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Abstract

The focus of this thesis is relatively narrowly defined as spectroscopy of the
optical absorption edge of the actual or potential photovoltaic materials. This
includes the spectroscopy methods and interpretation of results, the photovoltaic
materials and their technological parameters and also the potential of certain
photovoltaic technologies as a renewable source of energy.

The materials presented here are either absorbers: amorphous silicon (a-
Si:H), microcrystalline silicon, organo-metalhalide perovskites (CH3NH3Pblz) or
materials for transparent electrodes: graphene, amorphous InZnO and amorphous
ZnSn0O. The physical effects studied are related to material preparation methods,
ageing, exposure to light, and annealing.

The methods employed here for the absorption spectroscopy are photothermal
deflection spectroscopy and photocurrent spectroscopy. The two methods are briefly
explained and compared. Two main issues related to correct interpretation of these
measurements are discussed: effect of surface states and the effects of light
scattering.

The absorption spectrum in sub-bandgap region is measured to obtain mainly
the slope of the absorption edge parametrized by Urbach energy. It is shown here,
how theoretically and practically this parameter correlates with the maximum
attainable efficiency of solar cell — if the material is used as absorber. If the material
1s used as transparent electrode, correlation with conductivity is found.

The effect of cost evolution in the photovoltaic industry is discussed with the
consequence on the efficiency as a most critical parameter dictating the cost of
energy. The competitiveness of the solar energy is reviewed for different levels of

autonomy.

Keywords: solar cells, photovoltaics, photocurrent spectroscopy, photothermal
spectroscopy, Urbach energy, sub-bandgap absorption
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1 Introduction

1.1 Motivation

Looking at the Earth as a closed system, there are not as many sources of
energy independent of the Sun. Only nuclear, geothermal and tidal are those few
exceptions. Fossil fuels on the other hand such as coal or oil and gas represent stocks
of sunlight energy transformed and accumulated millions of years in past. Biomass,
hydro and wind power are renewable sources, but also represent mainly accumulated
sunlight. Direct utilization of sunlight and its transformation into electricity by
photovoltaics is very elegant and popular renewable energy source that is closely
related to the subject of this thesis. It is fair to admit here that using sunlight had
always came together with a kind of accumulation, because sunlight is unstable,
intermittent source and therefore also photovoltaics should be also combined with
either accumulation or another compensating solution, that however will not be

discussed here.
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Figure 1: Left: schematic picture of increase of population, energies and CO; in atmosphere
in recent history, percentage indicate trend in last years. Right: schematics of Swanson’s
law: Cost of PV energy halves every time the produced amount increases 10 fold. I assume
that similar law works for system with storage and fully autonomous system. Parity indicates
a point when cost of given technology is equal to the cost of electricity from the
conventional grid.



1 Introduction

Looking at the relative trends in population, primary energy consumption,
CO; emissions, and electricity consumption we see growth at different speeds that
are hard to follow for many technologies, see Fig. 1, left part. Photovoltaics (PV)
mainly thanks to very fast and stable growth and not many fundamental restrictions,
seems therefore to be a good candidate for energy source of future. That is mainly
thanks to matureness of the production technology and easy and almost unlimited
deployment of the photovoltaic systems. Photovoltaics has energy payback time 1-2
years and its greenhouse impact in equivalent to CO; is 10-30g/kWh (current energy
mix in Europe has greenhouse gas equivalent around 500g/kWh), depending on
location and technology (Alsema and de Wild-Scholten, 2007).

These are all usual arguments for political support of photovoltaics. Thanks to
quite remarkably consensual and enormous support in past through so called feed-in
tariff, photovoltaics has shifted very quickly along the so called Swanson’s curve
behind the spot — called “grid parity” — the point where the fabrication capacities
allow prices competitive with conventional sources without any subsidies, see right
part of Fig. 1. Today’s energy from a roof-top system is 0.08 €/kWh (Fraunhofer ISE
2017). But as already stated, for a fair comparison with conventional sources, the
combination with accumulation is necessary, which makes the system more
expensive. Therefore system with accumulation may not be fully competitive at the
moment, therefore a new phase of political support through single-shot subsidies
(Nova zelena Gsporam / New Green Savings Programme) is now being applied for
systems with a kind of storage in order to accelerate the shift into another important
point sometimes called ‘PV+storage parity’. We can expect that photovoltaics may
grow much faster after this point because using PV for households will become
unrestricted way to save on electricity. Still, to be fully correct, the storage capability
of such photovoltaic system with accumulation is designed and carefully sized only
to minimize economical losses by unused photovoltaic energy, but it does not yet
have any ambition to provide autonomy of such system. It means that the intermittent
nature of sunlight is compensated by accumulation only partly, mainly only on a
daily cycle. To compensate instability effects of winter or a row or cloudy days,
another (backup) energy source will always be necessary in combination with PV.

In past, the solar cells and consequently the PV modules were most expensive
components of the PV systems, therefore the efforts were focused to cut down costs

of the solar cells. That was the time when hydrogenated amorphous silicon (a-Si:H)
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1 Introduction

was very popular material. But as the technology has matured and as the fabrication
capacities has grown, since 2012 the costs of the PV modules are below 50% of the
whole system, at least in Germany (Fraunhofer ISE PV report 2017). Today’s cost of
Chinese crystalline silicon module is 0.45 €/ Wp (PVXCHANGE 2017) (For very
rough assessment of the cost of energy, one can assume that in Central Europe 1 Wp
of PV produces 20 kWh of energy during its lifetime.) There is less room now for
reducing energy cost just by reducing cost of PV cell. Instead, better way of reducing
cost of electricity is to increase efficiency of the solar cell as the main component
determining the efficiency of the whole system. The path to high efficiency solar
cells starts obviously with high quality materials. Characterization of solar cell

materials, that is the topic of this thesis, is therefore very important.

1.2 Overview of today’s technology status

Table 1: non-concentrator (potentially) industrially relevant photovoltaic technologies of 2017

cell module | annual

record | record | prod.
full name abbrev. (%) (%) (GWp) | technological challenges
monocrystalline silicon mono-Si 20.2 | expensive ingot fabrication
multicrystalline silicon multi-Si grain boundaries passivation
cadmium telluride CdTe toxicity
chalkopyrite CIGS scarcity of indium
amorphous/microcrystalline a-Si:H Stabler-Wronski degradation
gallium arsenide (also "III-V") | GaAs expensive Ge substrate
organo-metalhalide perovskite | CH;NH;3Pbls stability in air
organic photovoltaics OPV stability in air
quantum dot solar cells PbS QD not yet mature
kesterites CZTS not yet mature

Although the absolute record of 46% solar to electricity conversion was

achieved in 2014 by four-junction III-V solar cell with 508 times concentrated
sunlight (Dimroth et al., 2016), we will not concentrate on these type of well
established, but very special technologies. Instead, we will give our attention to
technologies that are industrially relevant or those that might have this potential for
future. As explained in previous section, the efficiency of solar cell is becoming very

important for cost of energy. This has led to very tight competition in efficiencies of
-6-
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the solar cells and their technologies, see Tab. 1. The actual best cell efficiencies
(NREL 2017) are given there, for the technologies already industrially relevant the
annual production together with the best module efficiency are also given
(Fraunhofer ISE 2017). These technologies all have different challenges that are also
briefly listed in Table 1, but that are not in focus of this thesis. This thesis will mostly
focus on the fundamental properties of the absorber material — the core of every solar

cell.
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Figure 2: Left: band structure of density of electronic states of amorphous silicon. Right:
optical absorption coefficient curve with indicated regions attributed to different electron
transitions. In the simplest case of direct semiconductor and constant matrix element this
curve is obtained as a convolution of the density of filled and empty states.

Interestingly, there are two groups of technologies separated by a
considerable gap in efficiency (no record efficiency found in the range 14.0% -
21.9%). There must be a more fundamental reasons behind this separation than just a
technology matureness. For example technology of a-Si:H used to be very well
developed few years ago. On the other hand the technology of CH3NH;3Pblz emerged
only 8 years ago and quickly jumped over this gap (Yang et al., 2017). The reason
for this lies in the properties of the absorber material. The absorber material is
responsible for transformation of light into electron-hole pair and to maintain this
disequilibrium sufficiently long to allow electron and hole to be guided into external
circuit. The time necessary for electron-hole pair to recombine (return to
equilibrium) depends on availability of the particles — photons and phonons — that
can accept (by being created) the energy released during the recombination. Because
absorber is usually at room temperature (9=300K), it is very easy to dissipate energy

of 25meV (k9=25meV, k=1.38064852 x 102 Joule/Kelvin is Boltzmann constant).
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1 Introduction

If the material has a forbidden band where no states exist, so called bandgap, e.g. of
energy E,=1eV then the dissipation of energy into photon of the same energy is
much less probable because in the photon distribution of black body at room
temperature there is orders of magnitude less photons at 1eV then at 25meV. If there
are no other defects such as grain boundaries, then the recombination strongly
depends on the energy levels inside the bandgap. Ideal material would have perfectly
sharp edges (valence edge and conduction edge) of the bandgap and no states inside
the bandgap. Such material would have very low recombination given by
thermodynamic limit and theoretical efficiency would be up to 33% (Shockley and
Queisser, 1961). Real materials feature, partly due to defects and disorder, so called
band tails decreasing exponentially toward middle of the bandgap, see Fig 2, left
side. Additionally, they may have defect states inside the bandgap too.

The shape of the band tails can be observed in the shape of optical absorption
coefficient a(E) spectrum, see Fig 2, right side. Absorptance 4, i.e. the ratio of
absorbed and incident intensity, of a layer of material with thickness d can be
approximately expressed as equation (1) that again strongly follows the shape of
absorption coefficient a(E) for low values of product ad. Because absorption and
recombination has to be in equilibrium, the limit of radiative recombination can be
calculated according to equation (2) by integrating optical absorptance spectrum
A(E) with spectrum of blackbody (3) at the cell’s temperature ¢ (Jean et al., 2017;
Vandewal et al., 2009). Other symbols have following meaning: ¢=299 792 458 m/s
is the speed of light, g=1.602x10"" Coulombs is the electron charge and Jy is

saturation current.

AE)=1-e ™ — s a(E)d (1)
Jo = Q_[ A(E) - (Dblackbody(E) dE (2)

27 E
q)blackbody(E ) = WE ’ exp(l - k&J (3)

The link to the solar cell operation is through the photovoltaic diode equation
(4). Recombination in solar cell is attributed to the forward diode current given by
the second term that has negative contribution. Other terms have following meaning:
Jpn 1s photogenerated current, V' is voltage on terminals, # is ideality factor, py is

parasitic serial resistivity, and ps is parasitic shunt resistivity. The saturation current
-8-



1 Introduction

Jo is strong function of a material bandgap, i.e. the position of the absorption
threshold, but apart from that it should be ideally as low as possible. For example for
the best crystalline silicon solar cells it is in the range of 10fA/cm®. The
photogenerated current Jpn is similarly expressed as the integral of the absorptance
and spectrum of sunlight (5) for which standardized spectrum labelled AM1.5 is
used. Therefore it is also a strong function of the bandgap. Maximum voltage
extracted from solar cell is open-circuit voltage Voc given by equation (6) and
happens when no load is connected to the cell and follows from equation (4) when
J=0. For the best crystalline silicon cell giving photocurrent 40 mA/cm? the Voc is as
high as 725 mV. The equation (6) depends only on the ratio of Jyn/'Jo. Because Jo
drops faster than Jyn when bandgap shifts toward higher energies the materials with
higher bandgap have higher Voc.

V+Jpg

V+J
J=J,,—Jo| exp”™® -1 P TPs (4)
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Figure 3. Absorption coefficient of different absorber materials used in PV
technology. Straight lines indicate exponential part of absorption edge. The figure is
taken from author’s publication (De Wolf et al., 2014).
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We can see that both parameters dictating theoretical limit of solar cell
efficiency — photogenerated current and open-circuit voltage — depend mainly on the
absorption threshold (bandgap) of the absorption coefficient. Optimum bandgap
values E; for single junction solar cell lies in the range from 1.1eV to 1.4eV
(Shockley and Queisser, 1961) but other values might be advantageous for multi-
junction solar cells. Absorption coefficients of the most important photovoltaic
absorber materials are shown in Fig. 3. All the materials except crystalline silicon
feature absorption coefficient higher than 10%cm™ above the absorption threshold
thanks to so called direct bandgap. Crystalline silicon is a material with so called
indirect bandgap that requires occurrence of phonon during photon absorption and
therefore absorption is at least 20 times weaker than in materials with direct bandgap.
Silicon solar cells can only be efficient due to sufficient thickness of the absorber.
All the other materials absorb enough light within thickness of 1um thickness

[1um=1/(10%cm™)] allowing for thin-film technology.

Absorptance/Emittance
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Figure 4. Left: Red, green and blue lines show absorptance in the case of Ey=100meV,
50meV and 25 meV respectively and brown line show spectrum of blackbody radiation.
Right: Voltage deficit as a function of Urbach energy for the best laboratory devices.
Figures taken from author’s publication (De Wolf et al., 2014; Jean et al., 2017).

Below the absorption threshold, the absorption coefficient fall exponentially.
This empirical rule is called Urbach rule (Urbach, 1953) and Urbach energy Ej
defines that exponent as follows (Street, 1991):

0

a(E) o« exp(lfj (7
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The result of equation (2) and then also equation (6) is then also dependent on the
Urbach energy, i.e. on the slope (bandtail) of the absorption edge, see Fig 4, left part.
To distinguish between effect of bandgap and the effect of bandtail (or Urbach
energy) so called voltage deficit is defined as Ego/q-Voc. The voltage deficit is
important figure of merit of PV materials and we can see in the right part of Fig. 5
that it strongly correlates with Urbach energy. It can be seen that the technology of
a-Si:H is most to the right on the Urbach energy axis explaining its low efficiencies
given in Tab 1.

The shape of the sub-bandgap absorption have been recognized as important
parameter for evaluating many semiconductor materials, not only because the Urbach
energy, but also because defect absorption can be sometimes evaluated too. The
methods of measurement of sub-bandgap absorption are therefore important. The
topic of this habilitation thesis is especially focused on sub-bandgap absorption in
photovoltaic materials, its experimental measurement, correct evaluation and
scientific interpretation. Both published and unpublished work within this field are
included. Work that is outside this field is not included.

2 Methods of low absorption spectroscopy

In the section 1 the importance of the shape of sub-bandgap optical
absorption was pointed out. All Fig. 2, 3, and 4 (only left part) show absorption
coefficient or absorptance in logarithmic scale. It means that it is necessary to
determine it over a very large dynamic range. Reflectance R, i.e. the ratio of reflected
and incident intensity is only weakly dependent on absorption coefficient. Then the
absorptance 4, or transmittance 7, i.e. ratio of transmitted and incident intensity can
be used. Note that in both cases it is not possible to measure accurately when the
amount (7 or A) is saturated. Which means that 4 or 7 should be measured when they
are considerably smaller than 1. Often in chemistry transmittance is used to
determine so called absorbance 4bs according to equation (8). Absorbance is little
similar to absorption coefficient « because there is also logarithmic relation between
them, see equation (9). But using the same approach of measuring transmittance will
not work very well. With a standard sensitivity of measuring 7 down to 0.01%, i.e.

four orders of magnitude of dynamic range one would obtain absorption coefficient
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2 Methods of low absorption spectroscopy

only with around one order of magnitude dynamic range. Moreover this requires
making the layer of the material quite thick. Conversely, it is more advantageous to
make the layer of the material thin, so that the absorptance 4 is weak and the
equation (1) holds (first order of Taylor expansion). Then, by measuring absorptance
with four orders of magnitude can give around same orders of magnitude range of
absorption coefficient.
Abs =—logT =-043InT (8)
T ~(1-R)exp(—ad) )
After proving that low absorptance measurement is more useful than low
transmittance we have to discuss possible method. Typically, absorptance would be
measured indirectly as a complement of transmittance 7" and reflectance R into unity,
see equation (10), but due to the effect of saturation of 7 for low A this method
would give accurate absorptance not below 1%. It means that some direct methods

must be used. In following, two of them will be described.

A=1-T—-R (10)

2.1 Photothermal deflection spectroscopy

LASER

FM /
LS MCh FW Ch ,\  —

smm

Figure 5: Schematic layout of photothermal deflection spectroscopy apparatus. LS —
light source, MCh — monochromator, FW — filter wheel, Ch — chopper, B —
beamsplitter, L1,1.2,1.3 — lenses, Is1, Is2, D — detectors for transmittance, reflectance
and background, FM, SM — flat and spherical mirrors, PD — position detector, S —
sample inside cuvette, immersed in FC72 liquid

Photothermal deflection spectroscopy (PDS) is a direct method allowing
absorptance measurement of thin films on non-absorbing substrates. It was first used
for a-Si:H absorbers (Jackson and Amer, 1982). It’s principle (Boccara et al., 1980)

is as follows: Sample is immersed in liquid that has strong dependence of refractive

-12 -



2 Methods of low absorption spectroscopy

index on temperature. Light absorbed in sample is assumed to be entirely
transformed into heat that is transferred into the surrounding liquid. Usually
Fluorinert FC72 is used. In past, hazardous CCls was used too. Temperature gradient
and consequently refractive index gradient is formed around the sample. Laser that is
passing closely to the sample is deflected by this gradient and the deflection is
registered by position detector, see Fig. 5.

It is assumed that laser deflection is proportional to the absorptance, but the
proportionality constant is never known accurately because it depends on individual
adjustment of each sample. Therefore it is advantageous to equip the setup also by
measurement of transmittance 7 and reflectance R and to calculate absorptance
absolutely in region of high absorptance according to equation (10) and to adjust the
PDS result accordingly. Sensitivity of PDS is going down to 0.01%, for example

allowing to reach level of absorption coefficient lcm™ for layer of 1um thickness.

example: a-Si:H on glass d=450nm

10°
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light /Contact Z 10?%]{ —FTPS limit of 1-T-R
@
- @~ 5
\—— 2 10, imitof PDS
-.g 10
2 10
11 | .
i 5 imit of photocurrent |
transmittance 1071
107 :

05 10 15 20 25 30
photon energy (eV)

Figure 6: Left: Coplanar contacts of a thin film in the photocurrent method.
Transmittance is often also measured. Right: Comparison of sensitivity of
measurement 1 — 7 — R, PDS and photocurrent.

a;;m(o.s{(l—Ru)(HA/T)+J(1—R12)2(1+A/T)2 +4R, }) (11)

Relation between absorption coefficient and absorptance is complicated,
mainly due to the effect of interference maxima in whole sub-bandgap region, see
Fig. 6. Rigorous equations cannot be inverted to easily express absorption coefficient
from absorptance. Fortunately, approximate equation (11) was derived (Ritter and

Weiser, 1986) because at the same time it was shown that the ratio A/T for thin film
-13 -



2 Methods of low absorption spectroscopy

has strongly reduced interference maxima. Term R;> express reflectance of the back
surface of the sample - please refer to equations (15). Analogically, ratio
A/(T+A)=A/(1-R) has reduced interference maxima too (Hishikawa et al., 1991).
That is why it is useful to measure also transmittance or reflectance together with the
absorptance. Because usually, refractive index n is unknown, it has to be fitted
together with the evaluation of absorption coefficient. According to (Born and Wolf,
1998, p. 95) the refraction index below the absorption edge can be approximately
described by Cauchy formula (12) that has only two parameters nco and nci. The
thickness d (and sometimes also absolute scaling of 4) might neither be known. In
such case the usual practice is following: We take first guess of ncy, nci, d (and
absolute scaling factor for 4) and we use formula (11) to calculate absorption
coefficient. From that, transmittance of the sample can be rigorously calculated by
usual Fresnel equations (13) and this is compared to measure transmittance.

