nearly optimal thicknesses of the PV layer (400-500
nm). Therefore, I believe that my doctoral research deserves attention of

innovators.

1.3 Micro- and nanotechnologies in the fabrication of
light-trapping structures

It is worth to mention that the most part of the experimental work, includ-
ing fabrication of all samples, has been done in Micronova — Micro- and
Nanofabrication center of Aalto University. My fabrication methods were
Physical Vapor Deposition(PVD), Reactive Ion Etching (RIE), Ion Beam
Etching (IBE), Atomic layer deposition(ALD), Plasma-Enhanced Chemi-
cal Vapor Deposition(PECVD), and Optical Lithography (OL).

Of course, the development of methods for nano-patterning and nano-
texturing electron and ion beam lithography start a new era of meta-
materials (e.g. [36]). Developing of new etching and deposition methods
(like Laser Induced Deposition) open new doors for textured thin films
and allow us to produce nanoantennas [50] and other metallic nanoparti-
cles [51].

However, in the present thesis only affordable, potentially attractive for
mass production methods of fabrication will be used. To our opinion, ALD
also refers to affordable techniques. Currently, ALD is still considered
as an expensive method and is considered as that offering us the possi-

bility to create exotic nanostructures. One of them is shown in Fig. 1.2.
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Figure 1.2. Artistic reproduction of a traditional African village in the submicron world.

This nanostructure is a billion times reduced copy of an African village. I
have fabricated it utilizing the ALD and IBE techniques. Of course, pro-
duction of such nanometer-scale textures is expensive because it is very
time-consuming. However, all we need from ALD for producing a-Si TF-
SCs enhanced by our LTSs is uniform deposition of atoms up to a certain
thickness, e.g. 500 nm. In this situation ALD can be a potentially cheap
technology. Its perspective for the mass production of sub-micron layers
with nanometer precision as it is explained in work [37] are very favor-
able. In accordance to this work, ALD will enable the mass production
of TFSCs with transparent top electrodes performing the anti-reflective
functionality.

In this section I concern only the standard techniques. Some original
techniques I have used for fabricating the experimental samples (such as
self-assembly of colloidal particles into a densely-packed monolayer) will

be discussed below.
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2. Plasmonic Metamaterial for
Enhancement of a-Si Photodiodes

2.1 Metal nanoparticles for absorption outside the metal

2.1.1 Biomedical application of a-Si photodiodes

Not only SCs can be PV generators, electricity can be produced by a pho-
todiode illuminated by a lamp which is named artificial light and has to
deliver the main energy at totally different wavelenght compare to the
natural (solar) light. We found in the literature a set of devices, called
biomedical chips, for which flexible PV cells operating in an artificial light
are required. Such structures can be, for example, applied on top of the
chips and serve electric generators. In accordance to [40], a PV diode
located on top of this chip (integrated with human’s skin) will play the
role of the presently used battery feeding the chip. The power will be
harvested by a flexible thin-film PV cell (serving also a laminate for the
chip) from an artificial light collimated on it. For this devices the whole
PV diode and LTSs can be rather narrowband if the light source is a lamp
producing a light of certain color. It may operate also in the infrared range
if the source is an IR lamp or IR light-emitting diode. A typical bandwidth
of such devices does not exceed 10% of solar spectre. Assuming that the
PV diode for this application should be cheap, we suggest for this purpose
a narrow-band analogue of an a-Si TFSC on a flexible substrate with a
TCO top electrode.

The PV absorption in this narrow-band PV diode is enhanced by a res-
onant LTS that should be integrated with the PV cell. Here we exploit
a novel regime of perfect absorbtion granted to the host material by a
plasmonic metamaterial incorporated into it. The frequency-selective en-

hancement of the useful absorption occurs so that the parasitic absorption
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in the metal is very small. This regime corresponds to a novel mode of a
planar array of densely arranged plasmonic nanospheres. This regime
holds for both metal-backed variant of the PV cell and with its semitrans-
parent variant (transparent bottom electrode and dielectric substrate as
a mechanical carrier of the structure).

The key point here is how affordable will be such the LTS. If the fabrica-
tion costs of our LTS are assumed to be much higher than the cost of the
reference TFSC, our suggestion is practically useless. Fortunately, we see
the possibility of affordable fabrication of our LTS. This point is discussed
in the end of the Chapter.

2.1.2 Plasmonic perfect absorber operating as Huygens’
metasurface

This novel regime was theoretically revealed in [38] for a sub-wavelength
thin highly-refractive layer with incorporated silver nanospheres. This
layer depicted in Fig. 2.1 was called in [38] Huygens’ metasurface. It is
an optically thin composite layer formed by densely arranged plasmonic
nanospheres. Optically dense arrays of resonant elements represent the
most common class of MMs, and 2D — monolayer — arrays are often called
metasurfaces. As to the name of Christiaan Huygens, it comes from the

peculiarity of the operation of our MM.
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Figure 2.1. Amorphous silicon layer with symmetrically located grid of densely packed
plasmonic nanospheres and the unit cell of the structure.

At the resonant frequency the backward scattering of silver nanospheres
exactly compensates the reflection from the hosting layer. The latter is
rather high — though its thickness is subwavelength, the refractive index
is assumed to be rather high (of the order of 2 or higher). Since the re-
flection coefficient of our MM layer is zero, and the transmittance in the

lossless case is unity, the unit cell of the MM can be treated as a Huygens’
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element. Huygens’ element is a pair of orthogonal electric and magnetic
dipoles equal to one another (after a normalization by the wave impedance
of free space). This pair in the Huygens theory of diffraction mimics an
element of the wave front.

Notice, that the Huygens’ regime for diffraction grids is also called Kerker’s
effect and the MM of work [38] due to its periodicity can be also referred
as Kerker’s diffraction grid operating at a low frequency (much lower than
the frequency at which diffraction maxima arise).

Now, let us mention the main result of [38]. It is as twofold. First,
if optical losses in silver are taken into account but the host material
of the layer is lossless the resonant transmittance is still almost equal
unity. It can be so only if the absorption in our silver spheres is very
low. This statement was confirmed in [38] by the analysis of the local field
distribution. It shows that plasmonic hot spots are located beyond the
silver spheres.

Second, if the material of the layer is lossy, the reflection keeps zero
but is complemented by strong absorption in the layer. Concentration of
the electric field in plasmonic hot spots located inside the lossy material
strongly increases the absorption. Therefore, the transmitted wave in
presence of nanospheres experiences a much higher decay than a plane
wave in a host material without nanospheres. Then absorption is perfect
and this is absorption holds not in silver.

This unusual property can be used for the enhancement of the PV ab-
sorption if the plasmonic nanospheres are incorporated into the intrinsic
layer of a a-Si photodiode. Therefore, in the reported study we transit
from the uniform host to a p-i-n structure of a-Si PV diodes. In this study
we assumed that the array is formed by Ag nanoparticles. We changed the
diameter in the band 80-100 nm. This variation changes the resonance
frequency in the same relative interval (+£10%). A 30-nm thick layer of
p-doped a-Si is on top of the structure and a 25-nm thick heavily n-doped
(density of majority carriers 102° 1/cm?) layer of a-Si is on the bottom. The
last is practically a part of the bottom electrode. It can be terminated by
a metal layer or a layer of transparent conductive material. We have sim-
ulated both these structures. In the first one the ohmic contact of n-doped
a-Si with the Al foil requires a sublayer of chromium with typical thick-
ness 5 nm. In the second version the n-doped layer is terminated by a 100
nm thick AZO layer on the organic glass substrate.

In spite of high optical decay inherent to the bottom layer the useful
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regime with dominant PV absorption in the intrinsic a-Si survives. In
the band of the resonant absorption the wave does not attain the n-doped
layer and is almost fully trapped in the intrinsic silicon. At the operation
frequency the parasitic loss in Ag is as small as 4%, whereas parasitic
loss in the bottom layer of n-doped silicon is much less than 1%. As to the
absorption in the p-layer, it is not desirable due to higher recombination
loss in the doped a-Si than that in the intrinsic a-Si. But this absorption
also contributes into photocurrent — the spectral PV response of the p-
doped a-Si (density of majority carriers 10™® 1/cm?) is quite substantial [1].

In spite of these changes we have managed to engineer the same Huy-
gens’ regime as was achieved in [38] for a MM grating incorporated into
a bare 400 nm layer of a-Si. We have implemented the same resonant
absorption in the intrinsic a-Si, but now this layer is a part of a realis-
tic PV diode with optimal thicknesses of all sublayers (see Fig. 2.2). The
presence of the front transparent electrode and the p-doped a-Si sublayer
on top of the intrinsic layer and the presence of the heavily doped a-Si
sublayer with the rear electrode on the bottom of the intrinsic layer shifts
the operation frequency (from 500 THz to 510 THz) and slightly changes

the optimal geometric parameters of the array. But the effect survives as
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Figure 2.2. The PIN structure with Ag spheres in the intrinsic a-Si.

Thus, a perfect plasmonic absorber operating as a Huygens’ metasur-
face is suggested for the enhancement of the PV absorption in a PV diode.
Definitely, this idea has been suggested for the first time since this absorp-

tion regime was theoretically revealed namely in our Department and my
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supervisor and I participated in the first paper describing this regime —
work [38].

Of course, perfect plasmonic absorbers were known before. However,
they operated very differently. Previously known perfect plasmonic ab-
sorber were implemented as a plasmonic MM — a planar array of plas-
monic elements (nanospheres, nanodiscks, etc.) located at a small dis-
tance from the metal or doped semiconductor substrate [41-44]. This dis-
tance is offered by a few nanometer thick dielectric spacer.

In this structure the resonant optical absorption is offered by polariza-
tion currents that flow in the substrate in one direction and in the plas-
monic array — in the opposite direction. More exactly, this opposite po-
larization of the plasmonic elements corresponds to the magnetic mode of
the MM, and the resonant absorption is achieved when the dipole mode
(polarization currents in the substrate and in the array flow in the same
direction) and the magnetic mode are balanced.