Iteratively parameters are varied to get the best agreement.

2
n(A) =ney +ne, / A(pm) (12)
V.. = u ., = A h N oA (13)
01 N, +N, 01 No + N, where —n+1E
2if ,
_ T thee tote”
oo = 2ip lop = % where g=2aNd/2 (14
1-non,e 1-r4mse
T, =l nemediny Ry =1l
w =l (if &, [ are non-absorbing media) P ‘I’k,‘ (15)

k

In the equations above ro1 labels ratio of reflected electric field and incident electric
field at the interface between 0-th and 1-st medium. N stands for complex refractive
index and 1 1s imaginary unit. Analogically, fo1 labels ratio of transmitted electric
field. Symbols ro> and, to> label ratio of reflected and transmitted electric field
between 0-th and 2-nd medium while the 1-st medium represents the layer with

thickness d.

2.2 Photocurrent spectroscopy
To increase sensitivity below the 0.01% threshold, for example to measure

defect density in a-Si:H for layers thinner than 1um, photocurrent method can be

used, see Fig 6. Another advantage of photocurrent is the possibility to measure
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2 Methods of low absorption spectroscopy

layers on absorbing substrates because only the absorbed photons contributing to

electrical conductivity are accounted.

defects,
disorder
optical absorption ~ lifetime and
i robility
coefficient material mobilit
momphology distribution
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macroscopic
optical structure

rmacroscopic
electrical
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photoconductivity /
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free carriers
distribution |

modulation
frequency

modulated
illumination

Figure 7: Diagram showing most of the possible effects interfering into photocurrent
(FTPS) spectroscopy. More details in (Holovsky, 2011)

Unfortunately, photocurrent is very complex process where many other
physical, especially electrical effects interfere (Holovsky, 2011), see Fig 7. Materials
like conductors or insulators cannot be measured at all. When the material is
semiconductor, the main factor influencing photoconductivity is the product of
carrier mobility p and lifetime 7 To maintain this product constant the approach of
constant photocurrent method (CPM) (Vanécek et al., 1981) was suggested. By
varying the intensity and keeping the photocurrent constant, the level of carrier
concentration is also believed to be constant. Alternatively, dual beam photocurrent
(DBP) method applies large constant light bias with much higher intensity than the
modulated monochromatic light so that carrier concentration is fixed by the level of
constant intensity. Drawback of this method is that the spectra depend on level of
illumination (Morgado, 2001). Later, Fourier-transform photocurrent spectroscopy
(FTPS) was introduced by using commercial Fourier-transform infrared (FTIR)
spectrophotometer mainly to speed up the measurement (Jongbloets et al., 1979;
Tomm et al., 1997; Vanecek and Poruba, 2002). In this method all the wavelengths

are measured at the same moment so that the generated photocurrent is also kept at
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2 Methods of low absorption spectroscopy

the same level. The problem of FTPS method is quite high modulation frequency of
few kHz (Holovsky et al., 2008).

2.3 Comparison of methods
Due to different physical conditions, the methods may give different results.

For example, in Fig 2 the transition C; is not accounted in photocurrent spectroscopy
of a-Si:H because the mobility of holes is around 20 times smaller than for electrons
in this material. But in PDS both C; and C; transitions are accounted. To evaluate
defect states in a-Si:H by CPM, the value of absorption coefficient at 1.2 eV is taken
and multiplied by value around 2.4-5x10'®cm™ to obtain defect concentration. For
using PDS data the value is divided by 2 (Wyrsch et al., 1991) because PDS is twice

more sensitive to the defect absorption.
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Figure 8: Left: Comparison of A/T obtained by FTPS with light bias (LB) and DBP
measured at different frequencies on a layer of 2 pm thick a-Si:H layer on glass.
Drastic changes in Urbach slope and in region of defect density around 1.2 eV are
evident. Right: Evolution of bulk and surface defects in time on a 360 nm thick
a-Si:H layer on glass, obtained by FTPS and PDS separately.

Another difference is caused by the non-uniform lifetime distribution across
the sample. Surface defects cause lower lifetime in surface layers, called dead layer.
We analysed that carriers generated in such sub-surface layer contribute to

photocurrent with 4 times reduced efficiency (Holovsky et al., 2012). It means that
-16 -



2 Methods of low absorption spectroscopy

PDS method, where effect of mobility has no role is four times sensitive to
absorption in surface defects. In right part of Fig. 8 we show analysis where these
correction factors (2 for bulk defects and 4 for surface defects) were used to correct
the photocurrent measurement in order to obtain equivalent results as from the PDS
method.

Modulation frequency has another strong effect on the subbandgap absorption
measured by FTPS, CPM or DBP (Holovsky et al., 2008), see Fig 8, left part. The
drop of defect related absorption can be partly attributed to strong frequency
dependence of transitions Ci. These effects are consistent with findings of other

authors (Main et al., 2004; Sladek and Theye, 1994), but still not fully understood.

3 Effects of surface layers

Typically in the case of layers of a-Si:H on glass, the defect density is much
larger close to the surfaces. If the layer is not thick enough absorptance on the
surface defects may mask the evaluation of defect density inside the layer. However,
presence of surface defects manifest as non-vanishing interferences in A4/T ratio
because the rule of interference maxima reduction in 4/7T is not valid when more
complex structure is present such as in the case of additional surface defective layer.
Moreover, this effect depends on direction of the light incidence. Measuring for both
directions then gives the opportunity to evaluate the amount of surface defects in the
layer (Holovsky et al., 2012). We have seen that surface defects evolve during the
time, see right part of Fig. 8. Surface defects have to be optically simulated as
additional surface layer, which normally brings more unknown parameters to the
evaluation. To reduce the number of unknown parameters we elaborated further so
called thin-film limit (Brendel, 1991; Weber et al., 2014) and we derived simplified
equations (16 — 18) (Holovsky and Ballif, 2014) for transmittance 7rrL, absorptance

AtrL and reflectance RrrL of a layer with thickness approaching zero.

4nyn,
Ty = 2 (16)
(ny +n, +adn)
4adnn
4, : (17)

o (n, +n, +0¢a’n)2
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3 Effects of surface layers

B (n, —n, —adn)2
TFL —

18
(n, +n, +05a’n)2 (4

Symbols no, n and n> denote refractive index of medium in front of the layer, layer
itself, and medium behind the layer, respectively. Most importantly, we should notice
that all the properties TrrL, AtrL and Rrro of the ultrathin layer are only functions of
product adn. It means that in the thin film limit the knowledge of absorption
coefficient ¢, thickness d and refractive index n is replaced by knowledge of only
one number adn. The equations (16 — 18) allow us to reduce unknown parameters
for simulating the effect of surface layer and they are also simple enough to allow
direct evaluation of surface defects if the measurement of absorptance is performed
twice for light incident from both sides of the sample (Holovsky and Ballif, 2014).
Validity of the equations (16 — 18) was tested by comparison with rigorous
calculations for a range of absorption coefficient, for thickness of either 1 nm or 10
nm and refractive index n=2.52. This refractive index was chosen to test validity of
thin-film limit for graphene (Holovsky et al., 2015). We have also shown that within
the thin-film limit the optical losses due to absorptance in graphene scale with
surrounding refractive index, which does not happen for layers with usual
thicknesses of 100 nm. This is important consideration for possible application of

graphene as a transparent electrode.
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Figure 9: Lines represent contours between which the TFL differ from rigorous
calculation less than 10% or 1% relatively. R+, A+, refer to incidence from layer
side, conversely R—, A—, refer to glass side. Note the difference between freestanding
layer and layer on glass. Dashed line between 0.5eV and 4eV indicates the
theoretical absorption coefficient of graphene Qgraphene=271562 cm™'.
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4 Effects of light scattering

Light scattering happens when either surface of the layer is rough or when the
material is not optically homogeneous, e.g. due to addition of some nanoparticles.
These strategies are often used in thin film solar cells to increase light absorption.
One of the popular approaches to increasing light absorption is introducing so called
plasmonic nanoparticles. These nanoparticles are metallic and their free electrons
may collectively oscillate which may amplify the electric field and also scatter light
(Green and Pillai, 2012). However, one of the two main problems of such approach
is that metals are in principle very strongly absorbing. For perfectly smooth metal
surface, reflectance is high in air due to high absorption coefficient and therefore
high complex refractive index. But this is not true when metal is incorporated in

semiconductor in form of nanoparticles.
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Figure 10: Total (PDS) and useful (FTPS) absorption spectra of 0.9 um thick
microcrystalline films deposited on different substrates: AZO stands for Al doped
ZnO, NPs stands for silver nanoparticles, and BR stands for smooth silver layer. Inset
shows the case of AZO_ NPs. The marked area is the difference between the PDS and
FTPS spectra, which represents the parasitic absorption of the silver nanoparticles and
partly also the silver layer.

To evaluate scattering properties and related absorption losses in

microcrystalline silicon we used combination of PDS and FTPS measurement
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4 Effects of light scattering

(Morawiec et al.,, 2016), see Fig. 10. While PDS measures all absorbed light
including parasitic absorption of metal nanoparticles, FTPS measures only the light
absorbed in the microcrystalline silicon and contributing to photo-generation. When
the substrate is conductive, such as in the case of Al doped ZnO or silver layer, FTPS
cannot be used in the arrangement of coplanar contacts as in left part of Fig. 6.
Instead a sandwich configuration is used, in which the sample arrangement
resembles solar cell (Holovsky et al., 2010; Morawiec et al., 2016).

Mathematical evaluation and correction of scattering is extremely difficult. In
the case of scattering many preceding equations, namely (1), (11) and (14) remain
valid only for a small portion of light beam that is not scattered. According to
approximate theory of scalar scattering (Beckmann and Spizzichino, 1963) the
Fresnel coefficients are reduced by s-factors, equations (19), (20). The s-factors
express how the amplitude of non-scattered light is reduced. The reduction of non-
scattered field depends on refraction indices n;, wavelength A, incident angle ¢, and
root mean square roughness orms. While the portion of non-scattered light can be
treated as before, another part of the calculation has to be added to treat the scattered
light. Then either a Monte-Carlo ray tracing (Kr¢ et al., 2004; Schulte et al., 2011;
Springer et al., 2004), or matrix approach (Lanz et al., 2011; Leblanc et al., 1994;
Santbergen and van Zolingen, 2008) is used to treat the scattered light. Scalar
scatering theory is correct for morphology that has the correlation distance smaller
than wavelength of light. On the other hand, scattering on large morphological
features can be treated by geometrical optics. Scattering on medium size features is
the most difficult and requires most advanced techniques based on direct solving of
Maxwell equations (Bittkau et al., 2011; Campa et al., 2010; Haase and Stiebig,
2006; Klapetek et al., 2010; Naqavi et al., 2010).

-
R R 1 (4nn, 4,5 COSP,
V1S Sy = exp{—E( 1 (19)
fo—> 1 ST ; 1 272'(nl.—nj)O'RMS COSQ; ’
ij iiif §; =exp ~3 7 (20)

We have used Monte-Carlo ray tracing instrument called CELL (Springer et
al., 2004), based on the equation (19 — 20), to evaluate absorption coefficient of

a-Si:H grown on different and also differently rough absorbing and conductive
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4 Effects of light scattering

substrates. Similarly as in the previous case of metal nanoparticles (Fig. 10) this
experiment required photocurrent method in sandwich configuration. We have
shown that quality and the bandgap of this material may depend on the surface

morphology considerably (Holovsky et al., 2010).
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Figure 11: Simulation of absorptance in i-layer for different values of orwms,
absorber thickness or different absorption coefficients of ZnO (“TCO”). Left:
Absorptance spectra of microcrystalline silicon normalized to 245cm™ at 1.35¢V.
Right: a) ZnO transmittance b) Absorptance spectra of a-Si:H solar cell rescaled to
best fit the absorption coefficient between 1.2 and 1.55 eV. Absorber thickness
varied from 120 to 1000 nm and orwms of interfaces varied from 0 to 100 nm.

Any kind of scattering simulations, not only that it is difficult, it always
requires a lot of additional parameters, such as the root mean square roughness orms
or angular distribution function that can neither be easily and accurately determined.
If the material is incorporated in a solar cell, additionally the effect of absorptance in
transparent electrode is accounted. For evaluation of sub-bandgap absorption,
however, it is not always necessary to simulate all these effects, because below
certain level of absorptiance the enhancement due to the light scattering tends to
saturate. Simulation of different cases is shown in Fig 11. In the case of
microcrystalline silicon we know that the absorption coefficient — normalized to
crystalline phase (Python, 2009) — should pass through a point 245cm™ at 1.35eV.
Below this reference point the shape of absorptance should not be significantly
influenced by the scattering. Similar behaviour is observed for a-Si:H below 1.55 eV,
but in the case of a-Si:H there is not such unique reference point, because the

bandgap of this material changes according to its hydrogen content. Alternatively, if
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5 Organo-metalhalide perovskites

no reference point exists, the same material can sometimes be grown in a form of a
smooth layer on glass and measured by PDS and accurately evaluated in medium —
high absorption range. Then the photocurrent measurement can be measured in low
absorption range and stitched to the PDS measurement at carefully chosen point. We
have applied this in the case of microcrystalline silicon grown by two different
speeds giving different defect density but also different level of crystallinity (Strobel
etal., 2015).

5 Organo-metalhalide perovskites

The organo-metalhalide perovskite material became quickly famous thanks to
exceptionally high quality of solution-processed absorber material for solar cells,
allowing unprecedented fast progress in their conversion efficiencies up to today’s
22.1% (Yang et al., 2017). This efficiency is possible due to very high voltage (over
1.1 V) compared to the bandgap of 1.57 V, giving the voltage deficit Eo/q-Voc only
0.47 V. According to trend in right part of the Fig. 4, this suggests very low Urbach
energy. We have for the first time measured Urbach energy of the CH3NH3Pbl; by
PDS and FTPS method, obtaining value as low as 15 meV (De Wolf et al., 2014).

The organic-inorganic halide perovskites is a broad class of materials consisting
of negatively charged lattice that is formed by one divalent metal atom like Pb
(Brivio et al., 2013; Burschka et al., 2013) and three halogen atoms X3 ( X=I, Cl or
Br) and is filled by organic cation, usually CH3NH3" (Brivio et al., 2013; Frost et al.,
2014). In the so called two-step process (Burschka et al., 2013) the perovskite layers
are fabricated by dipping Pbl, coated glass into a solution of CH3NHsI while the
CH3NH3PbIs perovskite is immediately formed. The resulting layers are instable in
ambient humidity, tending to decompose back into Pbl, (Frost et al., 2014; Noh et
al., 2013). Therefore, the actual film may often consist of two phases of pure
perovskite and Pblz. This consideration was the key we used to explain effects
observed in absorptance (De Wolf et al., 2014) and Raman spectroscopy (Ledinsky
et al.,, 2015) simply as a summation of the respective components. In the
photocurrent spectra, however, very simple summation of respective components
does not work. The residual Pbl> phase has lower conductivity than the CH3;NH3Pbl;
phase, therefore the light absorbed in Pbl, phase should be considered as lost from
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5 Organo-metalhalide perovskites

the photocurrent point of view.
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Figure 12. Evolution of spectra of a) normalized FTPS and b) absorptance measured
by PDS Apps. Interestingly, the step around 2.4 eV in the photocurrent is much larger
than in the PDS. Panel ¢) shows the effective y x 7 product together with integral values
as a function of the illumination time. Label “< 2.4eV” means that the integral value
below 2.4eV was taken from the spectra normalized at 2.5¢V. The inset in panel b)
shows a scanning electron microscopy image of the fresh perovskite film.

One would expect that above the absorption edge of Pbl a drop in
photocurrent spectrum will occur because light absorbed there would not contribute.
The opposite is observed, see Fig. 12 panel a), after the absorption threshold of Pbl,
phase, the photocurrent increases. To explain this behaviour we suggest a charge
transfer mechanism that allows mainly holes to escape from Pbl, into CH3NH;3Pblz
while electrons remain in Pblz. This significantly prolongs the lifetime of such hole
so that eventually they contribute to the photocurrent more than the holes generated
in CH3NH3Pbl; phase. Generally, FTPS signal measured on layer F7TPSuyer is
proportional to product of absorptance 4, lifetime ¢ and mobility x, while mobility is
a sum of mobility of holes x” and electrons x°. For the two phase system we
describe it by more complex equation (21) where CH3NH3Pbl; and Pbl, are labeled

as 1 and 2, respectively.

FTPS,, o D D AT X +1,0 X)) & D A = Apyg 2n

i=1,2 j=1,2 i=1,2

In this equation the parameter X;; expresses the charge transfer of given carrier

-23-



5 Organo-metalhalide perovskites

(e refers to electrons, s refers to holes) from material i to material j. The carrier
lifetime 7; represents the case when electron is in material i/ and hole is in material ;.
Obviously, separating electrons from holes leads to much higher lifetimes z; for
which i #j (1 >> 71). If we make assumption of only very low lifetime of electron-
hole pairs generated in Pbl, (T;; # 0) and that the only effective charge transfer is
the one of holes from Pbl, into CH3NH:Pbl; (X% <1, X3 =0 while
X§, X%, X5, ¥ 1and X5, X1, X5, ® 0), see Fig .13, then the spectra and trends in

Fig. 12 can be explained (Holovsky et al., 2017).
a)

Pbl
CH,NH,PbI, k@ bl,

CBM

ﬂ degradation
R

Figure 13. Model of the CH3NH3/Pbl, interface. CBM and VBM refer to conduction band
minimum and valence band maximum, respectively. The Pbl, phase restricts the current flow
to only a narrow path (1). Holes generated in the Pbl, are injected into the CH;NH;Pbl;
(process (2)). Consequent charging and band bending combined with thermal excitation also
allow electron injection (process (3)).
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@

6 Transparent conductive oxides

Transparent conductive oxides are used as front conductive electrodes in solar
cells. To provide sufficient conductivity, either high carrier concentration or high
carrier mobility is necessary. But higher conductivity causes higher optical losses
due to free-carrier absorptance. Because the carrier mobility has weaker effect on the
free-carrier absorption than carrier concentration, it is useful to increase carrier
conductivity rather than carrier concentration. Because the conductivity is limited by
grain boundaries in the polycrystalline materials, amorphous materials for example
hydrogenated amorphous In,O3 (Koida et al., 2007), InZnO (Morales-Masis et al.,
2015) or ZnSnO (Rucavado et al., 2017) are intensively investigated. Urbach energy
may vary considerably in amorphous materials according to their level of disorder

due to structural defects like oxygen vacancies. We applied sub-bandgap absorption
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6 Transparent conductive oxides

spectroscopy of amorphous InZnO to study the effect of adding small amount of
oxygen into argon gas during the sputtering from target with composition 90 wt%

In;O3 and 10 wt% ZnO.
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Figure 14: Left Absorption edge of amorphous IZO thin films prepared with three different
oxygen contents, before and after annealing. The symbols indicate the slope used to extract
Urbach energy. Right Correlation between Hall mobility and Urbach energy.

Urbach energy was evaluated from absorption coefficient extracted from PDS
measurement. Annealing in air at 190 °C for 20 min was applied, leading to
improvement of material order and therefore reduction of Urbach energy. Electron
mobility was measured by Hall measurement and strong correlation with Urbach
energy was obtained, see Fig. 14. (Morales-Masis et al., 2015).

Similar study was conducted with the amorphous ZnSnO material where the
annealing was conducted under different atmosphere: air, nitrogen and hydrogen
(Rucavado et al., 2017). Annealing temperature was 150°C, when only slight
changes were observed and 500°C, when significant changes were observed.
Annealing in nitrogen has only a slightly beneficial effect. Annealing in air, due to
the presence of oxygen has a strong beneficial effect of passivation oxygen
vacancies. On the other hand, annealing in hydrogen has a reduction effect that

induces more defects.
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7 Conclusions

In this thesis I summarized the work done in the narrow field of optical
spectroscopy of absorption edge of the photovoltaic materials. This concerned the
spectroscopy methods, the interpretation of results, properties of the studied
photovoltaic materials and also brief motivation to the photovoltaic technology as a
potential clean energy source.

The competitiveness of the solar energy now depends only on the ability to
consume the produced energy. In the case of large mismatch between generation and
consumption profile, expensive accumulation is necessary that may weaken its
competitiveness. Otherwise in the case of favourable matching the cost of solar
energy is below the cost of energy from the grid. This is mainly thanks to larger
fabrication capacities and economy of scale that pushed down cost of solar cells.
Further cost reduction will be possible solely by increasing conversion efficiency.

Ultimately, conversion efficiency is limited by the properties of absorber
semiconductor material. Theoretically, 33% efficiency of single solar cell is possible
with ideally sharp optical absorption edge of the semiconductor. This theoretical
limit is reduced already by the simple fact that some residual absorption exist also
below the absorption edge. This is the sub-bandgap absorption and sensitive
absorption spectroscopy methods can measure this.

The two methods of sub-bandgap absorption spectroscopy discussed are
photothermal deflection spectroscopy and photocurrent spectroscopy. The
comparison of the two methods is also discussed here. The main advantage of the
photocurrent is the sensitivity that can be three orders of magnitude larger.
Disadvantage of the photocurrent is that there are many additional parameters that
interfere into the measurement (Holovsky, 2011), such as different mobility of
electrons and holes. Photocurrent signal may also suffer from frequency dependence
that is especially important issue for the case of Fourier-transform implementation of
the method where high modulation frequencies are used (Holovsky et al., 2008).

Photocurrent and photothermal deflection spectroscopy have each different
sensitivity to bulk and also surface defects (Holovsky et al., 2012). Measurements
can in principle be corrected for parasitic contribution of surface defects if a

simplified formalism of thin-film limit is used (Holovsky and Ballif, 2014).
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Conclusions

In general, the combination of the two measurement can be beneficial, for
example accurate evaluation of absorption coefficient by photothermal method in
medium-to-high absorption range on a layer on glass combined with evaluation in
low absorption part by photocurrent (Strobel et al., 2015). This might be the way of
treating layers with light scattering. Combination of photothermal and photocurrent
spectroscopy can also be used to evaluate useful and parasitic absorption in solar
cells using plasmonic particles (Morawiec et al., 2016). Photocurrent in the sandwich
configuration can be used also in the case of absorbing and conductive substrates,
such as aluminium (Holovsky et al., 2010).

The materials studied in past by the two methods were mostly amorphous
silicon (a-Si:H) and microcrystalline silicon for which the two methods give
equivalent results if proper corrections are applied. Recently also organo-metalhalide
perovskites (CH3NH3Pblz) were analysed in order to demonstrate very sharp
absorption edge (De Wolf et al., 2014) or to study material decomposition. When the
material decomposes accompanied by creation of Pbl> inclusions, photocurrent and
photoconductivity may give quite different results. This difference was explained by
charge transfer of holes from Pbl, into CH3NH3Pbl; (Holovsky et al., 2017).

Apart from photovoltaic absorber materials, materials for transparent
conductive windows can also be studied by photothermal spectroscopy. We have
studied the validity of thin-film limit on the measureable properties of graphene and
found that evaluation of potential beneficial effects of graphene requires different
approach than in the case of macroscopic layers. Parasitic absorption of graphene
might be significantly reduced when incorporated into medium of high refractive
index (Holovsky et al., 2015). Conductivity and transparency is the most important
properties of the transparent conductive windows. We have studied sub-bandgap
absorption also of amorphous InZnO and amorphous ZnSnO window materials and
found correlation with its conductivity (Morales-Masis et al., 2015) and some
technological parameters (Rucavado et al., 2017). That gave another proof of
importance of the sub-bandgap absorption spectroscopy for the photovoltaic

technology.
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Abstract

Fourier Transform Photocurrent Spectroscopy (FTPS) has been recently introduced as a fast and highly
sensitive method for the evaluation of the optical absorption coefficient of photoconductive thin films such as
microcrystalline silicon layers. This contribution represents the first study of FTPS utilization for amorphous
silicon layers and cells. FTPS spectra are compared with results of Constant Photocurrent Method (CPM) and
Dual Beam Photoconductivity (DBP) measured at different chopping frequencies. We will concentrate to
highlight the appropriate measuring conditions and evaluation procedures for correct data interpretation.
Moreover, we will present our novel approach for the interference free determination of absorption coefficients
of thin films grown on transparent substrates which is mainly important for very thin layers where broad
interference fringes do not allow correct evaluation of parameters such as a slope of the Urbach tail and the

defect density.

Keywords: Amorphous Silicon, Optical Spectroscopy, Disordered Structures, Solar Cells

PACS code: 78.20.-e

1. Introduction

The thin film silicon technology is now
already mastered and it is becoming one of the
most  promising  branches in  present
photovoltaic industry. Fast quality monitoring
of an absorber layer seems to be an important
requirement for industry to keep the high yield
and speed of technology process. Recently we
have introduced a fast and highly sensitive
method for the evaluation of the optical
absorption coefficient of photoconductive thin
films such as microcrystalline silicon layers [1]
and later also for the quality assessment of thin
film silicon solar cells [2]. High accuracy and
reproducibility of this method, Fourier
Transform Photocurrent Spectroscopy (FTPS),
has also been demonstrated by interpreting the
measured FTPS spectra of solar cells (single or
tandem) as the external quantum efficiency data
[3].

From a historical view, the Constant
Photocurrent Method (CPM) was introduced 25
years ago especially for the optical
characterization of thin films of amorphous
hydrogenated silicon where the lifetime has to

be fixed during the spectroscopic measurement
at the constant value. This condition cannot be
guaranteed for the FTPS measurement where
the “whole” photocurrent spectrum is
calculated by Fourier transform from time
domain photocurrent signal scanned under time
changing light spectrum by Michelson’s
interferometer.

In this contribution we will show how the
FTPS, CPM and DBP (Dual Beam
Photoconductivity) spectra differ as well as the
conditions under which they reach similar
values of deep defect density and Urbach slope
in amorphous silicon layers and cells.
Moreover, we will present our novel approach
for the interference free determination of sub-
gap absorption coefficient which is important
for very thin layers where slow, broad
interference fringes do not allow direct correct
evaluation of parameters such as a slope of the
Urbach tail or the defect density.

2. Experimental

Photocurrent
utilizes Fourier

Transform
(FTPS)

Fourier
Spectroscopy



Transform InfraRed (FTIR) spectrometer with
the facility to connect an external detector. The
measured sample, i.e., a photoconductive film
or solar cell can be illuminated by FTIR beam
either in the spectrometer sample compartment
or outside the spectrometer using the option of
the “external light beam output” (this is
necessary for large samples or PV modules). In
our case, a thin film or solar cell connected into
an electrical circuit with current preamplifier
(and eventually with a bias-voltage source)
serves as the external detector. FTPS single
beam signal is limited by the dynamic range of
A/D converter. To overcome this problem and
reach the final dynamic range of 6 to 8 orders
of magnitude, we divide the spectral range to
particular measurements with various optical
filters. We use different sets of optical filters
(long pass or band pass) for the diagnostics of
various materials. Thus, the final FTPS
spectrum is usually assembled from two or
three partly overlapping parts where different
optical filters were used. More details about
this method as well as the description of the
experimental set-up can be found in [4].

Finally, the measured and evaluated FTPS
spectra are compared with the results of CPM
and DBP where different chopping frequencies
were used for the measurement.

We have applied three photocurrent
methods mentioned above to characterize two
amorphous silicon thin films and two solar
cells, where all silicon films were produced by
RF or VHF PE CVD from a silane — hydrogen
mixture. All results of thin films on glass
substrates are plotted not as the absorptance A,
but by our new approach for the interference
free determination of optical absorption
coefficient as the A/T ratio.

There are two possibilities how to receive
this quantity. In the first one a sample can be
placed in an “open” holder in the spectrometer
sample compartment and we can detect
photocurrent spectrum of the sample and, by
inner  thermoelectrically cooled DTGS
(deuterated triglicide sulphate) detector, also
the signal proportional to the spectrometer
baseline  multiplied by the  sample
transmittance. Measurement without the sample
(by the same detector) gives the baseline itself.

The other set-up utilizes another piece of the
same film as the optical filter placed very close
to the measured sample itself. By the

measurement of the FTPS signal with and
without this filter, we can obtain both A and T.
Fig. 1 shows the absorptance A fixed to the
units of absorption coefficient (squares), the
transmittance T (circles), the “AT” product as
the result of FTPS measured with another piece
of the same sample used as an optical filter
(triangles) and the calculated, interference free
A/T ratio (in relative units - stars) from which
(after setting it to the absolute scale) one can
determine the spectral dependence of the
absorption coefficient a by Ritter-Weiser
formula [5]. Both A/T and o quantities have the
same shape in the low absorption range where
od<l.
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Fig.1 Various spectra of the a-Si:H thin film
measured and evaluated using interference free
FTPS set-up, absorptance A as a standard FTPS
result (squares), “AT” product when FTPS is
measured with another piece of the same sample as
an optical filter (triangles) and from these spectra
calculated transmittance T (circles) and quantity A/T
(stars).

3. Experimental results

All FTPS data presented in this section
represent final photocurrent spectra where each
curve has been assembled from two or three
parts measured with different optical filters and
after all other corrections mentioned above and
in [6]. FTPS spectra measured at standard
conditions and under the white light bias (from
a halogen lamp) are compared with results of
the standard and white light biased CPM and
also with data of DBP scanned at different
frequencies. In all light biased experiments we
kept the bias light intensity constant, so that the
DC photocurrent in layers was about 3 orders
of magnitude higher than the dark current.



3.1. FTPS characterization of a-Si:H thin
films

Measurements were done for two a-Si:H
films grown on low-alkaline non-absorbing
substrate. The thickness of the first layer was
around 2 pm while the second sample is only
300 nm thin. Photocurrent was measured in a
coplanar geometry (gap 1 x 6 mm) with pasted
colloidal graphite electrodes and with applied
DC voltage of 80-200 V.

Fig.2 shows the comparison of photocurrent
spectra measured by FTPS and CPM under
similar conditions (with and without white light
bias) for the thicker a-Si:H sample.

comparison of FTPS and CPM

a-Si:H CPM 13Hz

10°F X
a-Si:H CPM WLB 13Hz
) o a-Si:H FTPS
10°F  x a-SiHFTPS WLB 1

a-Si:H layer (2um)

0,8 1,0 1,2 1,4 1,6 1,8
photon energy (eV)

Fig.2 Comparison of photocurrent spectra of 2 pum
thick a-Si:H sample measured with and without
white light bias (WLB) by FTPS and CPM.

Although the FTPS spectra do not match
precisely the CPM results (measured at
chopping frequency 13 Hz) at otherwise similar

comparison of FTPS and DBP
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—o— a-Si:H DBP 13Hz 6.2nA
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Fig.3 Comparison of photocurrent spectra of 2 pum
thick a-Si:H sample measured by FTPS with and
without white light bias (WLB) and DBP results
measured at 5 different frequencies.

conditions (with or without the white light bias)
we observe (quite expectable) changes in the
defect related absorption range due to the shift
of demarcation levels and thus the change of
defect occupation with light bias. There is one
more difference in FTPS and CPM. While
CPM is measured at constant chopping
frequency (here 13 Hz), Fourier frequency is
about 2-3 kHz in the defect connected region.
Therefore in Fig.3 we compare the same FTPS
spectra with DBP results measured at various
chopping frequencies.

Fig.4 shows the comparison of FTPS and
CPM photocurrent spectra (again with and
without white light bias) for the thinner a-Si:H
sample. We can observe very similar behavior
of spectra as in Fig.2.

comparison of FTPS and CPM

.| ——a-Si:H CPM 13Hz

10°¢ a-Si:H CPM WLB 13Hz

o a-SiHFTPS
102l x a-SiHFTPS WLB g

a-Si:H layer 300nm

0,8 1,0 1,2 1,4 1,6 1,8
photon energy (eV)

Fig.4 Comparison of photocurrent spectra of 300
nm thin a-Si:H sample measured with and without
white light bias (WLB) by FTPS and CPM.

3.2. FTPS characterization of a-Si:H
solar cells

We measured optical properties of two a-
Si:H solar cells again by FTPS, CPM and DBP.
Both cells are nearly of the same thickness
about 300 nm and also measured data are very
similar. Moreover, there is nearly no difference
in spectra when samples are light biased
compared to the standard measuring conditions
(deviation is within 10% which also represents
precision of the photocurrent methods.)
Therefore, we present data of one cell only.
Fig.5 shows the comparison of standard CPM
and FTPS spectra with DBP results measured at
three different frequencies. In this case, a small
discrepancy between CPM and FTPS results
can be well explained as the frequency



dependence because the DBP signal increases
in the defect connected region for higher
chopping frequencies. The “apparent” a is
influenced by light trapping due to rough TCO
and by lower transparency of TCO in the
infrared; for a quantitative analysis look at [5].

" CPM 13Hz
—~—DBP 13 Hz
10°F  —— DBP 130 Hz
—— DBP 1305 Hz

10*F

| a-Si:H cell (300nm)

0,8 1,0 1:2 1:4 1,6 1,8
photon energy (eV)
Fig.5 Comparison of FTPS and CPM spectra with

DBP results measured at three various chopping
frequencies for a single junction a-Si:H cell.

4. Discussion

Comparison of FTPS and CPM results for a-
Si:H layers and cells has been done. While
FTPS spectra underestimate CPM results (in
the defect connected absorption range) in case
of layers by a factor of two, we observe just
opposite behavior for the amorphous silicon
solar cells. An experiment with changing
chopping frequency in DBP can explain the
discrepancy in case of sandwich structures but
not for coplanar geometry measurement, where
at higher frequencies we observe the change of
the phase shift of the signal in the defect related
region.

The phenomena observed in a-Si:H thin film
CPM and FTPS spectra are in good agreement
with [7] where results of DC and AC CPM
(measured at various chopping frequencies) are
compared and differences explained on the
basis of theoretical modeling.

In case of p-i-n structures, there should be a
dominant effect of the internal electric field
that varies the position of quasi - Fermi levels
and defect state occupation over the cell
thickness. Nearly no difference between
standard and light biased photocurrent spectra
supports this idea.

5. Conclusions

Results of Fourier transform photocurrent
spectroscopy, FTPS, were presented for
amorphous silicon thin films and solar cells and
spectra were compared with CPM and DBP
results. Although all photocurrent spectra do
not match precisely in the whole measured
range, agreement in the exponential region and
at 1.2 eV (used for the defect density
determination) is quite good. We conclude that
FTPS can be used for the fast and reliable
quantitative assessment of amorphous silicon
active PV layers, both in the thin film and solar
cell configuration.
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. The fundamental sheet conductance of graphene can be directly related to the product of its

. absorption coefficient, thickness and refractive index. The same can be done for graphene’s

. fundamental opacity if the so-called thin-film limit is considered. Here, we test mathematically and

. experimentally the validity of this limit on graphene, as well as on thin metal and semiconductor
layers. Notably, within this limit, all measurable properties depend only on the product of the
absorption coefficient, thickness, and refractive index. As a direct consequence, the absorptance of
graphene depends on the refractive indices of the surrounding media. This explains the difficulty in
determining separately the optical constants of graphene and their widely varying values found in
literature so far. Finally, our results allow an accurate estimation of the potential optical losses or
gains when graphene is used for various optoelectronic applications.

The discovery of free-standing graphene! opened the fascinating field of two-dimensional material phys-
ics?™. Since then, graphene’s transparency and exceptionally high carrier mobility have promised to rev-
olutionize the field of thin-film optoelectronics®'°. Concerning the optical properties of graphene, the
so-called thin-film limit (TFL) or thin-film approximation, obtained by taking the zero-thickness limit
in classical formulae for the optical absorptance A, reflectance R and transmittance T, is frequently dis-
cussed>*11"14, Apart from graphene, the TFL has found applications in a variety of characterization meth-
© ods, including differential reflectance spectrometry’® and infrared spectroscopy'®', as well as in
. polarimetry of very thin layers'® and low absorptance spectroscopy’. In contrast to ultrathin atomic
- layers, their thicker counterparts requiring classical Fresnel formulae will be hereafter called
. macroscopically-thin layers. The remarkable consequences of the TFL appear if the layer is optically
. parameterized by its absorption coefficient a, thickness d and refractive index n'>'6181%: (i) The measur-
- able optical properties A, R and T do not depend on the parameters a, d or n individually, but only on
. their product adn. (ii) There is no dependency on the wavelength either, except through the dependen-
© cies of the parameters themselves. This explains why in the case of graphene—the thin film par excel-
. lence—considerable disagreement exists over the measured individual optical parameters®*-%, and why
. there is some freedom in choice of assumed parameters, e.g. taking the diameter of valence orbitals or
- spacing of atomic planes in graphite as the thickness of graphene d .., = 0.335 nm*?****¥/, or equal-
ing its refractive index to that of graphite ., = 2.52**>*. Actually, as argued by Chabal", for an
atomic monolayer, the thickness d and dielectric function ¢ lose their usual physical meaning and must
. rather be defined as tensors, relating to each other as (¢ — 1) - d = 47N p. Here, the only parameters
. with physical meaning are N and p, which are the dipole density and the vector of polarizability, respec-
. tively. Similarly, as shown already by Drude, the optical properties of an ultrathin film depend only on
integral values of its dielectric function over the film thickness?. It was pointed out by Bruna and Borini*!
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that reflectance measurements of graphene can be—under some approximations—reproduced with an
arbitrarily pre-defined value of constant refractive index.