This regime is not advantageous for application in the PV diode pur-
poses. In previously known perfect plasmonic absorbers at least one half
of absorbed power is absorbed in the metal nanoparticles. Our target is
to increase only the PV absorption and to get rid of the absorption in the
metal.

To be frank, we have to mention that the resonant perfect absorption
without parasitic absorption in the metal also had been known prior to
publication of our paper [38]. In works [45,46] one suggested to exploit
the magnetic Mie resonances of Si nanoparticles shaped as tablets and
located on the semiconductor interface. We have inspected the possibil-
ity to apply this structure for the enhancement of a-Si photodiodes and
concluded that we did not see an affordable technique that would allow
one to implement it incorporated into a PV diode. The structures reported
in [45,46] are interesting for scientific laboratories and hardly for mass
production. As to our structure, we know how to fabricate it in the afford-
able way. Therefore, in our future studies in this chapter we exploit the

regime revealed in [38].

2.2 Local field concentration and enhancement of useful
absorption

The local field concentration in our PV diode with the transparent rear

electrode at the resonance of absorption (510 THz) is illustrated by the
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electric field color map of Fig. 2.3. Polarization current density in the bulk
of the unit cell depicted in Fig. 2.3 is proportional to E with the coefficient
iw(e — 1) (where ¢ is the permittivitty of the material at the observation

point). At this frequency the absorption attains 97%.
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Two color maps in Fig. 2.3 are simulated for two time moments shifted
by a quarter of the period from one another. Though E concentrated in the
top half of the layer is polarized nearly horizontally, it is not the field of a
plane wave transmitted into a-Si. First, vectors E change their direction
to the opposite one so that the planes of maximal intensity are distanced
by nearly 100 nm. At frequency 510 THz it is noticeably smaller than
the half-wavelength (distance needed for the m phase shift of the plane
wave in a-Si). This is a magnetic resonance because polarization cur-
rents at optically close depths flow in opposite directions. However, this
magnetic mode is induced in the host material above the nanospheres.
It disappears when Au nanospheres are removed. It is neither magneto-
dipole Mie resonance of refractive particles [45], nor substrate-induced
bianisotropy of [44], nor magnetic mode of the conventional perfect plas-
monic absorber [41]. It is a specific mode of our MM layer and this mode
is advantageous.

Identifying the domain of the magnetic mode as the top half of the layer
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we calculated the magnetic moment of the MM unit cell using its general
definition as it was done [38]. The electric dipole moment was calculated
by a simple integration of polarization currents. At 500-502 THz the elec-
tric and magnetic moments are balanced and the structure represents
the Huygens’ metasurface. The maximal absorption (97%) is achieved
at 510 THz, whereas the resonance band defined one the 70% level is
nearly equal 40 THz. The reliability of our simulations is ensured by two
different CST solvers — time-domain and frequency domain ones giving
practically the same results (as it was in [38]).

We have also shown that the level of PV absorption and that of parasitic
absorption (few percents) keeps the same in presence of the metal rear
electrode on the bottom side of the structure. All the absorption practi-
cally holds namely in the PV layers (see below). Finally, the stability of
the resonant PV absorption was numerically demonstrated for three in-
cidence angles (0, 30° and 60°) and both TE and TM polarizations of the
incident wave. Our PV diode implements the regime of perfect absorption
without a special ARC. In our metamaterial-enhanced photodiode the res-
onance frequency is determined by the eigenmode and is angularly stable.
Varying the incidence angle from zero to 60° we observe the shift of the
resonance frequency that is nearly equal 1%. For the variant with the
transparent rear electrode the resonance shifts from 510 to 515 THz. For
the metal rear electrode it shifts from 526 to 533 THz.

We compared the operation of the PV diode enhanced by our nanopar-
ticles with that of a bare PV diode (without nanoparticles). A bare diode
operating in the narrow frequency band also does not need an ARC. At its
Fabry-Perot resonance the reflection is damped and the absorption coeffi-
cient is rather close to unity. A bare PV diode with the same parameters
as above and the metal rear electrode when it is impinged by a normally
incident light has the resonance of absorption at 475 THz. At this reso-
nance the reflection coefficient is nearly zero and the absorption coefficient
equals 97%.

At a first glance, such the bare PV diode does not needed the enhance-
ment at all. However, it is not so. First, the resonance frequency strongly
depends on the incidence angle. For incidence angle 60° the resonance
of absorption holds at 430 THz. Therefore, if it is impinged by a LED or
a lamp radiating at frequencies 470-480 THz one needs to always adjust
the position and the orientation of the microchip on which the PV diode is

located. This hinders the selected biomedical application of the bare PV
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Figure 2.4. Absorption and reflection coefficients of the bare diode structure (without Ag
spheres inside the intrinsic layer) for the normal incidence (a). Distribution
of the absorption in all constituents of the structure (b).

diode.

Meanwhile, for the metamaterial-enhanced PV diode the frequency band
of the resonant absorption practically does not change for different inci-
dence angles. This means that the photocurrent keeps the same for dif-
ferent illuminations. This is the first advantage granted by our MM.

The second drawback of the bare PV diode is high parasitic absorption.
In fact, almost complete absorption at 475 THz does not mean for the bare
diode a real frequency maximum of the external quantum efficiency. In
Fig. 2.4 we show the resonant absorption/reflection in the bare PV diode
with Al substrate impinged by a normally incident wave. At the thickness
resonance 475 THz the absorption in the n-doped sublayer increase and

what is more important the absorption in Cr is very high because the
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Figure 2.5. Absorption and reflection coefficients of the diode enhanced by Ag nanopar-
%li)c)l'es (a). Distribution of the absorption in all constituents of the structure
maximum of the standing wave shifts downward from the central plane
of the PV diode in the whole range 400-500 THz. As a result at 475 THz
the total parasitic absorption (in Cr, Al and n-doped a-Si) attains 40%.
Now, let us inspect the case of the PV diode enhanced by our MM, that
is depicted in Fig. 2.5. It operates at 520-550 THz, and at 526 THz the
absorption coefficient attains 92%. In this band the parasitic absorption
is negligibly small, if we consider the absorption in the p-doped layer as
useful. The absorption in Cr and Al is absent — the wave does not attain
even the n-doped layer. Therefore, the gain in the useful absorption (that
in the intrinsic a-Si sublayer) compared to the bare PV diode exceeds 50%
even for the normal incidence.

Besides of PV diodes enhanced by Ag nanoparticles we have also stud-
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Figure 2.6. Useful absorption in the p-i-n diode enhanced by Au nanoparticles centered
in the intrinsic silicon layer. The absorption frequency dependence is shown
for three different levels of the particle flattening — 0, 25% and 50%.

ied the enhancement by Au nanoparticles. Silver is very vulnerable ma-
terial — it oxidizes very fast and very minor quantities of sulfates spoil
the nanostructures of Ag. Therefore, utilizing Ag nanoparticles for the
enhancement of the PV diode one should be very careful so that not so
spoil the silver during the fabrication process. From this point of view,
gold nanoparticles are more practical. However, Au nanoparticles might
be not exactly spherical — the deviations from sphericity up to 15-20% are

possible for cheapest colloidal Au nanoparticles available on the market.
We have studied the impact of the Au nanoparticle shape flattening the
spheres up to the tablets with ratio height/diameter equal to 0.5. The
absorption coefficient versus frequency for the normal incidence is pre-
sented in Fig. 2.6. Here the thickness of the intrinsic layer is increased so
that the Fabry-Perot resonance of the bare diode holds at 375 THz. At the
same frequency the array of Au nanospheres offers the maximal absorp-
tion. The two resonances hybridize and we observe two resonant peaks
— at 370 and 420 THz. In Fig. 2.6 we present the results for the case of
the metal rear electrode. We see that the strong flattening of the spheres
worsens the resonant absorption. Meanwhile, the ratio height/diameter
equal 0.75 still keeps the resonance effect and this curve nearly repro-
duces that for a bare PV diode. Again, the bare structure corresponds
to high parasitic losses and has no angular stability. In general, the en-
hancement of the angle-averaged absorption granted by gold spheres is
not much lower than that offered by silver spheres. This theoretical ob-

servations was done using CST Studio software and analytical model of
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the multilayer structure based on transmission matrices (see e.g. in [66]).

2.3 About practical implementation of the metamaterial photodiode

In order to get the evidence of practical feasibility of our metamaterial
we have studied the impact of deviations from the optimal period. The
same operation keeps for deviations within a dozen of nm. Higher devi-
ations destroy the useful resonance. Also the distances between the Au
nanoparticles should be kept optimal with the allowed deviations of few
nm.

As it was noticed above such regular structures are challenging for fabri-
cation especially on large areas. The requirement of such fabrication toler-
ances would cancel the usefulness of our study if among nanotechnologies
there were no self-assembly. The self-assembly is one of most useful tools
of nanochemistry that offers the possibility of large-area nanofabrication.

To this end, the solid Au or Ag nanospheres should be replaced by core-
shell nanospheres which are also available in colloids. The Ag (or Au)
core of the particle should be the same as in our simulations. The silica
shell thickness is equal (in our notations) p/2 — ra,. This shell will also
protect Ag from harmful factors during the fabrication, and the use of
nanoparticles with Au core is not mandatory.

First, one prepares the bottom part of the structure — that with the n-
doped layer and 100 nm thick layer of intrinsic a-Si on top of it, utilizing
the standard PECVD technique. On top of the intrinsic layer one creates
a monolayer of mutually touching core-shell nanospheres self-assembled
from the colloidal solution. How to do it using the self-assembly will be ex-
plained below. The thickness of the nanoparticle shell ensures the optimal
separation of the plasmonic cores and grants the needed absorption reso-
nance. Next, one continues the fabrication of the structure. Nanoparticles
of intrinsic amorphous silicon will hopefully fill the nanogaps between the
nanoparticles so that they will be incorporated into a-Si. Of course, the
suggested fabrication technique needs an experimental verification. How-
ever, this experiment has not been done, yet. We hope that the claimed
advantages of this design and its affordable feasibility will be experimen-

tally confirmed in future.
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3. Affordable Plasmonic LTSs for
Perovskite Solar Cells.