The graphene’s adn product has been related to the fundamental sheet conductance G graphene = e’/4h
(e being the electron charge and h the reduced Planck constant)® by using the relation
2nk = Im(e/e,) = 0/eyw, where 0 = G/d is the conductance, w the angular frequency, ¢,the vacuum

permittivity and k = a\ /4 the extinction coefficient:
adn = G/eyc (1)
where ¢ is the speed of light in vacuum. For graphene we obtain:

(@dn) o = e?/4e,hc = 0.0229253 2)
To analyze the effect of the TFL on graphene we take equations recently derived', based on the conser-
vation of energy, the continuity of the parallel components of an electric field across the layer, and the
assumptions of a low-absorption medium (k << n) and a small thickness (ad << 1, dn << ). For
perpendicular incidence, the following equations hold for absorptance Ay, reflectance Ryy and trans-
mittance Ty of a layer between two media:

4adnn,
Arpp = P
(ng + ny + adn) (3)
(g — n, — adn)®
Rrp, = >
(ng + n, + adn) (4)
4ngn,
T, = 2
(ng + n, + adn) (5)

Here, ny, n, indicate respectively the refractive indices of the media over- and underlying the graphene
layer. These equations can be converted to the ones typically found in literature, by normalization to the
transmittance of the bare substrate!"', by setting n, = 1, using sheet conductance G and vacuum imped-
ance Z, = [p,/€,'>" or by setting ny = n, = 1 (i.e. a freestanding layer in air)**,

Results

We first numerically investigate the range of validity of the TFL by comparison to rigorous Fresnel for-
mulae. Figure 1 shows contour plots between which the error of TFL is less than 10% or 1%. The abscis-
sae display the spectral dependence in photon energys; its logarithmic scale deliberately extended to 10eV
to show more complete picture. The ordinates show the absorption coefficient of a hypothetical material
with thickness corresponding to 3 or 30 monolayers (ML) of graphene and with constant refractive index
n=n graphite*

In a first case we analyze 30 monolayers (ML) on glass and investigate regions of validity within 10%
accuracy. The validity regions are in general limited by high energy and high absorption coefficient
thresholds stemming from the above mentioned assumptions: k << 1, ad << 1,dn << . Additionally,
there is a tendency to limit the region to the area close to a line satisfying approximately the relation
n = k, approaching the case of a purely imaginary permittivity. Considering the transmittance (violet)
and absorptance (red, yellow) only, the TFL is—for reference data of a,,,,,.,. taken from ref. 27 (dashed
line)—valid in whole its range from 1.6eV to 5eV. When additionalfy the reflectance (green, blue) is
considered, the validity region shrinks, yet only the range from 1.8eV to 3.6eV falls outside this region
and only for glass-side incidence.

In a second case we consider a 10x thinner sample (3 ML), 10x better accuracy (1%) and we obtain
slightly broader regions of TFL validity than in the previous case. In this case, the reference data of
@ gyaphene fall completely into the region of validity. This implies that when measuring less than 3 graphene
monolayers on glass under perpendicular incidence, in the range up to 5eV with 1% relative accuracy,
one cannot distinguish between absorption coefficient, refractive index and thickness. This is valid in the
near-infrared to visible range for any material with absorption coefficient below 10°cm ™",

In a third case, we remove the glass substrate, assuming thus a freestanding layer. The region of TFL
validity for transmittance and absorptance changes slightly, but for reflectance, conversely, the validity of
TFL shrinks to a negligible region around the # ~ k line. The reference a ., satisfies the validity only
in the range from 4.2eV to 4.6eV. This means that measuring the reflectance of freestanding layer is a
way to avoid the TFL, enabling improved distinction between a, d and n. For oblique incidence, addi-
tional simulations (not shown here) prove a similar difficulty to distinguish between g, d and #, for thin
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Figure 1. Lines represent contours between which the TFL differ from rigorous calculation less than
10% or 1% relatively. R+, A+, refer to incidence from layer side, conversely R-, A-, refer to glass side.
Note the difference between freestanding layer and layer on glass. Dashed line between 1.6eV and 5eV
indicates the absorption coefficient taken from ref. 27.

: layer on glass
107k 1
_Apuimese
8 layer on glass
2L in CCl, (n=1.46) |
E 10 ¢
E freestanding layer
=
]
10-3 L o CVD graphene 0.6-3 eV
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A 110 nm indium oxide 0.65-0.8 eV \'.-
< graphene - fundamental values e
10* . . . . *
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transmittance

Figure 2. Lines: universal relationship between Ty and Ry in the range 0.7-3 eV of a freestanding
layer (dotted line) and of a layer on glass in air or in CCl, (full and dashed lines are for layer-side and
glass-side, respectively). Symbols: theoretical and experimental values for different materials (full and empty
symbols are for glass-side and layer-side, respectively).

layers on a substrate. However, angles far from normal incidence, as in ellipsometry, always increase
significantly the ability to distinguish between these parameters.

Experimentally, the validity of the TFL can be verified independently from the actual value of the
adn product, thanks to one of the consequences of the TFL: The values Arg;, Ry and Trpy are mutually
dependent in such a way that by measuring only one of them we can calculate the remaining two. By
combining equations (4) and (5), one obtains for a layer on an interface:

2
noTrpr
n;

Rp, = [1 -
(6)

Knowing Rrp; and Ty, Apgy is calculated as 1—Rpp — Trrpp. Noteworthy, this yields a ‘universal’ relation
that applies to materials beyond graphene.

For any value of the adn product, we simulate in Fig. 2 the relationship between Ry and Ty : accord-
ing to (6) for a freestanding layer, and according to (4) and (5), while accounting multiple reflections for
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Figure 3. Different values of n and k spectra of graphene found in the literature (references in square
brackets) and the respective calculated adn products. The dashed line on the right shows the fundamental
value given by equation (2) from fundamental conuctivity. Circles represent the data experimentally
obtained on the sample of CVD graphene.

the case of the layer on glass. The latter is also simulated for the case of immersion in carbon tetrachlo-
ride (CCl,). The advantage of the CCl, is that at room temperature its refractive index is similar to the
one of glass. As such, the situation of freestanding layers can be approached. Black symbols show the
theoretical T vs. R relations, when graphene’s fundamental conductivity (2) is taken. To compare with
experiments, the pairs of transmittance and reflectance values represent points in the graph, plotted by
symbols. We see that the symbols for graphene fall well on the theoretical curves. In addition, the TFL
was equally well fulfilled for an 11-nm-thick layer of evaporated aluminum over a broad spectral range,
and also for a 110-nm-thick indium oxide layer, but only in the infrared region (<0.8eV).

The absorptance of graphene monolayer, measured with high accuracy by photothermal deflection
spectroscopy was then used to evaluate the adn product from equation (3). This adn product is shown
in Fig. 3 together with #n and k spectra of single-layer graphene, taken from literature*2021:242627.29 Thjg
graph demonstrates that there is a larger discrepancy among the published n and k values of graphene
samples, compared to their respective adn products. This is consistent with the fact that graphene on a
substrate (measured in transmission and reflection) and freestanding graphene (when measured in trans-
mission only) always fulfills the TFL over a broad wavelength range (see Fig. 1), and that the separation
of the optical constants is difficult. Measurement of reflectance of a freestanding or embedded layer is
therefore recommended.

Finally, we evaluate, based on the TFL, the losses or gains of using graphene as transparent func-
tional layer. It follows from equation (3) that the absorptance of any ultrathin layer can be reduced by
embedding it into a high-refractive-index medium or by depositing it on high-refractive-index substrate.
However, in the latter case, as expected, the transmittance will also be reduced due to the increased
reflectance at such a substrate. So, in order to assess how the absorptance is reduced due to the TFL, it
is convenient to normalize A by T. The ratio A/T then characterizes the fraction of light that is absorbed
during transmission, establishing a useful measure for the window-material performance. It follows from
(3) and (5) that for an ultrathin layer on a substrate or a freestanding layer:

Arpp _ @

T 1, (7)

Moreover, the A/T ratio is also a good parameter for evaluating macroscopically-thin layers, because for
a layer on a substrate the A/T ratio is virtually free from interference effects and free from direct wave-
length dependencies®, being therefore perfect for comparison to equation (7).

In Fig. 4 we simulated for a single photon energy (2.25eV) the A/T ratio of a layer on a finite substrate
by TFL and rigorously. In both cases the effect of multiple reflections in the substrate is accounted for by
the Fresnel equations. We tested a set of thicknesses and absorption coeflicients while keeping the value
of adn product fixed to 0.0229. Three cases were considered: the embedded layer, the layer-on-substrate
for layer-side incidence and the layer-on-substrate for substrate-side incidence. We see that for the
embedded layer, as well as for the layer-on-substrate, the increase of refractive index of the surrounding
medium or the substrate can indeed significantly reduce the ratio A/T. As long as the TFL describes well
this phenomenon (well up to a film thickness of 10 nm) it is advantageous to embed graphene in, or place
it on top of, a high-refractive-index medium. For macroscopically-thin layers (e.g. in our case 335nm)
this trend is weakened, and importantly, for lower values of refractive index of the surrounding the A/T
ratio of macroscopically-thin layer is lower than that of ultrathin layer. This implies, that thinning down a
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Figure 4. The effect of increase of refractive index of surrounding medium or substrate on the A/T ratio
at photon energy 2.25eV. “+” refers to incidence from layer-side, conversely, “—” refers to substrate-side.
The cases with different thicknesses have the same adn product.

layer while keeping the adn product constant is not favorable, unless a high-refractive-index surrounding
medium, e.g. silicon, is used. Interestingly, for the substrate-side incidence the refractive index has no
effect on A/T ratio. These effects are crucial when comparing optoelectronic applications of graphene
with usual macroscopically-thin window layers.

Discussion

Within a given spectral region and depending on the substrate and incidence angle, thin layers may
satisfy the thin-film limit when their measurable optical properties are given only by the product of 4,
d, and n. Graphene satisfies this limit over a broad spectral range and it makes the separate determi-
nation of its optical constants difficult, especially when graphene is on a substrate. The layer thickness,
as a condition of the limit, should rather be compared to the vacuum wavelength; in the infrared and
upon perpendicular incidence, the limit can be satisfied even by a 100-nm-thick layer on glass (e.g. of
indium oxide below 0.8 eV). Within the thin-film limit, the plot of reflectance versus transmittance is, for
a given surrounding medium, a universal curve, which was also used here for experimental verification.
Another interesting quantity is the absorptance normalized to transmittance, which is perfectly suitable
for comparing absorption losses in graphene and other window layers. It shows that if the thin-film limit
is satisfied, the performance is strongly enhanced by the high refractive index of the underlying medium.

Methods

The transmittance-reflectance spectroscopy was done either in air by Perkin-Elmer Lambda 900 or in a
carbon tetrachloride (CCl,) in a custom-made setup. Our custom-made setup also allows photothermal
deflection spectroscopy (PDS)*! measurements of absorptance with sensitivity down to 10~* through
heating of immersion liquid, e.g. CCl,. The refractive index of CCl, is around 1.46 in our spectral range
(0.6-3eV)*. For our tests, we used a single layer of chemical-vapor-deposited (CVD) graphene on boro-
silicate glass obtained from https://graphene-supermarket.com/Transparent-Conductive-Coatings/. We
also used a layer of aluminum, thermally evaporated at pressure 5x 10> mbar and a layer of indium
oxide, sputtered in DC regime at 6 mbar®. In both cases the Schott AF45 low-alkaline borosilicate glass
served as a substrate.
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Abstract: The thin-film limit is derived by a nonconventional approach
and equations for transmittance, reflectance and absorptance are presented
in highly versatile and accurate form. In the thin-film limit the optical
properties do not depend on the absorption coefficient, thickness and
refractive index individually, but only on their product. We show that this
formalism is applicable to the problem of ultrathin defective layer e.g. on a
top of a layer of amorphous silicon. We develop a new method of direct
evaluation of the surface defective layer and the bulk defects. Applying this
method to amorphous silicon on glass, we show that the surface defective
layer differs from bulk amorphous silicon in terms of light soaking.
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1. Introduction

The so-called thin-film limit (TFL) or thin-film approximation is consistent with the concept
of effective thickness that does not distinguish between thickness and absorption coefficient
[1]. The thickness d and dielectric function & of an atomic monolayer lose their usual physical
meaning and are rather defined as tensors, related to each other as (5_1).5 =47Np, Where N

and 5 is the density of dipoles and the vector of polarizability [2]. Similarly, Drude theory of

inhomogenous ultrathin films predicts optical properties depending only on integral values of
dielectric function over the film thickness [3]. Importantly, if the layer is parameterized by its
absorption coefficient «, thickness d and refractive index n, the measurable optical properties
A, R and T do not — in the FTL — depend on the parameters «, d or n individually, but only on
their product adn. Neither do they depend directly on the wavelength.

The derivation of the TFL is usually based on a linear approximation of the Fresnel
equations in the limit of thickness going to zero [1,2,4-7]. These equations have appeared
recently in a simple form for transmittance of freestanding graphene [6,8], but their general
derivation also for reflectance is lacking in literature [7,9]. Here we show a new, simple and
instructive derivation of these equations in an accurate and useful form that will be used to a
new method of surface defect absorption, e.g. in hydrogenated amorphous silicon (a-Si:H).

Samples of a-Si:H are usually deposited as thin layers. Low absorptance
measurements such as photothermal deflection spectroscopy (PDS) [10,11], constant
photocurrent method (CPM) or Fourier-transform photocurrent spectroscopy [12,13] (FTPS)
are used to evaluate defect absorption. Defect absorption may be elevated at the surfaces
[11,14] enhancing interference pattern of absorptance (and hindering its smoothening by
normalization by transmittance), depending on the side of illumination [15-17]. The
evaluation of surface defect is complex and may be done either by varying sample thickness
[11] or by comparison of absorptance measurements from layer and substrate side and
complex simulations as done in our previous work [18]. However, under conditions of the
TFL the defective layer can be parameterized only by only one “effective product” comprising
of the product of its (virtual) thickness, refractive index and absorption coefficient. This
significantly reduces the number of unknowns and the equations under TFL are also much
simpler. Hence, the surface and bulk defects can be calculated directly without fitting.

2. Thin-film limit

We base our derivation on the conservation of energy, the continuity of the parallel
components of an electric field across the layer and the assumptions of a low-absorbing
medium (n>k) and a small thickness (ad <1, dn< 1). These approximations imply a
linear dependence of the absorbed energy la in a layer of an absorbing medium of thickness d,

I, =l qad, 1)



where less is the “effective” energy flux. Note that the flux les is treated as a constant because
Eqg. (1) neglects its attenuation. The energy flux is related to its respective electric field
through the time-averaged Poynting vector S, defined by Eq. (2).

1= (Shyn = [ @

From this, it follows that also the effective electric field Ee is constant inside the
layer. We define the measurable optical absorptance A as A = Ia/lo by normalization to the
energy flux of the incident wave I, propagating in the overlayer (refractive index no):

2
p=ls _[Eul adn 3)
IO |Eo| No
To calculate the absorptance A, the value of Ee« has to be known. In the same manner
reflectance and transmittance are defined as R=Igr/lo and T=I+/lo. Employing the law of energy
conservation 1=A+R+T for the whole system, we can then write:

Bl adn B[ Efn,
|E0|2 Mo |E0|2 |E0|2 Mo

Again, based on our assumptions we neglect the evolution of the electric field throughout the
ultrathin layer and assume the continuity of parallel components of electric fields:

E,+Es =Ey, =E; Q)

This derivation does not rely on the electric field attenuation between two distinct borders of
the thin film, but assumes only the presence of an “absorbing interface” where the value of the
effective field Ees has to fulfill the conditions of Egs. (4) and (5). Assuming n >k , it follows
that the Fresnel coefficients Er/Eo and E+/Eo are real and the absolute-value brackets in Eq. (4)
can be omitted. From Egs. (4) and (5), we obtain a quadratic equation for E1/E, featuring only
one non-zero root, from which we obtain the transmittance TrrL:
4n,n,

(4)

Top = T 2 ©)
(n, +n, +adn)
Once Eris known, combining Eqgs. (5) and (3), one obtains the absorptance Arr.:
4adnn,
Ay, = 0‘—02 @
(ng +n, +adn)
Reflectance then follows from energy conservation:
2
n, —n, —adn
Ry = M (8)

(n +n, +adn)’

To test of the TFL validity, especially in the case of graphene, is interesting as it
points to the difficulty to directly measure its optical parameters. More detailed discussion as
well as an experimental validation of the new TFL on graphene is published elsewhere [19].

1o

«— surface layer “01”
n, ai, d] «—'bulk’ material

<— (interface layer “12")

n2 «— Substrate

k(substrate backside)

Fig. 1. Sample of layer with surface defective layer at the top surface or at the interface with substrate.



4. Surface defect correction method

The surface defect correction method is based on the same set of approximations as the thin-
film limit. The situation is sketched in Fig. 1. A layer with optical parameters, indexed by a,
di, ni, is deposited on glass with refractive index n,. The ultrathin defective surface layer,
labeled ‘01°, is described only by value of the effective product (adn)os.

The absorptance in the defective layer can be calculated by Eq. (3) where we have to
insert field Eer calculated by (5). We calculate Eerr from reflected electric field for the top
illumination and we calculate Ecs from transmitted electric filed for the bottom illumination.
To distinguish between Ee for surface and interface — will be discussed later — we use
labeling Eo; and E1, respectively. When the layer is illuminated from top we use labeling “+”,
conversely we use “—” for illumination from the substrate side. Assuming that the effect of the
defective surface absorption has magnitude below 1% (usually it is much less) we can as well
neglect the effect of the defective layer on the transmittance tz10 and reflectance tzo of the
whole stack. Symbols ro12 and tz10 indicate the amplitude (Fresnel) coefficients. The ascending
order of the indices indicate the “+” direction of illumination and vice versa.

For the electric field at the interface Eo; we get

E01+ = Eo+ (1+ r012) (10)
E01— = Ez— t210 ! (11)

where Eo+ and E,_ are electric fields outside the stack, to which everything is normalized. By
application of formula (3) we obtain Ao+ and Ao, describing the absorptance of the interface
layer for light incident from top and bottom respectively:

2 (adn)
Ay, = |l+ ro1z| o (12)
Ny
2 (adn) 2N (edn) 2N
A01- = |t210| n o :|t012| n—i(ad”)m :To1z %, where T012 = |t012| -2 (13)
2 o ) )

The total measured absorptances Awi+ and A include both the absorptances of the bulk layer
and the surface defective layer. The back reflectance Rox=(no—n2)?/(no+n2)? of the back side of
the substrate is also taken into account:

T012 ROZ

A0t+ = A1+ + A)1+ + 2 (Aif + %1,) (14)
1- Roz r21o|
1-R,
=02 L (15)
AOF 1— R02|r210|2 (A&7+A) )

In the low and medium absorption region, we can, assuming k?/n> <1 and 1—-e™ =~ ad,
use Eq. (4) from Ritter and Weiser [20], to calculate:

AL/A = (g0 +ngng)/(nn, +ngn,) =b (16)

Then, if we calculate the difference Awt+ and cAwt- , where c fulfills equation
2
b (1= Rez [Fso|” |+ TosoRez € (1~ R ) = 0. (17)

we obtain simple relation:

Aot+ _CAot— = Ab1+ - b%l— (18)



Using Eqgs. (12) and (13) we can access the effective product (adn)o; as follows:

1 n
AOH _CA017 = (adn)m (_|l+ r012|2 _b_§|t012|zj‘ (19)
Ny Ny
2ip iB
where Mty tbe® s oiNdiA L N =ntadlan

1- Mo rlzezm - 1- rlorlzezw
and tjj, rij are intensity Fresnel coefficients for perpendicular incidence on i/j interface. Once
knowing (adn)oz, we can get to Aor- from Eq. (13) and to A;- from Eq. (15):

. 1-R,, |r210|2 (adn)
— —T 01
Al— Aot— 1_ Roz 012 no

The absorptance in bulk A;- divided by transmittance (an interference-free quantity), can be
used to calculate the absorption coefficient s by Eq. (6) in [20]. The evaluation is two-step:
Standard evaluation [20,21] gives a1 (n1 is simulated by Cauchy formula) in high absorption
region, neglecting surface defects; then a1 n; are inserted into ¢ and the right side of Eq. (19).

(20)

4. Interface defects correction method

In [18] we have shown that, if the defect density is both at top surface and at the interface with
substrate, the surface correction is practically impossible. However, when the defective layer
is only at the interface (labeled “12”), represented by effective product (adn)12, the Egs. (21),
(22) analogical to (19), (20) can be derived:

1, 2 b 2 r,+r.e?”
A\ow _CAotf = (adn)u (n_0|t012| _n_2|1+ r210| ) ! where rzm = m (21)
2
* 1_ R02 r2 0 2 (adn)
Al— = Aot— | - | _|1+ If210| = (22)

1- Roz

Note that the Egs. (16), (17), (19) — (22) simplify when the substrate back surface can be
neglected (Ro2=0). This is the case of PDS where refractive index of ambient is close to 1.5.

2

10° defective surface defective interface
Ve 4
V4
10.11—9—(adn)01 .,'/'"/ __—e—(adn)12
/
A17/T | A1+/T

1.0 15 2.0 1.0 15 2.0
photon energy (eV)
Fig. 2. Absorption in bulk material — represented by Ay/T ratio, and in 3nm thick defective layer — represented by

(cdn);, either or on surface or on glass-layer interface. Lines are directly simulated, symbols are extracted by the
correction method presented here from rigorously simulated data of Aw./T, Awt /T (thin black lines).

4. Results and discussion

We simulated the complete situation by the transfer-matrix method [22]. We first defined the
structure as in the Fig. 1 with d;=360nm, ni=nasi.n, the thickness of the defective layer was
3nm and its refractive index was the same as the layer. We calculated Ao+, Awi— and T by



transfer matrix method. Then we extracted back the absorption of bulk A;_ and A+ and surface
effective products (adn)e1 and (adn)12 by Egs. (19) — (22), see Fig. 2.

The accuracy and robustness of the calculation depends on how far from zero are the
values on left and right side of the Eq. (19) and (21). This depends on the refractive index ny:
When we are in the region of low absorptance and if n,=n; then, every time the T is in
maximum, right sides of (19) and (21) go to zero, which is a singularity in the calculation. On
the other hand, when n>n; no singularity occurs in the right side of (19) whereas the right
side of (21) has even more singularities because it crosses zero many times. That is why the
correction performs better for defective surface than defective interface, as we see in Fig. 2.

We applied the correction method to the experiment described in [18], where we had
identified defective layer on the top surface. A 360 nm thick hydrogenated amorphous silicon
was deposited on glass by plasma-enhanced chemical vapor deposition. The spectra of A,
Awt- and T were measured by FTPS and PDS. The measurements were repeated in time and as
the last step, the sample was light soaked. A significant evolution was observed in the curves
around energy 1.2 eV where absorptance corresponds to defect density [12,21,23], see Fig. 3.
The Awrcurves were multiplied by ¢ and all curves were put into absolute scale to fit to PDS
results at region around 1.7eV (FTPS is not an absolute method). This gave the left side of the
Eg. (19) and (adn)on was calculated. From Eq. (20) A;- was obtained and absorption
coefficient ax was calculated by [20] and bulk defect states assessed by [23] assuming density
of atoms in bulk ~4x10%2cm=2. Surface defects were calculated by dividing (adn)e: by
refractive index of bulk (n1~3.5) and assuming density of surface atoms ~10%cm-2. We can
observe similar trend of decrease of bulk and surface states in time. After the light soaking
step bulk defect density increases significantly whereas the surface defects keep decreasing.
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Fig. 3. Left part — FTPS spectra, measured from layer side and glass side, divided by transmittance, multiplied by c.
Lower curves are consecutively shifted by a factor 1/10 form the one on top. Right part — surface defects in part per
thousand of surface atoms and bulk defects in part per million of bulk atoms, extracted by our method.

4. Conclusion

Together with a new way of thin-film limit derivation we developed a simple and direct
method of evaluation of defective layer at surface of thin layer or at interface of the layer with
substrate. This method compares absorption measurement from layer side and glass side and
works well if only one (either at the surface or at the interface with glass) defective layer
thinner than 3nm is present. Separate evaluation of surface and bulk defect states is crucial.
Here it helped to reveal different behavior of bulk and surface during light soaking.
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. A combination of photocurrent and photothermal spectroscopic techniques is applied to experimentally

- quantify the useful and parasitic absorption of light in thin hydrogenated microcrystalline silicon (pc-
Si:H) films incorporating optimized metal nanoparticle arrays, located at the rear surface, forimproved
light trapping via resonant plasmonic scattering. The photothermal technique accounts for the total
absorptance and the photocurrent signal accounts only for the photons absorbed in the pc-Si:H layer
(useful absorptance); therefore, the method allows for independent quantification of the useful and

. parasitic absorptance of the plasmonic (or any other) light trapping structure. We demonstrate that

: with a 0.9 pm thick absorber layer the optical losses related to the plasmonic light trapping in the whole

. structure are insignificant below 730 nm, above which they increase rapidly with increasing illumination

. wavelength. An average useful absorption of 43% and an average parasitic absorption of 19% over

. 400-1100 nm wavelength range is measured for pc-Si:H films deposited on optimized self-assembled Ag
nanoparticles coupled with a flat mirror (plasmonic back reflector). For this sample, we demonstrate a
significant broadband enhancement of the useful absorption resulting in the achievement of 91% of the
maximum theoretical Lambertian limit of absorption.

. Light trapping' is an essential aspect in the design of solar cells based on thin absorbers, including both amor-
. phous/microcrystalline thin films*™* and the recently emerging thin mono-crystalline silicon technologies>®, as
it allows for the absorption of the long-wavelength (near-bandgap) photons due to the extended path-length
of light inside the thin semiconductor. Among a broad range of approaches proposed to realize light trapping,
. the scattering of light from subwavelength metallic nanoparticles, due to the localized surface plasmon reso-
. nance (LSPR) effect, is often considered a promising route”$, with a theoretical possibility to overcome the 4n?
- limit’. In addition, the solid-state dewetting technique, commonly used for the fabrication of the metallic nano-
. structures!®!!, gives additional advantages of low-cost, simplicity, direct scalability and compatibility with the
industrial manufacturing processes. It has been demonstrated that such nanoparticles (NPs) incorporated in the
so-called plasmonic back reflector (PBR) configuration - consisting of flat silver mirror, aluminum doped zinc
. oxide (AZO) spacer layer and the NPs — used as a substrate for the deposition of the photovoltaic absorber, can
. provide efficient light trapping comparable to state-of-art random texturing'>".
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In a solar cell structure, all the supporting layers and scattering elements additional to the photovoltaic mate-
rial are sources of parasitic absorption, meaning that part of the incident sunlight absorbed by the device does
not contribute to the obtainable photocurrent. The proper design of the device, and in particular the metallic
nanostructures, is therefore an essential issue for the suppression of the optical losses. Valuable information on
the distribution of absorption within the device can be provided by optical simulations using dielectric functions
determined experimentally for each material'*-'¢. However, for the optical response of self-assembled plasmonic
NPs, notable discrepancies between computation and experiments have been observed!'7!8, This is often attrib-
uted to the presence of small particles in the nanostructures, the irregular shapes of the NPs, the inter-particle
interactions, the sulfidation of NPs in atmospheric air, as well as to the polycrystalline nature, defects and impuri-
ties in the material forming the NPs!'°. In addition, particularly for plasmonic-based light trapping, the trade-off
between the beneficial effects of scattering and the deteriorating effects of parasitic absorption can severely limit
the overall photocurrent enhancement that can be produced in solar cells®*22.

Importantly, the contribution of useful and parasitic absorption cannot be measured separately with com-
monly used optical spectrophotometry. Therefore, in this paper we implement a combination of two absorption
spectroscopy techniques, namely photothermal deflection spectroscopy (PDS)? and Fourier-transform pho-
tocurrent spectroscopy (FTPS)?#-2¢ in order to independently quantify the useful and parasitic absorption of
light in plasmon-enhanced thin silicon films. The total absorption, contributed by the silicon, the silver NPs, all
supporting layers and the substrate, is evaluated from the photothermal effect (PDS); while the fraction of light
absorbed only in silicon (useful absorption) is measured based on the photoconductivity effect (FTPS). Although
the proposed characterization method is not able to discriminate between the distinct sources of parasitic absorp-
tion — which is evaluated as the difference between the total and the useful absorption - it provides useful insights
into the physical mechanisms of plasmonic light trapping as well as a first order prediction of the light trapping
efficiency without the need to fabricate and process the entire device.

This method is used to determine the useful absorption enhancement in 0.9 um thick films of hydrogenated
microcrystalline silicon (pc-Si:H) provided by the distinct elements of the plasmonic back reflector configuration,
at different stages of completion. It is demonstrated that the optical losses related to plasmonic light trapping in
such structures are insignificant below 730 nm, beyond which they increase rapidly with increasing illumination
wavelength. Furthermore, a significant broadband useful absorption enhancement of 90% is demonstrated, which
resulted in achievement of 91% of the classical Lambertian limit of absorption. The improvements can be attrib-
uted to both the random front surface texture, originated from the conformal growth of Si on top of the NPs, and
to the scattering of light by the plasmonic NPs.

Experimental Details

Sample preparation. In order to investigate the light trapping in substrate-configuration thin film solar
cells, self-assembled silver nanoparticles were incorporated in three distinct arrangements, depicted schemat-
ically in Fig. 1(a,c,e), which are considered as different stages of completion of a plasmonic back reflector. The
NPs were fabricated by solid-state dewetting (SSD) of 12 nm thick Ag films annealed at 400°C for 1h in nitrogen
atmosphere on: (i) bare soda-lime glass (sample Gyp,), (ii) 50 nm thick aluminum doped zinc oxide (AZO) coated
glass (sample G, nps)> and (iii) a stack of 100 nm thick flat Ag back reflector (BR) and 50 nm thick AZO spacer
layer (sample Ggg yp,). The reference samples without NPs (G, and Gggy, respectively) were fabricated in the
same processes. The depositions of Ag and AZO films were carried out with RF magnetron sputtering at a work-
ing pressure of 2.5 x 10~* mbar in Ar atmosphere with RF power density of 1 and 2.16 W/cm?, respectively. More
details can be found in our previous works!"%.

The surface morphologies were investigated by Field Emission Scanning Electron Microscopy (SEM - Zeiss
Supra 25 microscope) and Atomic Force Microscopy (AFM - Bruker Dimension Icon microscope in PeakForce
mode). The optical properties of the NPs, in terms of total and diffuse reflectance (Ryy, and Rpg, respectively),
were measured using a Varian Cary 500 double-beam scanning UV-Vis-NIR spectrophotometer equipped with
a 4-inch integrating sphere. A 0.9 um thick pc-Si:H layer was deposited on top of the five structures shown in
Fig. 1 by Plasma Enhanced Chemical Vapor Deposition (PECVD) with a power density of 0.06 W/cm?, a working
pressure of 70 Pa, a SiH, flow of 4 sccm, and a dilution ratio H,/SiH, of 32, while keeping the samples’ surface at
310°C. The Si film thickness was verified with an Alpha-step 100 profilometer. The Raman spectra of the pc-Si:H
films were acquired at 785 nm, with a low excitation intensity of 10 mW and accumulation time of 1, using a
Renishaw InVia Raman spectrometer.

Absorption spectroscopy. The absorption of light in the investigated structures was measured by highly
sensitive photothermal deflection spectroscopy (PDS)* and Fourier-transform photocurrent spectroscopy
(FTPS)*-2%. Both techniques exhibit superior sensitivity over transmittance/reflectance spectrophotometry and
have been extensively used to analyze electronic defects in semiconductors.

The PDS accounts for all absorption processes that result in the generation of heat. For the investigated sam-
ples (negligible luminescence quantum yield of pc-Si:H at room temperature) and measurement condition (no
collection of photo-generated carriers), all photo-generated carriers thermalize and recombine non-radiatively
generating heat. When the sample is immersed in liquid, the amount of generated heat can be measured precisely
by the deflection of the laser beam caused by the local change of the refractive index of the surrounding liquid
due to heating. Therefore, the PDS signal is proportional to the total absorption within the sample. The exper-
imental setup used for PDS is depicted in Fig. 2(a). The sample is immersed in Fluorinert™ Electronic Liquid
FC-72 with a low refraction index of 1.25 to simulate conditions similar to ambient atmosphere. The sample is
then illuminated with chopped monochromatic light from a monochromator with separate grating for UV, visible
and IR coupled to a 150 W Xe lamp. A part of light is deflected by the beamsplitter into the integrating sphere
equipped with Si and InGaAs photodiodes to monitor the light intensity. The probe beam from a He-Ne laser is
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Figure 1. Schematic illustrations (left) and corresponding surface morphologies characterized by AFM
(center) and SEM (right), of the five distinct substrate configurations used for the investigation of light
trapping in pc-Si:H thin films deposited on top. Gyp, — Ag NPs on bare soda-lime glass; G, — reference
AZO-coated glass; G0 nps -~ NPs on AZO-coated glass; Gpy — reference Ag back reflector coated with AZO;
Ggr_nps — NPs on Ag back reflector coated with AZO (plasmonic back reflector). The NPs were fabricated in the
same deposition process, from 12 nm thick Ag precursor films annealed at 400 °C for 1 h. The thicknesses of all
AZO films is 50 nm.

directed parallel to the sample’s surface and focused in the heating spot. The amplitude of deflection is monitored
by a position detector. The signal from the detector is coupled via the multiplexer to a current preamplifier and
a lock-in amplifier referenced to the chopper frequency (13 Hz). The chopped illumination generates periodical
thermal waves in the liquid surrounding the sample causing the periodical deflection of the laser beam. The
amplitude of the deflection normalized to the reference black sample, such as a carbon nanotubes film on glass,
gives the optical absorption spectrum of the investigated sample.

The FTPS signal is derived from the number of photo-carriers generated in the photovoltaic absorber and
collected on external electrodes using applied bias. Therefore, it is proportional to the useful absorption, i.e. to
the maximum photocurrent extractable from the photovoltaic material. The experimental setup used for FTPS
is depicted in Fig. 2(b) and the theoretical principles of this method are described in detail elsewhere?*. The
setup is based on a Michelson interferometer and was built on a customized Fourier Transform Infrared (FTIR)
Spectrometer (Thermo Nexus 8700) coupled with an external high intensity light source (100 W Halogen lamp)
for better stability and higher signal. To collect an electrical signal from the sample, a specific arrangement was
used comprising: (1) a top electrode made of a transparent conductive oxide window, (2) an electrolyte (glycerol)
spacer, and (3) a sample with conductive AZO and/or silver mirror used as a bottom electrode. The voltage source
and current preamplifier are connected in series with the electrodes. The interferogram is recorded in terms
of current extracted from the sample. The use of Fourier-transform method is advantageous for the improved
signal-to-noise (S/N) ratio by the high illumination intensity and high measurement speed that typically allows
to collect and average few hundred of scans for one sample. FTPS can be understood as a standard FTIR method
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(a) Photothermal Deflection Spectroscopy (PDS) setup (b) Fourier-transform Photocurrent Spectroscopy (FTPS) setup
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Figure 2. Schematic illustrations of the (a) photothermal deflection spectroscopy (PDS) and (b) Fourier-
transform photocurrent spectroscopy (FTPS) setups. BS — beam splitter.

in which the investigated sample plays the role of a photodetector. Thus, the comparison with a calibrated detector
having a known spectral response allows to determine the electrical response spectrum of the sample.

The FTPS method is valid generally provided that the photo-carriers are generated and collected homogene-
ously. The accuracy of FTPS is also affected by the band bending which is the limiting factor for the collection
depth of the photo-carriers. Therefore, the method of signal collection becomes less accurate with increasing
absorption coefficient, hence decreasing illumination wavelength, which causes inhomogeneous generation of
carries and pronounced band bending. The accuracy of FTPS depends also on the sample thickness, conductivity
of ohmic contacts and type of electrolyte. In our case of glycerol spacer and relatively thick sample, the relative
error in the medium absorption range (600-800 nm) was estimated below 20%. The measurement conditions
improve with increasing illumination wavelength providing improvements of the accuracy in the low absorption
spectral region (800-1200 nm). As such, for our samples the FTPS was determined in the medium-low absorp-
tion range only.