3.0.1 Perovskite as a photovoltaic absorber

Perovskites are materials with chemical formula ABX3; whose molecular
crystal lattices can be cubic, orthorhombic or tetragonal [52]. Element A
is an organic molecule called large cation (CHsNH;, NH,CH = NH,
etc.). Element B, called small cation, is a heavy metal (usually, Pb, Ge,
Eu, Cu, or Sn). Element X can be I, Br, Cl or F (thus, BX3 is a metal
halide). Synthesis of PV perovskites is a cheap low-temperature chemical
process [562]. Above, we have mentioned such advantages of perovskites as
a remarkably high PV spectral response and high optical decay. Together,
these properties result in high photocurrents achievable with a submicron
layer of perovskite and imply that the optimal perovskite SC is namely a
TFSC.

Historically, perovskites were for the first time used in solar photo-
voltaics as nanoparticle counterparts of the dye molecules in so-called dye-
sensitized solar cells [53]. This resulted in the record (for that time) of the
power-conversion efficiency for dye-sensitized solar cells. After, extensive
studies the physics of this effect — PV conversion in perovskite itself — was
established. The internal quantum efficiency of PV perovskites strongly
exceeds that of all other known materials of TFSC. It is twice higher than
that of a-Si and is nearly equal to that of c-Si, GaAs or Ge. Since the pub-
lication of [53] the overall conversion efficiency of perovskite-based solar
cells has grown by an order of magnitude. Nowadays, the record efficiency
for perovskite SCs (very thin and extremely cheap) exceeds that of amor-
phous silicon SCs [54]. Even flexible perovskite SCs are 1.5 times more
efficient than the hard TFSCs based on a-Si with the polished metal elec-
trode. This progress allowed many researchers to claim a new era in solar

photovoltaics [55]. The main issue, as it was mentioned above, the stabil-
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ity of operation. In this field the progress is also significant — the lifetime
of materials used in perovskite SCs has increased since 2011 from few
hours to hundreds of hours. But it is still not sufficient for commercial-
ization of perovskite SCs. Anyway, we do not doubt that the lifetime of
perovskite SCs will exceed a year in the nearest future.

We have already mentioned that perovskites are exitonic PV materials
like dyes or arrays of quantum dots used in organic SCs. However, un-
like them they also possess a rather noticeable conductance for electrons
and holes [54-57]. This allows one to perform a heterojunction of a per-
ovskite with electron-conductive and hole-conductive materials like the
heterojunction in the p-i-n diode. The role of intrinsic a-Si is played by
the perovskite layer, whereas the electron-conductive layer plays the role
of n-doped a-Si and the hole-conductive layer plays the role of p-doped a-
Si. A high-efficient perovskite-based solar cell is TFSC. For the perovskite
layer of thickness 500 nm the transmission losses in the bottom electrode
are negligible [54,55,57].

The optimal thickness of the perovskite layer is determined by the deal
between two parasitic effects. First, one has to minimize parasitic shunts
formed by the amorphous materials — electron-conductive and hole-conductive
ones. They meet one another due to the diffusion in the nanopores of per-
ovskite. This effect requires to increase the thickness!. Second, one has
to decrease the recombination losses drastically growing versus the thick-
ness of the PV layer when it exceeds the exciton size. Also, the Ohmic
losses in the perovskite layer grow with its thickness. As a result, the op-
timal thickness of pervoskite is defined as 400 nm, that corresponding to
nearly 10% for transmission losses. Thickness 500 nm for which the trans-
mission losses completely disappear is still close to the optimal one, and
there is no noticeable difference in the overall efficiency for perovskite SCs
with 400 nm and with 500 nm perovskite layers. Both electron-conductive
and hole-conductive layers forming the Ohmic contact with perovskite
are, as a rule, thinner. The n-conductive layer on top is as thin as 40-
50 nm, that allows to neglect the optical losses in it. The p-conductive
layer may have the thickness 200-300 nm. As a result the PV structure
of a typical pervoskite SC has the overall thickness 600-800 nm [57]. The
top electrode is performed of TCO, and the bottom is, as a rule, a layer of

metal.

INot only this effect — also parasitic capacitance of the PV diode, parasitic hys-
teresis and transmission losses reduce when one increases the perovskite thick-
ness.
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It is commonly adopted that perovskite TFSCs with thickness of per-
ovskite 400-500 nm do not need a LTS. It is enough to suppress the reflec-
tion in order to achieve the maximal optical efficiency. This s done adjust-
ing the thickness of the transparent electrode. The use of titanium dioxide
as the n-conducting material allows one to utilize the fluorine-doped tin
oxide (FTO) as the material of this electrode as forming the Ohmic contact
with TiO,. This material has lowest refractive index among TCOs (1.5 in
the visible range and 1.4 in the near IR), that allows its application also
as an ARC. Optical losses in this material are as low as in AZO. Therefore,
the laminate of such TFSCs is not a polymer but glass, perhaps, organic
glass (PMMA).

The optical efficiency of such a SC is restricted only by nonzero reflection
losses (near 15%) inevitable in the case of the wide-angle operation and
attenuation of the incident light in the FTO electrode that nearly equals
to 10% for the structure depicted in Fig. 3.1. Integral angle-averaged
optical efficiency 75% and integral Ohmic loss 5% correspond to 15% for
the overall efficiency of this SC [56,57].

3.1 Perovskite thin-film solar cells enhanced by metallic particles

However, perovskite SC may need a LTS, if the bandgap wavelength is
larger than 870 nm. Optical losses 25% calculated in [56] and [64] for the
structure sketched in Fig. 3.1 do not take into account the sub-bandgap
losses. They were calculated for the case when the perovskite bandgap
wavelength is equal 800 nm, and the IR tail of the solar spectrum was
ignored.

Perovskite C H3 N H; Pbl; is a bandgap-tunable material and its bandgap
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can be engineered in the range of wavelengths 700-1000 nm [65]. When
the bandgap is above 870 nm the solar radiation around the 870 local peak
of the solar spectrum will be also converted. However, all PV perovskites
have low absorption in this range with the local minimum namely at 870
nm. Then transmission losses arise at this wavelength even for perovskite
as thick as 492 nm, as in Fig. 3.1.

Consider the SC depicted in Fig. 3.1 abstaining of the reflection losses
(e.g. assuming that on top of the laminate of organic glass there is an ideal
anti-reflecting coating). Then the incident wave can be assumed to be in-
cident from the half-space of glass to the top interface of the structure
(glass-FTO). For our purposes, it is enough to consider the normal inci-
dence of the solar light. The dimensions of the simulated structure are
depicted in Fig. 3.1 and correspond to the practical solar cell [56, 63, 64].
The FTO layer is 420 nm thick, 41 nm is the thickness of TiOs, 492 nm
is the thickness of the C H3; N H; PbI; perovskite, and the hole-conducting
layer (the so-called spiro-OMeTAD) is 253 nm thick. The gold rear con-
tact has the thickness 30 nm. A so small thickness of the bottom electrode
was chosen for the reduction of the price per square meter (the further
reduction will increase the Ohmic losses in this electrode). The properties
of the mechanic carrier beneath the gold do not play any role, since the
incident wave does not transmit through the structure.

We have calculated the absorption in each of these layers using both
CST Studio software and analytical model of the multilayer structure
based on transmission matrices (see e.g. in [66]). Material parameters
of all these layers have been taken from [63]. The results of these sim-
ulations coincided with high accuracy and visually are not distinguished
in the plots. In Fig. 3.2 we show the simulated coefficient of the photo-
voltaic absorption (percentage of the incident power spectrum absorbed
in the perovskite layer) over the whole solar spectrum. We can see two
significant dips of absorption centered at 870 and 1000 nm. In the inset
Fig. 3.2(a) we show the spectrum of radiation absorbed in the perovskite.
In these calculations the solar irradiance spectrum (shown as a in shadow
this inset) was multiplied by the absorption coefficient of the layer cal-
culated using the analytical model. This spectrum implies that 3% of
the solar radiation transmitted to the perovskite is lost due to parasitic
transmittance. Nearly 2% of the incident solar power is lost in the range
820-940 nm and 1% — in the range 970-1050 nm.

Using a plasmonic LTS incorporated into perovskite it is possible to
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avoid the 2% loss at 820-940 nm. The presence of the plasmonic MM in-
creases the absorption in the perovskite around the nanoparticles within
the spectral hole of the perovskite absorption 870-950 nm. The increase
is nearly 30% and is not accompanied by the distortion of the photovoltaic
absorption at other wavelengths. We engineer resonant absorption at 870
nm. The same regime as in the previous Chapter is utilized — the absorp-

tion in Au is negligibly small, and all the increase of the absorption is

useful.
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Figure 3.2. Absorption coefficient of the perovskite layer in the structure shown in Fig.
3.1 versus wavelength. In the inset (a) we show the solar spectrum AM 1.0 in
arbitrary units (shadowed) and the spectrum of absorption in the perovskite
layer.

Of course, in order to justify a so small gain in the optical efficiency as
2% the fabrication cost of our plasmonic array has to be low. We hope
that it will be low if we use the femtosecond-laser-induced forward trans-
fer technique — LIFT technique [67,68] in order to incorporate the gold
nanoparticles into perovskite. In the previous chapter we suggested to
fabricate the PV layer in three steps — first, the bottom part, then the ar-
ray of nanoparticles, on top of it, and then the top part. This procedure
is time consuming. Perovskite is softer than a-Si and is porous that al-
lows to use a so fast fabrication technique as LIFT. LIFT is a high-speed
and low-cost technology which simultaneously produces metal or even di-
electric [69, 70] nanoparticles and transfers them to the target host. The

host should be either soft like polymers or porous like perovskites. The
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laser locally melting the golden film is assumed in this picture moving
from the right to the left. Both averaged inter-particle distance and parti-
cle size can be independently controlled by laser focusing conditions and
the energy in the laser pulse. The depth of the embedding into the tar-
get substrate depends on the distance to it from the Au film serving the
source of nanoparticles . It is worth noticing that both the temperature
and velocity of the embedded nanoparticle are also controllable [69], mak-
ing possible the transfer of either hot or cold nanoparticles. In our case
LIFT is especially suitable as the studied effect does not require strong
periodicity.

The perovskite SC shown in Fig. 3.1 can be produced from top to bottom,
i.e. prepared on the glass substrate (which can be later reduced to the op-
timal thickness and furnished by the anti-reflecting coating). Therefore,
before covering the perovskite with the Spiro-OMeTAD one may put on
the perovskite a glass plate covered by a gold film with 240 nm thick-
ness and to apply the LIFT technique. The gold film transforms into Au
nanoparticles of diameter 240 nm submerging into perovskite. Next, the
glass plate is removed and the fabrication continues.

Notice, that, to our opinion, LIFT is a promising candidate to fabricate
plasmon-enhanced solar cells of 3d generation — besides of pervoskite so-
lar cells there are several solar cells in which irregular arrays of plas-
monic particles may enhance the overall efficiency due to different physi-
cal mechanisms [79-81].

Fig. 3.3 shows the absorption spectrum in the perovskite layer calcu-
lated using CST software. This spectrum is determined by the solar irra-
diance whose spectrum is shown again as a shadow and absorption in the
perovskite surrounding the incorporated plasmonic nanoparticles. In this
design that are not centered in the PV layer but are located on the inter-
face of spiro-OMeTAD. The area under the absorption curve normalized
to the area under the curve of the solar irradiance is the absorption effi-
ciency. This value for the basic structure is nearly equal 92% (5% of power
is lost in FTO). We show our results for two types of golden nanoparticles
— solid Au nanopsheres and golden nanoshells (core-shell particles with
the same overall radius 120 nm and a gold shell thickness 30 nm). No-
tice, that we have studied the impact of the particle size and period. The
effect keeps for deviations +£10%. Also, the structuring of the nanoparti-
cle does not give a qualitative effect. For the structure enhanced by solid

nanospheres the absorption of the solar irradiance in the perovskite layer
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is equal 93.2%, and for nanoshells it is 93.8%.

In this Chapter we have shown for the first time that the plasmon res-
onances of an array of Au nanoparticles may enhance the perovskite SC.
Though the enhancement is small, the effect is qualitatively new. If we
extend our structure beyond solar photovoltiacs, its practical importance
may be much higher than it seems now. Perovskite PV cells may oper-
ate not only as SCs. Tunability of the bandgap may allow them operate
as narrow-band PV diodes even at infrared. The narrow-band operation
may be granted by an optical filter located on top of the structure instead
of the glass laminate shown in Fig. 3.1. For such the PV diode operating
at 820-940 nm the transmission losses are as high as 30%. As we have
already noticed, in the range 820-940 nm the PV absorption due to our
array increases nearly by 30%. Our nanoparticles eliminate the trans-
mission losses in this band almost completely.

In the end of this chapter it is important to notice that, in fact, gold
nanoparticles without silica encapsulation cannot be used for the enhance-
ment of perovskite SCs. As it was shown in [91] (this work was published
after the submission of our paper), gold nanoparticles spoil the perovskite
layer due to the atomic diffusion. Therefore, only core-shell particles (that
promise the best enhancement) can be incorporated into the perovskite
layer. This is also possible using the LIFT technique, however, requires a

more elaborated procedure.
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4. Ultra-broadband wide-angle
light-trapping by micron-sized
spheres.

4.1 Colloidal nanoparticles for enhancement of thin-film solar cells
based on amorphous silicon

4.1.1 Technical solution and its physical prerequisites

When we suggest to improve a TFSC using a nanostructured ARC or LTS,
we must take into account not only the efficiency but also the possible cost
and the compatibility of the design with the mass production, especially
roll-to-roll technological approach. From this point of view, an ARC of
colloidal silica nanoparticles is very advantageous. Recall , that for a-Si
TFSCs with a top electrode performed of a conductive material this ARC
exhibits the wide-angle antireflective operation. The affordable location of
this ARC on the surface of TCO is achieved via the self-assembly and fix-
ation of the colloidal silica particles by the polymer laminate covering the
TCO. The self-assembly into a monolayer of dielectric nanospheres from
the colloidal solution is usually lounged by spin-coating [31,32]. However,
even this process can be simplified — the self-assembly of nanospheres on
a non-metal substrate can be achieved by a straight mechanical move-
ment of the sample though a colloidal solution. The key point of such
self-assembly is the properly chosen speed [34, 35].

In absence of the defects this densely packed monolayer ARC has nearly
the same operational characteristsics as a flat nanolayer of effective medium
with refractive index close to 1.4. However, this ARC is cheaper since no
nanometer precision is required to respect during its fabrication. More-
over, due to wide-angle operation, this composite ARC has lower angle-
averaged reflection losses [34]. For a TCO whose typical refractive index

is close to 2, the diameter of silica spheres in the ARC is equal 500 nm [8].
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However, we have already seen that due to high transmission losses
even an ideal ARC gives a very minor improvement of the optical effi-
ciency of a-Si TFSCs with the PV layer as thin as 300-400 nm. For such
TFSCs we need to replace the ARC by a LTS. Our idea is to modify the
ARC of silica spheres increasing the diameter of spheres so that they could
focus the sunlight into the PV layer and anyway would keep the antire-
flective functionality.

Here, we have to make an important remark. In the abundant literature
of LTSs for a-Si TFSCs it is claimed that the light trapping for preventing
the parasitic transmission in a-Si SCs with the flexible bottom electrode
must be a subwavelength effect. The needed concentration of light is,
in accordance to the literature, not achievable via the simple focusing.
This is the prerequisite from which the whole plasmonic light-trapping
for TFSCs arose as a scientific direction [71-75]. Above, we developed
the plasmonic LTSs for narrowband light-trapping where this approach
is reasonable. However, we need now a broadband light-trapping. Here I
reject the plasmonic way to the target. Recall, that we found an affordable
approach to the fabrication only for spherical plasmonic particles. For
regular arrays of complex-shape metal nanoparticles the multi-resonant
enhancement of the PV absorption is achievable but the fabrication of
such arrays is expensive. For random arrays of metal particles the overall
enhancement of the PV absorption is either absent or compromised by the
losses in the metal.

Therefore, we have decided to revise the prerequisite of the plasmonic
light-trapping for TFSCs. And we saw that the whole paradigm of light-
trapping for a-Si TFSCs is incorrect. A simple diffraction-limited focusing
by a usual lens is sufficient for concentration of sunlight in a layer of a-
Si with thickness 300-400 nm. Really, a-Si has the refractive index close
to 4 in the operation band A =400-800 nm. In this band the effective
wavelength in the material (and, therefore, the Rayleigh size of the focal
spot) is as small as 100-200 nm. But 200 nm is smaller than the optimal
thickness 300 nm. Next, a short-focus lens may have a focal spot at a
similar distance as the spot size. Therefore, a simple short-focus lensing
is all we need for light-trapping in a-Si TFSCs.

However, if we put a macroscopic short-focus lens on top of a TFSC it
will collect the sunlight from the large area into one submicron-sized fo-
cal spot. The other volume of the PV material will remain dark and the

photocurrent will be generated only in a submicron part of the SC. To ex-
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cite the photocurrent in the whole TFSC we need an array of microlenses
covering the whole surface of our TFSC. Then we immediately come to
the idea of colloidal silica spheres similar to those used for ARC. Silica
spheres are available on the market with diameters from 100 nm to few
microns. It remains only to find a suitable diameter of the sphere and
book the needed colloidal solution. The optimal diameter is found from
the following deal.

When the diameter of a sphere grows the period of the densely packed
array increases, too. As it is commonly known from the theory of diffrac-
tion grids, when the array period exceeds the wavelength, the Fraunhofer
diffraction lobes arise in the reflected (more exactly — backscattered) field.
These diffraction lobes are comparatively small if the diffraction grid is
performed of a transparent material, but the amplitudes of the Fraun-
hofer maxima increase versus the grid period. Numerical studies have
shown — backscattering losses becomes critical and the anti-reflective ac-
tion of the monolayer disappears when the diameter of spheres exceeds
1.5-2 micron.

From the theory of a spherical microlens, it is known that it operates
with visible light like a macroscopic spherical lens if its diameter exceeds
5-10 microns [76]. However, to replace 500 nm-large spheres used in the
ARC by 5 micron-large spheres operating as microlenses is not a proper
solution. Of course, an array of microlenses will prevent the transmission
losses. However, backscattering losses will be too high in this case and
there is no enhancement.

Fortunately, for 1-1.5 micron-large spheres the optical effect resulting
in the light concentration has been recently revealed in work [77]. It
is called photonic nanojet. Its theory was developed in [78]. This effect
is formation of a collimated light beam by a microsphere impinged by a
plane wave. This is not the resonance effect but it is sensitive to the wave-
length. Physically, the collimation of the wave beam results from interfer-
ence of spherical harmonics produced by a uniformly illuminated dielec-
tric sphere in the forward-scattered field. The light beam resulting from
this effect is collimated if the sphere size exceeds at least twice the effec-
tive wavelength in the material of which the sphere is performed. When
the sphere diameter becomes optically large this collimation is smoothly
substituted by a usual focusing [78]. For a 1 micron sphere the light nano-
jet is formed in the whole visible range [78]. And 1 micron period for such

an array still corresponds to sufficiently low reflection losses. This is how
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we found the optimal diameter of the spheres.

So, a monolayer of densely packed silica micron-sized spheres operates
as a homogeneous wide-angle ARC for the reflected sunlight and as an
array of light-collimating lenses for the sunlight transmitted into the PV
layer. A so unusual combination of optical properties allows us to refer
such the LTS as MMs, though the constituents of this array are not reso-

nant in the band of our interest.

4.2 Theoretical analysis of enhancement granted by our
metamaterial: comparison with anti-reflecting coating

During theoretical analysis the optimization of design parameters was
done for all possible angles of incidence taking into account the path of
the Sun for the explicit geographic altitude and the typical tilt of the roof
on which the TFSC panel usually mounted. Therefore we simplified our
task for numerical simulations of daytime-averaged optical efficiency re-
stricting it by three incidence angles - 0, 30°, and 60°. Our optimum refers
to the arithmetic mean value of the photocurrent simulated or measured
for these three angles'. To our estimations, such a simple approach is
relevant for a solar panel located under the altitude of Helsinki on the
southern side a flat roof with typical tilts 20-30° with respect to the hori-
zontal plane.