The useful absorption of the Si film is equal to the FTPS absorption in the medium-low absorption range,
while the total absorption is determined by the PDS. Therefore, the difference between the two measurements
performed sequentially on the same sample determines the total parasitic absorption, which receives a contri-
bution from all supporting layers and scattering elements. As such, the combination of PDS and FTPS spectros-
copy allows for the independent quantification of the useful and total parasitic absorption, as attained by the
conventional 1-R and EQE measurements usually performed in photovoltaic devices. The key advantage of the
PDS + FTPS characterization approach is that it can be performed on the absorber layer alone, without requiring
the full solar cell structure. Thus, it can be particularly interesting to evaluate the performance of light trapping
structures coupled to the absorbers, without the interference of the additional elements (e.g. doped regions, con-
tacts, window layers, etc.) required for the device completion.

Results and Discussion

Structural and optical characterization. The morphology of NPs fabricated in each configuration, ana-
lyzed by SEM and AFM, is depicted in Fig. 1. The average size of the NPs, determined from SEM images as the
mean value of the Gaussian peak fitting to the distribution of NPs’ sizes, is found to be 139 & 2 nm for glass and
169 £ 2 nm for the glass and AZO substrate. As a result of having the same underlying layer in the SSD process,
the NPs’ morphologies of samples G0 nps and Gy _nps are fairly similar, though the NPs shapes were found to be
slightly less uniform for the case of Ggg_yp,. The AFM analyses reveal that the NPs have approximately hemispher-
ical shape when formed on glass and tend to flatten out on AZO. The maximum heights were in both cases close
to 100 nm. The SSD fabrication parameters employed in this work for the NPs formation resulted from thorough
investigations performed by the authors aimed at optimizing the nanostructures’ optical properties'! and photo-
current enhancement that they produce in a-Si:H solar cells®.

Figure 3 depicts the optical properties, in terms of total and diffuse reflectance, measured in the front-side illu-
mination configuration, of the five different substrates. An important parameter determining the optical perfor-
mance of a sample for light trapping is the diffuse reflectance, as it corresponds to the amount of scattered photons
which have an increased probability to be absorbed in the solar cell, relative to unscattered photons traversing the
cell along the illumination direction. As expected, the two reference samples without NPs, G, and Ggg, show
negligible Rpq. The NPs deposited on glass and AZO provide maximum diffuse reflectance of about 10 and 8% at
550 and 680 nm, respectively. The Ry is substantially enhanced in the wavelength range suitable for light trap-
ping in pc-Si:H solar cells (500-1100 nm) when the NPs are coupled with a flat back reflector (sample Gpg nps)-
This reveals that the mirror not only reflects the transmitted diffuse light coming from the NPs, but also originates
a constructive interaction, which increases the intensity of the driving field of the NPs and therefore increases
their scattered power relative to the case when they are immersed in a homogeneous medium?”?. Nevertheless,
the dissipative interaction of the light with the NPs (parasitic absorption) is also substantially enhanced, resulting
in the decrease of the total reflectance with respect to the Ry, of the reference mirror (sample Ggp).

Figure 4 presents electromagnetic calculations of the normalized scattering (Qgc,) and absorption (Qygs)
cross sections obtained with a Mie theory formalism?. Such analytical method is based on a spherical particle
surrounded by a homogeneous medium. Even though this condition is not satisfied in our samples, Mie theory
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Figure 3. (a) Total and (b) diffuse reflectance of the five distinct substrate configurations depicted in Fig. 1.

can still be used for a first-order analytical prediction of the optical properties of Ag NPs embedded in different
media, as performed in several previous studies related with plasmonic light trapping”?8-3L. For the calculations
in Fig. 4, we consider a single Ag nanosphere, with 131 nm diameter (the average volume-equivalent sphere
diameter of the fabricated NPs) embedded in three different media with effective refractive indexes taken as the
average between air and glass, air and AZO, and silicon and AZO. The spectral position and extension of the
Rp;g peaks in Fig. 3, corresponding to Gyp and G, np are similar to those of Qgc, of a Ag NP in glass/air and
AZO/air, respectively. As such, the inter-particle effects do not influence significantly the optical properties of the
nanostructures. Furthermore, for such particle size, the parasitic absorption in the NPs arrays is expected to be
small relative to their scattering effects as the Q, s peaks are much smaller compared to the Qgc, ones. When the
substrates of Fig. 1 are covered by the pc-Si:H thin films, the high refractive index of the Si medium causes the
plasmonic modes of the Ag NPs to pronouncedly red-shift and broaden, as shown by the AZO/Si Q¢4 curve in
Fig. 4. Therefore, when coupled to a Si layer, the three samples with NPs analyzed in this work should yield light
scattering peaks overlapping with the preferential light trapping wavelength range (500-1100 nm) for thin film
Si cells.

Absorption enhancement in thin pc-silicon films.  The five samples described in the previous section
were used as substrates for the deposition of 0.9 um thick uc-Si:H, with the aim of investigating plasmonic light
trapping for substrate-configuration thin film Si solar cells. The selected deposition conditions assure high degree
of crystallinity required for the narrow bandgap, which allow for the optical absorption to extend up to 1100 nm
in the near-infrared. On the other hand, it was measured that the light is fully extinct in the film only for wave-
lengths below 500 nm. Thus, light trapping can provide absorption enhancement within the 500-1100 nm spec-
tral window.

Figure 5 depicts the Raman spectra of pic-Si:H films deposited on the five different substrates. The high degree
of crystallinity allows the clear identification of the Si band in the Raman spectra at approximately 520 cm™.
As discussed by Ledinsky et al.??, the absolute intensity of the Raman signal is proportional to the path-length
of the excitation light inside the silicon layer and to the in/out-coupling efficiency. Furthermore, the spectrum
acquired for the configuration of sample G, yp, containing an additional 50 nm thick AZO layer covering
the NPs (dashed line in Fig. 5) and separating them from the silicon layer, remains practically unchanged. This
proves that surface enhanced Raman scattering (SERS)*, originated from the high near field enhancement in the
NPs’ vicinity at the plasmon resonance, has a practically negligible impact on the measured increase of Raman
intensity. Therefore, the observed enhancements of Raman signal for samples containing the NPs, over the flat Si
film, can be attributed to the efficient far-field light trapping at the excitation wavelength; thereby providing an
important insight into the enhancement of useful absorption in the Si material.

A crucial issue in plasmon-induced light trapping is to scrutinize between the absorption produced in the
solar cell absorber layer (useful) and in the metallic NPs and supporting layers (parasitic), as the contributions
of useful and parasitic absorption are inseparable with conventional optical spectrophotometry. To address that,
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Figure 4. Calculated scattering (Qgsc,) and absorption (Q,gs) cross sections, normalized by the physical
area, of an Ag nanosphere embedded in different media. The particle diameter (D = 131 nm) is the average
volume-equivalent sphere diameter of the Ag NPs fabricated in this work. The refractive index of each medium
considered in the computations was taken as the average between that of the two materials surrounding the NPs
in the structures of Fig. 1. These results were computed analytically with a Mie theory formalism?.
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Figure 5. Raman spectra, measured with excitation at 785 nm, of 0.9 um thick pc-Si:H deposited on

the five different substrates depicted in Fig. 1. The peak at approximately 520 cm™! originates from the
microcrystalline phase of the films. The dashed curve refers to the sample G0 yp, with an additional 50 nm
thick AZO layer covering the NPs. The curves are displaced vertically in the graph for better visualization.

an innovative procedure involving a combination of opto-electronic spectroscopic techniques, namely PDS and
FTPS, was employed in this work. As described in the Experimental details, the PDS signal accounts for all types
of light absorption which result in generation of heat, so it effectively measures the total absorption in the entire
investigated structure. On the other hand, the FTPS absorption is determined from the number of photo-carriers
generated in the photovoltaic absorber, thus accounting only for the useful absorption. Hence, the difference
between the two measurements determines the total parasitic absorption.

The PDS and FTPS absorption spectra of 0.9 um thick pc-Si:H deposited on samples G,z0, Gazo_nps» and
Gggr nps are plotted in Fig. 6. In the reference G, sample, both PDS and FTPS signals overlap, indicating that
practically all absorption occurs in silicon and almost none in its AZO-coated glass substrate (only a small dis-
crepancy, on the order of 1%, is apparent above 950 nm when plotting in logarithmic scale). It should be noted
that the relatively low absolute values of absorption below 80% originate from the lack of the transparent contact
deposited on top of silicon, which plays an important role of an antireflection coating.

The deposition of pc-Si:H on the substrates containing the NPs resulted in a considerable enhancement of the
useful absorption in the investigated wavelength range. The parasitic losses, calculated as the difference between
PDS and FTPS spectra, start to play a role only for wavelengths above 730 nm, which are poorly absorbed in flat
Si films, and increase significantly towards the bandgap of pc-Si:H. The total parasitic absorption arises from
multiple interactions between the light trapped in the silicon slab and the NPs, depicted schematically in the inset
of Fig. 6. The number of such interactions for weakly absorbed near-infrared light increases substantially with
decreasing absorption coefficient, hence increasing illumination wavelength. Consequently, the large number
of interactions results in significant overall losses even though, as predicted by theoretical calculations'-*, the
absorption cross-section of each single interaction is small compared to its scattering cross-section (shown in
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Figure 6. Total (PDS) and useful (FTPS) absorption spectra of 0.9 um thick pc-Si:H films deposited on

the samples G, 70, G570 _nps> and Gpg_nps depicted in Fig. 1. The FTPS absorption for sample Ggg yps» with an
additional 50 nm thick AZO layer separating NPs and silicon (labeled Ggg nps: az0)s is shown for comparison.
The marked area is the difference between the PDS and FTPS spectra, which represents the parasitic absorption
of sample Ggp yp,. The inset illustrates schematically the light trapped in the silicon layer by total internal
reflection and scattering events on both interfaces, redirecting the light back to the silicon.

Fig. 4). As such, in the wavelength range below 730 nm, in which most light is absorbed in the first pass through
the pc-Si:H (the 100% extinction of light occurs for wavelengths below 500 nm) and the remaining photons have
high probability of being absorbed after only a few scattering events, the parasitic absorption plays only a minor
role.

The main sources of parasitic losses can be attributed to the dissipative interactions of light with the NPs,
the Ag mirror and AZO spacer layer. It should be noted that, even though no significant parasitic absorption is
observed in Fig. 6 for the sample with only the AZO layer (G,(), the losses in this layer or in the flat Ag mirror
will necessarily increase with the presence of the nearby NPs. Although the exact values of the losses in each of
these elements cannot be determined experimentally, they are all related to the plasmonic back reflector structure;
thus, they should be accounted as the overall cost of the plasmonic light trapping implementation.

The deposition of pc-Si:H on self-assembled Ag NPs coupled with a flat mirror (sample Ggyg yp,) resulted in
an average useful absorption of 43% and an average parasitic absorption of 19%, calculated by integrating along
the wavelength range of interest (400-1100 nm) for thin film Si solar cells. However, as observed in Fig. 6, the
contribution of the parasitic absorption is only relevant for wavelengths above 730 nm for which the AM1.5G
solar photon flux decreases markedly with increasing wavelength. Therefore, if we consider that our structure is
a solar cell with unitary internal quantum efficiency, the attainable short-circuit current density (J.) calculated
from useful absorption (FTPS signal) would be 19.1 mA/cm?. This is 95% higher than that of the reference sample
Gzo without PBR (J,.= 9.8 mA/cm?) and close to the maximum theoretical current of approximately 21 mA/cm?
that would be achieved for perfect Lambertian light diffusion on both front and rear interface®. The limit was
calculated using dielectric functions of pc-Si:H form Jun et al.* without antireflection coating. The significant
broadband enhancement of the useful absorption achieved for sample Ggg_ yp, resulted in the achievement of 91%
of the classical Lambertian limit of absorption.

The scattering properties of particles are strongly dependent on the dielectric function of the embedding
medium®, therefore also on the distance between the NPs and high refractive index material®"-*%. The FTPS sig-
nal of sample Ggg_yp, With an additional 50 nm thick AZO layer separating NPs and silicon (curve labeled Ggp_
Nps+azo in Fig. 6), exhibits a significant blue-shift of the absorption edge and thus a clearly lower enhancement of
useful absorption in the near infrared region. This can be attributed to the decrease of the overlap between the
NPs’ near field and the silicon, which results in lower absorption induced by the near field as well as the narrowing
of the angular distribution function of scattered light, hence lower light coupling efficiency®"?. As such, from the
optical point of view, the NPs-Si separation should be kept as thin as possible. Nonetheless, in a complete solar cell
structure the spacer layer is required as a barrier for the diffusion of metal atoms into the silicon, thus preventing
the deterioration of the electrical properties of the doped layer and degradation of the p-i-n junction. In addition,
a sufficiently thick spacer is also required to prevent strong absorption in the n-type layer of the cell originating
from the NPs’ near-field, which would result in high parasitic losses caused by the significant number of defects
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Figure 7. Enhancements (left axis) relative to the reference flat film (G, ) of the Raman Si-band peak at
~520cm™", the FTPS useful absorption at 785 nm, the overall useful absorption integrated over 400-1200 nm,
and the red-NIR part of useful absorption integrated over 700-1200 nm, provided by the different substrates
depicted in Fig. 1. The enhancements are correlated with the diffuse reflectance (right axis) at 785 nm measured
prior to the deposition of pc-Si:H.

and low carrier mobility in the doped layers. This sets up a limit for the minimum thickness of the spacer layer, as
discussed in detail by Tan et al.¥’.

The conformal growth of pc-Si:H films on top of the NPs results in a random texturing of their front surface.
The surface morphologies were found to be fairly similar for the three films deposited on substrates containing
NPs (Gypss Gazo_nps and Gpg_np,), having root mean square (RMS) roughness ranging from 20 to 24 nm. As such,
distinct light trapping mechanisms are contributing to the overall useful absorption and Raman enhancements:
(i) antireflection action and surface scattering provided by the surface texture, and (ii) scattering of light by the
plasmonic nanoparticles. The high energy photons (<500 nm wavelength) are entirely absorbed in their first pass
through the pc-Si:H film and therefore do not reach the back side of the film and have no possibility to interact
with the NPs. Therefore, the higher absorption measured at wavelengths shorter than 500 nm for samples with
NPs can only be attributed to the front surface texture. In the light trapping window (500-1100 nm), both mech-
anisms can originate the observed enhancement of useful absorption and their contributions cannot be directly
discriminated. Nonetheless, the computational study by Kowalczewski et al.*® shows that small RMS surface
roughness affects predominantly the high energy photons, and its antireflection/scattering effectiveness decreases
with increasing illumination wavelength. On the other hand, plasmonic scattering has impact at longer wave-
lengths, in the red and near-infrared part of the spectrum, due to the pronounced red-shift of the NPs resonance
when placed in the vicinity of a high refractive index material'>!*%,

Although the two light trapping mechanisms are inseparable by the spectroscopic techniques used in this
work, two main conclusions can be drawn. First, the significant difference of Rz between G 70 np, and Gpg_xps
(see Fig. 3) indicates that the enhancement of useful absorption provided by the G, nps sample should pre-
dominantly result from the textured front surface. Second, as the antireflection action provided by the surface
texture is expected to contribute equally to light trapping in all samples containing NPs, and since the plasmonic
scattering increases significantly in presence of a flat back mirror?”-?, the increase of useful absorption between
samples G0 nps and Ggg_yp, should mainly originate from the plasmonic light trapping. The latter claim is also
supported by the blue-shift of the useful absorption edge observed for sample Ggg_xp with a 50 nm thick AZO
layer separating NPs and silicon.

Figure 7 depicts the enhancements in selected quantities, provided by the different substrates, over the refer-
ence flat film (sample G,,(). The FTPS (useful absorption) enhancements are compared to the diffuse reflectance
at 785nm, measured prior to the deposition of pc-Si:H films, which corresponds to the laser excitation wave-
length used for Raman spectroscopy. The flat back reflector (sample Ggy) can effectively double the path-length
of light inside the flat pc-Si:H film, which is meaningful only in the range 500-700 nm where specularly reflected
light has still a high probability of being absorbed in the second pass through Si. Thus, the Ag mirror of sample
Gy has been found to provide minor, 1.25, enhancement of the Raman signal acquired at 785 nm. On the other
hand, much higher Raman enhancements of 6.3 and 7.6 were found for the films deposited on substrates G,z xps
and Ggy_nps respectively, due to the redirection of scattered light to more horizontal paths inside the films.

The deposition of uc-Si:H on self-assembled Ag NPs coupled with a flat mirror (sample Ggg_yp,) resulted in
a pronounced 90% enhancement of the useful absorption, in the entire investigated spectral range (triangular
symbols in Fig. 7). Importantly, the enhancements of the red-NIR part of useful absorption and of the FTPS
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signal at 785 nm correlate reasonably well with the diffuse reflectance provided by the substrates containing NPs.
Therefore, the results demonstrate that: (1) the experimentally-measured absorption enhancements occurring in
the Si, in the red-NIR range, originated in fact from the light scattering caused by the NPs; and (2) the measure-
ments of Ry can serve as a first approximation of the light trapping performance, while the combined PDS and
FTPS spectroscopy method can be applied to obtain the refined quantities of absorption.

Conclusions

A novel procedure employed in this work, involving a combination of opto-electronic spectroscopic techniques,
namely PDS and FTPS, allowed for the quantification of useful and parasitic absorption in 0.9 pm thick pc-Si:H
deposited on a plasmonic back reflector. It has been found that the optical losses related to the plasmonic light
trapping for such structure are insignificant in the wavelength range below 730 nm, beyond which they increase
rapidly with increasing illumination wavelength. This is explained by the substantial increase of the number
of interactions between the NPs and the long-wavelength photons, due to the multiple internal reflections of
light inside the Si film as a consequence of the rapid drop of the semiconductor’s absorption coefficient, which
accounts for the overall losses. Nonetheless, a significant broadband useful absorption enhancement of +90%
has been demonstrated, which results in achievement of 91% of the classical Lambertian limit of absorption. The
improvements can be attributed to both the random front surface texture, originated from the conformal growth
of Si on top of the NPs, and to the scattering of light by the plasmonic NPs. In addition, the experiment gives new
insights into the field of light trapping and associated characterization tools; proving that optical Rp;s measure-
ments are a reasonable first order approximation of the performance of scattering structures, while combined
PDS and FTPS spectroscopy can be a more refined optoelectronic prediction of their light trapping efficiency
when applied to actual devices such as thin film solar cells.
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Fourier transform photocurrent spectroscopy
(FTPS) is used as an inspection method for hydrogenated
amorphous silicon (a-Si:H) thin films deposited on alu-
minium foil and aluminium foil coated with rough SnO,.
These structures are part of roll-to-roll solar cell fabrica-
tion process. Measurement technique utilizes transparent
electrode in a sandwich arrangement. An elaborate calcu-
lation procedure is used to correct the measurement for
the optical effects in order to obtain spectra of optical ab-
sorption coefficient. Correction procedure is based partly
on analytical formulae and partly on Monte-Carlo simu-
lations. Quality of thin a-Si:H layers deposited by
PECVD on glass and aluminium foil with and without
rough layer of SnO2 were compared. Positive effect of
aluminium and SnO2 on layer quality and effect of band-
gap shift was observed.