In our simulations we compared our LTS with a flat ARC. For a flat ARC
we used a standard Matlab code based on transfer matrices. These calcu-
lations are very fast and allowed us to study all angles of incidence from
0 to 75° (edges of the daytime). The best daytime-averaged operation of
the flat ARC is achieved when the thickness of silica (80 nm) is chosen so
that to maximally suppress the reflection at 30°. Our numerical analysis
has shown that for the this angle and even for the normal incidence our
LTS of silica spheres is not advantageous compared to the ARC. It gives
an increase of the PV absorption compared to the bare SC but the ARC
operates better.

In order to explain it, we have to notice that even a bare TFSC has
a sufficiently small reflectance over the whole visible range where the
TFSC operates. Our bare TFSC is optically a multilayer structure, and it

is possible to adjust its layers in order to minimize the normal-incidence

1Applications of the dielectric spheres on top of the SC can change neither the
fill-factor nor the open-circuit voltage of the SC. Therefore, the gain in the effi-
ciency equals to the gain in the photocurrent.
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reflection in a broad range. Both front and rear electrodes are performed
of AZO and the substrate of our TFSC is glass wafer. An especially im-
portant factor is the thickness of the top electrode. Its proper choice (220
nm) allowed us to reduce the reflection losses for the normal incidence to
9% and the angle-averaged value of the reflection losses is nearly equal
20%. The application of 80 nm of silica on top additionally reduces the
spectrum-integral power reflectance — for the normal incidence to nearly
2% and the day-time averaged reflectance reduces to nearly 13%. It is
a very low reflection loss for the wide-angle regime that it is difficult to
improve once more. In our simulations, our LTS operated similarly and
all the gain granted by our LTS refers to the elimination of transmission
losses.

Of course, a flat ARC cannot prevent the transmission losses, whereas
our LTS suppresses them very well. However, for small angles of incidence
the suppression of the transmission losses is not sufficient to increase the
photocurrent. The increase of the photocurrent is not simply proportional
to the PV absorption because the light collimation by nanospheres for the
small incidence angles is individual for every sphere. The photocurrent
density achieves the saturation at the collimated beam centers when all
the flux is absorbed and vanishes beyond the collimated beam where the
flux is zero. As a result, the photocurrent per unit area of our TFSC for
f = 0 and 0 = 30° increases compared to the bare SC only slightly.

For large angles of incidence the situation drastically changes. A new
optical effect we called the cascade collimation is now involved. Namely,
only a part of the wave beam incident on a given sphere under sufficiently
large angle (practically more than 40°) is collimated in the air gap formed
by the adjacent spheres and its refraction into the PV layer creates a col-
limated beam under the point where two spheres touch one another. An-
other part of the incident beam (nearly 50% of the power) transmits to
the adjacent sphere as it is shown in Fig. 4.1. In this second sphere the
wave beam experiences three total internal reflections and the collimated
beam arises under the center of the second sphere. In fact, this simplified
picture corresponds to the cylindrical geometry. For spheres the oblique
incidence on one sphere corresponds to the formation of four collimated
beams. As a result, these multiple collimated beams fill the area beneath
the spheres.

This consideration based on the geometrical optics is, of course, simplis-

tic. However, the key point — four-fold multiplication of light nanojets for
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Figure 4.1. Schematic view of mechanism of cascade focusing.

0 = 60° — keeps in our simulations. And the photocurrent density distri-
bution over the horizontal plane becomes almost uniform.

Simulations (we have done using different solvers) have shown — if we
optimize this LTS for the whole range of incidence angles corresponding
to the daytime we achieve an advantageous operation compared to the
similarly optimized ARC. The results of simulations for the expected gain
in the ultimate efficiency of the PV conversion compared to the bare TFSC
granted by either ARC or our LTS for different incidence angles are pre-
sented in the table.

Table 4.1. Gain in the overall efficiency 7.

Gain%/6°| 0 30 | 60
ARC +8 | 436 | -1
LTS +15 | +16 | +70

Exact parameters of the simulated TFSC are (from down to top) as fol-
lows: the rear AZO layer of 270 nm, the n-doped a-Si (with density of
majority carriers 10%° 1/em?) of 70 nm, the intrinsic layer of 400 nm, the
p-doped a-Si of 100 nm (density of majority carriers 10'® 1/cm?), and the
front AZO layer 220 nm. ARC was 80 nm-thick of silica. Spheres of sil-
ica with 1 micron diameter form a densely packaged monolayer. In accor-
dance to Table 4.1 the mean gain granted by our LTS compared to the bare
SC is equal 34%, and that granted by the ARC is 9%. Our LTS improves
the overall efficiency compared to the ARC by 17%. This corresponds to

practically complete removal of transmission losses.
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4.3 Experiment

4.3.1 Discussion of the cell geometry

Here we present the results for the a-Si TFSC with 400 nm of intrinsic
silicon. We have to explain this our choice, since the optimum is 300 nm,
and most of papers on LTSs for a-Si TFSCs refer either to the design
solution with either this optimal thickness or thinner. However, 400 nm is
better for our purposes. It is not much thicker than the optimum and still
corresponds to rather low recombination losses. What is important for us,
is to prevent the interplay of reflection and transmission losses. Our TFSC
has minimal possible transmission losses that allows us to concentrate on
the impact of transmission losses. The structure with a so substantial
intrinsic layer turned out to be less reflective. The second reason why we
selected 400 nm is its easier implementation. The design with a 300 nm
thick intrinsic layer would require 30-50 nm thick layers of doped a-Si
and much higher doping level, not achievable for us.

Notice, that the use of 400 nm layer of intrinsic silicon advantageously
shares our work from the row of similar studies. So substantial PV layers
in the literature on LTSs, to our knowledge, are absent. We think that
the reason of it is the difficulty to demonstrate an advantage of any of
previously known LTSs compared to an ARC for a so substantial PV layer.

Notice, that we have simulated TFSCs with several thicknesses of the
PV layer, not only 400 nm. In our simulations the advantage of our LTS
compared to an ARC was obtained for design solutions with a PV layer
whose thickness exceeds 300 nm. For thinner PV layers our mechanism
of the light concentration (light collimation) is not efficient. However, 400
nm is not an optimum in our calculations. In accordance to our simula-
tions, the gain granted by our LTS compared to the ARC is maximal for
the thicknesses of the intrinsic layer within the range 300-350 nm, when
the p- and n-doped layers are 50 nm thick. However, it is important that
the advantage of our LTS with respect to the ARC still keeps for the de-
sign with a 400 nm thick intrinsic layer, that corresponds to the minimal
reflection losses and that is easier to fabricate.

For the experimental check we have chosen this variant and this is why

in Table 4.1 we show the results namely for it.
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4.3.2 Fabrication

A set of samples with in-plane dimensions 1 x 2 cm was fabricated in the
clean room of Micronova Center of Aalto University. Since our facilities
are not appropriate for preparation of TFSCs, we have developed an orig-
inal method. First, we cover the glass wafer with AZO using the ALD
process [35]. The mean value (averaged over the samples) of the thick-
ness of this rear AZO layer is 272 nm. Next, we cover our samples with a
570 nm (mean value) thick p-i-n structure of a-Si using the PECVD and
the standard ion implantation.

For it, we, first, deposit the 70 nm thick layer of intrinsic a-Si on top of
the AZO layer using PECVD. Next, we dope this layer with Boron beam
of energy 20 keV using Ion Implanter Eaton machine until the major-
ity carrier concentration 102%cm 3. It is insufficient doping for obtaining
maximal fill-factor and corresponds to decreased open-circuit voltage. For
optimal operation the concentration of the bottom doped layer should be
higher by 3 orders of magnitude [33]. But our equipment is dedicated to
crystalline silicon SCs and does not allow us to achieve higher concentra-
tions in the p-doped layer. Also, usually, a p-doped layer is built on top
of the SC because it is more transparent for the same doping level than
the n-doped one. However, I have inverted this typical scheme so that
to avoid the parasitic p-n junction. The reason is that typically one uses
AZO only in the cathode, but we use AZO as a material for both anode and
cathode?. AZO has the p-type conductivity, and the anode of AZO forms a
p-n junction with the n-layer of the usual p-i-n structure.

Then we deposit by PECVD a 500 nm thick layer of intrinsic amorphous
silicon and dope top 100 nm of this layer by Ion Implanter Eaton with en-
ergy 10keV (phosphorus gas) until the concentration of majority carriers
10'8em 3. For this concentration the optical losses in the n-doped layer do
not noticeably exceed those of the intrinsic layer. Also, the PV spectral re-
sponse of this slightly doped layer is higher than that of the heavily doped.
Therefore, the effective PV layer in this case has the thickness practically
equal to 500 nm. On top of this p-i-n structure we deposit a layer of AZO
of thickness 221 nm (mean value). It is done using ALD.

My structure has not very high quantum efficiency, but this efficiency
is not the target. The main purpose is to reduce the reflection losses as

much as possible and to concentrate to the transmission losses. First, I

21n order to minimize the reflection losses, as it was explained above.
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Figure 4.2. g;l;ie%ula;\;igl gfs (EII{/I I;Elsa ;vei'thin the area of mutually touching spheres is illus-
prove that transmission losses are high even for a substantial PV layer.
Second, I prove that developed LTS grants the enhancement namely due
to the suppression of transmission losses.

One third of all fabricated samples of our TFSC was left bare. Another
one third was covered with a 85 nm thick (mean value) layer of silica us-
ing the PECVD?. The other samples were covered by silica spheres with
d = 1.0...1.2um. This deviation of diameters is typical for available
colloids. We utilized the method of natural deposition (self-adhesion) of
nanospheres suggested and developed in works [31] and [34]. It was al-
ready mentioned that this method results in a densely packed monolayer
on the mm-sized areas. These good areas formed mm-sized islands on
our cm sized samples. In between these islands the areas (also mm-sized)
of isolated spheres and bare areas are located. The high-quality area is
shown in Fig. 4.2. In our measurements we illuminated only these high-
quality areas of the sample using the light-concentration technique with
a collimated beam of simulated sunlight with one mm cross section. The
beam was tilted under the angle 6 varying from zero to # = 60°. Practi-
cally, we compared mm sized TFSCs covered with spheres with mm sized
TFSCs covered with an ARC and with mm sized bare TFSCs. The results

of the numerous measurements were averaged.

4.3.3 Measurements

The measurements of the reflection (backscattering) losses with an inte-
gration sphere for three incidence angles has shown that our ARC grants

nearly 30% of reduction for the angle-averaged integral reflectance com-

3The measurements using the Profilometer Dektak/XT have shown that the
thickness of silica in ARC is within the interval h = 80—90 nm. The relative devi-
ation +£5% is typical for all layers of our structure obtained by PECVD, whereas
ALD gives the deviation smaller than 2 nm, the same refers to the roughness.
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pared to the bare SC, namely this reflectance reduces from 21% to 14%.
This experimental result is in agreement with calculations reported above.
We have also confirmed that the gain granted by our ARC is maximal for
the angle # = 30°, and in the experiment it nearly equals 25 %.

We could not measure separately the spectrum of the PV absorbance
A(\) that cannot be separated from the parasitic absorption in AZO and in
the doped a-Si. However, we can judge on the PV absorption based on the
measured external quantum efficiency (QE) of our TFSC. These spectral
measurements were done using the Solar Spectral Response/QE/IPCE
Measurement System delivered by PV Measurements, Inc. Theoretically,
QE is proportional to A()\) and these experiments have shown the very
good correspondence of the measured spectrum with the simulations of
the PV absorption. The low maximal value of QE is related with the in-
sufficient doping level of a-Si as discussed above. Again, my goal is not to
fabricate an excellent SC but to prove the higher efficiency of the LTS in
comparison with the ARC. And this comparison is convincing if the thick-
ness of the PV layer is not intentionally reduced compared to the optimum
(300 nm) in order to stress the advantage of the LTS. In my study I, on
the contrary, enlarged this thickness, and still obtained the gain due to
our LTS.

Illuminating our mm-sized TFSCs by a collimated sunlight I have seen
that in the samples covered by silica spheres only the high-quality areas
to operate properly. Corresponding results for the external quantum effi-
ciency and photocurrent were taken into account. The worst results cor-
responded to the illumination of the bounds between the good areas and
defect areas with isolated spheres. High scattering losses correspond also
to the illumination of defect areas. Meanwhile, in these samples there
were also bare areas without spheres, The illumination of these areas
gave basically the same results as the illumination of bare cells. Since
the measurements in the integration sphere do not allow one to use the
narrow collimated beam, we could not measure the backscattering losses
for samples covered with microspheres. However, all other results of the
measurements are in very good agreement with the theory. And this the-
ory predicts the same antireflective operation of the LTS.

The experimental result for external QE statistically averaged over the
samples of three types is shown in Fig. 4.3. In this figure EQE is limited
between 500 nm and 700 nm due to the low quality of manufactured ex-

perimental PV devices. The deviations of the results obtained for different
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Figure 4.3. Measured external quantum efficiency of the plain TFSC for different angles

of incidence 6 and internal quantum efficiency for normal incidence.
TFSCs of the same type were much smaller than the difference between
the mean results obtained for the three types of TFSCs. In agreement
with the theory the largest gain is achieved for # = 60° and the spectral
curves for QE almost repeat the theoretical curves for the absorbance.
This agreement refers to all types of TFSCs under comparison — bare
TFSC, that with ARC and that with LTS.

Finally, I have measured the photocurrent J induced in all samples us-
ing the same collimated beam tilted with different angles. In the case
of TFSCs enhanced by the LTS I illuminated only the areas covered by
a proper LTS. The current J was measured with the digital multimeter
Keithley-196. The measurement code was written in the NI Lab View
shell. The gain in J is practically equal to the integral gain in QE because
the open circuit voltage and fill factor do not depend on the presence or
absence of ARC and LTS on top of the structure. The results for the gain
granted to the TFSC by both ARC and LTS are presented in 4.2.

Table 4.2. Gain in the photocurrent .J.

Gain % / 6° 0 30 | 60
ARC +14 | +25 | +10
LTS +9 | +17 | +71

The mean gain due to ARC is equal 16%, whereas that offered by my
LTS is 32%. The agreement of the experiment with the theory above is

excellent.
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4.4 Conclusions for ultra-broadband wide-angle light-trapping by
micron-sized spheres.

I got numerical and experimental evidences that the properly designed
LTS performed as a densely packed array of silica microspheres applied
on top of a a-Si TFSC is noticeably more efficient than the ARC. This is
so because the LTS combines two functionalities — preventing the para-
sitic transmission and damping the reflection. I have designed presented
structure so that the antireflective action of the LTS is the same as that
of the ARC, and the whole gain granted by the LTS refers namely to the
elimination of transmission losses.

To our knowledge, my work [82] was first to experimentally demon-
strate a nonzero angle-averaged gain in the efficiency granted by a light-
trapping structure compared to anti-reflective coating for a solar cell based
on the amorphous silicon with the intrinsic a-Si layer thicker than 200

nm.
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5. Ultra-broadband wide angle
light-trapping structures
implemented in the top electode

5.1 From spheres to hemispheres

After my work [82] it has been clear that the suggested method of fab-
rication does not allow us to prepare the LTS on large areas without de-
fective regions. Since in practical applications TFSCs are impinged by
natural sunlight that is not focused or collimated, we should have elim-
inated these defective domains. Cleansing these areas or cutting them
off is hardly attractive for industrial adaptation of these SCs. We needed
to design another LTS still affordable, still broadband, still efficient but
either free of fabrication defects or not so sensitive to the quality of fabri-
cation.

I managed to resolve the problem of the second way — I have found a
structure whose defects do not scatter as much as the defects of our pre-
vious LTS. Recall that these defects are isolated dielectric spheres and
small (few microns) clusters of spheres on top of a flat substrate. They
create a very strong scattering. What about hemispheres? Perhaps they
are not so strongly scattering, and perhaps they are still capable to create
photonic nanojets.

I have started from answering the second question. Unit cells of the
three arrays under study are depicted in Fig. 5.1. I have found the range
of values for the radius r that corresponds to the formation of the photonic
nanojet in the visible range. On the right panels of all sketches I depict
typical color maps of the photonic nanojet in the substrate structured in
accordance with the geometry of SC. In these simulations the light at
wavelength 600 nm was incident normally. For all three structures the
effect is broadband — the similarly collimated beams are formed at other

wavelengths — in the band covering the most part of the visible range.
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P 50nm
1200nm
N 50nm
AZO 220nm

Fused silica

Figure 5.1. Three micron-sized objects may concentrate the light in the PV layer of a-Si:
a) a spherical inclusions of silica submerged by one halfinto the top electrode,
b) a hemispherical boss on the top electrode performed of the same material,
and c) a hemispherical dent in the top electrode. On the right panels one may
see typical color maps of the photonic nanojet in the substrate structured in
accordance with the geometry of a typical TFSC. Design parameters of the
TFSC are also shown.

For the formation of the nanojet it is required that the thickness of the

top electrode (AZO) h is equal or larger the radius r. In all three cases

depicted in Fig. 5.1 h = r.

I have numerically simulated the PV absorption in a TFSC (its geo-
metric parameters are shown in Fig. 5.1) granted by three types of LTSs
formed by densely packed arrays of these objects located in the top elec-
trode of AZO. In Table 5.1 I compare these three structures via the inte-
gral difference of the PV absorption. In the same table, I also show the
results for our previous LTS and for a flat ARC. Here, the PV absorption
for a bare TFSC is taken as a reference. The values of  were optimized
(varying with the step 50 nm) for all three new LTSs. For the case illus-
trated by Fig. 5.1(a) we have r = 550 nm for the optimal radius, for the
structure shown in Fig. 5.1(b) » = 500 nm and for the case of hemispheri-
cal cavities depicted in Fig. 5.1(c) we have also r = 500 nm.

Table 5.1. Integral difference in the useful absorption compared to a bare TFSC granted
by the LTSs (three new ones and one old one) and by the ARC.

Angle® | LTS, design a | LTS, design b | LTS, design ¢ | LTS of spheres | ARC
0 +13.08 +5.6 +14.26 +14.92 +8.43
30 +242.28 +242.77 +257.29 +16.42 +36.3
60 +81.25 +92.92 +85.96 +70.12 -1.3

Average +112.21 +113.76 +119.17 +34.92 +31.97

Now, let me discuss the physics of the effect. For all three structures I

have analyzed the local field distributions varying the structural periods
and frequencies. Spheres half-submerged into AZO and hemispherical

protrusions of AZO shown in two left panels of Fig. 5.1 form the light
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nanojet of the incident plane wave absolutely similarly to its formation
by spheres located on the top interface, as it was in the previous chapter.
The light-collimating structure shown in Fig. 5.1(c) has a peculiarity that
deserves to be clarified.

In work [49] one has theoretically revealed the light-trapping properties
of submicron indentations made in the anti-reflective layer located on top
of a TFSC. These dents were shaped as truncated cones. Prior to [49]
it had been already known that such the nanopatterning improved the
wide-angle operation of flat ARCs [84] — the dents make the reflectance
less sensitive to the incidence angle. In [49] authors performed extensive
simulations varying the geometric parameters of the dents and for suffi-
ciently large dents I have revealed the increase of the absorption in the
substrate accompanied by the transmitted light collimation. The increase
of the absorption was non-uniform over the visible range — there were sev-
eral local maxima. However, even at the minima the absorption was not
lower than in the absence of the dents. The collimated beams had charac-
teristic width of the order of 300-400 nm. The collimation was kept in the
PV layer of the a-Si TFSC and authors claimed the possibility to use the
dents shaped as truncated cones for the enhancement of TFSCs.