1 Introduction Thin films in recent photovoltaic ap-
plied research are often deposited on substrates that make
evaluation of optical properties rather difficult. Substrates
used in the roll-to-roll approach [1] are rough, conductive
and even non transparent. Typical inspection methods used
for thin film amorphous or nanocrystalline silicon are Con-
stant photocurrent method (CPM) [2] and Fourier trans-
form photocurrent spectroscopy (FTPS) [3,4]. Both have
been applied mostly on films on smooth, transparent and
non-conductive substrates. Now we present measurement
technique and numerical correction procedure for FTPS

light beam
glycerol glass with TCO
tape
. : Si layer
Aluminum

electrical contacts

Figure 1 Sandwich arrangement of photocurrent meas-
urement of layers on opaque and conductive substrates.

Copyright line will be provided by the publisher

measurement and evaluation of layers deposited on alu-
minium with or without rough conductive oxide. We com-
pare the quality of such layers with those grown on low al-
kaline glass.

2 Samples
We conduct our experiment on the series of a-Si:H layers
co-deposited onto four different substrates, see Table 1.
Samples called 2A and 2B differ in the type of Al foil. All
a-Si:H layers were deposited in one deposition run by us-
ing the PECVD technique at 13.56MHz excitation fre-

Copyright line will be provided by the publisher
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quency. The films were prepared at substrate temperatures
below 200 °C.

Table 1 List of samples.

sample 0 sample 1 sample 2A sample 2B
a-Si:H on a-Si:H on a-Si:H on a-Si:H on
glass bare Al Al “A”+Sn0O, AIlI“R”+ Sn0O,

3 Measurement

3.1 Photocurrent Photocurrent spectroscopy was
carried out by the setup based on FTIR spectrophotometer
Thermo Nexus 8700. For better stability and higher signal
the setup was equipped with external 100W halogen
source. The method principle is referred e.g. in [5]. The
sample on glass is in coplanar electrodes arrangement,
while the samples on Al foil are in special sandwich ar-
rangement similar as the one used for in-situ photolumi-
nescence [6]. The back contact is realized by conductive
substrate while the front contact is made by glass with
conductive ZnO layer and a tape spacer with 2x8mm? hole
filled with glycerol serving as an electrolyte, see Fig. 1.

The structure glycerol/a-Si:H/substrate exhibits some
band bending and surface recombination effects, unwanted
in the photocurrent measurement. In the FTPS spectros-
copy the whole spectrum can be seen in every moment and
many such effects can be observed directly. We observed
three effects: a) Signal non-linearity that manifested itself
as a nonzero signal in UV range, where the light source in-
tensity was zero. b) Phase inhomogeneity due to the weak
internal field that exhibits as interferogram without one
central maximum. See example in Fig. 2. 3) Suppres-
sion/enhancement of signal from the front surface (blue re-
sponse) due to the strong band bending.

____.M.,,JW\MMM

. ' . . . . ' . . . . ' .
4150 4100 4050

I 41‘50 I ‘ ‘ I 41‘00 ‘ ‘ ‘ I 40‘50 ‘
Figure 2 Observed interferogram (i.e. record of FTPS signal in
time and also Fourier image of spectrum in time domain). Upper
part: low internal field (zero bias), large phase inhomogeneity.
Lower part: Sufficient internal field (-1.5V bias on glycerol.),
signal in phase, interferogram with one central maximum.

The effects are strong for voltage biases close to zero.

We found out that bias voltage (we used -1.5Volts on glyc-
erol contact) suppressed the last two effects, although some

Copyright line will be provided by the publisher

effect of surface recombination always persisted. The in-
tensity of modulated beam in high absorption region had to
be lowered 100-1000 times, to reduce non-linearities.

In our technique each spectrum is measured in two
steps: first with white light and then with a set of glass fil-
ters that flattens out the spectrum in sub-gap region. In this
region the condition of constant small quasi-Fermi level
splitting is fulfilled and under conditions described in [2],
photocurrent spectrum is proportional to the optical ab-
sorptance in the a-Si:H layer.

3.2 Total reflectance Quantification of reflectance
of the rough aluminium foil is rather difficult due to the ef-
fects of both geometrical (macroscopic) and diffractive
(microscopic) light scattering. In this case we cannot pre-
cisely define conditions of “specular reflectance” and so
only the total reflectance can be measured. The FTIR spec-
trophotometer can be used for this task as well. The sample
is placed inside the integration sphere equipped with Si
photodiode. Since the sample is not transparent, the total
reflectance is then directly measured.

4 Calculation In the case of thin layers on glass the
Ritter-Weiser [7] approach for interference-free absorption
coefficient evaluation can be used. The information about
thickness and index of refraction is obtained from fit of
standard reflectance spectra measured from glass side
while the refraction index of refraction is analytically
modelled by Cauchy formula n(1) = n, +n, / A(um)*.

In the case of layers on rough Al foil, the situation is
complicated due to the scattering that cannot be easily
treated by analytical formulae as in the first case. From the
measured total reflectance Rror and absorptance Agrps (in
relative units) spectra the absorption coefficient of a-Si:H
layer has to be obtained. The spectrum of refraction index
is assumed to be the same as in the case of layer on glass.
We further proceed in three steps:

1) Total reflectance of bare substrates is measured and
interface roughnesses and thicknesses of oxide layers
(SnO,, Al,05) are estimated in order to reach accurate rep-
resentation of the substrates in the optical model.

2) The total reflectance of a-Si:H layers is then meas-
ured and the thickness d, root mean square roughness ozys
and thickness of effective-medium layer (EMA) dgy, is
gained from the fit of the experimental values by numerical
simulations. The use of the effective-medium layer, de-
scribed e.g. in [8] is important to simulate reflectance re-
duction due to the nano-rough surfaces and have to be in-
cluded especially in the case of reflectance on rough me-
dium with high refraction index. Complex refraction index
of EMA layer was calculated from simplified formula [8]
from complex refraction indices of surrounding media as
Az, = (A} +72)/2. Parameter opys is on the other
hand used for simulation of light scattering (Scalar theory
[9,10]) and elongation of light path and is therefore able to
simulate also effects of roughness of larger dimensions.
Some typical values of absorption coefficient together with
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the refraction index of the sample on glass have to be taken
also as the input into the simulation.

3) In the third step new values of d, orys , deyy are
then used to obtain the true absorption coefficient from fit
of measured Aprps. Semi-analytical formulae were used for
absorption coefficient (a=4wk/A): In the region of high ab-
sorption (£>1.8eV) Tauc-Lorentz formula [11] was used

2 -1
Amk(E) = AE;C(EZ 2EG) 2E .y
(E>-E>)?+C*E

where parameters 4, E, C, Eg are in units of energy. Pa-
rameter E; comes from Tauc model and for correct fit can
be attributed to standard parameter Eo;. Moreover the ef-
fect of saturation and also effect of recombination in blue
range has to be considered.

The exponential (~exp(E/Ey,pacr)) together with some
hump attributed to defect absorption located around 1.2eV
was used to describe the sub-gap region.

The simulation itself is realized by using numerical
model CELL [9] that combines analytical calculations for
non-scattered light with Monte-Carlo simulation for light
scattered at rough interfaces. Recently we adapted the
model for calculations of absorptance as low as 107. Pa-
rameter variations are done manually.

substrate Rrorac fit
1.00

114z "0 bare Al
0.95 1 S FIT: AI+AI203(5nm)
0.90 4 R _
0851 BT
= 14 ! I !
5 099 oa AI+TCO "A" |
£ 08 FIT: Al+Sn02(635nm),RMS=25nm ]
E 074
5 064
= 05
g 1 : AFTCOR ’
- 82: 2B —— FIT: AI+Sn02(635nm),RMS=30nm ]
0.7
0.6
0.54 ), - 1
04 T T T T T T T T T T T T T T T T T T T T
1.0 1.5 2.0 25 3.0
photon energy (eV)

Figure 3 Numerical fit of total reflectances of bare aluminium
and two types of aluminium foil covered with rough SnO,. Sym-
bols: experimental data, lines: numerical fit.

5 Results and discussions

5.1 Reflectance of substrates The parameters of
SnO, layer were already known from preceding PDS
measurements of the same layer deposited on rough Al and
then transferred to glass. For substrate of sample 1 we
found the best fit for tabulated data of Al plus Snm layer of
Al20; (represented by constant index of refraction
n=1.77). For samples 2A and 2B only Al with SnO, layer
was used and only opys was varied. We found the best fits
for opys=25nm for Al foil “A” and opys=30nm for Al foil
“R”, see Figure 3. Thickness of SnO, layer was 635nm.

5.2 Reflectance of a-Si:H layers For samples 1,
2A and 2B we found the best reflectance fit for thicknesses
438nm, 390nm and 325nm respectively. The index of re-
fraction was taken from measurement on glass, its Cauchy
parameters are n,=3.43, n;=0.36. Thickness of EMA layer
was 3nm for sample 1 and 10nm for samples 2A and 2B.
See fitted curves in Figure 4. In the case of samples 2A, 2B
the modelled curves have shallower interference minima
compared to the experiment. We saw that such effect could
be modelled by increase of SnO, refraction index that
might happen as the effect of hydrogen plasma on SnO,.

substrate + a-Si:H Rrorac fit

1.0 T

o a-Sion bare Al

0.8
0.6 FIT (438nm)
0.4 |
0241 v
< 1+ | | |
(] E .
2 0.8+ a-Sion TCO"A" 4
£ 0.6 FIT (390nm)
= 044
2 02d2A
E 1 ' ' }
= 0.8 A a-SionTCO'R" |
06 £ ——FIT (325nm)
044 & 7
024 2B
00 T T T T

1.0 1.5 2.0 2.5 3.0
photon energy (eV)

Figure 4 Numerical fit of a-Si:H layers on bare aluminium foil
and two types of aluminium foil covered with rough SnO,. Sym-
bols: experimental data, lines: numerical fit.

5.3 FTPS spectra Fitted FTPS spectra are in Figure
5, resulting absorption coefficient curves are in Figure 6.
Noise below 1.5e¢V in modelled curves is given by the ef-
fect of low absorption in the Monte-Carlo method.

substrate + a-Si:H FTPS fit

14 5 a-Si on bare Al " a-SionTCO"A" | © a-SionTCO'R"
FIT (445nm) FIT (370nm) FIT (345

o1l 1 | 2A |

= 0.014 T T
@ 3
E ]

< IE3 4 IR 1

1E-4 5 T T
1E-5 - i's 15

LA BRI B B L B B T
10 15 20 10 15 20 1.0 15 20
photon energy (eV)

Figure 5 Numerical fit of absorptance (Agrps) of a-Si:H layers
on bare aluminium foil and two types of aluminium foil covered

with rough SnO,. Symbols: experimental data, lines: numerical
fit.
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We also find a slightly different thicknesses, because
FTPS and reflectance were not measured in the same spot.
The curves were plotted only up to 2.2 eV where the satu-
ration already occurs and the shape of absorption coeffi-
cient has practically no effect on FTPS spectra. Only the
parameter Eg in Tauc-Lorentz formula was changed while
keeping the other parameters at their typical values:
A=27eV, E~3.92¢eV, C=2.81¢V.

calculated absorption coefficients

10° - —— (0) a-Si on glass
§ —— (1) a-Si on bare Al
~ 10" 3 (2A)a-Sion TCO"A"  ~
‘s 1 —(2B)a-Sion TCO"R"
S I
Q 5 ]
= 100 3
Q E
g
5103
£ 10 4
o) E
55 4
10" 4
107 —T T T T T T T T T
1.0 1.5 2.0 2.5
photon energy (eV)

Figure 6 Comparison of calculated absorption coefficient of
materials grown on glass, bare aluminium foil and two types of
aluminium foils covered with SnO,.

5.4 Sample comparison The resulting curves of
absorption coefficient for all samples are compared in Fig-
ure 6. Some characteristic parameters of the curves are in
Table 2. Parameter ., , is proportional to the defect density
(qu,:2.4—5”‘1016cm'2 *ocl'z) [12], parameter Eypun 1S a
measure of disorder.

Table 2 The fitted characteristic parameters of the absorption
coefficient of a-Si:H fitted from FTPS measurement.

Sample Eg Eioo0 *  Eurbach o ** thickness
no. eV) eV) (meV) (ecm™) (nm)
1.71 1.77 52 1.8 328
1 1.71 1.78 44 0.12 445
2A 1.66 1.73 45 0.67 370
2B 1.65 1.72 46 0.67 345

* Photon energy at the point where a=1000cm™.

** absorption coefficient at 1.2eV

We conclude that in our experiment the a-Si:H had
highest defect concentration and lowest growth rate when
grown on bare glass compared to the quickest growth with
the lowest defect concentration observed on bare alumin-
ium. The aluminium itself is not that microscopically
rough (nano-roughness is only in order of nm). Growth on

Copyright line will be provided by the publisher

aluminium with substantially rougher TCO is something in
between in terms of defect density and growth rate, but it
gives material with substantially lower gap Eg.

6 Conclusion

First results of quality evaluation of thin a-Si:H films
grown on aluminium foils and aluminium foils covered
with rough SnO, by means of sub-gap photoconductivity
measurement have been presented.

The difficulties with rough, conductive and non trans-
parent substrate had been overcome by sandwich configu-
ration with the use of electrolyte and by a numerical model
of light propagation in the structure.

We have shown that optical properties, electronic qual-
ity and also growth rate of a-Si:H thin films grown under
same conditions but on different substrates generally dif-
fer. The layer on glass showed the worst quality and slow-
est growth compared to other substrates. Best quality and
fastest growth was observed on bare aluminium. We also
observed noticeable shift in bandgap for rough SnO, com-
pared to Al foil or glass.
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Solar cells based on organometallic halide perovskite absorber layers are emerging as a high-
performance photovoltaic technology. Using highly sensitive photothermal deflection and
photocurrent spectroscopy, we measure the absorption spectrum of CH;NH;Pbl; perovskite thin
films at room temperature. We find a high absorption coefficient with particularly sharp onset.
Below the bandgap, the absorption is exponential over more than four decades with an Urbach
energy as small as 15 meV, which suggests a well-ordered microstructure. No deep states are
found down to the detection limit of ~1 cm-'. These results confirm the excellent electronic
properties of perovskite thin films, enabling the very high open-circuit voltages reported for
perovskite solar cells. Following intentional moisture ingress, we find that the absorption at
photon energies below 2.4 eV is strongly reduced, pointing to a compositional change of the

material.

Keywords:
absorption; band edge; bandgap; perovskites; solar cells; stability; Urbach energy
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Abstract

degradation
&

Optical absorptance spectroscopy of polycrystalline CH;NH;Pbl; films usually indicates the
presence of a Pbl, phase, either as a preparation residue or due to film degradation, but gives no
insight on how this may affect electrical properties. Here, we apply photocurrent spectroscopy to
both perovskite solar cells and coplanar-contacted layers at various stages of degradation. In
both cases, we find that the presence of a Pbl, phase restricts charge-carrier transport,
suggesting that Pbl, encapsulates CH;NH:Pbl; grains. We also find that Pbl, injects holes into the
CH;iNH;Pblsgrains, increasing the apparent photosensitivity of Pbl,. This phenomenon, known as
modulation doping, is absent in the photocurrent spectra of solar cells, where holes and electrons
have to be collected in pairs. This interpretation provides insights into the photogeneration and

carrier transport in dual-phase perovskites.
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Low-Temperature High-Mobility Amorphous
[Z0 for Silicon Heterojunction Solar Cells

Monica Morales-Masis, Silvia Martin de Nicolas, Jakub Holovsky, Stefaan De Wolf, and Christophe
Ballif

Abstract— Parasitic absorption in the transparent conductive
oxide (TCO) front electrode is one of the limitations of silicon
heterojunction (SHJ) solar cells efficiency. To avoid such
absorption while retaining high conductivity, TCOs with high
electron mobility are preferred over those with high carrier
density. Here we demonstrate improved SHJ solar cell
efficiencies by applying high mobility amorphous indium zinc
oxide (a-I1ZO) as the front TCO. We sputtered a-I1ZO at low
substrate temperature and low power density, and investigated
the optical and electrical properties as well as sub-band tail
formation - quantified by the Urbach energy (Ev) — as a function
of the sputtering oxygen partial pressure. We obtain an Ev as low
as 128 meV for films with the highest Hall mobility of 60 cm?/Vs.
When comparing the performance of a-1ZO films with ITO and
10:H, we find that 10:H (115 ¢cm?/Vs) exhibits a similar Ev of 130
meV, while ITO (25 ¢cm?/Vs) presents a much larger Eu of up to
270 meV. The high film quality, indicated by the low Ev, the high
mobility and low free carrier absorption of the developed a-1ZO
electrodes result in a significant current improvement, achieving
conversion efficiencies over 21.5%, outperforming those with
standard ITO.

Index Terms—amorphous indium zinc oxide, electron
mobility, heterojunction, indium tin oxide, silicon, solar cells,
transparent conductive oxides, Urbach energy.

I. INTRODUCTION

Transparent conductive oxides (TCOs) used as front
electrodes in solar cells should simultaneously feature

high lateral electrical conductivity, low contact resistance
with the adjacent layers, low optical absorption from the UV
to the IR, and an appropriate refractive index for maximal
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light in-coupling. However, these properties may conflict with
each other. For example, improving the conductivity by
increasing the free carrier density inevitably leads to higher
absorption in the IR. This explains the search for TCOs with
high electron mobility [1-4]. Additionally, due to the presence
of temperature sensitive layers in many solar cell designs (for
example in thin-film silicon (Si) [5], Si heterojunction [6],
CIGS [7], polymer [8] and perovskite solar cells [9]), low
temperature deposition methods are needed, which might
result in TCOs with amorphous structure. The intrinsic
disorder of amorphous materials may, however, restrict the
carrier mobility.

Several deposition techniques have been explored to
fabricate high mobility TCOs at low temperatures, including,
sputter deposition [10-12], chemical vapor deposition (CVD)
[13], solution process [14] and atomic layer deposition (ALD)
[15,16]. Among this variety of methods, sputtering is the most
established deposition technique, despite the fact it can lead to
damage of underlying layers [17]. ‘Soft’ sputtering can further
mitigate this potential issue.