However, my further numerical studies have shown that their initial as-
sumption was wrong. The formation of the collimated beam in the case of
a truncated conical dent is less efficient than that in the case of a hemi-
spherical dent. And in both cases it is not the collective effect but the
effect of the isolated cavity — it does not vanish with the increase of the
structural period. The increase of the absorption is much stronger for
the dents with nearly micron diameter (for hemispherical dens it means
2r = 800—1200 nm) than for the dents with diameters 400-600 nm studied
in [49]. So, the formation of the collimated beam results from the refrac-
tion of the cavity modes.

This effect is similar to that revealed in work [83] for hemispherical
dents on the surface of a hyperbolic metamaterial. An incident plane wave
produces a package of spherical spatial harmonics in the cavity whose size
has the order of the wavelength in free space and strongly exceeds the
effective wavelength in the material. When the eigenmodes of the cavity
refract into the material the tangential component of the wave vector is
preserved. This results in the formation of the light beam with a very
broad angular spectrum. In the case of the normal incidence the cavity

modes are excited symmetrically in the horizontal plane. In this case the
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angular spectrum of the refracted beam is rather similar to that of the
Gaussian one. However, this is not a solid (cylindrical) Gaussian beam,
there is also a tubular beam around it.

Further operation of the dents is similar to that of any LTS. Due to
the light concentration the absorption in these collimated wave beams is
much higher than in the case of a plane wave simply refracted into the
substrate. The key issue here is the quality of the hemispherical cavity.
My hemispherical dents collimate the incident wave much better than the
truncated conical notches of [49]. This effect is weakly frequency selective
because the hemispherical cavity is multiresonant.

Understanding this physical mechanism allowed us to optimize the LTS
depicted in Fig. 5.1. We have found that the structure of hemispherical
voids is better than two other counterparts. The formation of the light
nanojet in the structures of Fig. 5.1(a) and (b) is not much less efficient
and grant basically the same gain in the PV absorption (that dramati-
cally exceeds the gain granted by our previous LTS). However, the design
of Fig. 5.1(c) is slightly more advantageous. And what is more important,
my simulations have shown that its reflectance weakly grows versus the
structural period. The minimal reflectance corresponds to the case when
the period equals to 2r = 1 um. However, the reflectance from the struc-
ture with twice larger period still is lower than that from the bare TFSC
(without dents). These simulations promised a weak sensitivity of the
backscattering losses to the defective regions of the experimental sample.
Recall that our goal is to develop an LTS without a strong increase of
backscattering losses due to fabrication defects. From this point of view,
the array of hemispherical dents seems to be very advantageous compared

to its counterparts.

5.2 Experimental and further numerical studies

I have fabricated several samples of a-Si TFSC with the following design
parameters (from the bottom to the top): the rear electrode of AZO of
thickness 300 nm, the n-doped a-Si (102° 1/cm?) of thickness 100 nm, the
intrinsic a-Si of thickness 400 nm, the p-doped a-Si (10'® 1/cm? of thick-
ness 100 nm, and the front electrode of AZO. In these samples, this 600
nm thick layer of AZO was patterned by an array of densely packed hemi-
spherical micron-sized dents of radius » = 600 nm. These dents were filled

with silica. The presence of silica was dictated by the fabrication tech-
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nique described below. The optimal value for » was re-designed taking
into account this silica filling. In our initial simulations of this experi-
mental structure we assumed that the silica insertions are hemispherical
inside the cavities, and the optimal value » = 600 nm was found namely
from this assumption. Only the silica filling (not the geometric parame-
ters of the experimental TFSC) changes the value for the optimal  com-
pared to » = 500 nm obtained above for the void hemispheres. The beam
collimation is not sensitive to the thickness of layers located beneath of
the LTS.

We experimentally compared the absorption in these samples with that
measured for the samples of bare SC and for the samples enhanced by an
ARC. Since a flat layer of AZO with thickness as substantial as 600 nm
brings noticeable optical losses and is never used in practical TFSCs, it
would be incorrect to compare our textured samples with flat ones keep-
ing the same 600 nm for the front electrode. Our reference samples com-
prised the top layer of AZO with thickness 300 nm. Judging upon the
literature this value is maximal practically usable thickness of the AZO
front electrode. For this thickness of AZO a 80 nm thick ARC of silica (see
in the previous chapter) is not optimal. Here, the ARC was a layer of SiIN
with thickness 100 nm. This ARC grants similarly low reflection losses as
those in the previous chapter.

The measurements of the backscattering losses for the textured sam-
ples (those with our new LTS) have shown that the keenest issue of our
previous design was resolved. Even in the defective regions with isolated
notches and their clusters the backscattering does not noticeably exceed
the reflectance of the bare AZO. In the scale of square centimeters the op-
eration of the structure together with defective regions keeps wide-angle
anti-reflective and wide-angle light-trapping. Of course, due to the pres-
ence of the defects the increase of the PV absorption becomes not as spec-
tacular as in the third column of Table 4.2. However, the significant en-
hancement keeps for the whole area of the SC. For our previous LTS of
silica spheres the enhancement was shown only if we illuminated the reg-
ular domains of our LTS by a mm-wide beam. In the experiment described
below we illuminate the SC by the wave beam of cm diameter.

It is also important to stress that the anti-reflective and light-trapping
functionalities were achieved with the textured top electrode. There is no

need in a special ARC on top of it.
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5.2.1 Fabrication method and the obtained structure

My fabrication technique is as follows. I use ALD and ion beam etching
(IBE) in the small copy of an industrial machine from Meyer Burger Tech-
nology AG. The IBE technique deals with a rather wide ion beam and is
therefore much cheaper and faster than the ion beam lithography (that is
based on nanofocused ion beams). It can process any samples up to wafer
size operating as a nano-blade cutting the surface at any angle up to the
grazing cutaway with a uniform beam of Ar ions. Etching rate is 20-50
nm/min.

First, I prepare a monolayer of colloidal silica microspheres like I did
the previous LTS. The only difference — now the spheres form a monolayer
not on top of AZO as in the previous chapter but on top of the PV layer.
The substrate to which the colloidal spheres glue up is p-doped a-Si. The
diameters of the silica spheres used for our new LTS is 1.2 ym. Deviations
from this optimal diameter were smaller than 100 nm. And, what was
most important for my purposes, the deviations from the sphericity of
silica particles from nanoComposix Ltd. were negligible.

Next, I deposit a layer of AZO using ALD. It is seen in the SEM image of
Fig. 5.2 that the film of AZO was successfully deposited on the amorphous
silicon substrate filling all the gaps between the spheres and forming a
layer of needed thickness » = r. ALD was done with the ratio of steps
19:1 (19 steps of ZnO to 1 step of Al203 deposition). In Fig. 5.2 the top
half of the structure is removed. This was done with the qulity offered
by IBE. The removal results in a regular arrangement of the high-quality
hemispherical cavities filled with the silica microparticles. The process of
removal is very fast — takes 10.5 minutes for the area of 10 cm?.

After IBE the top half of a silica sphere does not completely disappear.
Unlike our expectations, we obtain the surface covered by protrusions
shaped as nanocones. In other words, silica insertions in our hemispher-
ical dents have the semi-diamond shape. The regular arrangement of
these insertions in our hemispherical dents turned out to be useful for the
reduction of backscattering losses. The reflectance drastically reduces.
Color map of Fig. 5.1(c) corresponds to the reflectance nearly equal to 10%,
that is close to the reflectance from bare ARC. The hemispherical inclu-
sions of silica in the dents reduce the reflectance only slightly. From our
preliminary simulations, in which silica insertions were hemispherical I

expected the anti-reflective functionality of the textured AZO electrode
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only for large incidence angles. However, the reality turned out to be bet-
ter than we expected. The insertions are semi-diamond and their conical
protrusions reduce the reflection losses operating like a transition layer

on top of a flat surface.

Al-doped ZnO
p-doped a-Si ™~
Intrinsic a-Si

n-dopeda-Si _=

Al-doped ZnO/ wmer
Glass substrate

Figure 5.2. SEM image of the side cross section of the whole structure with the data on
constitutive layers.

In this study I have intentionally made the structure transparent be-
cause my goal was to measure the absorbance in the PV layer due to light
trapping. Here I followed to the logics of work [86]. The presence of the
metal bottom electrode in a working TFSC will change this absorption
quantitatively, but qualitatively the high gain should keep. This expecta-
tion was confirmed by numerical simulations using CST Studio. The gain
in the PV absorption granted by such the patterning of AZO layer is max-
imal at A =550-850 nm — this is the range where the hemispherical cavity
operates as a microlens. The integral gain averaged over the incidence

angles is equal 22%.

5.2.2 Post-fabrication simulations and discussion

The regularity of the dents and, respectively, the high quality of the hemi-
spherical cavities responsible for the light trapping is granted by my fabri-
cation technique. However, even in the defective regions isolated nanocones
and their clusters scatter weakly and do not increase the reflectance as
drastically as described in the previous chapter. I made extended numer-
ical simulations of the periodic structure with period much larger than 2r
and got a theoretical evidence of weak backscattering by the silica inser-
tions even for large periods. Thus, insertions of silica improve the anti-

reflective operation in the regular part of my LTS and do not increase the
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backscattering compared to the bare surface in the defective areas.
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Figure 5.3. Comparison of the electromagnetic flux density in the reference (a) and sug-
gested (b) structures at 4 wavelengths.

Finally, it remains to theoretically confirm simulations the claimed mech-
anism of light-trapping — the collimation of light by hemispherical dents
in AZO, now taking into account the semi-diamond shape of silica inser-
tions. It turned out that this shape did not affect the formation of the
collimated beam. In Fig. 5.3 I present the results of corresponding simu-
lations for four occasionally chosen wavelengths from the operation band
of the SC. One can see the drastic difference in the spatial distributions
of the electromagnetic flux density obtained for the suggested structure
with LTS and in the reference structure with a flat anti-reflective coating.
In the last case we observe the plane-wave transmission with its standard
decay rate. In the case of LTS we see the collimated cylindrical wave beam
composed under every dent. At A\ =457 and A =503 nm we also see the
second collimated beam — tubular one — at the sides of the central one. At
all wavelengths between 400 and 650 nm there is the field concentration

preventing the parasitic transmittance.

5.2.3 Measurement results and conclusions

As it was already pointed out the samples with geometry shown in Fig. 5.2
were compared with their flat analogues — covered by an ARC and bare
ones. Putting our samples in the integrating sphere and analyzing the
scattering losses with the UV-Vis spectroscopic device Lambda 950 from
Perkin Elmer Inc, I saw that even for the normal incidence (when the ex-

pected advantages of my LTS are minimal) the suggested structure does
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not reflect more light than the structure with ARC. This confirmed robust-
ness of the antireflection functionality to the fabrication defects.

Next, I indirectly measured the spectrum of the power absorbance found
through the reflectance and transmittance directly measured for the range
of incidence angles from 0 to 60°. In accordance to calculations, the inte-
gral absorbance corresponding to both layers of AZO electrodes does not
exceed 3% and the absorbance of the n-doped layer of a-Si is nearly 1%.
The total parasitic absorption does not exceed the deviations of the mea-
sured absorption for different samples.

Therefore, with acceptable accuracy, that corresponds to the deviations
measured (shown in Fig. 5.4 for both experimental curves) we may at-
tribute all the measured absorbance to the PV layer (intrinsic and p-doped

sublayers).
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Figure 5.4. Integral power absorbance measured for the structure with the ARC on top
of the front electrode and for the structure with the textured top electrode
at different incident angles. Statistical deviations include both deviations for
the different samples of the same type and the intrinsic measurement error.

I measured the power absorbance at different wavelengths of the oper-
ation band (400-700 nm) and incidence angles. In Fig. 5.4 we show the
integral absorbance of our structure. Its almost 90% increase compared
to the ARC is the main result of my study. The angular dependence of
the gain is smooth and does not contain a maximum at 6§ = 30° predicted
by the theory for the regular structure. It is not surprising in presence of
numerous defective areas in our 5 cm large samples. However, the advan-
tage keeps for a large-area nanostructured LTS in spite of these defects
with respect to the flat ARC having no defects. This result merits to final-

ize my studies.
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Really, our LTS incorporated into the top electrode offers a significant
reduction to both reflection and parasitic transmission. For TFSCs based
on the a-Si with the non-polished rear electrode there is no one known
counterpart that could equate our structure in the optical efficiency. Our
structure with roughly the same bandwidth and angular dependency of
reflection as a TFSC enhanced by a moth-eye ARC surpasses it in what
concerns the gain in the PV absorption. It is really striking that such the
result was obtained in spite of the presence of defects.

Offered structure can be fabricated in the affordable way that makes
it attractive for industrial adaptation. An only expensive operation is
the application of the ALD machine in order to prepare the transparent
electrodes. However, ALD is developing fast and becoming cheaper and
faster than earlier. In accordance with [37] ALD has good perspectives in
the mass production of SCs.

So, I have introduced and fabricated a new LTS integrated with the top
electrode that looks very promising for a-Si TFSCs. My LTS is affordable
and efficient (broadband, almost lossless and grants the wide-angle op-
eration). It is much more advantageous than the anti-reflective coating
and its industrial adaptation may give a new pulse to solar photovoltaics

based on amorphous silicon.
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6. Summary of Publications

[1] Perfect plasmonic absorbers for photovoltaic applications

A novel regime of perfect absorption in a thin plasmonic layer corresponds
to a collective mode of an array of plasmonic nanospheres. In our theoret-
ical study we show that the absorption of the incident light occurs mainly
in the semiconductor material hosting plasmonic nanospheres, whereas
the absorption in the metal is very small. The regime survives when the
uniform host layer is replaced by a practical photovoltaic cell. Trapping
the light allows the thickness of the doped semiconductor to be reduced to
values for which the degradation under light exposure should be insuffi-
cient. The light-trapping regime is compatible with both the metal-backed
variant of the photovoltaic cell and its semitransparent variant when both
electrodes are preformed of a conductive oxide. Negligible parasitic losses,
a variety of design solutions and a reasonable operational band make our

perfect plasmonic absorbers promising for photovoltaic applications.

[lI] Enhancement of Perovskite Solar Cells by Plasmonic
Nanoparticles

Synthetic perovskites with photovoltaic properties open a new era in solar
photovoltaics. Due to high optical absorption perovskite-based thin-film
solar cells are usually considered as fully absorbing solar radiation on
condition of ideal blooming. However, it is not really so. The analysis
of the literature data has shown that the absorbance of all photovoltaic
perovskites has the spectral hole at infrared frequencies where the solar
radiation spectrum has a small local peak. This absorption spectral dip

results in the decrease of the optical efficiency of thin-film perovskite solar
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cells and blocks the prospective of perovskite photodiodes to be used for
sensing purposes in this range. In our work we show that to cure this
shortage is possible complementing the basic structure by an inexpensive

plasmonic array of nanospheres.

[ll]] A non-resonant dielectric metamaterial for the enhancement of
thin-film solar cells

Recently, we have suggested a dielectric metamaterial composed of an
array of submicron dielectric spheres located on top of an amorphous
thin-film solar cell. We have theoretically shown that this metamate-
rial can decrease the reflection and simultaneously suppress the trans-
mission through the photovoltaic layer because it transforms the incident
plane wave into a set of focused light beams. This theoretical concept
has been strongly developed and experimentally confirmed in the present
paper. Here we consider the metamaterial for oblique angle illumina-
tion, redesign the solar cell and present a detailed experimental study
of the whole structure. In contrast to our previous theoretical study we
show that our omnidirectional light-trapping structure may operate bet-
ter than the optimized flat coating obtained by plasmaenhanced chemical

vapor deposition.

[IV] All Angle Light-Trapping Electrode for Photovoltaic Cells

In this paper we experimentally show that a submicron layer of a trans-
parent conducting oxide that may serve a top electrode of a photovoltaic
cell based on amorphous silicon when properly patterned by notches be-
comes an efficient light-trapping structure. This is so for a-Si thin-film
solar cells with the best design parameters (p-i-n structure with opti-
mal thickness of intrinsic and doped layers). The nanopatterned layer
of transparent conducting oxide reduces both the light reflectance from
the photovoltaic cell and transmittance through the photovoltaic layers
for normal incidence and for all incidence angles. We explain the physi-
cal mechanism of our light-trapping effect, prove that namely this mecha-
nism realized in our structure and show that the nanopatterning is achiev-
able in a rather easy and affordable way that makes our method of the

solar cell enhancement attractive for industrial adaptation.
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7. Conclusions

This thesis reports my doctoral studies in the field of light-trapping struc-
ture for planar multilayer thin-film photovoltaic diodes. In this report
we consequently pass from plasmonic light-trapping structures enhanc-
ing the PV absorption of photodiodes in a narrow band to broadband
all-dielectric light-trapping structures which were fabricated and success-
fully tested experimentally.

In the theoretical part of the thesis our narrowband photodiodes operate
as electric generators illuminated by artificial light. We found a suitable
biomedical application. Also, they can be perovskite solar cells — then our
plasmonic light-trapping structure compensates their narrowband spec-
tral dip in the absorption.

Restricting our plasmonic LTSs by the easy requirement of narrowband
operation we obtain a possibility to combine the advantageous regime of
light trapping with the simplicity of the array. The particles are nanospheres
or nanoshells available in colloids. The novelty of this study is the use of
the collective plasmon resonance of an array of densely arranged nanospheres.
In this regime the plasmonic hot spots do not intersect with the metal el-
ements and the parasitic dissipation in them is avoided. This type of the
resonance has never been previously utilized for light-trapping.

In the experimental part of the thesis I have suggested and studied two
new types of broadband affordable light-trapping structures with wide-
angle operation. The first one was a monolayer of densely-packed micron-
sized spheres of silica. This monolayer operates as a solid antireflective
coating for the reflected light and as an array of microlenses for the light
transmitted into substrate. The light concentration increases the local
absorption and the LTS offers a broadband light-trapping operation. This
operation is especially advantageous for large incidence angles due to a

new regime of focusing the light that we called the cascade light collima-
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tion. The contest with an optimal anti-reflecting coating was gained by
offerd LTS inspecting the solar cell efficiency in the wide angular spec-
trum. I have developed a very simple and affordable technique for man-
ufacturing such LTSs on top of a-Si solar cells. The measurements have
confirmed my numerical simulations with high accuracy.

This structure had a drawback — it was not robust to the harmful action
of its defective areas. In these defects the LT'S was either absent or sub-
stituted by isolated spheres and their small clusters. These areas have
mm sizes (as well as high-quality areas) and are very harmful for the op-
eration of large-area samples. Therefore, in our experiments we used the
collimated light beam and illuminate only the properly prepared areas of
the experimental LTS. I saw that we need to design an alternative LTS
which would be less sensitive to fabrication defects.

With this purpose I have revealed a new mechanism of light collimation
rather similar to the formation of a submicron-collimated beam (nanojet)
by a micron-sized dielectric sphere. Namely, hemispherical micron-sized
dents also create a nanojet in a transparent medium. An array of densely
packed hemispherical dents prepared on top of the front electrode oper-
ates as an LTS that is much more efficient than the previous one. More-
over, the anti-reflective operation of this new LTS is affected by the defects
not so strongly as my previous LTS.

I have checked experimentally these theoretical expectations. Using the
self-assembly, atomic layer deposition and ion-beam etching I fabricated
this structure and the reality turned out to be even better than I had
expected. My structures comprised a set of silica nancones on top of it and
these nanocones decreased the reflection similarly to the anti-reflective
effect of the so-called black silicon. This unexpected shape of the silica
insertions located in the hemispherical dents did not decrease the light-
trapping effect and its action was fully positive. Therefore, in practice
the useful absorption grows due to the presence of my LTS almost twice
compared to the same structure enhanced by the ARC (and more than 2.5
times compared to the bare structure). This increase holds for 5 cm large
samples in spite of numerous defective regions on the surface.

These experimental results finalize my efforts and this dissertation. I
believe in the high importance of my work that may open a new door for

the further development of the amorphous silicon photovoltaics.
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