In this article, we study the properties of amorphous indium
zinc oxide (a-IZO) thin films grown by RF sputtering as a
high-mobility amorphous TCO. Using different oxygen partial
pressures, we sputtered «-IZO films with a range of
optoelectronic properties, and we study the correlations
between its carrier mobility and Urbach energy, Ey. The latter
parameter quantifies the combined broadening of conduction
and valence band tails and scales directly with the degree of
disorder or defects in a material [18-21].

To validate the use of a-IZO as front electrode, we also
compared the performance of our ¢-1ZO films with indium tin
oxide (ITO) and hydrogenated indium oxide (I0:H), typically
used as front electrodes in high efficiency c¢-Si heterojunction
(SHJ) solar cells [6,22]. We found that the a-1ZO films feature
Urbach tails as low as the high-mobility (polycrystalline)
10:H. Furthermore, when applied as front electrodes in SHJ
solar cells, the a-1ZO front electrodes showed low contact
resistance at the interface with the metal grids, representing an
advantage over IO:H [22]. An improvement in the short-
circuit current densities (Js.) is also observed in comparison
with the cells with polycrystalline ITO. In addition, whereas
the ITO films require an annealing step of 200 °C to improve
their optoelectronic properties, the a-1ZO films present
excellent properties already in the as-deposited state. This
makes a-IZO attractive for a large range of temperature
sensitive applications. Finally, we show that sputtered a-1Z0
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thin films, due to the high mobility, fulfill the requirements as
a front electrode in SHJ solar cells enabling conversion
efficiencies above 21.5%.

II. EXPERIMENTAL DETAILS

The a-1Z0 films were fabricated by RF sputtering of an
1ZO target (90 wt% InO3; and 10 wt% ZnO) at a substrate
temperature of 60 °C. The RF power density was 1.9 W/cm?
and the oxygen to total flow ratio, r(O2) = O/(Ar+0O,),
introduced during the deposition was varied from 0.1% to
0.6%. All films were 100 + 5 nm thick.

The ITO and 10:H samples were fabricated by DC and RF
sputtering respectively under optimized oxygen conditions at
room temperature. Details of the deposition parameters can be
found in reference [22].

For the electrical and optical characterization of the films,
the TCOs were deposited onto glass substrates, and for the
photothermal deflection spectroscopy (PDS) measurements
onto fused silica substrates. The TCOs were characterized
before and after annealing (in air at 190 °C for 20 minutes),
simulating the TCO properties after full SHJ solar cell
fabrication [6].

The crystal structure of the films was analyzed by X-ray
diffraction (XRD) using the grazing incidence (GI) mode. The
electrical resistivity (p), carrier concentration (N,) and Hall
mobility (ura) were measured by Hall-effect in the van der
Pauw configuration. The optical transmittance (T) and
reflectance (R) of the films were measured by an UV-vis-NIR
spectrometer with an integrating sphere, and the absorptance
was determined from 100-T-R.

PDS was performed by an in-house developed system based
on a 150W Xenon lamp. Fluorinert FC-72 was used as a
temperature sensitive liquid. The principles of the PDS
technique can be found in [23]. The transmittance and
reflectance were measured simu

Itaneously, and the absorption coefficient was evaluated as
described in [24], corrected for second order terms, whereas
the refractive index was simulated by a Drude model in a form
taken from [25]. The thickness and refractive index parameters
were varied to obtain the best fit to the measured transmittance
and reflectance data.

SHJ solar cells were fabricated on high quality n-type float
zone (FZ) c-Si wafers (<100>; 250um; 1-5 Qecm). The wafers
were randomly textured in an alkaline solution, wet-
chemically cleaned and dipped in hydrofluoric acid (HF) prior
to plasma-enhanced chemical vapor deposition (PECVD) of
intrinsic and doped hydrogenated amorphous silicon layers (a-
Si:H). a-1ZO or ITO films were used as the front electrode and
deposited through a shadow mask (2x2 cm?), defining the
device size. On the rear side of the wafer a TCO layer was
used in all devices, followed by a silver back reflector also
sputtered immediately after the back TCO. A silver front grid
was screen-printed on the front of the 4 TCO pads, and the
solar cells were cured for 20 minutes at 190 °C. Further details
about the fabrication process can be found elsewhere [6].
Finally, the complete solar cells were characterized by current-

voltage (J-V) measurements on a sun simulator under Air
Mass 1.5 global illumination.

III. RESULTS AND DISCUSSION

A. a-IZ0: Structural, Electrical and Optical Properties

Figure 1 shows the GI-XRD patterns of the a-1ZO films
deposited with various r(O>). For all the samples, a broad peak
centered at 20 = 32° with an average full width at half
maximum (FWHM) of 3.6° is observed. The large FWHM
and the position of the peak indicate that the layers, as-
deposited and annealed, are amorphous [11].

The electrical properties of the as-deposited and annealed a-
1ZO layers as a function of r(O>) are presented in Fig. 2a and
b. As observed in Fig. 2a, the p does not change significantly
except above r(Oz) = 0.40%. This effect is given by the
competing trends of N, and pm. (Fig. 2b). For the range of
r(O») studied, the N, decreases with increasing r(O>), from 4.8
down to 0.2 x 10 ¢m? for the as-deposited films. The
annealed films follow the same trend. The pm. reaches a
maximum of 60 cm?/ Vs for r(O2) of 0.4%, above and below
which it slightly drops. We furthermore plotted the
dependence of zman with N, in Fig. 2c. We observed an initial
increase in g with increasing N, up to 2 x 10% ¢cm?. For N,
> 2 x 10%° cm, ppa decreases from 60 down to 40 cm?/Vs.
The rise and subsequent decrease of . with N,, could be
explained by the presence of different scattering mechanisms.
At low N, (< 2 x 10%° cm™), possible g4, limiting factors are
potential barriers (percolation-type conduction) or lattice-
scattering effects (phonon-like scattering) [26]. While for high
N. (> 2 x 10%° ¢cm?) ionized impurity scattering is the main
limiting factor of upan [10,27,28]. Lennheer ef al. has shown
that for a-IZO the maximum gy is achieved when carrier
transport is mainly limited by phonon-scattering, i.e. metal-
like transport and before ionized impurity scattering limits
Mg [28]. This maximum in g,y is reached for a N, of 1-2 x
10%° cm™, in accordance with our results. Fig. 2d displays the
optical transmittance and absorptance of the a-1ZO films with
varying r(O). All the films present a high transmittance (>75
%) in the visible and NIR region of the spectra. In the UV-Vis
range we observe the well-known Burstein-Moss shift, i.e. a
blue shift with increasing N. (or decreasing r(0O)) [29,30]. A
clearer picture of the band-edge shift with increasing N, is
observed in the Tauc plot (Fig. 3a), discussed below. The
optical absorptance of the films in the NIR strongly increases
with decreasing r(O.). This is due to an increase in free carrier
absorption associated with the increase in N.. Note that the a-
1ZO 1(0,) = 0.10% already shows higher absorptance in the
Vis range compared to the rest of the layers.

Based on the previous measurements, we selected three a-
1ZO films with r(O,) = 0.10, 0.36 and 0.40% and measured by
PDS. Results concerning their optical band gap (Ey),
absorption coefficient (¢) and Urbach energy (Ey) are
presented in Fig. 3.

We evaluated E, following the Tauc relation, a o (hv-Eg)*,
with a the absorption coefficient and Av the photon energy.



The value of the exponent x changes according to the nature of
absorption transitions: x = 1/2 for allowed direct optical
transitions, x = 3/2 for forbidden direct optical transitions, and
x =2 for indirect transitions [31]. For a-1ZO, as well as several
amorphous and crystalline TCOs, it has been demonstrated
that electron momentum is largely conserved. Therefore, a
direct band gap optical absorption model, with a@ o (hv-Eg)"?,
closely describes the absorption edge of a-1Z0 [27,28,32,33].

The determined E, values from the intercept of o’ = 0 (Fig.
3a), for as-deposited as well as annealed films (the later
indicated in parenthesis), are 3.6 eV (3.64 eV) for the sample
with 1(O;) of 0.10%, 3.49 eV (3.52 eV) for 1(O2) of 0.36%,
and 3.44 eV (3.48 eV) for r(O>) of 0.40%. The measured Ej is
in close agreement with values reported in the literature [10].
The band gap blue-shift with increasing N, is described by the
Burstein-Moss shift as commented earlier. There is no
significant shift between the as-deposited and annealed
samples, confirming the results from the Hall effect
measurements. The refractive index (n) of the films show a
shift towards lower n values with increasing N, consistent with
the Drude model.

We furthermore extracted Ey following the Urbach relation,
a=Aexp(-hv/Ey), where A and Ey are constants and Ey
represents the width of the tail states. The fitted slope used to
obtain Ey is indicated by points in Fig. 4a. It is clear from the
plot that the slope steepens, and therefore Ey decreases, with
increasing oxygen content in the film. The obtained Ey values
range from 225 meV for the film with r(O2) of 0.10% down to
128 meV for the film with r(O») of 0.4%.

Sub-band tails (quantified by Ey) are characteristic of
disorder in amorphous semiconductors. For the specific case
of TCOs, it is proposed that these tails are mainly caused at
the valence band (VB) tail, and those tails at the conduction
band (CB) are much smaller. The low tailing at the conduction
band is explained by the spherical 4s or 5s orbitals of the
metal atoms forming the CB, which are less sensitive to
disorder than the O 2p orbitals forming the VB [26]. This
contribution from CB and VB tails, though, cannot be
separated from our optical measurements. Importantly, several
recent reports [21,34,35] proposed that under-coordinated
oxygen, formation of metal pairs (e.g. In-In, In-Zn) or even
sub-nanometer metal inclusions in amorphous TCOs will
induce tail-like optical absorptions as well as deep defect
levels close to the VB and CB edge [21,35,36]. The formation
of sub-nanometer scale metal clusters inside the amorphous
matrix, might affect the average atomic coordination, i.e.
locally modify the structural properties of the films [37]
influencing Ey. The formation of metal pairs or inclusions
within the amorphous TCO matrix will also limit the carrier
mobility due to electron scattering. This could explain why
with increasing oxygen content, the formation of metal
inclusions is reduced and the mobility of the films improves.
Increasing the oxygen content will then allow the guan
improvement, as observed in Fig. 2.b for r(O,) < 0.4, and the
decrease in Ey as commented above. While this correlation is
clearly observed in Fig. 4b, further studies are required to
evaluate this preliminary conclusion and a complete analysis

on this topic will be presented elsewhere.

B. Comparison with ITO and 10:H

In this section we compare the studied a-1ZO thin films to
ITO and 10:H, typically used as front electrodes in SHJ solar
cells [6,22].

For this comparison, all the films have similar N, after the
annealing step, optimized to achieve low optical absorptance
in the IR (Fig. 5), and the same thickness (100 + 5 nm on
glass), optimized to reduce reflectance losses with a reflection
minimum near 600 nm when used on our textured SHJ solar
cells [38].

The sheet resistance (R,) of the layers is different for the
three TCOs due to their different g,y The maximum gigan
after annealing is found for 10:H with 115 cm?Vs, followed
by a-IZO (r(O2) = 0.40%) with 60 ¢m?Vs and finally ITO
with the lowest uma of 25 cm?Vs. The overview of the
electrical properties of the ITO, IO:H and a-1ZO films, before
and after annealing, is presented in Table 1. Note that while
ITO and 10:H are both polycrystalline after the annealing step,
the IZO films remain amorphous (Fig. 6).

It is worth noting from Table 1 and Fig. 5 that a-1ZO
presents excellent optoelectronic properties already from the
as-deposited step, presenting an advantage over 10:H and
ITO. Considering also that the deposition is performed at
substrate temperatures below 60 °C and at low power
densities, a-IZO presents ideal properties for application in
several temperature and damage sensitive technologies, like
polymer and perovskite solar cells, flexible and paper
electronics among others.

We furthermore performed PDS measurements of the
ITO and I0:H samples, before and after annealing. The
summary of the extracted E; and Ey for each of the films and
their comparison with the a-1ZO films are presented in Fig. 7a
and 7b respectively.

Starting with E,, we observed a shift to larger gaps for
both ITO and IO:H after annealing. While for ITO the shift of
E, to higher energies can be attributed to the Burstein Moss
shift due to the increase in N, with annealing (Table 1), in
IO:H the shift of £, to higher energies cannot be attributed to
the same effect. Instead this shift may be caused by the
amorphous to crystalline phase transition induced by the
annealing step at 190 °C [12,39]. This phase change is clearly
seen in the XRD data presented in Fig. 7. Note that for a-1Z0
and ITO no phase change is observed. Finally, the a-1ZO films
only present a small shift in £, after annealing.

Following with the Urbach tail, we found the largest Ey
for ITO in the as-deposited state, with only a small drop from
300 to 270 meV after annealing. As proposed previously by
several groups, the incorporation of Sn into In,O; leads to
severely extended tail states in ITO [40], similar to the case of
SnO, [41]. The extended tail states have been explained
mainly as originating from ionized impurities, although other
mechanisms like phonon scattering and excitonic effects have
also been considered [40]. Remarkably, although the presence
of the extended tail states has been widely commented in
literature, to our knowledge, there are no reports of measured
Ey values for sputtered ITO.

Contrary to ITO, we measured much lower Ey values for
I0:H, which are very close to those measured for ¢-1ZO with



1(O2) = 0.40%. The lowest Ey achieved is 130 meV for IO:H
and 128 meV for a-IZO. We note that IO:H does not present a
strong shift in Ey before and after annealing regardless of the
phase transition from the amorphous to the polycrystalline
phase (Fig. 6), which may be surprising. The high mobility of
IO:H and its crystallization after annealing suggest passivation
of defects and/or decrease disorder in the films, and therefore
a clear lowering of Ey was expected. More investigations
would be required to explain these results. It is also important
to note that we achieve similar Ey values for a-1ZO and 10:H,
although 10:H presents . twice as large as that of the a-1ZO
at 1(02) = 0.40%. This together with the advantage that a-1ZO
presents excellent optoelectronic properties already from the
as-deposited state, confirms the strong potential of ¢-1ZO as a
replacement for ITO and/or IO:H as a front electrode for solar
cells.

C. Application of a-1Z0 as Front Contact for SHJ Solar Cells

To validate the potential of a-1ZO as transparent electrode
for solar cells, we fabricated SHJ solar cells and used the a-
1ZO films with r(Oz) = 0.10; 0.36; 0.40% as the front TCO
contact. The solar cell configuration is shown in Fig. 8a. The
short-circuit current density (Ji), open-circuit voltage (Voc),
fill factor (FF) and efficiency results are shown in Fig. 8. A
reference device with front ITO is also shown for comparison.

The J,. of the a-1ZO-based devices, increases with
increasing r(O;). Indeed, as observed in Fig. 2d, the a-1ZO
layers with lower oxygen ratios feature higher free carrier
absorption causing parasitic losses in the device. The observed
Burstein-Moss effect does not compensate these Jy. losses in
the final device. In spite of the enhanced optical properties of
the a-IZO films with higher r(O,), the electrical properties
behave in the opposite direction, causing electrical losses in
the device. FF decreases for the film with the higher oxygen
content, r(02) = 0.40%, which is well correlated with the
decreasing N, trend presented in Fig. 2b. However, the FF
values for the three cells are still high and suggest a good
contact resistance between the @-Si and the metal grid. This is
an advantage over 10:H-based devices as reported in [22]. In
comparison with the ITO-based devices, the a-IZO devices
present a clear advantage mainly on improved J,. (Fig. 8b). In
addition, the lower Ry, of a-1ZO (35, 40 and 50 Q/sq for the
films with r(02) = 0.1%, 0.36% and 0.4% respectively) as
compared to that of ITO (100 Q/sq), would allow a further
increase of the pitch size of the front metal grid electrode and
with it an even further improvement in Ji. is expected for the
a-170 devices [42,43].

Finally, the best Jo-FF compromise is found with the
device featuring an a-1ZO film with r(O,) = 0.36%, achieving
an energy conversion efficiency of 21.5 %.

Comparing the results of the a-I1ZO cells with the record
10:H-based SHJ device reported by L. Barraud ef al. [22], no
marked difference is observed in the Ji. of both cells. This is
expected due to the low optical absorptance of I0:H and a-
1ZO (Fig. 5). Both devices have the same configuration and
were fabricated in the same laboratory. The reported 10:H
cells have J;. values of 38.9 mA/cm?, while the maximum Jj.
of the a-1ZO cells reported in this work is of 38.6 mA/cm?.
The main advantage of the front a-IZO electrodes in

comparison with the IO:H-front electrodes is that the former
can be deposited on a single step process, it doesn’t require of
a capping layer to achieve good contact resistance with the
metal grid, and it presents higher stability under damp heat
conditions [44].

These results clearly demonstrate that the a-1ZO films
developed within this work present excellent performance as a
front TCO contact in high-efficiency SHJ solar cells.

IV. CONCLUSION

In summary, we have shown the influence on the carrier
transport properties and sub-band tail formation of the oxygen
partial pressure applied during sputtering deposition of a-1ZO
thin films. With increasing the oxygen partial pressure, the
Hall mobility increases while Ey decreases. The highest
mobility achieved for the a-1ZO films is 60 cm?Vs,
corresponding to an Ey of 128 meV. Comparing to ITO and
high mobility IO:H, a-1ZO presents a much lower Ey and Hall
mobility than ITO, while it presents similar Ey than 10:H,
although IO:H is polycrystalline and has a higher mobility
compared to a-IZO. When applied as front contact in SHJ
solar cells, a-IZO presents the advantage of good contact
resistance with the front metal grids contrary to the IO:H, and
an improved Js. as compared to the cells with ITO. The low
temperature deposition and excellent optoelectronic properties
of a-1ZO already from the as-deposited state makes this an
excellent front electrode for SHJ solar cells and a wide range
of temperature sensitive devices like flexible OLEDs and
perovskite solar cells.
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Fig. 1. GI-XRD patterns of a-IZO films on glass substrates with different oxygen partial pressures. Data is offset for clarity.
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Table 1 Electrical properties of ITO, IO:H and a-1ZO thin films.

TCO N L p c Ry (2 sq)
(1020 em?) | (em?Vs) | (109 Qcm) | (" em™) d=100 nm

ITO 0.5 47 24 414 240

(as-dep)

ITO 2.4 25 10 960 100

(annealed)

10:H 3.8 54 3 3283 30

(as-dep)

10:H 1.7 115 3.2 3128 32

(annealed)

1Z0, r(0,)=0.4% 2.1 58 5.1 1949 51

(as-dep)

1Z0, r(0,)=0.4% 2.3 60 4.5 2208 45

(annealed)
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